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STELLINGEN

Doelstelling van "accelerated brace-free rehabilitation’ bij een voorste kruisbandreconstructie is niet een sneller ‘return to sports’, maar een
volledig symmetrische kniefunctie en belastbaarheid vanaf het moment van het letsel (dit proefschrift)

Hamstringpezen groeien weer aan na te zijn verwijderd ten behoeve van een voorste kruisbandreconstructie (dit proefschrift)
Een voorste kruisbandreconstructie beschermt niet tegen gonartrose op de lange termijn (dit proefschrift)

De terugkeer naar onbeperkt sporten 4-6 maanden na een voorste kruisbandreconstructie is niet verstandig gezien het tijdsverloop van genezing
van het kruisbandtransplantaat (dit proefschrift)

Anterior cruciate ligament surgery is not for all patients, nor for all surgeons (Lars Engebretsen)

Whenever you are having your anatomy sessions, pay particular attention, because orthopaedics is all about anatomy, plus a little common sense
(Jack Hughston)

Een decentrale selectie voor de studie geneeskunde zal leiden tot een nieuwe man-vrouw verhouding onder artsen

Voetbalvrouwen lopen minder risico op een versleten knie dan voetballende vrouwen

De congruentie tussen vorm, inhoud en praktijkvoering draagt bij aan het succes van een professionele medische website & sociale media
You have to play a long time before you can play like yourself (Miles Davis)

De verdediging van een proefschrift is net als een zwemdiploma: als je “op mag” haal je het altijd (Daan Janssen)

ROB P.A. JANSSEN 2016
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Preface

During my orthopaedic residency (1998-2002), | witnessed the transition
from a two-incision anterior cruciate ligament (ACL) reconstruction

with patellar tendon autograft and brace-rehabilitation to the single-
incision hamstring tendon ACL reconstruction with accelerated brace-free
rehabilitation. These were very interesting times, for clinical evidence for
the new technique and rehabilitation was limited. Many controversies on
graft choice, surgical technique and rehabilitation were frequently debated
between staff and residents in clinical rounds and scientific meetings.

Jan van Mourik MD, PhD, orthopaedic residency programme director as well
as knee surgeons Harm Sala MD and Arthur Lim MD, PhD stimulated my
enthusiasm for scientific research on ACL reconstruction. | am most grateful
to all of them, as these ideas laid the foundation for this PhD research. The
prospective study on long-term results and osteoarthritis after hamstring
tendon ACL reconstruction with accelerated brace-free rehabilitation
started in this period.

In 2005, | had the honour of being chairman of an international ACL
Study Day in Amsterdam, The Netherlands. Among the distinguished
faculty were Prof. Stephen Howell MD (USA); Prof. Markus Arnold

MD, PhD (Switzerland) and Michael Rousseaux MD (Belgium). The
discussions focused on graft fixation strength and stiffness, principles

of tibial and femoral tunnel placement, iso-anatomical tunnel positions
and biomechanical implications, graft impingement, tunnel widening

and aggressive brace-free rehabilitation after hamstring tendon ACL
reconstruction. This meeting enhanced new research ideas and engaged
the prospective studies on harvested hamstring tendon size, tendon
regeneration after hamstring harvest and complications related to hardware
after ACL reconstruction with accelerated brace-free rehabilitation. These
studies have taught me the value of meticulous documentation of patient-
related outcome.

The collaboration with the team led by Prof. Andreas Weiler MD, PhD and
Sven Scheffler MD, PhD in 2009 was a once in a lifetime opportunity to
analyse in vivo human hamstring tendon autograft remodelling after ACL
reconstruction with standardized accelerated brace-free rehabilitation.

At the Charité Center for Musculoskeletal Surgery (Berlin, Germany), we
were fortunate to perform the same immunostaining analyses as were
done in previous animal studies on which ACL rehabilitation protocols
have been based worldwide. On behalf of my co-authors, | am proud that
these studies have had considerable impact in sports medicine and ACL
rehabilitation.

In more recent years, vivid out of the box discussions on ACL reconstruction
and rehabilitation with Prof. Lodewijk van Rhijn MD, PhD, Jan van Mourik
MD, PhD and the appraisal of systematic reviews by Max Reijman PhD

led to the final reviews on accelerated brace-free rehabilitation after ACL
reconstruction. At the recent 25th Anniversary NVA Congress (Nederlandse
Vereniging voor Arthroscopie - Dutch Arthroscopy Society), a scientific
session on tendon pathology has inspired me to think of new research
modalities for ACL graft remodelling in the future.

Combining science and clinical practice is like eating “Surf & Turf.”

They may seem different, but combining them raises the level of excellence.
Combining scientific interest and clinical implications in daily practice

has fascinated me for many years. | feel fortunate to be able to focus on
knee disorders in both research and clinical practice at the Orthopaedic
Centre Maxima Eindhoven, The Netherlands. | have been able to share my
enthusiasm for research with my co-authors and orthopaedic residents

as orthopaedic residency programme deputy director. Their critical views
reminded me of the vivid 1990°s discussions on ACL developments during
my own residency.

This “Surf & Turf” knee experience has led to many rewarding projects:
chapters in international ACL books, worldwide lectures and faculty
memberships in annual international knee ligament courses. Inspiration
never stops. A PhD thesis makes you realize how much still needs to be
investigated...

“Je leert net zo lang totdat al je vingers even lang zijn, behalve als je
in een houtzagerij werkt”
(W.A. & J.M. Janssen)



INTRODUCTION

Injuries of the anterior cruciate ligament (ACL) frequently occur in cutting and pivoting sports such as football
(soccer), field hockey, indoor sports, alpine skiing and tennis.?*®2 In Scandinavia, 40-50% of all ACL ruptures
occur during football.?* Women suffer ACL ruptures more frequently than men.? 3352 The overall incidence of ACL
injury is 78 per 100.000 persons.*® The group between 15-39 years old, which could be described as the group at
risk, shows an incidence of 85-91 in 100.000 people per year.**

Spontaneous healing of a ruptured ACL is rare.* 2172839 Patients with an ACL rupture may experience knee
instability and are at risk for concomitant injuries of menisci, cartilage and collateral ligaments.3*** Functional
instability of the knee can be treated by ACL reconstruction, which ranks number 6 of most performed orthopaedic
operations.*?

In 2013, the incidence of ACL reconstructions in the Netherlands is estimated at 46 in 100.000 people per year,
compared to 43.5 in 100.000 people per year in the USA.#* % The incidence of ACL reconstructions increases,
particularly in women as well as patients younger than 20 years and those 40 years and older.*?

Hamstring tendons continue to gain in popularity as graft source for ACL reconstruction.*” In 2012, 95% of the primary ACL
reconstructions in Sweden were performed with hamstring tendon autografts.*® The success rate varies between 55-95%
depending on surgical technique and level of sports activity after reconstruction.3 19 22 38 47. 49,53, 66,70

Historical perspective

Macey*? originally described the use of a hamstring graft in 1939 much as it is used today.*> Zarins and Rowe’* popularized
the use of hamstring tendons when they published their results of a semitendinosus tendon reconstruction modified by adding
an extra-articular Maclntosh Il procedure. Their combined reconstruction was widely used in the 1980’s and gave excellent
stability. However, the required arthrotomy and significant dissection frequently resulted in pain and loss of knee motion.*
Due to technical advances in the same decade, arthroscopic techniques and instrumentation became available. As surgeons
began to gain greater facility with the arthroscope, they sought modifications to the existing reconstructions that would allow
them to perform isolated intra-articular ACL reconstructions.*?

In the 1980's, the bone-patellar tendon-bone autograft was the gold standard for ACL reconstruction. Animal research
suggested that intra-articular patellar tendon ACL grafts underwent a remodelling process. This healing process included a
phase in which the graft was partially necrotic and therefore needed protection.!3 16 2955 This protection against excessive
stress on the reconstructed graft required wearing a knee brace, limited weight-bearing, restricted range of motion and
avoidance of early full terminal extension.** Despite good ligamentous stability, common rehabilitation problems occurred
including knee stiffness, lack of full extension, anterior knee pain, muscle weakness and knee crepitus.* =8

Shelbourne et al.>® noticed that noncompliant patients (with full range of motion, normal gait and resuming normal activities

of daily living earlier than prescribed) achieved faster return of strength and a quicker return to activities without graft

failure. They adapted their rehabilitation to obtain full range of motion preoperatively with immediate weight-bearing, full

leg extension and knee flexion past 90° after ACL reconstruction.?® These evolutionary changes became the basis of current
accelerated brace-free rehabilitation protocols with a progressive scheme that allows patients to advance as they achieve
quantifiable goals_BS, 50, 58, 60, 64, 68, 69

Rehabilitation starts at the time of injury and includes aggressive swelling reduction, hyperextension exercises, gait training and
mental preparation preoperatively.®® 38 Regardless of the graft source, rehabilitation after ACL reconstruction must first strive
to achieve full symmetrical knee range of motion before aggressive strengthening is started.>® After quadriceps-strengthening
goals are reached, patients can shift to sport-specific exercises and return to sports.? 3758 60

In the 1990's, advances in arthroscopic guides and better graft fixation techniques allowed single-incision ACL reconstruction
with intra-articular drilling of the femoral tunnel.?”-*> The 1990's were the decade of autograft transition from patellar
tendon to hamstring tendon in the Netherlands. Among others, Rosenberg & Deffner and Howell et al. argued that hamstring
tendons were the preferred graft choice for ACL reconstruction because of superior strength, larger cross-sectional area for
footprint recreation, graft tunnel conformity, biological incorporation, stability, and less donor site morbidity and anterior
knee pain compared to bone-patellar tendon-bone autografts.?*-27-3* Return to sports was allowed at 4-6 months after ACL
reconstruction.? As a result, their surgical reconstruction techniques became popular in combination with accelerated brace-
free rehabilitation protocols and are still widely used today.

n
| |
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Research perspective

Hamstring tendon autograft ACL reconstructions have a 25-year track
record. The surgical techniques have been improved to better restore
anatomy and biomechanics of the knee. Various single- and double-bundle
reconstruction techniques require specific hamstring tendon dimensions.

In light of these developments, prediction of hamstring tendon length and
diameter by anthropometric parameters could be useful in preoperative
planning. It could also reduce the need for expensive allografts in complex
knee surgery and increases the quality of ligament reconstructions with
regard to graft rupture and postoperative stability.> % 11535 41,48, 52 61
Furthermore, prediction of hamstring tendon size allows knee ligament
reconstructions to be performed with greater confidence in countries where
allografts are not available.

Regeneration of hamstring tendons in the upper leg, after harvest for

ACL reconstruction, has been reported in mostly retrospective research.??
Prospective MRI studies, comparing the operated- and contralateral leg,
could document tendon regeneration in relation to muscle cross-sectional
area and muscle retraction. In case of tendon regeneration, the correlation
between tendon regeneration and isokinetic flexion strength may be
analysed. This knowledge might allow more individualized strength training
in ACL rehabilitation.

Successful ACL reconstruction requires understanding of several factors:
anatomical graft placement, mechanical properties of the selected graft
tissue, mechanical behaviour and fixation strength of fixation materials

as well as the biological processes that occur during graft healing.?® They
influence directly the mechanical properties of the knee joint after ACL
reconstruction and, therefore, determine the rehabilitation and time course
until normal function of the knee joint can be expected.3% 3!

After surgery, graft healing is characterized by a remodelling process.?:
31.44.45 During this period, the graft will undergo changes, becoming
morphologically similar to intact ligament tissue.'® 293135 Remodelling
takes 6-12 months in animal models.>> Data from these animal studies
has been extrapolated to current human ACL rehabilitation protocols.*°
However, little is known about remodelling and its duration in humans.
Histological analysis at various time frames after ACL reconstruction is
necessary to analyse human hamstring tendon autograft remodelling.
Differences in remodelling between animals and humans may lead to new
ACL rehabilitation protocols.

In recent decades, there was little agreement among surgeons regarding
postoperative treatment after ACL reconstruction.®? Advantages of
accelerated brace-free rehabilitation are earlier normal knee function and
the ability to return to even most strenuous activities after primary ACL
reconstruction at 6 months.? 718 24.29.59 However, some authors found that
early return to vigorous physical activity may increase knee laxity.*°
Current views suggest that time-related thinking in return to sports is not
correct and individualized ACL rehabilitation is recommended.3®

It is agreed that ACL graft healing can only progress if mechanical loading
occurs: however, the most adequate magnitude at varying phases of healing
is still not clarified.?* A major challenge in postoperative rehabilitation

after ACL reconstruction is optimizing the balance between muscular
strengthening exercises and loading of the graft, to stimulate graft cells

to produce cellular and extracellular components for preservation of graft
stability, without compromising graft integrity, which might result into an
early stretch-out of the ACL reconstruction.® 7295567

Despite extensive research on ACL reconstruction and rehabilitation, optimal
balance of graft loading and graft healing in the various rehabilitation
phases after ACL reconstruction requires further research. Knowledge
about the duration of the remodelling process of ACL grafts might improve
rehabilitation protocols and facilitates the development of criterion-based
assessments to determine safe return to sports.? 29731 34

Short- to midterm clinical outcome after ACL reconstruction is often
reported in terms of patient satisfaction, knee laxity, graft rerupture rate
and return to sports. These may be documented by patient-reported
outcome measures and validated outcome scores such as KOOS (Knee
injury and Osteoarthritis Outcome Score), Tegner-, Lysholm- and IKDC-
(International Knee Documentation Committee) scores.0 2021 23.37.63 Many
variables influence the outcome of ACL reconstruction. Predictors of activity
level should control for patients’ preoperative activity because this is a
strong predictor of future activity.**

ACL reconstruction does not prevent knee osteoarthritis.>* Long-term
results after ACL reconstruction are important to analyse predictors of
osteoarthritis. Jiestad et al. proposed guidelines for future research on
osteoarthritis based on their systematic review.>*

Aim and outline of thesis

The aim of this thesis is to gain insights into the characteristics and
biology of hamstring tendons as well as long-term clinical outcome after
hamstring tendon autograft ACL reconstruction with accelerated brace-free
rehabilitation. The same surgical technique and standardized accelerated
rehabilitation protocol were used in all clinical studies of this thesis.

To answer the research questions related to the aim of the thesis, | have
first presented a systematic literature review of the current knowledge

on accelerated brace-free rehabilitation after hamstring tendon ACL
reconstruction (Chapter 2). In the next four chapters, | have chosen to
deepen the knowledge on hamstring autografts used for ACL reconstruction.
These chapters encompass the central part of the thesis and focus on
hamstring tendon graft size, regeneration, biology and remodelling of
human hamstring tendon ACL grafts. The aim of Chapter 3 is to evaluate
preoperative prediction of hamstring tendon length and diameter by
anthropometric parameters in a consecutive series of 725 Caucasian
patients. Chapter 4 describes hamstring tendon regeneration in the

upper leg after harvest for ACL reconstruction and the contribution of
regenerated tendons to isokinetic hamstring strength. The biopsy study

of 67 patients presented in Chapter 5 illustrates the histology and
morphology of hamstring autograft remodelling in various phases after
successful ACL reconstruction with standardized accelerated brace-free
rehabilitation. Chapter 6 describes the current knowledge on hamstring
ACL graft remodelling. A comparison is made between human and animal
data to discuss consequences for rehabilitation. Finally, | present the long-
term clinical outcome in a 10-year prospective study of 100 patients in
Chapter 7. Predictors of knee osteoarthritis were determined by univariate
and multivariate regression analysis. Chapter 8 discusses the accelerated
rehabilitation after ACL reconstruction, return to sports in light of graft
healing and new horizons for future research on graft remodelling and
rehabilitation.
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Abstract

Background
A major challenge in postoperative rehabilitation after ACL reconstruction is optimizing the balance between
muscular strengthening exercises and loading of the graft without compromising graft integrity.

Aim
To summarize the current knowledge on accelerated rehabilitation after hamstring tendon autograft ACL
reconstruction.

Design
Systematic review, all settings.

Population
Study designs that reported clinical outcome in adults after arthroscopic, primary ACL reconstruction with
accelerated brace-free rehabilitation.

Methods

A search was performed from January 1, 1990 till December 31, 2014 in Medline (Pubmed), EMBASE (OVID), Cochrane
Library and CINAHL according to PRISMA guidelines. A risk of bias assessment of the eligible articles was determined. Data
collection included surgical techniques, graft type, patient demographics, details of rehabilitation, patient-reported outcome,
clinical outcome measures and radiological evaluation. A 'best-evidence synthesis’ was performed for the formulated
research questions. Fourty-five studies were included in the study. Part | presents the current knowledge on accelerated
rehabilitation after hamstring tendon ACL reconstruction.

Results

After hamstring tendon ACL reconstruction with accelerated brace-free rehabilitation: (1) anatomic reconstructions
showed better results than nonanatomic reconstructions; (2) there was no difference between single- and double-bundle
reconstructions; (3) gender and age did not influence clinical outcome; (4) femoral and tibial tunnel widening occurred;
(5) early start of open kinetic exercises at 4 weeks in a limited range of motion (90°-45°) and progressive concentric and
eccentric exercises from 12 weeks did not alter outcome; (6) Nintendo Wii® activities could address physical therapy goals;
(7) hamstring tendons regenerated after harvest and (8) biological knowledge did not support return to sports at 4-6
months.

Conclusion

Accelerated brace-free rehabilitation may contribute to successful ACL reconstruction with hamstring tendon autografts in
adult patients of all ages and gender. Further research is necessary to define the optimal balance of graft loading and graft
healing in the various rehabilitation phases after ACL reconstruction as well as the development of valid, criterion-based
assessments to determine readiness for sport-specific training and eventual safe return to sports.

Clinical rehabilitation impact
The commonly used accelerated rehabilitation protocol after ACLreconstruction needs to be customized and graft remodelling

does not support return to sports at 4-6 months.

Keywords
Hamstring tendon autograft - ACL reconstruction - Accelerated rehabilitation - Clinical outcome - Graft remodelling
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Introduction

Successful anterior cruciate ligament (ACL) reconstruction requires
understanding of several factors: anatomic graft placement, mechanical
properties of the selected graft tissue, mechanical behaviour and fixation
strength of fixation materials as well as the biological processes that occur
during graft remodelling, maturation and incorporation.* %% They influence
directly the mechanical properties of the knee joint after ACL reconstruction
and, therefore, determine the rehabilitation and time course until normal
function of the knee joint can be expected.*’

The choice of hamstring tendons as graft for ACL reconstruction has
increased in popularity.”® After surgery, graft healing is characterized by

a remodelling process.*> %5739 During this period, the graft will undergo
changes, becoming morphologically similar to intact ligament tissue.33 454875

Advantages of accelerated brace-free rehabilitation after ACL
reconstruction are earlier normal function of the knee, weight-bearing

and ability to return to even most strenuous activities after primary ACL
reconstruction at 6 months.* 14 33.43.45.36.81, 91,98

A major challenge in postoperative rehabilitation after ACL reconstruction

is optimizing the balance between muscular strengthening exercises

and loading of the graft, to stimulate graft cells to produce cellular and
extracellular components for preservation of graft stability, without
compromising graft integrity, which might result into an early stretch-out of
the ACL reconstruction.# 4> 33.75.94

The primary aim of this systematic review is to investigate the clinical
outcome of accelerated brace-free rehabilitation after ACL reconstruction
in adults. The secondary aims are the influence of accelerated rehabilitation
after ACL reconstruction on tunnel widening, tendon regeneration and

time to return to sports. The systematic review is presented in two parts

in order to give a better overview of the results of different graft types

for ACL reconstruction. This first part will present the current knowledge
on accelerated rehabilitation after hamstring tendon autograft ACL
reconstruction.

Materials and methods

A systematic literature search was performed according to PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analysis)
guidelines using a PRISMA checklist.>®

Eligibility criteria

Inclusion criteria were all study designs reporting outcome after ACL
reconstruction with brace-free accelerated rehabilitation. Only studies

on human adults with isolated ACL ruptures were eligible for inclusion

in the systematic review. Studies on children, adolescents with open
physis and cadavers were not included. Hamstring and patellar tendon
autografts for ACL reconstruction were included. Therapeutic studies
comparing accelerated rehabilitation with nonaccelerated rehabilitation, no
reconstruction, wait-and-see, brace or no comparison at all were included.
Outcome was defined as subjective (questionnaires), objective (strength,
hop-indices), knee stability (passive and active), functional performance,
level of activity, return to sports and osteoarthritis. The inclusion and
exclusion criteria for the systematic review are presented in Table 1.

Electronic search

A systematic electronic search was performed using specific search terms in
the following databases: Medline (Pubmed), EMBASE (OVID), the Cochrane
Library and CINAHL. The time range for the search was defined as January
1, 1990 till December 31, 2014.

Study selection

All eligible articles were screened by title and abstract by 2 teams of
reviewers (RJ&NE and RJ&JM). When two reviewers did not reach
consensus, a third reviewer (NE or JM) made the final decision. After this
first inclusion, the full-text articles were assessed. These were excluded if
they did not meet the inclusion criteria. Furthermore, all references of both
excluded and included articles were analysed for eligible articles.

Data collection process
Two reviewers (RJ&NE) independently extracted the data from each study.
Disagreement regarding data extraction was resolved by consensus.

Data items

The data included surgical techniques, graft type, patient demographics,
details of rehabilitation, patient-reported outcome, clinical outcome
measures and radiological evaluation.

Synthesis of results

Due to substantial heterogeneity with regard to surgical techniques,
populations, outcome and study designs, it was not possible to pool the
data for statistical analysis. Therefore, a ‘best-evidence synthesis’®® was
performed, by means of the system developed by van Tulder et al.?2 The
following ranking of levels of evidence was formulated:

. Strong evidence is provided by 2 or more studies with good quality (low risk

of bias) and by generally consistent findings in all studies
(2 75% of the studies reported consistent findings).

. Moderate evidence is provided by 1 good quality (low-risk of bias) study

and 2 or more questionable quality (higher risk of bias) studies and by
generally consistent findings in all studies (2 75%).

. Limited evidence is provided by 1 or more questionable quality (higher risk

of bias) studies or 1 good quality (low-risk of bias) study and by generally
consistent findings (= 75%).

. Conflicting evidence is provided by conflicting findings

(< 75% of the studies reported consistent findings).*?

Assessment of risk of bias

Two reviewers (RJ&NE) assessed the risk of bias of the articles. If the 2
reviewers did not reach consensus, a third reviewer (JM) made the final
decision. The reviewers were not blinded for author, journal or publication.
The assessment of risk of bias of all articles was performed by standardized
checklists of the Cochrane Library (www.cochrane.nl).

The assessment of risk of bias for randomized controlled trials (RCT) used 9
criteria, displayed in Table 2. These 9 items could be rated ‘yes’ (+), 'no’ (-)
or 'do not know’ (?). The same list was used for assessing clinical controlled
trials (CCT), but these scored a 'no’ for items 1 and 2.

The assessment of risk of bias for cohort studies described 8 items,
displayed in Table 2. All 8 items could be rated ‘positive’ (+), ‘negative’ (-)
or ‘do not know’ (?). The same list was used for cross-sectional studies,
but these scored a 'no’ for item 2 because the study design could cause a
selection bias.

Based on the research question, 2 additional items were evaluated: (1)
accurate description of the rehabilitation protocol and (2) ratio of men and

women participating in the study.

A total score was calculated by adding up all positive items. A final judgment
of ‘good’, ‘questionable’ or ‘poor’ was given to every article. A ‘good’ was
assigned to articles scoring positive for more than 50% of all items (low

risk of bias); a ‘questionable’ if the positive score was between 30-50%
(questionable risk of bias) and a ‘poor’ was assigned to articles with a
positive score inferior to 30% (high risk of bias). The articles with a total
score of 'good’ and 'questionable’ were included in the review.

Research questions
The following research questions were formulated:

. How do different nonanatomic and anatomic surgical techniques

affect the clinical outcome after accelerated brace-free
rehabilitation?

. How do different patient characteristics affect the clinical outcome

after accelerated brace-free rehabilitation?

. Does accelerated brace-free rehabilitation after ACL reconstruction

influence tunnel widening?

. How do differences in rehabilitation protocols affect the clinical

outcome after accelerated brace-free rehabilitation?

. Do hamstring tendons regenerate after harvest for ACL

reconstruction with accelerated brace-free rehabilitation?

. Does the current biological knowledge on hamstring autografts

support early return to sports after ACL reconstruction with
accelerated brace-free rehabilitation?

Results

Study selection

The PRISMA flow chart of the systematic review is presented in Fig.

1. A total of 52 studies were selected for risk of bias assessment: 20
randomized Contr0||ed trials (RCT)’B 11, 20, 29, 32-36, 39, 40, 51, 54, 61, 62, 69, 74,76, 77, 89
12 clinical controlled trials (CCT),?3 24 52 58 66.67.71.72,79,85. 87.96 9 prospective
cohort studies (PC),1> 17- 25 28.42744.46.100 7 cross—sectional studies (CS),3 18 1
22,26,48.84 3 retrospective cohort studies (RC)%5% 8 and 1 case study.?’

Risk of bias assessment

The results of the risk of bias assessment for the included studies are
presented in Tables 3 and 4. Seven articles were discarded because of the
total score ‘poor’ after quality appraisal. Forty-five articles were included in
the systematic review.



Details of rehabilitation
The results of the specific details of accelerated rehabilitation of the 45
included studies are presented in Table 5.

Results of individual studies and answers to research questions

. How do different nonanatomic and anatomic surgical techniques affect the
clinical outcome after accelerated brace-free rehabilitation?

a. Four-strand hamstring single~tunnel (nonanatomic) ACL reconstruction
Howell et al.** were among the first authors to present the clinical outcome
of accelerated brace-free rehabilitation.** This single-surgeon prospective
cohort series described a 4-strand hamstring transtibial ACL reconstruction
technique with special attention to intercondylar roof impingement of the
graft. Patients returned to unrestricted sports and work activities after 4
months. At 4 months, 33 (82%) of the 37 patients had an absent pivot shift
and a normal Lachman test. The authors justified the early return to vigorous
activities at 4 months by unchanged knee stability, girth of the thigh, knee
extension as well as Lysholm and Gillquist scores at 2-year follow-up. The
one-leg hop for distance test still improved between 4 months and 2 years.
Final IKDC (International Knee Documentation Committee) score at 2 years
was rated Ain 63%, B in 27%, and Cin 10% of patients.*?

Ali et al.? presented the outcome of a single-surgeon, cross-sectional study
of transtibial nonanatomic ACL reconstructions using a 4-strand hamstring
graft without detachment of its tibial insertion. Follow-up was 64 months
(range 48- 84). All patients achieved full range of motion with a stable joint.
The mean side- to-side difference using KT-1000 was 1.43 (SD 3.86,
MEDmetric Co., San Diego, CA, USA). At the latest follow-up, all patients
had a negative pivot shift test. The average Lysholm score improved from 42
to 79.2 and the Tegner score improved from 3.4 to 5.9 (the preinjury score
was 6.9). The authors concluded that their technique showed satisfactory
and comparable results to studies with conventional detachment of
hamstring tendons from their tibial insertion.?

Zaffagnini et al.?°® analysed return to sports in a homogeneous group

of male professional football (soccer) players after ACL reconstruction.
Follow-up was 4 years. The authors used a nonanatomic, 4-strand
hamstring technique with additional extra-articular fixation of the graft.
After 12 months, 20 (95%) of the 21 patients returned to the preoperative
professional football level. Mean time from surgery to first official match
was 186 days (range 107-282). The KOOS (Knee injury and Osteoarthritis
Outcome Score) reached the plateau level at 6 months postoperatively. At

4 years, 15 patients (71%) still played professional football, 13 (62%) at
the same preoperative level and 2 (9%) in a lower division. One patient (5%)
experienced a rerupture of the ACL reconstruction.®°

Nonanatomic transtibial 4-strand hamstring tendon ACL reconstruction with
accelerated brace-free rehabilitation is associated with good clinical results.
Return to sports is possible at 4-6 months postsurgery ('strong’level of
evidence).

b. Nonanatomic versus anatomic hamstring tendon ACL reconstruction
Koutras et al.>? compared the short-term functional and clinical outcome
between nonanatomic transtibial versus anatomic anteromedial ACL
technique in patients with hamstring tendon ACL reconstruction. The
outcome measures consisted of Rolimeter laxity testing, Lysholm score,
isokinetic and functional testing (single- and triple-hop test, side step,
carioca test for time). All outcomes, except isokinetic knee flexion at 180°/s,
improved from 3 to 6 months for both groups. The anteromedial approach
group had better Lysholm scores at 3 months and better performance in
the timed lateral movement functional tests at 3 and 6 months. All other
comparisons were nonsignificant.?

Anatomic ACL reconstruction shows better short-term results than
nonanatomic ACL reconstruction after accelerated brace-free rehabilitation
(‘moderate’ level of evidence).

c. Single-bundle versus double-bundle hamstring tendon ACL reconstruction
Sastre et al.”* compared anatomic 4-strand single- and double-bundle
hamstring tendon ACL reconstructions in a randomized prospective study.
The authors did not find any difference between the two groups with
respect to anterior laxity (manual and radiological), pivot shift test as well as
IKDC subjective and objective scores.”

Czamara et al.?®> analysed single- versus double-bundle ACL
reconstructions with focus on knee function assessment during activities
involving dynamic knee rotation. No differences were noted between the

2 groups for anterior tibial translation, pivot shift test, range of motion,
joint circumference, subjective assessment of pain and knee joint stability,
peak torque for internal and external rotation and the run test with maximal
speed and change of direction manoeuvres.?>

There is no difference in clinical results between single-bundle and double-
bundle ACL reconstruction with accelerated brace-free rehabilitation
('strong’ level of evidence).

2. How do different patient characteristics affect the clinical outcome after

accelerated brace-free rehabilitation?

a. Gender

Salmon et al.”? investigated gender differences in outcome after ACL
reconstruction in a single-surgeon series. The reconstruction performed
was a 4-strand hamstring, anteromedial femoral tunnel drilling technique
with interference screw fixation. Outcome measures were the IKDC
score, KT- 1000 arthrometer, Lysholm score and level of sports activity.
Follow-up was at 12, 24 and 84 months after surgery. No significant
gender differences were found for graft rupture, activity level, self-
reported or functional assessment or radiological outcome. Women did
have significantly greater laxity than men on the Lachman test, pivot shift
test and mean manual maximum testing at all time points. The higher laxity
measurements did not influence the self-reported and functional outcome
assessments.”?

Gender does not influence clinical outcome after hamstring tendon ACL
reconstruction with accelerated brace-free rehabilitation ('limited’ level of
evidence).

b. Age

Trojani et al.®8 retrospectively analysed the same ACL reconstruction
technique as Salmon et al.”? in 18 patients aged 50 years and older. None of
the patients experienced subjective instability or had complaints on kneeling.
Pain was associated with previous medial meniscectomy. Graft failure did
not occur. At follow-up (median 31 months), overall IKDC was Ain 7
patients (39%), Bin 7 (39%), Cin 3 (17%) and D in 1 patient (5%). The
authors concluded that age over 50 years is not a contraindication to select
a hamstring tendon autograft for ACL reconstruction. Surgery restored

knee stability but did not modify pain in patients with previous medial
meniscectomy.®

Age > 50 years does not influence clinical outcome after hamstring tendon
ACL reconstruction with accelerated brace-free rehabilitation ('limited’ level
of evidence).

3. Does accelerated brace-free rehabilitation after ACL reconstruction

Influence tunnel widening?

Vadala et al.®¥ analysed tunnel widening after 4-strand hamstring tendon
ACL reconstruction by means of CT scan comparing accelerated brace-free
rehabilitation versus nonaccelerated rehabilitation with brace. Mean follow-
up was 10 months. There was a significant increase in femoral and tibial
tunnel diameter after accelerated brace-free rehabilitation.®?

Accelerated brace-free rehabilitation after hamstring tendon ACL
reconstruction causes increased tunnel widening in both femur and tibia
(‘moderate’ level of evidence).

. How do differences in rehabilitation protocols affect the clinical outcome

after accelerated brace-free rehabilitation?

The effects of early aggressive versus nonaggressive rehabilitation were
examined by Christensen et al.?° In a single-surgeon anatomic 4-strand
hamstring tendon ACL reconstruction series, the primary outcome measure
was the IKDC score. Secondary outcome measures were differences in
range of motion and peak isometric force at 12 weeks postsurgery. No
differences were found between early aggressive and nonaggressive
rehabilitation for both primary and secondary outcome measures.?°

Fukuda et al.?3 evaluated the outcome of early start of open kinetic chain
exercises in a restricted range of motion at 1 year after nonanatomic,
4-strand hamstring tendon ACL reconstruction. Outcome measures were
pain, muscle strength, anterior knee laxity (Rolimeter) and function (single-
leg hop test, cross-over test, Lysholm score). A start of open kinetic chain
quadriceps exercises at 4 weeks postoperatively in a restricted range of
motion (90°-45°) did not differ from a start at 12 weeks in terms of anterior
knee laxity, pain and functional improvement. The early start group showed
a faster recovery of quadriceps strength.??

The effect of progressive eccentric and concentric training on functional
performance after 4-strand hamstring tendon ACL reconstruction was
investigated by Kinikli et al.>* Outcome measures were isokinetic muscle
strength, single- and vertical hop tests, Lysholm score and ACL-Quality
of Life Questionnaire. There was a significant improvement of all outcome
measures except for isokinetic strength of knee extensors and flexors.>!



Baltaci et al.® compared a 12-week Nintendo Wii® Fit versus conventional accelerated brace-free rehabilitation after hamstring
tendon ACL reconstruction. Outcome measures were coordination, proprioception, response time, dynamic balance and
isokinetic tests. The two different 12-week physiotherapy protocols had the same effect on muscle strength, dynamic balance
and functional performance values.®

Clark et al.?? used the Nintendo Wii® Fit Balance Board to assess weight-bearing asymmetry during squatting after hamstring
tendon ACL reconstruction. The authors found significant increases in asymmetry after ACL reconstruction compared to a
matched control group.??

Early aggressive rehabilitation after hamstring tendon ACL reconstruction, early start of open kinetic chain quadriceps exercises
at 4 weeks in a limited knee range of motion (90°- 45°) and progressive concentric and eccentric exercises from 12 weeks

does not alter the clinical outcome (‘moderate’ level of evidence). The use of Nintendo Wil® Fit activities could address physical
therapy goals (‘limited level” of evidence).

. Do hamstring tendons regenerate after harvest for ACL reconstruction with accelerated brace-free rehabilitation?
Ahlen et al.? analysed regeneration of hamstring tendons in a retrospective MRI study with 6-year follow-up after hamstring
tendon harvest. The gracilis tendon regenerated in 18 of 19 patients, the semitendinosus tendon in 17 of 19 patients.?

Janssen et al.*® performed a prospective MRI study in 22 patients with follow-up at 6 and 12 months. Regeneration of the
gracilis tendon occurred in all patients, the semitendinosus tendon regenerated in 14 of 22 patients. The majority of tendons
regenerated distal to the joint line of the knee. The authors did not find a significant relationship between tendon regeneration
and isokinetic flexion strength.*®

Hamstring tendons regenerate after harvest for ACL reconstruction. There is no evidence to support a relationship between
tendon regeneration and increased isokinetic flexion strength (‘strong’ level of evidence).

. Does the current biological knowledge on hamstring autografts support early return to sports after ACL reconstruction with
accelerated brace-free rehabilitation?

Janssen et al.*® examined 67 patients who underwent retrieval of mid-substance biopsies after clinically successful 4-strand
hamstring autograft ACL reconstruction with a standardized accelerated rehabilitation protocol. Histology, cellular density,
vascular density, myofibroblast density and collagen fibril alignment were analysed. Cellular density and vascular density were
increased up to 24 months after ACL reconstruction. Especially the strong increase in myofibroblast density, from 13 up to
24 months, indicated an active remodelling process from 1 to 2 years. Furthermore, vessel density increased over 24 months,
whereas cell and myofibroblast density decreased but stayed higher than native hamstring tendon and ACL controls. Collagen
orientation did not return to normal in the study period. The authors question whether early return to sports (4-6 months)
after accelerated rehabilitation is to be recommended after hamstring tendon ACL reconstruction.*®

Intra-articular hamstring graft remodelling is still active at 2 years after ACL reconstruction with an accelerated brace-free
rehabilitation. Based on the current evidence, the early return to sports after 4-6 months may be questionable (‘moderate’ level
of evidence).



Discussion

A significant body of literature has shown that accelerated rehabilitation,
defined as early unrestricted motion, immediate weight-bearing, and
eliminating the use of immobilizing braces, is appropriate after ACL
reconstruction with patellar tendon grafts.!# 16 19.20.26.70.78 80.82 However,
conclusions are unclear when evaluating the effects of early accelerated
rehabilitation after ACL reconstruction with hamstring autografts.

There are several factors that need to be considered when accelerated
brace-free rehabilitation after ACL reconstruction with hamstring tendons is
prescribed.??

First, hamstring autografts require fixation of soft tissue (tendon) to
bone.®® A period of 8 to 12 weeks is necessary for proper incorporation of
hamstring grafts in the bone tunnels.3! Fixation of this soft tissue graft is
considered the ‘weak link’ early on after ACL reconstruction.?! 37 Secure
graft fixation during progressively more intense early rehabilitation and
activities of daily living improves graft-bone tunnel integration.?” In a
systematic review of 14 papers, Han et al. concluded that both intratunnel
and extratunnel fixation methods of hamstring tendon ACL autografts
displayed comparable outcomes based on objective IKDC-, Lysholm- and
Tegner scores, anterior knee laxity and return to sports timing.?’

Second, the intra-articular remodelling of ACL hamstring tendon
autografts requires an optimal balance between muscular strengthening
exercises and loading of the graft. This will stimulate ACL graft cells to
produce cellular and extracellular components for preservation of graft
stability, without compromising graft integrity, which might result into an
early stretch-out of the ACL reconstruction.? 4 43.75.94

Finally, early after ACL reconstruction, relative protection of the
autograft donor site must be considered. Therefore, force generation
from the hamstrings should be minimized when a hamstring autograft is
employed.3!

In summary accelerated brace-free rehabilitation needs to be as aggressive
as possible in restoring function while still maintaining an optimal tissue
healing environment.®

This review presented a ‘'moderate’ level of evidence that early aggressive
rehabilitation after hamstring tendon ACL reconstruction did not alter
clinical outcome compared to nonaggressive rehabilitation.?® In this study,
nonaggressive therapy included partial weight-bearing and 4-week use of
an immobilizer brace. In contrast, the aggressive rehabilitation was brace-
free, with immediate weight-bearing allowed.?°

The rationale of using a knee brace is to protect the healing graft during
the early phases of rehabilitation.* Various systematic reviews could not
substantiate this hypothesis based on clinical results.* >3 °1-97 Functional
knee bracing may even have negative consequences. In a 3D lower-
extremity-kinematic and electromyography study of treadmill running with
or without functional knee brace use, the braced knees showed a decreased
range of motion, increased hamstring activation and decreased quadriceps
femoris activation.®*

The latest review by Kruse et al. concluded that bracing following ACL
reconstruction is neither necessary nor beneficial and adds to the costs of
the procedure.?® Furthermore, full weight-bearing without crutches within
10 days (with a normal gait pattern) improves quadriceps function, prevents
patellofemoral pain and does not affect knee stability.?* *7

This review showed that early start of open kinetic chain quadriceps
exercises at 4 weeks in a limited knee range of motion (90°-45°) did not
alter the clinical outcome after hamstring tendon ACL reconstruction
(‘moderate’ level of evidence).?* Open kinetic chain or non weight-bearing
exercises can provide superior isolated muscle or muscle group recruitment
and ease of strength measurement. Closed kinetic chain or weight-bearing
exercises can provide superior integrated lower extremity neuromuscular
recruitment and ease of composite strength or power measurement. The
prescriptive use of both open and closed kinetic chain exercises enables
patients to develop the dynamic lower extremity stability and neuromuscular
control needed to protect the healing graft.®*

Beynnon et al.'?® found similar maximum native ACL strain values produced
by squatting (a closed kinetic chain exercise) and active flexion-extension
(an open kinetic chain exercise). They also demonstrated that increasing
resistance during the squat exercise did not produce a significant increase in
native ACL strain values, unlike increased resistance during active flexion-
extension exercise.?

Escamilla et al.3! published a biomechanical review on native ACL
strain and tensile forces in open kinetic and closed kinetic exercises.
Open kinetic exercises generally loaded the ACL more than closed kinetic
exercises and that, for both exercises, the ACL was loaded to a greater
extent between 10° and 50° compared to 50° and 100° of knee flexion.3!
These biomechanical findings are in agreement with the good clinical results
with the start of open kinetic exercises at 4 weeks in a limited range of
motion as presented in this review.33 4748

Van Grinsven et al. concluded in their systematic review on evidence-based
rehabilitation after ACL reconstruction that there is increasing consensus
that open kinetic chain exercises do not increase graft laxity (in and
exceeding the safe range with a focus on endurance). Additionally, these
exercises had a favourable effect on quadriceps strength.®?

Majima et al.>® also demonstrated that accelerated rehabilitation with
start of open kinetic exercises at 7-10 days after hamstring tendon ACL
reconstructions could rapidly restore muscle strength without significantly
compromising graft stability. However, the incidence of synovitis of the
knee was significantly increased after accelerated rehabilitation.>¢

This review has shown that progressive concentric and eccentric exercises
from 12 weeks after surgery did not alter the clinical outcome after
hamstring tendon ACL reconstruction (‘'moderate’ level of evidence).5?
Therapeutic exercises that emphasize eccentric gluteus maximus, quadriceps
femoris and gastrocnemius-soleus activation can improve lower extremity
muscular shock absorption, prevent knee reinjury, enhance athletic
performance, help heal lower extremity musculotendinous injuries, increase
bone mineral density and decrease fall risk.54

Kruse et al. concluded that starting eccentric quadriceps
strengthening and isokinetic hamstring strengthening 3 weeks after ACL
surgery may improve or accelerate strength gains.>® The studies in their
systematic review compared hamstring and patellar tendon autografts.>?

Specific investigation of accelerated strengthening rehabilitation
protocols and their ability to shorten the return to sport time frame after
hamstring tendon ACL reconstruction is warranted. Further research is
necessary to determine the optimal timing of introducing open kinetic
exercises and safe amount of progressive resistance training after hamstring
tendon ACL reconstruction.* *!

A critical remark is necessary when accelerated rehabilitation is discussed.
There is little consensus in the literature about what composes an
accelerated rehabilitation protocol because few papers have described

their protocol adequately.®® In this review, almost all included studies on
accelerated brace-free rehabilitation agreed that immediate weight-bearing,
full range of motion and closed kinetic exercises were permitted after
hamstring tendon ACL reconstruction. However, if even specified at all, the
protocols varied in their timing and details of open kinetic chain exercises,
frequency of concentric and eccentric training as well as neuromuscular
training.

Many studies on accelerated rehabilitation after hamstring tendon
ACL reconstruction reported the use of the accelerated rehabilitation
protocols designed and validated only for patellar tendon autograft ACL
reconstructions.6- 797882 Only four of the studies described a specific
protocol for accelerated rehabilitation after hamstring tendon ACL
reconstruction.*® 4648 95 Wilk et al.®> recommended the avoidance of
early aggressive hamstring resistive exercises in the first 6 weeks. Other
rehabilitation differences between patellar tendon and hamstring grafts
included no running for 10-12 weeks, no jumping for 12-14 weeks,
no twisting or hard cutting for 16 weeks, and a return to sports at 4-6
months.46 48 95

The rehabilitation protocol by Shelbourne&Nitz was most often
cited. This protocol emphasized specific presurgical rehabilitation
goals.?3 24.26.46.61-63 Ramarkably, only 4 studies in this review specified
their prehabilitation.*5 48 5284 Furthermore, although referring to the
aforementioned rehabilitation protocol, the timing of return to activities
such as running or unrestricted sports varied widely among studies, often
without specific criteria.

The lack of details of accelerated rehabilitation protocols after
hamstring tendon ACL reconstructions makes it difficult to evaluate
the potential disadvantages of accelerated rehabilitation such as tunnel
widening?* # and increased synovitis.>® Postoperative rehabilitation is a
major factor contributing to the success of ACL reconstruction and needs
to be defined in detail for adequate research on clinical outcome and safe
return to sports.

Based upon anecdotal success, ACL rehabilitation protocols slowly evolved
from a 12 months time frame for return to sports to a generally accepted

6 months time.?® In the present systematic review, a return to unrestricted
sport activities was reported allowed at 4-6 months after accelerated
brace-free rehabilitation. In this level IV case series, the authors justified
the early return to vigorous activities at 4 months by unchanged knee
stability, girth of the thigh, knee extension as well as Lysholm- and Gillquist
scores at 2-year follow-up.*?

In a meta-analysis of 69 articles, Ardern et al.” have shown that
after ACL reconstruction, the overall return to some kind of sports activity
is 81%. Sixty-five per cent of patients returned to their preinjury level and
55% to competitive sports at final follow-up. Younger age, male gender and
a positive psychological response all favoured returning to the preinjury
level sport. Elite athletes had more than twice the odds of returning to
competitive sports compared to nonelite athletes.”



Zaffagini et al. have shown a return to preoperative professional football
level in 95% of elite male athletes after 1 year with an accelerated brace-
free rehabilitation.'® In another study on professional football, elite male
UEFA-league players needed 7 months to return to the first training after
ACL reconstruction, 10 months to return to reqular practice and 12 months
to return to match play.®® 93

Leading ACL experts generally let their patients return to play after
an average of 6 months, with return to full competition after an average
of 8 months.5° However, a recent study by Herbst et al.*! showed that
most patients, in terms of neuromuscular abilities and compared to healthy
controls, were most likely not ready for a safe return to sports, even at 8
months postoperatively. The most limiting factor was a poor limb symmetry
index (LSI) value of < 90% if the dominant leg was involved and < 80% if
the nondominant leg was involved.** Further studies identifying sport-
specific differences in ACL reconstruction outcomes in athletes could
further enhance accelerated rehabilitation protocols for athletes after ACL
reconstruction.'®

Return to sports is often used as short- to mid-term outcome measure for
ACL reconstruction and rehabilitation. However, Harris et al.3® reported in a
systematic review, that 65% of studies did not report whether criteria were
used to allow a patient to return to sports. Twenty-four percent of studies
did not report when patients were allowed to return to sports without
restrictions. Only 10% of studies reported whether patients were able to
return at their preinjury level.3®

Kruse et al. concluded in their review that very few studies
actually measured the ability to return to sports and its timing after ACL
reconstruction with rehabilitation.> In a systematic review on return to
sports after ACL reconstructions, only 13% of studies had noted objective
criteria required for return to sports.!® The authors concluded that there is
a major lack of objective assessment before release to unrestricted sports
activities in the literature. Furthermore, commonly used muscle functional
tests are not demanding or sensitive enough to identify differences between
injured and noninjured sides.® %8

An interesting factor in return to sports is the expectation of the
patient. Although scores may be high on validated clinical measures, the
ability to return to sports and performance on return to sports may not meet
up to the patient’s expectations, thus making the surgery unsuccessful from
the patient’s perspective. This had been demonstrated in a meta-analysis
of nearly 6000 patients after ACL reconstruction.® The study showed that
only 44% of patients were able to return to competitive sport, despite 90%
of patients having normal or nearly normal knee function using validated
outcome scores.® 38

Despite the large number of peer-reviewed publications, no conclusive
guidelines exist to permit safe return to unrestricted activity.?® °° In this
systematic review, only 35% of studies reported assessment criteria for
return to sports after hamstring tendon ACL reconstruction. These criteria
however lacked specific details for use in clinical practice or comparative
scientific research.

The development of valid, criterion-based assessments to determine
readiness for sport-specific training and eventual return to sports is greatly
needed and offers opportunities for further research.” 0. 30.64 68

ACL reconstruction techniques have improved over the last 10 years, but
graft failure is not uncommon: 0.7-10%.%>5° Evidence-based evaluations
did not prove a 3-6 months return to sports to be safe due to the fact that
biological healing is not complete.?!- 4548 65.68 This js also demonstrated in
the current review: intra-articular hamstring graft remodelling was still
active at 2 years after ACL reconstruction with an accelerated brace-free
rehabilitation (‘moderate’ level of evidence).*® Three systematic reviews on
remodelling have been published and described similar stages of ACL graft
healing as well as a prolonged remodelling process in humans compared
with results obtained from animal studies.?* *>¢> While today's rehabilitation
protocols are often extrapolated from findings of animal in vivo studies,
current findings in human in vivo remodelling studies might require new
postoperative regimens following hamstring tendon ACL reconstruction.*

Accelerating angiogenesis of the healing graft could promote faster
healing. In a systematic review, Tohyama et al.?¢ have examined the in
vitro effects of vascular endothelial growth factor (VEGF) on hamstring
ACL grafts in animals. VEGF treatment promoted a remarkable increase
in synovial tissue with hypervascularity around the graft 12 weeks after
ACL reconstruction and stimulated angiogenesis and cellular infiltration in
the graft. However, biomechanical properties of the graft deteriorated due
to soft tissue flaws and digestion of graft matrix by the VEGF treatment.
The authors recommended indirect enhancement of VEGF using physical
stimulation as strategy to accelerate remodelling without weakening the
ACL graft.®¢

It is agreed that ACL graft healing can only progress if mechanical
loading occurs: however, the most adequate magnitude at varying phases
of healing is still not clarified.*> No final conclusions can be drawn on
the mechanical strength of the healing ACL grafts in humans without
any available technique for in vivo measurements of their mechanical
properties.?: 4>

This systematic review has several limitations.

In the search for the available knowledge on clinical outcome after
accelerated brace-free rehabilitation after ACL reconstruction, studies of
various level of evidence were included. It must be noticed that the type of
rehabilitation was not a primary outcome in all of the included studies. Some
conclusions of the ‘best-evidence synthesis’ may therefore not be primarily
related to accelerated rehabilitation.

A second limitation of this review is the inclusion of studies with
small population size. Both the quality and limited amount of studies for
specific research questions may limit the level of evidence in the chosen
‘best-evidence synthesis’ by van Tulder et al.?2 Although strict and adapted
for various study types, the risk of bias assessment of the Cochrane Library
and the classifications of ‘low’, ‘questionable’ and ‘high’ risk of bias for the
studies may limit the strength of evidence. One might argue that a ‘low’ risk
of bias RCT study might show a higher level of evidence than a ‘low’ risk of
bias prospective cohort study.

Another limitation of this study is that only articles in English were
included. Additional relevant articles published in languages other than
English could contribute to the level of evidence presented in this review.

Finally, only publications from 1990 onwards were included. Focus
of the review was on accelerated rehabilitation, which became more
widespread in those years. We might have missed a few earlier publications
although all references were checked of all included studies for previous
studies.

Conclusion

Accelerated brace-free rehabilitation may contribute to successful ACL
reconstruction with hamstring tendons in adult patients of all ages and
gender. Further research is necessary to define the optimal balance of

graft loading and graft healing in the various rehabilitation phases after
ACL reconstruction as well as the development of valid, criterion-based
assessments to determine readiness for sport-specific training and eventual
safe return to sports.



Figure 1 PRISMA flow chart Table 1 Inclusion and exclusion criteria

Records idenﬁﬁed through Additional records identified Inclusion criteria
database searching Pubmed, through other sources ) ) ) ) ) ) ) ] ] ) ) ) ) o )
< EMBASE, Cochrane, CINAHL (n=0) 1) Studies (meta-analysis, randomized, nonrandomized, systematic reviews, case series, prospective or retrospective design) evaluating outcome in patients undergoing isolated ACL reconstruction
-] (n=3358) 2) Studies must have included an accelerated rehabilitation protocol. Accelerated rehabilitation is characterized by immediate postoperative weight-bearing, without restriction in motion and brace-free rehabilitation. Return to sports is allowed
& after 4-6 months
g 3) Any arthroscopic surgical method of primary intra-articular ACL reconstruction
= 4) Hamstring and bone-patellar-tendon bone autograft
5) Human in vivo studies with reported outcome
Records after duplicates 6) English language
I » removed < 7) Abstract and full text available
(n=2245)
Exclusion criteria
] 1) Concomitant surgery limiting an accelerated rehabilitation protocol (meniscal repair or transplant, osteotomy, microfracture, autologous cartilage implantation -ACI or matrix autologous chondrocyte implantation-MACI)
A 2) Revision surgery
3) Allografts, quadriceps tendon or synthetic grafts
& Records screened R Records excluded 4) Multiligament reconstructions
c (n=2245) P (n=1909) 5) Posterolateral, medial or posterior cruciate ligament instability
g 6) Nondefined rehabilitation protocol
L 7) Animal or cadaveric (in vitro) studies
8) Non-arthroscopic ACL reconstruction
9) Non-English language
I A 4 10) Abstract or full-text not available
Full-text articles assessed Full-text articles excluded, with reasons (n = 284):
for eligibility > No adequate description rehab (n = 103)
(n=336) Concomitant surgery (n = 33)
] Non-accelerated rehabilitation (n = 99)
Non-arthroscopic study (n = 1)
No outcome study (n = 19) . - -
: Sttt n-2) Table 2 Cochrane criteria for assessment of randomized
= ull text not available (n = 10)
= Pediatric (n = 5) . .
- reviionn =4 controlled trials and cohort studies
A
Studies included in Records excluded Randomized controlled trials Cohort studies
o qualitative synthesis P high risk of bias
(n=52) (n=7) 1) Is a method of randomization applied? 1) Are study groups clearly defined?
2) s randomization blinded? 2) s there any selection bias?
3) Are the patients blinded? 3) Isthe exposure clearly defined?
3 4) s the therapist blinded? 4) Is the outcome clearly defined?
3 v 5) Is the outcome assessor blinded? 5) Is the outcome assessment blinded?
B Studies included in 6) Are the groups comparable? 6) Is the follow-up accurate?
systematic review 7) s there an acceptable lost-to-follow-up? 7) s there an acceptable loss-to-follow-up?
(n = 45) 8) lIsthere an intention-to-treat? 8) Are confounders described and/or eliminated?
9) Are treatments comparable?




Table 3 Risk of bias assessment of RCTs and CCTs

Article Study design 1 2 3 4 5 6 7 8 9 Accurate description rehabilitation Ratio men - women Total score
Baltaci et al. RCT + + - ? - + + + + + + Good
Beard et al. RCT + + - ? ? + - + + + ? Good
Christensen et al. RCT + + ? - - - + + + + + Good
Clatworthy et al. CCT - - ? - ? + + ? + - + Questionable
Corry et al. CCT - - ? - ? + + ? + + + Questionable
Ejerhed et al. RCT + + ? - ? + + ? + + - Good
Feller et al. RCT + + ? - ? + + - + + - Good
Fukuda et al. RCT + + ? ? + + - + + + - Good
Gerber et al. 2007 RCT + - ? - + ? + + + + ? Good
Gerber et al. 2009 RCT + - ? - + ? + + + + ? Good
Grant et al. RCT + ? - ? + + - - + + ? Questionable
Heijne et al. (2007) RCT + + ? - - + - ? + + + Good
Heijne et al. (2010) RCT + + ? - + ? ? + + + + Good
Kinikli et al. RCT + ? + - + ? ? + + - Questionable
Koutras et al. CCT - - + + + + + - + + - Good
Laoruengthana et al. RCT + + ? - ? + + ? + + - Good
Melikoglu et al. CCT - - ? ? ? + ? ? + + - Poor
Mikkelsen et al. RCT + ? ? ? ? + + + + + - Good
Mohammadi et al. RCT + + - ? ? + + + + - + Good
Pinczewski et al. ccT - - ? - ? + + - + + + Questionable
(2002)

Pinczewski et al. CcCT - - ? ? + + - + + + Questionable
(2007)

Revenas et al. RCT + ? ? - + + - ? + + - Questionable
Rudroff et al. CCT - - - ? ? + + + + + - Questionable
Salmon et al. CCT - - ? ? ? ? - ? + + + Questionable
Sastre et al. RCT + + ? ? ? + + + + + + Good
Schenck et al. RCT + + ? - ? ? ? + + + - Questionable
Shaarani et al. RCT + + - ? ? + ? - + - + Questionable
Shelbourne et al. CcCT - - ? ? ? + - ? + + - Poor
Svensson et al. ccT - - ? - - + + ? + + - Questionable
Treacy et al. CCT - - ? ? ? + ? ? + + - Poor
Vadala et al. RCT + + ? ? ? + + ? + + - Good
Witvrouw et al. CCT - - ? - ? + + + + + + Good

Legend:

RCT Randomized controlled trial

CCT Clinical controlled trial

Table 4 Risk of bias assessment of cohort and cross-sectional studies

Article Study design 1 2 3 4 5 6 7 8 Accurate description rehabilitation Ratio men - women Total score
Ahlen et al. RC + no + + ? + + - + + Good

Ali et al. CS + no + + ? ? - ? + - Questionable
Biernat et al. PC - no - - ? ? ? - + + Poor
Boszotta et al. PC - no + + ? ? ? - - ? Poor
Bryant et al. cs + no + + ? + + ? + - Good
Chapman et al. cs - no + + ? + ? ? + + Questionable
Clark etal. (e + no + + ? + ? ? - + Questionable
Czamara et al. PC + no + + ? + + ? + + Good

De Carlo et al. 1997 cs - no - + ? ? ? - + ? Poor

De Carlo et al. 1999 CASE + no - + ? + + ? + - Questionable
Eitzen et al. PC + yes + + ? + + + + Good

Hill et al. PC - no + + ? + - ? - - Poor
Howell et al. PC + no + + ? + + ? + - Good

Hui et al. PC + yes + + ? + + + + + Good
Janssen et al. 2011 CS + no + + ? + + + + ? Good
Janssen et al. 2013 PC - yes + + ? + + + + - Good
Kim et al. RC + no + + - + + - - - Questionable
Smith F et al. Cs + no + + ? + - ? + + Good
Trojani et al. RC + yes + + ? + + ? + - Good
Zaffagnini et al. PC + no + + - + + + - + Good
Legend:

RC Retrospective cohort study
PC Propective cohort study
CS Cross-sectional study

CASE Case study



Table 5 Details rehabilitation

Rehabilitation Preop rehab ACL graft Brace Full weight-bearing allowed FROM allowed CKC exercises OKC exercises Concentric exercises Eccentric exercises Running Return to light sports Unrestricted return to sports Criteria for return to sports

Ahlen et al. 2012 ? HS no immediate immediate immediate 6 wks ? ? 3 months ? 6 months subjective functional stability compared to contralateral leg
Ali et al. 2006 ? HS no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? 6 months 9 months stable knee (Lachman and pivot test) and asymptomatic knee
Baltaci et al. 2013 ? HS no immediate immediate immediate 6-8 weeks 3-4 weeks 6-8 weeks? 3 months 6-8 months 6-8months ?

Beard et al. 2001 ? HS-PT no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? ? ?

Bryant et al. 2007 ? PT no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? ? ?

Chapman et al. 1995 ? PT no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? ? ?

Christensen et al. 2013 ? HS brace vs no brace immediate (Program Biggs) immediate Program Biggs Program Biggs ? ? 8-12 weeks ? ? ?

Clark et al. 2014 ? HS no immediate immediate ? ? ? ? 3-4 months ? ? ?

Clatworthy et al. 1999 ? HS-PT no "accelerated rehabiliation protocol" ? ? ? ? ? ? ? ? ?

Corry et al. 1999 yes HS-PT no immediate immediate immediate? ? ? ? 6 weeks 6 weeks 9 months ?

Czamara et al. 2014 ? HS no immediate immediate immediate 6-12 weeks? 6 weeks 6-12 weeks 4 months ? ? ?

de Carlo et al. 1999 yes PT no immediate immediate immediate 2-6 weeks 2-6 weeks 2-6 weeks 6 weeks 5 weeks 6 weeks? ?

Eitzen et al. 2009 ? PT no immediate immediate 2 weeks 5 weeks? Program Risberg Program Risberg 13 weeks ? ? ?

Ejerhed et al. 2003 ? HS-PT no immediate immediate immediate 6 weeks ? ? 3 months ? 6 months full functional stability

Feller et al. 2003 ? HS-PT no immediate (Program Shelbourne) immediate Program Shelbourne 6 months Program Shelbourne Program Shelbourne 10 weeks 6 months 9 months ?

Fukuda et al. 2013 ? HS no immediate immediate 2 weeks 4 vs 12 weeks ? ? 10 weeks ? ? ?

Gerber et al. 2007&2009 ? HS-PT no PT immediate, HS 2-3 weeks? immediate immediate 5 weeks vs 7 weeks? 3 weeks 3 vs 15 weeks ? ? ? 90% strength and performance ability compared to uninvolved leg
Grant et al. 2010 ? PT no immediate immediate immediate 3 weeks immediate ? 7-12 weeks ? ? ?

Heijne et al. 2007&2009 ? HS-PT no immediate immediate immediate 4 vs 12 weeks ? ? 4-6 months ? 6 months functional capacity

Howell et al. ? HS no immediate immediate 4 weeks 4 weeks ? ? 8-10 weeks ? 4 months ?

Hui et al. ? PT no immediate immediate immediate ? ? ? 6 weeks ? 6-9 months ?

Janssen et al. 2011&2013 yes HS no immediate immediate immediate 6 weeks 6 weeks (start 90°-40°) 10 weeks (FROM) 6 weeks (start 90°-40°) 10 weeks (FROM) 10 weeks 4 months 4-6 months ?

Kim et al. 2014 ? PT no immediate immediate ? ? ? ? 12 weeks ? 6 months ?

Kinikli et al. 2014 ? HS no immediate (Program Wilk/Majima) immediate immediate 6-8 weeks 3 weeks (study group) 3 weeks (study group) ? ? ? ?

Koutras et al. 2012 yes HS no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? ? ?

Laoruenthana e al. 2009 ? HS-PT no immediate (Program Howell) immediate 4 weeks 4 weeks ? ? ? ? 9 months no effusion, FROM

Mikkelsen et al. 2000 ? PT no immediate immediate 2 weeks 6 weeks (study group) 6 weeks (start 90°-40°) 12 weeks (90°-10°) 6 weeks (start 90°-40°) 12 weeks (90°-10°) 3 months ? ? ?

Mohammadi et al. 2013 ? HS-PT no "accelerated rehabilitation protocol" ? ? ? ? ? ? ? 6-9 months ability to do sports-related movements safely

Pinczewski et al. 2002&2009 ? HS-PT no immediate immediate 6 weeks? ? ? ? 6 weeks ? 6 months knee stability

Revenas et al. 2007 yes HS-PT no immediate immediate immediate 6 weeks ? ? ? ? ? ?

Rudroff et al. 2003 ? HS-PT no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? 3 months?

Salmon et al. 2006 ? HS no immediate immedate immediate ? ? ? 6 weeks ? 6 months rehabilitation goals met

Sastre et al. 2010 ? HS no immediate immediate ? ? ? ? 12 weeks ? 6-9 months ?

Schenk et al. 1997 yes PT no immediate immediate immediate ? ? ? 6 weeks ? 4-6 months functional parameters (hop, swelling, patient satisfaction/confidence)
Shaarani et al. 2013 yes PT no immediate immediate ? ? 6 months ?

Smith et al. 2004 yes HS-PT no immediate (Program Shelbourne) immediate Program Shelbourne Program Shelbourne Program Shelbourne Program Shelbourne ? ? ? ?

Svensson et al. 2006 ? HS-PT no immediate immediate immediate 6 weeks ? ? 3 months ? 6 months full functional stability

Trojani et al. 2009 ? HS no immediate immediate immediate ? ? ? 8 weeks ? 6 months ?

Vadala et al. 2007 ? HS brace vs no brace immediate immediate vs 2 weeks immediate ? ? ? 3 months ? ? ?

Witvrouw et al. 2001 ? HS-PT no immediate immediate immediate ? ? ? 6 weeks ? 9 months ?

Zaffagnini et al. 2014 ? HS no immediate immediate immediate ? ? ? 2 months ? 4 months criteria for on field rehabilitation, not for return to unrestricted sports

Legend:

HS hamstring autograft - PT patellar tendon autograft - FROM Full Range Of Motion - CKC Closed Kinetic Chain - OKC Open Kinetic Chain
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