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Abstract
Background: For one of the most chronic medical conditions, osteoarthritis, uncertainties 
remain on the impact of injury chronology, the role of repeat injury on the incidence/
progression of this disease and the need for knee arthroplasty.
Objectives: To explore, in an older adult population, how nonsurgical knee injuries relate 
to osteoarthritis incidence/progression and the weight of independent risk factors for 
arthroplasty.
Design: A cohort study design evaluates the long-term impact of injuries on knee 
osteoarthritis outcomes.
Methods: Knees with no prior injury (n = 6358) and with at least one injury (n = 819) ⩽20 years 
before study inclusion were from the Osteoarthritis Initiative cohort. Sociodemographic, 
clinical and structural [X-ray, magnetic resonance imaging (MRI)] data at study inclusion and 
changes within 96 months were analysed. Statistics included a mixed model for repeated 
measurements, generalized estimating equations and multivariable Cox regression with 
covariates.
Results: At inclusion, knees with prior injury demonstrated greater incidence and severity of 
osteoarthritis (p ⩽ 0.001). At 96 months, there was a greater increase in symptoms [Western 
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain, p = 0.002], joint space 
width (JSW, p = 0.039) loss, medial cartilage volume loss (CVL, p ⩽ 0.001) and bone marrow 
lesion size (BML, p ⩽ 0.049). Knees with/without injury at inclusion but with new ones over 
time had a pronounced increase in symptoms (all WOMAC scores, p ⩽ 0.001), JSW loss, 
lateral (without) and medial CVL, lateral (without) and medial meniscal extrusion and medial 
BML (without; all p ⩽ 0.030). Levels of lateral and medial meniscal extrusion (without) and 
symptoms (with/without; all WOMAC scores, p ⩽ 0.001) were all accentuated with a repeated 
new injury. Risk factors associated with the highest knee arthroplasty occurrence are new 
meniscal extrusion and new injury (p ⩽ 0.001).
Conclusion: This study highlights the importance of nonsurgical knee injury in older adults 
as an independent risk factor for knee osteoarthritis and arthroplasty. These data will be 
beneficial in clinical practice as they will help identify individuals at greater risk of significant 
disease progression and worst disease outcomes for a customized therapeutic approach.
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Introduction
Over the years, osteoarthritis, one of the most 
common chronic medical conditions, has become 
a major burden from both medical and financial 
points of view.1,2 Treatments remain mainly 
symptomatic, and intense research over the last 
decade has, unfortunately, not made any signifi-
cant breakthroughs in discovering curative thera-
pies.3–6 In this context, it is logical that efforts 
should be made to identify risk factors that will 
impact the incidence and progression of this nat-
ural chronic and degenerative disease to improve 
its outcome. Several cross-sectional and longitu-
dinal studies have explored this subject, some-
times in the context of sports injury in young 
individuals,7 while a possible association between 
a single acute knee injury and the development of 
osteoarthritis8–10 and even, in some cases, an 
accelerated form of the disease11 was described. 
The meniscal lesions have also been reported to 
play a significant role in this pathology.12 Studies 
in older adults have shown that a previous knee 
injury is potentially a significant risk factor for 
unilateral knee osteoarthritis based on symptoms 
and radiographic changes.13–16

While these studies highlighted the potential role 
of knee injury in osteoarthritis, many questions 
remain unanswered, particularly in older adults, 
where injuries are rarely sport related. The role of 
the chronological sequence of events over time, 
the number of injuries in the incidence and pro-
gression of osteoarthritis and disease outcomes 
such as knee arthroplasty have yet to be investi-
gated further. When explored, this was mainly 
done using X-rays with minimal ability to identify 
early or new osteoarthritic changes, which remains 
a critical shortfall. Therefore, studies need to 
include a more comprehensive imaging explora-
tion to bridge the missing link about how injury 
and related structural changes can impact osteo-
arthritis outcomes in a senior population. This 
could be done using magnetic resonance imaging 
(MRI), which has been demonstrated to be sensi-
tive and reliable in identifying early (new) struc-
tural changes.

This study aimed to provide, in older adults, an 
in-depth exploration of the role of knee injury in 
the incidence and progression of the chronic dis-
ease, osteoarthritis, over an extended period 
(within 96 months) from a clinical and joint struc-
tural standpoint using both X-rays and MRI. 

Moreover, the impact of the number of knee inju-
ries on the extent of the disease severity was fully 
explored. The role of injury on a disease outcome 
and joint replacement was comprehensively ana-
lysed by determining the relative weight of con-
founding risk factors, particularly at the structural 
level, which requires a long-term longitudinal 
evaluation. The Osteoarthritis Initiative (OAI) 
cohort was used as it provides an extensive and 
comprehensive longitudinal clinical and struc-
tural information data set of osteoarthritic knees. 
Furthermore, in this cohort, data included a vast 
amount of information from the years before 
inclusion, such as previous knee injury, which was 
documented yearly during the follow-up.

Methods
The reporting of this study conforms to the 
Strengthening the Reporting of Observation 
Studies in Epidemiology (STROBE) statement 
for reports of observational studies.17

Study design
A cohort study design was used to evaluate the 
impact of an injury on the long-term incidence 
and progression of knee osteoarthritis at the clini-
cal, joint structural and disease outcome levels.

Study setting
Knees were from participants of the OAI cohort 
(https://nda.nih.gov/oai/), a longitudinal database 
of knee osteoarthritis clinical, radiological and 
MRI data. Participants (n = 4796) of both sexes 
and aged 45–79 years were enrolled between 
February 2004 and May 2006 and followed for 
up to 108 months. The OAI cohort was divided 
into Progression (n = 1389), Incidence (n = 3285) 
and Control (n = 122) subcohorts. In the 
Progression cohort, participants were character-
ized as having symptomatic osteoarthritis (defined 
as frequent knee symptoms and tibiofemoral knee 
osteoarthritis – Kellgren-Lawrence grades ⩾2) at 
study inclusion. The Incidence cohort had char-
acteristics that placed them at risk of developing 
symptomatic knee osteoarthritis, defined as the 
first occurrence during the study of frequent knee 
symptoms and definite tibiofemoral osteophytes 
in the same knee. Of note, no knee from the refer-
ence (nonexposed) Control subcohort was 
included in this analysis.

https://journals.sagepub.com/home/taj
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Written informed consent was obtained from all 
participants. The OAI study was approved by the 
Institutional Review Boards at the University of 
California, San Francisco (OAI Coordinating 
Center; Approval Number 10-00532). Each of 
the four clinical sites also approved the study.

Participants
Analyses were made at the knee level (Figure 1). 
Of the 9348 knees that entered the OAI, 90 were 
without information on the presence of a prior 
injury and were therefore excluded. Knees were 
then divided based on the presence or absence of 
a reported injury before study inclusion. Of the 
2573 knees with a prior injury, 914 were excluded 
due to previous knee surgery, 836 because they 
reported at least one injury more than 20 years 
prior to entering the OAI, and four had missing 
information regarding age at the time of injury or 
occurrence of knee surgery. Of the 6685 knees 
that had no prior injury, 320 knees with previous 
knee surgery were excluded, and seven others with 
missing information regarding the occurrence of 

such surgery. Included in this work were 6358 
knees with no prior injury (no injury) from 4038 
participants (both knees 2320, one knee 1718) 
and 819 knees from 721 participants (both knees 
98, one knee 623) with at least one reported prior 
injury and no surgery in the 20 years before inclu-
sion in the OAI study. Data from study inclusion 
and follow-up visits, up to 96 months after inclu-
sion, were studied.

Variables
Sociodemographic and clinical characteristics.  
The sociodemographic and clinical data were 
from the OAI database. These included knee side, 
age, gender, Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) scores 
(pain, function, stiffness, total),18 body mass 
index (BMI), age at first reported knee injury and 
physical activity scale for the elderly (PASE).

WOMAC and PASE score changes over time were 
calculated as the difference between the value at 
follow-up and the value at study inclusion.

Figure 1. Flow chart of the study.

https://journals.sagepub.com/home/taj
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Data sources/measurement
Injuries prior to inclusion were documented from 
the OAI question: Have you ever injured either of 
your knees so badly that it was difficult for you to 
walk for at least two days? If yes: How old were 
you when you injured your knee? The answers 
(yes/no) and the age at injury were recorded to 
calculate the duration between injury (age at 
study inclusion minus age at injury) and study 
inclusion. The occurrence of a first knee injury 
⩽20 years prior to inclusion was categorized as no 
injury/injury, and data were analysed accordingly. 
The cutting point of 20 years was selected as it 
was felt to be recent enough for the participant to 
remember the event reliably.

At each visit following inclusion, participants 
were also asked the question: Since your last 
annual visit to the OAI clinic about 12 months 
ago, have you injured your (right/left) knee badly 
enough to limit your ability to walk for at least 
two days? Knees were further stratified based on 
the answer to this question (new injury/no new 
injury). This allowed for the assessment of the 
total number of injuries that occurred over time. 
The time of the first new injury was determined 
as being the annual visit, in months, at which it 
was first reported. The time to first new injury 
was thus assessed as the average of months 
elapsed since study inclusion in the report of a 
new injury.

BMI, PASE and WOMAC (pain, stiffness, func-
tion, total) scores were obtained from the OAI 
AllClinicalxx data sets.

Imaging characteristics. MRI acquisitions, Kell-
gren–Lawrence (KL) grades and joint space 
width (JSW) measurements were all from the 
OAI. MRIs were done annually up to 48 months 
and every 2 years thereafter.

MR images were acquired from the 3.0 T appara-
tus (Magnetom Trio, Siemens) at the four OAI 
clinical centres using a double-echo steady-state 
imaging protocol. KL grades and JSW measure-
ments were from the OAI central reading (https://
nda.nih.gov/oai/). Study inclusion KL grades (0–
4; files: kXR_SQ_BU01) were centrally scored. 
Study inclusion and follow-up medial JSW (files: 
kxr_qjsw_duryeaxx) were blindly measured from 
bilateral, weight-bearing, fixed-flexion posterior–
anterior knee X-rays.19,20

For the purpose of this study, we elected to use 
very stringent definitions to separate normal 
(KL = 0) from OA (KL ⩾1) knees. This is in 
accordance with a number of previous reports in 
this field.21–23

Fully automated and validated quantitative MRI 
technologies were used to assess the cartilage vol-
ume and the BMLs, and a validated scoring 
method for a meniscal extrusion. Cartilage vol-
ume was determined as previously described24 
and analysed for the global tibiofemoral (femur 
and plateau) knee and their respective medial and 
lateral compartments. BMLs were assessed25 in 
the same MRI sequences as for the cartilage, 
quantified in each of the medial and lateral com-
partments of the knee, and expressed as a per-
centage of the lesion in the bone volume. The 
meniscal extrusion was defined as partial/com-
plete meniscal extrusion at any segments of the 
medial or lateral meniscus26 and reported as the 
percentage of knees with a medial or lateral 
extrusion.

Relative changes in JSW, BML and cartilage vol-
ume were calculated as the difference between 
the value at the time of the follow-up and the 
value at study inclusion, divided by the value at 
study inclusion. Changes in meniscal extrusion 
were reported as the percentage of the number of 
knees that developed a new extrusion over the 
course of the follow-up period. The time to new 
extrusion was determined as being the MRI visit, 
in months, at which it was first observed, thus 
being the average of months elapsed since study 
inclusion to the report of a new extrusion.

Knee arthroplasty was any partial or total knee 
replacement (V99E(R/L)KTLPR) as reported in 
the OAI database and previously described.27 As 
the date of knee replacement (V99E(R/L)
KDATE) and the number of days from study 
inclusion to knee arthroplasty (V99E(R/L)
KDAYS) were recorded in the OAI database, it 
was possible to accurately calculate the average 
time to knee arthroplasty for all knees who had 
this procedure.

Study size
We studied 9348 knees from 4674 participants 
from the OAI (Figure 1). As reported in the 
‘Participants’ section, the population included 

https://journals.sagepub.com/home/taj
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were 6358 knees with no prior injury (no injury) 
and 819 knees with reported first injury in the 
20 years prior to enrolling into the OAI (injury). 
Data from study inclusion (inclusion) and follow-
up visits, up to 96 months after inclusion, were 
studied.

Statistical analysis
Descriptive statistics, including frequencies and 
percentage of knees for categorical variables and 
measures of central tendency (means) and disper-
sion (standard deviations) for continuous varia-
bles, were calculated to characterize knees with 
and without a reported injury prior to study inclu-
sion in the OAI.

For comparison of characteristics between injury 
and no injury groups and since all knees were 
analysed individually, to avoid potential correla-
tions for each knee within the same subject to 
have an impact on the assessment of the con-
tralateral knee, we performed a knee-based longi-
tudinal analysis using logistic regression with 
repeated measures (generalized linear mixed 
model) to adjust for correlations between knees 
within-person over time and between knees, with 
age, gender and BMI at study inclusion as 
covariables.

To test the variation through time of continuous 
variables, a mixed model for repeated measure-
ments (MMRM) adjusted for correlation 
between knees within-person was employed with 
the selected continuous variables at 96-month 
follow-up as a response; injury, follow-up and 
injury by follow-up as fixed factors; subject and 
error terms as random factors; age, gender, BMI 
and medial meniscal extrusion at study inclusion 
as covariates; as well as the selected continuous 
variable at study inclusion. For the categorical 
variables, a generalized estimating equation 
(GEE) adjusted for correlation between knees 
within-person was performed with selected cate-
gorical variables at 96-month follow-up as a 
response; injury, follow-up and injury by follow-
up as fixed factors; subject and error terms as 
random factors; age, gender, BMI and medial 
meniscal extrusion at study inclusion as covari-
ates; as well as the selected continuous variable at 
study inclusion. The within-patient covariance 
matrix was assumed to be unstructured.

To measure the association between the occur-
rence of a knee arthroplasty over time, a multi-
variable Cox regression analysis, with a robust 
sandwich covariance matrix estimated to account 
for correlation between knees within-person, was 
performed with the following variables: new 
meniscal extrusion (time-dependent variable), 
new injury (time-dependent variable), meniscal 
extrusion at study inclusion, injury at study inclu-
sion, age, gender and BMI. The hazard ratio 
(HR) and associated 95% confidence interval 
(CI), as well as p-values, were calculated.

Statistical analyses were performed using SPSS 
(IBM SPSS Statistics 26.0, IL, USA) and SAS 
software, V.9.4 (SAS Institute, Cary, NC, USA). 
For all analyses, statistical tests were two-sided, 
and a p-value < 0.050 was considered significant.

Results

Demographic, clinical and imaging 
characteristics of knees at study inclusion
Table 1 shows that most of the 6358 knees with-
out previous injury at study inclusion and 819 
with injury in the 20 years prior to OAI enrolment 
were from the Incidence subcohort. The first 
injury, on average, occurred at 7.1 ± 6.0 years 
(mean ± standard deviation) before study inclu-
sion. In both no-injury and injury groups, most 
participants were slightly overweight (BMI over 
27 kg/m2), predominantly female, moderately 
active with a similar physical activity level (PASE 
score) and had a similar cartilage volume and 
BML size. Compared with the no-injury group, 
the injury knees were slightly younger, had a 
smaller JSW, more pronounced levels of symp-
toms (WOMAC scores), a greater number of KL 
grade scores 2–4 and incidence of medial menis-
cal extrusion.

Based on the number of injuries encountered 
before inclusion in the study and identified from 
the participant questionnaire, the majority of 
knees (90%) had only one injury, and the others 
(more than one), except for a few, had only two 
or three injuries (Supplemental Table S1). The 
group having suffered less than one injury showed 
a longer time period from the first injury to inclu-
sion, a higher WOMAC pain score and a greater 
cartilage volume in both medial and lateral 

https://journals.sagepub.com/home/taj
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Table 1. Demographic, clinical and imaging characteristics of knees at study inclusion.

No injury
(n = 6358c)

Injurya

(n = 819c)
p-valueb

OAI subcohort, % (n) 0.006

 Progression 26.5 (1688) 31.4 (257)  

 Incidence 73.5 (4670) 68.6 (562)  

Male, % (n) 37.5 (2386) 32.0 (262) 0.002

Age at study inclusion (years) 62.0 ± 9.1 59.7 ± 9.0 ⩽ 0.001

Age at first injury (years) – 52.7 ± 9.0  

Time from first injuryd (years) – 7.1 ± 6.0  

 (n = 6353) (n = 819)  

BMI (kg/m2) 28.6 ± 4.8 29.1 ± 5.3 0.066

BMI ⩾27 kg/m2, % (n) 60.2 (3824) 61.4 (503) 0.709

PASE (0–793) 154.9 ± 80.8 163.3 ± 83.2 0.219

WOMACe  

 Pain (0–20) 2.1 ± 3.1 3.2 ± 3.6 ⩽ 0.001

 Function (0–68) 7.2 ± 10.3 10.0 ± 11.9 ⩽ 0.001

 Stiffness (0–8) 1.4 ± 1.6 1.9 ± 1.7 ⩽ 0.001

 Total (0–96) 10.6 ± 14.2 14.8 ± 16.4 ⩽ 0.001

Kellgren and Lawrence grade, % (n) (n = 5964) (n = 762) ⩽ 0.001

 0 41.4 (2469) 31.9 (243)  

 1 19.8 (1183) 17.3 (132)  

 2 26.1 (1559) 31.9 (243)  

 3 11.1 (664) 15.6 (119)  

 4 1.5 (89) 3.3 (25)  

 (n = 3864) (n = 563)  

JSW (mm) 4.2 ± 1.2 4.1 ± 1.3 ⩽ 0.001

Cartilage volume (mm³) (n = 5732) (n = 732)  

 Medial compartment 4792.6 ± 1459.0 4676.9 ± 1378.6 0.400

 Lateral compartment 5182.0 ± 1452.0 5117.1 ± 1463.4 0.537

Meniscal extrusionf, % (n) (n = 6312) (n = 812)  

 Medial 9.0 (571) 11.5 (93) 0.002

(Continued)
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compartments, which reached statistical differ-
ences in the latter.

In knees with osteoarthritis (KL 1–4) at study inclu-
sion (Table 2), the injury group showed higher 
WOMAC scores, percentage of knees with more 
severe KL (2–4) grades and incidence of medial 
meniscal extrusion, a slightly smaller JSW and a 
lower cartilage volume in the medial compartment.

As expected in knees with no osteoarthritis 
(KL = 0; Supplemental Table S2), the injury 
group showed mild WOMAC scores but signifi-
cantly more pronounced than the non-injury 
group, and knees had a minimal increase in carti-
lage volume in the lateral compartment.

Changes at 96 months in clinical and imaging 
characteristics
The main findings for the changes at 96 months 
were that the injury group (injury prior to study 
inclusion) had a worsening of the WOMAC 
scores and, in the medial compartment, a greater 
loss in JSW and cartilage volume, an increase in 
the incidence of meniscal extrusion and BML size 
(Table 3; results of changes at other times over 
the follow-up are presented in Supplemental 
Table S3).

The changes at 96 months were further analysed 
to identify and discriminate the role of injury on 
osteoarthritis outcomes based on whether the 
injury was encountered before (no injury and 
injury) and after (no new injury and new injury) 
inclusion into the study (Table 4 and Supplemental 
Table S4). On average, the first new knee injury 
occurred at 50.0 ± 27.8 months after study inclu-
sion. Notably, the percentage of knees with new 
injury in the injury group (23%) was about dou-
ble compared with the no-injury group (13%). 
The occurrence of new injuries between visits and 
within each group was in a similar range (new 
injury 24–48 months, 218; 48–72 months, 182; 
and 72–96 months, 175) and injury group (new 
injury 24–48 months, 40; 48–72 months, 44; and 
72–96 months, 29; Supplemental Table S4). In 
knees that had no injury before study inclusion, 
those experiencing a new injury after inclusion 
had a greater increase in WOMAC scores, loss of 
JSW, medial BML size and loss of cartilage vol-
ume and incidence of meniscal extrusion in both 
compartments. These changes were progressive 
over time for the finding regarding the loss of JSW 
and cartilage volume and incidence of meniscal 
extrusion in the medial compartment. In knees 
with injury at study inclusion, those who experi-
enced a new injury had similar findings as those 
found in the no injury group, with the exception 

No injury
(n = 6358c)

Injurya

(n = 819c)
p-valueb

 Lateral 1.0 (65) 1.2 (10) 0.374

BML volume (%) (n = 5729) (n = 729)  

 Medial compartment 0.9 ± 2.6 1.0 ± 2.6 0.277

 Lateral compartment 0.7 ± 2.6 0.7 ± 2.0 0.712

BMI, body mass index; BML, bone marrow lesion; JSW, joint space width; OAI, Osteoarthritis Initiative; PASE, Physical 
Activity Scale for the Elderly; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
Data are mean ± standard deviation, percentage (%) or number of knees (n).
aFirst injury occurred ⩽20 years prior to study inclusion. Knees may have one or more injuries. Knees with prior surgery 
were excluded.
bComparison of characteristics between injury and no injury groups was performed using a generalized linear mixed 
model adjusted for age, gender, BMI at study inclusion and for correlation between knees within-person.
cNumber of knees studied in the group.
dCalculated as difference (in years) between age at study inclusion and age at first injury.
eWOMAC questionnaire was self-administered: higher WOMAC scores indicate more symptoms and greater functional 
impairment.
fMeniscal extrusion scored as absence or presence of a partial or complete extrusion in any of the three segments of 
medial or lateral meniscus.
The p-values in bold indicate statistical significance (p < 0.050).

Table 1. (Continued)
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Table 2. Demographic, clinical and imaging characteristics of knees with osteoarthritisa at study inclusion.

No injury
(n = 3495d)

Injuryb

(n = 519d)
p-valuec

OAI subcohort, % (n) 0.658

 Progression 37.1 (1296) 38.7 (201)  

 Incidence 62.9 (2199) 61.3 (318)  

Male, % (n) 35.6 (1243) 31.6 (164) 0.133

Age at study inclusion (years) 63.4 ± 8.9 60.7 ± 8.7 < 0.001

Age at first injury (years) – 53.9 ± 10.2  

Time from first injurye (years) – 6.8 ± 5.9  

 (n = 3491) (n = 519)  

BMI (kg/m²) 29.4 ± 4.7 29.9 ± 5.3 0.490

BMI ⩾27 kg/m2, % (n) 60.2 (3824) 61.4 (503) 0.512

PASE (0–793) 149.6 ± 78.6 161.9 ± 78.9 0.096

WOMACf

 Pain (0–20) 2.4 ± 3.3 3.4 ± 3.6 < 0.001

 Function (0–68) 8.4 ± 10.9 10.8 ± 11.9 < 0.001

 Stiffness (0–8) 1.5 ± 1.6 2.0 ± 1.7 < 0.001

 Total (0–96) 12.4 ± 15.1 15.9 ± 16.3 < 0.001

Kellgren and Lawrence grade, % (n) (n = 3495) (n = 519) < 0.001

 1 33.8 (1183) 25.4 (132)  

 2 44.6 (1559) 46.8 (243)  

 3 19.0 (664) 22.9 (119)  

 4 2.5 (89) 4.8 (25)  

 (n = 2979) (n = 467)  

JSW (mm) 4.1 ± 1.3 4.0 ± 1.3 0.001

Cartilage volume (mm³) (n = 3332) (n = 490)  

 Medial compartment 4844.0 ± 1495.8 4653.2 ± 1348.6 0.007

 Lateral compartment 5264.9 ± 1496.9 5132.0 ± 1465.1 0.140

Meniscal extrusiong, % (n) (n = 3471) (n = 514)  

 Medial 12.0 (417) 14.4 (74) 0.018

 Lateral 1.7 (58) 1.9 (10) 0.353

(Continued)
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of an increase in BMI, and no differences were 
found in some of the structural alterations, includ-
ing the loss of cartilage volume and the incidence 
of meniscal extrusion in the lateral compartment, 
and BML size in the medial compartment. Of 
note, a meniscal extrusion in the lateral compart-
ment was found only in a few knees.

In addition, comparisons were also carried out 
according to the number of new injuries (one and 
more than one), and analyses were made on knees 
for whom that information was available for all 
time points. Data showed that a small number of 
knees that had a new injury experienced more 
than one injury over the years (Supplemental 
Table S5). For those, most of the knees experi-
enced two to three injuries. Knees with multiple 
new injuries (more than one) but no injury at 
study inclusion experienced an increase in the 
incidence of medial meniscal extrusion. A wors-
ening of symptoms (all WOMAC subscores) was 
found for knees with and without injury at study 
inclusion.

Risk factors associated with the  
occurrence of knee arthroplasty
Knee arthroplasty occurred at an average of 
61 months after study inclusion, which is similar 
whether knees experienced an injury before or 

after study inclusion (Supplemental Table S6). 
Data showed that knees with or without a previ-
ous injury at study inclusion and with no new one 
at 96 months had a low incidence of knee arthro-
plasty (about 3–4%). However, for both no-
injury and injury groups, for those who suffered a 
new injury, the incidence of knee arthroplasty 
was increased by about 2.7 times compared with 
those without new injury (10.6% compared with 
3.9%).

The impact of several independent risk factors (at 
study inclusion and during follow-up) on the 
occurrence of a knee arthroplasty over time was 
further studied. Data demonstrated (Table 5) 
that new meniscal extrusion and new injury had 
the highest HRs, followed by the presence of 
meniscal extrusion at study inclusion, age and 
BMI (all p ⩽ 0.001).

Discussion
This cohort study extends on a previous report28 
in providing new information from an older pop-
ulation about the role of knee injury as a risk fac-
tor for osteoarthritis incidence and progression 
over a prolonged period. This study also aimed at 
documenting knee structural changes that can 
predict a major osteoarthritis hard outcome, knee 
arthroplasty, to classify these patients for tailoring 

No injury
(n = 3495d)

Injuryb

(n = 519d)
p-valuec

BML volume (%) (n = 3328) (n = 488)  

 Medial compartment 1.1 ± 2.8 1.2 ± 2.9 0.256

 Lateral compartment 0.7 ± 2.4 0.5 ± 2.0 0.662

BMI, body mass index; BML, bone marrow lesion; JSW, joint space width; OAI, Osteoarthritis Initiative; PASE, Physical 
Activity Scale for the Elderly; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
Data are mean ± standard deviation, percentage (%), or number (n) of knees.
aKnee osteoarthritis: knees with KL 1–4.
bFirst injury occurred ⩽20 years prior to study inclusion. Knees may have one or more injuries. Knees with prior surgery 
were excluded.
cComparison of characteristics between injury and no injury groups was performed using a generalized linear mixed 
model adjusted for age, gender, BMI at study inclusion and for correlation between knees within-person.
dNumber of knees studied in the group.
eCalculated as difference (in years) between age at study inclusion and age at first injury.
fWOMAC questionnaire was self-administered: higher WOMAC scores indicate more symptoms and greater functional 
impairment.
gMeniscal extrusion: scored as absence or presence of a partial or complete extrusion in any of the three segments of 
medial or lateral meniscus.
The p-values in bold indicate statistical significance (p < 0.050).

Table 2. (Continued)
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Table 3. Changes at 96 months in clinical and imaging characteristics according to history of knee injury 
before study inclusion.

No injury Injurya p-valueb

 (n = 5219c) (n = 662c)

PASE (Δ%) 5.5 ± 92.5 9.1 ± 223.4 0.217

 (n = 4053) (n = 655)  

BMI (Δ) 0.2 ± 2.4 0.2 ± 2.5 0.741

WOMAC scoresd (Δ) (n = 5136) (n = 655)  

 Pain (0–20) 0.0 ± 3.2 −0.3 ± 3.7 0.002

 Function (0–68) 0.1 ± 10.0 0.1 ± 11.1 0.001

 Stiffness (0–8) −0.1 ± 1.6 −0.2 ± 1.7 0.006

 Total (0–96) 0.0 ± 13.8 −0.2 ± 15.5 ⩽ 0.001

 (n = 2352) (n = 330)  

JSW (Δ%) −15.3 ± 23.9 −17.9 ± 27.1 0.039

Cartilage volume (Δ%) (n = 2884) (n = 389)  

 Medial compartment −9.3 ± 12.2 −11.4 ± 14.9 ⩽ 0.001

 Lateral compartment −7.2 ± 9.9 −7.8 ± 10.2 0.115

Meniscal extrusions (Δ%)e (n = 3243) (n = 429)  

 Medial 7.9 (255) 10.7 (46) 0.017

 Lateral 1.2 (40) 0.9 (4) 0.093

BML volume (Δ%) (n = 3026) (n = 406)  

 Medial compartment −0.03 ± 2.20 −0.02 ± 2.04 0.049

 Lateral compartment 0.42 ± 2.31 0.50 ± 2.12 0.595

BMI, body mass index; BML, bone marrow lesion; JSW, joint space width; PASE, Physical Activity Scale for the Elderly; 
WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
Data are mean ± standard deviation and percentage (%) in each group; n, number of knees.
Δ: difference between value at 96 months and study inclusion value.
Δ%: relative difference (Δ divided by study inclusion value).
aFirst injury occurred ⩽20 years prior to study inclusion. Knees may have one or more injuries. Knees with prior surgery 
were excluded.
bThe p-values were calculated from mixed model for repeated measurements (MMRM) adjusted for correlation between 
knees within-person with selected continuous variable at 96-month follow-up as response, injury, follow-up and injury by 
follow-up as fixed factors, subject and error terms as random factors, and age, gender, BMI and medial meniscal extrusion 
at study inclusion as covariates, as well as the selected continuous variable at study inclusion. For meniscal extrusion, p-
values were calculated from generalized estimating equation (GEE) adjusted for correlation between knees within-person 
with selected categorical variable at 96-month follow-up as response, injury, follow-up and injury by follow-up as fixed 
factors, subject and error terms as random factors, and age, gender, BMI and medial meniscal extrusion at study inclusion 
as covariates as well as the meniscal extrusion at study inclusion.
cNumber of knees studied in the group.
dWOMAC questionnaire was self-administered: higher WOMAC scores indicate more symptoms and greater functional 
impairment.
eNew meniscal extrusion after study inclusion. Meniscal extrusion: scored as absence or presence of partial or complete 
extrusion in any of the three segments of the medial or lateral meniscus.
The p-values in bold indicate statistical significance (p < 0.050).
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Table 4. Change at 96 months in clinical and imaging characteristics according to the history of knee injury.

No injury
(n = 6134b)

Injurya

(n = 795b)
 

No new injury New injuryc No new injury New injuryc  

(n = 5330) (n = 804) p-valued (n = 610) (n = 185) p-valued

PASE (Δ%) 7.2 ± 95.6 −4.5 ± 70.6 0.492 14.1 ± 255.6 −5.4 ± 64.8 0.925

(n = 3482) (n = 571) (n = 396) (n = 125)

BMI (Δ) 0.2 ± 2.3 0.4 ± 2.7 0.077 0.1 ± 2.5 0.6 ± 2.7 0.015

WOMAC scorese(Δ) (n = 4413) (n = 711) (n = 489) (n = 163)

 Pain (0–20) −0.0 ± 3.1 0.4 ± 4.0  ⩽ 0.001 −0.4 ± 3.6 0.3 ± 4.0 ⩽ 0.001

 Function (0–68) −0.1 ± 9.7 1.8 ± 12.0  ⩽ 0.001 −0.8 ± 10.2 2.5 ± 12.9 ⩽ 0.001

 Stiffness (0–8) −0.1 ± 1.6 0.1 ± 1.8  ⩽ 0.001 −0.3 ± 1.6 0.0 ± 1.8 ⩽ 0.001

 Total (0–96) −0.3 ± 13.3 2.2 ± 16.8  ⩽ 0.001 −1.3 ± 14.5 3.3 ± 17.6 ⩽ 0.001

(n = 1974) (n = 364) (n = 250) (n = 80)

ΔJSW (%) −14.4 ± 23.2 −20.4 ± 27.2  ⩽ 0.001 −14.5 ± 26.4 −28.8 ± 26.6 ⩽ 0.001

Cartilage volume (Δ%) (n = 2489) (n = 395) (n = 301) (n = 88)

 Medial compartment −9.0 ± 11.7 −13.3 ± 14.8  ⩽ 0.001 –10.8 ± 15.0 −13.7 ± 14.7 0.011

 Lateral compartment −7.0 ± 9.7 −8.4 ± 10.9 0.012 −7.6 ± 10.0 −8.5 ± 10.9 0.083

Meniscal extrusions (Δ%)f (n = 2798) (n = 445) (n = 332) (n = 97)

 Medial 6.9 (194) 13.7 (61)  ⩽ 0.001 9.3 (31) 15.5 (15) 0.030

 Lateral 1.1 (32) 1.8 (8) 0.015 0.9 (3) 1.0 (1) 0.945

BML volume (Δ%) (n = 2609) (n = 416) (n = 313) (n = 93)

 Medial compartment −0.08 ± 2.18 0.27 ± 2.20  ⩽ 0.001 −0.01 ± 2.00 −0.07 ± 1.86 0.852

 Lateral compartment 0.41 ± 2.33 0.51 ± 2.13 0.060 0.54 ± 2.08 0.34 ± 2.24 0.205

BMI, body mass index; BML, bone marrow lesion; JSW, joint space width; PASE, Physical Activity Scale for the Elderly; WOMAC, Western Ontario 
and McMaster Universities Osteoarthritis Index.
Data are mean ± standard deviation and percentage (%) of knees in each group; n, number of knees.
Δ: difference between value at 96 months and study inclusion value.
Δ%: relative difference (Δ divided by study inclusion value).
aFirst injury occurred ⩽20 years prior to study inclusion. Knees may have one or more injuries. Knees with prior surgery were excluded.
bNumber of knees studied in the group.
cOccurrence of new injury after the study inclusion. Knees may have one or more new injuries.
dComparisons are made between no new injury and new injury groups; p-values were calculated from mixed model for repeated measurements 
(MMRM) adjusted for correlation between knees within-person with selected continuous variable at 96-month follow-up as response, injury, follow-
up and injury by follow-up as fixed factors, subject and error terms as random factors, and age, gender, BMI and medial meniscal extrusion at 
study inclusion as covariates as well as the selected continuous variable at study inclusion. For meniscal extrusion, p-values were calculated from 
generalized estimating equation (GEE) adjusted for correlation between knees within-person with selected categorical variable at 96-month follow-
up as response, injury, follow-up and injury by follow-up as fixed factors, subject and error terms as random factors, and age, gender, BMI and 
medial meniscal extrusion at study inclusion as covariates as well as the selected continuous variable at study inclusion.
eWOMAC questionnaire was self-administered: higher WOMAC scores indicate more symptoms and greater functional impairment.
fNew meniscal extrusion after study inclusion. Meniscal extrusion: scored as absence or presence of a partial or complete extrusion in any of the 
three segments of medial or lateral meniscus.
The p-values in bold indicate statistical significance (p < 0.050).
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decisions and treatments, thus improving their 
quality of life.

Our data showed that knees that experienced a 
nonsurgical injury in years (± 20) prior to study 
inclusion, about 7 years on average, had an 
increased incidence and severity of knee osteoar-
thritis development, including greater symptoms 
and structural changes. Moreover, a new injury 
after inclusion was demonstrated to be a major 
factor favouring osteoarthritis development at 
both symptomatic and structural levels, as well as 
being among the most important independent 
risk factors for knee arthroplasty. Importantly, 
those changes were found to be more severe in 
knees having repeated new injuries.

Structural changes in the knee having an injury 
before study inclusion had a higher incidence 
level of medial meniscal extrusion, cartilage vol-
ume loss, and BMLs providing, among others, an 
explanation of how an injury could be linked to 
knee osteoarthritis.

One of the study’s aims was to explore whether a 
past injury could be an independent predictive 
risk factor for osteoarthritis incidence and pro-
gression. We restricted to events that occurred 

within 20 years prior to inclusion to ensure relia-
ble information. An individual remembering hav-
ing a knee injury before such a period would have 
been challenging and could have compromised 
the findings. Moreover, knees that had surgery 
due to injuries were excluded, and information is 
available in the literature regarding their associa-
tion with osteoarthritis.29–33

This work showed that knees experiencing a non-
surgical injury(ies) in the 20 years prior to inclu-
sion definitively had a greater incidence of 
radiological osteoarthritis (KL score ⩾1), which 
were of a more severe grade (higher score), a find-
ing in line with the smaller JSW and a smaller car-
tilage volume in the medial compartment seen in 
that group. Moreover, as reported, these knees 
also had an increased incidence of medial menis-
cal extrusion, which could be responsible for 
greater disease severity and symptoms.34

The role played by an injury occurring after study 
inclusion, a new injury, was also an important 
question that needed to be explored. To this end, 
the cohort was followed for 96 months after study 
inception, allowing for a longitudinal apprecia-
tion of the clinical and structural changes over 
time. Knees with a history of injury at study 

Table 5. Independent risk factors associated with the occurrence of knee arthroplasty.a

HR [95% CI] p-valueb

New meniscal extrusionc 3.69 [2.62–5.21] ⩽ 0.001

New injuryd 2.86 [2.05–3.99] ⩽ 0.001

Meniscal extrusion at inclusion 2.47 [1.88–3.26] ⩽ 0.001

Injury at study inclusione 1.27 [0.92–1.74] 0.143

Age (by year) 1.04 [1.03–1.05] ⩽ 0.001

Male 0.81 [0.64–1.03] 0.089

BMI (by kg/m2) 1.05 [1.02–1.07] ⩽ 0.001

BMI, body mass index, CI, confidence interval; HR, hazard ratio.
aOccurrence of a knee arthroplasty at any time after study inclusion (see Supplemental Table S6).
bMultivariable Cox regression model with a robust sandwich covariance matrix estimate to account for correlation between 
knees.
cNew meniscal extrusion after study inclusion. Meniscal extrusion: scored as absence or presence of a partial or complete 
extrusion in any of the three segments of medial or lateral meniscus.
dOccurrence of one or more new injury at any time after study inclusion.
eFirst injury occurred ⩽20 years prior to study inclusion. Knees may have one or more injuries. Knees with prior surgery 
were excluded.
The p-values in bold indicate statistical significance (p < 0.050).
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inclusion presented over time a greater increase in 
the severity of both symptoms and structural 
changes and, more specifically for the latter, in 
the medial compartment. More severe structural 
alterations in the medial compartment were 
expected and supported the notion that this com-
partment is within the first to be altered in older 
adult osteoarthritis patients.35,36 Moreover, new 
knee injury(ies) exacerbated the extent of symp-
toms and structural changes. Hence, knees with 
no injury at inclusion but experiencing new inju-
ries showed higher osteoarthritis structural altera-
tions in both medial and lateral meniscal extrusion 
and cartilage volume loss, as well as an increased 
medial BML size. These data concur with studies 
reporting that a medial meniscal lesion is a strong 
risk factor for the occurrence of lateral lesions,37,38 
in addition to those reporting that meniscal extru-
sion and BML predict incident and progressive 
knee osteoarthritis.26,28,39–41 The increased BML 
size may have been a direct consequence of a 
bone injury, a meniscal extrusion and a possible 
rupture of the anterior cruciate ligament.42–45 Of 
note, knees with a history of injury at inclusion 
showed an increase in BMI and meniscal extru-
sion incidence and cartilage volume loss only in 
the medial compartment. The increased BML 
size in the medial compartment in the group hav-
ing no injury at inclusion but with new injury on 
knees over time extends on previous observa-
tions.28 It could explain, at least in part, a link 
with a knee arthroplasty through a more pro-
nounced worsening in disease symptoms and loss 
of cartilage, which are both known to be associ-
ated with BML.28,46 The increase in BMI may 
have been an additional contributing factor to an 
increased risk for a worse disease outcome in 
these participants. Globally, these findings 
strongly suggest that the occurrence of new injury 
is a strong risk factor for inducing osteoarthritis 
and exacerbating a pre-existing osteoarthritic 
condition in those with a prior injury, which will 
negatively impact the disease outcome.

Another important question was to explore 
whether the number of injuries could have influ-
enced the above findings. Data indicate that 
repeated new injuries are a greater risk than a sin-
gle new injury for worsening of osteoarthritic 
symptoms and progression of structural damage, 
as demonstrated by a higher loss of JSW and 
greater incidence of meniscal extrusions. As noted 
in the ‘Results’ section, the number of knees 
showing lateral meniscal extrusions is small; 

therefore, caution should be exercised in inter-
preting these data. These findings on new injuries 
contrast with those regarding the impact of injury 
encountered before study inclusion. The differ-
ence could be ascribed to having a better accuracy 
of the collected information in this study and the 
fact, as mentioned in the text, that knees with sur-
gery were excluded from the study cohort and 
could have been more prone to experience multi-
ple injuries.

New meniscal extrusion followed by a new injury 
and meniscal extrusion at study inclusion were 
the strongest independent risk factors for knee 
arthroplasty. This finding concurs with the data 
that about twice as many meniscal extrusions 
were found in knees with a new injury, particu-
larly in those experiencing multiple new injuries. 
However, as the number of knees having meniscal 
extrusion, particularly in the lateral compart-
ment, was low, it prevented us from evaluating 
their impact on knee arthroplasty. Although of 
moderate importance but reaching statistical sig-
nificance, age and BMI were also associated with 
knee arthroplasty supporting and expanding pre-
vious reports.1,13

The findings of this study are new as it relates to 
knee injuries in an older adult population, are not 
associated with a sports injury and are obviously 
part of real-life events in a population at risk of or 
with knee osteoarthritis. Moreover, data of 
repeated new injury being associated with greater 
worsening in severity of symptoms and structural 
modifications have, to our knowledge, not been 
reported previously in such a cohort, even in cases 
of accelerated knee osteoarthritis.10 The use of 
MRI data, in which the exams were conducted at 
regular intervals during the follow-up, strength-
ened this work, as this methodology is very sensi-
tive to knee structural alterations and their 
changes, which could be detected before other 
imaging-based technologies.47

Data from this work bring into perspective and 
reinforce the important role that prevention could 
play in reducing the risk of subsequent knee oste-
oarthritis. Not forgetting that in some cases, a sin-
gle knee injury could be a risk factor for the 
development of accelerated knee osteoarthritis, 
an aggressive form of rapidly progressive and 
destructive knee osteoarthritis.10 In addition, data 
will be beneficial in clinical practice, as they will 
assist in identifying individuals at greater risk of a 
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significant disease progression and worst disease 
outcome. Thus, any condition that has a destabi-
lizing effect on the knee, such as meniscal tear/
extrusion, malalignment and overweight, to name 
a few, need to be managed accordingly.

We acknowledge that there are limitations. As our 
primary variable was the history of a knee injury 
associated with an increased risk for osteoarthri-
tis, one could, at first sight, believe that it was 
already studied. Previous studies8,9,48 may have 
overestimated this relationship as people with 
symptomatic osteoarthritis may more likely 
remember a past injury or interpret early osteoar-
thritic symptoms as indicative of a past joint 
injury.

Another potential limitation is assessing the time 
of injury as probed per the participant’s question-
naire. The longer the duration from time to injury 
to study inception, especially if an intraarticular 
surgical procedure had been done, could have 
impacted (positively or negatively) its association 
with future knee osteoarthritic symptoms and 
damage. However, we felt that no skewness was 
expected, as participants with a surgical proce-
dure associated with such trauma and those with 
an injury beyond 20 years were excluded.

In addition, the type of injury, and not simply its 
occurrence, could have been a factor impacting 
the probability of osteoarthritis incidence and 
progression and is relevant information that is not 
captured by the questionnaire. Such information, 
especially injury implying shear force, might have 
been very informative as they have been demon-
strated to yield an osteoarthritis phenotype 
labelled as ‘mechano-inflammatory’, which is 
prone to more cartilage damage versus a pure 
compressive force which in contrast is promoting 
its repair.49

Additional structural changes that can be associ-
ated with injury, such as synovitis, joint malalign-
ment and instability, were not investigated in this 
study and may have been possible additional con-
tributing factors.28,50–53

A limitation of the OAI database resides in the 
lack of information on the disease duration. It 
was, therefore, impossible to predict the time 
between injury occurrence and subsequent knee 
osteoarthritic symptoms/radiological onset nor to 

identify confounding factors that may influence 
the rate of post-traumatic osteoarthritis 
appearance.

Per the study design, we defined the progression 
of osteoarthritis using continuous variables 
(symptoms and structure) modifications over 
time and not predetermined cut-offs such as using 
plain radiography and KL grade changes as 
already reported.48,54 Although the absence of a 
cut-off may make the clinical relevance of the 
structural progression of osteoarthritis more chal-
lenging to interpret, such a design was mainly 
done to gain statistical power. However, it is 
agreed that any osteoarthritic clinical and struc-
tural progression factors over a long period of 
time are most likely deleterious. In contrast, we 
have chosen a ‘hard’ outcome, knee arthroplasty, 
in which data support all our findings except the 
injury history prior to study inclusion, which 
could have been due to statistical power. 
Moreover, the chosen outcome also raises its lim-
itation since the need for surgery is a known issue 
concerning procedure indication and access, such 
as socioeconomic, comorbidities and patient pref-
erences, to name a few.

Medication usage (analgesics, NSAIDs, intraar-
ticular injections of steroids and hyaluronan) was 
excluded in this study, recognizing that such may 
confound knee symptom intensity upon database 
entry and change over time. Unfortunately, the 
OAI database does not permit which treatment, if 
any, was provided at the time and after the injury, 
which in turn may potentially mitigate the inci-
dence and progression of osteoarthritis over time. 
However, as we have already explored the effect 
of medication on knee OA progression/knee 
replacement through two large case–control stud-
ies27,28 and since no causal relationship was found, 
such information was not deemed to be relevant 
in this study.

Finally, our study was performed on a single lon-
gitudinal cohort, the OAI, using individuals from 
the United States. The inclusion of participants 
for the studied (Progression and Incident) subco-
horts was based on the probability that osteoar-
thritis may occur over time according to specific 
risk factors. This may not entirely mirror what is 
expected from the general osteoarthritis popula-
tion, for instance, in other countries, and thus 
may impact the generalizability of our results. 
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Other similar analyses performed on different 
data sets from another country yielding similar 
results would further enhance the confidence of 
our findings.

Conclusion
In summary, this study provides new findings in 
support of nonsurgical knee injury in an older 
population being associated with the incidence/
progression of this chronic degenerative disease – 
knee osteoarthritis and the occurrence and 
increased risk of knee arthroplasty. The meniscal 
extrusions, and more particularly new ones, and 
new injuries were found to be highly associated 
and independent risk factors for the incidence of 
knee arthroplasty, as well as recent and repeat 
injury being of great consequence for more severe 
osteoarthritis symptoms and structural damages. 
Also associated with new injury was an increase in 
BML size, a factor known to intensify the severity 
of disease symptoms and disease progression, 
which are key factors for a worse disease progno-
sis. Our findings are clinically relevant and sup-
port the role of prevention to counteract or reduce 
the occurrence of post-traumatic knee osteoar-
thritis harmful events, a condition known to 
reduce the quality of life in older adults. Moreover, 
these data introduce a novel source of decision 
support in precision medicine that will help to 
improve the identification of individuals at greater 
risk of significant disease progression and worst 
disease outcome for a customized treatment plan.
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