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A B S T R A C T

Objective: Developing new therapies for knee osteoarthritis (KOA) requires improved prediction of disease pro-
gression. This study evaluated the prognostic value of clinical clusters and machine-learning derived quantitative
3D bone shape B-score for predicting total and partial knee replacement (KR).
Design: This retrospective study used longitudinal data from the Osteoarthritis Initiative. A previous study used
patients' clinical profiles to delineate phenotypic clusters. For these clusters, the distribution of B-scores was
assessed (employing Tukey's method). The value of both cluster allocation and B-score for KR-prediction was then
evaluated using multivariable Cox regression models and Kaplan-Meier curves for time-to-event analyses. The
impact of using B-score vs. cluster was evaluated using a likelihood ratio test for the multivariable Cox model;
global performances were assessed by concordance statistics (Harrell's C-index) and time dependent receiver
operating characteristic (ROC) curves.
Results: B-score differed significantly for the individual clinical clusters (p < 0.001). Overall, 9.4% of participants
had a KR over 9 years, with a shorter time to event in clusters with high B-score at baseline. Those clusters were
characterized clinically by a high rate of comorbidities and potential signs of inflammation. Both phenotype and
B-score independently predicted KR, with better prediction if combined (P < 0.001). B-score added predictive
value in groups with less pain and radiographic severity but limited physical activity.
Conclusions: B-scores correlated with phenotypes based on clinical patient profiles. B-score and phenotype inde-
pendently predicted KR surgery, with higher predictive value if combined. This can be used for patient stratifi-
cation in drug development and potentially risk prediction in clinical practice.
1. Introduction

Osteoarthritis (OA) is a major health care challenge affecting more
than 500 million patients worldwide [1] associated with personal
suffering [2], reduction in quality of life [3], loss of independence [4] and
even mortality [5]. Despite decades of research since Kellgren and
Lawrence (KL) first suggested a radiographic classification of disease
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severity in 1957 [6] and major advances in the understanding the pa-
thology of the disease, there is still no medication licensed as disease
modifying treatment for OA [7].

It is now widely accepted that OA may be triggered by various
mechanisms culminating in the clinical and radiographic picture of OA
[8]. Phenotyping has been employed to stratify patients based on
observable traits, assuming that this could translate into the
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identification of endotypes and thereby allow targeted treatment ap-
proaches [9,10].

One challenge in these efforts is the definition of structural disease
severity, typically assessed using the KL classification, which has
considerable limitations [11]. Another challenge is, despite an array of
potential candidates, the lack of a reliable and validated imaging
biomarker, especially with predictive validity for patient-relevant out-
comes such as pain, function, or risk of joint replacement surgery [12,
13]. Three-dimensional bone shape (termed B-score when referring to
femoral shape) is a candidate imaging biomarker which can be derived
from CT or MRI [14]. Previous analyses have demonstrated its linear
metric provides a more granular assessment of OA severity compared to
KL grading [15]. Bone shape has demonstrated an association with both
radiographic disease progression and joint replacement [16–18]. In
addition, responsiveness to investigational treatments in clinical trials via
a flattening of the progression trajectory [19] and also an association
with physical function have been suggested [20].

Despite promising data, the reliance of B-score on imaging techniques
that are not commonly used for the assessment of OA [21,22], is a po-
tential disadvantage for a potential risk assessment tool in clinical
practice. Also, as a measure for screening and stratification in OA clinical
trials, B-score requires 3D imaging and, in the case of CT scans, radiation
exposure.

In a previous analysis of the Osteoarthritis Initiative (OAI) database, a
multi-center, longitudinal, prospective observational cohort-study of
knee OA including 4796 participants, we identified OA phenotypes based
on clinical and performance characteristics [23].

These cluster allocations were associated with different levels of pain
and joint space width at baseline, and over time clusters demonstrated
slightly different patterns of disease progression; the relationship with
joint replacement was not examined. Pain levels remained stable for
clusters comprising patients with many comorbidities with a trend to-
wards a pain increase in the other clusters. Joint space loss over time was
more pronounced in a potentially inflammatory cluster characterized by
a high rate of effusion compared to the other clusters [23].

Assuming an association between phenotypes and endotypes in OA,
we hypothesized that there may be a relationship between B-score and
the identified clinical clusters, allowing the use of one or the other for
prediction of knee replacement (KR) in different settings (research or
clinical practice), and dependent on available resources. The evaluation
of B-score and clinical variables as potential predictors of KR is a first step
in building a robust model for risk prediction, that could subsequently
include other imaging or soluble biomarkers. Clusters based on clinical
information and B-score have been chosen initially due to their avail-
ability at low cost (in the case of the clinical clusters), and the previous
reported predictive value and sensitivity to change of B-score [15,24,25].

The present study therefore aimed at investigating the relationship
between phenotypic cluster allocation and B-score and examined them
both individually and in combination as predictors of total or partial KR.

2. Methods

The study was based on the data from the OAI. The initial study was
approved by institutional review boards of the participating centres [26].
All patients gave informed consent to the collection of their data and to
the secondary use. This study was approved by the Ethikkommission
Nordwest-und Zentralschweiz (Basec-No. 2022-01979).

Data from the incident and progression cohorts [26] were used in this
analysis. The progression-cohort (n ¼ 1390) consisted of subjects with
frequent knee symptoms and radiographic signs of tibio-femoral knee
OA; the incidence-cohort (n ¼ 3284) consisted of subjects with frequent
knee symptoms without radiographic evidence of OA, plus at least 2 risk
factors for OA.

In a previous evaluation, 157 baseline variables were selected for the
analysis based on their clinical relevance and availability in the OAI as
well as in clinical practice to allow a transfer of insights to various



Fig. 1. Mean of B-scores by phenotypic cluster.
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settings. B-score or any other imaging data was not part of the input
variables for cluster definition in this setting:

Two different unsupervised machine-learning based approaches,
namely deep embedded clustering (DEC) and multiple factor analysis
and clustering (MFAC) were employed to stratify the population. The
DEC model used an auto-encoder for dimensionality reduction and a
clustering layer for cluster identification while MFAC used a weighted
principal component and a hierarchical clustering on principal
3

component for the cluster identification. The DEC model differentiated
5 clusters (D1-5), and with MFAC, 3 clusters were identified (M1-3)
[23].

Briefly, based on DEC five clusters (D1-5) were identified. Patients in
cluster D1 and D4 were slightly younger than the average age, their
overall pain levels were low, while their activity levels were high (based
on physical activity scale for the elderly and performance measures).
Activity levels differentiated D1 from D4. Patients in D5 were older than



Table 2
Association between laterality of the selected baseline B-score and joint
replacement surgery.

Simultaneous
bilateral KR

KR left side KR right side

Left B-score > right (n; %) 12 (52%) 151 (72%) 39 (19%)
Only left B-score available (n; %) 0 7 (3%) 1 (0.5%)
Right B-score > left (n; %) 11 (48%) 46 (22%) 162 (78%)
Only right B-score available (n; %) 0 5 (2%) 5 (2%)
Total (n) 23 209 207

F. Saxer et al. Osteoarthritis and Cartilage Open 6 (2024) 100458
the average age, had the lowest activity and overall low pain levels.
Patients in D2 and D3 had higher pain levels than the other clusters and
higher impact on mobility as measured with the 400 m walk test. While
D2 was specifically characterized by a high rate of knee joint effusion, D3
stood out based on comorbidities, depression and periarticular pain [23].

The three MFAC clusters (M1-3) separated as follows: M1 comprised
predominantly male active patients with low levels of pain. Patients in
M2 were older than the average, inactive (based on the lowest average
physical activity scale for the elderly score) and reported overall low pain
levels. Patients in M3 resembled those in D3 with a high burden of
comorbidities, depression, periarticular pain and overall pain levels [23].

Pain levels remained stable for clusters D3/M3with a trend towards a
pain increase in the other clusters. Joint space loss over time was more
pronounced in D2 compared to the other clusters [23].

For the current analysis, B-score has been added as input variable. B-
score has previously been analyzed in the OAI as a predictor for disease
progression [17] and in the current study was assessed for its relationship
to the previously described phenotypic clusters. B-score is the statistical
z-score that defines the bone shape value of an average non-osteoarthritic
femur as 0 at the origin of a shape vector that has a positive value in the
direction of increasing OA severity. Along this femur shape vector, a one
point change in B-score equals one standard deviation of
non-osteoarthritic femur shape [17]. Typically, the spectrum of B-score
ranges from �2 to þ7. Maximum B-score at baseline (left or right knee)
was used in all statistical analyses in order to select the worst B-score and
to avoid potential collinearity in the regression models, while max-
imising the number of observable KRs as outcome events. The model
aimed at a prediction of knee joint replacement surgery at the subject
level and not at disease progression at the joint level assuming that the
less affected knee may also progress to KR in many patients. Descriptive
statistics were used to evaluate the side-specific progression.

As an outcomes in this analysis, knee joint replacement surgery was
used to capture a non-reversible marker of joint failure defined as total
knee replacement (TKR, based on the variables V99ELKDAYS, V99ERK-
DAYS in the OAI outcomes dataset) or partial medial or lateral knee
replacement (PKR, based on the variables V99ELKTLPR, V99ERKTLPR in
the OAI outcomes dataset).

The time to onset of the first event of KR was defined as the time from
the enrollment date to the first incidence of an event (TKR or PKR in
either the left or right knee). In the absence of an event during the follow-
up period, the censoring date applied was the earliest of the following
dates: date of death, date of withdrawal of informed consent or date of
last contact.

2.1. Statistical analysis

The data was summarized using descriptive statistics (quantitative
data) and contingency tables (qualitative data). Categorical data was
presented as frequencies and percentages. For continuous data, mean
(along with 95% confidence interval (CI)), standard deviation, median,
25th and 75th percentiles, minimum and maximum were computed.
Spearman correlations were used to assess the association between the
left and right B-score at baseline, age and medial joint space width. The
correlation between KL and B-score has previously been reported by
Bowes et al. [15].
4

The distributions of baseline B-scores were compared between the
clinical phenotypes by multiple (pair-wise) comparisons of the means
using Tukey's method. Time to event first KR surgery (TKR or PKR) was
presented descriptively using the Kaplan-Meier curve and was summa-
rized by presenting the proportion of patients who are event-free at
different time points (2, 5 and 8-years) along with the corresponding
95% CI.

The population was divided into a training set of 70% and a test set
of 30% using random sampling and stratified by KR event. Cox pro-
portional hazards regression models (univariable and multivariable)
were used to investigate the predictors (baseline B-score and pheno-
typic clusters as predictor variables) of time to first OA KR surgery and
to estimate hazard ratios and 95% CI on the training set. From the
model coefficients and the baseline hazard, the cumulative hazard and
survival at a specific time point was estimated for a range of B-score
values and phenotypic clusters.

The Cox proportional hazards model is described as follows: h(t|X) ¼
h0(t)eβX.

where h(t) is the hazard rate at time t, h0(t) is the baseline hazard rate
at time t, β is a vector of coefficients and X is a vector of covariates.

Then the survival curve of the Cox model is: S(t|X) ¼ S0(t)exp(βX)

The likelihood ratio test was applied to multivariable Cox propor-
tional hazard models and was used to test the added prognostic value of
Cluster over B-score and vice-versa in the training set. Predictive per-
formance of the Cox regression models was determined by time area
under the receiver operating characteristic curve (AUC) metrics and
discrimination by C-index using the test set. One thousand iteration re-
samples on the training and test data were performed to estimate the
95% CI for C-index.

No imputation of missing baseline B-score was performed.
All statistical computations were performed in R version 4.1.0 (2021-

05-18), R Core Team (2021) using RStudio version 2022.07.3þ 585.pro1
environment RStudio Team (2021).

3. Results

3.1. Relationship between bone shape and clinical clusters

Table 1 (and Supplemental Figure 1) summarize descriptively the
distribution of B-scores in the incidence and progression cohorts of the
OAI database. As expected, B-score was overall lower in the incidence
cohort with a mean close to normal (between 0 and 1) and similar dis-
tributions for the right and left knees. There was an expected overlap of
B-scores for the different KL groups, with KL grades spanning B-scores
from �3 to þ9 in these two cohorts (Supplemental Figure 2). Using a
Spearman's rank correlation coefficient approach, we observed a nega-
tive weak association (Spearman's ρ ¼ �0.26) between B-scores and
medial JSW. Increasing KL grade was associated with increasing mean B-
scores (Supplemental Figure 5), however, we observed a high overlap of
KL-associated B-scores especially for KL grades 1–3 (Supplemental
Figure 2).

There was a high correlation (Spearman's ρ ¼ 0.77) between
left and right knee B-scores (Supplemental Figure 3), but a weak
correlation (Spearman's ρ ¼ 0.10) with age (Supplemental Figure 4).
B-score significantly differed between the different clusters as shown
in Fig. 1.

3.2. Relationship to joint replacement

Knee joint replacement surgery was observed in 439 (402 TKR, 37
PKR) of 4674 patients. In 75–80% of cases, the knee with the higher
baseline B-score progressed to surgery (see Table 2). The cumulative
incidence of KR events differed significantly between the clusters as
shown in Fig. 2. In a multivariable proportional hazards regression
model using the training set and adjusted for B-score, the phenotypic
cluster allocation to D2/D3 and M3 remained independent prognostic



Fig. 2. Cumulative incidence of first KR events among OAI participants by cluster and time to KR based on a Kaplan-Meier approach.

F. Saxer et al. Osteoarthritis and Cartilage Open 6 (2024) 100458
factors for KR (Table 3), confirming the independent prognostic value
of both cluster and B-score.

Eight-year KR estimates were 4.3% and 6.8% for D4 and M2
respectively versus 19.3% and 16.8% for D2 and M3 (Panel C Fig. 2).
Based on the multivariate Cox regression model, the risk for OA KR
events at 8 years is 28% for D2, 21% for D3 and 23% for M3 for a baseline
B-score at 4 (Fig. 3).

The predictive value of cluster allocation was evaluated relative to
the B-score as a predictor of KR using the likelihood ratio test for the
multivariate Cox model using the training set. Adding phenotypic
5

cluster information to the B-score significantly improved the predic-
tive value (P < 0.001 for DEC clusters and P ¼ 0.04 for MFA clusters;
Table 4). Conversely, the B-score added significantly greater predictive
information to cluster (P < 0.001). The area under the curve over time
in the training and test sets and Harrel C-index were used to compare
the performance of the Cox regression models (Fig. 4). Combining B-
score and cluster (MFAC or DEC) in the Cox regression model, pro-
vided similar performances to the model with only B-score but greater
performances than the model with cluster, as the C-statistic [95%CI]
for the combined model was 0.76 [0.72, 0.80] versus 0.75 [0.71, 0.79]



Table 3
Association between B-score, clusters and joint replacement surgery events in the training set.

all HR (univariable) HR
(multivariable)

all HR (univariable) HR
(multivariable)

Cluster D4 556 (17.0) – – M2 1531 (46.8) – –

D5 1085 (33.3) 1.34 (0.86–2.10, p ¼ 0.197) 1.21 (0.77–1.89,
p ¼ 0.400)

M1 1046 (32.0) 1.42 (1.08–1.88,
p ¼ 0.012)

1.17 (0.88–1.54,
p ¼ 0.280)

D1 435 (13.3) 1.31 (0.77–2.23, p ¼ 0.321) 1.33 (0.78–2.26,
p ¼ 0.300)

M3 693 (21.2) 2.68 (2.04–3.51,
p < 0.001)

1.45 (1.09–1.93,
p ¼ 0.011)

D3 581 (17.8) 2.87 (1.83–4.48, p < 0.001) 1.88 (1.20–2.96,
p ¼ 0.006)

D2 605 (18.5) 4.54 (2.98–6.90, p < 0.001) 2.69 (1.76–4.11,
p < 0.001)

B-score Mean (SD) 1.4 (1.9) 1.55 (1.48–1.62, p < 0.001) 1.50 (1.43–1.57,
p < 0.001)

1.4 (1.9) 1.55 (1.48–1.62,
p < 0.001)

1.52 (1.46–1.60,
p < 0.001)

F. Saxer et al. Osteoarthritis and Cartilage Open 6 (2024) 100458
for B-score alone, and the area under the time-dependent receiver
operating characteristic curve was superior to models with B-score or
cluster alone. The area under the curve range between 0.8 (0.84) and
0.72 (0.73) from 6 months to 8 years when combining B-score and
MFAC (or DEC) cluster versus 0.76 and 0.71 for B-score alone in the
test set (Fig. 4). Among D5 and M2 clusters a trend for better per-
formances of the B-score model was observed as the C-index in the test
set were 0.78 [0.70, 0.86] and 0.81 [0.75, 0.87] respectively.
Fig. 3. Predicted 8 years risk of first KR events ve
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4. Discussion

These analyses demonstrate significant differences in B-scores be-
tween most of the pre-determined clusters based on clinical information,
thereby associating clinical phenotypes with a structural biomarker. In
addition, B-score and cluster allocation were found to be independent
predictors of knee joint replacement surgery, while the combination of
both increased the predictive value. B-score was the stronger predictor
rsus baseline risk score overall and by cluster.



Table 4
Likelihood ratio (LR) analysis of Cluster and B-score for first joint replacement
surgery events in the training set.

Cluster N Model 1 Model 2 LR Chi square p-value

DEC (D) 3258 B-score B-score þ Cluster 38.5 < 0.001
Cluster Cluster þ B-score 258.6 < 0.001

MFAC (M) 3266 B-score B-score þ Cluster 6.4 0.040
Cluster Cluster þ B-score 278.9 < 0.001

Model 1 uses either B-score or cluster as basis for prediction, model 2 adds the
respective second feature.

Fig. 4. Comparison of prediction
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compared to cluster allocation.
Overlapping B-scores for KL-grades and weak JSW correlation

confirm the difficulty of using radiographic evidence to define OA dis-
ease state. This was also demonstrated by the nearly normal distribution
of B-scores in the incidence cohort contrasted with the skewed distri-
butions in the progression cohort which reflects the heterogeneous na-
ture of OA as a disease.

Age is a known risk factor for OA, in consequence changes in
bone shape and therefore B-score may partly be driven by age. Indeed, a
natural progression of bone shape has been described previously,
performances across models.
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discriminating patients with progression of OA from those with more
physiologic age-related changes [20]. In this study though, the overall
correlation between age and bone shape was weak.

The validity of a predictive or prognostic marker is ultimately related
to the number of events of interest, and their reversibility. Kim et al. have
suggested a composite endpoint for OA clinical trials based on “time to
TKR or severe pain and/or severely impaired functioning” [27]. One
challenge with this approach for clinical trial design may be the low
incidence of these non-reversible events in a non-enriched cohort (for
example, 138 TKRs in 1332 participants in the OAI progression cohort).
Another problemmay be the reversibility of pain or function outcomes in
view of the fluctuating course of OA and the fact that pain is often seen to
“flare” for a period of time [28]. While in a clinical setting with close
patient-provider relationship these aspects can be validly assessed, reg-
istry or trial data with longer visit intervals make it difficult to differ-
entiate between continuous symptom progression and fluctuation. Bone
shape provides a biomarker for predicting disease progression toward
joint replacement, an objective endpoint, which could qualify B-score as
a surrogate marker for joint survival in future.

Bone shape has previously been demonstrated to be associated with the
risk of TKR in the OAI database [15]. The concordance between B-score
and the described phenotypes underlines the concept that phenotypes may
be related to endotypes detectable with individual biomarkers. In addition,
the predictive value of both phenotype and B-score may facilitate their use
in routine clinical practice for prognostic estimates and patient information
depending on the availability of information. From this analysis, the pre-
diction for TKR improves from addition of B-score especially for the clin-
ical clusters D5 and M2. Interestingly those clusters have the lowest pain
levels of all clusters (KOOS pain average > 88/100) and only 11–16% are
categorized as having a KL grade of 3–4 [23]. This may suggest that in
these clusters the disease severity is underestimated based on clinical in-
formation and x-ray alone, so that the addition of B-score improves the
predictive performance of the model.

Bone shape changes have also been shown to be reactive to trauma
such as ACL injury or ACL surgery [25]. These changes may be triggered
by inflammatory processes involved in musculoskeletal injury [29–31]. It
might therefore also be expected that the potential inflammatory cluster
D2 shows a faster progression than other clusters, and this was indeed
observed in this evaluation. The relatively larger number of patients
proceeding to KR in clusters M3 and D3 (both of which demonstrate
increased comorbidities, depression and pain) is surprising since only
20–30% of participants have OA KL grades 3–4 at baseline. This fact may
be pointing to an underestimation of disease severity by KL, or that
subjects exhibiting increased pain tend to have TKR at an earlier stage of
structural OA. This may also point to a third problem regarding the
composite endpoint suggested by Kim et al., the fact that the timing of a
TKR may be mediated by the general condition of the patient, and how
that influences the surgeon's and patient's decision on whether surgery is
appropriate.

5. Conclusion

B-scores in the OAI database were related to OA phenotypes based on
clinical information, linking imaging structural changes to clinical patient
profiles in this population. Given the independent predictive value for KR
of both B-score and phenotypes, they can individually or in combination
serve in clinical OA trial to enrich for patients likely to progress to KR, or
contribute to risk prediction in clinical practice. The predictive value for
KR highlights B-score as a potential surrogate marker for joint survival,
especially in patients with less severe clinical presentation.

6. Limitations

The study describes a predictive model for KR in knee OA based on
clinical variables and an imaging biomarker. The model has not been
validated yet using a large independent test set. Validation in
8

independent data sets is a clear prerequisite to ensure generalizability.
However, the availability of comparable variables and access to large
data sets can be challenging.
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