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A B S T R A C T

Objective: To internally and externally validate our diagnostic criteria of early stage knee osteoarthritis (OA)
in the CHECK and OAI cohorts.
Design: We applied two previously developed diagnostic models to all knees in CHECK and OAI cohorts to
calculate probabilities of early stage knee OA at baseline. Knees were categorized into three groups based on
probability: ‘no OA’ (probability � 30%), ‘uncertain’ (probability between 30% and 70%) and ‘early stage OA’
(probability � 70%). To validate the diagnosis, we obtained OA related outcome measures at 10-year follow-
up in the CHECK cohort, and at 8-9-year follow-up in the OAI cohort. We compared outcome measures
between ‘no OA’ and ‘early stage OA’ knees, and between ‘no OA’ and ‘uncertain’ knees using generalized
estimating equations.
Results: In CHECK (n = 1042 knees) both models showed ‘early stage OA’ knees presented with significant and
clinically relevant higher WOMAC scores, higher Kellgren & Lawrence (KL) grade, and higher rates of joint
space narrowing (JSN) progression after 10 years, compared to ‘no OA’ knees. In OAI (n = 2937 knees) both
models showed ‘early stage OA’ knees presented with significant and clinically relevant higher WOMAC
scores, higher KL grade, and higher rates of KL and JSN progression after 8-9 years, compared to ‘no OA’
knees. Smaller, but still significant differences between ‘uncertain’ and ‘no OA’ knees were observed in both
cohorts.
Conclusions: These results support internal and external validity of the two sets of diagnostic criteria for early
stage knee OA.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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Introduction

Knee osteoarthritis (OA), a chronic disease characterized by long-
term symptomatic and structural progression [1], is usually diag-
nosed in the advanced stage of disease. Interventions have limited
effect in altering or delaying disease progression at this stage [2,3]. It
may be more effective to intervene in an early disease stage � this
has been demonstrated in other chronic diseases like lung cancer [4],
chronic heart failure [5] and rheumatoid arthritis [6]. However, diag-
nostic criteria for early stage knee OA are not yet established, making
it difficult to determine who may benefit from early intervention.
In a previous study, we developed diagnostic criteria for early
stage knee OA using clinical expert diagnosis of clinically relevant
knee OA (5 to 10 years after first presentation in primary care) as a
reference standard [7]. These criteria can be used to quantify the
probability of early stage knee OA in patients with initial presenta-
tions in primary care. In contrast to ‘classification criteria’ [8�10],
diagnostic criteria should facilitate treatment decisions in the clinic;
thus, a probability threshold is needed to rule early stage OA in or out
[11�14]. This would allow earlier and more selective application of
potentially effective interventions, such as education [1], physical
therapy [15] and weight loss [16,17].

Further validation of our criteria and probability thresholds are
warranted before implementation in clinical practice. An early diag-
nosis is valid when it predicts important clinical outcomes. This vali-
dation should be carried out within the dataset in which the criteria
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were developed (internal validation), but in order to evaluate gener-
alizability it must also be performed in another independent sample
(external validation) [11,17].

In this study, we explored the appropriate probability thresholds
for our early diagnostic models, and then internally and externally
validated these using probability stratification. The primary aim of
this study was to evaluate whether the knees diagnosed as ‘early
stage’ knee OA at baseline had more severe symptoms and structural
damage than ‘no OA’ knees after 10 years in the CHECK cohort (inter-
nal validation); and whether similar results were observed in the
Osteoarthritis Initiative (OAI) cohort with 9 years follow-up (external
validation).

Methods

CHECK cohort

We obtained data from the CHECK cohort (a longitudinal cohort
study of patients with knee or hip complaints, suspected for early
stage OA in Dutch primary care, followed for 10 years) for the internal
validation. The inclusion criteria of CHECK were (1) non-traumatic
knee or hip pain or stiffness, (2) aged 45�65 years old, (3) no previ-
ous consultation with a general practitioner, or the first consultation
within 6 months before inclusion. Patients were excluded if the com-
plaints could be explained by other diseases. Details are published
elsewhere [18]. In the present study, we included CHECK participants
who had knee complaints at baseline and had data available at
10 years follow-up (T10), and excluded knees lost to follow-up at
T10. Included and excluded knees were compared to determine
whether there were any apparent differences (>10%) in baseline
characteristics.

OAI cohort

We used the data from OAI incident subcohort for external valida-
tion. The OAI incident subcohort is a multi-center, longitudinal,
observational cohort study in the USA, which recruited participants
at risk of developing knee OA and followed these for at least 9 years.
Patients were recruited at university research units or tertiary hospi-
tals. The age-specific inclusion and exclusion criteria are available on
the website (https://oai.nih.gov). For the present study, we selected
eligible participants’ knees within the same age range as the CHECK
Fig. 1. Two model equations. Personal probability of early knee OA can be calculated by usin
includes both clinical and radiographic factors. WOMAC subscales are defined as ‘positive
defined as ‘positive’when grade�2 (equals� ‘minimal’).
cohort (45 to 65 years) and same Kellgren & Lawrence (KL) grade
range at baseline (KL�2). Knees were excluded if they were lost to
follow-up at 9 years (T9) or had missing data in the baseline meas-
ures which our models required. Included and excluded knees were
compared for apparent differences (>10%) in baseline characteristics.

Early diagnostic models and probability thresholds

We previously developed two multivariable models for the diag-
nosis of early stage knee OA in the CHECK cohort, using experts’ diag-
nosis of clinically relevant knee OA as a reference standard [7]. We
obtained the expert diagnoses by recruiting both general practi-
tioners and secondary care physicians, who independently evaluated
the longitudinal clinical and radiographic data acquired at the 5, 8
and 10-year follow-up visits of all knees [7,19]. All the experts were
unaware of patient baseline characteristics, and the final diagnosis
(OA, no OA or uncertain) was made upon agreement between experts
[7]. Model 1 of the diagnostic criteria included baseline clinical factors
only, and model 2 included both clinical and radiographic factors at
baseline (see equations in Fig. 1 and descriptions of the model devel-
opment in the supplementary material) [7].

All selected knees in both cohorts were divided into three groups,
based on the probability for early stage knee OA obtained from the
two models: a ‘no OA’ group (with a low probability for early stage
knee OA), ‘uncertain’ group (medium probability) and ‘early stage
OA’ group (high probability). Based on the literature and clinical
applicapability [11,12,20], we used two potential thresholds, includ-
ing 30%/70% (knees with a probability below 30% were diagnosed as
‘no OA’, and knees with probability higher than 70% were diagnosed
as ‘early stage OA’) and 40%/60%. Larger ranges of thresholds, e.g.
20%/80%, would leave too many knees as ‘uncertain’ to be clinically
meaningful. Moreover, the choices were supported by clinical
experts’ diagnosis that knees with medium probabilities (30%-70%)
were more likely to be diagnosed as ‘uncertain’ by the experts than
those with higher or lower probabilities (supplementary Fig. 1).

Baseline measures

In both CHECK and OAI, we extracted all required data from base-
line measures for each participant/knee, including age, sex, body
mass index (BMI), physical examinations (joint line tenderness, joint
effusion, crepitus, bony swelling), Western Ontario and McMaster
g one of the following formulas. Model 1 includes baseline clinical factors only; model 2
’ when patient report ‘moderate’ or more severe symptoms. Joint space narrowing is

https://oai.nih.gov


Table 1
Baseline characteristics of knees in CHECK and OAI cohorts.

CHECK cohort (N=1042) OAI cohort (N=2937)

Age, mean (SD) 56 (5) 55 (6)
Gender (female), % 81 59
BMI, mean (SD) 26.4 (4.2) 28.2 (4.8)
WOMAC pain, 0-100, mean
(SD)

25.6 (17.3) 7.7 (12.6)

WOMAC function, 0-100,
mean (SD)

24.3 (17.0) 7.3 (11.9)

WOMAC stiffness, 0-100,
mean (SD)

34.5 (20.9) 14.0 (17.2)

WOMAC total, 0-100, mean
(SD)

25.4 (16.4) 7.6 (11.3)

KL grade, %
0 59 55
1 28 22
2 13 23

SD, standard deviation; BMI, body mass index; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index; KL grade, Kellgren & Lawrence grade.
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Universities Osteoarthritis Index (WOMAC) questionnaires and two
radiographic items (medial joint space narrowing (JSN) and patellofe-
moral (PF) JSN).

Although required by model 2, there was no record of bony swell-
ing and patellofemoral JSN in the OAI cohort. Knowing that the prev-
alence of the two measures in the CHECK cohort was relatively low
(4% and 3%), we imputed these two variables into the OAI dataset but
set all observations to ’none’.

Outcome measures

To validate the early stage OA diagnosis, we collected final follow-
up data, including symptoms and bony structural signs of OA. We
used the total WOMAC scores (0�100) and its subscales for pain,
function, and knee stiffness to assess symptoms. We assessed struc-
tural signs of OA using actual KL grades, KL progression (defined as
yes/no based on an increase in KL grade of � 1 from baseline to final
follow-up), and JSN progression (defined as yes/no based on an
increase in lateral or medial JSN grade of � 1 from baseline to final
follow-up). Besides, we collected data on the cumulative surgical rate
(total knee replacement (TKR) for OA) during the entire follow-up.

In the CHECK cohort, we used T10 measures as outcomes. In the
OAI cohort, we used T9 WOMAC scores, T9 surgery information
(cumulative surgical rate over the 9 years) and T8 radiographic meas-
ures as the outcomes, because no radiographs were taken at T9 in
OAI. Additionally, T8 KL grades were not scored for all the knees in
the OAI cohort, approximately 30% of knees in OAI had missing values
in T8 for KL grade as well as KL progression, though JSN grade and JSN
progression were scored for all the knees.

Statistical analysis

We applied the two diagnostic model equations in both cohorts
by using baseline data to calculate the probability of early stage knee
OA for each knee[7]. Applying thresholds of 30%/70%, we stratified all
knees into three subgroups: ‘no OA’ (probability � 30%), ‘uncertain’
(probability between 30% and 70%) and ‘early stage OA’ (probability
� 70%).

First, we performed internal validation in the CHECK cohort.
Using the expert diagnosis as the reference standard, we assessed
positive predictive value (PPV) and negative predictive value
(NPV) and their 95% confidence intervals (CI) for the ‘early stage
OA’ and ‘no OA’ diagnoses, respectively. We also assessed PPV
and NPV when excluding the knees diagnosed as ‘uncertain’ by
experts, because these knees were excluded while developing the
two models [7]. To compare the symptoms between ‘early stage
OA’ knees and ‘no OA’ knees, as well as between ‘uncertain’ knees
and ‘no OA’ knees at final follow-up, we calculated mean differ-
ences (MD) and 95% CI on T10 WOMAC scores using generalized
estimating equation (GEE). We chose GEE because it adjusts for
repeated measures within patients where both knees were included.
To evaluate the clinical relevance, we adopted the concept of minimal
clinically important difference (MCID) for WOMAC scores, and consid-
ered the differences as clinically relevant when MD exceeded the
MCID. We employed MCID values for WOMAC total score of 7; pain
subscale, 9; function subscale, 6; and stiffness subscale, 7 [3,21]. Simi-
larly, we used GEE for testing inter-group differences on T10 KL
grade, KL progression, JSN progression and cumulative surgical rate.
Odds ratios (OR) and 95% CI were calculated.

Next, for external validation, we performed the same tests on the
same outcome measures in all knees selected from OAI incident sub-
cohort. We then performed sensitivity analyses using a subset of
symptomatic knees from OAI participants, defined as participants
who reported knee pain/stiffness within one month prior to baseline.
We did this because most OAI knees (82%) were asymptomatic at
baseline, which limited our ability to externally validate our model
because it had been developed in a sample of symptomatic knees.
Specifically, the prevalence of early stage OA can be higher among
symptomatic knees, possibly affecting model performance [11].

Finally, we repeated all analyses using the thresholds of 40%/60%.
All analyses were performed using SPSS V.25.0. We defined a p-value
< 0.05 as statistically significant.
Results

Participants

670 participants (1042 knees) from the CHECK cohort were
included in this study, 81% were female, and mean (SD) age was 56
(5) years. 1548 participants (2937 knees) from the OAI incident sub-
cohort were included, 59% were female, and mean (SD) age was 55
(6) years (see patient selection details in supplementary figure s2).
Baseline characteristics of all knees are presented in Table 1. Only
minor differences were observed in baseline characteristics between
included and excluded knees within both cohorts (supplementary
table 1 and 2). The model-based probability distributions in the two
cohorts are presented in Fig. 2.
Internal validation

With the thresholds of 30%/70%, model 1 diagnosed 293 (28%)
knees as ‘no OA’, 556 (53%) as ‘uncertain’ and 193 (19%) as ‘early stage
OA’ at baseline; and model 2 diagnosed 315 (30%) knees as ‘no OA’,
530 (51%) as ‘uncertain’ and 197 (19%) as ‘early stage OA’ at baseline.
PPV and NPV were similar for the two models (model 1: PPV=0.68
and NPV=0.70; model 2: 0.71 and 0.69), and both were somewhat
improved after excluding knees diagnosed as ‘uncertain’ by the
experts (model 1: PPV=0.80 and NPV=0.78; model 2: 0.84 and 0.80)
(Table 2).

Table 3 summarizes the inter-group differences in outcome meas-
ures. For both model 1 and model 2, ‘early stage OA’ knees presented
with statistically and clinical relevantly higher WOMAC scores at
10 years follow-up (MD ranges from 16.3 to 20.5, all p <0.001) com-
pared to ‘no OA’ knees. Knees with ‘early stage OA’ also had signifi-
cantly worse T10 KL grade and JSN compared to knees with ‘no OA’.
None of the ‘no OA’ knees underwent surgery within 10 years,
whereas 10% and 15% of ‘early stage OA’ knees did. The differences
between ‘uncertain’ and ‘no OA’ knees were smaller but still statisti-
cally significant and in the same direction. KL progression over
10 years did not differ between any group.



Fig. 2. Two model-based probability distribution in the CHECK and OAI cohorts.

Table 2
Predictive performances of the two models against expert diagnosis in the CHECK cohort (with thresholds of 30%/70%).

Expert diagnosis (N = 1042) PPV(95%CI) NPV(95%CI) PPV*(95%CI) NPV* (95%CI)

No OA, % Uncertain, % OA, %

Model 1 No OA 20 3 5 0.68
(0.64�0.72)

0.70
(0.66�0.74)

0.80
(0.76�0.84)

0.78
(0.74�0.82)Uncertain 21 12 20

Early stage OA 3 3 13
Model 2 No OA 21 4 5 0.71

(0.67�0.75)
0.69
(0.65�0.73)

0.84
(0.80�0.88)

0.80
(0.76�0.84)Uncertain 20 12 19

Early stage OA 3 3 13

OA, osteoarthritis; PPV, positive predictive value; NPV, negative predictive value.Percentages were calculated by using the total number
(1042) as denominator stratified by model.
* PPV and NPV calculated with excluding expert diagnosed ‘uncertain’ knees.
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External validation

With the thresholds of 30%/70%, model 1 diagnosed 1462 (50%)
knees as ‘no OA’, 1248 (42%) as ‘uncertain’ and 227 (8%) as ‘early stage
OA’ at baseline; and model 2 diagnosed 1347 (46%) knees as ‘no OA’,
1276 (43%) as ‘uncertain’ and 314 (11%) as ‘early stage OA’ at base-
line.

Table 4 summarizes the inter-group differences in outcome meas-
ures. For both model 1 and model 2, ‘early stage OA’ knees presented
with statistically and clinical relevantly higher WOMAC scores after
9 years (MD ranges from 11.1 to 14.8, all p<0.001) compared to ‘no OA’
knees. Knees with ‘early stage OA’ also had significantly worse KL grade,
KL progression, and JSN progression over 8 years compared to ‘no OA’.
The differences between ‘uncertain’ and ‘no OA’ knees were smaller but
still statistically significant and in the same direction. Cumulative surgi-
cal rate was not well discriminated by the twomodels.

Sensitivity analysis in the OAI cohort

365 participants with 523 knees reported knee symptoms at base-
line. Using model 1, 201 (38%) knees were diagnosed as ‘no OA’, 243
(47%) as ‘uncertain’ and 79 (15%) as ‘early stage OA’ at baseline; and
using model 2, 180 (34%) knees were diagnosed as ‘no OA’, 254 (49%)
as ‘uncertain’ and 89 (17%) as ‘early stage OA’ at baseline.
In general, the results of differences between ‘early stage OA’ and
‘no OA’ were robust to this sensitivity analysis, while the differences
between ‘uncertain’ and ‘no OA’ knees were non-significant regard-
ing JSN progression, WOMAC pain and function scores (supplemen-
tary table 3).

Internal and external validation with thresholds of 40%/60%

With the thresholds of 40%/60%, fewer knees were diagnosed as
‘uncertain’, and inter-group differences were smaller but still statisti-
cally significant and remained in the same direction for both the
internal and external validation. Analytical results were similar to
those for the 30%/70% threshold (supplementary table 4-6).

Discussion

Knees diagnosed as ‘uncertain’ and ‘early stage OA’ had worse
prognosis for symptoms and structural OA features than ‘no OA’
knees, in both CHECK and OAI populations. This suggests our diag-
nostic criteria can potentially be applied in real practice.

To establish clinically meaningful diagnostic criteria, we used clin-
ical experts’ diagnosis of clinically relevant knee OA as the reference
standard when developing the two models. Although patients’ symp-
toms do not always correspond with structural alterations [22,23],



Table 3
Internal validation with thresholds of 30%/70% in 1042 knees from the CHECK cohort.

Model 1 Uncertain
vs. no OA,
MD/OR{
(95%CI)

Early stage
OA vs. no
OA,MD/OR{
(95%CI)

Model 2 Uncertain
vs. no OA,
MD/OR{
(95%CI)

Early stage
OA vs. no
OA,MD/OR{
(95%CI)

No OA
(N = 293)

Uncertain
(N=556)

Early
stage OA
(N=193)

No OA
(N=315)

Uncertain
(N=530)

Early
stage OA
(N=197)

T10 WOMAC pain, 0-100,
mean (SD)

15.3
(14.3)

24.8
(19.5)

31.5
(20.4)

9.5**
(6.7-12.3)

16.3**
(12.2-20.3)

16.1
(15.1)

24.7
(19.3)

31.5
(20.8)

8.6**
(5.7-11.4)

15.4**
(11.2-19.5)

T10 WOMAC function,0-100,
mean (SD)

15.6
(13.8)

25.9
(19.4)

36.1
(21.5)

10.2**
(7.4�13.0)

20.5**
(16.2�24.7)

16.7
(14.8)

25.7
(19.4)

35.7
(21.6)

9.1**
(6.2�11.9)

19.0**
(14.7�23.2)

T10 WOMAC stiffness, 0-100,
mean (SD)

23.7
(18.4)

34.3
(24.5)

43.1
(24.8)

10.7**
(7.1�14.2)

19.4**
(14.3�24.5)

24.3
(19.0)

34.3
(24.3)

43.3
(25.2)

10.0**
(6.5�13.6)

19.1**
(14.1�24.1)

T10 WOMAC total, 0�100,
mean (SD)

16.2
(13.4)

26.3
(18.9)

35.7
(20.7)

10.1**
(7.4�12.8)

19.5**
(15.4�23.6)

17.2
(14.3)

26.2
(18.9)

35.4
(20.9)

9.0**
(6.3�11.8)

18.2**
(14.1�22.4)

T10 KL grade, % 2.2**
(1.6-3.0)

4.7**
(3.0-7.2)

2.3**
(1.7�3.0)

6.7**
(4.2�10.6)0 8 3 1 7 3 1

1 44 31 23 45 30 21
2 47 57 57 47 59 51
3 1 6 9 1 6 12
4 0 0 0 0 0 0
TKR 0 3 10 0 2 15
KL progression, % 80 82 83 1.2

(0.8�1.7)
1.3
(0.8�2.1)

79 83 84 1.3
(0.9�1.8)

1.4
(0.9�2.3)

JSN progression, % 72 80 83 1.5*
(1.0�2.2)

1.9*
(1.1�3.3)

73 80 82 1.5*
(1.0�2.2)

1.7*
(1.0�3.0)

Surgeryx, % 0 3 10 # # 0 2 15 # #

OA, osteoarthritis; SD, standard deviation; T10, data obtained at 10-year follow-up; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; KL grade, Kellg-
ren & Lawrence grade; TKR, total knee replacement (treated as KL5 while doing the analysis); JSN, joint space narrowing; MD, mean difference; OR, odds ratio; CI, confidence
interval.
{MDwas calculated for WOMAC scores; OR was for KL grade, KL progression, JSN progression and cumulative surgical rate; x Cumulative surgery rate over 10 years; # OR cannot
be calculated as no knee had taken surgery in no OA group; *p<0.05; **p<0.001.

Table 4
External validation with thresholds of 30%/70% in 2937 knees from the OAI cohort.

Model 1 Uncertain
vs. no OA,
MD/OR
(95%CI){

Early stage
OA vs. no
OA,MD/OR
(95%CI){

Model 2 Uncertain
vs. no OA,
MD/OR
(95%CI){

Early stage
OA vs. no OA,
MD/OR
(95%CI){

No OA
(N=1462)

Uncertain
(N=1248)

Early
stage OA
(N=227)

No OA
(N=1347)

Uncertain
(N=1276)

Early
stage OA
(N=314)

T9WOMAC pain, 0-100,
mean (SD)

6.0
(9.6)

9.6
(14.0)

18.5
(19.9)

3.5**
(2.5-4.6)

12.5**
(9.6-15.4)

5.6
(9.8)

9.5
(14.1)

16.7
(18.7)

3.9**
(2.9-4.9)

11.1**
(8.7-13.5)

T9 WOMAC function, 0-100,
mean (SD)

5.5
(10.3)

9.7
(13.8)

18.5
(18.5)

4.2**
(3.2�5.3)

13.1**
(10.2�15.9)

5.1
(9.7)

9.4
(13.6)

17.3
(17.9)

4.3**
(3.3�5.3)

12.2**
(9.8�14.6)

T9 WOMAC stiffness, 0�100,
mean (SD)

10.4
(15.1)

16.0
(18.5)

25.1
(21.9)

5.7**
(4.2�7.1)

14.7**
(11.3�18.1)

10.0
(14.8)

15.3
(18.2)

24.8
(21.3)

5.3**
(3.8�6.7)

14.8**
(11.9�17.7)

T9 WOMAC total, 0�100,
mean (SD)

5.8
(9.7)

9.8
(12.9)

18.3
(17.5)

4.0**
(3.1�5.0)

12.6**
(9.9�15.2)

5.4
(9.2)

9.5
(12.9)

17.1
(16.8)

4.1**
(3.2�5.1)

11.7**
(9.5�14.0)

T8 KL grade, % 2.2#**
(1.8�2.6)

4.9#**
(3.3�7.2)

2.3#**
(1.9�2.8)

4.3#**
(3.0�6.1)0 48 31 16 50 31 19

1 18 18 14 18 19 13
2 6 11 15 6 11 12
3 2 4 8 1 4 7
4 0.1 0.2 1 0 0.5 0
TKR 1 2 2 1 2 2
Missingy 25 34 44 24 32 47
KL progressiony, % 15 31 46 2.5#**

(2.0�3.2)
4.8#**
(3.1�7.3)

15 30 43 2.4#**
(1.9�3.0)

4.3#**
(2.9�6.3)

JSN progression, % 8 15 26 2.1**
(1.6�2.8)

4.3**
(2.9�6.3)

7 14 24 2.1**
(1.6�2.7)

4.1**
(2.8�5.8)

Surgeryx, % 1 2 2 2.1
(0.9�4.4)

2.7
(0.9�8.2)

1 2 2 1.7
(0.8�3.4)

2.5*
(1.0�6.4)

OA, osteoarthritis; SD, standard deviation; T9/8, data obtained at 9/8-year follow-up; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index, (0-100, 0 indi-
cates no symptom); KL grade, Kellgren & Lawrence grade; TKR, total knee replacement (treated as KL5 while doing the analysis); JSN, joint space narrowing; MD, mean differ-
ence; OR, odds ratio; CI, confidence interval. Model 1 includes clinical factors only; model 2 includes both clinical and radiographic factors.
{ MD was calculated for WOMAC scores; OR was for KL grade, KL progression, JSN progression and cumulative surgical rate; y T8 KL grades were not scored for all the knees in
the OAI cohort, KL progression had same proportion of missing values and percentages were calculated by excluding missing values; x Cumulative surgery rate over 9 years; #
OR were calculated after excluding missing values; *p < 0.05; **p < 0.001.
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our model based diagnostic criteria for early stage OA predicted, on
average, worse symptoms and radiographic findings at follow-up.
Many previous models were developed for predicting ‘structural OA’,
while these had poor or uncertain performances in discriminating
knee symptoms [24�27]. In the present study, the differences in
WOMAC scores between ‘early stage OA’ and ‘no OA’ knees in the
two cohorts were consistently beyond the MCID, however we
acknowledge that use of MCID is controversial and may not be gener-
alizable [21].

The ideal way to externally validate the current models would
have been to use expert consensus-based diagnosis (i.e., the criterion
reference standard) as the outcome measure. However, this type of
diagnosis is generally not available in cohort studies, and this pre-
vented us from performing an ideal external validation. Instead, we
used WOMAC scores and radiographic features because these were
the features used by clinical experts to diagnose knees in the CHECK
cohort. We assumed the knees with more severe symptoms (higher
WOMAC scores) and more structural damage would be more likely to
be diagnosed as knee OA by experts, and this was confirmed during
internal validation of this study. On the other hand, experts’ diagno-
ses could vary from one region to another and could be influenced by
their specialties (e.g. primary vs. secondary care)[19]. Nevertheless,
using these commonly available features will facilitate further repli-
cation of our results in other studies, as well as in clinical practice.

Setting thresholds for the probabilities derived from specific mod-
els is somewhat subjective and arbitrary, according to previous stud-
ies [11,12,20]. Laure et al. stated that the choice of threshold should
reflect the potential for harm of a false positive and the potential ben-
efit of a true positive [12]. Since no study has reported on the harms
and benefits of early stage knee OA diagnosis, our choice was based
on the assumption that potential harm is approximately the same as
benefit. We adopted the category of ‘uncertain’ in the probability
stratification because our previous study showed that several knees
were difficult to diagnose and were marked as ‘uncertain’ by the clin-
ical experts [19]. Moreover, this form of stratification was also fre-
quently applied in other studies [13,20,28,29]. Using thresholds
at 30%/70% and 40%/60%, predictive values of the two models
reached §0.70 and §0.60 in the CHECK cohort, respectively. Since
the predictive value of 0.60 is slightly lower than the values
reported for clinical diagnosis in other chronic musculoskeletal
diseases [30,31], we decided to use 30%/70% as the primary
thresholds. However, further studies are needed to assess the
cost-effectiveness and clinical impact of these thresholds, before
deciding which one to implement.

Early diagnosis should facilitate treatment decisions. Neverthe-
less, since no intervention has been tested for its effectiveness in
‘early stage OA’ population, our early diagnostic criteria may, there-
fore, help open the ‘early treatment window’ and facilitate future
intervention studies. As no diagnostic criteria are perfect, when effec-
tive early interventions become more widely available, the benefit of
the treatment in true positive cases should be well balanced against
the harm (over-treatment) in false positive cases. For instance, in the
CHECK cohort, if a 70% effective intervention (deduced based on the
efficacy of disease-modifying drug in rheumatoid arthritis [32]) for
preventing clinically relevant OA were to be implemented in all ‘early
stage OA’ knees, about 50% to 60% of knees would benefit from such
treatment, and 20% to 30% of the knees might be overtreated. All
those treated would be exposed to potential side-effects of the treat-
ment. Moreover, based on the results of this study, ‘uncertain’ knees
should be considered more likely to develop into OA than ‘no OA’
knees, so interventions might also be appropriate for these ‘uncer-
tain’ knees. If so, these interventions would need to be of low cost
with few side effects. In addition, we have also developed 2-year dis-
ease course based early diagnostic criteria, which can provide a re-
evaluation (especially when symptoms and structural damage get
worse) within 2 years [33]. Thus, a suggestion of regular follow-up
can be delivered to these ‘uncertain’ knees for monitoring disease
status and probably adjusting treatment strategies.

Despite having no baseline radiographic feature in model 1, the
model still predicted bony structural changes. Given that use of
radiographs is discouraged for patients suspected of having knee OA
in primary care [19], model 1 may be a more useful tool in clinical
practice. In our previous study we found that radiographic features
were of limited added value for model performance [7]. These find-
ings were confirmed in the present study: model 2 only increased
the PPV by 3-4% and NPV by 1-2%. These findings were further sup-
ported by using patient symptoms and structural damage as out-
comes since the two models’ discriminative abilities among
symptomatic and structural features were very similar in both CHECK
and OAI cohorts.

Model performance always varies from one dataset to another,
because of heterogeneity in study designs. This heterogeneity, in
turn, can help to assess the ‘reliability’ of the model when applied in
different situations. For the current study, there are several notewor-
thy differences in patient characteristics, data obtaining and research
background between CHECK and OAI cohorts. First, CHECK recruited
individuals who reported knee complaints but had not yet, or had
only recently, sought medical care, while the OAI incident subcohort
recruited individuals at high risk of developing knee OA, and who
were mostly asymptomatic at baseline. Moreover, in CHECK the two
knees of patients from the CHECK shared one series of WOMAC
scores, while in OAI participants completed WOMAC questionnaires
separately for each knee [34]. This could explain differences between
the two cohorts among WOMAC scores. As expected, the baseline
WOMAC scores in OAI were generally lower than that in the CHECK.
According to the model equations, lower WOMAC scores would
result in lower probabilities. This could be a reason why fewer knees
were diagnosed as ‘early stage OA’ in OAI. Despite the difference, the
results of external validation and sensitivity analyses support the use
of our criteria in the OAI knees. Second, differences in patient charac-
teristics are also reflected in radiographic findings. Most knees in the
CHECK progressed in KL/JSN grade, but only a few knees did in OAI,
despite the fact that the methods of KL grading were similar in the
two cohorts [34]. In this case, our study results suggest that our mod-
els remain valid in low pre-test probability populations, in terms of
radiographic progression. Third, the sex balance is different between
the two cohorts. This can be explained by the fact that the CHECK
cohort was designed without a pre-specified goal on sex balance,
while the OAI cohort aimed for equal numbers of men and women in
each age group. Finally, the social, cultural and healthcare system dif-
ferences between the USA and the Netherlands cannot be ignored.
For example, the decision for knee joint surgery may be influenced
by regional factors and may have influenced surgical rates between
the two cohorts. Given that model’s discriminative ability can be
influenced by the prevalence [11], the small number of surgical cases
may be the cause of the insignificant results in the OAI cohort.

This study has limitations. First, only one cohort was used for
external validation. Even though several other knee OA cohorts were
identified by our research group [27,35,36], they all lacked several
factors required for our models, especially the factors of physical
examination. Second, since there is no standard expert OA diagnosis
for the knees in the OAI cohort, we could not evaluate the two mod-
els' external diagnostic abilities, such as assessing receiver operating
characteristic curve, PPV and NPV. However, based on the similar pat-
terns of symptoms and radiographic features over the three catego-
ries across the two cohorts, we believe it remains reasonable to
consider those in OAI with ‘early stage OA’ to be similar to those in
CHECK, and therefore likely candidates for early intervention. Third,
radiographic PF OA was included in the CHECK cohort and was taken
into consideration while developing the two models, but there were
no data regarding radiographic PF OA in OAI. Therefore, this study
couldn’t validate the models’ performance in regards to PF OA.
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Fourth, both knees of each person were included in this study,
which might have influenced the results. At baseline, knees from
a unilateral (early stage) OA patient shared or had correlated
WOMAC scores, which could have increased the probability of
having ‘early stage OA’ in the ‘healthy’ knee. However, unilateral
knee OA is very likely (up to 80% probability) to progress to bilat-
eral OA over time [37,38]. Thus, it seems fair to assign a slightly
over-estimated probability for the ‘(temporarily) healthy’ knee.
When comparing outcome measures, although GEE was applied
to adjust for possible correlated measures between knees within
patients, residual effects cannot be fully ruled out. Fifth, validat-
ing diagnostic criteria in cohort studies has its natural limitations,
because participants included in the cohorts (selected by multiple
inclusion and exclusion criteria) may not represent patients seen
in clinical practice. This study included a group of patients who
were suspected of early stage knee OA, and aged 45 to 65 years
with knee KL grade � 2. Therefore, results may not be applicable
to younger or older patients, or patients with higher KL grades.
The age range was selected based on prior knowledge that the
population prevalence of knee OA starts to increase from 45 years
and the two models were originally developed in a population
aged 45 to 65 years [1,19]. Besides, most knees suspected of hav-
ing early OA present with KL� 2 [34]. Sixth, patients lost to final
follow-up were excluded from this study, which might have
introduced selection bias, although the baseline characteristics of
excluded knees were similar to those of the included knees. We
didn’t use imputation since it would use similar mathematical
algorithms as prediction models, which may have unrealistically
optimized our results.

In conclusion, these results support the internal and external
validity of the two model-based early diagnostic criteria for knee OA.
‘Early stage’ OA knees were found to have worse prognosis than ‘no
OA’ knees in both CHECK and OAI populations. Further studies on
transforming the two diagnostic models into clinically feasible diag-
nostic tools and evaluating the impact of clinical application are war-
ranted.
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