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Abstract

Objectives: Osteoarthritis has been the subject of abundant research in the last years with limited translation to the clinical practice, probably
due to the disease’s high heterogeneity. In this study, we aimed to identify different phenotypes in knee osteoarthritis (KOA) patients with joint
effusion based on their metabolic and inflammatory profiles.

Methods: A non-supervised strategy based on statistical and machine learning methods was applied to 45 parameters measured on 168 female
KOA patients with persistent joint effusion, consecutively recruited at our hospital after a monographic OA outpatient visit. Data comprised an-
thropometric and metabolic factors and a panel of systemic and local inflammatory markers. The resulting clusters were compared regarding
their clinical, radiographic and ultrasound severity at baseline and their radiographic progression at two years.

Results: Our analyses identified four KOA inflammatory phenotypes (KOIP): a group characterized by metabolic syndrome, probably driven by
body fat and obesity, and by high local and systemic inflammation (KOIP-1); a metabolically healthy phenotype with mild overall inflammation
(KOIP-2); a non-metabolic phenotype with high inflammation levels (KOIP-3); and a metabolic phenotype with low inflammation and cardiovascu-
lar risk factors not associated with obesity (KOIP-4). Of interest, these groups exhibited differences regarding pain, functional disability and radio-
graphic progression, pointing to a clinical relevance of the uncovered phenotypes.

Conclusion: Our results support the existence of different KOA phenotypes with clinical relevance and differing pathways regarding their patho-
physiology and disease evolution, which entails implications in patients’ stratification, treatment tailoring and the search of novel and personal-
ized therapies.
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Rheumatology key messages

* Despite the abundant research conducted on knee osteoarthritis, there is a lack of translational results.
¢ Using non-supervised machine learning techniques, we identified four KOA phenotypes.
* The uncovered phenotypes exhibited differences in clinical severity and radiographic progression.

Introduction

OA is the most common form of arthritis worldwide in older
adults [1]. Knee OA (KOA) is the most prevalent and the ma-
jor contributor to OA socioeconomic burden, causing a signif-
icant degree of pain and disability [2]. Several studies have
evaluated factors associated with clinical severity and radio-
graphic progression in KOA [3-5], including age, obesity, car-
diovascular conditions [6], cytokines in plasma and synovial
fluid [7, 8], and molecular determinants of cartilage degrada-
tion [9]. Numerous sex-related differences have been reported
among KOA affected subjects, not only regarding prevalence,
but also metabolic conditions, inflammatory factors and lev-
els of pain and function disability [10, 11]. Despite this abun-
dant research, KOA pathophysiology is currently not well
understood, the available therapeutic options are limited and,
as of the date of writing, there is no specific therapy with a
disease-modifying effect [12].

An explanation for this lack of translational results is the great
variability across OA patients regarding clinical presentation, ex-
hibit of risk factors and prognosis. Based on these observations,
it has been proposed that OA does not correspond to a single
entity, but to a multifaceted and heterogeneous syndrome con-
sisting of different subgroups (phenotypes), possibly with specific
pathophysiologic traits (endotypes) [13]. The identification of
these phenotypes entails clinical implications of high relevance,
as they might improve patients’ stratification, enable a personal-
ized choice of treatment and a more accurate selection for clini-
cal trials, provide insight into their pathophysiology and
generate new hypotheses for future research, especially on
targets for novel therapeutic options [14].

Following this hypothesis, various groups aimed their re-
search at the characterization of OA phenotypes, most of
them in a hypothesis-driven manner based on one or a few se-
lected features (top-down phenotyping) [15]. In a completely
different approach, a few works attempted to identify OA
phenotypes by uncovering the patterns and clusters present in
patients’ data using statistical and machine learning techni-
ques in a totally unsupervised manner (step-up phenotyping)
[15]. This approach has been used in a great variety of data,
including clinical parameters [16, 17], transcriptomic [18,
19], metabolomics [20, 21] and other biochemical markers
[22, 23]. Although all these works suggested the existence of
OA phenotypes characterized by features of a different na-
ture, their association with severity and progression and, espe-
cially, their clinical applicability was very limited. In
agreement with findings previously published [10, 11], some
of these studies reported important sex-specificities, suggest-
ing that OA phenotyping should be conducted for women
and men separately [23].

Despite these efforts, there is as of now no consensus on a
comprehensive classification of OA with clinical relevance. In
KOA, the existence of an inflammatory clinical phenotype
characterized by the presence of synovitis and higher levels of
pain, functional disability and rate of progression is widely
acknowledged [24, 25]. In our study, a data-driven approach
was used to identify phenotypes in 168 KOA patients with
persistent joint effusion from a prospective KOA cohort. To
do so, anthropometric parameters, metabolic factors and sys-
temic and local inflammatory markers were analysed using
well-established statistical and machine learning methods in a
non-supervised manner. To assess their clinical relevance, dif-
ferences across phenotypes were assessed regarding pain,
functional disability, ultrasound and radiographic severity
and progression.

Methods
Patients’ description

The subjects of this study are part of a prospective cohort of
patients that includes men and women with primary knee os-
teoarthritis (KOA) and persistent joint effusion. The cohort
includes 202 KOA patients consecutively recruited after an
outpatient visit in our Rheumatology Service from October
2013 to April 2018. At present, the cohort includes 171
women, three of which were excluded from our study due to
their high number of missing values in the parameters used
for clustering (>10%, five variables), leaving 168 female
KOA patients for our analysis (Table 1). We focused the pre-
sent work on female patients to homogenize the study sample,
as previous works have reported numerous sex-related differ-
ences in OA regarding metabolic conditions, inflammatory
factors and levels of pain and function disability [10, 11]. An
exhaustive description of the inclusion and exclusion criteria
can be found in the Supplementary Information available at
Rbheumatology online.

All subjects signed an informed consent authorizing the col-
lection of samples and data for their use in the context of
KOA studies. The project was evaluated and approved by the
ethical committee of our centre (CEIm Parc Tauli) with ap-
proval number 2015/539, and was conducted according to
the national and international ethical guidelines (Ethical
Standards, Declaration of Helsinki).

Samples

Samples from plasma and joint fluid were systematically
extracted at recruitment from all patients in the cohort.
Synovial fluid was obtained by aspiration (13.5 mean and
9ml median) and analysed to discard the presence of
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Table 1. Main baseline patients’ characteristics
Kellgren-Lawrence
All Grade 1 Grade 2 Grade 3 Grade 4
168 (100%) 19 (11.3%) 65 (38.7%) 78 (46.4%) 6(3.6%)
Age at recruitment 69.1 69.2 68.7 69.0 74.1
[50.9, 83.0] [55.7,80.8] [51.7,83] [50.9, 81.4] [52.0, 77.4]
Disease evolution time (months) 48 36 48 48 57
[4,200] [6,130] [4,200] [6,150] [6,135]
Obesity 94 12 32 45 5
(56.0%) (63.2%) (49.2%) (57.7%) (83.3%)
Physical exercise None 61 6 24 27 4
(36.3%) (31.6%) (36.9%) (34.6%) (66.7%)
Sporadic 51 5 19 26 1
(30.4%) (26.3%) (29.2%) (33.3%) (16.7%)
Moderate 46 N 20 20 1
(27.4%) (26.3%) (30.8%) (25.6%) (16.7%)
Vigorous 10 3 2 N 0
(6.0%) (15.8%) (3.1%) (6.4%) (0.0%)
Diabetes mellitus 18 1 8 9 0
(10.7%) (5.3%) (12.3%) (11.5%) (0.0%)
Arterial hypertension 92 8 35 47 2
(54.8%) (42.1%) (53.8%) (60.3%) (33.3%)
Dyslipidaemia 68 4 29 33 2
(40.5%) (21.1%) (44.6%) (42.3%) (33.3%)
ATP III metabolic syndrome 61 8 24 28 1
(36.3%) (42.1%) (36.9%) (35.9%) (16.7%)
KOQOS—pain (reversed, 0-100) 58 58 58 58 58
[28,97] [29, 87] [33, 89] [28,97] [42,92]
KOOS—symptoms (reversed, 0-100) 57 62 57 56 67
[11, 96] [19, 82] [11, 96] [19, 96] [37,79]
KOOS—functional disability (reversed, 0-100) 58 59 57 58 60
[19, 94] [22,79] [25,93] [19, 94] [29,72]
Joint effusion (mm) 9.1 8.6 9.1 9.2 9.7
[4.5,19.1] [5.8,14.1] [4.5,15.2] [4.5,19.1] [8.10,12.30]

Demographic, anthropometric, metabolic, radiographic and clinical factors, for all the KOA patients included in the study and stratified by Kellgren—
Lawrence (KL) staging. All subjects are female patients diagnosed with symptomatic primary knee osteoarthritis (KOA) with persistent joint effusion.
Continuous parameters are described with their median and ranges (minimum and maximum values), while absolute frequencies and percentages are
displayed for categorical variables. No missing values were observed for any of variables displayed in the table (7 =168).

ATP III: Adult Treatment Panel III; KOOS: knee injury and osteoarthritis outcome scores (reversed scores).

inflammatory fluid (joint cell count <2500 cells) and micro-
crystals. Collected samples were appropriately centrifuged
and stored at —80°C, until their use for quantifications. Blood
extractions and the arthrocentesis were performed at the same
day and in fasting conditions.

Data collection

Baseline information regarding demographics, anthropomet-
ric and metabolic factors were systematically collected from
the patients in the cohort at time of recruitment
(Supplementary Table S1, available at Rbheumatology online).
Blood determinations related to metabolic syndrome were
assessed as per clinical practice. Synovial and plasma samples
were evaluated by ELISA for a set of 13 selected cytokines, in
order to assess their local and systemic inflammatory profiles
(Supplementary Table S1, available at Rbheumatology online).
In total, a comprehensive panel of 45 parameters clinically rel-
evant for OA were available for the phenotyping analysis,
(Supplementary Table S1, available at Rheumatology online),
which displayed evident structures of correlation among them
(Supplementary Fig. S1, available at Rheumatology online).
Baseline KOA severity outcomes included: pain, functional
disability and symptoms levels as measured by the Knee injury
and Osteoarthritis Outcome Scores (KOOS, in reversed or-
der); ultrasound measurements of joint effusion and synovial

tissue thickness (mm); Kellgren—Lawrence (KL) radiographic
stage; and OARSI atlas lecture, including osteophytes assess-
ment and joint space narrowing (JSN). To assess their radio-
graphic progression at two years, most of the patients
(n=143, 85%) also underwent a radiographic evaluation
during the follow-up. (Supplementary Table S1, available at
Rheumatology online). Of the 24 patients without a follow-
up radiography, 13 had undergone knee prosthesis surgery
(one in baseline KL-1, three in KL-2, seven in KL-3 and two
in KL-4). The remaining 11 patients (7%) represent losses in
the follow-up.

Clustering analyses for phenotype discovery

A clustering analysis based on well established statistical and
machine learning methods was carried out on 45 variables in-
cluding anthropometric, metabolic and systemic and local in-
flammatory factors, which were selected from the information
available in our KOA cohort for their clinical relevance in OA
(see previous sections and Supplementary Table S1, available
at Rheumatology online). All 45 variables participated in the
clustering analyses, and no explicit feature selection was per-
formed prior to the clustering procedure. Of note, this ap-
proach was completely unsupervised and no variable
expressing KOA severity or progression was involved in the
clustering process, which consisted of four steps: (i) missing
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values were imputed by Recursively Subtracted Empirical
Orthogonal Functions analysis [26]; (ii) pairwise patients’ dis-
similarities were estimated by unsupervised Random Forest
(RF) [27]; (iii) a Kruskal’s Non-metric Multidimensional
Scaling (K-MDS) was applied to the resulting dissimilarity
matrix; and (iv) components derived from K-MDS underwent
a model-based clustering analysis based on mixture of
Gaussian distributions (Mclust) [28]. Results for the two first
K-MDS components showed the most evident data structure
as they involved a high number of clusters (four) according to
Bayes Information Criterion (BIC) (Supplementary Fig. S2,
available at Rheumatology online). These clusters showed a
strong statistical significance according to a likelihood ratio
test (Supplementary Table S2, available at Rheumatology on-
line), and remarkable robustness as measured by a number of
stability indexes that included Jaccard, adjusted Rand,
Fowlkes—Mallows and j-score, and normalized mutual infor-
mation (Supplementary Table S3, available at Rheumatology
online). Hence, this configuration was chosen to define the
knee osteoarthritis inflammatory phenotypes (KOIP) and
used in downstream analyses (Supplementary Fig. S3, avail-
able at Rheumatology online).

Clustering results were graphically represented using heat-
maps at the patient and the cluster level. To facilitate the in-
terpretation of the results, the 45 clustering variables were
grouped by their similarity across patients using a hierarchical
clustering and a correlation-like distance based on Spearman
correlation (SC), Phi coefficients and Glass rank biserial cor-
relations (GRBCorr).

Joan Calvet et al.

To assist the interpretation of the clusters, a supervised RF
classifier was trained to predict patients’ KOIP membership. In
these analyses, variables contributing the most to KOIP defini-
tions were identified using VSURF [29], a sequential selection
procedure based on RF. Finally, and to explore clusters’ sex-
specificity, male patients with available data (n=23) were
assigned to the KOIP groups using a supervised RF model
trained with data from the female patients (Supplementary
Information available at Rheumatology online).

Statistical analysis

Continuous parameters were described by their medians, me-
dian absolute deviations and ranges, while categorical varia-
bles were summarized using absolute frequencies and
percentages. Associations with KOIP groups and outcomes
were assessed using non-parametric methods, namely
Kruskal-Wallis and Mann—-Whitney tests for continuous vari-
ables, and Fisher’s tests for categorical variables. All data
analyses were conducted with R [30] (see Supplementary
Information available at Rheumatology online).

Results
Phenotype discovery

A clustering analysis was performed on data from 168 women
included in a cohort of primary KOA patients with joint effu-
sion (Table 1). Data consisted of a comprehensive panel of 45
variables systematically collected in the cohort and selected
for their clinical relevance in OA (Supplementary Table S1,
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Figure 1. Results at the group level of the phenotype discovery analyses performed on data from 168 female patients of primary knee osteoarthritis
(KOA) with persistent joint effusion. Cells show the median (continuous variables) or averages (numerically coded categorical variables) of the
standardized (centered and scaled) values of anthropometric, metabolic and systemic and local inflammatory factors involved in the clustering analysis.
Red indicates high, blue represents low, and colour intensity expresses more extreme values. Values of binary variables were previously converted to
numeric format, where 1 indicated presence and 0 represented absence of the corresponding feature. Physical exercise (four categories) was also
converted to numeric format and treated as ordinal. Colour intensities were saturated approximately to percentiles 5% and 95% of the overall values
distribution. Patient clusters were derived from a machine learning (ML)-based strategy that used unsupervised random forest (RF), Kruskal’'s non-metric
multidimensional scaling (KMDS) and Gaussian finite mixture models for model-based clustering (Mclust), which selected the optimal number of clusters
with objective statistical criteria (Bayes information criterion, BIC). Variables were grouped by a hierarchical clustering using Ward agglomerative method
and non-parametric correlation-like measurements, namely: Spearman correlation (continuous vs continuous or ordinal variables), Phi coefficient (binary vs
binary variables) and Glass rank biserial correlation (continuous/ordinal vs binary variables). Variables with the highest discriminative power of patients’
clusters were identified using a sequential selection procedure based on random forests (VSURF—interpretation mode) and highlighted in the
corresponding annotation bar (Most discriminant). ATP Ill: Adult Treatment Panel lll; HDL: high-density lipoprotein; KOA: knee osteoarthritis; KOIP: knee
osteoarthritis inflammatory phenotype; LDL: low-density lipoprotein; NGF: nerve growth factor
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Table 2. Characterization of knee osteoarthritis inflammatory phenotypes (KOIP)
N All KOIP-1 KOIP-2 KOIP-3 KOIP-4 P-value
(%Miss.) 168 (100%) 55(32.7%) 51(30.4%) 27(16.1%) 35(20.8%)
Weight (kg) 168 74.00 84.20 64.40 76.90 71.90 <0.0001
(0.0%) (10.90) (8.15) (7.12) (7.56) (5.49)
Body mass index 168 31.04 35.56 26.60 30.78 31.27 <0.0001
(0.0%) (4.97) (3.49) (2.54) (3.39) (2.86)
Body fat percentage (%) 167 41.60 46.05 36.40 43.60 42.00 <0.0001
(0.6%) (5.49) (4.00) (3.56) (3.26) (2.82)
Waist circumference (cm) 167 101.00 110.75 91.00 100.50 101.00  <0.0001
(0.6%) (11.12) (7.78) (7.41) (6.67) (5.93)
Leptin—plasma (pg/mL) 167 36688.11 54392.71 23566.59 39809.19 35530.72  <0.0001
(0.6%) (19582.18) (25049.17) (10682.27) (18942.95) (13628.15)
Irisin—plasma (ng/mL) 166 707.78 859.25 437.22 727.20 726.02  <0.0001
(1.2%) (256.30) (107.21) (211.14) (174.17) (212.84)
Leptin—synovial fluid (pg/mL) 168 36160.71 54016.11 23126.79 39506.85 34888.07 <0.0001
(0.0%) (20839.58) (21012.50)  (9402.28)  (20839.78)  (15821.33)
Irisin—synovial fluid (ng/mL) 165 695.95 938.23 422.07 701.88 686.28  <0.0001
(1.8%) (366.25) (228.26) (289.34) (366.00) (341.25)
ATP III metabolic syndrome 168 61 33 2 9 17 <0.0001
(0.0%) (36.3%) (60.0%) (3.9%) (33.3%) (48.6%)
Insulin (microU/mL) 168 10.61 15.09 7.20 8.94 11.07 <0.0001
(0.0%) (5.95) (5.47) (3.08) (2.49) (5.99)
Triglycerides (mg/dL) 168 114.50 133.00 83.00 110.00 134.00  <0.0001
(0.0%) (49.67) (56.34) (25.20) (31.13) (48.93)
Uric acid (mg/dL) 168 4.75 5.60 3.70 4.80 4.90 <0.0001
(0.0%) (1.56) (1.48) (0.74) (1.63) (1.19)
Waist-hip ratio 167 0.92 0.94 0.89 0.91 0.92 <0.0001
(0.6%) (0.06) (0.07) (0.06) (0.07) (0.04)
Glucose (mg/dL) 168 85.00 90.00 80.00 80.00 93.00 <0.0001
(0.0%) (13.34) (11.86) (7.41) (8.90) (14.83)
Glycated haemoglobin (%) 168 5.70 5.90 5.50 5.60 5.70 <0.0001
(0.0%) (0.44) (0.44) (0.30) (0.44) (0.30)
Diabetes mellitus 168 18 10 2 2 4 0.2069
(0.0%) (10.7%) (18.2%) (3.9%) (7.4%) (11.4%)
Arterial hypertension 168 92 37 18 16 21 0.0182
(0.0%) (54.8%) (67.3%) (35.3%) (59.3%) (60.0%)
Dyslipidaemia 168 68 26 16 9 17 0.3675
(0.0%) (40.5%) (47.3%) (31.4%) (33.3%) (48.6%)
Resistin—plasma (pg/mL) 168 2115.23 2389.10 1891.16 2657.56 1874.89 0.0001
(0.0%) (772.55) (775.51) (542.59) (991.28) (579.99)
Interleukin 6—plasma (pg/mL) 167 2.01 2.28 1.55 2.45 1.27 0.0149
(0.6%) (1.89) (2.17) (1.48) (1.49) (1.18)
Calprotectin—plasma (ng/mL) 168 694.27 851.11 613.63 800.12 588.54  <0.0001
(0.0%) (257.02) (329.44) (208.62) (272.14) (149.27)
Tumor necrosis factor alpha—synovial fluid (pg/mL) 155 9.02 9.09 8.14 9.90 8.90 0.1239
(7.7%) (4.17) (5.62) (4.40) (3.08) (2.56)
Tumor necrosis factor alpha—plasma (pg/mL) 167 6.37 7.18 6.18 6.70 6.08 0.0997
(0.6%) (1.97) (2.49) (2.47) (2.81) (1.35)
Nerve growth factor—plasma (pg/mL) 167 1.52 1.52 1.52 1.69 1.52 0.2699
(0.6%) (0.51) (0.41) (0.38) (0.60) (0.59)
C-reactive protein—synovial fluid (mg/L) 167 1.23 1.52 0.78 1.61 0.98 <0.0001
(0.6%) (0.85) (0.86) (0.58) (1.24) (0.67)
C-reactive protein—plasma (mg/L) 168 4.26 6.87 2.59 6.00 2.90 <0.0001
(0.0%) (3.64) (3.43) (1.83) (4.53) (2.01)
Interleukin 8 - synovial fluid (pg/mL) 165 6.21 8.00 6.21 8.21 3.92 0.0012
(1.8%) (4.55) (6.32) (4.53) (9.04) (2.69)
Calprotectin—synovial fluid (ng/mL) 164 576.06 763.04 599.99 759.60 420.07 0.0006
(2.4%) (506.81) (539.41) (640.78) (560.50) (269.98)
Interleukin 6—synovial fluid (pg/mL) 167 116.33 208.03 91.67 222.45 71.56 0.0012
(0.6%) (142.96) (227.13) (107.28) (208.76) (74.70)
Osteopontin—synovial fluid (ng/mL) 168 47.95 48.55 46.75 103.82 36.02 0.0013
(0.0%) (45.78) (46.67) (44.66) (103.73) (28.09)
Visfatin—synovial fluid (ng/mL) 168 2.07 2.28 1.88 2.11 1.90 0.5075
(0.0%) (0.96) (0.97) (0.76) (0.89) (1.13)
Resistin—synovial fluid (pg/mL) 168 1480.20 1692.08 1390.64 1242.23 1329.84 0.4210
(0.0%) (1186.82) (1292.53) (1251.31) (1180.45) (1125.35)
Nerve growth factor—synovial fluid (pg/mL) 163 2.26 2.26 226 2.20 2.20 0.0380
(3.0%) (0.65) (1.09) (0.63) (0.48) (0.90)

(continued)
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N All
(%Miss.) 168 (100%)
Osteopontin—plasma (ng/mL) 168 13.71
(0.0%) (6.07)
Visfatin—plasma (ng/mL) 168 4.01
(0.0%) (0.99)
Interleukin 8—plasma (pg/mL) 168 3.19
(0.0%) (1.93)
Low-density lipoprotein (mg/dL) 168 121.50
(0.0%) (34.84)
Total cholesterol (mg/dL) 168 208.00
(0.0%) (32.62)
25-hydroxy vitamin D (ng/mL) 167 19.75
(0.6%) (11.05)
Physical exercise None 168 61
(0.0%) (36.3%)
Sporadic 51
(30.4%)
Moderate 46
(27.4%)
Vigorous 10
(6.0%)
Adiponectin—plasma (ng/mL) 168 16406.09
(0.0%)  (9301.69)
Omentin—plasma (pg/mL) 168 26859.10
(0.0%) (17845.88)
High-density lipoprotein (mg/dL) 168 60.65
(0.0%) (13.79)
Adiponectin—synovial fluid (ng/mL) 168 2420.01
(0.0%)  (1470.78)
Omentin—synovial fluid (pg/mL) 165 4292.68

(1.8%)  (3586.44)

KOIP-1 KOIP-2 KOIP-3 KOIP-4  P-value
55(32.7%) 51(30.4%) 27(16.1%) 35 (20.8%)
12.52 14.12 16.40 12.10 0.1872
(6.59) (6.40) (10.18) (4.37)
4.02 423 4.01 3.74 0.2810
(1.20) (1.12) (0.54) (1.01)
3.21 3.79 3.52 2.30 0.0152
(1.78) (2.07) (2.59) (1.28)
123.00 128.00 126.00 113.00 0.2931
(38.55) (34.10) (23.72) (28.17)
208.00 211.00 213.00 200.00 0.1780
(32.62) (29.65) (28.17) (32.62)
13.80 25.63 17.55 21.30  <0.0001
(7.12) (10.50) (11.81) (8.90)
29 12 6 14 0.0525
(52.7%) (23.5%) (22.2%) (40.0%)
18 16 8 9
(32.7%) (31.4%) (29.6%) (25.7%)
6 18 11 11
(10.9%) (35.3%) (40.7%) (31.4%)
2 5 2 1
(3.6%) (9.8%) (7.4%) (2.9%)

11544.55  22357.78  21707.37  11562.39 <0.0001
(6280.30)  (10366.17)  (7352.75)  (5390.11)
22317.93  44069.15  41837.49  22449.96 <0.0001
(13067.24)  (26688.23)  (19372.98)  (11219.76)

53.30 68.90 63.20 58.00  <0.0001
(11.12) (13.49) (9.93) (17.05)
1937.73 3047.42 3372.91 1501.12  <0.0001
(1263.00)  (1271.50)  (2111.49)  (1186.51)
3073.42 6648.21 6943.02 2787.84  <0.0001

(2125.52)  (4252.38)  (4134.11)  (2109.62)

Cells show medians and median absolute deviations (continuous) and absolute frequencies and percentages (categorical) for the 45 variables used in the

clustering analysis within each KOIP and in the overall series.

Statistical significance was assessed using a Kruskal-Wallis (continuous) or a Fisher’s test for contingency tables (categorical variables).
% Miss.: percentage of missing values; KOIP: knee osteoarthritis inflammatory phenotype; N: number of observations.

available at Rheumatology online). Based on machine learn-
ing techniques and objective statistical criteria for model selec-
tion, our methodology identified four robust patient clusters
(Supplementary Figs S2 and S3, Supplementary Tables S2 and
S3, available at Rbeumatology online) that displayed clearly
differing profiles regarding their anthropometric, metabolic
and inflammatory features. Hence, these clusters were used to
define four KOA inflammatory phenotypes (KOIP) whose
characteristics are detailed in Fig. 1 and Table 2 (see also
Supplementary Fig. S4, available at Rheumatology online).

* KOIP-1 represented a fat-driven metabolic inflammatory
phenotype (55 subjects, 32.7%). Compared with the rest
of the patients, this phenotype showed classic hallmarks
of metabolic syndrome (MetS) driven by body fat and obe-
sity, such as: higher weight, BMI, body fat, waist circum-
ference and waist—hip ratio; high prevalence of diabetes,
arterial hypertension, dyslipidaemia and MetS; increased
values of insulin, triglycerides, uric acid, glucose and per-
centage of glycated haemoglobin; and low high-density li-
poprotein (HDL), vitamin D and physical activity. Its
inflammatory profile was characterized by the highest lev-
els of leptin and irisin, in contrast to decreased values of
adiponectin and omentin, both in plasma and in synovial
fluid. Typically, their patients also displayed higher than
average values of some inflammatory factors at the local
and systemic level, namely IL-6, CRP, calprotectin and

resistin, as well as increased values of plasma tumour ne-
crosis factor alpha (TNF-alpha) and synovial interleukin-8
(IL-8) and visfatin.

KOIP-2 defined a metabolically healthy and mild-
inflammatory phenotype (51 subjects, 30.4%). Subjects in
this group represented a mirrored picture of the KOIP-1
cluster, as they presented the lowest expressions of the
metabolic and obesity features listed above, the lowest lev-
els of leptin and irisin, and increased values of adiponectin
and omentin, both in plasma and in synovial fluid. In this
phenotype, the expression for the rest of systemic and lo-
cal inflammatory markers remained around the cohort’s
average or below, except for plasma IL-8 and visfatin.
Patients in the KOIP-2 group were among the most physi-
cally active and presented high levels of vitamin D and
HDL.

KOIP-3 depicted a non-metabolic and high-inflammatory
phenotype (27 subjects, 16.1%). Although their subjects
presented relatively high levels of weight and body fat con-
tent, this group was characterized by intermediate values
of BMI and average or lower levels and presence of condi-
tions related to MetS and individual cardiovascular risk
factors, such as diabetes, glucose, glycated haemoglobin,
dyslipidaemia, triglycerides, uric acid and waist-hip ratio.
Their patients also displayed intermediate levels of leptin
and irisin, high expression of adiponectin and omentin
and the highest levels of osteopontin, both systemically
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and locally. Regarding the rest of cytokines, and com-
pared with KOIP-1, KOIP-3 subjects showed increased
levels of synovial TNF-alpha and plasma nerve grow fac-
tor (NGF), lower expression of synovial visfatin and resis-
tin, and a similar profile for the rest of factors. Their
vitamin D levels were low, and they were physically active
compared to the series average.

* KOIP-4 represented a metabolic low-inflammatory pheno-
type (35 subjects, 20.8%). This group displayed average
values of leptin, irisin and anthropometric factors related
with obesity (weight, BMI, body fat, waist perimeter and
waist=hip ratio). Their patients, though, showed a high
frequency and levels of classic cardiovascular risk factors,
especially MetS, triglycerides and glucose, and higher
prevalence of arterial hypertension and dyslipidaemia
than the cohort’s average. Despite that, this phenotype
showed low average expression in all the cytokines of our
panel, both in plasma and in synovial fluid.

Subjects across KOIP groups did not significantly differ in
terms of age or evolution time of their disease although, in
median, KOIP-3 subjects were slightly younger (2.2 years)
and they had been diagnosed more recently (12 months) com-
pared with the overall series. Subjects in KOIP-4 showed the
longest disease evolution (12 months more than the whole
patients set, in median). A supervised RF classifier trained to
predict KOIP membership achieved a high overall accuracy
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(89%), with classification errors across KOIP groups ranging
from 4% to 17%. A sequential procedure selected up to 27
predictors (out of the 45 analysed) as the most informative for
KOIP classification while retaining a similar accuracy in all
groups (87%) (Supplementary Table S4, available at
Rbheumatology online). With exploratory purposes, and al-
though the number of male patients in our KOA cohort avail-
able for these analyses did not allow for conducting a proper
phenotyping analysis (n=23), we observed that the KOIP
profiles described for women were only partially reproduced
in the male patients of our KOA cohort (Supplementary Fig.
SS, available at Rbheumatology online).

Association of KOIP groups with clinical outcomes

The identified KOIP groups were evaluated for their associa-
tion with different outcomes, including clinical (KOOS, re-
versed scale), radiographic and ultrasound severity at baseline
and radiographic progression at two years (Fig. 2, Table 3).
KOIP-1 and KOIP-3 groups displayed the highest baseline
pain across phenotypes, which were statistical significant in
the case of KOIP-1 (7 points increase in median compared
with KOIP-2 and KOIP-4, P-values=0.0217 and 0.0327)
and close to the significance threshold for KOIP-3 (10 points
more than KOIP-2 and KOIP-4 in median, P-values =0.0566
and 0.0535), respectively (Fig. 2, Table 3 and Supplementary
Table S5, available at Rheumatology online). The same pat-
tern was observed for functional disability where, in median,
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Figure 2. Association of knee osteoarthritis inflammatory phenotypes (KOIP) with clinical severity and radiographic progression. Panels (A) and (B)
represent boxplots showing the distribution of knee injury and osteoarthritis outcome scores (KOOS, reversed scores) across KOIP groups for pain (A)
and functional disability (B). Panels (C), (D) and (E) display the percentage of patients whose disease progressed after a two-year follow-up according to
different radiographic criteria, namely Kellgren—-Lawrence (KL) stage (C), formation of new osteophytes (D) and increase of joint space narrowing (JSN) (E).
Diamond-shaped points and segments show group medians (A and B), percentages (C, D and E) and their 95% Cl. P-values are derived from an Kruskal-
Wallis test (A, B) or a Fisher's test for contingency tables (C, D and E). KOIP: knee osteoarthritis inflammatory phenotype; KOOS: knee injury and

osteoarthritis outcome scores (reversed scores)
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Table 3. Association of knee osteoarthritis inflammatory phenotypes (KOIP) with severity and progression

N All KOIP-1 KOIP-2 KOIP-3 KOIP-4 P-value
(%Miss) 168 (100%) 55(32.7%) 51(30.4%) 27(16.1%) 35 (20.8%)
KOOS—pain (reversed, 0-100) 168 58.00 61.00 54.00 64.00 54.00 0.0298
(0.0%) (16.31) (14.83) (14.83) (11.86) (17.79)
KOQOS—symptoms (reversed, 0-100) 168 57.00 62.00 56.00 57.00 62.00 0.7737
(0.0%) (17.79) (17.79) (8.90) (19.27) (19.27)
KOOS—functional disability (reversed, 0-100) 168 58.00 63.00 54.00 62.00 56.00 0.0084
(0.0%) (15.57) (17.79) (13.34) (17.79) (19.27)
Joint effusion (mm) 168 9.05 9.30 8.70 9.40 8.80 0.1545
(0.0%) (2.45) (2.52) (2.37) (2.67) (1.33)
Synovial tissue thickness (mm) 163 4.20 4.50 4.20 4.40 4.10 0.6986
(3%) (1.78) (2.00) (1.78) (1.78) (1.63)
Kellgren—Lawrence radiographic grade 1 168 19 N 4 3 7 0.1255
(0.0%) (11.3%) (9.1%) (7.8%) (11.1%) (20.0%)
2 65 19 25 7 14
(38.7%) (34.5%) (49.0%) (25.9%) (40.0%)
3 78 26 22 16 14
(46.4%) (47.3%) (43.1%) (59.3%) (40.0%)
4 6 5 0 1 0
(3.6%) (9.1%) (0.0%) (3.7%) (0.0%)
Osteophytes score 167 3.00 3.00 3.00 4.00 4.00 0.9087
(0.6%) (2.97) (2.97) (2.97) (2.97) (2.97)
Joint space narrowing 0 168 63 15 22 9 17 0.1391
(0.0%) (37.5%) (27.3%) (43.1%) (33.3%) (48.6%)
1 32 13 11 4 4
(19.0%) (23.6%) (21.6%) (14.8%) (11.4%)
2 42 10 12 9 11
(25.0%) (18.2%) (23.5%) (33.3%) (31.4%)
3 26 14 4 S 3
(15.5%) (25.5%) (7.8%) (18.5%) (8.6%)
4 N 3 2 0 0
(3.0%) (5.5%) (3.9%) (0.0%) (0.0%)
Kellgren-Lawrence radiographic progression 140 45 21 9 7 8 0.0709
(16.7%) (32.1%) (45.7%) (20.5%) (35.0%) (26.7%)
Osteophytes radiographic progression 143 95 40 30 10 15 0.0093
(14.9%) (66.4%) (81.6%) (68.2%) (47.6%) (51.7%)
Joint space narrowing radiographic progression 143 50 23 10 7 10 0.1110
(14.9%) (35.0%) (46.9%) (22.7%) (33.3%) (34.5%)

Cells show median and median absolute deviation (continuous) and absolute frequencies and percentages (categorical) for outcomes within each KOIP and in
the overall series, including clinical, radiographic an ultrasound severity at baseline and radiographic progression.

Statistical significance was assessed using a Kruskal-Wallis test (continuous) or a Fisher’s test for contingency tables (categorical variables).

%Miss.: percentage of missing values; KOIP: knee osteoarthritis inflammatory phenotype; KOOS: knee injury and osteoarthritis outcome scores (reversed

scores); N: number of observations.

KOIP-1 and KOIP-3 displayed 8 and 9 KOOS points more
than subjects in the KOIP-2 group (P-values=0.0033 and
0.0106) and 7 and 6 more points than KOIP-4 subjects (P-val-
ues =0.0595 and 0.0735), respectively (Fig. 2, Table 3 and
Supplementary Table S6, available at Rheumatology online).
Regarding radiographic assessments, KOIP-1 showed the
highest rates of progression in all criteria considered, which
included Kellgren—-Lawrence (KL) (45.7%), formation of new
osteophytes (81.6%) and joint space narrowing (JSN)
(46.9%) (Fig. 2, Table 3 and Supplementary Tables S7-S9,
available at Rheumatology online). Although the homogene-
ity test was non-significant for KL and JSN, these rates were
significantly higher compared with the KOIP-2 group for KL
(25.2% increase, P-value = 0.0143) and JSN (24.2% increase,
P-value=0.0178), and for osteophytes progression when
compared with KOIP-3 (34.0% increase, P-value =0.0080)
and KOIP-4 (29.9%, P-value = 0.0093). Importantly, KOIP-1
and KOIP-3 showed both a high progression and a high base-
line radiographic severity according to KL and JSN, although
baseline differences were not statistically significant across
phenotypes for any of the criteria considered (Fig. 2, Table 3).

KOIP-3 and KOIP-4 showed similar patterns and rates of ra-
diographic progression (Fig. 2, Table 3). No significant differ-
ences were found between phenotypes for KOOS symptoms
or ultrasound severity (Table 3).

Discussion

In this study, we aimed to identify different phenotypes of
KOA characterized by their anthropometric and metabolic
traits and their systemic and local inflammatory profiles. To
do so, we applied a non-supervised approach to data from a
homogeneous and tightly controlled cohort of female KOA
patients with persistent joint effusion, using well-established
machine learning techniques and objective statistical criteria
for model selection. At present, the existence of a general so-
called inflammatory phenotype that includes patients present-
ing synovitis is widely accepted [31, 32]. Of note, all the sub-
jects studied in our work fall into this category and, hence,
they suffered from higher levels of pain, functional disability
and probability of progression compared with the non-
inflammatory phenotype. Despite this sample homogeneity,
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KOIP-4
Non-Fat associated MetS
Low inflammation

55 (32.7%) 51 (30.4%) 27 (16.1%) 35 (20.8%)
e L e e e
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Figure 3. Knee osteoarthritis inflammatory phenotypes (KOIP). The table reflects the KOIP characteristics regarding anthropometric, metabolic and
inflammatory profiles, as well as clinical severity and radiographic progression. JSN: joint space narrowing; KL: Kellgren-Lawrence; KOIP: knee

osteoarthritis inflammatory phenotype; MetS: metabolic syndrome

our methodology identified four robust clusters of patients de-
fining four KOA inflammatory phenotypes (KOIP, Fig. 3),
which drastically differed in their anthropometric, metabolic
and inflammatory profiles, presented substantial differences
in clinical severity and suggested different rates of radio-
graphic progression. These results point to differential path-
ways across these phenotypes regarding pathophysiology and
disease evolution (endotypes) and, therefore, implications in
treatment tailoring that, in line with previously established
hypotheses provide a possible explanation for the current lack
of translational results [12, 33-35].

KOIP-1 patients represented the most severe inflammatory
phenotype, as shown by their highest levels of pain, functional
disability and radiographic stage, and their less favourable
evolution according to three different radiographic criteria.
We hypothesize that KOIP-1 constitutes what has been previ-
ously described as a metabolic osteoarthritis subgroup, whose
disease is mediated by a low-grade systemic inflammation
promoted by metabolic factors possibly driven by body fat
and obesity [36, 37]. Most of the cytokines contributing to
the KOIP-1 definition had been previously linked to KOA se-
verity [38]. The identification of this phenotype might be of
relevance in clinical practice, to distinguish patients likely to
benefit from therapies targeting their metabolic condition
39].

The KOIP-2 group includes patients with a healthy meta-
bolic profile and mild overall inflammation. Their levels of
pain and functional disability were the lowest in our series,
though were still high compared with patients of a non-
inflammatory phenotype [40]. In our data, KOIP-2 showed
the lowest proportion of radiographic progression according
to KL and JSN criteria. In contrast, their patients frequently
suffered from osteophytes formation during their follow-up, a
radiographic feature whose prognosis value and relation with
cartilage impairment has raised some controversy [41, 42].
Interestingly, the divergence observed in the pattern of radio-
graphic progression suggests the existence of differential
mechanisms for the evolution of the disease across these phe-
notypes. Because the healthy metabolic profile exhibited by
KOIP-2 patients probably offers protection against the dis-
ease’s severity and progression, alternative explanations are
needed to clarify the determinants of their KOA onset and

inflammatory presentation, which might be related to the
mild levels of local inflammation observed in these patients.

KOIP-3 patients are characterized by low or average pres-
ence for most metabolic factors and increased values for some
plasma and synovial cytokines. Their patients depict a specific
inflammatory phenotype that, in contrast to the KOIP-1
group, seems not to be associated to metabolic factors.
Similarly to KOIP-1, though, their levels of pain, functional
disability and KL radiographic progression were among the
highest in our series which, in both groups, was consistent
with elevated levels of inflammatory cytokines such as IL-6,
IL-8, CRP and calprotectin. These traits correspond to what
might be defined as pure inflammatory phenotype, and a se-
lection of KOIP-3 patients might be of interest in clinical trials
designed to test a new generation of inflammation-targeting
drugs, some of them currently ongoing [43].

KOIP-4 is a metabolic phenotype characterized by cardio-
vascular risk factors not associated with body fat distribution
or obesity and by low inflammation in all markers.
Compared with the overall series, their levels of pain and
functional disability were relatively low and similar to those
in the KOIP-2 group. This phenotype deserves a special con-
sideration as, although all their patients fell into the clinical
definition of inflammatory subtype, their cytokines levels
were substantially lower than those observed in the rest of
KOIP groups. This suggests that KOIP-4 describes a pheno-
type of patients whose disease is not only mediated by chronic
low-grade inflammation linked to MetS as suggested in previ-
ous works [44] but also, by different pathways involving the
direct action of these cardiovascular conditions [45, 46].
Although different mechanisms related to cardiovascular risk
factors have been proposed for KOA onset and severity, none
of them provide an explanation for an inflammatory presenta-
tion of the disease [47, 48]. Regarding its clinical applicabil-
ity, patients from this phenotype might benefit from a tight
control of their cardiovascular-related comorbidities.

A high number of parameters (27 out of 45) were needed to
discriminate the KOIP groups in our data, indicating that
these phenotypes were defined by a complex combination of
various metabolic, anthropometric and inflammatory factors,
rather than fully characterized by a limited number of these
features. However, their implementation in clinical practice
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would require a panel composed of a small number of bio-
markers. In this regard, the use of Omics data derived from
high-throughput technologies offers a great potential to iden-
tify KOIP-specific biomarkers in the very near future [49],
and it is currently an ongoing line of research in our group.
Another limitation of our study is that phenotyping was con-
ducted on a homogeneous sample of patients with inflamma-
tory (joint effusion) KOA, and all were recruited from a single
hospital, potentially limiting the extrapolation of its results.
Although the sample size (168) was large enough to uncover
these underlying phenotypes, future studies involving multiple
centres and a larger sample size are mandatory to further con-
firm our findings. Our study was focused on women, as they
represented the vast majority of our cohort and several sex-
specificities had been reported regarding prevalence, meta-
bolic and inflammatory conditions, and levels of pain and dis-
ability [10, 11]. An analysis with exploratory purposes
showed that the uncovered KOIP groups were female-specific
to a substantial extent, as their features could not be fully
reproduced in male patients. Although this result is in agree-
ment with previous works [23], they don’t allow for strong
conclusions to be derived due to the low number of men in
our cohort with available data for these analyses (7 =23). An
important strength of our study is the exhaustive availability
of data, which were systematically collected in the context of
a prospective cohort specifically and accurately designed to
study the determinants of KOA severity and progression.
These data allowed a complete characterization of patients re-
garding features known for their relevance in KOA, and dis-
tinguishes our study from previously published works.

In conclusion, our work identified four groups of KOA fe-
male patients with joint effusion that showed differential pro-
files of anthropometric, metabolic and inflammatory factors,
displayed substantial differences in clinical severity and sug-
gested implications in radiographic progression. Our results
support the view of KOA as a multifaceted and heterogeneous
syndrome consisting of different phenotypes with differing
pathways regarding their pathophysiology and disease evolu-
tion. If confirmed in larger series of patients, that these find-
ings would entail important implications in research and in
clinical practice, as they might boost patients’ stratification,
the design of personalized therapies and the search for novel
treatments.
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