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Altered Signaling in the Descending Pain-modulatory System
after Short-Term Infusion of the -Opioid Agonist Remifentanil
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Department of Systems Neuroscience, 2Computational and Biological Learning Laboratory, Department of Engineering, University of Cambridge,
Cambridge CB2 1PZ, United Kingdom, and *Department of Anesthesiology, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany

p-Opioid receptor agonists are widely used within the contemporary treatment of pain, but abrupt opioid suspension, even after
short-term infusion, can paradoxically increase the sensitivity to noxious stimuli, a phenomenon that has been, for example, reported
after application of the fast-acting w-opioid receptor agonist remifentanil. To investigate the mechanisms underlying the effects of
discontinuation of remifentanil application on pain processing in the human CNS, we analyzed neuronal responses to thermal stimuli
before and after a short-term infusion of remifentanil (30 min 0.1 g/kg body weight/min) compared with control in the brain, brainstem,
and spinal cord in drug-naive male volunteers using fMRI. Subsequent to remifentanil suspension, we observed reduced heat pain
thresholds and increased neuronal responses in pain-encoding as well as in key regions of the descending pain-modulatory system, such
as the periaqueductal gray matter, the nucleus cuneiformis, and the rostral ventromedial medulla. Moreover, the spinal pain-related multivoxel
activity pattern showed an opioid-specific change after drug suspension. Importantly, remifentanil suspension increased the functional cou-
pling between the nucleus cuneiformis and the rostral anterior cingulate cortex, and the coupling strength between the rostral anterior cingulate
cortex and the nucleus cuneiformis correlated negatively with the individual pain threshold after opioid suspension. These findings dem-
onstrate that, already subsequent to a short-term infusion of the u-opioid receptor agonist remifentanil, signaling in the descending
pain-modulatory system is fundamentally altered and that these changes are directly related to the behavioral sensitivity to pain.

Key words: fMRI; opioids; pain; remifentanil

(s )

Opioids are widely used in modern medicine, but, in addition to their known side effects, it is increasingly recognized that opioids
can also increase sensitivity to pain subsequent to their use. Using the fast-acting w-opioid receptor agonist remifentanil and fMRI
in healthy male volunteers, this study demonstrates how signaling changes occur along the entire descending pain-modulatory
pathway after opioid discontinuation and how these alterations are closely linked to increased behavioral pain sensitivity. Partic-
ularly by revealing modified responses in pain-modulatory brainstem regions that have been previously demonstrated to be
causally involved in acute opioid withdrawal effects in rodents, the data provide a plausible neuronal mechanism by which the
increased sensitivity to pain after opioid suspension is mediated in humans. /

ignificance Statement

Introduction opioid system shifting the balance between pronociception and

Therapeutically applied opioids exert their pharmacodynamic ~ antinociception and further homeostatic functions on a cellular,
properties through an interaction with the complex endogenous ~ Systems, and behavioral level toward a “protective” hypoalgesic
state (Fields, 2004; Pasternak and Pan, 2013). However, abrupt

discontinuation of opioid application, even after short-term ap-

plication, has been shown to potentially bring an opposite state
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Figure 1.

Experimental procedure. A, Both fMRI experiments used the same experimental protocol. Volunteers were randomly assigned to either a control or a remifentanil group. After

measuring BOLD responses to thermal stimuli during a baseline fMRI session, volunteers in the remifentanil group received an intravenous infusion of 0.1 1.g remifentanil per kilogram body weight
per minute for 30 min. Volunteers in the control group received the same amount of physiological saline solution for the same period. After a waiting period of 1h, a second identical fMRI session
followed. B, During each session, we applied 13 ascending thermal stimuli to the left radial forearm (dermatome (6), starting at a temperature of 32°Cand rising over 30 s with a constant slope of
0.5°Cper second up to 47°C. This stimulation caused a nonpainful warm sensation during the first seconds of stimulation and a painful sensation during the latter phase. During the first, seventh,
and 13th trials, participantsindicated by pressing a button (green triangle) when their HPT was reached. Subsequently to the thermal stimulus, after a short pause, participants rated the level of pain

present during that trial on a VAS: 0100, “no pain” to

While the degree of manifestation and its relevance under
clinical conditions are still the subject of investigation (Angst and
Clark, 2006; Fishbain et al., 2009; Fletcher and Martinez, 2014;
Volkow and McLellan, 2016; Yu et al., 2016), basic research stud-
ies consistently showed the existence of this class of phenomena
under controlled laboratory conditions (Vanderah et al., 2000;
Célerier et al., 2001; Mao, 2002; Angst and Clark, 2006). With
regard to the underlying mechanisms that can explain increased
sensitivity to pain after opioid suspension, several explanations
have been suggested (Vanderah et al., 2000; Gardell et al., 2002;
Brown and Russell, 2004; Wang et al., 2005; Simonin et al., 2006;
Drdla et al., 2009; Heinl et al., 2011; Chu et al., 2015; Roeckel et
al., 2016). One prominent hypothesis is based on an altered equi-
librium between ascending nociceptive signals and descending
pain-modulatory systems (Kaplan and Fields, 1991; Heinricher et
al., 2001; Vanderah et al., 2001a,b; Bie et al., 2003; Ossipov et al.,
2003; Drdla et al., 2009; Wanigasekera et al., 2011). While several
studies examined direct effects of opioid application in the hu-
man brain (Petrovic et al., 2002; Wise et al., 2002, 2004; Leppd et
al., 2006; Atlas et al., 2012), demonstrating an involvement of
descending pain-modulatory systems in opioid analgesia in hu-
mans, potential changes in the functionality of this system sub-
sequent to opioid application have not been investigated in detail
in humans so far. Hence, the current study aimed at addressing
this hypothesis.

Investigating this hypothesis requires an experimental ap-
proach that is sensitive to neuronal responses in pain-encoding
and pain-modulatory systems and to their dependence on neuro-
chemical processes. To this end, we realized two pharmacological
fMRI experiments using thermal pain stimuli and a short-term
infusion of the p-opioid receptor agonist remifentanil (0.1 pg/kg

“unbearable pain.” Finally, a variable intertrial interval (ITI) followed.

body weight/min for 30 min). In the first fMRI experiment (n =
32), BOLD responses were assessed in the brain and brainstem. In
the second experiment (n = 30), responses were measured in the
spinal cord. Both experiments compared BOLD responses in a
between-group design between a baseline condition before opi-
oid application and the state after remifentanil suspension with a
precisely matched saline control condition to account for con-
founding effects, such as time (Fig. 1A). We implemented an
injury-free stimulation protocol using slowly ascending thermal
ramps (applied to the left forearm) starting from a physical in-
tensity causing a slight warm sensation up to a painful level (Fig.
1B). This approach allowed us to disentangle BOLD signal
changes related to the warm and painful period of thermal stim-
ulation, to assess heat pain thresholds (HPTs), and to depict the
temporal dynamics of BOLD signal changes along the entire
neuraxis during the transition from nonpainful to painful percep-
tion and to finally analyze the effects of remifentanil suspension on
these parameters. The results reveal opioid discontinuation-related
effects at all levels of the CNS and elucidate how BOLD signal changes
in the involved brain regions and altered functional coupling in the
descending pain-modulatory system relate to the behavioral in-
crease in pain sensitivity after discontinuation of remifentanil.

Materials and Methods
Experiment 1: brain fMRI
Participants. A total of 38 healthy male volunteers (26.5 = 1.2 years of
age, mean = SEM) were acquired and found to be eligible to participate
in the first f/MRI experiment investigating opioid suspension-related ef-
fects in the brain.

To avoid possible gender differences (Bodnar and Kest, 2010; Niesters
etal.,, 2010; C. W. Lee and Ho, 2013), we only studied male volunteers.
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Table 1. Participant characteristics”
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Table 2. Effects of remifentanil suspension on mood: Experiment 1*

Saline control group Remifentanil group

Experiment 1

Age 27.2 = 1.1 years 25.7 = 1.1 years
Body weight 77.6 = 2.0kg 79.8 = 2.6 kg
Initial HPT 43.7 = 0.8°C 446 + 0.6°C
Depression score 9.7+1.0 8607

Pain awareness score 527 £38 526 =43

Experiment 2

Age 27.4 = 1.1 years 27.5 = 1.1 years
Body weight 76.7 = 25kg 76.4 = 1.1kg
Initial HPT 413 = 0.6°C 4.4+ 0.6°C
Depression score 8205 8505

Pain awareness score 515 %35 56.5 =37

“Data are the average group values (mean = SEM).

Exclusion criteria were abnormal HPT at the site of stimulus application,
any history of neurological disease, including any history of pain syn-
drome, any other serious acute or chronic illness, current medication,
intolerance to remifentanil, and any pain event within the last week. All
participants underwent a medical examination and gave written consent
before the experiment. The study was conducted in accordance with
the Declaration of Helsinki and approved by the Ethics Committee of the
Medical Council of Hamburg and followed the ethical guidelines of the
International Association for the Study of Pain. Participants were ran-
domly assigned to either remifentanil or a saline group. Data of 6 partic-
ipants had to be excluded (due to discomfort within the scanner and
premature termination of the experiment, 2 participants; incomplete
ratings, 2 participants; technical malfunction, 2 participants), leaving 32
complete datasets (remifentanil group: n = 16). Groups did not differ
significantly regarding age, body weight, initial HPT, depression score,
and pain vigilance and awareness score (Table 1). Aftereffects of remifen-
tanil and remifentanil effects on participant’s mood can be obtained
from Tables 2-5.

Experimental procedures. To study the effects of suspension from acute
remifentanil application in the CNS, we used two pharmacological
groups (remifentanil and saline, randomized single-blind protocol) and
two experimental sessions (before and after application of the test sub-
stance; Fig. 1). We implemented a new thermal stimulation protocol that
allowed us to obtain information regarding the intensity component of
the pain perception, the HPT, and the dynamic development of the
BOLD signal over time. To this end, we applied during each session 13
ascending thermal ramps (Fig. 1) with a Peltier-Thermode (TSA-II, Me-
doc) to the left radial forearm (dermatome C6), starting at baseline tem-
perature of 32°C and rising over 30 s with a constant slope of 0.5°C per
second up to 47°C. Pilot experiments had shown that this slope and peak
temperature are well tolerable for almost all healthy young adults. At the
beginning of each thermal ramp (i.e., shortly before the thermal stimulus
becomes noticeable), a white crosshair that was displayed in the center of
the screen during the entire intertrial interval changed its color into red
to indicate the onset of the new trial to the participant and to avoid
surprise. This crosshair stayed red until a visual analog scale (VAS) was
presented (see below).

During the first, seventh, and 13th trial, participants had to indicate by
pressing a button when their HPT was reached following the instructions
of the quantitative sensory testing protocol of the German Research Net-
work on Neuropathic Pain (Rolke et al., 2006). However, in contrast to a
typical method-of-limits assessment of the HPT, the temperature did not
return to baseline after the participant indicated the HPT, but further
increased until the end of the thermal ramp was reached, hence causing a
painful period for some seconds. We only assessed the HPT during three
trials, which allowed us to estimate the threshold for the intermediate
trails (see Behavioral data analysis) and to avoid button-press-related
motor activity in the CNS during the remaining trials. Subsequent to
each thermal ramp, after a short pause of 6 s, participants had to rate the
level of pain present during the painful phase of that trial using a VAS
(endpoints labeled with 0 = “no pain” and 100 = “unbearable pain”)
within a period of 12 s. Finally, a variable intertrial interval (60 * 5 s)

SCT1 0ST1 SCT2 0sT2

Mean SEM Mean SEM Mean SEM Mean SEM
Session 1

Drowsy/alert 231 045 211 041 352 059 520 0.61
Excited/calm 211033 191 032 158 043 148 037
Feeble/strong 245 033 213 036 3.06 049 434 049
(lear-headed/muzzy 795 057 877 033 670 072 508 057
Clumsy/well-coordinated ~ 3.16 044 245 053 331 056 447 0.63
Energetic/lethargic 583 045 672 058 653 051 548 0.66
Discontented/contended 208 048 166 047 130 024 273 0.63
Tranquil/troubled 778 059 897 027 828 040 783 042
Quick-witted/mentally slow 7.97 043 859 029 7.6 062 597 047
Relaxed/tense 795 033 820 047 842 034 811 035
Dreamy/attentive 3.2 050 170 035 347 061 439 057
Proficient/incompetent 805 036 881 024 761 041 681 048
Sad/happy 233 042 121 022 188 042 172 040
Amicable/antagonistic 823 033 9.08 022 847 025 827 030
Bored/interested 173 025 142 025 217 040 248 0.50
Gregarious/withdrawn 550 047 656 052 553 057 494 0.63
Insecure/secure 220 024 133 020 197 035 241 039

SCT3 0ST3 SCT4 0ST4

Mean SEM Mean SEM Mean SEM Mean SEM

Session 2

Drowsy/alert 166 032 223 033 394 061 361 060
Excited/calm 150 031 1.81 040 169 039 169 030
Feeble/strong 192 043 261 046 3.02 044 342 046
(lear-headed/muzzy 813 045 745 042 628 060 7.19 047
Clumsy/well-coordinated ~ 2.77  0.62 2.84 048 420 058 291 045
Energetic/lethargic 702 059 741 041 58 059 670 048
Discontented/contended 120 028 164 039 173 027 155 031
Tranquil/troubled 806 044 763 055 838 031 808 030
Quick-witted/mentally slow 7.58  0.53 7.47 049 6.80 060 6.86 0.57
Relaxed/tense 831 027 823 030 803 035 855 032
Dreamy/attentive 255 051 273 041 3.63 057 338 0.59
Proficient/incompetent 823 033 791 033 7.69 040 7.00 0.50
Sad/happy 219 048 153 032 195 038 175 038
Amicable/antagonistic 838 034 853 028 819 029 85 034
Bored/interested 223 036 208 037 261 042 28 044
Gregarious/withdrawn 6.19 065 6.13 057 575 064 522 054
Insecure/secure 183 032 161 024 194 035 167 026

“Before and after each experimental session, subjects had to rate their current mood on a 17 item questionnaire.
Each item consisted of a VAS with opposing verbal descriptors at each end. Ratings were scored from 0 to 10. Data are
the average group scores (mean == SEM). SC, Saline control group; 0S, opioid suspension group; T1, before Session
1; T2, after Session 1; T3, before Session 2; T4, after Session 2.

followed during which a white crosshair was presented. Presentation
software (Neurobehavioral Systems) was used for stimulus control, re-
cording of scanner pulses, and behavioral responses.

Remifentanil application. Access to a cubital vein was established be-
fore the first scanning session. After the first fMRI session, participants
received an intravenous infusion of remifentanil (0.1 ug/kg body weight/
min; Ultiva, GlaxoSmithKline) or the same amount of 0.9% saline solu-
tion for 30 min outside the scanner. This remifentanil dose is a clinically
relevant and falls within the dose range that is required for the relief of
acute severe clinical pain (Bowdle et al., 1996; Volmanen et al., 2002).
While experimental evidence indicates that higher remifentanil doses
elicit stronger effects on pain after discontinuation (Guignard et al., 2000;
Koppert et al., 2003a), the chosen dose still exhibits a low risk of un-
wanted drug effects and has been shown to elicit reliable effects on pain
after discontinuation (Koppert et al., 2003a,b).

Remifentanil has a fast onset and likewise a rapid offset/washout due to
hydrolysis by nonspecific plasma esterases with a half-life time of a few
minutes, and the plasma concentration 30 min after infusion can be
estimated as almost zero (Wise et al., 2002; Angst et al., 2003). During the
infusion period, all participants received 3 L oxygen per minute via a
respiratory mask, and ECG, SpO,, and noninvasive blood pressure were
monitored. The infusion with the test substance was followed by a 1 h
break before the second scanning session started. Pilot experiments had
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Table 5. Adverse effects of remifentanil: Experiment 2°

SCT1 (O SCT2 0ST2 SCT1 0sT1 SCT2 0ST2
Mean SEM Mean SEM Mean SEM Mean SEM Mean  SEM  Mean  SEM  Mean  SEM  Mean  SEM
Session 1 Headache 1.27 015 127 012 127 012 127 0.12

Drowsy/alert 293 043 253 049 523 051 3.62 049 Dizziness 1.00 0 1.00 0 1.00 0 1.00 0
Excited/calm 233 041 183 030 133 034 143 039 Nausea 1.00 0 1.00 0 1.13 0.09 120 0.11
Feeble/strong 285 047 228 035 377 055 272 051 Sedation 2.07 032 133 0.16  1.60 0.21 193 0.32
(lear-headed/muzzy 822 047 848 047 600 069 7.0 0.67 Blurred vision ~ 1.00 0 1.00 0 1.00 0 1.00 0
Clumsy/well-coordinated ~ 2.87 043 258 040 433 057 3.60 0.5 Dry skin 1.00 0 1.00 0 1.07 007 1.07 0.07
Energetic/lethargic 6.52 051 690 040 492 055 945 328 Dry mouth 1.00 0 1.00 0 1.00 0 1.00 0
Discontented/contended 250 059 155 022 197 038 1.82 036 SCT3 0ST3 SCT4 0ST4
Tranquil/troubled 797 052 748 0.64 792 040 800 0.37
Quick-witted/mentallylow 778 052 842 048 667 055 727 073 Mean SEM  Mean SEM  Mean SEM  Mean SEM
Relaxed/tense 723 048 803 038 753 057 847 036 Headache 133 016 120 014 140 019 153 0.19
Dreamy/attentive 317 060 233 055 423 059 370 0.71 Dizziness 1.07 0.07 113 0.09  1.00 0 1.00 0
Proficient/incompetent 790 050 845 043 688 062 822 031 Nausea 133 013 1.13 0.09 133 016 120 0.1
Sad/happy 245 054 157 031 335 078 177 044 Sedation 1.47 024 133 016 173 030  1.60 0.25
Amicable/antagonistic 845 035 9.00 027 773 046 882 032 Blurred vision ~ 1.13 0.09 120 011 1.07 0.07  1.07 0.07
Bored/interested 227 036 177 041 3.00 068 185 047 Dry skin 1.07 0.07 120 0.11 113 0.09 120 0.11
Gregarious/withdrawn 578 053 572 029 533 055 538 043 Dry mouth 1.00 0 1.00 0 1.07 0.07 120 0.14
Insecure/secure 248055 195 034 228 051 180 040 “Before and after each session, subjects also answered a 7 item questionnaire regarding adverse effects. Each

(13 0ST3 SCT4 0ST4 adverse effect could be rated as “inexistent,” “very weak,” “weak,” “moderate,” “strong,” “very strong,” and “ex-

Mean SEM Mean SEM Mean SEM Mean SEM ';r:sr:g:z/ 15"103“% eﬁ:crgrse;;;);% S:Ifltn; ;22::; %Toup; 08, opioid suspension group; T1, before Session 1; T2, after

Session 2

Drowsy/ alert 320053 292 040 453 054 372 057 gg0ested that behavioral effects might increase after this period. In ac-
Excited/calm 165 028 138 032 218 044 122 024 cordance with the very short half-life period of remifentanil, shortly after
Feeble/strong 290 050 345 078 368 046 332 053 suspension of the infusion, physiological parameters of all participants
(lear-headed/muzzy 735 060 817 054 600 065 782 043 o . ormal range.
(Iumsy/.well»coor.dlnated 302045 262 061 473 050 363 043 MRI data acquisition. fMRI data were acquired on a 3 tesla system
Energetic/lethargic 638 056 6.85 058 538 055 632 0.0 M tom Tim Trio. Si ) ipved with a 32-ch | head coil
Discontented/contended 165 048 198 062 183 040 170 056 agnetom 1im 1rio, Siemens) equipped with a 52-channe’ head cott
Tranquil/troubled 745 059 835 031 785 032 840 032 forty transversal shces. (§11ce ‘thlckness, 2 mm;.gap, 1 mm) erre acqu1re§l
Quick-witted/mentally low 810 037 858 039 750 057 750 059 in€ach volume (repetition time: 245, echo time: 25 ms, flip angle: 80°,
Relaxed/tense 773 0.57 8.48 035 733 0.62 8.25 0.37 FOV: 216 X 216 mm , matrix: 108 X 108, GRAPPA with acceleration
Dreamy/attentive 265 036 188 039 378 065 258 051 factor 2, and 48 reference lines) using a T2*-weighted gradient-echo EPI
Proficient/incompetent ~ 7.60 046 8.68 035 717 055 835 036  sequence. Slice orientation was tilted by ~°30. We also acquired high-
Sad/happy 205 051 117 022 28 058 158 033 resolution (1 X 1 X 1 mm? voxel size) T1-weighted images for each subject
Amicable/antagonistic 815 047 887 029 755 063 9.02 029  usinga 3D MPRAGE sequence (repetition time 2.3 s, echo time 2.98 ms,
Bored/interested 285 063 160 032 362 073 193 046  readout flip angle 9° inversion time 1.1's, FOV 192 X 240 X 256 mm?).
Gregarious/withdrawn 555 058 590 044 558 043 565 039 fMRI data preprocessing. tMRI data preprocessing and statistical anal-
Insecure/secure 198 046 142 024 242 050 130 028  yses were performed using SPM12 (Wellcome Trust Centre for Neuro-

“Before and after each experimental session, subjects had to rate their current mood on a 17 item questionnaire.
Each item consisted of a VAS with opposing verbal descriptors at each end. Ratings were scored from 0 to 10. Data are
the average group scores (mean == SEM). SC, Saline control group; 0S, opioid suspension group; T1, before Session
1; T2, after Session 1; T3, before Session 2; T4, after Session 2.

Table 4. Adverse effects of remifentanil: Experiment 17

SCTM 0ST1 SCT2 0ST2

Mean  SEM  Mean  SEM  Mean SEM  Mean  SEM
Headache 1.38 013 1.06 006 119 010  1.06 0.06
Dizziness 1.00 0 1.00 0 1.00 0 1.00 0
Nausea 1.00 0 1.00 0 1.06 0.06 1.06 0.06
Sedation 1.44 013 113 009 144 024 138 0.18
Blurred vision ~ 1.00 0 1.00 0 1.00 0 1.00 0
Dry skin 1.00 0 1.00 0 1.13 0.09 1.00 0
Dry mouth 1.00 0 1.00 0 1.25 011 1.00 0

SCT3 0ST3 SCT4 0ST4

Mean  SEM  Mean SEM  Mean SEM  Mean  SEM
Headache 1.06 0.06 1.06 0.06 1.06 006 1.06 0.06
Dizziness 1.06 0.06 1.00 0 1.13 009 113 0.09
Nausea 1.00 0 1.00 0 1.13 009 1.06 0.06
Sedation 1.75 031 150 020 175 021 200 0.39
Blurred vision ~ 1.19 010 113 0.09  1.00 0 1.00 0
Dry skin 1.06 0.06 1.00 0 1.25 011 119 0.10

Dry mouth 1.00 0 1.00 0 113 0.09 256 1.30

“Before and after each session, subjects also answered a 7 item questionnaire regarding adverse effects. Each
adverse effect could be rated as “inexistent,” “very weak,” “weak,” “moderate,” “strong,” “very strong,” and
“extremely strong” (scores 1-7). SC, Saline control group; 0S, opioid suspension group; T1, before Session 1; T2, after
Session 1; T3, before Session 2; T4, after Session 2.

imaging, London). The first five EPI volumes of each session were
discarded to exclude T1-saturation effects. Functional images were cor-
rected for time differences in slice acquisition time and motion (6 df).
Structural T1-weighted images were coregistered to the functional im-
ages and subsequently SPM12-segmented. The obtained normalization
parameters were applied to the functional images, which were resampled
with a resolution of 2 X 2 X 2 mm?®. Finally, functional images were
smoothed with an 8 mm FWHM isotropic Gaussian kernel.

Because we specifically hypothesized brainstem structures to be in-
volved in the mechanisms underlying opioid suspension-related effects,
we used a second preprocessing strategy for the preprocessing of the
brainstem that is specifically optimized for this region. To minimize the
effect of movements of cortical regions on the motion correction proce-
dure of the brainstem, the cost function of the realignment algorithm was
weighted by an automatically created cylindrical binary mask that only
included the brainstem and directly surrounding tissues (Napadow et al.,
2006). Within this mask, highly variant regions (i.e., CSF) were excluded,
to minimize the influence of strong-intensity fluctuations on the motion-
correction procedure and to base the image registration only on brains-
tem movements. For the brainstem, EPI images were resampled after
normalization with a resolution of 1 X 1 X 1 mm? and smoothed with a
4 mm FWHM isotropic Gaussian kernel (Beissner, 2015).

Statistical analysis: behavior. All behavioral data were analyzed in
MATLAB version 8.4 (The MathWorks). We calculated the mean and
SEM of pain ratings and HPTs for each session and group. To test for
effects of remifentanil on behavioral pain measures, we compared differ-
ences of the mean pain ratings (based on all 13 trials) and thresholds
(based on the first, seventh, and 13th trial) of the first and the second
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session between groups using a two-sample ¢ test. Results were consid-
ered significant at p = 0.05 (one-tailed based on the a priori hypothesis).
To assign painful and warm periods in trials where the HPT was not
assessed, we estimated the time point of the HPT based on the arithmetic
mean of the HPT of the seventh and the 13th trials. This approach is
based on a pilot experiment (n = 10) where participants had to indicate
their HPTs duringall 13 trials. The chosen approach yielded the least sum
of error squares between estimated and recorded thresholds compared
with other interpolations techniques.

Statistical analysis: fMRI. The statistical fMRI data analysis was per-
formed using a GLM approach. Analyses were performed separately for
the imaging data preprocessed with the brain and the brainstem opti-
mized preprocessing approach. For structures below the diencephalon,
we report results from analyses that used the brainstem-adjusted prepro-
cessing procedure. To identify brain regions responding to the warm and
painful phase of the ascending thermal stimulation, the analysis of the
imaging data commenced by specifying a basis model at the single-
subject level implementing the warm and the painful phase of the ascend-
ing thermal ramps as separate box-car regressors, separately for trails
during which subjects indicated their HPT via button press (first, sev-
enth, and 13th trials) or not (second to the sixth and the eighth to the
12th trials). Only B estimations of the latter regressors were used for
subsequent analyses to ensure that these analyses do not depict any
button-press-related motor activity. The model also specified a box-car
regressor for the VAS rating, a linear increasing regressor for the duration
of each thermal ramp, and finally a session constant for each session, thus
comprising altogether 12 regressors. Box-car functions were subsequently
convolved with the canonical hemodynamic response function as imple-
mented in SPM12, and data were subjected to temporal high-pass filter-
ing with a cutoff period of 128 s. After model estimations, 3 images
corresponding to the warm and the painful phase of trials without button
presses were raised to a second-level random-effects analysis.

To capture the temporal dynamics of signal changes in response to the
thermal stimulation protocol, we also set up a first-level analysis using a
finite impulse response set as the basis function using a window length of
36 s (locked to the onset of each thermal ramp) and 15 bins (1 bin =
2.4 s). Trials during which subjects performed button presses and trials
without button presses were again modeled separately. Each first-level
design matrix of this model thus comprised 62 regressors (2 sessions X 2
conditions X 15 bins plus 2 sessions constants). Data were likewise sub-
jected to temporal high-pass filtering with a cutoff period of 128 s. After
model estimations, we defined contrasts for the time periods before and
after exceeding the HPT. As the HPT naturally varies across participants,
our linear contrast vector was defined as the fixed time window during
which all participants were below or above the HPT to ensure that the
group analysis of the nonpainful phase is not confounded by pain re-
sponses and vice versa. Contrast images corresponding to the warm and
the painful period were then raised to a second-level random-effects
analysis using a SPM-flexible factorial design considering pharmacolog-
ical condition as a group factor. To illustrate the peristimulus time course
in brain region, we also specified a similar second-level analysis incorpo-
rating the B weights for all bins.

To identify brain regions that are related to intraindividual variations
of pain intensity perception and potentially modulated by opioid suspen-
sion, we also specified a first-level analysis model that included the trial-
wise individual pain ratings as a parametric modulator of the regressor
representing the nonpainful and painful phase of stimulation respec-
tively. The model was otherwise identical to our basis model (see above).

To further test for a modified signaling in the descending pain-modu-
latory network caused by opioid suspension, we used the nucleus cunei-
formis (NCF) and the periaqueductal gray matter (PAG) (which were
revealed by the opioid suspension specific interaction contrast) as seed
voxels for functional connectivity analyses. We set a sphere of 6 mm
diameter around the respective coordinate and extracted the mean time
series for each subject for each session. These time series were then used
as regressors in subject-specific design matrices. To remove stimulus-
related linear trends from the data, we also included a linear increasing
regressor for the duration of each thermal ramp in the design matrices.
The resulting 3 images were subsequently raised to the second-level anal-

Sprenger, Eichler et al. o Aftereffects of Remifentanil on CNS Signaling

ysis, where we observed a significant pharmacological interaction effect
for the analyses using the left and the right NCF as the seed voxel in the
rostral anterior cingulate cortex (rACC). To better account for symmetry
in our analysis, we subsequently also extracted the time series around the
observed rACC coordinates and correlated the two time series. The re-
sulting correlation coefficients for each session for each subject were
Fisher z-transformed. Differences in the correlation strength between
sessions were compared between groups using a two-sample ¢ test. To test
for the functional relevance of the findings, we correlated on the individ-
ual level the coupling strength with the HPT. As both vectors contained
extreme values, we report Spearman’s rank correlation coefficient. To
test for group differences, we Fisher z-transformed the correlation coef-
ficients (Myers and Sirois, 2006) and calculated z statistics. Finally, we
used a similar analysis to test for a correlation between the individual nucleus
cuneiformis—rostral ventromedial medulla (RVM) coupling strength and
the HPT.

Results were considered significant at p < 0.05, corrected for multiple
comparisons using the FWE rate based on the Gaussian random field
theory. Based on our hypothesis of an altered signaling in the descending
pain-modulatory system after opioid suspension, we defined the rACC,
the PAG, the NCF, and the RVM as a priori regions of interest (ROIs).
Correction was based on peak coordinates obtained from previous stud-
ies on pain processing and pain modulation. The rACC was corrected
using a sphere of 12 mm radius; brainstem regions were corrected using
a sphere of 6 mm radius. Outside a priori ROIs, FWE correction was
performed for all voxels. We also report uncorrected p values with a
threshold of p < 0.001. Findings in the brain are reported in square
brackets stating x, y, z coordinates in the MNI space. For illustration
purposes, statistical maps of the brain are thresholded at p < 0.005 un-
corrected for multiple comparisons.

Experiment 2: high-resolution fMRI of the cervical spinal cord
Participants. A total of 34 healthy male volunteers (26.5 = 1.2 years of
age) participated in the second experiment investigating opioid suspen-
sions effects at the spinal level. Inclusion and exclusion criteria and eth-
ical guidelines were the same as in Experiment 1 (see above). Data of 4
participants had to be excluded due to premature termination of the
experiment (2 participants) and image artifacts (2 participants), leaving
30 complete datasets (remifentanil group: n = 15). Both groups did not
differ significantly regarding age, body weight, initial HPT, depression
score, and pain vigilance and awareness score (Table 1). Aftereffects of
remifentanil and remifentanil effects on participant’s mood can be again
obtained from Tables 2-5. The experimental procedures and the drug
application were identical to the first experiment.

MRI data acquisition. fMRI data were acquired on the same system as
Experiment 1, equipped with a 12-channel head coil and an additional
4-channel neck coil with the target region of the spinal cord being cen-
tered in the magnet’s isocenter (EPI parameter: repetition time 1040 ms,
echo time: 34 ms, flip angle: 60°, FOV: 132 X 130 mm 2 matrix: 110 X
108; GRAPPA acceleration factor of 2, and 24 reference lines).

In short, we acquired 12 slices positioned approximately perpendicu-
lar to the spinal cord, using a slice thickness of 3.5 mm and an in-plane
resolution of 1.2 X 1.2 mm 2, Saturation pulses were applied anterior and
posterior to the target region to avoid ghosting. To minimize signal in-
tensity variations along the z-axis caused by magnetic susceptibility dif-
ferences in the spinal canal, a slice-specific z-shim gradient momentum
was used (Finsterbusch et al., 2012; Sprenger et al., 2012). We also ac-
quired T2*-weighted anatomical images of the spinal target region using
a Multiple Echo Data Image Combination sequence (12 transversal slices,
slice thickness 3.5 mm, 0.57 X 0.57 mm? in-plane resolution, repetition time
473 ms, echo time 22 ms, flip angle 20°, FOV 256 X 184 mm 2, GRAPPA,
acceleration factor 2, and 24 reference lines). Finally, we acquired high-
resolution (1 X 1 X 1 mm?) T1-weighted anatomical images using a 3D-
MPRAGE sequence (repetition time 2.3 s, echo time 3.43 ms, readout flip
angle 9°, inversion time 1.1 s, FOV 192 X 240 X 256 mm?>).

Physiological data acquisition. To allow for retrospective physiological
noise correction, the pulsoximetric pulse-curve (left index finger) and
respiratory chest movements (using a respiratory belt) were measured
using a clinical monitoring unit (Expression, In vivo). Data were recorded
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together with the scanner pulses using Spike2 software (Cambridge Elec-
tronic Design) to ensure timing accuracy.

fMRI data preprocessing. After the first 5 EPI volumes were discarded,
we corrected spinal EPIs for motion by using the same motion correction
procedure that we used for the brainstem (see above).

We then spatially normalized the T1-weighted structural images fol-
lowing an approach similar to the one described by Geuter and Biichel
(2013). After the subject-specific first-level analysis (see below), we ap-
plied the previously determined normalization parameters to the 3 im-
ages and resampled images to a resolution of 0.75 X 0.75 X 0.75 mm?.
Finally, B images were smoothed using a 3D isotropic Gaussian kernel
with an FWHM of 2 mm.

Statistical analysis: behavior. The behavioral data analysis was identical
to Experiment 1.

Statistical analysis: fMRI. For the statistical analysis of the spinal data,
we followed the same basic analysis approach on the single-subject
and group level that we used for the analysis of the brain data (see
above). Given that the influence of physiological noise is much stronger
at the spinal level compared with the brain (Kong et al., 2012; Fratini et
al., 2014; Eippert et al., 2017), we additionally corrected for this potential
confound. Similar to previous studies (Eippert et al., 2009b; Sprenger et
al., 2012, 2015), we used the selective averaging approach described by
Deckers et al. (2006) to generate regressors representing cardiac and
respiratory effects (using 10 bins for cardiac and respiratory effects,
respectively) that were subsequently included in the subject-specific first-
level design matrices. We also corrected for CSF-related signal fluctuations in
the spinal EPI time series (Brooks et al., 2008). Therefore, we extracted the
time courses of voxels from the spinal canal whose variance lay in the top
10th percentile and generated 1-3 regressors explaining 95% of the variance
of these time series by using a principal component analysis. These regressors
were likewise included in the first-level design matrices.

Results were considered significant at p < 0.05, corrected for multiple
comparisons using the FWE rate. Approaches adjusting p values to con-
trol FWE rates based on the Gaussian random field theory are not suit-
able for very small cylindrical structures, such as the spinal cord (Worsley
et al., 1992; Brooks, 2014). Similar to a previous study (Sprenger et al.,
2015), we therefore used nonparametric permutation tests (Nichols and
Holmes, 2002) using the Statistical Non-Parametric Mapping toolbox
(SnPM13; http://warwick.ac.uk/snpm) to report FWE-corrected p values
in the spinal cord. Estimations were based on 5000 permutations (Nich-
ols and Holmes, 2002).

Based on observations from previous spinal fMRI studies (Eippert et
al., 2009b; Sprenger etal., 2012, 2015), which consistently revealed BOLD
responses caused by painful stimulation in the dermatome C6 in the
ipsilateral dorsal horn of the spinal segment C6, we defined this region as
a priori ROI. For this region, the multiple-comparison correction was
restricted to a sphere of a 5 mm radius centered on the average coordinate
from the previous studies. Outside this region, FWE correction was per-
formed for all voxels.

In addition to the GLM analysis, we also performed a multivoxel pat-
tern analysis (MVPA) using a linear support vector machine to decode
the saline and remifentanil condition based on the corresponding spinal
activity patterns as determined by the individual GLM contrast images.
The MVPA was restricted to a region that showed in accordance with the
functional neuroanatomy of the nociceptive system a significant BOLD
response to the painful phase of thermal stimulation in the ipsilateral
dorsal horn of the spinal segment C6 (thresholded at p < 0.05 uncor-
rected). We used a leave-one-subject-out cross-validation and compared
the average accuracy across subjects to chance (50%) using a nonpara-
metric permutation test. Finally, we conducted a multivoxel pattern
searchlight analysis over the entire measured volume with a radius of
4 mm that was otherwise identical to the initial MVPA.

Results

Effects subsequent to remifentanil short-term infusion on
behavior and BOLD responses to ascending thermal ramps in
the brain

We first tested whether our experimental protocol resulted in a
behaviorally measurable aftereffect of remifentanil suspen-
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sion on pain perception. Both experiments yielded very compa-
rable behavioral results (Fig. 2). The latter phase of thermal
stimulation provoked a clearly painful sensation across all partic-
ipants that remained approximately stable over trials and did not
significantly differ between groups before application of the test
substance (two-sample ¢ test: Experiment 1, £3¢) = 0.16, p = 0.88;
Experiment 2, t,4) = —0.48, p = 0.63). We observed no signifi-
cant effect of remifentanil suspension on pain intensity ratings
(two-sample ¢ test, Session 2 — Session 1: Experiment 1, t(39) =
—0.93, p = 0.18; Experiment 2, f,4) = —0.02, p = 0.49). How-
ever, in both independent experiments, remifentanil suspension
caused a clear effect on HPTs. While thresholds did not differ
between both groups during the first experimental session (two-
sample ¢ test: Experiment 1, ¢;5) = —0.5, p = 0.63; Experiment 2,
tasy = —0.1,p = 0.93), we observed a decreased HPT in the second
session after remifentanil application (Experiment 1, —0.37 *
0.3°C; Experiment 2, —0.32 £ 0.4°C) and an increased HPT fol-
lowing saline application (Experiment 1, 0.25 * 0.1°C; Experi-
ment 2, 0.56 * 0.2°C), leading to a significant pharmacological
interaction effect in both experiments (two-sample ¢ test: Exper-
iment 1, £(30) = 2.2, p = 0.02; Experiment 2, t,5) = 1.9, p = 0.04).

Next, we analyzed BOLD responses to the thermal stimuli in
the brain separately for the nonpainful and painful period of
stimulation and whether these responses would be modulated
after remifentanil infusion. We identified a number of brain re-
gions in response to thermal stimulation that have been previ-
ously shown to typically exhibit increased levels of activity during
the processing of warm and painful stimuli by a large body of
evidence (Apkarian et al., 2005; Duerden and Albanese, 2013).
For the painful phase of stimulation this comprises regions, such
as the bilateral insula, the anterior cingulate cortex, the primary
and secondary somatosensory cortex (Fig. 3; Table 6).

We subsequently tested whether BOLD responses in the brain
were modulated subsequent to opioid application using ¢ tests.
After remifentanil suspension, we observed increased responses
to the painful phase of stimulation (Session 2 — Session 1) that were
stronger compared with the control group in the posterior insula
(=40, —20, 12, t509) = 3.47, pync.< 0.001), the contralateral
thalamus (8, —22, 10, t(5) = 3.88, pun.< 0.001) and the
amygdala (26, —12, =18, (159, = 3.35, punc < 0.001; Fig. 4). The
reverse contrast did not reveal any significant results. Likewise,
our analysis revealed no significant differences between groups
regarding the nonpainful phase.

Remifentanil suspension-related effects on descending
pain-modulatory circuits
Based on the hypothesis that, subsequent to remifentanil appli-
cation, the processing of pain-related signals would be altered in
brainstem structures well known to play a pivotal role in various
aspects of pain modulation, including opioid action (Basbaum
and Fields, 1984; Millan, 2002; Mason, 2012) and amplification
of nociceptive signals (Jiet al., 2003; Ren and Dubner, 2007; M. C.
Lee et al., 2008), we next analyzed this region using a brainstem-
optimized image preprocessing approach. Following remifen-
tanil suspension, we observed increased BOLD responses to the
painful phase of stimulation that were significantly stronger ele-
vated compared with the control group in a region that can be
most likely attributed to the RVM (presumably the nucleus raphe
magnus and the adjacent nucleus reticularis gigantocellularis; 0,
—36, —43, t(159) = 4.01, p = 0.001; Fig. 4A). The reverse contrast
did not reveal any significant differences.

More importantly, with regard to mechanisms underlying the
observed effect of remifentanil suspension on the pain threshold,
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Behavioral effects of remifentanil suspension. A, Experiment 1. B, Experiment 2. VAS ratings of both experiments show that the latter phase of thermal stimulation caused a painful

sensation that remained approximately stable over time and did not significantly differ between pharmacological groups before and after application of the test substance. In contrast, remifentanil
suspension reduces the HPT compared with saline application. The interaction effects (rightmost panels) show the differences of the average pain ratings and HPTs, respectively, between the first
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Figure3.  BOLD responses to the nonpainful and painful phase of ascending thermal stimulation in the brain during the baseline session across all participants. The marked activation of the visual
cortex during the nonpainful phase of stimulation is most likely explained by the change of the color of the visually presented crosshair at the beginning of each trial. Right, Peristimulus time courses
from selected brain regions. Vertical white lines indicate the HPT in seconds after stimulus onset. Gray bars represent the SEM of the HPT. Color bars represent t values. Error bars indicate SEM. Colored
ramp at the bottom of each hox represents the ascending thermal stimulus. PE (a.u.), Parameter estimates (arbitrary units).

we subsequently analyzed the period before reaching the HPT.  0.04; left: —12, —27, —12, £,,5) = 3.75, p = 0.01; Fig. 5) and in
This analysis showed increased BOLD responses after remifenta-  two portions of the PAG matter (ventrolateral PAG, —2, —29, —11,
nil suspension compared with control bilaterally in the midbrain  £,,4) = 3.92, p = 0.01; caudal portion of the ventromedial PAG, 1,
reticular formation’s NCF (right: 9, =26, —13, t(159, = 3.36,p = —36, =24, t(150) = 3.79, Pyn.. < 0.001).
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Table 6. BOLD responses to the nonpainful and painful phase of ascending thermal
stimulation in the brain during the baseline session”

Region X y z t p
Nonpainful phase
Anterior cingulate cortex 8 24 30 3.31 <<0.001
(alcarine gyrus —12 —100 0 6.95 <<0.001
Cerebellum 28 =72 —22 4.43 <0.001
42 —54 -32 3.68 <0.001
—36 —66 —52 3.39 <0.001
Inferior frontal gyrus 38 28 -2 512 <0.001
—54 6 10 3.51 <0.001
Inferior parietal lobule —36 —48 40 5.57 <0.001
—50 —50 52 4.68 <<0.001
Leftinsula —32 26 8 4.90 <0.001
Middle frontal gyrus 38 52 20 4.80 <0.001
—36 48 20 4.44 <<0.001
Middle orbital gyrus 40 48 4 3.37 <0.001
Postcentral gyrus —62 —22 24 4.20 <0.001
Posterior cingulate cortex —4 —26 28 4.83 <0.001
6 —14 30 3.7 <0.001
Posterior-medial frontal 4 12 52 424 <0.001
Precuneus —14 —64 36 3.77 <0.001
12 —66 36 3.37 <0.001
Rolandic operculum 56 —24 24 4.54 <<0.001
46 —24 28 3.17 <<0.001
Superior orbital gyrus 18 16 —16 3.62 <0.001
Supramarginal gyrus 52 —4 34 6.17 <0.001
Painful phase
(alcarine gyrus -8 —98 —6 5.06 <0.001
Cerebellum -32 —56 —34 7.82 <0.001
—30 —66 —30 7.79 <<0.001
=10 —74 —30 41 <<0.001
34 —56 -32 5.13 <0.001
26 —46 —-30 347 <<0.001
38 —66 —-28 331 <0.001
18 =70 —52 3.66 <0.001
20 —64 —58 3.54 <<0.001
14 —76 —48 3.52 <0.001
2 —56 -32 3.65 <0.001
14 —58 —32 3.19 <<0.001
38 —56 —52 3.26 <0.001
-10 —58 —54 3.19 <0.001
20 —50 —24 3.17 <<0.001
Inferior parietal lobule —36 —48 40 5.66 <0.001
—54 —50 50 5.39 <0.001
—56 —38 52 5.08 <<0.001
Inferior temporal gyrus 60 —30 —18 492 <0.001
Insula —34 18 -2 8.97 <0.001
Linual gyrus —10 —86 0 498 <0.001
14 —90 2 4N <0.001
Middle frontal gyrus —52 10 44 421 <€0.001
Middle temporal gyrus 62 —32 -8 533 <0.001
62 —46 6 4n <0.001
Precentral gyrus —4 -2 4 4.80 <0.001
—44 -2 58 4.03 <<0.001
Precuneus 14 —62 38 4.16 <0.001
-12 —64 36 3.61 <0.001
Superior medial gyrus 0 20 44 9.14 <0.001
48 —48 8 3.36 <0.001
Supramarginal gyrus 52 —36 46 8.69 <<0.001

“Coordinates are denoted by x, y, zin mm (MNI space), and strength of activation is expressed in ¢ scores (df = 120).

A subsequent analysis revealed that, after remifentanil appli-
cation, parametric trial-by-trial responses during the nonpainful
period correlated positively with the behavioral pain ratings in
the previously identified NCF, but not in any of the other exper-
imental sessions (right: 10, —28, — 14, t(5, = 2.88, p < 0.05; left:
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=7, =26, —13, t5, = 2.63, p < 0.05; Fig. 5C). At both peaks,
parametric responses were significantly stronger after remifenta-
nil suspension compared with the saline control condition (right:
tooy = 2.1 p < 0.05; left: g9, = 2.13, p < 0.05).

Altered functional connectivity in the descending
pain-modulatory system predicts remifentanil offset-related
increase in pain sensitivity

As u-opioid receptor agonists unfold part of their analgesic proper-
ties by acting on the pain-modulatory system (Barton et al., 1980;
Fields, 2004; Haghparast et al., 2008), changing the functional con-
nectivity within this system during exogenous opioid application
(Petrovic et al., 2002) and opioid-dependent endogenous analgesia
(Petrovic et al., 2002; Eippert et al., 2009a; Sprenger et al., 2012), and
previous studies suggesting altered functionality of this system to
be crucially linked to opioid related increase in pain sensitivity
(Kaplan and Fields, 1991; Heinricher et al., 2001; Vanderah et al.,
2001a,b; Ossipov et al., 2003), we next directly investigated
whether such connectivity changes can be observed in humans
subsequent to remifentanil short-term application.

Our functional connectivity analysis revealed significant func-
tional coupling between the right NCF and the rACC (-2, 42,
—2) that exhibited an opioid-suspension-related pharmacologi-
cal interaction effect. During the baseline session, we observed a
similar functional coupling between the right NCF and the rACC
in both groups (saline group, ¥ = 0.16 * 0.03; remifentanil group,
r = 0.13 = 0.03). However, while NCF-rACC coupling showed a
reduction during the second session in the saline group (¥ =
0.06 = 0.04), NCF-rACC coupling increased after remifentanil
application (¥ = 0.18 % 0.03), leading to a significant pharma-
cological interaction effect (.39, = 2.24, p = 0.02; Fig. 6A-C).

With regard to the functional relevance of this finding, we
observed that, after remifentanil short-term infusion, the indi-
vidual strength of this coupling showed a strong negative corre-
lation with the HPTs (r = —0.7, p = 0.004; Fig. 6D); that is, the
stronger the individual opioid-offset related NCF-rACC cou-
pling, the lower the HPT. This correlation was significantly more
negative compared with the saline group (z = 2.6, p = 0.01).

Similarly to the right NCF, we observed functional coupling
between the left NCF and the rACC (—16, 46, 2) that likewise
exhibited a pharmacological interaction effect (¢, = 3.5, p <
0.001).

If rACC-NCEF coupling is involved in a pain facilitating mecha-
nism after opioid application, it can be expected that NCF activity
subsequently also predicts activity in the RVM, which receives direct
fiber input from the NCF (Edwards, 1975; Zemlan and Behbe-
hani, 1988) and takes a key position in descending pain modula-
tion (Millan, 2002; Heinricher et al., 2009). In line with this
hypothesis, we also observed functional coupling between the
NCF and the RVM that increased after remifentanil suspension
(remifentanil group session 1, ¥’ = —0.08 * 0.02, remifentanil
group session 2, ¥’ = 0.13 £ 0.03), but the strength of coupling
displayed no pharmacological interaction effect (¢39) = 0.03, p >
0.05). However, similar to the rACC-NCF coupling, the individ-
ual strength of the right NCF-RVM coupling correlated nega-
tively with the HPT after remifentanil application (r = —0.56,
p = 0.03), and this correlation was significantly stronger com-
pared with the saline control group (z = 2.1, p = 0.02).

We also observed functional coupling between the PAG and
the rACC that was increased after remifentanil suspension. How-
ever, the pharmacological interaction failed significance (.5, =
1.4, p = 0.09).
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Figure 4. Increased BOLD responses after remifentanil discontinuation during the painful period of stimulation compared with control. 4, Activation maps show that BOLD responses in the

posteriorinsula (post Ins), the thalamus (Thal), the amygdala (Amy), and the rostral ventro-medial medulla (RVM) are stronger after discontinuation of remifentanil compared with the saline control
group during the painful period of stimulation. The visualization threshold is set to p << 0.005 uncorrected. Color bars represent t values. B, The peristimulus time course in the posterior insula,
thalamus, and the amygdala shows a very similar progression during the first session for both groups. After discontinuation of remifentanil, the peristimulus time course displays a selective increase
after exceeding the HPT in these regions. The time course of the control group is slightly shifted to the left to avoid overlapping of error bars. Dashed vertical lines indicate the HPT in seconds. Bars
in transparent color represent the SEM of the HPT. Notice the shift of HPTs from the first to the second experimental session. Colored ramps at the bottom of each box represent the temporal profile
of ascending thermal stimulus. Error bars indicate SEM. PE (a.u.), Parameter estimates (arbitrary units).
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Figure5. Increased BOLD responses after discontinuation of remifentanil during the nonpainful period of stimulation compared with control and parametric modulation. A, Activation maps show
that BOLD responses in the bilateral NCF and in two portions of the PAG are stronger after discontinuation of remifentanil compared with the saline control group during the nonpainful phase of
stimulation. Right, Anatomical images represent the localization of these structures in the brainstem. Modified with permission from Naidich (2009). B, The peristimulus time course in the left NCF
and the PAG shows a BOLD signal increase during the nonpainful phase of stimulation after remifentanil suspension compared with control. The time course of the (Figure legend continues.)
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Functional connectivity of the right NCF and the rACC. 4, Approximate location of the NCF and the rACC depicted on the mediosagittal plane of the average structural image. To test for

NCF-rACC connectivity, we first determined the seed voxel by the contrast testing for increased responses after remifentanil discontinuation during the nonpainful phase of stimulation (see Fig. 5).
B, Subsequently, we used the time series from the NCF as predictor in a new GLM analysis to test for remifentanil discontinuation-related changes in connectivity. We identified the rACCin a
second-level group analysis. C, We finally extracted also the time series from the rACCand correlated the rACC time series with those from the NCF. While the intraindividual strength of coupling (as
represented by the average correlation coefficient) showed a marked decrease from Session 1 (s1) to Session 2 (s2) in the control group, the coupling strength increased during the second session
after remifentanil suspension, leading to a significant interaction effect between groups. Error bars indicate SEM. *p < 0.05. D, The individual NCF-rACC coupling strength shows a negative
correlation with the HPT after discontinuation of remifentanil (right), but not after saline application (left). Right, The fitted line was determined by a robust regression.

BOLD responses subsequent to remifentanil short-term
application at the spinal level

We finally investigated neuronal responses at the spinal level us-
ing high-resolution fMRI of the human cervical spinal cord. To
localize the core region of nociceptive processing in the spinal
cord in response to signals originating from painful stimulation
to the left radial forearm (dermatome C6), we first determined
BOLD responses to the painful phase of stimulation before appli-
cation of the test substance across all participants. In accordance
with the functional neuroanatomy of the nociceptive system, we
observed a marked BOLD response in the dorsal horn of the

<«

(Figure legend continued.) control group was slightly shifted to the left to avoid overlapping of
error bars. Dashed vertical lines indicate the HPTs in seconds after stimulus onset. Bars in trans-
parent color represent SEM of the HPT. Colored ramps at the bottom of each box represent the
ascending thermal stimulus. C, The peak voxel parameter estimates of an analysis using the trial-
by-trial VAS ratings as parametric modulator show a positive correlation between the heat pain rat-
ingsand the trialwise responsesin the NCF during the nonpainful phase of stimulation exclusively after
opioid suspension. Right, Statistical map represents the localization of this finding in the brainstem.
The visualization threshold is set to p << 0.005 uncorrected. Error bars indicate SEM. Color bars repre-
sent t values. PE (a.u.), Parameter estimates (arbitrary units). *p << 0.05.

spinal segment C6 ipsilateral to the side of stimulation (t,,,, =
8.48, p < 0.001; Fig. 7A—C). No further significant clusters and no
negative responses were detected within the spinal cord. We sub-
sequently analyzed the effect of opioid suspension on BOLD re-
sponses at this site. We observed no significant pharmacological
interaction effect. Also, extending our analysis to the entire mea-
sured volume did not reveal a significant modulation of BOLD
responses by remifentanil suspension.

To further pursue the assumption of an opioid evoked mod-
ulation of neuronal activity in the spinal cord, we subsequently
analyzed the ROl in the spinal cord that showed a BOLD response
to painful stimulation in our previous analysis with an MVPA.
For this analysis, we used a linear support vector machine classi-
fier and a leave-one-subject-out cross-validation to decode the
pharmacological condition based on the spinal activity patterns
in response to the painful phase of stimulation. While the MVPA
was not able to decode the pharmacological condition during the
baseline session (average accuracy 56.7%, not significant), it was
successfully able to decode the remifentanil suspension and the
saline condition better than chance after application of the test
substance (average accuracy 83.3%, p = 0.005). An MVPA based
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Figure7.  Spinal results. A, Spinal BOLD response to the painful phase of stimulation during the baseline session across all participants. The activation can be most likely attributed to the spinal
segment C6. Green line indicates the transverse section (C). B, Enlarged detail of the sagittal depiction (A). €, BOLD responses overlaid on a transversal section of a structural T2*-weighted image.
The figure shows that the peak of the BOLD response is located in deeper sections the dorsal horn, ipsilateral to the side of stimulation (left). Color bar represents ¢ values. The visualization threshold
is set to p << 0.005 uncorrected. D, The parameter estimates at the peak voxel of the BOLD response to painful stimulation show a comparable BOLD response to the painful phase of stimulation (p)
in both groups during the baseline session (s1), but no detectable response for the nonpainful period of thermal stimulation (w). BOLD responses to painful stimulation are strongly reduced during
the second experimental session (s2) hindering the uncovering of opioid suspension-related group differences. Error bars indicate SEM. E, However, an MVPA was able to successfully decode the
pharmacological condition based on the activity patterns during the second experimental session in a previously identified region in the spinal cord that showed a strong positive BOLD response to
painful stimulation (see Results). To investigate the specificity of our findings regarding the involved neuronal pathway, we subsequently conducted a searchlight MVPA across the entire measured
volume that likewise compared the spinal activity patterns between the remifentanil and the saline group during the second session. The figure shows spatial coincidence of high predictive values

in the accuracy map (red, threshold set to average accuracy > 75%) with the region in the spinal cord that showed a significant BOLD response to painful stimulation (green).

on the activity patterns of the nonpainful phase of stimulation
was not able to decode the pharmacological condition.

To demonstrate the specificity of our ROI-based finding re-
garding the involved neuronal pathway, we subsequently con-
ducted a searchlight MVPA across the entire measured volume,
which quantitatively measures the degree to which spatial activa-
tion patterns predict the pharmacological condition. This analy-
sis showed the highest values at the initially determined site of the
BOLD response to painful stimulation in the dorsal horn of the
spinal segment C6 (Fig. 7D).

Discussion

Performing two fMRI experiments with optimized protocols
for the respective CNS regions allowed us to study remifentanil-
induced neuronal changes along the entire central pain pathway.
Remifentanil discontinuation lowered HPTs and increased BOLD
responses to painful stimulation in brain regions that exhibit high
w-opioid receptor density and that are crucially involved in no-
ciceptive processing, such as the thalamus, posterior insula,
amygdala, and RVM. Already before reaching a painful level of
stimulation, remifentanil suspension increased neuronal responses
in the PAG and NCF. Opioid discontinuation increased functional
connectivity between NCF and rACC, and both the strength of
rACC-NCF and NCF-RVM connectivity correlated negatively
with the individual HPT after application of remifentanil. Finally,
we observed an opioid-suspension-specific modulation of the
spinal multivoxel activity pattern. Our results thus delineate spe-
cific opioid-dependent alterations in pain-encoding and pain-
modulatory systems in humans after short-term application of
remifentanil that are directly related to the behavioral sensitivity
to pain.

Experiments in both animal and human volunteers have dem-
onstrated increased sensitivity to pain after exposure to opioids
across many different nociceptive setups and routes of adminis-
tration. Whereas most human studies investigated the effect of
opioid suspension in models of preexisting hyperalgesia (Petersen et
al., 2001; Angst et al., 2003; Hood et al., 2003), the current study

extends previous observations by showing that short-term infusion
of remifentanil affects HPTs and central pain processing after
opioid discontinuation in an injury-free experimental model
without presensitizing the skin. Under these experimental condi-
tions, remifentanil caused a reliable effect on HPTs, whereas heat
pain ratings were not altered. This observation is interesting as it
highlights a partial independence of the underlying CNS mecha-
nisms and is in line with human studies showing no effect (Angst
et al., 2003; Hood et al., 2003) of opioid suspension on thermal
pain ratings but on other experimental parameters.

Altered signaling after opioid suspension in the brain

and brainstem

In the brain, we observed increased BOLD responses during
painful stimulation subsequent to remifentanil discontinuation
in the thalamus, amygdala, and posterior insula. All three regions
are involved in nociceptive processing, belong to the regions ex-
hibiting a high opioid receptor density (Henriksen and Willoch,
2008), and are directly modulated during p-opioid receptor ag-
onist application (Wise et al., 2002; Leppi et al., 2006; Atlas et al.,
2012). A series of animal studies indicated the paraventricular thal-
amus and the amygdala to be related to the highly aversive with-
drawal symptoms after prolonged opioid consumption (Gracy etal.,
2001; Watanabe et al., 2002; Zhu et al., 2016). However, given that
short-term opioid exposure generated only weak effects on mood
and parameters of well-being after discontinuation, it appears un-
likely that the observed BOLD changes in the amygdala reflect fear,
aversiveness, or stress effects related to pain.

In the brainstem, we observed BOLD responses in the RVM
that were increased after opioid application during painful stim-
ulation. The RVM is well established to be an essential source of
bulbospinal inhibitory and facilitatory modulation of nocicep-
tive inputs receiving numerous inputs from other brainstem re-
gions, such as the PAG and the NCF (Millan, 2002). Importantly,
our finding is in agreement with a series of conclusive rodent
studies showing a crucial contribution of this region to the occur-
rence of opioid-induced increased pain sensitivity (Bederson et
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al., 1990; Kaplan and Fields, 1991; Bie et al., 2003; Neubert et al.,
2004). These studies demonstrated a strong increase in on-cell
activity and silencing of off-cell activity after naloxone-precipitated
opioid withdrawal, thus displaying an inverted picture of acute opi-
oid effects, subsequently leading to a descending facilitation of pain
(Vanderah et al., 2001b).

Because we did not record BOLD responses during remifen-
tanil application, we cannot know which direct effects remifen-
tanil exerted on the neuronal circuits showing altered signaling
after discontinuation. However, previous studies have shown that
the used and even lower doses of remifentanil dose cause marked
behavioral analgesia and both reduced neuronal responses to nox-
ious stimuli in pain-related brain regions and altered functional cou-
pling with the brainstem (Petrovic etal., 2002; Wise et al., 2002, 2004;
Koppert et al., 2003a,b).

To capture neuronal mechanisms underlying the decreased
HPTs, we also analyzed the time period before the threshold. After
opioid discontinuation, we observed BOLD responses in the PAG
and the bilateral NCF that were exclusively elevated before the HPT.
The NCF is an important brainstem site for pain-modulatory pro-
cesses (Gray and Dostrovsky, 1983; Richter and Behbehani, 1991),
involved in the mediation of acute opioid effects (Haghparast et al.,
2007, 2008; Ronaghi et al., 2011), negative and positive expecta-
tion effects (Keltner et al., 2006; Wager et al., 2007), and most
notably in central sensitization processes (Zambreanu et al., 2005;
M. C. Leeetal., 2008; Wanigasekera et al., 2016), including opioid
withdrawal (Wanigasekera et al., 2011). The NCF receives ample
input from spinal lamina I neurons (McMahon and Wall, 1985;
Hylden et al., 1986) but also strong input from the PAG, which in
turn receives inputs from the rACC, hypothalamus, and
amygdala (Mantyh, 1982; An et al., 1998; Floyd et al., 2000). On
the other hand, the NCF mainly projects to the RVM, which
exerts direct control over dorsal horn neurons (Fields et al., 1995;
Zhuo and Gebhart, 1997). Interestingly, we observed the BOLD
increase after opioid withdrawal in the NCF directly before the
HPT, which is reminiscent of the fact that on-cells fire shortly
before the occurrence of nociceptive withdrawal reflexes (Hei-
nricher et al., 1987; Haws et al., 1989). Similar to our study,
Wanigasekera et al. (2011) observed heightened BOLD responses
in the NCF in a subset of individuals that showed behavioral pain
increase after short-term remifentanil exposure. The authors ad-
ditionally reported a negative correlation between withdrawal-
related rise in NCF activity and changes in pain scores pointing at
a possible inhibitory role of the NCF in responders. In contrast,
our data indicate a predominantly pain-facilitatory role. Such a
facilitatory influence of the NCF after opioid withdrawal appears
plausible in view of the response characteristics of on-cells (Haws
etal., 1989; Pan et al., 1990; Neubert et al., 2004), electrophysio-
logical features (Haghparast et al., 2010), and a mainly excitatory
effect of the NCF on the RVM (Richter and Behbehani, 1991).

Opioid suspension and spinal cord processing of

thermal stimuli

In accordance with previous studies, we were able to detect ro-
bust pain-related BOLD responses in the ipsilateral spinal cord
with the strongest response centered in deeper portions of the
dorsal horn. The activation of heat-sensitive nociceptors by a
noxious thermal stimulus induces a considerably stronger re-
sponse in the spinal cord compared with a non-noxious warm
stimulus (Coghill et al., 1991, 1993), potentially even triggering
NMDA receptor unblocking from Mg>™ after repetitive stimula-
tion (Dickenson and Sullivan, 1990; Sandkiihler, 2009). In line
with the present results, previous spinal fMRI studies reported
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only weak or absent BOLD responses after non-noxious thermal
stimulation (Brooks et al., 2002; Summers et al., 2010; Weber et
al., 2016), but frequently responses to noxious stimulation (Kole-
sar et al., 2015). Pain-related BOLD responses in the spinal cord
showed a marked decrease during the second experimental ses-
sion. Reduced responses to repeated thermal stimuli have been
previously reported in multisession experiments (Letzen et al.,
2014; Quiton et al., 2014), and similar phenomena are generally
recognized in context of stimulus repetition and are presumably
related to firing-rate adaptation and synaptic depression (Grill-
Spector et al., 2006; Nickel et al., 2014). In the present study, this
assumption is supported by the observation that, during the sec-
ond session, also BOLD responses in the brain were weaker in the
saline group. Given the considerably higher level of physiological
noise in spinal fMRI (Fratini et al., 2014), the detection of responses
to thermal stimuli during the second session and consequently of
opioid-induced neuronal changes was therefore hampered at this
level. However, using a more sensitive multivariate approach al-
lowed us to successfully decode the pharmacological condition
based on the spinal activity patterns after application of the test
substance. This was not possible for the baseline session, hence
indicating an opioid-suspension-induced modulation of neuro-
nal activity.

Effects of remifentanil suspension on functional connectivity
We finally attempted to functionally link structures within the
descending pain-modulatory system by using functional
connectivity analyses. Our analysis revealed significantly en-
hanced functional connectivity between NCF and rACC after
remifentanil discontinuation. Moreover, we observed enhanced
functional connectivity between rACC and PAG, but without sig-
nificant pharmacological interaction. Given that the NCF re-
ceives input from the rACC mainly indirectly via connections
with the PAG that in turn receives direct input from the rACC, it
appears plausible that the functional connectivity between rACC
and NCF is structurally mediated via the PAG. There is a large
body of evidence showing rACC-Dbrainstem connectivity to be an
important functional pathway mediating influences of opioid-
receptor-rich forebrain regions to phylogenetically old brainstem
sites that exert direct control over the spinal cord in different
types of endogenous analgesia (Petrovic et al., 2002; Valet et al.,
2004; Eippert et al., 2009a). Although it is known that this path-
way can be recruited by both exogenous opioid application and
cognitive/motivational factors, our study now shows that abrupt
opioid suspension most likely sets the functionality of this system
into a pronociceptive mode. In support of this view, we could
show that the opioid-withdrawal-enhanced functional connectivity
within the descending pain-modulatory system is of functional rel-
evance, as both the individual strength of the rACC-NCF and of the
NCE-RVM coupling correlated negatively with the HPT, thus
linking the signaling within the most rostral portions of the de-
scending pain-modulatory system with the RVM, which directly
controls spinal nociceptive transmission.

In conclusion, our study indicates remifentanil-suspension-
related changes along the entire central pain pathway, particu-
larly in key structures of the descending pain-modulatory system.
Both neuronal signaling within and functional connectivity be-
tween these structures corresponded with the behavioral pain
sensitivity. Our findings thus demonstrate a crucial involvement
of this system in increased sensitivity to pain subsequent to opi-
oid application in humans.
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