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Objective: It is unclear if anterior cruciate ligament (ACL) reconstruction can prevent the onset of
degenerative changes in the knee. Previous studies were inconclusive on this subject. The aim of this
study was to systematically review all studies on the effect of ACL reconstruction on articular cartilage in
animals.
Design: Pubmed and Embase were searched to identify all original articles concerning the effect of ACL
reconstruction on articular cartilage compared with both its positive (ACL transection) and negative
(sham and/or non-operated) control in animals. Subsequently a Risk of bias and meta analysis was
conducted based on five outcomes (gross macroscopic assessment, medical imaging, histological histo-
chemical grading, histomophometrics and biomechanical characterization) related to articular cartilage.
Results: From the 19 included studies, 29 independent comparisons could be identified which under-
went ACL reconstruction with an average timing of data collection of 23 weeks (range 1—104 weeks). Due
to limited data availability meta-analysis could only be conducted for gross macroscopic damage. ACL
reconstruction caused significant gross macroscopic damage compared with intact controls (SMD 2.0
[0.88; 3.13]). These findings were supported by individual studies reporting on histomorphometrics,
histology and imaging. No significant gross macroscopic damage was found when ACL reconstruction
was compared with ACL transection (SMD —0.64 [-1.85; 0.57]).
Conclusion: This systematic review with an average follow up of included studies of 23 weeks (range 1
—104 weeks) demonstrates that, in animals, ACL reconstruction does not protect articular cartilage from
degenerative changes. The consistency of the direction of effect, provides some reassurance that the
direction of effect in humans might be the same.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

reconstruction is primarily performed to regain stability and as a
result prevent or delay OA development. However, current litera-

Many studies have shown that anterior cruciate ligament (ACL)
deficient knees will deteriorate radiologically and functionally over
time, due to advancing osteoarthritis (OA)! . The ACL is the most
commonly injured ligament undergoing surgical intervention,
aiming to return patients to their pre-injury level of activity. ACL
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ture is still inconclusive on the protective effect of ACL recon-
struction on OA development® . First, comparisons among studies
are difficult due to a wide range of patient populations, ages, ac-
tivity levels and follow-up times® 'L

Second, long-term outcomes after ACL injury are largely influ-
enced by the presence of associated injuries. It is well known that
additional injuries (e.g., meniscus) increase the risk for OA develop-
ment'?, However, in a recently performed systematic review it was
demonstrated that only a small number of high-quality studies
focused on development of OA in patients with isolated ACL injury>.
Their results showed that isolated ACL tears have a low risk of OA, but
signs of degeneration are reported in different studies. Third, in
humans radiographic classifications are most often used to assess the
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grade of OA development. However, there is an inability to detect
early and subtle OA changes on radiography and there is a weak
correlation between clinical symptoms and imaging findings'®. Pre-
vious studies suggested that imaging methods more sensitive than
knee radiography are needed to define the presence of, and estimate
the severity of, OA of the tibiofemoral joint'>~!”. Magnetic resonance
imaging (MRI) has been identified by the Outcome Measures in
Rheumatologic Clinical Trials (OMERACT) and Osteoarthritis Research
Society International (OARSI) as the most appropriate imaging mo-
dality to assess joint status in OA research'®. Finally, in humans it is
either not acceptable or very challenging to assess damage to the
articular cartilage after ACL reconstruction with other methods than
medical imaging'. Therefore, the results of animal studies are used to
inform human research?’, Over the past 50 years a large number of
animal models improved our understanding of OA as well as surgical
techniques used for ACL reconstruction. Despite these animal models
are performed to inform human research, systematic reviews of an-
imal research are still scarce®.

A systematic review and meta-analysis of all animal studies
results in a transparent overview of all available information. In
addition, systematic reviews of animal studies have the potential to
reduce some of the challenges in the translation of animal data to
clinical trials (e.g., by explicitly assessing the internal validity). The
aim of our study is to summarize the effect of ACL reconstruction on
articular cartilage in experimental animals and discuss the trans-
lation of this effect to human research.

Methods

This systematic review investigates the effect of ACL recon-
struction on articular cartilage in experimental animals. The in-
clusion criteria and method of analysis were specified in advance
and documented in a protocol>??,

This study is reported according to PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines.

Search strategy and selection of studies

The search strategy, composed of three components (ACL, graft,
and animals), was developed in collaboration with information
specialists from the medical library of the Radboud university
medical center Nijmegen, the Netherlands, according to the step-
by-step guide by Leenaars et al?*. To detect all animal studies,
animal search filters for Pubmed and Embase were used®>?°. The
full search strategy is reported in Supplementary file 1. No limits
(e.g., on language or publication date) were used.

The search strategy was carried out in Pubmed and Embase (last
search performed, 3 October 2017). Additionally, reference lists of
the included studies and of relevant reviews were screened for
additional potentially relevant papers.

After removal of duplicates, all unique records were imported in
Early Review Organizing Software (EROS, developed by Institute of
Clinical Effectiveness and Health Policy, Buenos Aires, Argentina) to
randomly allocate references to two independent reviewers
responsible for screening and selection (CD, PS). Discrepancies
were solved by discussion with a third investigator (GH).

During the first screening phase, primary studies evaluating ACL
reconstruction in healthy animals were screened for eligibility
based on title and abstract. When not enough information was
provided to make a valid judgment the full-text was evaluated.

Full-text versions of all eligible studies were screened and
included if they met the following pre-specified eligibility
criteria®’: (1) a controlled interventional design (ACL transection as

positive control and/or sham or non operated as negative control);
(2) description of (semi-) quantitative outcome measures related to
articular cartilage damage (radiographic assessment, gross macro-
scopic assessment, histological/histochemical based grading,
immunohistochemistry based grading, histomorphometry, MRI,
and/or biomechanical characterization). Studies were excluded
based on the following exclusion criteria (1) no original study; (2)
no animal study; (3) no ACL reconstruction; (4) no isolated ACL
injury or reconstruction (e.g., in combination with meniscectomy);
(5) co-interventions (e.g., biological mediators).

Data extraction

Two independent reviewers (CD, PS) performed data extraction
from each included study.

Information related to study design, animal model, intervention,
outcome measures, and risk of bias was extracted. Outcome measures
related to assessment of damage to articular cartilage were divided in
five principal outcome categories’: (1) gross macroscopic assessment
of damage (grading or determining the area of articular cartilage with
gross morphological changes, International Cartilage Regeneration &
Joint Preservation Society (ICRS) scores, Outerbridge scores, either
with or without staining methods); (2) medical imaging of changes
related to OA(plain radiographical and MRI based classifications of
morphological changes); (3) histological histochemical grading of
changes in articular cartilage (Mankin Grading method); (4) histo-
morphometrics (any kind of quantitative study on microscopic images
of articular cartilage); and (5) biomechanical characterization of
articular cartilage (tensile and compressive measures of stiffness).

If outcome data were presented incompletely or only graphi-
cally, we tried to contact the authors to obtain the original data. A
reminder was sent to those who had not replied within 2 weeks.
When attempts to obtain original data failed, the article was
excluded from meta-analysis. If data were presented only graphi-
cally, they were converted to numerical data using digital ruler
software (Web Plot Digitizer, version 3.12, https://automeris.io/
WebPlotDigitizer).

Risk of bias assessment

Risk of bias of all included studies was assessed by two inde-
pendent reviewers (CD, PS) using Systematic Review Centre for
Laboratory Animal Experimentation's (SYRCLE) Risk of Bias tool’%,
This tool is based on the Cochrane risk of bias tool*” and has been
adjusted for particular aspects of bias that play a role in animal
intervention studies. It contains ten items related to six types of
bias (selection, performance, detection, attrition, reporting and
‘other’ bias). The score ‘yes’ indicates a low risk of bias, ‘no’ indicates
high risk of bias, and ‘?’ indicates an unclear risk of bias.

Previous studies have shown that in animal studies experi-
mental details are often poorly reported, which severely hampers
the assessment of risk of bias*° 2. To determine whether this is
also the case in the studies included in this review, we added two
questions to assess the reporting of randomization and blinding at
any level of the study: 1) Was it stated that the experiment was
randomized at any level? (yes/no) and 2) Was it stated that the
experiment was blinded at any level? (yes/no).

Data analysis

Data were analyzed using R version 3.4.3 (R Foundation for
Statistical Computing, Vienna, Austria) using package “meta”
version 4.9.0.
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Meta-analysis was performed whenever three or more inde-
pendent comparisons per outcome category could be included
(provided that outcome measures were sufficiently comparable).
Standardized mean differences (SMD) were calculated to allow
pooling of data reported in different units of measurement. For
studies which presented results separately for different anatomic
regions in the knee joint, the mean and pooled SD of all regions
combined was calculated. If the same control group served more
than one experimental group, the number of animals in the control
group was divided by the number of experimental groups served.

To account for anticipated heterogeneity, a random effects
model was used to pool individual effect sizes and obtain an overall
standardized mean difference (SMD) and 95% confidence interval®>.
Heterogeneity was addressed by I? which is the proportion of total
variance explained by between-study heterogeneity.

Subgroup analysis was performed for variables of which at least
one of the strata contained a minimum of 3 independent compar-
isons. Subgroups were planned for animal species, type of recon-
struction (autograft/allograft), and duration of follow-up (<3
months/>3 months). The subgroup analysis on follow-up duration
was based on the assumption that damage to the articular cartilage
is observed 3 months after ACL reconstruction®,

Publication bias was addressed by means of a funnel plot, if at
least 15 studies could be included. Sensitivity analysis was per-
formed by changing the time point for outcome assessment to >3
months after ACL reconstruction instead of >1 week after ACL
reconstruction.

Results
Search and study selection

Conducting our search in PubMed and Embase retrieved 1898
unique records. After screening of abstracts and full texts, 1879
articles were excluded because they did not meet our eligibility
criteria. A flow chart of the study selection process is presented in
Fig. 1.

Nineteen articles were included in our systematic review>> 2.

Study characteristics

Study characteristics of all included studies are reported in
Table 1. Five different animal species were used: seven studies used
sheep, four pigs, three dogs, three goats and two studies used
rabbits. Different types of ACL reconstruction were performed:
seven studies used a bone-patellar tendon-bone (BPTB) recon-
struction, seven studies used grafts other than BTPB and five
studies performed an ACL reconstruction using the original ACL for
reconstruction purposes (Table I). Of these five studies, three used
an ACL core surgery method>®>%#%, They detached the femoral
bone core and ACL insertion before fixing it with two crossed
Kirschner wires>. The remaining two studies used repetitive in situ
freeze—thaw of the original ACL* or suturing of the original ACL
along with tunnel fixation®®. Included studies had an average
timing of data collection of 23 weeks (range 1-104 weeks).

—
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g v
& Records screened R Records excluded
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Full-text articles assessed for Full-text articles excluded, with
Z eligibility > reasons
Z (n=661) (n=641)
:gn Duplicates (n=12)
w l No full text (n =82)
No ACL (n=13)
- Studies included in qualitative No animal study (n=14)
synthesis No original study (n=13)
) (n=20) No reconstruction (n=11)
No isolated ACL (n=17)
- No relevant control group
2 3 (n=201)
% Studies included in quantitative No relevant outcome measure
= synthesis (meta-analysis) (n=279)
(n=8)
L Macroscopic assessment (n=8)
Medical imaging (n=0)
Histological grading (n=0)
Histomorphometry (n=0)
Biomechanics (n=0)

Fig. 1. Flow diagram of the systematic review and meta-analysis literature search results.



Table I

Study characteristics of the included studies

Study ID Animal Characteristics Study Characteristics Graft Characteristics
Reference Species Sex Age Weight Experimental Control groups x Paired  Surgery Timing data Early postoperative Type of Graft sizing Graft fixation
(kg) groupsx (n per time of data controls uni/bi collection rehabilitation reconstruction
(n per time of  collection) (control
data collection) lateral)
Asahina et al., Rabbits (JAP) M  Mature 3.0-3.5 Au — Au (12), Au — S (6) Yes Uni (18) Au: 4 weeks(n=12), Not immobilized Freeze thaw of N.A. N.A.
2000£ Au — C(6), Au— N (6) Bi (18) 12 weeks (n = 12), original ACL
24 weeks (12)
Sham = *
Drez et al, 1991 Goats (Angora) * 2-3yr 22-32 All (6 + 6) None Yes Uni 26 and 52 weeks Free cage activity =~ BPTB No Bone block, staple
Fleming et al., Pigs (YM) * 154+ 48+9 All (14) ACL-T (10) Yes Uni 15 weeks Free cage activity =~ BPTB Age, weight, sex Interference screw
2015 1.3 mo matched
Heard et al., Sheep (SC) F 3—4yr * Au (9) C(6); S(3) Yes Uni 2 weeks * Anatomical fixation  N.A. Kirschner wires
2011 of original ACL
Heard et al., Sheep (SC) F 3—4yr * Au (7) C(8);S(7) Yes Uni 20 weeks * Anatomical fixation  N.A. Kirschner wires
2013 of original ACL
Jackson et al., Goats (Spanish) F Mature 35-50 All (7) None Yes Uni 1yr No restrictions Bone—ACL—bone Species matched Bone block
1987 graft
Jackson et al., Goats (Spanish) F 4-5yr >25 Au (6 + 6) ACL-T (6) Yes Uni 6 weeks and 6 mo No restrictions BPTB Age, weight, Bone block
1993 All (6 + 6) height sex matched
Johnson et al., Hounds M/F Mature 23-32 Au (5) S(3) Yes Uni 0, 1,3,5 mo Free cage activity Distal fascia lata and N.A. Tunnel, suture
2001%° 4 weeks after 4 weeks after ACL- After 5 mo sacrificed patella tendon;
ACL-T T intracapsular graft
Johnson et al., Hounds M/F Mature 23-32 Au (5) S(3) Yes Uni 0, 1,3,5 mo Free cage activity Distal fascia lata and N.A. Tunnel, suture
2001 3° (pure bred) 4 weeks after 4 weeks after ACL- After 5 mo sacrificed patella tendon;
ACL-T T intracapsular graft
Kiapour et al., Pigs (YM) * 15+ 61 +7kg All(8) None Yes Uni 1yr No restrictions BPTB Age, weight, sex, Interference screw
2017 1 mo matched
Lopez etal.,, 2003 Hounds (CB) F Mature 23.5-29 Au (4) None Yes Uni 52 weeks Free cage activity =~ Hamstring graft in N.A. Bone staples
bone tunnel
Mahalingam Sheep (BS) F Adult * All (4) None Yes Uni 2 years No restrictions Tissue engineered 60 mm long Tunnel, suture
etal, 2016 bone—ligament-
bone
Murray et al., Pigs (YM) * 15+ 586 +79 All(7+8) ACL-T (7 +7) Yes Uni 6 and 12 mo No restrictions BPTB Age, weight, sex Interference screw
2013 0.95 mo matched
O'Brien et al., Sheep (SC) F 3—4yr * Au (5) C(17); S(7) Yes Uni 20 weeks * Anatomical fixation = N.A. Kirschner wires
2012 of original ACL
Radford et al. Sheep (SB) F Mature * All (12) None Yes Uni 6 mo No restrictions TTC (4), OTT (4), DB 130 mm long Screw
1994 (4), graft is polyester (parallel structure)
fiber
Richter et al. Sheep F Mature 725 +6.7 Au(16) ACL-T (8) Yes Uni 13 weeks No restrictions Suture of original N.A. Resorbable 2.0
1997 ACL (8), suture of sutures (16),
original resorbable 2 mm PDS
ACL + parallel Il cord (8)
augmentation(8)
Sieker et al., Pigs (YM) * Mature * All (6 + 6) C(6) No Uni 1 and 4 weeks Free cage activity =~ BPTB Age, weight, sex Interference screw
2017 ACL-T (6 + 6) matched
Wangetal,2017 Rabbits (NZW) * * 2.3-31 Au (6 + 6+6); S(6+ 6+6); No Uni 2, 4, 8 weeks * Semitendinosus * Tunnel, Traction
All (6 + 6+6) C(6 + 6+6) tendon suture
Zimmerman Sheep (ROM) F Mature * All (5) None Yes Uni 6 mo No restrictions BPTB Age, size matched Interference screw
etal., 1994

(444

622—612 (610C) £Z 23D[134D) pup SHLIYIUD0ISO / 'ID 30 S14920 D

Abbreviations: x = only groups noted relevant for our systematic review; experimental groups with added biological mediators were excluded as were groups in which no relevant outcome was assessed. £ = exception made; n
per time data collection not mentioned under groups but can be found in column timing data collection.” = not mentioned/unknown. ¥ = ACL-R, 3 weeks after ACL-T, JAP = Japanese, SC = Suffolk-cross, YM = Yucatan minipigs,
CB = cross breed, ROM = Rombolette, SB = Scottish blackface, NZW = New Zealand White, BS = black Suffolk, Yr = year, mo = months, ACL-R = reconstruction Au = autograft reconstruction, All = allograft reconstruction, ACL-
T = transection, N = normal knee not used in study, C = intact control, S = sham, BPTB: bone patellar tendon bone, OTT = over the top technique, TTC = through the condyle technique, DB = double bundle
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Johnson et al*> and Kiapour et al** presented results of the
same animal cohort in more than one article. Both confirmed that
results of one single animal cohort were presented in more than
one article. This was taken into account, by presenting results of the
same animal cohort only once in our meta-analysis.

Risk of bias and quality of reporting

The risk of bias assessment is summarized in Fig. 2 and the in-
dividual scores of each study are presented in Supplementary file 2.
Our assessment of the reporting quality shows that eight out the 19
papers reported blinding at some level and that 10 of the 19 papers
reported randomization at some level. However, only Sieker et al.”!
mentioned details of the randomization process. The insufficient
reporting of these measures to reduce bias reflected in our risk of
bias assessment: many items were scored as unclear risk of bias,
because either no measures to reduce bias were reported, or the
procedure was unclear.

Data synthesis: effect of ACL reconstruction on articular cartilage

From the 19 included studies, 29 independent experimental
groups could be identified which underwent ACL reconstruction.
Fleming et al.>’, Murray et al.*’ and Sieker et al.”>' provided addi-
tional data upon request.

Meta-analysis

Meta-analysis could only be performed for gross macroscopic
assessment, because of insufficient data for the other outcomes.

We separated comparisons into three groups, depending on the
control used, and performed a separate meta-analysis for each: ACL
reconstruction compared to ACL transection (nine comparisons),
ACL reconstruction compared to sham control (three comparisons),
and ACL reconstruction compared to intact ACL control (14 com-
parisons). The average follow-up duration in studies included in the
meta-analyses was 25 weeks (range [2—52 weeks]).

ACL reconstruction showed more gross macroscopic damage
when compared to intact ACL control (SMD 2.0 [0.88; 3.13],

Was the allocation sequence adequately generated and applied?
Were the groups similar at baseline or were they adjusted for confounders in the
analysis?

Was the allocation to the different groups adequately concealed?

Were the animals randomly housed during the experiment?

Were the caregivers and/or investigators blinded from knowledge which
intervention each animal received during the experiment?

Were animals selected at random for outcome assessment?

Was the outcome assessor blinded?

Were incomplete outcome data adequately addressed?

Are reports of the study free of selective outcome reporting?

Was the study apparently free of other problems that could result in high risk of

bias?

Was it stated that the experiment was randomized at any level?

Was it stated that the experiment was blinded at any level?
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I? = 88%, Fig. 3). However, ACL reconstruction did not prevent gross
macroscopic damage when compared to ACL transection
(SMD —0.64 [-1.85; 0.57], I*> = 83%, Fig. 4). When compared to
sham, ACL reconstruction increased gross macroscopic damage
(SMD 1.23 [0.05; 2.41], I? = 58%, Fig. 5).

Subgroup analysis

Subgroup analysis for species, type of reconstruction and
follow-up duration are presented in Table II. ACL reconstruction
significantly increases gross macroscopic damage in both sheep
and pigs compared to intact controls. In goats no effect of ACL
reconstruction on gross macroscopic damage could be observed
compared to intact controls. Both types of reconstruction used
(either autograft or allograft) increased gross macroscopic damage.
Last but not least, ACL reconstruction only caused increased gross
macroscopic damage compared to controls after 3 months.

Due to poor reporting of measures to reduce bias, no subgroup
analysis could be conducted for any of the risk of bias items.

Publication bias

Due to the low number of studies that were included in the
meta-analyses the possible presence of publication bias could not
reliably be assessed.

Sensitivity analyses

We performed a prespecified sensitivity analysis to assess the
robustness of our findings under a change in the cut-off for follow-
up duration. Changing the time point for outcome assessment to
>3 months after ACL reconstruction instead of >1 week after ACL
reconstruction showed similar results: ACL reconstruction
compared with intact control (SMD 2.57 [1.31; 3.82], I? = 86%), ACL
reconstruction compared with ACL transection (SMD —0.84 [-2.47;
0.78], 12 = 86%). The comparison ACL reconstruction and sham was
no longer possible, only two independent comparisons could be
made.

0%

T T T T T T T T T 1

10% 20%  30% @ 40% 50% 60% 70%  80%  90%  100%

EUnclear BYes ONo

Fig. 2. Risk of bias, averaged per item. Yes = low risk of bias, no = high risk of bias, unclear = unclear risk of bias.
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ACL Reconstruction Control Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Jackson 1987 7 571 0.56 7 4.00 0.37 i 3.37 [1.56; 5.18] 6.9%
Drez 1991 12 1426 138 12 3.25 0.56 —+— 10.09 [6.87;13.32] 5.0%
O'Brien 2012 5 416 150 17 -0.75 4.20 o] 124 [0.16; 2.31] 7.9%
Murray 2013 6m 7 87.11 29.04 7 22.46 10.14 = 278 [1.18; 4.39] 7.2%
Murray 2013 12m 8 75.04 30.04 8 1475 7.77 = 260 [1.17; 4.02] 7.5%
Fleming 2015 14 28.73 17.07 14 10.38 8.08 ; 1.33 [0.50; 2.17] 8.1%
Heard 2011 9 5.89 045 9 356 0.38 P 5.33 [3.15; 7.50] 6.4%
Heard 2013 7 9.00 3.00 8 0.00 2.00 e 3.37 [1.64; 511] 7.0%
Jackson 1993 auto 6w 6 440 049 6 3.00 045 - 275 [0.99; 450] 7.0%
Jackson 1993 auto 6m 6 3.50 0.23 6 260 0.40 E = 255 [0.87; 423] 7.1%
Jackson 1993 allo 6w 6 260 0.32 6 3.60 0.41 — -2.51 [-4.18;-0.84] 71%
Jackson 1993 allo 6m 6 2.80 0.32 6 3.10 0.33 - -0.85 [-2.06; 0.35] 7.7%
Sieker 2017 1w 6 0.83 0.52 3 1.00 048 - -0.30 [-1.69; 1.10] 7.5%
Sieker 2017 4w 6 0.83 0.57 3 1.00 048 = -0.28 [-1.67; 1.12] 7.5%
Random effects model 105 112 < 2.00 [0.88; 3.13] 100.0%
Prediction interval —— [-2.47; 6.48]

Heterogeneity: /1° = 88%, t° = 3.8915, x2, = 105.44 (p < 0.01) ' ' ' '
Test for overall effect: z = 3.49 (p < 0.01) -10 -5 0 5 10
Reconstruction better Control better

Fig. 3. Effect of anterior cruciate ligament (ACL) reconstruction on the articular cartilage: forest plot of the included studies which used any kind of gross macroscopic assessment to
determine the damage of articular cartilage after ACL reconstruction compared with intact control. The forest plot displays relative weight of the individual experiments, stan-
dardized mean differences (SMD), and 95% Cls. The diamond indicates the global estimate and its 95% CI. The red bar indicates the prediction interval. Auto = autograft,
allo = allograft.

ACL Reconstruction ACL Transection Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Murray 2013 6m 7 87.11 29.04 7 5496 26.28 1.09 [-0.06; 2.24] 14.1%
Murray 2013 12m 8 75.04 30.04 7 11455 47.33 -0.95 [-2.04; 0.14] 14.3%
Fleming 2015 14 2873 17.07 10 6.60 6.27 1.56 [ 0.61; 2.50] 14.7%
Jackson 1993 auto 6m 6 350 0.23 3 940 042 —_— -17.66 [-28.63; -6.69] 1.1%
Jackson 1993 allo 6m 6 280 0.32 3 940 042 —_— -16.69 [-27.07; -6.31] 1.3%
Richter 1997 sut 8 150.00 151.00 4 296.00 240.00 : -0.74 [-1.99; 0.51] 13.8%
Richter 1997 sut+aug 8 3.00 99.00 4 296.00 240.00 | -1.74 [-3.21;-0.27] 13.1%
Sieker 2017 1w 6 083 052 6 183 0.77 '. -1.40 [-2.73;-0.08] 13.5%
Sieker 2017 4w 6 083 057 6 067 037 0.31 [-0.83; 1.45] 14.1%
Random effects model 69 50 -0.64 [-1.85; 0.57] 100.0%
Prediction interval [ -4.56; 3.28]
Heterogeneity: 1 = 83%, 1° = 2.3697, 3 = 47.95 (p < 0.01) f f f f !

Test for overall effect: z = -1.04 (p = 0.30) -20 -10 O 10 20

Reconstruction better Transection better

Fig. 4. Effect of ACL reconstruction on the articular cartilage: forest plot of the included studies which used any kind of gross macroscopic assessment to determine the damage of
articular cartilage after ACL reconstruction compared with ACL transection. The forest plot displays relative weight of the individual experiments, SMD, and 95% CI. The diamond
indicates the global estimate and its 95% CI. The red bar indicates the prediction interval. Auto = autograft, allo = allograft, sut = suture.

ACL Reconstruction

Sham

Standardised Mean

Study Total Mean SD Total Mean SD Differlence SMD 95%-Cl Weight
O'Brien 2012 5 4.16 1.50 7 2.80 4.10 —~— 0.38 [-0.78; 1.54] 37.0%
Heard 2011 13 6.85 0.79 3 6.00 0.51 —— 1.06 [-0.26; 2.39] 33.4%
Heard 2013 7 9.00 3.00 7 1.00 3.00 e 250 [ 0.98; 4.01] 29.6%
Random effects model 25 17 > 1.23 [ 0.05; 2.41] 100.0%
Prediction interval [-11.42; 13.89]

Heterogeneity: 12 = 58%, 1° = 0.6290, x2 = 4.75 (p = 0.09) ' ' ' '
Test for overall effect: z = 2.05 (p = 0.04) -10 -5 0 5 10
Reconstruction better Sham better
Fig. 5. Effect of ACL reconstruction on the articular cartilage: forest plot of the included studies which used any kind of gross macroscopic assessment to determine the damage of

articular cartilage after ACL reconstruction compared with sham. The forest plot displays relative weight of the individual experiments, SMD, and 95% CI. The diamond indicates the
global estimate and its 95% CI. The red bar indicates the prediction interval.
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Table II
Subgroup analysis of the included studies for gross macroscopic assesment

Subgroup (n) Comparison SMD (95% CI)

Animal species

Goats (6) Reconstruction vs control 2.35[-.031; 5.01]

Sheep (3) Reconstruction vs control 3.17 [0.81; 5.53]

Pigs (5) Reconstruction vs control 1.20 [0.04; 2.37]
Type of reconstruction

Autograft (5) Reconstruction vs control 2.88 [1.57; 4.18]

Allograft (9) Reconstruction vs control 1.51 [0.00; 3.02]
Follow-up

<3 months (5)
>3 months (9)

Reconstruction vs control 0.92 [-1.40; 3.24]
Reconstruction vs control 2.57 [1.31; 3.82]
<3 months (2) Reconstruction vs transection n.e.

>3 months (7) Reconstruction vs transection —0.84 [-2.47; 0.78]

The standardized mean difference (SMD) and 95% confidence intervals (95% CI) for
different subgroups are presented. The n reflects the number of independent
comparisons. Duration of follow-up < or >3 months = timing of data collection from
ACL reconstruction earlier or equal/later than 3 months. n.e. = not estimated

Narrative synthesis
Gross macroscopic assessment

Zimmerman et al.>> and Radford et al*’ were excluded from
meta-analysis because attempts to obtain missing data by con-
tacting the authors failed. Zimmerman et al.>> found no noticeable
degradation of the cartilaginous surfaces of the intact contra lateral
knees. The reconstructed knees showed degradation on both the
femoral and tibial surfaces however only the trochlear groove was
significantly different from normal. Radford et al.*° noted only
slight cartilage degeneration in the non-operated joints. In the
operated joints more slight and moderate cartilage degeneration
was noted.

Asahina et al.>®> was not included in the meta-analysis because
only the patellar cartilage was graded. Of the sham animals the
patellar articular surface looked intact, while in the ACL recon-
struction animals a dull appearance of the patellar articular surface
was commonly seen. Obvious cartilage deterioration, such as
erosion or ulcer, was seen only in three ACL reconstruction animals.

Medical imaging

Two of the 19 included studies assessed cartilage damage based
on medical imaging.

Lopez et al.*> and Mahalingham et al.*® both assessed osteoar-
thritic change on plain radiographs. Lopez et al*> found bony
proliferation at the exit point of the tibial tunnel in all four recon-
structed knees after 8 weeks. No other radiographic changes
occurred.

Mahalingam et al.*® found osteophyte formations and loose
bone fragments present in the reconstructed knees while the
contra lateral knees did not have these characteristics. No other
radiographic changes were described.

Histological/histochemical grading

Seven studies were included assessing cartilage damage based
on histological or histochemical grading. In total, 14 comparisons
could be identified comparing ACL reconstruction with either ACL
transection, sham or intact ACL control. However, the outcome
measures were not sufficiently comparable for meta-analyses.

Asahina et al.>® found an increase in histological grades (Mankin
score) of the patellar articular cartilage with increase of time,
whereas the score remained unchanged in the control group.
Johnson et al.**** measured concentrations of chondroitin sulfate

epitopes 3B3 and 7D4 in synovial fluid as a reflection of altered
metabolism of articular cartilage. They found that ACL reconstruc-
tion did not substantially influence 3B3 and 7D4 concentrations
when compared with ACL transection. There was no significant
difference between sham reconstruction and ACL reconstruction.

Wang et al.>> measured significantly elevated mRNA expressions
of lysyl oxidases (LOXs) (LOX-1,2 and 3) and matrix metal-
loproteinases (MMPs) (MMP-1,2 and 3) in the autograft and allo-
graft groups at all time points, while there were no significant
differences in the mRNA expressions of LOXs and MMPs between
the control group and the sham group. In a similar study, Sieker
et al.>' measured increased gene expression in both ACL recon-
struction and ACL transection groups compared with intact control.

Heard et al.>® measured significantly elevated mRNA expression
levels (IL-1B, IL-6, MMP-1,2,3 and 13) in experimental joints when
compared with normal joints. In their follow-up study, they found
that these mRNA expressions levels had reverted to normal 20
weeks after ACL reconstruction.

Histomorphometrics

Only one study included in our systematic review assessed
cartilage damage based on histomorphometrics. Sieker et al.’'
performed microscopic scoring of the articular cartilage of the
medial femoral condyle according to the OARSI guidelines®*. The
microscopic sum score increased significantly from the intact
control to both the 1 week and 4 weeks samples of the ACL
reconstruction group.

Discussion

The ACL is the most commonly injured ligament undergoing
surgical intervention in humans, aiming to restore the knee joint
stability and secondary preventing osteoarthritis®>.

However, it is unclear if ACL reconstruction could prevent or
delay the onset of degenerative changes in the knee*. In humans it
is either not acceptable or very challenging to conduct randomized
clinical trials to investigate the effects of ACL reconstruction on
cartilage damage. In experimental animal studies several options to
assess cartilage damage after ACL reconstruction have been
described, for example gross macroscopic assessment, histological/
histochemical grading or biomechanical characterization. There-
fore, we performed a systematic review of all animal studies on the
effect of ACL reconstruction on the articular cartilage, aiming to
summarize the effect of ACL reconstruction on articular cartilage in
experimental animals and to discuss the translation of this effect to
human research.

From this systematic review and meta-analysis, it becomes clear
that ACL reconstruction does not prevent cartilage damage in ACL
injured joints from being significantly greater than in intact control
(naive or sham-operated) joints. Moreover, results on histology,
imaging and histomorphometrics support that ACL reconstruction
has a destructive effect on the articular cartilage. When we
analyzed gross macroscopic damage due to ACL reconstruction
compared to sham control, this destructive effect on the articular
cartilage of ACL reconstruction remained.

There was no effect of ACL reconstruction on gross macroscopic
damage to the articular cartilage compared with ACL transection.
Only Sieker et al.”' compared the effect on articular cartilage of ACL
reconstruction with ACL transection using other methods of mea-
surement than gross macroscopic. Their results on histology and
histomorphometrics show no difference between ACL reconstruc-
tion and ACL transection.
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Based on our results in this systematic review we conclude that
ACL reconstruction does not have a protective effect of on the
articular cartilage in animals.

Some methodological issues which might have jeopardized the
interpretation of the experimental animal data and the subsequent
translation to the clinical setting have to be discussed.

First, preferably, all experiments should be performed in a
similar manner when their results are being combined in a meta-
analysis. However, the heterogeneity of the various animal
studies was substantial. To account for the expected heterogeneity,
arandom effects model was used. Unfortunately, it was not possible
to unravel the sources of heterogeneity completely by performing
subgroup analyses due to too low numbers of independent com-
parisons within most subgroups. However, heterogeneity could
partly be explained by species, follow-up duration and type of graft
used. In addition, we conducted sensitivity analyses to increase our
confidence in the results. Posthoc a sensitivity analyses were per-
formed for studies using the original ACL for reconstruction pur-
poses>8394830 Excluding these studies from our analyses showed
similar results.

To assess gross macroscopic damage of the cartilage different
scales are being reported. A SMD was calculated to be able to
perform a meta-analysis. However, we would recommend to use a
standardized scale for assessment of gross macroscopic damage of
the cartilage in future research, this would improve comparability
between studies®*>6~>8,

Our subgroup analyses showed that in goats no effect of ACL
reconstruction on gross macroscopic damage could be observed
compared to intact controls. However, due to the small number of
animals per subgroup the results must be interpreted with caution.
In addition, 4 out of 6 goat comparisons included in our subgroup
analysis are from the same study by Jackson et al.*' which might
have influenced our results.

It should be taken in to account that animal species differ not
only in gross joint anatomy but also in details, such as chondrocyte
density, cartilage thickness and metabolic differences, which will
influence the outcome of the specific OA model®®®°. Spontaneous
OA has been reported for multiple large animal models and should
be taken into account>*6162,

Only including the most commonly used animal model would
hamper our aim to conduct an evidence based systematic review,
including all experimental animal literature within the field.
Additionally, the most commonly used model does not need to be
the best model.

There is no single animal model that is able to mirror all variants
and aspects of human OA. Therefore, to translate animal research to
humans, multiple animal models should be assessed, as different
animal models represent different aspects of the disease.

Second, our risk of bias analysis revealed that poor reporting of
essential details of animal studies in the included articles is a
serious concern. Information on key measures to reduce bias, such
as adequate randomization and blinding, was frequently missing.
Regrettably, this is common in animal studies, and limits our ability
to draw reliable conclusions®’ 32, For future research we recom-
mend to improve reporting of measures to reduce risks of bias, and
guidelines have been developed to improve the quality of animal
studies®>%4,

Translation of animal research to the clinical field is of course
not straightforward due to several methodological aspects as well
as anatomical differences. Regarding translation from pre-clinical
animal models to clinical practice, several aspects should be
addressed.

It is important to realize that no animal model is a perfect match
to represent the full clinical situation. However, when there is no or
very limited (quality) evidence from human studies, systematic

reviews of animal studies can be used to answer the question.
Reasons for synthesizing animal evidence include the intervention
still being in development (e.g., never tested on humans or still in
the preclinical phase), or that clinical experiments are considered
unethical (e.g., gross macroscopic assessment of cartilage damage
after ACL reconstruction in humans). Considering evidence from
animal studies might change the assessment of the likely magni-
tude of the effect or might potentially increase our certainty in the
evidence®. When the results of a review like this will be used to
inform the clinical field, the indirectness of the results need to be
taken into account.

First, the consistency of the direction of effect between species
does provide some reassurance that the direction of effect might be
similar in humans. Gross macroscopic cartilage damage is expected
to be limited when assessed less than 3 months after the inter-
vention®?. This is a likely explanation for our observation that ACL
reconstruction is not effective in studies with a follow-up of less
than 3 months. Regrettably, this systematic review, with an average
follow-up of 23 weeks (range 1-104 weeks), does not provide re-
sults on the long term effect of ACL reconstruction. Damage to the
articular cartilage would be expected to be progressive over time.

Second, in humans arthroscopic procedures are used for ACL
reconstruction instead of the invasive open procedures used in
animal experiments. This should be taken into account when
observing the effect of animal reconstructive surgery. Arthroscopic
procedures are presumed to have less detrimental effect on carti-
lage compared with extensive open procedures used in animal
experiments, which could improve the outcome of ACL recon-
struction on the articular cartilage’. In animal studies reconstruc-
tive ACL arthroscopic procedures are lacking.

Third, in these animal studies ACL reconstructions were per-
formed in a healthy knee. Damage to the articular cartilage was
only due to the surgery performed. In contrast, in the clinical
setting, ACL reconstruction is performed in a knee that has un-
dergone a trauma large enough to cause the ACL injury. Often due
to the impact of this trauma concomitant injury is reported to for
example the cartilage directly or the menisci®®. Literature has
shown that when ACL injury is combined with meniscal tears the
risk of developing OA is higher®® 8.

Therefore, we expect that the observed effect of ACL recon-
struction on articular cartilage damage in the clinical situation
might be overestimated due to the concomitant injuries.

Considering the results of this systematic review, it is likely that
in humans with isolated ACL injury ACL reconstruction has no
protective effect on the articular cartilage. This is in accordance
with clinical research comparing ACL reconstruction and conser-
vative treatment in isolated ACL injury patients. Tsoukas et al. found
after 10 years a similar incidence of radiological OA between the
two groups®”. Kessler et al. found a significant lower rate of OA after
conservative treatment’’. Both studies used radiographs to assess
OA which is obviously not the most sensitive method'”~'’. To assess
early cartilage damage in humans an ethical and feasible method is
needed’".

In addition, our systematic review showed that there is a need
for animal studies with better comparability and better reporting
on detail to reduce bias. Adoption of standardized scoring systems
in OA research has been advocated by several authors’*’>73,
Improving the quality and comparability of preclinical research
would as well improve the translation of animal research to the
clinical field.

In conclusion, this systematic review with an average follow up
of included studies of 23 weeks (range 1-104 weeks) demonstrates
that, in animals, ACL reconstruction does not protect articular
cartilage from damage. The consistency of the direction of effect,
provides some reassurance that the direction of effect in humans
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might be the same. However, this needs to be further investigated
and confirmed in humans.

Contributions

Conception and design (CD, GH, CRH)

Screening of abstracts and full text (CD, PS)

Analysis and interpretation of the data (CD, GH, KEW, CRH)
Drafting of the article (CD, PS)

Critical revision of the article for important intellectual content
(GH, KEW, CRH)

Final approval of the article (CD, PS, GH, KEW, CRH)

Statistical expertise (GH, KEW, CRH)

Collection and assembly of data (CD, PS, GH)

Role of the funding source
No funding.

Conflict of interest
All authors declare to have no conflict of interest.

Acknowledgments

Alice Tillema, information specialist from the medical library of

the Radboud university medical center Nijmegen, the Netherlands.

Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.joca.2018.10.001.

References

1.

Andriacchi TP, Briant PL, Bevill SL, Koo S. Rotational changes at
the knee after ACL injury cause cartilage thinning. Clin Orthop
Relat Res 2006;442:39—44.

. Elsaid KA, Fleming BC, Oksendahl HL, Machan ]JT, Fadale PD,

Hulstyn M]J, et al. Decreased lubricin concentrations and
markers of joint inflammation in the synovial fluid of patients
with anterior cruciate ligament injury. Arthritis Rheum
2008;58:1707—-15.

. van Meer BL, Oei EH, Meuffels DE, van Arkel ER, Verhaar JA,

Bierma-Zeinstra SM, et al. Degenerative changes in the knee 2
years after anterior cruciate ligament rupture and related risk
factors: a prospective observational follow-up study. Am ]
Sport Med 2016;44:1524—33.

. Luc B, Gribble PA, Pietrosimone BG. Osteoarthritis prevalence

following anterior cruciate ligament reconstruction: a sys-
tematic review and numbers-needed-to-treat analysis. ] Athl
Train 2014;49:806—19.

. Paschos NK. Anterior cruciate ligament reconstruction and

knee osteoarthritis. World ] Orthop 2017;8:212—7.

. Lin S-H, Wang T-C, Lai C-F, Tsai R-Y, Yang C-P, Wong C-S.

Association of anterior cruciate ligament injury with knee
osteoarthritis and total knee replacement: a retrospective
cohort study from the Taiwan National Health Insurance
Database. PloS One 2017;12:e0178292.

. Fu RZ, Lin DD. Surgical and biomechanical perspectives on

osteoarthritis and the ACL deficient knee: a critical review of
the literature. Open Orthop ] 2013;7:292.

. Monk AP, Davies L], Hopewell S, Harris K, Beard D], Price AJ.

Surgical versus conservative interventions for treating anterior
cruciate ligament injuries. Cochrane Database Syst Rev 2016;4:
CD011166.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

227

Wong JM-L, Khan T, Jayadev CS, Khan W, Johnstone D. Anterior
cruciate ligament rupture and osteoarthritis progression. Open
Orthop ] 2012;6:295.

Seil R, Mouton C, Lion A, Niihrenborger C, Pape D, Theisen D.
There is no such thing like a single ACL injury: profiles of ACL-
injured patients. Orthop Traumatol Surg Res 2016;102:
105—-10.

Harkey M, Luc B, Golightly Y, Thomas A, Driban ], Hackney A,
et al. Osteoarthritis-related biomarkers following anterior
cruciate ligament injury and reconstruction: a systematic re-
view. Osteoarthr Cartil 2015;23:1—12.

Gismervik S@, Drogset JO, Granviken F, Re M, Leivseth G.
Physical examination tests of the shoulder: a systematic re-
view and meta-analysis of diagnostic test performance. BMC
Musculoskelet Disord 2017;18:41.

Riccardo C, Fabio C, Pietro R. Knee osteoarthritis after recon-
struction of isolated anterior cruciate ligament injuries: a
systematic literature review. Joints 2017;5:39—43.

Felson DT, Hodgson R. Identifying and treating preclinical
and early osteoarthritis. Rheum Dis Clin N Am 2014;40:
699—-710.

Kijowski R, Blankenbaker D, Stanton P, Fine ], De Smet A.
Arthroscopic validation of radiographic grading scales of
osteoarthritis of the tibiofemoral joint. AJR Am ] Roentgenol
2006;187:794—9.

Wright RW, Ross JR, Haas AK, Huston LJ, Garofoli EA, Harris D,
et al. Osteoarthritis classification scales: interobserver reli-
ability and arthroscopic correlation. J Bone ]Jt Surg Am
2014;96:1145.

Carotti M, Salaffi F, Di Carlo M, Giovagnoni A. Relationship
between magnetic resonance imaging findings, radiological
grading, psychological distress and pain in patients with
symptomatic knee osteoarthritis. Radiol Med 2017;122:
934—43.

Hunter D, Altman R, Cicuttini F, Crema M, Duryea ], Eckstein F,
et al. OARSI clinical trials recommendations: knee imaging in
clinical trials in osteoarthritis. Osteoarthr Cartil 2015;23:
698—-715.

Bruyere O, Avouac B, Richette P, Maheu E, Bruel P, Coxam V,
et al. Health claims assessment in the field of joint and carti-
lage: a consensus viewpoint of the Group for the Respect of
Ethics and Excellence in Science. Curr Med Res Opin 2012;28:
611-6.

Pound P, Ebrahim S, Sandercock P, Bracken MB, Roberts I
Where is the evidence that animal research benefits humans?
BM]J 2004;328:514—7.

van Luijk J, Bakker B, Rovers MM, Ritskes-Hoitinga M, de
Vries RB, Leenaars M. Systematic reviews of animal studies;
missing link in translational research? PLoS One 2014;9:
e89981.

Vries R, Hooijmans CR, Langendam MW, Luijk ], Leenaars M,
Ritskes-Hoitinga M, et al. A protocol format for the prepara-
tion, registration and publication of systematic reviews of
animal intervention studies. Evid Based Preclin Med 2015;2:
1-9.

Deckers C, Hannink G, Hooijmans C. The Protective Effect
of Anterior Cruciate Ligament Reconstruction on Articular
Cartilage: A Systematic Review of Animal Studies 2016. Avail-
able at: https://www.radboudumc.nl/en/research/technology-
centers/animal-research-facility/systematic-review-center-
for-laboratory-animal-experimentation/protocols; 2016.
Leenaars M, Hooijmans CR, van Veggel N, ter Riet G,
Leeflang M, Hooft L, et al. A step-by-step guide to systemati-
cally identify all relevant animal studies. Lab Anim 2012;46:
24-31.


https://doi.org/10.1016/j.joca.2018.10.001
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref1
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref1
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref1
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref1
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref2
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref3
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref4
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref4
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref4
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref4
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref4
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref5
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref5
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref5
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref6
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref6
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref6
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref6
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref6
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref7
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref7
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref7
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref8
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref8
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref8
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref8
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref9
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref9
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref9
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref10
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref11
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref11
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref11
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref11
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref11
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref12
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref13
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref13
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref13
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref13
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref14
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref14
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref14
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref14
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref15
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref15
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref15
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref15
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref15
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref16
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref16
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref16
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref16
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref17
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref18
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref18
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref18
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref18
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref18
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref19
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref20
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref20
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref20
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref20
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref21
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref21
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref21
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref21
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref22
https://www.radboudumc.nl/en/research/technology-centers/animal-research-facility/systematic-review-center-for-laboratory-animal-experimentation/protocols
https://www.radboudumc.nl/en/research/technology-centers/animal-research-facility/systematic-review-center-for-laboratory-animal-experimentation/protocols
https://www.radboudumc.nl/en/research/technology-centers/animal-research-facility/systematic-review-center-for-laboratory-animal-experimentation/protocols
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref24
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref24
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref24
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref24
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref24

228

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

C. Deckers et al. / Osteoarthritis and Cartilage 27 (2019) 219—229

de Vries RB, Hooijmans CR, Tillema A, Leenaars M, Ritskes-
Hoitinga M. Updated version of the Embase search filter for
animal studies. Lab Anim 2014;48:88.

Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M.
Enhancing search efficiency by means of a search filter for
finding all studies on animal experimentation in PubMed. Lab
Anim 2010;44:170-5.

Rongen ], Hannink G, van Tienen T, van Luijk J, Hooijmans C.
The protective effect of meniscus allograft transplantation on
articular cartilage: a systematic review of animal studies.
Osteoarthr Cartil 2015;23:1242—53.

Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-
Hoitinga M, Langendam MW. SYRCLE's risk of bias tool for
animal studies. BMC Med Res Methodol 2014;14:43.

Higgins JP, Altman DG, Gegtzsche PC, Jini P, Moher D,
Oxman AD, et al. The Cochrane Collaboration's tool for
assessing risk of bias in randomised trials. BM] 2011;343:
d5928.

Hesen NA, Riksen NP, Aalders B, Ritskes-Hoitinga M, El
Messaoudi S, Wever KE. A systematic review and meta-
analysis of the protective effects of metformin in experi-
mental myocardial infarction. PLoS One 2017;12:e0183664.
Jonker SJ, Menting TP, Warlé MC, Ritskes-Hoitinga M,
Wever KE. Preclinical evidence for the efficacy of ischemic
postconditioning against renal ischemia-reperfusion injury, a
systematic review and meta-analysis. PLoS One 2016;11:
e0150863.

Hooijmans CR, Geessink FJ, Ritskes-Hoitinga M, Scheffer GJ.
A systematic review of the modifying effect of anaesthetic
drugs on metastasis in animal models for cancer. PLoS One
2016;11:e0156152.

DerSimonian R, Laird N. Meta-analysis in clinical trials. Control
Clin Trials 1986;7:177—88.

Falciglia F, Mastantuoni G, Guzzanti V. The effects of anterior
cruciate ligament lesion on the articular cartilage of growing
goats. Orthopedics 2009;32.

Asahina S, Muneta T, Ezura Y. Notchplasty in anterior cruciate
ligament reconstruction: an experimental animal study.
Arthroscopy 2000:165—72.

Drez Jr DJ, DelLee ], Holden JP, Arnoczky S, Noyes FR,
Roberts TS. Anterior cruciate ligament reconstruction using
bone-patellar tendon-bone allografts. A biological and
biomechanical evaluation in goats. Am ] Sport Med 1991:
256—63.

Fleming BC, Proffen BL, Vavken P, Shalvoy MR, Machan ]T,
Murray MM. Increased platelet concentration does not
improve functional graft healing in bio-enhanced ACL recon-
struction. Knee Surg Sport Traumatol Arthrosc 2015:1161-70.
Heard BJ, Achari Y, Chung M, Shrive NG, Frank CB. Early joint
tissue changes are highly correlated with a set of inflammatory
and degradative synovial biomarkers after ACL autograft and
its sham surgery in an ovine model. ] Orthop Res 2011:
1185—92.

Heard B]J, Solbak NM, Achari Y, Chung M, Hart DA, Shrive NG,
et al. Changes of early post-traumatic osteoarthritis in an ovine
model of simulated ACL reconstruction are associated with
transient acute post-injury synovial inflammation and tissue
catabolism. Osteoarthr Cartil 2013:1942-9.

Jackson DW, Grood ES, Arnoczky SP, Butler DL, Simon TM.
Cruciate reconstruction using freeze dried anterior cruciate
ligament allograft and a ligament augmentation device (LAD).
An experimental study in a goat model. Am ] Sport Med 1987:
528-38.

Jackson DW, Grood ES, Goldstein D, Rosen MA, Kurzweil PR,
Cummings JF, et al. A comparison of patellar tendon autograft

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

and allograft used for anterior cruciate ligament reconstruc-
tion in the goat model. Am ] Sport Med 1993:176—85.
Johnson KA, Hart RC, Chu Q, Kochevar D, Hulse DA. Concen-
trations of chondroitin sulfate epitopes 3B3 and 7D4 in syno-
vial fluid after intra-articular and extracapsular reconstruction
of the cranial cruciate ligament in dogs. Am ] Vet Res 2001:
581-7.

Johnson KA, Hulse DA, Hart RC, Kochevar D, Chu Q. Effects of
an orally administered mixture of chondroitin sulfate,
glucosamine hydrochloride and manganese ascorbate on sy-
novial fluid chondroitin sulfate 3B3 and 7D4 epitope in a
canine cruciate ligament transection model of osteoarthritis.
Osteoarthr Cartil 2001:14—-21.

Kiapour AM, Fleming BC, Murray MM. Structural and anatomic
restoration of the anterior cruciate ligament is associated with
less cartilage damage 1 year after surgery: healing ligament
properties affect cartilage damage. Orthop J Sport Med 2017;5.
2325967117723886.

Lopez MJ, Markel MD, Kalscheur V, Lu Y, Manley PA. Hamstring
graft technique for stabilization of canine cranial cruciate lig-
ament deficient stifles. Vet Surg 2003:390—401.

Mahalingam V, Wojtys EM, Wellik DM, Arruda EM, Larkin LM.
Fresh and frozen tissue-engineered three-dimensional bone-
—ligament—bone constructs for sheep anterior cruciate liga-
ment repair following a 2-year implantation. Biores Open
Access 2016;5:289-98.

Murray MM, Fleming BC. Use of a bioactive scaffold to stim-
ulate anterior cruciate ligament healing also minimizes post-
traumatic osteoarthritis after surgery. Am J Sport Med 2013:
1762-70.

O'Brien EJ, Beveridge JE, Huebner KD, Heard BJ, Tapper JE,
Shrive NG, et al. Osteoarthritis develops in the operated joint
of an ovine model following ACL reconstruction with imme-
diate anatomic reattachment of the native ACL. ] Orthop Res
2013;31:35—43.

Radford WJ, Amis AA, Kempson SA, Stead AC, Camburn M.
A comparative study of single- and double-bundle ACL re-
constructions in sheep. Knee Surg Sport Traumatol Arthrosc
1994:94-9.

Richter M, Durselen L, Ignatius A, Missler F, Claes L, Kiefer H.
Acutely repaired proximal anterior cruciate ligament ruptures
in sheep - by augmentation improved stability and reduction
of cartilage damage. ] Mater Sci Mater Med 1997:855-9.
Sieker JT, Proffen BL, Waller KA, Chin KE, Karamchedu NP,
Akelman MR, et al. Transcriptional profiling of articular carti-
lage in a porcine model of early post-traumatic osteoarthritis.
] Orthop Res 2018;36(1):318—29.

Wang W-M, Ma X-]J, Huang S-B, Ren L-B, Liu Y-P.
A comparative study of effect of autograft compared with
allograft anterior cruciate ligament reconstruction on expres-
sions of LOXs and MMPs. Biosci Rep 2017;37. BSR20160533.
Zimmerman MC, Contiliano JH, Parsons JR, Prewett A, Billotti J.
The biomechanics and histopathology of chemically processed
patellar tendon allografts for anterior cruciate ligament
replacement. Am J Sport Med 1994:378—86.

Little C, Smith M, Cake M, Read R, Murphy M, Barry F. The
OARSI histopathology initiative—recommendations for histo-
logical assessments of osteoarthritis in sheep and goats.
Osteoarthr Cartil 2010;18:S80—92.

Griffin LY, Albohm M], Arendt EA, Bahr R, Beynnon BD,
Demaio M, et al. Understanding and preventing noncontact
anterior cruciate ligament injuries: a review of the Hunt Valley
Il meeting, January 2005. Am ] Sport Med 2006;34:1512—32.
Cook J, Kuroki K, Visco D, Pelletier J-P, Schulz L, Lafeber F. The
OARSI  histopathology initiative—recommendations for


http://refhub.elsevier.com/S1063-4584(18)31483-3/sref25
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref25
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref25
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref26
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref26
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref26
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref26
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref26
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref27
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref27
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref27
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref27
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref27
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref28
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref28
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref28
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref29
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref29
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref29
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref29
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref29
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref30
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref30
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref30
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref30
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref31
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref32
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref32
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref32
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref32
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref33
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref33
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref33
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref34
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref34
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref34
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref35
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref35
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref35
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref35
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref36
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref37
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref37
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref37
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref37
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref37
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref38
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref39
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref40
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref41
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref41
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref41
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref41
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref41
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref42
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref43
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref44
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref44
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref44
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref44
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref44
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref45
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref45
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref45
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref45
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref46
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref47
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref47
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref47
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref47
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref47
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref48
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref49
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref49
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref49
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref49
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref49
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref50
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref50
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref50
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref50
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref50
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref51
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref51
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref51
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref51
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref51
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref52
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref52
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref52
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref52
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref53
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref53
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref53
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref53
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref53
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref54
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref55
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref55
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref55
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref55
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref55
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56

57.

58.

59.

60.

61.

62.

63.

64.

C. Deckers et al. / Osteoarthritis and Cartilage 27 (2019) 219—229

histological assessments of osteoarthritis in the dog. Osteo-
arthr Cartil 2010;18:566—79.

Kraus VB, Huebner JL, DeGroot |, Bendele A. The OARSI histo-
pathology initiative—recommendations for histological as-
sessments of osteoarthritis in the Guinea pig. Osteoarthr Cartil
2010;18:S35-52.

Laverty S, Girard C, Williams ], Hunziker EB, Pritzker K. The
OARSI histopathology initiative—recommendations for histo-
logical assessments of osteoarthritis in the rabbit. Osteoarthr
Cartil 2010;18:553—65.

Kamisan N, Naveen SV, Ahmad RE, Tunku K. Chondrocyte
density, proteoglycan content and gene expressions from
native cartilage are species specific and not dependent on
cartilage thickness: a comparative analysis between rat, rabbit
and goat. BMC Vet Res 2013;9:62.

van der Kraan P. Factors that influence outcome in experi-
mental osteoarthritis. Osteoarthr Cartil 2017;25:369—75.
Vandeweerd J-M, Hontoir F, Kirschvink N, Clegg P, Nisolle J-
F, Antoine N, et al. Prevalence of naturally occurring carti-
lage defects in the ovine knee. Osteoarthr Cartil 2013;21:
1125-31.

Vrancken AC, Hannink G, Madej W, Verdonschot N, Van
Tienen TG, Buma P. In vivo performance of a novel, anatomi-
cally shaped, total meniscal prosthesis made of polycarbonate
urethane: a 12-month evaluation in goats. Am ] Sport Med
2017;45:2824—34.

Hooijmans CR, Leenaars M, Ritskes-Hoitinga M. A gold stan-
dard publication checklist to improve the quality of animal
studies, to fully integrate the Three Rs, and to make systematic
reviews more feasible. Altern Lab Anim 2010;38:167—82.
Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG.
Animal research: reporting in vivo experiments: the ARRIVE
guidelines. Br ] Pharmacol 2010;160:1577-9.

65.

66.

67.

68.

69.

70.

71.

72.

73.

229

Hooijmans CR, de Vries RBM, Ritskes-Hoitinga M, Rovers MM,
Leeflang MM, IntHout ], et al. Facilitating healthcare decisions
by assessing the certainty in the evidence from preclinical
animal studies. PLoS One 2018;13:e0187271.

Neuman P, Englund M, Kostogiannis I, Friden T, Roos H,
Dahlberg LE. Prevalence of tibiofemoral osteoarthritis 15 years
after nonoperative treatment of anterior cruciate ligament
injury: a prospective cohort study. Am J Sport Med 2008;36:
1717-25.

Barenius B, Ponzer S, Shalabi A, Bujak R, Norlen L, Eriksson K.
Increased risk of osteoarthritis after anterior cruciate ligament
reconstruction: a 14-year follow-up study of a randomized
controlled trial. Am J Sport Med 2014;42:1049—57.

van Meer BL, Meuffels DE, van Eijsden WA, Verhaar JA, Bierma-
Zeinstra SM, Reijman M. Which determinants predict tibiofe-
moral and patellofemoral osteoarthritis after anterior cruciate
ligament injury? A systematic review. Br ] Sport Med 2015;49:
975-83.

Tsoukas D, Fotopoulos V, Basdekis G, Makridis KG. No differ-
ence in osteoarthritis after surgical and non-surgical treatment
of ACL-injured knees after 10 years. Knee Surg Sport Trau-
matol Arthrosc 2016;24:2953-9.

Kessler M, Behrend H, Henz S, Stutz G, Rukavina A, Kuster M.
Function, osteoarthritis and activity after ACL-rupture: 11 years
follow-up results of conservative versus reconstructive treat-
ment. Knee Surg Sport Traumatol Arthrosc 2008;16:442—8.
Link TM. Editorial comment: the future of compositional MRI
for cartilage. Eur Radiol 2018;28:2872—3.

McCoy A. Animal models of osteoarthritis: comparisons and
key considerations. Vet Pathol 2015;52:803—18.

Teeple E, Jay GD, Elsaid KA, Fleming BC. Animal models of
osteoarthritis: challenges of model selection and analysis.
AAPS ] 2013;15:438—46.


http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref56
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref57
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref58
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref59
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref59
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref59
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref59
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref59
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref60
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref60
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref60
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref61
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref61
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref61
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref61
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref61
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref62
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref63
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref63
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref63
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref63
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref63
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref64
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref64
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref64
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref64
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref65
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref65
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref65
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref65
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref66
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref67
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref67
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref67
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref67
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref67
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref68
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref69
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref69
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref69
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref69
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref69
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref70
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref70
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref70
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref70
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref70
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref71
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref71
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref71
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref72
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref72
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref72
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref73
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref73
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref73
http://refhub.elsevier.com/S1063-4584(18)31483-3/sref73

	The protective effect of anterior cruciate ligament reconstruction on articular cartilage: a systematic review of animal st ...
	Introduction
	Methods
	Search strategy and selection of studies
	Data extraction
	Risk of bias assessment
	Data analysis

	Results
	Search and study selection
	Study characteristics
	Risk of bias and quality of reporting
	Data synthesis: effect of ACL reconstruction on articular cartilage

	Meta-analysis
	Subgroup analysis
	Publication bias
	Sensitivity analyses

	Narrative synthesis
	Gross macroscopic assessment
	Medical imaging
	Histological/histochemical grading
	Histomorphometrics

	Discussion
	Contributions
	Role of the funding source
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


