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Abstract

Current rehabilitation protocols for transitioning patients to late-stage recovery, evaluating
return-to-play (RTP) clearance, and assessing tendon characteristics exhibit significant
heterogeneity. Clinicians frequently interpret and apply research findings based on individ-
ual philosophies, resulting in varied RTP criteria and performance expectations. Despite
medical clearance, patients recovering from Achilles tendon (AT) injuries often exhibit
persistent impairments in muscle volume, tendon structure, and force-generating capacity.
Inconsistencies in assessment frameworks, compounded by a lack of quantitative data and
the utilization of specific metrics to quantify certain strength characteristics (endurance,
maximal, explosive, etc.) and standardized protocols, hinder optimal functional recovery
of the plantar flexors during the final stages of rehabilitation and RTP. With this in mind,
the aim of this integrative review was to provide an overview of AT rehabilitation, with
particular critique around mid-stage strengthening and the use of the heel-raise assessment
in milestoning rehabilitation progress. From this critique, new perspectives in mid-stage
strengthening are suggested and future research directions identified.

Keywords: rehabilitation; return-to-play; assessment; plantar flexors; heel raise

1. Introduction
The Achilles tendon (AT) is the largest, thickest, strongest tendon in the human body, a

common tendon shared between the gastrocnemius and soleus muscles of the posterior leg,
and is responsible for the transmission of force [1–3]. The AT has the capacity to withstand
forces up to 11× BW during high-speed running and 15× BW in gymnastic landing [4–6].
Despite the strength of the AT, the rupturing of this tendon is a relatively frequent injury,
particularly in high-impact sports. Hoeffner et al. (2022), however, contended that despite
a sizeable number of people suffering an Achilles tendon rupture (ATR), the evidence-
based knowledge of best practice for rehabilitating a rupture remains unclear, and likely
explains the reports of persistent muscle weakness, decreased muscle volume, tendon
elongation and continued asymmetry with incomplete return to pre-injury levels of form
and function [7–12].

In terms of injury to the AT, high-force impacts during eccentric loading in dorsiflexion
and knee and hip extension are reported to be the primary injury mechanisms [13]. The
most common injuries that occur are tendinopathy at the mid-portion and insertion point of
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the AT, along with acute ruptures [14,15]. Various factors have been proposed to explain the
injury of the AT, including age, sex, sport type, obesity, antibiotics (fluoroquinolones), over
training/lack of recovery, poor vascularization, high external loads from sporting/physical
activity, and altered cell response [3,16–18]. Over the past few decades, the incidence
of Achilles tendon rupture (ATR) has increased significantly, rising from 11 to 37 per
100,000 individuals [19]. In the United States, males accounted for 77.1% (25,374 cases),
while females represented 22.9% (7533 cases). The overall incidence was 3.2 and
0.9 per 100,000 persons/year for males and females, respectively. Sports involving rapid
changes in direction—such as basketball (42.6%), soccer (9.9%), football (8.4%), tennis
(6.9%), and running/hiking/stretching (5.8%)—account for most ATRs [20]. Activities
requiring high-impact movements, intense deceleration, and directional changes (e.g.,
basketball, gymnastics, football, and volleyball) pose an elevated risk of injury [14,21].

Treatment for ATR is categorized into surgical and conservative options, with the
space of the tendon gap and activity level that the patient is returning to after rehabilitation
determining what method a surgeon will suggest, understanding that a gap of 10 mm or
greater is the current minimum threshold where surgery is considered [22]. In terms of
rehabilitation options, following an AT rupture there are two options: either a conserva-
tive or surgical approach. Conservative treatment typically involves cast immobilization,
functional bracing, or a combination of both interventions [23]. Shorter-term cast immo-
bilization followed by a functional mobilization in a brace leads to a faster increase in
dorsiflexion ROM and an expedited return to normal physical activity [24,25]. The surgical
intervention has three main repair options, open, percutaneous, and SpeedBridge, all of
which have their benefits and limitations. Following injury there are key principles in the
rehab process in respect to the timeline of tendon healing. The healing phases include
the acute inflammatory phase (up to 1–2 weeks) in which the inflammatory cells remove
injured tissue. Subsequently, there is the proliferative phase (up to 4 weeks), in which
fibroblasts produce Type I collagen, increasing tendon strength. Lastly, the transition to
the remodeling phase which can last up to 18 months to complete the healing process, and
the development of the final tendon structure takes place. The maturation of the tendon
depends on the ability to improve tensile strength and elasticity [26–28].

Regardless of whether a surgical or non-surgical decision is made on the AT, both
options will result in the formulation of treatment plans that provide rehabilitation
guidelines for the clinician and patient. Post-operative rehabilitation has been bro-
ken into five stages and the guidelines typically progress in a sequenced manner that
progress from the acute inflammatory/immediate post-operative phase (up to 2 weeks);
early-stage rehabilitation/controlled mobilization—2–6 weeks; mid-stage/intermediate
rehabilitation—6–12 weeks; late-stage rehabilitation—12–24 weeks; and the return to sport
phase—>24 weeks. However, depending on the practitioner/researcher, the number of
stages and timelines will vary. The focus of this article is on the mid-stage rehabilita-
tion phase, particularly the strengthening aspects of this phase. Researchers have re-
ported that after rehabilitation, jumping performance in athletes and running gait pat-
terns are negatively affected by inadequate strength of the plantar flexor [29,30]. These
performance impairments have been attributed to inadequate strength and physiologi-
cal/morphological changes in the calf musculature, which typically provide the focus of
mid-stage rehabilitation [31]. Given this observation, it may be that aspects of strength
assessment and milestoning could be improved during this phase of rehabilitation, with
this contention explored in this integrative review.
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2. Search Strategy
A hybrid search strategy was used to find the information for this integrative review,

which is summarized in Figure 1. The overarching focus was AT rehabilitation rupture
programs/protocols, with an emphasis on the mid-stage strengthening phase, from both
surgical and conservative pathways. The keywords and different combinations used in
the search are listed in Figure 1, as are the relevant sources, which involved both database
and website searches for a snapshot of the information needed to write this article. The
article has tried to integrate peer-reviewed research with assessments and protocols from
clinical online resources, where these clinics have adapted the research to implement into
their practices, based on their current understanding and application of the evidence base.
It needs to be noted that the quality of the studies were not quantified for two reasons:
(1) many of the resources compiled were assessment batteries from clinics and hospitals;
and (2) the focus of the section was to highlight the assessments that were currently used
in the field and show the commonality alongside the variability in these tests, thereby
providing reader’s insight into the challenges associated with AT testing. Given this
approach there was limited exploration of the effects of age, BMI, comorbidities, etc., on
the assessment of the AT.

A glossary of terms is provided for the reader to improve clarity and readability
(see Table 1).

Table 1. Glossary of terms.

Abbreviation—Full Term Definition

AT—Achilles Tendon The strong tendon that connects the gastrocnemius and soleus muscles (triceps
surae) to the calcaneus; crucial for plantarflexion and propulsion.

ATR—Achilles Tendon Rupture A complete or partial tear of the Achilles tendon, commonly occurring during
explosive or forceful movements.

BFR—Blood Flow Restriction A technique using external compression to reduce blood flow during low-load
resistance training to enhance hypertrophy and strength.

BW—Body Weight The weight of an individual; often used to standardize strength tests or exercise
prescriptions (e.g., heel raise at %BW).

CAM—Controlled Ankle
Motion (boot)

A medical walking boot designed to immobilize and support the ankle while
allowing limited, protected mobility during recovery.

Con—Concentric A type of muscle contraction where the muscle shortens while producing force
(e.g., lifting phase of a heel raise).

CL—Contralateral Limb The limb opposite to the one injured; often used as a reference for performance
symmetry or baseline measures.

CMJ—Countermovement Jump A vertical jump test involving a preparatory dip (eccentric phase); used to evaluate
lower-body power and explosiveness.

DF—Dorsiflexion Movement of the foot upwards toward the shin; key for ankle mobility and
functional tasks like walking or squatting.

DL—Double Limb Describes activities involving both legs simultaneously, such as DL squats or DL
heel raises; often precedes SL work in rehab progression.

Ecc—Eccentric A muscle contraction where the muscle lengthens under tension (e.g., lowering
phase of a heel raise); essential in tendon loading and strength training.

IES—Index of
Explosive Strength

A performance metric: peak force divided by time to peak force; assesses an
individual’s ability to produce force rapidly.

Ht—Height Typically refers to vertical height achieved (e.g., calf raise heel height) or to
anthropometric measurements in assessments.
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Table 1. Cont.

Abbreviation—Full Term Definition

HRT—Heel Raise Test Plantar flexor strength/strength endurance test.

LSI—Limb Symmetry Index A ratio used to assess the recovery of the injured limb compared to the healthy
side: (injured/uninjured × 100); ≥90% is often a return-to-play benchmark.

MD—Mean Difference A statistical value indicating the average difference between two data points or
groups (e.g., pre-vs. post-intervention).

MTU—Muscle–Tendon Unit The functional unit combining muscle fibers and tendon that transmits force and
coordinates movement.

PF—Plantarflexion Movement of the foot downward, away from the leg; crucial for gait, jumping, and
push-off actions.

PWB—Partial Weight Bearing A prescribed rehab phase allowing the patient to apply a limited percentage of BW
through the injured limb.

RFD—Rate of
Force Development

A key performance indicator describing how quickly force can be generated; used
to assess explosive strength and tendon recovery.

ROM—Range of Motion The full arc of joint movement, measured in degrees; essential for evaluating
mobility and recovery progress.

RTP—Return to Play The final stage of rehab when an athlete is cleared to resume sport-specific training
and competitive activities.

SL—Single Limb Refers to movements or assessments involving one leg at a time (e.g., SL hop, SL
heel raise); used for strength and symmetry testing.

TTUT—Total Time
Under Tension

The total duration a muscle is loaded during a set; used to manipulate training
intensity and promote adaptation.

WBAT—Weight Bearing
As Tolerated

A rehab status that allows patients to place as much weight as they comfortably
can through the affected limb.

Figure 1. AT rehabilitation rupture guideline search strategy.
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3. Mid-Stage Treatment of ATR
The mid-stage phase is typified by the termination of cell proliferation, that is, of

the extracellular matrix components synthesized [32]. During the proliferation phase,
macrophages and tenocytes synthesize new connective tissue, including Type III collagen
fibers, which are mechanically less durable. In this stage, tenocytes primarily proliferate
within the epitenon, the connective tissue sheath surrounding the tendon [32]. During
this phase consistent loading is imperative to promote healing and restore function. Nor-
mal tendon development and homeostasis are closely linked to the intensity and vector
of mechanical loading to which the tissue is exposed. Tendon injury and degeneration
may be related to alterations in the way the tendon is loaded. Through loading, the
tendon will undergo mechanotransduction, which promotes cellular signaling to restore
normal tendon structure and function. During this phase, the AT continues to remodel for
(>12 months) after injury or surgery [32,33]. The repair and regeneration process includes
the collagen fibers undergoing a development process and reorienting themselves par-
allel to the direction of mechanical stress. Conversely, the regenerated tendon tissue
exhibits a scar-like structure and reduced biomechanical properties compared to the native
healthy tendon [32–34]. Moreover, tendon elongation occurs for the first 12 weeks after
surgery [28], which can cause end-range-of-motion weakness and needs to be accounted
for when strengthening the AT. Clinical applications of this process can form the basis of
the rehabilitation process following tendon injury [35,36].

Along with collagen reorganization and improved tensile strength, muscle atrophy
represents another key physiological challenge that affects rehabilitation outcomes. As
early as five days after inactivity, muscle disuse—particularly in a detrained limb—can
cause marked atrophy, reduced strength, and functional decline [37]. Long-term follow up
after AT rupture often reveals a reduction in muscle mass/strength, along with elongation
of the tendon, which negatively impacts the single-leg heel-raise test. All these factors
negatively affect the RTP rehabilitation process and patient outcomes [7,38].

The goals of the mid-stage phase are to normalize gait patterns, improve balance,
restore closed-chain ankle dorsiflexion ROM, and restore plantar flexor strength. An
exemplary table (Marrone et al., 2024) giving clinicians a blueprint of the AT rehabili-
tation process and summarizing the goals, potential interventions, common milestones
and precautions for each of these phases is outlined in Table 2 [39]. The timelines in
this phase are generally consistent between patients recovering from conservative or
surgical interventions [14,40–42]. Key progressions include transitioning to full weight
bearing, reducing heel wedge height, and eventually shifting from a brace or boot to
athletic footwear. Strengthening is typically initiated using resistance bands or low-
intensity isometrics in a seated position to avoid overstretching the AT, especially with
the knee extended. The purpose of the ensuing sections is to provide a critical review
of the current mid-stage strengthening assessments and milestones and provide sugges-
tions and new perspectives on improving the assessments and metrics used in this phase
of rehabilitation.
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Table 2. Current rehabilitation stages for ATR surgical intervention. Reproduced from Marrone
(2024), with permission [39].

Phase Goals Interventions Milestones for
Progression Precautions

Immediate
Post-Operative/
Immobilization

(0–2 weeks)

Protect surgical
wound

Maintain muscle
strength

Minimize
pain/swelling

Immobilization in
short cast or CAM

boot (2–3 heel wedges)
Proximal

Strengthening
Ankle active ROM

(Not exceed
0-degree DF)

Wound, healing, cast
removed and
MD clearance

Allow incision
to heal

Monitor for signs of
complications
No passive DF

No active ankle DF
past 0 deg or a

surgeon discretion)

Early
Rehab/Controlled

Mobilization
(2–6 weeks)

Minimal pain
Commence

Isometric PF
Achieve ankle
ROM within
phase limits

Maintain lower
limb, core and

CV fitness

Progressive
ambulation, initially
PWB (50%) w/CAM

boot w/heel lifts
Active ROM

dorsiflexion to 0 deg
w/knee in

90 deg flexion
Sub-maximal
isometrics in

shortened position (in
boot or in heel wedges)

Proximal
strengthening w/or

w/o BFR (after suture
removal and MD

clearance)

WBAT in CAM boot
Ankle DF AROM

to neutral
Minimal pain,

decreased swelling

No passive DF
w/knee flexed past
neutral for 4 weeks

No passive DF
w/knee extended for

10 weeks
Monitor resting DF

tension in prone
w/knee flexed

Intermediate Phase
(Mid-stage)

(6–12 weeks)

Improved ankle DF
ROM w/o
excessive

elongation stress
Normalize gait

mechanics
Improved ankle

PF strength

Double leg to single
leg heel raise
progression

Heel raises on heel
wedge to end range

Continued BFR

Double leg heel raise
through ROM

Monitor resting DF
tension prone
w/knee flexed

Late Stage
Strengthening
(12–24 weeks)

Improve single leg
PF strength and

endurance
throughout
full ROM

Eccentric overload SL
calf raises

Isometric overcoming
isometric calf raises

SL standing calf
raises-work at
≥90% of CL

Seated or standing
isometric peak and

avg. force ≥ 90% of CL

Monitor loading
and intensity

Late Stage
(24–36 weeks)

DL jump progression
Pogo jumping

w/band assistance

Gradual progression
of plyometrics from

extensive to intensive
and progress from

sagittal-frontal-
transverse planes

of motion

Monitor loading
and intensity
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Table 2. Cont.

Phase Goals Interventions Milestones for
Progression Precautions

Return to Sports
(36+ weeks)

Isokinetic/Isometric
strength > 90 LSI

Continued plyometric
progression

Continued local and
global strength

progression
Initiate and progress

on field/court
progression

Strength > 80%
CL side

Strength > 2.5–3× BW
w/seated calf

isometric
DL CMJ

asymmetries < 20%
SL jump

symmetries < 20%
ROM: 95% symmetry

ROM (DF/PF)
compared to

uninvolved limb
Weight Bearing:

Normalized gait and
jogging mechanics

Strength: <10%
plantarflexor

asymmetry at 0◦ DF
and <25% asymmetry

at 20◦ PF with
handheld

dynamometer
compared to

uninvolved limb
Neuromuscular

Control: 90%
symmetry between

limbs on Y-balance test
with appropriate
lower extremity

mechanics
Functional Hop

Testing: 90%
symmetry

SL hop testing
Physician Clearance

Timeframe: Expected
time frame between 6

and 9 months

Monitor loading,
fatigue, intensity and

sport specific high
velocity movement

biomechanics

Key: Avg—Average; BFR—blood flow restriction; BW—bodyweight; CAM—controlled ankle motion;
CL—Contralateral; CMJ—countermovement jump; DF—Dorsiflexion; DL—double leg; LSI—limb symmetry in-
dex; MD—medical doctor; PF—Plantarflexion; PWB—partial weight bearing; ROM—range of motion; SL—single
leg; WBAT—weight bearing as tolerated.

4. Mid-Stage Rehabilitation Strengthening
The strength milestones/goals associated with mid-to-late-stage rehabilitation of the

AT have been collated and synthesized in Table 3. These milestones have been loosely
grouped under two strength qualities, strength endurance and maximal strength, with
the caveat that the maximal-strength measures range from static/isometric/zero-velocity
measures to more dynamic/isotonic–isokinetic/higher-velocity measures. The aim of the
section is to summarize the protocols and measures used by practitioners and researchers,
and to highlight limitations should they exist.
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Table 3. Review of AT strength protocols and assessments.

Physiological Quality Contraction Type Protocol Metric

Strength/Strength
Endurance

Isoinertial Perform 5 sets of 25 concentric SL heel raises [43] # of reps

Heel-raise height test for height and
endurance—SL calf raise performed on 10◦

incline board. Linear transducer to calculate heel
height. Tempo every 2 s. Frequency 30 heel
raises per minute [44]

Reps per minute, # of
reps, displacement,
LSI, work (J)

Heel-raise test for endurance ≥ 90% LSI (of
repetitions considered normal) [44]

# of reps,
displacement, LSI

SL heel raises on edge of step—3 × 15 [45,46] # of reps

25 SL raises with heel height 20% of uninvolved
limb [47] # of reps, LSI

Perform 20+ LS heel raises to ≥75% ht. of
contralateral limb [48] # of reps, displacement

25 SL heel raises [49] # of reps

25 SL heel raises to 20% of unaffected # of reps, LSI

SL rebounding calf raises—3 × 15 [50] # of reps

5 heel raises at 90% of height [51] # of reps, Height, LSI

Ability to perform unilateral leg heel raise [52] # of reps

Not Specified Strength measures 70–80% LSI [39] LSI

Maximal/Strength
and Power

Zero velocity (Isometric) Isometric ≥ 85% for PF [48] Peak Force

Seated calf raise (Soleus)—1.5–2× BW, soleus
strength test 90% LSI [39] Peak Force

Seated bent knee 0◦ (neutral) [53] Peak Force

≤10% plantar flexor asymmetry at 0◦

DF—seated [47] Peak Force

≤25% asymmetry at 20◦ PF with HHD
compared to uninvolved limb-seated [47] Peak Force

10◦ DF. 0◦ (neutral), 20◦ PF [54] Peak Force

20◦, 10◦ of DF, 0 (neutral), 10, 20◦ of PF,
seated—3 × 3 s [36] Peak Torque

0◦ (neutral)—seated-2 × 3–5 s [55] Peak Force

10◦ DF, O◦, and 20◦ PF [56] Peak Force

Slow Velocity
(Isokinetic)

Angular velocity—5◦/s; position—prone—
2 × 5 [57,58]

Passive Ankle
Stiffness

Angular velocity—30◦/s; position—seated—
3 × 4 [59] supine—1 × 3 [60], 1 × 5 [61]

Peak Torque
LSI

Angular velocity—30◦/s × 4—prone [62] Peak Torque

Angular velocity—30◦/s—Ecc and Con; seated
and seated closed chain—1 × 3 [63] Peak Torque

Angular velocity 60◦/s; position—seated [59] Peak Torque
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Table 3. Cont.

Physiological Quality Contraction Type Protocol Metric

Maximal/Strength
and Power

Higher Velocity
(Isokinetic)
Strength Endurance

Angular velocity 90◦/s [54] Peak Torque and Mean
Total Work

Angular velocity—24◦/s, 48◦/s, and 96◦ [54] Peak Torque

Angular velocity—120◦/s, supine—1 × 20 [60] LSI

Angular velocity—60◦/s, 120◦/s, 180◦/s, prone
position 1 × 6 ea [64] Peak Torque

Angular velocity—180◦/s—Ecc and Con; Seated,
Seated closed chain, and supine—1 × 3 Peak Torque

Angular velocity—225◦/s, seated—1 × 10 [65] Peak Torque

192◦/s [54]

Angular velocity-240◦/s, seated-3 × 10 [59] Peak Torque

Angular velocity—30◦/s, 90◦/s, and
240◦/s—supine 1 × 4ea [56] Peak Torque

Angular velocity—Ecc and Con at 90◦/s × 5 and
225◦ × 10, Ecc at 90◦ × 5—seated [65] Peak Torque

Angular velocity—120◦ × 15—prone [62] Total Work

Power
(Isoinertial/Isotonic)

SL loaded concentric only × 3 at
4 different weights Peak Power

SL loaded eccentric-concentric × 3 at 4 different
weights [66]

Key: BW—Bodyweight; Con—Concentric; DF—Dorsiflexion; Ecc—Eccentric; HT—Height; LSI—Limb Symmetry
Index; PF—Plantarflexion; SL—Single leg.

5. Strength Endurance Protocol Milestones for Clearance into
Late-Stage Rehab

In the context of strength endurance training, most practitioners employed isoinertial
or isotonic bodyweight exercises. The most commonly used exercise and assessment was
the single-leg heel raise, performed with the affected leg and often compared to the non-
affected leg. These exercises were typically executed on flat surfaces, low-angle (10◦) incline
boards, or the edge of a step. The load on the injured limb was monitored by prescribing
a target heel height for each repetition, assessed either qualitatively (e.g., visual estima-
tion) or using quantitative technologies such as electrogoniometers [67], linear position
transducers [44], motion capture [68], a light beam device [69], and elastic band devices [70].
There was notable disagreement among practitioners regarding the optimal point along
the strength continuum to emphasize, and which specific assessment parameters were
most appropriate for determining readiness to progress to the next training phase. Strength
progression prescriptions varied widely in terms of repetitions, ranging from achieving a
single repetition at a height equivalent to the non-injured side [52] to five sets of 25 heel
raises [43]. Tempo was rarely addressed; however, some protocols used 60 heel raises per
minute [71] or 30 heel raises per minute [44]. All the heel raises tests used isoinertial load-
ing in the form of the patient/subject’s body weight, with an emphasis on the concentric
loading phase of the movement pattern—in particular, achieving heel height comparable
to the unaffected leg.

With regard to the variables quantified, the number of repetitions or repetitions per
minute were the most common measurements. Silbernagel et al. (2010) quantified the work
associated with each repetition by measuring the height of each repetition with a linear
transducer and providing the total displacement for the set [44]. Three research/practitioner
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groups detailed the limb symmetry index as a function of the repetitions performed by the
affected and unaffected limbs, with the LSI ranging from 75 to 90% to clear a patient/athlete
to progress onto the late stage of the RTP process [47,48,51].

6. Maximal-Strength Protocols/Milestones for Clearance into Late-Stage
Rehab and/or Clearance for Return to Play

This section covers strength and power assessments and protocols used to evaluate
the Achilles tendon (AT) and surrounding musculature during recovery, whether from an
AT rupture treated conservatively or surgically, or from tendinopathy. Maximal strength
can be assessed at zero velocity (isometric contractions) or across a range of velocities
using isotonic, isoinertial, or isokinetic contractions. In the latter case, when force is
measured across a range of velocities, it can also be interpreted as power output (i.e.,
Power = Force × Velocity). A distinction must be made between power and explosive
power—the latter refers to the ability to produce maximal force and velocity in a very
short time. Explosive power becomes particularly relevant during the late-stage and
return-to-sport phases of rehabilitation due to the high force–high velocity demands of
sport-specific movements.

Therefore, maximal strength assessments can be plotted along a continuum of move-
ment velocity, ranging from zero velocity to high-velocity isokinetic/isotonic/isoinertial
movements. The isometric testing was conducted from different seated knee positions,
either with a bent knee [53] or a straight leg [47]. Along with varying knee positions,
different degrees of ankle range of motion (ROM) were utilized, with the most common
angles being 20◦ of dorsiflexion, 0◦ (neutral), and 20◦ of plantarflexion [36,53,55]. All
practitioners/researchers used peak force or torque as the primary metric of interest. Re-
garding assessment volume, most researcher/practitioners did not specify details, but
those that did reported a range between three sets of 3 s contractions [36], two sets of
3–5 s contractions [55], and three sets of 6–8 s contractions [57]. The LSI appeared to have a
wide range of progression criteria, with percentages varying from 75% [47] to 90% [39] for
different ankle range-of-motion positions.

Isokinetic assessments were classified into slow- and high-velocity protocols; however,
it needs to be noted that the velocities being tested in this phase were nowhere near the
velocities associated with limb movement during sprinting. Slow-velocity isokinetic assess-
ments ranged from 24◦/s to 96◦/s [54] with the most common velocities of 30◦/s and 60◦/s.
The conventional metric utilized for these tests was peak torque except when researchers
incorporated passive stiffness; to measure passive stiffness an isokinetic dynamometer is
typically used to move the plantar flexors at a speed of 5 deg/s from 10◦ of plantar flexion
(neutral) to a static hold at 80% of the participant’s maximal passive dorsiflexion angle.
In some cases, researchers attach electrodes to the plantar flexor muscles to ensure that
no muscle activity is initiated [57,58]. The body position differed from prone to supine to
seated along with various hip, knee, and ankle positions.

Additionally, higher velocity isokinetic tests ranged from speeds of 120◦/s to 240◦/s.
The volume used ranged from 1 set of 20 repetitions [60] to 3 sets of 10 repetitions [59].
When utilizing these higher velocities and higher repetition schemes, the researchers
examined the limb strength deficit of the plantar flexors [59,60] and included LSI measures.

Lastly, few researchers/practitioners have examined power using isotonic or isoin-
ertial contractions during this phase of AT rehab. Silbernagel et al. (2006) utilized two
variations of a single-leg heel raise test (concentric and eccentric–concentric), performing
three repetitions at four different predetermined weights, while attaching a linear position
transducer to the heel to determine power output [66].



Biomechanics 2025, 5, 59 11 of 18

7. Summary and Limitations
There seems to be a general consensus on a number of assessments/protocols that

researchers and clinicians use from a rehabilitation perspective, during the mid-stage
strengthening of the AT. First, the LSI must be above a certain percentage, ranging from
75 to 90%, regarding the number of reps and/or the work performed from the affected
side to unaffected side, irrespective of the type of muscle contraction and strength quality
measured. Second, performing a heel-raise test at the same height as the unaffected limb
for a certain number of repetitions appears to be a common strength milestone. While
several aspects of the heel-raise assessment are standardized, significant disagreement
remains over optimal parameters for progression in the rehabilitation process, such as
repetition number, movement tempo, intensity, lower-limb positioning (straight vs. bent
knee), LSI and work-based symmetry percentage [47,49,72–74]. Silbernagel et al. (2010)
addressed measurement variability by using a linear position transducer to objectively
determine heel-raise height and calculate work-derived LSI [44]. They found that at
12 months, subjects’ LSI based on heel raise repetitions was 95%; however, when taking
into account the work associated with the repetitions, the LSI was 76% [44]. Clinicians and
their patients would benefit from a more nuanced approach to quantifying the HRT, other
than counting repetitions or repetitions per unit time.

Regarding maximal strength, research is limited on the appropriate time frame for safe
implementation of max-strength testing during AT rehabilitation. At three months, Groete-
laers et al. (2014) and Don et al. (2007) examined isometric and isokinetic peak/torque
output, respectively [53,57]. However, Groetelaers et al. (2014) did not report the total value
of peak forces, just the LSI measures from different time points [53]. Don et al. (2007) was
the only article that examined and presented peak torque values in the mid-stage strength
portion of the rehabilitation process [57]. In comparison, the ACL rehabilitation literature
suggests that isokinetic testing is generally appropriate around 15 weeks post-injury [75].
Furthermore, there is little agreement on the most suitable methods for measuring strength
and the function of the AT and its surrounding musculature in the literature. During mid-
stage rehab, one main performance goal is to restore absolute strength to the AT and the
MTU [28]. However, reporting on this objective varies widely across studies. Researchers
use different anatomical setups—including varying hip, knee, and ankle positions—and
measure strength across diverse ankle joint ranges, making it difficult for clinicians to
identify reliable and consistent testing protocols [36,39,53–55,57]. Additionally, the volume
differs within the research on AT strength assessment following or during the rehabilitation
process. Furthermore, this variability represents a significant limitation in the literature
surrounding a key performance indicator in the rehab process, which not only has impli-
cations for future performance in later stages of rehab but also affects RTP performance
and the ability to successfully return to sport at a high level of play months/years after
injury. The improper progression of kinetic linking, which requires proper anatomical
structure involvement, appropriate ROM, activation, strength, and the coordination of the
musculature around the joint, will cause biomechanical dysfunction of the limb and affect
gait performance [76]. The rehab process needs a solid foundation to start with or else
the entire process is affected negatively. For example, it has been documented that after
an ATR, there is prolonged strength deficit, which can be up to 30% compared with the
uninjured [35].

In summary, while the heel-raise test is considered a foundational test [77], without
the use of technology, the tests yield only basic data on heel-raise performance, which fails
to optimize clinical decision-making and could potentially delay recovery timelines. The
American Physical Therapy Association, published a vision statement, titled: “Vision 2020”,
which served as a “call to arms” for the maturation of the physiotherapeutic profession,
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specifically citing evidence-based medicine as a priority, Sullivan et al. (2011) [78]. The
aim was to improve the objectivity of the examination and intervention processes by
implementing modern technologies in the interest of justifying reimbursement in the wake
of changing healthcare policies. It has created an initiative to provide physical medicine
professionals, such as physiotherapists, with tools that are user-friendly, help synthesize
and interpret data yet are also cost-effective choices. This “call to arms” highlights the
integration of technology with metrics {# of reps and height of each repetition and the
total work (BW × total distance)} that correlate to the neuromuscular outputs of those
specific strength qualities targeted during rehabilitation. The next section examines how
this approach could be applied in everyday AT rehabilitation practices.

8. Mid-Stage Strengthening of the AT: New Perspectives
Mechanotransduction refers to a process where the body converts mechanical loading

into cellular signaling, which ultimately drives tissue remodeling [79]. Mechanical loading
usually comes in the form of a force, whether it be shear, tensile or compressive in nature.
If these forces are of sufficient rate, magnitude and duration, they will initiate deformation
of the cells in the tissue of interest, the tendon in this case. Signaling proteins within
the cells in turn initiate the tissue repair and remodeling process [79]. As a result, larger
and/or stronger tissue will be added. Mechanotransduction is an ongoing process, and if
the mechanical stimuli are withdrawn or withheld, then repair and remodeling typically
slows, ceases and in a very short time reverts to baseline. Since this process is initiated by
mechanical loading, it would seem important to monitor the forces applied and understand
the adaptive response thereafter. By adopting such an approach, clinical understanding
should be enhanced and patient outcomes expedited. With this in mind, this section is very
much couched within a mechanotransducive approach, particularly understanding the
mechanical loading applied to the tendon.

Since strength is a very coveted attribute, during the rehabilitation process a thorough
understanding of the strength needs of the musculotendinous tissues is needed. Central to
the strengthening of any tissue is the principle of progressive overload; systematic and safe
loading via a periodized plan is a core tenet of this principle. Such a periodized approach
is thought fundamental to efficiently regain those qualities to successfully progress the
rehab process [80]. A simple diagram proposing how various strength qualities can be
progressively overloaded during the different stages of ATR rehabilitation is presented in
Figure 2. Simply explained, strength training can be progressed by simply manipulating
volume as measured by the number of reps performed and/or time under tension in an
isometric contraction, and the intensity of contractions as measured by force output or a
derivative, e.g., impulse, rate of force development (RFD). It is suggested that strength
training is low in intensity and progresses to potentially high volumes (strength endurance
training) during early-stage rehab [76]. This is followed by a decrease in volume and
increase in intensity, during the mid-stage rehab phase when the aim is to increase the
maximal strength of the tendon. Finally, in late-stage rehab, strength training can be high
intensity, low volume in nature; this type of explosive strength training is particularly
important for athletes returning to training and play.

It should be noted that the assessment of strength and power has become overwhelm-
ingly complex with the advent of technologies such as force plates, with some force plate
manufacturers having nearly 200 variables that can be quantified to describe various move-
ments. The authors suggest that the clinician should funnel variable selection down to
five to six variables that they understand the mechanistic underpinning of, ensure that the
variable is relevant to the stage of rehabilitation, and know the reliability of the variables
they choose to monitor. In this regard it is suggested that the variables detailed in Figure 2
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should be used in the different stages of rehabilitation. There is a difficulty in measuring
and reporting peak force, which is not the best measure to describe strength endurance
or explosive strength capability. Furthermore, when using devices such as force plates
that sample at high rates such as 1000 Hz, peak force represents your force capability for
1/1000th of a second; many would argue that is not a measure of overall force capability.
To these ends it is recommended that during the strength endurance–early rehabilitation
stage, measures such as mean force or total impulse (area under the force/time curve) be
used as these variables will better represent changes in overall force capability. As the
clinician progresses the rehabilitation of the AT, maximal strength will become a focus
and therefore measures such as peak force or relative peak force (peak force/body weight)
become relevant. Finally, as the rehabilitation journey nears return to training and sport,
explosive strength should then become a priority and can be monitored using measures
such as RFD and/or the index of explosive strength (IES = peak force/time to peak force).

Figure 2. Proposed periodized plan for the assessment and training of different strength qualities
across the various stages of rehabilitation. Key: RFD = rate of force development; IES = index of
explosive force; TTUT = time under tension.

Note that all these assessments need to be performed on the unaffected limb as close to
the injury or diagnosis date as possible, for various reasons. First, testing the unaffected leg
in proximity to the injury diagnosis will provide baseline measures for the affected limb to
return to at the various stages of rehabilitation, and provide more accurate limb symmetry
indexes. Second, during the rehabilitation process the unaffected side is often neglected,
since the main focus of the patient and physical therapist is achieving a milestone with the
affected limb; therefore, in some cases these values actually provide baseline measures for
the non-injured limb as well. Last, these unaffected baseline measures may provide the
tester with parameters for unaffected loading, e.g., a load during the max strength phase of
training, asking a patient if they can produce 70% of peak force for10 repetitions.

Finally, the triceps surae has a different muscle fiber composition and biomechanically
advantaged positions, meaning that the muscles are activated differently depending on
the movement. The soleus and medial and lateral gastrocnemius muscles need to be
assessed and trained in particular joint positions to target those specific muscles and
maximize the clinical outcome of the patient. Diagrammatic representations of those
positions can be observed in Figure 3: the standing position, focused gastrocnemius, and
the focused seated position soleus. The reliability of these plantar flexor assessments have
been reported previously; however, their utility in clinical practice has yet to be established
to the knowledge of the authors [81].
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Figure 3. Standing and seated plantarflexion testing.

9. Conclusions
Most ATR programs lack a standardized quantitative milestone approach, which is

likely hindering the athlete’s successful and expedient release from rehabilitation and RTP.
It is the author’s view that there is a need to implement a different assessment and peri-
odization approach to improve efficiency of the rehabilitation process. The gold standard
measuring device in AT rupture rehabilitation testing is the isokinetic dynamometers [39,82].
Because of the price and space considerations, a limited number of clinicians have access to
such technology, and hence there is a need for alternative solutions to enhance the diagnos-
tic process. With the democratization of force plates and a growing interest in portable fixed
dynamometry [81], clinicians have portable and affordable solutions to instrument and
quantify the heel-raise test. Ref. [44] is one such example of using a more mechanotransduc-
tive approach to quantifying heel-raise assessment. In the previous section we highlighted
technology options that could be used, the reliability of which have been published. These
advancements in technology enable the clinician to gather reliable and valid data; help
deliver detailed training regimens specific to the strength quality of interest; implement
targeted rehabilitation interventions; and provide instantaneous feedback. The availability
of such information also enables a mechanotransductive–mechanotherapeutic approach
to practice, which should advance the profession. However, the use of such technology
will require those associated with ATR to understand the value of such a proposition, and
develop new milestones and different exercise prescription frameworks, to truly advance
patient and clinical outcomes. It needs to be noted that a great deal of research is needed
to determine the reliability and validity, as well as the feasibility, of such an approach in a
clinical setting.
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