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Abstract
Background  Mechanical loading is purported to restore ligament biomechanics post-injury. But this is difficult to 
corroborate in clinical research when key ligament tissue properties (e.g. strength, stiffness), cannot be accurately 
measured. We reviewed experimental animal models, to evaluate if post-injury loading restores tissue biomechanics 
more favourably than immobilisation or unloading. Our second objective was to explore if outcomes are moderated 
by loading parameters (e.g. nature, magnitude, duration, frequency of loading).

Methods  Electronic and supplemental searches were performed in April 2021 and updated in May 2023. We 
included controlled trials using injured animal ligament models, where at least one group was subjected to a 
mechanical loading intervention postinjury. There were no restrictions on the dose, time of initiation, intensity, or 
nature of the load. Animals with concomitant fractures or tendon injuries were excluded. Prespecified primary and 
secondary outcomes were force/stress at ligament failure, stiffness, laxity/deformation. The Systematic Review Center 
for Laboratory animal Experimentation tool was used to assess the risk of bias.

Results  There were seven eligible studies; all had a high risk of bias. All studies used surgically induced injury to 
the medial collateral ligament of the rat or rabbit knee. Three studies recorded large effects in favour of ad libitum 
loading postinjury (vs. unloading), for force at failure and stiffness at 12-week follow up. However, loaded ligaments 
had greater laxity at initial recruitment (vs. unloaded) at 6 and 12 weeks postinjury. There were trends from two 
studies that adding structured exercise intervention (short bouts of daily swimming) to ad libitum activity further 
enhances ligament behaviour under high loads (force at failure, stiffness). Only one study compared different loading 
parameters (e.g. type, frequency); reporting that an increase in loading duration (from 5 to 15 min/day) had minimal 
effect on biomechanical outcomes.

Conclusion  There is preliminary evidence that post-injury loading results in stronger, stiffer ligament tissue, but has 
a negative effect on low load extensibility. Findings are preliminary due to high risk of bias in animal models, and the 
optimal loading dose for healing ligaments remains unclear.
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Background
Lower-limb ligament injuries commonly occur in sports. 
There is a high incidence of collateral ligament tears to 
the knee or ankle in contact sports such as ice hockey, 
[1] American football, [2] soccer, [3, 4] or rugby union 
[5, 6]. Prospective data estimates 0.11 knee medial col-
lateral ligament (MCL) injuries per 1000 athlete-expo-
sures (AEs) in intercollegiate athletics, [7] and 1.18 ankle 
sprains per 1000 AE in field sports [8]. Recurrence rates 
are high with up to 40% of patients developing chronic 
ankle instability (CAI), [9] and 11% [3] to 16% [10] suffer-
ing recurrent knee MCL injury.

Apart from ACL tears, most lower limb ligament inju-
ries are managed conservatively through progressive 
mobilisation and therapeutic exercise. Prospective inter-
ventional research is lacking for knee MCL, but meta-
analyses show exercise-based rehabilitation improves 
function and reduces reinjury after ankle sprain com-
pared to immobilisation [11–13]. These positive effects 
are largely attributed to the resolution of clinical impair-
ments, with therapeutic exercise restoring joint range of 
motion, strength, postural control and global movement 
patterns [14]. An under-discussed mechanism of effect 
is that post-injury exercise directly enhances ligament 
healing. This is underpinned by mechanotransduction, 
where biophysical forces imparted on healing tissues 
(due to exercise), are converted to cellular and molecu-
lar responses, [15] ultimately restoring tissue mass and 
mechanics. The ability to use exercise to increase liga-
ment strength post-injury has significant implications for 
rehabilitation programs. However, these effects are most 
likely dose-dependent, with ‘optimal loading’ of injured 
ligament tissue, defined as the load applied to structures 
that maximises physiological adaptation [16].

Identifying the mechanism of action for physiothera-
peutic interventions can help to determine the opti-
mal dose, and potentially which patients are most likely 
to respond to treatment. Available clinical data cannot 
delineate the effects of progressive loading on ligament 
healing. No clinical studies have stringently manipu-
lated key loading variables (e.g. nature, magnitude, dura-
tion, frequency of loading) [16]; and outcomes measures 
are primarily limited to binary or ordinal assessment of 
mechanical joint stability (e.g. stable vs. unstable). In ani-
mal models, the research can manipulate loading param-
eters post-injury, and directly quantify tissue mechanics 
such as ligament stress, strain, ultimate tensile strength, 
and stiffness. By systematically reviewing the animal lit-
erature we determine the extent to which mechanical 
loading (and its constituent parameters) can restore liga-
ment biomechanics post-injury, and better understand 
the mechanisms of rehabilitation after soft tissue injury.

In this review, we examined the biomechanical effects 
of loading in injured animal ligament models. Our 

objectives were to determine if mechanical loading 
interventions restore tissue biomechanics (e.g. tensile 
strength; stiffness) more favourably than immobilisation 
or unloading and to explore if outcomes are moderated 
by loading parameters (e.g. nature, magnitude, duration, 
frequency of loading).

Methods
Protocol and registration
This systematic review was conducted and reported 
according to Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA 2020) [17] and was 
prospectively registered to PROSPERO on 30 November 
2020 (registration number: CRD42020210679).

Eligibility criteria
We included published controlled or randomised con-
trolled trials using an injured animal ligament model. 
Animals with concomitant fractures or tendon inju-
ries were excluded. Eligibility criteria were outlined as 
follows:

 	• Intervention: At least one group must have been 
subjected to a mechanical loading intervention 
post-injury, with no restrictions on the dose, time 
of initiation, intensity, or nature of the load. Studies 
with several different loading arms were also 
considered, to discern whether differing loading 
protocols could influence outcomes. Interventions 
that used surgical repair were excluded.

 	• Comparator: Comparisons could have been made to 
strict immobilisation or hindlimb suspension. The 
lowest load group was considered the comparator 
if several different loading arms were studied. 
Comparisons that used surgical repair were 
excluded.

 	• Outcomes: Outcomes could have involved any 
type of biomechanical measures related to soft 
tissue healing, but both primary (failure force; 
failure stress) and secondary (stiffness; laxity or 
deformation) outcomes were explicitly prespecified.

We applied no language restrictions. The inclusion and 
exclusion criteria are summarised in Table 1.

Search strategy
Electronic database searches were undertaken through 
OvidSP and ProQuest, using the following databases: 
MEDLINE and EMBASE (searched from inception 
throughout on April 28,  2021) and the Agricultural & 
Environmental Science Collection (searched from incep-
tion throughout on April 23,  2021). Updated searching 
was performed on May 29,  2023. The search strategy 
used for MEDLINE is outlined in Table 2.

We also performed supplementary searching, which 
included:
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 	• Searching PubMed using the “see all similar articles” 
search function (May 12, 2021) for all studies 
meeting the inclusion criteria.

 	• (forward) citation tracking using PubMed citation 
index function (May 29, 2023).

 	• Hand-searching the reference lists of all articles 
meeting the inclusion criteria of our systematic 
review.

Full details regarding all searches are available in Supple-
mentary File 1.

Two reviewers (CMB, FN-W) independently screened 
the titles and abstracts of all records produced from the 
electronic and supplementary searches. Full-text ver-
sions were retrieved for any potentially relevant articles. 
In case of disagreement, both reviewers discussed until a 
consensus was reached. Since we encountered no ambi-
guity regarding potential inclusion eligibility, there was 
no need to contact any corresponding authors.

Study risk of bias assessment
Both authors performed an independent assessment of 
included studies using the SYstematic Review Center 
for Laboratory animal Experimentation (SYRCLE) risk 
of bias tool [18]. SYRCLE is a 10-item scale covering the 
following domains: (1) sequence generation; 2) baseline 
characteristics; 3) allocation concealment; 4) random 
housing; blinding of 5) caregivers, and 6) outcome asses-
sors; 7) random outcome assessment; 8) incomplete out-
come data; 9) selective outcome reporting, and; 10) other 
sources of bias. We determined the overall risk of bias for 
each study based on its highest level of bias in any single 

domain. Both authors reached complete agreement fol-
lowing a consensus meeting, negating the need for a third 
assessor.

Data items
The primary author (CMB) extracted the following data 
items from the eligible studies into a pre-defined data 
form:

 	• Study characteristics (study design, number and size 
of eligible groups, nature of the comparison (e.g., 
cage activity vs. immobilisation; low dose exercise vs. 
high dose exercise).

 	• Animal model (type of animal and their age, sex and 
weight, injury mechanism (size of ligament injury), 
joint and ligament(s) affected).

 	• Treatment interventions (method, dose, duration).
 	• Biomechanical outcomes: including the results of 

testing, the unit of measurement, and follow-up 
times (weeks post-injury).

 	• Biomechanical testing methods (preconditioning 
before testing, joint position during loading, and the 
type of load applied during outcome assessment).

Sufficient information was available to negate the need to 
contact any original study authors. Data (mean, SD) were 
extracted from graphs using WebPlotDigitizer (version 
4.4) when required. The second author (FN-W) reviewed 
and confirmed the extracted information against the 
original research reports.

Data synthesis
The lead author (CMB) extracted relevant outcome data 
(mean, SD, number of subjects) into RevMan 5.4. For 
each study, differences in means between groups and the 
associated 95% confidence intervals were calculated for 
continuous outcomes. Since the continuous outcomes 
were measured on different scales in different studies, 
we used standardised mean differences (SMD). The spe-
cific type of SMD calculated in Revman 5.4 is Hedges g: 
SMDs of 0.2, 0.5, and 0.8 are considered small, moder-
ate, and large magnitudes of effect, respectively [19]. For 
studies that reported the standard error with the group 
means instead of the standard deviation; we converted 
the reported standard error into a standard deviation by 

Table 1  PICOTS criteria for inclusion and exclusion of studies
Parameter Inclusion criteria Exclusion criteria
Problem ▪ Animal model

▪ Surgically induced ligament injury at a weight-bearing joint
Fractures, tendon injuries

Intervention Any physical activity or exercise-based treatment protocol Surgical repair

Comparator Immobilisation, hindlimb suspension Surgical repair

Outcome measure ▪ Primary: ligament force and stress at failure
▪ Secondary: laxity and deformation at failure
▪ Tertiary: any other outcome related to tissue biomechanics

Type of study Controlled trial Case studies; case series

Setting Laboratory based

Table 2  MEDLINE search strategy
1 (protection or rest or functional or 

movement or exercise or loading 
or unloading or weight-bearing or 
weight-bear or cast or splint or im-
mobilisation or immobilization).mp.

2 exp Ligaments/

3 exp “Sprains and Strains”/

4 2 or 3

5 1 and 4

6 Limit 5 to animals
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multiplying the standard error with the square root of the 
corresponding group size. We calculated risk ratios (RRs) 
for dichotomous variables, using a 0.5 zero-cell correc-
tion in the case of no events.

In studies that had both concomitant and isolated liga-
ment injury models, we only extracted data for the latter, 
as widespread injuries are less likely to be treated conser-
vatively in clinical practice [20]. We had planned to pref-
erentially extract data based on changes from baseline 
(mean change scores). However, this was not reported 
in any study, and follow-up scores were used instead. 
We prespecified that if studies included multiple obser-
vations of the same outcome, we would extract outcome 
measures at four-week intervals post-injury, with no limit 
on follow-up duration (none of the included studies coin-
cided precisely with four-week intervals, necessitating 
less stringent criteria). Although some studies induced 
bilateral scarring and performed biomechanical assess-
ments of both knee joints, we treated the sample size as 

the number of subjects rather than the number of knee 
joints in our analyses. Our primary and secondary out-
comes are presented in forest plots. Studies with similar 
follow-up periods were grouped.

The second author (FN-W) reviewed the primary 
author’s (CMB) extracted outcome data, either compar-
ing it to the original research reports or – if data were 
only presented in graphs – replicating the graphical data 
extraction process. Any discrepancies between the two 
authors were settled through consensus.

Results
Study selection
The study selection process is outlined in Fig. 1. We iden-
tified and examined 4526 records. Of the 32 full-text 
articles assessed for eligibility, 25 were excluded due to: 
no control group, [21–28] [29] injury model not relevant, 
[30–37] outcomes of interest not measured, [38–42] in 
vitro model, [43, 44] and no relevant intervention [45]. In 

Fig. 1  Flow chart of search strategy
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total, seven studies [46–52] were included in this system-
atic review.

Study characteristics and results
Study characteristics are presented in Table 3. There were 
seven eligible studies: one randomised controlled trial 
[46] and six non-randomised controlled trials [47–52]. 
All used rat [46, 50, 51] or rabbit models, [47–49, 52] with 
surgically induced injury to the MCL at or just below the 
knee joint line. Animals were either all female [47–49, 52] 
or all male [46, 50, 51]. Only two studies [47, 48] speci-
fied the animals’ age (1 year) at the time of testing. Three 
studies specified that the length of the ligament transec-
tion was 4 mm [47–49]. Two studies also transected the 
ipsilateral ACL [47] or the ACL plus medial capsule [51]. 
Biomechanical testing was undertaken at various time 
points post-injury, with group sizes ranging from 2 to 10 
specimens, depending on the study and sacrifice interval.

In all studies, biomechanical testing involved tensile 
loading of the isolated MCL until failure, with the knee 
joint positioned in 45 to 90 degrees of flexion. The load 
was either applied cyclically [48, 49, 52] or continuously, 
[46, 47, 50, 51] but there was variation in the loading 
strain rates. (Table 3) Four studies [46–49] specified the 
use of ligament preconditioning with low loads, prior to 
final outcome testing.

Five studies [46, 47, 49–51] recorded force at failure; 
these data were expressed in absolute units (N or N/kg) in 
all but one study, [51] when force at failure was reported 
as a percentage of an uninjured control ligament. Two 
studies [46, 47] also provided details on ligament stress 
at failure. Secondary outcomes included ligament stiff-
ness [46, 47, 49–51] and laxity [47, 48, 50–52]. In all 
studies, stiffness represents the slope of the load-defor-
mation (stress/strain) curve recorded during tensile 
loading of the healing ligament. In most studies, laxity 
outcomes reflect ligament tissue response at low tensile 
loads, quantified by the amount of ligament displacement 
that occurs before initial restraint. Only Thornton et al. 
[49] assessed laxity at higher tensile loads, quantifying 
ligament displacement before complete failure. Tertiary 
outcomes described were strain [46] and energy [49] at 
failure, average stress during cyclic testing, [50] and num-
ber of failure events during creep testing [48].

Treatment interventions were classified as either 
unloading, lower load, or higher load. Unloading involved 
either hind limb suspension [46] or pinning of the injured 
leg in maximal knee flexion [47–49]. All studies included 
a lower load intervention based on free cage activity. 
Interventions classified as higher load were based on free 
cage activity plus an additional loading mechanism; this 
was either accomplished through daily swimming, [50, 
51] or an intra-articular pin that exerted a tensile load 
on the healing ligament [52]. In each study, all respective 

interventions were continued up to the time of biome-
chanical testing.

Risk of bias in studies
All studies had at least one domain judged at a high risk 
of bias (Table 4). None of the studies provided sufficient 
details on sequence generation or allocation conceal-
ment. We considered body weight an important charac-
teristic influencing treatment outcome; only two studies 
[46, 50] provided information on (similar) body weights 
at baseline. Other studies provided either no bodyweight 
data or only for the total study sample. Provenzano et al. 
[46] was the only study to give sufficient details on hous-
ing conditions, such as temperature and the duration of 
light-and-dark cycles. A lack of blinding of investigators 
and caregivers risked introducing bias in the five stud-
ies where comparisons involved free movement versus 
immobilization [47–49] or hindlimb suspension, [46] or 
where follow-up surgery was not matched with sham sur-
gery in the control group [52].

Details on the use of random outcome assessment 
were unclear. One study limited the number of follow-
ups within the control group due to earlier observations 
[49]. As all studies used automated tests with high pre-
cision and followed standardised procedures, we consid-
ered non-blinding of outcome assessors to be unlikely to 
affect the measurement readings. Bias due to incomplete 
outcome data was present due to specimen losses dis-
proportionately affecting immobilised ligaments [48, 49]. 
Selective outcome reporting was unclear, as none of the 
studies referred to a prespecified study protocol. We note 
that all studies were carried out before the inception of 
reporting guidelines and registries specifically for animal 
research [53].

Other sources of bias included deviations from 
intended interventions [47–49] and unit of analysis errors 
[51]. Bray et al. [47] defined successful immobilisation as 
no voluntary joint motion and less than a few degrees of 
passive motion. However, even immediately following 
implementation, none of the animals met these criteria. 
At later healing intervals, passive knee range of motion 
was further increased. Two more studies used the same 
immobilisation protocol with no mention of remedial 
measures and are, therefore, also at high risk of bias [48, 
49]. Lechner et al. [51] summarized data using the ratio 
between tested and contralateral (healthy) ligaments, 
prior to making between-group comparisons. Such an 
approach may introduce bias, as it assumes healthy liga-
ment biomechanics were affected proportionally across 
treatment allocations.

Risk of bias judgments with supporting quotes from the 
original reports are available in Supplementary File 2.
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Table 3  Characteristics of the Included Studies
Intervention Outcomes

Lead 
Author 
(Year)

Animal and Injury/Surgery Characteristics Protection Low Load, High load Testing details: Tibio-
femoral position and 
load type (magnitude; 
rate)

Outcome measures
(Follow-up)

Bray 
(1992) 
[47]

▪ 46 female rabbits (37 analyzed)
▪ Age, 12 months
▪ BW (total sample): 4.7 ± 0.66 kg
▪ Water ad libitum and similar diets
▪ Knee MCL injury
▪ Surgical, 4-mm midsubstance gap
▪ Ipsilateral ACL fully transected

Immobilization 
(leg pinned 
at ~ 150°-160° 
flexion)

▪ Low: Ad libitum 
cage activity
▪ High: NA

▪ ~70° flexion
▪ Tensile to failure 
(20 mm/min)

1. Force at failure (N)
2. Stress at failure 
(MPa) b

3. Stiffness (N/mm) c

4. Laxity (mm)a

(3, 6 and14 wk)

Burroughs 
(1990) 
[50]

▪ 50 male rats (30 analyzed)
▪ BW for extracted groups: 625 ± 68 g (control); 
624 ± 65 g (5-min swim); 626 ± 57 g (15-min swim)
▪ Knee MCL injury
▪ Surgical, bilateral transection just below joint 
line

NA ▪ Low: Ad libitum 
cage activity
▪ High: Ad libitum 
cage activity and 
swimminge (5 or 
15 min per day)

▪ 45° flexion
▪ Tensile to failure 
(0.25 mm/s)

1. Force at failure 
(N/kg)
2. Stiffness (N/mm)
3. Laxity (mm)a

(12 d)

Gomez 
(1991) 
[52]

▪ 24 female rabbits (24 analyzed)
▪ BW (total sample): 3.3 ± 0.11 kg
▪ Knee MCL injury
▪ Surgical, transection

NA ▪ Low: Ad libitum 
cage activity
▪ High: Ad libitum 
cage activity (4 wk) 
plus tensile stress 
(intra-articular pin 
insert remaining in 
situ up to the time 
of biomechanical 
testing)

▪ 90° flexion
▪ Cyclic (0–4% strain)

1. Average stress 
during cyclic loading
2. Stiffness (between 
3 and 4% strain) 
(MPa)
3. Laxity during varus 
to valgusab

(6 and 12 wk)

Lechner 
(1991) 
[51]

▪ 40 male rats (25 analyzed)
▪ BW (total sample): range, 400 to 600 g
▪ Knee MCL, ACL, and medial capsule injury
▪ Surgical, transection

NA ▪ Low: Ad libitum 
cage activity
▪ High: Ad libitum 
cage activity plus 
swimming (per day: 
10 min swim, 5 min 
rest, 10 min swim)

▪ 45° flexion
▪ Tensile to failure 
(0.25 mm/s)

1. Force at failure 
b (% of control 
ligament)
2. Stiffness b (% of 
control ligament)
3. Laxity ab (ratio of 
control ligament)
(12 d)

Provenza-
no (2003) 
[46]

▪ 60 male rats (12 analyzed)
▪ BW (total sample): 245 ± 5 g (similar BW per 
group)
▪ Analgesic in water for 72 h postsurgery, 
consumed ad libitum. Similar access to food and 
water throughout the study.
▪ Knee MCL injury
▪ Surgical, transection bilaterally at the joint line

Hindlimb 
suspension

▪ Low: Ad libitum 
cage activity
▪ High: NA

▪ ~70° flexion
▪ Tensile to failure 
(10% strain/s)

1. Force at failure 
(N) b

2. Stress at failure 
(MPa) b

3. Stiffness (MPa) b

4. Strain at failure c

(3, 7 wk)

Thornton 
(2003) 
[48]

▪ 53 female rabbits (40 analyzed)
▪ Age, 12 months
▪ Knee MCL injury
▪ Surgical, 4-mm midsubstance gap

Immobilisation 
(leg pinned 
at 150°-160° 
flexion)

▪ Low: Ad libitum 
cage activity
▪ High: NA

▪ 70° flexion
▪ Cyclic (2.2 MPa at 
wk 3 increasing to 
7.1 MPa at wk 14; 30 
cycles)

1. Laxity (mm)d

2. N failures during 
creep testing
(3, 6, and 14 wk)

Thornton 
(2005) 
[49]

▪ 64 female rabbits (22 analyzed)
▪ Knee MCL injury
▪ Surgical, 4-mm midsubstance gap

Immobilisation 
(leg pinned 
at 150°-160° 
flexion)

▪ Low: Ad libitum 
cage activity
▪ High: NA

▪ 70° flexion
▪ Cyclic (0.68 mm; 
10 mm/min; 30 
cycles); Tensile 
(0.68 mm; 20-min 
duration); Tensile to 
failure (20 mm/min)

1. Force at failure (N)
2. Stiffness (N/mm-2)
3. Laxity (Deforma-
tion at failure (mm)
4. Failure energy (N/
mm)
(6 and 14 wk)

MCL, medial collateral ligament; BW, body weight
a ligament elongation prior to tensile resistance
b data extracted from graph
c no data/qualitative
d ligament elongation during − 0.1 and + 0.1 N compression/tensile loading
e data extracted for immobilisation vs. 5 min swim (no differences reported for 5 min vs. 15 min)
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Study comparisons
Unloading vs. low load (4 studies)
Four studies compared limb unloading with a lower load 
strategy based on free (ad libitum) cage activity after an 
acute injury to the MCL [46–49]. Fig.  2 illustrates the 

magnitude and direction of effects for between-group 
comparisons across four outcomes related to ligament 
biomechanics: force at failure, stress at failure, stiffness, 
and laxity.

Three studies examined ligament force at failure [46, 
47, 49]. There were trends favouring loading across all 
studies. Effects estimates were consistently large at early 
follow-ups (3 to 7 weeks post-injury) (Fig.  2); a pattern 
that continued to 14 weeks, where both Bray (SMD 1.9; 
95% CI 0.4 to 3.3) [47] and Thornton (SMD 4.6; 95% CI 
2.1 to 7.1) [49] found clear effects in favour of loading. 
Ligament stress at failure was examined by two studies. 
One of the studies found conflicting evidence over three 
follow-ups, [47] whereas the other recorded large effects 
in favour of loading at 3 and 6 weeks post injury [46]. 
Three studies examined ligament stiffness [46, 47, 49]. 
The ligaments in the loaded groups had greater stiffness 
than the ligaments in the unloaded groups. These results 
were consistent across all three studies and all follow-up 
periods. Although Bray et al. [47] only permitted a quali-
tative comparison of the force-deformation curves; the 
others had large effects in favour of loading at 7 weeks 
post injury (SMD 1.4; 95% CI − 0.7 to 3.6) [46] (SMD 1.5; 
95% CI 0.4 to 3.4), [49] with the largest effect recorded at 
14 weeks (SMD 4.4; 95% CI 1.3 to 7.4) [49].

Three studies [47–49] consistently reported greater 
laxity in loaded ligament groups. The largest between 
groups differences were reported by Thornton et al. [49] 
at both week 6 (SMD 3.9; 95% CI 1.4 to 6.4) and 14 (SMD 
4.5; 95% CI 1.4 to 7.6) follow-ups. Tertiary outcomes not 
presented in Fig.  2 are number of failure events, liga-
ment strain and energy at failure. The unloaded groups 
had more failure events during cyclic creep testing at 6 
(RR 15.8; 95% CI 1.0 to 238) and 14 weeks post injury (RR 
12.6; 95% CI 0.8 to 189); [48] with trends that loaded liga-
ments had a higher failure energy at 6 weeks (SMD 1.5; 
95% CI − 0.41 to 3.4) and 14 weeks (SMD 2.7; 95% CI 0.5 
to 4.8) [49]. One study [46] found strain at failure during 
tensile loading to be similar across treatment groups, but 
there were insufficient data in their manuscript to calcu-
late an effect size.

Table 4  SYRCLE risk-of-bias assessment
SYRCLE Criteria*

Lead Author (Year) 1 2 3 4 5 6 7 8 9 10

Bray (1992) [47] ? ? ? ? ↑ ? ↓ ↓ ? ↑
Burroughs (1990) [50] ? ↓ ? ? ? ? ↓ ↓ ? ↓
Gomez (1991) [52] ? ? ? ? ↑ ? ↓ ↓ ? ↓
Lechner (1991) [51] ? ? ? ? ? ? ↓ ↓ ? ↑
Provenzano (2003) [46] ? ↓ ? ↓ ↑ ? ↓ ↓ ? ↓
Thornton (2003) [48] ? ? ? ? ↑ ? ↓ ↑ ? ↓
Thornton (2005) [49] ? ? ? ? ↑ ↑ ↓ ↑ ↑ ↑
↓ = low risk; ↑ = high risk; ? = unclear risk

*SYRCLE criteria: 1 = Sequence Generation; 2 = Baseline characteristics; 3 = Allocation concealment; 4 = Random housing; 5 = Blinding (investigators/caregivers); 
6 = Random outcome assessment; 7 = Blinding (outcome assessors); 8 = Incomplete outcome data; 9 = Selective outcome reporting; 10 = Other sources of bias

Fig. 2  Forest Plot: Unloading vs. Low Load

 



Page 8 of 12Bleakley and Netterström-Wedin BMC Musculoskeletal Disorders          (2023) 24:511 

Low load vs. high load (3 studies)
Figure  3 summarises the magnitude and direction of 
effects for between-group comparisons (low load vs. high 
load) [50–52] across three outcomes: force at failure, 
stiffness, and laxity. All three studies used free cage activ-
ity as their control (lower load) group, with two [50, 51] 
examining the additive effects of a formal exercise regi-
men. Burroughs et al. [50] had an exercise group under-
taking five minutes of continuous swimming per day; and 
Lechner et al. [51] had their exercise group swim for ten 
minutes, rest for five, then repeat the swimming bout 
once again for a total of twenty minutes of exercise per 
day. In the third study [52] the high load intervention 
involved inducing constant tensile stress on the healing 
ligament from week 4 onwards (follow-up was at week 
6 and week 12). The constant stress was caused by plac-
ing an intraarticular pin in situ, with controls undergoing 
sham surgery of the knee during the same day.

At two weeks post-injury, there were large effects in 
favour of higher load interventions (ad libitum activ-
ity plus structured exercise) for force at failure [50, 51]. 
Three studies assessed stiffness; [50–52] in two, [50, 51] 
there were no between group differences at two weeks 
post injury. However, Gomez el al. [52] reported large 

differences in stiffness in favour of the higher load group 
at six (SMD 3.7; 95% CI 1.6 to 5.8) and twelve weeks 
(SMD 4.1; 95% CI 1.8 to 6.4) post-injury. This study [52] 
also reported greater average stresses in the higher load 
group at 6 (SMD 1.9; 95% CI 0.4 to 3.3) and 12 (SMD 1.0; 
95% CI − 0.2 to 2.3) weeks. The effects of higher loads on 
ligament laxity are unclear. At two weeks post-injury, 
trends suggest that higher loading results in greater (less 
advantageous) levels of ligament laxity [50, 51]. However, 
contradictory, and uncertain estimates were found at six 
and twelve-week follow-ups [52].

Burroughs et al. [50] also compared the effects of dif-
ferent durations of exercise (five vs. fifteen minutes of 
swimming per day), but found these conditions to be 
comparable in terms of ligament force at failure (SMD 
0.1; 95% CI − 0.8 to 1.0), stiffness (SMD 0.05; 95% CI − 0.8 
to 0.9), and laxity (SMD 0.02; 95% CI − 0.9 to 0.9).

Discussion
Clinical studies suggest that progressive exercise is more 
effective than immobilisation after common lower limb 
ligament injury (e.g. ankle sprain) [11–13]. These effects 
may be underpinned by mechanotransduction, whereby 
tissue loading stimulates healing, optimising tissue mass, 

Fig. 3  Forest Plot: Low Load vs. High Load
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and ultimately restoring ligament biomechanics. This is 
difficult to corroborate within clinical research, as key 
biomechanical constructs such as ligament stiffness or 
maximum strength cannot be quantified. This is the first 
systematic review examining the biomechanical effects 
of early loading on an injured ligament. Seven controlled 
animal trials were included: all assessing the knee MCL. 
All studies were at a high risk of bias and thus limiting 
the extent of our conclusions.

This review found preliminary evidence that ad libi-
tum loading post-injury increases both ligament force 
at failure and ligament stiffness, compared to unloading 
interventions (immobilisation; hindlimb suspension). 
Exposing healthy ligaments to sub failure tension load-
ing, typically results in increased strength, size, improve-
ments in matrix organization, and collagen content [54]. 
Data from injured animal models consistently show that 
when healing ligaments are load deprived, they are his-
tologically inferior and present with increased cellular-
ity; [52] less mature tissue development at the injury 
site; [55] extracellular matrix discontinuity and collagen 
misalignment [52] [41] [46] (compared to loaded tissue). 
The current review emphasizes the importance of re-
introducing load after injury, to optimise tissue mechan-
ics. The positive biomechanical effects associated with 
tissue loading, are underpinned by mechanotransduc-
tion, whereby induced loads strain the ligament cells, 
which then convert the tensile mechanical stimuli into 
cellular and molecular response that promote structural 
changes [15, 56]. This has been validated through gene 
expression analysis in animal models, where post-injury 
loading upregulated synthesis of new collagen and other 
key constituents of the extracellular matrix (e.g. biglycan, 
matrix metalloproteinase [MMP]–2, and tissue inhibi-
tor matrix metalloproteinase [TIMP]–1) (compared 
to stress shielding) [39]. Others [57] demonstrate that 
mechanically loading ligaments, up-regulates expression 
of key collagen-modifying enzymes (lysyl oxidase; lysyl 
hydroxylases), with corresponding increases in collagen 
cross-linking.

Our review also suggests that ligaments adapt to load-
ing slowly. Although there were consistent effects in 
favour of early loading (vs. unloading), the most precise 
estimates (corresponding 95% CIs excluding zero) were 
recorded at the longest follow up time points (12–14 
weeks post-injury). Data from two studies [47, 48] sug-
gest that tissue mechanics remain below pre-injury levels 
after 12 weeks of loading, with ligament strength values 
at just 40% of uninjured controls. Canine models [29] also 
show that the mechanical properties of the MCL sub-
stance have not fully recovered by 48 weeks post injury. 
The average time to return to sport after an ankle liga-
ment injury or knee MCL injury is approximately two [4, 
58] to three [3, 7] weeks respectively; this recovery period 

may be inadequate for complete restoration of ligament 
mechanics and could explain the high prevalence of rein-
jury [3, 10].

Treatment effects were not consistent across outcomes, 
and loading had a detrimental impact on ligament lax-
ity. Since most studies measured laxity at very low ten-
sile loads, the data characterise ligament behaviour in 
the nonlinear, toeing region of the stress/strain curve. 
Stiffness and strength data were recorded under higher 
loading conditions and therefore reflect tissue behaviour 
in the linear and yielding/breaking regions of the curve. 
We note that loading interventions were consistently ini-
tiated in the immediate stages post-injury. This exposes 
the ligament to a repetitive constant load, potentially 
promoting excessive creep behaviour and long-term det-
riments to nonlinear stress/strain behaviour. The clini-
cal implications of higher laxity behaviour (in response 
to early loading following injury) are unclear. Ligaments 
are rich in mechanoreceptors which mediate important 
afferent signals when the tissue is loaded; this optimises 
joint stability and synergistic muscle activity [59]. Clini-
cal studies suggest patients with ankle instability have 
reduced mechanoreceptor function in response to low 
amplitude ligament loading compared to healthy con-
trols, [60] but this may not translate to higher loading 
environments. Current clinical recommendations for 
ligament rehabilitation include a short period of protec-
tion followed by progressive loading; [61, 62] future stud-
ies should ascertain if such an approach optimises both 
nonlinear and linear stress/strain behaviour.

An optimal loading protocol did not emerge, as few 
included studies manipulated loading parameters (e.g. 
type, frequency). A potentially interesting finding [50] 
was that increasing a loading bout from 5 to 15 min per 
day had minimal effect on biomechanical outcomes. This 
aligns with evidence derived from related tissue models. 
Baar et al. [63] found that engineered ligaments were 
most responsive to short periods of loading (< 10  min), 
after which a refractory period ensued (of ~ 6 h), where 
tissues were unresponsive to load. Healthy bone [64] and 
injured tendon models also seem to respond optimally 
to shorter loading bouts, interspersed with prolonged 
rest periods. It may be that the mechanical sensitivity of 
connective tissue may saturate quickly; one author [65] 
succinctly suggests that tissues “remember” the stimu-
lation from a single loading episode for most of the day. 
The magnitude of load may also moderate treatment 
outcome; [16] but between-group differences for lower 
(ad libitum loading) vs. higher load interventions (ad 
libitum plus additional exercise) were more inconsistent 
across outcomes and often had overlapping confidence 
intervals. Ligaments may be most responsive to tensile, 
cyclical loading, achieved over various joint positions 
and ranges [16]. It is possible that the ‘higher loading’ 



Page 10 of 12Bleakley and Netterström-Wedin BMC Musculoskeletal Disorders          (2023) 24:511 

strategies employed in the included studies (based on 
swimming or passive tensile forces) were suboptimal and 
induced insufficient mechanical stimulation.

Limitations and future research
All included studies were designed and conducted before 
the publication of the SYRCLE risk-of-bias criteria [18]. 
This may explain the overall high risk of bias reported. 
Most studies incorporated a small number of animal 
models, possibly contributing to the wide and non-sig-
nificant confidence intervals reported. These factors limit 
the validity of our findings, and we can only make pre-
liminary conclusions. Future research in this field must 
be undertaken in line with SYRCLE criteria and use ade-
quate sample sizes.

We had originally planned to conduct a meta-analysis. 
This was not undertaken due to the considerable clini-
cal heterogeneity across the included studies, relating to 
injury severity (isolated vs. combined MCL injury) and 
differences in the nature of the immobilisation and exer-
cise interventions. These factors likely influenced the bio-
mechanical outcomes in the included studies. Similarly, 
there were insufficient data for our planned subgroup 
analysis on treatment intervention (low dose loading vs. 
higher dose loading). Since all studies scored poorly on 
our risk of bias assessment, we could not undertake a 
preplanned sensitivity analysis (that would have excluded 
studies at a high risk of bias).

All included studies used rat or rabbit models and we 
acknowledge the differences in the timelines for adequate 
repair after ligament injury compared to humans. The 
injury models performed a complete transection at the 
mid-portion of the knee MCL. This does not fully align 
with clinical presentation, since humans often suffer 
more fragmented injuries to the distal or proximal thirds 
of the ligament [3]. All studies tested ligament biome-
chanics until failure, but this was induced using a range 
of loading magnitudes and strain rates. Test protocols 
varied from cyclic loading between 0 and 4% strain, to 
tensile loading at a strain rate of 0.25 to 0.33 mm/second. 
By contrast, the mean failure strain for human knee liga-
ments (ACL, MCL) is estimated at 15%,  [66, 67] occur-
ring within 50 ms of ground contact [68].

Nonetheless, the data in our review still provide impor-
tant insights into ligament healing that are not feasible in 
human research due to ethical considerations. Because of 
the small number of included studies, we are limited to 
preliminary conclusions for our second objective; deter-
mining if loading parameters moderate biomechani-
cal outcomes after injury. Future animal models should 
incorporate follow-ups beyond 14 weeks and prioritize 
study designs that manipulate the nature, magnitude, 
duration, and frequency of loading.

The most recent study included in the current review 
was published in 2005. This may reflect temporal trends 
in human ligament research, with an increased focus 
on surgical management, orthobiologic therapies, [69] 
and functional tissue engineering [70]. These innova-
tions are important, but a large proportion of ligament 
injuries will continue to be managed conservatively. 
There are currently only two human studies [71, 72] sup-
porting the idea that human ligaments hypertrophy in 
response to mechanical loading. These studies used a 
cross-sectional design on healthy subjects, and ligament 
strength was inferred from the cross-sectional area on 
MRI assessment. Although animal models are less eco-
logically valid, they still provide the best medium for 
quantifying ligaments’ material properties post-injury 
(e.g. ultimate tensile strength, stiffness) and post-loading. 
Therefore, developing a robust understanding of the bio-
mechanical effects of ligament loading and any param-
eter/dose-dependent effects requires a combination of 
well-designed animal models and randomised clinical 
trials.

Conclusion
Undertaking ad libitum loading after a lower limb liga-
ment injury generates stronger and stiffer ligament tissue 
than unloading or immobilisation. These tissue adapta-
tions are slow, with large and precise between-group 
effects only evident at 14 weeks post-injury. Ad libitum 
loading may have a detrimental effect on low load tis-
sue behaviour, based on greater laxity during initial 
ligament recruitment. The optimal stimulus for healing 
ligaments remains unclear. Future research must exam-
ine the impact of manipulating key loading parameters 
(e.g. nature, magnitude, duration, frequency of loading) 
using sufficiently sized study groups. All findings are 
preliminary due to the high risk of bias of included stud-
ies and statistical imprecision surrounding the outcome 
measures.
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