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Abstract

Chronic low back pain (CLBP) is often treated with opioid analgesics (OA), a class of medications associated with a

significant risk of misuse. However, little is known about how treatment with OA affect the brain in chronic pain patients.

Gaining this knowledge is a necessary first step towards understanding OA associated analgesia and elucidating long-term

risk of OA misuse. Here we study CLBP patients chronically medicated with opioids without any evidence of misuse and

compare them to CLBP patients not on opioids and to healthy controls using structural and functional brain imaging. CLBP

patients medicated with OA showed loss of volume in the nucleus accumbens and thalamus, and an overall significant

decrease in signal to noise ratio in their sub-cortical areas. Power spectral density analysis (PSD) of frequency content in the

accumbens’ resting state activity revealed that both medicated and unmedicated patients showed loss of PSD within the

slow-5 frequency band (0.01–0.027Hz) while only CLBP patients on OA showed additional density loss within the slow-4

frequency band (0.027–0.073Hz). We conclude that chronic treatment with OA is associated with altered brain structure

and function within sensory limbic areas.
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Introduction

Chronic low-back pain (CLBP) is a leading cause of dis-

ability worldwide and its prevalence is on the rise.1–3 OA
are commonly prescribed for the management of

CLBP4,5 and the most frequent indication for the use

of prescription opioids in primary care settings6 is for

CLBP. Opioids pose a high risk for addiction because

their analgesic effects are mediated primarily via binding
to the m-opioid receptor.7 Once started on these medica-

tions, CLBP patients frequently continue using opioids

for years8 and long-term opioid use for non-cancer pain

dose-dependently increases the risk of overdose, misuse,
and addiction.9–13 The misuse of prescription opioids

contributes significantly to the public health crisis that

we now face.14–16 In fact, a majority of today’s heroin

abusers were introduced to opioids via medical prescrip-

tions.17 Despite their widespread use and associated
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morbidity/mortality, an understanding of how opioids
affect brain circuitry in chronic pain patients is lacking.
Such knowledge is crucial for a full understanding of the
neurobiology of opioid addiction and identifying predic-
tors of the risk of opioid misuse and addiction.

Short-term administration of increasing doses of OA
in healthy humans undergoing fMRI shows that the
limbic brain (amygdala, para-hippocampal area, and
anterior insula) is exquisitely sensitive to low doses of
opiates,18 while higher doses decrease the perception of
acute pain with a corresponding decrease in brain activ-
ity in the thalamus, primary and secondary somatosen-
sory areas, insula, and anterior cingulate cortex
(ACC).18–20 Collectively, these areas are consistently
active in response to acute pain.21–23

However, the effects of chronic m-opioid agonists on
brain activity, network topology, and structure in chron-
ic pain patients are largely unknown. Younger et al.24

studied the brain structure in 10 CLBP patients before
and one month after the administration of morphine and
identified a decrease in amygdala volume and increase in
the ACC, hypothalamus and prefrontal cortex volumes
relative to placebo. Martucci et al.25 investigated the
effect of OA on reward-related decision making and
brain circuitry in a cohort of fibromyalgia patients
taking a stable dose of OA. Interestingly, they observed
that the brain response during reward anticipation in
medicated patients was not different from that of
healthy controls in the nucleus accumbens and medial
prefrontal cortex. Only unmedicated patients showed
abnormal responses to reward anticipation in the
medial prefrontal cortex. These results, unexpectedly,
demonstrate a “normalization” of neural responses to
rewarding stimuli in chronic pain patients medicated
with OA.

In this article we study the brain structure and func-
tion of CLBP patients medicated with OA with no evi-
dence of misuse and compare them to unmedicated
CLBP patients and healthy controls. Given that the
limbic system is rich in opioid receptors26–32 and
the recent evidence supporting the critical role of the
limbic system in chronic pain,33–36 our starting hypoth-
esis was that the limbic brain of medicated patients
should be significantly altered compared to non-
medicated patients and healthy controls.

Material and methods

Participants

Eleven chronic low-back pain patients treated with
opioid analgesics (CLBP-op), 30 chronic low-back pain
patients not medicated with opioid analgesics (CLBP-
no-op), and 30 healthy controls (HC) participated in

this study. All CLBP patients reported low back pain

of at least 30 out of 100 on the visual analogue scale

(VAS; 0–100, where 100¼maximum imaginable pain

and 0¼ no pain) for at least 1 year. All CLBP-op

patients were prescribed OA by their physicians for at

least 1 year, except one patient who had been taking

them for 4months at the time of the study. Patients’

prescription were confirmed online using the

Connecticut Prescription Monitoring and Reporting

System (https://connecticut.pmpaware.net/login).

Participants were excluded if they reported aberrant

drug taking behavior at the intake visit, pain at other

locations, systemic illnesses, psychiatric diseases, history

of traumatic brain injury, or if they tested positive on a

urine toxicology test for drugs other than opioid analge-

sics. All patients reported no or less than mild depression

(i.e. Beck’s Depression Inventory (BDI) scores between

14 and 19) except 3 CLBP-op and 3 CLBP-no-op

patients who reported moderate depression (BDI � 28;

see Table 1 for complete demographic and clinical data).

All participants signed a consent form for the study

which was approved by the Yale University

Institutional Review Board.

Magnetic resonance imaging

Participants underwent an anatomical T1-weighted scan

and two-consecutive 6-minute long resting-state func-

tional (fMRI) scans. All imaging data was collected on

a Siemens 3T Trio magnet equipped with a 32-channel

head-coil. The T1-weighted acquisition used a 3D

MPRAGE sequence with the following parameters:

TR/TE¼ 1900/2.52ms, flip angle ¼9�, matrix¼ 256 x

256 with 176-1mm slices acquired in the same orienta-

tion as the functional data. During the functional scans,

participants were asked to stare at a fixed cross hair. The

fMRI sequence had the following parameters: TR/

TE¼ 1000/30.0ms, flip angle¼ 60�, matrix¼ 110 x 110

x 60 with 2-mm isotropic voxels, and an acceleration

factor of 4.

Subcortical volume calculations

Structural data were analyzed with the standard auto-

mated processing stream of the Functional Magnetic

Resonance Imaging of the Brain’s (FMRIB) software

library (FSL), version 5.0.10, which shows high reliabil-

ity across laboratories.37 The processing sequence

includes skull removal, a two-stage linear subcortical

registration, and segmentation using FMRIB’s

Integrated Registration and Segmentation Tool

(FIRST).38 The volumes of the right and left nucleus

accumbens (NAc), amygdala, hippocampus and thala-

mus were calculated for each participant and normalized
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to standard Montreal Neurologic Institute (MNI) space.

The normalization coefficient was calculated using

FSL’s SIENAX.39 Quality control included: (i) visual

inspection of subcortical segmentation to identify gross

mismatches between underlying anatomy and FIRST

output; (ii) identification and exclusion of outliers

defined using Tukey’s method;40 and (iii) comparison

of signal-to-noise ratio (SNR) within each subcortical

structure across groups. SNR was calculated as the

mean signal within a certain structure minus the mean

signal outside the brain divided by the standard devia-

tion of the signal outside the brain. Outliers were defined

independently for each structure. One participant’s data

was excluded as such; importantly, removing this indi-

vidual did not change our statistical results.

Functional MRI preprocessing

Two 6-minute long resting-state fMRI scans were

acquired consecutively while participants stared at a

fixed cross hair. The preprocessing of each participant’s

fMRI time series was performed using FSL’s Expert

Analysis Tool (FEAT). Preprocessing included skull

removal using Brain Extraction Tool (BET), motion cor-

rection,41 band pass filtering (0.008–0.2Hz), and spatial

smoothing (5-mm full width at half maximum Gaussian

blur). Several sources of spurious variance were removed

from the data with linear regression. The 6 parameters

obtained by rigid head motion correction along with

their temporal derivatives and 10 components derived

from noise regions of interest (ROIs) were regressed

out from the data. The latter components were identified

following an anatomical approach as described previ-

ously.42 Briefly, cerebrospinal fluid and white matter

average time series were extracted from each subject’s

fMRI data based on masks derived from the high-

resolution anatomical image using FSL’s FAST.43

Next, principal component analysis was applied to

obtain the first 5 white matter and first 5 CSF compo-

nents. After preprocessing, the functional scans were

registered into the MNI space. Registration to high res-

olution structural and/or MNI images was carried out

using FLIRT.41,44 Registration from high resolution

structural to MNI space was then further refined using

FNIRT nonlinear registration.45

Table 1. Demographic and clinical variables.

HC CLBP-no-op CLBP-op P-value*

Age (years) 31.1� 1.9 31.7� 2.5 51.8� 3.2 <10�5

Sample size (Females) 30 (14 F) 30 (17 F) 11(7 F) 0.48

Pain Duration (years) – 5.4� 1.0 11.9� 1.6 <0.01

VAS – 46.8� 3.2 69.1� 5.2 <10�3

BDI 2.4� 1.1 6.9� 1.1 11.7� 1.8 <10�3

BAI 3.1� 1.8 9.3� 1.8 14.2� 2.9 <0.01

MME – 0 30.9� 11.6 –

PCS – 14.7� 1.9 26.2� 3.6 <0.05

NPS – 34.4� 2.7 40.4� 5.1 0.36

Abbreviations: BAI, Beck’s anxiety index; BDI, Beck’s depression index; MME, morphine milliequivalents; NPS, neuropathic pain scale; PCS, pain cata-

strophizing scale; VAS, visual analogue scale. *, results of ANOVA, group effects.

Figure 1. Sub-cortical volumes in CLBP patients. CLBP-op
patients chronically treated with opioids show significantly smaller
nucleus accumbens and thalamus volume (p-value was obtained
from GLM analysis, corrected for age, gender and intracranial
volume). Volumes were extracted using FIRST. #, p< 0.05; post-
hoc analysis comparing CLBP-op, CLBP-no-op to healthy con-
trols; *, p< 0.05; post-hoc analysis comparing CLBP-op and CLBP-
no-op.
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Spectral analysis

Spectral analysis was performed using custom Matlab
(The MathWorks, 2018) routines and is similar to pre-
viously reported methods.46 The frequency power of the
BOLD signal was determined voxel-wise using Welch’s
method and normalized by dividing by total power. This
normalization was necessary as the absolute power of
BOLD remains unknown simply because the absolute
intensity of BOLD signal in time space is also unknown
and assigned an arbitrary value in all standard fMRI
analyses. The average power of each frequency band,47

slow-5 (0.01–0.027Hz), slow-4 (0.027–0.073Hz), slow-3
(0.073–0.198Hz) and slow-2 (0.198–0.5Hz), was calcu-
lated at each voxel and converted into 4 different maps
for each subject. Individual subjects ’ maps were trans-
formed into standard space as described in the prepro-
cessing section and multiplied by a standard gray matter
mask. Subject-level maps were transformed to z-score
maps by subtracting the mean voxel-wise power for the
entire brain and dividing by the standard deviation.
Group differences were generated using permutation
based inference (p< 0.05)48. They were tested against
10,000 random permutations, which inherently corrects
for multuple comparisons. Clusters were identified using
threshold-free cluster enhancement method(TFCE)49.

Statistical analyses

Statistical analyses of demographic and clinical variables
and of extracted sub-cortical volumes were performed
using Statistica Software (TIBCO, Inc.). Between-
group analysis was performed using general linear
model or ANOVA. We used linear regression analyses
to investigate the relationships between reported pain
according to VAS scores or levels of inflammatory
markers and brain measures

Results

Demographic and clinical variables

CLBP-op patients were significantly older (p< 10�3,
ANOVA post-hoc comparisons) than CLBP-no-op and
HC subjects. The 3 groups did not differ in terms of the
distributions of genders. Clinically, CLBP-op reported
significantly larger (p< 10�3) BDI depression scores
and larger (p< 0.01) BAI anxiety scores. CLBP-op
patients experienced a significantly higher pain intensity
than CLBP-no-op (CLBP-op VAS¼ 69.1� 5.2 (mean�
SEM); CLBP-no-op¼ 46.8� 3.2; p< 10�3, unpaired t-
test) for a longer duration of time (CLBP-op¼ 11.9�
1.6 years; CLBP-no-op¼ 5.4� 1.0, p< 0.01). CLBP-op
patients also demonstrated significantly more pain cata-
strophizing (p< 0.05). These results are summarized in
Table 1.

Nucleus accumbens and thalamic volumes are
compromised in CLBP patients on opioids

We compared subcortical volumes between the groups
extracted using FIRST after correcting for age, gender,
and intracranial volume. Group effects were significant
for the NAc (p¼ 0.014, effect size partial-g2¼ 0.12)
(adding left and right) and close to significant for the
thalamus (p¼ 0.06, partial-g2¼ 0.07) (Table 2). Post-
hoc comparisons showed that both CLBP-op
(p¼ 0.004, Cohen’s d¼ 0.83) and CLBP-no-op
(p¼ 0.018, Cohen’s d¼ 0.67) had a significantly smaller
NAc compared to healthy controls, while only CLBP-op
patients exhibited a significantly smaller thalamus rela-
tive to both CLBP-no-op patients (p¼ 0.01; Cohen’s
d¼ 0.56) and healthy control subjects (p¼ 0.0014;
Cohen’s d¼ 0.83) . Amygdala and hippocampus vol-
umes did not show any group effects. We repeated the
volumetric comparisons after including potential con-
founders in our model like measures of depression, or
anxiety which can be independently associated with cor-
tical and sub-cortical changes.50 Table 2 shows that
results remain practically the same. Importantly, SNR
group comparisons revealed a significant drop in SNR in
all structures examined in the CLBP-op group
(Figure 3). This observation prompted us to repeat our
volumetric comparisons after correcting for SNR in our
GLM model, but group differences presented in Figure 1
persisted, if not, slightly increased (Table 2). We also
examined the relationship between clinical variables
and volumetric measures in medicated and unmedicated
patients separately using correlation analyses to check
whether observed group differences scale with pain
intensity or duration or measures of depression or anx-
iety. Table 3 shows that none of the clinical measures
showed significant correlation to the volumetric meas-
ures .

CLBP-op have a different pattern of power spectral
density changes

We also wanted to examine whether structural changes
observed in CLBP-op patients is accompanied by altered
brain activity dynamics collected during resting state
scans. Therefore, we calculated the voxel wise power
amplitude of spectral density (PSD) normalized by the
sum across the whole frequency range.46 The amplitude
of PSD of BOLD signal exhibits consistent regional dis-
tribution across studies,46,47,51 and moderate-to-high
intra-subject reliability.47 In addition, it has been repeat-
edly shown to identify specific changes in clinical pop-
ulations,52 including chronic pain patients.53–55

Germane to the current study, we recently identified
that loss of PSD within the slow-5 (0.01–0.027Hz) fre-
quency band of the NAc is a reproducible signature of
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CLBP.36 Therefore, we wanted to test whether long-term

exposure to opioid analgesics changes this signature.

This is an important question given that the NAc is

rich in opioid receptors,56 which are directly involved

in rewarding and aversive learning, and both acute and

chronic pain in humans.57–60 Slow-5 frequency maps

from the 3 groups were entered into an ANCOVA (cor-

rected for age, gender) within the bilateral NAc ROI and

the differences between the groups (i.e. F-test) were sig-

nificant (p< 0.05, ROI corrected). Figure 5A-C shows

loss of slow-5 PSD within the NAc of CLBP-no-op

and CLBP-op patients compared to healthy controls,

but no significant difference was observed between

CLBP-no-op and CLBP-op patients. In addition, we

examined group differences in PSD of the slow-4 and

slow-3 frequency bands using a similar approach.

While the ANCOVA analysis did not reveal any signif-

icant differences, Figure5D-E shows loss of PSD within

the slow-4 frequency band (0.027–0.073Hz) specific to

CLBP-op patients compared to healthy controls when

the groups were compared post-hoc.

Discussion

CLBP patients medicated with opioid analgesics are at

an increased risk for developing long-term misuse,

dependence, or addiction.61 The neurobiological deter-

minants of this risk are still unknown. Our data suggests

that chronic treatment with opioid analgesics is associ-

ated with significant alterations in the structure and

Table 3. Correlation analysis* between clinical variables and volumetric measures.

NAc Thalamus Amygdala Hippocampus

BDI CLBP-no-op � 0.15 0.11 0.08 � 0.13

BAI 0.20 0.03 �0.30 0.27

VAS 0.05 0.04 � 0.02 0.07

Duration (yrs) �0.17 0.18 0.02 �0.02

BDI CLBP-op 0.32 0.34 0.33 0.23

BAI 0.32 0.22 0.50 0.33

VAS 0.04 0.05 0.31 0.13

Duration (yrs) �0.38 �0.29 0.25 0.03

*None of the correlation analyses survived p-value threshold< 0.05.

Table 2. Sub-cortical volumes in centimeter cubes.

HC CBP CBPop P-value*

No correction for confounders

NAc 1.36� 0.04 1.21� 0.04 1.20� 0.07 0.014

Thalamus 21.0� 0.3 20.6� 0.3 19.7� 0.5 0.09

Amygdala 3.1� 0.1 3.4� 0.1 3.4� 0.2 0.21

Hippocampus 10.1� 0.2 10.1� 0.2 10.0� 0.3 0.94

Correction for SNR

NAc 1.36� 0.04 1.23� 0.04 1.15� 0.08 0.013

Thalamus 21.0� 0.27 20.65� 0.29 19.44� 0.56 0.06

Amygdala 3.14� 0.11 3.46� 0.12 3.29� 0.22 0.12

Hippocampus 10.10� 0.17 10.17� 0.19 9.78� 0.37 0.70

Correction for BDI

NAc 1.37� 0.04 1.21� 0.04 1.20� 0.08 0.026

Thalamus 21.0� 0.29 20.60� 0.27 19.70� 0.57 0.18

Amygdala 3.20� 0.12 3.40� 0.11 3.34� 0.23 0.33

Hippocampus 10.10� 0.19 10.10� 0.17 9.94� 0.37 0.94

Correction for BAI

NAc 1.35� 0.04 1.21� 0.04 1.23� 0.08 0.056

Thalamus 21.0� 0.28 20.60� 0.27 19.70� 0.57 0.18

Amygdala 3.13� 0.11 3.40� 0.11 3.34� 0.22 0.21

Hippocampus 10.10� 0.18 10.10� 0.17 10.0� 0.36 0.97

*p-value from GLM corrected in addition for age and sex.

Murray et al. 5



function of the limbic brain and thalamus before the

appearance of any aberrant medication taking behavior.

As such, both CLBP-no-op and CLBP-op patients

exhibit decreased NAc volumes compared to healthy

controls. In addition, only CLBP-op group exhibited a

significant drop in thalamic volume compared to CLBP-

no-op and healthy controls. Altered subcortical volume

was accompanied with a loss of NAc PSD in the slow-5

(0.01–0.027Hz) frequency band of all CLBP patients

and a loss of PSD in the slow-4 (0.027–0.073Hz) fre-

quency band only in CLBP-op cohort.
This is one of the very few studies24 examining the

long term effects of opioid analgesics on the brain of

CLBP pain patients. Both prescription and illicit opioids

(e.g. heroin) exert their analgesic and addictive effects

primarily through the m-opioid receptor.7,62 The binding

of opioids in the limbic circuitry plays a critical role in

analgesia,32 learning and value-based decision

making,63,64 and hedonic processes.65,66 For example,

the infusion of naloxone, a m-opioid receptor antagonist,

into the basolateral amygdala decreases lever pressing

for food in deprived rodents previously trained to asso-

ciate lever pressing with delivery of a sucrose reward.67

On the other hand, infusion of a m-opioid receptor ago-

nist into the ventral striatum, which encompasses the

NAc, leads to analgesia and increased palatability (i.e.

hedonic value) of food.68 In humans, m-opioid receptor

agonists enhance the pleasantness of drinks with high

levels of sweetness.69 It is widely argued that the ventral

striatum and medial prefrontal cortex encode the subjec-

tive value of all aversive and rewarding stimuli on a

common scale.70–73 Specifically, ventral striatum and

medial prefrontal cortex responses to rewards including

food, money, and addictive substances, correlate with

subjective ratings of reward value in humans such as

food liking and magnitude of drug craving,74–83 and

their activity tracks also back pain intensity.84–86

Importantly, one recent study showed that increased

medial prefrontal cortex activity in response to alcohol

cues predicts the risk of relapse in abstinent alcohol-

dependent individuals.87 Our results suggest that, consis-

tent with the distribution of opioid receptors in the brain

and the role of these receptors in these areas in value-

based decision-making and pain, treatment with opioid

based medications in chronic pain might exert its long-

term effects on behaviors such as aberrant drug use via

action within the limbic brain.
We also determined that long-term treatment with

opioid-based medications did not alter the NAc slow-5

PSD in CLBP patients. This is an important observation

given that the loss of slow-5 PSD within the NAc is a

robust signature of CLBP.36 It implies that chronic

opioid agonists binding in the NAc may not be able to

reverse a central nervous system functional signature of

the state of being in chronic pain. Nevertheless, patients

Figure 3. NAc PSD. (A) CLBP-no-op and (B) CLBP-op patients
show loss of slow-5 (0.01–0.27Hz) PSD within the NAc compared
to healthy controls (p< 0.05, ROI corrected). No significant dif-
ference was observed between medicated and unmedicated CLBP.
C, Histogram plot illustrates slow-5 PSD within the cluster shown
in A&B. D and E, NAc slow-4 (0.027–0.073Hz) PSD is significantly
decreased in CLBP-op patients only. Heat map, T-score.

Figure 2. Signal to noise ratio differs by medication status. CLBP-
op patients chronically treated with opioids have a significant drop
in signal to noise ratio (SNR) in all the structures examined. (p-
value was obtained from GLM analysis, corrected for age, and
gender).
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chronically treated with opioids showed loss of slow-4
PSD, suggesting that this latter frequency band is sensi-
tive to OA treatment.

Opioid agonists can reduce water content in brain
slices88 hence decreasing the number of protons and
leading to a weaker T1 signal.89 The effect of opioid
agonists on water movement may therefore explain the
consistent drop in SNR across all studied subcortical
areas observed in CLBP-op patients. Young et al.24

reported a drop in amygdala volume following the
long-term administration of prescription opioids com-
pared to placebo in CLBP patients using tensor based
morphometry, which is different from the subcortical
extraction technique we used in this manuscript. While
Upadhyay et al.90 reported also that opioid dependent
individuals exhibit decreased amygdala volumes, Seifert
et al.91 reported only a drop in left NAc volume. Chronic
morphine administration in animals have been shown to
reduce the size but not the number of dopaminergic neu-
rons in the ventral tegmental area,92 induce remodeling
of dendritic spines in the NAc93 and medial prefrontal
cortex,94 and disinhibit mesolimbic dopaminergic
firing.95 The effect of chronic morphine administration
on thalamic structure is still unclear. However, neuro-
chemical studies show that acute morphine administra-
tion decreases glucose utilization96 and the BOLD
signal,97 while chronic administration decreases the
level of glutamate, an excitatory neurotransmitter, in
the thalamus98 hence inducing a generalized decrease
in activity. Whether this decrease in activity is reflected
by the volumetric shrinkage we observed remains to be
determined. Interestingly, a projection from the para-
ventricular thalamus to the NAc has been shown to be
necessary and sufficient for opioid withdrawal
induced physical signs and aversive memory in
rodents.99 Taken together, this structural brain data
points to an association between thalamic and limbic
brain changes and opioid use or misuse. It is still how-
ever unknown whether these changes are induced by
chronic intake of opioid analgesics or predate the start
of treatment. Well powered longitudinal within-subject
studies using different structural analysis algo-
rithms100,101 are needed to form a complete picture of
the brain of chronic pain patients prescribed opioid
analgesics.

Our study had some limitations, most notably the
sample size of CLBP-op patients. Despite the modest
number of CLBP-op patients, we were still able to
observe the loss of NAc slow-5 PSD that we previously
reported.36 It also remains unclear whether the function-
al (i.e. loss of slow-4 PSD) and structural changes (i.e.
loss of thalamic volume) observed in chronically medi-
cated patients relate to chronic back pain or to the
effects of long-term OA use. Future within subject OA
treatment studies are needed to test the reproducibility

of the results, and to incorporate a placebo (or active

control) arm to corroborate or not the specificity of the

results observed in this investigation.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of

interest with respect to the research, authorship, and/or publi-

cation of this article: P.G. has filed a patent application for the

frequency analysis signature of chronic pain used in this article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported by funds from the National

Institute on Drug Abuse (NIDA: 5K08DA037525) and from

the Psychiatry Department at the Yale School of Medicine.

ORCID iDs

Kyle Murray https://orcid.org/0000-0002-0786-566X
Yezhe Lin https://orcid.org/0000-0001-6652-2109
Meena M Makary https://orcid.org/0000-0002-5834-4872
Paul Geha https://orcid.org/0000-0002-0537-7216

References

1. Deyo RA, Mirza SK, Turner JA, Martin BI. Overtreating

chronic back pain: time to back off? J Am Board Fam

Med 2009; 22: 62–68.
2. Mehra M, Hill K, Nicholl D and Schadrack J. The

burden of chronic low back pain with and without a neu-

ropathic component: a healthcare resource use and cost

analysis. J Med Econ 2012; 15: 245–252.
3. Katz JN. Lumbar disc disorders and low-back pain:

socioeconomic factors and consequences. J Bone Joint

Surg Am 2006; 88 Suppl 2: 21–24.
4. Deyo RA, Smith DH, Johnson ES, Donovan M,

Tillotson CJ, Yang X, Petrik AF, Dobscha SK. Opioids

for back pain patients: primary care prescribing patterns

and use of services. J Am Board Fam Med 2011; 24:

717–727.
5. Hudson TJ, Edlund MJ, Steffick DE, Tripathi SP,

Sullivan MD. Epidemiology of regular prescribed

opioid use: results from a national, population-based

survey. J Pain Symptom Manage 2008; 36: 280–288.
6. Olsen Y, Daumit GL, Ford DE. Opioid prescriptions by

U.S. primary care physicians from 1992 to 2001. J Pain

2006; 7: 225–235.
7. Fields HL, Margolis EB. Understanding opioid reward.

Trends Neurosci 2015; 38: 217–225.
8. Martin BC, Fan MY, Edlund MJ, Devries A, Braden JB,

Sullivan MD. Long-term chronic opioid therapy discon-

tinuation rates from the TROUP study. J Gen Intern Med

2011; 26: 1450–1457.
9. Dowell D, Haegerich TM, Chou R. CDC guideline for

prescribing opioids for chronic pain—United States,

2016. MMWR Recomm Rep 2016; 65: 1–49.
10. Chou R, Turner JA, Devine EB, Hansen RN, Sullivan

SD, Blazina I, Dana T, Bougatsos C, Deyo RA. The

Murray et al. 7

https://orcid.org/0000-0002-0786-566X
https://orcid.org/0000-0002-0786-566X
https://orcid.org/0000-0001-6652-2109
https://orcid.org/0000-0001-6652-2109
https://orcid.org/0000-0002-5834-4872
https://orcid.org/0000-0002-5834-4872
https://orcid.org/0000-0002-0537-7216
https://orcid.org/0000-0002-0537-7216


effectiveness and risks of long-term opioid therapy for

chronic pain: a systematic review for a national institutes

of health pathways to prevention workshop. Ann Intern

Med 2015; 162: 276–286.
11. Edlund MJ, Martin BC, Fan MY, Devries A, Braden JB,

Sullivan MD. Risks for opioid abuse and dependence

among recipients of chronic opioid therapy: results from

the TROUP study. Drug Alcohol Depend 2010; 112:

90–98.
12. Edlund MJ, Martin BC, Russo JE, DeVries A, Braden

JB, Sullivan MD. The role of opioid prescription in inci-

dent opioid abuse and dependence among individuals

with chronic noncancer pain: the role of opioid prescrip-

tion. Clin J Pain 2014; 30: 557–564.
13. Sullivan MD, Edlund MJ, Fan MY, Devries A, Brennan

Braden J, Martin BC. Risks for possible and probable

opioid misuse among recipients of chronic opioid therapy

in commercial and Medicaid insurance plans: the

TROUP study. Pain 2010; 150: 332–339.
14. Ballantyne JC. Avoiding opioid analgesics for treatment

of chronic low back pain. JAMA 2016; 315: 2459–2460.
15. Compton WM, Volkow ND. Abuse of prescription drugs

and the risk of addiction. Drug Alcohol Depend 2006; 83

Suppl 1: S4–S7.
16. Compton WM, Volkow ND. Major increases in opioid

analgesic abuse in the United States: concerns and strat-

egies. Drug Alcohol Depend 2006; 81: 103–107.
17. Cicero TJ, Ellis MS, Surratt HL, Kurtz SP. The changing

face of heroin use in the United States: a retrospective

analysis of the past 50 years. JAMA Psychiatry 2014;

71: 821–826.
18. Oertel BG, Preibisch C, Wallenhorst T, Hummel T,

Geisslinger G, Lanfermann H, Lotsch J. Differential

opioid action on sensory and affective cerebral pain proc-

essing. Clin Pharmacol Ther 2008; 83: 577–588.
19. Wise RG, Williams P, Tracey I. Using FMRI to quantify

the time dependence of remifentanil analgesia in the

human brain. Neuropsychopharmacology 2004; 29:

626–635.
20. Atlas LY, Whittington RA, Lindquist MA, Wielgosz J,

Sonty N, Wager TD. Dissociable influences of

opiates and expectations on pain. J Neurosci 2012; 32:

8053–8064.
21. Apkarian AV, Bushnell MC, Treede RD, Zubieta JK.

Human brain mechanisms of pain perception and regula-

tion in health and disease. Eur J Pain 2005; 9: 463–484.
22. Peyron R, Laurent B, Garcia-Larrea L. Functional imag-

ing of brain responses to pain. A review and meta-analy-

sis. NeurophysiolClin 2000; 30: 263–288.
23. Tracey I, Mantyh PW. The cerebral signature for

pain perception and its modulation. Neuron 2007; 55:

377–391.
24. Younger JW, Chu LF, D’Arcy NT, Trott KE, Jastrzab

LE, Mackey SC. Prescription opioid analgesics rapidly

change the human brain. Pain 2011; 152: 1803–1810.
25. Martucci KT, MacNiven KH, Borg N, Knutson B,

Mackey SC. Apparent effects of opioid use on neural

responses to reward in chronic pain. Sci Rep 2019; 9:

9633–9607.

26. Mansour A, Khachaturian H, Lewis ME, Akil H, Watson

SJ. Autoradiographic differentiation of mu, Delta, and

kappa opioid receptors in the rat forebrain and midbrain.

J Neurosci 1987; 7: 2445–2464.
27. Ikemoto S. Dopamine reward circuitry: two projection

systems from the ventral midbrain to the nucleus

accumbens-olfactory tubercle complex. Brain Res Rev

2007; 56: 27–78.
28. Poulin JF, Chevalier B, Laforest S, Drolet G.

Enkephalinergic afferents of the centromedial amygdala

in the rat. J Comp Neurol 2006; 496: 859–876.
29. Ding YQ, Kaneko T, Nomura S, Mizuno N.

Immunohistochemical localization of mu-opioid recep-

tors in the Central nervous system of the rat. J Comp

Neurol 1996; 367: 375–402.
30. Le Merrer J, Becker JA, Befort K, Kieffer BL. Reward

processing by the opioid system in the brain. Physiol Rev

2009; 89: 1379–1412.
31. Wang JB, Imai Y, Eppler CM, Gregor P, Spivak CE, Uhl

GR. mu opiate receptor: cDNA cloning and expression.

Proc Natl Acad Sci U S A 1993; 90: 10230–10234.
32. Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR,

Jewett DM, Meyer CR, Koeppe RA, Stohler CS.

Regional mu opioid receptor regulation of sensory and

affective dimensions of pain. Science 2001; 293: 311–315.
33. Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L,

Schnitzer TJ, Fields HL and Apkarian AV.

Corticostriatal functional connectivity predicts transition

to chronic back pain. Nature neuroscience 2012; 15:

1117–1119.
34. Vachon-Presseau E, Tetreault P, Petre B, Huang L,

Berger SE, Torbey S, Baria AT, Mansour AR, Hashmi

JA, Griffith JW, Comasco E, Schnitzer TJ, Baliki MN,

Apkarian AV. Corticolimbic anatomical characteristics

predetermine risk for chronic pain. Brain 2016; 139:

1958–1970.
35. Elman I, Borsook D. Common brain mechanisms of

chronic pain and addiction. Neuron 2016; 89: 11–36.
36. Meena M, Makary PP, Cecchi GA, DeAraujo IE, Barron

DS, Constable TR, Whang PG, Thomas DA, Mowafi H,

Small DM, Geha P. Loss of nucleus accumbens low-

frequency fluctuations is a signature of chronic pain.

Proc Natl Acad Sci USA 2020; 117: 10015–10023.
37. Nugent AC, Luckenbaugh DA, Wood SE, Bogers W,

Zarate CA Jr, Drevets WC. Automated subcortical seg-

mentation using FIRST: test-retest reliability, interscan-

ner reliability, and comparison to manual segmentation.

Hum Brain Mapp 2013; 34: 2313–2329.
38. Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A

bayesian model of shape and appearance for subcortical

brain segmentation. Neuroimage 2011; 56: 907–922.
39. Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews

PM, Federico A, De Stefano N. Accurate, robust, and

automated longitudinal and cross-sectional brain change

analysis. Neuroimage 2002; 17: 479–489.
40. Tukey JW. Exploratory data analysis. Reading, MA:

Addison-Wesley Pub. Co., 1977, p. xvi, 688.
41. Jenkinson M, Bannister P, Brady M, Smith S. Improved

optimization for the robust and accurate linear

8 Molecular Pain



registration and motion correction of brain images.
Neuroimage 2002; 17: 825–841.

42. Behzadi Y, Restom K, Liau J, Liu TT. A component
based noise correction method (CompCor) for BOLD
and perfusion based fMRI. Neuroimage 2007; 37: 90–101.

43. Zhang Y, Brady M, Smith S. Segmentation of brain MR
images through a hidden Markov random field model
and the expectation-maximization algorithm. IEEE

Trans Med Imaging 2001; 20: 45–57.
44. Jenkinson M, Smith S. A global optimisation method for

robust affine registration of brain images. MedImage

Anal 2001; 5: 143–156.
45. Jlr Andersson MJ, Smith S. Non-linear optimisation.

FMRIB Analysis Group Technical Reports, 2007.
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/
tr07ja1.pdf

46. Zuo XN, Di Martino A, Kelly C, Shehzad ZE, Gee DG,
Klein DF, Castellanos FX, Biswal BB, Milham MP. The
oscillating brain: complex and reliable. Neuroimage 2010;
49: 1432–1445.

47. Gohel SR, Biswal BB. Functional integration between
brain regions at rest occurs in multiple-frequency bands.

Brain Connect 2015; 5: 23–34.
48. Nichols T E and Holmes A P.Nonparametric

Permutation Tests for Functional Neuroimaging: A
Primer with Examples. Hum Brain Mapp 2002; 15: 1–25.

49. Smith S and Nichols T.Threshold-Free Cluster
Enhancement: Addressing Problems of Smoothing,
Threshold Dependence and Localisation in Cluster
Inference. NeuroImage 2009; 44: 83–98.

50. Abdallah CG, Jackowski A, Salas R, Gupta S, Sato JR,
Mao X, Coplan JD, Shungu DC, Mathew SJ. The nucle-
us accumbens and ketamine treatment in major depres-
sive disorder. Neuropsychopharmacology 2017; 42:
1739–1746.

51. Baria AT, Baliki MN, Parrish T, Apkarian AV.
Anatomical and functional assemblies of brain BOLD
oscillations. J Neurosci 2011; 31: 7910–7919.

52. Yang J, Gohel S, Vachha B. Current methods and new
directions in resting state fMRI. Clin Imaging 2020; 65:
47–53.

53. Zhou F, Zhao Y, Zhu L, Jiang J, Huang M, Zhang Y,
Zhuang Y, Gong H. Compressing the lumbar nerve root
changes the frequency-associated cerebral amplitude of
fluctuations in patients with low back/leg pain. Sci Rep
2019; 9: 2246.

54. Baliki MN, Baria AT, Apkarian AV. The cortical
rhythms of chronic back pain. J Neurosci 2011; 31:
13981–13990.

55. Malinen S, Vartiainen N, Hlushchuk Y, Koskinen M,
Ramkumar P, Forss N, Kalso E, Hari R. Aberrant tem-
poral and spatial brain activity during rest in patients
with chronic pain. Proc Natl Acad Sci U S A 2010; 107:
6493–6497.

56. Jongen-R�elo AL, Groenewegen HJ, Voorn P. Evidence

for a multi-compartmental histochemical organization of
the nucleus accumbens in the rat. J Comp Neurol 1993;
337: 267–276.

57. Zubieta JK, Bueller JA, Jackson LR, Scott DJ, Xu Y,
Koeppe RA, Nichols TE, Stohler CS. Placebo effects
mediated by endogenous opioid activity on mu-opioid
receptors. J Neurosci 2005; 25: 7754–7762.

58. Harris RE, Clauw DJ, Scott DJ, McLean SA, Gracely
RH, Zubieta JK. Decreased Central mu-opioid receptor
availability in fibromyalgia. J Neurosci 2007; 27:
10000–10006.

59. DosSantos MF, Martikainen IK, Nascimento TD, Love
TM, Deboer MD, Maslowski EC, Monteiro AA, Vincent
MB, Zubieta JK, DaSilva AF. Reduced basal ganglia mu-
opioid receptor availability in trigeminal neuropathic
pain: a pilot study. Mol Pain 2012; 8: 74.

60. Maarrawi J, Peyron R, Mertens P, Costes N, Magnin M,
Sindou M, Laurent B, Garcia-Larrea L. Differential
brain opioid receptor availability in central and peripher-
al neuropathic pain. Pain 2007; 127: 183–194.

61. Deyo RA, Von Korff M, Duhrkoop D. Opioids for low
back pain. BMJ 2015; 350: g6380.

62. Koob GF, Volkow ND. Neurocircuitry of addiction.
Neuropsychopharmacology 2010; 35: 217–238.

63. Laurent V, Morse AK, Balleine BW. The role of opioid

processes in reward and decision-making. Br J Pharmacol

2015; 172: 449–459.
64. van Steenbergen H, Eikemo M, Leknes S. The role of the

opioid system in decision making and cognitive control: a
review. Cogn Affect Behav Neurosci 2019; 19: 435–458.
https://pubmed.ncbi.nlm.nih.gov/21452464/

65. Pecina S, Smith KS, Berridge KC. Hedonic hot spots in
the brain. Neuroscientist 2006; 12: 500–511.

66. Baldo BA, Pratt WE, Kelley AE. Control of fat intake by
striatal opioids, 2010. https://pubmed.ncbi.nlm.nih.gov/
21452464/

67. Wassum KM, Ostlund SB, Maidment NT, Balleine BW.
Distinct opioid circuits determine the palatability and the
desirability of rewarding events. Proc Natl Acad Sci U S

A 2009; 106: 12512–12517.
68. Kelley AE, Bless EP, Swanson CJ. Investigation of the

effects of opiate antagonists infused into the nucleus
accumbens on feeding and sucrose drinking in rats. J

Pharmacol Exp Ther 1996; 278: 1499–1507.
69. Eikemo M, Loseth GE, Johnstone T, Gjerstad J, Willoch

F, Leknes S. Sweet taste pleasantness is modulated by
morphine and naltrexone. Psychopharmacology (Berl)

2016; 233: 3711–3723.
70. Grabenhorst F, Rolls ET. Value, pleasure and choice in

the ventral prefrontal cortex. Trends Cogn Sci 2011; 15:
56–67.

71. Levy DJ, Glimcher PW. The root of all value: a neural
common currency for choice. Curr Opin Neurobiol 2012;
22: 1027–1038.

72. Rushworth MF, Noonan MP, Boorman ED, Walton
ME, Behrens TE. Frontal cortex and reward-guided
learning and decision-making. Neuron 2011; 70:
1054–1069.

73. Monosov IE, Hikosaka O. Regionally distinct processing
of rewards and punishments by the primate ventromedial
prefrontal cortex. J Neurosci 2012; 32: 10318–10330.

Murray et al. 9

https://pubmed.ncbi.nlm.nih.gov/21452464/
https://pubmed.ncbi.nlm.nih.gov/21452464/


74. Kringelbach ML, O’Doherty J, Rolls ET, Andrews C.
Activation of the human orbitofrontal cortex to a liquid
food stimulus is correlated with its subjective pleasant-
ness. Cereb Cortex 2003; 13: 1064–1071.

75. Kringelbach ML. The human orbitofrontal cortex: link-
ing reward to hedonic experience. Nat Rev Neurosci 2005;
6: 691–702.

76. Kringelbach ML, Stein A, van Hartevelt TJ. The func-
tional human neuroanatomy of food pleasure cycles.
Physiol Behav 2012; 106: 307–316.

77. Kuhn S, Gallinat J. The neural correlates of subjective
pleasantness. Neuroimage 2012; 61: 289–294.

78. Small DM, Zatorre RJ, Dagher A, Evans AC, Jones-
Gotman M. Changes in brain activity related to eating
chocolate: from pleasure to aversion. Brain 2001; 124:
1720–1733.

79. Small DM, Gregory MD, Mak YE, Gitelman D,
Mesulam MM, Parrish T. Dissociation of neural repre-
sentation of intensity and affective valuation in human
gustation. Neuron 2003; 39: 701–711.

80. Kable JW, Glimcher PW. The neural correlates of sub-
jective value during intertemporal choice. Nat Neurosci

2007; 10: 1625–1633.
81. Volkow ND, Wang GJ, Ma Y, Fowler JS, Wong C, Ding

YS, Hitzemann R, Swanson JM, Kalivas P. Activation of
orbital and medial prefrontal cortex by methylphenidate
in cocaine-addicted subjects but not in controls: relevance
to addiction. J Neurosci 2005; 25: 3932–3939.

82. Li Q, Wang Y, Zhang Y, Li W, Yang W, Zhu J, Wu N,
Chang H, Zheng Y, Qin W, Zhao L, Yuan K, Liu J,
Wang W, Tian J. Craving correlates with mesolimbic
responses to heroin-related cues in short-term abstinence
from heroin: an event-related fMRI study. Brain Res

2012; 1469: 63–72.
83. McClure SM, Laibson DI, Loewenstein G, Cohen JD.

Separate neural systems value immediate and delayed
monetary rewards. Science 2004; 306: 503–507.

84. Baliki MN, Geha PY, Fields HL, Apkarian AV.
Predicting value of pain and analgesia: nucleus accum-
bens response to noxious stimuli changes in the presence
of chronic pain. Neuron 2010; 66: 149–160.

85. Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S,
Hermann KM, Schnitzer TJ, Apkarian AV. Shape shift-
ing pain: chronification of back pain shifts brain repre-
sentation from nociceptive to emotional circuits. Brain

2013; 136: 2751–2768.
86. Baliki MN, Chialvo DR, Geha PY, Levy RM, Harden

RN, Parrish TB, Apkarian AV. Chronic pain and the
emotional brain: specific brain activity associated with
spontaneous fluctuations of intensity of chronic back
pain. J Neurosci 2006; 26: 12165–12173.

87. Seo D, Lacadie CM, Tuit K, Hong KI, Constable RT,
Sinha R. Disrupted ventromedial prefrontal function,

alcohol craving, and subsequent relapse risk. JAMA

Psychiatry 2013; 70: 727–739.
88. Yang L, Wang H, Shah K, Karamyan VT, Abbruscato

TJ. Opioid receptor agonists reduce brain edema in
stroke. Brain Res 2011; 1383: 307–316.

89. Huettel SA, Song AW, McCarthy G. Functional magnetic

resonance imaging. 3rd ed. Sunderland, MA: Sinauer
Associates, Inc., Publishers, 2014.

90. Upadhyay J, Maleki N, Potter J, Elman I, Rudrauf D,
Knudsen J, Wallin D, Pendse G, McDonald L, Griffin M,
Anderson J, Nutile L, Renshaw P, Weiss R, Becerra L,
Borsook D. Alterations in brain structure and functional
connectivity in prescription opioid-dependent patients.
Brain 2010; 133: 2098–2114.

91. Seifert CL, Magon S, Sprenger T, Lang UE, Huber CG,
Denier N, Vogel M, Schmidt A, Radue EW, Borgwardt S,
Walter M. Reduced volume of the nucleus accumbens in
heroin addiction. Eur Arch Psychiatry Clin Neurosci 2015;
265: 637–645.

92. Sklair-Tavron L, Shi WX, Lane SB, Harris HW, Bunney
BS, Nestler EJ. Chronic morphine induces visible changes
in the morphology of mesolimbic dopamine neurons.

Proc Natl Acad Sci U S A 1996; 93: 11202–11207.
93. Geoffroy H, Canestrelli C, Marie N, Noble F. Morphine-

Induced dendritic spine remodeling in rat nucleus accum-
bens is corticosterone dependent. Int J

Neuropsychopharmacol 2019; 22: 394–401.
94. Pal A, Das S. Chronic morphine exposure and its absti-

nence alters dendritic spine morphology and upregulates
Shank1. Neurochem Int 2013; 62: 956–964.

95. Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms
of addiction: the role of reward-related learning and
memory. Annu Rev Neurosci 2006; 29: 565–598.

96. Beck T, Wenzel J, Kuschinsky K, Krieglstein J.
Morphine-induced alterations of local cerebral glucose
utilization in the basal ganglia of rats. Brain Res 1989;
497: 205–213.

97. Xi ZX, Wu G, Stein EA, Li SJ. Opiate tolerance by
heroin self-administration: an fMRI study in rat. Magn

Reson Med 2004; 52: 108–114.
98. Xiang Y, Gao H, Zhu H, Sun N, Ma Y, Lei H.

Neurochemical changes in brain induced by chronic mor-
phine treatment: NMR studies in thalamus and somato-
sensory cortex of rats. Neurochem Res 2006; 31:
1255–1261.

99. Zhu Y, Wienecke CF, Nachtrab G, Chen X. A thalamic
input to the nucleus accumbens mediates opiate depen-
dence. Nature 2016; 530: 219–222.

100. Fischl B. FreeSurfer. Neuroimage 2012; 62: 774–781.
101. Avants BB, Tustison NJ, Song G, Cook PA, Klein A,

Gee JC. A reproducible evaluation of ANTs similarity
metric performance in brain image registration.
Neuroimage 2011; 54: 2033–2044.

10 Molecular Pain


	table-fn1-1744806921990938
	table-fn3-1744806921990938
	table-fn2-1744806921990938

