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AbsTrACT
background Not meeting functional performance 
criteria increases reinjury risk after ACL reconstruction 
(ACLR), but the implications for osteoarthritis are not 
well known.
Objective To determine if poor functional performance 
post- ACLR is associated with risk of worsening early 
osteoarthritis features, knee symptoms, function and 
quality of life (QoL).
Methods Seventy- eight participants (48 men) aged 
28±15 years completed a functional performance test 
battery (three hop tests, one- leg- rise) 1 year post- ACLR. 
Poor functional performance was defined as <90% limb 
symmetry index (LSI) on each test. At 1 and 5 years, MRI, 
Knee injury Osteoarthritis Outcome Score (KOOS) and 
International Knee Documentation Committee (IKDC) 
subjective form were completed. Primary outcomes were: 
(i) worsening patellofemoral and tibiofemoral MRI- 
osteoarthritis features (cartilage, bone marrow lesions 
(BMLs) and meniscus) and (ii) change in KOOS and IKDC 
scores, between 1 and 5 years.
results Only 14 (18%) passed (≥90% LSI on all tests) 
the functional test battery. Poor functional performance 
on the battery (all four tests <90% LSI) 1 year post- 
ACLR was associated with 3.66 times (95% CI 1.12 
to 12.01) greater risk of worsening patellofemoral 
BMLs. A triple- crossover hop <90% LSI was associated 
with 2.09 (95% CI 1.15 to 3.81) times greater risk of 
worsening patellofemoral cartilage. There was generally 
no association between functional performance and 
tibiofemoral MRI- osteoarthritis features, or KOOS/IKDC 
scores.
Conclusion Only one in five participants met common 
functional performance criteria (≥90% LSI all four tests) 
1 year post- ACLR. Poor function on all four tests was 
associated with a 3.66 times increased risk of worsening 
patellofemoral BMLs, and generally not associated with 
decline in self- reported outcomes.

InTrOduCTIOn
Rupture and subsequent reconstruction of the 
ACL (ACLR) substantially increases the risk of 
knee osteoarthritis (OA) development and poor 
quality of life (QoL).1 2 Yet not everyone after 
ACLR develops OA; radiographic OA is evident in 
approximately one- in- two,3 4 and one- in- three will 
have symptomatic radiographic OA within 10–15 
years of injury.3 4 MRI can detect OA features 
within 5 years of ACLR,5–7 and can be used to 

identify individuals who may be on an accelerated 
trajectory towards radiographic, symptomatic OA.8 
Understanding modifiable factors associated with 
structural changes early after ACLR is a priority to 
inform secondary OA prevention strategies.

Impaired functional performance, often measured 
through hop tests, is common following ACLR,9 
and may influence the development of early knee 
OA and symptoms. Quadriceps weakness is a risk 
factor for the development of radiographic and/or 
symptomatic OA, based on the theory of impaired 
shock absorption, consequent excessive load to joint 
structures, initiating a degenerative process.10 Hop- 
test batteries provide a clinically feasible method 
to assess multiple aspects of lower- limb muscle 
function (including quadriceps strength, sensorim-
otor control) and may indicate reduced ability to 
control mechanical loading in the knee,11–13 thus 
influencing joint degeneration and/or potential 
symptoms. Functional performance impairments 
may represent lack of confidence in the limb,14 and 
be reflected in reduced physical activity and worse 
patient- reported outcomes (PROs).

Following ACLR, the link between functional 
performance and worsening symptomatic and 
early structural OA outcomes is unclear. While a 
single hop- for- distance test at 1 year post- ACLR 
was associated with the presence of tibiofemoral 
radiographic OA at 10 years,15 other studies have 
reported minimal association between postoper-
ative functional performance and future radio-
graphic OA 5–15 years post- ACLR.4 16 17 Prior 
studies focus on radiographic tibiofemoral OA, 
and do not evaluate early structural change (ie, 
worsening) in individual joint features. Despite 
the patellofemoral joint being burdensome post- 
ACLR,18 19 few studies consider the patellofemoral 
joint structure. Radiographic measures lack the 
sensitivity to detect early structural changes which 
are identifiable on MRI over shorter follow- up.20 21 
No studies have reported the relationship between 
functional performance and early (<5 years) struc-
tural changes on MRI in an ACLR population.

Evaluation of risk factors for early OA after 
ACLR should also include concurrent assessment 
of change in PROs, given the discordance between 
knee imaging findings and symptoms.22 23 Func-
tional performance may possess differing relation-
ships with change in individual early OA features 
and PROs. Functional performance deficits at the 
time of return to sport (RTS) are often associated 
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Figure 1 Flow chart of participant recruitment into the study. IKDC, International Knee Documentation Committee; KOOS, Knee injury Osteoarthritis 
Outcome Score; OA, osteoarthritis. *Participant at 1 year was involved in research team at 5 years.

with worse PROs 2–3 years after ACL injury,16 24–28 with few 
studies evaluating the change in PROs beyond 3 years, due to 
cross- sectional design. It is this change in PROs and structural 
outcomes that equates to the problematic accelerated trajectory 
of symptomatic OA in young adults post- ACLR.

If early functional impairments are related to worsening struc-
tural or symptomatic OA, functional deficits can be targeted 
through exercise therapy to halt or slow the trajectory towards 
radiographic, symptomatic OA. The aims of the current study 
were to determine if functional performance 1 year post- ACLR 
is associated with risk of worsening patellofemoral and tibiofem-
oral MRI- OA features and change in PROs between 1 and 
5 years.

MeThOds
study design and participants
A longitudinal prospective cohort study assessed the trajectory of 
PROs, functional performance and early OA features 1–5 years 
post- ACLR. Individuals assessed 1 year post- ACLR (ie, baseline 
for the current study) (n=111; 64% male, median age 27 (range 
19–51) years)5 were eligible for 5- year follow- up. Descriptions 
of baseline eligibility criteria, ACLR technique and postopera-
tive rehabilitation have been published.5 Briefly, all participants 
underwent a primary single- bundle hamstring- tendon autograft 
ACLR. Exclusion criteria were: knee injury/symptoms prior to 
ACL injury, >5 years between ACL injury and reconstruction 
and any secondary injury/surgery to the ACLR knee (between 
ACLR and 1 year post- ACLR). Participants with a secondary 
injury between 1 and 5 years were invited to participate in the 
5- year assessment, as this is common occurrence and represents 

the wider ACLR population. Of the 112 participants who 
completed baseline PROs, 81 (72%) completed PROs at 5 years. 
Of the 111 who underwent baseline MRI evaluation, 78 (70%) 
were re- imaged at 5 years (figure 1).

demographic, injury and surgical factors
Participant age, sex, height, weight, injury history, activity level 
(defined as level 1 pivoting/jumping sports to level 4 seden-
tary29) was obtained at the 1- year and 5- year assessments. Partic-
ipants were classified as having a ‘combined injury’ if they had 
(at the time of ACLR): (i) significant cartilage defect identified 
arthroscopically (Outerbridge grade ≥2)30 or (ii) surgical resec-
tion or repair of meniscus. To determine the presence of tibiofem-
oral and patellofemoral OA in the ACLR limb, posteroanterior 
and lateral weightbearing, and non- weightbearing skyline views 
were taken, and graded according the Osteoarthritis Research 
Society International atlas definitions.31 Radiographic OA was 
defined as joint space narrowing of grade ≥2, sum of osteo-
phytes ≥2 or grade 1 osteophyte in combination with grade 1 
joint space narrowing.31

Functional performance
At 1 and 5 years post- ACLR, participants completed a battery 
of functional tests in the following order: single- hop, triple- 
crossover hop, side- hop and one- leg rise. The left leg was always 
tested first after two to three practice trials. The single- hop 
assessed the maximum distance (cm) achieved from a stationary 
position with a balanced landing (≥2 s without placing the 
other foot to the floor).32 The triple- crossover hop assessed 
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the cumulative distance (cm) achieved with three consecutive 
hops with a balanced landing, with each hop crossing over 
two parallel lines 15 cm apart.33 Hops were repeated for the 
single- hop and triple- crossover until three successful trials were 
recorded, and until no increase in distance was seen, due to the 
known learning effects.34 The side- hop assessed the number of 
hops over two parallel lines 40 cm apart in 30 s.32 The one- leg 
rise is the maximum number of times (up to 50) the participant 
can rise on one leg from 90° knee flexion, at a consistent speed 
of 45 beats per minute (using a metronome).35 A hop test or one- 
leg rise test was scored zero if the participant was unable (due to 
lack of strength/balance/confidence) to perform one successful 
trial. The one- leg rise test was stopped if the participant received 
three warnings for deviating from speed or touching the ground 
with opposite foot. The one- leg rise was added to the traditional 
battery of hops as it also assesses endurance, and has been asso-
ciated with the development of radiographic OA in those with 
chronic knee pain.35

The raw score (ie, distance hopped) and limb symmetry index 
(LSI) (% score of ACLR knee/contralateral knee) were recorded 
for each test. Poor functional performance on an individual test 
was defined as <90% LSI, a common benchmark used to define 
return- to- sport readiness,9 36 and is associated with risk of rein-
jury.37 38 Poor function on the battery was defined as <90% LSI 
on all four tests, to specifically capture individuals with poor 
function.

MrI-OA features
At 1 and 5 years post- ACLR, participants had unilateral (index) 
knee MRI scans acquired using a single 3T system (Philips 
Achieva, The Netherlands), as previously described.5 7 The 
three- dimensional proton density- weighted VISTA sequence 
was acquired at 0.35 mm isotropically (repetition time/echo 
time (TR/TE) 1300 ms/27 ms, field of view (FOV) 150 mm2 and 
echo train length 64 ms) and reconstructed in coronal and axial 
planes. The sagittal short- tau inversion- recovery sequence was at 
2.5 mm thickness, 1.2 mm slice gap and an inversion time of 180 
ms was applied with TR/TE 3850 ms/30 ms, FOV 160 mm2 and 
voxel size 0.45×0.50×2.5 mm. The axial proton- density turbo 
spin- echo sequence was obtained with imaging parameters of 
TR/TE 3850 ms/34 ms, slice thickness 2.5 mm, slice gap 2.0 mm, 
corresponding voxel size 0.5×0.55×2.5 mm and FOV 140 mm2. 
All MRI scans were evaluated using the MRI- OA Knee Score 
(MOAKS) by a musculoskeletal radiologist (AG) with 19 years’ 
experience of semi- quantitative MRI analysis of knee OA, and 
established inter- rater and intrarater reliability (kappa=0.61–
0.80).39 The 1- year and 5- year images were read paired (not 
blinded to time- points), but blind to clinical information. The 
MOAKS divides the knee into subregions to score specific OA 
features. For the current study, cartilage defects, bone marrow 
lesions (BMLs) and meniscal lesions were semi- quantitatively 
graded.

Four subregions defined the patellofemoral joint (medial and 
lateral patella, medial and lateral trochlea) and 10 subregions 
defined the tibiofemoral joint (medial and lateral: femur central 
and posterior, tibia anterior, central and posterior). For grading 
of meniscal lesions, six subregions (medial and lateral: anterior, 
posterior and central) were combined. Cartilage defects and BMLs 
were graded from 0 to 3 based on size (percentage of surface area 
relative to each subregion, where 0=none, 1=<33%, 2=33%–
66%, 3=>66%). Cartilage defects were also scored on severity 
based on depth of the lesion (percentage of lesion which is full 
thickness; 0=no full- thickness loss; 1=<10%; 2=10%–75%; 

3=>75%). A meniscal tear was defined as an area of abnormal 
signal that extends to both meniscal articular surfaces, and 
meniscal macerations were defined as loss of morphological 
substance of the meniscus. Meniscal lesions were described as 
absent or present, and by type (a tear was either vertical, hori-
zontal or complex; and maceration was partial, progressive 
or complete). These abnormalities were scored according to 
MOAKS scoring system. Meniscal extrusion was graded by size 
0 (<2 mm); 1 (2–2.9 mm); 2 (3–4.9 mm) or 3 (>5 mm) in each of 
the subregions. Meniscal extrusion, while based on the amount 
of extrusion in mm, was also scored using the MOAKS.

Worsening OA features in each subregion was defined as any 
increase in the size or severity of the feature. Therefore, either 
progression of an OA feature (ie, increase in severity) or a new 
OA feature (ie, from absent to present) from 1 year to 5 years was 
classified as worsening. New OA features were defined as those 
with size=0 at baseline, and size >1 at follow- up. Increase in 
severity was defined as an increase in size or depth of an existing 
OA feature at 1 year by ≥1 point on the MOAKS. Worsening OA 
features in the patellofemoral and tibiofemoral compartment 
was defined as worsening in any corresponding subregion for 
that compartment, as previously described.7 40 This definition 
of worsening is reliable and sensitive to change in ACL- injured 
patients.6 7

Patient-reported outcomes
Participants completed the Knee injury Osteoarthritis Outcome 
Score (KOOS) and the International Knee Documentation 
Committee (IKDC) subjective knee form 1 and 5 years post- 
ACLR, with respect to their knee condition during the previous 
week. The KOOS and IKDC have established reliability and 
validity in people with ACL injuries.41 Four of the five subscales 
of the KOOS were assessed (activities of daily living subscale 
excluded due to ceiling effects in ACL populations). They were 
completed in by pen and paper or via an online portal (MySQL, 
Oracle, California, USA and Promptus, DS PRIMA, Melbourne, 
Australia) with matching instructions to the original paper 
version, as previously described.22 26 The KOOS and IKDC raw 
scores were recorded and converted to a percentile score, with 
100 being the best possible score (ie, no knee problems). The 
absolute change (5- year score minus 1- year score) was calculated 
for each subscale (a negative value indicating worsening knee 
problems).

statistical analyses
Generalised linear models with Poisson regression and gener-
alised estimating equations (GEE) (accounting for correla-
tions between subregions within the same participant) assessed 
whether functional performance at 1 year post- ACLR (both 
as a dichotomous (poor function≤90% LSI) and a continuous 
(ACLR limb raw score in cm/repetitions) variable) was associated 
with risk of worsening MRI- OA features. Risk ratios (RR) and 
95% CIs were calculated. A RR >1.0 represents an increased 
risk of worsening OA features in the presence of poor functional 
performance (<90% LSI) or a lower functional performance 
score (ie, fewer repetitions). The GEE regression was adjusted 
for presence of a combined injury (noted at time of ACLR, or 
secondary injury to the index knee), 1- year age, sex, height 
and weight, due to their potential influence on function and 
MRI- OA features.7 Linear regression (β, 95% CI) determined the 
relationship between 1- year functional performance, and change 
in KOOS/IKDC scores between 1 and 5 years (adjusted for 
combined injury (noted at time of ACLR, or secondary injury to 
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Table 1 Participant characteristics at 1 and 5 years post- ACLR*

Participants at 1 year 
post- ACLr (n=81)

Participants at 5 years 
post- ACLr (n=81)

Age, median±IQR years 28±14 32±14

Male sex, no. (%) 50 (62) 50 (62)

Body mass index, 
median±IQR kg/m2

25.7±4.2 26.4±5.0

Preinjury activity level 1 sport†, 
no. (%)

56 (69) 56 (69)

Time injury to surgery, 
median±IQR weeks

14±20 14±20

Combined injury,‡ no. (%) 40 (49) 46 (57)

New knee injuries, no. (%) 0 (0)§ 16 (20)

  ACLR limb¶ 0 (0)§ 10 (11)

  Contralateral limb** 0 (0)§ 6 (7)

Returned to level 1 sports,† 
no. (%)

20 (25) 26 (32)

Radiographic OA, no. (%)†† 5 (6) 15 (19)

  Patellofemoral 4 (5) 14 (18)

  Tibiofemoral 2 (3) 6 (8)

*Participant demographics of n=81 completed PROs at 1 and 5 years.
†Level 1 sport=jumping, cutting pivoting as per Sports Activity Classification based 
on the study by Grindem et al.29

‡Participants were defined as a combined injury at 1 and 5 years if they had a 
significant cartilage defect30 and/or meniscectomy assessed/performed at the time 
of ACLR. Those who had a secondary injury/surgery to the index knee between 1 
and 5 years follow- up were added to the combined injury group at 5 years.
§No new knee injuries were reported at 1 year as this was an exclusion criterion at 
baseline.
¶5- year new ACLR limb knee injuries/surgery n=10 (n=3 ACLR revision, n=6 
meniscectomy, n=1 lateral collateral ligament sprain).
**5- year new contralateral limb knee injuries/surgery n=6 (combined: n=2 ACLR, 
n=1 meniscectomy, isolated: n=1 ACLR, n=1 meniscectomy, n=1 lateral collateral 
sprain).
††n=78 completed X- ray evaluation at 1 and 5 years, demographics of these 
participants have been reported previously.7

Table 2 Functional performance 1 year post- ACLR*

raw score LsI %

Single HFD, median±IQR (range) 
cm

108±40 (3 to 169) 92±15 (4 to 109)

  ≥90% LSI (n=50/81) 119±27 (71 to 169) 96±6 (90 to 109)

  <90% LSI (n=31/81) 85±34 (3 to 142) 79±17 (4 to 88)

Triple- crossover HFD, 
median±IQR (range) cm

337±130 (0 to 569)† 95±11 (0 to 129)

  ≥90% LSI (n=55/81) 383±119 (146 to 569) 98±5 (90 to 129)

  <90% LSI (n=26/81) 262±83 (0 to 403) 79±11 (0 to 89)

Side- hop, median±IQR (range) 
reps

25±17 (0 to 63)† 83±28 (0 to 156)

  ≥90% LSI (n=29/81) 29±13 (14 to 63) 100±11 (90 to 155)

  <90% LSI (n=52/81) 23±18 (0 to 51) 70±20 (0 to 89)

OLR, median±IQR (range) reps 26±39 (0 to 50)† 96±40 (0 to 167)

  ≥90% LSI (n=40/76) 50±8 (5 to 50) 100±0 (92 to 325)

  <90% LSI (n=36/76) 12±15 (0 to 43) 59±36 (0 to 89)

*n=81 completed functional performance assessment at 1 year and PROs at 1 and 5 
years. n=76 for the one- leg rise as five participants were not included, as they could 
not perform a valid test on both ACLR and contralateral limb.
†Number of participants with a score of zero for the ACLR limb for the triple- 
crossover hop (n=1), side- hop (n=5) and one- leg rise (n=8).
ACLR, ACL reconstruction; HFD, hop for distance; LSI, limb symmetry index; OLR, 
one- leg rise; PRO, patient- reported outcome.

the index or contralateral knee), 1- year age, sex, height, weight 
and baseline KOOS/IKDC score, due to their potential to influ-
ence function and PROs22). Analyses were performed using Stata 
V.14.2 with α=0.05.

resuLTs
Demographics of the 81 participants who completed PROs at 1 
and 5 years are presented in table 1. Of the 81 participants, 10 
(12%) had poor functional performance (<90% LSI) on all four 
tests, while only 14 (18%) would have passed the test battery 
(>90% on all four tests) at 1 year post- ACLR. The proportion 
of participants with <90% LSI on individual tests, and func-
tional performance outcomes are presented in table 2. Of the 
78 participants with radiographs at 5 years, the prevalence of 
any radiographic OA increased from 6% to 19% between 1 and 
5 years (table 1). In those with poor function on the battery at 
1 year (n=9/78), 33% (n=3) had patellofemoral or tibiofemoral 
radiographic OA at 5 years.

Imaging outcomes
Worsening compartment- specific MRI- OA features and radio-
graphic OA prevalence are reported in detail previously.7 Briefly, 
patellofemoral and tibiofemoral cartilage worsening (34 (44%) 
and 16 (21%) participants, respectively) was more common 
than BML worsening (14 (18%) and 12 (15%) participants, 
respectively). Seventeen (22%) participants displayed worsening 
meniscal lesions. Five (6%) participants displayed worsening 

of all three features, while 20 (26%), 4 (5%) and 7 (9%) had 
isolated cartilage, BML and meniscal worsening, respectively. 
Worsening osteophytes were not included in the current study 
due to low numbers in the patellofemoral (n=7) and tibiofem-
oral (n=9) compartments.7

Functional performance and risk of worsening early OA 
features
Poor functional performance on the test battery (<90% on all 
four tests) resulted in an increased risk of worsening patellofem-
oral BMLs (RR 3.66; 95% CI 1.12 to 12.01) (table 3). The 
majority (86%) of those with a worsening patellofemoral BML 
had <90% LSI on the side- hop (figure 2). Individuals with <90% 
LSI on the triple- crossover hop- for- distance had an increased risk 
of worsening patellofemoral cartilage lesions (RR 2.09; 95% CI 
1.15 to 3.81). Individuals with <90% LSI on the single hop- for- 
distance, side- hop and one- leg rise had an increased risk of wors-
ening patellofemoral BMLs (RR 4.17, 95% CI 1.37 to 12.72; 
RR 3.77, 95% CI 1.15 to 12.43 and RR 2.92, 95% CI 1.19 to 
7.18, respectively). Fewer side- hop repetitions was associated 
with an increased risk of worsening patellofemoral BMLs (RR 
1.08; 95% CI 1.01 to 1.15). In contrast, fewer one- leg rises was 
associated with a small reduction in risk of worsening tibiofem-
oral cartilage lesions (RR 0.96; 95% CI 0.94 to 0.99) (table 3).

Functional performance relationship with KOOs and IKdC
The 1- year and 5- year KOOS and IKDC scores (n=81) have 
been reported in detail previously.22 Significant (p<0.05) 
improvement (ie, less knee symptoms, better function and QoL) 
was observed for all KOOS subscales (except KOOS- Symptoms) 
and IKDC between 1 and 5 years.22 The mean±SD changes 
were: pain: 2.8±9; symptoms: 0.5±16.1; sport: 6.0±18.2; 
QoL: 10.0±18.9 and IKDC: 4.7±10.9. Generally, functional 
performance 1 year post- ACLR was not associated with change 
in KOOS or IKDC scores between 1 and 5 years (table 4). 
Participants with <90% LSI for the side- hop test had a mean 
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Table 3 Functional performance at 1 year and risk of worsening early osteoarthritis features up to 5 years*

Worsening early osteoarthritis features on MrI

PF cartilage PF bML TF cartilage TF bML TF meniscal

n=34/78 (44%) n=14/78 (18%) n=16/78 (21%) n=12/78 (15%) n=17/78 (22%)

single hFd No. (%)

  Raw score (cm)†   1.00 (0.99 to 1.01) 1.01 (0.98 to 1.03) 0.98 (0.96 to 1.01) 1.00 (0.97 to 1.03) 0.98 (0.96 to 1.02)

  Poor function (ref ≥90% LSI)‡ 31 (38%) 1.26 (0.66 to 2.41) 4.17 (1.37 to 12.72) 0.69 (0.21 to 2.35) 0.68 (0.20 to 2.31) 1.65 (0.62 to 4.44)

Triple- crossover HFD   

  Raw score (cm)†   1.00 (1.00 to 1.01) 1.00 (0.99 to 1.01) 1.00 (0.99 to 1.00) 1.00 (0.99 to 1.01) 0.99 (0.98 to 1.00)

  Poor function (ref ≥90% LSI)‡ 25 (32%) 2.09 (1.15 to 3.81) 2.60 (0.79 to 8.62) 1.02 (0.31 to 3.38) 1.02 (0.29 to 3.57) 1.76 (0.52 to 6.01)

Side- hop   

  Raw score (repetitions)†   1.01 (0.98 to 1.05) 1.08 (1.01 to 1.15) 0.96 (0.91 to 1.02) 1.00 (0.95 to 1.06) 0.97 (0.92 to 1.02)

  Poor function (ref ≥90% LSI)‡ 49 (63%) 1.02 (0.51 to 2.03) 3.77 (1.15 to 12.43) 1.10 (0.47 to 2.60) 1.69 (0.34 to 8.45) 0.89 (0.35 to 2.28)

One- leg rise   

  Raw score (repetitions)†   1.01 (0.99 to 1.02) 1.02 (0.99 to 1.05) 0.96 (0.94 to 0.99) 0.99 (0.94 to 1.04) 0.98 (0.95 to 1.02)

  Poor function (ref ≥90% LSI)‡ 35 (48%)§ 1.32 (0.72 to 2.41) 2.92 (1.19 to 7.18) 0.30 (0.08 to 1.05) 0.58 (0.19 to 1.78) 0.98 (0.33 to 2.93)

Functional battery‡
(ref ≥90% LSI ≥any one test)

  

  Poor function all four tests§ 9 (12%) 1.99 (0.92 to 4.30) 3.66 (1.12 to 12.01) NA¶ 1.32 (0.30 to 5.78) 1.25 (0.32 to 4.88)

Bold values indicate a statistically significant association (p<0.05).
*Values are RR (95% CIs). Analysis performed in n=78 who completed functional assessment at 1 year and MRI and X- ray evaluation at 1 and 5 years. n=73 for the one- leg rise 
and battery LSI% as five participants were not included, as they could not perform a valid one- leg rise on both ACLR and contralateral limb.
†For continuous exposure variables (raw score in cm or repetitions in ACLR limb), a RR >1 represents greater risk of the MRI- OA feature worsening in the presence of lower 
functional performance (ie, less distance or fewer repetitions). For example, a one repetition decrease on the side- hop test could be interpreted as having a 8% increased risk of 
worsening patellofemoral BMLs.
‡For dichotomous exposure variables (poor function defined as <90% LSI), a RR >1 represents a greater risk of the MRI- OA feature worsening in the presence of poor functional 
performance. For example, individuals with <90% LSI on the one- leg rise were 2.92 times more likely to have worsening patellofemoral BMLs, than those with >90% LSI.
§Poor functional performance was defined as <90% LSI.
¶Unable to perform analysis as all participants with <90% on the functional performance battery had TF cartilage defect worsening.
ACLR, ACL reconstruction; BML, bone marrow lesion; LSI, limb symmetry index; n, number of subregions with feature; N, total number of subregions; PF, patellofemoral; RR, risk 
ratio; TF, tibiofemoral.

Figure 2 Individuals with and without change in patellofemoral BMLs and respective side- hop limb symmetry index.* *LSI scores are presented in 
categories of 0%–5%, 5%–10% in increasing increments of 5% for purposes of visualisation. BML, bone marrow lesion; LSI, limb symmetry index.

8- points higher KOOS- QoL change value (β: 8.08; 95% CI 1.56 
to 14.61).

dIsCussIOn
Only one in five participants met common functional perfor-
mance criteria (≥90% LSI on all hopping, one- leg rise tests) 

1 year following ACLR—a time when function is typically 
expected to be restored. In this first evaluation of the implica-
tions of not meeting functional performance criteria on early OA 
outcomes after ACLR, poor function (<90% LSI) was consis-
tently associated with 2–4 times increased risk of worsening 
patellofemoral BMLs. While performance on the triple- crossover 
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hop was also associated with worsening patellofemoral cartilage 
over the subsequent 4 years, weak/no associations were gener-
ally observed between poor function and tibiofemoral cartilage, 
bone marrow and meniscal lesions and changes in PROs.

Poor function and risk of worsening patellofemoral OA 
features
Poor functional performance was associated with an increased 
risk of worsening patellofemoral OA features, particularly 
BMLs. An LSI <90% on all four tests in the battery was asso-
ciated with 3.66 times greater risk of worsening patellofemoral 
BMLs. When considered as a continuous variable (ie, number 
of repetitions), the side- hop test was associated with worsening 
patellofemoral BMLs—each one repetition decrease on the 
side- hop test could be interpreted as having an 8% increased risk 
of worsening patellofemoral BMLs (RR: 1.08). Given the associ-
ation of BMLs with incident symptoms, future damage to adja-
cent features (ie, cartilage) and incident radiographic OA,8 42 43 
these findings may help identify individuals on an accelerated 
trajectory towards radiographic OA.8 There is need to validate 
these findings in larger cohorts and to confirm which factors 
influence functional recovery. Previous cross- sectional evaluation 
of this cohort at 1 year post- ACLR found worse hop- test perfor-
mance at 1 year post- ACLR was associated with patellofemoral 
pain, kinesiophobia, lower psychological readiness for RTS and 
worse knee confidence.14 19 Other factors that have been linked 
to functional recovery after ACLR, such as motivation, stress 
and self- efficacy,44 may also be important to target during super-
vised rehabilitation45 to optimise function. Future interventional 
studies should determine if improving functional performance 
can positively impact long- term patellofemoral joint health.

do tibiofemoral and patellofemoral post-traumatic OA have 
different risk profiles?
Functional performance 1 year post- ACLR had little association 
with worsening tibiofemoral OA features in the following 4 years, 
concurring with other studies reporting minimal association 
between greater postoperative function or muscle strength and 
tibiofemoral radiographic OA 5–15 years later.4 17 The tibiofem-
oral and patellofemoral compartment may have a different asso-
ciation with function for the development of post- traumatic OA. 
Our results extend those from non- traumatic older OA popula-
tions, where lower- limb function (ie, quadriceps muscle strength) 
was more strongly associated with risk of patellofemoral disease 
progression than tibiofemoral.46 In contrast to patellofemoral 
disease worsening, our results indicate that poorer function 
(fewer one- leg rises) reduced the risk of tibiofemoral disease 
worsening. The mechanism underpinning this inverse (and 
unexpected) relationship is uncertain but is consistent with 
results in military recruits (aged 18 years), where lower quad-
riceps strength reduced the incidence of tibiofemoral OA 20 
years later.47 Taken together with demographic and surgical- 
related factors which display compartment- specific relationships 
with post- traumatic OA progression,7 22 48 future studies should 
evaluate the patellofemoral and tibiofemoral compartments 
independently to determine distinct risk profiles—particularly 
as they may have differing impacts on disease burden.18 For 
example, patellar alignment (lateral patellar displacement) was 
weakly associated with worsening patellofemoral cartilage in 
this cohort,49 although when added as a covariate to the current 
statistical models, the relationship between function and wors-
ening patellofemoral bone marrow and cartilage lesions did not 
change (data not shown). There is emerging appreciation of the 

greater risk of early5 7 and long- term radiographic patellofem-
oral OA,50 and potential contribution to symptoms,18 compared 
with tibiofemoral OA.

Challenges in predicting PrOs
Functional performance 1 year post- ACLR was mostly not asso-
ciated with change in PROs between 1 and 5 years. The only 
significant finding was that individuals with poor function 
(<90% LSI) for the side- hop test had an 8- point greater improve-
ment in KOOS- QoL compared with those with good function 
(<90% LSI). Due to a low proportion (12%) scoring <90% LSI 
on all four tests, a sensitivity analysis calculated the RRs for poor 
function (<90% LSI) on any one, two or three tests, or at least 
one, two or three tests (ie, at least 2=all participants with two, 
three or four tests <90% LSI) (see online supplementary file 
1). Similarly, poor function at 1 year on any or at least two tests 
was associated with 8–12 points greater improvement in KOOS 
scores. While 8–12 points approaches a clinically meaningful 
difference for the KOOS (≥8–10 points),41 these results should 
be interpreted with caution. Individuals with poor function 
1 year post- ACLR have greater potential for future improvement 
in physical and self- reported function, compared with those who 
have already restored good function. Only seven (9%) had a 
KOOS- QoL >90 at 1 year, demonstrating majority of the cohort 
had not reached a ceiling point, and may continue to improve 
between 1 and 5 years.

The only other study to evaluate the relationship between 
function at the time of RTS and PROs beyond 2 years reported 
conflicting findings.51 Greater between limb asymmetry on the 
one- leg rise test 6–15 months post- ACL injury was associated with 
worse KOOS scores at 5 years.51 Due to the multifactorial fluctu-
ating nature of life for a young active adult, it is likely many other 
subjective factors influence change in KOOS and IKDC scores, 
hence predicting PROs post- ACLR is challenging.16 52 Further 
research should consider potential psychosocial and contextual 
influences on PROs such as fear avoidance, confidence, coping and 
healthcare utilisation.53–57

Limitations
This prospective study lost 31 (28%) participants between 1 
and 5 years. However, there were no significant differences in 
preinjury activity level, age, sex, body mass index or combined 
injury presence at the time of ACLR, between those who did and 
did not participate in follow- up.7 The current study included 
six (8%) participants who did not participate in jumping or 
cutting sports preinjury (ie, level 3 or 4),29 which may influence 
the raw hop- test scores at 1 year. The current study may have 
been underpowered to detect potential relationships with func-
tional performance for some outcome variables (ie, tibiofemoral 
worsening), affecting the statistical stability of some regression 
models. Future approaches should combine large sets of indi-
vidual level data from multiple sites to provide sufficient power 
to detect risk factors and develop a risk profile for early OA 
development and progression in this young active population. 
Mechanical (eg, movement patterns,58 physical activity,59–61 time 
from injury to ACLR7) and systemic factors (eg, adiposity)62 may 
influence the development of post- traumatic OA61 and warrant 
consideration in future risk profiles.

The LSI has inherent limitations and may overestimate knee 
function due to the bilateral neuromuscular deficits observed post- 
ACLR.63 Also, discrete cut- offs (ie, >90% LSI) as an indepen-
dent risk factor may result in overestimation of risk estimates.64 
Therefore, we considered both magnitude of performance as a 
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What are the findings?

 ► Individuals with poor functional performance 1 year following 
ACL reconstruction (ACLR) had 2–4 times increased risk of 
worsening patellofemoral bone marrow lesions (BMLs) in the 
following 4 years.

 ► Less than one in five passed the functional performance 
battery (≥90% limb symmetry index on all four tests) 1 year 
after ACLR, highlighting a need to implement treatments 
capable of improving functional recovery.

 ► Poor functional capacity on hop testing and a one- leg 
rise at 1 year post- ACLR may help identify individuals at 
an increased risk of worsening patellofemoral BMLs, and 
developing early onset post- traumatic patellofemoral 
osteoarthritis.

how might it impact on clinical practice in the future?

 ► Clinicians should evaluate patient- specific barriers and 
enablers to implement evidence- based rehabilitation, 
given only 18% passed the functional test battery at 1 year 
post- ACLR.

 ► Regardless of an individual’s desire to return- to- sport, 
restoring lower- limb function may be important to mitigate 
the risk of future joint degeneration.

continuous outcome (repetitions or distance), as well as symmetry 
(LSI%), with generally a closer association observed between wors-
ening OA features and dichotomised outcomes (<90% LSI). A 
floor effect for the functional performance tests should be noted 
as some participants scored zero on their ACLR limb (table 2), 
with reasons (anecdotally reported) as lack of physical capability 
(strength/power/control) or confidence to attempt the task. Future 
studies should explore reasons for poor functional performance, to 
better direct intervention strategies.

Clinical considerations
Despite the limitations of the LSI, better limb symmetry in hop 
tests has been associated with greater likelihood of return- to- sport, 
and reduced reinjury risk.38 65 Our results show restoring limb 
symmetry is also an attractive intervention target, given only 18% 
‘passed’ the test battery (>90% LSI all four tests), and poor func-
tion was associated with increased risk of worsening patellofem-
oral bone marrow and cartilage lesions. Our sensitivity analysis 
(see online supplementary file 1) demonstrated the highest RRs 
for worsening patellofemoral cartilage, patellofemoral BMLs, 
tibiofemoral meniscal lesions were observed when any three tests, 
or at least two or three tests were failed (<90% LSI). A battery 
of tests assessing multiple functional domains (ie, strength, endur-
ance, balance) may better categorise individuals with poor func-
tional performance, and be more predictive of clinical outcomes.38 
Multifaceted neuromuscular deficits may affect joint loading,12 
and consequently joint health. Regardless of return- to- sport aspira-
tions, continuing rehabilitation to achieve ‘functional criteria’ on a 
test battery may optimise future joint health. Future studies should 
continue to investigate the relationship between symptomatic and 
structural changes in a post- traumatic OA population after ACLR. 
Underlying early stages of OA without the presence of symptoms 
may not be ‘incidental’ in those at risk of OA, and may lead to 
future symptomatic radiographic OA.8

COnCLusIOn
Only one in five participants met common functional perfor-
mance criteria (≥90% LSI all four tests) 1 year post- ACLR. 
Poor function was consistently associated with 2–4 times 
increased risk of worsening patellofemoral (but not tibiofem-
oral) BMLs. These results highlight the importance of opti-
mising function beyond the short- term re- injury risk, as 
functional performance may help identify individuals on an 
accelerated trajectory towards (patellofemoral) radiographic 
OA.

Patient and public involvement
There were no funds or time allocated for patient and public 
involvement so we were unable to involve patients. We have 
invited patients to our knowledge translation events, to help 
inform our dissemination strategy and future research questions.

Twitter Brooke Patterson @Knee_Howells and Christian J Barton @DrChrisBarton
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