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Abstract
The ultimate hope of researchers and patients is a pathway to development of treatments for osteoarthritis to modify the 
disease process in addition to the symptoms. However, development of disease modifying drugs requires objective endpoints 
such as measures of joint structure, joint tissue homeostasis and/or joint survival–measures such as provided by imaging 
biomarkers, molecular biomarkers and joint replacement frequency, respectively. Although biomarkers supporting investiga-
tional drug use and drug approval include surrogate endpoints that may not necessarily reflect or directly correlate with the 
clinical outcome of interest, a formal biomarker qualification process currently exists that is a rigorous three stage process 
that yields biomarker approvals (or denials) for specific contexts of use. From a cost perspective, biochemical biomarkers are 
the ‘ones to beat’; however, even well-validated biomarkers may not cross the translation gaps for eventual use in healthcare 
unless they offer an advantage in terms of cost per quality adjusted life year. This review summarizes the case FOR and 
AGAINST biomarkers in drug development and highlights the current data for a subset of biomarkers in the osteoarthritis 
research field informing on cartilage homeostasis, joint inflammation and altered subchondral bone remodeling.
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The Case FOR Biomarkers

Given the lack of treatments to prevent the incidence and 
progression of osteoarthritis (OA), disease modification is 
the holy grail—the thing most earnestly sought by patients 
[1] and arthritis care providers alike. Development of drugs 
to modify structural deterioration of the joint (disease mod-
ifying OA drugs or DMOADs) requires endpoints other 
than the traditional patient-reported outcomes (PROs)—an 
assessment of how an individual feels, functions, or survives. 
Rather, disease modification requires objective endpoints 
such as measures of joint structure, joint tissue homeostasis 
and/or joint survival–measures such as provided by imaging 
biomarkers, molecular biomarkers and joint replacement fre-
quency, respectively. There is an especially strong rationale 
for the use of biomarkers in drug development; the chance of 

successfully transitioning from phase I of drug development 
to regulatory approval of a drug is three-fold increased (26% 
vs 8%) with vs without a biomarker [2]. The availability of 
a biomarker for patient selection also offers the prospect of 
personalized and thereby potentially safer treatment due to 
directing therapy to those most likely to benefit and sparing 
non-responders from potential side effects [3]. Although it 
is widely anticipated that disease modifiers for OA would 
also provide symptom modification, the highly heterogene-
ous nature of OA symptoms, and joint pain in particular, 
causes symptoms to be confounded outcomes. For devel-
opment of disease modifying drugs, measurable, definable, 
non-confounded outcome measures are crucial.

A focus on pain and its treatment in the US increased as 
a consequence of increased numbers of disabled veterans 
in the 1940s and 1960s [4]. In the 1990s, opioid use was 
extended from cancer and acute pain to chronic noncan-
cer pain such as arthritis [4]. Although pharmacological 
treatment of pain with opioids was intended to be part of 
multimodal care, it became unidimensional care in most 
settings with reliance almost completely on pharmacologic 
solutions to pain [4]. The emphasis on PROs as outcomes 
in trials for regulatory approval of OA drugs may have had 
the unintended consequence of contributing to a wealth 
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of analgesics for OA and lack of DMOADs due to lack 
of FDA approved outcomes for disease modification. The 
focus on pain relief, without the risk of side effects and 
addiction linked to opioid analgesics, drove the devel-
opment of the nerve growth factor (NGF) inhibitors. In 
contrast to opioids, which alter pain perception by target-
ing opioid receptors, NGF inhibitors block signaling of a 
pathway activated in response to injury, inflammation, or 
chronic pain. Although NGF inhibitors improve OA symp-
toms and function, a subset of treated individuals experi-
ence rapidly progressive osteoarthritis, particularly when 
taken together with non-steroidal anti-inflammatory drugs 
[5]. A debate currently exists concerning whether the joint 
structural damage associated with the NGF inhibitors is 
due to increased voluntary weight-bearing in the context 
of joint analgesia [6] and/or due to direct toxic effects on 
the joint since both chondrocytes and synoviocytes express 
NGF and Tropomyosin receptor kinase A (TrkA), the high 
affinity nerve growth factor receptor [5]. This suggests that 
highly effective analgesia, devoid of disease modifying 
effects that directly target the underlying biological pro-
cesses, has the risk of worsening the disease in the long-
term. Obviously, an ideal treatment would provide both 
symptom and disease modifying benefits; however, which 
could occur first and the timing of onset of these two ben-
efits are currently not at all clear.

It is an interesting and important characteristic of sol-
uble biomarkers that they are more reflective of disease 
activity than current disease status [7]. While a radio-
graphic or magnetic resonance image (MRI) may provide 
a sensitive assessment of joint status, biochemical bio-
markers are often generated as part of a pathophysiologi-
cal process. In particular, the class of biomarkers referred 
to as neo-epitopes, which are generated when proteases 
degrade the proteins of the tissue, can provide a particu-
larly relevant reflection of disease activity [8, 9]. Conse-
quently, imaging may not always be directly correlated to 
a soluble biomarker, as disease activity and status may be 
disconnected, in particular in a slowly progressing disease 
such as OA that is associated with long periods of inertia 
followed by progression [10]. As a corollary, early and end 
stage disease may both be associated with periods of high 
and low disease activity, reflected by high and low levels 
of biomarkers (Fig. 1).

In response, molecular biomarkers of disease processes 
may be used together with imaging, to provide additive 
value. For example, if we wish to predict how much water 
will be present in a bathtub tomorrow, we need three meas-
ures: how much water is currently present in the bathtub 
(analogous to an anatomic image of a joint); how much 
water is running into the bathtub (analogous to a tissue for-
mation biomarker); and how much water is running out of 
the bathtub (analogous to a degradation biomarker).

The Case AGAINST Biomarkers

The 21st Century Cures Act (December 13, 2016) formally 
established in the US an updated, multistage process for 
qualification (a formal clinical validation linking a bio-
marker with biological and clinical end points) of bio-
markers as drug development tools. A drug development 
tool may be used by any person for the qualified context 
of use. This process was designed to shorten the time and 
reduce the failure rate in drug development and bring new 
innovations and advances faster and more efficiently to 
patients who need them. Some concern has been raised 
regarding the potential, under the twenty-first Century 
Cures Act, for the FDA to approve drugs and devices on 
the basis of less rigorous, that is, biomarker-related rather 
than patient-reported data, and thereby weaken the tradi-
tional standards required by the FDA, with an unpredict-
able long-term effect on drug safety and efficacy.

In response to this concern about the relative rigor 
of biomarker compared with patient-reported data, it is 
important to recognize that formal biomarker qualification 
by the FDA is a rigorous three stage process that yields 
approvals (or denials) for specific contexts of use usu-
ally based on data from a minimum of two studies [11]. 
Moreover, a qualification determination may be rescinded 
or modified if new information calls into question the 
basis for such qualification. Drugs approved on the basis 
of a biomarker surrogate are generally required to verify 
clinical efficacy in a post-marketing study; the approval 
is expected to be withdrawn if post-approval trials fail 
to verify clinical benefit or do not demonstrate sufficient 
clinical benefit to justify the risks associated with the 
drug [12]. Moreover, given that the discovery, validation 
and qualification of objective measures of disease are 

Fig. 1   Osteoarthritis phasic disease activity is reflected by soluble 
biomarkers. Progression of OA is not linear. In times of high disease 
activity, biomarkers increase, and the disease subsequently progresses 
based on anatomic imaging. This may be followed by periods of low 
biomarker levels, even at later more severe stages of disease
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of critical importance if we hope to achieve substantive 
changes in the field of OA pharmacological treatment, it 
does not seem fair to generally consider biomarker-related 
data as less rigorous than patient-report data; in contrast, 
in some circumstances, PROs may not even be an option. 
For instance, both early osteoporosis [13] and liver fibrosis 
[14] are silent disease processes so are unapproachable 
from the perspective of PROs. However, the asymptomatic 
early stages are likely the most opportune for therapeutic 
intervention for reverting fibrosis or preventing further 
progression to irreversible clinical organ failure, namely 
fracture or liver cirrhosis, respectively. Like these dis-
eases, OA is also silent in its early stages [15]. There-
fore, PROs would not be expected to be informative for 
these critical early stages; rather, biomarkers reflecting 
tissue turnover and preclinical disease activity would be 
critically important for development of DMOADs to target 
reversible stages of disease.

Another concern regards the potential inability of bio-
markers supporting investigational drug use and drug 
approval to reflect or directly correlate with the clinical 
outcome of interest. However, PROs in OA, particularly 
joint pain symptoms, may originate from disease related 
and disease unrelated or remotely related phenomena. 
Pain  PROs in OA have significantly higher placebo 
response rates than patient-reported function and objec-
tively measured function [16]. Given that molecular and 
objectively measured biomarkers are generally less sus-
ceptible to placebo effects than PROs, as demonstrated by 
objective pulmonary function tests versus PROs in asthma 
[16], and use of gait speed as outcomes in pulmonary arte-
rial hypertension trials [12], biomarkers might enable—
with fewer participants exposed in a trial and therefore 
with a lower risk—the discernment of treatment efficacy 
earlier in the drug development process than PROs.

Finally, another concern relates to the potential diffi-
culty of systemic biomarkers to reliably report on local 
cell or tissue level phenomena. For instance, develop-
ment of systemic biomarkers in the OA field may be par-
ticularly difficult as a consequence of the small affected 
area within the joint capsule and the need for diffusion 
of analytes through the joint capsule into the systemic 
body fluid. However, as technologies are emerging, allow-
ing increased sensitivity and increased understanding of 
endotypes that are systemic, we truly need to investigate, 
understand and focus on the correct context of use for each 
biomarker—recognizing that one biomarker may certainly 
not fit all purposes. For example, CTX-I is not a diagnostic 
biomarker of osteoporosis as it does not relate to the cur-
rent amount of bone, but rather it is highly prognostic and 
an excellent efficacy of intervention biomarker for osteo-
porosis therapy as it reflects the level of bone resorption 
activity [17].

Molecular Biomarkers for OA

The joint is comprised of three major tissues: the articular 
cartilage, the synovium and the bone; all three are affected 
by the disease, which manifests as articular cartilage break-
down, synovial inflammation, proliferation and thickening, 
osteophyte formation and subchondral sclerosis [18]. Abnor-
malities of cartilage homeostasis (balance of anabolism and 
catabolism), synovial inflammation and subchondral bone 
remodeling are identified as potential targets for OA therapy 
[19]. Therefore, we focus here on molecular biomarkers that 
may inform each of these domains of disease and therapy.

Biomarkers Providing Insights into Altered Joint 
Tissue Homeostasis in OA

An imbalance of tissue homeostasis in OA has been a long-
standing hypothesis explaining incident and progressive dis-
ease [20] (Fig. 2). As summarized below, high systemic cat-
abolic markers and low systemic anabolic markers have been 
associated with OA progression (Fig. 3). As a biomarker 
of tissue homeostasis, type II collagen has been of special 
interest as it is the main component of articular cartilage 
and among joint tissues, is likely the most articular cartilage 
specific. An abundance of biomarker epitopes inform on the 
turnover (catabolism and anabolism) of type II collagen [21] 
(Fig. 4). For purposes of illustrating altered joint homeosta-
sis in OA, we focus here on systemic biomarkers of type II 
collagen that can be quantified by commercially available 
tools and that inform on type II collagen catabolism and 

Fig. 2   An imbalance of cartilage tissue homeostasis is a characteristic 
of OA. OA presence and progression are characterized by high carti-
lage degradation, reflected by high urinary CTX-II, and low cartilage 
synthesis, reflected by low serum PIIANP or PIIBNP. Histological 
analysis of OA cartilage in the human knee (right panel) reveals the 
presence of CTX-II in the damaged and eroded surface of articular 
cartilage, the bone-cartilage interface and the tidemark. Adapted from 
“Alpha C‐telopeptide of type I collagen is associated with subchon-
dral bone turnover and predicts progression of joint space narrowing 
and osteophytes in osteoarthritis”, Huebner et al. (2014); used by per-
mission of Wiley, Order Number: 4722730414354
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anabolism, namely, urinary (u) C-telopeptide fragments of 
type II collagen (uCTX-II), serum (s) N-propeptide of col-
lagen IIA (PIIANP) and serum N-propeptide of collagen IIB 
(PIIBNP also termed PRO-C2), another measure of type II 
collagen formation.

CTX-II is a product of type II collagen degradation and 
one of the most studied markers in OA [22]. CTX-II is an 
MMP-generated (by both MMP-9 and MMP-13) neoepitope. 
Although the tissue origin of CTX-II has been disputed [23], 

CTX-II is strongly present in areas corresponding to pro-
teoglycan depletion in TNF-α- and oncostatin M treated 
cartilage explants [24] and is localized to the bone-cartilage 
interface, the tidemark, and damaged articular cartilage 
of the OA knee in the human [23] (Fig. 2). High baseline 
uCTX-II predicts increased odds (OR 1.29, p = 0.005) of 
clinically relevant (combination of symptom and radio-
graphic worsening) knee OA progression over 4 years [25]. 
In a post hoc analysis of 640 individuals with knee OA 

Fig. 3   The role of cartilage catabolism and anabolism in OA progres-
sion. This theoretical construct, supported by literature, depicts OA 
progressors compared to non-progressors as a those with higher and/
or rising catabolic biomarker concentrations, and b lower and/or more 
slowly rising anabolic biomarker concentrations. The greater the dif-

ference in concentration between progressors and non-progressors, 
the greater the ease with which the two groups can be distinguished 
and the greater possible effect size attainable in a clinical trial (the 
greater the therapeutic window based on a biomarker)

Fig. 4   Key biomarkers of type II collagen degradation and synthesis. 
PIIANP and PIIBNP (PRO-C2) are N-terminal propeptide sequences 
indicative of type II collagen synthesis (anabolism). CTX-II is a 
C-terminal telopeptide sequence indicative of type II collagen deg-
radation (catabolism). N- and C-terminal telopeptides of type I col-
lagen, indicative of bone resorption, are available for osteoporosis 

monitoring, termed NTX-I and CTX-I, respectively. Adapted from 
“Biochemical markers and the FDA Critical Path: How biomarkers 
may contribute to the understanding of pathophysiology and provide 
unique and necessary tools for drug development”, Karsdal et  al. 
(2009), Biomarkers 14(3):181–202; used by permission of Taylor & 
Francis, Order Number: 4740400891077
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from two clinical trials investigating oral salmon calcitonin, 
CSMC021C2301 (NCT00486434) and CSMC021C2302 
(NCT00704847), high baseline uCTX-II predicts total joint 
replacements (TJR) in OA trial participants over 2 years 
[26]. High baseline uCTX-II is statistically significantly 
associated with a 3.08 times higher risk of undergoing a 
total joint replacement (TJR) of the knee or hip during the 
study period, and 8.94 times higher risk specifically of knee 
arthroplasty.

N-terminal propeptides of type II collagen reflect carti-
lage formation. Two main splice variants exist, termed type 
IIA (PIIANP, peptide sequence QDVQEAGSCV) and type 
IIB (PIIBNP or PRO-C2, peptide sequence QDVRQPG-
PKG) collagen propeptides [27]. The PIIANP assay spe-
cifically detects exon 2 sequence (a specific splice form of 
type II collagen) in the N-terminal propeptide of type II col-
lagen, whereas the high sensitivity PRO-C2 assay specifi-
cally recognizes the exon 1/3 junction of type II collagen 
[27]. PIIANP is considered a product of chondroprogeni-
tor cells [28]. In striking contrast to CTX-II, a high serum 
PIIANP predicts decreased odds (OR 0.83, p = 0.049 for 
12-month time-integrated concentration) of clinically rele-
vant (combination of symptom and radiographic worsening) 
knee OA progression over 4 years [25] (Fig. 3). Moreover, 
higher cartilage collagen synthesis, as reflected in systemic 
PIIANP concentrations, is associated with a lesser burden 
of OA features in lower extremity joints (knees and hips), 
even accounting for the OA burden in the hands and spine, 
age, sex and body mass index. Serum concentrations of both 
PIIANP and PIIBNP are lower in individuals with estab-
lished knee OA compared to controls [27].

Interestingly, two large scale genome-wide associa-
tion studies for OA [29, 30] brought to 90 the number of 
genetic risk loci for OA; three of the OA associated genes 
(TGFB1, GDF5, FGF18) encode growth factors. Articular 
cartilage explants stimulated in vitro by FGF18, IGF-1 and 
TGFB1 increase secretion of PRO-C2; whereas, only IGF-1 
increases PIIANP and only minimally under the same cul-
ture conditions [27]. These data are all consistent with a low 
cartilage repair endotype with a genetic predisposition as a 
cause for OA.

Congruent with these findings are results showing that 
high PIIBNP/PRO-C2 predicted cartilage loss by MRI and 
radiographic joint space narrowing in the phase III clinical 
studies with calcitonin [31]. Additionally, recent proteomic 
analysis of human lower limb joint cartilages revealed the 
existence of an innate anabolic process, upregulated in OA 
and regulated by miRNA known to control limb regenera-
tion in animals [32]. A combination of high catabolism and 
low anabolism characterized progressors in the FNIH cohort 
[25]. In the phase I FNIH study, serum PIIANP contributed 
modestly but significantly to predictions of clinically rel-
evant knee OA progression by magnetic resonance imaging 

(MRI) biomarkers [33]. Taken together, these results show 
the importance of an imbalance of tissue homeostasis, the 
catabolic and anabolic responses, in OA progression and 
disease burden.

Biomarkers Providing Insights into Joint 
Inflammation in OA

Although the role of inflammation in OA has been heav-
ily debated, cumulative evidence from ultrasound and MRI 
demonstrates inflammation in the majority of individuals 
with radiographic knee OA illustrated by a 70–81% fre-
quency of effusions [34, 35], a 34–50% frequency of syn-
ovial thickening [34], a 35–40% frequency of popliteal 
(Baker’s) cysts [34], a 76% frequency of activated immune 
cells (macrophages and neutrophils), synovial tissue and 
synovial fluid cell analyses [36, 37]) and etarfolatide imag-
ing [38]. Inflammation corresponds to joint pain [38]. Both 
MRI effusion synovitis and Hoffa’s synovitis predict inci-
dent radiographic OA one year later (OR 3.23 and OR 2.47) 
[39]. A subset of six synovial fluid (SF) biomarkers (MMP-
3, sVCAM-1, sICAM-1, VEGF, TIMP-1, and MCP-1) was 
recently shown to be associated with synovial inflammation 
in OA, as well as radiographic and symptom severity [40]. 
These six OA-related SF biomarkers were specifically linked 
to indicators of activated macrophages and neutrophils. 
Products of activated macrophages and neutrophils, namely 
TGF-β1 and elastase, respectively, in synovium and SF, are 
significantly associated with knee synovitis based on in vivo 
etarfolatide imaging; at baseline they predict knee OA pro-
gression with areas under the curve from Receiver Operating 
Characteristic analyses of 0.95 (for TGF-β1) and 0.90 (for 
elastase), with greater stability of prediction when both are 
utilized [37]. Compared to SF biomarkers, it has been harder 
to identify systemic biomarkers that reflect localized joint 
inflammation in OA. In the FNIH phase I study, 24 M TIC 
serum hyaluronan (sHA) yielded odds ratio (OR) 1.22 for 
prediction of clinically relevant progression. At baseline, 
sHA and serum metalloproteinase-3 (sMMP-3) were asso-
ciated with moderate to large (score ≥ 2, n = 117) effusion 
synovitis by MRI, with OR 1.35 and 1.30 per 1 standard 
deviation difference in biochemical markers providing evi-
dence that it is possible for select systemic biomarkers to 
reflect localized synovitis [41].

There has been increasing recognition of a connection 
between the gut microbiome and OA leading to a new 
domain of biomarkers such as lipopolysaccharide (LPS), 
other gut microbe related molecules, and LPS binding 
protein (LBP). In a small study, serum LPS and LBP were 
associated with the abundance of activated macrophages 
in the knee joint capsule and synovium [42]; likewise, SF 
LPS and LBP were associated with the abundance of acti-
vated macrophages in the synovium. SF LPS was positively 
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associated with severity of knee joint space narrowing and 
total WOMAC pain score [42]. In two large independent 
Dutch cohorts, a significant association has been recently 
reported between Streptococcus species abundance in stool 
microbiome samples, knee WOMAC pain and knee inflam-
mation (effusion by MRI) [43].

With regard to inflammation, some lessons learned may 
be taken from the rheumatoid arthritis (RA) field in which 
joint inflammation drives joint erosion, and anti-inflam-
matory treatments block progression [44]. Type I collagen 
degradation by MMPs (C1M) [45] and type IV collagen 
degradation (C4M) [46] have been shown to be highly pre-
dictive for joint erosion and responsive to anti-inflammatory 
treatments such as anti-IL6R and anti-TNF-α. C1M was 
shown to be released from human synovium ex vivo and to 
respond to efficacious RA treatments [47]. Moreover, trans-
lational biomarkers are a potential tool for early assessment 
and decision-making in drug development as shown for RA 
treatment [48]. Taken together, joint inflammation has been 
strongly associated with OA severity and progression; more-
over, an important link of OA to the gut microbiome is being 
elucidated consistent with local priming of macrophages by 
products of the gut microbiome resulting in inflammation of 
the synovial lining [49].

Biomarkers Providing Insights into Altered 
Subchondral Bone Remodeling in OA

Because of the differential adaptive capacity of the bone, 
abnormalities of bone in OA occur more rapidly and are 
more readily discernible than cartilage abnormalities [50]; 
this has been referred to as the “canary in the mine” phe-
nomenon. For this reason, bone biomarkers are attractive 
for their potential to detect OA, including in its early stages 
[51]. Genetic studies in OA have observed enrichment for 
genes underlying monogenic forms of bone development 
diseases [30] further underscoring an association of bone 
and cartilage in the pathogenesis of OA. Major changes in 
subchondral bone gene expression are revealed in a com-
parison of degenerated medial vs unaffected lateral tibial 
plateau compartments of the OA knee [52]; a total of 972 
differentially expressed genes were identified (based on 
fold change ≥  ± 2, P ≤ 0.05) and novel pathways such as 
Periostin (POSTN) and Leptin (LEP), which are implicated 
in bone remodeling by osteoblasts. Using a novel method 
for isolating site-matched overlying articular cartilage and 
underlying subchondral bone, we observed a strong coordi-
nate (both up and down) regulation of gene expression of 
multiple genes (ADAMTS1, ASPN, BMP6, BMPER, CCL2, 
CCL8, COL5A1, COL6A3, COL7A1, COL16A1, FRZB, 
GDF10, MMP3, OGN, OMD, POSTN, PTGES, TNFSF11 
and WNT1) in cartilage and bone in association with the 
severity of cartilage degeneration [53].

Based upon analysis of radiographic subchondral bone 
trabecular texture in OA, risk of knee OA progression is 
characterized by thickening of horizontal trabeculae (an 
early change) followed by thinning of vertical trabeculae (a 
later change) in a process known as stress shielding [54]. It 
therefore should come as no surprise that bone biomarkers 
traditionally employed for monitoring osteoporosis, show 
promise in OA [18]. In the phase I FNIH study, increased 
odds of clinically relevant knee OA progression were pre-
dicted by higher baseline uCTX-Iα (OR 1.20), and higher 
24 M TIC of sCTX-I (OR 1.28), sNTX-I (OR 1.25), uNTX-I 
(OR 1.29), uCTX-Iα (OR 1.32), and uCTX-Iβ (OR 1.27). 
CTX-Iα localizes primarily to high bone turnover areas in 
subchondral bone in human knee OA [23] and is taken to 
indicate turnover of new bone and therefore new bone for-
mation; uCTX-Iβ is taken to indicate turnover of older bone 
[23]. In the post hoc analysis of 640 individuals with knee 
OA from two clinical trials investigating oral salmon calci-
tonin (described above), high baseline sCTX-I was statisti-
cally significantly associated with 3.4 times higher risk of 
undergoing an arthroplasty of the knee or hip, but did not 
reach statistical significance for risk of knee arthroplasty 
alone [26]. In a subset of 216 women from the Chingford 
study, high uCTX-I and uNTX-I were associated with pro-
gressive knee OA; concentrations of these biomarkers were 
higher in OA progressors than controls and knee OA non-
progressors, and comparable to levels observed in individu-
als with osteoporosis [55]. Taken together, these results indi-
cate that risk of incident OA is, in part, associated with bone 
morphometric abnormalities and risk of OA progression is 
characterized by high subchondral bone turnover.

OA Biomarkers—The Way Forward

According to a recent informative review on imaging bio-
markers in the cancer field by a consensus group of the Can-
cer Research UK (CRUK) and the European Organisation 
for Research and Treatment of Cancer (EORTC), biomarkers 
must cross two ‘translational gaps’ before they can be used 
to guide clinical decisions [56] (Fig. 5). In OA, effective 
technical validation and clinical qualification overcome the 
first translational gap enabling biomarkers to become useful 
‘medical research tools’. The biomarkers that cross the sec-
ond translational gap are relevant and useful in patient clini-
cal care because they improve clinical outcomes sufficiently 
to justify the additional costs of testing and treatment and 
therefore warrant their consideration as ‘clinical decision-
making tools’. Some biomarkers that have only crossed the 
first translational gap are nevertheless highly useful in the 
development of therapies [56]. The consensus group recom-
mended parallel (rather than sequential) tracks of technical 
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(assay) validation, biological/clinical validation and assess-
ment of cost-effectiveness [56].

To overcome these translational gaps, and in conformity 
with the recommendation for ongoing parallel analyses, the 
FNIH OA Biomarkers Consortium, in collaborative synergy 
with the Osteoarthritis Research Society International and 
Arthritis Foundation (providing input on patients’ perspec-
tives) have combined efforts toward biomarker qualification 
and encouraging an evidence-based revision of the regu-
latory guidance for OA clinical trials (Fig. 6). The FNIH 
biomarker phase I study toward qualification of MRI, radio-
graphic and biochemical biomarkers is completed [25, 33, 
54, 57–59]. The phase II FNIH study is expected to be initi-
ated in 2020 with analysis of the most promising imaging 
and biochemical biomarkers from Phase I in extant samples 
from the placebo arms of multiple completed OA clini-
cal trials. The aim of these studies is to qualify prognostic 
biomarkers for OA progression under the following COUs 
(examples from letters of intent submitted to FDA for solu-
ble biomarkers):

Primary COU

Prognostic enrichment molecular biomarkers for use in 
phase 2 and 3 clinical trials to identify individuals with a 
diagnosis of knee osteoarthritis who are likely to experi-
ence disease progression within the subsequent 48 months 
based on the WOMAC pain subscale and/or radiographic 
joint space width loss and/or joint replacement.

Secondary or Allied COU

Prognostic biomarkers based on time-integrated concen-
trations (TICs) from baseline to 12 months, to provide a 
method for early identification of osteoarthritis patients 
to define who are likely to experience disease progression 

within the subsequent 48 months based on the WOMAC 
pain subscale and/or radiographic joint space width loss and/
or joint replacement.

The phase III FNIH study is anticipated to involve analy-
sis of the most informative markers from phase II with the 
aim of qualifying biomarkers as pharmacodynamic response 
markers (per the Biomarkers, Endpoints, and other Tools 
(BEST) categories [60]) utilizing samples/images from treat-
ment and placebo arms of OA trials. In addition, it is antici-
pated that second generation biomarkers will be emerging 
that will leverage new multi-omics technologies, that will 

Fig. 5   ‘Translational gaps’ in biomarker development. Inspired by 
O’Connor et al. (2017) [56]

Fig. 6   Status of soluble biomarker qualification in OA—Synergy of 
current endeavors. The work and papers cited include the following: 
the OARSI FDA Initiative in which OARSI coordinated seven work-
ing groups (including an OA biomarker working group with publica-
tion of recommendations related to soluble biomarkers in 2011 [61]) 
to provide a critical appraisal of the science related to the design of 
clinical development programs for human drugs, biological products, 
and medical devices for the treatment and prevention of OA to assist 
the FDA as they work to finalize the draft guidance originally issued 
in July 1999, culminating in the submission of the white paper to the 
FDA in August 2010; OARSI published recommendations related 
to design and conduct of trials for OA at a variety of joint locations, 
for pharmacological and non-pharmacologic trials, for imaging and 
soluble biomarker assessments [62], and for performance and patient-
reported outcomes; OA as a Serious Disease white paper (submitted 
to the FDA December 2016) [63]; the Arthritis Foundation sponsored 
patient-focused drug development meeting March 2017 on the OA 
patient perspective on current treatments [1]; the Arthritis Founda-
tion formed the OA Centers of Excellence to develop a clinical trial 
paradigm for acute joint injury (2018); an OARSI initiative white 
paper suggesting post-marketing approval trial designs for OA drugs 
approved on the basis of a surrogate endpoint (2019) [12]; and the 
ongoing FDA Biomarkers Consortium qualification endeavor. The 
culmination of all these efforts is to engender an evidence-based new 
OA Clinical Trial Guidance from the FDA that could facilitate devel-
opment of DMOADs
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augment and in some cases, replace existing markers on 
the basis of greater sensitivity, specificity and/or predictive 
capability. Ultimately, it will be important to link the mag-
nitude of change in a biomarker to a clinically meaningful 
change in a clinical outcome.

From a cost perspective, biochemical biomarkers are 
the ‘ones to beat’. Imaging biomarkers must provide good 
‘value for money’ and compare favorably with biospecimen-
derived biomarkers; in the research setting, the value added 
by imaging biomarkers should be greater than the cost of 
performing the study [56]. The CRUK/EORTC consensus 
group underscored the difficulty of crossing translational gap 
2 to achieve use in healthcare in that even well-validated bio-
markers may not cross this gap unless they offer an advan-
tage in terms of cost per quality adjusted life year (QALY) 
gained [56].

Conclusions

OA biomarkers are more likely to be disease related than 
subjective PROs and therefore appropriate and necessary 
for development of DMOADs. Biomarkers create a potential 
path for treating early OA—before illness—when disease 
is more likely modifiable. Systemic biomarkers potentially 
report on the overall burden of disease and therefore provide 
holistic endpoints for generalized disease analyses. Molecu-
lar biomarkers provide the potential for identifying direct 
biomarkers, in the pathway of disease, that could facilitate 
drug development of agents that could modify both symp-
toms and structure without unintended adverse joint con-
sequences associated with symptom modification alone. 
Molecular biomarkers improve chances of drug program 
success and create potential means for developing person-
alized medicine strategies for OA. However, given that is 
unlikely that any single biomarker can be sufficiently sen-
sitive and specific to fulfill all needs such as early disease 
detection, prediction of disease progression and monitoring 
response to therapy as an efficacy of intervention marker, it 
is likely that a variety of biochemical markers will ultimately 
be used serially and in combination to optimize OA drug 
development and patient therapy in OA.
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