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Casey, Kenneth L., Peter Svensson, Thomas J. Morrow, Jonathan ating opioid analgesia. The results are consistent with a selective,
Raz, Cyrenius Jone, and Satoshi MinoshimaSelective opiate mod- fentanyl-mediated suppression of nociceptive spinothalamic transmis-
ulation of nociceptive processing in the human brdilNeurophysiol sion to the forebrain. This effect could be implemented directly at the
84: 525-533, 2000. Fentanyl, gopioid receptor agonist, producesspinal level, indirectly through cingulate corticofugal pathways, or by

analgesia while leaving vibrotactile sensation intact. We used posit@rcombination of both mechanisms.

emission tomography (PET) to study the mechanisms mediating this
specific effect in healthy, right-handed human males (ages 18-28 yr).
Subjects received either painful cold € 11) or painless vibratory INTRODUCTION

(n = 9) stimulation before and after the intravenous injection of

fentanyl (1.5ug/kg) or placebo (saline). Compared with cool water Despite decades of research, we have a very limited under-
(29°C), immersion of the hand in ice water (1°C) is painful andtanding of the neural mechanisms mediating the analgesia
produces highly significant increases in regional cerebral blood flggryoduced by systemically administered opioids in humans. The
(rCBF) within the contralateral second somatosensory (S2) and ingharmacology of the several opioid receptors has been eluci-
lar cortex, bilaterally in the thalamus and cerebellum, and medially gxted (Fowler and Fraser 1994), and there is information about

the cerebellar vermis. Responses just below the statistical threslmgir relative distribution in the human nervous system
(3.5 < Z < 4.0) are seen in the contralateral anterior cingulat . . ‘o
ipsilateral insular cortex, and dorsal medial midbrain. The contralfi!:-)fe'ﬁer et al. 1982). Positron emission tomography (PET)

eral primary sensory cortex (S1) shows a trend of activation. Exc%l‘jd'es have revgaleq high levels of opioid receptor binding in
for slight changes in intensity, this pattern is unchanged following!3€ human anterior cingulate and prefrontal cortex (Jones et al.
saline placebo injection. Fentanyl reduces the average visual analog881b). Immunohistochemical studies have identified the
scale ratings of perceived pain intensity (47%) and unpleasantngs®pioid receptor in the cerebral cortex, hippocampus, and
(50%), reduces pain-related cardioacceleration, and has positive $igiatum and on primary afferent fibers in the superficial dorsal
donic effects. After fentanyl, but not placebo, all cortical and subcohorn of rat spinal cord (Arvidsson et al. 1995). Mechanistic
tical responses to noxious cold are greatly reduced. Subtraction argiidies using animal models have shown that systemic opioids
ysis [(innocuous water+ fentanyl) — (innocuous water- no  can attenuate the responses of rostrally projecting spinal noci-
injection)] shows that fentanyl alone increases rCBF in the ante“@éptive neurons directly and, through the activation of de-

cingulate cortex, particularly in the perigenual region. Vibratio : : o .
(compared with mock vibration) evokes highly significant rCBF regcendlng supraspinal pathways, indirectly (Jensen 1997; Yaksh

sponses in the contralateral S1 cortex in the baseline (no injection) ’ . . . .
placebo conditions; borderline responses (.8 < 4.0) are detected he development of functional brain imaging now provides
also in the contralateral thalamus. Fentanyl has no effect on e opportunity to study the physiological action of opioids in
perceived intensity or unpleasantness of vibratory stimulation, whithe human CNS. Firestone et al. (1996) used PET imaging and
continues to activate contralateral S1. Fentanyl alone [(mock vibi@echlaepfer et al. (1998) used single photon emission computed
tion + fentanyl) — (mock vibration+ no injection)] again produces tomography (SPECT) to demonstrate synaptically induced in-
highly significant activation of the perigenual and mid-anterior cingreases in regional cerebral blood flow (rCBF) in the human
gulate cortex. A specific comparison of volumes of interest, developgghin following the systemic administration pf receptor ag-
from activation peaks in the baseline condition (no injection), sho ist opioids. Both of these studies revealed increased activity

that fentanyl strongly attenuates both the contralateral thalamic andi he anterior cingulate cortex, including the perigenual re-

cortical responses to noxious cold stimulatiéh<¢ 0.048 and 0.007, . Adl t al fi d thi It i - fioati f
respectively) but fails to affect significantly these responses to vibrlon- Adier et al. confirme IS result in an investigation o
tactile stimulation P > 0.26 and 0.91, respectively). In addition,SYStemic analgesia induced by thereceptor agonist fentanyl

fentanyl, compared with placebo, produces a unique activation of tfadler et al. 1997). However, none of these investigators
mid-anterior cingulate cortex during fentanyl analgesia, suggestifgmonstrated a specific analgesia-related reduction in rCBF
that this region of the cingulate cortex participates actively in mediesponses to painful stimuli. Our PET study confirms the
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fentanyl-induced activation of anterior cingulate cortex butith adjustment for multiple comparisons was performed by estimat-
also shows that, in accord with clinical experience and ps' the smoothness of subtraction images following three-dimensional
chophysical measurement, this analgesia is associated witassian filtering (FWHM= 9 mm) to enhance signal-to-noise ratio

marked and selective reduction in all rCBF responses to ncﬁgd compensate for anatomical variance (Friston et al. 1991). Voxels

. - : - : owing a significantly increased CBF compared with the average
ious deep cold, but not vibrotactile, stimulation. noise variance computed across all voxels (pooled variance) were

identified. The critical level of significanc& (= 4.0) was determined
METHODS by adjustingP = 0.05 using this information (Adler and Hasofer
Subjects 1976; Worsley et al. 1992). Only those voxels with normalized CBF
values 60% of the global value were analyzed in this study.

Twenty healthy right-handed males, ages 18—28 yr, gave informedl'o compare specifically the effect of fentanyl on the activation of
consent to participate in this study. The consent form and the stutiy¢ contralateral ventral posterior thalamus and the primary (S1)
protocol were approved by the Human Studies Committee of the ABamatosensory cortex, an additional separate volume of interest (VOI)
Arbor Veteran’s Affairs Medical Center and by the InstitutionaBnalysis was performed. We developed these VOlIs from the coordin-
Review Board for Human Studies at the University of Michigaates of peak pain and vibratory activations obtained before either the
Medical Center. Females were excluded because of evidence of ggJacebo or fentanyl injections and applied them to the analysis of the
der differences in forebrain responses to noxious stimuli (Paulsonpéacebo and fentanyl conditions of each experimental group (painful
al. 1998). ice water or vibration). The size and shape of each VOI was deter-
mined separately for each of the above structures by employing a
method similar to that described by Burton et al. (1993). The volume
defined by these voxels was then progressively expanded in three

All participants received instruction in estimating the magnitude efimensions to include only those contiguous voxels that showed rCBF
perceived stimulus intensity and unpleasantness by using a visinareases that were significantly greater than the global mean change
analog scale (VAS) in which 0 equals no sensation (vibratory stim(P < 0.05, uncorrected for multiple comparisons). For purposes of
lation) or no pain (ice-water stimulation) and 10 is the most intensemparison, the responses within each VOI are expressed as the
vibration (or pain) imaginable. An odor analogy was described @verage increase in rCBF within the volume of that VOI. To deter-
assist the subjects in differentiating ratings of stimulus unpleasantnegige the statistical significance of rCBF increases, a pdiggdltistic
from stimulus intensity. was computed for each VOI from the average percentage increase in

Eleven subjects participated in the cold pain component of tlgBF across all subjects in each of the studies.
study. Each immersed his left hand either in innocuous cool (29°C) or
noxious cold (1°C) water 30 s before the onset of each scan and for cedure
60-s duration of the scan. Subjects were asked to remain silent an
immobile, with eyes closed during each scan and, after each scan wasour scans, two during mock vibration or neutral water and two
completed, to describe the stimulus in their own words and to indicataring vibration or ice water, were acquired during each of three
their rating of stimulus intensity on the VAS. After each scan in theonditions in the following order: baseline (stimulation only), placebo
placebo and fentanyl conditions, subjects were asked to rate, ofirdravenous saline injection), and fentanyl (u8/kg iv bolus). The
0-10 scale, their subjective feelings on each of 10 items derived frarder of stimulus presentation was randomized across subjects. Au-
the study of Zacny et al. (1995). tomated sphygmomanometric recordings of blood pressure were taken

Nine subjects participated in the vibratory part of the study. THenmediately after each of the placebo and fentanyl scans; heart rate,
hand-held vibrator (Model 91, Daito, Osaka, Japan) has a circuand percentage oxygen saturation were monitored continuously
surface stimulation area of3 cn? and oscillates at a frequency of (Propac Encore Model 206EL, Protocol Systems, Beaverton, OR).
130 Hz at an amplitude of 2 mm. Each subject received eithBubjects were informed that two drugs were being tested. The injec-
vibration applied to the left volar forearm or mock vibration (vibratotion of “drug 1” was announced before the set of placebo scans and
held above the arm) during each scan. Otherwise instructions dddug 2" before the set of fentanyl scans. Each injection was admin-
conditions duplicated those applied to the group receiving the caklered through an indwelling catheter in the left antecubital vel®

Stimulation and psychophysical procedures

pain stimulus. min before the first of the set of four scans (placebo or fentanyl).
Venous blood samples<7 ml) were taken from this catheter before
Positron emission tomography the fentanyl injection and immediately after each fentanyl scan for

radioimmune assay analysis of fentanyl plasma levels (Research Di-

We used a Siemens/CTI 931/08—12 scanner with 15 tomographgnostics, Flanders, NJ). (Chapman et al. 1990). To assure accuracy of
slices covering an axial field of view of 10 cm. A transmission scodle blood sample, 5 ml of blood was drawn and discarded before each
view was used to position each subject in the scanner approximateynple. Blood sampling was simulated during the placebo scans by
parallel to the canthomeatal line. Head position was maintained manipulating syringes attached to the sampling line outside the sub-
soft restraint and laser beam positioning on facial fiducial marks; hejgdt's direct line of vision.
motion was corrected by a computer coregistration algorithm for each
subject (Minoshima et al. 1993a,b). At least 15 min elapsed betwegpytistical analysis
each scan. For each scan, each subject received a 33-mCi intravenous
bolus injection of H*°O through an indwelling catheter in the right A repeated-measures (mixed model) ANOVA was used to deter-
antecubital vein. Data acquisition beg@ s after the estimated arrival mine the effect of each stimulus condition (baseline, placebo, fenta-
of radioactivity in the brain and continued fer60 s. After normal- nyl) on each of the autonomic variables (blood pressure, heart rate,
izing each image set to whole brain counts, mean radioactivity cqomercentage oxygen saturation) and on the VAS ratings of stimulus
centration images estimating rCBF were created for each experimariensity and unpleasantness. A similar separate analysis was per-
tal condition by stereotactic anatomical standardization techniquiesmed to examine the effect of fentanyl plasma level on each of the
(Minoshima et al. 1992, 1993a, 1994). Subtraction images were mad®ve variables. Parametric and nonparametric (Kruskall-Wallis)
for each subject by subtracting the images acquired during the lowdMOVAs were used to determine specifically the effect of scan
intensity stimulation from those acquired during the highest intensisequence on plasma fentanyl levels and on VAS ratings of pain
stimulation. A voxel-by-voxel statistical subtraction analy&s¢ore) intensity during the fentanyl condition. Pairédests were used to
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determine the effects of fentanyl and placebo on the S1 cortical ambLE 2. rCBF responses to ice water immersion stimulation
contralateral thalamic rCBF responses to painful ice water and vib@ring the placebo condition
tion. The Wilcoxon signed-rank test was used to determine the sig=

nificance of changes in subjective feelings. Linear correlation analysis Percent
and one-way ANOVA was used to test the relationship, across all Coordinates Change z
subjects, between rCBF in each VOI and the degree of fentanyl- Structure %Y, 2 in *CBF Score

induced analgesia or positive hedonic effect (see following text).
this study, we could not perform enough repeated scans during idégntralateral

tical stimulus-drug conditions to permit a within-subject correlative VPL E,hehlamuﬁ o —-17,-17,9 6.0 5.5
analysis of rCBF with other parameters. iﬁ{eci?]glilr;;t(e i?;'_sgzire) :i; 222;1_25 i‘ze ‘283
Anterior insula —26, 17, 14 3.9 3.6
S2 cortex —33,-31, 20 35 3.2
RESULTS S1 cortex —28,—22, 56 3.5 3.2
Effect of fentanyl alone and on pain-evok raspinal  'psilateral
ec of fentanyl alone a d 0. pain-evo ed supraspina Cerebellum (paravermis) 1655, —16 8.5 7.9
activity (voxel-by-voxel analysis) VPL thalamus 10-10 7 6.6 61
. . . Cerebellum 1278, —34 7.5 5.9
Subtracting the effect of cool water from ice-water stimula- = pemisphere
tion in the baseline (no injection) condition reveals highly  Anterior insula 28,-4, 18 41 3.7
significant rCBF increases contralaterally within the S2 anddline _
insular cortex, bilaterally in the thalamus and cerebellum, anocef?gs”‘!m (vermis)/dorsal L a4 18 o 63
medially in the cerebellar vermis. Responses just below the E'ngl:f;?e ctx B4 a0 e 26 3o

statistical threshold (3.5 Z < 4.0) are detected in the con
tralateral anterior cingulate and ipsilateral insular cortex and insame as Table 1 except that the water-immersion stimulation is applied
the dorsal medial midbrain (Table 1). A trend of activation iduring the placebo condition.

seen in the contralateral S1. Except for slight regional changé‘

S . .
in the intensity of response, this overall pattern is unchang ‘?aa?l\;v;lzgatt'hzxici,‘i)l;{g;gzgr%rtggﬁuﬁsg%gstiz Ig;reebgﬁgﬁr\?é?tmeirgl
following a saline placebo injection (Table 2 and Fig. 1) ’ P ' '

Following the fentanyl injection, however, subtraction analys;@I cortical and subcortical pain-related activations are reduced
well below statistical significance (Table 3).
To determine if any forebrain structures are activated by
fentanyl alone in this group of subjects, we subtracted the
effect of the baseline condition (no injection) from the effect of

TABLE 1. rCBF responses to ice water immersion during the
baseline condition

Percent fentanyl during innocuous water stimulation [(innocuous wa-
Change ter + fentanyl) — (innocuous watet- no injection)]. This
Coordinates in analysis, which eliminates interactions between fentanyl and
Structure *y2 rCBF _ZScore pain or placebo effect, shows that fentanyl alone produces
Contralateral highly ;ignificant response = 5.8—-4.1; average 6.4% in-
Insula/lenticular nucleus -26,3, 11 5.8 5.0 crease in rCBF) bilaterally in the perigenual£€ =3;y = 30;
VL thalamus -12,-6,9 5.6 48 z = 7) and mid-anteriorX = 8, —6;y = 1, 8;z = 43, 27)
gzer‘é‘égﬁﬁm (hemisphere) :32, :2‘7{ Egz 5523 j-g cingulate cortex during the control innocuous stimulation (Fig.
Medial thalamus P —6. 22 14 49 4o 1). Activation of the ipsilateral S2 corteX (= 4.7), superior
(anterior cingulate cortex; B24) —8, 12, 29 40 35 temporal gyrusZ = 4.0), and occipital gyrusZ(= 4.8—4.5) is
S1 cortex —35, 26, 56 3.6 2.8 also observed. Similar results are obtained when the fentanyl
Ipsilateral and baseline or placebo effects are compared during ice-water
Cerebellum. stimulation except that the S2 cortex is not activated.
Paravermis 17:-58, —16 8.0 6.9
Hemisphere 35;-55, —32 7.1 5.2
VPL thalamus (mid-insula) 10,15, 9 4.8 41  Effect of fentanyl alone and on vibration-evoked supraspinal
Midine 26,5, 11 4.1 3.6 activity (voxel-by-voxel analysis)
1all
Cerebellum Vibration (minus the effect of mock vibration) evokes highly
vermis —3,-58,-20 62 54 significant rCBF responses in the contralateral S1 cortex in the
Dorsal midbrain -3, —-26,—-4 4.1 3.6

baseline (no injection) condition. Borderline responses {3.5
Structures showing voxels with statistically significaiit¢ 4.0) or border- Z < 4.0) are detected also in the medial contralateral thalamus,
line (3.5< Z < 4.0) peak rCBF increases (2%rCBF), compared to normal- S2 cortex, and cerebellum (Fig. 2, Table 4). Strong contralat-
ized global cerebral blood flow, during 90 s of tonic cold pain (immersion aéral S1 and S2 cortical responsé& £ 4.7 and 4.5, respec-
the left hand in 1°C water) compared to innocuous cool stimulation (immersi?rqlew) and sub-significantZ( =3 12) contralateral thalamic

of the left hand in 29°C water) during the baseline (no placebo or fentan)gé followi he ol bo inieci After th
condition. Structures showing borderline responses are listed in parentheSESPONSES are present following the placebo injection. Aiter the

the response in the primary (S1) somatosensory cortex, a structure of inteé€Ction of fentanyl, contralateral S1 responses to vibratory
i§ alsq listed parenthetically_. Stereo_tactic coor'dinates (mm) of pea_tk voxels gtgmulation persistZ = 4.4, average 5.0% increase in rCBF);
listed in reference to the midline(right negative), anterior commissurg, ( activation is also present in the contralateral lenticular nucleus.
anterior positive), and the horizontal plane connecting the anterior and poste-I:entanyl alone [(mock vibratior fentanyl) _ (mock Vi-

rior commissuresz, superior positive) according to the atlas of Talairach an . s . .
Tournoux (1988). VL, ventrolateral thalamus; S2, secondary somatosensé¥ation + no injection)] can again be shown to produce highly

VPL, ventral posterolateral thalamus. significant and bilateral activation of the perigenual= 12,
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Fic. 1. Regional cerbral blood flow (rCBF) increases (11 subjects) while the left hand is immersed in painfully cold (1°C) water
compared with painless cool (29°C) watto 2 rows. Averaged subtraction responses are superimposed on surface-rendered and
transverse images of a magnetic resonance imaging (MRI) brain scan anatomically transformed to conform to stereotactic atlas
coordinate¥’. Right (R) and left (L) medial (MED) and lateral (LAT) views of the hemispheres are shown. Transverse images, with
right hemisphere to the left, are shown 9 mm superior to a plane joining the anterior (AC) and posterior (PC) commiggures.
placebo condition [(placeb® ice water) [minus ] (placebe- innocuous water)] (see Table 2). Note activation of primary sensory
cortex (S1) in right lateral hemisphere)( Middle: same as above except during fentanyl analgesia [(fentanigle water)—

(fentanyl + innocuous water)]. There is no significant cortical activation (see TablB@jom effect of fentanyl alone during
innocuous water stimulation [(fentanyl innocuous water)- (no injection+ innocuous water)]. Note highly significant bilateral
activation of the perigenual and mid-cingulate cortex

—6;y = 35;z = 14, 9) and mid-anteriorx(= 10, —10;y = clines during the four scans obtained during hypoalgesia, but
8,10;z = 34,27) cingulate cortex during, and in the absence dhe VAS pain ratings of the subjects in the ice water part of this
vibratory stimulation (4.1< Z < 6.2; Fig. 2). study are unaffected (Fig. 3).

Plasma levels of fentanyl Differential effect of fentanyl on forebrain mechanisms

Plasma fentanyl levels average 0.4870.086 (SD) ng/ml. mediating noxious and innocuous sensations (VOI analysis)

throughout the study and range from 1.10t00.11 ”9/”?' for theTo compare directly the effect of fentanyl on the forebrain
9th—12th scan across all subjects. Neither intra- nor intersub- : : : : S
. - : rocessing of painful cold and vibrotactile stimuli, it is neces-
ject variations in plasma fentanyl levels can be shown to affect

. Iry to examine the rCBF responses within identical cerebral
any outcome variable. The average plasma fentany! level §::ations during each experimental condition in each group of

TABLE 3. rCBF responses to ice water immersion stimulation ~ SUPjects. Accordingly, we developed specific VOI (Burton et
during the fentanyl condition al. 1993) from activation peaks in the contralateral S1 cortex
and thalamus of each group of subjects during the baseline

Percent condition (cold pain or vibration but no injection). These VOIs

Coordinates Change in were then applied to the subtraction images of individuals in
Structure (x 2 rCBF Z Score  each group during the placebo and fentanyl conditions. Paired
t-tests (2-tailed) were used to detect significant differences in

Contralateral the rCBF r n within th VOIs. As shown in Fig. 4

(VPL thalamus) -19,-13,9 4.0 3.6 € rubr responses within these VOIS. AS Sho g- 4
Ipsilateral painful ice water and vibration each produces rCBF responses
Cerebellum; hemisphere 33,58, —34 5.5 3.6  within these VOIs. However, fentanyl strongly attenuates both
Midline ) the contralateral thalamic and S1 cortical responses to noxious

Cerebellum; vermis 6,-62, —20 4.2 3.8

cold stimulation P < 0.048 and 0.007, respectively) but fails

Same as Table 1 except that the ice water immersion stimulation is appIIQjaneCt significantly these responses during vibrotactile stim-
during the fentanyl condition. ulation P > 0.26 and 0.91, respectively).
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VIBRATION

VIBRATION+
FENTANYL

FENTANYL

FIG. 2. Same as Fig. 1 except showing rCBF increases (9 subjects) during vibratory, compared with mock, stimulation of left
forearm.Top: vibratory stimulation during the placebo condition [(placebeibration) — (placebo+ mock vibration)] (see Table
4). Note activation of S1 cortex in right lateral hemisphexp Middle: same as preceding row except during fentanyl analgesia
[(fentanyl + vibration) — (fentanyl + mock vibration)]. Note persistence of S1 cortical activation on the rightRottom effect
of fentanyl alone during mock vibratory stimulation [(fentarylmock vibration)— (no injection+ mock vibration)]. Note highly
significant bilateral activation of the perigenual and midcingulate cortex.

To determine which supraspinal structures might participatieiring fentanyl analgesia (Fig. 5). All other structures analyzed
actively in mediating the analgesic effect of fentanyl, whad reduced rCBF, compared with placebo in this condition.
developed specific VOIs (Burton et al. 1993) based on tiNo VOI response (% change from placebo) correlated with the
results of our previous pain activation studies (Casey et ahalgesic effect of fentanyl (measured as % change in VAS
1994, 1996) and identified from peaks of activati@dn 3.4) score; linear correlation analysis across subjects). However, a
produced by painful, as compared with painless, cold watene-way ANOVA revealed a significant difference among
during the baseline condition (no placebo or fentanyl; selkeese responsed (< 0.001). Post hoc multiple pair-wise
coordinates, Table 1). We applied these pain-activated VOIsdomparisons revealed that this anterior cingulate response was
the placebo and fentanyl conditions during painful ice-watelifferent from all othersR: 0.01-0.001) except for the bilat-
immersion to reveal those structures activated specifically byal insula, contralateral S2 cortex, and the medial dorsal
fentanyl during fentanyl analgesia. Only 1 of 11 VOlIs, locatechidbrain.
in the mid-anterior cingulate cortex, showed an increased rCBF

TABLE 4. TCBF responses to vibratory stimulation during the ~ Subjective effects of fentany|

baseline condition Fentanyl reduces the average VAS ratings of perceived pain
intensity (meant SD) from 6.26+ 1.41 (baseline) and 6.40

Coordinates Cigfge;tin 1.31 (placebo) to 3.36- 1.15. Perceived unpleasantness is
Structure X Y, 2) [CBE 7 score Similarly affected (baseline: 6.63 1.33; placebo: 6.54+
1.31; fentanyl: 3.30+ 1.14). A repeated-measures ANOVA
Contralateral (mixed model) of the intensity and unpleasantness rating dif-
S1 cortex —37,726,45 5.7 45 ferences between ice and neutral water reveals highly signifi-
Medial thalamus -3,-17,4 4.7 3.7
Posterior insula ~37,-13, 16 47 3g cant effects of the fentanyl, but not of the placebo, on _both
Cerebellum, paravermis ~ —10, —51, —32 5.7 3.7 measuresK = 0.0001). Fentanyl has no effect on the ratings
Ipsilateral of perceived vibratory intensity (baseline: 3.422.22; pla-
Mesial premotor cortex cebo: 3.30+ 2.05; fentanyl: 3.07+ 2.14) or unpleasantness
(SMA, B6) 8,21, 52 45 3.6

(baseline: 1.35- 1.30; placebo: 1.5 1.49; fentanyl: 1.23¢

Same as Table 1 except that the responses to vibratory, as compare&-@S)- ) .
mock, stimulation during the baseline (no injection) condition are listed. Compared with the placebo condition, fentanyl produces
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FIG. 3. Bars show the meart:(SD) plasma levels of fentanyl (ng/ml) of all
subjects § = 20) immediately following each of the 4 PET scans obtained i : ; : : ; ; ' : ' :
after the intravenous injection of fentanyl (1u8/kg) ~10 min before scan 1 1 2 % 4 5 6 7 & 9 1011
of this set. Both parametric and nonparametric (Kruskal-Wallis) ANOVAs VOLUMES OF INTEREST
with posthoc comparisons (Tukey, Dunn) show that the plasma fentanyl level
during scan 4 is significantly lower than that during scarP1= 0.012 and
0.022, respectively). However, the mean §D) percentage analgesia [(VAS
during placebo— VAS during fentanyl)/VAS during placeb&100] experi-
enced by the subjects participating in the ice-water stimulation sto)dwés
not significantly reduced during this set of scaRs> 0.05; parametric and  ric. 5. Responses of VOI to fentanyl, compared with placebo, during
nonparametric ANOVAS). ice-water immersion stimulation, when subjects were analgesic. Only the
. . . _contralateral anterior cingulate cortex had a fentanyl-associated rCBF increase
increases in pleasant body sensations and thoughts; feelingg,@f < 0.01). The VOIs were chosen based on previous pain activation studies
being carefree, sedated, and a loss of body control during &t developed (see text) from peaks of activatibn~(3.4) during ice-water

stmulation conditons (0002 P < 0.03) (Fig. 6). We again recien, oniises v moiiows by 1 pesole non G,
perfo_rmed a comparlson_of r,eSponseS within the 11 F’reV'OU placebo andyfentanyl conditionysi,J and the rCBF responses to Ff)(gntanyl
identified VOlIs to determine if any structures were activated R¥iculated as % rCBF change were compared with placebo [(fentanyl-
fentanyl, compared with placebo, during innocuous stimulati@mcebo)/placebo<100].

and thus possibly related to the positive hedonic effects of

fentanyl rather than the analgesia. No VOI response (% charsggnificant differences among the responses within VOI in this
from placebo) correlated with the positive hedonic effect @fondition.

fentanyl (total fentanyl-placebo feeling state score increase

across the above 4 categories; linear correlation analysis acrdstonomic effects of fentanyl

subjects). Moreover, a one-way ANOVA failed to reveal any Immersion of the hand in the ice water increases the average
= (= SD) heart rate from 59.% 2.9 to 71.2+ 2.6 beats/min.

1=cerebellum (paravermal) 2=contra. insula 3=contra. VP thalamus

4=contra. S2 cortex S5=contra. medial thalamus 6=ipsi. VP thalamus

7=ipsi. mid-insula 8=dorsal midbrain 9=contra. ant. cingulate
10=contra. S1 cortex 11=contra. M1/S1 cortex

6

- . Following the fentanyl injection, ice-water stimulation causes
4 SErtonn the average heart rate to increase from 59.3.2 to 63.1+ 3.3
% %
[ | 57 FENTANYL-INDUCED CHANGES IN FEELING STATES
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FIG. 4. Volume of interest (VOI) analysis (se&THoDS). During fentanyl 0 / ] / __
analgesia ) but not during the placebo conditiom)( the mean £SE) (+) body sens.  carefree sedated  (-) body control

percentage increase in rCBF during cold pain is significantly suppressed (*) n:

the S1 cortex® < 0.048) and thalamud$?(< 0.007). The responses of these Fic. 6. There was a significant increase in the median verbal numerical
same VOI to vibratory stimulation, however, are not significantly affectedatings of 4 of 10 feeling states that were sampled (pleasant body sensations,
(P > 0.26 and 0.91, respectively). The thalamic response during vibrationféelings of being carefree, feeling sedated, and loss of body control) following
highly variable. fentanyl, compared with the placebo, injection (Wilcoxon signed rank test).
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beats/min. A repeated-measures ANOVA (mixed model) of tlreurons in the anterior cingulate cortex, and a combination of
individual responses reveals a significant heart rate responséh first and second mechanisms. Yaksh (1997) has recently
ice-water stimulation over all condition® (= 0.014) and a reviewed evidence that the systemic administration of opiates
highly significant effect of fentanyl in reducing this responsdirectly and selectively suppresses the nociceptive excitation of
compared with the baseline or placebo conditidhs=(0.001). spinal cord dorsal horn neurons in experimental animals and

Blood pressure readings were obtained from the arm udeamans. Overall, the observations leave little doubt that at least
for stimulation and therefore could be obtained only before asdme of the analgesia produced by systemically administered
after stimulation periods. Nonetheless, we detected significaqioids is due to a direct and selective suppression of nocicep-
increases in both systolic and diastolic average blood pressuies excitation at the spinal cord level. Our results are consis-
(mmHg) across all conditions following ice water, but notent with this mechanism because fentanyl selectively sup-
neutral water, stimulation (baseline: 132/57 increasing to 143@kesses the nociceptive activation of those brain stem,
63; placebo: 135/58 increasing to 139/65; fentanyl: 134/3Balamic, and cortical regions that have been shown to respond
increasing to 138/61). A repeated-measures ANOVA (mixatifferentially to noxious stimuli (Casey et al. 1994, 1996;
model) of the individual responses does not reveal an effect@bghill et al. 1994; Craig et al. 1996; Jones et al. 1991a; Talbot
fentanyl on these blood pressure increases. Vibratory stimuda-al. 1991) while sparing the physiologically and anatomically
tion has no effect on blood pressure. distinct vibrotactile pathways (Coghill et al. 1994).

A comparison of optical transcutaneous measurements of th&here is also compelling evidence that supraspinal mecha-
percentage of blood oxygen saturation taken before and aftésms could mediate the analgesia produced by systemically
the administration of fentanyl reveals a slight but statisticallgdministered opioids (Jensen 1997; Yaksh 1997). In rodents,
significant decrease across all subjects (averageSD) morphine-induced antinociception is attenuated by lesions or
99.32+ 0.34% to 97.27+ 0.66%. P = 0.0039) immediately local anesthetic injections within the medial medulla (Proudfit
following the administration of fentanyl. 1980; Proudfit and Anderson 1975) or lesions in the central
nucleus of the amygdala (Manning and Mayer 1995a,b). In
addition, microinjection of the opioid receptor antagonist nal-
oxone into the midbrain periaqueductal gray (PAG) or poste-

The cortical and thalamic responses to noxious cold stimtier hypothalamus reverses the analgesia of systemic morphine
lation are similar to those observed in our previous studias measured in the rat formalin test (Manning and Franklin
(Casey et al. 1994, 1996) except that premotor and prefront&98). Our results also support the possibility that supraspinal
activation is below the statistical significance level in thistructures participate in mediating opioid analgesia because we
study. Fentanyl, au.-opioid receptor agonist, suppresses theseund that, among the VOIs we examined, the mid-anterior
pain-evoked responses during hypoalgesia. Presumably, ¢iregulate was unique in showing an increased rCBF during
mild pain sensation that remains following fentanyl is mediatddntanyl analgesia (Fig. 5).
by the activity of cortical and thalamic neurons that falls below There is anatomical (Mantyh 1982; Room et al. 1985) and
the level of significance established for this study (Fig. lieuropharmacological (Jones et al. 1991b; Lewis et al. 1983)
Table 3). evidence that the PAG, which has long been considered an

Our experiment demonstrates a neural basis for the seleciivgortant mediator of analgesia (Basbaum and Fields 1984),
hypoalgesic effect of fentanyl because the cortical and thalansimuld be excited by corticobulbar neurons in the anterior cin-
responses to painless vibratory stimulation are spared follogulate cortex. The evidence suggests that the fentanyl-induced
ing hypoalgesic doses of this drug (Fig. 4). This finding is iactivation of the cingulate cortex could excite, by disinhibition
accord with the observation that opioid analgesia spares vibor-direct excitation, a descending cascade of analgesic mech-
tactile perception (Wikler et al. 1945). The mechanism fanisms mediated through the PAG. However, although we
achieving this selective analgesic effect is unknown. Fentardgtect activation of the dorsomedial midbrain (in the region of
may have a relatively selective effect on cortical, as compartte PAG) during ice-water stimulation, we detect only very
with thalamic, nociceptive responses. Although the S1 rerak dorsomedial midbrain activitZ (= 1.5; rCBF increase
sponses were nearly equal, fentanyl eliminated the S1 respook#&.9%) at nearly the same stereotactic coordinates 8; y,
to painful cold while sparing completely the S1 response t628; z, —7) when the effect of fentanyl alone is assessed
vibration. Compared with this highly selective cortical actiorduring innocuous stimulation. No response is detected in this
the effect of fentanyl on thalamic responses was similar durimggion during nociceptive stimulation in the fentanyl condition
both stimulus conditions. The thalamic responses were slightlywhen the effect of fentanyl alone is assessed during noxious
smaller and more variable, so the effect of fentanyl was ststimulation. Even when the combined effect of fentanyl and
tistically different but of comparable magnitude. However, it ike-water stimulation is assessed by subtraction analysis [(ice
likely that given the density of modality representations in theater + fentanyl) —(innocuous watet no injection)], we
thalamus and the spatial resolution of functional brain imagirggnnot detect dorsomedial midbrain activity. Overall, the re-
we are better able to observe modality-specific effects at thelts suggest that the activation of descending brain stem
cortical level. mechanisms may not be as important a component of opioid

Given the background of available evidence, our resulémalgesia in humans as it is in the rodent. Perhaps the activa-
suggest at least three major possibilities for the hypoalgesicn of corticospinal projections from the anterior cingulate
effect of fentanyl: a direct and selective attenuation of thgyrus could attenuate spinothalamic responsiveness directly
nociceptive responses of spinothalamic tract neurons in thé&hout involving brainstem structures (Hutchins et al. 1988;
dorsal horn of the spinal cord, selective suppression of spifaippino et al. 1994; Ralston and Ralston 1985). However, it is
thalamic neuronal responses by the excitation of corticofugabssible that the PET methods we used cannot detect a synap-

DISCUSSION
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tically induced rCBF response to fentanyl in the dorsomedi@hsey KL, MiNosHiMA S, Morrow TJ, AND Koeppe RA. Comparison of
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P - . ._deep cold painJ Neurophysiol76: 571-581, 1996.
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