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Preface

As Guest Editor, I am pleased to present this Reprint, which brings together selected
contributions from the Special Issue entitled “Anterior Cruciate Ligament Injuries: Clinical
Treatment and Rehabilitation” published in the Journal of Clinical Medicine. The field of ACL
reconstruction and rehabilitation continues to evolve, driven by ongoing discussions regarding
optimal surgical techniques, graft selection, and the role of adjunctive procedures. In this context, it is
essential to critically interpret emerging evidence while maintaining relevance to real-world clinical
decision-making.

This Reprint has been developed with the aim of providing a balanced and clinically meaningful
perspective that reflects both established principles and evolving concepts. Particular attention has
been given to factors that directly influence surgical strategy, patient outcomes, and long-term joint
health, including the integration of biological and rehabilitative considerations.

It is my hope that this Reprint will serve as a valuable resource for orthopedic surgeons, sports
medicine specialists, and researchers, supporting thoughtful interpretation of the literature and

ultimately contributing to improved care for patients with ACL injuries.

Young-Jin Seo
Guest Editor
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Combined Anterior Cruciate Ligament and Anterolateral
Ligament Reconstruction Shows Reduced Graft Failure Rates
and Superior Residual Rotational Stability Regardless of
Anterolateral Ligament Reconstruction Graft:

A Systematic Review
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Abstract: Objectives: The aim of this study is to evaluate the literature for comparing
clinical outcomes of anterior cruciate ligament reconstruction (ACLR) with concomitant
anterolateral ligament reconstruction (ALLR) versus isolated ACLR, with a primary focus
on analyzing differences in outcomes based on the type of graft used for ALLR. Methods:
We identified comparative studies involving primary ACLR performed in conjunction with
ALLR. Graft failure rates, residual pivot shift, residual anterior-posterior (AP) laxity at
follow-up, and patient-reported outcome measures were determined. Variables associated
with isolated ACLR and ACLR combined with ALLR were compared based on the type
of graft used for ALLR. Results: This systematic review included nine studies involving
2740 patients. Combined ACLR with ALLR using hamstring tendon (HT) autografts or
tibialis allografts showed lower graft failure rates than isolated ACLR (HT autograft: rate,
0-5.9%, odds ratio [OR], 2.16-12.91; tibialis allograft: rate, 0%, OR, 2.00-5.27). Similarly,
the combined procedure showed reduced residual pivot shift rates (HT autograft: rate,
0-9.1%, OR, 2.00-12.16; tibialis allograft: rate, 0%, OR, 7.65-15.33) compared to isolated
ACLR. Residual AP laxity and patient-reported outcomes were similar or more favorable
for the combined procedure; however, the results were heterogeneous. Complications
related to the type of graft used for ALLR or the presence of ALLR itself were not reported.
Conclusions: Regardless of the graft type used for ALLR, the combination of ACLR with
ALLR showed better clinical outcomes, including reduced graft failure rates and superior
residual rotational stability compared to isolated ACLR. However, the high heterogeneity
observed across studies suggests that these findings should be interpreted with caution,
and further research is needed to draw more definitive conclusions.

Keywords: anterior cruciate ligament reconstruction; anterolateral ligament reconstruction;
graft failure; residual rotational stability; systematic review

J. Clin. Med. 2025, 14, 2237 https://doi.org/10.3390/jcm14072237
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1. Introduction

Anterior cruciate ligament (ACL) rupture, one of the most frequently injured ligaments
in the knee joint, is effectively treated using ACL reconstruction (ACLR) [1,2]. However,
graft failure requiring revision surgery remains an unresolved issue. It is reported in 4-25%
of patients who have undergone ACLR, with the majority of cases noted within two years
after surgery [3-7]. Persistent rotational instability following ACLR is recognized not
only as a frequent cause of graft failure but also as a factor that adversely affects patient
outcomes [8].

Anterolateral ligament (ALL) reconstruction (ALLR), in conjunction with ACLR, has
been proposed to address residual rotational instability that cannot be controlled by ACLR
alone. The biomechanics and functions of the ALL have been investigated in several
studies. The results indicate that the ALL acts as a secondary stabilizer to the ACL,
especially in resisting anterior tibial translation and internal rotation, thus playing a vital
role in preserving rotational stability and preventing knee instability [9,10]. Compared with
isolated ACLR, combined ACLR and ALLR enhances rotational stability, assessed through
the pivot shift test [9]. Furthermore, the combination reduces graft rates and enhances
subjective function scores [11].

Graft selection for ACL is one of the most extensively discussed topics to date, with
substantial evidence supporting various graft options, leading to different outcomes de-
pending on the type of graft utilized [12-14]. When comparing autografts and allografts for
ACLR, autografts, such as hamstring grafts and bone—patellar tendon-bone (BPTB) grafts,
are generally considered superior to allografts in terms of graft failure rates, which can be
up to six times higher with allografts, particularly in younger more active patients [15-18].

Several systematic reviews and meta-analyses have consistently shown that combining
ACLR with anterolateral ligament reconstruction (ALLR) results in improved outcomes
compared to isolated ACLR [11,19,20]. While the integration of ALLR into ACLR has
become increasingly prevalent, with various graft types being utilized for ALLR [12], there
remains a lack of evidence and literature to support specific graft choices and their impact
on clinical outcomes.

This systematic review sought to assess the available literature for a comparison of
the clinical outcomes of combined ACLR and ALLR versus isolated ACLR, with a primary
focus on assessing differences in outcomes based on the type of graft used for ALLR.
We hypothesize that ACLR combined with ALLR will consistently yield superior clinical
outcomes compared to isolated ACLR, regardless of the graft type used for ALLR.

2. Materials and Methods
2.1. Search Strategy

The review was registered in advance in the PROSPERO prospective register of sys-
tematic reviews (ID: CRD42023482821) and was carried out according to a predefined
protocol following the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-analyses) guidelines. A thorough search strategy was developed to identify relevant
studies. We conducted a systematic search of PubMed, Embase, the Cochrane Library, and
Google Scholar for articles published up to 11 September 2024. The search was conducted
utilizing the following search parameters: [(“antero lateral ligament” OR “anterolateral
ligament” OR “ALL”) AND (“anterior cruciate ligament” [mesh] OR “anterior cruciate lig-
ament” OR “ACL"”) AND “reconstruction”]. The search was restricted to studies published
in the English language.
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2.2. Identification of Eligibility

The inclusion criteria were as follows: (1) skeletally mature patients aged 15 to 50 years
diagnosed with ACL rupture; (2) studies involving the intervention of primary single-
bundle ACLR with ALLR; (3) comparative studies with levels of evidence I to III, published
in English; (4) studies with a minimum follow-up period of 24 months; and (5) studies
specifying the graft type used for ALLR. The exclusion criteria were as follows: (1) articles
not in English; (2) studies with incomplete data; (3) studies involving revision ACLR;
and (4) studies including lateral extra-articular tenodesis; and (5) level IV to V studies,
including cadaveric, animal studies, case reports, systematic reviews, or biomechanical
studies. Eligibility was determined by two independent reviewers who screened the
search results.

2.3. Data Extraction

Two independent reviewers extracted data including the following factors: primary au-
thor, publication year, country of origin, study design, level of evidence, type of graft used
for ALLR, sample size, duration of follow-up, sex distribution, age, body mass index, re-
ported ACLR graft failure rate, residual pivot shift at follow-up, residual anterior-posterior
(AP) laxity, and patient-reported outcome measures, such as pre-and postoperative Interna-
tional Knee Documentation Committee (IKDC) scores, Lysholm scores, and Tegner scores,
along with documented complications. In the case of disagreement between the reviewers,
discrepancies were resolved via discussion until a consensus was reached. If no agreement
could be reached, a third reviewer was consulted.

To assess the risk of bias, randomized controlled trials (RCTs) were evaluated using
the Cochrane Collaboration’s Risk of Bias 2 tool [21]. Each study was categorized with a
low, unclear, or high risk of bias. The risk of bias for non-randomized studies was assessed
using the Methodological Index for Non-Randomized Studies (MINORS), which includes
12 criteria for comparative studies [22]. Each category was rated as 0 (if not reported), 1 (if
reported but inadequate), or 2 (if reported and considered adequate). The risk of bias was
independently assessed by two reviewers, with disagreements resolved via consultation
with a third reviewer.

2.4. Statistical Analysis

Descriptive statistics, including the mean and standard deviation for numerical
variables, were recorded. For studies that did not provide the standard deviation, we
calculated it using other available statistical values, following the method outlined by
Furukawa et al. [23].

In cases where results were presented only as graphs without numerical values, we
employed the approach described by Gheibi et al. to derive numerical data for analysis [24].
For each investigated variable, we calculated the differences in clinical efficacy between
ACLR with concomitant ALLR and isolated ACLR. Residual AP laxity was represented by
the side-to-side difference in millimeters as reported in each study, while residual pivot
shift was defined as cases exhibiting a grade 2 or 3 pivot shift. For continuous outcome
measures, mean differences (MDs) with 95% confidence intervals (CIs) were utilized. Odds
ratios (ORs) were calculated for dichotomous outcomes, with 95% Cls. Studies from the
same research group, where there was a potential overlap of patients in the intervention
groups, were excluded from the analysis, with the exception of the study with the largest
sample size. Heterogeneity between studies was assessed using the Q statistic and the I?
statistic. While a meta-analysis was considered, its feasibility was limited by the relatively
low level of evidence and high heterogeneity across studies. As a result, pooled synthesis
was avoided. Instead, Forest plots were generated for outcomes including graft failure
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rate, residual AP laxity, residual pivot shift, and patient-reported outcome measures, with
subgroup analysis based on the type of graft utilized in ALLR. All statistical analyses
and data visualizations were performed using R software (version 4.2.1; R Foundation,
Vienna, Austria).

3. Results
3.1. Characteristics of Included Studies

This systematic review identified 1623 relevant studies from multiple databases. After
eliminating duplicates and assessing the full texts, 37 studies were considered for eligibility.
Ultimately, nine studies, involving 2740 patients in total, fulfilled our inclusion criteria
and were included in the analysis (Figure 1) [25-33]. The characteristics of these included
studies are detailed in Tables 1 and 2. Based on the graft utilized in ALLR, seven stud-
ies [25,27-32] used a hamstring tendon (HT) autograft, and two studies [26,33] employed a
tibialis allograft.

)
S
= . . Records removed before screening:
) Records identified from databases
= > Duplicate records removed
= (n=1623)
3 (n=1177)
Records screened Records excluded according to inclusion,
—
(n = 446) exclusion criteria
A4
Reports sought for retrieval Reports not retrieved
o E——
g (n=138) (n=1)
(<]
g \4
»n
Reports assessed for eligibility Reports excluded:
—_—
(n=137) - Not a comparative study
(n=14)
- Studies on non-human subjects
— (n=2)
) Y - Studies on duplicate subjects
-]
Z Reports of included studies (n=7)
=]
E (n=9)

Figure 1. PRISMA flow diagram for the systematic review.
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Table 1. Overview of included studies.
. Level of Number of Graft Used Graft Used
Study Year Journal Country Study Design Evidence Patients for ACLR for ALLR
Torkaman BMC Prospective
2024 Musculoskeletal. Iran comparative 2 41 4 strand ST 1 strand GT
etal. [33] .
Disord. study
Gonnachon Eur. |. Orthop. Surg. 3 or 4 strand
etal. [27] 2023 Traumatol. France Cohort study 3 & ST + GT 1strand ST
Lee et al. [26] 2023 Orthop. . Sports Republic of Cohort study 3 78 4 strand ST TA allograft
Med. Korea
Yang et al. Republic of 4 strand Tibialis
[25] 2023 Arthroscopy Korea Cohort study 3 70 ST + GT allograft
. Retrospective
Laboudie 2022 Knee Surg. Sports France comparative 3 203 4 strand ST 1 strand GT
etal. [29] Traumatol. Arthrosc.
study
Pioger et al. 4 strand
28] 2022 Am. ]. Sports Med. France Cohort study 3 2018 ST+ GT 1 strand GT
Hamido et al. Knee Surg. Sports . Randomized
[30] 2021 Traumatol. Arthrosc. Kuwait controlled trial ! 102 4 strand ST 2 strand GT
Prospective
Goncharov 2019 Int. Orthop. Russia comparative 2 48 BPTB ST +GT
etal. [31] Autograft
study
Helito Knee Surg. Sports . 4 strand
etal. [32] 2018 Traumatol. Arthrosc. Brazil Cohort study 3 101 ST+GT 1 strand GT
ACLR, anterior cruciate ligament reconstruction; ALLR, anterolateral ligament reconstruction; ST, semitendinosus
tendon; GT, gracilis tendon; BPTB, bone patellar tendon bone; TA, tibialis anterior.
Table 2. Demographics of patients in included studies.
Graft Used Follow-Up Duration BMI
for ALLR Study (Mean + SD) Sex (n, Male/Female) Age (Years, Mean + SD) (kg/m?, Mean + SD)
39.8 £ 14.1 (isolated . 26.7 £ 8.9 (isolated 24.5 + 2.2 (isolated
ot E;’ﬂ;gg}fgﬂ ACLR), 413 £ 15 }g;; Ei‘gﬁtﬁi‘zﬁ% ACLR), 259 + 6.9 ACLR), 242 + 2.1
M (ACLR + ALLR) months (ACLR + ALLR) (ACLR + ALLR)
Gonnachon
et al,, 2023 [27] 54 months 67/16 24+72 NR
Laboudie et al., 48409 years 57/44 (isolated ACLR), {i’é’fﬁf‘f élgia;eg 21.8 + 3 (isolated ACLR),
. 2022 [29] 62/40 (ACLR + ALLR) (ACLR + ALLR) 22.1 + 3 (ACLR + ALLR)
258 £ 7.5 .
Autograft . . . 24.4 £ 3.4 (isolated
Pioger et al., 1013 + 59.9 months 840/169 (isolated ACLR), (isolated ACLR), ACLR), 243 + 3.4
2022 [28] 845/163 (ACLR + ALLR) 258 +£79 (ACLR + ALLR)
(ACLR + ALLR)
Hamido et al., median 60 months 52/0 (isolated ACLR), 26 (isolated ACLR), 24 NR
2021 [30] (range 55-65) 50/0 (ACLR + ALLR) (ACLR + ALLR)
Goncharov
etal,, 2019 [31] 24 months NR NR NR
Helitoetal, 26 (isolated ACLR), 25 59/9 (isolated ACLR), ﬁ’gﬁféélf‘f;eg R
2018 [32] (ACLR + ALLR) months 30/3 (ACLR + ALLR) (ACLR + ALLR)
30.4 + 3.9 (isolated . 31.1 £ 5.7 (isolated 19.4 £ 2.5 (isolated
Lee et[zaé] 2023 ACLR), 293 + 355 8;33 Eﬁ‘gﬁgiiﬁg ACLR), 304 + 6.1 ACLR), 19.7 + 2.7
Tibialis (ACLR + ALLR) months (ACLR + ALLR) (ACLR + ALLR)
Allograft 26.8 + 9.9 (isolated 26.2 + 4.6 (isolated
Yang et al., 31/4 (isolated ACLR), ’ - ) ’
2023 [25] 46.6 months, 42.5 months 29/6 (ACLR + ALLR) ACLR), 26.1 +£10.8 ACLR), 26.6 £ 4.5

(ACLR + ALLR)

(ACLR + ALLR)

ALLR, anterolateral ligament reconstruction;

tendon, ACLR, anterior cruciate ligament reconstruction; NR, not reported.

SD, standard deviation; BMI, body mass index; HT, hamstring
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3.2. Methodological Quality Assessment of Included Studies

Among the included studies, one study [30] was classified as level I evidence, two
studies [31,33] as level II evidence, and six studies [25-29,32] as level III evidence. One
study [30], classified as an RCT, was evaluated using the Cochrane Collaboration’s Risk
of Bias 2 tool, and the results are presented in Figure Al. The remaining eight stud-
ies [25-29,31-33] were assessed using the MINORS tool, with a mean score of 21.4 &+ 1.5
out of a maximum of 24 points, indicating generally high methodological quality. Further
details on the MINORS scores are provided in Table A1l. The inclusion criteria used in each
study are summarized in Table A2.

3.3. Graft Failure

Graft failure rates have been reported in eight studies (Table 3) [25-30,32,33]. Com-
bined ACLR with ALLR had a lower graft failure rate (0-5.9%) compared to isolated ACLR
(2.9-14.3%), with an OR ranging from 2.16 to 12.91. The comparison of combined ACLR
with ALLR to isolated ACLR based on the graft used for ALLR showed that HT auto-
graft [27-30,32,33] had an OR of 2.16-12.91, whereas tibialis allograft [25,26] had an OR of
2.00-5.27 (Figure 2a). Both HT autograft (I> = 0%, T2 = 0.0, p = 0.74) and tibialis allograft
(I? = 0%, T2 = 0.0, p = 0.81) exhibited low heterogeneity.

Table 3. Graft failure rate, residual pivot shift rate, and residual AP laxity reported in included studies.

. . . . Residual AP Laxity
Graft Graft Failure Residual Pivot Shift (mm, Mean + SD)
Used for Study
ALLR Isolated ACLR + Isolated ACLR + Isolated ACLR + Method
ACLR ALLR ACLR ALLR ACLR ALLR
Torkaman et al., 3/21 o 2/21 1/20
2024 [33] (14.3%) 0/20 (0%) (9.5%) (5.0%) 19+19 1.7+09  KT-1000
Gonnachon 5/39 Y
et al,, 2023 [27] (12.8%) 0/40 (0%) NR NR NR NR NR
Laboudie et al., 12/101 6/102
2022 [29] (11.9%) (5.9%) NR NR 1.3+1.3 1+13 GNRB
HT ;
Pioger et al., 100/1009  35/1009 .
Autograft 2022 [28] (9.9%) (3.5%) NR NR 06+12 04411 Rolimeter
Hamido et al., 5/52 o 5/52 o
2021 [30] (9.6%) 0/50 (0%) (9.6%) 0/50 (0%) 25407 12407 KT-1000
Goncharov
etal,, 2019 [31] NR NR NR NR NR NR NR
Helito et al., 5/68 o 24 /68 3/33 2 (95% CI 1 (95% CI :
2018 [32] 7a% /B0 a5y 1% 1521) 11416 <100
Lee et al., 2/39 Y 6/39 o 3
Tibialis 2023 [26] (5.1%) 0/39 (0%) (15.4%) 0/39(0%) 23+12 14412 KT-2000
Allograft Yang et al., 1/35 o 3/35 0 Telos
2003 [25] (2.9%) 0/35 (0%) (8.6%) 0/35(0%) 42+22 35+28 stress

ALLR, anterolateral ligament reconstruction; ACLR, anterior cruciate ligament reconstruction; AP, anterior—
posterior; SD, standard deviation; HT, hamstring tendon; NR, not reported; CI, confidence interval.
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(a) Graft failure

Isolated ACLR  ACLR + ALLR

Study Events Total Events Total Odds Ratio OR 95%-Cl
HT autograft

Torkaman et al., 2024 3 21 0 20 —T—— 7.76 [0.38; 160.40]
Gonnachon et al., 2023 5 39 0 40 ——+— 12.91 [0.69; 241.94]
Laboudie et al., 2022 12 101 6 102 e 2.16 [0.78; 5.99]
Pioger et al., 2022 100 1009 35 1009 - | 3.06 [2.06; 4.55]
Hamido et al., 2021 5 52 0 52 -+—— 12.16 [0.65; 225.77]
Helito et al., 2018 5 68 0 33 —_— 5.80 [0.31; 108.15]

Heterogeneity: £ = 0%, t* =0, p = 0.74

Tibialis allograft
Lee et al., 2023 2 39 0 39 —_—t 5.27 [0.24; 113.35]
Yang et al., 2023 1 35 0 35 —_— 3.09 [0.12; 78.41]
Heterogeneity: P = 0%, 7> =0, p = 0.81 [ T T 1
0.01 0.1 1 10 100
Favors isolated ACLR Favors ACLR + ALLR

(b) Residual pivot shift

Isolated ACLR ACLR + ALLR

Study Events Total Events Total Odds Ratio OR 95%~ClI
HT autograft

Torkaman et al., 2024 2 21 1 20 —_—tF 2.00 [0.17; 23.96]
Hamido et al., 2021 5 b2 0 52 ——— 12.16 [0.65; 225.77]
Helito et al., 2018 24 68 3 33 — 5.45 [1.51; 19.75]

Heterogeneity: P = 0%, =0, p = 0.64

Tibialis allograft
Lee et al., 2023 6 39 0 39 +——— 15.33 [0.83; 282.24]
Yang et al., 2023 3 35 0 35 ——+——  7.65 [0.38; 153.75]
Heterogeneity: £ =0%, =0, p =0.74 [ T T 1
0.01 0.1 1 10 100
Favors isolated ACLR Favors ACLR + ALLR

(c) Residual AP laxity

Isolated ACLR ACLR + ALLR

Study Total Mean SD Total Mean SD Mean Difference MD 95%—ClI
HT autograft

Torkaman et al., 2024 21 1919 20 1609 —_— 0.28 [-0.63;1.19]
Laboudie et al., 2022 101 1313 102 1.013 —— 0.30 [-0.06; 0.66]
Pioger et al., 2022 1009 0.6 1.2 1009 04 1.1 0.20 [0.10;0.30]
Hamido et al., 2021 52 2507 52 1207 —+— 1.30 [1.03;1.57]
Helito et al., 2018 68 2013 33 1007 — 1.00 [0.62;1.38]

Heterogeneity: P = 94%, 1> = 0.2367, p <0.01

Tibialis allograft
Lee et al.,, 2023 39 2312 39 1412 — 0.90 [0.37;1.43]
Yang et al., 2023 35 4222 35 3528 ——+— 0.70 [-0.48; 1.88]
Heterogeneity: £ = 0%, t*=0, p = 0.76 1 1 |
-15-1-050 05 1 15
Favors isolated ACLR Favors ACLR + ALLR

Figure 2. Forest plot illustrating the differences in treatment effects between isolated ACLR and cases
in which ACLR and ALLR were performed concurrently, divided into subgroups according to the
ALLR graft used. The results for (a) the failure rate of the ACLR graft, (b) residual pivot shift, and
(c) residual anterior—posterior (AP) laxity are presented. Gray squares indicate the effect estimates for
each study, with their size representing the study's weight in the analysis. ACLR, anterior cruciate
ligament reconstruction; ALLR, anterolateral ligament reconstruction; SD, standard deviation; MD,
mean difference; CI, confidence interval; HT, hamstring tendon [25-30,32,33].
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3.4. Residual Pivot Shift

Residual pivot shift rates have been reported in five studies (Table 3) [25,26,30,32,33].
Combined ACLR with ALLR had a lower residual pivot shift rate (0-9.1%) compared to
isolated ACLR (8.6-35.3%), with an OR ranging from 2.00 to 15.33. The comparison of
combined ACLR with ALLR to isolated ACLR based on the graft used for ALLR showed
that HT autograft [30,32,33] had an OR of 2.00-12.16, whereas tibialis allograft [25,26] had
an OR of 7.65-15.33 (Figure 2b). Both HT autograft (I> = 0%, T = 0.0, p = 0.64) and tibialis
allograft (I = 0%, > = 0.0, p = 0.74) exhibited low heterogeneity.

3.5. Residual Anterior—Posterior Laxity

Residual AP laxity has been reported in seven studies (Table 3) [25,26,28-30,32,33].
The comparison of combined ACLR with ALLR with isolated ACLR based on the graft
used for ALLR showed that for HT autografts [28-30,32,33], MDs ranged from 0.20 to
1.30, whereas for tibialis allografts [25,26], MDs ranged from 0.70 to 0.90 (Figure 2c). HT
autografts (12 = 94%, T = 0.2367, p < 0.01) exhibited high heterogeneity, whereas tibialis
allografts (12 = 0%, > = 0.0, p = 0.76) exhibited low heterogeneity.

3.6. Patient-Reported Outcome Measures

Patient-reported outcome measures included the Lysholm and IKDC scores and
the Tegner activity scale (Table 4). The Lysholm score has been reported in eight stud-
ies [25-27,29-33]. The comparison of combined ACLR with ALLR with isolated ACLR
based on the graft used for ALLR showed that for HT autografts [27,29-33], MDs ranged
from —0.40 to 5.40, whereas for tibialis allografts [25,26], MDs ranged from 0.10 to 3.40
(Figure 3a). HT autografts (I> = 49%, T2 = 2.9088, p = 0.08) exhibited moderate heterogeneity,
whereas tibialis allografts (I> = 0%, t> = 0.0, p = 0.43) exhibited low heterogeneity.

Table 4. Patient-reported outcome measures of included studies.

Lysholm Score IKDC Score (Mean + Tegner Activity Scale
Graft Used Study (Mean + SD) SD) (Mean =+ SD)
for ALLR
Isolated ACLR + Isolated ACLR + Isolated ACLR +
ACLR ALLR ACLR ALLR ACLR ALLR
Torkaman et al.,
2024 [33] 89.1 £ 8.7 90.2 +9.3 79 £9.2 81.5 + 8.8 NR NR
Gonnachon
et al,, 2023 [27] 80.5+11.7 8205+14.6 8564123 858+ 138 62+1.3 6.6 1.6
Laboudie et al.,
HT 2022 [29] 83.3 +14.3 82 +14.4 86.4 +15.2 86 + 16.8 7 7
Autograft Hamido et al
2021 [30] NR NR 94 +45 96 £ 5 78+ 1.4 79 4+ 0.8
Goncharov
etal., 2019 [31] 90.3 £ 10 96.3 + 3.6 92.1 +10.5 974 +23 NR NR
Helitoetal, 71 1 g 907159 90471 954453 NR NR
2018 [32] ’ ) ) ) ’ ’
Lee et al.
/ 82.9 £ 8.8 87.1+9.8 87.3+79 90.7 £+ 8.1 56+t13 61+14
Tibialis 2023 [26]
All f
ograft f&%ﬁ;} 843+159 847+122 896+176 89.7+133 55421 6+17

ALLR, anterolateral ligament reconstruction; ACLR, anterior cruciate ligament reconstruction; SD, standard
deviation; HT, hamstring tendon; NR, not reported; IKDC, Internation Knee Documentation Committee.
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(a) Lysholm score

ACLR + ALLR  Isolated ACLR

Study Total Mean SD Total Mean SD Mean Difference MD 95%—ClI
HT autograft

Torkaman et al., 2024 20 902 93 21 89.1 87 e e — 1.10 [-4.42;6.62]
Gonnachon etal.,, 2023 40 858 13.8 39 856 12.3 _— 0.20 [-5.56;5.96]
Laboudie et al., 2022 102 86.0 16.8 101 86.4 15.2 —_— -0.40 [-4.81;4.01]
Hamido et al., 2021 52 96.0 50 52 940 45 — 2.00 [0.17;3.83]
Goncharov et al., 2019 18 974 23 30 921 105 ——— 5.30 [1.40;9.20]
Helito et al., 2018 33 954 53 68 90.0 7.1 —— 5.40 [2.93;7.87]

Heterogeneity: P = 49%, 1> = 2.9088, p = 0.08
Tibialis allograft

Lee et al., 2023 39 90.7 8.1 39 873 7.9 —— 3.40 [-0.15;6.95]
Yang et al., 2023 35 89.71383 35 89.6 17.6 0.10 [-7.21;7.41]
Heterogeneity: £ = 0%, 1> =0, p = 0.43  — m—
-5 0 5
Favors isolated ACLR Favors ACLR + ALLR

(b) IKDC score

ACLR + ALLR  Isolated ACLR

Study Total Mean SD Total Mean SD Mean Difference MD 95%—-ClI
HT autograft

Torkaman et al., 2024 20 815 88 21 79.0 9.2 —_— 2.50 [-3.01;8.01]
Gonnachon etal., 2023 40 82.0 146 39 805 11.7 e B — 1.55 [-4.28;7.38]
Laboudie et al., 2022 102 82.0 144 101 83.3 143 — T -1.30 [-5.25; 2.65]
Goncharov et al., 2019 18 963 36 30 90.3 10.0 —+— 6.00 [2.05;9.95]
Helito et al., 2018 33 927 59 68 871 9.0 — 5.60 [2.66;8.54]

Heterogeneity: P = 59%, 1*> = 6.3861, p = 0.05
Tibialis allograft

Lee et al., 2023 39 871 98 39 829 88 — 420 [0.07;8.33]
Yang et al., 2023 35 847122 35 843 15.9 0.40 [-6.24;7.04]
Heterogeneity: £ = 0%, 1> =0, p = 0.34 T
-5 0 5
Favors isolated ACLR Favors ACLR + ALLR

(c) Tegner activity scale

ACLR + ALLR Isolated ACLR

Study Total Mean SD Total Mean SD Mean Difference MD 95%—ClI
HT autograft

Gonnachonetal.,2023 40 6616 39 6213 —J—‘-— 0.40 [-0.24;1.04]
Laboudie et al., 2022 102 7014 101 7014 — 0.00 [-0.39;0.39]
Hamido et al., 2021 52 7908 52 7814 — 0.10 [-0.34;0.54]
Heterogeneity: £ = 0%, t* =0, p = 0.58

Tibialis allograft

Lee et al., 2023 3 6114 39 5613 - 0.50 [-0.10;1.10]
Yang et al., 2023 3% 6017 3 5521 ——— 0.50 [-0.40; 1.40]
Heterogeneity: P = 0%, > =0, p = 1.00 I T T 1

-1 -05 0 05 1
Favors isolated ACLR Favors ACLR + ALLR

Figure 3. Forest plot illustrating the differences in treatment effects between isolated ACLR and cases
in which ACLR and ALLR were performed concurrently, divided into subgroups according to the
ALLR graft used. The results for (a) Lysholm score, (b) IKDC score, and (c) Tegner activity scale are
presented. Gray squares indicate the effect estimates for each study, with their size representing the
study's weight in the analysis. ACLR, anterior cruciate ligament reconstruction; ALLR, anterolateral
ligament reconstruction; SD, standard deviation; MD, mean difference; CI, confidence interval; HT,
hamstring tendon; IKDC, International Knee Documentation Committee [25-27,29-33].
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The IKDC score has been reported in seven studies [25-27,29,31-33]. The comparison
of combined ACLR with ALLR with isolated ACLR based on the graft used for ALLR
showed that for HT autografts [27,29,31-33], MDs ranged from —1.30 to 6.00, whereas for
tibialis allografts [25,26], MDs ranged from 0.40 to 4.20 (Figure 3b). HT autografts (1> = 59%,
1> = 6.3861, p = 0.05) exhibited high heterogeneity, whereas tibialis allografts (I> = 0%,
72 = 0.0, p = 0.34) exhibited low heterogeneity.

The Tegner activity scale has been reported in five studies [25,26,29-31]. The com-
parison of combined ACLR with ALLR with isolated ACLR based on the graft used for
ALLR showed that for HT autografts [27,29,30], MDs ranged from 0.00 to 0.40, whereas
for tibialis allografts [25,26], the MD of 0.50 was reported (Figure 3c). Both HT autografts
(I = 0%, T2 = 0.0, p = 0.58) and tibialis allografts (I> = 0%, T2 = 0.0, p = 1.00) exhibited
low heterogeneity.

3.7. Complications

Complications have been reported in seven studies [25-30,32]. For HT autografts
for ALLR, Gonnachon et al. [27] and Hamido et al. [30] reported no major compli-
cations in either the isolated ACLR group or the combined ACLR and ALLR group.
Laboudine et al. [29] observed no difference in occasional knee pain, hardware problems,
stiffness, swelling, or cyclops lesion between the two groups two years after surgery.
Pioger et al. [28] reported that reoperations for symptomatic cyclops lesions and secondary
meniscectomy were more frequent in the isolated ACLR group. Helito et al. [32] reported
that one patient in the isolated ACLR group had a hypertrophic scar on the thigh due to
the outside-in technique, and one patient had a pretibial cyst. In the ACLR with ALLR
group, one patient experienced femoral anchor loosening with irritation of the lateral soft
tissue of the knee, requiring removal. Torkaman et al. [33] reported that one patient in the
isolated ACLR group and one patient in the combined ACLR and ALLR group developed
postoperative arthrofibrosis, but both regained full range of motion within six months.
Additionally, eight patients in the isolated ACLR group and seven in the combined group
experienced anterior knee pain, with no statistically significant difference in complications
between the groups.

For studies using tibialis allografts for ALLR, Lee et al. [26] reported no sustained pain,
bioabsorbable screw protrusion, stiffness, or swelling at a minimum two-year follow-up.
Yang et al. [25] noted that in the ACLR with ALLR group, one patient had a cyclops-type
lesion and one patient had a superficial wound infection. However, all patients in both
groups recovered by the final follow-up without specific complications.

4. Discussion

The primary findings of this systematic review revealed that regardless of the graft
type used for ALLR, combining ACLR with ALLR resulted in reduced graft failure rates and
superior residual rotational stability compared to isolated ACLR. Additionally, residual AP
stability and patient-reported outcome measures were generally favorable or comparable
for the combined procedure; however, the results were heterogeneous across studies.
Notably, no complications related to the specific graft type used for ALLR or the presence
of ALLR were reported. Future research, particularly studies directly comparing graft
types for ALLR, is needed to better define the influence of graft selection on the outcomes
of combined ACLR and ALLR procedures.

The primary objective of introducing ALLR was to address persistent rotatory instabil-
ity, a common issue associated with isolated ACLR, which ultimately aims to prevent ACL
graft failure [34]. Several systematic reviews and meta-analyses have consistently reported
that the combined ACLR and ALLR procedure is superior to isolated ACLR in terms of
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graft failure, residual pivot shift, and clinical outcomes [11,19,20]. Consistent with other
reviews, our study also demonstrates that combined reconstruction is superior to isolated
ACLR in terms of graft failure and residual pivot shift.

Graft selection, whether autografts or allografts, is recognized as one of the criti-
cal modifiable factors that influence surgical outcomes, such as graft failure, following
ACLR [5]. In their randomized controlled trial comparing tibialis posterior allografts and
hamstring autografts for ACLR, Bottoni et al. [15] demonstrated that the allograft had a
failure rate over three times higher than the autograft at a minimum ten-year follow-up.
Similarly, data from the Kaiser Permanente ACLR Registry indicated that BPTB allografts
had an overall 4.5-fold higher risk of revision compared to BPTB autografts for ACLR [35].
However, these higher failure rates of allografts compared to those of autografts have not
been consistent in some recent studies, possibly due to the use of fresh frozen allografts
instead of irradiated allografts [36]. The ACL grafts used in the studies included in this
review are predominately autologous hamstring grafts, with only one study using a BPTB
graft. The impact of the included BPTB autograft is considered negligible, as there is no
statistically significant difference in graft failure rates, even though HT grafts tend to exhibit
a higher failure rate [37-39].

Given the impact of graft selection on ACLR outcomes, it is essential to examine how
graft choice may similarly affect ALLR and, consequently, influence the overall outcomes
of ACLR. Despite this, limited research exists regarding the optimal graft choice for ALLR,
with few studies investigating this issue. Previous meta-analyses related to our study
topic have explored ALLR, lateral extra-articular procedures, and their various clinical out-
comes [11,19,20]. However, none have conducted a detailed analysis of differences based
on ALLR graft selection. Therefore, this study aims to provide insights into this aspect,
which has not been addressed in prior systematic reviews or meta-analyses. While various
autograft candidates for ALLR, including the iliotibial band and the gracilis, semitendi-
nosus, plantaris longus, quadriceps, and patellar tendons, have been proposed [40], the HT,
predominantly the one-strand gracilis tendon, was the most commonly used autograft for
ALLR performed concurrently with ACLR in this review [27-33].

In their cadaveric study, Wytrykowski et al. [41] compared the mechanical properties
of ALL with potential graft candidates for ALLR, including the gracilis tendon and iliotibial
band. They observed that the two-strand gracilis tendon exhibited the highest maximum
load to failure at 201 N compared to the native ALL at 141 N and the iliotibial band at
161 N. Considering that a four-strand gracilis tendon has a maximum load to failure of
416 N, which is double that of a two-strand gracilis, it can be inferred that a one-strand
gracilis would have half or less than half of the maximum load that a two-strand gracilis
construct can withstand [42]. Consequently, the one-strand gracilis tendon used in most
of the included studies may not attain the strength of the native ALL, as it is estimated to
have a maximum load of approximately 100 N. This insufficient graft strength may limit its
ability to recapitulate the role of the ALL, potentially leading to no significant difference in
graft failure or residual pivot shift between autografts and allografts in the current review;
however, it may still yield superior outcomes than isolated ACLR. Additionally, while it
is difficult to determine the exact properties of the grafts used in each study included in
this review, reports suggest that tibialis allografts can serve as substitutes for hamstring
tendons based on their mechanical properties [43]. This supports the finding that there was
no clear difference between autografts and allografts in the review.

Allografts can be a viable graft option for ALLR, particularly when autograft options
have been exhausted in multi-ligament or revision reconstructions or when performing
both ACLR and ALLR with a hamstring autograft results in suboptimal ACL or ALL graft
characteristics [40]. In cases of combined ACLR and ALLR using a hamstring autograft, as
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in the studies included in our review, most grafts, such as a three-strand semitendinosus
tendon and one-strand gracilis tendon or a three- or four-strand semitendinosus tendon,
are used for ACLR, leaving only a one- or two-strand gracilis tendon for ALLR [25-33].
These graft constructs present a potential risk of a small ACL graft diameter, even with a
three- or four-strand ACL graft. In an attempt to compensate by creating a three- or four-
strand construct, the ACL graft tunnel length may become shortened, often leaving only a
one-strand gracilis tendon available for use as the ALL graft [44]. The ACL graft diameter
has considerable implications for graft failure, as every 0.5 to 1.0 mm increase in diameter is
associated with an approximately 20% decrease in the graft failure rate [45,46]. Furthermore,
short graft tunnel length raises concerns regarding graft fixation, stability, and the risk of
tunnel enlargement [47,48]. Given that our study revealed no significant differences in
graft rupture rates, rotational stability, or patient-reported outcomes between autografts
and allografts, using an allograft for ALLR may be particularly useful for surgeons who
wish to utilize hamstring autograft for ACLR without compromising graft characteristics.

Common issues associated with the use of allografts include concerns regarding
disease transmission and increased cost [49]. However, the studies included in this review
did not report complications specific to allografts or ALLR. This absence of complications
could be attributed to the rarity of disease transmission today due to more stringent donor
screening and testing protocols [49]. Furthermore, unlike lateral extra-articular tenodesis,
ALLR demonstrates a lower risk of overconstraint-related issues, such as knee stiffness,
which may account for the lack of reported complications [11]. However, the increased cost
associated with its use should be thoroughly discussed with the patient prior to decision-
making. Our findings may serve to guide surgeons in selecting the most appropriate graft
type based on the specific clinical scenario and the unique characteristics of each graft,
thereby potentially optimizing patient outcomes.

The residual AP laxity reported in several studies included in this review generally
demonstrated either more favorable or comparable results for combined ACLR and ALLR
compared to those for isolated ACLR. This finding aligns with previous research suggesting
that the ALL works synergistically with the ACL to maintain both rotatory and AP stability
of the knee [50]. However, in this review, a subgroup analysis based on the type of ALLR
graft utilized revealed that HT autografts (I = 94%, T = 0.2367, p < 0.01) exhibited high
heterogeneity. Consequently, there is insufficient evidence to draw definitive conclusions
regarding AP laxity differences related to ALLR graft types.

Patient-reported outcome measures, including the Lysholm and IKDC scores, and
the Tegner activity scale demonstrated similar or higher outcome scores when both ACLR
and ALLR were performed compared to isolated ACLR. However, for HT autografts, the
Lysholm score showed moderate heterogeneity (I2 =49%, 12 = 2.9088, p = 0.08) and the
IKDC score exhibited high heterogeneity (I2 =59%, 12 = 6.3861, p =0.05).

The observed heterogeneity across studies may stem from differences in surgical
techniques, graft preparation and fixation methods, rehabilitation protocols, and indica-
tions for ALLR. Variations in patient demographics, follow-up durations, and outcome
assessment methods also likely contributed to inconsistencies. Additionally, the risk of
bias for each study was assessed, but it is important to note that there is only one study
with a level-I-evidence RCT, and differences in the inclusion criteria used across studies
may also contribute to potential sources of bias. Given these factors, the results should be
interpreted with caution.

Limitations

Our study has some limitations. First, a few high-level evidence studies are available in
this domain, particularly those focusing on the outcomes of using allografts in ALLR, which
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prevents the possibility of conducting a pooled synthesis. To address this, we presented the
results by dividing the grafts into subgroups and providing a range of effect sizes through
a forest plot. Second, only ALLR performed with primary ACLR was included, excluding
studies involving other lateral extra-articular procedures or revision cases. Different lateral
procedures may introduce heterogeneity due to anatomical differences from ALLR, and
revision cases could represent a distinct clinical entity, potentially affecting outcomes such
as graft failure. Therefore, our inclusion criteria were deemed appropriate for evaluating
the specific function of the ALLR graft. Third, indications for ALLR differ across studies,
which may have introduced heterogeneity in the analysis. Fourth, study design limitations
made it impossible to directly compare the outcomes of autografts and allografts. Fifth,
surgical outcomes can also be influenced by patient-specific factors such as age, activity
level, and concomitant procedures, which necessitates caution when interpreting the results.
Sixth, many studies in the analysis had relatively short- to medium-term follow-up periods,
underscoring the need for future studies assessing long-term outcomes. Lastly, the number
of studies using allografts as the ALLR graft was relatively small. Future studies should
focus on directly comparing autografts and allografts or conducting a systematic review
that includes more studies to enable more definitive conclusions.

5. Conclusions

Regardless of the graft type used for ALLR, the combination of ACLR with ALLR
showed better clinical outcomes, including reduced graft failure rates and superior residual
rotational stability compared to isolated ACLR. However, the high heterogeneity observed
across studies suggests that these findings should be interpreted with caution, and further
research is needed to draw more definitive conclusions.
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The following abbreviations are used in this manuscript:

ACLR Anterior cruciate ligament reconstruction

ALLR Anterolateral ligament reconstruction

AP Anterior—posterior

HT Hamstring tendon

OR Odds ratio

ACL Anterior cruciate ligament

ALL Anterolateral ligament

BPTB Bone-patellar tendon-bone

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-analyses
IKDC International Knee Documentation Committee

RCT Randomized controlled trial

MINORS Methodological Index for Non-Randomized Studies
MD Mean difference

CI Confidence interval
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Appendix A

(a) Summary of RoB 2.0 assessments

Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0% 25% 50% 75% 100%
. Low risk D Some concerns
(b) Traffic light plot of RoB 2.0 assessments
Risk of bias domains
ot | b2 | o3 | ba | b5 | overar |
>
3 | Hamido et al., 2021 S ® ® S ® S
(2}
Domains: Judgement
D1: Bias arising from the randomization process.
D2: Bias due to deviations from intended intervention. — Some concerns
D3: Bias due to missing outcome data. ® .
D4: Bias in measurement of the outcome.
D5: Bias in selection of the reported result.
Figure A1l. Summary of the risk of bias assessment for included studies. (a) Summary of the RoB 2.0
assessment. (b) Traffic light plot for the RoB 2.0 assessment. RoB, risk of bias [30].
Table A1. Risk of bias was assessed using the MINORS score.
Stud Torkaman  Gonnachon  Leeetal. Yang etal.  Laboudie Pioger Goncharov Helito
y et al. [33] etal. [27] [26] [25] etal. [29] et al. [28] etal. [31] etal. [32]
Year 2024 2023 2023 2023 2022 2022 2019 2018
Level of evidence 2 3 3 3 3 3 2 3
1. A stated aim of the study 2 2 2 2 2 2 2 2
2. Inclusion qf consecutive 5 5 2 2 2 2 5 5
patients
3. Prospective collection of 5 2 2 2 5 5 5 2
data
4. Endpoint apprqpriate to 5 2 2 2 2 2 2 2
the study aim
5. Unbiased e\{aluation of 5 5 2 2 2 5 5 2
endpoints
6. Follow-up period
appropriate to the major 2 2 2 2 2 2 2 2
endpoint
7. Loss to fo'llow ;.1]3 not 5 5 0 0 1 5 5 0
exceeding 5%
8. Prospective calcglatlon of 5 0 0 2 1 0 0 1
the sample size
9. A control group having the
gold standard intervention 2 2 2 2 2 2 2 2
10. Contemporary groups 2 1 1 2 2 2 2 1
11. Baseline equivalence of 5 2 2 2 2 5 1 2
groups
12. Statistical analyses
adapted to the study design 2 2 2 2 2 2 2 2
Total scores 24 21 19 22 22 22 21 20
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Table A2. Inclusion criteria of studies.

Study Year Graft Used for ALLR

Gonnachon et al. [27] 2023

Goncharov et al. [31] 2019

Patients had unilateral ACL injury, underwent ACLR using a quadruple-bundle

Torkaman et al. [33] 2024  semitendinosus tendon autograft, had an intact meniscus, exhibited a pivot shift

test grade of 2+ or 3+, and had a minimum follow-up of two years.

Patients had ACL rupture and participated in pivot contact sports such as team
sports or martial arts, regardless of competition level.

Female patients had ACL rupture and a high-grade pivot shift (grade 2) and
underwent combined ACLR and ALLR.

Patients undergoing primary ACLR + ALLR met one or more of the following
criteria: participation in high-level sporting activities (training at least twice a

Yang et al. [25] 2023  week, competing to win, professional or elite players), involvement in pivoting
sports, presence of ligamentous hyperlaxity /genu recurvatum based on the
modified Beighton scale, or a grade 3 pivot shift.

Lee et al. [26] 2023

Patients had a pivot shift grade >2, hyperlaxity (knee recurvatum >10°), were

Laboudie etal. [29] 2022 high-level athletes, or had a Segond fracture.
Pioger et al. [28] 2022 Pat1er}ts-u-ndtlerwent comb.med ACLR + ALLR dug to hlgh—grade pivot shift,
chronic injuries, hyperlaxity, or participation in pivoting sports at a young age.
Hamido et al. [30] 2021 Patients had a high-grade pivot shift (grade IlI), a Segond fracture, participated

in high-level sports, or engaged in sports involving frequent pivoting.

Patients trained at least three times a week, participated in competitions, were
involved in professional sports, and were aged between 16 and 40 years.
Patients had an ACL injury for more than 12 months, confirmed by clinical and
Helito et al. [32] 2018  imaging examinations, and had no associated peripheral ligament injuries apart
from the anterolateral corner.

The inclusion criteria presented in each study were summarized, and cases where specific criteria for combined
ACLR and ALLR were provided were separately indicated. ACL, anterior cruciate ligament; ACLR, anterior
cruciate ligament reconstruction; ALLR, anterolateral ligament reconstruction.
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Abstract: Objectives: Some following up patients have poor clinical outcomes when they
experience anterior cruciate ligament reconstruction. The patient will undergo progression
of knee joint osteoarthritis or several secondary knee procedures such as high tibial os-
teotomy, total knee arthroplasty, menisectomy, meniscus repair, or meniscus transplantation
on their knees after anterior cruciate ligament reconstruction. This may be related to the
remaining instability of the knee joint, changes in the knee joint biomechanics, and pro-
gression of osteoarthritis. This study aims to determine which secondary knee procedures
are performed over time after anterior cruciate ligament reconstruction. Methods: The
National Health Insurance Service-Health Screening database analyzed 146,122 patients
who underwent ACL reconstruction surgery between 1 January 2002 and 31 December
2021. Secondary knee procedures were investigated by categorizing them into revisional
reconstruction, high tibial osteotomy, total knee arthroplasty, menisectomy, meniscus repair,
and meniscus transplantation, respectively. Multivariable Cox Proportional Hazard model
analysis was used. The significant predictors for complications (p < 0.05) were as follows.
Results: Among a total of 146,122 patients with anterior cruciate ligament reconstruction,
1073 (0.7%) patients underwent HTO, 908 (0.6%) patients underwent TKA, 15,218 (10.4%)
patients underwent meniscectomy, 7169 (4.9%) patients underwent meniscus repair, and
938 (0.6%) patients underwent meniscus transplantation. The hazard ratio differed ac-
cording to graft type, gender, and age group. Conclusions: Patients who undergo ACL
reconstruction may experience poor clinical outcomes, such as progression of osteoarthritis
and undergoing secondary knee procedures several years after ACL reconstruction. It
is important for decision-making, ongoing monitoring, and follow-up care for patients
undergoing ACL reconstruction.

Keywords: anterior cruciate ligament; big data; knee

1. Introduction

The anterior cruciate ligament is the most frequently injured ligament in the knee that
needs surgical treatment [1,2]. There are studies about the incidence of ACL injury and
reconstruction surgery worldwide. For example, in the United States, studies reported
that the annual incidence of ACL tears was 68.6 per 100,000 people, between the years
of 1990 and 2010. The rate of ACL reconstruction increased significantly over time in all
age groups [3]. Additionally, in Italy, the incidence rate of ACL reconstruction was 21.70
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to 33.60 per 100,000 people, between the years of 2001 and 2015. The number of ACL
reconstruction procedures increased annually [4]. Additionally, a study on South Korean
populations reported that the incidence of ACL reconstruction was 36.4 per 100,000 people
in 2008 and increased to 46.4 per 100,000 people in 2016 [5].

However, to our knowledge, there has been no report on secondary knee procedures
after anterior cruciate ligament reconstruction. As the number of people performing an-
terior cruciate ligament reconstruction increases, understanding the natural course of the
patient and management after surgery also increases. Some patients undergoing ACL re-
construction undergo several secondary knee procedures, such as revisional reconstruction,
high tibial osteotomy, total knee arthroplasty, meniscectomy, meniscus repair, or meniscus
transplantation over time.

Analysis of National Health Insurance (NHI) data can provide optimal information
on epidemiological patterns of such procedures.

This study aims to determine which secondary knee procedures are performed over
time after anterior cruciate ligament reconstruction.

2. Methods

This study is a retrospective observational cohort study using extensive nationwide
data provided by the National Health Insurance Service (National Health Insurance Service-
HealthScreening; NHIS-HealS) with the approval of the institutional review committee of
the Ethics Committee of Ilsan Hospital.

Among the patients who were diagnosed with ACL injury (diagnostic codes: 583.50,
583.52, M23.53, M23.63, M23.83, M23.93, M23.01, M23.11, M23.21, M23.31, M23.41, S83.7),
patients who underwent ACL reconstruction (N0880, N0881) from 1 January 2003 to 31
December 2021 were included in the study. Additionally, after ACL reconstruction, sec-
ondary knee procedures were categorized to revision (N0880, N0881), high tibial osteotomy
(NO0304), total knee arthroplasty (N2072, N2077), menisectomy (N0821, N0826, N0822,
NO0827), meniscus repair (N0823, N0828, N0824, N0829) and meniscus transplantation
(N0825, N0820).

We also evaluated and compared the hazard ratio (HR) of secondary knee procedures
by graft type of reconstruction (autograft vs. allograft), gender (male vs. female), and age
(<20, 20-39, 40-49, 50-59, >60).

SAS 9.4 (SAS Inc., Cary, NC, USA) was used for all analyses. Multivariable Cox Pro-
portional Hazard model analysis was used for eight independent variables of postoperative
complications. In the case of complications and hospital-related variables, there were no
missing data due to the nature of the claim data. Cases in which patient-related variables
were missing due to information errors were extremely rare, and these were excluded. HR
and 95% confidence interval (CI) are presented. The level of significance was maintained
with a p value of < 0.05.

3. Results

From 2003 to 2021, a total of 146,122 patients who underwent ACL reconstruction
were found. Table 1 shows the total number of ACL reconstruction cases and the graft
used.

Table 1. Total number of ACL reconstruction cases and the demographic factors.

Allograft Autograft

. *
Total 146,122 N % N o p-Value
Sex Male 94,935 78.4% 21,086 84.40% <0.001
Female 26,213 21.6% 3888 15.60%
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Table 1. Cont.

Allograft Autograft *
Total 146,122 N % N o p-Value
Age under 20 15,006 12.4% 3715 14.90% <0.001
20-39 60,901 50.3% 14,775 59.20%
40-49 24,911 20.6% 4430 17.70%
50-59 15,786 13.0% 1773 7.10%
over 60 4544 3.8% 284 1.10%
Revision ACLR 11,102 9.2% 2171 8.7% 0.018

* The level of significance was maintained with a p value of < 0.05.

Table 2 shows which secondary knee procedure was done after ACL reconstruction.
The results show that 1073 (0.7%) patients underwent HTO, 908 (0.6%) patients underwent
TKA, 15,218 (10.4%) patients underwent menisectomy, 7169 (4.9%) patients underwent
meniscus repair, and 938 (0.6%) patients underwent meniscus transplantation, respectively.

Table 2. The secondary knee procedures data after ACL reconstruction.

. Meniscus Repair After Menisgus
Total HTO After ACLR TKA After ACLR Meniscus After ACLR ACLF{ Transplantation After
N (%)  p-Value * N (%) p-Value * N (%) p-Value * N (%)  p-Value * N (%)  p-Value *
Sex Male 116021 638  05%  <0.0001 360 03% <0.0001 11577  10.0%  <0.0001 5058 5.1% <0.0001 797 07% <0.0001
Female 30,101 435  14% 548 1.8% 3641 121% 1211 40% 141 05%
Age  under20 18718 18  01%  <0.0001 - 00% <00001 2225  11.9%  <0.0001 1806 9.6% <0.0001 121  0.6% <0.0001
20-39 75676 300  0.4% 15 0.0% 7212 95% 4130 55% 608 0.8%
40-49 29341 379 13% 162 0.6% 3190 10.9% 838 2.9% 182 0.6%
50-59 17559 330  1.9% 446 25% 2190 125% 336 19% 2 01%
over 60 4828 46 1.0% 285 59% 401 83% 59 1.2% T 00%
* The level of significance was maintained with a p value of < 0.05.
Table 3 shows the hazard ratio of each secondary knee procedure according to type
of graft, gender, and age. Due to the number of Autograft-used TKA cases being small, it
does not show suitable results.
Table 3. Hazard ratio of reoperation after anterior cruciate ligament reconstruction due to risk factors.
. Meniscus Repair After Meniscus Transplantation
HTO After ACLR Menisectomy After ACLR ACLR After ACLR
Risk Factors 95% C.I 95% C.I 95% C.I 95% C.I
(] oA (] oA (] N (] N
HR* Lower Upper HR* Lower Upper HR* Lower Upper HR * Lower Upper
Graft Autograft 1.000 1.000 1.000 1.000
Allograft 1.581 1.304 1.916 1.223 1.171 1.279 1.192 1.121 1.267 0.951 0.811 1.115
Sex Male 1.000 1.000 1.000 1.000
Female 2.081 1.834 2.361 1.232 1.185 1.280 0.927 0.871 0.987 0.857 0.715 1.028
Age under 20 1.000 1.000 1.000 1.000
20-39 4.337 2.694 6.981 0.791 0.754 0.830 0.534 0.505 0.564 1.210 0.995 1.472
40-49 11.795 7.351 18.927 0.838 0.794 0.884 0.261 0.241 0.284 0.919 0.730 1.157
50-59 17.695 11.004 28.454 1.029 0.970 1.092 0.190 0.169 0.213 0.238 0.155 0.363
over 60 10.802 6.259 18.644 0.768 0.690 0.854 0.143 0.110 0.185 0.038 0.005 0.271

* Compared the hazard ratio (HR) of secondary knee procedures by graft type of reconstruction (autograft vs.
allograft), gender (male vs. female), and age (<20, 20-39, 40-49, 50-59, >60).

Table 4 shows the follow-up time. The index date was the first start date of medical
treatment for anterior cruciate rupture or anterior cruciate ligament reconstruction, and the
follow-up was conducted for up to 19 years from 2003 to 2021.

Table 4. Follow-up time: index date~31 December 2021 (or death date).

Follow-Up Time (Years)

N Mean s.d. Q1 (p25) Median Q3 (p75)
Total 146,122 6.6 3.9 3.5 6.5 9.4
Autograft 24,974 7.4 4.1 42 7.5 10.3
Allograft 121,148 6.4 3.8 34 6.2 9.1
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Table 5 shows the survival time. Survival time means from the start date of the first
medical treatment related to the anterior cruciate ligament to the date of secondary surgical
treatment. Tables 4 and 5 in this study provided median and quartile follow-up times.

Table 5. Survival time (years): index date~outcome to occur.

HTO Menisectomy Meniscus Repair Meniscus Transplantation
N N Median Mean s.d. N Median Mean sd. N Median Mean sd. N  Median
Total 146,122 1073 43 5.1 39 15218 2.1 3.3 31 7169 2.9 3.7 3.0 938 1.6
Autograft 24,974 119 6.1 6.0 41 2368 2.7 3.8 33 1255 3.2 42 32 192 1.6
Allograft 121,148 954 41 5.0 39 12,850 2.0 3.2 3.0 5914 2.9 3.6 3.0 746 1.6

At first, we examined the difference according to the difference in the graft. Auto-
graft shows lower HR than Allograft for all secondary knee procedures except meniscus
transplantation. Each HR was 0.633 (range 0.522-0.767, 95% C.1.) in HTO, 0.817 (range
0.782-0.854, 95% C.I.) in menisectomy, 0.839 (range 0.789-0.892, 95% C.I.) in meniscus
repair, and 1.051 (range 0.897-1.233, 95% C.I.) in meniscus transplantation. As seen from
the result, meniscus transplantation did not have significant results.

Next, in terms of gender, females show a higher HR of HTO—2.081 (range 1.834-2.361,
95% C.I.); menisectomy—1.232 (range 1.185-1.280, 95% C.1.); a lower HR of meniscus
repair—0.927 (range 0.871-0.987, 95% C.1.); and meniscus transplantation also did not have
a significant result—0.857 (range 0.715-1.028, 95% C.L).

Finally, comparing the HR according to age based on those under 20 s, HTO shows
higher HR in all age groups (20-39, 4049, 50-59, >=60). Meniscectomy shows lower
HR in all age groups except 50-59, 1.029 (range 0.970-1.092, 95% C.L.), meniscus repair
shows lower HR in all age groups, and meniscus transplantation shows lower HR in 50-59,
>=60 groups.

4. Discussion

The current study provides valuable insights into the incidence and risk factors for
secondary knee procedures after ACL reconstruction. Through this study, we found that
the risk of secondary knee surgery increases after ACL reconstruction. Considering each
risk, it was found that additional knee damage occurred or arthritis progressed.

ACL reconstruction does not entirely restore the functional level of the knee before
damage. Remained instability is one of the most crucial complications after ACL recon-
struction. Emily et al. reported that an average increase in anterior laxity of 2.7 + 2.3 mm
between the day of surgery and 7 years was significant (p < 0.001) [6]. Scott Tashman
et al. reported that ACL reconstructed knees were more externally rotated on average
by 3.8 +/— 2.3 degrees across all subjects and time points (p = 0.0011) [7].

Also, changes in natural knee biomechanism and progression of osteoarthritis may
occur after ACL injury and reconstruction. Burak Akesen et al. showed elevated TNF-
alpha, collagenase, and TIMP-1 levels due to a ruptured ACL [8]. Timothy W. Tourville
et al. reported that ACL-injured patients with abnormal tibiofemoral joint space width
had diminished quality of life, increased pain, and increased type II collagen urine CTX-
II/serum CPII ratios compared with healthy controls [9]. Urine CTX-II concentrations
were significantly higher in ACL reconstruction than the normal control group 16 weeks
post-operative, and a high urine CTX-II level was related to knee pain and altered knee
function [10].

Our study mainly focuses on the biomechanical explanation of the second procedure
after ACL reconstruction. It is thought that this reason can be found in the recently reported
ligament biology, especially in the recent development of epithelial membrane theory [11].
Based on our study, epithelial membrane tissue has a role in healing and joint degeneration
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after injury, and based on this, it provides insight into the cellular and extracellular matrix
response of the epithelium after new ACL injury for ligament healing and remodeling—not
later big data studies—and it is thought that specific studies on whether it affects joint
instability and osteoarthritis progression after reconstruction are needed.

Short- and medium-term clinical outcomes after anterior cruciate ligament reconstruc-
tion are usually found to be good. Studies have shown that approximately 80-100% of
patients reported normal or near-normal outcomes after surgery [12-15]. In particular, in
the functional evaluation, the Lysholm score improved from 64 before surgery to an average
of 92 after surgery, showing normal and similar functional recovery results. However, there
are subtle differences when compared to normal knees. In the evaluation of the anterior
stability of the joint, the measurement using KT-2000 showed a slight increase in the mean
anterior potential at a short follow-up of 2.1 £ 1.4 mm, and 2.8 £ 1.8 mm at a medium
follow-up, but it was still acceptable [12]. However, these figures indicate a complete
difference from normal knees.

In a study comparing the clinical outcomes of reconstruction following acute and
chronic anterior cruciate ligament injury, there were no significant differences between the
two groups in mean quadriceps atrophy, Tegner activity score, Lachman test, IKDC score,
etc. This suggests that the time between the time of injury and the time of surgery may not
have a significant impact on clinical outcomes [6,7,12].

It is known that arthritis is likely to occur in the long term after ACLR [15]. Long-term
follow-up revealed that ACL reconstruction does not completely change the natural course
of post-traumatic arthritis (PTOA). At 14 years after ACL reconstruction, approximately
57% of patients developed knee osteoarthritis, whereas only 18% of the opposite normal
knee developed arthritis. In addition, the prevalence of radiological knee osteoarthritis after
ACL reconstruction tends to increase over time, with 11.3% at 5 years after surgery, 20.6%
at 10 years, and 51.6% at 20 years [15]. However, compared to patients who underwent
reconstruction but did not undergo reconstruction, the relative risk of developing arthritis
(RR) in patients who underwent reconstruction was as low as 3.62 (RR in patients who
did not undergo reconstruction was 4.98). This suggests that reconstruction does not
completely prevent the development of arthritis but has the effect of delaying it to some
extent [15].

Post-traumatic OA is the other most crucial complication after ACL injury and recon-
struction. May Arna Risberg et al. reported that the prevalence of radiographic tibiofemoral
and patellofemoral OA at the 20-year follow-up was 42% and 21%, respectively [16].

Up to 80% of the patients showed radiographic markers of knee OA, such as joint
space narrowing and osteophyte formation, after ACL reconstruction within 15 years.
Almost up to 50% of those patients with radiographic markers of OA also have symptoms
such as stiffness, swelling, and pain [17-21].

These problems lead some patients to undergo secondary knee procedures. Among
the secondary knee procedures, the frequency of the procedure was particularly high for
the meniscus injury. There can be some contributing factors, such as abnormal loading
on knee joints because of altered knee biomechanisms [10,16], there could be pre-existing
meniscus injury [22], or improper surgical techniques.

These findings suggest that patients and clinicians should know the potential need for
additional knee procedures and consider the risk factors in their decision-making process.
For example, older patients or those with high BMI may need more cautious follow-up and
rehabilitation—such as reduced body weight—after ACL reconstruction to prevent or delay
the need for HTO or TKA [14,23,24]. In addition, there are studies that show differences in
the possibility of reoperation of the anterior cruciate ligament according to the graft choice
in reconstruction of the anterior cruciate ligament, but few studies have investigated the
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possibility of secondary surgery other than reoperation [13]. So, the choice of graft type
and surgical technique may also affect the risk of secondary knee procedures, and further
research is needed to investigate these factors.

Next, for hazard ratio, autograft reveals lower HR for all secondary knee procedures.
This may be related to the autograft having a lower failure rate and incidence of complica-
tions than the allograft [25,26].

For gender, females reveal higher HR for HTO and menisectomy; however, males reveal
higher HR for meniscus repair. We need more research and investigation to obtain this result.

For age, the younger age group (under 20) reveals higher HR for menisectomy and
meniscus repair and lower HR for HTO than the older age group.

It may relate to younger individuals being more active than older individuals, which
could increase their risk for knee injuries. Also, the biomechanics of the knee joint may differ
between younger and older individuals, which could affect the likelihood of developing
specific knee injuries. For example, younger individuals may be more prone to ACL tears
due to factors such as ligament laxity or muscle recovery after surgery [27,28].

On the other hand, HTO is related to the degeneration of knee cartilage and joints;
it can be explained that the older age group reveals a much higher HR of HTO than the
younger age group.

Since this study was based on the claimed code data of the National Health Insurance
Service (National Health Insurance Service-HealthScreening; NHIS-HealS), it was estimated
that a lot of data or codes may be missing in the processing of each hospital. Due to the
nature of big data research, the details of each patient cannot be grasped at all, and there is
a problem that can only be viewed through a registered code.

There are a number of risk factors that can affect the results of this study, but this study
shows that it is shown as a variable by graft type, gender, and age.

The patient’s data include those who underwent surgery between 2003 and 2021, so the
follow-up period is not constant. Therefore, some procedures” hazard ratios were inaccurate,
and the trend was only checked. Furthermore, there is a lack of studies comparing regular
patients who did not undergo primary ACL reconstruction.

There could be remaining instability or changes in the previous knee joint biomecha-
nisms that can occur after ACL reconstruction. The accelerating progression of osteoarthritis
may also occur. The results of our study show that after anterior cruciate ligament recon-
struction, several secondary knee procedures such as HTO, TKA, menisectomy, meniscus
repair, and meniscus transplantation will be necessary for the knee joint. The incidence of
the procedures can be shown as a variable by graft type, gender, and age.

Another limitation of this study was that no mention is made of the possible consequences
of opting for conservative management in cases where ACL reconstruction is clinically indi-
cated. Since it is classified by the billing code, it is possible to classify more accurately when it
comes to parts related to surgery, but it is difficult to distinguish between the type, duration,
posterior tibial slope, and rehabilitation of conservative treatment. Therefore, it seems difficult
to add content related to conservative treatment in the current study.

The study results also have important implications for both patients and healthcare
providers. Patients considering ACL reconstruction should be informed about the potential
risks of secondary knee procedures, and healthcare providers should consider the risk of
secondary knee procedures when deciding whether to recommend ACL reconstruction as
a treatment option.

The study also highlights the importance of ongoing monitoring and follow-up care
for patients undergoing ACL reconstruction. Regular check-ups and monitoring of knee
function can help identify potential problems early on, which may reduce the need for
secondary knee procedures.
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5. Conclusions

This study provides valuable information about the risks of secondary knee procedures
after ACL reconstruction. Patients who undergo ACL reconstruction may experience poor
clinical outcomes, such as progression of osteoarthritis and undergoing secondary knee
procedures several years after ACL reconstruction. The findings underscore the importance
of informed decision-making and ongoing monitoring and follow-up care for patients
undergoing ACL reconstruction.
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Abstract

Background/Objectives: All-inside ACL reconstruction has emerged as a minimally inva-
sive alternative to conventional techniques, with potential advantages in graft configuration
and reduced surgical trauma. This study aimed to compare the clinical outcomes of all-
inside and full tibial tunnel ACL reconstruction, focusing on graft diameter, postoperative
stability, and functional recovery. We hypothesized that the all-inside technique would
allow for thicker grafts and yield superior postoperative knee stability and functional
outcomes, with postoperative anterior laxity as a major outcome of interest. Methods: This
retrospective comparative study reviewed patients who underwent ACL reconstruction
between January 2020 and February 2024. From January 2020 to September 2022, a four-
strand hamstring autograft with full tibial tunnel technique (FT-4) was used, while from
September 2022, a six-strand hamstring autograft with the all-inside technique (Al-6) was
adopted to enable thicker grafts and optimize fixation. Among a total of 103 patients, 1:1
propensity score matching (PSM) was performed based on age, sex, BMI, laterality, ALL
reconstruction, meniscal lesion, and preoperative anterior laxity (SSD). Graft diameter and
clinical outcomes, including knee stability and functional scores, were compared between
the matched groups. Results: After PSM, two comparable groups of 29 patients each
were established. Graft diameter was significantly larger in the Al-6 group (9.5 £ 0.7 mm)
compared to the FT-4 group (7.8 & 0.8 mm, p < 0.001), while other baseline characteristics
remained well balanced between the groups. At the final follow-up, both groups exhibited
significant improvements in anterior laxity, functional scores, and pivot shift grades (all
p <0.001). The AI-6 group demonstrated superior outcomes with a significantly higher
Lysholm score (82.2 + 6.7 vs. 75.6 & 8.9, p = 0.002), lower WOMAC score (8.0 & 4.3 vs.
12.9 £10.5, p = 0.023), and reduced anterior laxity (1.6 = 1.1 mm vs. 2.5 + 1.4 mm, p = 0.005)
compared to the FT-4 group, whereas no significant differences were observed in the IKDC,
Tegner, Korean knee score, or pivot shift test results. A simple linear regression revealed a
significant negative correlation between graft diameter and postoperative anterior laxity
(B =—0.398, p = 0.048). Conclusions: The present study demonstrated that the use of
a six-strand hamstring graft configuration in the AI-6 technique resulted in significantly
thicker grafts and was associated with reduced postoperative anterior knee laxity com-
pared to the FT-4 technique. While interpretation of these findings requires caution in light
of MCID thresholds, the Al-6 group showed favorable outcomes in anterior laxity and
selected functional scores, such as the Lysholm and WOMAC. This technique may offer
practical clinical value, particularly in populations prone to smaller graft diameters, as
it facilitates adequate graft thickness through multifold preparation, with the all-inside
approach accommodating the inherent graft shortening.
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1. Introduction

The conventional approaches for anatomical anterior cruciate ligament (ACL) recon-
struction, including the modified transtibial, anteromedial portal, and outside-in techniques,
have been widely accepted. Meanwhile, all-inside ACL reconstruction has emerged as an
alternative technique characterized by tibial socket preparation and the potential for combi-
nation with various femoral tunnel methods, with the aim of improving clinical outcomes.
Originally facilitated by the development of retrograde drilling systems in the early 2000s,
the technique was later refined and popularized by Lubowitz, who emphasized its mini-
mally invasive nature and the advantages of controlled intra-articular fixation [1-4]. The
key differences between these approaches lie in the tibial tunnel drilling technique, graft
preparation, and fixation strategies. These technical differences have sparked discussions
regarding their potential impact on biomechanical and functional outcomes [5-8].

Traditional anatomical ACL reconstruction employs a full-length tibial tunnel, where
a consistent diameter tunnel is drilled from the tibial cortex to the intra-articular exit. In
contrast, all-inside ACL reconstruction utilizes a socket-based tunnel design, where only
a short socket is created at the tibial insertion sites, precisely matching the diameter and
length of the graft [9].

This technique features a distinct tibial-side fixation method compared to the standard
approach. In traditional ACL reconstruction with the hamstring autograft, the graft that
extends outside the tibial tunnel is additionally secured using a screw and washer or a
spike. In contrast, the all-inside technique employs an adjustable loop cortical button on
both the femoral and tibial sides, allowing for controlled graft tensioning within the sockets
and minimizing metal irritation on the tibial side [9].

Another distinction between the two techniques is the preparation of the hamstring
autograft. In traditional ACL reconstruction, the hamstring tendons are typically folded
twice to create a sufficiently strong graft. However, in cases where the harvested tendons
are relatively small or when only the semitendinosus is used, this configuration may result
in a smaller graft diameter, which could potentially increase the risk of graft failure in
high-demand athletes or individuals with larger physiques [10-14].

In contrast, 5- or six-strand graft configurations form thicker grafts and offer a reliable
method to increase the diameter of relatively small hamstring autografts, helping to avoid
failures related to undersized grafts [15]. The ability to prepare a thicker graft, which
results in a shorter graft length due to increased folding, represents a potential advantage
of the all-inside technique over conventional ACL reconstruction, as the shorter graft is
well suited for socket-based tunnel preparation [16]. A recent meta-analysis reported that
all-inside ACL reconstruction was superior to full tibial tunnel ACL reconstruction in terms
of functional outcomes and tibial tunnel expansion, while postoperative anterior translation
was comparable between the two techniques [3]. However, in most of the cited studies, a
four-strand semitendinosus graft was used for the all-inside group, whereas the full tibial
tunnel group utilized doubled gracilis and semitendinosus tendons. This differs from the
present study, in which a six-strand hamstring autograft was used in the all-inside group,
potentially influencing graft diameter outcomes.

Therefore, this study aims to compare the clinical effectiveness of all-inside ACL
reconstruction with traditional anatomical ACL reconstruction, focusing on key outcome
measures such as graft thickness, postoperative stability, functional recovery, and patient
satisfaction. We hypothesize that ACL reconstruction utilizing the all-inside technique
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in combination with a six-strand hamstring autograft will yield a greater graft diameter,
which in turn will be associated with reduced postoperative knee laxity and improved
functional outcomes compared to the conventional anatomical reconstruction technique
employing a four-strand configuration.

2. Materials and Methods
2.1. Demographics

This study was approved by our Institutional Review Board and Ethics Committee
(File No. HDT 2025-01-009-001). A retrospective review was conducted on consecutive
patients who underwent anterior cruciate ligament reconstruction between January 2020
and February 2024. During the initial period from January 2020 to September 2022, ACL
reconstruction was performed using a 4-strand hamstring autograft with the standard full
tibia technique (FI-4). From September 2022 to February 2024, the surgical technique was
modified to a 6-strand hamstring autograft utilizing the all-inside approach (AI-6). This
transition was made to accommodate a thicker graft configuration, which may offer greater
mechanical strength and the potential for improved long-term graft integrity, while also
optimizing fixation and minimizing bone loss.

Patients were included if they were between 18 and 49 years of age and had undergone
primary ACL reconstruction using either the FI-4 or Al-6 technique. Only those with
complete ACL tears, confirmed through clinical examination and MRI, and with a minimum
follow-up of 12 months were eligible for the study. Patients were excluded if they had
multi-ligament knee injuries requiring additional reconstruction, underwent revision ACL
surgery, or had associated fractures or osteochondral injuries necessitating additional
procedures. Other exclusion criteria included the presence of infection, inflammatory
arthritis, or an incomplete follow-up. All the included cases were unilateral, and the
analysis was therefore performed on a per-patient basis.

All surgeries were performed by a single experienced surgeon (Y]JS) using the respec-
tive technique based on the time period of intervention.

Clinical and functional outcomes were assessed preoperatively and at the last postop-
erative follow-up. Postoperative follow-up was conducted at 1 month, 3 months, 6 months,
and 12 months, and subsequently at annual intervals.

Both groups followed the same standardized rehabilitation protocol. Postoperative
rehabilitation included immediate range of motion exercises and partial weight-bearing
with crutches as tolerated. Full weight-bearing was generally allowed by 4 weeks after
surgery. Closed-chain exercises and proprioceptive training were initiated starting from
4 weeks postoperatively. Return to sports activities was typically permitted at 6 to 9 months,
depending on individual progress.

Complications were defined as any postoperative adverse event requiring additional
medical or surgical management beyond routine rehabilitation and follow-up care. Based
on this definition, one patient in the FI-4 group developed a postoperative flexion contrac-
ture that required two arthroscopic adhesiolysis procedures. A residual contracture of 5°
was observed at final follow-up. No other postoperative complications occurred in either
group, and no perioperative complications were identified.

2.2. Surgical Technique

In both groups, the femoral tunnel was established using either the outside-in ap-
proach or the transportal technique, depending on intraoperative considerations. According
to the senior surgeon’s operative strategy, the outside-in technique was favored in cases
where preservation of the femoral remnant was feasible, as it provided better control over
tunnel placement while minimizing disruption of the remaining native ACL fibers. In
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contrast, when the femoral side was characterized by an empty wall or minimal residual
tissue, the transportal technique was employed.

In the outside-in technique, the femoral tunnel was created under visualization
through the posteromedial portal. After inserting the arthroscope via the posterome-
dial portal, partial septal resection was performed to allow detailed visualization of the
inner wall of the lateral femoral condyle, facilitating accurate tunnel placement. The
femoral tunnel was positioned precisely at the anatomic ACL femoral footprint, targeting
the anteromedial (AM) bundle’s direct fiber attachment site. Using a retrograde FlipCutter
(Arthrex, Naples, FL, USA), the femoral socket was drilled approximately 7 mm shorter
than the total measured length to prevent outer cortex breakage. Alternatively, the femoral
tunnel was created using the transportal technique. Under direct visualization through the
anteromedial (AM) portal, the femoral tunnel was drilled at the same position described
earlier, with the knee hyperflexed to over 120 degrees. The reamer was introduced via the
far anteromedial portal to achieve the desired tunnel placement.

In the all-inside ACL reconstruction technique (AI-6 group), the graft was prepared
using a triple-folded 6-strand hamstring autograft technique. Both the semitendinosus
and gracilis tendons were harvested and whipstitched at both ends. Using a harvested
hamstring length of approximately 22-25 cm, the final graft length was adjusted to approx-
imately 7.5 cm (Figure 1(A)).

An adjustable cortical suspensory device was secured at each end of the folded graft
to ensure proper fixation [17]. On the tibial side, the tibial socket was created in the AM
bundle orientation at the native ACL footprint using a FlipCutter (Arthrex, Naples, FL,
USA). To ensure that the combined length of the femoral tunnel, tibial tunnel, and intra-
articular segment exceeded the total graft length, the angle of the tibial tunnel guide was
adjusted accordingly (Figure 1(B)).

Before graft passage, leading sutures were advanced through the femoral and tibial
tunnels and retrieved via the anteromedial portal. The sutures connected to the adjustable
cortical suspensory devices at each graft end were then linked to the corresponding leading
sutures. The graft was first passed and secured on the femoral side, followed by tibial
passage and fixation, ensuring proper tensioning and stabilization.

In the standard full tibia group (FI-4 group), a full-length tibial tunnel was drilled
using the conventional technique, starting from the anteromedial cortex. The graft was
prepared using a double-folded 4-strand hamstring autograft, utilizing both the semitendi-
nosus and gracilis tendons (Figure 2(A)).

Fixation in the FI-4 group was achieved using an adjustable suspensory device on the
femoral side. On the tibial side, an interference screw was used for primary fixation, with
additional fixation performed using a screw and spike washer (Figure 2(B)).

For both the Al-6 and FT-4 groups, anterolateral ligament (ALL) reconstruction was
performed in patients with a pivot shift grade 2 or higher, particularly those actively
participating in sports. ALL reconstruction was performed using a 5 mm allogeneic tibialis
tendon. The graft was fixed on the femoral side just posterior and proximal to the lateral
femoral epicondyle using either a SwiveLock® anchor (Arthrex, Naples, FL, USA) or a
6 mm interference screw. Tibial fixation was performed with a 6 mm interference screw at
a point 15 mm below the joint line, midway between Gerdy’s tubercle and the fibular head,
with the knee in 30° flexion and neutral rotation.
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Figure 1. (A) Final construct of a 6-strand hamstring autograft. (B) Sagittal computed tomography
image showing the configuration of the tibial tunnel after all-inside ACL reconstruction.

2.3. Outcome Measure

Graft diameter is recorded during surgery using a graft-sizing block (Arthrex, FL, USA)
and defined as the largest diameter of the graft that could pass through the block. Meniscus
injuries were documented based on their location (medial or lateral) and classified by type,
including ramp lesions, root tears, longitudinal tears, horizontal tears, and others. Addi-
tionally, the treatment approach—whether repair or resection—was recorded for each case.
The presence or absence of anterolateral ligament reconstruction was also documented.
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Figure 2. (A) Completed configuration of a four-strand hamstring autograft. (B) Sagittal com-

puted tomography scan depicting the morphology of the full-length tibial tunnel after standard
ACL reconstruction.

Anterior laxity is assessed using the Telos device (Telos GmbH, Hennigsdorf, Ger-
many), which quantifies the side-to-side difference (SSD) in anterior tibial translation under
a standardized force of 150 Newtons. The pivot shift test is graded on a scale from 0 to 3,
and was performed by an experienced senior surgeon (Y]S). Functional knee scores, includ-
ing the International Knee Documentation Committee (IKDC) Subjective Knee Evaluation
Form, Lysholm, Tegner, and Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), Korean knee score (KKS), were recorded. All the assessments were
conducted preoperatively and at the final follow-up during outpatient visits. The WOMAC
and KKS were only assessed at the final follow-up.

The score assessments were performed by a single evaluator who was blinded to the
patient information.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS for Windows (version 29.0, SPSS
Inc, Chicago, IL, USA). The raw data was organized in an Excel (Microsoft, version 16.0)
sheet and uploaded to SPSS for analysis. Descriptive statistics were used to summarize
the demographic and clinical characteristics of the two groups. Continuous variables are
expressed as means and standard deviations, while categorical variables are presented as
frequencies and percentages.

For inter-group comparisons, normality of continuous variables was assessed using
the Shapiro-Wilk test. Variables satisfying normality assumptions were analyzed using
Student’s t-test, while non-normally distributed variables were analyzed using the Mann—
Whitney U test. Ordinal variables were also analyzed using the Mann-Whitney U test.
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Nominal variables were compared using the chi-square test or Fisher’s exact test, as
appropriate. Statistical tests were selected based on distributional characteristics, and
reanalysis was performed where necessary to ensure appropriate test application.

For intra-group comparisons, preoperative and postoperative data were analyzed
using paired t-tests or the Wilcoxon signed-rank test. A significance level was set at p < 0.05.

To minimize selection bias and ensure comparability between the Al-6 and FT-4
groups, propensity score matching (PSM) was employed. The PSM method matched
patients based on relevant baseline characteristics, including sex, age, BMI, laterality,
concomitant anterolateral ligament (ALL) reconstruction, meniscal lesion, and preoperative
anterior laxity (SSD).

The propensity scores were calculated using the PSM process embedded in SPSS,
estimating the likelihood of receiving either the AI-6 or FT-4 technique based on these
covariates. Patients were then matched 1:1 using the nearest neighbor matching algorithm
with a caliper set to 0.1 to maintain balance across the variables in both groups. After
matching, differences in clinical outcomes, such as knee stability and functional knee scores,
were analyzed between the two groups.

Additionally, standardized mean differences (SMDs) were calculated to assess the
balance between groups for variables used in PSM.

3. Results

A total of 121 cases were retrospectively reviewed, and 18 were excluded according
to the predefined criteria. The remaining 103 patients were included in the analysis,
comprising 30 patients in the Al-6 group and 73 in the FT-4 group. After PSM, 29 matched
cases were selected for each group (Figure 3).

The mean follow-up duration was 27.1 £ 3.8 months (range, 20.3-35.1 months) in
the AI-6 group and 29.6 + 13.8 months (range, 12.1-57.3 months) in the FI-4 group.
Preoperative characteristics of the matched cohorts are summarized in Table 1. Among the
variables, graft diameter was significantly greater in the Al-6 group, whereas no significant
differences were observed in other baseline characteristics. However, some SMDs exceeded
the ideal cutoff of 0.1. Although an SMD below 0.1 is preferred, values up to 0.25 are
sometimes considered acceptable. A few variables surpassed this threshold, likely due to
small sample size and retrospective design, which should be acknowledged as an important
limitation with the potential to affect the validity of the group comparisons.

3.1. Within-Group Analysis of Clinical Outcomes

At the final follow-up, analysis of clinical outcomes within each group revealed
significant postoperative improvements. In the Al-6 group, postoperative anterior laxity
(SSD), IKDC score, and Lysholm score improved to 1.58 £+ 1.1 mm, 78.03 + 7.0, and
82.2 + 6.7, respectively (all p < 0.001). Similarly, the FT-4 group showed corresponding
values of 2.5 + 1.4 mm, 77.2 &+ 8.4, and 75.6 = 8.9 (all p < 0.001). Both groups showed
significant gains in activity level, with Tegner scores increasing from a median [IQR] of
6 [1.5] in the AI-6 group and 5 [1.5] in the FT-4 group (all p < 0.001).

Postoperative pivot shift grades also improved significantly in both groups (all
p < 0.001), with the AI-6 group showing 16 patients at grade 0, 12 at grade 1, and 1
at grade 2, while the FT-4 group had 16 at grade 0, 9 at grade 1, and 4 at grade 2.
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Patients who underwent ACL reconstruction between
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nd February 2024 (n=121)

Excluded (n=18)

® Age>50 years (n=4)

® Multiple ligament reconstruction (n=4)
® Revision ACL reconstruction (n=5)
[

Lost to follow-up before outcome

assessment (5)

Patients eligible based on inclusion criteria for ACL

reconstruction (n=103)

Grouped according to surgical technique

® 4 strand auto HT= with full tibia tunnel
technique (FT-4 group)

® ¢ strand auto HT with all-inside technique
(AI-6 group)

FT-4 group (Jan 2020 -Sep 2022) n=73
AI-6 group (Sep 2022 — Feb 2024) n =30

Propensity score matching (1:1)

® Matching variables: age, sex, BMIY, laterality,
concomitant ALL¢ reconstruction, meniscal

lesion, preoperative anterior laxity

® Unmatched and exctluded from matched
analysis: FT-4 group (n=44), AI-6 group (n=1)
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Figure 3. Flow diagram of patient selection and propensity score matching. # hamstring tendon,
b body mass index, ¢ anterolateral ligament.
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Table 1. Comparison of patient characteristics after PSM.

Al-6

FT-4

Variables 2 (0 = 29) (0 = 29) p-Value SMD "
Age (year) * 27.7 £ 8.3 303 £12.2 0.629 0.249
Sex *

Male (%) /Female (%) 18 (62.1)/11 (37.9) 19 (65.5)/10 (34.5) 1.0 0.072
Body mass index (kg/m?) * 26.3 £ 3.5 26.5+3.3 0.879 0.040
Side *

Right (%)/Left (%) 18 (62.1)/11 (37.9) 21 (72.4)/8 (27.6) 0.401 0.221
Time from Injury to surgery (weeks) 39+45 52+50 0.249
Time from surgery to final follow-up 271438 29.6 4 13.8 0.067
(months)

Preop P anterior laxity (SSD ¢, mm) * 60+13 6.0+ 1.6 0.972 0.009
Preop pivot shift grade under 3(10.3)/13 (44.8)/9 0(0.0)/12 (41.4)/14 0307
anesthesia (0/1/2/3) (%) (31.0)/4 (13.8) (48.3)/3 (10.3) ’
Preop IKDC 4 52.6 £5.1 49.7 £ 6.5 0.067
Preop Lysholm 40.6 £8.7 43.8 £8.2 0.191
Preop Tenger © 2 (2-3) 2 (2-3) 0.689
Graft diameter (mm) 95+0.7 7.8 £ 0.8 <0.001
fg}r;%r;‘)l ft‘(“/“)‘el creation method 20 (69.0)/9 (31.0) 15 (51.7)/14 (48.3) 0.283
ALL reconstruction (%) * 20 (69.0) 23 (79.3) 0.368 0.237
Meniscus lesion *
medial 15 13 0.793 0.138
Repair
Ramp lesion 9 6
Midbody-to Ph & 4 ’
longitudinal tear
Ph radial tear 2 3
Bucket handle tear 1
Ph horizontal tear 1
lateral 9 13 0.417 0.287
Repair
Ph radial tear near root 6 4
Ph radial tear 4
Ph longitudinal tear 3 5

2 data are presented as the mean + standard deviation or the number of patients. Depending on the characteris-
tics of the variables, statistical analyses were conducted using Student’s t-test, Mann-Whitney U test, Pearson
chi-square test, or Fisher’s exact test. b preoperative; © side-to-side difference; d International Knee Documen-
tation Committee; © values are presented as median (range); f OI: outside-in; TP: transportal; 8 posterior horn;
N standardized mean difference. * variables used for propensity score matching.

3.2. Between-Group Analysis of Clinical Outcomes

Inter-group comparisons of functional knee scores at the final follow-up demon-
strated significantly superior outcomes in the Al-6 group for Lysholm and WOMAC scores,
whereas no significant differences were observed in IKDC, Tegner, or KKS. A summary of
the detailed data is shown in Table 2.

At the final outpatient follow-up, postoperative instability was compared between
the two groups, revealing that the AI-6 group demonstrated significantly better results in
anterior laxity (SSD), whereas no significant difference was observed between the groups
in the pivot-shift test, as detailed in Table 3. The pivot-shift test was conducted in the
outpatient clinic by a senior surgeon with extensive experience, ensuring adequate muscle
relaxation to reduce the influence of voluntary guarding.
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Table 2. Inter-group comparison of functional scores.

Variables ? Group Mean £+ SD p-Value
Lysholm ?;:2 ?é:é i g:g 0.003
IKDC® T 772+ 84 o84
Tegner © ?%:Z g Hg} 0.289
WoMAC Fry 129+ 105 o023
KKs* Fr 25172 0528

@ data are presented as the mean =+ standard; b International Knee Documentation Committee; ¢ Values are
presented as median [interquatile range]; d Western Ontario and McMaster Universities Osteoarthritis Index;
¢ Korean knee score.

Table 3. Inter-group comparison of postoperative instability.

Variables ? Al-6 FT-4 p-Value
Anterior laxity (SSD ®, mm) 1.6+ 1.1 25+14 0.005
pivot shift grade (0/1/2/3) (%) 16 (55.2)/12 (41.4)/1 (3.4)/0 (0.0) 16 (55.2)/9 (31.0)/4 (13.8)/0 (0.0) 0.732

2 data are presented as the mean + standard deviation or the number of patients.  side-to-side difference.

Given that key preoperative variables were balanced through propensity score match-
ing, a simple linear regression was performed to assess the independent association be-
tween graft diameter and postoperative anterior laxity. The analysis revealed a significant
negative relationship (B = —0.398, 3 = —0.287, p = 0.048; 95% CI: —0.791 to —0.005). Resid-
ual analysis showed no major violations of linearity, normality, or homoscedasticity. The
residual sum of squares was 100.995 (df = 46) with a mean square error of 2.196. The model
showed a modest fit (R = 0.287, R? = 0.083), indicating that a larger graft diameter was
associated with reduced postoperative anterior laxity.

A post hoc power analysis was performed using G*Power 3.1 (Heinrich-Heine-
University Diisseldorf, Germany), with postoperative anterior laxity selected as the main
outcome variable for this analysis due to its clinical relevance. Based on the observed
group difference (1.6 & 1.1 mm in the Al-6 group vs. 2.5 £ 1.4 mm in the FT-4 group), the
analysis yielded a Cohen’s d of 0.71 and an estimated statistical power of 85.2% (one-tailed,
o = 0.05), indicating that the sample size of 29 patients per group was sufficient to detect a
clinically meaningful difference with adequate statistical rigor.

4. Discussion

The most important findings of this study were that the six-strand configuration used
in the all-inside technique yielded significantly thicker grafts, which resulted in reduced
postoperative anterior knee laxity compared to the full tibial tunnel technique. Although
some functional outcomes, such as the IKDC, Tegner, and KKS, showed no significant
differences between groups, the all-inside group demonstrated superior results in the
Lysholm and WOMAC scores. These findings lend partial support to our hypothesis, given
that the Al-6 group showed superior anterior knee stability and outperformed the FT-4
group in selected functional assessments.

Previous studies have yielded inconsistent findings regarding the relationship between
graft diameter and postoperative knee outcomes, particularly in the context of autograft
hamstring reconstruction. Although a direct comparison is limited due to differences in
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graft configurations, the findings of the current study align with the general trend reported
in a recent network meta-analysis, which demonstrated that graft constructs with a greater
number of strands, such as four-strands graft with augmentation, were associated with
reduced anterior knee laxity compared to lower-strand configurations [18]. These findings
suggest that the improved outcomes in the AI-6 group may be partially explained by the
increased graft diameter inherent to the six-strand technique, which has been reported as
a contributing factor to enhanced postoperative stability [18]. In contrast, a recent meta-
analysis of Level I-1I studies comparing five-strand and four-strand hamstring autografts
demonstrated significantly larger graft diameters in the five-strand group (mean difference
of 0.93 mm; 8.5-9.1 mm vs. 7.5-8.1 mm) and found no significant differences in anterior lax-
ity based on the Lachman test [19]. Conversely, our study employing six-strand hamstring
autografts revealed significant differences in instrumented anterior laxity. This discrepancy
may be explained by both differences in anterior laxity evaluation methods and the distinct
graft configurations utilized. Furthermore, this meta-analysis demonstrated that, although
some PROMs, such as KOOS ADL and Lysholm scores, favored the five-strand group, the
pivot shift test outcomes were similar across both groups, consistent with the findings of
our study [19]. It is noteworthy that none of the mean differences in the aforementioned
PROMs that favored the five-strand group surpassed the minimal clinically important
difference (MCID) thresholds, suggesting comparable overall clinical outcomes [19]. Inter-
estingly, one of the studies included in the aforementioned meta-analysis, by Wan KM et al.,
reported transitioning to the all-inside technique to accommodate shorter graft lengths, a
method similar to the one employed in the present study [16]. They also described that a
substantial proportion of Asian patients fail to achieve a graft diameter of 8.5 mm using a
conventional four-strand hamstring technique [20-23].

Consequently, the five-strand technique has been considered particularly beneficial
for Asian populations, where smaller graft diameters are more commonly encountered,
and can be effectively applied in all-inside ACL reconstruction procedures.

In this context, the all-inside technique has garnered attention as a potential alterna-
tive to the traditional full tibia technique. Several recent meta-analyses comparing the
two techniques have demonstrated comparable outcomes in terms of postoperative knee
function, graft failure, and overall stability [3], while the all-inside technique has shown
superior results regarding reduced postoperative pain, improved flexion strength, larger
graft diameters, and decreased tunnel widening [1,2]. Upon closer examination focusing
specifically on anterior laxity, however, a recent meta-analysis by Zhu et al. reported greater
anterior laxity in the all-inside group compared to the full tibia group, which, somewhat
surprisingly, contrasts with the findings of our study [24]. Although Zhu et al. speculated
that factors such as adjustable loop elongation and the earlier initiation of rehabilitation
protocols might contribute to this difference, the true cause remains uncertain. Notably,
a detailed review of the three randomized controlled trials included in their analysis re-
vealed that all three studies consistently utilized only the semitendinosus tendon in the
all-inside group and both the gracilis and semitendinosus tendons in the full tibia group,
resulting in similar graft diameters of approximately 8 mm without statistically significant
differences [5,7,8]. Given that our study used a significantly thicker graft in the all-inside
group, it is plausible that graft diameter, rather than the surgical technique alone, plays
a key role in the differences observed in postoperative anterior laxity. However, further
studies are warranted to confirm this notion.

Furthermore, upon closer inspection, two of these studies were conducted at the
same institution and merely reported outcomes at different follow-up periods, and did
not demonstrate statistically significant differences in anterior laxity [5,8]. Only one study
reported a statistically significant difference in anterior laxity between the groups. However,
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despite the statistical significance, the mean SSD was 2.9 mm in the all-inside group and
2.3 mm in the full tibial tunnel group, which raises questions about the clinical relevance
of this difference [7]. This critical discrepancy in graft configuration, sample size, and
outcome reporting may account for the opposing findings, as our study demonstrated
superior postoperative anterior laxity in the all-inside group, likely attributable to the larger
graft diameters achieved in our cohort.

As previously discussed, most studies on the all-inside technique have reported results
using only the semitendinosus to construct the graft, a method associated with several
advantages, such as reduced soft tissue damage and improved flexor power, owing to
gracilis sparing. Given these advantages, the all-inside approach also offers a notable
technical merit in its ability to accommodate a graft that is relatively thick despite its short
length. Although harvesting the semitendinosus alone may suffice in certain cases, it
does not always yield a sufficiently thick graft, particularly when a more robust construct
is desired. In our study, combining the semitendinosus and gracilis tendons to create a
six-strand graft within the all-inside technique provided a practical and effective solution
to achieve adequate graft diameter [10,19,25,26].

A key strength of this study is the direct comparison of two distinct graft constructions
using propensity score-matched cohorts, providing practical insight into graft preparation
strategies. This highlights the clinical relevance of the six-strand hamstring graft config-
uration, which enables the use of thicker grafts associated with improved postoperative
anterior knee stability and select functional outcomes. Given the higher prevalence of
smaller graft diameters among Asian populations, this approach may offer particular
value in such cohorts by facilitating adequate graft thickness through multifold techniques.
Additionally, the all-inside technique offers a practical solution to accommodate the shorter
length inherent to six-strand grafts. However, this approach may introduce technical chal-
lenges during graft passage, as both femoral and tibial tunnel insertions must be accessed
sequentially through the same portal.

Nevertheless, the purported advantages of the all-inside technique reported in this
study should be interpreted with caution, considering the following limitations. First, graft
failure was not included as a clinical endpoint in the analysis. Given that several previous
studies have indicated a potential association between increased graft diameter and reduced
failure rates, omission of this outcome may have limited the comprehensiveness of the
findings [10-13]. Eggeling et al. reported that clinical failure following ACL reconstruction
can be defined as postoperative anterior laxity (55D) greater than 6 mm [27]. From this
perspective, although graft failure was not included in the primary outcome analysis of the
present study, one patient in the FI-4 group demonstrated postoperative anterior laxity
(SSD) exceeding this threshold, thereby meeting the criteria for clinical failure. In contrast,
no such cases were observed in the Al-6 group. While this finding was not statistically
analyzed due to the limited sample size, it may suggest a potential difference in failure risk
between graft configurations, warranting further investigation in future studies with larger
cohorts and longer-term follow-up.

Second, when interpreted in light of the MCID, the clinical relevance of the observed
inter-group differences warrants careful consideration. Although the AI-6 group showed
statistically superior outcomes, the clinical magnitude of these differences varied across
outcome measures. Specifically, the Lysholm score showed a mean difference of 6.6 points,
exceeding the MCID range reported in prior studies (typically 4-10 points) with a cor-
responding effect size (Cohen’s d) of 0.85, indicating a large effect [28]. In contrast, the
WOMAC score demonstrated a mean difference of 4.9 points, which did not reach the
commonly cited MCID threshold of 6-12 points, with an effect size of 0.58, corresponding to
a medium effect [29,30]. Regarding anterior laxity, the SSD was 0.9 mm, with an effect size
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of 0.72. Although statistically significant, this difference may not be clinically perceptible,
as MCID values for anterior translation are generally considered to be >2 mm [31]. These
findings highlight the importance of considering both statistical and clinical relevance
when interpreting postoperative outcomes.

Third, while the sample size in this study remains relatively small, the use of propen-
sity score matching helps mitigate potential confounding factors and strengthens the
validity of our findings. By matching participants on key baseline characteristics, this
approach enhances the comparability between the Al-6 and FT-4 groups, providing a more
reliable estimate of the treatment effects despite the limited sample size. Additionally, given
the retrospective nature of the study, a formal primary endpoint was not prospectively
designated. However, a post hoc power analysis was performed based on the observed
difference in postoperative anterior laxity, which yielded a statistical power of 85.2%,
supporting the reliability of this outcome measure in our analysis.

Fourth, this study’s retrospective design inherently carries risks of selection bias
and potential inconsistencies in data collection. Residual confounding from unmeasured
variables cannot be entirely excluded. Additionally, the relatively short-term follow-up
limits the assessment of long-term outcomes and graft durability. Therefore, further
prospective studies with extended follow-up are warranted to validate and expand upon
these findings.

5. Conclusions

The present study demonstrated that the use of a six-strand hamstring graft config-
uration in the AI-6 technique resulted in significantly thicker grafts and was associated
with reduced postoperative anterior knee laxity compared to the FI-4 technique. While
interpretation of these findings requires caution in light of MCID thresholds, the Al-6
group showed favorable outcomes in anterior laxity and selected functional scores, such as
the Lysholm and WOMAC. This technique may offer practical clinical value, particularly
in populations prone to smaller graft diameters, as it facilitates adequate graft thickness
through multifold preparation, with the all-inside approach accommodating the inherent
graft shortening.
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Abstract

Background: Hamstring tendon autografts are frequently used for anterior cruciate liga-
ment reconstruction (ACLR), but they are associated with persistent hamstring strength
deficits and delayed functional recovery. Current rehabilitation guidelines often delay
open kinetic chain (OKC) hamstring exercises due to safety concerns, despite the limited
supporting evidence. This uncontrolled, underpowered, and exploratory study aimed
to evaluate the safety and effectiveness of introducing OKC hamstring strengthening
exercises as early as three weeks after ACLR. Methods: An exploratory retrospective
observational study was conducted at a single physiotherapy center on 13 patients (aged
18-35) who underwent primary ACLR with semitendinosus—gracilis grafts. Participants
followed a standardized rehabilitation program including isometric leg curls at 60° and
90° knee flexion and long-lever glute bridges twice weekly, starting from postoperative
week 3. Safety was assessed through predefined “safety flags” (pain > 4/10, hematoma,
clinical hamstring strain). Strength outcomes, including isometric knee flexion strength
at 60° and 90°, limb symmetry index (LSI), and endurance tests, were assessed at 6 and
12 weeks. Results: All participants completed the program without major adverse events.
Pain remained consistently low (median 2.5/10), with only one transient episode ex-
ceeding the threshold. No other complications were recorded. Isometric knee flexion
strength significantly improved between week 6 and week 12 at both 60° (p = 0.018) and
90° (p = 0.003), with large effect sizes. LSI at 90° also increased significantly (p = 0.006),
whereas improvements at 60° did not reach significance. Endurance testing showed func-
tional gains as early as 6 weeks. Conclusions: The early introduction of OKC hamstring
strengthening exercises three weeks after ACLR with hamstring autografts appears safe
and promotes clinically meaningful improvements in strength and endurance. These find-
ings, while from a small uncontrolled study, challenge conservative rehabilitation protocols
and support the reconsideration of early hamstring loading. Given the retrospective, un-
controlled, and underpowered design, these findings are hypothesis-generating and not
generalizable beyond young adults with hamstring autografts; larger randomized trials
are required.

J. Clin. Med. 2025, 14, 6871 https://doi.org/10.3390/jem14196871
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1. Introduction

Anterior cruciate ligament (ACL) injuries are prevalent in athletes and are frequently
associated with persistent functional limitations, sub-optimal return to previous perfor-
mance levels, elevated reinjury risk, and, in some cases, shorter athletic careers [1-3]. In
soccer, pooled data indicate that 72-90% of players resume competitive play; however,
only 53-80% recover their pre-injury standard of performance [4-6]. The careers of soccer
players after ACL injury last on average 3-8 years and are typically 1-2 years shorter
than those of their uninjured peers [4-6]. Such persistent deficits after ACL injury may
contribute to the growing reliance on surgical reconstruction (ACLR), whose incidence in
the United States increased from 40.9 to 47.8 procedures per 10,000 individuals between
2004 and 2009 [7-9].

ACLR is mainly performed using either autografts, where tissue is harvested from
the patient’s own body (commonly the hamstrings or patellar tendon), or allografts, where
tissue is obtained from a donor. One of the key aspects after ACLR with hamstring
tendon (HT) autograft is the harvesting procedure, which leads to persistent hamstring
strength deficits commonly associated with loss of medial rotation, knee flexion, and varus
strength [10]. The evidence for what kind of graft reduces the risk of re-rupture is not
clear, but some authors suggest a slight increase in the risk for HT [11,12]. These findings
underscore the necessity of incorporating adjunctive external stabilization techniques, such
as lateral extra-articular tenodesis [13,14]. We can only hypothesize that the reported rise
in graft re-rupture is linked to altered kinetic variables—such as a loss of knee-flexion
range—but, although the current evidence does not support a definitive correlation, the
impact of graft-harvesting techniques on the rotational stability and varus-moment control
of the knee remains largely unexplored [15].

Hamstrings are crucial for dynamic knee stability and ACL protection [16,17]. In fact,
hamstrings play an important role in knee joint stability by preventing medial femoral
condyle lift-off, valgus opening, anterior tibial translation, and external rotation [16,18].
At mid- to long-term follow-up (1-2 years and beyond), a significant proportion of pa-
tients continue to experience measurable hamstring strength deficits compared to their
uninjured limb or healthy controls [19-22]. Girdwood et al. [23] reported that knee flexor
strength deficits of 5-7% compared to the contralateral limb are typical at 1 year, with
little further improvement up to 5 years after ACLR. These deficits are even larger when
compared to uninjured controls instead of the contralateral limb. Furthermore, a recent
study reported limb symmetry index (LSI) values of 54%, 70%, and 76% for isometric knee
flexor strength at 4, 8, and 12 weeks following ACLR using a hamstring graft [24]. These
findings highlight the persistence of strength deficits in the early postoperative period
after ACLR [24]. Moreover, hamstring weakness after ACLR tends to be more pronounced
at deeper flexion angles (from >70° to max knee flexion) (i.e., shorter muscle lengths),
during slower contraction speeds, and is especially evident when assessing rate of force
development rather than peak strength alone [24]. After ACLR with HT, there is often a
selective reduction in semitendinosus muscle thickness, with reported atrophy ranging
from 10% to 28% [20]. After ACLR with hamstring graft, the semitendinosus often shows
selective atrophy (10-28%), frequently accompanied by gracilis atrophy (~30%). If not
compensated by hypertrophy of the semimembranosus or biceps femoris, this can lead to
overall hamstring volume loss, reduced knee flexion strength, and imbalances between
medial and lateral hamstrings that may impair transverse plane knee stability [21,25-27].
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In addition to maximal strength, hamstring endurance is another clinically relevant aspect
that may influence the postoperative recovery [28]. Endurance, defined as the ability to
sustain repeated submaximal contractions over time, is crucial for functional knee stability
during prolonged physical activity [29,30]. Importantly, endurance deficits may persist
even when peak strength partially recovers, suggesting that monitoring endurance could
provide complementary insights into muscle function after ACLR [31].

While rehabilitation protocols have evolved towards accelerated approaches [32,33]
(which involve early unrestricted movement, immediate weight-bearing within limits,
removal of immobilization braces, and a patient-centered goal of returning to high-level
physical activity or sports within 6 months post-surgery), current guidelines often main-
tain a cautious approach to the early introduction of hamstring strengthening exercises,
particularly open kinetic chain (OKC) leg curls, due to concerns about harvest site healing.
Most research suggests waiting 6-8 weeks before starting to load the knee flexion [34-36].

However, this cautious approach is largely based on expert consensus [37] rather
than high-level evidence [9]. At the same time, it is well established that early muscle
activation is fundamental to counteract neural inhibition and muscle atrophy [38]. Given
the persistence of hamstring strength deficits observed after ACLR with HT and the absence
of robust data on the effects of early introduction of specific OKC exercises such as leg curls
and bridges [20,37], there is a compelling need to reconsider the timing of their introduction.
To date, no studies have specifically evaluated the safety and effectiveness of early OKC
exercises on hamstring strength after ACLR. Seeking to address this gap in the literature,
the present study aims to evaluate the potential for hamstring strength recovery associated
with early OKC exercise implementation and analyze the incidence of potential adverse
effects. We hypothesize that the early introduction of OKC exercises may facilitate faster
recovery without increasing the risk of complications.

2. Materials and Methods
2.1. Study Design and Participants

An exploratory retrospective observational study was conducted in accordance with
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines [39].

This was a retrospective observational study conducted at a single outpatient phys-
iotherapy center. The study followed the ethical principles outlined in the Declaration of
Helsinki and its subsequent amendments. Ethical approval was obtained from the Institu-
tional Review Board (Ethics Committee) of the Conseil d’Orientation Scientifique—GCS
Ramsay Santé pour I'Enseignement et la Recherche (IORG0009085; IRB00010835; protocol
code COS-RGDS-2025-06-002-FORELLI-F; approval date 11 June 2023), and all participants
provided written informed consent for the use of their anonymized data.

We reviewed the records of 25 patients who underwent primary ACLR with autol-
ogous semitendinosus—gracilis grafts between December 2023 and December 2024 (all
procedures were performed by the same surgical team). The inclusion criteria of an age
range of 18-35 years and a Tegner Activity Scale score of >5 were chosen to focus on
a population of physically active adults and athletes. This specific cohort is highly rep-
resented in ACL injuries and shares common rehabilitation goals, such as a high-level
return to sport. Excluding pediatric and older adult patients helped to mitigate potential
confounding factors related to age-dependent variations in muscle development, strength,
and recovery rates.

The inclusion criteria were as follows:

e Age18-35years;
o  Tegner Activity Scale > 5;
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Isolated ACLR or combined with partial meniscectomy or lateral extra-articular tenodesis;
Baseline knee range of motion > 90° [40];

Resting knee pain < 3/10 on the Numeric Pain Rating Scale (NPRS);

Absence of clinical signs of effusion or acute inflammatory flare (joint swelling < Trace

on Stroke test compared to contralateral side, no redness or local heat or any other
warning signs) [41].

The exclusion criteria were as follows

Meniscal repair;

Concomitant Posterior Cruciate Ligament or posterolateral corner injuries;

Use of grafts other than hamstring tendons;

ACL revision surgery;

Additional ligament injuries requiring protection beyond standard ACLR rehab;

Cartilage procedures requiring protected loading (e.g., microfracture);

Clinically relevant postoperative complications before week 3 (e.g., infection, arthrofibrosis).

Of the 25 patient records reviewed, 12 were excluded due to concomitant proce-
dures or alternative graft types, leaving 13 eligible records included in the final analysis
(Figure 1). The same 13 participants were assessed at all timepoints, ensuring valid
paired comparisons.

Patient records assessed for eligibility
(December 2023 — December 2024):
(n=25)

Patient records excluded, with reasons:

) (n=12)
Patient records screened: * Medial meniscal repair (n=4)
(n=25) + Lateral meniscal repair (n=4)
) + PBTB graft (n=2)
* ACL + PCL injuries (n = 2)
A 4
~
Patient records included:
n=13)
J

Final analysis (patient records with
paired follow up at 6 and 12 weeks):
n=13)

Figure 1. Flowchart of the retrospective selection process.

2.2. Rehabilitation Protocol

All participants began a hamstring strengthening protocol at 3 weeks after ACLR,
two times per week. The protocol included 2 open kinetic chain exercises (leg curl) and
1 closed kinetic chain exercise (long lever glute bridge). During this period, no other
isolated hamstring exercises were performed. Every patient followed a 3 times per week
(every 48 h) strict rehabilitation protocol focusing on quadriceps, calf, core, hip, and balance
and two hamstring exercises completed 2 times per week every 96 h (Table 1).
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Table 1. Structure of the rehabilitation program weeks 3-6.

Day 1 Day 2 Day 3
10’ bike 10’ bike 10’ bike
Seated hamstring isometric Horizontal sinele 1 Seated hamstring isometric
curl at 90° orizontal single leg press curl at 90°
Seated hamstring isometric Seated hamstring isometric
curl at 60° curl at 60°
Isometric long lever Seated leg isometric Isometric long lever
glute bridge leg extensions glute bridge

Horizontal single leg press
Seated leg isometric
leg extensions

Standing calf raise Horizontal single leg press
Seated leg isometric

Bent knee calf raise .
leg extensions

Standing calf raise Latera}l .Walk with Standing calf raise
mini band
Bent knee calf raise Adductor plank Bent knee calf raise
Lateral walk with Single leg balance exercise Lateral walk with
mini band with eyes closed mini band
Adductor plank Adductor plank

Single leg balance exercise
with eyes closed

Single leg balance exercise
with eyes closed

After 10’ of bike as warm-up, the intervention was structured in two primary phases:
initially, OKC exercises were performed, followed by closed kinetic chain (CKC) exercises.

The first exercise was an isometric seated single leg curl on a leg curl machine at 90°,
the second was an isometric seated leg curl on a leg curl machine at 60°, and the third was
long lever glute bridges (patients lie supine with the knee flexed at 30°, foot in contact
with the ground, and arms on the chest. For the seated leg curl machine, the range of
motion (ROM) was standardized using the built-in lateral adjustment device, which allows
the movement to be fixed at predefined joint angles (Seated Leg Curl R.O.M. machine,
Technogym®, Cesena, Italy); for the glute bridge, we standardized the knee joint angle
using a goniometer to ensure consistent ROM across participants. These exercises were
completed at the beginning of each rehabilitation session.

Following the two hamstring primary exercises, participants completed a standardized
protocol consisting of the following;:

e Two quadriceps-focused exercises (leg extension and leg press),

e  Two calf exercises (bent-knee and straight-knee calf raises),

e  Two core stabilization exercises (plank and side plank),

e  Two hip-focused exercises targeting the adductors and abductors (Copenhagen plank
and lateral walk with a mini-band positioned at the ankles),

e  One single leg balance exercise with eye closed.

From postoperative week 3 to week 6, every patient entered a three-week strengthen-
ing program consisting of three supervised sessions per week (nine sessions in total). All
work was overseen and logged—sets x repetitions x external load or time-under-tension
(TUT), plus any symptoms (including pain and/or burning sensation in harvest site or
cramping in the posterior/medial side of the thigh), by the same physiotherapist, who has
more than ten years” experience in ACLR rehabilitation.

Each session began with quadriceps-dominant and multi-joint lower-limb exercises
(e.g., leg extension, leg press). These drills followed a linear periodization scheme [42]:
the earliest sessions used high repetitions with low external resistance, and subsequent
sessions progressively reduced the repetition count while increasing the load, but only
when the patient maintained full movement control throughout the range of motion.
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Hamstring strengthening was scheduled twice per week. During those two sessions,
patients performed three unilateral exercises: (i) an isometric leg curl hold at 90° of knee
flexion, (ii) an isometric leg curl hold at 60° of knee flexion, and (iii) a long lever glute
bridge. The initial prescription for each hamstring drill was five sets of forty-five-second
holds, with thirty seconds of rest between sets; the injured limb was always trained first,
followed by the uninjured side to avoid contralateral detraining. Starting loads were chosen
to provoke neither pain with an NPRS less than 3 out 10 nor compensatory patterns like
anterior pelvic tilt or feeling fatigue from the calf muscle. Quality was deemed acceptable
when no anterior pelvic tilt (no lumbar lift-off from the backrest) appeared during the
leg-curl holds and when the hip height remained stable during the glute bridge, with no
height drop from the position reached at the beginning of the set. Whenever all sets met
these criteria, with a numeric rating pain scale < 3, the next session’s external load was
increased by ten per cent, and the TUT for each set was shortened by five seconds [43]. If a
patient could not yet stabilize a single-leg glute bridge for the full TUT, the exercise began
in the double-leg position and progressed to unilateral execution once a forty-five-second
hold was achieved without loss of hip height.

The third weekly session omitted hamstring exercises but retained the same quadriceps
and multi-joint progression, ensuring adequate recovery for the flexor muscles while
maintaining overall lower-limb loading throughout the three-week block.

After 6 weeks, patients started a progressive isotonic slow resistance training with
0-90° range of motion in seated leg curl and full hip range of motion with knees at 30° of
flexion on single leg long lever glutes bridge (Table 2).

Table 2. Structure of the rehabilitation program weeks 6-12.

Day 1 Day 2 Day 3
10’ bike 10’ bike 10’ bike
Seated isotonic leg curl Horizontal single leg press Seated isotonic leg curl
Isotonic long lever Seated leg isometric Isotonic long lever
glute bridge leg extensions glute bridge
Horizontal single leg press Standing calf raise Horizontal single leg press
Seated leg isometric B . Seated leg isometric
. ent knee calf raise .
leg extensions leg extensions
Standing calf raise Latera}l .Walk with Standing calf raise
mini band
Bent knee calf raise Adductor plank Bent knee calf raise
Lateral walk with Single leg balance exercise Lateral walk with
mini band with eyes closed mini band
Adductor plank Adductor plank
Single leg balance exercise Single leg balance exercise
with eyes closed with eyes closed

For the isotonic seated leg curl and long lever glutes bridge, the strength progression
was based on a linear periodization.

The initial load was 4 sets of 15 repetitions (with 2 repetitions in reverse) at a slow
controlled tempo, and progression of the load was increased by 5-10%, depending on
the pain tolerance (maximum NPRS score less than 3 out 10). With each load increase,
repetitions were decreased by two (i.e., 15 — 12 — 10 — 8 — 6), while maintaining 4 sets
and a 2 min rest between them. Once the patient reached 6 repetitions per set, the volume
(sets and reps) was held constant, and only the external load was progressively increased.
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2.3. Outcome Measures

The primary outcome is the safety and tolerability of the early introduction of OKC
exercises. For each physiotherapy session, we searched the notes for three predefined
“safety flags” recorded during the workout or within the following 24 h:

1. Painrated >4/10 on the NPRS.

2. Hematoma in the posterior thigh or at the graft-harvest site, described on inspection
or palpation and, when necessary, confirmed by musculoskeletal ultrasound.

3. Clinical signs of hamstring-muscle strain, identified by acute localized pain in the
posterior thigh or tendon, pain exacerbated by stretching or palpation, and, when
suspected, confirmed by magnetic-resonance imaging [44].

Whenever one or more of these events appeared in the chart, the treating therapist
halted the OCK component of the program. OKC work was restarted only after the patient
was completely pain-free and never earlier than postoperative week 8, in line with our
physiotherapy center guidelines.

The secondary outcome was the recovery of the hamstring muscle strength and
endurance. Hamstring strength values recorded at postoperative week 3 served as the
baseline, while measurements at weeks 6 and 12 were used to evaluate the progression of
muscle strength over time. Before the test, patients underwent a standardized warm-up
regimen, which consisted of 10 min on a stationary bike, followed by ten submaximal
repetitions at 50% and 75%, and then one to two repetitions at 90% of their maximum
voluntary contraction in the testing device [45,46].

At 6 weeks, the isometric strength of the hamstring muscles was tested at 90° and
60° of knee flexion using a fixed dynamometer with 1000 Hz frequency (K-push, Kinvent,
France). The dynamometer force arm was calibrated according to the manufacturer’s
guidelines before each testing session. The non-testing thigh was secured to the test bench
with a strap at its mid-thigh level.

The force arm of the dynamometer was secured 2 cm proximal to the lateral malleolus
to ensure a consistent lever arm across all participants. We calculated the lever arm for
each participant by measuring the distance in meters between the lateral femoral condyle
and the point where the dynamometer was placed on the lower leg, which was 2 cm
proximal to the lateral malleolus. Patients were asked to push as hard and fast as they
could for 5 s trying to avoid countermovement prior the start. In order to have a more
detailed picture of the recovery, we also calculated the hamstring-to-quadriceps strength
ratio. Quadriceps strength was assessed in a sitting position with the knee at 60° of flexion,
in order to avoid stress on the graft [47]. The isometric test consisted of three 3 s maximal
voluntary contractions with a 30 s rest interval [44,48]. The average of the three trials was
calculated and used to compute the LSI.

We calculated the torque as the force, expressed in Newton normalized to the body
weight, expressed in kilograms (N/kg) [49].

The endurance was tested through the glute bridge endurance test [31]: patients
performed as many single-leg repetitions as possible in a supine position with the hip
flexed at 45° and the knee at 90°, maintaining dorsiflexion [31]. Before starting the test,
a target height was determined based on the patient’s maximal hip extension during a
preliminary trial. The test was performed to the rhythm of 60 beats per minute. The test
was stopped when the patient could no longer reach the target height or failed to maintain
the rhythm. This test was chosen to assess both maximal and endurance strength of the
posterior chain at the 6-week timepoint.

At the 12-week follow-up, all the same isometric strength tests were repeated, with the
exception of the glute bridge endurance test, which was replaced by a 90°-90° isometric
hamstring test (with both the hip and knee flexed at 90°) [44,48]. For both strength assess-
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ments test, the uninjured limb was tested first. Each isometric test consisted of three 3 s
maximal voluntary contractions with a 30 s rest interval [44,48]. The average of the three
trials was calculated and used to compute the LSL

The LSI was computed through the following formula:

LSI = (Injured limb strength/Healthy limb strength) x 100. 1)

2.4. Statistical Analysis

All statistical analyses were conducted using JASP (Version 0.95.1; JASP Team, Ams-
terdam, The Netherlands). A descriptive analysis was performed for anthropometric and
clinical characteristics. Normality tests were conducted for all variables with Shapiro-Wilk
test and inspection of Q-Q plots. Given the small sample size (n = 13) and the limited
power of normality testing, non-parametric methods were adopted regardless of the distri-
butional results. When reported, safety outcomes (pain > 4/10, hematoma, clinical signs of
strain) were summarized as counts and percentages. Continuous variables were reported
as the median and interquartile range (IQR). A comparison analysis of differences in the
hamstring isometric strength (60° and 90° knee flexion), quadriceps strength, hamstring-
to-quadriceps ratio, and limb symmetry index (LSI) between week 6 and week 12 was
performed using the Wilcoxon signed-rank test. The glute bridge endurance test was only
descriptively reported (median [IQR]), as it was only performed at week 6. Effect sizes for
paired non-parametric tests were expressed as the rank-biserial correlation (r), with 95%
confidence intervals (CI). All statistical tests were two-tailed, with the significance level set
at « = 0.05. No adjustment for multiple comparisons was applied, given the exploratory
nature of the study. No a priori sample size calculation was performed; therefore, the
analyses are underpowered, and the potential for type II error must be acknowledged
when interpreting non-significant findings.

3. Results
3.1. Safety

All 13 participants (descriptive characteristics in Table 3) completed the rehabilitation
protocol without interruption.

Table 3. Demographic data.

.. ACL Patients
Characteristics (n = 13)
Age! 27 (25-30)
Gender
Male, n (%) 9 (69.2)
Female, n (%) 4 (30.8)
Weight (Kg) ! 71 (68-79)
Height (cm) ! 178 (172-183)
Graft type
RHT/G, n (%) 6
LHT/G, n (%) 7
Time from surgery (weeks) 21 (19-22)

! Data are reported as median (IQR). Yr = years; HT = hamstring tendons, Kg = kilograms.

Pain diaries documented consistently low discomfort levels throughout the 18 su-
pervised sessions (234 observations in total). The median pain intensity recorded across
all sessions was 2.5 (range 1.2—4.4). Inter-session values showed no clinically relevant
differences, with most ratings remaining stably below the threshold of 4. Across the
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234 monitored sessions, only one patient (7.7%) reported pain exceeding the clinical thresh-
old (NPRS 4.4 at session 12). This was an isolated episode and did not require protocol
interruption. No posterior thigh hematomas, graft site complications, or clinical signs
of hamstring strain were observed. The distribution of pain scores across sessions and
patients is illustrated in Figure 2.

5 4

—o— Median

= =Treshold NPRS =4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Physiotherapy session

Figure 2. Individual pain trajectories (NPRS) recorded across the 18 supervised rehabilitation sessions.
Thin grey lines represent single-patient values, while the blue line depicts the session-by-session
median with interquartile range error bars. The dashed red line indicates the clinical threshold of
4 points.

3.2. Strength Recovery

At 6 weeks, the isometric knee flexion strength of the operated limb was 0.25 N/kg
(range 0.14-0.36) at 60° and 0.19 N/kg (range 0.04-0.27) at 90°. At 12 weeks, the strength
increased to 0.28 N/kg (range 0.12-0.42) at 60° and 0.26 N/kg (range 0.10-0.34) at 90°.
Paired comparisons between 6 and 12 weeks showed a significant improvement in isometric
strength at both 60° (Z = —2.40, p = 0.018) and 90° (Z = —3.04, p = 0.003). The effect size,
expressed as rank-biserial correlation suggested a large improvement both at 60° (r = —0.82,
95% CI —0.95 to —0.45) and 90° (r = —0.96, 95% CI —0.99 to —0.86). These results are
illustrated in Figure 3.

The median LSI for isometric knee flexion tested at 60° was 70.4% (IQR: 42.9-93.4%)
at 6 weeks, increasing to 82.4% (IQR: 54.2-96.3%) at 12 weeks. This difference was not
statistically significant (p = 0.108). The effect size, expressed as the rank-biserial correlation,
suggested a moderate improvement (r = —0.52, 95% CI: —0.83 to 0.05). The median LSI for
isometric knee flexion tested at 90° was 65% (IQR: 36.4-29.2%) at 6 weeks, increasing to
82.7% (IQR: 67.9-126%) at 12 weeks. The Wilcoxon signed-rank test revealed a significant
improvement in the LSI at 90° from 6 to 12 weeks (p = 0.006), with a large effect size
(r = —0.82, 95% CI —0.95 to —0.50). Detailed descriptive and inferential statistics are
reported in Table 4 and illustrated in Figure 3.
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Figure 3. Distribution of quadriceps isometric strength measured at 90° (blue box plots) and 60°
(orange box plots) of knee flexion in the ACLR limb at 6 and 12 weeks postoperatively. Box plots
display the median, interquartile range, and individual data points; connecting lines represent
individual trajectories between timepoints. An overall improvement in strength is observed in the
operated limb, particularly at 90°, with inter-individual variability. The strength asymmetry between
limbs appears to decrease over time. (a) show improvement in strength, (b) improvement in the limb
symmetry index (LSI).
Table 4. Limb symmetry index at 6 and 12 weeks post-ACLR. Hamstring strength tests performed in
a seated position at 60° and 90° of knee flexion.
Isometric Hamstring LSI at 6 Weeks LSI at 12 Weeks 95%
Muscle Test Median [IQR] Median [IQR] ALSI z p-Value ! Confidence
Interval
Knee flexion = 60° 70.4% [42.9-93.4]  82.4% [54.2-96.3] +9.5% —1.64 0.108 —0.52 —0.83t00.05
Knee flexion = 90° 65% [36.4-89.2] 82.7% [67.9-126] +19.5% —2.62 0.006 —0.82 78’09250

Note: IQR = interquartile range; A LSI = change in limb symmetry index between 6 and 12 weeks. Wilcoxon
signed-rank test was used. r = effect size calculated using rank-biserial correlation.

At 6 weeks, participants performed a median of 25 (IQR: 14-57) repetitions with the
uninjured limb and 25 (IQR: 12-55) with the injured limb. The difference was statistically
significant (Z = —2.43, p = 0.016), with a large effect size (r = —0.80, 95% CI —0.94 to —0.42).
The corresponding LSI was 95.45%.

4. Discussion

The aims of this study were to evaluate the hamstring strength recovery and the safety
of introducing both OKC and CKC hamstring exercises as early as three weeks after ACLR
using a hamstring graft. The findings indicate that early implementation of these exercises
appears to be safe and may promote improvements in hamstring strength and endurance,
but these results should be interpreted with caution given the sample size and study design.

A previous study initiated hamstring-loading protocols at four weeks following ACLR
with hamstring tendon autografts and documented progressive improvements in hamstring
strength at 8 and 12 weeks, with an LSI of 69% and 75% at 60° of knee flexion, respectively;
however, no significant gains were noted at 90° [47]. Greater deficits in knee flexion
strength have been reported at deeper flexion angles (>70°), particularly in patients who
underwent harvest of both semitendinosus and gracilis tendons, with residual weakness
ranging from 3% to 27% even at 32 months after ACL [50]. Persistent weakness has also
been observed at 18 months after ACLR, with LSIs as low as 60% at 90° and 70% at 70°
of knee flexion in a prone position in the semitendinosus-gracilis group [51]. Moreover,
one study documented reduced active knee flexion range of motion one year after surgery,
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suggesting ongoing deficits in muscular function and neuromuscular control [52]. Our
results support the hypothesis that early introduction of both OKC and CKC hamstring
exercises may counteract such long-term deficits [53]. No adverse events occurred during
the intervention period. Patients reported only mild discomfort (median NPRS: 2.5) during
or following training sessions, and no cases of hematoma, donor site complications, or
hamstring strain were observed. These findings challenge the traditionally conservative
approach of delaying OKC hamstring exercises after ACLR, a strategy primarily based on
theoretical concerns rather than empirical evidence. Instead, our data suggest that earlier
loading may be both safe and beneficial for optimizing the early recovery of hamstring
strength and endurance.

4.1. Clinical Implications

The preliminary findings of this retrospective study suggest that early voluntary
isometric and isotonic exercises, introduced at three weeks after ACLR in patients with
isolated reconstructions and no meniscal repair, may be feasible and safe. While such
early loading could potentially help counteract neural inhibition and support recovery of
functional strength [54-56], these observations are based on a small sample and should
be interpreted with caution. We cannot state whether natural healing, general exercise, or
familiarizations could be plausible alternative explanations. Larger controlled studies are
required before drawing firm conclusions about clinical implications [57].

4.2. Limitations

This study has several methodological and analytical limitations that must be ac-
knowledged. First, given the small sample size, the study had limited statistical power.
As such, non-significant findings cannot be interpreted as evidence of no effect, but rather
as inconclusive results that require confirmation in larger cohorts. Second, the testing
procedures were not fully consistent across time points, as different strength assessments
were used, potentially affecting the comparability of the results over time. We decided to
address endurance strength only at 6 weeks, because it is not considered a clinical milestone
for 12 weeks assessment; so, we do not know whether the result achieved is consistent
over time. Third, the chosen effect size metric may not have been the most appropriate
for the type of data analyzed, which could lead to an over- or underestimation of the true
magnitude of change. Fourth, some outcome measures were either insufficiently described
or lacked clear operational definitions, reducing the transparency and reproducibility. In
addition, safety outcomes were reported narratively rather than through systematic collec-
tion and quantification of adverse events, which limits the robustness of our safety claims.
It is important to note that the small sample size and the narrative nature of the safety
data collection limit the robustness of these findings. While the completion of 234 sessions
with only one pain episode is a reassuring preliminary signal, this study is not powered
to detect rare or uncommon adverse events; furthermore, because pain is subjective, and
the source data were routine clinical records, outcome misclassification is possible. Rare
adverse events cannot be excluded in a cohort of this size. Therefore, our safety claims
should be interpreted as hypothesis-generating, with a need for larger prospective studies
to systematically quantify and confirm the safety profile of this intervention. We also cannot
address the effect on graft laxity due to the absence of the laxity test, but this was not an
objective of the study. Another important limitation concerns the reliance on the LSI as the
primary marker of recovery: while useful, LSI does not capture absolute strength values
and may therefore introduce bias, especially if the contralateral limb is also affected by
deconditioning. Moreover, the retrospective design without a control group, the small
sample size (n = 13), single surgical team, single rehabilitation center, and standardized
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treatment by the same therapist limit the internal validity. Selection and reporting biases
are possible, and causal inference is not warranted. The external validity is restricted to
young physically active adults (18-35 years) who underwent primary ACLR with ham-
string autografts without meniscal repair. Finally, the absence of a control group prevents
any causal inferences regarding the superiority of early hamstring loading over standard
rehabilitation protocols and limits the generalizability of the findings. Collectively, these
limitations highlight the preliminary nature of our results and underscore the need for
future prospective randomized controlled trials with larger sample sizes, standardized
outcome measures, systematic safety reporting, and long-term follow-up to confirm and
expand upon these observations.

4.3. Future Directions

Future studies should build on the present findings by prospectively testing whether
the early introduction of voluntary isometric and isotonic hamstring exercises at three
weeks post-ACLR leads to superior recovery of hamstring strength compared with stan-
dard protocols. Randomized controlled trials with adequately powered sample sizes are
warranted to evaluate not only the LSI but also the absolute strength values, functional
performance measures, and long-term return-to-sport and re-injury outcomes. Method-
ological refinements should include the use of consistent strength assessments across time
points, systematic collection of adverse events to better characterize safety, and appropriate
effect size metrics to capture the magnitude of change. Additionally, future research should
explore whether the timing and intensity of early strengthening differentially affect patients
with various graft types or concomitant procedures and whether targeted interventions
can mitigate the atherogenic muscle inhibition observed in this population.

5. Conclusions

Introducing open-kinetic-chain hamstring strengthening from week 3 post-ACLR with
a hamstring autograft appeared feasible and was associated with short-term improvements
in inter-limb strength symmetry and endurance. No adverse events were observed, and
meaningful improvements in inter-limb strength symmetry and endurance were obtained.
These findings challenge the traditionally conservative approach and provide a rationale
for reconsidering early hamstring loading in postoperative rehabilitation protocols. These
preliminary observations should be interpreted with caution and require confirmation in
adequately powered randomized controlled trials with standardized safety monitoring
and longer follow-up.
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Abstract

This narrative review synthesizes PubMed- and Scopus-indexed studies from 2020 to
2025, including preclinical animal models, prospective cohort studies, and level I and II
randomized trials, to compare two leading biologic augmentation strategies: platelet-rich
plasma (PRP) and bone marrow aspirate concentrate (BMAC). The review examines under-
lying mechanisms of action, delivery techniques, imaging biomarkers of graft maturation,
patient-reported and functional outcomes, safety profiles, cost-effectiveness, and regulatory
frameworks. PRP provides early anti-inflammatory and proangiogenic signaling, while
BMAC delivers a concentrated population of mesenchymal stem cells and growth factors
to the tendon-bone interface. Both modalities consistently enhance MRI-defined graft
maturation, yet evidence of long-term functional or biomechanical superiority remains in-
conclusive. Emerging therapies such as peptide hydrogels, adipose-derived stem cells, and
exosome delivery offer promising avenues for future research. Standardized protocols and
large multicenter trials are needed to clarify comparative efficacy and inform personalized
rehabilitation strategies.

Keywords: anterior cruciate ligament reconstruction; platelet-rich plasma; platelet-rich fibrin;
bone marrow aspirate concentrate; biologic augmentation; regenerative sports medicine

1. Introduction
Introduction and Background

Anterior cruciate ligament (ACL) injuries represent a major orthopedic and public
health challenge, particularly among athletes. Annually, over 200,000 ACL injuries are
diagnosed in the United States, resulting in a significant number of surgical reconstructions,
many of which occur in individuals aged 15 to 35 [1,2]. The ramifications of these injuries
extend beyond mechanical instability, often affecting athletic careers, daily mobility, and
long-term joint health. Anterior cruciate ligament injury is also a known risk factor for
post-traumatic osteoarthritis, especially when combined with meniscal or cartilage dam-
age [3]. Thus, successful ACL reconstruction is essential for restoring joint kinematics and
preventing degenerative changes.

Over the past two decades, surgical advancements such as anatomical tunnel place-
ment using anteromedial and all-inside approaches, improved graft fixation technologies
including cortical suspensory systems and interference screws, and the adoption of min-
imally invasive arthroscopic techniques have substantially enhanced the precision and
reproducibility of ACL reconstruction [4]. However, achieving consistent biological inte-
gration of the graft remains a clinical challenge [2]. Issues at the tendon-to-bone interface,
including inadequate fibrocartilage formation, excessive inflammation, and graft motion,
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continue to hinder the formation of a robust, native-like enthesis [5]. The restoration of the
native enthesis, or tendon-to-bone interface, is vital for long-term graft survival. Healing at
this interface is slow and often incomplete, limiting early functional recovery and increasing
re-rupture rates in young, active populations.

The biologic remodeling of the tendon graft after ACL reconstruction proceeds through
distinct stages, initial necrosis and inflammation, followed by vascular invasion, cellular
repopulation, and extracellular matrix reorganization, culminating in graft maturation or
ligamentization. Despite this orchestrated sequence, the process often remains incomplete,
and the healed graft rarely matches the structural and mechanical profile of the native
ACL [5-7]. Factors such as patient age, comorbidities, smoking status, and timing of surgery
can further complicate biologic healing. Therefore, strategies that accelerate and improve
graft incorporation have become a focus of modern regenerative and orthopedic medicine.

Biologic augmentation aims to enhance the local healing environment using autolo-
gous or engineered biologics to support graft integration. Platelet-rich plasma (PRP) and
bone marrow aspirate concentrate (BMAC) are among the most studied in this field [8].
Platelet-rich plasma offers a concentrated source of growth factors, including vascular
endothelial growth factor (VEGF) and transforming growth factor beta 1 (TGF-{31), that
stimulate angiogenesis and tissue repair [9]. Bone marrow aspirate concentrate provides
a heterogeneous mix of cells, including mesenchymal stem cells (MSCs), capable of dif-
ferentiating into ligamentous tissue and modulating inflammation. Emerging preclinical
evidence suggests that these biologics may reduce tunnel widening, promote fibrocartilage
formation, and increase mechanical strength at the graft interface [10].

Foundational reviews have consolidated the mechanistic rationale for biologic thera-
pies. Andriolo et al. (2020) and Dulic et al. (2025) underscored the potential for PRP and
MSC:s to influence healing outcomes, while Rodriguez-Merchén (2021) critically evaluated
clinical evidence and called for standardized methodologies [11-13]. In parallel, novel
delivery platforms, including bioresorbable scaffolds, growth factor-binding peptides, and
hydrogel matrices, have been developed to prolong the residence time of biologics and
optimize their spatial distribution at the tendon-bone junction.

Recent interest has also turned to combining biologics with rehabilitation protocols
to synchronize mechanical loading with peak biologic activity. For example, early neu-
romuscular stimulation may enhance cell migration and improve matrix alignment in
biologically augmented grafts. Imaging tools such as quantitative MRI and ultrasound
elastography are also being explored to monitor biologic activity and guide return-to-sport
decisions. Collectively, these approaches reflect a shift toward personalized ACL recon-
struction that integrates surgical, biologic, and rehabilitative strategies. Therefore, the
aim of this review is to synthesize current evidence on biologic augmentation strategies
for ACL reconstruction, with a specific focus on their role in enhancing graft healing and
integration at the critical tendon-bone interface. It will evaluate the mechanistic rationale,
preclinical findings, and clinical outcomes of prominent biologics such as PRP and BMAC.
Furthermore, this review will explore emerging trends, including novel delivery systems
and the integration of biologic therapies with personalized rehabilitation protocols, to
provide a comprehensive overview of the present and future of biologics in optimizing
ACL reconstruction outcomes.

2. Methods

This review synthesizes data from 2020 to 2025 drawn from studies indexed in PubMed
and Scopus, including preclinical animal models, prospective cohort studies, and random-
ized controlled trials at levels I and II, to compare platelet-rich plasma (PRP) and bone
marrow aspirate concentrate (BMAC) in ACL reconstruction. A search of both databases

57



J. Clin. Med. 2025, 14, 6959

identified records from January 2020 through July 2025; titles and abstracts were screened,
and full texts were reviewed by the author. The exact combinations used were (anterior cru-
ciate ligament OR ACL) AND (reconstruct* OR repair*) AND (platelet-rich plasma OR PRP
OR platelet-rich fibrin OR PRF); (anterior cruciate ligament OR ACL) AND (reconstruct®
OR repair*) AND (bone marrow aspirate concentrate OR BMAC OR bone marrow aspirate);
(anterior cruciate ligament OR ACL) AND (reconstruct* OR repair*) AND (mesenchymal
stem cell* OR mesenchymal stromal cell* OR MSC); and (anterior cruciate ligament OR
ACL) AND (reconstruct* OR repair*) AND (biologic augmentation OR biological augmen-
tation). The review explicitly lists preclinical studies, randomized trials, prospective and
retrospective cohorts, meta-analyses, and prior reviews, with priority given to level I and
II clinical evidence where available. It then focuses on mechanisms of action, delivery
strategies, clinical outcomes, imaging markers, and synchronization with rehabilitation
protocols, and evaluates safety, cost-effectiveness, and regulatory considerations while
highlighting key gaps and future directions in regenerative sports medicine.

3. Discussion
3.1. Biologic Mechanisms of PRP and BMAC

Platelet-rich plasma (PRP) and its scaffold-forming derivative platelet-rich fibrin (PRF)
are prepared from autologous whole blood using centrifugation protocols that isolate the
platelet-rich component [14]. These platelets harbor a reservoir of bioactive molecules,
including platelet-derived growth factor (PDGF), TGF-f3, VEGEF, insulin-like growth factor 1
(IGF-1), epidermal growth factor (EGF), and fibroblast growth factor (FGF), each of which
plays a role in modulating inflammation, angiogenesis, and extracellular matrix (ECM)
synthesis [15]. Upon activation, either through calcium chloride or mechanical stress, these
platelets release their growth factors, initiating a cascade that promotes cellular chemotaxis
and matrix deposition.

In ACL reconstruction, PRP can be applied by soaking grafts, injecting into bone
tunnels, or layering around the graft-tunnel interface [16]. Platelet-rich fibrin forms a
three-dimensional fibrin network that functions as a slow-release system, prolonging
growth factor bioavailability and acting as a scaffold for progenitor cells [17]. The result-
ing biologic environment is enriched for regenerative signaling, though the magnitude
and duration of these effects depend heavily on PRP formulation, particularly whether
leukocytes are included. Leukocyte-rich PRP contains higher levels of white blood cells
and pro-inflammatory cytokines, while leukocyte-poor PRP has minimal leukocyte con-
tent and promotes anti-inflammatory and anabolic responses. Other critical variables
include platelet concentration and timing of delivery. Numerous analyses since 2020 have
demonstrated that leukocyte-poor PRP yields less inflammation, reduces catabolic cytokine
release, and better supports tissue healing than leukocyte-rich PRP [18].

Preclinical animal models support these findings. In rabbit ACL reconstruction models,
PRP and PRF-treated grafts exhibited higher vascular density and collagen fiber organization at
postoperative follow-up [19,20]. Canine studies have shown improved pull-out strength and
histologic evidence of early fibrocartilage formation in PRP-augmented tunnels [21]. However,
some studies have reported minimal differences in mechanical properties at longer follow-ups,
highlighting the need for sustained biologic stimuli or combination therapies [22].

Bone marrow aspirate concentrate (BMAC) contains MSCs, endothelial progenitor
cells, mononuclear cells, and a broad spectrum of cytokines [23]. Unlike PRP, BMAC
provides both a cellular and humoral component, potentially offering a more sustained
regenerative effect [10]. MSCs contribute to healing by differentiating into ligamentous
fibroblasts and by secreting exosomes and paracrine factors that reduce inflammation
and encourage ECM remodeling. Several mechanistic pathways have been proposed
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to explain BMAC's effects [23]. Stromal cell-derived factor 1 (SDF-1), secreted by local
tissues, may attract circulating MSCs to the graft site, where they participate in tissue
remodeling. Growth factors like basic fibroblast growth factor (bFGF) and hepatocyte
growth factor (HGF) enhance angiogenesis and promote fibroblast proliferation. In vivo,
BMAC-treated ACL grafts demonstrate increased mineralized tissue at the bone—tendon
junction, reduced tunnel widening, and improved biomechanical properties. Optimization
of BMAC preparation is critical. Studies have shown that factors such as volume of aspirate,
centrifugation speed, and anticoagulant use influence cell viability and growth factor
concentration. Moreover, combining BMAC with bioresorbable scaffolds or hydrogels has
been shown to improve cell retention and distribution, enhancing its efficacy [23]. Newer
approaches involve pre-conditioning BMAC with hypoxic environments or mechanical
stimulation to prime cells before implantation.

3.2. Clinical Applications & Delivery Techniques

Clinically, PRP and PRF are widely utilized during ACL reconstruction for their re-
generative potential [24]. Platelet-rich plasma is typically administered intraoperatively by
soaking graft materials or injecting directly into femoral and tibial bone tunnels, with the
aim of enhancing the biologic environment and supporting early-phase healing. Platelet-
rich fibrin, by contrast, is prepared as a gel or membrane that can be applied around
grafts or within tunnels, offering a dual role as both a biologic reservoir and a structural
scaffold [25]. A randomized study by Anz et al. (2025) showed preoperative PRP injec-
tions in patients with acute ACL tears significantly reduced synovial inflammation and
chondrodegenerative biomarkers, suggesting a protective intra-articular effect prior to re-
construction [9]. Postoperatively, adjunctive intra-articular injections of PRP are sometimes
used at regular one-month intervals to sustain the healing cascade, particularly in the early
phases of ligamentization [22,24]. Such practices are more common in high-performance
athletes or in patients with slower initial recovery [14].

The methods used to prepare PRP and PREF, such as the choice of centrifugation speed,
platelet concentration targets, and inclusion or exclusion of leukocytes, significantly impact
the final product’s composition and bioactivity [25]. Leukocyte-rich PRP may provoke a
stronger inflammatory response, which could be beneficial or detrimental depending on
timing and delivery site. Double-spin centrifugation typically produces higher concentra-
tions of platelets but may reduce growth factor diversity (Table 1). Platelet-rich fibrin, with
its fibrin mesh, offers slow-release kinetics and provides a more durable carrier for cellular
and molecular components [17,25].

Table 1. A summary comparing the composition, mechanism of action, key benefits, and inherent
limitations of PRP and BMAC to inform decision-making.

Biological Augmentation

Platelet-Rich Plasma (PRP)

Bone Marrow Aspirate Concentrate
(BMACQO)

Core Composition

Concentrate of autologous platelets,
growth factors, and fibrinogen.

Heterogeneous concentrate of
autologous cells including mesenchymal
stem cells (MSCs), hematopoietic stem
cells, platelets, and growth factors.

Primary Mechanism of Action

Delivery of a supraphysiologic dose of
growth factors (e.g., VEGE, TGF-f3,
PDGF) to stimulate and accelerate native
healing processes like angiogenesis, cell
proliferation, and collagen synthesis.

Provides a cellular scaffold with
osteogenic and chondrogenic potential.
Stem cells can differentiate into target
tissues, modulate the immune response,
and secrete paracrine factors to
orchestrate regeneration.
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Table 1. Cont.

Biological Augmentation

Platelet-Rich Plasma (PRP)

Bone Marrow Aspirate Concentrate
(BMACQO)

Key Advantages

Minimally invasive harvest
(peripheral venipuncture).
Relatively low cost and quick
preparation.

Excellent safety profile with
minimal risk of immunogenic
reaction.

Wide availability and extensive
clinical experience.

Significant heterogeneity in
preparation systems (leukocyte-rich
vs. poor, single vs. double spin).

Contains progenitor cells with true
regenerative potential.

Higher concentration of MSCs and
other nucleated cells.

Potentially more potent effect on
bone tunnel healing and enthesis
formation.

May have a stronger
anti-inflammatory and
immunomodulatory effect.

Key Limitations/Challenges

Significant heterogeneity in
preparation systems (leukocyte-rich
vs. poor, single vs. double spin).
Growth factor concentration and
release kinetics are short-lived.
Limited evidence for structural
improvement in high-quality

Invasive and painful harvest from
the iliac crest.

Higher cost and more complex
preparation requiring specialized
kits.

Variable MSC yield depending on
patient age, comorbidities, and

human trials. technique.

Bone marrow aspirate concentrate (BMAC) is harvested intraoperatively, most often
from the posterior or anterior iliac crest, and concentrated using centrifugation to isolate a
nucleated cell-rich fraction. It is typically injected into the bone tunnels or applied directly
to graft surfaces before fixation. In some advanced protocols, BMAC is incorporated with
scaffolds such as collagen membranes or demineralized bone matrix to enhance retention
and prolong cellular viability. The delivery strategy of BMAC often depends on the
surgical technique and graft type. For example, in all-inside techniques using suspensory
fixation, BMAC may be injected retrograde into the tunnel following graft insertion. In
full tibial tunnel approaches, it can be combined with bone chips or soaked into the graft
construct prior to passage. Emerging technologies like intraosseous injection systems and
scaffold-assisted delivery platforms aim to improve spatial localization and integration
of biologics [26]. Moreover, in select cases of partial ACL tears or chronic laxity where
surgery is deferred, ultrasound-guided BMAC or PRP injections have been used as part
of non-operative biologic management strategies. Early reports suggest these approaches
may offer symptom relief and imaging-based evidence of healing, though randomized
controlled trials are needed to substantiate efficacy [27].

Standardization of biologic delivery remains a key challenge. Variability in concentra-
tion, preparation technique, timing of application, and host factors all influence treatment
response. Future directions may include point-of-care cell characterization, real-time bio-
logic activity assays, and integration with personalized rehabilitation timelines to tailor
delivery for maximal impact.

Taken together, PRP and BMAC represent complementary strategies for biologic
augmentation. PRP acts quickly, providing a burst of growth factors during the early
healing phase, while BMAC offers a more durable cellular response. PRP can transiently
increase PDGEF, TGF-3, VEGF, and downshift inflammatory markers [9]. Understanding
how these agents influence the molecular and mechanical milieu of ACL grafts will be
essential for developing next-generation biologic therapies, as depicted in Table 1. Further
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studies are needed to compare their efficacy directly, identify optimal dosing and delivery
schedules, and assess their synergy with evolving rehabilitation paradigms.

3.3. Clinical Evidence and Comparative Outcomes

A meta-analysis by Lv et al. (2021) of 17 randomized controlled trials including
970 ACL reconstruction patients found that PRP significantly reduced early postopera-
tive pain (mean VAS decrease of ~1.1 points) and improved short to mid-term IKDC and
Lysholm scores, though long-term functional significance remained limited [28]. These
findings highlight the potential value of PRP in facilitating early recovery and symptomatic
relief. However, these benefits were not sustained at 12 months, and PRP did not improve
tunnel widening or objective knee stability. Functional outcomes, such as return-to-sport
readiness and re-injury rates, showed no significant difference compared to control groups
in long-term follow-up. These results suggest that while PRP may support early-phase bio-
logical remodeling, its utility in driving long-term clinical success remains limited (Table 1).
Additionally, the heterogeneity in PRP formulations, preparation techniques, and applica-
tion timing further complicates the interpretation of existing data [29,30]. Compounding
this, Kasl et al. (2022) evaluated Vivostat™, a platelet-rich fibrin prepared intraoperatively
from autologous venous blood in a closed system (centrifugation and controlled polymer-
ization yielding a sprayable fibrin matrix) [31]. The PRF was applied to the graft and tunnel
apertures during ACLR. They found no significant differences in MRI ligamentization or
patient-reported outcomes at 6 and 12 months versus controls, and recommended larger
trials focused on the immediate postoperative window, where short-lived effects might
be detected. In contrast, Milovanovic et al. (2024) used the same Vivostat PRF technique
during bone patellar tendon-bone ACL reconstruction, with additional application to
the patellar and tibial donor sites [32]. They reported reduced kneeling pain and faster
narrowing of harvest site bone defects at 8 and 12 months, but no statistically significant
differences immediately after surgery or at 4 months. Together, these studies suggest any
PRF benefit may be time dependent and more evident in later structural remodeling than
in early postoperative imaging or symptoms.

Bone marrow aspirate concentrate (BMAC) has shown promise in enhancing biologi-
cal graft incorporation. Several small-scale trials and prospective studies have reported
improved MRI-based parameters, including lower signal intensity and increased synovial
coverage of the graft [33]. Enhanced bone tunnel integration and reduced tunnel widening
were also noted in patients receiving BMAC augmentation. One particular study by Jordan
et al. (2025) involving the application of BMAC with a collagen matrix in allograft ACL
reconstruction demonstrated appeared safe and yielded favorable clinical outcomes at
two-year follow-up [23]. Moreover, there is some emerging evidence that BMAC may influ-
ence the timeline for graft maturation, potentially enabling earlier initiation of dynamic
rehabilitation [33]. Nonetheless, the magnitude of clinical improvement remains modest,
and studies vary significantly in methodological quality.

Importantly, direct head-to-head comparisons between PRP and BMAC remain
rare [29]. Existing trials often differ in inclusion criteria, graft type, outcome measures, and
follow-up duration, making it difficult to draw definitive conclusions regarding superi-
ority. Only a few comparative analyses have attempted to evaluate PRP versus BMAC
within the same clinical protocol. These studies tend to suggest that BMAC may confer
greater benefits in terms of imaging and tunnel morphology, whereas PRP provides more
pronounced short-term symptomatic improvement [30]. There is currently insufficient
evidence to determine whether one biologic is clearly superior across all outcome domains.

Moving forward, more robust randomized controlled trials are needed to clarify the
comparative efficacy of these interventions. Ideally, future studies should employ standard-
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ized biologic preparation methods, consistent imaging modalities, and validated functional
scoring systems. In addition, the integration of biomechanical testing, molecular biomark-
ers, and long-term outcome tracking will be critical to fully elucidate the therapeutic value
of biologic augmentation in ACL reconstruction. Until such data are available, clinicians
must continue to individualize biologic strategies based on patient-specific factors, graft
selection, and surgical technique.

3.4. Safety, Cost, and Regulatory Issues

Platelet-rich plasma (PRP) enjoys a favorable safety profile and is generally well-
tolerated by patients (Table 1). Minor adverse effects reported include localized swelling,
mild discomfort at the injection site, or transient joint pain, all of which are typically
self-limiting [34]. Due to its autologous nature, the risk of immunogenic reactions or
transmission of infectious agents is negligible. The preparation and administration are
straightforward, often performed in an outpatient setting, making it a viable option across
a broad patient population [35]. Financially, PRP is relatively inexpensive, with single
treatments costing between $300 and $700 depending on preparation protocols and clinical
setting [30]. These costs are generally out-of-pocket expenses, as PRP is not consistently
covered by insurance.

Conversely, BMAC involves additional procedural complexity and cost (Table 1).
Harvesting BMAC requires an invasive aspiration procedure, most commonly from the
iliac crest, which can result in donor site pain, hematoma, or, in rare cases, infection [36].
The need for sterile technique, surgical expertise, and specialized equipment makes BMAC
significantly more expensive, ranging from $1500 to $2700 per treatment [36]. Despite these
challenges, BMAC offers a cellular component that may provide sustained regenerative
support, particularly in biologically compromised or revision ACL cases. While PRP and
intraoperative BMAC are typically regulated under the U.S. Food and Drug Administration
(FDA)’s 361 Human Cells, Tissues, and Cellular and Tissue-Based Products (HCT/P)
designation as minimally manipulated autologous biologics, expanded or engineered
MSCs fall under the stricter 351 pathway, which requires premarket approval through a
Biologics License Application (BLA) due to their classification as more than minimally
manipulated products [37].

A 2023 Markov decision analysis evaluated three strategies for isolated meniscal repair
biologically analogous to ACL reconstruction, namely PRP augmentation, marrow venting
procedure (MVP), and repair without biologic adjuncts. It found that both PRP and MVP
yielded more quality-adjusted life years (QALYs) compared to standard repair. However,
PRP came at a significantly higher cost, with an incremental cost-effectiveness ratio (ICER)
of $161,742 per QALY, far above the standard $50,000 willingness-to-pay threshold. In
contrast, the MVP approach produced similar QALY gains at a substantially lower cost,
making it the more economically viable option [38].

Beyond direct costs, indirect factors such as faster return to work or reduced need
for revision surgeries may further influence the economic appeal of biologic therapies.
However, the literature remains limited in long-term cost-benefit analyses, particularly for
BMAC [10]. Additionally, reimbursement policies vary widely, with most payers regarding
these interventions as experimental. As biologic augmentation grows more common, health
policies must adapt to address clinical evidence, real-world effectiveness, and equitable
access. Ultimately, economic feasibility will determine how widely these therapies are
adopted for routine ACLR.
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3.5. Practical Implications and Rehabilitation Integration

Biologic augmentation techniques hold the potential to significantly influence reha-
bilitation timelines by enhancing graft healing and maturation. Improved MRI-defined
graft signal intensity following biologic interventions, such as PRP or BMAC, has been
correlated with tissue revascularization, collagen remodeling, and more organized ligamen-
tization [39]. These biological improvements may enable clinicians to consider earlier initi-
ation of progressive loading, weight-bearing protocols, and neuromuscular re-education.
Such early mobilization strategies have been shown in general ACL rehabilitation literature
to promote proprioceptive recovery and improve long-term function. Beyzadeoglu et al.
(2020) conducted a cohort MRI study and found that applying PRF during ACL reconstruc-
tion was associated with improved graft maturation scores, suggesting a positive effect on
early healing [17]. However, evidence directly linking biologically enhanced MRI outcomes
to clinically validated return-to-sport (RTS) acceleration remains limited. Most studies
to date use surrogate endpoints, such as graft signal intensity or patient-reported knee
scores, rather than objective RTS metrics. Furthermore, differences in imaging protocols,
interpretation criteria, and biologic product standardization complicate attempts to define
universal RTS readiness thresholds based on imaging alone [39,40].

Despite these limitations, interest in biologic-enhanced rehabilitation continues to
grow, particularly among high-performance athletes and motivated patients. These individ-
uals are often eager to shorten recovery timeframes and reduce their risk of graft failure or
contralateral injury, both of which are elevated during the vulnerable post-reconstruction
period. Some centers have adopted integrated care models where MRI findings post-
biologic augmentation are discussed collaboratively between radiologists, surgeons, sports
physicians, and physical therapists to tailor rehabilitation progression [41]. Thus, a multi-
disciplinary team delivers care through a clinician-led, shared decision-making model. The
medical lead (surgeon or sports physician) oversees surgical readiness and safety, while
the rehabilitation lead (physical therapist) directs daily progress and testing. The extended
team may include athletic training, strength coaching, and specialist support. Governance
is clear: both leads must agree on advancement to high-level activities like running once
the criteria are met. The return-to-sport decision is a consensus.

The integration of biologics into ACL reconstruction and rehabilitation introduces
critical considerations around patient selection, response monitoring, and cost-benefit
balance. Studies like Spierings et al. (2025) have demonstrated significant individual
variability in graft-derived cytokine profiles, independent of age, suggesting the existence
of biologic ‘responders” who might benefit most from augmentation [42,43]. Similarly,
reviews have highlighted how excessive inflammation and uneven tendon-to-bone healing
can impair outcomes, reinforcing the rationale for stratifying patients based on inflam-
matory or regenerative markers to personalize therapy [5]. Additionally, as wearable
technologies and digital health platforms advance, it may become possible to correlate
biologic-enhanced healing markers with kinetic and kinematic movement patterns during
rehabilitation [44]. Ultimately, a successful biologic-enhanced rehabilitation model will
require multidisciplinary collaboration, real-time outcome feedback, and rigorous clinical
validation to transition from a conceptual promise to the standard of care.

4. Conclusions
Future Directions and Research Gaps

Recent preclinical investigations have revealed a wide array of innovative biologic
strategies aimed at improving tendon-to-bone healing in ACL reconstruction. Among
these, peptide-based approaches, gene therapies, and exosome-enriched biologics are
gaining traction due to their scalability and translational potential [8,45]. For example,
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in a murine ACL reconstruction model, a self-assembling KI24RGDS peptide hydrogel
significantly improved zonal tendon-to-bone attachment, fibrocartilage formation, and
early mechanical fixation strength [46]. This hydrogel mimics the extracellular matrix and
supports endogenous cell recruitment and matrix deposition. Preclinical studies suggest
that tissue-engineered ACL grafts enhanced with MSC affinity components can significantly
improve tendon-to-bone integration. Building on this concept, Tang et al. (2021) developed
a biomimetic biphasic electrospun scaffold in a rat ACL model, which supported MSC-
based fibroblast differentiation in vitro and promoted ligament regeneration and joint
stability in vivo, highlighting its potential to enhance tendon-to-bone healing [47]. Similarly,
nanofiber-reinforced 3D acellular tendon scaffolds incorporating MSC-binding peptide
motifs demonstrated enhanced tendon-bone attachment and structural regeneration in
large animal models, as shown by Yu et al. (2024) [48].

Along with these peptide-based advances, adipose-derived stem cells (ADSCs) have
also emerged as a compelling biologic adjunct for ACL repair [49,50]. In a rabbit ACL
reconstruction model, Matsumoto et al. (2021) demonstrated that ADSC sheet applica-
tion nearly doubled early graft failure load (~17 N — ~37 N at 2 weeks and ~29 N —
~47 N at 4 weeks), enhanced collagen fiber diameter and organization, and limited bone
tunnel widening, despite diminishing differences beyond 8 weeks, suggesting an early
mechanobiologic advantage of this technique [50]. However, these were animal models.
Future studies must evaluate safety, optimal dosing, delivery vehicles such as cell sheets,
extracellular vesicles, or scaffolds, and comparative efficacy versus existing biologics in
human trials [51].

Recent preclinical work has also evaluated a variety of cell-free peptide-based strate-
gies that offer innovative alternatives to conventional cell-based therapies. Additionally,
tissue-engineered grafts incorporating MSC-affinity peptides have shown improved in-
tegration and biomechanical performance in large animal studies. These developments
suggest that short, synthetic peptides could offer scalable, off-the-shelf biologic options
that eliminate the need for cell harvesting or specialized processing.

Beyond peptides, other innovative strategies under investigation include gene ther-
apy vectors, exosome-based therapies, and smart biomaterials that release growth factors
in a temporally controlled fashion. Gene editing tools, such as CRISPR-Cas9, are being
explored to locally upregulate anabolic signaling pathways, potentially enhancing liga-
ment regeneration at the molecular level [52]. Similarly, exosomes derived from MSCs
and other progenitor cells are under investigation for their ability to deliver signaling
molecules such as microRNAs, growth factors, and cytokines that enhance angiogenesis,
regulate macrophage polarization, and remodel extracellular matrix at the tendon-bone
interface [53]. Although these technologies remain largely experimental, they represent
potential directions for biologic augmentation in ACL repair.

The future of ACL biologic augmentation will also benefit from advances in biomateri-
als science. For example, biodegradable scaffolds loaded with peptide sequences or growth
factors are being designed to mimic the native enthesis and to guide zonal tissue regenera-
tion. Hybrid constructs combining multiple strategies such as scaffold + PRP + exosome
or scaffold + BMAC + peptide are also being tested to optimize the healing microenviron-
ment [8,26]. These combinatory approaches may hold the key to overcoming the limita-
tions of single-modality therapies. A randomized control, double blind study involving
PRP + BMAC in ACL reconstruction by Lin et al. (2024) showed improved tendon-femoral
bone interface and increased laxity compared to the control (nonaugmented) group [54].

Before these promising therapies can be widely adopted, key challenges must be
addressed. Their efficacy is so far limited to animal studies, and moving to human clinical
use means carefully assessing dosage, delivery techniques, and long-term biocompatibility.
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Ultimately, human trials for these peptide-based and hybrid solutions are needed to prove
their safety and effectiveness. Furthermore, large-scale trials that directly compare PRP and
BMAC using standardized methods are essential to determine which is more effective [22].

Moving forward, the integration of imaging biomarkers, functional outcome metrics,
and personalized rehabilitation protocols will be vital for tailoring biologic treatments to
individual patient profiles. Advances in MRI, such as UTE-T2* and T2* relaxation map-
ping and ultrasound elastography, now enable real-time, quantitative monitoring of graft
maturation and biomechanical properties, potentially transforming how we assess biologic
activity and guide safe return-to-sport timelines [55]. Combined with machine learning and
wearable sensor data, these tools could facilitate precision medicine approaches in sports
orthopedics [56]. Ultimately, the success of biologic ACL augmentation will depend on
multidisciplinary collaboration, rigorous trial design, and the development of standardized
clinical guidelines informed by both basic science and clinical evidence.
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ACL Anterior Cruciate Ligament

PRP Platelet-Rich Plasma

PRF Platelet-Rich Fibrin

BMAC Bone Marrow Aspirate Concentrate

MSC Mesenchymal Stem Cell

EVs Extracellular Vesicles

ADSCs Adipose-Derived Stem Cells

ADRCs Adipose-Derived Regenerative Cells

MRI Magnetic Resonance Imaging

us Ultrasound

UTE-T2* Ultrashort Echo Time T2-star (advanced MRI mapping sequence)

To T2-star relaxation time (MRI parameter sensitive to tissue microstructure and field
inhomogeneity)

CRISPR-Cas9 Clust.ered Regular.l}f Interspaced Short Palindromic Repeats/CRISPR-associated
protein 9 (gene editing tool)

RCT Randomized Controlled Trial

IKDC International Knee Documentation Committee score

KOOSs Knee Injury and Osteoarthritis Outcome Score

Lysholm Lysholm Knee Scoring Scale

PROs Patient Reported Outcomes

DBM Demineralized Bone Matrix

LP-PRP Leukocyte-Poor Platelet Rich Plasma

LR-PRP Leukocyte-Rich Platelet Rich Plasma

BLA Biologics License Application

FDA U.S. Food and Drug Administration

HCT/P Human Cells, Tissues, and Cellular and Tissue-Based Products

VEGF Vascular Endothelial Growth Factor

PDGF Platelet-Derived Growth Factor

TGF- Transforming Growth Factor Beta
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IL-1p3 Interleukin-1 Beta

TNF-o Tumor Necrosis Factor Alpha

MMPs Matrix Metalloproteinases

TIMP-1 Tissue Inhibitor of Metalloproteinase-1
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Abstract

Objectives: To explore sport physiotherapists’ perspectives and experiences on the manage-
ment of anterior cruciate ligament (ACL) injuries in Saudi Arabia and to understand the key
challenges that influence rehabilitation practice. Methods: A qualitative semi-structured
interviews were conducted with sport physiotherapists recruited from different regions
and clinical settings (Public, private and sport clubs) in Saudi Arabia. Eligibility criteria
included >2 years’ post-qualification experience in ACL injuries management. Interviews
were audio-recorded, transcribed verbatim, and analyzed using reflexive thematic analysis.
A total of twenty-six sport physiotherapists (18 males; mean age 31 years, range 26-39) par-
ticipated, including 13 working primarily as clinicians and 13 with combined clinical and
research roles. Results: Five themes were identified: (1) disruptions of ACL injury in daily
life and sport; (2) managing fear of re-injury and uncertainty in surgical vs. conservative
care; (3) guiding rehabilitation through challenges of workload, progression, adherence
and supportive tools; (4) variability in protocols, assessment tools, and available resources;
and (5) returning to sport is more than just passing a test. These themes demonstrate that
ACL injuries rehabilitation in Saudi Arabia is shaped by physical and psychological readi-
ness, cultural expectations, and disparities in resources. Conclusions: Physiotherapists
described ACL rehabilitation as a long-term process that needs an integration of physical,
psychological, and contextual factors. This study’s findings highlight the need for resource-
sensitive, standardized guidelines and the inclusion of psychological readiness assessments
within rehabilitation processes. This study provides context-specific evidence that can be
used to inform the development of culturally responsive, evidence-based approaches to
strengthen ACL rehabilitation in Saudi Arabia.

. Clin. Med. 2025, 14, 7301 https://doi.org/10.3390/jem14207301
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1. Introduction

Anterior cruciate ligament (ACL) injuries are among the most prevalent and debilitat-
ing musculoskeletal conditions in sport [1]. Globally, more than two million ACL injuries
occur annually, with incidence rate among athletes exceeding 350 per 100,000 person-years,
which is higher compared to the general population [2-5]. Athletes engaged in pivoting
and high-intensity sports are particularly vulnerable to ACL injuries, which may result in
long-term mechanical /health consequences such as knee instability, early knee osteoarthri-
tis onset, reduced sport performance, and/or psychological distress [6-8]. Rehabilitation
plays a critical role in ACL recovery; however, outcomes remain inconsistent, particularly
regarding return to sport success rates and long-term knee health [9,10].

In Saudi Arabia, ACL injuries have become a growing sport injury concern, especially
among soccer players and young athletes [11]. Prevalence rates of ACL injury in Saudi
population have been reported as high as 26.2% [11-14]. Prior research suggest that ACL
ruptures account for up to 20% of all sports-related knee injuries, with a steady increase
in ACL reconstruction procedures has been observed in major hospitals over the last
decade [14-17]. While surgical management for ACL rupture is common (especially for
athletes), post-operative rehabilitation outcomes remain variable [18,19]. This variability
could be due to several factors such as differences in clinician expertise, lack of access
to specialized rehabilitation services, discontinuity of care, and/or disparities between
public and private healthcare sectors in terms of the implementation of clinical practice
guidelines [18-21]. In addition to the previous variability, the Saudi healthcare context
is also influenced by cultural factors (e.g., family and community expectation) as well as
systemic factors such as healthcare structure and resource availability [22].

Globally, there is growing recognition that successful ACL rehabilitation must ad-
dress not only physical restoration but also psychological and contextual factors [9,23].
However, clinical implementation often deviates from evidence-based standards [18,23].
For example, a 2023 qualitative study of 19 physiotherapists in the United Kingdom high-
lighted significant variability in ACL rehabilitation delivery, describing access to care as
a “location lottery” shaped by disparities in training, resources, and multidisciplinary
coordination [24]. Similarly, Piussi et al. reported that sports physiotherapists” often feel
underprepared to address the psychological burden of ACL injury, despite acknowledging
its importance in rehabilitation success [25]. These previous findings highlight the need
for more context-specific research in healthcare systems such as Saudi Arabia’s where
structural and cultural challenges remain underexplored.

Physiotherapists play a critical role in ACL rehabilitation, but little is known about
their perceptions and experiences of clinical practice within the Saudi healthcare system.
ACL injuries impose substantial societal and economic costs, often exceeding USD 10,000
per case when considering surgery, rehabilitation, and work absenteeism [26,27]. Global
and regional disparities in access to specialized rehabilitation and inconsistent adherence
to evidence-based practice further complicate recovery, particularly outside main urban
centers [28,29]. In Saudi Arabia, limited access to specialized rehabilitation services further
compounds these challenges, leading to delayed return to sport or work. Understanding
these perspectives is vital given the broader public health, economic, and service implica-
tions of ACL injuries such as the costs of delayed return to sport or work, unequal access
to specialized rehabilitation, and the psychological consequences of prolonged inactivity.
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Therefore, this qualitative study aimed to explore how sport physiotherapists in Saudi
Arabia perceive and manage ACL injuries and to identify the contextual and systemic
factors influencing rehabilitation practice. We proposed that psychological and structural
factors shape physiotherapists” application of return to sport criteria, which may contribute
to variability in clinical decision-making.

2. Methods
2.1. Study Design

A descriptive qualitative design was employed to explore the perceptions and experi-
ences of sport physiotherapists involved in the ACL rehabilitation in Saudi Arabia. The
study was approved by the Institutional Review Board at Majmaah University (Approval
#: MUREC-Dec.25/COM-2024/67). All participants provided informed consent prior to
interviews. This study was reported in accordance with the COnsolidation criteria for
REporting Qualitative research (COREQ) (Supplementary File) [30].

2.2. Participants and Recruitment

Eligible participants were licensed sport physiotherapists currently practicing in
Saudi Arabia with at least 2 years of experience managing individuals with ACL injuries.
Inclusion criteria were: (1) age > 18 years, (2) qualified as a sport physiotherapist, (3)
minimum of two years’ post-qualification clinical experience in ACL rehabilitation, and (4)
proficiency in English and /or Arabic.

To capture diverse insightful perspectives from participants, recruitment sought varia-
tions across sex, years of experience, clinical settings (i.e., public, private, and sport club),
and geographical regions [31]. Recruitment took place from January to July of 2025 using
purposeful and snowball sampling techniques. Study announcements were distributed
through social media platforms (e.g., X and LinkedIn) where a brief description of the
study and a short eligibility survey were provided. Eligible respondents who completed
the eligibility survey and met the selection criteria were contacted via email or phone call,
according to their preferred method indicated in the short survey and invited to participate
in semi-structured interviews. Additionally, interviewed physiotherapists were asked to
recommend colleagues with ACL injuries expertise.

2.3. Sample

Twenty-six physiotherapists participated in this study. Their characteristics are pre-
sented below in Table 1.

Table 1. Participant characteristics (total n = 26).

Characteristic Number (%)
Sex: Male 18 (69)
Age: Mean (range) years 31 (26-39)
Current employment role
Clinician 13 (50)
Clinician and researcher 13 (50)

Years of clinical experience

<5 14 (54)
6-10 9(35)
>11 3(11)
Sector of current clinical practice
Governmental /semi-governmental 13 (50)
Private 13 (50)
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Table 1. Cont.

Characteristic Number (%)

Highest academic qualification

Bachelor’s degree 16 (62)
Master’s degree 7(27)
Doctor of Philosophy 3(11)
Number of non-surgical ACL cases seen in last month
1-5 21 (81)
6-10 4 (15)
>10 1(4)
Number of post-surgical ACL cases seen in the last month
1-5 15 (58)
6-10 7(27)
>10 2(8)
None 2(8)

ACL = Anterior cruciate ligament. Unless otherwise stated, data are N (%).

2.4. Data Collection

Semi-structed interviews were conducted via Zoom call (Version 6.5.9, San Jose, CA,
USA: Zoom Video Communications Inc.) using an interview guide (Supplementary File).
The interview guide, eligibility notice, and invitation script are provided in a Supplemen-
tary File. The interview guide was developed collaboratively by the authorship team includ-
ing senior physiotherapy researchers with experience in ACL injuries management, have
Master of Musculoskeletal rehabilitation and PhDs in physiotherapy and have previously
published qualitative research [32-35]. The interview guide facilitated open discussion
regarding sport physiotherapists” experiences with ACL injury rehabilitation. The guide
included broad, exploratory prompts specifically designed to elicit participants’ perspec-
tives on patient needs, rehabilitation practices, contextual challenges, and return to sport
considerations. The guide was piloted with two expert sport physiotherapists to assess
clarity, relevance, and flow, and minor revisions were made accordingly. Demographic
data were collected on age, sex, current employment role (e.g., researcher, clinician), years
of clinical experience, practice sector (governmental or private), highest qualification, and
the number of surgical and non-surgical ACL cases seen in the past month.

At the start of each interview, the interviewers explained study procedures, addressed
any participants queries and clarified confidentiality, the voluntary nature of participation,
and the right to withdraw at any time. To reduce social desirability and confirmation
bias, participants were assured of confidentiality, informed that there were no right or
wrong answers, and interviews used neutral, non-judgmental prompts and non-leading
open-ended questions. The Interviews were conducted by two final year female Doctor of
Physical Therapy students (LA and NA) who had received extensive qualitative research
training from senior qualitative researchers (First, second and third authors) and were
supervised by the first author (SAA). Prior to this study, the interviewers had no prior
relationship with participants, and no field notes were taken during interviews. Interviews
were audio-recorded and lasted between 16 and 41 min and only the interviewer and
participant attended (except the first 2 interviews which were observed by the first author
to ensure clarity and appropriateness of data collection process). At the end of each
interview, participants were asked to share any additional thoughts or ideas that have not
been covered during the interview. All interviews were conducted once, and no repeated
interviews were required.
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2.5. Data Analysis

Interviews were conducted in Arabic, audio-recorded, professionally transcribed
verbatim and translated into English by two senior and bilingual authors (First and third
authors), who have Master of Musculoskeletal Physical Therapy and PhDs in physiotherapy
and have previously conducted qualitative research. Transcriptions were independently
cross-checked for accuracy and appropriateness, after which the authors met to compare
and resolve any discrepancies. The interview data were analyzed using the six-stage
model reflexive thematic analysis described by Braun and Clarke [36,37]. This model
involved familiarizing, finding, analyzing, categorizing, comparing, and describing codes
to generate themes that capture the phenomena under investigation and addressed the
research aim [36,38].

Coding was conducted line-by-line to identify potential themes in accordance with the
aim of this study. The third author (SSB) independently coded the first five interviews and
developed a coding workbook using Microsoft Excel, which was independently reviewed
by the first author (SAA) to ensure accuracy and to provide additional modifications. The
codes were then checked and verified by the second author (SAA) who has experience
in qualitative research, as this step is to ensure clarity and appropriateness of the codes
generated. The third author (SSB) then coded the full dataset and produced an Excel
spreadsheet of codes and emerging themes. The first author (SAA) independently reviewed
and refined codes and themes and discrepancies were resolved through discussion. Data
saturation was deemed to have been achieved when additional interview data produced
little to no change in the emerging codes from the analysis [36]. Investigator triangulation
was employed to enhance the rigor of the analysis and ensure a complete and in-depth
interpretation of the data.

All research team reviewed and agreed upon the final list of themes identified. For
respondent validation [39], preliminary themes were shared with participants for feedback
and verification. Feedback received confirmed that the themes accurately represented
participants’ perspectives, supporting the credibility and trustworthiness of the findings.
All de-identified data were securely stored on a password-protected server with restricted
access to the research team only.

2.6. Researcher Reflexivity

The authorship team comprised physiotherapists and academics with expertise in
musculoskeletal rehabilitation, qualitative methods, and sports physiotherapy. Their shared
professional background provided valuable insight into ACL injury rehabilitation but also
carried potential preconceptions about clinical practice in Saudi settings. To address
this, reflexive discussions were maintained throughout data collection and analysis to
identify and challenge assumptions. Regular peer debriefing enhanced interpretive rigor
and transparency. This reflexive stance acknowledges researcher influence as integral to
qualitative inquiry and contributes to the study’s credibility and trustworthiness [40].

3. Results

3.1. Identified Themes That Describe the Sport Physiotherapists Perception Managing Individuals
with ACL Injuries

Five overarching themes were identified from the analysis of interviews with sport
physiotherapists managing individuals with ACL injuries: (1) disruptions of ACL injury in
daily life and sport; (2) managing fear of re-injury and uncertainty in surgical vs. conserva-
tive care; (3) guiding rehabilitation through challenges of workload, progression, adherence
and supportive tools; (4) variability in protocols, assessment tools, and available resources;
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and (5) returning to sport is more than just passing a test. Each theme is described in detail
in the sections below with subthemes (italicized) for clarity.

3.1.1. Theme 1: Disruptions of ACL Injury in Daily Life and Sport

Sport physiotherapists consistently described ACL injuries as profoundly disruptive,
affecting patients’ daily routines, sporting identities, and social participation. Several
participants observed that their patients struggled with basic activities such as kneeling,
sitting cross-legged, or praying, which often limited engagement in both daily and cultural
practices. The disruption was particularly evident among athletes, as one participant noted:
“An ACL injury affects the quality of life. . . especially for those involved in sports” (P1).

Many sport physiotherapists highlighted the psychological consequences of ACL
injuries, describing patients’ fear, frustration, and uncertainty about recovery, often asking
questions whether they would return to sport or trust their knee again. For elite athletes,
some participants reported that prolonged time away from sport had major negative im-
pacts on identity and livelihood: “being off the field for 6 to 9 months causes a huge psychological
impact on athletes” (P23).

Social consequences were felt by many sport physiotherapists, who observed that
their patients often avoided family or community gatherings to escape questions such
as “Will you stop playing football?” (P25). Being away from the team environment was
perceived as particularly discouraging for athletes. While financial burdens were generally
minimal in public hospitals (government-funded care), many participants acknowledged
broader economic impacts on patients and the healthcare system. Collectively, these disrup-
tions covered physical, psychological, social, and economic domains (Physical disruption,
psychological effect, social consequences, Economic impact; Table 2).

Table 2. Subthemes and quotes for Theme 1: “Disruptions of ACL injury in daily life and sport”.

Subtheme Ilustrative Quote

“ACL injury affects patients both physically and psychologically” (P9)

“Regular activities like sitting cross-legged or prayer can become painful and difficult.” (P3)

Physical disruption — . ; ; . ; o
“I'believe it has a significant impact. . . it affects their daily tasks, work duties, and responsibilities at home.” (P17)
“ACL injuries impact athletes significantly. . .It can hinder their performance and return to competitive sports.” (P5)
“The main fear is not being able to return to their sport. .. some athletes assume they’ll have to quit completely...” (P18)
Psychological effect

“ACL injury means being off the field for 6 to 9 months, which causes a huge psychological impact. Some athletes even go
through abnormal levels of stress.” (P23)

“Some patients feel ashamed to be seen with crutches or feel weak. I remember one patient refused to attend a family
gathering because he didn’t want to bring his crutch. In athletes, the impact is even greater.” (P23)

Social consequences
“Socially, the injury can prevent the patient from fulfilling home or social responsibilities, leading to reduced interactions

and isolation.” (P13)

Economic impact “Economically, it has a burden on both the patient and the healthcare system.” (P11)

3.1.2. Theme 2: Managing Fear of Re-Injury and Uncertainty in Surgical vs.
Conservative Care

Participants frequently expressed that fear of re-injury often dominated clinical rea-
soning and strongly influenced patients’ treatment decisions. Fear was described as a
psychological barrier shaping decision-making—particularly when selecting between sur-
gical and conservative options. Several sport physiotherapists noted that their patients
often carried lasting memories of the initial trauma, describing “hearing a pop in the knee”
(P11) or saying that “their knee feels disconnected” (P11). The persistent fear of re-injury
often limited patients’ engagement in rehabilitation and, in some cases, led them to pur-
sue surgical reconstruction despite available conservative options. One physiotherapist
explained that “the main fear is not being able to return to their sport. . . some assume they’ll have
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to quit completely” (P18). Another participant added that “fear of re-injury is the most common
psychological barrier. . . patients are often afraid of going through the same injury again” (P10),
emphasizing that confidence in the knee extends beyond structural healing and remains
central to treatment decision-making.

Uncertainty about long-term outcomes was also reported by several participants.
They explained that their patients frequently asked whether they could ever fully recover,
whether osteoarthritis would inevitably develop, or whether surgery could guarantee
a successful return to sport. Sport physiotherapists noticed that many patients carried
unrealistic expectations, particularly regarding surgical outcomes: “some of the patients want
surgery because they believe it will solve everything, but the reality is much more complicated” (P7).

These anxieties were not limited to elite athletes; recreational and physically active
individuals expressed similar concerns about long-term limitations. Several sport phys-
iotherapists described their role as an ongoing negotiation—providing reassurance while
correcting misconceptions about both surgical and non-surgical pathways. Ultimately,
treatment decisions were often shaped as much by fear, uncertainty, and psychological
stress as by medical advice (fear of re-injury, uncertainty about outcomes, psychological stress;
Table 3).

Table 3. Subthemes and quotes for Theme 2: “Managing fear of re-injury and uncertainty in surgical

vs. conservative care”.

Subtheme

Ilustrative Quote

Fear of re-injury

“Fear of re-injury is the biggest challenge.” (P10)

“Fear of re-injury is the most common thing we hear, even more than pain.” (P14)

“They always ask. .. ‘will I be the same again?’ they don’t trust the knee like before.” (P18)

Psychological stress

“Athletes lose months of their career, and with that comes anxiety, stress, and sometimes depression.” (P23)

“The fear is not only physical. . . it’s emotional, because their career and identity are on the line.” (P19)

“Patients worry a lot about re-injury, become cautious, reduce their movement, and often avoid sports or even
daily activities like going up stairs or praying. It has a major psychological impact. (P16)

Uncertainty about outcomes

“Non-surgical cases recover quickly but often carry more fear of re-injury.” (P5)

“Most patients are unsure what surgery or conservative treatment will bring; they’re worried about life after
treatment.” (P22)

“There’s always the question of what will happen after surgery. .. will they recover fully, or will they develop
knee arthritis later?” (P7)

“Pressure from family or peers to undergo surgery, especially when others had positive outcomes causes

emotional conflict if the patient is unsure about the operation. (P5)

3.1.3. Theme 3: Guiding Rehabilitation Through Challenges of Workload, Progression,
Adherence, and Supportive Tools

Several sport physiotherapists consistently emphasized that ACL rehabilitation is
long, exercise-driven, and requires sustained commitment from patients. Exercise was
described as the cornerstone of management: “from my side, the most important intervention
is exercise. . . especially early on” (P18). Early rehabilitation typically involved Isometric
and endurance strengthening, progressing to concentric, eccentric, and plyometric drills.
Adjunctive modalities such as electrotherapy, hydrotherapy, blood-flow restriction, or
shockwave were occasionally applied, but always secondary to progressive loading.

Managing progression through phases was described as uneven and clinically chal-
lenging. Initial priorities included reducing swelling, restoring quadriceps activation, and
regaining range of motion, particularly knee extension. Many participants repeatedly
emphasized extension as decisive for outcomes: “the hardest issue is achieving full extension.
Flexion comes back, but extension must be addressed early” (P9). Failure to restore extension
promptly was associated with adhesions, fibrosis, or even the need for secondary surgery.
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Weight-bearing strategies varied according to injury characteristics and surgical details.
Some participants encouraged early loading when clinically appropriate: “if the ACL tear is
isolated, early weight-bearing is encouraged. . . gradual progression is essential in all cases” (P9). In
contrast, others delayed weight-bearing following meniscal repair or when graft-related
restrictions were present.

Rehabilitation trajectories differed between surgical and non-surgical patients. Some
sport physiotherapists observed that non-surgical cases often progressed more quickly and
regain muscle strength sooner, while surgical patients followed longer timelines and were
often more cautious: “surgical patients usually need six months; non-surgical may recover in one
or two” (P4). Despite this, surgery was frequently perceived to provide greater long-term
stability in the knee joint.

Adherence throughout rehabilitation phases was seen as the most persistent challenge,
caused by fear of movement, competing responsibilities, or limited understanding of goals:
“patient adherence to the treatment plan is my top concern. . . lack of commitment can significantly
delay recovery” (P14). Miscommunication between surgeons and physiotherapists regard-
ing rehabilitation phases and timeline was reported as a limiting factor that can further
complicate adherence.

Supportive tools, particularly knee braces, were used selectively. Few participants
prescribed them in the early post-surgical phase to provide confidence and protect the
joint: “braces are helpful early on for safety and maintaining extension” (P6). Others discouraged
routine use, cautioning against dependency and stiffness: “personally, I'm not a fan of knee
braces unless there’s a strong reason. . .. they can limit recovery if overused” (P2).

Post-surgical complications, including swelling, arthrofibrosis, cyclops lesions, and
infections, were reported as significant barriers to progress, reinforcing the need for early,
structured, and closely monitored rehabilitation.

Overall, sport physiotherapists described ACL rehabilitation as a negotiated, exercise-
driven process shaped by progression management, adherence challenges, use of sup-
portive tools, and risks of complications. These findings clustered around the following
subthemes: (common interventions, progression of therapy, weight-bearing strategies, surgical
versus non-surgical recovery, post-surgical complications, adherence challenges, and regaining knee
extension; Table 4).

Table 4. Subthemes and quotes for Theme 3: “Guiding rehabilitation through challenges of workload,
progression, adherence and supportive tools”.

Subtheme Ilustrative Quote

“From my side, the most important intervention is exercise. . . especially early on.” (P18)

“Isometric and endurance strengthening are the foundation before progressing to concentric or
eccentric training.” (P19)

Common interventions (exercise as cornerstone) e follow standard protocols but may include modalities like hydrotherapy, electrotherapy,

and muscle stimulation. . . but 95% is exercise.” (P20)

“I'mostly rely on exercise; in early stages, I add electrical stimulation or blood flow restriction if
needed.” (P12)

“If extension is not restored in the first two months, the case becomes much harder.” (P11)

Progression of therapy “Each phase builds to the next. .. strength, then balance, then sport drills.” (P23)

“Acute focuses on swelling and ROM; subacute is transition; chronic cases are more functional
and goal driven.” (P7)
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Table 4. Cont.

Subtheme

Ilustrative Quote

Weight-bearing strategies

“If the ACL tear is isolated, early weight-bearing is encouraged. Gradual progression is
essential in all cases.” (P9)

“Unless there’s a meniscus repair, early weight-bearing helps patients return to walking
sooner.” (P11)

“If meniscus is repaired, we restrict weight-bearing for 4-6 weeks.” (P3)

“If symptoms are under control, I support early weight-bearing, especially for athletes.” (P16)

Surgical versus non-surgical recovery

“Surgical patients usually need six months; non-surgical may recover in one or two.” (P4)

“Non-surgical patients often recover faster, with better muscle strength and fewer
complications.” (P5)

“Non-surgical cases progress quickly, but surgery provides more long-term stability.” (P22)

“Patients without surgery regain strength faster, but surgical patients are more stable in the
long term.” (P13)

Post-surgical complications

“The hardest issue is achieving full extension. Flexion comes back, but extension must be
addressed early.” (P9)

“Loss of extension even 5 degrees is serious. Delay full extension makes it much harder.” (P18)

" Arthrofibrosis or cyclops lesions sometimes require a second surgery.” (P9)

“Complications such as infections, I encountered a case of necrosis after surgery.” (P10)

Adherence challenges

“Non-compliance with rehab plans, fear of movement, and poor understanding of goals are
common barriers.” (P25)

“Some stop coming once pain reduces, which interrupts progression.” (P12)

“The biggest barrier is adherence and lack of motivation. .. these delay recovery.” (P21)

Supportive tools

“Braces are helpful early on for safety and maintaining extension. .. they give patients
confidence.” (P6)

“Post-surgery, braces may help short-term but should not be used long-term.” (P21)

“I support using them early on for confidence, but only for short-term.” (P24)

3.1.4. Theme 4: Variation in Protocols, Assessment Tools and Resources

Many sport physiotherapists consistently reported wide variation in how ACL rehabili-

tation protocol was delivered, both within and across clinical settings “protocols vary between
hospitals and private clinics. Generally, implementation in private clinics is better, especially in
terms of time and flexibility.” (P19). While some reported that they adhere to internationally
recognized guidelines, others relied mainly on personal experience, leading to inconsistent
management practices. One participant reflected, “protocols vary from therapist to therapist. I
personally follow the Melbourne Protocol. . .which I see as reliable for gradual rehabilitation” (P9).
This lack of a unified approach was seen as a major barrier to ensuring consistent quality
of care.

It is reported that there was discrepancy in ACL assessment practices. Although a
number of clinicians employed objective measures such as hop tests, strength assessment,
or kinesiophobia scales many acknowledged that decisions were often based on clinical
observation rather than standardized testing. Limited time and restricted access to spe-
cialized equipment, particularly in high-volume government hospitals, were reported as
key challenges.

Many sport physiotherapists reported that the resource disparities have influenced
rehabilitation practices. Several participants in private centers reported access to advanced
equipment and technologies, whereas those in public hospitals frequently encountered
shortages of even basic tools. These differences not only affected rehabilitation trajectories
but also shaped clinicians’ perception of their ability to provide optimal care. These
accounts highlight an ongoing challenge of inconsistency in ACL injury rehabilitation
and underscore the need for standardized clinical guidelines. Overall, accounts revealed
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marked inconsistency in protocols, outcome measures, resource limitations, highlighting
the need for standardized, context-sensitive clinical guidelines that account for variations
across healthcare settings (Protocol variability in practice, outcome measures, resource limitations;
Table 5).

Table 5. Subthemes and quotes for Theme 4: “Variation in protocols, assessment tools and resources”.

Subtheme Ilustrative Quote

“No unified protocol. .. I adapt between Aspetar and Melbourne.” (P2)

“Government hospitals stick to rigid monthly progressions; private settings allow flexibility.” (P19)

Protocol variability in practice “Protocols differ from therapist to therapist, and that leads to inconsistency.” (P2)

“Some places follow strict guidelines; others go by experience. . . it’s very mixed.” (P16)

“Some protocols are outdated, and patients get confused when advice changes between settings.” (P24)

“We use hop tests, balance measures, goniometers, depending on stage of rehabilitation.” (P7)

Outcome measures “For psychology, I use the Tampa Scale for Kinesiophobia. . . it matters as much as strength.” (P21)

“We use hop tests, isokinetic measures, and sometimes VALD systems, but there’s no unified approach.” (20)

Resource limitations “Some clinics don’t even have the basic tools. . . protocols stay on paper.” (P25)

3.1.5. Theme 5: Returning to Sport Is More than Just Passing a Test

Return to sport was consistently viewed as a process that extends beyond passing
a physical test, with fear of re-injury emerging as a key determinant of psychological
readiness and confidence rather than a treatment barrier. While measures such as hop tests
and strength assessments were regarded as essential benchmarks, many physiotherapists
reported that psychological readiness often lagged behind physical recovery. As one
participant explained, “they may pass all the tests, but still tell you they don't feel ready”
(P14). This mismatch between physical clearance and perceived readiness created ongoing
challenges in clinical decision-making.

External pressures further complicated the process. Athletes were often urged to
return prematurely by coaches, clubs, or families, even when they were not psychologically
prepared. One participant noted, “some athletes rush because they don’t want to lose their spot
on the team” (P15). These competing demands often placed sport physiotherapists in the
difficult position of balancing immediate performance with long-term safety.

Many of our participants stressed that successful return to sport required more than
biomechanical recovery. Confidence in the knee, trust in performance, and gradual rein-
tegration into competition were seen as equally critical. As one therapist summarized,
“returning to sport is not just about the knee. . .it’s about the whole athlete being ready again”
(P15). Collectively, these accounts underscore that return to sport cannot be reduced to test
results alone but must incorporate physical readiness, psychological preparedness, and
the broader social and cultural context (Physical readiness, psychological preparedness, external
pressures, social and cultural context; Table 6).

Table 6. Subthemes and quotes for Theme 5: “Returning to sport is more than just passing a test”.

Subtheme Ilustrative Quote

“Even after good physical recovery, athletes hesitate to return to pivoting sports.” (P15)

Physical readiness
“ACL injuries significantly impact athletes” ability to return at the same level they once played.” (P19)

“Fear of the knee failing is the top concern, even when physical tests look good.” (P9)

Psychological readiness is a major factor (P25)

Psychological preparedness “Many athletes are cleared physically, but mentally they’re not ready to trust their knee again.” (P23)

“It’s our job as physiotherapists to reintroduce sport-specific activities like ball catching, sudden change direction,
and jumping. . . to rebuild that trust.” (P11)
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Table 6. Cont.

Subtheme Ilustrative Quote

External pressures “Coaches often push for quicker return to play. .. we have to advocate for safety.” (P12)

“Sometimes family pressure or social expectations influence the decision more than clinical tests.” (P13)

Social and cultural context » - - — - -
In some cases, cultural habits play a role. .. like avoiding certain movements even after clearance.” (P21)

4. Discussion

This is the first qualitative study that explored the perspectives of sports physiothera-
pists on the management of ACL injuries working in Saudi Arabia. This study findings
revealed that sport physiotherapists view ACL rehabilitation as a complex, multidimen-
sional process that extends beyond physical recovery and incorporates psychological, social
and contextual considerations. Participants emphasized that the disruption ACL injuries
caused in daily and sporting activities, the impact of fear of re-injury and uncertainty in
treatment decisions, the difficulties of sustaining progression and adherence within long
rehabilitation pathways, and the variability in protocols, assessment tools, and resources
across settings. Sport physiotherapists also stressed that returning to sport requires more
than passing physical tests, as psychological preparedness and cultural context are equally
decisive. The five main themes highlighted the clinical and contextual realities of ACL
rehabilitation in Saudi Arabia and extended recent qualitative research from Europe and
Australia [24,25,41,42]. These themes offer insights into the complex realities of clinical
practice and point out key areas for improvement in care delivery and policy development.

4.1. Theme 1: Disruptions of ACL Injury in Daily Life and Sport

Based on participants’ responses, ACL injuries were described as extending beyond
the clinic environment, disrupting daily life and requiring ongoing adaptation. Sport phys-
iotherapists observed that their patients with ACL injuries often struggled with restrictions
in basic activities, altered social roles, and psychological adjustment and in some cases
financial stability. This is similar to the recent work describing ACL reconstruction as a
“life-shaping event” rather than a single surgical episode [41,42]. Such disruption is not only
peripheral but central, shaping how athletes engage in rehabilitation from the outset. The
psychological burden of ACL injury was particularly notable among athletes, where long
rehabilitation timelines challenged identity and career prospects [43,44]. These disruptions
highlight the importance of adopting a biopsychosocial approach in ACL rehabilitation.
Recognizing that recovery is not only biomechanical but also highly individualized and
contextual [45—47].

4.2. Theme 2: Managing Fear of Re-Injury and Uncertainty in Surgical vs. Conservative Care

A major finding of this study was that the fear of re-injury emerged as a central factor
influencing decision-making, often persisted despite favorable physical progress, consistent
with previous studies [48,49]. Our participants noted that readiness to return to sport was
not always aligned with test results and was frequently shaped by uncertainty and external
pressures from coaches or families. These observations mirror evidence that psychological
readiness is strongly associated with return to sport status, with those who return typically
reporting higher ACL-return to sport scores than non-returners, and that paths of readiness
may stagnate for long periods without targeted input [50,51]. Importantly, prior qualitative
research has indicated how fear is constructed and maintained, underscoring why it can
dominate decisions even when physical criteria are met [50]. A 2025 study suggested that
the timing of measuring psychological readiness is important: administering the ACL-
return-to-sport questionnaire after completing physical performance tests, may provide
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more realistic appraisal of self-confidence than pre-test questionnaires [52]. Therefore, sport
physiotherapists play a dual role, not just as providers of physical rehabilitation, but also
as emotional supporters and educators. They are responsible for addressing misunder-
standings, providing reassurance, and guiding patients to make informed, evidence-based
decisions rather than fear [53,54].

4.3. Theme 3: Guiding Rehabilitation Through Challenges of Workload, Progression, Adherence,
and Supportive Tools

Study participants reflected on the tension between criterion-based rehabilitation and
the practical realities of adherence. Fluctuating motivation, socioeconomic barriers, and
competing responsibilities often disrupted structured progression, despite physiotherapist
follow contemporary guidelines that emphasize criteria-based loading, progressive strength
training, and staged decision points across the continuum [23]. This clinical picture is
consistent with broader evidence on the adherence barriers in ACL rehabilitation, including
logistical constraints, low self-efficacy, and environmental pressures [55,56]. Highlighting
the need to embed behavior-change strategies and supportive tools into routine care [55,57].

4.4, Theme 4: Variation in Protocols, Assessment Tools and Resources

A key systemic challenge identified in this study was the variation in assessment
practices and resource availability, which added further complexity in ACL rehabilitation.
Sport physiotherapists described inconsistent use of hop tests, strength measures, and
movement-quality ratings, reflecting a broader lack of alignment on benchmarks and
clearance criteria. This inconsistency has also been noted internationally. This aligns with
international evidence showing substantial heterogeneity in return-to-sport testing and
decision-making, even among expert clinicians [24,58]. A recent Delphi consensus study
further highlights the need for standardized, multimodal assessment protocols to guide
safe progression [58]. In addition, mounting evidence cautions that hop-test limb-symmetry
indices can overestimate functional recovery relative to strength testing and that adding
movement-quality ratings improves decision signal beyond distance-based metrics [59,60].
Taken together, these findings support the move toward multimodal, serial testing rather
than one-off pass/fail decisions [61].

4.5. Theme 5: Returning to Sport Is More than Just Passing a Test

Participants consistently reported that returning to sport is a complex, staged process
that goes beyond simply passing physical performance tests, with psychological readiness
often lags behind physical recovery. Sport physiotherapists emphasized how contextual
factors including athlete identity, competitive demands, and coach or family influence,
shape return to sport decision as much as physical criteria. These observations align
with a very recent review and a qualitative study similarly suggesting that objective test
batteries are necessary but insufficient, and that readiness must be interpreted alongside
psychological, social and contextual information across staged decision-making [41,61].
Within the Saudi context, where competitive sport participation is rapidly expanding and
social expectations can exert strong influence, these contextual factors may be particularly
salient in shaping return to sport trajectories.

4.6. Strengths and Limitations Pertain to the Current Study

This qualitative study followed the COREQ reporting guidelines [30], applied investi-
gator triangulation and respondent validation, thereby increasing the trustworthiness of
the study findings. The inclusion of sport physiotherapists from diverse clinical practice set-
tings across both public and private healthcare settings in Saudi Arabia, provided insightful
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information about how ACL rehabilitation is adapted, strengthening the transferability
of results.

However, several limitations should be considered. The purposive and snowball
sampling approach may have introduced selection bias, participants with particular interest
overrepresented, potentially limiting the diversity of perspectives. Each participant was
interviewed only once, which may have limited the depth of inquiry. Field notes were
not collected during interviews, potentially reducing contextual richness and may limit
reflexivity regarding non-verbal cues. Although interviews were conducted by final-
year DPT students who received training and regular supervision from senior qualitative
researchers, their limited level of experience may have influenced the depth of probing
during interviews. Additionally, as interviews were conducted primarily in Arabic, subtle
nuances may have been lost during translation despite bilingual verification. Further, this
study is based on data from Saudi sport physiotherapist only and does not include the
views of athletes or coaches. Nonetheless, findings of this study provide important insights
into sport physiotherapists” experiences and perceptions that can support and guide the
development of culturally tailored, patient-centered strategies for ACL injury management
in Saudi Arabia. Future research should incorporate perspectives of athletes with ACL
injuries and coaches and evaluate implementation strategies across healthcare sectors.

4.7. Implication for Practice

Sport physiotherapists experience and perceptions voiced in this study highlight
several clinical implications that could strengthen ACL rehabilitation and return-to-sport
outcomes. Incorporating a standardized measure of psychological readiness, such as the
Anterior Cruciate Ligament-Return to Sport after Injury (ACL-RSI) scale, at planned stages
of recovery may help identify athletes at risk of premature return [62]. Adopting criteria-
based progression checklists that include strength, hop performance, and sport-specific
tasks, rather than relying solely on time-based milestones, may support safer and more
individualized rehabilitation. Clinicians who use criteria-based checklists tend to have
better outcomes and lower re-injury rates than those relying mainly on arbitrary time
milestones [21,62,63]. Ongoing professional development and interprofessional training
are also needed to promote consistent, evidence-based practice across different healthcare
settings (public and private) [62]. These steps would facilitate the alignment of clinical
care with national priorities to improve rehabilitation standards and optimize outcomes for
athletes in Saudi Arabia.

5. Conclusions

This study showed that sports physiotherapists in Saudi Arabia view ACL rehabili-
tation as a complex process shaped by lived disruption of sport and daily activities, fear
of re-injury, adherence challenges, variability in practice, and the complexity of return to
sport decisions. Sport physiotherapists emphasized that successful rehabilitation required
more than applying standardized protocols, instead advocating for integration of physical,
psychological, and contextual factors. The study findings highlight current practice chal-
lenges and emphasize the need for evidence-based guidance that can be adapted effectively
within the Saudi healthcare system.
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Abstract

Background and Objectives: Hamstring strength deficits are common after ACL recon-
struction and may impair stability and increase reinjury risk. Despite structured rehabil-
itation, early postoperative asymmetries frequently persist. Platelet-rich plasma (PRP)
has emerged as a potential biologic adjunct that may enhance tissue healing and facilitate
muscle strength recovery. This study aimed to evaluate the efficacy of intra-articular PRP
injections on hamstring strength restoration in non-professional athletes undergoing ACLR.
Materials and Methods: This retrospective cohort study analyzed 68 non-professional
athletes who underwent primary ACLR between 2020 and 2024. Participants followed
a standardized, phase-appropriate rehabilitation program and were allocated to either
a PRP group (n = 34; five intra-articular PRP injections every 4 weeks starting at week
4 postoperatively) or a control group (n = 34; rehabilitation alone). Data were analyzed
with linear mixed-effects models to examine group, time, and group-by-time interactions.
Results: Both groups improved over time, but PRP influenced faster hamstring strength
recovery and greater symmetry. At 20 weeks, the PRP group achieved higher concentric
strength (15.6 £ 4.3 vs. 13.6 = 3.5; p = 0.040) and markedly reduced asymmetry (isometric:
-1.1vs. 0.6; p < 0.001; concentric: 0.6 vs. 1.9; p < 0.001). Conclusions: The addition of
serial PRP injections to a structured rehabilitation protocol after ACLR influenced faster
hamstring strength recovery and improved interlimb symmetry compared to rehabilitation
alone. These findings suggest that PRP may serve as a potential biologic adjunct to optimize
postoperative outcomes and facilitate a safer return to sport in non-professional athletes.

Keywords: anterior cruciate ligament reconstruction; hamstring recovery; platelet-rich
plasma; muscle strength; rehabilitation
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1. Introduction

Anterior cruciate ligament reconstruction (ACLR) is widely performed in active in-
dividuals, yet postoperative deficits in hamstring strength remain a persistent challenge,
particularly when hamstring autografts are used [1-3]. Hamstring function plays an im-
portant role in lower-limb stability, gait control, and athletic performance, and incomplete
recovery affects biomechanics, reduced dynamic stability, and an increased risk of reinjury
during return-to-sport activities [4,5]. Despite structured rehabilitation protocols, many pa-
tients experience prolonged or incomplete restoration of knee flexor strength, emphasizing
the need for strategies that may optimize postoperative muscle recovery [6].

Restoration of hamstring strength is clinically relevant not only for performance but
also for joint protection [4]. The hamstrings act as dynamic synergists of the ACL by limiting
anterior tibial translation, and strength deficits—especially at deeper flexion angles—may
persist long after surgery [7]. Current rehabilitation approaches target multiple strength
qualities, including maximal, eccentric, and multiplanar capacity [4], yet asymmetries
frequently remain during the early return-to-sport phase [8]. These deficits can affect the
quadriceps-to-hamstring (Q/H) strength ratio, an important marker of neuromuscular
readiness and reinjury risk [9].

Given these challenges, biologic augmentation has been explored as a potential ad-
junct to enhance postoperative recovery [10]. Platelet-rich plasma (PRP) is an autologous
concentrate rich in growth factors such as PDGF, TGF-f3, VEGE, and IGF-I, ref. [11] which
may modulate inflammation, support tissue remodeling, and influence the intra-articular
environment after ACLR [12].

Although PRP has demonstrated potential benefits in conditions such as tendinopa-
thy [13], rotator cuff repair [14], and osteoarthritis [15], its role in ACL reconstruction
remains unclear. Evidence across studies is heterogeneous: some report improvements
in pain or graft maturation [16], whereas others—including recent randomized clinical
trials—find no significant clinical benefit in postoperative function or knee symptoms [17].

Importantly, few studies have examined whether intra-articular PRP may influence
postoperative hamstring muscle recovery specifically [17,18].

While PRP has been proposed to modulate neuromuscular inhibition and periarticular
tissue healing, its effect on objective strength outcomes after ACLR is not well established,
and data regarding interlimb strength symmetry remain limited [16]. Thus, the clinical
relevance of PRP in supporting hamstring strength restoration during rehabilitation has
not been adequately investigated [19].

To address this gap, the present retrospective cohort study evaluated whether serial
intra-articular PRP injections, administered in conjunction with a standardized postopera-
tive rehabilitation program, were associated with improved hamstring strength recovery
and interlimb symmetry in non-professional athletes following ACLR.

2. Materials and Methods
2.1. Study Design

This retrospective cohort study included 68 subjects who underwent ACLR between
2020 and 2024. Participants were divided into two groups: a treatment group that followed a
standardized rehabilitation protocol and received PRP infiltrations, and a control group that
followed the same protocol without PRP administration. Because this was a retrospective
study, group allocation was not randomized. Patients were assigned to the PRP or control
group based on the treatment they had already received as part of routine clinical practice.
All eligible patients were enrolled consecutively according to the order of presentation,
ensuring naturalistic sampling without investigator influence. Controls were drawn from
the same clinical population and met the same inclusion criteria as the PRP group. The
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inclusion criteria were patients who underwent primary ACL reconstruction between 2020
and 2024, non-professional (amateur) athletes engaged in regular physical activity, no
concomitant ligament injuries (isolated ACL tear). Exclusion criteria included the presence
of cardiovascular or musculoskeletal disorders, use of corticosteroid therapy, or occurrence
of postoperative injuries during the rehabilitation period. The exclusion criteria were the
missing data on muscle strength. Although strict matching was not performed, the two
groups were comparable in terms of age, sex, graft type, and baseline hamstring strength.
Collected data included patient age, sex, body mass index (BMI), graft type, general health
status, and current medication.

A total of 82 patients who underwent primary ACL reconstruction were screened for
eligibility. Fourteen patients were excluded due to incomplete rehabilitation data (n = 8),
concomitant meniscal repair requiring restricted loading (n = 4), or missing follow-up
strength measurements (n = 2). The remaining 68 patients were included in the analysis:
34 who received PRP injections in addition to rehabilitation and 34 who underwent standard
rehabilitation only.

A detailed flow diagram illustrating patient inclusion, exclusion, and follow-up is
provided in Figure 1.

82 patients screened
(ACL reconstruction, 2020-2024)

14 excluded

8 incomplete rehabilitation
data

4 meniscal repair with
restricted loading

2 missing strength data

68 included in analysis

34 PRP group 34 Control group

34 assessed at 12 weeks 34 assessed at 12 weeks
34 assessed at 16 weeks 34 assessed at 16 weeks
34 assessed at 20 weeks 34 assessed at 20 weeks

Figure 1. STROBE flow diagram of patient selection and follow-up. Flow of participants from initial
screening through inclusion, allocation to PRP or control groups, and assessment at each follow-up
point, including reasons for exclusion and missing data.

This retrospective cohort study included consecutively enrolled non-professional
athletes who underwent ACL reconstruction at OKF Medical Center Targu Mures. All
eligible patients meeting the inclusion and exclusion criteria were analyzed.

This retrospective study was approved by the Ethics Committee for Scientific Research
of the George Emil Palade University of Medicine, Pharmacy, Science and Technology of
Téargu Mures (approval nr. 3562/20 January 2025).

2.2. Rehabilitation Protocol

All participants completed the same standardized rehabilitation program consisting of
3—4 supervised sessions per week. The intervention included progressive phases targeting
restoration of knee mobility, neuromuscular activation, progressive strengthening, proprio-
ceptive and balance training, plyometric exercises, activity-specific and sport-specific drills.

88



J. Clin. Med. 2025, 14, 8266

Progression was based on predefined clinical criteria (pain < 3/10, full extension, adequate
quadriceps control).

Rehabilitation sessions were delivered by licensed physiotherapists. Therapists were
not blinded to PRP allocation. Rehabilitation adherence was 100%, with all subjects com-
pleting the prescribed sessions.

2.3. PRP Intervention

The experimental group received five intra-articular injections of autologous leukocyte-
poor platelet-rich plasma (PRP). Injections were administered at weeks 4, 8, 12, 16, and
20 postoperatively by the orthopedic surgeon. Each injection consisted of 5 mL of P-PRP.
The schedule of PRP injections and functional testing sessions is illustrated in Figure 2.

X PRP Injection . Initial Testing Intermediate Testing Final Testing
A Testing (Isometric & Concentric Strength + Balance)
A A A
X X X X X
PRP #1 PRP #2 PRP #3 PRP #4 PRP #5
0.0 2.5 5.0 deD 10.0 12:5 15.0 17.5 20.0

Weeks Post-Operation

Figure 2. Timeline of PRP injections and outcome assessments following ACLR. Five intra-articular
PRP injections were administered at approximately 4, 8, 12, 16, and 20 weeks postoperatively (blue
“x”). Functional testing sessions (red triangles) were scheduled at three key phases: Initial Testing
(around week 10; isometric and concentric quadriceps and hamstrings strength combined with static
balance assessment), Intermediate Testing (around week 15; progressive strength and functional
control evaluation), and Final Testing (around week 20; comprehensive return-to-sport assessment).
This timeline illustrates the structured integration of biologic augmentation and objective performance
monitoring during postoperative rehabilitation.

PRP was prepared using the double-spin protocol described by Dhurat et al. [11].
Centrifugation was performed using a specialized centrifuge (XC SPINPLUS, Shanghai,
China) in a two-step (double-spin) process.

A total of 30 mL venous blood was drawn into citrate-dextrose tubes, centrifuged
at 1200 rpm for 10 min, followed by a second spin at 3000 rpm for 10 min. This yielded
3-5 mL of leukocyte-poor PRP, injected intra-articularly without exogenous activation.

The use of multiple PRP doses was supported by literature indicating that repeated
administrations enhance cumulative biological effects. Tao et al. [20] demonstrated superior
outcomes with three sequential injections, while Corsini et al. [21] highlighted the impor-
tance of achieving sufficient cumulative platelet dosing for optimal anti-inflammatory and
reparative activity.

2.4. Outcome Measures

Primary outcomes included: Maximal isometric hamstring strength, Maximal concen-
tric hamstring strength, Limb strength asymmetry, calculated as:

Asymmetry (%) = [(Injured limb — Healthy limb)/Healthy limb] x 100.

Positive values indicate greater strength in the injured limb, whereas negative values
indicate a deficit compared to the healthy limb. These parameters represent surrogate
indicators of early functional recovery.

Evaluations were performed at 12, 16, and 20 weeks postoperatively, corresponding
to key rehabilitation phases: 12 weeks: early strengthening following graft integration, 16
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weeks: advanced neuromuscular training phase, 20 weeks: late-phase functional progres-
sion. This timing is supported by prior evidence by San Jose et al., showing persistent
hamstring deficits during the first 3-6 postoperative months [22].

2.5. Strength Testing Procedures

Strength assessments were performed using the Kineto Intelligent Load rehabilitation
robot. Participants completed a standardized warm-up consisting of 10 min cycling at
moderate intensity, open- and closed-chain activation exercises, hamstring-specific drills:
leg curls, Romanian deadlifts, hip bridges.

For the Isometric Max Strength Balance Test, the subject was placed in a standing
position in front of the device, with ankle cuffs connecting them to the machine. The subject
was instructed to perform a knee flexion up to 90 degrees and to hold the position for 5 s,
ensuring they exerted maximal force to maintain the flexion. The test was performed once
on both the affected and unaffected limb.

For the Concentric Max Strength Balance Test, the subject was also in a standing
position, with ankle cuffs, in front of the device, and was asked to perform 5 knee flexions,
focusing on the lifting phase, thus emphasizing concentric contraction, using both the
affected and unaffected limb.

All evaluations were supervised by the same physiotherapist to ensure consistent
technique and avoid compensatory movements.

2.6. Statistical Analysis

Descriptive statistics were calculated for all demographic, clinical, and outcome vari-
ables. Continuous variables are reported as mean =+ standard deviation, and categorical
variables as counts and percentages. Due to missing data for BMI this parameter was
excluded from statistical analysis. Complete case analysis was performed using linear
mixed-effects models fitted by Restricted Maximum Likelihood (REML) estimation to
account for the longitudinal study design and repeated measures within participants.
Patient-specific random intercepts and slopes for time were included to model individual
variability in baseline strength and recovery trajectories. Fixed effects included treatment
group, time, age, sex, and graft type (hamstring vs. patellar tendon). Primary outcomes
were isometric and concentric hamstring strength of the affected limb, while secondary
outcomes examined strength asymmetry between healthy and affected limbs. Group-by-
time interaction terms were included to test differential recovery rates between treatment
arms. Model assumptions were verified through residual diagnostics, and all models
achieved successful convergence. Statistical significance was set at « = 0.05, and analy-
ses were conducted using Python’s statsmodels package (version 0.14.0). Between-group
comparisons at each time point were performed using independent t-tests with pooled
standard deviations; p-values were annotated as ns (p > 0.05), * (p < 0.05), ** (p < 0.01), or
*** (p < 0.001). Since this is a retrospective study, no a priori sample size calculation was
conducted, but a post hoc power analysis was performed with G*Power software (Univer-
sity of Diisseldorf, Diisseldorf, Germany, version 3.1.9.7.). The post hoc calculated power
(1 — B) was 0.95 for the REML analysis comparing hamstring force (primary outcome)
recovery with an effect size d = 0.41 (o« = 0.05, two-tailed), measured across 3 timepoints
in two groups (n = 34 each). This showed a strong statistical power for detecting group
differences caused by PRP intervention. Effect sizes (Cohen’s d) were calculated for final
assessments to quantify between-group differences as negligible (1d | < 0.2), small (0.2-0.5),
medium (0.5-0.8), or large (>0.8).
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3. Results

The study population comprised 68 participants (50 males, 18 females; age range
18-54 years) with predominantly hamstring autografts (n = 61, 89.7%). The demographic
and baseline characteristics of the participants were analyzed (Table 1), and no statistically
significant differences were found between the PRP-treated and control groups regard-
ing age, sex distribution, body mass index, or graft source. Both groups were therefore
considered homogeneous and comparable for subsequent analyses.

Table 1. Baseline characteristics of the PRP and control groups.

Parameter Group Mean SD Count/Ratio Mean Difference p-Value

Age (years) Control 31.3 8.6 — 1.2 0.564
PRP 30.1 8.6 —

Sex (m/f) Control — — 25/9 0 1.000
PRP — — 25/9

BMI (kg/m?) Control 23.8 0.7 — -1 0.382
PRP 24.8 0.6 —

Graft type B

(hamstring/ patellar) Control — — 30/4 1/1 0.689
PRP — — 31/3

All patients were monitored clinically after each PRP injection and during routine
rehabilitation visits. No cases of infection, synovitis, or significant joint effusion were
observed following any of the five intra-articular PRP injections. Four patients (11.8%)
reported mild, transient post-injection pain or swelling lasting less than 48 h, which resolved
without medical intervention. No procedure-related complications were recorded.

Linear mixed-effects analysis revealed significant time effects across all models
(p < 0.001), indicating overall recovery in both treatment groups. Crucially, significant
group-by-time interactions were observed for both isometric and concentric strength mea-
sures (p < 0.001), demonstrating superior recovery rates in the experimental group. The
experimental group showed 1.34 units (95% CI: 0.90-1.78) faster isometric strength recov-
ery and 1.61 units (95% CI: 1.15-2.07) faster concentric strength recovery per time point
compared to controls. Analysis of strength asymmetry revealed significant group differ-
ences, with the experimental group achieving better limb symmetry (isometric asymmetry:
B = —0.54, p = 0.027; concentric asymmetry: 3 = —0.65, p = 0.053). Male participants con-
sistently demonstrated higher absolute strength values across all measures (effect size:
2.0-5.0 units, p < 0.001), while age and graft type did not affect the outcomes (all p > 0.05).
The affected limb strength improved by 2.3-3.0 units per time point, while strength asymme-
try decreased by 1.9-2.4 units per time point, indicating successful rehabilitation progress.
All mixed-effects models converged successfully with log-likelihood values ranging from
—350.4 to —392.9, and residual diagnostics confirmed appropriate model assumptions.

Statistical analysis revealed that concentric strength showed a statistically significant
between-group difference at the final assessment, with the experimental group achieving
15.62 £ 4.30 units versus 13.62 £ 3.54 units in the control group (p = 0.040). Isometric
strength exhibited a strong trend toward significance at the final time point, with means
of 16.29 £ 4.32 versus 14.50 + 4.42 (p = 0.097) (Figure 3). Effect sizes for these primary
outcomes ranged from small to medium (Cohen’s d = 0.41-0.51).
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Isometric Affected Limb Recovery
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Figure 3. Recovery of hamstring strength in the affected limb over time. (A) Isometric strength mea-
surements at initial, intermediate, and final assessments (B) Concentric strength measurements
at initial, intermediate, and final assessments. Data presented as mean =+ standard deviation
(n =34 per group). Statistical comparisons between groups at each time point: ns = non-significant,
*p<0.05.

However, both isometric and concentric asymmetry measures demonstrated statis-
tically significant group differences at the final assessment (p < 0.001). The PRP group
showed near-zero or slightly negative asymmetry values—indicating that the operated
limb approached or marginally exceeded the contralateral limb—with isometric asymmetry
of —1.13 & 0.96 versus 0.64 & 0.76, and concentric asymmetry of —0.57 & 1.08 versus
1.93 + 1.75 (Figure 3). These asymmetry outcomes were associated with large effect sizes
(Cohen’s d = —1.72 to —2.04) (Figure 4). The effect size analysis demonstrated small to
medium differences in affected limb strength, while asymmetry outcomes showed large
effect sizes in the experimental group (Figure 5).
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Asymmetry Measures Over Time
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Figure 4. Recovery of strength symmetry between limbs over time. Isometric asymmetry is repre-
sented by solid lines, and concentric asymmetry by dashed lines. The control group is shown in red,
and the PRP group in blue. Lower values indicate better interlimb symmetry. Data are presented as
mean + SD. The PRP group demonstrated statistically significant but moderate improvements in
symmetry at the final assessment for both isometric (p < 0.001) and concentric (p < 0.001) measures.
Negative values in the PRP group indicate that the operated limb achieved strength levels slightly

exceeding those of the contralateral limb. *** indicates a statistically significant difference between
groups (p < 0.0002).

Effect Sizes (Cohen's d) by Outcome

Cohen's d

-2.04

Iso Affected Con Affected Iso Asymmetry Con Asymmetry

Qutcome Measure

Figure 5. Effect sizes (Cohen’s d) comparing experimental vs. control groups at final assessment.
Primary outcomes (affected limb strength) showed small to medium effect sizes, while secondary out-
comes (asymmetry measures) demonstrated large effect sizes favoring the experimental intervention.
Reference lines indicate effect size thresholds: small (0.2), medium (0.5), and large (0.8).
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4. Discussion
4.1. Main Findings

The main finding of this study was that the addition of PRP to a standardized postop-
erative rehabilitation program influenced statistically significant but modest improvements
in hamstring strength recovery and interlimb symmetry in non-professional athletes af-
ter ACLR. Participants receiving PRP showed faster strength gains and a more complete
restoration of symmetry compared with those undergoing rehabilitation alone, independent
of age, sex, or graft type.

While our findings suggest that PRP influences hamstring strength recovery, the effect
size was modest, and the results should be interpreted as exploratory. Further prospective,
randomized studies are needed to confirm these observations.

Given the retrospective nature of this study, causality cannot be established, and the
observed effects should be interpreted with caution.

4.2. Comparison with Existing Literature

Persistent hamstring strength deficits after ACLR are well documented. A previous
review, by Thomas et al. [2] have reported that residual hamstring strength deficits ACLR
can persist in 9-27% of patients even three years postoperatively. In contrast, our PRP-
treated cohort achieved near-complete restoration of hamstring strength and interlimb
symmetry within 20 weeks, suggesting that adjunctive biologic stimulation may accelerate
muscle recovery and potentially reduce the long-term persistence of strength deficits
described in the literature.

Recent longitudinal work by Datta et al. [23] demonstrated that hamstring strength
and functional parameters improve progressively up to 18 months after ACLR with
semitendinosus—gracilis autografts, reflecting the natural, gradual course of recovery. In
our cohort, the addition of platelet-rich plasma to a standardized rehabilitation program
appeared to accelerate this trajectory, allowing patients to achieve near-complete hamstring
strength restoration and interlimb symmetry within 20 weeks. These findings suggest that
biologic augmentation may shorten the otherwise prolonged recovery window described
in conventional rehabilitation pathways.

Desouza et al. [24] conducted a randomized controlled trial on grade 2 hamstring
injuries and demonstrated that PRP can accelerate return-to-sport time and promote faster
tissue healing in acute muscle damage. Even though our investigation focused on post-
ACLR hamstring recovery rather than acute injuries, the accelerated restoration of strength
and improved limb symmetry observed in our PRP-treated group parallels the enhanced
healing reported in traumatic hamstring tears, supporting the notion that PRP may facilitate
muscle regeneration and functional recovery across different clinical contexts.

While some studies have suggested potential benefits of intra-articular PRP admin-
istration on tissue healing or early strength recovery after ACL reconstruction, several
systematic reviews and retrospective analyses have failed to demonstrate consistent or clin-
ically meaningful effects. For instance, a comprehensive meta-analysis on the clinical use of
PRP in knee disorders concluded that, among the available evidence, ACL reconstruction
represents the only area showing no significant differences between PRP-treated and control
groups, indicating that PRP has not yet been proven beneficial in this context [18]. These
contrasting results highlight the substantial heterogeneity in PRP preparation methods,
platelet and leukocyte concentrations, and injection protocols, which may account for the
variability in clinical outcomes across studies.

Although a recent randomized controlled trial investigating intra-articular PRP after
ACLR reported no significant improvements in patient-reported knee symptoms or overall
joint function at 12 months [17], our study specifically targeted objective hamstring strength
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recovery and demonstrated meaningful benefits in both strength restoration and limb
symmetry. This suggests that PRP’s impact may be more readily detectable in direct muscle
performance metrics than in broader subjective functional scores.

4.3. Potential Mechanism

Recent evidence suggests that intra-articular PRP may influence not only graft healing
and joint homeostasis but also neuromuscular recovery through its biological effects on
the intra-articular environment. Gill et al. report that PRP contains high concentrations
of growth factors such as PDGF, TGF-f3, VEGEF, and IGF-1, which exert potent anti inflam-
matory and angiogenic effects that enhance tissue repair and modulate neural pathways
involved in arthrogenic muscle inhibition (AMI). By reducing synovial inflammation and
improving the biochemical milieu around the reconstructed ACL, PRP may help restore
normal afferent input from joint receptors, thereby facilitating better muscle activation
patterns and faster strength recovery [25].

Although PRP was administered intra-articularly, its potential influence on periarticu-
lar muscle recovery may be mediated by indirect mechanisms. Andia et al. showed that
intra-articular PRP can reduce local inflammation and modulate cytokine activity within
the joint, which can decrease arthrogenic muscle inhibition—an important factor limiting
postoperative muscle activation. Moreover, growth factors released from the synovial
environment may exert paracrine effects on periarticular tissues, facilitating neuromuscular
recovery [13].

Experimental evidence also supports a neurotrophic mechanism: combined PRP and
brain-derived neurotrophic factor (BDNF) treatments have been shown to enhance neural
regeneration and improve locomotor performance in animal models [26]. In line with these
findings, PRP has been proposed as a modulator of joint neurobiology, contributing to
reduced pain and improved proprioception.

These biological mechanisms may partly explain our findings, where participants
receiving serial intra-articular PRP injections achieved faster restoration of hamstring
strength and improved inter-limb symmetry at 20 weeks.

4.4. Limitations

This study has several limitations. First, its retrospective design and relatively small
sample size (n = 68) limit causal inference, and the absence of randomization or blinding
introduces a risk of selection and performance bias, although groups were comparable at
baseline and followed the same rehabilitation protocol. The 20-week follow-up captures
only short-term recovery, without information on long-term strength, functional outcomes,
or reinjury risk. Additionally, potential confounders such as individual variations in muscle
mass, baseline performance, or subtle differences in rehabilitation execution could not be
fully controlled.

A further limitation concerns graft type distribution: only a small number of partici-
pants received patellar tendon autografts, preventing a reliable analysis of potential PRP-by-
graft-type interactions and reducing statistical power for subgroup comparisons. Muscle
strength assessments were performed using the Kineo Intelligent Load system rather than
a validated isokinetic dynamometer; because reliability metrics (ICC, SEM, MDC) for
our specific test protocol are not yet established, the findings should be interpreted as
device-specific and may not be directly generalizable to other measurement systems.

Limb dominance was not recorded, which may influence interlimb comparisons,
particularly in cases where the injured limb exceeded the contralateral limb in strength.
Finally, no imaging or biomarker assessments were available to objectively verify intra-
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articular or musculotendinous effects of PRP, meaning the proposed biological mechanisms
remain hypothetical.

Because this was a retrospective study, an immortal time bias may be present. Al-
though all patients in the PRP group received the injection at the same standardized
postoperative time point, there is an inherent period between surgery and the PRP admin-
istration during which patients had to remain event-free to be eligible for treatment. This
time-related bias should be considered when interpreting the results.

Future research should include randomized controlled trials with larger samples, stan-
dardized PRP preparation protocols, validated strength testing procedures, and extended
follow-up to determine the long-term clinical relevance of biologic augmentation after
ACL reconstruction.

5. Conclusions

The experimental rehabilitation protocol incorporating PRP was associated with mod-
est but statistically significant improvements in both primary and secondary outcomes,
including enhanced interlimb symmetry (the most clinically relevant parameter), and a
trend toward greater strength restoration in the operated limb compared with the contralat-
eral side. Improvements were observed consistently across both isometric and concentric
muscle actions, suggesting a potential supportive role of PRP during early postoperative
rehabilitation. These superior outcomes were observed exclusively in the group that re-
ceived PRP, whereas the control group following rehabilitation alone did not demonstrate
comparable improvements.
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Abstract

Background: Persistent rotational instability and graft failure remain major challenges
following anterior cruciate ligament reconstruction (ACLR). The addition of anterolateral
ligament reconstruction (ALLR) and suture tape augmentation may enhance graft pro-
tection and early stability. This study aimed to assess the short-term clinical outcomes
of combined ACLR and ALLR with suture tape augmentation, hypothesizing that this
technique would yield favorable results in patients with ACL injury. Methods: Twenty-
four patients (16 males, 8 females; mean age 30.8 years) with high grade pivot shift who
underwent combined ACLR and ALLR with suture tape augmentation between 2022 and
2024 were retrospectively reviewed. Objective assessments included pivot-shift grading
and anterior tibial translation (ATT) using a GNRB arthrometer. Patient-reported outcome
measures (PROMs) comprised the International Knee Documentation Committee (IKDC),
Marx activity score, and Single Assessment Numeric Evaluation (SANE) scores. Subgroup
analysis compared graft diameters < 8 mm versus >8 mm. Results: The mean follow-up
period was 23.4 months. Significant improvements were observed postoperatively in IKDC
(45.9—83.7), Marx (4.4—9.9), SANE (49.2—85.2), and ATT (4.7—1.1 mm) (all p < 0.001). Full
range of motion was regained at a mean of 3.2 months. Twenty-one patients presented no
pivot shift and three with grade one postoperatively. No significant differences were found
between the small (<8 mm) and large (>8 mm) graft groups. MRI at one year showed intact
grafts without adverse reactions. Conclusions: Combined ACL and anterolateral ligament
reconstruction with suture tape augmentation demonstrated promising short-term stability
and functional recovery without significant complications. This technique may enhance
biomechanical reinforcement of both ACL and ALL grafts and represents a viable option
for patients with smaller graft diameters.

Keywords: anterior cruciate ligament reconstruction; anterolateral ligament; sutures;
treatment outcome; patient reported outcome measures; internal brace

1. Introduction

Anterior cruciate ligament (ACL) injury is among the most common sports-related
knee injuries, particularly in athletes engaged in pivoting activities [1]. Although ACL
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reconstruction (ACLR) remains the gold standard for restoring knee stability and function,
persistent rotational laxity and graft failure continue to pose challenges [2]. Reported
failure rates of 10-15% in young athletes underscore the need for ongoing refinement of
surgical techniques to optimize long-term outcomes [3].

The anterolateral ligament (ALL) has been reported to be an important secondary sta-
bilizer against anterolateral rotational instability [4,5]. Studies have shown that combined
ACLR and ALL reconstruction (ALLR) improves rotational control [6,7]. Furthermore, com-
bined ACLR and ALLR has been reported to decrease graft failure rate and revision rates of
ACLR compared with isolated ACLR [8,9]. These findings have fueled increasing interest
in incorporating ALLR into ACLR procedures, particularly for high-risk patients [10].

On the other hand, suture tape augmentation (STA) has emerged as a promising
innovation aimed at improving knee laxity and protecting the graft during its early healing
phase [11,12]. Acting as an “internal brace”, STA provides additional reinforcement to
reduce micromotion and elongation under load with added graft stiffness [13-15]. Studies
have reported encouraging outcomes for ACLR with STA, including improved stability
and potentially reduced early graft failure [16].

More recently, STA has also been applied to ALL repair or reconstruction techniques in
ACL-injured patients [17,18]. Different ALL reconstruction techniques have been described
in the literature, including the traditional two-limb construct and the single-limb con-
struct [19,20]. When performing combined ACLR and ALLR, the graft—often the gracilis
tendon used for the ALL—may be relatively small in diameter or insufficient in length for a
two-limb construct. The addition of suture tape augmentation can provide supplementary
support for the single-limb gracilis graft, particularly in cases with smaller graft diameters.

As a result, while combined ACLR and ALLR have demonstrated improved control of
rotational instability, the addition of suture tape augmentation in both ACL and ALL may
provide further biomechanical reinforcement that protects the graft complex, particularly
during the healing phase. Accordingly, the integration of ACLR, ALLR, and STA in a single
procedure represents a biomechanically complementary strategy designed to enhance early
stability, promote graft protection, and potentially improve short-term clinical outcomes.
The aim of the study was to evaluate the short-term clinical outcomes of combined ACLR
and ALLR with STA in patients presenting with ACL deficiency and pivot instability. We
hypothesized that this combined strategy could provide promising early stability and
favorable functional outcomes without complications.

2. Materials and Methods
2.1. Study Design and Patient Selection

This retrospective study reviewed patients who underwent combined anterior cruciate
ligament reconstruction (ACLR) and anterolateral ligament reconstruction (ALLR) between
2022 and 2024. Patients were included if they presented with a high-grade pivot shift
preoperatively; underwent combined ACLR and ALLR with suture tape augmentation;
had at least one year of postoperative follow-up; and had complete medical records with
patient-reported outcome measures (PROMs). Exclusion criteria included absence of a high-
grade pivot shift, follow-up of less than one year, or incomplete clinical or PROMs data.

2.2. Clinical and Demographic Data Collection

Demographic and clinical information was collected, including age, sex, body mass
index (BMI), time since surgery, graft diameter, tibial slope, meniscal injury, and cartilage
status. Objective evaluations comprised the pivot-shift test grading, GNRB® system (GNRB)
for anterior tibial translation (ATT) [21], and assessment of knee range of motion (ROM).
PROMs included Marx activity score, the International Knee Documentation Committee
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(IKDC) score, and Single Assessment Numeric Evaluation (SANE). The assessment and
grading of the pivot-shift test followed previously published criteria, with grades classified
as 0 (normal), 1 (glide), 2 (clunk), and 3 (locked subluxation) [22]. A high-grade pivot
shift was defined as a pivot-shift test graded as 2 or 3. Return to preinjury activity level
was evaluated based on both the Marx Activity Rating Scale and patient self-report. It
was defined as the resumption of the same level of sports participation as before injury,
with a postoperative Marx score equal to or higher than the preinjury value. For subgroup
analysis, a post hoc grouping was performed. Patients were divided according to graft
diameter into those with grafts smaller than 8 mm and those with grafts measuring 8 mm
or greater.

2.3. Surgical Technique

All reconstructions were performed using hamstring autografts. The graft was pre-
pared by tripling the semitendinosus tendon and combining it with a single strand of
gracilis tendon. Both tendons were sutured together to create a continuous construct,
forming a four-strand ACL graft (three strands of semitendinosus and one of gracilis) and
a single-strand gracilis extension for the ALL. A suture tape (FiberTape, Arthrex, Naples,
FL, USA) was taken from Biocomposite Swivelock C anchor (Swivelock C; Arthrex) and
was incorporated along the ACL and ALL grafts as an internal brace, as shown in Figure 1.

Figure 1. Continuous graft of combined ACL, ALL and suture tape augmentation, before and
after suture integration. 3S-ST: 3-stranded semitendinosus tendon; 15-G: 1-stranded gracilis tendon;
G: Gracilis tendon; ACL: Anterior cruciate ligament; ALL: Anterolateral ligament; STA: Suture
tape augmentation.

Both femoral and tibial tunnels were prepared using an outside-in technique. The
femoral tunnel entry point was positioned proximal and posterior to the lateral epicondyle,
with the exit directed toward the posterolateral aspect of the lateral femoral condyle at the
anatomic anteromedial (AM) bundle footprint. The tibial tunnel for the ALL was located
midway between Gerdy’s tubercle and the fibular head, approximately 1 cm below the
joint line. After tunnel preparation, the graft was passed from tibia to femur, and the ALL
portion was routed distally beneath the iliotibial band to the tibial tunnel, as illustrated
in Figure 2a—c. The ALL graft was then passed into the tibial tunnel. Graft fixation was
performed using bioabsorbable interference screws. The ACL graft was tensioned and
fixed at 30° of knee flexion under the reverse Lachman test, with manual assistance to
ensure appropriate tension. The ALL graft was fixed at full knee extension with the tibia in
a neutral rotational position [23]. The suture tape was fixed alongside the grafts and finally
tied together at the tibial incision site to reinforce the construct. The final intra-articular
configuration is demonstrated in Figure 3.
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Figure 2. Demonstration of combined ACL and ALL and suture tape passage (a) Graft passage
trantibial into the knee (b) ALL and suture tape passed out of the femur tunnel over proximal and
posterior to the femoral lateral epicondyle. (¢) ALL and suture tape passed underneath the IT band
to tibial ALL point between Gerdy’s tubercle and fibula head. PT: patella; LE: lateral epicondyle; GT:
Gerdy’s tubercle; FH: fibula head; ACL: Anterior cruciate ligament; ALL: Anterolateral ligament;
STA: Suture tape augmentation.

Figure 3. Demonstration of ACL graft and suture tape augmentation intra-articularly.

2.4. Postoperative Rehabilitation Protocol

Postoperative rehabilitation was standardized and adjusted according to the presence
of concomitant meniscal repair. Continuous passive motion was initiated immediately
after surgery to promote early joint mobility. Patients without meniscal repair ambulated
with crutches for the first two weeks, progressed to full weightbearing thereafter, and did
not require a brace. Jogging was permitted at three months postoperatively, sprinting and
competitive exercises at six months, and unrestricted return to sports at approximately nine
months. For patients who underwent meniscal repair, a range-of-motion brace was applied
for six weeks. Knee flexion was limited to 0-60° during the first four weeks and advanced
to full range of motion thereafter. Partial weightbearing with crutches was maintained for
four weeks, followed by gradual progression as tolerated.

2.5. MRI Evaluation

Postoperative MRI follow-up was performed approximately one year after surgery,
depending on patient willingness. The graft was evaluated using proton density sequences.

2.6. Statistical Analysis

All statistical analyses were performed using SPSS software (version 23.0; IBM Corp.,
Armonk, NY, USA) and Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA).
Categorical variables were analyzed using Fisher’s exact test, and continuous variables
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were compared using the Mann-Whitney U test or unpaired t-test as appropriate. Wilcoxon
signed-rank test was used for non-parametric data. Statistical significance was set at a
p-value less than 0.05.

3. Results

A total of 29 patients who underwent combined ACLR and ALLR with suture tape
augmentation were identified during the study period. Three patients were excluded
due to follow-up of less than one year, and two patients did not complete the PROMs
questionnaire. Consequently, 24 patients met the inclusion criteria and were included
in the final analysis. The cohort comprised 16 males and 8 females, with a mean age of
30.8 &= 12.8 years (range, 14-50 years). The mean follow-up period was 23.4 £ 6.4 months
(range, 12-34 months). Patient demographic and clinical characteristics are summarized
in Table 1. All patients presented with a positive pivot-shift test before surgery, including
10 patients with grade 2 and 14 patients with grade 3 instability, indicating significant
rotational laxity. Seven patients had ACL graft diameters smaller than 8 mm. Concomitant
meniscal injuries were found in 11 patients—eight involving lateral meniscus tears, three
with medial meniscus tears and two with concomitant tears. All meniscal tears were treated
with arthroscopic repair at the time of reconstruction.

Table 1. Patient characteristics.

Age (years) 30.8 £12.8
Gender (M/F) 16/8

BMI (kg/m?) 20.34+2.0

Side (R/L) 11/13

Graft size (mm) 84+08

Time from injury (months) 3.9(2-14) £ 23
Follow-up (months) 23.4 (12-34) + 6.4
Pre-op Pivot grade II /111 10/14
STSD-ATT by GNRB (mm) 47 +0.7
Medial cartilage injury (n, %) 4 (16.7%)
Lateral cartilage injury (n, %) 3 (12.5%)
Medial meniscus tear (n, %) 3 (12.5%)
Lateral meniscus tear (n, %) 8 (33.3%)

BMI: body mass index; STSD: side-to-side difference; ATT: anterior tibia translation.

The preoperative and postoperative clinical assessments and patient-reported outcome
measures (PROMs) are presented in Table 2. At the final follow-up, patients achieved favorable
functional recovery, with mean postoperative IKDC, Marx score and SANE of 83.7 4- 4.8,9.9 &
1.6, and 85.2 & 4.8, respectively. Full range of motion was regained in all patients at an average
of 3.2 months postoperatively. Averaged ATT measured by GNRB improved significantly
from 4.7 £ 0.7 mm to 1.1 &= 0.4 mm. There were 3 patients who presented with grade 1 pivot
shift and 21 with no pivot shift noted post-operatively. Fourteen patients (58.3%) successfully
returned to their preinjury activity level within one year after surgery. When patients were
stratified by graft diameter (<8 mm vs. >8 mm), the baseline demographic characteristics are
detailed in Table 3, and the postoperative outcomes and PROMs are summarized in Table 4.
Patients in the smaller graft diameter group presented with significantly lower BMIL. There
were no statistically significant differences between the two groups in postoperative GNRB
measurements, pivot-shift grading, or PROMs (all p > 0.05).
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Table 2. Pre-operative and post-operative PROMs, pivot grade, and ATT.

Pre-Op (Mean £ SD)  Post-Op (Mean £ SD) p-Value

IKDC 459+79 83.7 48 <0.001
Marx 44+10 99+1.6 <0.001
SANE 492 £9.7 852 +48 <0.001
Pivot grade (0:1:2:3)  0:0:10:14 21:3:0:0 <0.001
STSD-ATT (mm) 47 +0.7 1.1+04 <0.001

IKDC: International Knee Documentation Committee; SANE: Single Assessment Numeric Evaluation; STSD:
side-to-side difference; ATT: anterior tibia translation.

Table 3. Pre-operative patient comparison between graft size <8 mm and >8 mm.

<8mm (n=7) >8mm (n =17) p-Value
Age (years) 25.6 =145 344 +115 0.182
Gender (F/M) 4/3 5/12 0.417
BMI (kg/m?) 18.7 +£1.8 209 £ 1.8 0.019
Side (L/R) 3/4 10/7 0.793
Graft size (mm) 744+0.2 8.9+ 0.6 <0.001
Pivot grade (0:1:2:3) 0:0:3:4 0:0:7:10 0.373
STSD-ATT (mm) 47 £0.8 48 £0.7 0.782
IKDC 454 4+76 46.1 + 8.2 0.860
Marx 49+ 1.1 42409 0.169
SANE 50.7 £ 8.9 48.5 +10.3 0.610

BMI: body mass index; STSD: side-to-side difference; ATT: anterior tibia translation; IKDC: International Knee
Documentation Committee; SANE: Single Assessment Numeric Evaluation.

Table 4. Post-operative PROMs, Pivot test grade, and STSD-ATT by GNRB compared by graft size.

<8mm (n=7) >8 mm (n =17) p-Value
IKDC 823 +42 843 +51 0.334
Marx 9.6 +22 101 +1.4 0.605
Sane 86.4 £ 5.6 84.7 £45 0.485
Pivot grade (0:1:2:3)  6:1:0:0 15:2:0:0 0.881
STSD-ATT (mm) 1.0+ 0.5 1.1+04 0.502

STSD: side-to-side difference; ATT: anterior tibia translation; IKDC: International Knee Documentation Committee;
SANE: Single Assessment Numeric Evaluation.

A single postoperative complication occurred in an 18-year-old patient who developed
a knee infection 10 days after reconstruction. The patient presented with knee swelling
and erythema and was successfully treated with arthroscopic debridement followed by a
two-week course of antibiotics, without recurrence of infection.

Among the 24 patients, 7 patients underwent postoperative magnetic resonance
imaging (MRI) one year after surgery. All MRIs demonstrated intact ACL and ALL grafts
with normal signal intensity and no significant tunnel widening (>2 mm) was observed in
the measured tunnels. Two patients exhibited small cyst-like lesions at the tibial tunnel
of ACL, but both were asymptomatic and did not require further intervention. No graft
failure or loss of knee stability was observed during the follow-up period.

4. Discussion

The results of this study support the hypothesis that combined anterior cruciate
ligament reconstruction and anterolateral ligament reconstruction with suture tape aug-
mentation yields promising short-term functional outcomes in patients with ACL injury
and pivot-shift instability. The mean postoperative IKDC, Marx activity score, and SANE
were 83.7 £ 4.8,9.9 &+ 1.6, and 85.2 + 4.8, respectively. Full range of motion was restored
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at an average of 3.2 months postoperatively. There were no significant differences in out-
comes between patients with graft diameters < 8 mm and those with grafts > 8 mm. No
complications regarding suture tape augmentation, such as foreign body reaction, were
observed. Despite the promising outcomes, studies with larger case series, inclusion of con-
trol groups, and longer follow-up periods are needed in the future to assess graft protection
and durability and validate the reliability of this treatment approach.

Persistent rotational instability after ACL injury has been associated with an increased
risk of progressive gonarthrosis, underscoring the essential role of the ACL and rota-
tional knee stability in maintaining joint health and preventing degenerative changes [24].
Combined ACL and ALL reconstruction has gained increasing popularity, particularly in
patients at higher risk of residual rotational instability or revision surgeries [25,26]. Recent
meta-analyses and randomized controlled trials have reported that combined ACL and
ALL reconstruction offers superior control of knee laxity, lower graft failure rates, and
higher return-to-sport and graft survival rates [27,28]. The addition of an ALL recon-
struction or a lateral extra-articular tenodesis is especially beneficial in high-risk patients,
such as young athletes, patients exhibiting high-grade pivot shift, or those with anatomic
risks for ACL failure [29-31]. All patients in our series presented with significant pivot
shift, making them appropriate candidates for combined ACL and ALL reconstruction.
After the operation, pivot shift changed from 14 patients with grade III and 10 with grade
II preoperatively to 3 with grade I and 21 with grade 0 postoperatively. These findings
are in line with previous studies that combined ACLR and ALLR to restore the rotation
instability effectively. On the other hand, side to side difference in ATT measured from
GNRB reported significant improvement from 4.7 £ 0.7 preoperatively to 1.1 + 0.4 mm
postoperatively. The results were similar to a previous study by Cheng et al., who con-
ducted a study reporting outcome measures of GNRB for ACLR and ALLR [32]. These
findings suggested that the augmentation of suture tape in both ACL and ALL constructs
may enhance initial stability during the early healing phase. In the present series, no cases
of graft failure were observed within the mean follow-up period of two years, consistent
with previously reported short-term outcomes.

Suture tape augmentation in ACL reconstruction has been shown in both biome-
chanical and clinical studies to enhance graft strength, reduce elongation, and provide
a “load-sharing” or “safety-belt” effect during early rehabilitation [33-37]. Clinical se-
ries have reported low complication rates and satisfactory patient-reported outcomes,
with evidence of improved short-term function and decreased re-rupture risk [35,38,39].
Gao et al. reported that ACLR with STA is associated with a reduced graft failure rate
and increased RTS rate compared with standard ACLR without additional reoperations
or complications [40]. Potential concerns include over-constraint, stress shielding, and
delayed graft maturation. Nevertheless, neither animal nor human studies have shown
significant differences in ligamentization, histological appearance, or intra-articular compli-
cations between augmented and non-augmented grafts [33,41]. Our results were in line
with previous studies, with no MRI evidence of tunnel stress shielding or intra-articular
abnormal signal change around the ACL graft observed. Regarding the cyst-like lesions
observed in two patients on postoperative MRI, these small lesions were located around the
tibial tunnel and adjacent to the bioabsorbable screw. They were asymptomatic and were
most likely related to the degradation process of the bioabsorbable material rather than
the suture tape’s reaction within the bone tunnel. Similar findings have been described
in the literature, where bioabsorbable fixation devices were associated with tibial cyst
formation after ACL reconstruction [42]. Although these lesions are generally benign and
self-limiting, recognizing this imaging appearance is important for accurate interpretation
of postoperative MRI findings. Finally, no over-constraint-related range of motion deficits
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were noted, and all patients regained full range of motion by an average of 3.2 months
postoperatively. This might be due to combined STA in ACLR and ALLR allowing early
stability and therefore early rehabilitation.

In terms of postoperative rehabilitation, this study adopted the protocol described
by Chiu et al., emphasizing early range-of-motion recovery, progressive weight-bearing,
and functional training [18]. With recent advances in mechatronic rehabilitation systems
integrating robotic assistance and sensor-based feedback, combining such feedback-guided
technologies with current rehabilitation strategies could further enhance motion accuracy
and neuromuscular re-education [43]. This integration may enable ACL-reconstructed
patients to regain natural gait and athletic performance more precisely and efficiently.

Graft diameter is another critical determinant of ACL reconstruction outcomes. Previ-
ous studies have demonstrated that hamstring autografts smaller than 8§ mm are associated
with higher failure and revision rates compared with larger grafts [44,45]. Meta-analyses
have shown that each 0.5 mm increase in graft diameter significantly reduces failure risk,
and grafts > 8 mm are generally preferred [45,46]. Mariscalco et al. further reported that
smaller hamstring autograft size predicted poorer KOOS Sport and Recreation scores at
two years postoperatively [47]. On the other hand, a biomechanical study conducted by
Bachmaier et al. suggested that STA could reduce the possibility of graft tears, especially
for grafts with small diameters [48]. Interestingly, in the present study, no significant
difference was found between patients with grafts <8 mm and >8 mm in terms of short-
term functional outcomes. Both groups demonstrated reliable postoperative stability, with
anterior tibial translation (ATT) measuring 1.0 mm and 1.4 mm, respectively. In this study,
suture tape augmentation was integrated with both the ACL and ALL grafts, indicating
that the reconstructed ACL was reinforced not only by the internal brace within the joint
but also by the “ALL-suture tape” construct outside the notch. Therefore, despite smaller
graft diameters, satisfactory outcomes could be achieved, as the combined effect of ALL
reconstruction and suture tape augmentation likely provided sufficient biomechanical
reinforcement to compensate for reduced graft size.

This study has several limitations. First, it was a retrospective study with a relatively
small sample size. Second, the mean follow-up period was approximately two years, with
a minimum of one year; thus, the results should be considered preliminary. Longer-term
follow-up is necessary to evaluate durability, graft maturation, and late complications.
Third, there was no control group of isolated ACL reconstruction or ACL plus ALL recon-
struction without suture tape augmentation for comparison. Finally, postoperative MRI
follow-up was available in only around 30% of patients (7/24), which may have limited
the detection of subclinical intra-articular reactions or bone tunnel changes related to the
suture tape.

5. Conclusions

Combined ACL and ALL reconstruction with suture tape augmentation showed
promising short-term results in patients with high-grade pivot shift. The technique was
safe, with no range of motion limitation or graft-related complications, and may be a viable
option for patients with smaller graft diameters. However, larger prospective comparative
studies with extended follow-up are warranted to validate these findings and to further
determine the potential advantages of this technique over standard reconstruction methods.
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The following abbreviations are used in this manuscript:

ACL Anterior cruciate ligament

ACLR Anterior cruciate ligament reconstruction
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STA Suture tape augmentation

ATT Anterior tibial translation

PROMs Patient-reported outcome measures

IKDC International Knee Documentation Committee
SANE Single Assessment Numeric Evaluation

MRI Magnetic resonance imaging

ROM Range of motion
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Abstract

Background: Anterior cruciate ligament (ACL) reconstruction (ACLR) is the gold-standard
treatment for ACL rupture; however, graft failure remains a significant concern, partic-
ularly in young, active, or high-risk patients. The addition of a Lateral Extra-Articular
Procedure (LEAP) has been proposed to enhance rotational stability and reduce the risk
of graft rupture. This systematic review and meta-analysis aimed to determine whether
adding LEAP to primary ACLR reduces graft failure rates compared to isolated ACLR,
with a minimum follow-up of two years. Methods: A comprehensive literature search
was conducted across PubMed, Scopus, Embase and Cochrane Library databases in accor-
dance with PRISMA guidelines. Eighteen comparative studies with a minimum 24-month
follow-up were included, encompassing 7336 patients (3857 undergoing isolated ACLR
and 3479 undergoing ACLR with LEAP). The primary outcome was graft failure rate. Data
were analyzed using the Mantel-Haenszel method with a fixed-effects model to calculate
pooled risk ratios (RR) and 95% confidence intervals (CI). Results: Pooled analysis demon-
strated a significant increase in graft rupture risk in the ACLR-alone group compared
to ACLR + LEAP (RR 2.72; 95% CI: 2.23-3.32; p < 0.00001), with negligible heterogeneity
(I? = 0%). LEAP was particularly beneficial in high-risk populations such as young athletes
and individuals with high-grade pivot shift or ligamentous laxity. Secondary outcomes
showed improved rotational stability and comparable patient-reported outcomes and
complication rates between groups. Conclusions: ACLR alone presents a higher risk of
graft failure in comparison with the ALCR + LEAP technique. Furthermore, the addition
of LEAP to ACLR improves rotational stability without increasing complications. LEAP
should be selectively considered in patients with high-risk profiles or persistent intraopera-
tive instability. These findings support the incorporation of LEAP as a valuable adjunct in
modern ACL reconstruction strategies.

Keywords: ACL reconstruction; sports medicine; lateral extra-articular procedure; LEAP;
graft failure; knee stability; meta-analysis

1. Introduction

Anterior cruciate ligament (ACL) tears are among the most common knee injuries,
affecting more than 150,000 people each year, most of whom are athletes. Anterior cruciate

. Clin. Med. 2025, 14, 8499 https://doi.org/10.3390/jcm14238499
110



J. Clin. Med. 2025, 14, 8499

ligament (ACL) reconstruction has become the gold standard for the treatment of ACL in-
juries. Over the years, various reconstruction techniques have been proposed and gradually
improved. Among the various surgical techniques proposed, lateral extra-articular proce-
dures (LEAP) are often used to address residual femoral rotation and the potential knee
instability that may persist following anterior cruciate ligament (ACL) reconstruction [1]

Several recent studies have investigated the benefits of combining LEAP with ACLR,
suggesting potential advantages in selected patient populations [2]. Currently, LEAP is
typically indicated in the majority of cases involving high-grade rotational instability, an-
terolateral ligament injury, high-risk patients such as young athletes that practice pivoting
sports (soccer, basketball, rugby) or those with ligamentous laxity, revision ACL reconstruc-
tions, and persistent rotational instability despite adequate intra-articular repair, although
it is not routinely performed by all surgeons [1].

The aim of our systematic review and meta-analysis is to assess whether adding
LEAP to primary ACL reconstruction significantly reduces graft failure rates compared to
isolated ACLR, at a minimum follow-up of two years. Our analysis focuses on providing
evidence-based guidance on the necessity and appropriateness of LEAP, considering that
its routine application may not confer additional protective benefits and could represent an
unnecessary surgical intervention in many cases.

2. Methods and Materials

This systematic review and meta-analysis adhered to the guidelines outlined in the Pre-
ferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) The PRISMA
checklist is provided in Supplementary Materials. The protocol for this systematic review
and meta-analysis was prospectively registered in PROSPERO (ID: CRD420251158621).

2.1. Eligibility Criteria

(1) Cohort studies, Randomized clinical trials, Systematic reviews, Randomized compara-
tive studies, Meta-analyses, Randomized controlled trials, Retrospective comparative
studies, Retrospective propensity-matched cohort study, Retrospective cohort studies,
Prospective randomized controlled trials, Retrospective cohort; propensity-matched
case—control studies;

(2) Studies written in the English language;

(3) Studies on patients who underwent ACL reconstruction, with or without Lateral
Extra-articular Procedures (LEAP);

(4) Only studies with patients who underwent ACL reconstruction with a minimum
24 months follow-up were considered;

(5) Only studies presenting graft rupture rate, in percentage (%) or in absolute value;

2.2. Exclusion Criteria

(1) Casereports, reviews, letters to the editor, cadaveric studies, commentaries, and editorials;
(2) All studies with Level of Evidence = 4 or 5;

(3) Mean age < 14 years;

(4) Studies older than 8 years (1 May 2018-1 May 2025);

(5) Revision reconstruction;

Data on type of graft used (Hamstring Tendons (HT), Bone-Patellar-Tendon Bone
(BTB), Quadriceps Tendon (QT)), type of femoral tunnel practised (trans-tibial, modified
trans-tibial or antero-medial tunnel) and type of bundle (single or double bundle) were not
considered as exclusion criteria.
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2.3. Information Sources and Search Strategy

A comprehensive search of PubMed, Scopus, Embase and the Cochrane Library was
performed. Two reviewers (M.A. and P.S.) independently gathered studies, and then the
results were cross-checked and merged for analysis.

All search results were independently screened by title/abstract and then by full
text against predefined criteria (clinical studies reporting graft rupture rate after ACL
reconstruction, in percentage or in absolute values).

A total of 214 records were identified through database searching. After removal of
7 duplicates and screening of titles and abstracts, 177 studies were excluded. 37 full-text
articles were assessed for eligibility, of which 19 were excluded for reasons such as non-
comparative design, follow-up shorter than 2 years, or pediatric cohorts. 18 studies met
the inclusion criteria and were included in the final qualitative and quantitative synthesis.

2.4. Data Items
Extracted data consisted of the following:

(1) Study information: author, publication year, title, study type, level of evidence,
purpose, and main conclusions;

(2) Population details: sample size, sex distribution (when possible), mean age, and
therapeutic protocol (ACL reconstruction, with or without LEAP);

(3) Methodology specifics: type of graft (when possible), graft rupture rate (directly in
percentage % or indirectly, as event occurred /number of participants);

2.5. Risk of Bias

P.S. and M.C. performed the risk-of-bias assessment independently and in duplicate,
using tools appropriate to study design: RoBANS for non-randomized studies and RoB 2 for
randomized trials. Any disagreements were resolved by discussion; if consensus was not
reached, a third reviewer (M.A.) adjudicated. ROBANS comprises six domains—(a) patient
selection, (b) confounding variables, (c) measurement of exposure, (d) blinding of outcome
assessment, (e) incomplete outcome data, and (f) selective outcome reporting—each rated
Low, High, or Unclear risk. RoB 2 includes five domains—(1) randomization process,
(2) deviations from intended interventions (effect of assignment), (3) missing outcome data,
(4) measurement of the outcome, and (5) selection of the reported result—with signaling
questions supporting domain judgments (Low risk, Some concerns, High risk).

Overall judgment rules followed standard criteria: Low risk if all domains were
Low; Some concerns if no domain was High but >1 domain raised concerns; High risk
if >1 domain was High or multiple concerns substantially lowered confidence.

Risk of bias was assessed for the 18 included studies: five RCTs (assessed with
RoB 2) and thirteen non-randomized studies (assessed with ROBANS). Among the RCTs,
Heard et al. [3], Getgood et al. [4], and Porter et al. [5] were judged Low risk across all RoB
2 domains, while El-Azab et al. and Lucidi et al. raised some concerns in certain domains,
resulting in an overall judgment of some concerns.

RoBANS assessments indicated heterogeneous risk-of-bias patterns among non-
randomized studies. Patient selection, exposure ascertainment, completeness of outcome
data, and selective reporting were generally judged at low risk. However, confound-
ing and outcome assessment frequently raised concerns, primarily due to unmeasured
confounders and the absence of blinding procedures, which could influence outcome eval-
uation. Notably, Monaco et al. [6], Viglietta et al. [7], Serna et al. [§], Mahmoud et al. [9],
and Rowan et al. [10], were low across all RoBANS domains (overall low risk). Risk of bias
due to missing results was assessed visually using funnel plot: suggested slight asymmetry,
indicating a possible risk of publication bias.
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Visual summaries are provided in Figures 1 and 2.

Risk of bias domains

0®

L O I JOIo) I JO)0)

000000000 OCOS®
000000000 OOO®S
000000000 OO®S®
000000000 OOO®S®
00000000 OOO®S®

L Xo) I IOJo) I IOI0JO)

Domains: Judgement

D1: Bias due to confounding.

D2: Bias due to selection of participants. = Moderate

D3: Bias in classification of interventions. . Low

D4: Bias due to deviations from intended interventions.

D5: Bias due to missing data. . No information

D6: Bias in measurement of outcomes.
D7: Bias in selection of the reported result.

Figure 1. Risk of Bias—Non-Randomized Studies (RoBANS) by robvis [6-18].
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Figure 2. Risk of Bias—Randomized Controlled Trials (RoB 2) by robvis [3-5,19,20]. Risk of Publica-
tion Bias—Funnel plot.
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2.6. Data Analysis

Patients from the included studies were categorized into two groups based on the
type of technique practiced (LEAP or non-LEAP).

Successively, each single event was extracted from the rupture’s percentage. When
they occurred, results were rounded to excess or defect. If a study presented more graft-
harvesting techniques, they were summed, and considered as a single result.

Our aim was to calculate the risk ratio of each group, and then a comparison was
made between the two sets of data.

All events were inserted in Review Manager software (RevMan, version 5.4.1,
Cochrane, London, UK), using dichotomous data with Mantel-Haenzsel statistical method,
risk ratio on fixed effect (I> = 0%), IC 95%.

The degree of heterogeneity in graft rupture rate was assessed with the I index, which
was interpreted as follows: 0.0-24.9% to indicate no heterogeneity, 25.0-49.9% to indicate
low heterogeneity, 50.0-74.9% to indicate moderate heterogeneity, 75.0-100.0% to indicate
high heterogeneity. A higher I? score implies a larger proportion of variability in the results
that could be attributed to heterogeneity [16].

Sensitivity analyses using a random-effects model produced similar pooled estimates
(Risk Ratio 2.62, 95% CI 2.14-3.19; Tau? = 0.00; Chi? = 12.57, df = 17 (p = 0.76); I? = 0%,
p <0.00001), confirming the robustness of the fixed-effects results.

In addition, the pooled risk difference (random-effects model) was 0.07 (95% CI
0.05-0.09), with moderate heterogeneity (I = 63%). This variability likely reflects differ-
ences in baseline event rates across studies rather than inconsistent treatment effects, as the
relative effect (RR) was homogeneous (I? = 0%).

To address differences in sample size across studies, weighted mean values were used
instead of arithmetic mean values. The use of weighted mean values allowed studies with
larger sample sizes to contribute more to the computed average compared to studies with
small sample sizes.

Certainty of the evidence was not formally assessed using the GRADE approach;
however, potential limitations, risk of bias, and inconsistency among included studies were
qualitatively discussed to provide an overall appraisal of the confidence in the findings

2.7. Study Selection and PRISMA Flow

The systematic review was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines. Study screen-
ing and selection were performed independently by two reviewers (S.P. and A.M.). Any
disagreements regarding inclusion or exclusion were resolved through discussion. In
cases where consensus could not be reached, a third reviewer (C.M.) was consulted, and
their decision was considered final. The search strategy identified 214 records, of which
7 duplicates were removed. After screening titles and abstracts, 177 records were excluded.
A total of 37 full-text articles were assessed for eligibility, and 19 were excluded for not
meeting the predefined inclusion criteria (e.g., not comparative studies, follow-up <2 years,
pediatric cohorts). Eighteen studies met all criteria and were included in the final analysis.
The study selection process is detailed in the PRISMA flow diagram. (Figure 3).
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Records identified from databases
(n=214)

Duplicates removed
(n=7)

Records screened

(n=207)
Records excluded
(n=177)

Full-text articles assessed for eligibility

Full-text articles excluded (n = 19):
- Not comparative studies

(n=37) - Follow-up < 2 years
Full-text excluded Wup=2y
_ - Pediatric cohorts
(n=19) - Did not meet inclusion criteria

|

Studies included in review
(n=18)

Figure 3. PRISMA 2020 flow diagram summarizing the study selection process. A total of 214 records
were identified through database searching. After removal of 7 duplicates and screening of titles
and abstracts, 177 studies were excluded. Thirty-seven full-text articles were assessed for eligibility,
of which 19 were excluded for reasons such as non-comparative design, follow-up shorter than
2 years, or pediatric cohorts. Eighteen studies met the inclusion criteria and were included in the
final qualitative and quantitative analyses.

3. Results

Eighteen comparative studies meeting inclusion criteria were analyzed, encompass-
ing a total of 7336 patients (3857 undergoing isolated ACL reconstruction [ACLR] and
3479 undergoing ACLR with additional lateral extra-articular procedures [ACLR + LEAP]).
All included studies reported graft rupture rates at a minimum of 2-year follow-up, with
patient populations generally composed of high-risk individuals (e.g., young athletes, those
with high-grade pivot shift or generalized ligamentous laxity).

Across individual studies, the incidence of graft failure varied markedly between
groups. In 17 of the 18 studies, the addition of LEAP was associated with numerically
lower re-rupture rates compared to ACLR alone. For instance, Monaco et al. [6] reported
0% graft failure in the ACLR + LEAP group versus 15% in the ACLR-only group, while
Hopper et al. [14] observed a significant difference between 6.0% and 15.5%, respectively
(p = 0.0105). In contrast, Parmar et al. [13], was the only study reporting a slightly higher
failure rate in the LEAP group (4.7% vs. 3%), though the difference was not statistically
significant. Several high-quality RCTs (e.g., Getgood et al. [4], Heard et al. [3], El-Azab
et al. [19]) consistently demonstrated a relative risk reduction in graft failure with LEAP
augmentation (Table 1).

Pooled analysis using a fixed-effect Mantel-Haenszel model showed a significant
increase in the risk of graft rupture in the ACLR alone group compared to ACLR + LEAP,
with a risk ratio (RR) of 2.72 (95% CI: 2.23 to 3.32; p < 0.00001). This suggests that patients
undergoing isolated ACLR are nearly three times more likely to experience graft failure
compared to those receiving an additional LEAP procedure. The heterogeneity among
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studies was negligible (I> = 0%, Chi? = 12.57, df = 17; p = 0.76), supporting the consistency
of this finding across diverse populations and study designs (Figure 4).

Table 1. Graft Rupture.

Study ACLR ACLR + LEAP

Monaco et al., 2022 [6] 15% 0%

Borque et al., 2022 [11] 9.5% 3.4%

Heard et al., 2023 [3] 11% 4%

Mao et al., 2021 [17] 12% 3.93%

El-Azab et al., 2023 [19] 6.3% 2.1%

Feng et al., 2022 [18] 11.5% 3.6%

Castoldi et al., 2020 [16] 29% 13%

Getgood et al., 2020 [4] 11.3% 3.7%

Brinkman et al., 2025 [12] HA 17.9%, QA 1.8% 4.3%

Parmar et al., 2025 [13] 3% 4.7%

Lucidi et al., 2025 [20] 37% 19%

Viglietta et al., 2022 [7] 10.4% 1.2%

Serna et al., 2025 [8] 4.9% 2.6%

Hopper et al., 2022 [14] 15.5% 6%

Guy et al., 2022 [15] 34.0% 6.5%

Mahmoud et al., 2022 [9] 11% 5%

Porter et al., 2020 [5] 14.8% 0%

Rowan et al., 2019 [10] 5% 0%

ACLR ALCR + LET Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CIl
Borgue et al. 2022 32 338 4 17 4. 6% 277 [1.00, 7.66]
Brinkman et al. 2024 11 1z 2 ar 23% 23 [053,10.01]
Castoldi et al. 2020 10 42 a 38 4.1% 1.81[0.68, 4.87] 7
El-Azah etal 2023 3 a0 1 a0 0.3% 3.00[0.32, 27.87]
Feng etal 2022 a0 BY5 21 583 17.T7% 3.20[2.00,8.10] —
Getgood et al. 2020 4 2494 11 281 9.6% 3.01[1.55,5.87] —
Guyetal 2022 17 an 2 il 1.9% .27 [1.31, 21.26] —
Heard et al. 2023 34 309 12 309 9.3% 2.831[1.50,5.37] -
Hopper etal. 2022 18 118 11 176 B.8% 2.48101.22 5.06]
Lucidi et al. 2025 12 kL] 4 22 4.0% 1.69[0.62, 4.62] B
Mahrmaud et al. 2022 a 72 4 7 31% 2.00[0.63, 6.39] —
Mao et al. 2021 47 397 16 407 121% 3.05[1.76, 5.29] —_—
Monaco etal. 2022 g a0 a 7 0.3% 2283[1.32, 394.87] —_——+
Farmar etal 2024 1 43 4 a0 2.0% 0.52 [0.06, 4.54] *
Forter et al. 2020 4 27 a 28 0.4% 9.32[0.53, 165 26]
Fowan etal. 2019 6 125 a 45 0.6% 4.85[0.28, 34.41]
Serna etal. 2025 a0 1022 271022 2049% 185117, 2.93] —
viglietta et al. 2022 q 2B 1 TH 0.8% 827 [1.07,63.7H]
Total (95% CI) 3857 3479 100.0% 2.72[2.23, 3.32] ’
Total events 382 125
Heterogeneity: Chif=12.87, di=17 (P=0.76); F=0% Df1 sz DTS :'5 1'EI

Testfor averall effect: Z=9.82 (F = 0.00001)

2
ACLR+LET ACLR

Figure 4. Pooled analysis using a fixed-effect Mantel-Haenszel model showed a significant increase

in the risk of graft rupture in the ACLR alone group compared to ACLR + LEAP, with a risk ratio
(RR) of 2.72 (95% CI: 2.23 to 3.32; p < 0.00001) [3-20].
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Overall, the results of this meta-analysis confirm that the addition of LEAP to ACLR
significantly reduces the risk of graft failure, particularly in high-risk populations. This
benefit appears robust across study design, graft type, and surgical technique, and is
achieved without a meaningful increase in adverse events. A summary of the results is
included in Table 2.

4. Additional Findings

In addition to graft failure rates, secondary outcomes were consistently reported across
the included studies and revealed converging trends favoring the addition of LEAP.

In terms of rotational stability, Monaco et al. [6] reported a pivot-shift grade 3 in 11.4%
of the ACLR group versus 0% in the ACLR + LEAP group (p = 0.021), and a side-to-side
anteroposterior laxity >5 mm in 17.1% versus 0% (p = 0.003). Similarly, Brinkman et al. [12],
found reduced postoperative pivot-shift grades in both the HT + LEAP and QT groups
compared to isolated HT (retear rate: 17.9% HT vs. 4.3% HT + LEAP). Viglietta et al. [7]
also showed a markedly lower instability rate in the combined ACLR + LEAP group (graft
failure: 1.2% vs. 10.4%).

Regarding patient-reported outcomes, Getgood et al. [4] and El-Azab et al. [19] ob-
served no statistically significant differences in IKDC or KOOS scores between groups at
final follow-up, while Porter et al. [5] documented superior Lysholm scores (96.8 vs. 92.5;
p = 0.004) and Tegner activity scale (median 8 vs. 7; p = 0.03) in the LEAP group.
Rowan et al. [10] found that patients receiving LEAP achieved a significantly higher median
Lysholm score (98 vs. 90; p = 0.005) and returned to sport sooner (6 vs. 8 months; p < 0.001).

Return to sport rates were comparable or improved with LEAP augmentation. For
instance, Heard et al. [3] and Hopper et al. [14], showed equivalent or better return-to-play
metrics in the ACLR + LEAP group. In Rowan et al. [10], 100% of LEAP patients resumed
pivoting sports versus 76% in the ACLR group.

Adverse event rates were similar between groups. Heard et al. [3] reported no signifi-
cant increase in minor surgical or medical complications with LEAP. Mahmoud et al. [9]
observed comparable complication profiles (e.g., 3 vs. 4 re-arthroscopies; 0 vs. 1 DVT), and
no study reported increased incidence of postoperative stiffness or infection attributable
to LEAP.

Finally, while one study (Castoldi et al. [16]) suggested a trend toward increased lateral
compartment osteoarthritis after LEAP, no consistent association was found across the
remaining long-term follow-up studies. On the contrary, Viglietta et al. [7] reported lower
Kellgren-Lawrence OA grades in the LEAP group.

Subgroup Analyses: Risk Populations and Graft Types

Subgroup analyses revealed notable patterns based on patient risk profiles and
graft type.

High-risk populations, such as adolescents, elite athletes, and individuals with gen-
eralized ligamentous laxity or high-grade pivot shift, consistently benefitted from the
addition of LEAP. For instance, in the STABILITY trial (Getgood et al. [4]), which en-
rolled patients <25 years old with >2 high-risk criteria, the 2-year graft rupture rate was
significantly reduced in the LEAP group (3.7% vs. 11.3%; p < 0.01). Hopper et al. [14]
demonstrated a hazard ratio (HR) of 2.678 (95% CI 1.173-4.837; p = 0.0164) for graft failure in
isolated ACLR, with even stronger effects observed in athletes under 21 years (HR = 2.381;
p =0.0068). Rowan et al. [10], focusing on elite athletes, reported 0% re-ruptures in the
LEAP group versus 5% in ACLR alone, and Guy et al. [15] showed a failure rate of 6.5%
with LEAP versus 34% without in elite skiers (p = 0.0412).
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In contrast, studies in lower-risk populations or those not explicitly stratified by risk
(e.g., Parmar et al. [13], Mahmoud et al. [9]) did not show as pronounced a benefit, and in
Parmar’s cohort of female soccer players, failure rates were slightly higher in the LEAP
group (4.7% vs. 3%), though not significantly.

With regard to graft type, several studies stratified outcomes by the source of the
autograft. Castoldi et al. [16] used BTB grafts and found a 29% failure rate in ACLR
versus 13% in ACLR + LEAP. In contrast, Lucidi et al. [20] compared three techniques: BTB
(37% re-rupture), hamstring tendon (25%), and over-the-top HT + LEAP (19%), indicating a
potential protective effect of LEAP independent of graft type. Brinkman et al. [12] compared
hamstring autografts (HT) and quadriceps tendon autografts (QT), observing a notably
higher failure rate in HT (17.9%) compared to QT (1.8%) and showing that combining HA
with LEAP (4.3%) substantially reduced this risk. Getgood et al. [4] and Heard et al. [3],
both using hamstring autografts, reported improved stability and reduced re-rupture when
augmented with LEAP, suggesting a particular benefit in this graft category.
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5. Discussion

Our systematic review and meta-analysis suggest that adding lateral extra-articular
procedures (LEAP) to anterior cruciate ligament reconstruction (ACLR) may be beneficial
in reducing the risk of graft failure, particularly in high-risk populations. Across the
included studies, encompassing 7336 patients, the pooled analysis showed that ACLR
alone was associated with nearly three times the risk of graft rupture compared to ACLR
combined with LEAP, with a risk ratio of 2.72 (95% CI: 2.23-3.32; p < 0.00001) and negligible
heterogeneity (7 = 0%) [2-5,8,9]. Individual studies consistently demonstrated lower
graft failure rates with LEAP augmentation. For instance, Monaco et al. [6] Anterior
Cruciate Ligament Reconstruction with Lateral Extra-Articular Tenodesis Reduces Knee
Rotation Laxity and Graft Failure Rate: A Systematic Review and Meta-Analysis reported
0% graft failure in adolescents undergoing ACLR + LEAP compared to 15% in isolated
ACLR [2], while Borque et al. [11] observed 3.4% versus 9.5% in elite athletes. Similarly,
Getgood et al. [4] found a reduction from 11.3% to 3.7% in young, high-risk patients, and
Viglietta et al. [7] demonstrated a long-term decrease in graft rupture from 10.4% to 1.2%.
Although a few studies such as Parmar et al. [13] reported slightly higher failure rates in
LEAP cohorts, these differences were not statistically significant.

Beyond graft failure, LEAP may improve rotational stability and functional out-
comes. Studies reported lower pivot-shift grades and reduced anteroposterior laxity
in combined ACLR + LEAP groups, with improved Tegner and Lysholm scores in sev-
eral cohorts [2,3,5,15,20]. Return-to-sport rates were comparable or superior with LEAP,
with Rowan et al. [10] documenting faster return to pivoting sports and higher functional
scores. Adverse event profiles were similar between groups, with no significant increase
in postoperative stiffness, infection, or contralateral ACL injuries [3,15,16]. Long-term
concerns regarding lateral compartment osteoarthritis were inconsistently reported; while
Castoldi et al. [16] suggested a trend toward higher osteoarthritis risk after LEAP, other
long-term studies found no such association and even reported lower osteoarthritis grades
in LEAP groups [7,13,14]. These findings support the notion that the reduction in graft
failure may contribute to long-term joint preservation and potentially reduce the risk of
post-traumatic osteoarthritis, although further longitudinal studies are needed.

Recent intra-operative findings further underscore the severe long-term consequences
of persistent ACL deficiency. Passaretti et al. [21] performed an intra-operative analysis in
patients undergoing total knee arthroplasty and found significant correlations between ACL
lesions and advanced gonarthrosis, suggesting that unaddressed rotational or translational
knee instability may accelerate joint degeneration and lead to end-stage osteoarthritis
requiring joint replacement. This evidence reinforces the idea that reducing graft failure
and residual instability via adjunct procedures such as LEAP may not only prevent revision
surgery, but also contribute to long-term joint preservation.

Potential modifying factors should be considered when evaluating LEAP. Age, par-
ticipation in pivoting sports, generalized ligamentous laxity, and graft choice may influ-
ence outcomes. Adolescents and elite athletes appear to derive the greatest benefit from
LEAP [3,4,6,7,11,14], and evidence suggests protective effects across hamstring, quadriceps,
and bone-patellar tendon-bone grafts [4,6,12,20].

While the primary focus is on graft protection, clinicians should also consider sur-
gical complexity, operative time, and rehabilitation implications. LEAP is an additional
procedure that may increase surgical duration and requires careful technique to avoid
lateral overconstraint. Rehabilitation protocols are largely similar to standard ACLR, but
close monitoring for lateral knee pain or stiffness is recommended [3,7]. Cost-effectiveness
analyses remain limited; however, the potential to reduce revision surgeries may provide
long-term economic benefits.
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In conclusion, the current evidence suggests that LEAP may be beneficial in reducing
graft failure and improving rotational stability in selected high-risk patients without a
significant increase in complications. These findings support a selective application of
LEAP, guided by patient-specific risk factors, intraoperative assessment, and consideration
of modifying factors such as age, sport, and graft type [2,4,6,7,11,21]. Future studies should
further investigate long-term joint preservation, cost-effectiveness, and optimal patient
selection criteria.
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Abstract

Objectives: This study aimed to perform matched comparisons of the surgical outcomes
of combined anterior cruciate ligament (ACL) and anterolateral ligament (ALL) recon-
struction with those of isolated ACL reconstruction, in which allografts were used for the
ACL. Methods: Patients who underwent anatomical ACL reconstruction with or without
additional ALL reconstruction between 2017 and 2023 and had a minimum follow-up of
2 years were included and grouped according to whether an additional ALL reconstruction
was performed. The cohorts were statistically adjusted using an inverse probability of treat-
ment weighting (IPTW) to control for potential confounders related to surgical indication,
including age, activity level, sex, rotational knee laxity, and preoperative osteoarthritic
grade. Between-group comparisons were conducted for baseline characteristics, clinical
outcomes, knee laxity, and radiologic parameters. Results: Fifty-nine patients were in-
cluded (Group 1: 39 isolated ACL reconstructions; Group 2: 20 combined ACL and ALL
reconstructions). Before IPTW adjustment, a significant difference was observed in the
preoperative pivot-shift test (p = 0.008), which was no longer significant after weighting.
Postoperative functional outcomes and knee stability were comparable between groups;
however, the incidence of surgical failure was significantly lower in Group 2 both before
and after IPTW adjustment (p = 0.044 and p = 0.049, respectively). Regarding radiologic
parameters, the signal-to-noise quotient of the ACL graft was also significantly lower in
Group 2, both before and after IPTW adjustment (p = 0.046 and p = 0.038, respectively).
Conclusions: In ACL reconstruction using allografts, the addition of ALL reconstruction
resulted in more favorable clinical and radiologic outcomes—particularly a lower inci-
dence of surgical failure and greater postoperative graft maturity—compared with isolated
ACL reconstruction.

Keywords: anterior cruciate ligament reconstruction; anterolateral ligament reconstruction;
allograft; surgical failure; graft maturity
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1. Introduction

The addition of anterolateral augmentation procedures, including anterolateral liga-
ment (ALL) reconstruction and lateral extra-articular tenodesis (LET), to anterior cru-
ciate ligament (ACL) reconstruction has been reported to provide significant clinical
benefits [1-5]. Combined procedures have demonstrated superior outcomes compared
with isolated ACL reconstruction, not only in terms of functional recovery and residual
knee laxity but also with respect to graft failure and reoperation rates [1-6]. Consequently,
the use of anterolateral augmentation procedures in conjunction with ACL reconstruc-
tion has been steadily increasing, with both ALL reconstruction and LET being applied
according to surgeon preference and patient characteristics [7-9].

However, most previous studies on combined ACL and anterolateral augmentation
procedures have been limited to cases in which autografts were used as the graft source for
ACL reconstruction [1-5], and the clinical outcomes of allograft-based procedures remain
largely uninvestigated. Allografts have been reported to require a relatively longer period
for ligamentization than autografts and may yield less favorable outcomes, particularly in
young and active individuals [10-15]. In this regard, graft maturation may be influenced
not only by mechanical stability but also by biological healing processes originating from
the surrounding soft tissues [16]. Given that the biological behavior of allografts differs
from that of autografts, the benefits of anterolateral augmentation observed in autograft-
based studies cannot be assumed to translate directly to allograft ACL reconstruction. With
the widespread use of allografts in ACL reconstruction worldwide [13,17,18], there remains
a need to clarify the clinical outcomes of combined ACL and anterolateral augmentation
procedures when ACL reconstruction is performed using allografts. Furthermore, a direct
comparison with isolated ACL reconstruction is warranted to better delineate the potential
advantages of this combined approach.

Therefore, the purpose of this study was to perform matched comparisons of the
surgical outcomes of combined ACL and ALL reconstruction with those of isolated ACL
reconstruction, in which allografts were used for the ACL. It was hypothesized that com-
bined ACL and ALL reconstruction would yield superior subjective and objective outcomes
compared with isolated ACL reconstruction.

2. Methods

Approval for this study was obtained from the Institutional Review Board of Gangnam
Severance Hospital, and the requirement for informed consent was waived owing to the
retrospective design of the study (IRB No. 3-2025-0279). A retrospective review of electronic
medical records was conducted for patients who underwent surgical treatment for ACL
rupture at a single institution by a single senior surgeon between January 2017 and June
2023, which served as the study timeframe for case inclusion. Patients who underwent
anatomical ACL reconstruction using the transportal technique were eligible for inclusion,
regardless of whether the procedure was performed as an isolated ACL reconstruction or
in combination with ALL reconstruction, provided that an allograft was used as the graft
source for the ACL. Patients were excluded if they met any of the following criteria: (1) the
follow-up period was less than two years; (2) an autograft was used for ACL reconstruction;
(3) surgery was performed as a revision procedure; (4) major concomitant procedures
such as meniscal allograft transplantation; multi-ligament reconstruction other than ALL
reconstruction, or osteotomy; or (5) the available outcome data were insufficient. After
applying these criteria, the eligible patients were divided into two groups according to
whether ALL reconstruction was performed in addition to ACL reconstruction: Group 1
comprised patients who underwent isolated ACL reconstruction, and Group 2 comprised
those who underwent combined ACL and ALL reconstruction (Figure 1).
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Patients who underwent primary ACL reconstruction, with or without

concomitant ALL reconstruction. between January 2017 and June 2023 (n =265)

Exclusion (n =206)
» Follow-up period < 2 years (n=103)
» Use of autograft for ACL reconstruction (n = 53)
7 Revision ACL reconstruction (n = 25)
» Major concomitant procediures (n =5)

» Incomplete outcome data (n = 20)

Patients included in the analysis (n = 59)

l
l l

Group 1: Isolated ACL Group 2: Combined ACL and ALL

reconstruction (n = 39) reconstruction (n = 20)

Figure 1. Flowchart of patient selection and grouping.

2.1. Surgical Procedures and Rehabilitation Methods

Before surgery, all patients received detailed counseling regarding the available graft
options for ACL reconstruction—including autogenous bone-patellar tendon-bone grafts,
autogenous hamstring tendon grafts, and allogeneic tendon grafts—and were informed
of the potential advantages and disadvantages of each option [19,20]. The final choice of
graft type was made by the patient. For allograft reconstruction, a low-dose y-irradiated
(12.8-12.9 kGy, cobalt-60) tibialis anterior allograft measuring 8-10 mm in diameter was
utilized. The graft was thawed at room temperature in a saline solution containing an-
tibiotics, after which both ends were whipstitched with No. 1 Ethibond sutures (Ethicon,
Somerville, NJ, USA). The diameter of the tendon was determined by folding the graft
over an Ethibond suture to create a double-strand configuration and passing it through a
calibrated sizing block (GraftMaster III; Smith & Nephew, Watford, UK). The prepared graft
was then pre-tensioned to approximately 80 N for 20 min on a graft-preparation station
(GraftMaster III; Smith & Nephew, Watford, UK) [21].

ACL reconstruction began with diagnostic arthroscopy performed through a parap-
atellar high anterolateral portal to evaluate all knee compartments [22]. Meniscal and /or
chondral lesions, if present, were treated appropriately before ligament reconstruction. A
tibial tunnel was then created at the anatomic tibial footprint of the ACL, with a diameter
matching that of the prepared allograft. An independent femoral tunnel was drilled via a
far anteromedial portal at approximately 120° of knee flexion to ensure adequate length
and prevent posterior wall blowout [23]. The femoral socket was prepared to match the
graft size and extended proximally to accommodate the EndoButton CL (Smith & Nephew,
Watford, UK). The graft was inserted and fixed to the femur using the EndoButton, and
proper flipping was confirmed. Distal fixation was achieved after pre-tensioning the graft
to 80 N and cycling it 20 times. The graft was then secured with a bioabsorbable interference
screw and an additional cortical screw with a washer (ConMed Linvatec, Largo, FL, USA)
at approximately 10-20° of knee flexion.

At our institution, ALL reconstruction began to be performed actively around 2019.
The general surgical indications for performing additional ALL reconstruction in con-
junction with ACL reconstruction included the following: (1) young patients with a high
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activity level, (2) grade 2 or 3 pivot shift, and (3) revision ACL reconstruction [24-26]. The
ALL reconstruction was performed using either a single-arm or an inverted V-shaped
double-arm configuration, with most cases employing the single-arm technique. A tibialis
anterior allograft was used, trimmed to approximately 5 mm in diameter, and whipstitched
for about 30 mm at one end with No. 2 Ethibond sutures. On the tibial side, a short vertical
incision was made just posterior to Gerdy’s tubercle. The tibial fixation was aimed midway
between Gerdy’s tubercle and the anterior margin of the fibular head [27]. After guide pin
insertion, a 6 mm tibial tunnel was reamed toward the opposite cortex, with an orientation
of 10° axial and —30° coronal [28]. The femoral fixation was targeted at the anatomic origin
of the ALL, located just proximal and posterior to the lateral femoral epicondyle [27,29]. A
guide pin was inserted distally in the coronal plane, oriented at 0° axial and —40° coronal,
to prevent convergence with the ACL femoral tunnel [30], and a closed-socket tunnel
approximately 30 mm in length was created. The whipstitched graft end was then secured
to the femoral socket with a 4.5-5.5 mm SwiveLock® anchor (Arthrex, Naples, FL, USA).
The graft was then passed deep to the iliotibial band and routed through the extra-articular
layer from the femur to the tibia. The distal portion of the graft (approximately 30 mm)
was whipstitched with No. 2 Ethibond sutures, and the graft was then advanced into
the tibial tunnel along the pre-inserted guide pin. Tibial fixation was achieved using a
bioabsorbable interference screw while applying gentle traction (~20 N) with the knee in
near full extension (10-20° flexion, neutral rotation) [31] (Figure 2).

Figure 2. Surgical procedure of anterolateral ligament reconstruction using the single-arm technique:
(A) A short vertical incision was made midway between Gerdy’s tubercle and the anterior margin of
the fibular head. (B,C) A 6 mm tibial tunnel was reamed toward the opposite cortex at an orientation
of 10° axial and —30° coronal to minimize the risk of saphenous nerve injury. (D) On the femoral side,
a small incision was made over the lateral femoral epicondyle, and the point just posterosuperior to
the epicondyle was identified beneath the iliotibial band. (E) Thereafter, a 5-6 mm diameter, 30 mm
deep tunnel was reamed with an orientation of 0° axial and —40° coronal to avoid convergence with
the anterior cruciate ligament femoral tunnel. (F) The whipstitched graft was fixed to the femoral
tunnel with a 4.5-5.5 mm SwiveLock® anchor. (G) The graft was passed deep to the iliotibial band
and advanced into the tibial tunnel after distal whipstitching. (H) Tibial fixation was completed with
a bioabsorbable interference screw under gentle traction (~20 N) in near-full extension.
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Postoperative rehabilitation followed a standardized protocol regardless of whether
combined ALL reconstruction was performed. Immediately after surgery, patients were
allowed crutch-assisted ambulation with tolerable weight-bearing. Early exercises for
passive knee range of motion and isometric quadriceps strengthening were encouraged
from the first postoperative day. At 6 weeks postoperatively, full weight-bearing ambulation
was permitted, and closed kinetic chain exercises were initiated. In cases where meniscal or
chondral repair was performed, both weight-bearing and knee range of motion exercises
were delayed in accordance with the corresponding rehabilitation protocol for meniscal
or cartilage repair. After 6 months, patients were allowed to begin open kinetic chain
exercises, jogging, and swimming. Return to sports activities involving pivoting, jumping,
or side-stepping was permitted approximately 9 months after surgery.

2.2. Patient Assessment

The evaluation of patients involved conducting clinical assessments, encompassing
demographic data, functional scores, and knee laxity, along with intraoperative data and
various radiographic parameters. Functional scores used for patient evaluation included
the International Knee Documentation Committee (IKDC) subjective, Lysholm, and Tegner
activity scores [32,33]. The assessment of knee laxity was conducted for both anterior-
posterior (AP) and rotational laxity. AP laxity of the knee was measured using a KT-2000
arthrometer (MEDmetric, San Diego, CA, USA) under maximum manual force [34], as
well as with the manual Lachman test. The anterior tibial translation of the affected knee
was measured using a KT-2000 arthrometer and compared with that of the contralateral
knee; the side-to-side difference (55D) was recorded for analysis. Rotational laxity of
the knee was evaluated through the manual pivot shift test and recorded as follows:
grade O (absent = normal), grade 1 (glide = nearly normal), grade 2 (jump = abnormal),
and grade 3 (transient lock = severely abnormal). The assessments of functional scores and
knee laxity were based on records conducted independently of this study when patients
visited outpatient clinics. In this study, the analysis was performed using records from
the preoperative phase, postoperative 2-years, and the final follow-up. Surgical failure
after ACL reconstruction was defined as the presence of any of the following findings
indicative of unfavorable surgical outcomes during follow-up: (1) graft re-tear confirmed
by magnetic resonance imaging (MRI); (2) AP knee laxity graded as 2 or 3, based on
KT-2000 arthrometer measurements or the manual Lachman test; or (3) rotational knee
laxity graded as 2 or 3 on the manual pivot-shift test [35-37]. Although surgical failure
did not necessarily correspond to the need for revision surgery at our institution—since
the decision for revision was also influenced by patient characteristics and the severity of
subjective symptoms—this definition was adopted to comprehensively capture all potential
cases associated with unsatisfactory postoperative outcomes.

Intraoperative data were analyzed with respect to the diameter of the ACL graft
and the intra-articular status of the meniscus and articular cartilage, as documented in
records completed immediately after surgery. The condition of the meniscus was assessed
separately for the medial and lateral compartments and categorized as functional, nonfunc-
tional, or repaired. A meniscus was regarded as functional when no pathologic tear was
present or when a limited partial meniscectomy had been performed for lesions not com-
promising its biomechanical integrity [38]. A nonfunctional meniscus referred to cases with
a history of prior subtotal meniscectomy or the presence of extensive, irreparable tears [38].
Tibiofemoral articular cartilage was classified as intact, low-grade lesion, high-grade lesion,
or treated with a cartilage repair procedure. Lesions corresponding to International Car-
tilage Repair Society grades 1-2 were considered low-grade, whereas those graded 3 or
higher were defined as high-grade defects.
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Radiologic assessment was conducted using both plain radiographs and MRI. On plain
radiographs, the degree of osteoarthritis was evaluated on standing AP knee views accord-
ing to the Kellgren-Lawrence grading system. The posterior tibial slope and lateral femoral
condyle ratio were measured on lateral knee views, and the hip—knee—ankle (HKA) angle
was determined on full-length weight-bearing lower extremity AP radiographs [39-42].
Radiographic osteoarthritis grade and HKA angle were assessed at three time points: pre-
operatively, 2 years postoperatively, and at the final follow-up. MRI evaluation included an
assessment of ACL graft maturity. One year after surgery, 3.0-T MRI scans were obtained
using either an Achieva system (Philips Healthcare, Best, The Netherlands) or a Discov-
ery 750w system (GE Healthcare, Waukesha, WI, USA). Turbo spin-echo T2-weighted
sequences with a slice thickness of 3 mm were used for the analyses. Graft signal intensity
(SI) was measured at the proximal, middle, and distal thirds of the graft according to the
method described by Tashiro et al. [43]. The signal-to-noise quotient (SNQ) was then calcu-
lated to quantify graft maturity using the following formula: SNQ = (SI of ACL graft—SI
of posterior cruciate ligament)/SI of the background [43]. Radiologic measurements were
independently performed on a picture archiving and communication system (PACS) work-
station by two orthopedic surgeons experienced in radiologic assessment of the knee. Both
observers were blinded to all clinical data and to each other’s measurements. For con-
tinuous variables, the mean of the two measurements was used for analysis, whereas for
categorical variables, any disagreement was resolved through discussion. If consensus
could not be achieved, the final decision was made in consultation with the senior author.

2.3. Statistical Analysis

All statistical analyses were performed with SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA). In initial between-group comparisons, normality of continuous variables was
assessed using the Shapiro-Wilk test. Variables satisfying normality assumptions were
compared using Student’s t-test, whereas the Mann—-Whitney U test was applied for non-
normally distributed variables. Categorical variables were compared using Pearson’s chi-
square test, or Fisher’s exact test when more than 20% of cells had an expected frequency of
<5. Because treatment allocation (isolated ACL reconstruction vs. combined ACL + ALL
reconstruction) was determined historically rather than randomized, we addressed con-
founding by surgical indication using an inverse probability of treatment weighting (IPTW)
based on a propensity score [44]. The propensity model included factors related to the
surgical indication for ALL reconstruction—age, activity level, sex, and rotational knee
laxity—and additionally incorporated preoperative radiographic osteoarthritis grade as
a prognostic covariate. IPTW was then applied to create a weighted pseudo-population
in which these baseline covariates were balanced across groups [44]. Covariate balance
before and after IPTW was assessed using standardized mean differences, with values < 0.2
considered acceptable and indicative of minimal residual imbalance [45]. After IPTW
adjustment, between-group comparisons were conducted using weighted Student’s t-tests
for continuous variables and the Rao—-Scott chi-square test for categorical variables, both of
which appropriately account for the weighting scheme and the resulting pseudo-population
created by IPTW. Interobserver reliability for radiographic measurements of continuous
variables was evaluated using intraclass correlation coefficients (ICC) with 95% confidence
intervals. Statistical significance was defined as p < 0.05.

3. Results

A total of 59 patients were included in this study (Group 1: 39 isolated ACL recon-
structions; Group 2: 20 combined ACL and ALL reconstructions), and between-group
comparisons were performed for variables included in the propensity model for IPTW.
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In the initial comparison, a statistically significant difference was observed in the pre-
operative pivot-shift test (p = 0.008); however, no significant difference was noted after
IPTW, indicating that the overall balance of covariates was improved following weighting
(Table 1).

Table 1. Comparison of covariates used for IPTW.

Overall Cohort After IPTW 2

Variable P Group 1 Group 2
(N =39) (N =20)

Group 1 Group 2

p Value SMD (N = 42.9) (N = 28.3)

p Value SMD

Covariates used

for IPTW
Age, years 327+16.1 315+119 0943 0.084 333+16.7 333+102 >0999  <0.001
Preimjury Tegner 54, 18 63416 0667 0208 60+17 60+15 0961 0014
activity score
Sex ¢ 0.493 0.193 0.685 0.14
Male 28 16 31.0 18.6
Female 11 4 11.9 9.7
Preoperative
Pivot-shift, grade © 0.008 0.913
1 5 1 0.277 4.5 4.2 0.133
2 25 6 0.727 22.9 13.6 0.104
3 9 13 0.932 15.5 10.5 0.016
Preoperative
KL grade © 0.347 0.174
0 33 18 0.162 37.9 26.5 0.185
1 4 1 0.199 3.5 1.3 0.146
2 2 0 0.329 1.5 0 0.167
3 0 1 0.324 0 0.5 0.189

IPTW, inverse probability of treatment weighting; KL, Kellgren-Lawrence; SMD, standardized mean difference.
2 Adjusted for the following covariates: age, pre-injury Tegner activity score, sex, preoperative pivot-shift test, and
preoperative Kellgren-Lawrence grade. ® Values are presented as mean = standard deviation unless otherwise
indicated. © Values are presented as the number of patients.

Regarding clinical outcomes, no significant between-group differences were observed
in any functional scores at the preoperative, 2-year postoperative, or final follow-up assess-
ments. However, the incidence of surgical failure, as defined in this study, was significantly
lower in Group 2 than in Group 1, and this difference was consistently observed both
before and after IPTW adjustment (p = 0.044 for the initial comparison; p = 0.049 after
IPTW application) (Table 2). For knee laxity, no significant between-group differences were
observed either before or after IPTW application, except for the preoperative pivot-shift
test in the initial comparison (p = 0.008) (Table 3).

Comparisons of radiologic parameters and intraoperative data were also performed.
No significant between-group differences were observed in preoperative radiologic param-
eters or intraoperative findings. Among the postoperative assessments, most parameters
showed no significant differences between groups; however, SNQ of the ACL graft evalu-
ated by MRI at 1 year postoperatively was significantly lower in Group 2, and this finding
was consistent both before and after IPTW adjustment (p = 0.046 for the initial comparison;
p = 0.038 after IPTW application) (Table 4). The interobserver ICCs for the continuous
radiological parameters ranged from 0.845 to 0.918.
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Table 2. Comparison of demographic data and clinical outcomes.

Overall Cohort After IPTW @
Variable ° Group 1 Group 2 Group 1 Group 2
(N = 39) N-200 PV Xpo)  (N-2sy P Value
Demographic data
Age, years 327 £16.1 31.5£119 0.943 333 £16.7 33.3 £10.2 >0.999
Pre-injury Tegner activity score 59+1.8 6.3 t1.6 0.667 6.0t 17 6.0E£15 0.961
Sex 0.493 0.685
Male/Female 28/11 16/4 31.0/11.9 18.6/9.7
Affected side © 0.787 0.536
Right/Left 20/19 11/9 23.2/19.7 12.6/15.7
Body Mass Index, kg/rn2 23.8 +£3.0 25.0£3.0 0.088 23.7+29 248 £28 0.213
Postoperative MRI © 0.156 -¢
Yes/No 34/5 20/0 35.3/7.7 28.3/0
Follow-up duration, year 41+1.6 35+14 0.179 41+16 32+14 0.06
Preoperative
IKDC subjective score 542+169 497 £192 0.359 539+169  46.1 £16.8 0.091
Lysholm score 624 +25.1 68.4 £ 12.2 0.553 60.7 £ 239 67.7 £13.8 0.226
Tegner activity score 1.4+1.0 1.8+1.2 0.266 14+1.0 1.7+ 1.0 0.204
Postoperative 2-years
IKDC subjective score 772 £14.5 744 +13.5 0.374 774 £14.5 73.7 £14.1 0.399
Lysholm score 879 £ 11.6 82.0 £ 14.0 0.125 875 +11.1 824 + 153 0.267
Tegner activity score 3.7+20 39+1.5 0.702 37+21 37+14 0.994
Final follow-up
IKDC subjective score 76.3 £16.3 759 +14.7 0.854 744 +£175 73.1 £14.5 0.783
Lysholm score 85.7 £12.8 85.7 £12.8 0.891 84.1 £13.5 82.5£13.6 0.698
Tegner activity score 3.7+19 3.8+14 0.714 3.6 £1.8 36+13 0.996
Surgical failure 4 0.044 0.049
Yes/No 11/28 1/19 14.0/28.9 2.0/26.3
Revision surgery ¢4 >0.999 0.767
Yes/No 3/36 1/19 4.2/38.8 2.0/26.3
IPTW, inverse probability of treatment weighting; MRI, magnetic resonance imaging; IKDC, International Knee
Documentation Committee.  Adjusted for the following covariates: age, pre-injury Tegner activity score, sex, pre-
operative pivot-shift test, and preoperative Kellgren-Lawrence grade.  Values are presented as mean =+ standard
deviation unless otherwise indicated. ¢ Values are presented as the number of patients. ¢ Defined as cases
identified during the follow-up period. ¢ p value could not be estimated due to a computational limitation caused
by zero frequency in one category.
Table 3. Comparisons of knee laxity.
Overall Cohort After IPTW @
Variable ? Group 1 Group 2 Group 1 Group 2
(N=39)  (N-z0 P Value (N =429) (N =283 p Value
Preoperative
SSD in ATT, MM 81+21 6.7 £3.3 0.409 8.0+2.0 70+£27 0.111
Lachman test, grade © 0.325 0.435
1/2/3 0/37/2 0/17/3 0/41.3/1.7 0/26.0/2.3
Pivot-shift test, grade © 0.008 0.913
1/2/3 5/25/9 1/6/13 45/229/155 42/13.6/10.5
Postoperative 2-years
SSD in ATT, MM 22+£27 21+£21 0.972 23+£27 22+£19 0.796
Lachman test, grade © 0.8 0.557
0/1/2 24/13/2 14/5/1 26.1/15.2/1.6 20.1/6.2/2.0
Pivot-shift test, grade 0.713 0.313
0/1/2/3 27/10/1/1 16/3/1/0 28.5/11.0/1.6/1.9 23.0/3.3/2.0/0

Final follow-up
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Table 3. Cont.

Overall Cohort After IPTW 2
Variable Group 1 Group 2 Group 1 Group 2
(N=39)  (N=20) P Value (N = 42.9) (N = 28.3) p Value
SSD in ATT, MM 29+27 19+1.7 0.109 334+29 1.9+1.8 0.055
Lachman test, grade © 0.237 0.102
0/1/2 18/15/6 14/5/1 17.2/18.1/7.7 20.5/5.9/2.0
Pivot-shift test, grade © 0.529 0.293
0/1/2 21/14/4 14/5/1 21.4/15.8/5.8 20.7/5.6/2.0
IPTW, inverse probability of treatment weighting; SSD, side-to-side difference; ATT, anterior tibial translation;
MM, manual maximum. * Adjusted for the following covariates: age, pre-injury Tegner activity score, sex,
preoperative pivot-shift test, and preoperative Kellgren-Lawrence grade. ® Values are presented as mean +
standard deviation unless otherwise indicated. ¢ Values are presented as the number of patients.
Table 4. Comparison of radiological parameters and intraoperative data.
Overall Cohort After IPTW 2
Variable P Group 1 Group 2 Group 1 Group 2
N=39)  (N=20 PVaUe (N _49 (N=283 P Value
Preoperative
KL grade © 0.347 0.174
0/1/2/3 33/4/2/0 18/1/0/1 379/3.6/1.5/0 26.5/1.3/0/0
Hip-Knee—-Ankle angle, ° 0.1+3.7 07+21 0.467 0.06 + 3.6 07+22 0.399
Posterior Tibial Slope, © 7.8 £23 8.0+3.0 0.785 77 21 8.6 3.1 0.249
Lateral ffaﬁgri/l condyle  go6430 665+ 3.0 0.933 66.8 +2.9 662 +2.9 0.534
Intraoperative data
Graft diameter, mm 8.7+0.6 9.0+ 0.5 0.123 8.7+ 0.6 89+ 0.6 0.392
Medial meniscus © 0.892 0.826
Functional /Non-
functional/Repair 26/2/11 12/1/7 28.3/1.8/12.9 18.1/0.5/9.7
Lateral meniscus © 0.106 0.351
Functional /Non- 33/0/6 13/0/7 36.8/0/6.2 213/0/7.0
functional/Repair
Tibiofemoral 0.999 0.545
joint cartilage
Intact or low-grade
lesion/High-grade 36/1/2 18/1/1 39.3/0.8/2.8 27.0/0.8/0.5
lesion/Repair
Postoperative 1-year
ACL Graft maturity, SNQ d 2814622 51+44 0.046 28.1 £ 61.2 46 +£43 0.038
Postoperative 2-years
KL grade © 0.38 0.324
0/1/2/3 29/8/2/0 15/2/2/1 33.2/82/15/0 21.6/3.0/3.2/0.5
Hip-Knee—-Ankle angle, ° 0.0£34 —01+24 0.816 04+34 03+£28 0.924
Final follow-up
KL grade ¢ 0.454 0.449
0/1/2/3 24/13/2/0 10/7/2/1 269/14.6/1.5/0 14.6/10.0/3.2/0.5
Hip-Knee—-Ankle angle, ° 00+34 —034+25 0.762 05434 04 +3.2 0.978

IPTW, inverse probability of treatment weighting; KL, Kellgren—-Lawrence; ACL, anterior cruciate ligament; SNQ,
signal-to-noise quotient. * Adjusted for the following covariates: age, pre-injury Tegner activity score, sex, preop-
erative pivot-shift test, and preoperative Kellgren-Lawrence grade. ® Values are presented as mean = standard
deviation unless otherwise indicated. © Values are presented as the number of patients. ¢ Data available for
patients who underwent 1-year postoperative MRI (34 in Group 1 and 20 in Group 1).
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4. Discussion

The principal finding of this study was that, in ACL reconstruction performed using
allografts, the addition of ALL reconstruction resulted in more favorable clinical outcomes
compared with ACL reconstruction alone. Patients who underwent the combined pro-
cedure demonstrated a lower incidence of surgical failure and improved graft maturity
during the follow-up period. These findings suggest that, for patients for whom ACL
reconstruction with allografts is planned, combined ALL reconstruction is recommended
when performing ACL reconstruction in appropriately indicated cases.

The advantages of combined ACL and ALL reconstruction have been well established.
The addition of ALL reconstruction to ACL reconstruction provides superior biomechanical
stability of the knee joint compared with isolated ACL reconstruction and has been shown
to yield distinct clinical benefits [1-6,46]. However, most previous studies have focused on
cases in which autografts were used for ACL reconstruction, and limited information is
available regarding procedures performed with allografts [1-5]. It has been theoretically
recognized that autografts and allografts differ in several aspects, including the ligamenti-
zation process—which encompasses graft incorporation and revascularization—as well
as in their mechanical properties [11,12,15]. Although a recent large cohort study has
suggested that the graft source is not directly associated with clinical outcomes after ACL
reconstruction [47], the potential disadvantages of allografts warrant careful consideration
when interpreting postoperative results. Given the increasing adoption of ALL reconstruc-
tion in clinical practice [7], further investigation is warranted to clarify how combined ALL
reconstruction influences the outcomes of ACL reconstruction using allografts, thereby
prompting the design of the present study.

In this study, when allografts were used as the graft source for ACL reconstruction, the
incidence of surgical failure was significantly lower in patients who underwent combined
ACL and ALL reconstruction than in those who underwent isolated ACL reconstruction.
Although no significant differences were observed when each parameter—functional scores
and postoperative knee laxity—was analyzed separately, the reduced rate of surgical failure
in the combined reconstruction group may indicate a clinically meaningful advantage of
adding ALL reconstruction. These findings are consistent with previous studies using
autografts for ACL reconstruction [1-5], despite variations in the definition of surgical
failure across studies. Furthermore, although the difference did not reach statistical signifi-
cance, patients who underwent combined reconstruction tended to exhibit less residual
anteroposterior laxity postoperatively. Overall, these results suggest that the addition of
ALL reconstruction to ACL reconstruction may confer potential clinical benefits, even when
allografts are used as the graft source.

Beyond the clinical outcomes, this study demonstrated a difference in ACL graft
maturity between the two groups. Patients who underwent additional ALL reconstruction
exhibited significantly lower SNQ values of the ACL graft compared with those who
received isolated ACL reconstruction, indicating a relatively greater degree of graft matura-
tion. The SNQ of the ACL graft measured on MRI has been reported to correlate with the
graft’s mechanical properties, showing a negative correlation with load to failure, tensile
strength, and stiffness [48]. Accordingly, patients who underwent the combined procedure
exhibited more advanced graft maturation and healing. This finding may be explained
by the stress-sharing effect of the reconstructed ALL, which could reduce mechanical
stress on the ACL graft during the healing period, thereby preventing microdamage or
overstretching and promoting graft maturation. Beyond this mechanical explanation, the
addition of ALL reconstruction may also have influenced biological healing responses from
surrounding soft tissues, such as vascular ingrowth and cellular migration described in
epiligament-related healing mechanisms, thereby contributing to the observed differences
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in graft maturation [16,49]. Although such biological processes were not directly evaluated
in the present study, interpretation of our findings within the framework of the epiligament
theory may provide a complementary biological context [16,49]. The difference in graft
maturity observed between the two groups may, in turn, have contributed to the disparity
in the incidence of surgical failure in this study. Although previous studies investigating
the effect of anterolateral augmentation procedures, including ALL reconstruction, on
ACL graft healing have reported conflicting results [50-52], it should be noted that the
present study differed from most prior reports in that allografts were used as the graft
source for ACL reconstruction, whereas autografts were predominantly used in previous
investigations. Taken together, these findings suggest that combined ACL and ALL recon-
struction may yield more favorable outcomes than isolated ACL reconstruction, not only in
subjective but also in objective assessments.

As previously discussed, the clinical advantages of adding ALL reconstruction to
ACL reconstruction have been well established. However, the present study holds partic-
ular significance as it is, to our knowledge, the first to analyze this combined procedure
specifically in the context of allograft-based ACL reconstruction. By employing matched
comparisons, this study provides a balanced comparison that minimizes confounding
related to surgical indications and baseline characteristics. These findings may serve as
meaningful clinical evidence supporting the potential benefits of performing combined
ACL and ALL reconstruction when allografts are used as the graft source.

This study has several limitations. First, as this was a retrospective study, the potential
risks of selection and information bias could not be fully eliminated. Second, the number
of patients included in this study was relatively small, which may have introduced limited
statistical power and increased susceptibility to sampling-related bias, including variability
in data distribution for certain outcomes. However, because the analysis was limited to
patients who underwent ACL reconstruction using allografts at a single institution, this
limitation was inevitable. Furthermore, the statistical power of the outcome comparisons
was dependent on the IPTW rather than the absolute sample size, given that the analysis
was conducted using an IPTW-based pseudo-population. Third, the patients were grouped
historically according to whether an additional ALL reconstruction was performed, and this
grouping inherently reflected differences in the original surgical indications. Although the
potential confounding effect of surgical indication was minimized by performing a matched
analysis that controlled for related covariates, the possibility of residual confounding cannot
be entirely excluded. Fourth, changes in clinical practice over the study period may have
introduced unmeasured sources of variability. While the single-surgeon, single-center
design ensured technical consistency, it may limit the generalizability of the findings and
introduce selection bias. Finally, the SNQ, which was identified as a clinically relevant
variable in this study, was measured only once at 1 year postoperatively. Considering that
the ligamentization process of allografts may extend beyond 1 year, serial MRI evaluations
would be required for a more precise assessment of graft maturity.

5. Conclusions

In ACL reconstruction using allografts, the addition of ALL reconstruction resulted in
more favorable clinical and radiologic outcomes—particularly a lower incidence of surgical
failure and greater graft maturity at 1 year postoperatively—compared with isolated
ACL reconstruction.
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