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Abstract
Chronic pain affects more than 50 million Americans. Treatments remain inadequate, in large part, because the pathophysiological
mechanisms underlying the development of chronic pain remain poorly understood. Pain biomarkers could potentially identify and
measure biological pathways and phenotypical expressions that are altered by pain, provide insight into biological treatment targets,
and help identify at-risk patients who might benefit from early intervention. Biomarkers are used to diagnose, track, and treat other
diseases, but no validated clinical biomarkers exist yet for chronic pain. To address this problem, the National Institutes of Health
Common Fund launched the Acute to Chronic Pain Signatures (A2CPS) program to evaluate candidate biomarkers, develop them
into biosignatures, and discover novel biomarkers for chronification of pain after surgery. This article discusses candidate
biomarkers identified by A2CPS for evaluation, including genomic, proteomic, metabolomic, lipidomic, neuroimaging,
psychophysical, psychological, and behavioral measures. Acute to Chronic Pain Signatures will provide the most comprehensive
investigation of biomarkers for the transition to chronic postsurgical pain undertaken to date. Data and analytic resources
generatedby A2CPS will be shared with the scientific community in hopes that other investigators will extract valuable insights
beyond A2CPS’s initial findings. This article will review the identified biomarkers and rationale for including them, the current state of
the science on biomarkers of the transition from acute to chronic pain, gaps in the literature, and how A2CPS will address these
gaps.
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1. Introduction

The worldwide epidemic of chronic pain has reached crisis
proportions. In the United States, more than 50million Americans
are affected by chronic pain,37 and an estimated 10 to 20 million
Americans experience high-impact chronic pain or chronic pain
with major activity restrictions.20 Chronic pain is now the leading
cause of disability in the United States, with an economic burden
exceeding $560 billion in annual healthcare costs and reduced
productivity.37 In addition, chronic pain is associated with a
cascade of other adverse effects that impact health and quality of
life, families, and society. Current pharmacological and non-
pharmacological treatments have limited effectiveness in re-
ducing chronic pain, with almost three-quarters of individuals with
chronic pain reporting inadequate pain control.28,33,110 The
growing incidence of chronic pain is also associated with
increased exposure to prescription opioids and development of
opioid use disorder and overdose in some individuals.105

In 2010, the Affordable Care Act mandated the US De-
partment of Health and Human Services and the Institute of
Medicine (IOM) to investigate pain as a public health problem.

Their 2011 report,37 titled Relieving Pain in America: A Blueprint
for Transforming Prevention, Care, Education, and Research,
identified a health crisis that was previously widely underappre-
ciated by policymakers, healthcare professionals, and the
public. However, the intervening 11 years have seen insufficient
progress in pain prevention and treatment. In the wake of the
IOM report, experts convened to map out a National Pain
Strategy19 and Federal Pain Research Strategy (FPRS).20 A
major conclusion of the FPRS was that the transition from acute
to chronic pain demands immediate and intensive research. In
2018, the National Institutes of Health (NIH) announced the
Helping to End Addiction Long-Term (HEAL) Initiative18 to
combat the opioid crisis through pain and addiction research.

To inform HEAL, the NIH led a workshop titled Discovery and

Validation of Biomarkers to Develop Non-Addictive Therapeu-

tics for Pain,74 grounded in the realization that identification of

biomarkers and biosignatures for chronic pain will provide a

crucial step toward understanding mechanisms underlying the

transition to chronic pain and thereby improving prevention and

treatment. To address this critical problem, the NIH Common
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Fund within the Office of the Director, which supports high-risk,
innovative research with the potential for extraordinary impact,
launched the Acute to Chronic Pain Signatures Program
(A2CPS) program.

A comprehensive understanding of the transition to chronic
pain will require biomarkers and signatures gleaned from patients
with many different forms of chronic pain. One of the most
promising areas, however, is chronic postsurgical pain (CPSP).
Studying patients before and after the controlled injury of surgery
provides a natural way to examine predictors of pain chronicity
and examine biological and psychological correlates of pain and
resilience. This is the focus of the A2CPS program. Although
many people recover within weeks of surgery, 10% to 70% of
individuals develop chronic pain; estimates vary widely based on
the type of surgery.9,77 As with other forms of chronic pain,
mechanisms underlying the transition to chronic pain after
surgery remain understudied, and risk factors were insufficiently
characterized. The inability to identify the biopsychosocial
mechanisms underlying the development of chronic pain poses
a major barrier to developing effective new therapies. Acute to
Chronic Pain Signatures applies a team science, consortium-
based approach to validate and discover biomarkers and
biosignatures for the transition to chronic pain using cutting-
edge techniques across multiple domains. The goals of the
consortium are to validate existing biomarkers (previously
identified in small-scale human studies), develop biosignatures,
and discover novel biomarkers and biosignatures that identify risk
or resilience for the development of chronic pain. This article will
review the existing literature for evidence of biomarkers of the
transition from acute to chronic pain and highlight how the
A2CPS study will enable us to define biomarkers and biosigna-
tures for the transition from acute to chronic pain.

2. The need for biomarkers and biosignatures

Although pain is a symptom of many diseases, chronic pain is a
disease in its own right with distinct pathophysiological pro-
cesses.37 Emerging evidence implicates structural and functional
changes in the brain and spinal cord, peripheral nervous system,
and immune system.4,89,112 However, objective readouts of
pathophysiology, called biomarkers, have not been identified with
sufficient precision and reliability to be useful in clinical settings.
The use of biomarkers has revolutionized medicine and become
standard practice to assist in diagnosis, treatment, and

monitoring of many diseases. For example, echocardiograms
and cardiac biochemical markers are routinely used to diagnose
heart disease, and imaging is routinely used to diagnose stroke.
Biomarkers can also identify disease subtypes to define di-
agnostic categories and treatments based on pathophysiology.
The field of oncology is leading the way toward precision
medicine; for example, cancer biomarkers, ie, tumor-
associated antigens, have improved disease detection and
diagnosis as well as development and use of antibody-based
therapies.85 By contrast, diagnosis and treatment of pain relies
principally on self-reported symptoms because biological tests
for pathophysiological mechanisms that support individualized
treatments are currently not available. Importantly, pain bio-
markers are not intended to serve as a replacement for self-
reported pain but rather to identify biological processes linked to
pain. These processes can point to underlying causes of pain,
enhance diagnosis and treatment, and spur the development and
implementation of novel therapeutics.22

The Food and Drug Administration’s Biomarkers, Endpoints
and other Tools (BEST) resource34 defines multiple types of
biomarkers (Table 1), including (1) susceptibility/risk bio-
markers, indicating a predisposition for developing future
disease; (2) prognostic biomarkers, indicating risk for disease
recurrence or progression; (3) predictive biomarkers, which
indicate whether a person is likely to respond to a particular
treatment; and (4) monitoring biomarkers, indicating status of
the disease. A single measure can serve in multiple biomarker
roles. For example, a biomarker may be developed as a
prognostic biomarker, but it may identify an important mech-
anistic cause of pain and later be validated as a predictive or
monitoring biomarker. Acute to Chronic Pain Signatures
focuses on susceptibility/risk and prognostic biomarkers, which
can help identify mechanistic targets for the development of
future treatments and identify individuals most in need of
preventive care or additional treatments. Acute to Chronic Pain
Signatures also takes an expanded view of the term “biomarker”
and includes psychosocial measures (eg, depression, fatigue,
anxiety) as well, which serve as indirect indicators of complex
biological processes. Such indicators may have important
prognostic value and can be assessed in a cost-effective
manner. As pain is often driven jointly by multiple processes
acting in concert, biosignatures composed of multiple bio-
markers are particularly promising (Fig. 1). Although multiple
potential biomarkers have been discovered, as reviewed below,
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each individual with a given disease may have a unique
biosignature. Pain-related biomarkers and biosignatures could,
therefore, inform mechanistic hypotheses of pain pathophysi-
ology, potential therapeutic targets, and a means for monitoring
disease progression and treatment.

By design, A2CPS will include biomarkers that might differ at
baseline (pre-surgery) between those who develop chronic
postsurgical pain and those who do not and biomarkers that
might suggest someone with chronic pain will fare better or
worse. Acute to Chronic Pain Signatures will consider a wide
array of types of markers—multiple omics platforms, brain
imaging, psychophysical measures, and patient-reported out-
comes (PROs). Acute to Chronic Pain Signatures focus is not on
developing clinical tools but on identifying biosignatures that can
inform risk for the development of chronic pain.

3. Pain biomarkers associated with transition from
acute to chronic pain

Biopsychosocial factors are widely understood to contribute to
the development of and recovery from chronic pain. As such,

biomarkers (or biosignatures) of pain need to include biological
readouts and those related to psychosocial and behavioral
factors. Individuals may have preexisting factors that increase or
decrease risk of transitioning to chronic pain after injury, including
surgery. The injury itself sets up a cascade of events that may
interact with preexisting factors to further promote transition to
chronic pain. A large body of literature has reported neuroimaging
signals,4 quantitative sensory testing (QST),73 and multiple
PROs31 that predict the transition to chronic pain and indicate
increased or decreased risk, including pain intensity, anxiety,
depression, and resilience. Although these studies identified key
constructs primarily related to pain intensity, psychosocial
factors, and brain signatures, most studies use relatively small
sample sizes and consider a limited number of potential
predictors.

A combination of disability with psychological factors, pain,
and trauma has been proposed as a key factor in the transition
to chronic pain,117 suggesting that combinations of factors
will be critical to fully understanding the transition from acute
to chronic pain. By contrast, few studies have examined
biological samples in humans, with most of those focusing on
genetic predictors and cytokines. Preclinical studies have
identified other potential biological mechanistic targets across
the immune, endocrine, and nervous systems that contribute
to the transition to chronic pain, but these have yet to be
explored in humans.

Markers that predict chronic pain may differ from predictors of
disability and function associated with chronic pain. As an
example, predictors of chronic pain after spinal surgery include
age, education, pain, comorbidities, pain catastrophizing, anxiety
and depression, whereas predictors of disability include employ-
ment and neuroticism but not socioeconomic factors, comorbid-
ities, pain, or psychological factors.36 Similarly, exposure to
traumatic life events and depression predict chronic pain after
acute spinal pain, whereas depression and negative pain beliefs
predict disability.117

Predictors of pain and disability can be classified as modifiable
and nonmodifiable. Certainly, nonmodifiable factors such as age
and sex contribute to the transition from acute to chronic pain in
important ways. This review, however, will focus primarily on
modifiable predictors of chronic pain from domains across the
biopsychosocial spectrum. Although this review focuses on
predictors of pain, it should be kept in mind that disability and
function are key factors in recovery after surgery or injury and thus
may need to be considered as part of the outcome for each
individual.

Table 1

Types of biomarkers as outlines in by Food and Drug Administration task force.

Biomarker type Definition Example

Susceptibility/risk Potential for developing a disease or medical

condition

APOE for Alzheimer disease

Diagnostic Detect or confirm disease/condition Rheumatoid factor for autoimmune disease

Monitoring Measured repeatedly for assessing state of the

disease

Prostate-specific antigen (PSA), prostate cancer

Predictive Likelihood of experiencing a favorable or

unfavorable response to treatment

BRCA1/2 for response to ADP-ribose-PARP

inhibitors

Response Show a biological response has occurred when

exposed to a treatment

C-reactive protein (CRP) for effective inflammatory

disease treatment

Safety Prescence of toxicity as an adverse event Creatinine for muscle damage

APOE, apolipoprotein E; BRCA, BReast CAncer Gene; ADP, adenosine diphosphate; PARP, Poly-ADP ribose polymerase.

Figure 1.Schematic diagram showing different types of biomarkers combined
to form a biosignature. Single biomarkers may be measured across multiple
domains, including brain imaging, quantitative sensory testing and function,
blood-derived factors, and psychosocial measures. Combining biomarkers
from within the same category and from multiple categories would produce a
biosignature.
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3.1. Pain

Pain is among the strongest predictors of the transition from acute
to chronic pain. This includes a variety of painmeasures. Inmultiple
populations, pain itself either before surgery or in the acute
postoperative period predicts the development of chronic pain
after surgery with strong effect sizes, including having pain at rest
and with movement,6,16 widespread pain or multiple regions of
pain, and acute pain trajectories.2,14,17,23,31,45,51,63,87,102,108,114

Interestingly, in people with knee arthroplasty (KA), those with
severe painwithmovement before surgery showed 10-fold greater
likelihood of moderate to severe pain 6 months after surgery.63

Several systematic reviews support preoperative pain, postoper-
ative pain, and widespread pain as predictors of chronic post-
surgical pain after a variety of surgeries.51,67,107

3.2. Physical function and disability

Disability and function can contribute to poor outcomes and
predict development of chronic pain and disability after surgery or
acute injury.17,26,35,51,100,117 In the transition to chronic pain in a
large acute back pain population, severe disability predicted
chronic pain at 6 months (odds ratio, 1.82).92

3.3. Patient-reported outcomes

Psychological factors have become increasingly recognized as
important predictors of the transition from acute to chronic pain
with particularly strong evidence for anxiety, depression, pain
catastrophizing, and fear of movement as predictive fac-
tors.2,11,12,23,27,28,40,51,52,63,76,86,95,99,111,114 Poor social support
and less-solicitous response of others are associated with a
greater risk for transition to chronic pain.43,79 Systematic reviews
also show strong evidence for pain catastrophizing, depression,
anxiety, psychological distress, and mental health and to a lesser
extent fear of movement and self-efficacy, as risk factors.31,51

Thus, it is critically important to consider a variety of psychosocial
factors in the transition from acute to chronic pain.

Other patient-reported outcomes that play a role in the transition
from acute to chronic pain include sleep dysfunction, fatigue,
comorbidities, multisensory sensitivity, and past trauma. Sleep
dysfunction is common in those with acute and chronic pain, and
the degree of sleep dysfunction predicts transition to chronic
pain.54,115 Recently, heightened sensitivity80,83,106 to multiple
nonnoxious sensations has been identified as a risk factor for
chronic overlapping pain conditions (COPCs). Conversely, low
multisensory sensitivity was a marker for reduced risk of
COPCs.106 Early childhood and adult trauma, including physical
and sexual abuse, neglect, and parental separation also increase
the risk for the development of chronic pain.1,13,82,91,93,117

Resilience—the capacity to recover from an adverse event—
has emerged as an important and complex factor that protects
against the development of pain and disability. Indeed, studies
show that people with greater resilience show less disability and
greater health-related quality of life.55

3.4. Biological factors as predictors

In contrast to psychosocial factors, few studies have investi-
gated biological markers of the transition from acute to chronic
pain. Development of a variety of omics platforms enables
examination of a variety of biological factors. These platforms
allow analysis of biological factors from variations in the genetic
code to changes in the levels of RNAs, proteins, lipids, or

metabolites. Despite these advances, few studies have
employed these platforms to examine underlying biological
factors that contribute to the transition from acute to chronic
pain. Furthermore, the studies that have examined these factors
have considered only a few genes or proteins in a relatively small
number of individuals.

3.4.1. Genetics

Over the past 2 decades, researchers have made a concerted
effort to understand the genetic components of pain pheno-
types. Chronic pain conditions are strongly heritable, varying
between 25% and 50% depending on the specific phenotype,
and a considerable proportion of the risk of developing a pain
condition is genetically influenced.55 Candidate gene studies
have identified signaling molecules and receptors known to
interact with nociceptive pathways, including the catechol-O-
methyltransferase (COMT),14,51,59,67,90 the m-opioid receptor 1
(OPRM1),40,45the potassium channel KCNS1,15 guanosine
trisphosphate cyclohydrolase (GCH1), the voltage-gated cal-
cium channel CACNG, the cholinergic receptor CHRNA6, the
purinergic receptor P2X7R, cytokine-associated genes, human
leucocyte antigens, the dopamine receptor DRD2, and the
transcriptional regulator ataxin 1 (ATXN1).15 These are asso-
ciated with various pain phenotypes; for example, COMT and
OPRM1 have been associated with postsurgical pain.40,67 A
number of other potential genes have also been associated
with pain phenotypes, including those encoding the ATP-
binding cassette subfamily B member 1 (ABCB1)6,81 and brain-
derived neurotrophic factor (BDNF).21,86,91,93 However, it has
yet to be determined whether these predict the transition to
chronic pain.

However, these pain-associated genes were identified in
candidate gene studies of limited sample size. In recent years,
researchers have tested these and many other variants in
genome-wide association studies (GWAS), with tests of 1 million
or more single-nucleotide polymorphisms (SNP) in studies of
hundreds of thousands of participants. Genome-wide associa-
tion studies have identified SNPs linked to chronic back pain,96

chronic widespread pain,70 temporomandibular disorder
(TMD),59 multisite chronic pain,42 and knee pain,59 among other
conditions. Although these studies have uncovered hundreds of
new pain-linked genetic variants, remarkably, none of them have
been in candidate genes like COMT, OPRM1, DRD2, and other
commonly studied variants. Although genes for some conditions,
like widespread pain, appear to be specifically enriched in brain
tissue and linked to neuroinflammation,44 the effect sizes for
individual genes are small. The genetic influences on common
chronic pain conditions studied with GWAS to date appear to be
polygenic: large numbers of genes with small effects and possibly
complex interactions among them underlie genetic risk for pain.
These findings of high polygenicity and small effect sizes of
individual genes echoGWAS studies for virtually all other complex
traits. One recent report, using the UK Biobank data developed a
common risk score that predicted development of chronic pain in
pain-free individuals, which included a polygenic risk score as
well as an inflammatory bloodmarker (C-reactive protein [CRP]), a
brain-based pain signature, and psychosocial variables.97 The
A2CPSproject tests a set of gene candidates, largely for historical
value to provide additional evidence based on previously
generated hypotheses in other pain conditions. In addition,
approximately 660,000 human gene variants will be tested,
including a broad set of human gene variants, as well as variants
associated with pain or other pain-relevant phenotypes. Genetic
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information may contribute to a pain biosignature with prognostic
value and inform analyses of RNA, protein, and other molecular
measures.

3.4.2. Extracellular RNA

Extracellular RNAs (exRNAs) are produced and secreted by all
known cell types. ExRNAs are rich in micro RNAs (miRNAs) and
are known to be associated with extracellular vesicles (EVs),
ribonucleoprotein complexes (RNPs), lipoprotein particles (LPPs),
and other macromolecular complexes.64 Although their functions
are not fully understood, they have been shown to play a role in a
variety of biological processes mediating both short-range and
long-range communication between the cells.64,69 Recent
reports implicate exRNA in several chronic pain conditions,
including complex regional pain syndrome, spinal pain, endo-
metriosis, and irritable bowel syndrome.24,60,66,75,109,118 A variety
of different miRNAs have been identified and associated with
pain. For example, miR-199a and miR-122 were increased in the
serum of those with endometriosis and discriminated between
individuals with severe and mild pain.109 On the other hand, miR-
223 is associated with decreased risk after lumbar disk
herniation.60 These prior studies, with small samples sizes
between 1 and 41, were not comprehensive in terms of miRNA
profiling or pain phenotyping. The A2CPS will use small RNA
sequencing (small RNAseq) for miRNA measurement in an
untargeted/discovery approach and reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) to validate the
existing literature and discover novel exRNAs and their role in the
transition to chronic pain.

3.4.3. Proteins

Proteins, including neurotransmitters, receptors, and cyto-
kines, play a critical role in the generation and maintenance of
pain.3,30,34,101 Numerous proteins have been identified in a
variety of pain conditions, yet our understanding of those that
contribute to the transition to chronic pain are limited.
Inflammatory markers have been the most well studied,
resulting in strong effect sizes for CRP, tumor necrosis factor-
alpha (TNFa), interleukin-6 (IL6), and interleukin-12
(IL12).81,88,90,94 Two months after total knee replacement,
those with reductions in pain showed a decrease in substance
P and greater increases in anti-inflammatory cytokines like IL-
10 and IL-12 when compared with those without changes in
pain.88 Other smaller studies revealed changes in a variety of
immune factors, including inflammatory cytokines like Il-1b,
MIP-1b, leptin, and TNFa.27,46 In addition to the role of immune
factors in the generation of chronic pain, a recent study in
individuals with acute low back pain using whole-genome
transcriptomics of peripheral immune cells suggests that
resolution of pain involves active inflammatory processes in
the recovery phase involving neutrophil-derived immune
factors.68 Although there is strong evidence for immunological
modulation of the transition from acute to chronic pain, studies
investigating other protein classes that could potentially impact
the development of chronic pain are lacking. Furthermore,
most studies examined a few immune markers in relatively
small sample sizes. The A2CPS will use a proteomics and
Luminex approach to examine immune-related and non-
immune proteins and will include protein abundances beyond
their genetic expression level, including posttranslational
modifications and testing multidimensional cellular networks
and systems.

3.4.4. Lipids and metabolites

Lipids play essential roles in cellular functions, including forming
cellular barriers and membrane matrices, signaling, and energy
depots, and have recently been postulated to play a role in
nociceptive processing and resolution of pain.3,50 Metabolites are
the intermediate products of metabolic reactions and cellular
metabolism and thus provide insight into underlying cellular
processes. Emerging studies show changes in metabolites in a
variety of chronic pain conditions.5,98 A few studies have begun to
examine lipids and metabolites as markers of the transition from
acute to chronic pain. In women undergoing hysterectomy
surgery, changes in lipid metabolites, including phosphatidyl-
cholines, lysophosphatidylcholines, and lysophosphatidyletha-
nolamines, were associated with increased risk for chronic pain,
and fucose and pregnenolone sulfate were associated with
decreased risk.78 In a large study of 461 individuals with total knee
replacement, presurgical ratios of metabolites related to in-
flammation, and muscle breakdown predicted recovery from
chronic pain.19 Thus, there is emerging evidence for the role of
metabolites and lipids as markers for the transition to chronic
pain. The A2CPS will use lipidomics and metabolomics to
examine blood-derived changes and their relationship to chronic
postsurgical pain.

3.5. Quantitative sensory testing

Altered central nervous system (CNS) activity has been pro-
posed to predict the transition from acute to chronic pain,
specifically increased excitability and decreased inhibition.62,116

Three measures were identified with sufficient effect sizes to be
included as primary biomarkers, including pressure pain
threshold and temporal summation to gauge excitability, and
conditioned pain modulation to measure CNS inhibition.
Decreased conditioned pain modulation and the change in
conditioned pain modulation at 3 months predicts the de-
velopment of chronic pain after surgery or musculoskeletal
injury.29,104,116 Lower pressure pain thresholds predict transi-
tion to chronic pain after an acute musculoskeletal injury or
surgery,29,49,53,113 and enhanced excitability measured with
temporal summation predicts transition to chronic pain after
total joint replacement.41,71,72 Although an indirect measure,
QST provides an important glimpse into the activity of the CNS
before and after the transition to chronic pain.

3.6. Brain imaging

Brain pathophysiology associated with chronic pain may be
detected with neuroimaging, particularly when imaging is
combined with machine-learning techniques designed to
identify predictive measures embedded in rich and complex
data sets. Magnetic resonance imaging (MRI) is a primary tool
for neuroimaging studies and can offer a wealth of imaging-
based markers for investigating the acute-to-chronic pain
transition. Magnetic resonance imaging allows for the assess-
ment of multiple imaging modalities within a single patient
session,103 including those related to macroscopic brain
structure using structural MRI (sMRI), structural connectivity
using diffusion MRI (dMRI), molecular properties using MR
spectroscopy (MRS), and dynamic changes in activity and
connectivity as a function of stimuli, tasks, and mental states
using functional MRI (fMRI) and functional connectivity MRI (fc-
fMRI). With respect to the transition from acute to chronic pain,
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Apkarian et al. followed patients with acute back pain for more
than a year and found that baseline measures of (1) white matter
fractional anisotropy (FA), (2) gray matter volume of medial
prefrontal cortex, (3) corticostriatal functional connectivity, and
(4) hippocampal functional connectivity predicted the develop-
ment of chronic pain 1 year later.4,7,8,58,61,103 Thus, brain
imaging before surgery or during the recovery period could
provide a signal that could predict the transition to chronic pain.

4. Acute to chronic pain signatures

Acute to chronic pain signatures will develop a biosignature of
multiple biomarkers that predict the transition from acute to
chronic pain across the biopsychosocial spectrum among a
cohort of participants undergoing knee replacement or thoracic
surgery to determine risk or resilience for developing chronic pain
in a large sample, with a goal of 1400 per cohort (Table 2).
Putative biomarkers will be collected from multiple sources,
including direct report from the participants and electronic health
record extraction, and more objective measures of physical
function, QST, brain imaging, and omics. As pain is multifactorial,
incorporation of candidate biomarkers across multiple biopsy-
chosocial domains provides a means for evaluating interactions
across domains to comprehensively understand the transition to
chronic pain.

4.1. Selection of candidate and exploratory biomarkers

Selection of candidate and exploratory biomarkers were based
on several factors, including cost, participant burden, research
assistant time, and strength of the evidence related to chronic
pain and pain transition. Before the publication of the funding
opportunity announcement (FOA), the National Institutes of
Health selected omics platforms that would be cost-effective
and could be sufficiently powered with the proposed sample size.
Cost-efficient and high-throughput omics were selected across a
spectrum from genes to proteins and their metabolites. Budget
limitations precluded the use of GWAS and RNA sequencing.
Genome-wide association studies typically require larger sam-
ples (.5000) because of small effects, and RNA sequencing is
currently cost-prohibitive for the A2CPS sample size.

During the initial planning year, the consortium determined
broad categories of biomarkers: PROs, brain imaging, quantita-
tive sensory testing, and omics. Work groups were formed to
identify potential primary and secondary biomarkers from each of
these categories from the literature. These working groups
included consortium members, NIH staff, and external consul-
tants. Throughout this process, a patient consultant was actively
involved bringing information valuable insight into the patient
experience in research including subject burden. Once identified,
effect sizes for each proposed biomarker were estimated from the

literature, and the statistical analysis team assessed power and
scientific value based on the literature. The MRI protocol was
designed to include multiple relevant image types, including
anatomical structure, white matter tactography, and resting state
and pain-related functional MRI. The protocol was designed to
minimize participant burden and be completed within one hour,
including patient placement and instruction, with time to repeat
the structural image if needed. For PROs, once the constructs
were identified, the selected surveys reflected validated instru-
ments, but often shorter versions of surveys were selected to
minimize participant burden. Other potential measures were
considered but ultimately not chosen including activity monitor-
ing, electroencephalography, autonomic activity, motion capture,
and more detailed examination of immune cells in the blood or
cytokines in synovial fluid of the knee. Although these methods
can readily be performed on their own in specialized studies,
including them alongside other prioritized measures was
considered to impose a high participant burden.

The A2CPS consortium identified candidate biomarkers based
on the strength of existing data in the literature as the foundation
for developing biosignatures for chronic pain (Fig. 2; Table 3).
Two landmark prospective studies examined diverse biomarker
domains resulting in transformative discoveries for understanding
of pain that were incorporated into A2CPS: the Orofacial Pain:
Prospective Evaluation and Risk Assessment (OPPERA) and the
Multidisciplinary Approach to the Study of Pelvic Pain
(MAPP).48,57 The PROs selected in A2CPS have the strongest
prior evidence encompassing pain and other symptoms,
psychosocial factors, and function. The PROs included the HEAL
common data elements, along with additional measures to
address each candidate biomarker. Neuroimaging biomarkers
were similarly guided by prior studies4 and measure brain
morphology and structural and functional connectivity using
MRI. Quantitative sensory testing will assess altered nervous
system activity, including increased excitability and decreased
inhibition, which are proposed to predict the transition from acute
to chronic pain.73 High-throughput molecular screening tech-
niques (omics) will be used to analyze genetic variants,
extracellular RNA, proteins, lipids, and metabolites in blood
samples with the aim of comprehensively assessing biological
molecules and processes as candidate and exploratory bio-
markers, enabling a broad understanding of the flow of
information from the genomic level through functional conse-
quences.65 Themeasures used for each candidate biomarker are
outlined in detail elsewhere.10

4.2. Protocol

Working in collaboration with NIH and diverse team members
(Fig. 3), A2CPS developed a protocol to examine biomarkers in 2

Table 2

Acute to chronic pain signatures goals.

Goal 1 will use a candidate approach to examine whether putative biomarkers across multiple domains—clinical, biospecimen, patient-reported outcomes, and brain structure/

function—individually predict susceptibility or resilience to the development of chronic pain at 6 mo after surgery

Goal 2 will develop biosignature(s) using the candidate biomarkers, evaluated in isolation for goal 1, to determine if combinations of biomarkers improve the prediction from acute

to chronic pain after surgery

Goal 3 is exploratory and will use a discovery-validation approach to define novel putative biomarkers and biosignatures across multiple domains—clinical, biospecimen,

psychosocial, and brain structure/function—that predict the susceptibility and resilience to the development of chronic pain at 6 mo. The approach will include biomarkers (1)

defined from prior basic work using a targeted approach and (2) identified using a discovery approach
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different surgical populations: (1) KA and (2) thoracic surgery10

(Fig. 4). These 2 populations allow investigation of one condition
that typically features existing pain before surgery (KA), and one
typically without pain (thoracic surgery) to identify factors related
or unrelated to current pain status in the transition to chronic pain.
From a clinical intervention perspective, identifying factors before
surgery and in the postoperative recovery period is critical to
developing approaches to mitigate the development of chronic
pain. The proposed sample size (n 5 1400 per cohort) is
sufficiently powered to assess 39 putative primary biomarkers.
Primary, secondary, and exploratory outcomes will be measured
6 months after the surgery, when it is expected that the initial
surgical insult should be fully healed. Although the primary
outcome will be mean daily pain 6 months after surgery, disability
and opioid use are recognized as key outcomes in determining
success after surgery (Fig. 4). The study is currently in the active
recruitment phase. The last date of enrollment is currently
planned for August of 2025 with the final subject completing 6
months later in January 2026. This will be followed by data
cleaning and analysis to be completed by July 2027.

4.3. Data analysis plan

The complexity and dimensionality of the selected biomarkers
will require novel statistical and computational methodology,
which will enable the development of a comprehensive
biosignature and exploration of novel, as-yet undiscovered
biomarkers for the prediction of transition or resilience to
chronic pain. The A2CPS data analysis plan will use a
candidate approach to examine whether each of the putative
biomarkers identified across multiple domains (psychosocial,
omics, and circuits) individually or in combination (as a
biosignature) predict susceptibility or resilience to the de-
velopment of chronic pain at 6 months after an acute painful
event. First, we will consider each primary biomarker in
isolation in preregistered analyses, testing its prognostic value
for predicting the primary outcome, and reporting results for
all biomarkers. Then, we will consider secondary biomarkers
and their relationships with the primary outcome.

In addition to tests of a single, prespecified biomarker, we will
use a predictive modeling approach, identifying a combination of
biomarkers optimized to predict the primary outcome based on a

Figure 2. A conceptual framework for the biomarkers collected as part of the A2CPS program. These biomarkers span (1) patient-reported outcomes (PROs) that
include a variety of symptoms and psychosocial factors, (2) brain imaging, (3) quantitative sensory testing (QST), and (4) biological factors across genetics,
extracellular RNA, proteins, and metabolites. The PROs include factors related to the person and the pain condition as well as external factors that can influence
pain. Brain imaging will use multiple techniques to assess functional connectivity, white matter tractography and diffusion imaging, and pattern responses to
nociceptive stimuli. QST will be used to test for sensitivity to noxious stimuli, central excitability, and central inhibition. A biosignature for risk for development of, or
resilience to, chronic pain after surgery will be developed by combining variables across the biopsychosocial continuum of outcomes. A2CPS, Acute to Chronic
Pain Signatures; fc-fMRI, functional connectivity-magnetic resonance imaging; MRI, magnetic resonance imaging. Figure copyright by Johns Hopkins University.
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constrained set of variables related to each biomarker individual
items related to a biomarker, such as individual inflammatory
cytokines, individual depression inventory items, or voxels in the
prefrontal cortex, and test the prognostic effect size using both
cross-validation and independent data (ie, 10-fold cross-
validation of a discovery set composed of 66% of the available
sample, and replication on an independent test set composed of
33% of the available sample, stratified on primary outcome, and

other key variables). This allows us to move beyond prespecified
aggregate summaries of multi-item measures, which were not
designed for prognosis and may need to be refined.

Second, we will use predictive modeling to create multimodal
biosignatures across different biomarkers and types of data. This
will allow us to identify (1) a model across the set of primary
biomarkers that is optimally prognostic of the primary outcome, (2)
an optimized model across all primary and secondary biomarkers,

Figure 3. The A2CPS Consortium structure consists of 4 main components spread across multiple sites, including a Clinical Coordinating Center (CCC), 2
Multisite Clinical Centers (MCCs), a Data Integration and Resource Center (DIRC), and 3 Omics Data Generation Centers (ODGCs). Each component has specific
tasks supporting the collection and generation of data; these groups work together to accomplish the goals of the Consortium with collaboration from the NIH.
Data generated from the A2CPS will be made available to the scientific community for further study. The 2 MCCs are responsible for participant recruitment,
enrollment, and data collection. The DIRC combines biostatisticians, informaticians, and database experts with pain scientists into a single integrated team who
integrate efforts of all funded components of the Consortium and serves as a community-wide nexus for protocol, assay, and data standards. The DIRC also leads
an outreach component, including a public website (www.a2cps.org), a portal for Consortiummembers, and will provide user-friendly, publicly accessible data to
the scientific community for novel discovery approaches. TheCCC leads development andmaintenance of procedures and is responsible for coordinatingwith the
central Institutional Review Board (cIRB). Finally, 3 ODGCs each focus on different omics analyses, including genetic variants and exRNA, proteomics, and
lipidomics and metabolomics. In addition to the funded components of the Consortium, volunteer external Program Consultants, composed of senior scientists
invited by the NIH, are responsible for providing NIH with their individual opinion of progress toward the goals of the program. Volunteer biomarker experts, invited
by NIH, provided feedback on selection of biomarkers early in the program, and 2 patient representatives, invited by the NIH, provide ongoing feedback on clinical
protocols, recruitment, and retention to ensure the participants’ needs are best considered. The Consortium is led by a Steering Committee with leadership
representation from each component and the NIH. A2CPS, Acute to Chronic Pain Signatures; NIH, National Institutes of Health. Figure copyright by Johns
Hopkins University.
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(3) optimized biomarkers across all measures in a particular
modality (eg, exRNA, structural MRI, functional MRI, proteomics,
metabolomics), and (4) an optimized model across all available
measures. Auxiliary data sets will be used to develop candidate
algorithms suited to the data, and limited optimization of the
algorithms and feature-selectionmethodswill be performed on the
discovery data set (70% of patients), with the holdout test set (30%
of patients) used only to test the final models in each category.
Biosignatures will generally involve stacked (hierarchical) models
that use output from predictive models based on individual
biomarkers (using, eg, penalized regression) as input into a
second-level model that includes their joint effects and potential
interactions (using, eg, random forests). Models will include a
baseline set of covariates (ie, sex, age, pre-surgical baseline pain)
and compare prognostic accuracy with the baseline-only model.
Analyses of some biomarker types will require specific baseline
covariates, includingbatch effects for blood and scanner site, head
size, and head movement for neuroimaging, and multiplicative
error models will be considered to account for batch effects on
scaling as well as additive effects. Model pruning analyses will
focus on finding combinations of biomarkers that require as few
data collection modalities as possible. Planned exploratory
analyses include exploring alternative outcomes (eg, pain in-
terference and function), testing for biological mediators of
exposure–outcome relationships (eg, pathways from psychosocial
risk factors to inflammation or brain changes to pain chronification),
and investigating how changes in brain measures, psychosocial

assessments, and omicsmeasures track changes in reported pain
from baseline to 6 months.

5. Future directions and impact

The data collected by A2CPS will be available to the research
community through a repository for additional hypothesis-driven
research and data exploration after publication of the original
study goals. The study was designed with the highest rigor using
validated assessments, HEAL common data elements, and
harmonization of data collection across sites. Using Findable,
Accessible, Interoperable and Reusable (FAIR) principles, the
A2CPSdata set will provide an invaluable resource to researchers
outside the consortium.

After promising biomarkers are identified, these can be scaled
to test generalizability in amore clinically relevant setting. Findings
from this study will result in a large amount of publicly available
data. We expect these could lead to additional mechanistic
studies examining the role of identified markers relevant to pain,
new potential targets for interventions, and implementation of
existing interventions aimed at modifying target biomarker(s). The
data could lead to amoremechanistically based approach to pain
management. For example, if anxiety or depression is a key
predictor, interventions aimed at these mood disorders could be
implemented before surgery. Indeed, a pilot study applying
Acceptance Commitment Therapy (ACT) before surgery in at-risk
individuals results in faster pain recovery and less opioid use.23

Figure 4.General protocol for A2CPS: Assessments are collected across a 12-month period with PROs, QST, omics, and imaging data collected from all subjects
before surgery. After surgery, daily pain trajectories for the first month are collected. PRObiomarkers are collected at 4 to 6weeks and 3months postsurgery. QST,
imaging and blood draws for omics are also collected at 3 months postsurgery. The primary, secondary, and exploratory outcomes are collected from all
participants at 6 months, and there is a short 12-month optional follow-up questionnaire. A2CPS, Acute to Chronic Pain Signatures; MRI, magnetic resonance
imaging; PRO, patient-reported outcome; QST, quantitative sensory testing. Figure copyright by Johns Hopkins University.
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Table 3

Primary and secondary biomarkers.

Domain Category Primary biomarker Secondary biomarkers

Patient-reported

outcomes and behavior

Pain General pain intensity

Local pain intensity

Widespread body pain

Movement-evoked pain

Pain trajectory

Pain duration

Pain impact/quality of life

Pain interference

Psychological Anxiety Depression

Pain catastrophizing

Fear of movement

Personality traits:

Neuroticism

Agreeableness

Conscientiousness

Openness

Extraversion

Other Disability

Perceived physical function

Performance physical function (KA)

Sleep Cognitive dysfunction

Trauma history

Resilience

Social support

Physical activity

Multisensory sensitivity

Expectation

Global impression of change Fatigue

Neuropathic pain symptoms Acute pain

Fibromyalgia diagnostic criteria

Patient characteristics Age

Sex/gender

Ethnicity/race

Education

Relationship status

Income

Disability insurance

Comorbidities

Opioid use

Opioid likeability

Opioid or other substance misuse

Other treatments—pharmacologic

Other treatments—nonpharmacologic

Smoking

Surgery and hospital stay details

(continued on next page)
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Table 3 (continued)

Domain Category Primary biomarker Secondary biomarkers

Omics Proteomics C-reactive protein

Soluble glycoprotein 130

Tumor necrosis factor-alpha

Interleukin-6

Interleukin-12

Interferon-gamma

Interleukin-17

Interleukin-1beta

Heparin-binding epidermal growth factor

Monocyte chemoattractant protein-1 (MCP-1/CCL2)

Interleukin-4

Interleukin-5

Interleukin-10

Interleukin-13

Brain derived neurotrophic factor

Nerve growth factor Leptin

Adiponectin

Genetics Catechol-O-methyltransferase haplotype (rs4680)

Mu-opioid receptor (rs1799971)

ATP-binding cassette subfamily B1 (rs1045642)

Brain-derived neurotrophic factor (rs6265,

rs1491850)

Interleukin-6 (rs2069845)

Interleukin-13 (rs1295686)

Tumor necrosis factor-alpha (rs18800610)

Serotonergic signaling pathway (rs9316233,

rs4776783, rs12439516, rs2276008, rs6928,

rs3813928)

T-cell receptor pathway (rs10500205, rs216535,

rs306083, rs3797739, rs2070995, rs3756612,

rs815815, rs790250)

Voltage-gated potassium channel subunit KV9.1

(rs734784)

Nuclear receptor subfamily-3 group-C member 1

(rs2963155)

GTP cyclohydrolase 1 (rs998259)

Extracellular RNA miR-223-3p

Lipidomics Palmitoylethanolamide (NAE 16:0), an

endocannabinoid

2-Arachidonoylglycerol sphingomyelin (d18:1/16:0)

Ceramide (d18:1/16:0)

Phosphoinositol (18:0/20:4)

Metabolomics Threonic acid

Nonanoic acid

Hypoxanthine, a marker for redox status, ischemia

Inosine, a purine marker for adenosine metabolism

Kynurenic acid, a tryptophan/serotonin metabolite

Quantitative sensory testing Pressure pain threshold (surgical site)

Temporal summation (surgical site)

Conditioned pain modulation

Pressure pain threshold (control site)

Temporal summation (control site)

Pressure cuff pain sensitivity

Dynamic mechanical allodynia (brush-evoked pain

at the surgical site)

(continued on next page)
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Use of biosignatures can be used to develop a risk score for
chronic pain that could subsequently be tested with targeted
interventions to determine their role in the transition to chronic pain,
similar to the previously developed distress risk assessment
method (DRAM),which evaluates psychological distress in patients
before surgery and predicts poorer outcomes after spinal surgery
and other medical procedures.56,84 Putting such predictive
markers to practical use in the clinic may require a greater level
of outreach and education to surgeons and other clinicians to
discuss the potential risks and benefits of surgery to an individual
patient. The final A2CPS data set will be available for machine
learning and related analytical techniques requiring large data sets.
Such analysis could allow investigators to determine theprognostic
potential of each biomarker with greater certainty and identify
linkages between biomarker domains such as psychosocial with
neuroimaging, or gene variant with proteomics or metabolomics.
For example, one line of research has linked genotype for
translocator protein (TSPO) with pain ratings and pain-evoked
functional connectivity measured by MRI.47 This is not to suggest
that patients would routinely receive imaging, but such brain
imaging-based signatures can lend a better understanding to the
mechanistic underpinnings of other markers. Generation of these
new models of disease risk and resilience will drive future
mechanistic and intervention studies to transform our understand-
ing and potential treatment of chronic pain. Such signatures may
differ between individuals and understanding these subtypes of
patients could help inform more individualized care.
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