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Abstract

Objectives—No clinical prediction rules were found for estimating the likelihood of developing 

incident radiographic tibiofemoral osteoarthritis with rapid progression. Such a tool would 

enhance prognostic capability for clinicians and researchers.

Design—We used two longitudinal datasets to independently derive (Multicenter Osteoarthritis 

Study) and validate (Osteoarthritis Initiative) a prognostic clinical prediction rule for estimating 

the probability of incident rapidly progressing radiographic knee OA in the following 4-5 years. 

Eligible subjects had at least one knee with a Kellgren and Lawrence (K&L) graded tibiofemoral 

joint of 0 or 1. Several potential risk factors were examined including obesity, age, knee 

alignment, frequent knee symptoms, contralateral knee osteoarthritis and knee injury history. 

Multiple logistic regression was used to identify significant predictors and area under the receiver 

operating characteristic curve (AUC) was used to assess discrimination.

Results—A total of 1,690 subjects participated in the derivation and 2,422 subjects participated 

in the validation of the clinical prediction rule. The multivariable model displayed good 

discrimination with AUC of 0.79 in the derivation dataset and 0.81 in the validation dataset.

Conclusions—Persons with contralateral knee OA, a baseline index knee OA grade of 1, higher 

BMI and higher baseline WOMAC Total scores were more likely to develop K&L grades of 3 or 4 

within 5 years. Frequent knee symptoms at baseline was not a significant predictor. The prediction 

rule and nomogram can assist clinicians in estimating the probability of rapidly progressing 
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radiographic knee OA and the nomogram can assist researchers conducting epidemiologic studies 

and clinical trials.
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Knee osteoarthritis (OA) progresses in a heterogeneous way. Most patients gradually worsen 

over years or decades1 but some demonstrate rapid disease progression2,3. Because of 

population heterogeneity in extent and rate of disease incidence and progression, strong 

emphasis has recently been placed on the identification of homogeneous phenotypes to 

guide prognosis and targeted treatment4-7. A European League Against Rheumatism 

(EULAR) committee has placed its highest priority on prognostic studies designed to 

identify phenotypes that show rapid OA progression4. The rationale for this recommendation 

was that this work could lead to randomized trials of new and potentially more effective 

interventions and it could lead to the development of clinical prediction tools that could 

assist clinicians.

Studies of prognostic models of incident knee OA are surprisingly scarce. We found only 

two studies that first developed a prediction model and then validated the model on an 

independent dataset6,7. Both studies were designed for the prediction of either incident 

radiographic6,7 or symptomatic7 tibiofemoral OA. We found no studies that developed and 

validated a prognostic prediction model for incident radiographic tibiofemoral OA with 

rapid progression. We define rapidly progressing radiographic tibiofemoral OA as knees 

with a baseline Kellgren and Lawrence (K&L) grade of 0 or 1 that progress to a K&L grade 

of 3 or 4 within five years.

The purpose of this study was to develop and validate a clinically useful and research 

appropriate prognostic clinical prediction rule for incident tibiofemoral joint radiographic 

osteoarthritis with rapid progression. The prediction rule was developed using publically 

available Multicenter Osteoarthritis (MOST) data8 and was validated using publically 

available Osteoarthritis Initiative (OAI) data9. To our knowledge, this is the first prognostic 

clinical prediction rule of incident knee OA with rapid progression.

Methods

We used the Transparent Reporting of a multivariable prediction model for Individual 

Prognosis Or Diagnosis (TRIPOD) guidelines10.

Data source for development cohort

Data collected for the Multicenter Osteoarthritis Study (MOST), a seven-year National 

Institutes of Health funded community-based cohort study of 3,026 persons with 

tibiofemoral osteoarthritis or at high risk for developing tibiofemoral osteoarthritis was used 

to derive the clinical prediction rule8. Participants who did not have pre-existing 

tibiofemoral radiographic OA had one or more of the following: body mass index (BMI) 

indicating overweight or obesity, knee pain, or a history of knee injury or surgery. Subjects 

between the ages of 50 and 79 years were recruited from the communities surrounding two 
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sites (University of Iowa, Iowa City, USA and the University of Alabama at Birmingham, 

Birmingham, Alabama, USA. The human subjects review boards of all involved sites 

reviewed and approved the study and all subjects provided written informed consent. 

Enrollment began in 2003 and ended in 2005 (See details at http://most.ucsf.edu/

studyoverview.asp). Data were obtained via a public use agreement from the MOST 

investigators. Our focus in this study was on data obtained during the first 5 years.

Data source for the validation cohort

The Osteoarthritis Initiative (OAI) is a nine-year National Institutes of Health and privately 

funded cohort study of 4,674 persons either with tibiofemoral osteoarthritis or, much like 

MOST, at high risk of developing tibiofemoral OA9. The OAI data were used to validate the 

clinical prediction rule developed using the development cohort. Subjects between the ages 

of 45 and 79 years were recruited from communities surrounding the University of 

Maryland in Baltimore, Maryland, USA, the Ohio State University in Columbus, Ohio, 

USA, the University of Pittsburgh in Pittsburgh, Pennsylvania, USA and Memorial Hospital 

of Rhode Island, in Pawtucket, Rhode Island. Human subjects review boards of all sites 

approved the study and all subjects provided written informed consent. Enrollment began in 

2004 and ended in 2006 (See details at http://www.oai.ucsf.edu/). Data were obtained via a 

public use agreement from the OAI investigators. Our focus was on data obtained during the 

first 4 years.

Participants

Because both OAI and MOST focused on OA incidence and progression, both datasets 

included persons with and without knee symptoms at baseline. We were interested in 

studying persons with painful knees as well as persons who did not have knee pain at the 

time of admission. Symptomatic persons are potential care seekers while persons with no 

pain but who are at risk for developing knee OA are relevant for studies of OA prevention 

and for epidemiologic studies of OA.

To be eligible, participants in both the development and validation cohorts had to have K&L 

grades11 of either 0 or 1 in one or both knees at baseline. In addition, participants had to 

have follow-up radiographs. In the case of MOST, radiographs were obtained at 30- and 60-

month follow-up visits and our interest was in whether K&L grades advanced from 0 or 1 to 

either grade 3 or 4 over the study period. Knees with K&L grades of 2 or greater at baseline 

were classified as having radiographic OA and were not considered for rapid progression. 

We included persons with bilateral rapid progression from K&L grades of 0 or 1 bilaterally 

to K&L grades of 3 or 4 (n=26 in MOST, n=9 in OAI). For OAI, radiographs were obtained 

yearly for the first four years of study and we identified persons with knee(s) that either did 

or did not progress from K&L of 0 or 1 to grades of 3 or 4 over the four-year period. For 

both the OAI and MOST, if a knee progressed to a K&L grade of 3 or 4 prior to the five-year 

follow-up, in the case of MOST, or the four-year follow-up in OAI, the knee was coded as a 

case knee. If a knee radiograph indicated less than a K&L grade of 3 or 4 at the 60 month or 

four-year follow-up and all prior follow-ups, the knee was coded as a control knee. If 

radiographic data at the final follow-up was missing and the knee had not progressed to 

K&L grade of 3 or 4 at a prior visit, the data was coded as missing for that knee.
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Radiographs were obtained in both studies using a validated flexed knee protocol12,13 and 

radiographs were read by highly experienced and reliable radiographic readers at a central 

site. An extensive adjudication process with rheumatologists or a musculoskeletal radiologist 

was used for KL grades for all knees over all time periods. Test-retest reliability was 

substantial to almost perfect14 with weighted κ coefficients for both KL grades ranging from 

0.70 to 0.80 for 300 randomly selected knee films15. Readers were blinded to clinical data 

and the baseline radiograph when reading the final follow-up radiograph. Intervention was 

not provided as part of either MOST or OAI.

Outcome

The outcome of interest was the presence or absence of knee-specific radiographic 

worsening from a K&L grade of 0 or 1 at baseline to a K&L grade of 3 or 4 over the study 

period. For MOST, this was a five-year period and for the OAI, the time period of interest 

was four years. The time periods for the two datasets were different because OAI did not 

collect radiographic data at the five-year time point.

Predictors

We selected candidate predictor variables based on prior published evidence suggesting a 

risk factor/prognostic role in knee OA incidence or progression16-19. For both the 

development and validation datasets these included the following person-level variables: age, 

sex, presence of OA in other joints, body mass index (BMI), depressive symptoms, and the 

average WOMAC Total score of both knees. The WOMAC Total score is the sum of the 

WOMAC Pain, Disability and Stiffness subscales for the Likert version 3.1. The 

psychometric properties of WOMAC have been studied extensively and found to be both 

reliable and valid 20. The total possible score for WOMAC Total is 96 with higher scores 

representing greater pain, stiffness, and loss of function. For knee-level variables, we used 

the following: presence of frequent knee symptoms (yes or no), presence of contralateral 

radiographic knee OA K&L grades of 2 or greater (yes or no), baseline K&L grade of either 

0 or 1, prior knee surgery (yes or no), prior knee injury (yes or no) and a radiographic 

determination of knee alignment. All predictor variables were obtained at baseline with the 

exception of knee alignment in the OAI which was obtained in a stratified fashion during the 

12-, 24- and 36-month visits. Knee alignment measures were obtained on all MOST 

participants at baseline. For knee alignment, persons underwent full limb radiography and 

the hip-knee-angle measurement was obtained using a standardized and highly reliable 

procedure21,22. Knee alignment was coded into two continuous variables per knee with one 

variable describing varus alignment and the other describing valgus alignment allowing for 

examination of differing effects due to alignment type. Frequent knee pain was coded as 

present for a knee when a person responded yes to the following question, “During the past 

30 days, have you had pain, aching, or stiffness in your right knee on most days?” We 

included this variable to capture persons who may seek care for their knee symptoms.

The presence of OA in other joints was determined at each visit by asking participants if 

they had ever been diagnosed by a physician with OA of the hips, hands, spine or other 

joints. Participants reporting yes in at least 2 body areas other than the knee were coded as 

yes while those reporting OA diagnoses in <2 areas were coded as no. Extent of depressive 
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symptoms in both MOST and OAI were obtained at baseline using the Center for 

Epidemiologic Studies Depression scale (CESD) ranging from 0 to 60 with higher scores 

indicating greater depressive symptoms. The CESD is a highly reliable and valid measure of 

the extent of depressive symptoms23. For knee injury, persons in both datasets were asked at 

each visit if either knee was ever injured to the extent that the injury limited the person's 

ability to walk for at least 2 days. For knee surgery, persons were asked at each visit if they 

had ever had a knee surgery on either the left or the right knee. Responses were coded as yes 

or no for each knee.

We did not include MRI-based features as potential predictors in our models because the 

frontline standard-of-care diagnostic recommendations from several key professional 

societies and organizations is radiography for adult persons with knee complaints not 

associated with substantial trauma for which OA was a diagnostic possibility 24-26.

Data analysis

Development of the prediction model—To predict rapid radiographic worsening, a 

multiple logistic regression model was developed using the MOST dataset as the 

development sample. Initially, individual predictors were examined in simple logistic 

regression models. Predictors with statistically significant effects were included in a 

multivariable logistic regression model. With the goal of creating a parsimonious model with 

good predictive validity, the full multivariable model was reduced to include only significant 

predictors of radiographic worsening. For individuals where neither knee worsened (and 

both knees had a K&L grade of 0 or 1 at baseline), or both knees progressed to K&L grade 

of 3 or 4, a knee was randomly selected and used as the index knee in the analysis so that 

only one knee outcome was examined per individual. Knee-level predictors were recoded to 

indicate whether they were for the index knee or contralateral knee. The prediction model 

was developed using complete case analysis due to only 3% missing data in the final model. 

Sample size was maximized by using all available cases in both datasets (See Figure 1).

Validation of the development prediction model—Hosmer-Lemeshow χ2 was used 

to assess goodness of fit of the models in the development dataset. A large p value indicates 

good model fit while a small p value indicates model misspecification. The area under the 

receiver operating characteristic (ROC) curve (AUC), also known as the C-statistic, and 95% 

confidence limits was used to assess discrimination. An AUC of 0.5 indicates no 

discrimination ability while an AUC of 1.0 indicates perfect discrimination. The C-statistic 

is routinely used in the medical literature to quantify the extent to which an estimated risk 

score discriminates among subjects with different events over a specified period of time27. 

The OAI dataset was then used as a validation dataset. The procedure used for preparing the 

MOST dataset was also used for the OAI data. The AUC was calculated in the OAI data 

using the final model parameter estimates from the calibration dataset. All statistical 

analyses were completed using the R statistical software version 3.2.2.

Application of Model—To facilitate application of the model in clinical and research 

settings, a nomogram was developed. Nomograms are graphical computing devices that can 

be used to combine multiple variables from a prediction model and easily determine the 
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probability of an event. This allows points to be calculated for each variable in the model. 

Once the total points for an individual is calculated, a probability of incident knee OA with 

rapid worsening can be determined.

Results

For MOST, a total of 262 participants progressed from a K&L grade of 0 or 1 to a K&L 

grade of 3 or 4 in one knee. Of the knees that were classified as cases, a total of 19 knees 

(6.7%) progressed to K&L=4. For OAI, 113 participants progressed to K&L grades of 3 or 4 

in one knee. A total of 14 knees (11.5%) progressed to K&L=4. The remaining knees in both 

the development dataset (i.e., MOST = 2,562 knees or 90.1%) and validation dataset (i.e., 

OAI knees = 3,760 or 96.9%) did not progress to a K&L grade of 3 or 4. Other sample 

characteristics are reported in Table 1.

Prediction model

Results from the univariate and multivariable analyses of factors predicting knee K&L rapid 

progression in the derivation dataset are presented in Table 2. Of the 19 potential predictors, 

nine were found to be significant predictors of rapid knee OA progression. Predictors that 

were statistically significant for both the index and contralateral knees, namely varus 

alignment and baseline KL grade, were found to be collinear so only the varus alignment 

and baseline KL grade variables for the index knee were included in multivariable model #1. 

The contralateral measures of varus alignment and KL baseline KL graded were excluded to 

prevent inflation of standard errors of parameter estimates and unstable estimates. For 

multivariable model #2, the significant variables from multivariable model #1 were the 

following: contralateral knee OA, baseline K&L grade in the index knee, BMI, and average 

WOMAC score. The presence of OA in the contralateral knee was found to have the largest 

independent effect in model #2 with an odds ratio of 2.76. This indicates a person with 

contralateral knee OA is over 2.7 times as likely to have rapid knee OA progression as 

someone without contralateral knee OA.

Validation

Each multivariable model showed good calibration as indicated by non-significant Hosmer-

Lemeshow statistics (Table 3). Both multivariable models #1 and #2 displayed good 

discrimination with an AUC (C-statistic) of 0.78 (95% CI=0.75, 0.82) and 0.78 (95% 

CI=0.74, 0.81) respectively in the derivation dataset (MOST) and 0.76 (95% CI=0.70, 0.82) 

and 0.77 (95% CI=0.71, 0.82) in the validation dataset (OAI) indicating good predictive 

validity of the model. Given the trivial difference in AUCs for the two models, the more 

parsimonious multivariable model #2 was chosen as the best fitting model.

Nomogram

To facilitate use of the prediction model, a nomogram (Figure 2) was developed. To use the 

nomogram the clinician uses a straightedge to identify the value on the points scale on top of 

the figure that corresponds to the score for each predictor. The points for each predictor are 

summed to obtain the total points. The straightedge is aligned with the total points to 

determine probability at the bottom of the nomogram. The probability scale value indicates 
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the probability that the index knee will develop a K&L grade of 3 or 4 in the following 4-5 

years.

Discussion

Our goal to develop and validate a clinical and research-based prognostic clinical prediction 

rule for incident tibiofemoral joint radiographic osteoarthritis with rapid progression defined 

as scoring a K&L grade of 3 or 4 within 5 years was successful. Both development and 

validation samples produced AUCs of approximately 0.78. The most parsimonious 

predictive model included radiographic contralateral knee OA, baseline index knee K&L 

grade of 0 or 1, BMI, and average WOMAC total score.

Zhang et al7 and Kerkhof et al6,7 have also sought to develop and validate incident or 

progression radiographic knee OA models, however there are differences that limit a direct 

comparison of their findings to our results. Common to the three investigations are the 

analytic methods of logistic regression and discrimination using AUC from ROC curves. 

Also, BMI was a significant variable in all three studies. Baseline K&L score was a 

prognostic variable in our study and that of Kerkhof et al6,7. The AUC of 0.81 obtained from 

our independent OAI validation sample is greater than the AUCs obtained on independent 

validation samples of Zhang et al7 (AUC ≤ 0.60 on OAI sample) and Kerkhof et al6,7 (AUC 

≤ 0.70 on Chingford sample). However, different candidate variables, duration of follow-up, 

and definition of incident OA (i.e., ≥2 in Kerkhof et al6,7 and Zang et al's7 studies compared 

to >2 for our study) preclude all but these most general comparisons.

Although the relatively high AUC for both development and validation samples in our study 

is encouraging, there are some potential limitations. First, the follow-up assessment periods 

differed for the MOST (five-years) and OAI (four-years) and our analysis did not adjust for 

the interval between baseline and final assessments. The longer follow-up period for MOST 

relative to OAI at least partially explains the larger sample of rapid progressors in MOST but 

despite these sample differences, the model was very stable across the two datasets which 

supports the stability of the prediction rule. Second, we had a relatively small number of 

persons with a knee that rapidly progressed which likely reduced precision. We had knees 

with K&L grades of 0 or 1 at baseline that also either stayed the same at follow-up or 

developed a K&L grade of 2. It is possible that our prediction rule would be unable to 

differentiate between knees with incident K&L 2 at follow-up (i.e., typical incidence) as 

compared to knees progressing to K&L grades 3 or 4 (I.e., incidence coupled with rapid 

progression). We therefore undertook a post-hoc analysis to determine if our prognostic 

prediction rule discriminated between knees with incident K&L 2 at follow-up and knees 

with K&L grades of 3 or 4 at follow-up. For the MOST dataset, the C-statistic was 0.66 

(95% CI: 0.62, 0.71) and for the OAI the C-statistic was 0.71 (95% CI: 0.64, 0.77). These 

analyses indicate that our prediction rule not only differentiates between knees with incident 

rapid progression grades 3 or 4 from all knees that either stay the same or do not progress to 

this extent but also differentiates between incident K&L grade of 2 and more advanced K&L 

grades of 3 or 4. While bilateral incident knee OA with rapid progression is rare (in our 

study, less than 1% of the sample met this criterion), our results can be applied to persons 

who eventually develop bilateral incident knee OA with rapid worsening. This is important 
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because at the time the nomogram might be used, clinicians and researchers would not know 

if the person being examined might go on to develop substantial OA bilaterally. 

Additionally, we used WOMAC to quantify knee pain and functional deficit and while other 

patient reported outcome measures such as KOOS28 may work equally well, this would 

require further study.

Finally, and perhaps most importantly, our target outcome of a K&L Grade of 3 or 4 is 

structural in nature and does not account for knee symptoms, the key driver of patient care 

seeking. While K&L grades of 3 or 4 are important because they indicate OA at or near an 

end-stage state, some persons with K&L grades of 3 or 4 may be asymptomatic or only 

mildly symptomatic. With this said, K&L grades of 3 or 4 are strongly associated with knee 

pain29 and are closely linked to knee arthroplasty utilization30. In addition, worsening pain 

and function as measured with the WOMAC was a key predictor which suggests that 

symptom worsening likely plays an important role in the evolution of incident knee OA with 

rapid progression. Future work should attempt to refine the outcome measure to include 

symptomatic worsening in combination with structural worsening though the challenge, in 

our view, is to define symptomatic worsening in a way that is meaningful to the individual 

patient. As an alternative, we chose to include symptomatic worsening as a predictor.

Application of Nomogram

A clinical prediction rule is useful to the extent it improves prediction over patient data 

obtained prior to application of the prediction rule. Approximately 9% of persons (4.7% in 

OAI and 15.5% in MOST) fulfilling the eligibility criteria for our study displayed incident 

tibiofemoral radiographic OA with rapid progression. We provide examples to illustrate how 

the nomogram could be used in clinical practice and in clinical trials.

Individual patient application—You wish to estimate the chance that a patient will 

undergo rapidly progressing radiographic knee OA over the next 4 or 5 years. One approach 

would be to apply the pooled MOST and OAI population estimate of 9% to all patients. A 

second approach would be to apply the proposed predictive model and nomogram (see 

Figure 2). To illustrate nomogram application, we present two patients. Patient 1 has 

radiographic contralateral OA, a baseline index knee K&L grade of 1, a BMI of 35, and an 

average WOMAC total score of 50. Referring to the nomogram, points are assigned as 

follows: contralateral OA present = 42 points; baseline K&L grade of 1 = 39 points; BMI of 

35 = 50 points; WOMAC total 50 = 47 points. Summing these values yields a total of 178 

points. This represents a probability of 0.53 or 53% chance that this patient will display 

incident radiographic tibiofemoral osteoarthritis with rapid worsening over the next 4 to 5 

years, or over an approximate 6-fold increase in the chance of progressing compared to the 

pooled study sample estimate. Please see Figure 3. Patient 2 has no radiographic 

contralateral OA, a baseline K&L grade of 0, BMI of 25, and an average WOMAC total 

score of 10. Once again, referring to the nomogram, the points are assigned as follows: 

contralateral OA absent = 0 points; baseline K&L of 0 = 0 points; BMI of 25 = 25 points; 

WOMAC total of 10 = 9 points. Summing these values gets a total of 34 points that 

translates into a probability of rapid progression of less than 0.05 or <5% chance of rapidly 

progressing knee OA.
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Clinical trial application—The predictive model could be used to inform eligibility 

criteria and ultimately the sample size of a clinical trial targeting a modifiable risk factor, for 

example, BMI. We assume the sample size estimate will be based on the following 

assumptions: (1) a 50% reduction in incident rapidly progressing tibiofemoral radiographic 

knee OA in the intervention group, (2) a Type I error probability of 0.05 (2-tailed), (3) a 

Type II error probability of 0.20. Applying an expected rapidly progressing knee OA 

incidence of 9% in the control group yields a sample size of 586 per group. If the 

investigator applied the proposed predictive model, a nomogram total point value could be 

included in the eligibility criteria. For example, an investigator might choose a total point 

score of 100 points. Referring to the nomogram, this represents a 15% chance of rapidly 

progressing tibiofemoral radiologic OA. Applying the same assumptions as stated above 

produces a sample size of 298 patients per group.

In conclusion, we found that the probability of rapidly progressing radiographic tibiofemoral 

OA in persons with no baseline radiographic knee OA can be estimated reasonably well. 

Clinicians and researchers now have a simple-to-use nomogram with readily available 

clinical data that can substantially improve clinicians' and researchers' degree of certainty 

regarding the probability that a person's knee is likely to undergo incident radiographic knee 

OA with rapid progression in the following 4-5 years.
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Figure 1. Flow of participants through the study
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Figure 2. 
Nomogram used to estimate probability of incident knee OA with rapid progression.
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Figure 3. 
Illustrative example of the nomogram using data from “Patient 1” in the discussion. Scores 

for each item in the nomogram are marked with a line extending to the Points line on the top 

of the nomogram. The scores for each item are as follows: contralateral knee OA = 42 

points, index knee baseline KL grade of 1 = 39 points, BMI of 35 = 50 points, Average 

WOMAC total score of 50 = 47 points. When summed, the total nomogram score = 178 

points which is equivalent to a 53% probability of developing a KL grade of 3 or 4 in the 

index knee in the following 4 to 5 years.

Riddle et al. Page 14

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Riddle et al. Page 15

Ta
b

le
 1

C
ha

ra
ct

er
is

ti
cs

 o
f 

th
e 

Sa
m

pl
es

 a
t 

ba
se

lin
e 

an
d 

m
is

si
ng

 b
as

el
in

e 
da

ta
 fo

r 
ea

ch
 p

re
di

ct
or

 v
ar

ia
bl

e

O
A

I 
(n

 =
 2

,4
22

) 
(R

 k
ne

e 
=1

,9
04

, L
 k

ne
e 

= 
1,

97
8)

 [
m

ea
n,

 S
D

 o
r 

%
]

O
A

I 
m

is
si

ng
 d

at
a 

(n
, %

 o
r 

R
, 

%
, L

, %
)

M
O

ST
 (

n 
= 

1,
69

0)
 R

 k
ne

e 
= 

1,
38

7,
 L

 
kn

ee
 =

1,
45

7)
 [

m
ea

n,
 S

D
 o

r 
%

]
M

O
ST

 m
is

si
ng

 d
at

a 
(n

, %
 o

r 
R

, %
, 

L
, %

)

A
ge

60
.5

, 9
.1

0
61

.2
, 7

.7
0

Se
x 

(%
 f

em
al

e)
55

.5
%

0
58

.3
%

0

R
ac

e 
(%

 A
fr

ic
an

 A
m

er
ic

an
)

12
.2

%
3,

 <
1%

12
.2

%
0

B
od

y 
M

as
s 

In
de

x 
(K

g/
m

2 )
27

.9
, 4

.4
0

29
.7

, 5
.2

1,
 <

1%

M
ul

ti
pl

e 
jo

in
t 

O
A

12
.2

%
67

, 3
.5

%
, 7

1,
 3

.6
%

10
.9

%
0

C
on

tr
al

at
er

al
 k

ne
e 

O
A

 (
R

,L
)

18
.1

%
, 2

1.
0%

7,
 <

1%
, 1

1,
 <

1%
12

.5
%

, 1
6.

7%
13

, <
1%

, 1
0,

 <
1%

B
as

el
in

e 
K

&
L

 g
ra

de
 o

f 
1 

(R
,L

)
34

.7
%

, 3
2.

7%
0,

 0
29

.1
%

, 2
7.

5%
0,

 0

P
ri

or
 K

ne
e 

Su
rg

er
y 

(R
,L

)
11

.0
%

, 1
0.

7%
2,

 <
1%

, 3
, <

1%
8.

9%
, 1

0%
1,

 <
1%

, 1
, <

1%

P
ri

or
 K

ne
e 

in
ju

ry
 (

R
,L

)
27

.2
%

, 2
4.

2%
24

, 1
.4

%
, 1

7,
 <

1%
25

.1
%

, 2
2.

1%
6,

 <
1%

, 4
, <

1%

K
ne

e 
al

ig
nm

en
t 

(R
,L

)
-1

.0
, 3

.1
, -

1.
1,

 3
.0

32
4,

 1
7%

, 3
24

, 1
6.

4%
-1

.0
, 3

.1
, -

1.
1,

 3
.0

13
, <

1%
, 1

8,
 1

%

F
re

qu
en

t 
kn

ee
 p

ai
n 

(R
,L

)
22

%
, 2

3.
0%

10
, <

1%
, 9

, <
1%

27
.9

%
, 3

4.
5%

,
3,

<
1%

, 2
, <

1%

W
O

M
A

C
 t

ot
al

 s
co

re
 (

R
,L

)
9.

1,
 1

2.
0,

 9
.0

, 1
3.

3
6,

 <
1%

, 9
, <

1%
15

.8
, 1

5.
5,

 1
5.

5,
 1

5.
3

5,
 <

1%
, 1

, <
1%

C
E

SD
 d

ep
re

ss
io

n 
sc

or
e

6.
1,

 6
.4

24
, 1

%
6.

8,
 7

.3
1,

 <
1%

K
&

L
 G

ra
de

 0
 t

o 
2 

(R
,L

)
47

/1
24

4,
 3

6/
13

32
73

/9
86

, 7
3/

10
57

K
&

L
 G

ra
de

 0
 t

o 
3 

(R
,L

)
21

/1
24

4,
 1

8/
13

32
50

/9
86

, 5
4/

10
57

K
&

L
 G

ra
de

 0
 t

o 
4 

(R
,L

)
2/

12
44

, 1
/1

33
2

2/
98

6,
 3

/1
05

7

K
&

L
 G

ra
de

 1
 t

o 
2 

(R
,L

)
82

/6
60

, 1
02

/6
46

11
1/

40
1,

 1
17

/4
00

K
&

L
 G

ra
de

 1
 t

o 
3 

(R
,L

)
40

/6
60

, 2
9/

64
6

87
/4

01
, 7

2/
40

0

K
&

L
 G

ra
de

 1
 t

o 
4 

(R
,L

)
6/

66
0,

 5
/6

46
8/

40
1,

 6
/4

00

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Riddle et al. Page 16

Ta
b

le
 2

R
es

ul
ts

 f
ro

m
 u

ni
va

ri
at

e 
an

d 
m

ul
ti

pl
e 

lo
gi

st
ic

 r
eg

re
ss

io
n

V
ar

ia
bl

e

U
ni

va
ri

at
e 

A
na

ly
se

s
M

ul
ti

va
ri

ab
le

 M
od

el
 1

 (
N

=1
63

9)
M

ul
ti

va
ri

ab
le

 M
od

el
 2

 (
N

=1
66

1)

N
O

R
95

%
 C

I
P

O
R

95
%

 C
I

p
O

R
95

%
 C

I
p

C
on

tr
al

at
er

al
 k

ne
e 

O
A

16
67

4.
26

2
3.

13
4,

 5
.8

24
<

0.
00

1
2.

83
4

1.
97

0,
 4

.0
85

<
0.

00
1

2.
76

3
1.

98
5,

 3
.8

55
<

0.
00

1

B
as

el
in

e 
K

L
 G

ra
de

 1
 (

In
de

x)
16

90
3.

97
4

2.
93

1,
 5

.4
17

<
0.

00
1

2.
66

7
1.

89
1,

 3
.7

77
<

0.
00

1
2.

57
6

1.
84

8,
 3

.6
03

<
0.

00
1

B
M

I
16

90
1.

09
2

1.
06

4,
 1

.1
22

<
0.

00
1

1.
06

6
1.

03
4,

 1
.0

99
0.

00
4

1.
06

3
1.

03
3,

 1
.0

93
<

0.
00

1

A
ve

ra
ge

 W
O

M
A

C
 S

co
re

16
84

1.
03

4
1.

02
5,

 1
.0

43
<

0.
00

1
1.

02
4

1.
01

2,
 1

.0
36

<
0.

00
1

1.
02

3
1.

01
3,

 1
.0

33
<

0.
00

1

M
ul

tip
le

 J
oi

nt
 O

A
16

90
1.

67
6

1.
09

2,
 2

.5
04

0.
01

4
1.

32
2

0.
80

7,
 2

.1
13

0.
25

5

Pr
io

r 
Su

rg
er

y 
(C

on
tr

al
at

er
al

)
16

88
1.

48
9

0.
98

7,
 2

.1
84

0.
04

9
0.

85
9

0.
52

1,
 1

.3
85

0.
54

3

K
ne

e 
A

lig
nm

en
t V

ar
us

 (
In

de
x)

16
68

1.
07

8
01

.0
0,

 1
.1

58
0.

04
5

1.
05

1
0.

96
8,

 1
.1

37
0.

22
7

Fr
eq

ue
nt

 P
ai

n 
(C

on
tr

al
at

er
al

)
16

90
1.

29
1

1.
03

7,
 1

.6
03

0.
01

9
0.

91
7

0.
64

1,
 1

.2
56

0.
61

9

C
E

S-
D

 d
ep

re
ss

io
n 

sc
or

e
16

63
1.

01
9

1.
00

0,
 1

.0
38

0.
04

1
0.

99
4

0.
97

1,
 1

.0
17

0.
63

3

B
as

el
in

e 
K

L
 G

ra
de

 1
 (

C
on

tr
al

at
er

al
)

11
60

3.
08

0
1.

89
4,

 4
.9

76
<

0.
00

1

Pr
io

r 
Su

rg
er

y 
(I

nd
ex

)
16

89
0.

85
3

0.
41

0,
 1

.5
93

0.
64

3

Pr
io

r 
In

ju
ry

 (
In

de
x)

16
83

1.
14

0
0.

78
4,

 1
.6

27
0.

48
0

Pr
io

r 
In

ju
ry

 (
C

on
tr

al
at

er
al

)
16

85
1.

22
4

0.
88

4,
 1

.6
78

0.
21

5

K
ne

e 
A

lig
nm

en
t V

al
gu

s 
(I

nd
ex

)
16

68
0.

90
6

0.
78

4,
 1

.0
31

0.
15

7

K
ne

e 
A

lig
nm

en
t V

al
gu

s 
(C

on
tr

al
at

er
al

)
16

55
0.

99
7

0.
90

0,
 1

.0
93

0.
95

6

K
ne

e 
A

lig
nm

en
t V

ar
us

 (
C

on
tr

al
at

er
al

)
16

55
1.

13
5

1.
00

7 
1.

20
1

<
0.

00
1

Fr
eq

ue
nt

 P
ai

n 
(I

nd
ex

)
16

90
1.

17
5

0.
90

0,
 1

.4
98

0.
20

3

G
en

de
r 

(F
em

al
e)

16
90

0.
84

7
0.

62
3,

 1
.1

44
0.

28
3

A
ge

16
90

1.
00

5
0.

98
6,

 1
.0

24
0.

57
9

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Riddle et al. Page 17

Ta
b

le
 3

D
is

cr
im

in
at

io
n 

an
d 

ca
lib

ra
ti

on
 o

f 
m

ul
ti

va
ri

at
e 

m
od

el
s

M
od

el

D
is

cr
im

in
at

io
n:

 A
U

C
 (

95
%

 C
I)

C
al

ib
ra

ti
on

: 
H

os
m

er
 –

 L
em

es
ho

w
 p

-v
al

ue
V

ar
ia

nc
e 

E
xp

la
in

ed
 (

M
O

ST
)

D
er

iv
at

io
n 

(M
O

ST
)

V
al

id
at

io
n 

(O
A

I)

M
ul

tiv
ar

ia
bl

e 
M

od
el

 1
0.

78
 (

0.
75

, 0
.8

2)
0.

76
 (

0.
70

, 0
.8

2)
0.

40
1

20
%

M
ul

tiv
ar

ia
bl

e 
M

od
el

 2
0.

78
 (

0.
74

, 0
.8

1)
0.

77
 (

0.
71

, 0
.8

2)
0.

88
1

19
%

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 01.


	Abstract
	Methods
	Data source for development cohort
	Data source for the validation cohort
	Participants
	Outcome
	Predictors
	Data analysis
	Development of the prediction model
	Validation of the development prediction model
	Application of Model


	Results
	Prediction model
	Validation
	Nomogram

	Discussion
	Application of Nomogram
	Individual patient application
	Clinical trial application


	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

