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Objective—To estimate the lifetime risk of knee osteoarthritis (OA) and total knee replacement 

(TKR) in persons sustaining ACL tear by age 25.

Methods—We used the Osteoarthritis Policy Model to project the cumulative incidence of 

symptomatic knee OA requiring TKR in persons with: 1) no prevalent or incident injury; 2) 

isolated ACL tear, surgically treated; 3) isolated ACL tear, non-operatively treated; or 4) prevalent 

history or surgically treated ACL and meniscal tear (MT). We estimated MT prevalence and 

incidence and increased risk of knee OA associated with ACL injury and MT from published 

literature. We conducted a range of sensitivity analyses to examine the impact of uncertainty in 

input parameters.

Results—Estimated lifetime risk of symptomatic knee OA was 34% for the cohort with ACL 

injury and MT, compared to 14% for the no injury cohort. ACL injury without MT was associated 

with a lifetime risk of knee OA between 16%–17%, depending on ACL treatment modality. 

Estimated lifetime risk of TKR ranged from 6% in the no injury cohort to 22% for the ACL injury 

and MT cohort. Subjects in the ACL injury and MT cohort developed OA ~1.5 years earlier (55.7 

vs. 57.1) and underwent TKR ~2 years earlier (66 vs. 68) than the cohort without knee injuries.

Conclusions—Sustaining ACL injury early in adulthood leads to greater lifetime risk and earlier 

onset of knee OA and TKR; concomitant MTs compound this risk. These data provide insight into 

the impact of sustainable injury prevention interventions in young adults.

Introduction

The knee is one of the most common sites of severe injury, and the prevalence of knee 

injuries is rising. The annual incidence of ACL injury is approximately 80 per 100,000 

inhabitants,1 mostly in active, younger persons2,3 and is increasing annually.4,5 ACL injury 

rates vary by age, gender, and sport, with reported annual incidence rates as high as 5% in 

competitive, year-round athletes.6 A large body of evidence suggests that a substantial 

proportion (40–70% or more) of ACL tears are accompanied by concomitant or subsequent 

meniscal tears (MT).7,8

These injuries have an enormous societal impact at the time of injury, resulting in reduced 

quality of life,9 productivity losses, and a substantial economic burden.10 They also have 

implications for the future: knee injuries, especially ACL injuries and MTs, are considered 

potent risk factors for the development of knee osteoarthritis (OA).11–13 The rising 

prevalence of these injuries, particularly in younger individuals, raises concerns regarding 

their impact on development of post-traumatic knee OA.

Several studies document that knee injuries, particularly those related to MT, are associated 

with increased likelihood of joint deterioration, resulting in OA. These studies are limited by 

small sample sizes or limited duration of observation.14–16 Thus, data estimating the lifetime 

risk of knee OA after ACL tear are inadequate.15,17 Given that ACL injury often occurs in 

the second and third decade of life, large-scale longitudinal studies of the consequences of 

these injuries are challenging. Model-based analyses allow synthesis of data from multiple 

sources, extrapolating beyond the limitations of time horizons, geographic settings, and 

target populations, thus providing valuable insights on the lifelong impact of these injuries; 

therefore, we performed a model-based analysis to forecast the lifetime risk of symptomatic 
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knee OA and the proportion of population eligible for total knee replacement (TKR) in 

persons with a complete ACL tear at age 25.

Materials and Methods

Overview

We used the Osteoarthritis Policy (OAPol) Model,18–20 a validated, widely published 

computer simulation model of knee OA natural history and management, to forecast lifetime 

risk of knee OA and TKR following injury in early adulthood. We examined four patient 

cohorts in order to quantify the varying effects of injury and treatment on development of 

radiographic symptomatic knee OA. Our control cohort experienced no knee injury 

throughout their lifetimes, providing a baseline OA risk to which all injury cohorts were 

compared. The three additional cohorts experienced a baseline ACL injury and differed in 

the presence of MT and modalities of treatment. One cohort sustained a concurrent MT and 

surgical treatment for their injuries. We recognize that MTs can be treated surgically through 

partial resection or repair or be left untreated; due to lack of data on the influence of 

treatment modality of MT in the presence of ACL tears on the subsequent development of 

OA, we combined patients with ACL tears and MTs into one cohort, regardless of MT 

treatment. The two remaining cohorts with baseline ACL tear and no MT differed in the 

treatment performed, with one cohort undergoing ACL reconstruction and the other 

receiving non-operative treatment for their ACL injury. We calculated the cumulative 

(lifetime) incidence of knee OA and TKR and quality-adjusted life-expectancies for each 

cohort. The details of the study population, simulation model, model input parameters, 

assumptions, and analyses are detailed below.

Study Population

To examine the relationships between knee injury, treatment, and development of subsequent 

knee OA, we generated four cohorts of hypothetical individuals aged 25 years, without OA 

at baseline:

1. Individuals without any injuries at baseline and remained free from knee-injury 

through their lifetimes (“No Injury Cohort”, referent group);

2. Individuals with a surgically treated (reconstructed) ACL tear without 

concomitant MT at baseline (“Surgically Treated ACL without MT Cohort”);

3. Individuals with non-operative treatment of ACL tear without concomitant MT 

(“Non-Operatively Treated ACL without MT Cohort”); and

4. Individuals with both an ACL tear and MT, treated surgically with ACL 

reconstruction, at baseline (“ACL with MT Cohort”).

While we recognize that treatment practices vary and therefore additional cohorts could have 

been included, data are currently lacking to inform additional model cohorts. Information 

regarding population demographics and model assumptions for each of the above cohorts is 

provided in the section describing input data.
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OAPol Model

The OAPol Model18–20 is a validated, state-transition computer simulation model that 

describes the natural history and clinical management of knee OA using a series of annual 

transitions between health states. Health states are defined by injury status, development of 

symptomatic and radiographic knee OA, and knee OA progression. The OAPol model is 

implemented as a Monte Carlo simulation, where a random number generator and a set of 

estimated probabilities are used to determine the pathway between health states that each 

simulated patient follows. The mechanism by which we modeled the impact of these knee 

injuries is shown in Appendix Figure 1. Subjects entered the simulation at age 25 without 

OA and either with or without ACL (surgically or non-surgically treated) or MT, depending 

on the cohort. After initialization, subjects could remain in their current health state, or 

transition to a new health state, where they could remain for some number of years before 

transitioning again. Each of these transitions is represented by arrows in the diagram and has 

a definable probability of occurring. Additionally, subjects can incur comorbidities, such as 

coronary heart disease or diabetes, and have a chance of death throughout the simulation. 

Incidence of knee OA was defined by Kellgren-Lawrence (K-L) grade 2 or higher on knee 

radiograph with concurrent knee pain. Subjects proceeded through different regimens in 

accordance with OA care treatment guidelines.21–23 Subjects with K-L grade 3 or 4 and 

knee pain were eligible for TKR. Each individual’s course is tracked until death, and 

multiple simulations are aggregated into estimates of population-based outcomes and costs. 

Further details of model specifications, validation, and data have been previously 

published.18–20

Input Parameters and Model Assumptions

Model input parameters are listed in Table 1 and summarized below.

Population Demographics—The baseline demographic characteristics, including 

distributions of sex, race/ethnicity, and comorbidity, were derived for non-obese 25 year olds 

from the National Health and Nutrition Examination Survey (NHANES) 2009–201024 and 

US Census Population Estimates 2012.25 Mortality was derived from 2010 CDC Life 

Tables.26

Prevalence and Incidence of ACL and MT—All three ‘ACL’ cohorts assumed 100% 

prevalence of ACL tear at baseline. Cohorts with history of isolated ACL injuries were at 

risk for incident MT. The risk for incident MT varied according to age and whether or not 

the individual had undergone ACL reconstruction at baseline.27,28 We derived rates of MT 

from a population-based study examining the incidence of meniscal injuries among active-

duty US service members between 1998–2006 and converted adjusted rates per 1000 

person-years into annual probabilities.29 Literature evaluating the risk of developing a 

subsequent MT in an ACL-deficient knee is limited. Using clinical expert consensus, we 

assumed that the probability of developing a subsequent MT was 50% greater in persons 

with an ACL-deficient knee. MT occurring in ACL-deficient persons below the age of 50 

were assumed to arise on the basis of joint laxity; whereas, MT occurring in older 

individuals was, conservatively, not attributed to ACL tears but rather to age-related 

degeneration of joint structures. Thus, to be conservative we explicitly incorporated the 
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increased risk of knee OA due to MT that occurred in young years (age 25); for those aged 

50 years or older, that risk was indirectly incorporated into underlying incidence rates of 

knee OA.30–33

Background OA Incidence and Progression—The probability of knee OA incidence 

in persons without injuries was derived by calibrating the model to prevalence data from the 

National Health Interview Survey (NHIS) from 2007–2008, with the results having been 

previously published.20 Annual OA progression rates (percentage of subjects who worsened 

in K-L grade in a year) ranged from 1.29% for non-obese K-L grade 3 males to 12.26% for 

obese K-L grade 2 males.19

Increase in OA Incidence and Progression Due to ACL and Meniscal Injuries—
While an association between ACL tears and knee OA has been established, the mechanism 

by which ACL tears impact OA incidence and progression is less clear.34–36 In the main 

analysis, we made the conservative assumption that OA incidence is not directly affected by 

ACL injuries.17,37,38 We recognize that injuries resulting in ACL tears may contribute to 

broader changes – chondral damage, inflammatory changes – that affect OA development, 

which we explored via sensitivity analyses. Conversely, based upon similar observational 

data, we assumed that MTs, either occurring concomitantly with ACL tear or developing 

over time, are associated with increased risks of OA incidence and progression.37–40 We 

further assumed that, while isolated ACL tears do not directly increase the risk of OA 

development,37 they do increase the risk of subsequent MTs, regardless of ACL treatment 

(with that increase varied according to the type of ACL treatment),27,33 thereby increasing 

the risk of OA development and progression.41 Thus, in the main analysis, all increased risk 

of OA due to ACL tear is mediated through the concurrent or subsequent MT. We examined 

the impact of these assumptions on the robustness of our projections in sensitivity analyses.

Data relating the impact of MT on knee OA and the prevalence of MT with ACL injuries are 

summarized in Table 1. Among cohorts with a MT (either concomitant to a baseline ACL 

injury or in a subsequent year), the risk of developing OA was assumed to be increased by a 

factor of 2.89 (95% CI 2.17 – 3.85) compared to the cohort without any ACL or meniscal 

injury.41 Likewise, OA progression was increased by a factor of 3.40 (95% CI 1.80 – 6.20) 

for cohorts with MTs compared to the cohort without injuries.42

Main Analysis

For our main analysis, we assumed injury exerted a continuous effect on OA incidence and 

progression over a person’s life. We calculated the cumulative (lifetime) incidence of knee 

OA and TKR. We also calculated quality-adjusted life-expectancies (QALEs), though 

differences in this outcome only varied in relationship to the impact of the injury on OA and 

TKR, rather than factoring in differences in other functional limitations due to the injury 

itself.

Sensitivity Analyses

Because of uncertainties in the relationship between ACL injuries and OA and MT, we 

included multiple sensitivity analyses to address potential vulnerabilities in the assumptions 
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employed in our main analysis. We performed one-way sensitivity analyses varying: OA 

incidence and progression rates following MT, MT incidence rates in reconstructed and 

unreconstructed ACL tears, increased risk of subsequent MT in ACL-deficient knees, and 

increased risk of OA incidence and progression following ACL tear (zero in the main 

analysis). In addition, we performed several multi-way sensitivity analyses to examine the 

interrelationship between input parameters, including: 1) varying OA incidence rate 

following ACL tear simultaneous to OA incidence rate following MT and 2) varying MT 

incidence rate simultaneous to OA incidence rate following MT. The inputs used for these 

analyses were based on reasonable variances found in published literature and can be found 

in Table 1.

Ethics Statement

The study was approved by the Institutional Review Board of Brigham & Women’s 

Hospital.

Results

Lifetime Risk of Symptomatic Knee OA and TKR (Table 2)

In the cohort without baseline or subsequent knee injuries (No Injury Cohort), the lifetime 

cumulative incidence of symptomatic knee OA was estimated at 13.5%. Subjects who 

experienced both an ACL tear and a MT by age 25 (ACL with MT Cohort) were 2.5 times 

more likely to develop OA, with 34.2% (95% CI 26.8% – 41.7%) developing knee OA over 

their lifetime and 25.2% (95% CI 19.2% – 31.2%), by age 65 (Figure 1). For the cohort with 

surgically treated ACL tears and no baseline MT (Surgically Treated ACL without MT 

Cohort), the cumulative lifetime risk of developing knee OA was estimated at 16.2% (95% 

CI 15.2% – 17.2%). The estimated risk was somewhat higher at 17.3% (95% CI 15.9% – 

18.8%) in Non-operatively Treated ACL without MT Cohort subjects.

In the No Injury Cohort, 6.0% of the population underwent TKR surgery. In comparison, the 

ACL with MT Cohort was nearly four times higher, with 22.3% (95% CI 16.8% – 27.9%) 

undergoing TKR and 3.9% (95% CI 2.7% – 5.1%) experiencing revision TKR. The Non-

operatively Treated ACL without MT Cohort had a lifetime TKR risk of 8.9% (95% CI 7.9% 

– 10.0%), while the Surgically Treated ACL without MT Cohort had an estimated risk of 

8.0% (95% CI 7.3% – 8.8%).

Sensitivity analyses

Figure 2 presents two tornado diagrams displaying key one-way sensitivity analyses in the 

Surgically Treated ACL without MT Cohort. Among this cohort, varying the assumption 

that ACL tears directly influence OA incidence had the largest impact on lifetime risk of (A) 

symptomatic knee OA and (B) TKR. In the main analysis, we assumed ACL tears did not 

directly influence the development of OA. When we assumed that the impact of ACL tears 

on OA incidence was equal to the impact of MT (a relative risk of 2.89), the lifetime risk of 

developing knee OA increased from 16.2% to 35.7%. Increasing the direct influence of ACL 

tears on OA incidence also resulted in an increase in the proportion of the cohort undergoing 

TKR, ranging from 8.0% in the main analysis to 18.4% when ACL tears were assigned 
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equal influence on OA incidence to MT. Further, varying the impact of MT on OA incidence 

had a large effect on OA risk and TKR rates, with the parameter carrying the next largest 

effect being the overall incidence rate of subsequent MT. The relationship between ACL or 

MT and OA progression was less profound than for OA incidence. Increasing the impact of 

ACL tears on OA progression increased the proportion of the population undergoing TKR 

from 8.0% in the main analysis to 10.3%. Increasing the impact of MT on OA progression 

resulted in less than a 0.5% absolute difference in the proportion of TKRs.

Figure 3 depicts the results of a two-way sensitivity analysis evaluating the influence of ACL 

and MT on OA incidence and the resulting impact on cumulative lifetime risk of 

symptomatic OA. For cohorts without MT at baseline (Non-Operatively Treated ACL 

without MT and Surgically Treated ACL without MT Cohorts), increasing the influence of 

ACL tears on OA incidence had a greater impact on lifetime OA risk than increasing the 

influence of MT on OA incidence. Conversely, in the ACL with MT Cohort, increasing the 

influence of MT on OA incidence had a greater impact on lifetime OA risk than increasing 

the influence of ACL tears. On the other hand, the influence of simultaneously increasing 

the relative risk of OA development directly due to MT and the annual MT incidence rate 

were similar regardless of whether the patients had baseline MTs or not (Figure 4).

Discussion

We used simulation modeling to estimate the cumulative incidence of knee OA and the 

proportion of the population undergoing TKR following ACL injury with or without 

concomitant MT in young adults. We found that an early ACL injury with a concomitant 

MT led to an estimated lifetime risk of knee OA of 34%. Preventing just half of these 

injuries would reduce the number of persons with OA by about 10%. Cohorts sustaining 

ACL injury without concomitant MT had estimated lifetime risks of knee OA of 16% to 

17%, depending on ACL treatment modality. Similarly, the risk of TKR was 22% in the 

ACL and MT cohort – nearly four times greater than the no injury cohort – such that 

reducing half of these injuries would lead to 8% fewer TKR surgeries.

Our results over the shorter duration are consistent with prior systematic reviews of OA after 

knee injuries, which reported a prevalence of knee OA for subjects with isolated ACL injury 

of 0% to 13% at 10 years after initial injury. Additionally, the review by Oiestad and 

colleagues suggests a risk of knee OA of 21% to 48% for patients with combined ACL and 

meniscal injuries.17 The results of the analyses we present are also consistent with the 

overall lifetime risk of symptomatic knee OA of 14%, which was established using a cohort 

with the same starting age.20 An additional analysis by Murphy and colleagues43 reports the 

lifetime risk of knee OA at 57% for those with history of knee injury; while our estimates 

for those with ACL injury are more conservative compared to the estimates presented by 

Murphy et al.,43 it is likely explained by the differences in obesity distribution (the majority 

of Johnston County Osteoarthritis Project sample has been reported to be overweight or 

obese) and lack of specificity of knee injury definition. In addition, we were able to 

explicitly adjust for mortality in our analyses.
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There are limitations to our analysis. In our main analysis, we assumed that isolated ACL 

tears do not affect OA incidence and progression, an assumption based on limited 

evidence.17,37,38,44 However, this provides a more conservative estimate of the total impact 

of ACL tears, and we performed sensitivity analyses to evaluate the potential impact of ACL 

tears themselves may have on our findings. Our data sources for the increase in relative risk 

of OA development due to MT or ACL injury were also limited; however, we sought to use 

more conservative estimates from among those presented in the literature. Our use of MT 

incidence and progression data from older populations may under- or overestimate the 

incidence of OA, depending upon individual activity levels and subsequent meniscal injury 

rates. Where published data were unavailable, we used expert consensus, but tested these 

assumptions through extensive sensitivity analyses. We assumed continuous risk due to the 

initial injury, and, while it is unclear whether there is a defined duration during which these 

injuries impact the incidence of OA, our results are consistent with published estimates of 

knee OA among younger individuals.45,46 We did not examine the use or timing of ACL 

reconstruction surgeries, as evidence suggests that the specific treatment used does not have 

a substantial impact on OA.11 We did not consider gender differences in the impact of early 

injury on OA incidence and progression, due to lack of compelling evidence suggesting such 

differences, but we did consider gender-specific baseline OA incidence rates. We assumed 

all cohorts were 49% female at age 25 years, a proportion derived from US Census 

population estimates.24 Although literature suggests ACL tears are more common in female 

athletes than male athletes, athletes are not representative of the general population, which is 

the cohort of interest in our analyses. A study by Sanders and colleagues evaluating the 

incidence of ACL tears in a population-based cohort found a significantly higher incidence 

of ACL injuries in men than women, regardless of age.47 Additionally, data published by 

Kaiser on the rate of ACL reconstruction indicates that men undergo more ACL 

reconstructions than women.48 Therefore, assuming a sex distribution comparable to the US 

population produces estimates of cumulative lifetime incidence applicable to the general 

population. While our use of multiple data sources required synthesizing parameters 

gathered from distinct populations, it also allows for greater generalizability of our findings.

Our findings suggest that early traumatic ACL injuries may have dramatic effects on 

cumulative lifetime incidence of knee OA and the need for TKR. Since knee injuries have 

been shown to be preventable through the use of targeted training programs,6,49,50 our 

findings provide important information for policy makers and stakeholders to prioritize 

programs for injury prevention among young adults at risk of knee injury. Concomitant MT 

appears to play an important role in OA incidence and progression following early injury, 

but data are needed to delineate more clearly the persistence, not just the strength, of the 

effect of injuries on knee OA development and progression. Strategies to prevent early 

injuries are likely to provide significant societal benefit due to reduction in subsequent rates 

of OA incidence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance and Innovations

• Early traumatic ACL injuries lead to increased lifetime risk of knee OA and 

earlier disease onset.

• Persons sustaining ACL injury with concomitant meniscal tear in early 

adulthood are four times more likely to undergo TKR than persons without 

history of injury.
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Figure 1. 
Each cohort was initialized at age 25 with different injury statuses and then tracked to see 

what proportion developed knee osteoarthritis at some point during an individual’s lifetime. 

One cohort was initialized without any injury or the possibility of developing an injury in the 

future to serve as a comparator. Two cohorts began with ACL tears (one treated and the other 

untreated) and no meniscal tear at baseline, but with a chance to develop a meniscal tear in 

the future. A fourth cohort had both an ACL tear and a meniscal tear at baseline. Solid lines 

represent point estimates, and shaded bands indicate 95% confidence intervals.
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Figure 2. 
This figure depicts the results of one-way sensitivity analyses on the cumulative lifetime risk 

of symptomatic OA (A, horizontal axis) and total knee replacement (B, horizontal axis) in a 

cohort that had a treated ACL tear at baseline, but no concomitant meniscal tear (Surgically 

Treated ACL Tear without MT Cohort). The model parameters that were varied are listed on 

the vertical axis and include: the direct impact of an ACL tear on the incidence of knee OA, 

the direct impact of a meniscal tear on the incidence of knee OA, the yearly incidence rate of 

meniscal tears and additionally for TKR risk, the impact of an ACL tear on OA progression 

and the impact of a meniscal tear on OA progression. The horizontal bars indicate how 

changes in model input assumptions impact either OA risk or TKR, compared to the base 

case assumptions which are noted by the vertical dashed lines.
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Figure 3. 
The figure shows the effects of concurrently varying the relative risks of knee OA incidence 

due to ACL tears and meniscal tears in cohorts with either surgically or non-surgically 

treated ACL tear without meniscal tear at baseline or in a cohort with prevalent history of 

ACL tear with concomitant meniscal tear. Asterisk denotes base case assumptions.
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Figure 4. 
The figure shows the effects of concurrently varying the incidence rate of meniscal tear and 

the relative risk of knee OA incidence due to meniscal tear in cohorts with either surgically 

or non-surgically treated ACL tear without meniscal tear at baseline. Asterisk denotes base 

case assumptions.
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Table 2

Risk of osteoarthritis, total knee replacement surgery, total knee replacement revision surgery, and meniscal 

tear prevalence at age 50 among cohorts with different baseline injury statuses

Cohort

Outcome

No Injury (referent) 
(Cohort 1)

Point Estimate [95% CI]

Surgically Treated ACL 
without MT (Cohort 2)

Point Estimate [95% CI]

Non-Operatively Treated 
ACL without MT (Cohort 

3)
Point Estimate [95% CI]

ACL with MT (Cohort 4)
Point Estimate [95% CI]

Lifetime Risk of 
OA

13.5% [13.5%, 3.6%] 16.2% [15.2%, 17.2%] 17.3% [15.9%, 18.8%] 34.2% [26.8%, 41.7%]

Lifetime Risk of 
TKR

6.0% [6.0%, 6.0%] 8.0% [7.3%, 8.8%] 8.9% [7.9%, 10.0%] 22.3% [16.8%, 27.9%]

Lifetime Risk of 
TKR Revision

0.8% [0.8%, 0.8%] 1.1% [1.0%, 1.2%] 1.2% [1.1%, 1.4%] 3.9% [2.7%, 5.1%]

Meniscal Tear 
Prevalence at Age 
50

0% 14.2% [11.9%, 16.5%] 20.5% [17.3%, 23.6%] 100%
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