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ABSTRACT

Acute pain, a critical aspect of patient care, pre-
sents a challenge due to its subjective nature 
and complex biological underpinnings. Bio-
markers for acute pain promise a paradigm 
shift in how pain is perceived, diagnosed, and 
managed. The study of genetic, inflammatory, 

and neurotransmission markers associated 
with pain experience may hold the key for the 
development of personalized and effective pain 
management strategies. This narrative review 
explores the neurobiological pathways of acute 
pain, encompassing inflammatory responses 
and neurotransmission mechanisms. It synthe-
sizes current research on the identification and 
clinical application of biomarkers, emphasizing 
their potential to enhance diagnostic precision, 
treatment effectiveness, and risk prediction. 
We underscore the promising role of acute pain 
biomarkers in identifying patients at risk for 
developing acute and potentially chronic pain, 
predicting patients’ response to pharmacologi-
cal interventions, and aiding in the develop-
ment of novel therapeutic and pain preventive 
strategies. The evolving landscape of biomarker 
research not only deepens our understanding of 
pain mechanisms but also lays the foundation 
for more tailored and patient-specific healthcare 
interventions.

Keywords:  Acute pain; Biomarkers; 
Inflammatory markers; Personalized pain 
management; Genetic; Pain

T. Asimakopoulos (*) 
School of Medicine, National and Kapodistrian 
University of Athens, Athens, Greece
e-mail: medthalis@gmail.com

T. Asimakopoulos · A. Tsaroucha · M. Rekatsina (*) 
1st Department of Anesthesiology and Pain 
Medicine, Aretaieion University Hospital, National 
and Kapodistrian University of Athens, Athens, 
Greece
e-mail: mrekatsina@gmail.com

M. Kouri 
Department of Oral Medicine & Pathology 
and Hospital Dentistry, School of Dentistry, 
National and Kapodistrian University of Athens, 
11527 Athens, Greece

A. Pasqualucci 
Department of Anesthesia and Pain Medicine, 
University of Perugia, 06100 Perugia, Italy

G. Varrassi 
Fondazione Paolo Procacci, 00193 Rome, Italy

M. L. G. Leoni 
Department of Medical and Surgical Sciences 
and Translational Medicine, “La Sapienza” 
University of Rome, Rome, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40122-025-00718-6&domain=pdf
http://orcid.org/0000-0002-7671-4056


776	 Pain Ther (2025) 14:775–789

Key Summary Points 

Biomarkers offer a more objective pain assess-
ment.

The understanding of neurobiological and 
inflammatory mechanisms of pain can aid in 
identifying pain biomarkers.

Acute pain biomarkers promise a paradigm 
shift in pain understanding, diagnosis, and 
management.

Acute pain biomarkers can be categorized as 
follows: genetic, inflammatory, neurotrans-
mitter, opioid responsiveness, postoperative, 
and chronic pain predictor biomarkers.

Accurate pain assessment, personalized pain 
management, and early detection and pre-
vention of chronic pain are the main goals of 
acute pain biomarkers in the clinical setting.

INTRODUCTION

Acute pain, a common and adaptive response 
to noxious stimuli, serves as a vital signal indi-
cating potential harm to the body [1]. It is typi-
cally characterized by rapid onset and limited 
duration, and it is usually caused by trauma or 
tissue injury [2]. While acute pain is essential 
for survival, its complexity extends beyond the 
immediate nociceptive signals, encompassing 
intricate neurobiological processes [3].

The subjective nature and individual vari-
ations in pain perception pose challenges in 
accurate assessment, emphasizing the need 
for objective tools to understand and manage 
acute pain more effectively [4]. A biomarker is 
a measurable indicator of a biological state or 
condition, used to assess disease progression, 
response to treatment, or susceptibility. In the 
context of pain, biomarkers can help reveal 
underlying pain mechanisms, providing more 
accurate and individualized pain management 
strategies. Thus, the development of transla-
tional strategies such as well-validated biomark-
ers and precise clinical trial endpoints for pain 
is necessary to enhance pain management [5]. 

This review explores the emerging field of bio-
markers, promising a deeper understanding of 
the genetic, inflammatory, and neurobiological 
patterns associated with pain experiences. Phy-
sicians would certainly benefit from this deeper 
understanding of underlying pain mechanisms, 
to provide optimal or at least better pain relief 
to each patient dealing with complex pain con-
ditions [6]. The study of biomarkers presents an 
opportunity to unravel the intricacies of acute 
pain, paving the way for more personalized and 
effective pain management strategies. By exam-
ining the clinical implications and future direc-
tions, we seek to enhance our comprehension 
of acute pain and contribute to the ongoing dis-
course in pain research.

METHODS

According to SANRA criteria for the quality 
assessment of narrative reviews [7], we con-
ducted a comprehensive literature review using 
PubMed and Google Scholar. The purpose of this 
study was to investigate the emerging field of 
biomarkers in acute pain, focusing on genetic, 
inflammatory, and neurobiological markers. An 
example of our search is as follows: (acute pain) 
AND ((biomarkers) OR (genetic markers) OR 
(inflammatory markers)). Other search keywords 
that we included to enhance our results included 
“neurotransmitters,” “opioid responsiveness,” 
and “chronic pain prediction.” Articles included 
in this review were selected based on their rele-
vance to both clinical and basic medical research 
on acute pain biomarkers. Studies that were not 
published in English were excluded. This nar-
rative review is based on previously conducted 
studies and does not include any new studies 
involving human participants or animals con-
ducted by the authors. Hence, it does not require 
any approval by ethics committees.

THE NEED FOR BIOMARKERS IN 
ACUTE PAIN MANAGEMENT

The relationship between a patient’s self-
report of pain and their concurrent regional 
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brain activity is complex, as has been proved 
by several studies on acute pain. Many physio-
logical and psychological (such as expectancy, 
anxiety, and mood) as well as environmental 
factors [8] profoundly alter the neural pro-
cessing of nociceptive inputs, almost acting 
as central neural amplifiers or attenuators of 
the experience [9].

When assessing pain, the traditional “gold 
standard” of subjective assessment is the use 
of self-reported scales such as the numeric rat-
ing scale (NRS) and the visual analogue scale 
(VAS). However, the accuracy and utility of 
self-reporting can sometimes be limited or 
even not feasible [9]. Furthermore, assessors’ 
predispositions can also have an impact on 
pain assessment [10], and the experience can 
be enhanced by positive expectancy or signifi-
cantly reduced by negative expectation [11].

When communication between patient and 
assessor is limited or non-feasible (e.g., cogni-
tive impairment, deep sedation, general anes-
thesia), physiological markers such as blood 
pressure, heart rate, and pupil diameter have 
also been used for the assessment of pain [8].

However, the use of specific biomarkers in 
clinical practice could lead to a more objective 
pain assessment and contribute to reduced fear 
and anxiety in patients experiencing pain [12].

Biomarkers are objective measures of bio-
logical or pathological processes or a pharma-
cological response to therapeutic intervention. 
A joint Food and Drug Administration (FDA) 
and National Institutes of Health (NIH) work-
ing group for developing biomarker endpoints 
and other tools identified seven distinct bio-
marker categories (namely, susceptibility/risk, 
diagnostic, monitoring, prognostic, predictive, 
safety biomarkers) that could be applied across 
all areas of biological research [13].

The pathophysiology of acute pain, involv-
ing neurobiological and inflammatory mecha-
nisms, has laid a foundation for discovering 
possible diagnostic and therapeutic targets 
hidden in the acute pain pathway, as well as 
understanding and predicting the transition of 
acute pain into chronic pain, based on biologi-
cal markers [14–16].

IDENTIFICATION OF ACUTE PAIN 
BIOMARKERS

In 1998, the National Institute of Health Bio-
markers Definitions Working Group defined a 
biomarker as “a characteristic that is objectively 
measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, 
or pharmacologic responses to a therapeutic 
intervention” [17]. The definition of biomarkers 
as objective and quantitative aspects of biologi-
cal processes generates restrictions on their use, 
since the measurement of biological characteris-
tics may not always reflect a patient’s experience 
or sense of well-being [18], especially when it 
comes to such a multidimensional experience 
as pain.

On the other hand, pain is an invisible dis-
ability, and in order not to be missed or under-
estimated in clinical practice [19], the identifica-
tion of biomarkers in the field of pain medicine 
is crucial. Biomarkers may also provide informa-
tion about specific pathophysiological mecha-
nisms that lead to pain, enabling specific deci-
sions for each patient [19]. Additionally, these 
markers may provide new methods for detecting 
and quantifying pain, minimizing the need for 
self-reported pain scales, which can be impacted 
by psychological and cultural factors [19]. In 
this review, we discuss genetic, inflammatory, 
and neurotransmitter biomarkers, as well as 
biomarkers for opioid responsiveness and the 
prediction of postoperative and chronic pain 
(Fig. 1). Table 1 provides a detailed overview of 
these biomarker categories, their examples, and 
clinical relevance.

Genetic Biomarkers

While numerous gene mutations have been 
identified, there are few solid data on genetic 
biomarkers associated with the cause or ina-
bility to feel pain. For instance, mutations in 
the sodium channel Nav1.7 gene can cause 
loss or gain of its function, resulting in altera-
tions in the sensitivity to pain such as loss of 
its perception [20], heightened pain sensitiv-
ity, and sudden burning pain [21]. The sodium 
voltage-gated channel alpha subunit 9 (SCN9A) 
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gene, which also provides instructions for the 
making of Nav1.7 sodium channels, has been 
linked to acute postoperative pain, offering val-
uable insights for the use of SCN9A genotyping 
as a guide for postoperative pain control [22]. 
The discovery that familial pain conditions are 
caused by mutations in the sodium channel 
Nav1.7 led to advancements in the creation of 
sodium channel blockers that are specific for 
this receptor subtype [23].

Other channels’ genes have also been stud-
ied as genetic markers for pain, with Piezo1/
Piezo2 and transient receptor potential vanil-
loid 1 (TRPV1) being major examples [24]. 
TRPV1, also known as the molecular target of 
capsaicin [25], is a nonselective cation channel 
that detects noxious stimuli that induce pain, 
inflammation, hyperalgesia, and itch [26]. A 
gain-of-function mutation in the TRPV1 gene is 
associated with an impairment of pain and itch 
sensations in mice, providing a very promis-
ing genetic marker for targeting pain therapeu-
tics. Adding to this, yet another human TRPV1 
genetic variant (TRPV1K710N) has recently been 
related to reduced susceptibility to painful 
chemical stimuli and nerve damage [27].

One mutation that can cause pain insensitiv-
ity involves the nerve growth factor beta (NGF) 
gene, which encodes nerve growth factor beta 
[28]. This gene mutation appears to differenti-
ate the effects of NGF on the development of 
central nervous system (CNS) functions such as 
mental capacities, from those on peripheral pain 
pathways [28]. A more recently discovered muta-
tion in the NGF sequence (NGFR100W) reveals a 
dual role for NGF in peripheral nociception [29]. 
This mutation, while retaining trophic support, 
fails to engage pathways associated with nocic-
eption [29]. In experiments with rats, NGFR100W 
induced chronic hyperalgesia but not acute 
hyperalgesia, highlighting the complex neuro-
plastic effects of NGF in peripheral nociception 
[29].

Genetic polymorphisms associated with 
acute pain have also been studied thoroughly 
in patients under radiotherapy (RT) for head and 
neck cancer [30]. This association encompasses 
variants in genes related to DNA damage/repair 
(e.g., XRCC1), variants in genes involved in 
inflammatory pathways and immune systems, 
including TNF-α and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κβ), and 

Fig. 1   An overview of acute pain biomarkers, highlighting five key domains: genetic, inflammatory, neurotransmitter, opi-
oid responsiveness, and predictors of postoperative and chronic pain. (Created with BioRender.com)
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variants in genes regulating cellular processes 
that can influence pain sensitivity and response 
to treatment such as angiogenesis (e.g., EDN1), 
autophagy (e.g., ATG16L2, ATG10), and cell 
death (e.g., CCND1) [30].

The examination of genetic biomarkers can 
provide crucial insights into the multifaceted 
nature of pain perception. By analyzing and syn-
thesizing this information, novel diagnostic and 
therapeutic targets can be unveiled.

Inflammatory Biomarkers

It is known that macrophages control the patho-
physiology of pain by producing pro-inflamma-
tory and pronociceptive mediators that induce 
pain via direct activation of nociceptors [31]. 
On the other hand, macrophages communicate 
bidirectionally with nociceptors that secrete 
neuropeptides that act on them [31]. The latest 
research indicates that macrophages also help to 
reduce inflammation and pain through phago-
cytic clearing of debris and generation of media-
tors that are pro-resolving and anti-inflamma-
tory [32]. This interplay between macrophages 
and nociceptors may hide a new target for the 
control of inflammation and pain.

A wide variety of cytokines. including tumor 
necrosis factor (TNF), interleukin-1 beta (IL-1β), 
interleukin-6 (IL-6), interleukin-17A (IL-17A), 
interleukin-10 (IL-10), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), granulo-
cyte colony-stimulating factor (G-CSF), mac-
rophage colony-stimulating factor (M-CSF), lipid 
mediators, and growth factors such as NGF or 
brain-derived neurotrophic factor (BDNF), have 
an influence on pain perception [33].

In the clinical realm, it has been demon-
strated that individuals with acute, nonspecific 
low back pain (NSLBP) may have higher C-reac-
tive protein (CRP) levels [34, 35]. This increase 
was linked to earlier recovery from back pain, 
offering a new potential prognostic marker for 
acute NSLBP [34]. Another study focusing on 
acute NSLBP also presented a marked increase 
in interleukin-2 (IL-2) levels and a significant 
reduction in interferon-gamma (IFNγ) levels 
compared to patients with chronic NSLBP, sug-
gesting a distinct inflammatory profile [36]. 

In contrast, TNF-α production was higher in 
patients with chronic versus acute NSLBP [34, 
36]. In a more recent systematic review that 
included both acute and chronic NSLBP studies, 
increased levels of proinflammatory biomarkers 
CRP, IL-6, and TNF-α, and decreased levels of the 
anti-inflammatory biomarker IL-10, were found 
to be indicative of an associated rise in systemic 
inflammation [37].

Also of interest is another study that com-
pared serum inflammatory markers in patients 
with knee osteoarthritis and healthy pain-free 
control subjects using a clustering approach 
[38]. Differences were revealed on several mark-
ers, with caspase 8 (CASP-8), axin 1 (AXIN1), 
and IL-6 being the most significant ones. In 
addition, two distinct subgroups of patients with 
knee osteoarthritis were identified based on 23 
protein biomarkers, displaying significant dif-
ferences in pain scores and function. This sug-
gested that deep phenotyping of inflammatory 
mediators may be associated with better treat-
ment outcomes and lead to the development of 
stratified criteria for targeted therapy [38].

Various anti-inflammatory medicines are 
available in the market and can be incorpo-
rated into personalized therapy. These drugs 
include inhibitors of TNF-α (e.g.,  infliximab, 
adalimumab, and etanercept) or IL-6 (e.g., toci-
lizumab) [39]. Given the importance of several 
main cytokine candidates (such as TNF and GM-
CSF) in defending immunological responses 
against infections, pain-targeting treatments 
must also take into account the negative effects 
of immunosuppression, particularly in chronic 
scenarios [33].

Adding to this, adaptation during the acute 
pain stage is conferred by active neutrophil-
driven immune processes, and reduction of 
these inflammatory responses may facilitate the 
development of chronic pain in individuals with 
acute low back pain [40]. Consequently, despite 
the effectiveness of analgesia in the early stages 
of pain, managing acute inflammation may have 
adverse long-term results [40]. In mouse-based 
pain experiments, early steroid or nonsteroidal 
anti-inflammatory medication (NSAIDs) admin-
istration resulted in prolonged pain, even if it 
led to pain relief in the short term. Hence, early 
in the acute pain phase, NSAIDs and steroid 
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therapies may warrant caution [40]. In our 
opinion, while these findings offer potential 
insights into inflammatory pain, it is essential 
to approach them with caution before translat-
ing them into clinical practice.

Further research on human biomarkers may 
help guide patient selection for anti-inflamma-
tory treatments and improve long-term out-
comes [49]. At present, the priority remains to 
treat acute pain as quickly and effectively as pos-
sible to reduce immediate suffering and prevent 
its escalation and chronification [41].

Neurotransmitter Biomarkers

Neurotransmitter biomarkers represent another 
interesting candidate for acute pain diagnos-
tics and quantification. Substance P, found in 
both peripheral and central nerves, is released 
in response to noxious stimuli and has been 
studied as an acute pain plasma and salivary 
marker [12]. Animal studies have proposed that 
serum substance P might be a useful tool for 
pain assessment [42, 43]. Similarly in humans, 
significantly elevated substance P serum levels 
have been linked to acute postoperative pain 
[44], sickle cell disease pain [45], and dental pain 
conditions [46], underlining its role as a media-
tor of, or marker for, pain sensitization.

There is evidence suggesting that different 
pain conditions have distinct neurometabolic 
signatures [47]. Individuals suffering from 
migraine seem to have unique neurometa-
bolic profiles, showing elevated glutamate and 
gamma-aminobutyric acid (GABA) levels in 
comparison to control subjects, which was not 
detected in individuals with other disorders [47].

It has been proven that an imbalance in 
excitatory and inhibitory neurotransmitters in 
some brain regions, such as the insula, leads to 
enhanced central pain processing and height-
ened pain sensitivity [48]. When comparing the 
posterior insula of patients with fibromyalgia to 
healthy controls, proton magnetic resonance 
spectroscopy indicates higher amounts of the 
excitatory neurotransmitter glutamate and lower 
quantities of the inhibitory neurotransmitter 
GABA [49]. On the contrary, in a rat-based neu-
ropathic pain model, non-injured rats showed 

mechanical allodynia as a result of elevated 
intracellular glutamate and lowered GABA levels 
[48]. However, these promising neurochemical 
changes for the detection of pain have not been 
studied as thoroughly in acute pain as they have 
been in chronic or neuropathic pain models.

Biomarkers for Opioid Responsiveness

Previous research demonstrated that both geno-
type and phenotype status affect pain perception 
and opioid responsiveness [50–54]. One of the 
most widely studied genes in this sector is the 
opioid receptor μ 1 (OPRM1) gene. The OPRM1 
A118G polymorphism reveals interindividual 
heterogeneity in postoperative opioid response, 
potentially suggesting the individual analge-
sic doses needed for pain control [50]. A meta-
analysis found that A118G polymorphism car-
rier sensitivity to opioids was decreased, leading 
to increased opioid consumption and reduced 
nausea events, especially in acute postopera-
tive pain management [51]. Another OPRM1 
polymorphism (rs67730) has been linked to an 
increased likelihood of constipation in response 
to tramadol and a decrease in the risk of post-
operative neuropathic pain development [53]. 
These results may lead physicians to the ulti-
mate clinical objective of creating a precise pre-
diction algorithm that can identify patients who 
will most likely benefit from opioids while also 
having minimal adverse effects and a low risk 
of drug abuse.

Opioid responsiveness also depends on the 
effect of endogenous molecules. A study exam-
ining the relationship between endogenous 
opioid function and morphine-induced anal-
gesia found that circulating endocannabinoids 
may moderate this interplay [55]. In particular, 
endocannabinoids significantly mitigated the 
association between endogenous opioid func-
tion and morphine-induced pain relief. Lower 
endogenous opioid function predicted greater 
morphine analgesia only for those with lower 
endocannabinoids [55]. These findings may 
guide the development of mechanism-based 
predictors for personalized pain therapeutics 
depending on opioid responsiveness.
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Early-life environmental factors also seem 
to play a role in the modification of nocicep-
tion, inflammatory hypersensitivity, and mor-
phine responses [54]. Fragmented maternal care 
leads to enhanced δ receptor expression which 
decreases acute nociception and precipitates 
morphine tolerance and vulnerability to persis-
tent inflammatory hypersensitivity in mice [54]. 
Finally, epigenetic events, such as DNA meth-
ylation and non-coding RNA expression, play a 
crucial role in the persistence of pain after tis-
sue injury; these mechanisms may also influence 
the expression of OPRM1, potentially affecting 
opioid responsiveness and pain sensitivity [56].

It is clear that opioid responsiveness is influ-
enced by genetic, epigenetic, and environmental 
factors. Hence, a deeper study of these biomark-
ers could provide the potential for the develop-
ment of a multifactorial targeting to optimize 
pain relief through opioids.

Biomarkers for Postoperative Pain and 
Chronic Pain Risk Prediction

Several kinds of signaling pathways are involved 
in distinct pathophysiological processes that 
lead from acute to chronic pain [57]. Both 
peripheral and central sensitization are caused 
by the duration and magnitude of the primary 
stimulus, which work together to intensify pain 
perception [57]. Thus, it is essential to reduce 
acute pain intensity and shorten its duration 
[58]. The diversity of biosignatures implicated 
in the transition of acute to chronic pain makes 
it easy to understand that the most effective way 
to address these intricate processes is through an 
early and multimodal treatment approach [59].

To better comprehend these passages, mark-
ers of pain need to be studied thoroughly and 
systematically. The Acute to Chronic Pain Sig-
natures (A2CPS) program was started by the 
National Institutes of Health Common Fund for 
the purpose of producing a set of biomarkers, 
turning them into objective biosignatures, and 
finding new markers for the chronification of 
pain following acute injury, including surgery 
[60]. This study included markers on patient 
characteristics (e.g., gender, age), reported 
outcomes and behavior (e.g., pain intensity, 

psychological factors, disability), omics (e.g., 
proteomics, genomics, metabolomics, extracel-
lular RNA), quantitative sensory testing, and 
brain imaging for the likelihood of developing 
chronic pain after surgery, or for resilience to it 
[60]. Thus, the prediction of acute to chronic 
pain transition cannot be based only on biologi-
cal markers and metrics but needs a multidisci-
plinary approach to be as accurate as possible 
[61].

Brain imaging, especially functional magnetic 
resonance imaging (fMRI), has been used in the 
detection of acute pain but also in prognostics 
for the transition from acute to chronic pain [62, 
63]. By combining limbic brain functional and 
anatomical characteristics with potential risk 
gene single-nucleotide polymorphisms (SNPs), it 
is possible to predict approximately 60% of the 
variance in the outcome following a subacute 
episode of low back pain [64].

CLINICAL APPLICATIONS

Pain Assessment

It is undebatable that pain diagnosis would 
benefit from the development of new objective 
markers. Five primary tactics have been the focus 
of current research on this topic, each with pros 
and cons [65]. These include autonomic nerv-
ous system monitoring, biopotentials, neuro-
imaging, composite algorithms, and biomarkers 
[65]. Despite increased efforts, there is currently 
insufficient evidence to support the widespread 
use of biological markers as objective measures 
of pain and nociception. However, biomarker 
research and composite algorithm development 
are promising avenues for future research.

The use of these markers would especially 
assist diagnostics in patient populations with 
limited ability to express pain, where facial 
expressions are often the only subjective indica-
tors of pain (e.g., infants, children, people with 
disabilities). Recent research states that salivary 
hormones such as cortisol and alpha amylase, 
immunoglobins, and other biomarkers may be 
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suitable for the diagnosis of acute pain in chil-
dren [12].

Personalized Pain Management

Instead of focusing on finding biomarkers 
for estimating pain perception, a number of 
researchers are trying to develop biomarkers to 
enable mechanism-based pain condition cat-
egorization, forecast medication response, and 
provide individualized care [66].

Diagnostic and predictive biomarkers help in 
patient classification and redefine pain subtypes 
based on biological categories. Since there is no 
one-size-fits-all treatment for pain, the diagno-
sis determines the course of treatment. How-
ever, some types of pain may not serve as reli-
able diagnostic indicators, as they have specific 
underlying causes that require unique treatment 
strategies.

Over the drug discovery and development 
process, objective biomarkers and clinical trial 
endpoints are essential for defining pathophysi-
ological subtypes of pain, assessing the effective-
ness of novel drugs in targeting specific recep-
tors, and forecasting their analgesic efficacy 
[5]. Pharmacogenetics may affect drug efficacy 
and individual responses to treatment [67]. For 
example, studies on commonly used analgesics 
like codeine have shown that its metabolism 
and bioactivation to morphine are mediated 
by the hepatic cytochrome P450 2D6 (CYP2D6) 
enzyme [68]. As a result, codeine’s efficacy and 
safety are influenced by CYP2D6 activity, with 
its polymorphisms causing variability in thera-
peutic outcomes. Evidence supports this associa-
tion and proposes analgesic strategies based on 
the CYP2D6 genotype [68].

Early Detection of Chronic Pain Risk and 
Preventive Strategies

Besides diagnostic and predictive biomarkers 
that have wide clinical use, prognostic mark-
ers also play a significant role in predicting the 
intensity of pain after trauma or surgery, in 
addition to their ability to forecast the transi-
tion from acute to chronic pain. These markers 

are not limited to identifying pain or disability 
in the present but also help us predict future 
chronic pain development and take necessary 
action. For example, they can be used to esti-
mate the risk of persistent postoperative pain. 
Prognostic biomarkers monitor disease recur-
rence or progression, particularly in those 
already ill, and can identify individuals with 
a high probability of transition from acute to 
chronic pain [69].

Apart from patient characteristics such as 
female sex and young age that have been linked 
to higher intensity of pain, longer durations, 
and greater likelihood for chronic pain devel-
opment [70], there are also some modifiable risk 
factors, such as high body mass index (≥ 25), 
severe preoperative pain, or psychological fac-
tors [71, 72]. Thus, identifying patients with 
modifiable risk factors for chronic pain as well 
as those with unsatisfactory treatment responses 
can guide physicians in providing comprehen-
sive and interdisciplinary pain management and 
ensuring effective therapy for those at risk [71]. 
Given the complexity of the process, artificial 
intelligence (AI) would be helpful to personalize 
the approach to those patients [73].

To efficiently manage acute pain but also pre-
vent the transition from acute to chronic pain, it 
is crucial to optimize analgesia in the acute pain 
and preoperative period, as well as during the 
postoperative and healing phases [71]. However, 
this optimization is not always easy to achieve, 
as the neurological processes underlying both 
nociceptive and acute inflammatory pain are 
essential for life. This means that medications 
that suppress inflammatory and nociceptive 
pain must be used carefully. In certain situa-
tions, such as during surgery or childbirth, the 
protective components of acute pain must be 
treated temporarily and under strict supervision 
[9]. In cases like postoperative pain or trauma, 
controlling inflammatory pain requires striking 
a careful balance between minimizing suffering 
and promoting recovery [9].

Although challenging, it is necessary to pre-
cociously treat acute pain episodes using multi-
modal analgesic approaches that target periph-
eral and central sensitization processes as well as 
any psychological risk factors in order to raise a 
barrier to the chronification of acute pain [72, 
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74]. For all the above, diagnostic acute pain 
markers and predictive chronic pain biomark-
ers could offer significant aid in clinical practice.

CHALLENGES, FUTURE 
DIRECTIONS, AND LIMITATIONS

Current Challenges

As pain is a subjective experience, influenced by 
physical and psychological components, both 
diagnosis and treatment are often expected to be 
challenging. Biomarkers hold the potential for 
unraveling this tangle; however, their discovery, 
validation, and use in pain therapeutics poses 
challenges as well [5]. Acute pain biomarkers can 
be categorized based on their role in pain per-
ception and sensitivity—some reflect individual 
differences in pain susceptibility (a trait), such 
as genetic markers, while others, like inflamma-
tory and neurotransmitter-related biomarkers, 
indicate real-time pain perception (a state) [63]. 
Recognizing these distinctions is essential for 
improving biomarker selection and interpreta-
tion in research and clinical settings.

Standardization and validation of biomarker 
assays requires thorough planning and consen-
sus on the methodologies used for biomarker 
measurement, including sample collection and 
storage, and analysis of techniques to confirm 
their clinical utility and predictive value [75].

One of the goals of biomarker research in 
acute pain is the translation of findings into 
clinical practice. Efforts are needed to bridge 
the gap between research and clinical practice by 
developing user-friendly biomarker assays, estab-
lishing evidence-based guidelines for biomarker 
use, and providing training and education for 
healthcare providers.

Finally, the ethical and social implications 
of biomarker use in pain management must be 
carefully considered. Issues such as privacy, con-
sent, and equity in access to biomarker testing 
require attention to ensure that biomarker-based 
approaches are implemented ethically and equi-
tably [5].

Future Research Directions

In moving forward, directions in acute pain 
biomarker research should prioritize innovative 
and interdisciplinary approaches that foster col-
laboration among various fields, including basic 
science. There is an urgent need for research in 
this field, with clear opportunities to advance 
both precision and personalized medicine. 
Translational efforts are essential to bridge the 
gap between basic science discoveries and clini-
cal applications, with a focus on precision and 
personalized medicine.

While we acknowledge that these aspects can 
create heterogeneity and variation in outcome 
measures, the synthesis of information remains 
important to help inform future directions in 
biomarker and pain research. Longitudinal stud-
ies integrating multiple layers of biological data 
can provide valuable insights into the trajectory 
of pain conditions and can guide therapeutic 
interventions. Validation and standardization 
of biomarkers are crucial steps for their clini-
cal implementation, while advancements in 
machine learning and big data analytics offer 
opportunities for data-driven discoveries.

Patient-centered approaches should empha-
size early detection and intervention, targeting 
specific biomarker panels for risk prediction and 
prevention of pain chronification. Future studies 
should also explore the cost-effectiveness and 
practical considerations of biomarker-based 
approaches, as these factors are crucial for their 
widespread adoption in clinical practice. Over-
all, future research endeavors should aim to 
optimize pain management strategies through 
a comprehensive understanding of acute pain 
biomarkers and their clinical implications.

Limitations

This narrative review provides a broad over-
view of acute pain biomarkers, but due to space 
constraints, not all biomarkers or recent stud-
ies could be covered in detail. While we focused 
on key biomarkers with clinical relevance, other 
promising markers were beyond the scope of 
this review. Additionally, the review primarily 
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synthesizes available studies, which may vary 
in terms of methodology and patient popula-
tions. Some studies have limitations, such as 
small sample size and inconsistent biomarker 
measurement techniques, which may affect the 
reliability of the findings.

We have emphasized the most pertinent 
aspects of biomarker validation and their poten-
tial clinical applications. However, topics like 
the cost-effectiveness of these biomarkers and 
practical considerations for routine implementa-
tion were not deeply explored, as this was out-
side the scope of the current discussion.

By acknowledging these aspects, we aim to 
offer a clear and focused synthesis of the most 
important developments in the field, while 
encouraging further exploration of these evolv-
ing areas.

CONCLUSION

The exploration and validation of biomark-
ers for acute pain offer significant promise in 
transforming pain management practices and 
enhancing patient outcomes. Current research 
highlights the pivotal role biomarkers can 
play across various domains, including genet-
ics, inflammation, neurotransmission, opioid 
responsiveness, and chronic pain risk prediction.

In clinical settings, biomarkers are beginning 
to bridge the gap between subjective pain assess-
ments and objective biological data, assessing 
acute pain more accurately, monitoring its pro-
gression, and tailoring treatment strategies to 
individual patient needs. The use of biological 
markers could also aid physicians in identify-
ing at-risk patients who may benefit from early 
intervention, as well as discovering and assess-
ing new biological pathways and phenotypes 
related to pain and, as a result, novel biological 
therapeutic targets. Thus, the ongoing develop-
ment of acute pain biomarkers not only holds 
the potential to revolutionize the approach to 
pain management but also underscores a shift 
towards more personalized and proactive health-
care solutions.
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