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Sita M. A. Bierma-Zeinstra1,5 and the CREDO expert group

Abstract

Background: Early diagnosis of knee osteoarthritis (OA) is important in managing this disease, but such an early
diagnostic tool is still lacking in clinical practice. The purpose of this study was to develop diagnostic models for
early stage knee OA based on the first 2-year clinical course after the patient’s initial presentation in primary care
and to identify whether these course factors had additive discriminative value over baseline factors.

Methods: We extracted eligible patients’ clinical and radiographic data from the CHECK cohort and formed the first
2-year course factors according to the factors’ changes over the 2 years. Clinical expert consensus-based diagnosis,
which was made via evaluating patients’ 5- to 10-year follow-up data, was used as the outcome factor. Four models
were developed: model 1, included clinical course factors only; model 2, included clinical and radiographic course
factors; model 3, clinical baseline factors + clinical course factors; and model 4, clinical and radiographic baseline
factors + clinical and radiographic course factors. All the models were built by a generalized estimating equation
with a backward selection method. Area under the receiver operating characteristic curve (AUC) and its 95%
confidence interval (CI) were calculated for assessing model discrimination. Delong’s method compared AUCs.

Results: Seven hundred sixty-one patients with 1185 symptomatic knees were included in this study. Thirty-seven
percent knees were diagnosed as OA at follow-up. Model 1 contained 6 clinical course factors; model 2: 6 clinical
and 3 radiographic course factors; model 3: 6 baseline clinical factors combined with 5 clinical course factors; and
model 4: 4 clinical and 1 radiographic baseline factors combined with 5 clinical and 3 radiographic course factors.
Model discriminations are as follows: model 1, AUC 0.70 (95% CI 0.67–0.74); model 2, 0.74 (95% CI 0.71–0.77); model
3, 0.77 (95% CI 0.74–0.80); and model 4, 0.80 (95% CI 0.77–0.82). AUCs of model 3 and model 4 were slightly but
significantly higher than corresponding baseline-factor models (model 3 0.77 vs 0.75, p = 0.031; model 4 0.80 vs
0.76, p = 0.003).

Conclusions: Four diagnostic models were developed with “fair” to “good” discriminations. First 2-year course
factors had additive discriminative value over baseline factors.
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Background
Early diagnosis of knee osteoarthritis (OA) is important
in managing this disease, as it helps open a ‘treatment
window’ for early interventions which could positively
modify the disease course [1–4]. Nowadays, such an
early diagnostic tool is still lacking in clinical practice.
Individuals who will develop established OA could be

considered as being at early stage of OA in the years
prior to the diagnosis of established OA. With applying
multivariable prediction models, early diagnostic algo-
rithms can be built by connecting multiple present pre-
dictors with the future occurrence of established OA [5,
6]. A few knee OA models, including clinical manifesta-
tions together with imaging features [7, 8] or laboratory
biomarkers [9–13], have been proposed for building
(early) predictive configurations. As no gold standard
has been established for diagnosing knee OA in clinical
practice (as opposed to classification criteria intended
for studies), these models were built using heteroge-
neous outcomes; American College of Rheumatology
criteria based clinical OA [12, 13], persistent knee pain
[14], or (incident) radiographic OA [7–11]. A better way
to minimize the “gap” between “research classification
criteria” and “unknown gold criteria” is to obtain a clin-
ical expert consensus-based diagnosis, as we have done
in a previous study [15].
All of the above models were based on baseline factors

only; none evaluated the diagnostic value of the early
clinical course. Knee OA progression has been reported
to follow a pattern of inertia [16], which means knees
with recent progress will continue to progress in the fu-
ture and are more likely to develop into established OA.
In turn, these knees should be considered as being at
early stage OA at this moment. Besides, a “wait-and-see”
policy is frequently applied by clinicians while treating
knee complaints with a recent onset and with mild
symptoms, suspected but not confirmed for knee OA
[17, 18]. Repeated consultations are quite common for
such a chronic disease. Hence, early clinical course data
of knee OA is often clinically accessible.
In our previous study, we built early diagnostic models

for clinical expert consensus-based diagnosis by includ-
ing baseline factors [15]. In this study, we aimed to use
the first 2-year course factors, as well as the combina-
tions of baseline and course factors, to build diagnostic
models for the same expert diagnosis. Additionally, we
aimed to see whether course factors had additive dis-
criminative value over baseline factors.

Methods
Data source and patients
We obtained patient data from the CHECK cohort (a
longitudinal cohort study of patients with knee or hip
complaints suspect for early stage OA, followed for 10

years) [19, 20]. The inclusion criteria of CHECK cohort
were (1) non-traumatic knee or hip pain or stiffness, (2)
aged 45–65 years old, (3) no previous consultation, or
the first consultation with a general practitioner within 6
months before inclusion. The CHECK cohort excluded
the patients if the complaints could be explained by
other diseases than OA. Patients in the CHECK cohort
fulfilled questionnaires and got physical and radio-
graphic examinations at baseline, 2, 5, 8, and 10 years.
See more details in other papers [19, 20].
This study included all the knees with reported symp-

toms at baseline and had data available throughout the
10 years. If the patient reported bilateral knee symptoms
at baseline, both knees would be included.

First 2-year course factors and definitions
We collected identical factors at baseline and 2-year
follow-up, including body mass index (BMI, kg/m2); bi-
lateral knee pain (yes/no); physical examinations (pres-
ence of joint line tenderness, bony swelling at the joint
margins, warmth, effusion, crepitus, patellofemoral joint
grinding, restricted/painful flexion/extension, Heberden
nodes); Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) questionnaires [21] (we
selected knee OA related items, includes 5 individual
items for pain, 6 for function and 1 for knee stiffness; all
are graded from 0 to 4), and radiographic items (medial/
lateral tibiofemoral osteophytes, medial/lateral tibiofe-
moral joint space narrowing (JSN), patellofemoral osteo-
phytes, patellofemoral JSN and tibiofemoral joint angle).
We defined restricted/painful flexion as maximal knee
flexion ≤ 115° or pain at knee flexion; restricted/ painful
extension as an extension deficit ≥ 1° or pain at knee ex-
tension. We measured tibiofemoral joint angle on stan-
dardized weight-bearing posterior-anterior radiographs
using Knee Images Digital Analysis (KIDA) software
[22]. Trained readers scored the radiographic items ac-
cording to Kellgren & Lawrence criteria [23] via a cen-
tralized reading of standardized posterior-anterior and
lateral radiographs. Readers got information on the se-
quence of images but were blinded to the clinical infor-
mation [19].
We defined the first 2-year course factors according to

the factors’ change over this period. BMI change greater
than 5% was considered as clinically relevant [24, 25], so
we code course factor for BMI into decrease (BMI de-
creased ≥ 5%), increase (BMI increased ≥ 5%), and
stable. For bilateral knee pain and physical examination
items, we code each course factor into negative at both
time points (baseline and 2-year follow-up), positive at
either time point, and positive at both time points. For
WOMAC individual items, osteophyte and JSN, we code
course factors into three categories by the changes in se-
verity: decrease (severity decreased one grade or more),
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increase (severity increased one grade or more), and
stable. We chose the “one grade” as the threshold mainly
based on prior knowledge that ‘one grade’ is considered
as a minimal detectable difference in the WOMAC
questionnaire [21, 26] and Kellgren & Lawrence grading
system [23]. According to the previous literature, tibiofe-
moral joint angle change of less than 2° should be con-
sidered as measurement error [22]. Hence, we code the
course factor for joint angle into decrease (angle de-
creased ≥ 2°), increase (angle increased ≥ 2°), and stable.
Knowing that few patients (1%) presented bony swell-

ing, joint warmth, and joint effusion at both time points,
we incorporated these patients into the category of posi-
tive at either time point. Similarly, few patients (1–3%)
presented decreased severity in radiographic items (ex-
cept tibiofemoral joint angle), thus we incorporated
these into the stable category.

Outcome factor
We used the clinical expert consensus-based diagnosis
as the outcome factor. Our previous studies described
the process in detail [15, 27]. Briefly, we recruited both
general practitioners and secondary care physicians to
evaluate each knee’s longitudinal (from 5- to 10-year
follow-up) clinical and radiographic data. Clinical ex-
perts made the final diagnosis for each knee of whether
clinically relevant knee OA developed during follow-up
based on consensus. No formal definition of clinically
relevant knee OA was provided to the clinicians; they
were instructed to use their own clinical expertise to
judge this. The final diagnosis was made upon agree-
ment by clinicians (intraclass correlation coefficient
0.908; 95% confidence interval (CI), 0.821 to 0.965) [15]
and for each knee, the final diagnosis could be one of
the following options: OA, no OA, and uncertain.

Statistics
We checked missing data of baseline and 2-year follow-
up factors and replaced them by multiple imputation
(created 50 datasets, 49% cases had incomplete data, but
only 2 variables had more than 10% missing values).
Next, we created course factors for each knee.
During the model building process, we firstly excluded

knees that were diagnosed as “uncertain.” We did not
calculate the formal sample size but were sure to meet
the rule of thumb for at least 10 OA knees per predictor.
We adopted the same models (contains baseline factors
only) as we developed in the previous study as the
baseline-factor models for this study [15]. For building
course-factor models, we used the same stepped ap-
proach as for our baseline-factor models. First, we build
a model by including clinical course factors only (model
1) and then including both clinical and radiographic
course factors (model 2). Since the two knees from the

patients with bilateral complaints would share the same
personal data (i.e., age, sex, and BMI) and might have
correlated measurement results, we treated the data of
the two knees as repeated measures within one person.
To adjust for repeated measures, we applied generalized
estimating equation (GEE) with a backward selection
method (P > 0.1 removal) to build the models. In this
way, final models can be used for calculating the prob-
abilities of individual knees. With treating the category
of stable or negative at both time points as reference, we
incorporated the other two categories into the reference
category if tested insignificant (P > 0.1).
Finally, we added factors of the final model 1 into our

baseline clinical-factor model (developed in our previous
study [15]). We built this combined clinical model
(model 3) by the identical backward selection method as
described above. Similarly, we added the final model 2
factors into the baseline clinical and radiographic factor
model and got the combined clinical and radiographic
model (model 4).
We presented all model factors as pooled odds ratios

(OR) and 95% CI, and tested model discrimination via
the receiver operating characteristic curve. Pooled area
under the curve (AUC) and its 95% CI were calculated.
To identify whether course factors have additive dis-
criminative value over baseline factors, we compared
AUC values of model 3 and model 4 with those of the
two corresponding baseline-factor models using the
method of Delong et al. [28]. To evaluate each factor's
contribution in the 4 models, we continued backward
selection and removed the factor (with the highest p
value) step by step until the last one. AUC was calcu-
lated for each step.
We internally validated all the models by estimating

model calibration and over-fitting [29]. We tested model
calibration via calibration plot and Hosmer and Leme-
show statistics. P > 0.05 of Hosmer and Lemeshow test
indicates good calibration. We detected model over-
fitting by bootstrapping 1000 samples from the deriv-
ation dataset (with replacement) [29]. The amount of
optimism was evaluated according to the change in
AUC.
We performed sensitivity analysis for the 4 models by

including ‘uncertain’ knees into the dataset, and assessed
model discriminations when treating ‘uncertain’ knees as
OA knees and as no OA, respectively.
Model building, discrimination, and sensitivity analysis

were performed with software SPSS version 25.0 (IBM,
Chicago, USA). AUC comparison and internal validation
were performed with R software version 3.6.1. Develop-
ment and reporting these models followed TRIPOD
(Transparent Reporting of a multivariable prediction
model for Individual Prognosis Or Diagnosis) guidance
(see Additional file 1 TRIPOD checklist) [29].
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Results
Patients and factors
Seven hundred sixty-one patients with 1185 symptom-
atic knees were included in this study. Nine hundred
forty-eight (79%) were female; the mean (SD) age is 56
(5) years. Characteristics, pooled after multiple imput-
ation, of baseline and course factors, are presented in
Table 1. Four hundred thirty-eight (37%) knees were di-
agnosed as OA, 532 (45%) were as no OA, and 215
(18%) were as “uncertain” in the final diagnosis.

Models
Six clinical course factors were retained in model 1, and 9
(6 clinical and 3 radiographic) course factors were retained
in model 2. Pooled OR are presented in Table 2. In both
model 1 and model 2, worsening of clinical or radio-
graphic signs over the first 2 years, except the course of
restricted/ painful extension, indicated a higher probability
of early stage knee OA.
Six baseline clinical factors combined with 5 clinical

course factors were retained in model 3, and 5 (4 clinical
and 1 radiographic) baseline factors combined with 8 (5
clinical and 3 radiographic) course factors were retained
in model 4. Pooled OR are presented in Table 2. In both
model 3 and model 4, more severe baseline status com-
bined with worsening of clinical or radiographic signs
over the first 2 years, except the course of restricted/
painful extension, indicated a higher probability of early
stage knee OA.
Four final model equations for calculating individual

probability are presented in Fig. 1.

Model discrimination and factors’ contributions
Model 1 and model 2 were able to discriminate between
patients with and without knee OA with pooled AUC of
0.70 (95% CI 0.67–0.74) and 0.74 (95% CI 0.71–0.77), re-
spectively. Each factor’s contribution is presented in the
Additional file 1 figure. The course of joint line tender-
ness was the most significant factor in both model 1 and
model 2.
The pooled AUC of model 3 and model 4 were 0.77

(95% CI 0.74–0.80) and 0.80 (95% CI 0.77–0.82), re-
spectively. Model discriminations were significantly
higher than their corresponding baseline-factor models
(model 3, 0.77 vs 0.75, p = 0.031; model 4, 0.80 vs 0.76,
p = 0.003). Each factor’s contribution to model 3 and
model 4 is presented in the Additional file 1 figure. Base-
line BMI was the most significant factor in both model 3
and model 4.

Internal validation and sensitivity analysis
Both model 1 and model 2 presented good internal cali-
bration (model 1, p = 0.24; model 2, p = 0.40) (Fig. 2)
and were detected with no over-fitting when rounded to

two decimals (Additional file 1: table 1). Sensitivity
analysis showed minimal reduction (3% to 5%) of
AUCs while incorporating “uncertain” knees into the
dataset for both model 1 and model 2 (Additional file
1: table 2).
Both model 3 and model 4 presented good calibration

(model 3, p = 0.78; model 4, p = 0.36) (Fig. 2). No over-
fitting was found in model 3, and only a minimal opti-
mism of AUC (1%) was detected in model 4 (Additional
file 1: table 1). Sensitivity analysis showed minimal re-
duction (4% to 6%) of AUCs while incorporating “uncer-
tain” knees into the dataset for both model 3 and model
4 (Additional file 1: table 2).

Discussion
This study showed that information on the early clinical
course can help to diagnose early stage knee OA. Both
models with only course factors included presented
“fair” discriminations and good internal validations.
Adding these identified course factors into baseline
models, we found the two combined models had signifi-
cantly better discriminative abilities than the baseline
models. However, the improvements in AUC should be
considered as small and further studies are needed for
evaluating the clinical relevance. Baker et al. reported
that interpretation of a small increase in AUC should be
made based on balancing benefits and costs of obtaining
new factors; even an increase of 0.02 in AUC by add-
itional factors was demonstrated worthwhile in their
study [30].
The principal motivation for this study was to build

implementable diagnostic tools for early stage knee OA.
For this purpose, our study was designed to have the fol-
lowing strengths: first, our models were built among a
large population who were in suspicion of early stage
knee OA and began to look for medical care in primary
care [19]. Comparing to other well-known early stage
knee OA cohorts, such as the osteoarthritis initiative (in-
cident OA subgroup) [31], MOST [32], and CASK [33]
cohorts, the population in CHECK presents an even
earlier stage with milder structural damage. Therefore,
the first 2-year course identified in this study should be
considered as early clinical course. Second, our models
used diagnoses of real clinical experts (experienced gen-
eral practitioners and secondary care physicians) as the
reference standard, obtained via a pre-designed protocol.
Most diagnoses of prior knee OA models were based on
radiographic assessments, equaling (incident) radio-
graphic knee OA [7–11]. However, not all of these
radiographic OA would be diagnosed as OA in real
practice; in the CHECK cohort, the overlap between
radiographic knee OA and the expert diagnosis was only
59% [15]. Third, the factors in our models are clinically
implementable assessments. As early diagnosis is mainly
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done in primary care, where the use of radiography to
diagnose OA is discouraged, our model 1 and model 3
can be used. Model 2 and model 4 can be implemented
in clinical settings where radiographs are available. In
contrast, models that apply novel factors such as (quan-
tified) MRI features and laboratory (genetic) biomarkers
[7–13], are costly and not applicable in daily clinical

practice. In addition, the AUCs of such models have
ranged from 0.72 to 0.83 [7–13], fully comparable with
our results obtained with routine and low cost
procedures.
Theoretically, the individual probability of early stage

knee OA can be calculated via inputting personal attributes
into our model equations. The additive discriminative value

Table 1 Characteristics of baseline and first 2-year course factors

Factors Baseline, presented
positive
N (%)

Decrease/negative at
both time points
N (%)

Stable/positive at
either time point
N (%)

Increase/positive at
both time points
N (%)

BMI 26.3 (4.2)c 154 (13) 892 (75) 139 (12)

Bilateral knee pain 848 (72) 152 (13) 447 (37) 586 (50)

Joint line tenderness 528 (45) 541 (45) 390 (33) 254 (22)

Bony swelling 43 (4) 1092 (92) 88 (7) 5 (1)

Joint warmth 48 (4) 1103 (93) 77 (6) 5 (1)

Joint effusion 80 (7) 1042 (88) 137 (11) 6 (1)

PF joint crepitus 533 (45) 500 (42) 319 (27) 366 (31)

PF joint grinding 370 (31) 727 (61) 320 (27) 138 (12)

Restricted/painful flexion 327 (30) 359 (30) 458 (39) 368 (31)

Restricted/painful extension 606 (51) 706 (60) 360 (30) 119 (10)

Heberden nodes 604 (52) 384 (32) 270 (23) 531 (45)

WOMAC paina

Walking 202 (17) 273 (23) 664 (56) 248 (21)

Standing 249 (21) 248 (21) 652 (55) 285 (24)

Stairs 569 (48) 332 (28) 592 (50) 261 (22)

Night 379 (32) 380 (32) 545 (46) 260 (22)

Rest 308 (26) 320 (27) 628 (53) 237 (20)

WOMAC functiona

Descending 355 (30) 332 (28) 593 (50) 260 (22)

Ascending 486 (41) 332 (28) 569 (48) 284 (24)

Rising 438 (37) 320 (27) 640 (54) 225 (19)

Standing 225 (19) 237 (20) 675 (57) 273 (23)

Walking 166 (14) 236 (20) 712 (60) 237 (20)

Sitting 178 (15) 263 (22) 687 (58) 235 (20)

WOMAC morning stiffnessa 590 (50) 379 (32) 545 (46) 261 (22)

Medial TF osteophyteb 130 (11) 20 (2) 950 (80) 215 (18)

Lateral TF osteophyteb 189 (16) 10 (1) 904 (76) 271 (23)

Medial TF JSNb 73 (6) 24 (2) 960 (81) 201 (17)

Lateral TF JSNb 11 (1) 35 (3) 1045 (88) 105 (9)

PF osteophyteb 130 (11) 23 (2) 1055 (89) 107 (9)

PF JSNb 36 (3) 9 (1) 955 (81) 221 (18)

TF angle − 1.8 (1.8)c 305 (26) 761 (64) 119 (10)

BMI, body mass index; PF joint, patellofemoral joint; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; TF, tibiofemoral; JSN, joint space
narrowing; percentages are calculated by dividing total number of knees (1185)
aAll the WOMAC items have 5 grades (0 to 4). Patient graded at 2 or more were treated as positive presentation at baseline
bRadiographic items were graded according to Kellgren & Lawrence criteria with 5 grades (0–4), and grade 2 or more was treated as positive presentation
at baseline
cPresented as mean (standard deviation)
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Table 2 Four models and pooled OR (odds ratios) for diagnosing early stage OA

Model 1 Model 2 Model 3 Model 4

Pooled OR (95% CI) Pooled OR (95% CI) Pooled OR (95% CI) Pooled OR (95% CI)

Baseline factors

BMI 1.12 (1.08–1.17) 1.10 (1.06–1.15)

Gender (female) 1.60 (1.10–2.33) 1.67 (1.14–2.46)

WOMAC function descending

Positive vs. negativea 1.94 (1.35–2.78) 1.85 (1.29–2.64)

WOMAC function rising

Positive vs. negativea 1.56 (1.10–2.21)

WOMAC stiffness

Positive vs. negativea 1.56 (1.13–2.16) 1.94 (1.41–2.67)

Joint effusion

Positive vs. negative b 4.36 (2.35–8.12)

Medial TF JSN

Positive vs. negativeb 3.70 (2.07–6.63)

Course factorsc

Joint line tenderness

Positive at either time point 1.58 (1.16–2.17) 1.59 (1.15–2.19) 1.57 (1.13–2.19) 1.64 (1.17–2.31)

Positive at both time points 2.28 (1.58–3.29) 2.20 (1.51–3.22) 1.83 (1.24–2.70) 1.95 (1.31–2.91)

Joint effusion

Positive at either time point 3.28 (2.07–5.20) 2.98 (1.84–4.81) 3.00 (1.82–4.95)

Restricted/painful flexion

Positive at either time point 1.49 (1.09–2.04) 1.36 (0.99–1.88)

Positive at both time points 2.54 (1.51–4.27) 2.35 (1.38–3.99)

Restricted/painful extensiond

Positive at either time point 0.74 (0.55–0.99) 0.69 (0.51–0.94) 0.70 (0.51–0.96) 0.66 (0.48–0.91)

PF joint crepitus

Positive at either time point 1.44 (1.03–2.01) 1.45 (1.03–2.03)

Positive at both time points 1.87 (1.34–2.62) 1.87 (1.32–2.64) 1.85 (1.34–2.55) 1.68 (1.21–2.34)

WOMAC function descendinge

Increase 1.66 (1.19–2.32) 1.81 (1.29–2.55) 2.07 (1.45–2.96) 2.30 (1.59–3.32)

Medial TF osteophyte

Increase 1.68 (1.15–2.46) 1.59 (1.06–2.40)

Lateral TF osteophyte

Increase 2.08 (1.46–2.95) 1.84 (1.26–2.70)

PF JSN

Increase 2.59 (1.49–4.51) 2.45 (1.37–4.39)

Pooled model intercept − 1.16 − 1.43 − 4.81 − 4.76

BMI, body mass index; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; TF, tibia femoral; JSN, joint space narrowing; PF,
patellofemoral joint
Model 1, included clinical course factors only; model 2, included clinical and radiographic course factors; model 3, clinical course factors + clinical
baseline factors; model 4, clinical and radiographic course factors + clinical and radiographic baseline factors
aAll the WOMAC items have 5 grades (0 to 4). Patient graded at 2 or more were treated as positive presentation at baseline, negative knees were
treated as reference
bRadiographic items were graded according to Kellgren & Lawrence criteria, and grade 2 or more was treated as positive; negative knees were treated
as reference
cCategory of negative at both time points or stable was treated as reference. Few patients (1%) presented joint effusion at both time points; we
incorporated these patients into the category of positive at either time point before statistical analysis. Few patients (1–3%) presented decreased
severity in radiographic items, and we incorporated them into the stable category before statistical analysis
dThe category of positive at both time points was not significant and incorporated into the reference category
eThe decrease category was not significant and incorporated into the reference category

Wang et al. Arthritis Research & Therapy          (2021) 23:217 Page 6 of 10



of course factors indicates that the 2-year follow-up based
early diagnosis should be more accurate than using baseline
data only. On the other hand, based on the equations, it
makes more sense to apply these models to the patients
with worsening conditions within the first 2 years, since
these patients are more likely to result in higher probabil-
ities and need treatment. Furthermore, these findings raise
a new strategy for selecting predictors. Future studies on

building prediction/diagnostic models for knee OA could
also take a period of disease course into account.
This study presented the first step of establishing early

diagnostic criteria based on patients’ first 2-year clinical
course, but certainly, further studies are warranted be-
fore implementing these models in real practice. There
are probably too many factors in our final models, espe-
cially model 3 and model 4, which increases the

Fig. 1 Final equations for the four models. For binary outcome, we use the link function of logit. Personal probability of early knee OA can be
calculated by using one of the following formulas. Course 1, positive at either time point; course 2, positive at both time points; PF,
patellofemoral; JSN, joint space narrowing
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difficulty of implementing in real practice. Making
models more concise seems necessary. According to
each factor’s contribution in our models, it should be
feasible to decrease the number of factors in model 3
and model 4 to a maximum of 6 or 7 with AUC values
around 0.75 (AUC of 0.75 or above indicates clearly use-
ful discrimination [34]). Further evaluations on each fac-
tor’s clinical implications as well as the costs and
benefits are required before deciding which factors to be
removed. Meanwhile, model external validation is an es-
sential step as it evaluates the reliability of applying
models in other populations. Moreover, to establish clin-
ically practical diagnostic criteria, a probability threshold
for ruling in and ruling out early stage knee OA is
needed, after which diagnostic measures including pre-
dictive values, sensitivity, and specificity can be assessed.
In general, model factors indicated that knees with

early deterioration are more likely to have early stage
knee OA, which is mostly consistent with the results of
other studies [16, 35, 36]. It is notable that one course
factor, restricted/painful extension, was inversely related
to clinically relevant knee OA in our models. A similar
phenomenon was found in another study [37] whose

model presented dyslipidemia and a family history of
premature coronary artery disease was a protective fac-
tor for all-cause mortality. This was explained as caused
by an unmeasured confounder of lipid-lowering medica-
tions usage in these patients. In this study, the patients
with restricted/painful joint extension (presented at ei-
ther time point) probably get some unmeasured but ef-
fective interventions as well, such as physical therapy
[38, 39]. We incorporated this factor in our model
mainly for its additive discriminative ability, but this in-
verse relationship needs to be externally validated.
There are several limitations in this study. First, mis-

classification bias cannot be ruled out when dealing with
course factors, especially in radiographic factors. As we
can see, some knees were found to have milder struc-
tural features after the 2 years, most of which should be
considered as misclassifications (measurement errors).
Given the low rates and these variables were created in-
dependent from the outcome, it should be considered as
non-differential misclassification bias and has a very lim-
ited impact on model estimates. Second concern is that
our models are based on the first 2-year follow-up,
which means the model makes an early diagnosis 2 years

Fig. 2 Calibration plots of the four models. Blue points represent data points of mean predicted against mean observed within certain range of
predicted probability. Orange line represents a regression smoother through data points. Gray line represents perfect calibration
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after baseline. The cost of this time delay is unknown.
Since our baseline assessment was at the patient’s first
consultation for knee complaint and the CHECK cohort
was proven to include patients at an early stage, we as-
sume ‘wait and see’ or ‘inconclusive diagnosis’ together
with some symptomatic treatments in the 2 years is jus-
tifiable. Third, since there was no evidence of defining
time interval for detecting early OA disease course, we
chose the 2 years based on the availability of follow-up
data in the CHECK cohort. Further studies on exploring
other time intervals or verifying this choice are needed.
Fourth, a minimal amount of overfitting was detected in
model 4, which might cause inaccurate probability esti-
mations. According to a previous study, optimism is ac-
ceptable if less than 5% [40]. Therefore, we did not
adjust the model intercept and coefficients.

Conclusions
Four diagnostic models for early stage knee OA were de-
veloped based on the early clinical course and were well
internally validated. Clinical course factors had statisti-
cally additive discriminative value over baseline factors,
but the clinical relevance is yet to be determined. For
real practice, findings of this study suggest a re-
evaluation for patients with conditions get worse after
baseline assessment.
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