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Functional near infrared spectroscopy (fNIRS) is a non-invasive optical imaging method
that provides continuous measure of cortical brain functions. One application has been
its use in the evaluation of pain. Previous studies have delineated a deoxygenation
process associated with pain in the medial anterior prefrontal region, more specifically,
the medial Brodmann Area 10 (BA 10). Such response to painful stimuli has been
consistently observed in awake, sedated and anesthetized patients. In this study, we
administered oral morphine (15 mg) or placebo to 14 healthy male volunteers with no
history of pain or opioid abuse in a crossover double blind design, and performed
fNIRS scans prior to and after the administration to assess the effect of morphine on
the medial BA 10 pain signal. Morphine is the gold standard for inhibiting nociceptive
processing, most well described for brain effects on sensory and emotional regions
including the insula, the somatosensory cortex (the primary somatosensory cortex, S1,
and the secondary somatosensory cortex, S2), and the anterior cingulate cortex (ACC).
Our results showed an attenuation effect of morphine on the fNIRS-measured pain signal
in the medial BA 10, as well as in the contralateral S1 (although observed in a smaller
number of subjects). Notably, the extent of signal attenuation corresponded with the
temporal profile of the reported plasma concentration for the drug. No clear attenuation
by morphine on the medial BA 10 response to innocuous stimuli was observed. These
results provide further evidence for the role of medial BA 10 in the processing of pain,
and also suggest that fNIRS may be used as an objective measure of drug-brain profiles
independent of subjective reports.
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INTRODUCTION

Previous neuroimaging studies have delineated various brain
regions that exhibit a robust level of activation to pain at
both subcortical (e.g., thalamus and amygdala) and cortical
levels (e.g., insula and anterior cingulate cortex (ACC)) (Millan,
1999; Davis et al., 2005; Brooks and Tracey, 2007; Fuchs
et al., 2014; Neugebauer, 2015). One area, the frontopolar
(FP) cortex (also known as the anterior prefrontal cortex,
aPFC), is a supramodal cortex that shares extensive connections
with the sensory and emotion networks of the brain, and
has emerged as an important brain region in the pain
perception process (Peng et al., 2018a). Activation in the
lateral portion of the FP cortex has been related to functions
such as sensory/emotional assessment of pain conditions, pain
modulation, empathy for pain and pain anticipation (Lorenz
et al., 2003; Jantsch et al., 2005; Wiech et al., 2006; Peyron
et al., 2007; Godinho et al., 2012; Palermo et al., 2015).
Interestingly, besides activations, deactivations in response to
noxious stimuli have also been reported, predominately in
its medial portion (mainly the Brodmann Area 10, BA 10).
Pain-induced BA 10 deactivation at both acute and chronic
conditions has been observed across different imaging modalities
such as functional magnetic resonance imaging (fMRI; Gündel
et al., 2008; Lui et al., 2008; Kong et al., 2010; Tseng et al.,
2010; Loggia et al., 2012), positron emission tomography
(PET; Derbyshire et al., 1994; Hsieh et al., 1996; Vogt et al.,
1996; Peyron et al., 1998; van Oudenhove et al., 2009; Yoon
et al., 2014) and functional near infrared spectroscopy (fNIRS;
Holper et al., 2014; Sakuma et al., 2014; Yücel et al., 2015;
Aasted et al., 2016; Becerra et al., 2016; Kussman et al.,
2016).

fNIRS employs near infrared lights to provide non-invasive,
continuous measure of cortical hemodynamics in terms of
oxygenated hemoglobin (HbO) and deoxygenated hemoglobin
(HbR) concentration changes. However, fNIRS is limited by its
imaging depth (∼1–3 mm within the cortex) and susceptibility
to hair contaminations. The location of medial BA 10 (below
the forehead) is of particular interest in fNIRS studies due to
the ease of access and the ability to achieve a high signal-
to-noise ratio (SNR). By placing optodes on the forehead,
previous fNIRS studies reported a significant deactivation in the
medial portion of the BA 10 in various pain models, including
cutaneous pain (Holper et al., 2014; Yücel et al., 2015), tooth
pain (Sakuma et al., 2014) and visceral pain (Becerra et al., 2016;
Kussman et al., 2016). Besides, the medial BA 10 response to
painful events has been reproduced across awake (Yücel et al.,
2015), sedated (Becerra et al., 2016) and anesthetized subjects
(Kussman et al., 2016). Based on these observations, we suggested
that the fNIRS-measured medial BA 10 signal might have the
potential to be used as a brain marker involved in the complex
nature of pain perception (Aasted et al., 2016; Peng et al.,
2018b).

The deactivation of medial BA 10 following pain was often
seen to be associated with other regions within the brain’s
default mode network (DMN). The DMN, anchored by the
medial PFC (including BA 10) and the posterior cingulate

cortex (PCC), has been linked to task-independent ‘‘internal’’
functions (e.g., self-reference and interoception; Davey et al.,
2016; Kleckner et al., 2017). The deactivation of the DMN
by external-directed tasks has been therefore related to the
switch of one’s attention from self to the outside stimulus
(Prado and Weissman, 2011; Lin et al., 2015). As pain is
intrinsically salient, the deactivation in the medial BA 10 (as
part of the DMN deactivation) in response to noxious stimuli
might potentially reflect an individual’s attention towards pain
(Kucyi et al., 2013). Other studies proposed that the observed
medial BA 10 deactivation might be a result of the neural
activity suppression by the hyperactivity of amygdala (Ji et al.,
2010), a core region that regulates the affective-motivational
dimension of pain (Neugebauer, 2015). Despite the various
proposed models, the explicit interpretation of the medial BA
10 signal following pain/nociception or analgesia has not been
fully elucidated.

In this study, we sought to further understand the
involvement of medial BA 10 in pain processing by evaluating
the effects of a well-known analgesic, morphine, on its response
to noxious stimulation with fNIRS. We measured the response
to noxious stimuli in medial BA 10 using fNIRS before
and after drug administration (a standard analgesic dose of
15 mg oral morphine in healthy volunteers) in a double blind,
placebo-controlled design. Morphine is considered to be a ‘‘gold
standard’’ opioid analgesic for nociceptive pain and is known
to reduce the sensory and affective response to pain (Price
et al., 1985). Indeed, previous animal and human studies have
described the inhibitory effect of morphine on the activations of
many cortical regions related to the sensory processing (e.g., the
insula and somatosensory cortex) and/or emotional processing
of pain (e.g., the ACC), see discussion ‘‘Effects of Morphine on
BA 10 and S1 Responses to Noxious and Innocuous Stimuli’’
below. In this study, we hypothesized that morphine would
also attenuate the fNIRS-measured deactivation in the medial
BA 10 to painful experimental stimuli. The attenuation of pain
signals in the medial BA 10 by a well-defined analgesic would:
(a) provide further evidence for a role of BA 10 in the processing
of pain and (b) support the potential use of the fNIRS-measured
BA 10 signal to establish an objective measure of pain and
analgesia.

MATERIALS AND METHODS

Subjects
This study was approved by the Institutional Review Board (IRB)
of the Massachusetts General Hospital, and conformed to the
ethical standards for human experimentation as defined by the
Helsinki Accord and the International Association for the Study
of Pain. Fourteen healthy right-handed male subjects with no
recent history of pain (age range: 22–37 years, mean ± standard
deviation: 29 ± 5 years) completed this study. Written informed
consent was obtained from each subject prior to experiments.
Subjects with a history of allergy to opioids or opioid abuse,
history of neurological trauma or psychiatric disorders, or who
were unable to keep their head still for at least six consecutive
minutes were excluded.
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Each subject underwent two fNIRS scanning visits after
the initial medical screening. In a double blind, randomized
crossover design, subjects were given either immediate-release
morphine (15 mg PO) or placebo (pills looked identical). An
anesthesiologist was present during the entire procedure of both
visits to monitor the possible adverse effects of morphine such as
respiratory compromise. The washout time interval between the
two visits for subjects varied from 3weeks to 2months depending
on the availability of the subject and the research team.

Experimental Procedures
The experimental paradigm is summarized in Figure 1. In each
visit of a subject, two subjective perception levels were first
determined prior to the actual drug/placebo scans by applying
electrical stimulations to subject’s left thumb with a 5 Hz
electrical stimulator (Neurotron, MD, USA). The subject was
asked to report at the scores of 3 and 7 over a 0–10 scale,
with the 3/10 score being described as ‘‘the subject should be
strongly aware of the stimulus but shouldn’t perceive any pain’’
(innocuous) and the 7/10 score being ‘‘the subject should perceive
much pain, but the pain should be tolerable without breath holding
or any retreat actions’’ (noxious) as in our previous studies (Peng
et al., 2018b). The electrical intensities corresponding to the two
perception levels were used in the following fNIRS scans.

Four fNIRS data acquisition sessions were conducted in each
visit of a subject: the first scan was performed prior to the oral
drug/placebo administration (the pre-scan), while the other three
were conducted at exactly 30 min, 60 min and 90 min after
the time when the drug/placebo was administrated (denoted
as 30 min post-scan, 60 min post-scan and 90 min post-scan
respectively, see Figure 1). Each scan lasted approximately 6 min,
during which a total number of six innocuous stimuli and six
noxious stimuli were delivered to the subject’s left thumb with
a randomized sequence. The electrical stimulus (noxious or
innocuous) was applied for 5 s and was followed by a 25 s resting
period.

Data Acquisition
We used a multichannel continuous wave fNIRS system
(CW7 system, TechEn, MA, USA) to acquire optical data at
690 nm and 830 nm wavelengths. A total number of 24 30 mm
fNIRS channels were mounted using nine light emitters and
12 light detectors (Figure 2). These channels mainly covered
the medial portion of the FP cortex (medial BA 10), the right
primary somatosensory cortex (S1), as well as part of the left
lateral prefrontal cortex (lateral PFC), see ‘‘Cortical Responses in
BA 10 and S1 to Noxious and Innocuous Stimuli’’ below for a
discussion on the selection of covered brain regions. In addition
to the 12 normal fNIRS detectors, nine short separation detectors
placed 8 mm from adjacent light emitters were also installed to
measure the signal changes from superficial layers (such as skin,
scalp and skull).

Data Pre-processing and Hemodynamic
Response Function Estimation
The data pre-processing was carried out using the toolbox
HOMER2 (Huppert et al., 2009) implemented in Matlab

(Mathworks, MA, USA). Raw optical signals were first converted
into optical density changes. We used the automatic detection
function in HOMER2, which monitors the changes in signal
amplitude and/or standard derivation of the time course to
identify time periods that contain motion artifacts. Any stimulus
that was within the interval of 20 s before an artifact to 5 s
after the artifact was excluded from the analysis. No correction
of motion artifact was performed (except for one subject, see
below). The time courses were then reviewed manually. The
optical density changes underwent a third-order Butterworth
low-pass filter with a cutoff frequency of 0.5 Hz, and were then
transformed into HbO and HbR concentration changes using
the Modified Beer-Lambert Law. The concentration changes
in total-hemoglobin (HbT) were obtained by a direct sum
of the HbO and HbR changes (HbT = HbO + HbR). We
estimated the hemodynamic response function (HRF) to noxious
and innocuous stimuli with an ordinary least squares (OLS)
approach, using a consecutive sequence of Gaussian functions as
temporal basis functions (standard deviation = 1 s, separation
of the mean = 1 s). For the time course of each channel,
we included the short separation data that had the highest
correlation as a static estimator to regress out the contamination
of physiological signals (such as due to heartbeat or respiration).
A third-order polynomial regressor was also applied in the model
to remove the signal drifts. The physiological noise and drift-
corrected HbO and HbR change time courses were reconstructed
simultaneously from the OLS estimation (see Peng et al. (2018b)
for details).

Following the estimation of the HRFs for each scan session
(pre-scan and 30 min, 60 min, 90 min post-scans), the
HRFs of one subject were normalized at each channel to the
peak/nadir magnitude of the HRF obtained from the pre-scan.
By normalizing the channel-wise HRFs to the pre-scan HRFs,
we aimed to more intuitively view the percentage of attenuation
of the HRFs in the post-scans and to mitigate the effect of the
subject-specific difference in the shape and magnitude of the
response in the comparison. This was achieved by identifying
the highest value of a hemoglobin concentration increase (or the
lowest value if a decrease was observed) in the pre-scan HRF
within 2–15 s after the stimulus. We chose 2–15 s as the search
window because; (a) all our stimuli lasted 5 s and (b) the delayed
response of the hemodynamic change which usually occurs about
5–6 s after the underlying neuronal activity. At each channel, we
then divided the four HRFs of a subject during a single visit by
the identified pre-scan HRF peak/nadir magnitude to obtain the
normalized set of HRFs.

General Linear Model Analysis
For each scan session, we performed a standard general linear
model (GLM) analysis to test the statistical significance of the
detected hemodynamic response to the applied electrical stimuli.
This was conducted with the Matlab toolbox nirs10 (Peng et al.,
2014) developed based on SPM8 (Friston et al., 2006) and
NIRS-SPM (Ye et al., 2009). Briefly, the GLM decomposes the
reconstructed hemoglobin concentration change time course
(see above) Y into a linear combination of the expected response
to each time of stimuli X, a constant regressor and an error term,
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FIGURE 1 | Experimental design. At each visit, four functional near infrared spectroscopy (fNIRS) sessions were performed, each of which contained a randomized
sequence of six noxious and six innocuous stimuli. Note that subjects underwent two experimental sessions receiving either morphine or placebo first and then vice
versa in a double blind fashion.

FIGURE 2 | Optode arrangement over frontal lobe (medial brodmann area 10 (BA 10), left lateral prefrontal cortex (PFC)) and right somatosensory cortex. Optode
arrangement and corresponding detection sensitivity are depicted in frontal view (left panel) and right view (right panel). Light emitters and detectors are shown with
red dots and blue dots respectively. A NIRS channel consists of one light emitter and one light detector (shown by green lines and indexed in white). The sensitivity
values are displayed on a logarithmic scale (with arbitrary units) showing the sensitivity of a cortical hemodynamic change being detected by the fNIRS measures.

i.e., Y = Xβ + ε. The expected responses to the two types of
electrical stimuli (noxious and innocuous) were computed by
convolving the timing of the stimuli with a SPM8 canonical HRF.
Before being passed to the GLM, the reconstructed time courses

(see above) were high-pass filtered with a 4th-order Butterworth
filter at 0.01 Hz and low-passed filtered using a filter with the
shape of the canonical HRF (corresponding cutoff frequency
≈ 0.6 Hz; Ye et al., 2009). For each subject, the regression
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coefficients β corresponding to the stimuli were estimated at each
channel, and were then interpolated to four two-dimensional
views (i.e., frontal, right, left and dorsal) using an inhomogeneous
interpolation kernel based on their locations on a brain MRI
template. At each pixel of the four views, we conducted a
two-tailed t-test on the interpolated regression coefficient β ,
testing the null hypothesis H0: β = 0, which is equivalent to H′0:
the correlation between the recorded hemoglobin concentration
change and the expected change is not statistically significant.
For each scan session of each visit, the individual contrast
maps of all the subjects were then pooled together to generate
group-level contrast maps. This was carried out by using the
precision-weighted averaging method (Ye et al., 2009) under
a fixed-effect model (i.e., taking each subject as repetitive
measures and assuming no inter-subject variance). The group-
level t-contrast maps of each view were then corrected with
a peak false discovery rate (pFDR)-based approach (Benjamini
and Hochberg, 1995; Chumbley et al., 2010) to control the
family-wise error.

RESULTS

Data Included in the Analysis
No adverse effect of morphine was reported by any of the subjects
during or after the recordings. The data of three subjects were
discarded, as we were unable to obtain reliable measure of frontal
brain activities. The data of the remaining 11 subjects (11/14, age
range: 22–37 years, mean ± standard deviation: 30 ± 5 years)
were included in the subsequent analysis, which contained
a total number of 242 noxious stimuli and 239 innocuous
stimuli during morphine visits and 221 noxious stimuli and
247 innocuous stimuli during placebo visits after exclusion for
artifacts (Table 1). For one visit of a subject (the placebo visit of
subject 1), we applied a targeted principal component analysis
for motion correction (Yücel et al., 2014) because of the excessive
artifacts observed in the dataset.

The visual analog scale (VAS) ratings of the noxious stimuli
in the pre-scan and the post-scans were obtained from five
randomly selected subjects (Supplementary Figure S1). We
observed lower VAS ratings for electrical pain after the subjects
took morphine comparing with the ratings prior to morphine
administration, with the greatest reduction seen at 60 min post-
morphine. However, we did not obtain statistical significant
difference in the reductions of VAS ratings. On the other hand,
no trend in the changes of the VAS rating of the perceived
electrical pain was observed during the visits when oral placebo
was given. These results of VAS ratings are further discussed in
the section ‘‘Pain rating and BA 10 response’’ below.

Response to Electrical Stimuli Over the
Prefrontal Cortex
In this section, we focus on the HbO concentration changes to
electrical stimuli. HbO response has often been observed to have
a much higher SNR relative to HbR (Obrig et al., 2000; Yennu
et al., 2016). In this study, an initial quality assurance analysis
showed that the recorded HbO signals were more reliable in

revealing the true shape of the hemodynamic response to external
stimuli (results not shown). For HbR and HbT, the readers are
referred to Supplementary Figures S2–S7.

Localized Hemodynamic Response to Electrical
Stimuli in Normal Conditions
In Figure 3, we plot the HRF of HbO concentration changes
to noxious and innocuous electrical stimuli of the 11 subjects
in normal conditions (i.e., the pre-scans, no morphine or
placebo administered) acquired from the NIRS channels over
the medial FP cortex (Figure 3A) and the left lateral PFC
(Figure 3B). For each subject, the pre-scans of the morphine
visit and the placebo visit were combined in this analysis. We
observed significant HbO decreases in response to electrical
stimuli mainly over the medial portion of the FP cortex
(medial BA 10). Specifically, the nadir magnitudes of the
HRFs to noxious stimuli from four channels (C10, 14, 15 and
16, highlighted in yellow in Figure 3A) in the pre-scans
were seen to be statistically lower than zero (one-tailed t-
test, p < 0.05). These channels were therefore included in the
subsequent analysis to study the effect of morphine on medial
BA 10 signals.

Deactivations in the medial BA 10 in response to innocuous
stimuli were also observed in some of the channels. However,
the responses were generally much weaker than those to noxious
stimuli. These results are concordant with the findings reported
in our previous studies (Yücel et al., 2015; Aasted et al., 2016).

On the other hand, we did not obtain any significant change
of HbO concentration in the lateral PFC associated with either
noxious or innocuous stimuli in the pre-scans (Figure 3B). The
left lateral PFC results after the administration of morphine
or placebo were therefore not presented in the following
sections (please refer to Supplementary Figures S16–S21).
We believe that the changes in the left lateral PFC following
the administration of morphine or placebo depicted in the
Supplementary Material may be less related to the pain
perception process.

Effect of Oral Morphine on the HRF of Medial BA
10 Pain Signals
Figure 4 shows the HRFs of HbO concentration changes to
noxious electrical stimuli (VAS 7) in the four fNIRS scan sessions
(i.e., pre-scan, 30 min-, 60 min- and 90 min-post scan) of both
visits. The HRFs of a single session were normalized to the
peak/nadir magnitude of the pre-scan HRF, and were averaged
first across channels then across the 11 subjects.

Within-visit comparison: during the visits when the subjects
received oral morphine, we observed an attenuation of the
HbO decrease associated with noxious stimuli with respect to
HRF magnitudes when comparing the post-morphine scans
with the pre-scan. Of note, such attenuation was seen to
exhibit an inverted U-shape, i.e., reaching the maximum at
60 min after the administration of morphine (p = 0.006 for
HRF magnitudes compared with those of the pre-scans from
a one-tailed paired t-test). During the visits when placebo was
given, the subjects showed clear HbO decreases over the medial
BA 10 following noxious stimuli in all four scan sessions.
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TABLE 1 | Number of electrical stimulation trials included in the analysis.

#SUB Morphine visit Placebo visit

Pre 30 min 60 min 90 min Pre 30 min 60 min 90 min

N I N I N I N I N I N I N I N I

1 5 5 6 6 6 6 6 5 4 5 6 6 6 6 5 5
2 6 5 6 6 6 6 5 6 3 5 5 5 5 6 6 6
3 4 6 5 6 5 6 6 5 5 6 6 6 5 6 6 5
4 6 6 6 6 6 5 5 5 4 6 6 6 6 6 4 5
5 6 4 4 5 6 6 5 4 4 6 5 6 5 4 6 5
6 5 5 6 6 5 6 5 6 5 6 6 6 6 5 5 6
7 6 5 5 6 5 6 6 6 5 5 5 6 6 6 5 6
8 5 6 6 6 6 6 6 6 2 6 3 5 3 5 3 6
9 5 3 6 6 5 6 6 6 6 5 4 6 6 6 2 6
10 6 5 5 4 4 6 5 3 5 6 6 6 6 6 6 6
11 6 5 6 6 6 5 6 5 6 6 6 5 6 5 6 6
Subtotal 60 55 61 63 60 64 61 57 49 62 58 63 60 61 54 62

No statistical significance was seen when we compared the nadir
values of the pre-scan HRF to those of any of the three post-scan
HRFs.

Between-visit comparison: we compared the HRF nadir
magnitudes between the morphine visits and the placebo
visits from corresponding scans. While no difference in the
HRF magnitudes could be found in the pre-scans, medial BA
10 elicited much weaker deactivation responses to noxious
stimuli at 30 min, 60 min and 90 min after the administration
of oral morphine relative to placebo. Statistical significance was
obtained between 60 min post-scans (p = 0.03).

Post hoc statistical power analysis: we conducted a post hoc
analysis to estimate the statistical power of our approach to
detect the effect of morphine using the software G∗Power 3.1
(Faul et al., 2009). The effect size was calculated using the HRF
magnitudes from 7 s to 10 s after the noxious stimulus onset
(highlighted in yellow in Figure 4) of each scan. Assuming a
significance level of 0.05, we obtained a power of 89% in the
within-visit comparison (i.e., HRF magnitudes in pre-scan vs.
60 min post-scan during morphine visits), and a power of 62%
in the between-visit comparison (i.e., HRF magnitudes in 60 min
post-scan during morphine vs. placebo visits). These results
implied that, with the current sample size, we had a moderate to
good statistical power to detect meaningful effect of morphine on
the BA 10 response to the electrical stimuli in the HRF analysis.

We show the contrast maps of t-scores from the GLM analysis
of the HbO concentration changes of each scan in the visits when
the subjects received morphine or placebo (Figure 5). Before
morphine was administered, we observed a significant HbO
deactivation over the medial BA 10 following noxious stimuli.
The HbO deactivation in response to pain was attenuated at
30 min after morphine was given. At 60 min after morphine
administration, no significant HbO deactivation cluster could
be located in the medial BA 10. The HbO deactivation cluster
reappeared at 90 min after morphine administration but with
much lower absolute values of the t-scores and a much smaller
spatial extent. Statistical significance in the minimum of t-scores
of the medial BA 10 deactivations was seen between the
pre-scans and 60 min post-scans (p = 0.03 from one-tailed
Wilcoxon Signed Rank Test) and between the pre-scans and
the 90 min post-scans (p = 0.02). Nonparametric tests were

conducted to compare the minimum of the negative t-scores,
as those t-values did not follow a Gaussian distribution. During
the visits when the subjects received oral placebo, we were
able to locate significant HbO deactivation clusters over the
medial BA 10 in response to noxious stimuli in all of the
four scans. While we observed no clear trend of attenuation
of the deactivations with the administration of placebo, some
changes in the t-scores and spatial extents with time were
noticed.

When comparing the contrast maps between morphine and
placebo visits in corresponding scans, we observed statistically
lower negative t-scores in the medial BA 10 at 60 min after
the administration of morphine than placebo (p = 0.05). These
results from GLM analysis were largely consistent with those
obtained from the HRF analysis described above.

We did not observe a clear modulation pattern of the medial
BA 10 response to innocuous stimuli by the administration of
either morphine or placebo (Figure 6). However, it may be of
note that the post-scan HRFs showed an even more significant
decrease in the HbO response to innocuous stimuli compared
with the pre-scan HRF in both morphine and placebo visits,
specifically at 30 min after drug/placebo administration. This
trend might have similarly been observed in the BA 10 responses
to noxious stimuli during placebo visits (see the placebo results
in Figures 4, 5). We presume that these observations may be
related to brain sensitization (i.e., increased response in nervous
system to repeatedly applied stimuli), which potentially describes
a learning process of the brain towards the applied stimulus in
its first a few repetitions (Ursin, 2014). However, current results
limited our ability to further explore the effect of sensitization.
Indeed, the shapes of the medial BA 10 responses to innocuous
stimuli were seen to be quite heterogeneous across scans and
subjects, resulting in large error bars in the averaged HRFs and
no statistical significance between any pair of scans. In the GLM
analysis, the variability of the response to innocuous stimuli
led to inconsistent HbO activation/deactivation clusters on the
corrected t-scores in statistical contrast maps across scans, which
generally didn’t allow meaningful interpretations with respect to
morphine effects or sensitization. The contrast maps of t-scores
from the GLM analysis of innocuous stimuli were therefore not
presented in this section.
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FIGURE 3 | Estimated hemodynamic response functions (HRFs) in the pre-treatment scans across 11 subjects. Oxygenated hemoglobin (HbO) concentration
changes to noxious and innocuous stimuli in the (A) medial BA 10 and (B) left lateral PFC in normal conditions. The pre-scans of the morphine visit and the placebo
visit of each subject were combined. Channels showing statistically significant HbO decrease following noxious stimuli are highlighted in yellow. All error bars show
the standard error of the mean.

Response to Electrical Stimuli Over the
Primary Somatosensory Cortex
The involvement of the primary somatosensory cortex (S1) in
the perception of pain has been reported in many previous
studies. The S1 is included in the ‘‘lateral pain system’’ (regions to
which pain information is projected through the lateral thalamic

nuclei), and has been linked to the sensory-discriminative
component of pain such as pain localization and intensity
encoding (Hofbauer et al., 2001; Timmermann et al., 2001).
Compared with the medial BA 10, fNIRS signals collected from
the S1 are usually more susceptible to hair contaminations
and motion artifacts, resulting in a lower SNR. Moreover,
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FIGURE 4 | Morphine and Placebo effects on noxious stimuli in medial BA 10. Top panel: the normalized HRFs to noxious stimuli (VAS7) over the medial BA
10 during visits in which (A) oral morphine or (B) placebo was administered. Gray bars indicate the time period when noxious electrical stimuli were applied. Bottom
panel: (C) bar plots of the averaged HRF magnitudes (from 7 s to 10 s post-stimulus) in each scan session. P-values showing statistically significant attenuation in
the averaged magnitudes are marked in the figure, ∗p < 0.05, ∗∗p < 0.01. All error bars show the standard error of the mean. For image clarity, only the error bars of
the pre-scan HRFs and the HRFs showing the most significant changes are depicted.

studies have shown that the activation in the S1 can easily be
altered by cognitive factors including attention and previous
pain experience (Bushnell et al., 1999). In this study, while
our primary focus was on the fNIRS-measured medial BA
10 response, we located clear HbO increases in the contralateral
S1 following noxious stimuli in normal conditions (i.e., in the
pre-scan, without the administration of morphine or placebo)
in 5 out of the 11 subjects (Subject #2, #3, #4, #6 and #11).
The HbO data of these five subjects, which contained a total
number of 93 noxious stimuli in the morphine visits and
91 noxious stimuli in the placebo visits (see Supplementary
Table S1), were included to study the effect of oral morphine
on the contralateral S1 response to pain. For HbR and
HbT, please refer to Supplementary Figures S8–S11. For the
results of innocuous stimuli, please refer to Supplementary
Figures S12–S14.

An initial channel-wise HRF analysis revealed two channels
(C18 and C19) that showed the most significant HbO response
to pain (Figure 7). Figure 8 depicts the normalized HRFs of the
four scans (pre-scan, 30 min, 60 min and 90 min post-scans)
in the morphine visits and the placebo visits respectively. The
estimated HRFs of each scan were first averaged across the two
channels and then across the five subjects. Figure 9 shows the

t-contrast maps of the HbO concentration changes associated
with noxious stimuli in both visits generated from GLM
analysis.

Both the HRF analysis and the contrast maps showed an
attenuation of the HbO increase to noxious stimuli in the
contralateral S1 at the group level with the administration of
oral morphine. In the HRF analysis, we obtained statistical
significance when comparing the HRF magnitudes (5–7 s after
stimulus onset) between the pre-scan and the 30 min post-scan
(p = 0.02 from one-tailed paired t-test) and between the pre-scan
and the 60 min post-scan (p = 0.02). On the other hand, the
administration of an oral placebo seemed to result in a much
less significant attenuation of the S1 response to pain, with no
statistical significance observed between scans.

DISCUSSION

Summary of Results
To the best of our knowledge, this work is the first to study
the modulation of the medial anterior prefrontal response to
pain by opioid administration. From 11 healthy male subjects,
we observed an attenuation of the decrease in HbO signal
(as assessed by fNIRS) over the medial BA 10 after the
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FIGURE 5 | HbO contrast maps in the medial BA 10 associated with noxious stimuli (VAS7) generated from the general linear model (GLM) analysis. (A) Group-level
statistical parametric maps of t-scores during the visits when the subjects received oral morphine, frontal view, peak false discovery rate (pFDR) corrected, p < 0.05.
The located significant deactivations in the medial BA 10 are circled in black. (B) Group-level statistical parametric maps of t-scores during the visits when the
subjects received oral placebo. (C) The minimum t-scores in the medial BA 10 area of each scan averaged across subjects. Statistically significant differences in the
minimum t-scores between scans are marked in the figure, ∗p ≤ 0.05. Error bars depict the standard errors of the mean.

administration of oral morphine. The BA 10 signal attenuation
was associated with a reduction in the pain-elicited activation
in contralateral primary somatosensory cortex (albeit a smaller
sample size N = 5). Such attenuation of BA 10 response to
noxious stimuli was absent after the administration of oral
placebo. The results provide further support for a role of BA 10 in
pain/nociception.

Cortical Responses in BA 10 and S1 to
Noxious and Innocuous Stimuli
In this study, we evaluated the effects of morphine on the fNIRS-
measured signals mainly on two brain regions, i.e., the medial

FP cortex (medial BA 10) and the primary somatosensory (S1)
cortex. We did not present the results from the left lateral PFC
as no significant response to the applied electrical stimuli was
observed.

While the role of BA 10 in pain perception has not
been fully elucidated, our prior data using fNIRS on awake
healthy subjects, patients under light sedation, and patients
under general anesthesia showed changes in BA 10 to external
painful events that seemed to be consistent across the different
levels of consciousness (Yücel et al., 2015; Becerra et al.,
2016; Kussman et al., 2016). Support for the involvement of
BA 10 in pain includes the following: (a) direct anatomical
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FIGURE 6 | Morphine and placebo responses to innocuous stimuli in medial BA 10. Top panel: the HRFs to innocuous stimuli (VAS3) over the S1 during visits in
which oral morphine (A) or placebo (B) was administered. Gray bars indicate the time period when innocuous electrical stimuli were applied. Bottom panel: (C) bar
plots of the HRF magnitudes (from 7 s to 10 s after the onset of the stimulus) in each scan session. All error bars show the standard error of the mean. No statistical
significant difference in the HRF nadir magnitudes between scans was seen.

connections exist between the frontal lobe and other brain
regions involved in nociceptive processing, including thalamus
and posterior insula which process sensory-discriminative
information (Petrides and Pandya, 2007; Burman et al., 2011)
and ACC which has been linked to affective-motivational
processing (Petrides and Pandya, 2007; Etkin et al., 2011;
Orr et al., 2015); (b) the FP cortex sends afferent projections
to brain regions (such as the periaqueductal gray, PAG)
within the antinociceptive brain network (An et al., 1998;
Hadjipavlou et al., 2006), potentially modulating (inhibiting
under normal conditions) nociceptive activation of neurons in
the dorsal horn of the spinal cord; (c) numerous functional
imaging studies have reported robust levels of activations or
deactivations in BA 10 and/or adjacent areas across various
pain models under both acute and chronic conditions (e.g.,
Becerra et al., 1999; Tracey et al., 2000; Apkarian et al.,
2001; Derbyshire et al., 2002; Lui et al., 2008; Loggia et al.,
2012; Peyron et al., 2013; Yoon et al., 2014), see our recent
review (Peng et al., 2018a)) and (d) while a breakdown
of brain functional connectivity has been reported during
anesthesia for most systems, this is not the case for sensory
connectivity (Bonhomme et al., 2016). Taken together, although
not well defined, the evidence suggests BA 10 is involved in
pain/nociceptive processing either through direct or indirect
pathways.

The S1 is a classic sensory region known to be involved in
the nociceptive pathway and responsive to opioid administration
(see below). For S1, previous studies have observed activation
of this region following experimental painful/nociceptive stimuli
(Becerra et al., 2001; DaSilva et al., 2002; Jantsch et al., 2005;
Moulton et al., 2005).

Effects of Morphine on BA 10 and S1
Responses to Noxious and Innocuous
Stimuli
The primary focus of this study was to evaluate whether
a well-known analgesic, morphine, would affect the fNIRS-
measured response to pain in the brain regions that we
had previously characterized in healthy subjects and patients
(i.e., the medial BA 10). Here we focus on the effects of
blockade of nociceptive stimuli with oral morphine. Due
to placebo effects, the study design was double blind and
randomized. Notably, subjects served as their own control.
Although drugs may have an unknown prolonged effect on
neural systems, we assumed that at least a two-week washout
interval between drug and placebo administration would be
sufficient given the short half-life of morphine (i.e., within
hours).

Morphine is an opioid analgesic that is considered as a gold
standard analgesic for nociceptive stimuli (Stein et al., 2000;
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FIGURE 7 | Estimated HRFs in the pre-treatment scans in the contralateral
primary somatosensory cortex across five subjects. HbO concentration
changes to noxious and innocuous stimuli in right S1 in normal conditions. For
each subject, the pre-scans of the morphine visit and the placebo visit were
combined in the analysis. The two channels showing strongest HbO increases
following noxious stimuli are highlighted in yellow.

Ruiz-Garcia and Lopez-Briz, 2008; Dietis et al., 2009). It acts on
µ-receptors that are located in both the peripheral and central
nervous system (CNS). Within the CNS, morphine is observed
to inhibit nociceptive stimuli at the spinal cord, brainstem
(e.g., PAG), subcortical (e.g., thalamus) and several cortical
areas (Yaksh, 1981; Lipp, 1991; Al-Hasani and Bruchas, 2011).
For example, in preclinical studies using electrophysiological
measures of neural activation produced by painful stimuli,
morphine was reported to inhibit neuronal activity to pain
evoked in a number of these regions including the S1, thalamus
(the ventral posterolateral nucleus and the mediodorsal nucleus),
and ACC (Wang et al., 2009). In human imaging studies,
inhibitive effects of morphine on the pain-induced cortical
activations were previously seen in the ACC, the insula and the
inferior parietal cortex (Becerra et al., 2006; Hansen et al., 2015).
To date, little data is available on the modulation of morphine
on brain deactivations or on BA 10 response associated with
pain. In this study, morphine was observed to attenuate the BA
10 deactivation to noxious stimuli in the medial BA 10, but had

minimal effects to innocuous stimuli. We specifically repeated
fNIRS data collection over a 90 min post-administration period
as the time taken to reach the maximum plasma concentration
(Tmax) for immediate-release morphine has been reported to be
around 1 h with a range of 20–30 min from its administration
(Collins et al., 1998). As noted, the maximal effect of medial BA
10 signal attenuation (and also for signal in the contralateral S1)
was observed to be within this time range.

An understanding of the effects of morphine on BA 10, as
alluded to above, is more complex and less well understood.
We believe that the observed signal attenuation is primarily
associated with inhibition of the afferent nociceptive signal.
However, the contribution of BA 10 to the conscious response
of the signal may involve a number of complex processes, as
discussed below. First, the deactivation of BA 10 following
noxious stimuli has been attributed to the inhibition of the
DMN, which is potentially associated with the reorientation of
a subject’s attention to the salience of the external painful event
(Kucyi et al., 2013). The deactivation of the DMN has been
reported to be under inhibitive control of the salience network
(SN; Chen et al., 2013; Wen et al., 2013). When morphine is
administered, the diminished pain sensation may reduce the
level of activation of the SN, which potentially leads to an
attenuation of the DMN deactivation. Second, opioids such as
morphine are known to impair cognitive functions (Strand et al.,
2017). This may be carried out by altering the fronto-parietal
and medio-lateral connectivity of the brain cognitive networks
(Hudetz, 2012; Khalili-Mahani et al., 2012), including the DMN
which has been seen to be important in the maintenance of
a subject’s cognitive performance (Eichele et al., 2008; Prado
and Weissman, 2011; Lin et al., 2015). The reduced level of
medial BA 10 deactivation observed in this study may reflect
the disruption of the DMN and the impairment of cognitive
functions as a result of morphine administration. Third, BA
10 is known to have connections with many above-mentioned
brain regions involved in opioid-induced analgesia. For instance,
opioids in the ACC, a rostral frontal region that shares extensive
connections with BA 10, have been shown to play an important
role in nociceptive pain in animals (Navratilova et al., 2015) and
humans (Petrovic et al., 2002). While the medial BA 10 and
the ACC have been revealed to be critical in the regulation
of the affective-motivational dimension of pain (Coghill et al.,
2003; Bushnell et al., 2013), Price et al. (1985) reported that
morphine, even administered at a low dose (e.g., 0.04 mg/kg
intravenous administration), is able to significantly reduce the
affective component of pain, which may therefore potentially
lead to decreased BA 10 activity related to emotion regulations.
Finally, opioid antagonists (e.g., naloxone) seemed to produce
opposite changes in the prefrontal regions related to endogenous
pain modulation (e.g., lateral BA 10 and BA9) when compared
with morphine (Taylor et al., 2013). This implies that morphine
may modulate the endogenous pain modulation system and alter
the BA 10 response through interactions within the prefrontal
areas. Taken together, the results of this study provide further
evidence to support the notion that BA 10may play an integrative
role and be involved in the high-level processing of pain (Peng
et al., 2018a).
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FIGURE 8 | Morphine and placebo effects on the fNIRS-measured S1 responses to noxious stimuli. Top panel: the HRFs to noxious stimuli (VAS7) over the right S1
during visits in which oral morphine (A) or placebo (B) was administered. Gray bars indicate the time period when noxious electrical stimuli were applied. Bottom
panel: (C) bar plots of the averaged HRF magnitudes (from 5 s to 7 s after the onset of the stimulus) in each scan session. P-values showing statistically significant
attenuation in the averaged magnitudes are marked in the figure, ∗p < 0.05. All error bars show the standard error of the mean.

For S1, it should be noted that this region has a low
density of µ-opioid receptors and therefore has less binding
potential for acute administration of the short acting µ-opioid
agonists (e.g., remifentanil as reported in Leppä et al. (2006)).
However, the modulation of its response by opioids may take
place through thalamo-cortical inhibition or activation of the
descending modulation, which inhibits its afferent nociceptive
traffic. Although not consistently observed, the suppression of
S1 activity after morphine administration has been reported
previously (Wang et al., 2009). Notably, in another study, the
opioid alfentanil (a short acting µ-opioid) produced a graded
decrease in S1 activation in response to pain with increasing
opioid concentrations (Oertel et al., 2008). With its analgesic
response better understood, the diminished S1 activations, which
were in parallel with the observed BA 10 response (albeit a
smaller sample size, i.e., 5 compared with 11 in BA 10 analysis),
may serve as a ‘‘control’’ for the expected analgesic effects of
morphine on the brain.

Pain Rating and BA 10 Response
Five randomly selected subjects were asked to report subjective
scores of pain perception level after each scan of morphine
or placebo visit. Our initial intent through this study was
to determine if subjects’ conscious scoring would make a
difference to the fNIRS-measured brain signal. From the pain
scores of the five subjects, we observed a larger decrease

in the VAS ratings of the perceived pain following the
administration of morphine than placebo (Supplementary
Figure S1). However, the difference between the two visits did
not reach statistical significance (p > 0.05 in one-tailed paired
t-test). One explanation is that the limited sample size may
make the significance level of the test more susceptible to a
few outlier ratings (see limitations below). Moreover, although
prior studies have validated the use of pain intensity rating
scales with regards to the responsivity (Ferreira-Valente et al.,
2011), the VAS rating of intensity is only one measure of
pain perception. The evaluation of brain response to pain,
on the other hand, may confer the more complex nature
of the experience. For example, previous work using fMRI
to study the effect of naloxone on CNS activity reported
significant changes in the CNS response to noxious heat after
the administration of naloxone compared to placebo, but with
no statistical difference in the VAS reports of perceived pain
intensity between conditions (Borras et al., 2004). Given that
the medial PFC (BA 10) represents integrative information
about pain stimulus (Peng et al., 2018a), it is possible that the
observed attenuation of BA 10 deactivation following pain in
this study is more associated with nonsensory emotional or
attentional processing of pain in the brain (see section ‘‘Effects of
Morphine on BA 10 and S1 Responses to Noxious and Innocuous
Stimuli’’ above). Despite the low number of subjects and the
lack of statistical significance in VAS ratings, we believe that
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FIGURE 9 | HbO contrast maps in the right S1 associated with noxious stimuli (VAS7) generated from the GLM analysis. (A) Group-level statistical parametric maps
of t-scores during the visits when the subjects received oral morphine, right view, pFDR corrected, p < 0.05. In the cases that pFDR did not find a threshold, a fixed
threshold of |t| > 3 was applied. The located significant activations in the S1 are circled in black. (B) Group-level statistical parametric maps of t-scores during the
visits when the subjects received oral placebo. (C) The maximum t-scores in the right S1 area of each scan averaged across subjects. Error bars depict the standard
errors of the mean.

the observed attenuation of BA 10 signal following morphine
administration was a part of the analgesic response of the brain
due to the following reasons: (a) the temporal profile of the
attenuation of the BA 10 response to noxious stimuli closely
matched the pharmacokinetic-pharmacodynamic model of oral
morphine, which has been studied in the literature and has been
well established (Collins et al., 1998; Staahl et al., 2008); (b)
although no statistical significance was obtained, a clear graded
decrease in the averaged VAS pain ratings of the experienced
painful events was observed in the morphine visits, reaching
maximum reduction at 60 min after drug administration. This
decrease also matched the pharmacokinetic-pharmacodynamic
model of oral morphine and could not be observed after placebo
was given (Supplementary Figure S1) and (c) in the small
comparison between the five subjects who were asked to rate his
pain and five other subjects who were not, we did not observe
major difference in the brain response modulated by morphine
or placebo (Supplementary Figure S15).

Limitations
There are a number of limitations related to this study. These
include:

a. Pain habituation: pain habituation describes a phenomenon
where pain and its associated response show a progressive
reduction over continuous or repetitive stimulation trials
(Bingel et al., 2007; Greffrath et al., 2007; Rennefeld et al.,
2010). It has been considered as a self-protection mechanism
against the development of chronic pain states (Rennefeld
et al., 2010). In this study, each subject received a total number
of 24 painful stimuli in four fNIRS scans during one single
visit (morphine or placebo). The habituation to the stimuli
may produce a gradual reduction in the pain-induced brain
response, which then leads to an attenuation of the fNIRS
signal. However, we believe that pain habituation should not
be a major factor that drove the reported fNIRS-measured
brain signal change following morphine administration. First,
we observed a recovery of the pain response in both the
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medial BA 10 and the right S1 in the 90 min post-scan. The
U-shaped temporal profile of the brain pain response was not
in line with the hypothesis of pain habituation (which should
exhibit a ‘‘steady decrease in response magnitude’’ (Greffrath
et al., 2007)) but closely follow the pharmacodynamic curve
of morphine. Moreover, our previous study with a similar
experimental design has suggested that a relatively long
resting period between scans (e.g., 30 min) might be able
to eliminate the effect of habituation in some subjects (Peng
et al., 2018b).

b. Confounding factors in opioid analgesia: opioid is known
to potentially depress respiration and lead to hypercapnia
(elevated carbon dioxide concentration in the blood;
Pattinson et al., 2009). Furthermore, the baseline cortical
hemodynamics such as cerebral blood flow (CBF) and
cerebral blood volume (CBV) levels may also be altered by
certain analgesics (e.g., remifentanil; Wagner et al., 2001;
Lorenz et al., 2002;Macintosh et al., 2008). These confounding
factors were not modeled in this particular study. Instead, we
employed a short separation approach by which we regressed
out the extracerebral signals to mitigate the effect of any
global changes in resting state or evoked hemodynamics
(such as a global increase in blood CO2 levels following
the administration of an opioid). Future work explicitly
controlling for subjects’ cardiorespiratory parameters and
CBF/CBV levels may be beneficial to more precisely delineate
the effect of morphine on the BA 10 pain signal.

c. Sample size: this study was conducted in a relatively small
and restricted group of subjects (all males, N = 11 for BA
10 and N = 5 for S1). Moreover, we did not perform motion
correction on most of the data for the purpose of reducing
signal magnitude changes induced during pre-processing.
Instead, stimulation trials that presumably overlapped with
artifacts were simply excluded from the analysis. The limited
sample size and number of stimuli included in each scan
may lower the statistical significance and increase the risk
of generating false positive results (especially for S1). The
fixed effect model used in the GLM group analysis led to
higher statistical scores in the group-level activationmaps that
allowed clear differentiation of the brain pain response among
the four scans before and after morphine administration.
However, neglecting the inter-subject variability and applying
a fixed effect model (rather than using a random effect
model) limited the ability of extending our GLM findings

to a more generalized subject group. Studies including a
larger sample size and both genders of subjects (Sarton et al.,
2000) may be necessary to further validate the results of this
work.

CONCLUSION

The deactivation in the medial FP cortex (medial BA 10)
associated with pain has been observed in previous studies but
has not been well understood. In this study, we observed that
such medial BA 10 response to pain could be modulated by
the administration of oral morphine. The attenuation of the
signal closely matched the expected temporal profile of the
blood plasma concentration for the drug. These results provide
further evidence in supporting the role of medial BA 10 in
the process of pain perception, whether it be sensory, affective
or attentional (see Peng et al., 2018a). Our results also reveal
the potential of using fNIRS to objectively evaluate pain and
analgesic efficacy.

AUTHOR CONTRIBUTIONS

DB, LB and DAB conceptualized this study. KP, MY, CA, DB,
LB and DAB designed the methodology for the study. KP, MY,
SS, EB, CA, MH, AL and EG participated in the data acquisition
and data curation. KP, MY, DB, LB and DAB analyzed and
interpreted the data. KP and DB drafted the manuscript. MY,
CA, LB, MH, AL and DAB critically revised the manuscript for
content.

FUNDING

This study was supported by the National Institutes of
Health (NIH) and the National Institute of General Medical
Sciences (NIGMS) Grants NIH-NIGMS 1-R01-GM104986,
1-R01-GM122405 and the Mayday Fund, New York.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2018.00394/full#supplementary-material

REFERENCES

Aasted, C. M., Yücel, M. A., Steele, S. C., Peng, K., Boas, D. A., Becerra, L., et al.
(2016). Frontal lobe hemodynamic responses to painful stimulation: a potential
brainmarker of nociception. PLoSOne 11:e0165226. doi: 10.1371/journal.pone.
0165226

Al-Hasani, R., and Bruchas, M. R. (2011). Molecular mechanisms of opioid
receptor-dependent signaling and behavior. Anesthesiology 115, 1363–1381.
doi: 10.1097/aln.0b013e318238bba6

An, X., Bandler, R., Ongür, D., and Price, J. L. (1998). Prefrontal cortical
projections to longitudinal columns in the midbrain periaqueductal gray in
macaque monkeys. J. Comp. Neurol. 401, 455–479. doi: 10.1002/(sici)1096-
9861(19981130)401:4<455::aid-cne3>3.3.co;2-y

Apkarian, A. V., Thomas, P. S., Krauss, B. R., and Szeverenyi, N. M. (2001).
Prefrontal cortical hyperactivity in patients with sympathetically mediated
chronic pain. Neurosci. Lett. 311, 193–197. doi: 10.1016/s0304-3940(01)
02122-x

Becerra, L., Aasted, C. M., Boas, D. A., George, E., Yücel, M. A., Kussman, B. D.,
et al. (2016). Brain measures of nociception using near-infrared spectroscopy
in patients undergoing routine screening colonoscopy. Pain 157, 840–848.
doi: 10.1097/j.pain.0000000000000446

Becerra, L. R., Breiter, H. C., Stojanovic, M., Fishman, S., Edwards, A.,
Comite, A. R., et al. (1999). Human brain activation under controlled thermal
stimulation and habituation to noxious heat: an fMRI study. Magn. Reson.
Med. 41, 1044–1057. doi: 10.1002/(sici)1522-2594(199905)41:5<1044::aid-
mrm25>3.0.co;2-m

Frontiers in Human Neuroscience | www.frontiersin.org 14 October 2018 | Volume 12 | Article 394

https://www.frontiersin.org/articles/10.3389/fnhum.2018.00394/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00394/full#supplementary-material
https://doi.org/10.1371/journal.pone.0165226
https://doi.org/10.1371/journal.pone.0165226
https://doi.org/10.1097/aln.0b013e318238bba6
https://doi.org/10.1002/(sici)1096-9861(19981130)401:4<455::aid-cne3>3.3.co;2-y
https://doi.org/10.1002/(sici)1096-9861(19981130)401:4<455::aid-cne3>3.3.co;2-y
https://doi.org/10.1016/s0304-3940(01)02122-x
https://doi.org/10.1016/s0304-3940(01)02122-x
https://doi.org/10.1097/j.pain.0000000000000446
https://doi.org/10.1002/(sici)1522-2594(199905)41:5<1044::aid-mrm25>3.0.co;2-m
https://doi.org/10.1002/(sici)1522-2594(199905)41:5<1044::aid-mrm25>3.0.co;2-m
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Peng et al. Morphine Attenuates BA 10 Pain Signals

Becerra, L. R., Breiter, H. C., Wise, R., Gonzalez, R. G., and Borsook, D. (2001).
Reward circuitry activation by noxious thermal stimuli. Neuron 32, 927–946.
doi: 10.1016/s0896-6273(01)00533-5

Becerra, L., Harter, K., Gonzalez, R. G., and Borsook, D. (2006). Functional
magnetic resonance imaging measures of the effects of morphine on central
nervous system circuitry in opioid-naive healthy volunteers. Anesth. Analg.
103, 208–216. doi: 10.1213/01.ane.0000221457.71536.e0

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B
Methodol. 57, 289–300.

Bingel, U., Schoell, E., Herken, W., Büchel, C., and May, A. (2007). Habituation
to painful stimulation involves the antinociceptive system. Pain 131, 21–30.
doi: 10.1016/j.pain.2006.12.005

Bonhomme, V., Vanhaudenhuyse, A., Demertzi, A., Bruno, M.-A., Jaquet, O.,
Bahri, M. A., et al. (2016). Resting-state network-specific breakdown
of functional connectivity during ketamine alteration of consciousness
in volunteers. Anesthesiology 125, 873–888. doi: 10.1097/aln.0000000000
001275

Borras, M. C., Becerra, L., Ploghaus, A., Gostic, J. M., DaSilva, A., Gonzalez, R. G.,
et al. (2004). FMRI measurement of CNS responses to naloxone infusion and
subsequent mild noxious thermal stimuli in healthy volunteers. J. Neurophysiol.
91, 2723–2733. doi: 10.1152/jn.00249.2003

Brooks, J. C. W., and Tracey, I. (2007). The insula: a multidimensional integration
site for pain. Pain 128, 1–2. doi: 10.1016/j.pain.2006.12.025

Burman, K. J., Reser, D. H., Richardson, K. E., Gaulke, H., Worthy, K. H.,
and Rosa, M. G. P. (2011). Subcortical projections to the frontal pole in the
marmoset monkey. Eur. J. Neurosci. 34, 303–319. doi: 10.1111/j.1460-9568.
2011.07744.x

Bushnell, M. C., Ceko, M., and Low, L. A. (2013). Cognitive and emotional control
of pain and its disruption in chronic pain. Nat. Rev. Neurosci. 14, 502–511.
doi: 10.1038/nrn3516

Bushnell, M. C., Duncan, G. H., Hofbauer, R. K., Ha, B., Chen, J.-I., and Carrier, B.
(1999). Pain perception: is there a role for primary somatosensory cortex? Proc.
Natl. Acad. Sci. U S A 96, 7705–7709. doi: 10.1073/pnas.96.14.7705

Chen, A. C., Oathes, D. J., Chang, C., Bradley, T., Zhou, Z.-W., Williams, L. M.,
et al. (2013). Causal interactions between fronto-parietal central executive
and default-mode networks in humans. Proc. Natl. Acad. Sci. U S A 110,
19944–19949. doi: 10.1073/pnas.1311772110

Chumbley, J., Worsley, K., Flandin, G., and Friston, K. (2010). Topological FDR
for neuroimaging.Neuroimage 49, 3057–3064. doi: 10.1016/j.neuroimage.2009.
10.090

Coghill, R. C., McHaffie, J. G., and Yen, Y.-F. (2003). Neural correlates of
interindividual differences in the subjective experience of pain. Proc. Natl.
Acad. Sci. U S A 100, 8538–8542. doi: 10.1073/pnas.1430684100

Collins, S. L., Faura, C. C., Moore, R. A., and McQuay, H. J. (1998). Peak plasma
concentrations after oral morphine: a systematic review. J. Pain Symptom
Manage. 16, 388–402. doi: 10.1016/s0885-3924(98)00094-3

DaSilva, A. F. M., Becerra, L., Makris, N., Strassman, A. M., Gonzalez, R. G.,
Geatrakis, N., et al. (2002). Somatotopic activation in the human trigeminal
pain pathway. J. Neurosci. 22, 8183–8192. doi: 10.1523/jneurosci.22-18
-08183.2002

Davey, C. G., Pujol, J., and Harrison, B. J. (2016). Mapping the self in the brain’s
default mode network. Neuroimage 132, 390–397. doi: 10.1016/j.neuroimage.
2016.02.022

Davis, K. D., Taylor, K. S., Hutchison,W. D., Dostrovsky, J. O., McAndrews, M. P.,
Richter, E. O., et al. (2005). Human anterior cingulate cortex neurons
encode cognitive and emotional demands. J. Neurosci. 25, 8402–8406.
doi: 10.1523/jneurosci.2315-05.2005

Derbyshire, S. W. G., Jones, A. K. P., Creed, F., Starz, T., Meltzer, C. C.,
Townsend, D. W., et al. (2002). Cerebral responses to noxious thermal
stimulation in chronic low back pain patients and normal controls.Neuroimage
16, 158–168. doi: 10.1006/nimg.2002.1066

Derbyshire, S. W. G., Jones, A. K. P., Devani, P., Friston, K. J., Feinmann, C.,
Harris, M., et al. (1994). Cerebral responses to pain in patients with atypical
facial pain measured by positron emission tomography. J. Neurol. Neurosurg.
Psychiatry 57, 1166–1172. doi: 10.1136/jnnp.57.10.1166

Dietis, N., Guerrini, R., Calo, G., Salvadori, S., Rowbotham, D. J., and
Lambert, D. G. (2009). Simultaneous targeting of multiple opioid receptors:

a strategy to improve side-effect profile. Br. J. Anaesth. 103, 38–49.
doi: 10.1093/bja/aep129

Eichele, T., Debener, S., Calhoun, V. D., Specht, K., Engel, A. K., Hugdahl, K., et al.
(2008). Prediction of human errors by maladaptive changes in event-related
brain networks. Proc. Natl. Acad. Sci. U S A 105, 6173–6178. doi: 10.1073/pnas.
0708965105

Etkin, A., Egner, T., and Kalisch, R. (2011). Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends Cogn. Sci. 15, 85–93.
doi: 10.1016/j.tics.2010.11.004

Faul, F., Erdfelder, E., Buchner, A., and Lang, A.-G. (2009). Statistical power
analyses using G∗Power 3.1: tests for correlation and regression analyses.
Behav. Res. Methods 41, 1149–1160. doi: 10.3758/brm.41.4.1149

Ferreira-Valente, M. A., Pais-Ribeiro, J. L., and Jensen, M. P. (2011). Validity of
four pain intensity rating scales. Pain 152, 2399–2404. doi: 10.1016/j.pain.2011.
07.005

Friston, K. J., Karl, J., Penny, W. D., Ashburner, J., Kiebel, S. J., and Nichols, T. E.
(2006). Statistical Parametric Mapping: The Analysis of Functional Brain
Images. London: Academic Press.

Fuchs, P. N., Peng, Y. B., Boyette-Davis, J. A., and Uhelski, M. L. (2014). The
anterior cingulate cortex and pain processing. Front. Integr. Neurosci. 8:35.
doi: 10.3389/fnint.2014.00035

Godinho, F., Faillenot, I., Perchet, C., Frot, M., Magnin, M., and Garcia-
Larrea, L. (2012). How the pain of others enhances our pain: searching the
cerebral correlates of ‘‘compassional hyperalgesia’’. Eur. J. Pain 16, 748–759.
doi: 10.1002/j.1532-2149.2011.00039.x

Greffrath, W., Baumgärtner, U., and Treede, R.-D. (2007). Peripheral and central
components of habituation of heat pain perception and evoked potentials in
humans. Pain 132, 301–311. doi: 10.1016/j.pain.2007.04.026

Gündel, H., Valet, M., Sorg, C., Huber, D., Zimmer, C., Sprenger, T., et al.
(2008). Altered cerebral response to noxious heat stimulation in patients with
somatoform pain disorder. Pain 137, 413–421. doi: 10.1016/j.pain.2007.10.003

Hadjipavlou, G., Dunckley, P., Behrens, T. E., and Tracey, I. (2006). Determining
anatomical connectivities between cortical and brainstem pain processing
regions in humans: a diffusion tensor imaging study in healthy controls. Pain
123, 169–178. doi: 10.1016/j.pain.2006.02.027

Hansen, T. M., Olesen, A. E., Graversen, C., Drewes, A. M., and Frøkjaer, J. B.
(2015). The effect of oral morphine on pain-related brain activation—an
experimental functional magnetic resonance imaging study. Basic Clin.
Pharmacol. Toxicol. 117, 316–322. doi: 10.1111/bcpt.12415

Hofbauer, R. K., Rainville, P., Duncan, G. H., and Bushnell, M. C. (2001). Cortical
representation of the sensory dimension of pain. J. Neurophysiol. 86, 402–411.
doi: 10.1152/jn.2001.86.1.402

Holper, L., Gross, A., Scholkmann, F., Humphreys, B. K., Meier, M. L., Wolf, U.,
et al. (2014). Physiological effects of mechanical pain stimulation at the lower
back measured by functional near-infrared spectroscopy and capnography.
J. Integr. Neurosci. 13, 121–142. doi: 10.1142/s0219635214500071

Hsieh, J.-C., Hannerz, J., and Ingvar, M. (1996). Right-lateralised central
processing for pain of nitroglycerin-induced cluster headache. Pain 67, 59–68.
doi: 10.1016/0304-3959(96)03066-7

Hudetz, A. G. (2012). General anesthesia and human brain connectivity. Brain
Connect. 2, 291–302. doi: 10.1089/brain.2012.0107

Huppert, T. J., Diamond, S. G., Franceschini, M. A., and Boas, D. A.
(2009). HomER: a review of time-series analysis methods for near-infrared
spectroscopy of the brain. Appl. Opt. 48, D280–D298. doi: 10.1364/ao.48.
00d280

Jantsch, H. H. F., Kemppainen, P., Ringler, R., Handwerker, H. O., and Forster, C.
(2005). Cortical representation of experimental tooth pain in humans. Pain 118,
390–399. doi: 10.1016/j.pain.2005.09.017

Ji, G., Sun, H., Fu, Y., Li, Z., Pais-Vieira, M., Galhardo, V., et al. (2010). Cognitive
impairment in pain through amygdala-driven prefrontal cortical deactivation.
J. Neurosci. 30, 5451–5464. doi: 10.1523/jneurosci.0225-10.2010

Khalili-Mahani, N., Zoethout, R. M. W., Beckmann, C. F., Baerends, E., de
Kam, M. L., Soeter, R. P., et al. (2012). Effects of morphine and alcohol
on functional brain connectivity during ‘‘resting state’’: a placebo-controlled
crossover study in healthy young men. Hum. Brain Mapp. 33, 1003–1018.
doi: 10.1002/hbm.21265

Kleckner, I. R., Zhang, J., Touroutoglou, A., Chanes, L., Xia, C., Simmons, W. K.,
et al. (2017). Evidence for a large-scale brain system supporting allostasis and

Frontiers in Human Neuroscience | www.frontiersin.org 15 October 2018 | Volume 12 | Article 394

https://doi.org/10.1016/s0896-6273(01)00533-5
https://doi.org/10.1213/01.ane.0000221457.71536.e0
https://doi.org/10.1016/j.pain.2006.12.005
https://doi.org/10.1097/aln.0000000000001275
https://doi.org/10.1097/aln.0000000000001275
https://doi.org/10.1152/jn.00249.2003
https://doi.org/10.1016/j.pain.2006.12.025
https://doi.org/10.1111/j.1460-9568.2011.07744.x
https://doi.org/10.1111/j.1460-9568.2011.07744.x
https://doi.org/10.1038/nrn3516
https://doi.org/10.1073/pnas.96.14.7705
https://doi.org/10.1073/pnas.1311772110
https://doi.org/10.1016/j.neuroimage.2009.10.090
https://doi.org/10.1016/j.neuroimage.2009.10.090
https://doi.org/10.1073/pnas.1430684100
https://doi.org/10.1016/s0885-3924(98)00094-3
https://doi.org/10.1523/jneurosci.22-18-08183.2002
https://doi.org/10.1523/jneurosci.22-18-08183.2002
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1523/jneurosci.2315-05.2005
https://doi.org/10.1006/nimg.2002.1066
https://doi.org/10.1136/jnnp.57.10.1166
https://doi.org/10.1093/bja/aep129
https://doi.org/10.1073/pnas.0708965105
https://doi.org/10.1073/pnas.0708965105
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.3758/brm.41.4.1149
https://doi.org/10.1016/j.pain.2011.07.005
https://doi.org/10.1016/j.pain.2011.07.005
https://doi.org/10.3389/fnint.2014.00035
https://doi.org/10.1002/j.1532-2149.2011.00039.x
https://doi.org/10.1016/j.pain.2007.04.026
https://doi.org/10.1016/j.pain.2007.10.003
https://doi.org/10.1016/j.pain.2006.02.027
https://doi.org/10.1111/bcpt.12415
https://doi.org/10.1152/jn.2001.86.1.402
https://doi.org/10.1142/s0219635214500071
https://doi.org/10.1016/0304-3959(96)03066-7
https://doi.org/10.1089/brain.2012.0107
https://doi.org/10.1364/ao.48.00d280
https://doi.org/10.1364/ao.48.00d280
https://doi.org/10.1016/j.pain.2005.09.017
https://doi.org/10.1523/jneurosci.0225-10.2010
https://doi.org/10.1002/hbm.21265
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Peng et al. Morphine Attenuates BA 10 Pain Signals

interoception in humans. Nat. Hum. Behav. 1:0069. doi: 10.1038/s41562-017-
0069

Kong, J., Loggia, M. L., Zyloney, C., Tu, P., Laviolette, P., and Gollub, R. L. (2010).
Exploring the brain in pain: activations, deactivations and their relation. Pain
148, 257–267. doi: 10.1016/j.pain.2009.11.008

Kucyi, A., Salomons, T. V., and Davis, K. D. (2013). Mind wandering away from
pain dynamically engages antinociceptive and default mode brain networks.
Proc. Natl. Acad. Sci. U S A 110, 18692–18697. doi: 10.1073/pnas.1312902110

Kussman, B. D., Aasted, C. M., Yücel, M. A., Steele, S. C., Alexander, M. E.,
Boas, D. A., et al. (2016). Capturing pain in the cortex during general anesthesia:
near infrared spectroscopy measures in patients undergoing catheter ablation
of arrhythmias. PLoS One 11:e0158975. doi: 10.1371/journal.pone.0158975

Leppä, M., Korvenoja, A., Carlson, S., Timonen, P., Martinkauppi, S., Ahonen, J.,
et al. (2006). Acute opioid effects on human brain as revealed by functional
magnetic resonance imaging. Neuroimage 31, 661–669. doi: 10.1016/j.
neuroimage.2005.12.019

Lin, H.-Y., Tseng, W.-Y. I., Lai, M.-C., Matsuo, K., and Gau, S. S.-F.
(2015). Altered resting-state frontoparietal control network in children with
attention-deficit/hyperactivity disorder. J. Int. Neuropsychol. Soc. 21, 271–284.
doi: 10.1017/s135561771500020x

Lipp, J. (1991). Possible mechanisms of morphine analgesia. Clin.
Neuropharmacol. 14, 131–147. doi: 10.1097/00002826-199104000-00003

Loggia, M. L., Edwards, R. R., Kim, J., Vangel, M. G., Wasan, A. D., Gollub, R. L.,
et al. (2012). Disentangling linear and nonlinear brain responses to evoked deep
tissue pain. Pain 153, 2140–2151. doi: 10.1016/j.pain.2012.07.014

Lorenz, I. H., Kolbitsch, C., Hörmann, C., Luger, T. J., Schocke, M., Eisner, W.,
et al. (2002). The influence of nitrous oxide and remifentanil on cerebral
hemodynamics in conscious human volunteers. Neuroimage 17, 1056–1064.
doi: 10.1016/s1053-8119(02)91228-0

Lorenz, J. H., Minoshima, S., and Casey, K. L. (2003). Keeping pain out of mind:
the role of the dorsolateral prefrontal cortex in pain modulation. Brain 126,
1079–1091. doi: 10.1093/brain/awg102

Lui, F., Duzzi, D., Corradini, M., Serafini, M., Baraldi, P., and Porro, C. A. (2008).
Touch or pain? Spatio-temporal patterns of cortical fMRI activity following
brief mechanical stimuli. Pain 138, 362–374. doi: 10.1016/j.pain.2008.01.010

Macintosh, B. J., Pattinson, K. T., Gallichan, D., Ahmad, I., Miller, K. L.,
Feinberg, D. A., et al. (2008). Measuring the effects of remifentanil on cerebral
blood flow and arterial arrival time using 3D grase MRI with pulsed arterial
spin labelling. J. Cereb. Blood Flow Metab. 28, 1514–1522. doi: 10.1038/jcbfm.
2008.46

Millan, M. J. (1999). The induction of pain: an integrative review. Prog. Neurobiol.
57, 1–164. doi: 10.1016/s0301-0082(98)00048-3

Moulton, E. A., Keaser, M. L., Gullapalli, R. P., and Greenspan, J. D. (2005).
Regional intensive and temporal patterns of functional MRI activation
distinguishing noxious and innocuous contact heat. J. Neurophysiol. 93,
2183–2193. doi: 10.1152/jn.01025.2004

Navratilova, E., Xie, J. Y., Meske, D., Qu, C., Morimura, K., Okun, A., et al. (2015).
Endogenous opioid activity in the anterior cingulate cortex is required for relief
of pain. J. Neurosci. 35, 7264–7271. doi: 10.1523/JNEUROSCI.3862-14.2015

Neugebauer, V. (2015). Amygdala pain mechanisms.Handb. Exp. Pharmacol. 227,
261–284. doi: 10.1007/978-3-662-46450-2_13

Obrig, H., Neufang, M., Wenzel, R., Kohl, M., Steinbrink, J., Einhäupl, K., et al.
(2000). Spontaneous low frequency oscillations of cerebral hemodynamics and
metabolism in human adults. Neuroimage 12, 623–639. doi: 10.1006/nimg.
2000.0657

Oertel, B. G., Preibisch, C., Wallenhorst, T., Hummel, T., Geisslinger, G.,
Lanfermann, H., et al. (2008). Differential opioid action on sensory and
affective cerebral pain processing. Clin. Pharmacol. Ther. 83, 577–588.
doi: 10.1038/sj.clpt.6100441

Orr, J. M., Smolker, H. R., and Banich, M. T. (2015). Organization of the human
frontal pole revealed by large-scale DTI-based connectivity: implications
for control of behavior. PLoS One 10:e0124797. doi: 10.1371/journal.pone.
0124797

Palermo, S., Benedetti, F., Costa, T., and Amanzio, M. (2015). Pain anticipation: an
activation likelihood estimation meta-analysis of brain imaging studies. Hum.
Brain Mapp. 36, 1648–1661. doi: 10.1002/hbm.22727

Pattinson, K. T. S., Governo, R. J., MacIntosh, B. J., Russell, E. C.,
Corfield, D. R., Tracey, I., et al. (2009). Opioids depress cortical centers

responsible for the volitional control of respiration. J. Neurosci. 29, 8177–8186.
doi: 10.1523/JNEUROSCI.1375-09.2009

Peng, K., Nguyen, D. K., Tayah, T., Vannasing, P., Tremblay, J., Sawan, M., et al.
(2014). fNIRS-EEG study of focal interictal epileptiform discharges. Epilepsy
Res. 108, 491–505. doi: 10.1016/j.eplepsyres.2013.12.011

Peng, K., Steele, S. C., Becerra, L., and Borsook, D. (2018a). Brodmann area 10:
collating, integrating and high level processing of nociception and pain. Prog.
Neurobiol. 161, 1–22. doi: 10.1016/j.pneurobio.2017.11.004

Peng, K., Yücel, M. A., Aasted, C. M., Steele, S. C., Boas, D. A., Borsook, D.,
et al. (2018b). Using prerecorded hemodynamic response functions in detecting
prefrontal pain response: a functional near-infrared spectroscopy study.
Neurophotonics 5:011018. doi: 10.1117/1.nph.5.1.011018

Petrides, M., and Pandya, D. N. (2007). Efferent association pathways from the
rostral prefrontal cortex in the macaque monkey. J. Neurosci. 27, 11573–11586.
doi: 10.1523/JNEUROSCI.2419-07.2007

Petrovic, P., Kalso, E., Petersson, K. M., and Ingvar, M. (2002). Placebo and
opioid analgesia— imaging a shared neuronal network. Science 295, 1737–1740.
doi: 10.1126/science.1067176

Peyron, R., Faillenot, I., Mertens, P., Laurent, B., and Garcia-Larrea, L. (2007).
Motor cortex stimulation in neuropathic pain. Correlations between analgesic
effect and hemodynamic changes in the brain. A PET study. Neuroimage 34,
310–321. doi: 10.1016/j.neuroimage.2006.08.037

Peyron, R., Faillenot, I., Pomares, F. B., Le Bars, D., Garcia-Larrea, L., and
Laurent, B. (2013). Mechanical allodynia in neuropathic pain. Where are the
brain representations located? A positron emission tomography (PET) study.
Eur. J. Pain 17, 1327–1337. doi: 10.1002/j.1532-2149.2013.00307.x

Peyron, R., García-Larrea, L., Grégoire, M. C., Convers, P., Lavenne, F., Veyre, L.,
et al. (1998). Allodynia after lateral-medullary (Wallenberg) infarct. A PET
study. Brain 121, 345–356. doi: 10.1093/brain/121.2.345

Prado, J., and Weissman, D. H. (2011). Heightened interactions between a key
default-mode region and a key task-positive region are linked to suboptimal
current performance but to enhanced future performance. Neuroimage 56,
2276–2282. doi: 10.1016/j.neuroimage.2011.03.048

Price, D. D., Von der Gruen, A., Miller, J., Rafii, A., and Price, C.
(1985). A psychophysical analysis of morphine analgesia. Pain 22, 261–269.
doi: 10.1016/0304-3959(85)90026-0

Rennefeld, C., Wiech, K., Schoell, E. D., Lorenz, J., and Bingel, U. (2010).
Habituation to pain: further support for a central component. Pain 148,
503–508. doi: 10.1016/j.pain.2009.12.014

Ruiz-Garcia, V., and Lopez-Briz, E. (2008). Morphine remains gold standard in
breakthrough cancer pain. BMJ 337:a3104. doi: 10.1136/bmj.a3104

Sakuma, S., Inamoto, K., Higuchi, N., Ariji, Y., Nakayama, M., and Izumi, M.
(2014). Experimental pain in the gingiva and its impact on prefrontal cortical
hemodynamics: a functional near-infrared spectroscopy study. Neurosci. Lett.
575, 74–79. doi: 10.1016/j.neulet.2014.05.040

Sarton, E., Olofsen, E., Romberg, R., den Hartigh, J., Kest, B., Nieuwenhuijs, D.,
et al. (2000). Sex differences in morphine analgesia: an experimental
study in healthy volunteers. Anesthesiology 93, 1245–1254; discussion 6A.
doi: 10.1097/00000542-200011000-00018

Staahl, C., Upton, R., Foster, D. J. R., Christrup, L. L., Kristensen, K., Hansen, S. H.,
et al. (2008). Pharmacokinetic-pharmacodynamic modeling of morphine and
oxycodone concentrations and analgesic effect in a multimodal experimental
pain model. J. Clin. Pharmacol. 48, 619–631. doi: 10.1177/0091270008314465

Stein, C., Schäfer, M., and Machelska, H. (2000). Why is morphine not the
ultimate analgesic and what can be done to improve it? J. Pain 1, 51–56.
doi: 10.1054/jpai.2000.9820

Strand, M. C., Arnestad, M., Fjeld, B., and Mørland, J. (2017). Acute impairing
effects of morphine related to driving: a systematic review of experimental
studies to define blood morphine concentrations related to impairment in
opioid-naïve subjects. Traffic InJ. Prev. 18, 788–794. doi: 10.1080/15389588.
2017.1326595

Taylor, J. J., Borckardt, J. J., Canterberry, M., Li, X., Hanlon, C. A., Brown, T. R.,
et al. (2013). Naloxone-reversible modulation of pain circuitry by left prefrontal
rTMS. Neuropsychopharmacology 38, 1189–1197. doi: 10.1038/npp.2013.13

Timmermann, L., Ploner, M., Haucke, K., Schmitz, F., Baltissen, R., and
Schnitzler, A. (2001). Differential coding of pain intensity in the human
primary and secondary somatosensory cortex. J. Neurophysiol. 86, 1499–1503.
doi: 10.1152/jn.2001.86.3.1499

Frontiers in Human Neuroscience | www.frontiersin.org 16 October 2018 | Volume 12 | Article 394

https://doi.org/10.1038/s41562-017-0069
https://doi.org/10.1038/s41562-017-0069
https://doi.org/10.1016/j.pain.2009.11.008
https://doi.org/10.1073/pnas.1312902110
https://doi.org/10.1371/journal.pone.0158975
https://doi.org/10.1016/j.neuroimage.2005.12.019
https://doi.org/10.1016/j.neuroimage.2005.12.019
https://doi.org/10.1017/s135561771500020x
https://doi.org/10.1097/00002826-199104000-00003
https://doi.org/10.1016/j.pain.2012.07.014
https://doi.org/10.1016/s1053-8119(02)91228-0
https://doi.org/10.1093/brain/awg102
https://doi.org/10.1016/j.pain.2008.01.010
https://doi.org/10.1038/jcbfm.2008.46
https://doi.org/10.1038/jcbfm.2008.46
https://doi.org/10.1016/s0301-0082(98)00048-3
https://doi.org/10.1152/jn.01025.2004
https://doi.org/10.1523/JNEUROSCI.3862-14.2015
https://doi.org/10.1007/978-3-662-46450-2_13
https://doi.org/10.1006/nimg.2000.0657
https://doi.org/10.1006/nimg.2000.0657
https://doi.org/10.1038/sj.clpt.6100441
https://doi.org/10.1371/journal.pone.0124797
https://doi.org/10.1371/journal.pone.0124797
https://doi.org/10.1002/hbm.22727
https://doi.org/10.1523/JNEUROSCI.1375-09.2009
https://doi.org/10.1016/j.eplepsyres.2013.12.011
https://doi.org/10.1016/j.pneurobio.2017.11.004
https://doi.org/10.1117/1.nph.5.1.011018
https://doi.org/10.1523/JNEUROSCI.2419-07.2007
https://doi.org/10.1126/science.1067176
https://doi.org/10.1016/j.neuroimage.2006.08.037
https://doi.org/10.1002/j.1532-2149.2013.00307.x
https://doi.org/10.1093/brain/121.2.345
https://doi.org/10.1016/j.neuroimage.2011.03.048
https://doi.org/10.1016/0304-3959(85)90026-0
https://doi.org/10.1016/j.pain.2009.12.014
https://doi.org/10.1136/bmj.a3104
https://doi.org/10.1016/j.neulet.2014.05.040
https://doi.org/10.1097/00000542-200011000-00018
https://doi.org/10.1177/0091270008314465
https://doi.org/10.1054/jpai.2000.9820
https://doi.org/10.1080/15389588.2017.1326595
https://doi.org/10.1080/15389588.2017.1326595
https://doi.org/10.1038/npp.2013.13
https://doi.org/10.1152/jn.2001.86.3.1499
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Peng et al. Morphine Attenuates BA 10 Pain Signals

Tracey, I., Becerra, L., Chang, I., Breiter, H., Jenkins, L., Borsook, D., et al. (2000).
Noxious hot and cold stimulation produce common patterns of brain activation
in humans: a functional magnetic resonance imaging study.Neurosci. Lett. 288,
159–162. doi: 10.1016/s0304-3940(00)01224-6

Tseng, M.-T., Tseng, W.-Y. I., Chao, C.-C., Lin, H.-E., and Hsieh, S.-T. (2010).
Distinct and shared cerebral activations in processing innocuous versus
noxious contact heat revealed by functional magnetic resonance imaging.Hum.
Brain Mapp. 31, 743–757. doi: 10.1002/hbm.20902

Ursin, H. (2014). Brain sensitization to external and internal stimuli.
Psychoneuroendocrinology 42, 134–145. doi: 10.1016/j.psyneuen.2014.
01.008

van Oudenhove, L., Vandenberghe, J., Dupont, P., Geeraerts, B., Vos, R.,
Bormans, G., et al. (2009). Cortical deactivations during gastric fundus
distension in health: visceral pain-specific response or attenuation of ‘‘default
mode’’ brain function? A H2 15O-PET study. Neurogastroenterol. Motil. 21,
259–271. doi: 10.1111/j.1365-2982.2008.01196.x

Vogt, B. A., Derbyshire, S., and Jones, A. K. (1996). Pain processing in four
regions of human cingulate cortex localized with co-registered PET and
MR imaging. Eur. J. Neurosci. 8, 1461–1473. doi: 10.1111/j.1460-9568.1996.
tb01608.x

Wagner, K. J., Willoch, F., Kochs, E. F., Siessmeier, T., Tölle, T. R., Schwaiger, M.,
et al. (2001). Dose-dependent regional cerebral blood flow changes during
remifentanil infusion in humansa positron emission tomography study.
Anesthesiol. J. Am. Soc. Anesthesiol. 94, 732–739. doi: 10.1097/00000542-
200105000-00008

Wang, J.-Y., Huang, J., Chang, J.-Y., Woodward, D. J., and Luo, F. (2009).
Morphine modulation of pain processing in medial and lateral pain pathways.
Mol. Pain 5:60. doi: 10.1186/1744-8069-5-60

Wen, X., Liu, Y., Yao, L., and Ding, M. (2013). Top-down regulation of
default mode activity in spatial visual attention. J. Neurosci. 33, 6444–6453.
doi: 10.1523/JNEUROSCI.4939-12.2013

Wiech, K., Kalisch, R., Weiskopf, N., Pleger, B., Stephan, K. E., and Dolan, R. J.
(2006). Anterolateral prefrontal cortex mediates the analgesic effect of
expected and perceived control over pain. J. Neurosci. 26, 11501–11509.
doi: 10.1523/JNEUROSCI.2568-06.2006

Yaksh, T. L. (1981). Spinal opiate analgesia: characteristics and principles of action.
Pain 11, 293–346. doi: 10.1016/0304-3959(81)90633-3

Ye, J. C., Tak, S., Jang, K. E., Jung, J., and Jang, J. (2009). NIRS-SPM: statistical
parametric mapping for near-infrared spectroscopy. Neuroimage 44, 428–447.
doi: 10.1016/j.neuroimage.2008.08.036

Yennu, A., Tian, F., Gatchel, R. J., and Liu, H. (2016). Prefrontal hemodynamic
mapping by functional near-infrared spectroscopy in response to thermal
stimulations over three body sites. Neurophotonics 3:045008. doi: 10.1117/1.
NPh.3.4.045008

Yoon, E. J., Kim, Y. K., Kim, H.-R., Kim, S. E., Lee, Y., and Shin, H. I. (2014).
Transcranial direct current stimulation to lessen neuropathic pain after spinal
cord injury: a mechanistic PET study.Neurorehabil. Neural Repair 28, 250–259.
doi: 10.1177/1545968313507632

Yücel, M. A., Aasted, C. M., Petkov, M. P., Borsook, D., Boas, D. A., and
Becerra, L. (2015). Specificity of hemodynamic brain responses to painful
stimuli: a functional near-infrared spectroscopy study. Sci. Rep. 5:9469.
doi: 10.1038/srep09469

Yücel, M. A., Selb, J., Cooper, R. J., and Boas, D. A. (2014). Targeted
principle component analysis: a new motion artifact correction approach
for near-infrared spectroscopy. J. Innov. Opt. Health Sci. 7:1350066.
doi: 10.1142/s1793545813500661

Conflict of Interest Statement: DAB is an inventor of the technology licensed to
TechEn, Inc., which is a company that provides solutions to noninvasive optical
brain imaging. DAB’s interests were reviewed and are managed by Massachusetts
General Hospital and Partners HealthCare in accordance with their conflict of
interest policies.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2018 Peng, Yücel, Steele, Bittner, Aasted, Hoeft, Lee, George, Boas,
Becerra and Borsook. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 17 October 2018 | Volume 12 | Article 394

https://doi.org/10.1016/s0304-3940(00)01224-6
https://doi.org/10.1002/hbm.20902
https://doi.org/10.1016/j.psyneuen.2014.01.008
https://doi.org/10.1016/j.psyneuen.2014.01.008
https://doi.org/10.1111/j.1365-2982.2008.01196.x
https://doi.org/10.1111/j.1460-9568.1996.tb01608.x
https://doi.org/10.1111/j.1460-9568.1996.tb01608.x
https://doi.org/10.1097/00000542-200105000-00008
https://doi.org/10.1097/00000542-200105000-00008
https://doi.org/10.1186/1744-8069-5-60
https://doi.org/10.1523/JNEUROSCI.4939-12.2013
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1016/0304-3959(81)90633-3
https://doi.org/10.1016/j.neuroimage.2008.08.036
https://doi.org/10.1117/1.NPh.3.4.045008
https://doi.org/10.1117/1.NPh.3.4.045008
https://doi.org/10.1177/1545968313507632
https://doi.org/10.1038/srep09469
https://doi.org/10.1142/s1793545813500661
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Morphine Attenuates fNIRS Signal Associated With Painful Stimuli in the Medial Frontopolar Cortex (medial BA 10)
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Experimental Procedures
	Data Acquisition
	Data Pre-processing and Hemodynamic Response Function Estimation
	General Linear Model Analysis

	RESULTS
	Data Included in the Analysis
	Response to Electrical Stimuli Over the Prefrontal Cortex
	Localized Hemodynamic Response to Electrical Stimuli in Normal Conditions
	Effect of Oral Morphine on the HRF of Medial BA 10 Pain Signals

	Response to Electrical Stimuli Over the Primary Somatosensory Cortex

	DISCUSSION
	Summary of Results
	Cortical Responses in BA 10 and S1 to Noxious and Innocuous Stimuli
	Effects of Morphine on BA 10 and S1 Responses to Noxious and Innocuous Stimuli
	Pain Rating and BA 10 Response
	Limitations

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	SUPPLEMENTARY MATERIAL
	REFERENCES


