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�� Arthritis

Synovial fluid fingerprinting in end-
stage knee osteoarthritis

a novel biomarker concept

Aims
The lack of disease-modifying treatments for osteoarthritis (OA) is linked to a shortage 
of suitable biomarkers. This study combines multi-molecule synovial fluid analysis with 
machine learning to produce an accurate diagnostic biomarker model for end-stage 
knee OA (esOA).

Methods
Synovial fluid (SF) from patients with esOA, non-OA knee injury, and inflammatory 
knee arthritis were analyzed for 35 potential markers using immunoassays. Partial least 
square discriminant analysis (PLS-DA) was used to derive a biomarker model for cohort 
classification. The ability of the biomarker model to diagnose esOA was validated by 
identical wide-spectrum SF analysis of a test cohort of ten patients with esOA.

Results
PLS-DA produced a streamlined biomarker model with excellent sensitivity (95%), 
specificity (98.4%), and reliability (97.4%). The eight-biomarker model produced a fin-
gerprint for esOA comprising type IIA procollagen N-terminal propeptide (PIIANP), tis-
sue inhibitor of metalloproteinase (TIMP)-1, a disintegrin and metalloproteinase with 
thrombospondin motifs 4 (ADAMTS-4), monocyte chemoattractant protein (MCP)-1, 
interferon-γ-inducible protein-10 (IP-10), and transforming growth factor (TGF)-β3. 
Receiver operating characteristic (ROC) analysis demonstrated excellent discriminato-
ry accuracy: area under the curve (AUC) being 0.970 for esOA, 0.957 for knee injury, 
and 1 for inflammatory arthritis. All ten validation test patients were classified correct-
ly as esOA (accuracy 100%; reliability 100%) by the biomarker model.

Conclusion
SF analysis coupled with machine learning produced a partially validated biomark-
er model with cohort-specific fingerprints that accurately and reliably discriminated 
esOA from knee injury and inflammatory arthritis with almost 100% efficacy. The 
presented findings and approach represent a new biomarker concept and potential 
diagnostic tool to stage disease in therapy trials and monitor the efficacy of such 
interventions.
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Article focus
�� We describe and demonstrate the 

accuracy of a novel diagnostic 
biomarker model for end-stage knee 
osteoarthritis (esOA) by combining 
multi-molecule synovial fluid (SF) 
analysis with a machine-learning 
approach.

Key messages
�� This study challenges the existing para-

digm in osteoarthritis (OA) biomarker 
discovery.
�� An eight-biomarker model with cohort-

specific fingerprints accurately and reli-
ably discriminated between esOA, knee 
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injury, and inflammatory arthritis with almost 100% 
efficacy.
�� The SF fingerprint for OA joint failure is a potential 

surrogate endpoint and sensitive tool to assess disease 
progression and disease-modifying interventions.

Strengths and limitations
�� We were unable to obtain control SF from normal 

patients.
�� The inclusion of patients with knee injury and inflam-

matory arthritis offers internal (construct) validity 
to measurements in the absence of normal control 
samples and provides a biological contrast to OA.
�� The numbers of patients are relatively small due to 

the comparatively invasive nature of SF sampling.
�� The correct diagnosis of ten patients with esOA can 

only be considered partial validation, with full vali-
dation requiring further knee injury, inflammatory 
arthritis, and more esOA samples.

Introduction
Osteoarthritis (OA) is a leading cause of pain, disability, 
and psychological distress to individuals that places a 
major socioeconomic burden on healthcare systems and 
government resources.1 It is a complex heterogeneous 
disorder culminating in mechanical and biological failure 
of the entire synovial joint as an organ.2

Current treatment methods are largely palliative, 
aiming to alleviate pain and improve function and quality 
of life. Arthroplasty surgery remains the most successful 
intervention available, but is performed for advanced 
disease refractory to nonoperative management. Despite 
its success, it is not without its risks, complications, 
and drawbacks.3 Joint-preserving interventions aimed 
at preventing progression of symptomatic early OA 
include high tibial osteotomy (HTO), focal resurfacing, 
and internal offloading devices. However, there is limited 
evidence to support their efficacy or determine the 
optimal timing of intervention to prevent OA progres-
sion. At present there are no disease-modifying drugs but 
the search for new biological targets continues.4

One of the major obstacles to the development 
of disease-modifying interventions has been the lack 
of reliable methods to diagnose, stage, and monitor 
pathological changes in the joint. There are numerous 
patient-reported outcome measures (PROMs) that can 
successfully monitor the clinical impact of OA. However, 
pain and loss of function are highly variable and multifac-
torial phenomena.5

Furthermore, there is often considerable discordance 
between symptoms and structural joint damage, thus 
PROMs are not reliable markers of joint pathology.6 
Radiographs remain the current 'gold standard' for struc-
tural assessment, but are indirect, inaccurate, unreliable, 
and unresponsive measurements of cartilage thickness, 

which is unrepresentative of whole joint pathology.7,8 
MRI is a rapidly evolving tool for whole joint structural 
assessment. Although MRI can detect knee OA with 
high specificity, the sensitivity of MRI is below clinical 
diagnostic standards.9 Therefore, its routine use for OA 
management in clinical practice has not been defined.

Given the lack of a suitable measurement, arthroplasty 
surgery is often used as an endpoint in the assessment 
of disease-modifying OA therapies. It is an easy dichoto-
mous measure that signifies the failure of an intervention 
to prevent joint failure. However, the overall proportion 
of OA patients undergoing arthroplasty is small and influ-
enced by multiple factors. These include factors related to 
the patient (i.e. age, sex, body mass index (BMI), comor-
bidities, ethnicity/culture, preferences, expectations, and 
socioeconomic status); the surgeon (i.e. preferences, 
experience, and technical ability); and the healthcare 
framework (i.e. access and provision of resources, geog-
raphy, and treatment guidelines).10-14 Therefore, arthro-
plasty may not be a reliable surrogate for OA joint failure. 
A biological surrogate endpoint would be ideal but is 
currently lacking.

Biochemical biomarkers derived from biological fluids 
offer an alternative mode of assessing OA disease activity. 
Although the literature has produced many potential 
candidate OA biomarkers, none have been sufficiently 
validated or qualified to inform prognosis, monitor 
progression, or respond to therapeutic intervention. 
Most notable is the absence of a biological diagnostic 
assay to determine when a synovial joint is undergoing 
OA destructive change. Biomarker discovery has largely 
concentrated on biological fluids distant from the syno-
vial joint, such as peripheral blood and urine. Although 
easy to collect, they inherently lack specificity for any 
particular joint, or even OA, and are severely vulnerable 
to systemic and pre-analytical variability.15 Synovial fluid 
(SF) undoubtedly best reflects the biological milieu of 
the joint, offering the most direct and specific measure 
of joint pathophysiology. This has recently been demon-
strated in the context of prosthetic joint infection (PJI).16 
Traditionally, studies have investigated single or only 
a small number of markers. OA comprises a complex 
myriad of pathological processes, and it is now gener-
ally accepted that a multi-marker approach comprising 
a profile of several combined biomarkers is likely to be 
more appropriate.17

We herein describe and demonstrate the accuracy of 
a conceptually novel biomarker method by combining 
multi-molecule SF analysis with a machine-learning 
approach. The resulting diagnostic biomarker is a poten-
tial surrogate endpoint for end-stage OA (esOA) with 
utility in biologically defining OA joint failure in the 
assessment of disease-modifying interventions.

Methods
Patient groups.  The study was granted regional and in-
stitutional ethical approval and was conducted in full 
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Table I. Biological panel for wide-spectrum synovial fluid analysis.

Mediator group Candidate biomarkers

Pro-inflammatory cytokines IL-1β, TNF-α, IL-6, IL-8, IL-2, IL-12, IL-15, 
GM-CSF

Regulatory cytokines IL-1Ra, IL-4, IL-10, IL-2R

Chemokines RANTES, MIP-1α, MIP-1β, MCP-1, IP-10, 
Eotaxin, MIG

Growth factors TGF-β1*, TGF-β2*, TGF-β3*, BMP-2, 
BMP-7

Matrix enzymes* MMP-1, MMP-3, MMP-9, MMP-13, TIMP-
1, ADAMTS-4

Cartilage turnover ARGS neo-epitope, COMP, PIIANP

Others (bone) LIGHT, DcR3

*Assays for transforming growth factor beta isoforms and matrix 
enzymes measured total levels, and not active levels.
ADAMTS-4, a disintegrin-like and metalloproteinase with 
thrombospondin motifs-4; ARGS, 374-alanine-arginine-glycine-serine 
neoepitope of aggrecan; BMP, bone morphogenetic protein; COMP, 
cartilage oligomeric matrix protein; DcR3, decoy receptor 3; GM-CSF, 
granulocyte macrophage-colony stimulating factor; IL, interleukin; 
IP-10, interferon γ-induced protein 10 kDa; LIGHT, homologous to 
lymphotoxin, exhibits inducible expression and competes with HSV 
glycoprotein D for herpesvirus entry mediator, a receptor expressed 
on T cells; MCP, monocyte chemoattractant protein; MIG, monokine 
induced by gamma interferon; MIP, macrophage inflammatory 
proteinMMP, matrix metalloproteinase; PIIANP, type IIA procollagen 
N-terminal propeptide; RANTES, Regulated on Activation, Normal 
T Expressed and Secreted; TGF-β, transforming growth factor beta; 
TIMP, tissue inhibitor of metalloproteinases; TNF-α, tumour-necrosis 
factor-alpha.

compliance with the Human Tissue Act (2004) and 
Declaration of Helsinki (2013). Consecutive patients who 
were due to undergo knee surgery under the care of the 
senior author (AP), as described below, were invited to 
participate in the study. Recruitment was over a period 
of one year. Patients who gave their written informed 
consent were recruited into the following groups for 
prospective SF analysis: esOA (patients with advanced 
clinical and radiological disease, refractory to nonoper-
ative management, being treated by knee arthroplasty 
surgery); and non-OA knee injury (patients undergoing 
surgery for cruciate or meniscal injuries without clini-
cal, radiological (radiological and MRI), or arthroscopic 
evidence of degenerative changes or chondral injury; 
the median interval between injury and surgery was 6.5 
months (interquartile range (IQR) 4 to 9.75).

Patients were excluded if there was a history of: rheu-
matoid or other inflammatory arthritis (in any joint); 
septic arthritis; post-traumatic OA; previous meniscal 
or cruciate injury with or without surgical intervention; 
previous arthroscopic surgery, high-tibial osteotomy, or 
arthroplasty (partial or total) in the index joint; systemic 
or intra-articular glucocorticoid within six weeks of 
sample collection; or intra-articular viscosupplementa-
tion within six weeks of sample collection. In addition to 
the above, patients were excluded from the injury group 
if there was a history of clinical symptoms of OA in any 
joint system.

The inflammatory cohort comprised patients with 
rheumatoid or psoriatic arthritis affecting the knee joint 
on a range of anti-inflammatory and/or disease-modifying 
treatments (Supplementary Table i). SF samples were 
collected during a previous study (unpublished).
Synovial fluid samples.  SF from OA patients was obtained 
by needle aspiration after superficial dissection, but prior 
to arthrotomy to avoid contamination with blood. For in-
jury patients, SF was needle-aspirated after skin prepara-
tion, but prior to any surgical incisions. All samples were 
collected during the use of a high-thigh tourniquet. Any 
macroscopically blood-tinged samples were discarded, 
and the patient excluded from the study. Lavage samples 
were not taken because of potentially variable and uncon-
trolled dilution that would make comparisons unreliable.

Samples were placed in sterile specimen pots and 
stored immediately at 4°C pending processing within 
four hours. SF was centrifuged at 3,000 g for 25 minutes 
at 4°C to separate solid debris and cells. The superna-
tant was then aliquoted into 500 μl microfuge tubes, 
snap-frozen in liquid nitrogen, and stored at -80°C until 
analysis.

Prior to analysis, aliquots were thawed at room 
temperature and clarified at 10,000 g force for ten 
minutes. The supernatant was treated with 2 mg/ml 
bovine testicular hyaluronidase (type I-S, 618.4 U/mg; 
Sigma-Aldrich, St. Louis, Missouri, USA). This entailed 
1:1 volume mixture of SF with 4 mg/ml hyaluronidase, 
vortexing for five seconds, and incubation at room 
temperature for one hour on a shaker. Samples were 
centrifuged at 1,000 g for five minutes and the super-
natant used for the assay. The end result was two-fold 
sample dilution with 2 mg/ml (approximately 1,200 U/
ml) hyaluronidase. Hyaluronidase treatment can improve 
intra-assay precision and assay signal of SF analysis by 
multiplex immunoassays.18

Wide-spectrum immunoassay analysis.  SF samples were 
analyzed for 35 candidate biomarkers that were chosen 
from cytokines, chemokines, growth factors, matrix en-
zymes, and markers of cartilage turnover with previously 
reported or potential relevance to OA pathophysiology 
(Table  I). This biological panel was not intended to be 
definitive or exhaustive.

Wide-spectrum SF analysis was conducted using a 
combination of Luminex, MesoScale Discovery (MSD), 
and enzyme-linked immunosorbent (ELISA) assays 
(Supplementary Table ii). Commercially sourced immu-
noassays were conducted according to the manufac-
turers’ protocol. Custom MSD assays were performed 
using optimized in-house protocols following MSD 
guidelines and MSD recommended reagents. The same 
platform, assay kit, reagents, lot numbers, and proto-
cols were used for each marker throughout the study 
to analyze all samples. On all platforms, calibrators and 
blanks were measured in duplicate. SF aliquots were 
run in duplicate for all assays except polystyrene-bead 
Luminex assays, where they were run in triplicate.



BONE & JOINT RESEARCH 

C. JAYADEV, P. HULLEY, C. SWALES, S. SNELLING, G. COLLINS, P. TAYLOR, A. PRICE626

Fig. 1

a) to c) Full partial least square discriminant analysis (PLS-DA) models using 20 synovial fluid (SF) markers. Three-component model: R2 = 0.770; Q2 = 0.718. 
d) to f) Streamlined PLS-DA models using eight SF markers. Two-component model: R2 = 0.694; Q2 = 0.673. a) and d) Observation score plot providing a 
visual assessment of patient class separation. b) and e) Variable loading bi-plot displaying the relationship between markers and patient cohorts. Markers 
(X-variables) in the vicinity of a dummy cohort (Y-variable) have the greatest discriminating power. c) and f) Variable regression coefficient plots: distances 
from the origin on the variable loading bi-plot correspond to the PLS regression coefficients, which are used to determine how strongly a marker is associated 
with a cohort. Grey boxes denote markers with non-significant regression coefficients whose 95% confidence intervals span zero. 'Injury' refers to non-
osteoarthritis knee injury. ADAMTS-4, a disintegrin and metalloproteinase with thrombospondin motifs 4; ARGS, alanine-arginine-glycine-serine; COMP, 
cartilage oligomeric matrix protein; DcR3, decoy receptor; esOA, end-stage knee osteoarthritis; IL, interleukin; Inflam, inflammatory arthritis; IP-10, interferon 
γ-induced protein 10 kDa; MCP, monocyte chemoattractant protein; MMP, matrix metalloproteinase; PIIANP, type IIA procollagen N-terminal propeptide; TGF, 
transforming growth factor; TIMP, tissue inhibitor of metalloproteinase; TNF-α, tumour-necrosis factor-alpha.

Immunoassay data underwent stringent quality 
control (detailed in Supplementary Methods). For a 
marker to qualify for quantitative analysis, measurements 
had to fulfil the following criteria: at least 50% of samples 
in each cohort were required to be above lower limit of 
quantification, and at least 75% of quantifiable samples 
in each cohort were required to have acceptable intra-
assay precision. The β-substitution method was used to 
handle any (left) censored data for quantifiable markers.19 
The β-substitution procedure was conducted separately 
for patient cohorts, which were treated as distinct data 
arrays.
Statistical analysis.  Marker concentrations were natural 
logarithm-transformed, (mean) centred, and scaled to 
unit variance.20 Supervised classification by partial least 
squares discriminant analysis (PLS-DA) was conducted to 
distinguish between patient cohorts on the basis of SF 
measurements.21

PLS-DA was implemented with the non-linear itera-
tive partial least squares (NIPALS) algorithm. Prediction 
models were developed with the study cohort as the cate-
gorical dependent outcome variable and the SF analytes 
as the predictor variables. R2 was used to estimate good-
ness of model fit. Internal validation using cross-validation 
was conducted to generate a Q2 value as an estimate of 
the model's predictive quality. A total of seven rounds 
of cross-validation were conducted and a Q2 > 0.5 was 
considered acceptable.22 Low R2 and/or Q2 values indi-
cate that the relationship between the outcome and the 
predictors is poor or there is significant noise in the data. 
The number of latent projections (components) used in 
the model was determined by the compromise between 
optimum R2 and Q2 values, i.e. the model was stopped 
at maximum cumulative Q2 value. Observation score 
plots were produced to visually assess cohort class sepa-
ration. Variable loading weights bi-plots were produced 
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to display the relationship between analytes and cohorts. 
Analytes (predictors) in the vicinity of a dummy cohort 
(outcome) have the greatest discriminating power.

Data processing, principal component analysis (PCA), 
and PLS-DA were implemented in SIMCA-P ver. 14.1 
(Umetrics, Umeå, Sweden). Coefficient heat maps were 
created using Multiple Experiment Viewer Ver. 4.8.1 
(TM4 Software Suite, The Institute for Genomic Research, 
Rockville, Maryland, USA).
Model diagnostics.  Model significance testing was 
achieved using cross-validated residuals analysis of var-
iance (CV-ANOVA) methodology.23 Response permuta-
tion was used to assess whether the model’s predictive 
power was spurious. The distributions of standardized 
PLS-regression residuals were assessed for normality. 
Further details of model diagnostics are available in the 
Supplementary Methods. Sensitivity analyses were car-
ried out, adjusting for age and stratifying by sex to ex-
clude these as confounding factors.
Model performance.  A confusion matrix was construct-
ed to assess PLS-DA models by comparing actual cohort 
membership to the predicted cohort following internal 
cross-validation. Model sensitivity, specificity, and reli-
ability was calculated for each study cohort. Sensitivity 
refers to the number of patients predicted correctly as a 
percentage of the total number of patients actually in the 
cohort. Specificity refers to the percentage of patients cor-
rectly classified as not belonging to a particular cohort. 
Reliability (or precision) refers to the number of patients 
predicted correctly as a percentage of the total number of 
patients predicted to be in the cohort, i.e. positive predic-
tive value (PPV). The overall accuracy of the model was 
given by the total number of patients correctly classified 
(i.e. true positives) as a percentage of the total number of 
patients. The mean sensitivity, specificity, and reliability 
were calculated for each model. Receiver operating char-
acteristic (ROC) curves were produced and area under 
the ROC curve (AUC) calculated to assess the diagnostic 
performance of the models.
SF marker importance.  The variable influence on projec-
tion (VIP) parameter (with jack-knifed 95% confidence 
intervals (CIs)) is a measure of how much each predic-
tor variable (SF marker) contributes to the overall PLS-DA 
model. This includes both its importance to class separa-
tion (outcome) and its importance to modelling the latent 
structure of predictor variables, i.e. components. Markers 
with a VIP > 0.8 were considered important for the overall 
model, VIP between 0.8 and 0.5 considered potentially 
important, and VIP < 0.5 considered unimportant.22

The importance of a given predictor variable for the 
outcome is proportional to its distance from the origin in 
the loading space (loading weight bi-plot). These lengths 
correspond to the PLS regression coefficients, which were 
therefore used to determine how strongly a marker is 
associated with a cohort. A coefficient is statistically signif-
icant if its (jack-knifed) 95% CI does not include zero. The 
'biological fingerprint' of each cohort was defined by its 

combination of markers with significant PLS regression 
coefficients. Markers associated with a cohort (i.e. signif-
icant positive coefficient) were termed 'positive discrim-
inators' of the fingerprint; those opposing a cohort (i.e. 
significant negative coefficient) were termed 'negative 
discriminators'.
Streamlined model.  The PLS-DA process was repeated 
to obtain a streamlined model with the most parsimo-
nious combination of quantitative SF markers for class 
discrimination. An iterative approach was used to obtain 
the greatest R2 and Q2 values with the least number of 
quantitative markers that all had a VIP > 0.5.
Model validation.  The data used to generate the PLS-DA 
models are known as the 'training set'. Identical wide-
spectrum SF analysis of new patients was used as 'test 
set' data to validate the PLS-DA models. The models are 
blinded to the cohort membership of new patients and 
assessed for their ability to correctly classify them. The 
predictive performance is assessed as described above. 
The ability to diagnose esOA was validated using ten pa-
tients with esOA who were used as a test cohort.

Results
SF was analyzed from 60 patients with esOA and 20 
patients with non-OA knee injury. SF samples from 18 
patients with inflammatory (rheumatoid or psoriatic) 
arthritis were obtained from a previous study. A summary 
of the clinical and radiological characteristics of patients 
with esOA, knee injury, and inflammatory arthritis are 
presented in Supplementary Results and Supplementary 
Table iii.
Wide-spectrum immunoassay analysis.  In all, 20 markers 
were sufficiently quantifiable in all training cohorts with 
satisfactory intra-assay precision to qualify for further 
quantitative analysis: five pro-inflammatory cytokines 
(tumour-necrosis factor-alpha (TNF-α), interleukin (IL)-
6, IL-8, IL-12, and IL-15); three chemokines (monocyte 
chemoattractant protein (MCP)-1, IP-10, and Eotaxin), 
three isoforms of transforming growth factor beta 
(TGF-β), five matrix enzymes (matrix metalloproteinase 
(MMP)-1, MMP-3, MMP-9, tissue inhibitor of metallo-
proteinase (TIMP)-1 and a disintegrin and metallopro-
teinase with thrombospondin motifs 4 (ADAMTS-4)); 
three markers of cartilage metabolism (374-alanine-
arginine-glycine-serine (ARGS) neoepitope, cartilage 
oligomeric matrix protein (COMP), and type IIA pro-
collagen N-terminal propeptide (PIIANP)); and decoy 
receptor 3 (DcR3). The standardized median marker 
concentrations by cohort are presented as a heat map 
in Supplementary Figure a. The proportions of quan-
tifiable SF samples in each cohort for markers that 
did not qualify for further analysis are presented in 
Supplementary Table iv.
Predictive modelling using multivariate analysis.  PLS-DA 
using the 20 quantitative markers produced good class 
separation between the three study cohorts (Figure 1a). A 
three-component model explained 77.0% (R2 = 0.770) of 
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Table III. Model performance for each study cohort.

Model 
parameter esOA Injury* Inflam

Model 
average†

Sensitivity, % 100 90 100 96.7

Specificity, % 94.7 100 100 98.2

Reliability, % 96.8 100 100 98.9

*Non-osteoarthritis-related injury.
†Mean of three preceding values.
esOA, end-stage knee osteoarthritis; Inflam, inflammatory arthritis.

Table II. Confusion matrix for partial least square discriminant analysis (PLS-
DA) model using 20 quantitative synovial fluid markers (three-component 
model; R2 = 0.770; Q2 = 0.718). Actual patient cohort is compared to 
predicted cohort. Overall accuracy (= 98%). See 'Methods' for definitions of 
parameters.

Predicted

esOA Injury Inflam NC Total ACT

Actual esOA 60 0 0 0 60

Injury 2 18 0 0 20

Inflam 0 0 18 0 18

NC 0 0 0 0 0

Total PRED 62 18 18 0

*Non-osteoarthritis-related injury.
esOA, end-stage knee osteoarthritis; Inflam, inflammatory arthritis; 
NC, no classification.

the variability between patient groups with a predictive 
quality of 71.8% (Q2 = 0.718).

The confusion matrix comparing actual cohort to 
predicted cohort is presented in Table  II. Only two 
patients with knee injury were misclassified as esOA; both 
had anterior cruciate ligament (ACL) injury plus meniscal 
tear. The model had excellent sensitivity, specificity, and 
reliability that were all > 95% (Tables II and III). ROC anal-
ysis demonstrates near-perfect discriminatory accuracy of 
the model: AUC being 1 for inflammatory arthritis, 0.997 
for knee injury, and 0.989 for esOA (Figure 2a).

All quantitative markers were important (VIP > 0.8) for 
the overall model except DcR3, COMP, and 374-ARGS, 
which were potentially important (0.5 < VIP < 0.8), and 
eotaxin, which was not important (VIP < 0.5) (Supple-
mentary Results and Supplementary Figure aa).

The loading bi-plot (Figure 1b) suggests PIIANP has a 
strong positive discriminatory function for esOA. TIMP-1, 
ADAMTS-4, MCP-1, and IL-6 also loaded towards esOA. 
The majority of markers discriminated against knee 
injury except 374-ARGS, which loads in the direction of 
knee injury patients. Using the significant PLS regression 
coefficients, the fingerprint for esOA was characterized 
by positive discriminators TIMP-1, IL-6, PIIANP, MCP-1, 
ADAMTS-4, and IL-12 in combination with negative 
discriminators TGF-β isoforms, IP-10, IL-15, and MMP-9 
(Figure 1c).
Streamlined model.  The optimum streamlined PLS-DA 
model used eight quantitative SF markers: inflammato-
ry cytokine IL-6; chemokines MCP-1 and IP-10; TGF-β3; 
aggrecanase ADAMTS-4; metalloproteinase inhibitor 
TIMP-1; and cartilage metabolism markers PIIANP and 
COMP. Good class separation was achieved with a two-
component model that explained 69.4% (R2 = 0.694) of 
the variability between patient groups with a predictive 
quality of 67.3% (Q2 = 0.673) (Figure  1d). The stream-
lined model also had excellent sensitivity, specificity, and 
reliability and with only three knee injury patients being 
misclassified as esOA (Table  IV). All three misclassified 
injury patients had ACL injury plus meniscal tear. The 
model had excellent sensitivity, specificity, and reliability 
that were all > 95% (Table V). ROC analysis demonstrates 

excellent discriminatory accuracy of the model: AUC be-
ing 0.970 for esOA, 0.957 for knee injury, and 1 for in-
flammatory arthritis (Figure 2b).

The loading bi-plot shows that PIIANP discriminates 
best for esOA and most markers discriminate against 
knee injury (Figure 1e). TIMP-1 and ADAMTS-4 also load 
favourably towards esOA. The VIP scores for all eight 
markers in the streamlined model were important (TGF-
β3, TIMP-1, IL-6, IP-10, MCP-1, and PIIANP) or potentially 
important (ADAMTS-4 and COMP) (Supplementary 
Results and Supplementary Figure bb). The fingerprint for 
esOA comprised positive discriminators PIIANP, TIMP-1, 
ADAMTS-4, and MCP-1 in combination with negative 
discriminators of IP-10 and TGF-β3 (Figure 1f).
Model diagnostics.  Both full (F = 29.15; p = 3.24 × 10-36) 
and streamlined (F = 35.57; p = 1.5 × 10-33) models were 
highly significant when tested by the CV-ANOVA method. 
The standardized residual distributions for both models 
were generally normal and response permutation testing 
also suggested model validity (Supplementary Results 
and Supplementary Figures c and d). Sensitivity analyses, 
including an adjustment for age, showed no noticeable 
differences by sex.
Model validation.  The ability of the biomarker models to 
diagnose esOA was tested using ten patients with esOA. 
All test patients were female, but there was no significant 
difference in other clinical or radiological parameters com-
pared to training set patients with esOA (Supplementary 
Table v). All ten validation test patients were classified 
correctly as esOA (accuracy 100%; reliability 100%) by 
both the full and streamlined PLS-DA biomarker models.

Discussion
This study describes a novel, pattern recognition approach 
for deriving a SF biomarker fingerprint for diagnosis of 
esOA from a panel of physiologically relevant cytokines, 
chemokines, growth factors, matrix enzymes, and markers 
of cartilage turnover. This potentially provides a missing 
biological test for advanced OA. Machine learning using 
PLS-DA generated an esOA fingerprint comprising positive 
discriminators of TIMP-1, IL-6, PIIANP, MCP-1, ADAMTS-4, 
and IL-12 with negative discriminators of TGF-β isoforms, 
IP-10, IL-15, and MMP-9. This was streamlined to an eight-
marker model comprising positive discriminators of PIIANP, 
TIMP-1, ADAMTS-4, and MCP-1 with negative discrim-
inators of IP-10 and TGF-β3. Both full and streamlined 
models had R2 (goodness-of-fit) and Q2 (predictive quality) 
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Fig. 2

Receiver operating curve (ROC) analysis of diagnostic performance. a) Full model using 20 synovial fluid (SF) markers. b) Streamlined model using eight 
SF markers. The area under the curve (AUC) as a measure of the diagnostic accuracy for patient cohort is presented. True positive rate (TPR) is equivalent 
to sensitivity. False positive rate (FPR) is equivalent to (1-specificity). 'Injury' refers to a non-osteoarthritic knee injury. esOA, end-stage knee osteoarthritis; 
Inflam, inflammatory arthritis.

parameters ~ 0.7, which is excellent for a biological system. 
Both models achieved excellent (> 95%) diagnostic sensi-
tivity, specificity, and reliability, and were successfully vali-
dated with new esOA test samples.

Biological validation of the individual molecules 
contributing to the biomarker models is detailed in the 
Supplementary Discussion. However, the mediators 
described were restricted by assay availability and should 
not be considered a definitive list. This work redefines 
and extends the concept of a biomarker to include multi-
variate models. Conceptually, the biological fingerprint 
for esOA in this study is not a biomarker in the traditional 
sense. The measurement of markers within the defined 
fingerprints have limited utility on their own. There are no 
concentration reference ranges or cut-offs. The biomarker 
is the predictive multivariate model including existing 
patient (training) data, which together can be considered 
a calibrated instrument. It is analogous to facial or finger-
print recognition algorithms, and is the first such pattern 
recognition approach in OA biomarker discovery.

The inclusion of patients with knee injury and inflam-
matory arthritis offers internal (construct) validity to SF 
measurements in the absence of normal control samples, 
and provides a biological contrast to OA from other knee 
joint pathologies. With a few exceptions,24 most OA 
biomarker studies use a single non-OA control cohort. 
This is usually a cohort of 'normal' patients in studies 
using peripheral biofluids, or patients with knee injury 
in SF studies. Many putative OA biomarkers may also be 
indicators of synovitis and inflammation common to OA 
and inflammatory arthritis. The use of PLS-DA analysis 
with inclusion of two non-OA comparator groups, one on 
either side of the OA disease spectrum, greatly increased 

the specificity of potential biomarkers and boosted the 
statistical power of analysis of relatively few (approxi-
mately 100) patients permitting 100% accuracy and 95% 
reliability of esOA diagnosis with only eight markers.

The described OA fingerprint model has the required 
attributes to qualify as a surrogate endpoint in OA trials 
to signify treatment failure, although this would require 
further rigorous biomarker qualification. The terminal 
joint failure of esOA represents a convergence of clinical 
and structural endpoints. Arthroplasty surgery is often 
considered the 'ultimate' clinical endpoint for knee OA 
and is itself a surrogate for esOA. However, not all patients 
with esOA will actually undergo arthroplasty as this clin-
ical decision is influenced by numerous confounding 
factors. Furthermore, the natural history of OA can be 
prolonged and arthroplasty can be a distant endpoint for 
patients with early OA who are potentially receptive to 
disease modification. Consequently, the utility of arthro-
plasty surgery as an endpoint for disease-modifying treat-
ment development is limited and trials would be large 
and lengthy.25 There has been a largely unsuccessful 
initiative to define a 'virtual joint arthroplasty' as a surro-
gate endpoint for trials to eliminate many of the biases 
associated with arthroplasty while maintaining its easy, 
dichotomous, OA-specific outcome.12,26 Consequently, 
our diagnostic esOA model would be of interest to the 
pharmaceutical industry to conduct smaller, shorter, and 
more ethically favourable studies.

Given the clinical and radiological measures indicative 
of esOA, the current biomarker model might be consid-
ered redundant as a clinical tool. However, it provides a 
biological diagnosis that has been thus far unavailable. 
The biomarker fingerprint would, therefore, be a useful 
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Table IV. Confusion matrix for streamlined partial least square discriminant 
analysis (PLS-DA) model using eight quantitative synovial fluid markers 
(two-component model; R2 = 0.694; Q2 = 0.673). Actual patient cohort is 
compared to predicted cohort. Overall accuracy = 96.9%. See 'Methods' for 
definitions of parameters.

Predicted

esOA Injury* Inflam NC TotalACT

Actual esOA 60 0 0 0 60

Injury* 3 17 0 0 20

Inflam 0 0 18 0 18

NC 0 0 0 0 0

Total PRED 63 17 18 0

*Non-osteoarthritis-related knee injury.
esOA, end-stage knee osteoarthritis; Inflam, inflammatory arthritis; 
NC, no classification.

Table V. Model performance for each study cohort.

Model parameter esOA Injury* Inflam
Model 
average

Sensitivity, % 100 90 100 96.7

Specificity, % 94.7 100 100 98.2

Reliability, % 96.8 100 100 98.9

*Non-osteoarthritis-related knee injury.
†Mean of three preceding values.
esOA, end-stage knee osteoarthritis; Inflam, inflammatory arthritis.

adjunct to current methods of diagnosis and staging to 
guide patient management and assess current treatment 
methods, especially in situations of clinical equipoise. 
Follow-up studies in longitudinal cohorts will demonstrate 
the sensitivity of the panel for detecting esOA ahead of 
current imaging methods and its use in experimental inter-
ventions such as unloading will demonstrate if the biolog-
ical end-stage defined here is reversible. Either outcome 
would provide a considerable advance in clinical decision-
making and patient stratification.

The observation score plots of the PLS-DA models 
demonstrated strong separation of the inflammatory 
group from both knee injury and esOA groups, between 
which class separation was distinct but less clean. Two 
knee injury patients were misclassified as esOA in the full 
model and both were also misclassified in the streamlined 
model in addition to a third knee injury patient. Patients 
with knee injuries had no radiological (radiological and 
MRI) or arthroscopic evidence of OA. However, this was a 
heterogeneous group including isolated meniscal injury 
and ACL injury with or without meniscal injury, and the 
three misclassified patients had ACL injury with meniscal 
tear. The relative proximity of knee injury patients to 
those with esOA suggests that these groups may lie on a 
biological continuum. A persistent abnormal SF biology 
associated with molecular and premacroscopic OA 
changes may characterize injury patients as a high-risk/
pre-OA cohort. There is strong evidence that such injuries 
are a very important risk factor for OA and Lohmander et 
al27 have described these as "the young patient with an 
old knee".27,28

One could speculate that the fingerprint model detects 
OA, and is not specific to terminal joint failure. This would 
preclude surrogate endpoint status, but could poten-
tially be more useful for development and assessment of 
disease-modifying therapies such as surgical joint realign-
ment as well as pharmaceuticals. It is not known exactly 
when the current OA fingerprint first appears along 
the continuum from normal joint to joint death. Serial 
longitudinal analysis of large well-characterized cohorts 
with associated clinical, radiological, and other biolog-
ical measurements will be the gold standard approach 

to answering this question. An alternative short-term 
solution is the cross-sectional biomarker analysis of 
well-characterized patient cohorts at sequentially earlier 
stages of clinical and structural disease, including normal 
asymptomatic patients.24 The invasive nature of sample 
collection and potential low-volume yields would remain 
an obvious challenge. Such work would reveal biomarker 
fingerprints for the earlier OA disease stages and normal 
joints, which would have far-reaching implications for the 
development of disease-modifying therapies. If successful 
it may be possible to use the biomarker fingerprints as 
part of the set of indications for intervention, therefore 
guiding surgical decision-making.

There are a number of limitations to this study. Like 
most human SF studies, the numbers of patients are rela-
tively small, especially in the reference groups, due to the 
comparatively invasive nature of SF sampling. It was not 
possible to obtain normal control SF despite adequate 
patient recruitment and ultrasound-guided methods. This 
is an ongoing obstacle for biomarker discovery since the 
truly normal knee and even early symptomatic OA often 
do not have sufficient effusion accessible without lavage. 
Although the biomarker models correctly diagnosed ten 
patients with esOA, this can only be considered partial 
validation. Full validation requires samples from patients 
with knee injury and inflammatory arthritis, and addi-
tional esOA patients. Both the knee injury and inflamma-
tory arthritis cohorts represent heterogeneous groups of 
patients. This was a deliberate choice to assess whether 
the approach would pull out only the most widely and 
consistently different markers. Knee injury patients were 
sampled at variable intervals (four to nine months) after 
their index injury but there were no significant correla-
tions between interval and marker concentrations. There 
was limited clinical and structural information available 
for the inflammatory cohort of patients with rheumatoid 
or psoriatic arthritis. In particular, the existence of OA 
secondary to inflammatory arthritis was not excluded. 
The study had very stringent inclusion and exclusion 
criteria for OA cohort membership, but the potential 
confounding effects of medications were not considered. 
In particular, knee injury patients may not have been 
on many (or any) medications, whereas esOA patients 
were likely to be taking a combination of paracetamol, 
nonsteroidal anti-inflammatory drugs (NSAIDs), and 
opioids, and patients with inflammatory arthritis were 
taking corticosteroids and/or disease-modifying drugs 
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potentially in addition to analgesia. However, the multi-
variate approach was robust to the heterogeneity of the 
comparator groups. The choice of markers was guided 
by potential relevance to OA in the literature, but also 
by pragmatic availability of assays. Although we do not 
claim the panel is definitive or exhaustive, it does intro-
duce an inherent source of reporting bias.

This study challenges the existing paradigm in OA 
biomarker discovery and highlights the need to recon-
sider and extend the concept of a biomarker to include 
multivariate approaches. SF analysis coupled with 
machine-learning produced and (partially) validated 
biomarker models with cohort-specific fingerprints that 
accurately and reliably discriminated esOA from knee 
injury and inflammatory arthritis with almost 100% effi-
cacy. The presented findings and approach represent 
a new biomarker concept, and a potential diagnostic 
tool to complement existing esOA diagnostic criteria, 
define inclusion/exclusion criteria for therapy trails, and 
monitor the efficacy of such interventions.

Supplementary material
‍ ‍The supplementary material provides extra infor-

mation for the interested reader. The main text 
refers to supplementary figures and tables which 

can be found in this document. The supplementary ma-
terial is divided into Methods, Results, and Discussion.
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