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Chronic pain remains a massive problem in society in general, and in mental health patients in particular, being strongly bi-
directionally connected to mental health. Lack of widespread use of objective information has hampered treatment and prevention
efforts. Pain is a spectrum of severity, from transient vague discomfort to chronic excruciating incapacitation. Blood biomarkers that
track pain severity can provide a window into the biology of pain, as well as could help with assessment and treatment. A previous
study by us was positive. Here we describe new studies we conducted trans-diagnostically in psychiatric patients, starting with the
whole genome, to expand the identification, prioritization, validation and testing of blood gene expression biomarkers for pain. We
carried out two separate studies, on two different platforms, microarrays and RNA sequencing, using for each study a multiple
independent cohorts design. This ensured biological and technical reproducibility. We then focused at the end on biomarkers that
were convergent and reproducible between the two studies. We found new as well as previously known biomarkers that were
predictive of high pain states, and of future emergency department visits related to them, using cross-sectional and longitudinal
approaches. Using a polyevidence score, the overall top decreased in expression biomarker (“pain-suppressor gene”) was CD55, a
gene that suppresses the complement cascade and cell damage. The top increased biomarker (“algogene”) was ANXAT1, a gene that
is an effector of glucocorticoid-mediated responses and regulator of the inflammatory processes. The top biological pathways were
related to cellular response to TNF and to neuroinflammation. The top upstream regulator was TNF. Top therapeutic matches
overall were the medications lithium and ketamine, as well as the nutraceuticals omega-3 fatty acids and magnesium. Drug
repurposing bioinformatic analyses also identified the potential of carvedilol, sirolimus, budesonide, berbamine, and quetiapine, as
well as of medications already used to treat pain such as amyleine, sulindac, sufentanil, carbamazepine, and meclofenamic acid,
that serve as de facto positive controls. Additionally, we show how personalized patient reports for doctors would look like based
on blood biomarkers testing, to aid with objective assessment of severity and risk, as well with individualized matching to
medications and nutraceuticals. Given the fact that pain disorders are highly prevalent, can severely affect quality of life, and even
lifespan, there is an urgent need for insights and tools such as the ones we have developed to be applied to and improve clinical

diagnosis, treatment, and prevention options.
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INTRODUCTION

“The cure for pain is in the pain.”
-Rumi

Pain disorders are common and oftentimes disabling condi-
tions. Every year, an estimated 20% (aprox. 50 million) of U.S.
adults have chronic pain and 8% of U.S. adults (aprox. 20 million)
have high-impact chronic pain. Higher prevalences of both
chronic pain and high-impact chronic pain were reported among
women, older adults, previously but not currently employed
adults, adults living in poverty, adults with public health insurance,
and rural residents [1]. Psychiatric patients in particular are at high

risk and have high co-morbidity for pain conditions [2]. The lack of
use of objective tests in clinical practice, particularly when an
obvious lesion is not present, and the lack of efficacy or addictive
potential of certain medications, create barriers to proper care and
improvement of patients.

Our previous studies had pioneered the identification of
blood gene expression biomarkers for pain [3], and other groups
have validated blood-based approaches as well [4]. Other
approaches involve imaging [5], and genetic biomarkers [6].
Some understanding of the neurobiology is emerging [7]. Our
gene expression studies are complementary to other genetic
studies in the field, and in fact we integrate these different lines
of work into our approach, as convergent evidence and
prioritization second step. We wanted to expand upon our
previous studies, as a way of deriving future scientific and
practical insights, that would move these precision medicine
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Fig. 1 Overview of the two studies and their convergence. A. Discovery, Prioritization, Validation and Testing of Biomarkers for Pain.

B. Number of biomarkers after each step. C. Pain Top Biomarkers Overlap with Biomarkers for Other Disorders from Our Previous Studies.

approaches towards widespread utilization in clinical practice.
We focused on convergence and reproducibility, across two
different studies using two different platforms, microarrays and
RNAseq, and multiple independent non-overlapping cohorts in
each. For each platform, the process had 4 steps- discovery,
prioritization, validation, and testing, and then we focused on
convergence of findings from the two platforms. Compared to
our previous work, we used larger cohorts of psychiatric
patients, larger literature-derived databases for our prioritization
step, and longer duration follow-up on subjects. We also used a
newer technology platform, RNAseq. With this comprehensive
series of studies, we derived a deeper biological, clinical, and
therapeutic understanding of pain disorders.

On the practical side, diagnostically we show examples of how a
report to clinicians would look like, and therapeutically we
prioritize existing medications as well as identify new repurposed
medications for pain. We propose that this precision medicine
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approach could and should be used in clinical practice, to stem
and reverse the prevalence of pain disorders.

MATERIALS AND METHODS

Ethics approval and consent to participate

All subjects understood and signed informed consent forms outlining the
research goals, procedure, caveats, and safeguards, per Indiana University
IRB approved protocol (IU#1908417892). All research was performed n
accordance with the relevant guidelines and regulations.

Cohorts

For each of the two studies, we utilized three different, non-overlapping

cohorts: discovery, validation (subjects with high state pain scores (VAS Pain)

and chronic pain scores (SF-36 -Q21 + Q22), and testing (an independent

cohort for predicting pain and future ER visits for pain) (Fig. 1A).
Consistent with our previous studies [8-15], the psychiatric subjects

were part of a longitudinal cohort collected over 20 years by us
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(2004-2024), the Indy 500+ cohort. Subjects were recruited from the
patient population at the Indianapolis VA Medical Center and Indiana
University School of Medicine.

Subjects underwent diagnostic assessments via a comprehensive, structured
clinical interview—Diagnostic Interview for Genetic Studies—at a baseline visit,
followed by up to ten testing visits, 3-6 months apart or whenever a new
hospitalization occurred. At each testing visit, subjects received a series of
rating scales, including a VAS for Pain and the SF-36, which includes two
chronic pain rating items (Q21 and Q22, related to the previous 4 weeks
(Figure S1), and their blood was drawn. We collected whole blood (5 ml) in two
RNA-stabilizing PAXgene tubes, labeled with an anonymized ID number, and
stored at —80 °C in a locked freezer until further processing. Whole-blood RNA
was extracted for microarray and RNA sequencing gene expression studies
from the PAXgene tubes, as detailed below.

We conducted two separate studies, using microarrays and RNAseq,
with different independent cohorts, and then looked at convergence and
reproducibility of findings across the two studies.

For the microarray study, the within-subject discovery cohort consisted
of 28 subjects (19 males, 9 females), with 79 testing visits. Each subject had
various psychiatric disorders and multiple testing visits with at least one
diametric change in VAS pain scores from low pain (VAS pain < 2) to high
pain (VAS pain = 6), or vice versa between visits. There were 3 subjects with
5 visits, 1 subject with 4 visits, 12 subjects with 3 visits, and 12 subjects
with 2 visits. For validation, there were 17 subjects with clinically severe
chronic pain (9 males, 8 females) with 21 testing visits. For the
independent testing cohort, there were 185 subjects (154 males, 31
females) with 464 testing visits. The cohort for predicting future ER visits
with pain as a complaint consisted of 220 subjects (196 males, 24 females)
with 567 testing visits, on which we had longitudinal follow-up with
electronic medical records (Fig. 1).

For the RNAseq study, the within-subject discovery cohort consisted of
9 subjects (6 males, 3 females), with 26 testing visits. Each subject had
various psychiatric disorders and multiple testing visits with at least one
diametric change in VAS pain scores from low pain (VAS pain < 2) to high
pain (VAS pain = 6), or vice versa between visits. There was 1 subject with 8
visits, 2 subjects with 3 visits, and 6 subjects with 2 visits. For validation,
there were 15 subjects with clinically severe chronic pain (13 males, 2
females). For the independent testing cohort, there were 233 subjects (191
males, 42 females) with 326 testing visits. The cohort for predicting future
ER visits with pain as a complaint consisted of 181 subjects (147 males, 34
females) with 227 visits, on which we had longitudinal follow-up with
electronic medical records (Fig. 1).

Medications. Subjects within the discovery cohort had various psychiatric
diagnoses and medical co-morbidities. Their medications were listed in their
electronic medical records and documented at each testing visit. Subjects
were on a wide variety of medications, psychiatric and non-psychiatric,
however, there was no pattern of a particular class of medication.
Additionally, subjects may be non-compliant with their treatment or have
changes in medications or drugs of abuse not listed in their medical records.
Our goal is to identify biomarkers that track pain regardless of whether the
cause is due to internal biology or prompted by exogenous substances/
medication. It is likely that some of the biomarkers shown in this paper are
targets of medications. Furthermore, the prioritization step which occurs post
discovery is based on field-wide literature convergence including genetic and
animal model data which are unrelated to the effects of medication. Our
design allows for discovery, validation, and replication via testing in
independent cohorts of the biomarkers to occur despite differences in
gender, diagnoses, medications, and other variables in the subjects.

Blood gene expression experiments

RNA extraction. Whole blood (2.5 ml) was collected via routine venipunc-
ture and stored in PaxGene tubes containing proprietary reagents for RNA
stabilization. Total RNA was then extracted and processed as previously
described [8-11].

Microarrays. Microarray work was completed on a subset of subjects
(n =794) using previously described methodology [8-11].

All genomic data was normalized (RMA for technical variability and
z-scoring for biological variability by gender) before being combined and
analyzed.

RNA sequencing. Next-generation RNA sequencing studies were com-
pleted on the remaining more recent subject samples (n=392). In all
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RNASeq samples, transcripts were required to have a minimum TPM count
of 0.1. Transcripts that did not meet that criteria were discarded.

Biomarker analyses

The following analyses were performed separately for the microarray and
RNASeq studies, and independent candidate biomarkers were identified.
We then focused on top biomarkers that were reproducibly identified on
both platforms (convergence). Our approach has built in reproducibility at
every step: across studies, across platforms, across multiple independent
and non-overlapping cohorts, and cross-validated with other studies in the
field. Our approach is also pre-designed and pre-determined, has been
used for other studies we published. We do not adjust thresholds and
housekeeping genes until we get a better result. That would lead to
overfitting and diminish reproducibility and generalizability.

Step 0: Housekeeping gene identification. To normalize and account for
technical variance, a housekeeping gene was selected to use for
normalization. We compiled a list of the most used candidate house-
keeping genes in the literature and all their corresponding probesets and
transcripts. Not all classic housekeeping genes are “housekeeping”, i.e.
invariant or biologically not involved in the disorder, depending on the
phenotype. An example of that is GAPDH [16], so an empirical approach
for each disease is best. A mini-Discovery was first run on the
corresponding  housekeeping probesets and transcripts. LDHA
(200650_s_at, ENST00000227157) was the gene with the lowest scoring
probeset and transcript (indicating the most invariance with specific
regards to pain). Microarray and RNASeq data were then divided by their
respective LDHA probeset/transcript levels.

Step 1: Discovery. For the Affymetrix cohort, a DE analysis was run at the
probeset level using housekeeping normalized data, generating a raw
score for each biomarker. Points were given when the probeset expression
accurately corresponded to changes in pain (low to high, or high to low).
The DE analysis detects how pain can be tracked by gradual changes in
gene expression.

For the RNASeq cohort, the DE analysis was done at the transcript level
using housekeeping normalized data.

Biomarkers decreased in expression had negative scores, and those that
increased had positive scores. A value percentile (separate for increased
and decreased biomarkers) was assigned to each probeset or transcript
based on its final score. The percentiles were assigned by total points:
>80%-6pts, =50%-4pts, =33.3%-2pt, <33.3%-0pts (Fig. 1). Biomarkers with a
score of at least 2 points moved on to the next step, Prioritization.

Step 2: Prioritization

Databases: In our laboratory (Laboratory of Neurophenomics,
www.neurophenomics.info) we have created manually curated databases
of the human gene expression/protein expression studies (postmortem
brain, peripheral tissue/fluids: CSF, blood and cell cultures), human genetic
studies (association, copy number variations, and linkage), and animal
model gene expression and genetic studies, published to date on
psychiatric disorders.

Only findings deemed significant in the primary publication by the study
authors, using their experimental design and thresholds, are included in
the databases. Additionally, our databases only include primary literature
data instead of review papers or other secondary data integration analyses
to avoid redundancy. Unbiased discovery studies are favored over
candidate genes hypothesis-driven studies. Our extensive databases,
which are continuously updated, are used in the CFG cross validation
and prioritization platform (Fig. 1).

We performed a search to identify evidence for genes involved in pain
using the following keywords: pain, neuropathy, neuropathies, trigeminal
neuralgia, and fibromyalgia. This resulted in data from 1032 papers at the
time of our CFG analyses (634 human genetic studies, 11 human brain
studies, 81 human peripheral tissue/fluids studies, 137 non-human genetic
studies, 121 non-human brain studies, 48 non-human peripheral tissue/
fluids studies). We have also developed a computerized CFG Wizard to
automate and score large lists of genes by integrating evidence from our
databases which is checked against manual scoring. Analyses were
performed as previously detailed. Each gene was assigned points (Human
Brain Expression Evidence - 4pts, Human Peripheral Expression Evidence —
2pts, Human Genetic Evidence - 2pts). Points were then summed with the
Discovery score (0-6). Probesets/transcripts with a combined prioritization
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and discovery score of at least 6 (Affymetrix study n = 1192, RNASeq study
n=1697) moved on to the next step, Validation (Fig. 1).

Step 3: Validation. For each of the separate studies, microarray and
RNAseq, three groups were used for Validation Analyses: the low pain (VAS
pain < 2) and High Pain (VAS pain = 6) groups from the Discovery cohort,
along with the clinically severe subjects.

Expression levels were z-scored by gender. We carried out an ANOVA in
the biomarkers that were stepwise changed in expression from low pain to
high pain to clinically severe pain. Biomarkers that survived Bonferroni
correction for number of biomarkers tested received 6 points, those
nominally significant 4 points, and those that were just stepwise 2 points.
The rest were 0 points.

Top candidate biomarkers (after the first 3 steps): Adding the
scores from the first three steps into an overall convergent functional
evidence (CFE) score (Fig. 1) resulted in list of top candidate biomarkers for
pain that had a CFE score greater than 8 (1/3 of the possible maximum
score of 24 after Step 3). These top candidate biomarkers were compared
between the two studies, microarray and RNAseq, resulting in 56
biomarkers that converged and reproduced between the two (Fig. 1).
These top biomarkers were carried forward for additional testing in
independent cohorts (Step 4).

Step 4: Testing for clinical validity in independent cohorts. We tested in
independent cohorts of patients the ability of each of the top candidate
biomarkers (n = 56) to assess state severity (measured by VAS pain) and
predict trait risk (future ER visits for pain in the first year of follow-up, and
in all future years of follow-up) for patients. We conducted our analyses
across all patients, as well as specifically for gender.

In each of the two studies, the test cohorts for predicting pain severity
(state), and the test cohorts for predicting future ER visits with pain (trait),
had housekeeping gene normalization and Z-scoring by gender. There was
no subject overlap between the studies, and between the independent
cohorts inside each study, as the test cohorts were independent from the
discovery and validation cohorts. Individual biomarkers used for predic-
tions were normalized as described above to avoid potential artifacts due
to different ranges of expression by gene expression platform and gender.
Predictions were performed using R-studio. For cross-sectional analyses,
we used biomarker expression levels. For longitudinal analyses, we
combined four measures: biomarker expression levels, slope (defined as
the ratio of levels at current testing visit vs. previous visit, divided by time
between visits), maximum levels (at any of the current or past visits), and
maximum slope (between any adjacent current or past visits), as described
in previous studies [12-14]. For decreased biomarkers, we used the
minimum rather than the maximum for level calculations.

Predicting state-pain severity: Receiver-operating characteristic (ROC)
analyses between marker levels and pain state were performed by assigning
subjects’ visits with a VAS pain score > 6 in the high pain category vs. the
remaining subjects in this independent test cohort. The Affymetrix study
testing cohort consisted of 185 subjects with 462 visits, and the RNASeq
study testing cohort consisted of 233 subjects with 326 visits.

Additional, chronic pain severity predictions were done in a similar
manner using the SF-36 (Q21 + Q22). The Affymetrix study cohort for these
predictions consisted of 185 subjects with 464 visits, and the RNASeq study
cohort consisted of 223 subjects with 310 visits. A score of > 10 was the
cutoff for the high pain category. We used the pROC package of R (Table 1
and Fig. 1) to calculate ROC AUC and p-values.

Predicting trait- future ER visits due to pain as a symptom/
reason: We conducted analyses for predicting future ER visits with pain
as a symptom/reason for the visit in the first year following each testing
visit, in subjects that had at least one year of follow-up in the VA system, in
which we have access to complete electronic medical records. The
Affymetrix study first-year cohort consisted of 220 subjects with 565 visits,
and the RNASeq study first- year cohort consisted of 128 subjects with 227
visits. ROC analyses between biomarkers measures (cross-sectional, long-
itudinal) at a specific testing visit and future ER visits in the first year
following testing were performed as described above, based on assigning
if subjects had been admitted to the ER with pain or not in the year
following testing to calculate ROC AUC and p-values.

We also conducted Cox regression for all future ER visits with pain,
including those occurring beyond one year of follow-up (up to 18 years,
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average: 10.5 years). The Cox regression was performed using the time in
days from visit date to first ER visit date in the case of patients who had ER
visits with pain, or from visit date to last note date in the electronic medical
records for those who did not. These calculations, unlike the ROC and t-
test, account for the actual length of follow-up, which varied from subject
to subject. The odds ratio was calculated such that a value greater than 1
always indicates increased risk for ER visits, regardless of if the biomarker is
increased or decreased in expression.

Step 4 predictions scoring: Biomarkers that are nominally significant
p <0.05 (for ROC AUC for State and First Year ER visits predictions, and for
Cox Regression Odds Ratio for All Future ER visits predictions) receive 3
points if they are predictive in all subjects in the cohort, and 2 points if
they are only predictive within a gender. Scores are capped at 3, and the
maximum score between cross-sectional and longitudinal predictions for
each biomarker is taken moving forward. The best predictive biomarkers
are shown in Fig. 2.

CFE4 scoring. We show in Table 1 the top biomarkers for pain (n = 56).
For each of the two studies, the points from the 4 CFE steps are added,
except that Step 2 prioritization scoring is counted only once, as it is the
same in both studies. The CFE4 score is discovery + prioritization + valida-
tion + state predictions + trait predictions points, indicative of each
biomarker’s ability to track and predict pain (Table 1). The maximum
possible CFE4 score is (6+ 12+ 6+ 12) x 2-12 = 60.

Biological understanding

Pathway analyses. DAVID Functional Annotation Analysis (National
Institute of Allergy and Infectious Diseases) (v2024q1) and IPA (Ingenuity
Pathway Analysis, version 111725566, Qiagen) were used to analyze the
biological roles, including top canonical pathways and diseases (Table 2A,
B). We performed the pathway analyses for the 56 biomarkers for pain that
were the top scoring CFE biomarkers after discovery, prioritization, and
validation, that converged between the two studies (Affymetrix and
RNAseq).

Networks: For network analyses, we performed STRING Interaction
Network (https://string-db.org) by inputting the 56 genes into the search
window and performed Multiple Proteins Homo sapiens analysis
(Figure S3).

CFG beyond pain: evidence for involvement in other psychiatric
and related disorders: We also used a CFG approach to examine
evidence from other psychiatric and related disorders, as exemplified by
the list of top biomarkers (Table 1). This was not used to prioritize genes,
but rather to understand the molecular basis of co-morbidities. We also
looked more directly at the overlap of the top biomarkers for pain with
those for other disorders previously identified by our group (Fig. 1C).

Therapeutics

Pharmacogenomics: We analyzed which of the top biomarkers for pain
(n=56) are known to be changed in expression by existing drugs in a
direction opposite to the one in disease, using our CFG databases. These
drugs and nutraceuticals are potential treatments and preventatives for
patients with pain and used in the prototype reports (described below) to
demonstrate personalized medicine. Drugs are also listed individually by
biomarker affected (Table 1). We also calculated medication match percent
based on the number of genes on our list that were targets of different
drugs (Table 3A).

Drug repurposing using the connectivity map: Following biomarker
identification and validation, Connectivity Map (Clue.io) was used to
identify potential pharmaceuticals to alter the gene expression signature of
the top biomarkers in a manner that opposes their expression in pain. A
Connectivity Map Query was performed using the top pain biomarkers
(n=156), using L1000 parameters with the latest dataset 2.0 [17]. The
results from the query were analyzed and sorted based on normalized
connectivity scores and (Table 3B).

Report generation

We present examples of how reports to doctors might look, using the
above insights. We selected two subjects for the reports in Fig. 3 (male:
phchp479v2, female: phchp141v2) who both had clinically severe state
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A. Predictions for High State Pain (VAS)
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C. Predictions for First Year ER Visits
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B.

Area Under the Curve
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Predictions for High Chronic Pain (SF-36)
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Fig. 2 Best individual biomarkers predictors. Top cross-sectional and longitudinal markers are shown in all subjects, males, and females.
A. Predictions for High State Pain (VAS). B. Predictions for High Chronic Pain (SF-36- Q21 + Q22). C. Predictions for First Year ER Visits
D. Predictions for All Future Years ER Visits. * Nominally significant. ** Bonferroni significant after correcting for 56 biomarkers tested.

and chronic pain (VAS pain > 6, SF-36 Q21 of 6, SF-36 Q22 of 5), as well as
psychiatric and co-morbid pain diagnoses (chronic low back pain for the
major depressive disorder male, fibromyalgia for the bipolar female). We
used a panel of the top predictive biomarkers for state and ER visits within
the first year, by gender.

Step 5 - Generalizability. Top biomarkers for pain disorders (n = 56) were
retested for predictive ability on the whole database (n = 1186), consisting
of males (n =942) and females (n = 244). The raw expression values of the
biomarkers in our whole gene expression dataset (n = 1186) were Z-scored
by gender and by platform (e.g. RNASeq or microarray) in order to be able
to combine them. Subsequently, to create our biomarker panel for the
reports, for each gender we took the 12 best predictive biomarkers for
state, and the 13 best predictive biomarkers for first year ER visits, resulting
in a male and female panel of 25 biomarkers each.

Score generation: For state score, the Z-scored expression value of
each increased biomarker was compared to the average value for the
biomarker in the high pain group in the database, resulting in scores of 1
or 0 respectively, and 0.5 if it is in between. The reverse was done for
decreased biomarkers.

For trait future risk score, we calculated the average expression value for
a biomarker in the first-year ER visits for pain group, and subjects with no
ER visits for pain in the first-year group. We then compared the biomarkers
for the subject of interest to these reference levels. If a biomarker was
higher than the average of the high group it got a 1, if it was below the
average of the no group it got a 0, and if it was in between, it got a 0.5 for

Molecular Psychiatry (2026) 31:869 — 894

increased biomarkers. For decreased biomarkers, if it was lower than the
average of the high group it got a 1, if it was higher than the average of
the no group it got a 0, and if it was in between it got a 0.5. These digitized
scores for each biomarker are multiplied by the CFE4 score of each
biomarker as a weight, to account for the totality of evidence, then
summed into a polygenic risk score and then divided by a sum of all
CFE4 scores.

The pain state risk score is the average score of all the state biomarkers
multiplied by 100, generating 3 risk categories: high (red), intermediate
(yellow), and low (green). The chronic pain risk score was calculated the same
way using biomarkers for first year ER visits due to pain. These percentile
scores of the patient are provided in the report (Fig. 3). The digitized
biomarkers are also used for matching with existing psychiatric medications
and alternative treatments (nutraceuticals and others). We use our large
datasets and literature databases to match biomarkers to medications that
have effects on gene expression opposite to their expression in high pain.
The gene expression data is from gene expression data in human and animal
models. Each medication matched to a biomarker gets the biomarker’s score
of 1, 0.5 or 0. The scores for the medications are added, and divided by the
number of biomarkers that were 1 or 0.5 in that patient, resulting in a
percentile match. Thus, psychiatric medications are matched to the patient
and ranked in order of impact on the panel.

RESULTS
In Step 1 Discovery, we used a powerful within —subject and then
across-subject design in a longitudinally followed cohort of

SPRINGER NATURE
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A.

Physician Dr. ABN
Gender Male

VAS Pain 8

SF-36 (Q21+22) 11

Sample Collected 6/2/2022
Report Created 11/20/2024
Sample ID phchpd79v2
Diagnosis MDD

State Score

82%

High

One Year Risk Score

R. Bhagar et al.

B.

Physician Dr. ABN
Gender Female
VAS Pain 6

SF-36 (Q21+22) 11

Sample Collected 2/17/2011
Report Created 11/20/2024
Sample ID phchp141v2
Diagnosis BP

State Score

65%

High

One Year Risk Score

High High
74% 72%
A 4
I H H
Consider Using Consider Using

Rank | Top Alternative Treatments Match Rank | Top Pharmaceuticals Matn Rank | Top Alternative Treatments. Match Rank | Top Pharmaceuticals Match
1| Sleep Deprivation 27% 1| Lithium 59% 1 . 21% 1| Lithium 45%
2 | American Ginseng 15% 2 | Clozapine 37% 2 | Omega-3 Fatty Acids 18% 2 | Ketamine 34%
3 | Omega-3 Fatty Acids 13% 3 | Valproate 32% 3 | American Ginseng 15% 2 | Vortioxetine 34%
3 " 13% 4 | Vortioxetine 30% 3 | Sleep Deprivation 15% 3 | Dexamethasone 31%
4 | Bariatric Surgery 6% 5 | Dexamethasone 29% 4 _|Bariatric Surgery 13:/e 4 |c i 27:/-1
5 | Resveratrol 4% 6 | Sertraline 19% S 12% 5 | Valproate 15%
5 | Gamma Frequency 4% 7 | Fluoxetine 16% 5 | Valeriana Officinalis 12% 5 | Sertraline 15%
5 i 4% 8 | Chlorpromazi 15% 5 | Quercetin 12% 5 | Chlorpromazine 15%
8 | Car . 15% 5 | Psoralea Corylifolia 12% 6 | Modafinil 13%

8 | Ketamine 15% 5 | Houttuynia Cordata 12% 7 | Acetaminophen 12%

9 | Dextromethorphan 13% 5 | Dan Zhi Herb 12% 7 | Bardoxolone 12%

9 | D-Cycloserine 13% 5 | Corydalis Yanhusuo 12% 8 | Oxycodone 6%

C. PSYCHOLOGICAL D. PSYCHOLOGICAL
VAS Pain VAS Pain
100
100

SOCIO- SOCIO-
BIO- SF-36 BIO- SF-36
Biomarker (Q21+22) Biomarker (Q21+22)
Score Score

= Phchp479v2 (male)
== 21 ER Visits for Pain Within 1 Year of Testing (males)
== 0 ER Visit for Pain Within 1 Year of Testing (males)

= Phchp141v2 (female)
= 21 ER Visits for Pain Within 1 Year of Testing (females)
= 0 ER Visit for Pain Within 1 Year of Testing (females)

Fig. 3 Individual patient reports and radar plot. A. Male. B. Female. Reports based on panels of top predictive biomarkers for that gender.
C, D. Radar plots showing the two subjects biomarker panel score and clinical measures, compared to averages in the whole cohort we

studied.

subjects who displayed at least a change in the pain measure
(from VAS 2 and below to 6 and above, and vice-versa) between at
least two consecutive testing visits, to identify differentially
expressed genes that track pain state.

In Step 2 Prioritization, we used a Convergent Functional
Genomics (CFG) approach to prioritize the candidate biomarkers
identified in the discovery step (33% cutoff/internal score of =2
pt.) by using prior published literature evidence (genetic, gene
expression and proteomic), from human and animal model
studies, for involvement in pain (Fig. 1 and Table 1 and S2).
Probesets/ transcripts that had a total score (combined discovery
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score and prioritization score) of 6 and above were carried forward
to the validation step.

In Step 3 Validation, we validated the prioritized candidate
biomarkers for change in an independent cohort of patients with
clinically severe chronic pain as measured by items 21 and 22 from
SF-36 (Figure S1B). We assessed which biomarkers were stepwise
changed in expression from low pain in the discovery cohort to
high pain in the discovery cohort, to clinically severe pain (Fig. 1).

Adding the scores from the first three steps into an overall
convergent functional evidence (CFE) score (Fig. 1), we ended up with
a list of 659 top candidate biomarkers for pain from the microarray
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samples cohorts, and 687 top candidate biomarkers for pain from the
RNAseq samples cohorts, that had a CFE3 score > 8, better than 33%
of the maximum possible score of 24 after the first three steps, which
we decided to use as an empirical cutoff. 56 biomarkers were in
common between the two lists, so were reproducible across multiple
independent cohorts and different gene expression platforms. These
top candidate biomarkers were then tested in Step 4 for clinical
validity/predictive ability in additional independent cohorts, on the
two respective platforms (Fig. 1 and Table 1).

Testing for clinical validity

For each platform (Affymetrix, RNAseq) separately, in Step 4
Testing, we examined in independent cohorts from the ones used
for discovery or validation whether the top candidate biomarkers
after the first three steps can assess high pain states, as well as
predict future emergency room visits due to pain (Fig. 1 and
Table S1), using electronic medical records follow-up data of our
study subjects (up to 17.2 years from initial visit at the time of the
analyses). Similar to what we did for the validation step, the gene
expression data in the test cohorts was normalized (Z-scored) by
gender, before those groups were combined. This permits them to
be combined. We used as predictors biomarker levels information
cross-sectionally, as well as expanded longitudinal information
about biomarker levels and slope at multiple visits. We tested the
biomarkers in all subjects in the independent test cohort, as well
as in a more personalized fashion by gender (Fig. 1).

Convergent functional evidence (CFE)

For the top biomarkers (n = 56), we computed into a convergent
functional evidence (CFE) score all the evidence from discovery
(up to 6 points), CFG prioritization (up to 12 points), validation (up
to 6 points), and testing (predicting state high pain, first year ER
visits for pain, all future ER visits for pain- up to 4 points each if it
significantly predicts in all subjects, 2 points if in gender). The total
score can be up to 36 points: 24 from our own new data, and 12
from literature data used for CFG. We weigh our new data more
than the literature data, as it is functionally related to pain in 6
independent cohorts (discovery, validation, testing x 2 platforms,
microarrays and RNAseq). The goal is to highlight, based on the
totality of our data and of the evidence in the field to date,
biomarkers that have all around evidence: track pain, have
convergent evidence for involvement in pain, as well as predict
pain state and future clinical events (Table 1).

The data from the two platforms was compared and integrated
at the time of Step 4, as described in Methods.

The top blood biomarkers with the strongest overall convergent
functional evidence (CFE) for tracking and predicting pain, after all
four steps, in independent cohorts run on two separate platforms
(Table 1) were, in descending order of combined CFE4 score: CD55
(CD55 Molecule -Cromer Blood Group), PLAUR (Plasminogen
Activator, Urokinase Receptor), RIPOR2 (RHO Family Interacting
Cell Polarization Regulator 2), DENND3 (DENN Domain Containing
3), IL1R1 (Interleukin 1 Receptor Type 1), IRAGT (Inositol 1,4,5-
Triphosphate Receptor Associated 1), MAPK1 (Mitogen-Activated
Protein Kinase 1), PLCG2 (Phospholipase C Gamma 2), RARA
(Retinoic Acid Receptor Alpha), ANXAT (Annexin A1), CLK4 (CDC
Like Kinase 4), CSRNP1 (Cysteine And Serine Rich Nuclear Protein
1), NFE2L2 (NFE2 Like BZIP Transcription Factor 2), RHOA (Ras
Homolog Family Member A), CTSB (Cathepsin B), GZMK (Gran-
zyme K), MAEA (Macrophage Erythroblast Attacher, E3 Ubiquitin
Ligase), RPL31 (Ribosomal Protein L31), RPS24 (Ribosomal Protein
S24), RPSA (Ribosomal Protein SA), TSC22D4 (TSC22 Domain
Family Member 4), GLUL (Glutamate-Ammonia Ligase), ILRUN
(Inflammation And Lipid Regulator With UBA-Like And NBR1-Like
Domains), LILRB3 (Leukocyte Immunoglobulin Like Receptor B3),
MIDN (Midnolin), RFX2 (Regulatory Factor X2), SNCA (Synuclein
Alpha), WASF2 (WASP Family Member 2), CCNL2 (Cyclin L2), CUX1
(Cut Like Homeobox 1), MBNL3 (Muscleblind Like Splicing
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Regulator 3), RPL13A (Ribosomal Protein L13a), BANP (BTG3
Associated Nuclear Protein), FUT7 (Fucosyltransferase 7), MAP2K7
(Mitogen-Activated Protein Kinase Kinase 7), RNF10 (Ring Finger
Protein 10), CEP57 (Centrosomal Protein 57), GIT2 (GIT ArfGAP 2),
MICAL2 (Microtubule Associated Monooxygenase, Calponin And
LIM Domain Containing 2), CD52 (CD52 Molecule), KDM4B (Lysine
Demethylase 4B), MALAT1 (Metastasis Associated Lung Adeno-
carcinoma Transcript 1), NOTCH1 (Notch Receptor 1), RNF123
(Ring Finger Protein 123), SEMA4A (Semaphorin 4A), ELF4 (E74
Like ETS Transcription Factor 4), HES1 (Hes Family BHLH
Transcription Factor 1), SLC6A8 (Solute Carrier Family 6 Member
8), YBX3 (Y-Box Binding Protein 3), NFKB1 (Nuclear Factor Kappa B
Subunit 1), HLA-B (Major Histocompatibility Complex, Class I, B),
MARCHF8 (Membrane Associated Ring-CH-Type Finger 8), MKRN1
(Makorin Ring Finger Protein 1), TRIM58 (Tripartite Motif Contain-
ing 58), CRY1 (Cryptochrome Circadian Regulator 1), and APBA3
(Amyloid Beta Precursor Protein Binding Family A Member 3).

CD55 (Complement decay-accelerating factor), the overall top
biomarker for pain in this study, plays an essential role in regulating
the effect of complement on cell surfaces. Complement activation is
involved in cell death and inflammation. CD55 inactivates it,
preventing inflammation and cell damage. It is decreased in
expression in high pain states in our study, i.e. a “pain -suppressor”
gene, which is consistent then with increased cell destruction and
inflammation. CD55 has previous, convergent evidence for involve-
ment in pain. It is decreased in expression in dorsal root ganglia in
pain in animal model studies [18, 19]. CD55 in our studies modestly
predicts high pain state in all patients in the independent testing
cohort (AUC 59%, p = 0.002). It also modestly predicts future ER visits
for pain in future years in all (OR 1.13, p = 0.007). CD55 is increased in
expression by carbamazepine [20] and dexamethasone [21], which
are used to treat pain, but also by lithium [22], valproate [23],
sertraline [24], and ginseng [25].

Similarly, ANXA1 (Annexin A1), the top increased in expression
biomarker, is a gene that is an effector of glucocorticoid-mediated
responses and regulator of the inflammatory processes. It is
increased in expression in high pain states in our study, i.e. an
“algogene”. ANXA1 has previous, convergent evidence for
involvement in pain. It is increased in expression in dorsal root
ganglia in pain [26], as well as in blood in chronic spinal cord
injury pain and in nocioceptive pain [27]. ANXAT1 in our studies
predicts chronic high pain in all patients in the independent
testing cohort (AUC 66%, p =0.008). ANAX1 is decreased in
expression by lithium [28] and minocycline [29], as well as by
magnesium [30] and omega-3 fatty acids [31].

Biological understanding

Biological pathways. We carried out biological pathway analyses
using the list of top biomarkers for pain (n = 56 genes). The top
pathways were related to neuroinflammation signaling and TNF
cellular response (Table 2A). Inflammatory disorders and ankylos-
ing spondylitis were top diseases identified by the pathway
analyses programs, pointing out to a molecular underpinning for
these well-known clinical co-morbidities (Table 2B).

Networks and interactions. We carried out a STRING analysis
(Figure S3) of the top candidate biomarkers that revealed groups
of interacting proteins. These networks may have biological
significance and could be targeted therapeutically.

Therapeutics

Overall, surprisingly, lithium (42.9%) had the best evidence for
broad efficacy in pain (Table 3A), followed by omega-3 fatty acids
(28.6%) and ketamine (23.2%). Interestingly, two steroids which
can be used in pain, dexamethasone and prednisolone, were
lower (14.3%), then carbamazepine, which is used for neuropathic
pain, was at 10.7%. Acetaminophen and ibuprofen, standard OTC
pain medications, were only at 1.8% each. Omega-3 fatty acids
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(28.6%) was the top nutraceutical and may be a widely deployable
preventive treatment, with minimal side-effects, including in
women who are or may become pregnant.

Best predictive biomarkers

In Step 4, we identified best predictive biomarkers for pain state
and trait (first year, and all future ER visits for pain), using cross-
sectional and longitudinal methodology (Fig. 2). In an additional
Step 5, all the nominally significant biomarkers were re-tested for
ability to predict using the whole population used in the study
(n=1127), to establish generalizability and avoid an overfit to the
testing cohort. The best predictive biomarkers in all, and for each
gender, male and female, can be combined in panels to generate
reports for doctors, as shown in Fig. 3.

DISCUSSION

We describe novel and comprehensive efforts to advance
precision medicine approaches for pain. The top blood biomarkers
were discovered, validated and tested in multiple independent
cohorts, on two different platforms, to evaluate predictive ability
and clinical validity. These biomarkers also open a window into
understanding the biology of pain, as well as indicate new and
more precise therapeutic approaches.

Current clinical practice and the need for biomarkers
Assessing a persons’ internal subjective perceptions and thoughts,
along with more objective external ratings of actions and behaviors,
are used in clinical practice to assess pain. Such an approach is
insufficient, and lagging those used in other medical disorders.
Moreover, individuals do not always report accurately their pain, or the
clinician does not take them seriously, leading to missed opportunities
to intervene and help. Blood biomarkers related to pain, if used as part
of pain-driven clinical visits and even routine primary care annual
exams, would provide a critical objective measurement to inform
clinical assessment, treatment, and ultimately prevention.

Advantages of biomarkers

Blood biomarkers offer real-world clinical practice advantages. As
the brain cannot be readily biopsied in live individuals, and CSF is
less easily accessible than blood, we have endeavored over the
years to identify blood biomarkers for neuropsychiatric disorders,
and for pain. A whole -blood approach facilitates field deployment
of sample collection. The assessment of gene expression changes
focuses our approach on immune cells. The ability to identify
peripheral gene expression changes that reflect brain activities is
likely due to the fact that the brain and immune system have
developmental commonalities, marked by shared reactivity and
ensuing gene expression patterns. There is also a bi-directional
interaction between the brain and immune system. Not all changes
in expression in peripheral cells are reflective of or germane to brain
activity. By carefully tracking a phenotype with our within-subject
design in the discovery step, and then using convergent functional
genomics prioritization, we are able to extract the peripheral
changes that do track and are relevant to the brain activity studied,
in this case pain. Subsequent validation and testing in independent
cohorts narrow the list to the best markers. In the end, we do not
expect to recapitulate in the blood all that happens in the brain. We
just want to have good accessible peripheral biomarkers- “liquid
biopsies”, as they are called in cancer.

Comprehensiveness
Our primary goal was to discover and validate biomarkers for pain,
that are transdiagnostic. Secondarily, we aimed to understand
their universality in all vs. their specificity by gender.

Our studies were arranged in a stepwise fashion. In each of the
two studies, Affymetrix and RNAseq, first we endeavored to
discover blood gene expression biomarkers for pain using a

Molecular Psychiatry (2026) 31:869 — 894

R. Bhagar et al.

longitudinal design, looking at differential expression of genes in
the blood of male and female subjects with major psychiatric
disorders (bipolar disorder, major depressive disorder, schizo-
phrenia/schizoaffective, and post-traumatic stress disorder
(PTSD)), high risk populations prone to pain, which constitute
and enriched pool in which to look for biomarkers. We compared
low pain states to high pain states using a powerful within-subject
design [8, 9, 11, 32], to generate a list of differentially expressed
genes. Second, we used a comprehensive Convergent Functional
Genomics (CFG) approach with the whole body of knowledge in
the field to prioritize from the list of differentially expressed
genes/biomarkers of relevance to pain. CFG integrates multiple
independent lines of evidence- genetic, gene expression, and
protein data, from brain and periphery, from human studies, as a
Bayesian strategy for identifying and prioritizing findings, redu-
cing the false-positives and false-negatives inherent in each
individual approach. Third, we examined if the expression levels of
the top biomarkers identified by us as tracking pain state are
changed even more strongly in blood samples from an
independent cohort of subjects who had chronic pain, to validate
these biomarkers. Fourth, the top candidate biomarkers thus
discovered, prioritized, and validated that converged between the
two studies, were tested for predictive ability in corresponding
independent cohorts of psychiatric subjects. Fifth, they were
tested for overall generalizability in the whole mothership of
samples from the two studies. Lastly we exemplified the use of
panels of biomarkers in reports for physicians, to predict state and
one-year risk, and to match patients to medications and
nutraceuticals. We also demonstrate the bio-socio-psychological
integration of our biomarker scores with clinical rating scales and
subjective self-report (Fig. 3). This series of studies was a
systematic and comprehensive approach to move the field
forward towards precision medicine.

Power

We used a systematic discovery, prioritization, validation, and testing
approach, as we have done over the years for pain and for other
disorders [3, 10, 12, 13, 33, 34]. For discovery, we used a hard to
accomplish but powerful within-subject design. A within-subject
design factors out genetic variability, as well as some medications,
lifestyle, and demographic effects on gene expression, permitting
identification of relevant signal with Ns as small as 1 [32]. Another
benefit of a within-subject design may be accuracy/consistency of
psychiatric symptoms (“phene expression”), as it is the same person
reporting different states. This is similar in rationale to the signal
detection benefits it provides in gene expression.

Based on our work of over two decades in genetics and gene
expression, along with the results of others in the field, we
estimate that using a quantitative phenotype is up to 1 order of
magnitude more powerful than using a categorical diagnosis. The
within-subject longitudinal design, by factoring out all genetic and
some environmental variability, is up to 3 orders of magnitude
more powerful than an inter-subject case-control cross-sectional
design. Moreover, gene expression, by integrating the effects of
many SNPs and environment, is up to 3 orders of magnitude more
powerful than a genetic study. Combined, our approach may be
up to 6 orders of magnitude more powerful than a GWAS study,
even prior to the CFG literature-based prioritization step, which
encompasses all the independent work in the field prior to our
studies, which may add up to 1 order of magnitude as well. In
addition, the Validation and the Testing steps add additional 1
order of magnitude power each. As such, our approach might be
up to 10 orders of magnitude more powered to detect signal than
most current genetic study designs as used in GWAS.

Reproducibility

We reproduced and expanded our earlier biomarker findings [10].
66% of our top 56 biomarkers from the current work were
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identified in the Discovery step our 2019 study, that was smaller
and was done on a single platform, Affymetrix.

Additionally, there is reproducibility of our candidate biomar-
kers from Discovery with findings generated by other indepen-
dent studies as part of the Step 2 Prioritization using Convergent
Functional Genomics (see Table S2). This independent reprodu-
cibility of findings between our studies and these other studies,
which are done in independent cohorts from ours, with
independent methodologies, is reassuring, and provides strong
convergent evidence for the validity and relevance of our
approach and of their approaches. Our work also provides
functional evidence for some of their top genetic hits.

Lastly, after our study was completed, another study came out
that independently identified two of our top biomarkers, RHOA
and ILRUN, as genes involved in low-back pain [35].

Pathophysiology

Top biological pathways have to do with neuroinflammation
signaling, and cellular response to TNF (Table 2A). Pain may be a
whole-body over-reaction in response to an adverse environment.
TNF contributes to pain by enhancing inflammation, sensitizing
pain pathways, and modulating neural responses, peripherally and
centrally. Its role underscores the complex interaction between
the immune system and pain perception. However, treatments
targeting TNF must be approached cautiously due to the
cytokine’s broader roles in immune regulation and potential side
effects.

The majority of top blood biomarkers we have identified have
prior evidence in human data from pain, which indicates their
relevance to the pathophysiology of pain (Table S2). The co-
directionality of blood changes in our work and brain changes
reported in the literature needs to be interpreted with caution, as
it may depend on tissue, etc.

The top candidate biomarkers also had prior evidence of
involvement in other psychiatric and related disorders
(Table 1 and S3, Fig. 1C), providing a molecular basis for co-
morbidity, and the possible predisposing effects of some these
disorders on pain. In particular, direct comparisons with our
previous blood biomarkers studies for other disorders (Fig. 1C)
revealed the most overlap with hallucinations by far. This suggests
that some degree of sensory excess and connection abnormality
occurs, providing a possible basis for nocioplastic pain (persistent
pain after the initial lesion has resolved). There was also a
significant degree of molecular co-morbidity with aging (Table S6),
consistent with the idea that chronic pain may not only reduce
health span but also lifespan.

Phenomenology

We have also looked at subtypes of pain in the subjects from the
discovery cohort while they were in a high pain state. We
identified 16 subtypes, based on two-way unsupervised hierarch-
ical clustering on measures of stress, anxiety, mood and psychosis
(Figure S3). The subtypes with the most subsequent ER visits in the
year following testing tended to have high depression as a
common factor.

Biomarkers vs. scales

In general, the best predictive biomarkers were better than the
rating scales at predicting future ER visits in females, but not in
males (Table S5). This may reflect the fact that these are difficult
phenotypes to assess by clinicians, driven by psycho-social factors
also (see Fig. 3), and reinforces the need for using objective blood
biomarkers to assess pain.

Diagnostics

For the biomarkers identified by us, combining all the available
evidence from this current work into a convergent functional
evidence (CFE) score, brings to the fore biomarkers that have
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clinical validity for objective assessment and risk prediction for
pain (Table 1). These biomarkers should be tested individually as
well as tested as polygenic panels of biomarkers in future clinical
studies and practical clinical applications in the field, as we show
in Fig. 3. They may permit to distinguish, upon an initial clinical
presentation of pain, whether the person is in fact severely in pain
and at chronic risk (Fig. 2). The integration of phenomic data, such
as repeated measures of VAS Pain (perhaps via a phone app in a
daily fashion), can further substantiate and elucidate pain risk,
distinguishing between an intermittent type such as transient
pain, and continuous type such as chronic pain.

Predictions for pain were in general stronger in women than in
men (Table 1 and Fig. 2), by an order of 10-20% points on AUCs.
While some of it may be biological, in terms of immune system
reactivity and brain-blood interplay being perhaps higher in
women, it is also possible that men are not as accurate as women
in terms of reporting pain symptoms (affecting our results on state
predictions), and may seek controlled substances more (affecting
our results on future ER visits predictions). If so, this misreporting
makes the use of objective biomarker tests in men even more
necessary.

In regard to how our biomarker discoveries might be applied in
clinical laboratory settings, we suggest that panels of top
biomarkers for pain be used (Fig. 3). In practice, every new
patient tested would be normalized against the database of
similar patients already tested, and compared to them for ranking
and risk prediction purposes, regardless if a platform like
microarrays, RNA sequencing, or a more targeted one like PCR is
used in the end clinically. As databases get larger, normative
population levels can and should be established, similar to any
other laboratory measures. Moreover, longitudinal monitoring of
changes in biomarkers within an individual, measuring most
recent slope of change, maximum levels attained, and maximum
slope of change attained in the past, may be even more
informative than simple cross-sectional comparisons of levels
within an individual with normative populational levels, as we
have shown in our studies. For future point of care approaches,
research and development should focus on top individual
biomarkers, including at a protein level. One might look at a
combination of the best universal biomarkers (that are predictive
in all), for reliability, and of the best personalized biomarkers (that
are predictive by gender, and even diagnosis), for higher accuracy.

Treatment
Biomarkers may also be useful for matching patients to
medications and measuring response to treatment (pharmacoge-
nomics) (Fig. 3, Table 3A and S4), as well as new drug discovery
clinical trials, and drug repositioning (Table 3B). From the
pharmacogenomics analyses, lithium was a top hit, second were
omega-3 fatty acids. Other interesting matches were ketamine,
magnesium, vortioxetine. All these drugs and nutraceuticals are
relatively safe if used appropriately, and have been used in clinical
practice for other indications for decades, which facilitates the
direct translation to clinical practice of our findings. The fact that
medications currently used for the treatment of pain were lower
on the list is striking, and suggests there is room for improvement.
Drug repurposing analyses identified betablockers such as
carvedilol, immune suppressants such as sirolimus (rapamycin),
steroids such as budesonide, and versatile antipsychotics such as
quetiapine, as potential choices, as well as nutraceuticals such as
berbamine, inositol, naringein, and curcumin (Table 3B).

CONCLUSIONS

In this current work, we carried out extensive blood gene
expression studies in male and female subjects with major
psychiatric disorders, an enriched population in terms of co-
morbidity with pain- neuropathic, nocioceptive, and nocioplastic.

Molecular Psychiatry (2026) 31:869 — 894



The potential molecular-level co-morbidity between psychiatric
disorders and pain is underlined by the fact that medications for
anxiety and mood disorders (anticonvulsants, antidepressants) are
also used to treat pain. The novel potential utility of lithium was
highlighted by our studies. Our work also uncovered a molecular
overlap with hallucinations (Fig. 1C), and the potential utility of
quetiapine, and antipsychotic. Second was an overlap with stress,
and the potential utility of a beta-blocker, carvedilol. These last
two findings may be relevant to nocioplastic pain, a particularly
pernicious and refractory type of pain.

Overall, this work is a major step forward towards better
understanding, diagnosing, and treating pain. Taken together, our
data supports the possibility that biologically, pain is a disorder of
over-reactivity, acute and in some cases persistent, even after the
initial physical trauma has gone. This is analogous to, and in fact
overlapping with, psychological trauma and PTSD. Stress needs to
be actively addressed and mitigated in high-risk individuals and
circumstances, in both men [36], and women [37]. We hope that
our trait biomarkers for future risk may be useful in preventive
approaches, before full-blown chronic pain manifests itself (or re-
occurs). The two cases of subjects who completed out testing and
we generated reports on illustrates the power of our approach to
identify risk (Fig. 3). Prevention could be accomplished with
biological interventions (i.e., early targeted use of medications or
nutraceuticals), physical pre-habilitation, and psychological sup-
port for stress. Given the fact that pain disorders are on the
increase in the US and worldwide, that pain can severely affect
quality of life and lead to shortened lifespans, that not all patients
respond to current treatments, and that some of the current
treatments, particularly opioids, are addictive, the need for and
importance of efforts such as ours cannot be overstated.
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