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1. Introduction

Opioid prescriptions have increased markedly in recent years, driven by a greater reliance on
the potent analgesics for the treatment of chronic pain [18, 34]. Opioid analgesics are second
only to lipid regulators as the most dispensed drug class in the United States [28].
Hydrocodone, a moderately-powerful opioid, was dispensed in the United States more than
any other drug in 2008 — over 128 million times [27]. As opioid use rises, it becomes
increasingly important that we better understand the neurological and behavioral effects of
those drugs — especially given the known risks of opioid dependence, addiction, cognitive
impairment, and hyperalgesia [7, 13, 14, 29, 43, 44].

Recently, Upadhyay and colleagues [55] demonstrated that prescription opioid-dependent
patients evidenced a specific morphologic abnormality in the neural reward-processing
network. In their cross-sectional study of 10 dependent individuals and 10 age-matched
controls, the researchers found decreased gray matter volume in the bilateral amygdala. The
amygdala is a key reward-modulating structure that is known to underlie opioid-related
addiction, dependence, and tolerance [23, 26, 33, 36]. The results of the Upadhyay et al.,
paper adds to existing animal literature showing that opioid exposure has a broad range of
effects on the amygdala, including decreased mu-opioid receptor sensitivity [40], modulated
GABA receptor functioning [58], and modified glutamate receptor targeting [24].

Despite interesting preliminary evidence suggesting opioid-induced brain changes in
humans, significant gaps in the literature remain. First, existing cross-sectional studies do
not allow us to say with certainty that the observed brain abnormalities are a direct
consequence of opioid administration (as opposed to a neural predisposition for opioid

© 2011 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

"Address correspondence to: Jarred W. Younger, Stanford University School of Medicine, Department of Anesthesia, Division of Pain
Management, 780 Welch Rd., Suite 208G, Palo Alto, CA. 94304-1573, USA. jarred.younger@stanford.edu .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial disclosures
The authors have no financial conflict of interest, nor any affiliations relevant to the subject matter of this manuscript. Dr. Younger
had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Younger et al.

Page 2

dependency). Second, current human data are based on opioid-dependent individuals, and
may not accurately reflect cases in which the opioids are legitimately prescribed for chronic
pain, and taken exactly as prescribed. To fill those gaps in the scientific literature, we
conducted the first longitudinal study of prescription opioid effects on the human brain. The
primary purpose of this magnetic resonance imaging (MRI) pilot study was to determine if
any measureable changes in human brain morphology occur after a short period of daily
opioid administration. Ten individuals with chronic low-back pain completed structural
scans of their brain both before and after one month of daily morphine analgesic therapy.
Regional areas of morphine-associated, gray matter volume decrease and increase were
assessed. The same scanning procedure was also completed on nine low-back pain patients
receiving a blinded placebo substance; in order to determine if any morphologic changes
were not specific to opioid administration.

2. Materials and methods

2.1. Morphine group participants (Table 1)

Participants were 10 individuals (4 men and 6 women; mean age = 47, SD = 11) with
chronic, moderate-to-severe, non-radicular, low-back pain (mean years with pain = 8.5, SD
= 6.5). Individuals who had not responded adequately to non-opioid treatments were chosen
for participation in the study. Enrollment criteria were the same as used in a previous study
[14]. Participants were excluded if they had: a history of substance abuse, previous use of
opioids, an unstable psychiatric condition, any evidence of neuropathic pain, or a
prescription for neuropathic pain medication. Participants were allowed to continue taking
over-the-counter analgesics throughout their participation in the study. Study procedures
were approved by the Institutional Review Board at the Stanford University School of
Medicine, and all participants provided signed informed consent in-person.

2.2. Opioid administration

The overall design of the project was as follows: Participants first attended a baseline (pre-
morphine) scanning session. Following the scan session, participants began a morphine
titration procedure described previously [14]. A sustained-acting, oral formulation of
morphine was used (MS-Contin; Purdue Frederick, Stamford, Conn). The initial dosage for
all participants was 15 mg, two times per day. Every two days, the daily dose was increased
by 15 mg. Titration was stopped when: 1) adequate analgesia had been achieved, 2) side-
effects limited further dosage increases, or 3) a ceiling of 120 mg/day was reached. For
ethical and medical safety reasons, dosage was not randomly assigned. Participants
remained at their maximum daily dosage until one month following their first dosing. Total
morphine consumed over the month for the 10 participants ranged from 165 — 3120 mg
(mean = 2170 mg). Participants then returned for a second high-resolution brain scan (time
between scans was six weeks).

After an average of 4.7 months (SD = 1.5) following completion of the study, all
participants in the morphine group returned for a third scan. The purpose of the third scan
was to determine if any gray matter changes observed in the main study reverted back to
pre-morphine values when opioid administration was ceased. All scanning parameters,
preprocessing, and statistics were performed as previously described.

2.3. Pain measure

In order to determine whether or not the morphine dosage was sufficient to control pain, the
Brief Pain Inventory (BPI; [15]) was administered at all scanning sessions. The pain
intensity subscale of the BPI was used a measure of disease severity. The pain intensity
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score was calculated by taking a mean of four items (average, least and worst pain over the
last 24 hours, as well as present pain), scored on a ten-point numerical rating scale.

2.4. Image acquisition

MRI data were collected using a GE Medical Systems 3.0 Tesla system with an 8-channel
brain receiving coil. The protocol used a fast 3D-SPGR sequence in the axial plane with the
following parameters: repetition time = 10.2 ms, echo time = minimum, flip angle = 11°,
124 contiguous slices of 1.2 mm each, field of view of 220 x 220 cm, and matrix size of 256
x 256 voxels. Raw data were acquired in 1.2 mm isotropic voxels.

2.5. Tensor-based morphometry

2.6. Placebo

Brain images were processed using a tensor-based morphometry (TBM) technique described
in previous studies [11]. The TBM approach is particularly well-suited for assessing within-
person structural brain changes in longitudinal study designs. All processing was performed
by SPM8 software (Wellcome Department of Imaging Neuroscience, London), in a Matlab
(MathWorks, Natick, MA) environment. High-resolution image pairs (pre- and post-
morphine) for each participant were first rigidly coregistered. The image pairs were then
matched precisely using high-dimensional deformation fields [5], yielding a Jacobian
determinant (difference) map for each pre-post pair. Pre scans were then segmented into
gray and white matter, and processed with Diffeomorphic Anatomical Registration using
Exponentiated Lie Algebra (DARTEL; [4]) to create a spatially-normalized group template.
The DARTEL template and resulting participant-specific flow fields were applied to the
Jacobian deterimant maps, which were subsequently re-sampled into 1 mm isotropic voxel
size, smoothed with an 8 mm FWHM Gaussian isotropic kernel, and registered into common
Montreal Neurologic Institute (MNI) stereotactic space.

study

In a separate experiment, nine male, low-back patients taking (blinded) placebo capsules
daily underwent the same experimental procedure. Participants in the placebo group (Table
1) met the same inclusion and exclusion criteria as the morphine group. Participants were
scanned once before placebo administration, and once after. Individuals receiving placebo
were scanned at the same interval as morphine participants (6 weeks between scans), and
received placebo capsules for the entire 6-week period. The mean age of the control
participants was 30 years (SD = 10.0). Data were collected on a GE Medical Systems 3.0
Tesla system with an 8-channel brain and neurovascular receiving coil. Because the placebo
group used a different scanner and coil than the morphine group, we contrasted both signal-
to-noise ratio, and gray-to-noise contrast. The morphine and placebo group setups
demonstrated comparable signal to noise (27.6, SD = 9.7 versus 28.2, SD = 14.5; t(16) =
0.11, p = 0.915) and gray-to-noise contrast (7.1:1, SD = 1.1 versus 6.9:1, SD = 1.8; t(16) =
0.278, p = 0.785). The protocol used the same sequence as with the opioid patients, with the
exception that the slice thickness was 1.5 mm (instead of 1.2 mm). All data were processed
by the same experimenter, and used the same normalization techniques and statistical
thresholds. Individuals in the placebo group did not complete a followup scan, because they
were enrolled in a separate drug trial.

2.7. Statistical analyses

To identify regional areas of opioid-induced gray matter volumetric change, we conducted
whole-brain analyses on all morphine participants, using a mixed-effects model. To control
for multiple comparisons, the resulting contrast map of volume change was first thresholded
at a voxel-level (height) false-discovery rate (FDR) of 0.01 (equivalent to uncorrected t =
4.78, p < 0.0005). Power to detect main effects was very high (alpha > 99%) for small
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effects (Cohen’s d = 0.3), due to the high repeated-measures correlation in the voxel data (r
= 0.97; assessed between sessions 2 and 3). The high correlation was likely due to: 1) the
inherently stable nature of the adult brain over short periods of time, and 2) our use of both
high-dimensional within-subject coregistration (HDW) and between-subject normalization
(DARTEL). Surviving voxels were then thresholded with an additional, cluster-level extent
FDR of 0.05 (equivalent to 49 adjacent voxels).

To determine the relationship of volume change to morphine administration, clusters
evidencing significant morphologic change between scans were then tested (two-tailed) for
correlation with morphine consumption, using Spearman’s rho (rs) to account for the small
sample size and non-normal distribution of the morphine dosage variable. To estimate the
volume, all voxels in the region of interest (with values representing the probability of that
voxel being gray matter) were summed, and multiplied by the voxel volume (Imm3),
providing volume in microliters. Percent change in volume was then calculated for each
ROI, by individual. The percent change values were used in correlational analyses with
morphine dosage. Correlation with morphine dosage was tested only on those brain regions
independently showing significant volumetric change; a whole-brain correlation with dosage
was not performed. An additional FDR correction was employed to correct for the number
of correlational tests conducted.

Following the procedure described previously, main effects for time were calculated also for
the placebo group. Then, to further test whether morphologic changes observed in the
morphine group diverged from the placebo group, interaction analyses (time * group) were
performed on all clusters showing a significant main effect over time. The same
thresholding procedures were used (p < 0.0005) for the interaction analyses. Power was high
(alpha > 99%) to detect small (d = 0.3) interaction effects.

3.1. Behavioral

On the first scan session day (pre-morphine), mean pain severity in the morphine group was
4.5 (SD = 1.4), indicating a moderate degree of pain on the 0 — 10 range severity scale. At
the end of the month of morphine administration, mean pain severity was rated as 2.6 (SD =
1.6), a low intensity level. Pain was reduced on average by 42.1% (SD = 29.2%) from
baseline levels. A paired t-test revealed that pain intensity was significantly reduced at the
end of the morphine period (t(9) = 4.9, p = 0.001). The amount of morphine administered
was not significantly correlated with change in pain severity (rg = 0.53, p = 0.116).

The placebo group was significantly younger than the morphine group (t (17) = —3.64, p =
0.002). The placebo group had a mean baseline pain intensity level of 5.3 (SD = 1.2), and
there was no significant difference in baseline pain intensity levels between the morphine
and placebo groups (t(17) = 1.3, p = 0.192). In the placebo group, pain intensity after
treatment was rated as 3.9 (SD = 1.2), with an average drop of 21.0% (SD = 38.3%). A
paired t-test showed that pain intensity was not significantly reduced at the end of the
placebo period (t(8) = 1.9, p = 0.089).

3.2. Neuroimaging main effects (Table 2a)

A total of 13 structures survived the voxel- and cluster-level thresholds, demonstrating
significant regional volumetric gain or loss over the one-month study period. Volumetric
change in six of those regions was also significantly correlated with morphine dosage (i.e.,
higher morphine consumption lead to greater change).
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One region showed gray matter decrease that was significantly correlated with morphine
dosage. That region encompassed the medial aspect of the right amygdala (Figure 1a & 1b),
approximately in the medial, basomedial, and ventral (cortical) nuclei [1]. Individuals
consuming the greatest amount of morphine experienced the greatest gray matter loss in the
amygdala (Figure 1c).

Three additional regions demonstrated significant volumetric decrease that was not dosage-
correlated. The regions included the right hippocampus, bilateral rostroventral pons, and
right medial orbital gyrus of the orbitofrontal cortex. The pons area was located just inferior
to the pons-midbrain junction, approximately in the area of corticospinal fibers. The reduced
medial orbital gyrus volume encompassed the dorsomedial aspect of the medial orbital
gyrus, immediately superior and lateral to the olfactory sulcus.

Several regions showed significant gray matter increase that was associated with morphine
consumption. The regions included the right hypothalamus (Figure 2), left pregenual
anterior cingulate (Figure 3c), right ventral posterior cingulate, right ventral caudal pons (at
the level of the facial genu), and left inferior frontal gyrus (Figure 3a & 3b). In all those
regions, individuals consuming the greatest amount of morphine over one month showed the
greatest increase in gray matter volume. Additional regions showing gray matter increase
that was not correlated with morphine dosage included the bilateral mid-cingulate (Figure 3¢
& 3d), left ventral posterior cingulate, and a cluster running dorsally from the left posterior
cingulate cortex, to the Brodmann Area (BA) 5 region of the left parietal lobe.

In the placebo group, TBM results revealed no areas of significant volumetric change. No
main effects for placebo over time were found on brain morphology.

3.3. Neuroimaging interaction effects (Table 2b)

All regions showing a significant main effect for time in the morphine group were then
tested for a significant interaction with the placebo group. The additional analyses
determined whether or not morphine induced structural changes are separable from changes
observed during placebo consumption. As seen in Table 2b, several regional changes in the
morphine group separated significantly from the placebo group: the amygdala, medial
orbital gyrus, hypothalamus, mid-cingulate, inferior frontal gyrus, ventral posterior
cingulate, caudal pons, and dorsal posterior cingulate.

3.4. Followup study results

An average of 4.7 months (SD = 1.5) following the second scan period, all morphine
participants returned for a third scan. One participant had to be scanned 1 month following
the second scan. All other participants were scanned between 3.8 and 6.1 months following
the second scan. Time between scans was not a significant predictor of morphologic change
(no clusters surviving p = 0.0005 threshold). All participants reported abstaining from
opioids after the study morphine tapering. Whole-brain, pair-wise contrasts between the
second and third scans revealed no significant changes in regional gray matter volume. An
additional, region-of-interest analysis (restricted to those regions previously showing
morphine-induced change) also did not identify any significant volumetric changes at the
followup scan period. Morphine-induced changes in regional gray matter volume were
sustained at followup, showing no reversion following cessation of the medication.

4. Discussion

The prolonged use of opioids for the treatment of pain has been associated with a number of
deleterious side effects [8], and their use in chronic, nonmalignant pain is still controversial
[16]. Physical dependence and tolerance to analgesic effects are both known consequences
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of long-term opioid use [7, 44], and greater than 20% of individuals taking prescription
opioid analgesics for chronic pain report worries of dependence and tolerance [51]. More
serious adverse events, such as addiction, are infrequently reported, but can occur [43].
Recent data has identified probable opioid misuse in as high as 6% of commercially insured
chronic (non-cancer) pain patients [50]. Evidence also suggests that individuals can
experience opioid-induced hyperalgesia (an increased sensitivity to pain) during prolonged
opioid use [2, 12, 14]. Despite the known consequences of opioid analgesics that suggest
central nervous system alterations, little scientific data describe opioids’ impact on the
human brain.

4.1. Major findings

We found that daily morphine can cause regional neuroplastic changes the human brain after
only one month of daily administration. Several brain regions underwent volumetric change
over the morphine use period. Many of the observed changes were likely a consequence of
morphine administration as: 1) the degree of volumetric change in several regions was also
independently and significantly correlated with morphine dosage, and 2) a placebo control
group using similar scanning parameters and inter-scan interval demonstrated no significant
gray matter volume changes.

Following the month of morphine administration, reduced gray matter was observed in the
right amygdala. The amygdala, together with the hippocampus, drive reward-related
learning processes via modulatory influences on the nucleus accumbens [17, 21]. The
amygdala is involved in drug-induced associative learning, drug craving, reinforcement, the
development of dependence, and the experience of acute withdrawal [21, 30, 32, 38].
Atrophy in the amygdala was found in a previous study to be an important area of
morphologic difference distinguishing opioid-dependent individuals from healthy controls
[55]. Also, functional activity in the right amygdala is heightened in heroin abusers viewing
drug cues, in contrast to neutral stimuli [35]. Learning involving the amygdala may lead to
long-term behavior patterns that continue even as pleasurable effects subside; perhaps
forming the basis for opioid misuse in some individuals [21]. The morphological changes
observed in the amygdala (and to a lesser extent, the hippocampus) provide preliminary
evidence for fast alterations in reward-learning circuits following opioid administration.

Gray matter increase was widely-distributed throughout the brain and, in contrast to regions
demonstrating volumetric decrease, was located outside of reward-processing networks.
Increased gray matter was seen in numerous regions of the cingulate (middle, dorsal
posterior, and ventral posterior), regions that are known to have high mu-opioid receptor
density, high mu-opioid binding capacity, and strong neural response to opioid
administration in humans [37, 45, 49]. Interestingly, one region — the pregenual anterior
cingulate (BA 32) — was previously demonstrated to have gray matter loss in lifetime
heroin-dependent individuals [57]. We observed volumetric change also in the inferior pons
and hypothalamus. Volumetric change in the hypothalamus was of particular interest, as the
area is rich in mu-opioid receptors, and is the site by which opioids exert their inhibitory
influence on the hypothalamic-pituitary-adrenal (HPA) axis [56]. The hypothalamus also
produces hypocretin, which is essential for cognitive arousal and attention [9]. Opioid
exposure is known to suppress the hypothalamic hypocretin system [39], perhaps explaining
why many individuals experience lethargy and cognitive dysfunction while taking opioids
[13, 47]. The hypothalamic hypocretin system may also be involved in the development of
drug addiction [6, 10]. We note, however, that the hypothalamus is a small and difficult-to-
image region, so that some care must be taken in interpreting those results. Cortical regions
were also affected, including two regions of the inferior frontal gyri that bordered the left
sylvian fissure. Those areas have previously been reported to have lower volume in opioid-
dependent individuals [31]. It is possible that the short-term volume increase we observed
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would reverse and result in atrophy over longer periods of time, but further tests of that
hypothesis would need to be conducted.

One important concern regarding the impact of opioids on brain volume is the durability (or
conversely, the reversibility) of the changes. A quick and robust return to pre-opioid volume
levels would suggest that opioid effects are transient, and easily negated by simple cessation
of the drug. In our analyses, however, we found no evidence that morphine-induced
volumetric changes reverse after opioid cessation. Even after 4.7 months following
cessation, morphine-induced changes were persistent. In some cases (such as in the
amygdala and hypothalamus) the morphine-induced changes showed little variability across
subjects following opioid cessation. In other cases (e.g., the mid-cingulate), volumetric
changes were quite variable following opioid cessation. In no case was a significant
volumetric change identified following cessation of medication. The stability of the changes
may underlie the difficultly in fully recovering from adverse opioid effects (such as
dependency) that are mediated by central nervous system plasticity.

comments

Recent longitudinal experimental and observational studies have shown that pain-related
morphological changes in the brain are reversible after cessation or successful treatment of
the pain [25, 46, 53]. Therefore, it is possible that some of the changes we observed were
more a result of pain reduction that engagement of addiction circuitry. However, there was
no overlap in our observed morphine-induced changes, and regions previously reported to be
abnormal in chronic low back pain individuals (the latter involving the putamen, thalamus,
somatosensory cortex, dorsolateral prefrontal cortex, temporal lobe, and lateral
occipitotemporal gyrus; [3, 48]). Therefore, it is unclear if any of the structural changes we
observed were directly related to the resolution of low back pain. However, we note that one
area of volumetric increase, the pregenual anterior cingulate, may be associated with the
central pathology of chronic pain in general. Many studies show gray matter decrease in that
region associated with the presence of chronic pain[41]. Therefore, some of the changes we
observed could reflect clinically beneficial effects of opioid treatment. Changes in brain
volume are not necessarily indicative of harm, so future studies should focus on how opioid-
related brain changes are associated with positive and negative clinical outcomes.

A few limitations of the present study should be considered. First, the sample size is small,
and determining the generalizability of the findings will require further research. Second, the
experiment protocol did not randomly assign individuals to morphine or placebo. In order to
fully control for the effects of expectancy on brain structure, future studies must employ a
true randomized design. Third, while matched for disease type and severity, the morphine
and placebo groups were not matched for age and gender. Fourth, different scanners and
coils were used for the morphine and control groups. However, the hardware differences
likely had no appreciable effect on the results, as: 1) we were analyzing within-person
changes over time, and 2) the signal-to-noise ratio and gray-to-noise contrasts were similar
with the two setups. Fifth, we were not able to determine the behavioral implications of
observed neural changes. To do so, future studies should conduct extensive behavioral,
cognitive, sensory, and affective tests to correlate with observed brain changes. By doing so,
we may be able to distinguish neural changes associated with desirable opioid outcomes
(e.g., pain relief) from those associated with adverse outcomes (dependency, addiction,
cognitive impairment, etc.).

An important further limitation of this study is the inability of structural MRI to determine
what cellular changes underlie the observed morphologic changes in this study. Because the
fractional components of gray matter voxels cannot be analyzed, different cell types (for
example, neuron cell bodies and microglia cell bodies) cannot be differentiated. A multitude
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of cellular changes may manifest similarly on MRI scans [20, 42]. Animal studies provide
important clues as to the mechanisms of morphine-induced morphologic changes, including
modulation of neurogenesis, neuron cell density, number of proliferating cells, and apoptosis
[19, 22, 52, 54]. Further translational studies are needed to determine the cellular and
molecular nature of changes observed in human imaging studies.

The results presented here confirm previous findings showing that decreased volume in the
amygdala is associated with exposure to opioids. Moreover, we demonstrate neuroplastic
changes in a longitudinal design, and show that the changes occur in a short amount of time.
Further research may reveal specific brain changes associated with the negative effects of
long-term opioid use. Ultimately, we may be able to identify targets for non-invasive
neuromodulatory interventions such as real time fMRI feedback training and transcranial
magnetic stimulation (TMS). Also, information linking brain changes to behavioral
outcomes may allow us to develop predictive models of risk for negative opioid effects.
Those advances would help increase the clinical utility of opioids for chronic pain, and
mitigate unwanted consequences.
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Figure 1.

Gray matter volume decrease in the amygdala following one month of daily morphine
exposure. (a) Coronal view (z = —19) of volume decrease in the lateral aspect of the right
amygdala (average volume decrease = 2.4%). Image presented is in neurological
convention, and thresholded at voxel-level FDR of p < 0.01 and cluster-level FDR p < 0.05.
(b) Bar graph showing percent volumetric change from baseline in the amygdala for the
placebo group (left bar) and morphine group (right bars). Dark gray bars indicate the post-
medication period, and light gray indicates the followup period. Error bars represent 95%
confidence intervals. Amygdala volume is significantly decreased after morphine exposure,
and the decreased volume is maintained 4.7 months later at the followup period. The
placebo group shows no change in amygdala volume. (c) Post-hoc scatterplot showing
relationship between total morphine consumed (x axis) and percent change in right
amygdala volume (y axis) in the morphine group. One outlier showed no amygdala change
over time.
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Figure 2.

Gray matter volume increase in the hypothalamus following one month of daily morphine
exposure. (a) Sagittal view (x = +1) of volume increase in the caudal aspect of the
hypothalamus (average volume increase = 3.1%). Image is thresholded at voxel-level FDR
of p < 0.01 and cluster-level FDR p < 0.05. (b) Same hypothalamus cluster presented in
coronal plane and (c) in sagittal plane. (d) Bar graph showing percent volumetric change
from baseline in the hypothalamus for the placebo group (left bar) and morphine group
(right bars). Dark gray bars indicate the post-medication period, and light gray indicates the
followup period. Error bars represent 95% confidence intervals. Hypothalamus volume is
significantly increased after morphine exposure, and the increased volume is maintained 4.7
months later at the followup period. The placebo group shows no significant change in
hypothalamus volume. (e) Post-hoc scatterplot showing relationship between total morphine
consumed (x axis) and percent change of hypothalamic volume (y axis) in the morphine

group.
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Figure 3.

Gray matter volume increase in the inferior frontal gyrus, mid-cingulate, and pregenual
anterior cingulate following one month of daily morphine exposure. (a) Coronal view (z = 0)
of volume increase in the inferior frontal gyrus, bordering the slyvian fissure (average
volume increase = 3.5%). Image is thresholded at voxel -level FDR of p < 0.01 and cluster-
level FDR p < 0.05. (b) Post-hoc scatterplot showing relationship between total morphine
consumed (x axis) and percent change in the inferior frontal gyrus cluster (y axis) for the
morphine group. (c) Axial view of volumetric increase in the mid-cingulate and dorsal
anterior cingulate (average volume increase = 3.4% and 3.0%, respectively). (d) Boxplot
showing percent volumetric change from baseline in the mid-cingulate for the placebo group
(left bar) and morphine group (right bars). Error bars represent the 95% confidence interval.
The morphine group showed significant volumetric increase post-morphine, but volumetric
change was variable at 4.7 months after morphine exposure. The placebo group showed no
significant volumetric change in the mid-cingulate.
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