
Background: Because of the subjective nature of current pain assessments, limited efficacy of 
treatment options and risks associated with opioid abuse and diversion, the need for objective 
data to assist with chronic pain management has never been greater. Successful identification 
of mechanistic biomarkers would not only improve our understanding and ability to accurately 
diagnose pain disorders but would also facilitate the development of disease-modifying pain drugs.

Objectives: The objective of this study was to determine and evaluate the prevalence of abnormal 
biomarker findings in a population of patients with chronic pain.

Study Design: Retrospective, observational study.

Setting: Data analysis of biomarker test results was performed at a single industry site (Ethos 
Research & Development, Newport, KY) from clinical samples collected and analyzed from July to 
December 2018.

Methods: A novel, pain-specific biomarker test panel that evaluates biomarkers of systemic 
inflammation, oxidative stress, neurotransmitter turnover, and micronutrient status was employed 
to determine the prevalence of abnormal findings in 17,834 unique patient samples analyzed 
at a national reference laboratory (Ethos Laboratories, Newport, KY). Patient biomarker results 
were considered abnormal if they were outside of the 95% confidence interval reference ranges 
established using a healthy population of donors who had no history of chronic pain or opioid use.

Results: A total of 77% of patients with chronic pain exhibited at least one abnormal biomarker 
result (n = 13,765). The most common abnormal biomarker finding was elevated quinolinic acid, 
which was observed in 29% of patients (n = 5,107). Elevated pyroglutamate, indicative of glutathione 
depletion, was observed in 19% of patients (n = 3,314). Elevated xanthurenic acid, indicative of vitamin 
B6 insufficiency, was observed in 17% of patients (3,025). Elevated levels of the acrolein metabolite 
3-hydroxypropyl mercapturic acid were observed in 21% of patients (n = 3,667). Elevated methylmalonic 
acid, indicative of a vitamin B12 deficiency, was observed in 10% of patients (n = 1,827), whereas 
abnormally low levels of neurotransmitter metabolites were observed in 8% of patients (n = 1,456). 

Limitations: Medications and/or conditions other than those associated with chronic pain were 
not evaluated as potential causes of abnormal biomarker findings. 

Conclusions: A novel biomarker assay that measures objective correlates to the neurobiological 
processes underlying chronic pain reveals a high prevalence of atypical biochemistry in a population 
of patients with pain. Abnormal biomarker findings presented here provide objective support 
for the role of cytokine-mediated inflammation, oxidative stress, abnormally low production of 
neurotransmitters, and micronutrient deficiencies in the development or worsening of chronic 
pain. This unique panel of functional pain biomarkers provides practitioners with novel, objective 
insight into the underlying causes of pain, which will pave the way for truly personalized pain 
medicine. Correcting abnormal biomarker findings with targeted, nonopioid therapies to improve 
patient function and alleviate pain potentially could lessen the opioid burden and drastically reduce 
health care costs.
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able. Rather, the search for pain biomarkers is focused 
on identifying objective, measurable correlates to the 
neurobiological processes underlying painful condi-
tions, with the aim of enabling chronic pain diagnoses 
and treatments to be based on underlying pathophysi-
ological mechanisms rather than symptomology (5-7). 
Successful identification of mechanistic biomarkers of 
pain (markers that reveal which pathophysiological 
mechanism is responsible for the pain) would not only 
improve our understanding and ability to accurately 
diagnose pain disorders, but could also pave the way 
for the development of disease-modifying pain drugs. 
Objective biomarkers are the core elements of person-
alized medicine, and the identification and validation 
of markers to assist with the diagnosis and treatment 
of chronic pain would significantly reduce health care 
costs worldwide. Although the successful identifica-
tion of any pain-specific biomarker signifies an ad-
vancement in our understanding of pain pathophysi-
ology, the most important and impactful biomarkers 
are those that can be modulated to change the course 
of disease. 

The biomarker test panel used for this retrospec-
tive analysis evaluates markers of essential micronu-
trients critical for nerve health, chronic inflammation, 
oxidative stress/damage, and neurotransmitter turn-
over (Table 1). Abnormalities may provide information 
about possible origins of neuropathic pain, inflamma-
tory pain, and altered pain perception. Each biomarker 
is directly linked to a pain relevant pathway, such that 
abnormal results may reveal the biochemical basis for 
a patient’s pain and indicate treatment strategies. Ab-
normal blood or urinary levels of these functional pain 
biomarkers can be corrected with safe, cost-effective 
therapies, which will increase the likelihood of success-
ful and prolonged pain management. 

Methods

Biomarker test results from 17,834 unique patients 
receiving opioids for the management of chronic pain 
were analyzed to determine the prevalence and clinical 
significance of abnormal findings. Patient test results were 
interpreted using reference ranges established at a large 
commercial laboratory (Ethos Laboratories, Newport, KY). 
Reference ranges for each biomarker included in this test 
panel were established using methods described in the 
Clinical and Laboratory Standards Institute’s document 
Defining, Establishing and Verifying Reference Intervals 
in the Clinical Laboratory; Approved Guideline – Third 
Edition (C28-A3) (November, 2008). Specifically, refer-

RRecent reviews indicate that total societal costs 
of chronic pain in the United States range 
from $560 to $635 billion annually. The cost 

of chronic pain due to direct medical treatments and 
lost productivity represents a greater economic burden 
than many of the nation’s priority health conditions, 
such as heart disease, cancer, and diabetes (1). Despite 
the soaring costs of treating chronic pain, complete 
relief is uncommon due to efficacy limitations of 
current treatments. Subjective ratings have played a 
key role in the diagnosis and treatment of pain, which 
is complicated by the profound individual differences in 
sensitivity and may complicate diagnosis and treatment 
(2). Because of the subjective nature of current pain 
assessments, limited efficacy of treatment options, 
and risks associated with opioid abuse and diversion, 
the need for objective data to assist with chronic 
pain management has never been greater. Although 
substantial advances in our understanding of chronic 
pain pathophysiology have been made in recent 
decades, most of the research has identified relevant 
biochemical pathways and/or biomarkers with the aim 
of developing novel pain therapies. Although these 
research efforts will most certainly prove beneficial to 
the pain community in years to come, it is imperative 
that clinical laboratories move toward developing pain-
specific laboratory evaluations, which allow physicians 
to objectively identify underlying causes of chronic 
pain. 

By definition, a biomarker is a characteristic that 
is objectively measured and evaluated as an indicator 
of normal biological processes, pathogenic processes, 
or pharmacologic response to a therapeutic interven-
tion (3). Biomarkers are employed across most medi-
cal specialties for purposes including but not limited 
to identifying patients at risk of developing disease, 
disease diagnosis, prognosis, evaluation of treatment 
response, and early stage drug development. Certain 
types of biomarkers are even employed as surrogate 
endpoints for clinical trials. Given the biopsychosocial 
complexity of chronic pain and the frequency of co-
morbid diagnoses related to depression and anxiety, 
it is not surprising that biomarker discovery related to 
physical pain has lagged behind other specialties in 
recent decades. Some researchers have even contested 
the validity of the search and concluded that finding 
biomarkers for pain is a sheer impossibility as pain, by 
definition, is a subjective experience (4). Most, if not 
all, clinical researchers would agree that the experience 
of pain is always subjective and will never be quantifi-
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ence intervals were adopted from accredited institutions 
who had performed large scale studies (minimum of 120 
healthy donors) and were internally evaluated to confirm 
applicability to both our patient population and our ana-
lytic methodologies. Internal evaluation was performed 
by collecting samples from healthy, pain-free donors and 
establishing 95% double-sided, confidence intervals to 
compare directly to adopted reference ranges. Reference 
intervals determined internally closely resembled those 
ranges adopted from other institutions, and for several 
analytes the 2 intervals were almost identical (i.e., 95% 
confidence interval determined from internal donor 
samples was almost identical to reference interval em-
ployed by other laboratories). For analytes in which small 
differences existed at either end of the interval, internally 
determined 95% confidence intervals were employed as 

reference intervals to eliminate the possibility of variation 
due to different analytic methodologies. Reference inter-
vals for each biomarker are presented in Table 2. 

Results

Patient biomarker profiles were interpreted using 
established reference intervals presented in Table 2. 
Table 2 also details the mean, standard deviation, and 
range of observed values for each biomarker across 
the 17,834 unique patient samples. Analysis of the ob-
served ranges for each biomarker provides important 
quantitative insight into the severity of some of the ab-
normal biomarker findings in this patient population. 
Distribution of abnormal findings across all biomarkers 
can be seen in Fig. 1.

Retrospective analysis of the 17,834 biomarker 

Table 1. Functional Biomarkers of  Pain Test Panel offered by Ethos Labs (Newport, KY).

Biomarker Abnormal Result Indicates Biomarker Class

Methylmalonic acid Intracellular Vitamin B12 deficiency Nerve Health

Xanthurenic acid Intracellular Vitamin B6 deficiency Nerve Health

Homocysteine Deficiencies of Folate, Vitamin B6 or B12 Nerve Health

3-HPMA Acrolein exposure Nerve Health

Quinolinic acid Brain Kynurenine Pathway and NMDA agonization Inflammation

Kynurenic acid Aids interpretation of Xanthurenic acid and Quinolinic acid Inflammation

Pyroglutamate Glutathione response capacity Oxidative stress

Hydroxymethylglutarate Coenzyme Q10 deficiency Oxidative stress

Ethylmalonic acid Carnitine and/or Vitamin B2 deficiency Oxidative stress

5-Hydroxyindoleacetate Serotonin turnover Neurotransmitter status

Vanilmandelate Epinephrine & Norepinephrine turnover Neurotransmitter status

Table 2. 95% confidence interval reference ranges, mean ± SD and observed ranges of  biomarker values in 17,834 unique patient 
samples. Reference intervals were established using healthy control subjects who had no history of  chronic pain or opioid use.

Biomarker
Reference Interval 
(µg/mg creatinine)

Pain Population

Mean ± SD Range

Methylmalonic acid 0 – 2.3 1.3 ± 2.0 0 – 180

Xanthurenic acid 0 – 0.63 0.4 ± 0.3 0.01 – 7.95

Homocysteine 0 – 1.3 0.8 ± 1.3 0 – 83

3-HPMA 0 – 2.4 1.4 ± 2.1 0 – 53.7

Quinolinic acid 0 – 6.3 5.6 ± 3.0 0.6 – 71.5

Kynurenic acid 0 – 2.0 1.7 ± 0.9 0 – 14.4

Pyroglutamic acid 8 – 40 31.4 ± 16.9 0 – 698

Hydroxymethylglutarate 0 – 5.1 3.3 ± 1.8 0 – 68.5

Ethylmalonic acid 0 – 6.3 3.7 ± 3.2 0.1 – 105.4

5-Hydroxyindoleacetate ≥ <1.6 3.9 ± 7.61 0.1 – 827.7

Vanilmandelate ≥ <0.8 3.2 ± 1.5 0.1 – 19.6
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profiles revealed that 77% (n = 13,765) of patients 
exhibited at least one abnormal pain biomarker. El-
evated quinolinic acid was the most common abnor-
mal finding among the patient population with 29% 
(n = 5,107) exhibiting levels above the upper end of 
the established reference range. Another metabolite 
of the kynurenine pathway (KP), kynurenic acid, was 
elevated in 27% (n = 4,823) of patient samples, which 
further supports the role of an activated KP in the eti-
ology of chronic pain. Elevated levels of the acrolein 
metabolite 3-hydroxypropyl mercapturic acid were 
detected in 21% (3,667) of patients. Elevated levels of 
pyroglutamate, indicative of glutathione depletion, 
were detected in 19% (n = 3,314) of patients. Elevated 
levels of xanthurenic acid, indicative of a vitamin B6 

insufficiency, was detected in 17% (n = 3,025) of pa-
tients, whereas 10% (n = 1,827) of patients exhibited 
elevated levels of methylmalonic acid indicating a 
vitamin B12 deficiency. Metabolites of the pain-mod-
ulating neurotransmitters serotonin (5-hydroxyindole-
acetate) and norepinephrine (vanilmandelate) were 
determined to be abnormally low in 8.2% (n = 1,456) 
of patients indicating a decreased rate of synthesis/
turnover. The clinical relevance of decreased serotonin 
synthesis/turnover in the presence of elevated quino-
linic acid will be discussed in detail later. Prevalence 
of abnormal findings for each of the 11 biomarkers 
included in Ethos Laboratories proprietary panel are 
presented in Table 3. 

Fig. 1. Scatterplots of  abnormal biomarker results among patients with chronic pain. MMA, methylmalonic acid; HCYS, 
homocysteine; XAN, xanthurenic acid; PGA, pyroglutamic acid; VMA, vanilmandelate; 5-HIAA, 5-hydroxyindoleacetate; QA, 
quinolinic acid; KYNA, kynurenic acid; HMG, hydroxymethylglutarate; EMA, ethylmalonic acid; 3-HPMA, 3-hydroxypropyl 
mercapturic acid. All data points represent biomarker results that were outside the 95% confidence interval reference ranges.
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Discussion

Our retrospective review of 17,834 pain biomarker 
profiles indicates a high prevalence of atypical bio-
chemistry in patients with chronic pain. The importance 
of these findings cannot be overstated as each abnor-
mal biomarker finding represents a possible underlying 
cause or worsening of chronic pain symptoms. Objec-
tive data directly implicating specific biochemical path-
ways, perturbed metabolic function, or micronutrient 
deficiencies as causes of pain would provide physicians 
with novel options for personized, nonopioid pain 
treatments. 

Our analysis strongly implicates the KP (Fig. 2) and 
its various neuroactive metabolites in the etiology of 
chronic pain. The KP is significantly upregulated in re-
sponse to inflammation, and as a result, elevated levels 
of KP metabolites serve as sensitive markers of chronic, 
systemic inflammation. This critical pathway, which 
has previously been shown to play a central role in the 
comorbidity of pain and depression (8), impacts the 
development and severity of pain via 2 main mecha-
nisms. First, upregulation of this pathway results in a 
decreased production of serotonin as both pathways 
use tryptophan as a substrate. Decreased levels of se-
rotonin not only lead to depression but also diminish 
the activity of descending inhibitory pain pathways 
that, under normal serotonin supply, act to inhibit 
pain (9-14). Second, upregulation of the KP increases 
circulating levels of quinolinic acid, which contributes 
to heightened nociception and an increased susceptibil-
ity to neurotoxicity via its interaction with glutamate 
receptors (15). Quinolinic acid is therefore not only a 
sensitive marker of systemic inflammation, but also a 

bioactive modulator of pain perception owing to its 
action on N-methyl-D-aspartate receptors linked to 
nociceptor systems. In our retrospective analysis, 29% 
of patients being treated for chronic pain had elevated 
levels of quinolinic acid.

Further supporting the role of an upregulated 
KP in the etiology of chronic pain was the finding 
that 27% of patients had elevated levels of kynurenic 
acid, and 17% had elevated levels of xanthurenic acid. 
Xanthurenic acid is a sensitive marker of vitamin B6 
(pyridoxine) status. It is a byproduct of the hepatic KP 
that is strongly dependent on adequate pyridoxal phos-
phate, the active form of vitamin B6. Vitamin B6 is an 
essential vitamin required for the synthesis of proteins 
(including neurotransmitters such as serotonin and nor-
epinephrine), the formation and integrity of the nerve 
insulating myelin sheath, the production of antiinflam-
matory mediators, and immune system function. A de-
ficiency of vitamin B6 can cause peripheral neuropathy, 
migraine, chronic pain, depression, seizures, and other 
neuropsychiatric disorders (16-18). 

Another key finding in this retrospective analysis 
was the prevalence of elevated pyroglutamate in 
patients with chronic pain. Elevated levels of pyroglu-
tamate indicate glutathione depletion, which renders 
nerve cells susceptible to oxidative damage. Glutathi-
one represents the most integral component of our 
natural antioxidant defense system, and optimal levels 
are critical for combatting oxidative stress and ensuring 
cell survival. The central role of oxidative stress in the 
development, maintenance, and worsening of periph-
eral neuropathy is widely recognized, and more recent 

Table 3. Prevalence of  abnormal biomarker findings in 17,834 unique patient samples.

Biomarker
Prevalence of  

Abnormal Results
Interpretation of  Abnormal Result

Methylmalonic acid 10% Vitamin B12 deficiency

Homocysteine 11% Vitamin B6/B9 or B12 deficiency

Xanthurenic acid 17% Vitamin B6 deficiency

3-HPMA 21% Acrolein exposure

Quinolinic acid 29% Chronic inflammation mediated by pro-inflammatory cytokines

Kynurenic acid 27% Chronic inflammation mediated by pro-inflammatory cytokines

Pyroglutamate 19% Glutathione depletion

Hydroxymethylglutarate 11% Coenzyme Q10 deficiency

Ethylmalonic acid 10% Carnitine/Vitamin B2 deficiency

5-Hydroxyindoleacetate 7.4% Decreased synthesis/turnover of serotonin

Vanilmandelate 0.8% Decreased synthesis/turnover of norepinephrine
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studies have even identified free radicals as key play-
ers in the production of pain and the lowering of local 
nociceptor thresholds, leading to hyperalgesia (19-21). 
Studies have also illustrated a direct link between levels 
of oxidative stress and the resulting susceptibility of 
skeletal muscle to fatigue and pain (19). As the body 
of literature describing the role of oxidative stress in 
chronic pain conditions continues to grow, the capac-
ity to maintain glutathione responses becomes a more 
crucial factor for the successful and prolonged manage-
ment of pain. This is especially true for patients who 
take regular doses of acetaminophen, as the toxic me-
tabolite of acetaminophen, N-acetyl-p-benzoquinone 
imine (NAPQI), is detoxified by glutathione. In the 

Fig. 2. The KP of  tryptophan catabolism. 
Proinflammatory cytokines including 
interferon gamma and TNF-α significantly 
upregulate the indoleamine 2,3-dioxygenase 
involved in the first step of  the KP. 
Inflammation mediated upregulation of  this 
enzyme results in increased catabolic turnover 
of  tryptophan leading to accumulation 
of  KP metabolites, which simultaneously 
reduces the amount of  tryptophan available 
for the synthesis of  serotonin.

absence of sufficient levels of glutathione, NAPQI will 
combine with structural proteins leading to toxicity and 
hepatic damage. The depletion of glutathione by NAPQI 
is widely underrecognized as a source of glutathione 
depletion in patients with pain. Evaluating glutathione 
status and replenishing deficiencies to decrease the 
susceptibility of cells to further oxidative damage can 
be achieved safely and cost-effectively. 

Retrospective analysis also revealed intracellular vi-
tamin B12 deficiencies in 10% of patients. Vitamin B12 
status is an especially important consideration for pain 
practitioners, as deficiencies of this essential vitamin 
can cause demyelination of nerves leading to painful 
neuropathies, axonal death, and subacute combined 
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degeneration of the spinal cord (22). Low levels of 
vitamin B12 have been linked to polyneuropathy, tri-
geminal neuralgia, migraine, depression, mania, optic 
nerve atrophy, neuropsychiatric disorders, and various 
functional disabilities (23-27). 

Risk factors for vitamin B12 deficiency include the 
use of medications such as proton pump inhibitors, 
H2-receptor antagonists, metformin, colchicine, chole-
styramine, and frequent or long-term use of anticon-
vulsants and/or antibiotics (24). Gastric surgery, intes-
tinal bacterial overgrowth, hypothyroidism, diabetes, 
and aging represent other risk factors for vitamin B12 
deficiency. Because of the large number of medications 
(both prescription and over-the-counter), medical con-
ditions and lifestyle choices that can precipitate vitamin 
B12 deficiency, combined with the ease, cost, and effec-
tiveness of replacement therapy, widespread screening 
is recommended within the chronic pain population. In 
addition to replenishing vitamin B12 stores, treatment 
with various forms of cobalamin has been shown to 
provide pain relief, alleviate pain behaviors, improve 
nerve conduction, and exert neuronal protection by 
promoting regeneration of injured nerves and antago-
nizing glutamate-induced neurotoxicity (28-33). 

The metabolic and nutritional abnormalities ob-
served in this study provide novel insights into the un-
derlying biochemistry of chronic pain disorders and may 
help to explain the refractory nature of many chronic 
pain conditions as these biochemical abnormalities 
are not the target of current pain therapies. The high 
prevalence of perturbed biochemical patterns in this 
patient population raises several important questions: 
(1) Could these metabolic and nutritional abnormalities 
represent objective drivers of pain? (2) Could correcting 
abnormal findings result in significant improvement in 
pain or quality of life measures? (3) Could medication(s) 
be playing a role in the development of these metabolic 
and nutritional abnormalities given the high preva-
lence in this patient population? Although the first 2 
questions will be the subject of subsequent investiga-
tions, the third question warrants consideration in the 
current discussion. The consideration of whether pain 
medications may cause or precipitate some of the bio-
chemical abnormalities observed here does not subtract 
from the importance of these findings as the perturbed 
biochemical state can still act to worsen existing pain 
regardless of the cause (i.e., medication precipitated vs. 
diet/lifestyle), and should therefore still be considered a 
target for therapy/modulation. It is, however, important 
to consider such possibilities given the high prevalence 

of abnormal findings in a population of patients who 
are all prescribed opioid-based medications. Discover-
ing “off-site” effects of opioids could shed light on the 
complex mechanisms of neurobiological phenomena, 
such as hyperalgesia if it were to be determined for 
example that opioids upregulate the KP leading to the 
accumulation of the neurotoxic metabolites such as 
quinolinic acid. To our knowledge, there have been no 
studies assessing the direct impact of opioids on circu-
lating levels of KP metabolites, however, opioids have 
been shown to participate in neuroimmune signaling 
through toll-like receptors that, when activated, can 
stimulate the KP (34-38).

Also worthy of discussion is the relationship be-
tween elevated pyroglutamate (observed in 19% of 
patients) and the use of medications containing ac-
etaminophen. Not only does acetaminophen directly 
deplete glutathione through conjugation reactions, 
but its metabolism and excretion also deplete glycine 
and the sulfur-containing amino acids that are required 
for glutathione synthesis (39). The depletion of gluta-
thione during acetaminophen metabolism and excre-
tion is widely underrecognized as a source of oxidative 
stress, and its relevance to pain management cannot 
be overstated because of the widespread use of acet-
aminophen containing medications. 

Objective and robust correlates to the underlying 
neurobiology of chronic pain disorders would provide 
health care practitioners with novel information to as-
sist with the diagnosis, treatment, and monitoring of 
chronic pain. The biomarkers introduced in this study 
provide objective information on metabolic and nu-
tritional abnormalities that can cause or worsen pain. 
Perhaps the most exciting component of the biomarker 
patterns observed in this patient population is the 
fact that all of the aforementioned abnormalities can 
be corrected with targeted nutraceutical administra-
tion. Although abnormal biomarker findings along 
pathways related to chronic inflammation and neu-
rotransmitter synthesis may be somewhat expected in 
this patient population, the prevalence and severity of 
micronutrient deficiencies and oxidative stress markers 
provide unique avenues of future adjuvant treatment 
strategies for the management of pain. Furthermore, 
future, prospective studies will aim to refine biomarker 
signatures in patient cohorts based on specific chronic 
pain diagnoses (i.e., type/location of pain) and preexist-
ing or comorbid primary disease to further elucidate 
the role of these important biomarkers in the diagnosis, 
treatment, and monitoring of chronic pain. 
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