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Abstract

Objective—To investigate the interaction between malalignment and body mass index (BMI) on 

cartilage thickness change in patients with knee osteoarthritis (OA).

Methods—Femorotibial cartilage thickness was measured from baseline to 2 years in 558 knees 

with radiographic OA. Cartilage thickness was determined in the central weight-bearing medial 

femorotibial cartilage (cMFTC) and lateral (cLFTC) compartments. Femorotibial angle (FTA) was 

stratified into neutral, minor, and definite malalignment. BMI was stratified using World Health 

Organization classifications for normal, overweight, and obese. Multivariable linear regression 

models were used to investigate the interaction between alignment and BMI, adjusting for age, 

sex, and disease severity.

Results—There was no significant interaction for continuous measures of alignment and BMI (P 
= 0.301 for cMFTC and P = 0.852 for cLFTC). Using BMI tertiles, the association between 

alignment and medial or lateral cartilage thickness loss was not moderated by BMI, despite a 

significant association of malalignment with greater cartilage thickness loss (P ≤ 0.005). Using 

FTA tertiles, the association between BMI and medial cartilage thickness loss was approximately 

3 times greater in knees with definite malalignment (P = 0.149) and approximately 5 times greater 

in knees with minor malalignment (P = 0.006). Specifically, knees with minor varus significantly 

modified this relationship (P = 0.021).

Conclusion—Malalignment was significantly associated with cartilage thickness loss per degree 

increase in malalignment, but was not moderated by BMI. BMI was significantly associated with 
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greater rates of medial cartilage thickness loss per unit increase in BMI but only in knees with 

minor varus malalignment. These findings have implications for better understanding patient 

subgroups and intervention strategies targeting risk factors for knee OA.

INTRODUCTION

Malalignment and obesity are well-known risk factors for knee osteoarthritis (OA), altering 

the mechanical environment of the tibiofemoral joint and the distribution of joint loads (1–

5). Varus and valgus alignment are strong predictors of the progression of medial and lateral 

knee OA, respectively, with knees in varus and neutral alignment primarily bearing load 

through the medial compartment, and knees in valgus alignment primarily bearing load 

through the lateral compartment (5–9). The individual effects of obesity are less clear, and 

its relationship with other risk factors, such as malalignment, results in further 

inconsistencies (10–12).

Obesity is one of the few modifiable, and preventable, risk factors for knee OA, yet 

approximately 1.9 billion adults worldwide over the age of 18 are overweight, and 600 

million of these individuals are obese (13). The multifactorial impact of obesity on knee OA 

plays a critical role in the local joint environment (14–17), but previous prospective studies 

are inconsistent about the effects of obesity on disease progression in patients with 

malalignment (10–12,18). Although body mass index (BMI) has been shown to have a 

strong relationship with radiographic disease, this relationship was predominantly explained 

by malalignment mediating the effects of BMI on disease severity (10). Others suggest that a 

high BMI is associated with an increased risk of radiographic disease progression in knees 

with moderate malalignment, and not in those with neutral or severe malalignment (11). 

Additionally, the interaction of BMI and alignment may differ between knees with incident 

OA versus those with progressive OA (12,19,20). Regardless of alignment severity, 

individuals who were obese were found to be at an increased risk of incident knee OA (12). 

Individuals who were obese with neutral alignment had radiographic knee OA progression 

(12), suggesting that when malalignment is present, BMI may not contribute to knee OA 

progression.

Most recently, authors have suggested that malalignment and BMI are not additive risk 

factors (12). Once malalignment is present, BMI may have little additional risk on the 

progression of knee OA (21). Whether or not an interaction exists between alignment and 

obesity, when quantitative magnetic resonance imaging (MRI)–based outcomes of cartilage 

thickness loss are used as a measure of structural progression, is unknown. Furthermore, we 

are not aware of previous studies investigating whether the same degree of alignment 

severity impacts cartilage thickness loss similarly in one alignment direction (e.g., varus) 

compared to another direction (e.g., valgus) in patients who are, and in those who are not, 

obese.

The objective of this study was to determine the relative and interactive contributions of 

malalignment and BMI on longitudinal cartilage thickness loss in patients with radiographic 

knee OA. Specifically, this study aimed to determine how medial and lateral femorotibial 
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cartilage loss depends on the stratification of malalignment, independent of and dependent 

on the direction of alignment (varus or valgus), and clinical classifications of BMI.

PATIENTS AND METHODS

Study participants

Participants were selected from the Osteoarthritis Initiative (OAI), an ongoing multicenter, 

publicly available cohort, including individuals with or at high risk for knee OA (22). The 

OAI includes 4,796 participants, with an age range of 25–79 years, and the inclusion and 

exclusion criteria have been published previously (22,23). The present study sample was 

derived from 590 OAI participants who had undergone sagittal double-echo steady-state 

(DESS) acquisitions at baseline and at 2-year followup (23). The included sample was 

selected from the progression cohort of the OAI with a radiographic diagnosis of knee OA 

(defined as Kellgren/Lawrence [K/L] grade ≥2) (24), and frequent knee symptoms (defined 

as pain, aching, or stiffness in or around the knee on most days for at least 1 month in the 

past 12 months). No knees had undergone replacement within the 2-year followup. Four hips 

had undergone replacement prior to enrollment and 3 hips had undergone replacement 

during the 2-year followup. All knees were included in the analysis. MRI-based measures of 

cartilage thickness loss between baseline and 2-year followup were available from the DESS 

acquisitions (23). There were 567 knees (of 590) that underwent the sagittal DESS sequence 

that had definite radiographic knee OA and frequent knee symptoms at baseline. Eight knees 

did not have a recorded femorotibial angle (FTA) at baseline, and 1 knee did not have a 

recorded BMI. All 9 knees were excluded, resulting in 558 knees for analysis (see 

Supplementary Figure 1, available on the Arthritis Care & Research web site at http://

onlinelibrary.wiley.com/doi/10.1002/acr.23096/abstract). Twenty-three knees did not have 

definite radiographic OA (i.e., K/L grade 0–1) based on the central radiographic readings 

(24) and were thus excluded; however, 19 knees (of 23) had K/L grade 1 and were used for 

sensitivity analyses.

Radiographic grading

Radiographic knee OA severity was quantified using the K/L grading system (range 0–4) 

and obtained using the central readings from Boston University (24). Fixed-flexion 

radiographs were used to quantify FTA at baseline, and each radiograph was read by 2 

individuals from Brigham and Women’s Hospital (25). Participants were positioned in a 

fixed-flexion Plexiglas positioning frame (Synaflexer) with the knees positioned at 20–30° 

of flexion (26). The FTA measurement was defined using a coordinate system for identifying 

the distal aspect of the femoral condyles, based on anatomic landmarks for establishing a 

location-specific radiographic joint space width measurement (27,28). Previous work 

evaluating this method has shown that it is highly correlated with the hip-knee-ankle angle 

and predicts cartilage loss over 2 years as well as the gold standard (25,29,30). The femoral 

axis was defined to be perpendicular to the line tangent to the base of the femoral condyles. 

FTA was defined as the inclusion angle between the femoral axis and the tibial axis, which 

was centered along the shaft of the tibia, originating at a point 10 cm distal to the tibial 

plateau. More negative values indicated increased varus alignment. The intra- and 
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interreader reproducibility of the FTA was high (intraclass correlation coefficient ≥0.98) 

with good limits of agreement (approximately 1°) (25).

Quantitative measurement of femorotibial cartilage loss

The MRI acquisition protocol included sagittal DESS imaging and has been described 

previously (23). The medial and lateral femorotibial cartilage was segmented manually, 

using proprietary software (Chondrometrics GmbH), with readers (WW and FE) blinded to 

disease severity, alignment, and the order of image acquisition (baseline and 2-year 

followup) (31). One expert reader (FE), with more than 5 years of MRI-based cartilage 

segmentation experience, performed quality control readings of all segmentations. The sums 

of the mean thickness in the medial compartment (central medial tibia and central weight-

bearing region of the medial femoral condyle) and lateral compartment (central lateral tibia 

and central weight-bearing region of the lateral femoral condyle) were used to calculate the 

cartilage thickness in the central weight-bearing medial (cMFTC) and central lateral 

femorotibial compartments (cLFTC) (32).

Statistical analysis

All analyses were performed using SPSS, version 23.0. The primary outcome measures were 

cMFTC and cLFTC. The mean ± SD changes in medial and lateral cartilage thickness 

between baseline and 2-year followup were determined. Changes were normalized to time 

(in days) between baseline and followup (mean ± SD 739 ± 35 days [range 506–938 days]). 

Knee OA progression was defined as cartilage thickness loss exceeding the smallest 

detectable change (SDC) threshold in MFTC (−111μm) or LFTC (−121μm), respectively 

(23,31,33). Linear regression models were applied to FTA, adjusting for its varus 

distribution (25,29).

First, a multivariable linear regression model was created for medial and lateral cartilage 

thickness to test the hypothesis that a statistical interaction exists between baseline 

malalignment and BMI on 2-year cartilage thickness change while controlling for other 

factors suggested to alter cartilage thickness (34). The models included alignment and BMI 

as continuous variables, their interaction term (FTA × BMI), and additional independent 

variables, including age, sex, and disease severity (K/L grade). To evaluate clinical 

classifications, knees were also categorized according to the World Health Organization 

(WHO) classifications for individuals, as normal (<25 kg/m2), overweight (25–29.9 kg/m2), 

or obese (≥30 kg/m2) (35). The adjusted FTA was split into tertiles, with the median cutoff 

used to optimize the sample size in each group, due to the limited number of knees in valgus 

alignment. Neutral alignment was defined as ± 0–2°, minor malalignment was defined as 

± 2–3.5°, and definite malalignment was defined as ± ≥3.5°. Three separate models were 

tested to determine whether or not the relationship between FTA and cartilage thickness loss 

varied across BMI classes. Similarly, 3 separate models were tested to determine whether or 

not the relationship between BMI and cartilage thickness loss varied across tertiles of FTA. 

Following a significant relationship, FTA tertiles were separated by alignment direction 

(varus and valgus), and the multivariable linear regression models were repeated. Sensitivity 

analyses were performed to evaluate the robustness of the models by including knees with 

K/L grade 1 (19 knees). The significance level was set at P less than 0.05.
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RESULTS

There were 558 knees with definite radiographic knee OA included in this study (75 normal, 

216 overweight, and 267 obese). There were 238 knees classified as neutral, 154 knees had 

minor malalignment (111 varus and 43 valgus), and 166 knees had definite malalignment 

(127 varus and 39 valgus). Demographics and clinical characteristics arranged by 

malalignment and BMI strata are shown in Table 1. Across all knees, FTA and BMI did not 

significantly change from baseline to 2 years (−0.08 change in FTA, P = 0.066; 0.01 change 

in BMI, P = 0.941). The proportion of knees that exceeded the SDC for medial cartilage 

thickness loss (i.e., progressors) was lower in neutral knees (normal 28%, overweight 32%, 

and obese 28%) than in knees with minor malalignment (normal 25%, overweight 50%, and 

obese 41%) or definite malalignment (normal 25%, overweight 40%, and obese 43%) 

combined with higher than normal BMI. However, the proportion of knees that exceeded the 

SDC for lateral cartilage thickness loss was more consistent between neutral knees (normal 

23%, overweight 30%, and obese 21%), minor malalignment (normal 46%, overweight 

23%, and obese 27%), and definite malalignment (normal 40%, overweight 17%, and obese 

36%). The mean ± SD changes for cMFTC and cLFTC are reported in Table 2.

As continuous variables, FTA and BMI were included in the regression models to estimate 

their relative contributions and the change in cartilage thickness after adjusting for age, sex, 

and K/L grade. The interaction term (FTA × BMI) was not statistically significant for either 

model (P = 0.301 for cMFTC and P = 0.852 for cLFTC). No differences were observed 

when the analyses were repeated and included K/L grade 1 knees (19 knees). In BMI 

tertiles, after controlling for other variables in the model, the association between FTA and 

cartilage thickness loss was shown to remain relatively constant across all BMI classes, 

suggesting that BMI does not modify the relationship between malalignment and medial or 

lateral cartilage thickness loss (Table 3). Malalignment did, however, contribute significantly 

to each model, explaining 18–22% of the variance in the medial compartment and 14–20% 

of the variance in the lateral compartment.

In FTA tertiles, the association between BMI and medial cartilage thickness loss was 

approximately 3 times greater in knees with definite malalignment (P = 0.149) and 

approximately 5 times greater in knees with minor malalignment (P = 0.006), suggesting 

that the amount of malalignment may modify the relationship between BMI and cartilage 

thickness loss (Table 4). Specifically, knees with minor varus significantly modified the 

relationship between BMI and medial cartilage thickness loss (P = 0.021). The association 

between BMI and lateral cartilage thickness was approximately 1.5 times greater in knees 

with minor malalignment; however, this was not statistically significant (P = 0.345). Knees 

with minor valgus appeared to modify the relationship between BMI and lateral cartilage 

thickness loss (approximately 5 times greater than neutral knees) but did not achieve 

statistical significance (P = 0.295).

DISCUSSION

This study is the first to investigate the relative and interactive contributions of malalignment 

and obesity as risk factors for knee OA progression, using quantitative MRI-based measures 
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of cartilage thickness loss. Specifically, the association between BMI and cartilage thickness 

loss may depend on the magnitude of malalignment, with higher associations observed in 

knees with minor malalignment. For example, in the tertile with minor malalignment, our 

results suggest an approximate 8μm increase (8% of the mean change) in medial cartilage 

thickness loss for every 1-unit increase in BMI. Minor varus knees primarily drove this 

relationship, suggesting an 8.5 μm increase (6% of the mean change) in medial cartilage 

thickness loss for every 1-unit increase in BMI. In minor valgus knees, a 6 μm increase (4% 

of the mean change) in lateral cartilage thickness loss for every 1-unit increase in BMI was 

observed but was not statistically significant.

Malalignment, irrespective of severity, was significantly associated with subsequent cartilage 

loss (Table 3), supporting earlier suggestions that malalignment is associated with structural 

disease progression (7,8,36,37). However, a linear relationship for increases in the severity 

of malalignment using location-specific measures of cartilage thickness loss was most 

evident in knees in the overweight and obese BMI categories, and not in normal knees. 

These observed changes are consistent with other reports that cMFTC and cLFTC have high 

sensitivity to change over 1-and 2-year periods (23) and are associated with long-term 

clinically important outcomes (23,38–40).

In either the medial or lateral compartment, obesity did not appear to moderate the 

association between malalignment and cartilage thickness loss. Across tertiles of BMI, our 

results suggest an increase in medial and lateral cartilage thickness loss of up to 

approximately 14 μm and 19 μm, respectively (approximately 15% and 30% of the mean 

change) for every 1° increase in varus or valgus alignment. Although knees with 

malalignment and increasing BMI had larger cartilage thickness loss, the role of BMI as a 

risk factor for OA progression was less clear (5,15,16). Altering the capacity of articular 

cartilage to adapt to increasing joint loads associated with obesity would suggest that the 

greatest cartilage thickness losses should be associated with those in definite malalignment 

and high BMI. However, BMI appeared most influential in knees with minor malalignment, 

supporting the mechanism that in more severely malaligned knees, exceeded thresholds for 

cartilage loss may no longer be affected by additional risk factors (11). Importantly, these 

findings do not diminish the role of obesity on cartilage disease progression, or the 

prominence of weight reduction for patients with knee OA. Given the additive loading 

effects accumulated over the thousands of steps taken per day (41), weight loss for all BMI 

groups may have a crucial role in protecting cartilage thickness, particularly in patients in 

minor malalignment.

Previous work suggests that knees with malalignment moderate the effect of obesity on 

structural disease progression. Felson et al (11) found a significant relationship between 

obesity and moderate malalignment using measures of radiographic disease progression, 

such that the odds ratios for progression in knees with neutral, moderate, and severe 

malalignment were 1.00, 1.23, and 0.93, respectively. Our findings support and complement 

this work, suggesting a similar pattern of disease progression using quantitative MRI-based 

measures of cartilage thickness loss. Similarly, these findings also support the suggestion by 

Sharma et al (10) that an interaction may indeed exist between alignment and BMI on 

measures of disease progression. However, the relationship between obesity and joint space 
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narrowing (JSN) on radiographs was mediated by alignment, whereas the relationship 

between obesity and cartilage thickness loss was moderated by alignment. As a result, the 

operational definition used to quantify disease progression (i.e., radiographic or quantitative 

MRI-based outcomes) may influence the mechanism used to explain the mediating or 

moderating effects of alignment with obesity, which may have implications in future trials 

evaluating interventions targeting these risk factors.

Importantly, the nonsignificant interaction using continuous measures of BMI and FTA 

confirms reports by Messier et al (42) suggesting that alignment and BMI influence dynamic 

knee joint loading via different mechanisms, which may be a reason for the subtle 

differences observed for changes in cartilage thickness between the medial and lateral 

compartment. However, despite these novel findings, they must remain speculative and 

should be interpreted cautiously. Limitations in the present study should be acknowledged 

when inferring changes in cartilage thickness due to classifications of alignment and obesity 

at baseline. To detect significant change using quantitative MRI-based outcomes in lieu of 

radiographic JSN, larger sample sizes among subgroups and further distinction between 

groups (e.g., mild, moderate, and severe malalignment) may be necessary; however the few 

knees with baseline valgus alignment limited further stratification of the subgroups. Notably, 

the clinical significance of a 1–2° alignment difference between groups is uncertain. 

Semiquantitative measures of disease progression known to be associated with alignment 

(e.g., meniscal extrusion, bone marrow lesions, and osteophytes) (43) were not adjusted for 

in the present analysis. Future studies are warranted to evaluate the effects of other MRI 

structural pathologies and their potential interactive role with malalignment, as well as 

investigate these relationships over longer followup periods. Further investigations of this 

relationship may provide additional insight into this interactive model of alignment and 

obesity on structural disease progression.

Supplementary Material

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

• This is the first study to use magnetic resonance imaging–based quantitative 

measures of cartilage thickness to investigate the interaction between 

malalignment and obesity on knee osteoarthritis (OA) progression.

• Malalignment is a stronger risk factor for structural OA progression than 

obesity.

• The association between alignment and cartilage thickness loss was not 

moderated by body mass index.

• Malalignment moderates the association between obesity and cartilage 

thickness loss, and this relationship may differ between knees with varus and 

valgus malalignment.
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Table 3

Regression coefficients for FTA and the proportion of variance in each model for cMFTC and cLFTC for BMI 

tertiles*

Model R2, % β (95% CI) P

cMFTC

 Normal 22.2 14.3 (14.4, 24.3)   0.005

 Overweight 19.8 13.3 (6.2, 20.5) < 0.001

 Obese 17.5 14.4 (7.0, 22.0) < 0.001

cLFTC

 Normal 19.8 −15.4 (−25.0, −5.8)   0.002

 Overweight 11.7 −16.1 (−22.3, −9.8) <0.001

 Obese 13.9 −18.9 (−24.9, −12.9) < 0.001

*
Positive beta coefficients indicate cartilage thinning per unit increase toward varus. Negative beta coefficients indicate cartilage thinning per unit 

increase toward valgus. FTA = femorotibial angle; cMFTC = central weight-bearing medial femorotibial compartment; cLFTC = central weight-
bearing lateral femorotibial compartment; BMI = body mass index; 95% CI = 95% confidence interval.
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Table 4

Regression coefficients for BMI and the proportion of variance in each model for cMFTC and cLFTC for 

tertiles and quintiles of FTA*

Model R2, % β (95% CI) P

FTA tertiles

 cMFTC

   Neutral (± 0–2°) 9.1 −1.6 (−4.8, 1.6) 0.314

   Minor malalignment (± 2–3.5°) 13.3 −7.7 (−13.2, −2.2) 0.006

   Definite malalignment (± ≥3.5°) 14.2 −4.6 (−10.9, 1.7) 0.149

 cLFTC

   Neutral (± 0–2°) 9.8 1.3 (−1.7, 4.3) 0.398

   Minor malalignment (± 2–3.5°) 1.0 −2.2 (−6.6, 2.3) 0.345

   Definite malalignment (± ≥3.5°) 9.6 1.7 (−3.1, 6.5) 0.486

FTA quintiles

 cMFTC

   Definite varus (≤ −3.5°) 13.6 −3.6 (−11.2, 4.0) 0.352

   Minor varus (−3.5 to −2°) 16.2 −8.4 (−15.5, −1.3) 0.021

   Neutral (± 0–2°) 9.1 −1.6 (−4.8, 1.5) 0.314

 cLFTC

   Definite valgus (≥3.5°) 12.6 2.6 (−11.1, 16.3) 0.706

   Minor valgus (2–3.5°) 6.4 −6.1 (−17.9, 5.6) 0.295

   Neutral (± 0–2°) 9.8 1.3 (−1.7, 4.3) 0.398

*
Negative beta coefficients indicate cartilage thinning per unit increase in BMI. Positive beta coefficients indicate cartilage thickening per unit 

increase in BMI. BMI = body mass index; cMFTC = central weight-bearing medial femorotibial compartment; cLFTC = central weight-bearing 
lateral femorotibial compartment; FTA = femorotibial angle; 95% CI = 95% confidence interval.
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