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Respiratory depression limits provision of safe opioid analgesia and is the main cause of death in drug addicts. Although opioids are
known to inhibit brainstem respiratory activity, their effects on cortical areas that mediate respiration are less well understood. Here,
functional magnetic resonance imaging was used to examine how brainstem and cortical activity related to a short breath hold is
modulated by the opioid remifentanil. We hypothesized that remifentanil would differentially depress brain areas that mediate sensory-
affective components of respiration over those that mediate volitional motor control. Quantitative measures of cerebral blood flow were
used to control for hypercapnia-induced changes in blood oxygen level-dependent (BOLD) signal. Awareness of respiration, reflected by
an urge-to-breathe score, was profoundly reduced with remifentanil. Urge to breathe was associated with activity in the bilateral insula,
frontal operculum, and secondary somatosensory cortex. Localized remifentanil-induced decreases in breath hold-related activity were
observed in the left anterior insula and operculum. We also observed remifentanil-induced decreases in the BOLD response to breath
holding in the left dorsolateral prefrontal cortex, anterior cingulate, the cerebellum, and periaqueductal gray, brain areas that mediate
task performance. Activity in areas mediating motor control (putamen, motor cortex) and sensory-motor integration (supramarginal
gyrus) were unaffected by remifentanil. Breath hold-related activity was observed in the medulla. These findings highlight the importance
of higher cortical centers in providing contextual awareness of respiration that leads to appropriate modulation of respiratory control.
Opioids have profound effects on the cortical centers that control breathing, which potentiates their actions in the brainstem.

Introduction
Opioid drugs, such as morphine, are prescribed to millions of
patients every day for the relief of severe pain. Although usually
safe, opioids can cause potentially fatal depression of breathing.
In vivo evaluation of drug effects on breathing is usually achieved
by measuring depression of hypoxic and hypercapnic ventilatory
responses (Bailey et al., 2000; Dahan and Teppema, 2003; Mitsis
et al., 2009). These measurements give reliable estimation of
drug-induced changes in chemoreflex responsiveness; however,
brainstem respiratory control mechanisms are also modulated by
inputs from higher centers in the cortex (Colebatch et al., 1991;
Corfield et al., 1998; McKay et al., 2003, 2008). Although it is well
established that opioids depress the brainstem respiratory con-
trol centers (Pattinson, 2008), in patients receiving opioids, pain
and arousal state are particularly critical in determining the final
respiratory output, suggesting that conscious mechanisms are
also important.

Functional magnetic resonance imaging (fMRI) has enabled
in vivo investigations of cortical influences on respiration in hu-
mans. Such studies suggest that the insula and operculum medi-
ate dyspnea (Banzett et al., 2000; Evans et al., 2002; McKay et al.,
2008; Peiffer, 2008; Peiffer et al., 2008; von Leupoldt et al., 2008),
and the cingulate gyrus, the prefrontal cortex, and the supramar-
ginal gyrus integrate emotional and sensory aspects of respira-
tion. The motor cortex is implicated in the volitional control of
breathing and speech (Gandevia and Rothwell, 1987; McKay et
al., 2003; Brown et al., 2008). It is plausible that brain regions that
express both high densities of opioid receptors and modulate
respiration (particularly the insula, operculum, and prefrontal
cortex) (Baumgärtner et al., 2006; Tracey and Mantyh, 2007) are
likely to have a role in mediating opioid-induced respiratory de-
pression. In this study, we investigated the effect of the opioid
remifentanil on volitional respiration by assessing changes in the
brain centers that mediate a short expiratory breath hold. Breath
holding is initially a motor act, but soon causes a strong urge to
breathe, which eventually overpowers the volitional inhibitory
act (Parkes, 2006). Breath holding therefore tests both the motor
and sensory/affective components of respiration. We hypothe-
sized that opioids would strongly modulate the sensory and af-
fective components of the breath hold, but have a lesser effect on
the motor component. We would therefore be able to isolate the
volitional aspects of respiratory control from those that are sen-
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sory and affective. We hypothesized the
activity in brain areas mediating these feel-
ings of respiratory urge would be dimin-
ished by remifentanil.

One difficulty with imaging opioid ef-
fects in the brain is that the associated re-
spiratory depression leads to a rise in arte-
rial carbon dioxide tension (PaCO2)
causing an increase in cerebral blood flow
(CBF) (MacIntosh et al., 2008), thereby
dampening a task-induced blood oxygen
level-dependent (BOLD) response (Co-
hen et al., 2002). Therefore we measured
CBF using an arterial spin-labeling (ASL)
technique and incorporated these mea-
surements into our data analysis. Further
explanation of our methodological ratio-
nale can be found in the supplemental ma-
terial (available at www.jneurosci.org).

Materials and Methods
Subjects
The Oxfordshire Clinical Research Ethics Committee approved the
study, and volunteers gave written, informed consent. Twelve healthy
volunteers (10 males, 2 females; mean age � SD, 30 � 6 years) were
examined on three different occasions. One subject (male) was excluded
because of an inability to comply with the experimental protocol. Exclu-
sion criteria included medication or drugs acting on the central nervous
or respiratory systems for therapeutic or recreational use. A medical
history and, where appropriate, a physical examination were performed
to ensure that the subjects were healthy [American Society of Anesthesi-
ologists physical status 1 (Owens et al., 1978)] and that there was no
contraindication to remifentanil or to magnetic resonance imaging. The
first examination was a medical screen to ensure that volunteers tolerated
remifentanil, determined by an anesthetist monitoring blood pressure
and oxygen saturation. On the second occasion, we performed the mag-
netic resonance imaging scanning described below, combined with a
remifentanil infusion to an estimated plasma concentration of 1.0 ng/ml.
Volunteers fasted before the first two visits (6 h for solids; 2 h for clear
fluids) and were supervised for 1 h after termination of the infusion. Part
of the data, pertaining to technical developments of the imaging and
analysis, have previously been reported (Harvey et al., 2008; MacIntosh et
al., 2008).

Breathing system
A breathing system was constructed that had minimal resistance to
breathing, allowed rapid changes in inspired gas concentration, and
eliminated rebreathing of expired gases. The resistance to breathing was
kept minimal by using wide-bore respiratory tubing as a reservoir for
inspiration. The individual gases were delivered separately to a mixing
chamber near the subject, which facilitated rapid changes in gas concen-
trations. The total fresh gas flow rate was 30 L/min, which eliminated
rebreathing of expired gases. The subjects wore a tight fitting facemask
(Hans Rudolph), which was attached to the breathing system. The sub-
jects were given 10 min before the experiment to become accustomed to
the facemask and breathing system after positioning in the scanner. The
subjects breathed a mixture of oxygen and air, and the end-tidal O2

partial pressure (PETO2) was maintained at 225 mmHg by manual con-
trol of the gas mixture, by a dedicated experimenter. This achieved sim-
ilar control over end-tidal gas concentrations as an automated system
(Wise et al., 2007).

Drug infusion
A target-controlled infusion of remifentanil (at a solution concentration
of 10 �g/ml) was delivered via an indwelling intravenous cannula in-
serted into a vein in the left forearm. An estimated effect site concentra-
tion of 1.0 ng/ml was maintained with a pump (Graseby 3500 TCI incor-

porating Diprifusor; SIMS Graseby) (Gray and Kenny, 1998) that was
preprogrammed according to a pharmacokinetic model of remifentanil
(Minto et al., 1997a,b).

Physiological measurements
Oxygen saturations and heart rate were monitored continuously and
noninvasive blood pressure was recorded before and after each scan (In-
vivo Research). The end-tidal CO2 partial pressure (PETCO2) and PETO2

were determined using rapidly responding gas analyzers (model CD-3A
and S-3A; AEI Technologies) and continuously displayed and recorded
with a data acquisition device (PowerLab 8; ADInstruments) connected
to a laptop computer using dedicated software (Chart 5;
ADInstruments).

Magnetic resonance imaging
Imaging was performed at 3T with a Thermo Fisher Scientific Trio sys-
tem using a 12-channel head coil. The fMRI protocol (illustrated in Fig.
1) included a BOLD echo-planar image (EPI) acquisition optimized for
image quality in the cortex, a BOLD sequence optimized for the brain-
stem, and a whole-brain ASL sequence, before and during the remifen-
tanil infusion. The orders of each scan (brainstem, cortex, ASL) were
randomized between subjects.

Cortex BOLD scanning. We acquired 47 contiguous axial slices with a
voxel size of 3 � 3 � 3.5 mm and an echo time (TE) of 30 ms. Volumes
were acquired continuously with a repetition time (TR) of 3 s. The scan
lasted 13 min, 21 s, and consisted of 267 volumes.

Brainstem BOLD scanning. The field of view comprised 20 coronal
oblique slices of the brainstem (sequence parameters: TE, 28 ms; TR,
1.5 s; voxel size, 2.5 � 2.5 � 3 mm). This scan also lasted 13 min, 21 s, and
consisted of 534 volumes.

ASL scanning. Nine subjects underwent a whole-brain ASL sequence to
measure changes in CBF induced by remifentanil infusion (MacIntosh et
al., 2008). These measurements were incorporated into the higher level
fMRI analysis to help account for the confounding effects of global CBF
changes on the BOLD signal. The scanning sequence incorporated mul-
tiple inflow measurements (i.e., different inflow times ranging from 500
to 2500 ms), and the whole sequence lasted 6 min, 30 s. The imaging
volume was 200 � 200 � 96 mm (voxel dimensions, 3.125 � 3.125 � 5
mm). The TR and TE were 3100 and 39.9 ms, respectively. A calibration
gradient and spin echo (GRASE) scan, required for CBF quantification,
was performed with a long TR (6000 ms), long inversion time (5000 ms),
and in the absence of background suppression, but otherwise identical
imaging parameters.

Structural scanning. For each subject, a T1-weighted structural scan
(1 � 1 � 1 mm voxels) was acquired in the same imaging plane as the

Figure 1. Overview of the experiment. The order of the three scans was randomized between subjects. The bottom part of the
picture shows the stimuli delivery during the whole-brain BOLD sequence. The stimuli presentations were similar in nature during
the brainstem sequence, but without visual stimulation.
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brainstem EPI scans. This was used for anatomical overlay of brain acti-
vation and image registration.

Stimuli and tasks
During the BOLD sequences, the subjects performed a series of tasks (Fig.
1) described by the following: expiratory breath hold (eight repeats),
finger tapping (self-paced finger opposition right hand, eight repeats
during cortex sequence, nine during brainstem sequence), and for the
cortex sequence, visual stimulation (8 Hz flashing checkerboard; eight
repeats). During scanning, the instructions for the breath-holding and
finger opposition task were cued with written instructions on the screen
(either “breath hold” or “finger tap” in white letters on a black back-
ground) that remained visible for the duration of the time they were
required to perform that task. The subjects underwent a short instruction
session before scanning, which gave the subjects a chance to practice the
tasks. The instruction for the breath hold was to stop breathing at end
expiration after the current breath, and maintain end expiration until the
next cue 15 s later, therefore most breath holds were slightly �15 s. After
each breath hold, the subject rated the “urge to breathe” using a 0 –100
rating scale. The subjects were asked to imagine the strongest urge to
breathe that they could and to rate the breath holds relative to this. A
button box was used to move a slider displayed on the screen from 0
(written anchor was “no sensation”) to 100 (written anchor was “most
intense sensation”).

The duration of finger tapping and visual stimulation was 15 s. The
visual stimulation and finger opposition tasks were included for validat-
ing the use of ASL CBF correction. We hypothesized that these tasks/
stimuli would be less affected by remifentanil than the opioid-sensitive
aspect of the breath hold. Finger tapping was also incorporated to give
guidance on localizing brainstem activations to the breath-holding task.

Breath holding increases arterial PCO2, which leads to vasodilatation

and a generalized increase in the BOLD signal
that is highly correlated with local, neurally in-
duced BOLD signal changes of interest. There-
fore, CO2 challenges were interspersed
throughout the experiment, to dissociate the
time course of CO2 from that of the breath
holds. The CO2 challenges were repeated eight
times, each for 15 s, and were delivered by man-
ually adding CO2 to the gas mixture. The con-
centration of CO2 in the inspired gas mixture
during the CO2 challenge was determined
from, and equal to, the PETCO2 reading taken
immediately before the challenge. In pilot stud-
ies, this technique resulted in an approximately
equivalent rise in PETCO2 as during the breath
hold, despite continued ventilation.

Breath holding is associated with small de-
creases in PaO2. This potential systematic error
was addressed by performing the experiment
under mild hyperoxia to minimize the effect of
changing PaO2 on BOLD.

During the ASL scanning, the subjects were
asked to remain awake with their eyes open, but
no stimuli were delivered.

Analysis
Preprocessing. Image preprocessing was per-
formed by using the Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain Soft-
ware Library (FMRIB, Oxford, UK; FSL version
4.0; http://www.fmrib.ox.ac.uk/fsl/). The follow-
ing prestatistics processing was applied: motion
correction (Jenkinson et al., 2002), removal of
nonbrain structures (i.e., skull and surrounding
tissues) (Smith, 2002), spatial smoothing by using
a full-width half-maximum Gaussian kernel of 5
mm, mean-based intensity normalization of all
volumes by the same factor (i.e., four-
dimensional grand mean), and high-pass tempo-

ral filtering (Gaussian-weighted least-squares straight line fitting). In addi-
tion, the brainstem images were corrected for B0 distortion with FUGUE
(Jenkinson, 2003) and were corrected for cardiac- and respiratory-related
noise effects with RETROICOR (Harvey et al., 2008). Time-series statistical
analysis was performed using FILM with local autocorrelation correction
(Woolrich et al., 2001). We assumed a 6 s hemodynamic delay, and a tem-
poral derivative of the regressors was included in the analysis to account for
small differences in the hemodynamic response function.

Image registration. After preprocessing, the functional scans were reg-
istered to the MNI152 standard space [average T1 brain image con-
structed from 152 normal subjects at the Montreal Neurological Institute
(MNI), Montreal, QC, Canada] by using affine registration (FLIRT)
(Jenkinson et al., 2002) between the EPI and the T1 structural scan [ad-
ditional details are in the study by Pattinson et al. (2009)]. Nonlinear
registration (FNIRT) (Andersson et al., 2007) was used to optimize reg-
istration between the T1 structural scan and the MNI standard brain.

Voxelwise analysis. fMRI data processing was performed using FEAT
(FMRI Expert Analysis Tool), version 5.97, part of FSL (FMRIB’s Soft-
ware Library) (www.fmrib.ox.ac.uk/fsl). To correct for multiple compar-
isons, Z (Gaussianized T/F) statistic images were thresholded using clus-
ters determined by Z � 2.3 and a (corrected) cluster significance
threshold of p � 0.05 (Worsley, 2001).

The first-level analysis in FEAT incorporated a general linear model in
which the regressors were derived from the timing values for the different
stimuli (i.e., breath holding, urge-to-breathe rating, finger tapping, and
in the case of the cortex sequence, visual stimulation).

We divided the examination of the breath hold-related fMRI signals
into two components. First was the session average response to breath
holding resulting in widespread cortical activity. The second component
looked for the degree of within-scan breath hold-to-breath hold covaria-

* ** * * * * *

Figure 2. Illustration of the statistical model used to differentiate the breath hold, urge to breathe, and PETCO2 regressors for
the first-level fMRI analysis (values are demeaned). For clarity, the visual stimulation and finger-tapping tasks are not displayed.
The asterisk (*) indicates CO2 peaks caused by extra CO2 administered through the breathing system.

Figure 3. Portion of respiratory trace from one subject demonstrating the tidal CO2 trace (top trace), the expiratory tidal
volume trace (middle trace), and inspiratory tidal volume (bottom trace). The duration of the breath hold was calculated from the
time between end of expiratory airflow and beginning of inspiratory airflow (the time between the two vertical bars on the chart).
The rise in PETCO2 during the breath hold was modeled from the average of three inspiratory breath holds performed before the
study, and is shown as a dotted line.
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tion of the urge to breathe and the BOLD signal as they vary about their
mean values for that session. Therefore, two separate regressors for
breath holding (trial-to-trial invariant and trial-to-trial varying urge to
breathe) were incorporated into the model and are illustrated in Figure 2.
The trial-to-trial invariant (nonsubjective) regressor models each breath
hold as an “on” period with a value of 1, with the baseline as 0. To model
the trial-to-trial varying subjective component of the breath hold, the
urge-to-breathe values taken after the breath hold were included as an
additional regressor that was modeled during the period of the breath
hold. The ratings were demeaned before incorporating into the model,
and thus the urge-to-breathe regressor represents the variability of the
subjective response to breath holding, which varies around the average
response (described by the trial-to-trial invariant regressor). By demean-
ing this regressor, it is therefore orthogonal to the average brain response
to breath holding, and thus we are able to isolate the subjective aspect of
the task that varies from breath hold to breath hold.

The PETCO2 time series data were included as an additional regressor.
To estimate the change in PETCO2 during the periods of breath holding
performed while scanning, before the experiment the subjects performed
three inspiratory breath holds lasting 15 s separated by an interval of at
least 1 min, and the rise in PETCO2 was measured. This value (�PETCO2/
time) was used to model the change in PETCO2 during the breath holds
while scanning. PETCO2 was assumed to rise linearly during the breath
hold (Fig. 3). The regressors for the breath holds, rating scale, and
PETCO2 are illustrated in Figure 2. The time period of the rating scale and
six motion correction parameters (Jenkinson et al., 2002) were included
as regressors of no interest.

Voxelwise statistical analysis was extended to a second (group) level in
a mixed-effects analysis using FLAME (Woolrich et al., 2004) for the
no-drug and remifentanil conditions. Z statistic images were thresholded
using clusters determined by Z � 2.3 and a (corrected) cluster signifi-
cance threshold of p � 0.05.

A final analysis was a paired t test within FEAT, to compare the
stimulus-evoked change in BOLD signal between the baseline (no-drug)
and remifentanil. In this analysis, resting CBF values were included on a
voxelwise basis, as a regressor of no interest, to help account for
remifentanil-induced CBF increases that decrease the stimulus-evoked
BOLD response. We anticipate that the drug-modulatory effects beyond
the CBF effects are neuronal in origin. As with the previously described
analyses, Z statistic images were thresholded using clusters determined
by Z � 2.3 and a (corrected) cluster significance threshold of p � 0.05.

In two subjects, ASL data were not acquired, so we used the group
mean for the appropriate condition (baseline/remifentanil). In areas in
which there was not ASL coverage (the most ventral part of the frontal
lobe, dorsal aspects of the occipital lobe, and in the lower brainstem), the
mean CBF value for the whole brain was used.

Physiological measurements and subjective ratings were compared
using two-tailed t tests, and p � 0.05 was considered significant.

ASL analysis
A 6 mm full-width half-maximum spatial smoothing kernel filter was
applied to the ASL images before sinc-interpolated subtraction between
tag and control volumes (Mumford et al., 2006). Next, the 14 control-tag
difference images were averaged at each inversion time, producing an
ASL kinetic curve to which a two-parameter model (i.e., the arterial
transit time and CBF) was fit for each voxel (Buxton et al., 1998). Fitting
was performed using a least-squares routine in Matlab (Mathworks),
producing estimates of CBF (in relative units). From the calibration scan,
a mask of CSF voxels was generated by manual segmentation. Relative
CBF estimates were then converted to absolute values using a known
proton density ratio between CSF and blood (Wu and Wong, 2006), and
after correction for the TR and inversion time values used in the calibra-
tion scans, and the radiofrequency profile of the 12 channel receive coil.
Registration to anatomical and standard space images was performed
using FLIRT (Jenkinson et al., 2002). Additional details of the ASL anal-
ysis can be found in the study by MacIntosh et al. (2008).

Results
Physiology and subjective ratings
The physiological data are summarized in Tables 1 and 2. A por-
tion of a representative respiratory trace is illustrated in Figure 3.
Blood pressure and heart rate during the no-drug and remifen-
tanil infusion periods were similar. By manually adjusting the
inspired oxygen concentrations, we managed to achieve good
control of PETO2 during the experiment. There was no significant
difference between PETO2 during baseline and remifentanil con-
ditions. Oxygen saturation during remifentanil infusion was
0.2% lower than at baseline ( p � 0.05). Remifentanil profoundly
reduced the urge-to-breathe rating ( p � 0.0001) despite a
slightly longer duration of measured breath hold ( p � 0.05). The
breath hold and the CO2 challenges gave equivalent rises in
PETCO2. Remifentanil induced a rise in baseline PETCO2 of �8
mmHg. There were no significant differences in the physiological
changes during the different scanning protocols, and therefore
the results were combined.

Preremifentanil fMRI
Breath hold
The imaging results from the brainstem and cortex sequences
were consistent; supplemental Table 1 (available at www.
jneurosci.org as supplemental material) displays the spatial loca-
tion and Z statistics of the significant clusters. Some of the cortical
activations were more significant in the brainstem sequence,
which may be attributable to a greater contrast-to-noise ratio.
The rise in PETCO2 during the breath hold was included in the
first-level fMRI analysis and the CO2 challenges. Having ac-
counted for vascular CO2 effects, during breath holding we ob-
served signal increases bilaterally in the following cortical areas:
dorsolateral prefrontal cortex (DLPFC), insula, operculum, the
anterior cingulate cortex (ACC), the supramarginal gyrus, and in
the motor cortex (Fig. 4).

Motor cortex activations were bilateral but were more signif-
icant on the right side than the left. In the brainstem sequence the
top 14 mm of the motor cortex was not included in the field of
view because of the angle of image acquisition. The brainstem
scanning produced activity in the premotor cortices that was not
seen in the whole-brain sequence (displayed in the bottom part of
Fig. 4). In subcortical areas, bilateral activity was observed in the

Table 1. Cardiovascular and respiratory parameters

No drug Remifentanil

Systolic blood pressure (mmHg)NS 121 (7) 118 (11)
Diastolic blood pressure (mmHg)NS 67 (7) 65 (7)
Heart rate (beats per minute)NS 58 (7) 59 (7)
End-tidal O2 (mmHg)* 227 (2.5) 228 (5.6)
Oxygen saturations (%)* 98.6 (0.4) 98.4 (0.5)
Urge-to-breathe rating (/100)*** 28 (12) 14 (8)
Duration of breath hold (s)* 13.7 (1.1) 14.6 (1.6)

Values represent mean � SD. Values for the brainstem and whole-brain imaging sessions were not significantly
different so are combined.
NSNo significant difference; * p � 0.05; *** p � 0.0001.

Table 2. PETCO2 values at baseline and with CO2 challenges and breath holds for the
no-drug and remifentanil conditions

Baseline CO2 challenge Breath hold

No drug 40 (5) 47 (5) 45 (5)
Remifentanil 48 (6) 55 (7) 53 (7)

Values are �SD (in millimeters mercury).

No significant difference was observed between the CO2 challenge and breath hold for both conditions.
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putamen, globus pallidum, and in the thalamus [ventral postero-
lateral (VPL), ventrolateral (VL), anteroventral (AV), and ventral
posteromedial (VPM) nuclei], and bilateral activity in the cau-
date nuclei, in the brainstem sequence only. In the cerebellum, we
observed bilateral activations in lobules V, VI, VII, and VIIIA. In
the brainstem, we observed activation in the subthalamic nuclei,
red nuclei, and in the ventrolateral medulla, extending rostrally
to the inferior dorsal pons (Fig. 5).

Urge-to-breathe rating
BOLD activations were correlated with the within-scan urge-to-
breathe rating in the cortex sequence as illustrated in Figure 4.
Supplemental Table 2 (available at www.jneurosci.org as supple-

mental material) displays the spatial loca-
tion and Z statistics of the significant clus-
ters. Activations were bilateral and mainly
in the anterior insula and frontal opercu-
lum, areas that were not included in the
imaging plane of the brainstem sequence.
A small area of activation was observed in
the right caudate and in the left AV tha-
lamic nucleus.

Finger tapping, visual stimulation, and
CO2 challenges
For the finger-tapping task, we observed
strongest activations in the left motor cor-
tex, left premotor cortex, left primary
somatosensory cortex, and in the right cer-
ebellum, although there was some con-
tralateral activation. Activation in the me-
dulla corresponded to the right cuneate
nucleus, and in the pons. Visual stimulation
elicited strong activation in the visual cortex
(Fig. 6, top panel), and the hypercapnic chal-
lenges elicited strong BOLD activation
throughout the brain (Fig. 6, top panel).

Remifentanil infusion
Administration of remifentanil produced
strong decreases in the amplitude of the
positive BOLD response to the stimuli.
This is illustrated in Figure 6 for finger tap-
ping, visual stimulation, and hypercapnia.
We observed no significant activations
that were correlated with the trial-to-trial
varying urge-to-breathe subjective rating
scale. For the breath hold stimulus, despite
the generalized reduction in BOLD activ-
ity, there remained strong activation in the
bilateral putamen and globus pallidum
and left supramarginal gyrus that was ob-
served during both scanning protocols
(Fig. 7). Supplemental Table 3 (available at
www.jneurosci.org as supplemental mate-
rial) displays the spatial location and Z sta-
tistics of the significant clusters. The bilat-
eral activation in the caudate was only
apparent in the brainstem sequence.

Comparison of predrug and
remifentanil conditions
A component of these global reductions in
BOLD signal responses to stimulation are at-

tributable to the perfusion effect of increased baseline CBF (Cohen et
al., 2002; MacIntosh et al., 2008) consequent to hypercapnia. Base-
line CBF was therefore included in the analysis in the interest of
dissociating the global perfusion effects from specific neuronal ef-
fects of remifentanil. Figure 6 demonstrates that, with remifentanil
infusion, the difference in BOLD responses between the two condi-
tions is mostly accounted for by CBF differences; this is most striking
in the visual cortex. There remained some changes in BOLD respon-
siveness to CO2 despite correction for CBF changes.

Breath hold— cortex sequence
The effect of remifentanil on the trial-to-trial constant BOLD
response to breath holding, incorporating CBF correction, is il-

Figure 4. BOLD response to breath hold, in 11 subjects having accounted for CO2-induced vasodilatation. There were no
activations related to the trial-to-trial varying urge to breathe in the brainstem sequence. The images consist of a color-rendered
statistical map superimposed on a standard (MNI) brain. The bright gray region on the brainstem sequence delineates the
coverage for the brainstem scanning. Significant regions are displayed with a threshold of Z � 2.3, with a cluster probability
threshold of p � 0.05 (corrected for multiple comparisons). Abbreviations: ACC, Anterior cingulate cortex; SMG, supramarginal
gyrus; thalamic nuclei: VL, ventrolateral nucleus; VPL, ventral posterolateral nucleus; AV, anterior ventral nucleus; VPM, ventral
posteromedial nucleus; PFC, prefrontal cortex; OP/INS, operculum and insula; M, motor cortex; PM, premotor cortex; SMA, sup-
plementary motor area; Put, putamen; GP, globus pallidum; V, VI, VII, VIIIA, cerebellar lobes; Subthal, subthalamic nucleus; RED,
red nuclei. R (right) and L (left) indicate image orientation for images in x and z planes.
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lustrated in Figure 8. Supplemental Table
4 (available at www.jneurosci.org as sup-
plemental material) displays the spatial lo-
cation and Z statistics of the significant
clusters. Brain regions that were activated
during the no-drug condition, but showed
no modulatory effect of remifentanil, in-
clude most of the insula (other than a lo-
calized area in the left anterior insula),
operculum, the motor cortex, supramar-
ginal gyrus, the putamen, and globus pal-
lidum. In contrast, brain areas in which
remifentanil induced significant decreases
in activity were areas in the left DLPFC, left
anterior insula and operculum, a discrete
area in the ACC, in the VPL nucleus of the
thalamus, the subthalamic nuclei, and in
lobule VII of the cerebellum. We also ob-
served a significant reduction in the BOLD
response to breath holding in the periaq-
ueductal gray (PAG), bilaterally, an area
that was not identified as active during the
no-drug condition.

Comparison of the trial-to-trial vary-
ing urge-to-breathe activations between
no-drug and remifentanil explores poten-
tial remifentanil effects on the slope of the
regression between the urge-to-breathe
scores and the BOLD signal. This compar-
ison showed no significant differences be-
tween the no-drug and remifentanil con-
dition, suggesting that BOLD signal
related to the breath hold urge to breathe
decreases in proportion to the decreases in
the rating scores.

Breath hold— brainstem sequence
As the ASL did not extend below the midpons, we used the
global subject-wise mean CBF value for the group compari-
son, and this revealed no differences between the baseline and
remifentanil conditions in the pons and medulla. Above the
midpons, we observed significant reductions in breath hold-
related activity in the left subthalamic nucleus and in the right
thalamus.

ASL
CBF estimates from the GRASE–ASL data showed that remifen-
tanil infusion caused an increase in gray matter perfusion from
62 � 12.0 to 84 � 19.8 ml/100 g tissue/min. The largest changes
in CBF were observed in the thalamus, anterior cingulate, and
insular cortices (MacIntosh et al., 2008).

Discussion
Main findings
First, urge to breathe is reflected by BOLD activity in the anterior
insula, operculum, secondary somatosensory cortex, and puta-
men. With remifentanil, the urge to breathe is profoundly de-
pressed and activation in these areas decreases in proportion to
the change in subjective ratings.

Second, in the left anterior insula, ACC, left DLPFC, cerebel-
lum, thalamus, subthalamic nucleus, and PAG, remifentanil
causes decreases in breath hold-related activity.

Third, breath hold-related activity was unaffected by remifen-

tanil in the motor cortex, putamen, globus pallidum, and supra-
marginal gyrus.

The effect of remifentanil on respiratory interoception
In the no-drug condition, the trial-to-trial varying urge-to-
breathe ratings were correlated with bilateral activity in the ante-
rior insula, frontal operculum, left anterior thalamus, the right
caudate nucleus (Fig. 4), and bilateral secondary somatosensory
cortices (supplemental Table 2, available at www.jneurosci.org as
supplemental material).

With remifentanil, we observed a localized decrease in ac-
tivity in the left anterior insula and operculum, in relation to
the nonsubjective (trial-to-trial constant) regressor (Fig. 8).
Remifentanil infusion led to profound decreases in the mean
urge-to-breathe ratings and corresponding reductions in
breath hold-related cortical activity. Paired t tests revealed no
difference in the relationship between the BOLD response and
the within-scan trial-to-trial variability in the urge to breathe
between no-drug and remifentanil conditions, suggesting that
BOLD activation covarying with the urge to breathe decreased
in proportion to the profoundly decreased subjective ratings
(additional explanation in supplemental material, available at
www.jneurosci.org).

The insula and operculum have been implicated in awareness
of internal body states, especially the subjective experience of
pain (Tracey and Mantyh, 2007) and dyspnea (von Leupoldt and
Dahme, 2005). These structures express high opioid receptor

Figure 5. BOLD response in the brainstem to finger tapping and to breath hold, in 11 subjects (no-drug infusion) having
accounted for CO2-induced vasodilatation. The images consist of a color-rendered statistical map superimposed on a standard
(MNI) brain. Significant regions are displayed with a threshold of Z � 2.3, with a cluster probability threshold of p � 0.05
(corrected for multiple comparisons). The sagittal image on the right displays the position of slices, but for clarity only displays the
activation map for the breath hold contrast. Abbreviations: R, Raphe nuclei (serotoninergic); ret, nuclei reticularis including
adrenergic and noradrenergic centers; VII, facial nucleus; Amb, nucleus ambiguus; IX, glossopharyngeal nucleus; NTS, nucleus
tractus solitarius; GC, gracile (medial) and cuneate (lateral) nuclei (in blue). Line drawing is adapted from Duvernoy (1995)
showing approximate position of nuclei. R (right) and L (left) indicate image orientation.
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densities (Baumgärtner et al., 2006). Acti-
vation in the anterior thalamus (Pattinson
et al., 2009) in relation to hypercapnia and
in the caudate nucleus in relation to dys-
pnea (Peiffer et al., 2008) suggest that these
structures may also form part of the net-
work that mediates the urge to breathe.

Remifentanil therefore depresses the
brain centers that mediate the contextual
awareness of respiration. During opioid
administration, respiratory depression
leads to hypercapnia. Usually, hypercap-
nia causes a profound increase in the
awareness of respiration; however,
remifentanil dampens this effect, allowing
potentially fatal respiratory depression to
occur.

Opioid-sensitive aspects of the
breath hold
When compared with the no-drug condi-
tion, breath holding (trial-to-trial invari-
ant regressor) during remifentanil led to
significant reductions in BOLD activation
in left DLPFC and the cerebellum (Fig. 8)
areas strongly connected to each other
(Kelly and Strick, 2003) and implicated in
dyspnea relief (Peiffer et al., 2008). Activity
in the DLPFC has been associated with re-
sponse inhibition (Watanabe et al., 2002)
including breath holding (McKay et al.,
2008).

The decreased breath hold-related acti-
vation in the rostral ACC is consistent with
that observed with opioid analgesia
(Petrovic et al., 2002) and dyspnea relief
(Peiffer et al., 2008). The ACC has a role in
cognitive attention, expresses high opioid
receptor densities, and has been identified
in the context of respiratory stimulation
(Banzett et al., 2000; Evans et al., 2002).
Thus, the ACC appears to be important for
opioidergic modulation of respiration.

The subthalamic nuclei have previ-
ously been implicated in mediating inhib-
itory actions (Aron and Poldrack, 2006;
McKay et al., 2008). Reduced activations
in these nuclei imply that, with remifen-
tanil, less cortical inhibition is necessary to
stop breathing, which is already depressed
at a brainstem level.

In addition to its modulating influence
on pain (Dunckley et al., 2005), the PAG,
through opioidergic mechanisms, sup-
presses respiration (Sessle et al., 1981) via di-
rect actions on the nucleus tractus solitarius
in the ventral lateral medulla. The PAG is
connected to the prefrontal cortex (Had-
jipavlou et al., 2006), in which we have iden-
tified breath hold-related BOLD signal de-
creases. In conjunction with the decreased
activity in the VPL thalamic nucleus, our
findings suggest opioid-mediated reduc-

Finger tap Visual CO2

No drug 
infusion

Remifentanil
 1ng/ml

T-test 
 No drug > Remifentanil
No CBF correction

T-test 
 

With CBF correction

2.3   Z score 4.0

R L

No drug > Remifentanil

Figure 6. Comparison of BOLD response to finger tapping, visual stimulation, and CO2 challenges before and during infusion of
remifentanil. The images consist of a color-rendered statistical map of changes in activation (Z scores) superimposed on a standard (MNI)
brain. Significant regions are displayed with a threshold of Z�2.3, with a cluster probability threshold of p�0.05 (corrected for multiple
comparisons). The apparent strong difference in activations between no-drug and remifentanil conditions is mostly explained by the
change in baseline cerebral blood flow. R (right) and L (left) indicate image orientation for images in x and z planes.

Figure 7. BOLD response to breath holding during infusion of remifentanil (1 ng/ml), without CBF correction. The only activa-
tions to remain are seen in the putamen and caudate, bilaterally, and the left supramarginal gyrus. The images consist of a
color-rendered statistical map of changes in activation (Z scores) superimposed on a standard (MNI) brain. Significant regions are
displayed with a threshold of Z � 2.3, with a cluster probability threshold of p � 0.05 (corrected for multiple comparisons). R
(right) and L (left) indicate image orientation for images in x and z planes.
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tions in respiratory traffic between the brainstem and the cortex.
These reductions in cortical activity may be attributable to localized
binding of remifentanil or attributable to an indirect effect of re-
duced signaling from the medullary respiratory centers. As these
brain areas have demonstrated high opioid receptor densities, it
seems likely that both factors are important.

Opioid-insensitive aspects of the breath hold
Breath hold-related activation in the putamen and globus palli-
dum was unaffected by remifentanil. These structures are
thought to be part of multiple parallel cortico-striato-thalamo-
cortical loops (Alexander et al., 1986), are important for motor
control, and have been identified in multiple fMRI studies of
respiration (Corfield et al., 1995; Gozal et al., 1995; Evans et al.,
2002; McKay et al., 2008; Pattinson et al., 2009).

Bilateral breath hold-related activations in the supramarginal

gyrus were preserved with remifentanil. McKay et al. (2008) ob-
served activation in the supramarginal gyrus with breath holding
and proposed that it is associated with behavioral awareness of
respiration and with response inhibition (Liddle et al., 2001). In
the no-drug state, activations in the motor cortex correspond
with those identified in studies of laryngeal motor control
(Brown et al., 2008) and voluntary expiration (Ramsay et al.,
1993) and were mostly unaffected by remifentanil.

In the context of this study, although remifentanil has dimin-
ished some of the sensory-affective components of the breath-
holding task, it still remains under conscious control and there-
fore requires sensory-motor association. Our findings
demonstrate that opioids have little effect on the brain areas that
execute the final motor action of breath holding, as is reflected in
the clinical situation in which opioid-apneic patients will breathe
when instructed, but otherwise remain apneic.

Figure 8. t test demonstrating areas with significantly stronger BOLD response to trial-to-trial invariant component of breath hold during the no-drug condition, compared with remifentanil
infusion having accounted for differences in baseline CBF. There were no differences in the trial-to-trial varying urge-to-breathe contrast, and therefore it is not displayed. The images consist of a
color-rendered statistical map of changes inactivation (Z scores) superimposed on a standard (MNI) brain. The BOLD responses to the baseline (no-drug) state are displayed in red–yellow scale and
are fully detailed in Figure 4. Significant regions are displayed with a threshold of Z � 2.3, with a cluster probability threshold of p � 0.05 (corrected for multiple comparisons). Abbreviations:
Cerebellar lobes VI and VII; ACC, anterior cingulate cortex; PFC, prefrontal cortex; VPL, ventroposterolateral nucleus of thalamus; OP/INS, operculum and insula; Subthal, subthalamic nucleus. R (right)
and L (left) indicate image orientation.
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With the trial-to-trial constant component of breath hold,
bilateral activation in much of the insula and operculum was
unchanged with remifentanil, similar to findings in a study of
dyspnea relief (Peiffer et al., 2008). We suggest that breath hold-
related activity in the insula and operculum can be divided into
opioid-sensitive (relating to its cognitive and affective aspects)
and opioid-insensitive components that may be related to mon-
itoring the execution of the task.

Brainstem
The ventrolateral medulla has been identified as a crucial center
for automatic breathing (Feldman and Del Negro, 2006), but
whether activity there is modulated by conscious mechanisms
remains unexplained (Corfield et al., 1998; McKay et al., 2003,
2008).

We observed bilateral activation in response to breath holding
in the ventral medulla and dorsal pons in locations correspond-
ing to centers identified for the automatic control of respiration.
Our findings support the results of a postmortem study (Schwar-
zacher et al., 2006) that identified areas rostral to the lateral retic-
ular nucleus and lateral to the inferior olivary nucleus as likely
locations of the pre-Bötzinger complex in humans.

The activation in the ventral lateral medulla could be related
to a number of mechanisms: (1) cortical inhibition of brainstem
respiratory rhythm generating centers in the pre-Bötzinger com-
plex; (2) mechanosensory inputs from the glossopharyngeal and
vagal nerves (via the nucleus tractus solitarius); (3) increased
chemoreceptive activity relating to hypercapnia as a consequence
of the breath hold.

It is well recognized that brainstem fMRI is more challenging
than in the cortex. This methodological constraint, in concert
with the smaller BOLD changes that are associated with remifen-
tanil, reduced the sensitivity to breath hold neuronal responses in
the brainstem during remifentanil infusion. We were unable to
resolve this issue and therefore could not determine the effect of
remifentanil on the brainstem areas that mediate breath holding.

Limitations
For practical reasons, we chose to perform the study in a single
experimental session. We feel that a potential order effect is un-
likely to add significant bias to our results because, if such an
effect existed, it would be small and would be greatly over-
whelmed by the profound physiological effects of remifentanil.
Additional and more detailed explanations can be found in the
online material.

Conclusions
Breath holding is initiated by the cortex, which transmits a “stop
breathing” signal to the brainstem or spinal cord. This signal is
eventually overcome by a powerful involuntary urge to breathe
(Parkes, 2006). The present study extends the observations by
McKay et al. (2008) and uses breath holding as a tool to investi-
gate opioid effects on breathing.

We propose that remifentanil affects the volitional respiratory
control pathway at a number of points. Although not demon-
strated here, brainstem respiratory drive is depressed by opioids
(Pattinson, 2008) Therefore, less cognitive effort would be re-
quired to inhibit breathing. This is reflected in the reduced BOLD
activations observed in the ACC, DLPFC, cerebellum, PAG, VPL,
and subthalamic nuclei. As awareness of breathing is depressed,
hypercapnia is tolerated. The underlying mechanism may be at-
tributable to reduced brainstem input to the cortex, direct inhi-
bition of cortical centers, or both.

The findings presented here help us understand mechanisms
of opioid-induced respiratory depression and give us insight into
potential targets for the treatment of dyspnea, the uncomfortable
shortness of breath seen in patients with chronic airways disease,
cardiac failure, and terminal cancer (ATS, 1999).

This study highlights the importance of higher cortical centers
in providing contextual awareness of respiration that leads to
appropriate top– down modulation of brainstem respiratory
control. Although the brainstem generates the respiratory
rhythm and is exquisitely sensitive to opioids, the importance of
higher centers mediating breathing must not be overlooked.
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