Differentiating Cortical Areas Related to Pain Perception From
Stimulus Identification: Temporal Analysis of fMRI Activity

A. VANIA APKARIAN, * ANEELA DARBAR,! BETH R. KRAUSS! PATRICIA A. GELNAR,* AND
NIKOLAUS M. SZEVERENYFP

Departments ofNeurosurgery andRadiology, State University of New York Health Science Center, Syracuse,
New York 13210

Apkarian, A. Vania, Aneela Darbar, Beth R. Krauss, Patricia A.  involved in pain perception, either uniquely or partially over-
Gelnar, and .leolaus M Szevergnyl.lef_erenpgtlng cortical areas lapping with networks underlying vibrotaction and motor per-
related to pain perception from stimulus identification: temporal angly;mance. Our assumption has been that these diverse cortical

ysis of fMRI activity. J. Neurophysiol81: 2956-2963, 1999. In a . . o .
recent functional magnetic resonance imaging study (fMRI), we rEE9Ions must be functionally specialized. Unlike PET, fMRI

ported the cortical areas activated in a thermal painful task aR§ovides rich information regarding temporal fluctuations of
compared the extent of overlap between this cortical network aHde fMRI signal. Here we examine the temporal properties of
those activated during a vibrotactile task and a motor task. In thee cortical fMRI responses in the thermal, vibrotactile, and
present study we examine the temporal properties of the cortigabtor tasks and use the temporal fluctuations of the cortical

activations for all three tasks and use linear systems identificatiggtivity to functionally differentiate the cortical network un-
techniques to functionally differentiate the cortical regions identifie&erlying the responses to the thermal pain task

in the painful thermal task. Cortical activity was examined in the Alth h th ltio| thods f irina f
contralateral middle third of the brain of 10 right-handed subjects, oug ere are mulliplie methods Tor acquiring func-

using echo-planar imaging and a surface coil. In another eight subjéé@al brain activation information using magnetic resonance
the temporal properties of the thermal task were examined psycti@aging (MRI), the blood oxygenation level-dependent con-
physically. The fMRI impulse response function was estimated frothast (BOLD-fMRI) remains the main tool for human brain
the cortical activations in the vibrotactile and motor tasks and showmapping studies. The BOLD-fMRI signal detects decreases in
to correspond to earlier reports. Given the fMRI impulse responggcal concentration of venous deoxyhemoglobin as an indirect
function and the time courses for the thermal stimulus and the aspgeasure of the local increase in neuronal or synaptic activity
ciated pain ratings, predictor functions were generated. The correlegy and Raichle 1986; Fox et al. 1988). BOLD-fMRI brain
tion between these predictor functions and cortical activations in thewi/ation maps have been found to be consistent with cerebral

painful thermal task indicated a gradual transition of informatio :
processing anteroposteriorly in the parietal cortex. Within this regioﬁIOOd flow based functional maps generated by PET (Clark et

activity in the anterior areas more closely reflected thermal stimulﬁ% 1996; Ojemann et al. 1998) or by perfusion based MRI

parameters, whereas activity more posteriorly was better related to {ehniques (Kim 1995). A number of recent studies have
temporal properties of pain perception. Insular cortex at the level $iown that the BOLD-fMRI signal can be treated, within some

the anterior commissure was the region best related to the therfi@itations, as a linear time-invariant (LTI) system (Buckner et
stimulus, and Brodmann’s area 5/7 was the region best related to #le 1998; Cohen 1997; Friston et al. 1994; Rajapakse et al.
pain perception. The functional implications of these observations &®98; Robson et al. 1998; Vazquez and Noll 1998). The main

discussed. outcome of such a treatment of the BOLD-fMRI signal is the
ability to characterize the hemodynamic impulse response
INTRODUCTION function (IRF). This in turn can be convolved with an arbitrary

Functional brain imaging studies show an extensive cortidgrﬁgt(\:gi\rlgézrg} tr% g@?@?&%ﬁgiﬁg ;limrfgg nsavr;mt?evgi];fcehré?f
network involved in human pain perception. The majority o 9 9

these studies have been done with positron emission tomo t_eéjo(l_clgrfll\e/lnRIlQQ?).lﬁnot{l_le_lr Conse?ueljcteh of aC(l:_ep:_lng t?at
phy (PET) using two-state subtraction techniques, i.e., s _el evstoms 'deiltgfncgat':rftechﬂropg; IteoSfII\S/IRIedigg I:(a:r?allor;;s
tracting brain images in a painful state from images collect Y ! hcat Iqu ySes.

in some control state (for example, see Casey et al. 1994; Jo e|§ this stuc_jy we use linear systems ide_ntificat!on techniques
et al. 1991; Talbot et al. 1991; for other references see revi gvcharacter|;e the hemodynam|c IRF in cortical fMRI re-

by Apkarian 1995). Recently we examined this network usi onses to wbrqtactlle and motor tasks and showlthat these
functional magnetic resonance imaging (fMRI) and compar nctions approximate those described by others. This step was

: , - : to justify the use of the canonical form as described
the spatial properties of the cortical responses in a thermaiceSsary .
painful task to the responses to vibrotaction and motor perf y Cohen (1977) and to ensure that the hemodynamic response

mance (Gelnar et al. 1999). The study, in agreement wi nctions are not condition dependent. We also show, in a

earlier studies, identified that a long list of cortical areas apéychophysmal experiment, that there is a prominent differ-
ence between the time course of the thermal stimulus and the

The costs of publication of this article were defrayed in part by the payme, sociated pain perception. Once this dissociation is estab-

of page charges. The article must therefore be hereby maeidacbftisemerit iShe(_j: the brain activity is then probed with two predictor )
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ functions, one related to the stimulus and the second to the pain
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DIFFERENTIATING PAIN PERCEPTION FROM STIMULUS IDENTIFICATION 2957

perception. This approach tests the hypothesis that the regios@ling all images. An outlier detection routine was used to discard
cortical activities can be differentiated based on their correli?ages with large deviations in mean count attributed to artifacts.

tions to the thermal stimulus or to the associated perception'gffividual pixel unpaired-test values were calculated for stimulus
versus control conditions, using a cutoff criterion levePof 0.01 for

the pain. - i -
P all tasks. A minimum cluster-size cutoff criterion Bf < 0.01 was
METHODS used to further limit significant activity. The latter defines the mini-

mum number of contiguous pixels that pass thalue cutoff. The
Ten normal right-handed volunteers participated in the functionaVerall false positive rate was calculated for these thresholds using the
imaging study. Another eight right-handed subjects participated in threethod of Xiong et al. (1995). The effectifRvalue, which takes into
psychophysical study. The general purpose and the procedures veaeount correction for multiple comparisons, was estimated to be
explained to the subjects. All subjects were at least 18 yr of age dmetween 0.02 and 0.0003. Pixels that survived both threshold criteria
gave written consent. The Institutional Review Board approved a@bnstituted the individual-subject activity map, i.e., clusterethps.

procedures. These maps were superimposed on individual anatomic MR images
and used to identify the locations of the activation clusters (significant
Functional imaging regions of interest, ROIs). All significant ROIs, having at least eight

L . . . . coptiguous pixels, located in the left frontal and parietal brain, were
Each individual underwent a single scanning session, which Ias%? d in the time course analysis
al

~1.5 h. It consisted of high-resolution anatomic scans in the sagit
and coronal planes, flow-weighted scans for identification of cortical

vessels, and functional imaging series using echo-planar imagifgtivation time course analysis

(EPI) pulse sequences to quantify BOLD-based fMRI responses. Six . . . . ) )
subjects performed only the thermal painful task. In another four The time course of the regional cortical activity was examined in
subjects, three separate functional series were done where the subfBgtssignificant ROIs either by generating cycle-averaged responses
performed either a motor, vibratory, or a thermal painful task. TH&veraging the 6 serial control-stimulus cycles into a single cycle
spatial extent of the brain activations in these four subjects, combinf&$Ponse) or by averaging all ROIs together. Assuming that these time
with five other subjects, was described in our recent paper (Gelnafgtves are the output of an LTI system (Schwarz and Friedland 1965),
al. 1999) (only subjects that underwent functional scans done witHVg can calculate back the system’s IRF, which defines the transfer
NEX are included here, see below). Each control and stimulus sti#@ction of cortical blood flow hemodynamics. Because the input
was 35 s in duration, and the subjects alternated between control &nulus) can be approximated to a square waveform (35 s control
stimulus states for six control-stimulus cycles, for a total scan durati@fd stimulus states), the output waveform (time course of each ROI)
of 7 min. The stimulation methodology, scanning parameters, and d§@ be thought of as the step response function, i.e., the response to
analysis approach are the same as those presented in detail int@@iconvolution of the system’s IRF when the input is a step function.
recent papers (Gelnar et al. 1998, 1999). Briefly, the thermal painfigcording to LTI theory (Schwarz and Friedland 1965), the IRF is the
stimulus consisted of alternately placing the right hand on eithertifne derivative of the step response function, which by definition is
surface heated te-1°C above the subject’s pain threshold or a warri{’e_output of the system when the input is a step function. This
surface (35°C). The vibrotactile stimulus was placing the right hargigrivative can be approximated by calculating differences between
either on a surface vibrating at a dominant frequency of 50 Hz af@nsecutive time-step values of the step response. The resultant esti-
maximum displacement of 2 mm or removing the hand from tHdated IRFs were compared across tasks and to other studies.
vibrating surface. The motor task consisted of either sequential appo-

sition of.the first digit with the remaining digits of the right hand OrPaychophysics of thermal pain perception

rest. Switches between stimulus and control states were verbally cued:

The functional scans were performed on a 1.5-Tesla General Elecin the functional imaging study, only an overall single rating of the
tric instrument equipped with echoplanar imaging capability. To imntensity of the pain was obtained at the end of the functional scan.
prove signal-to-noise ratio, a single 5-in. circular surface coil wagherefore the details of the time course of thermal pain perception
used, which was placed on the parietal cortex of the left brain. Theere studied separately in a separate group of eight subjects. The
subject’s head was immobilized. Sagittal, high-resolution coronal agdme thermal stimulus used in the functional imaging studies was
flow-weighted images were obtained with conventional pulse spresented to the right hand. With the left hand the subjects continu-
quences. The functional images were obtained using the followingsly rated their pain perception, by manipulating a potentiometer.
echo planar pulse sequence: FR 3,500 ms; TE= 60 ms; flip The potentiometer was connected to a chain of light-emitting diodes
angle= 90°; NEX = 1 (number of averages per image); matrix (LEDs) that had markings for different pain intensities. Five catego-
256 128; FOV= 40X 20 cm. This results in a voxel size of 1.56 ries of pain intensities were designated. All LEDs being off was
1.56X 6.00 mm. Ten images per slice location were collected duringarked as no pain, three intermediate intensities, and all LEDs being
each control and stimulus state, acquiring 120 functional images i as maximum imaginable pain. This setup provides continuous
cycles at 8 slice locations. Altogether this results in 960 function@isual feedback to the subject while rating perceived pain. The po-
images collected in each functional imaging series. tentiometer output was digitized and fed to a personal computer for

The primary cortical area of interest was the parietal cortex, so thmalysis. The group-averaged pain rating was generated representing
middle third of the brain contralateral to the stimulation site waghe overall time course of pain perception for this thermal pain task in
imaged, i.e., the posterior portion of the frontal cortex and most of thigese subjects. This time curve was also assumed to delineate the
parietal cortex. Eight slice locations were selected for EPI function@lean pain perception for the subjects who performed the same task
scans (each 6.0 mm thick with a 0.5-mm gap between slices). In eafhing functional scans.
study the first slice was located 6.0 mm posterior to the anterior

commissure, and the last slice was 52.0 mm posterior to the anterg)r . . . .
commissure. orrelations with predictor functions

. A The average pain perception time curve was convolved with the
Generating activation maps cortical hemodynamic IRF, taken from Cohen (1997), to generate the
The data analysis entailed the generation of activation mapsgredictor function for pain perception. Similarly, the stimulus time
individual subjects. In-plane head movement was corrected by reregsve was convolved with the IRF to generate a predictor curve for the
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stimulus. The correlation between significant ROls in the thermal pain 106
task and both predictor functions was evaluat&Cs and CCp, A-Motor. SI
correlation coefficient for each ROl and stimulus and perception !
predictor curves, respectively. Also, the normalized relative distance, 104 A
d, between the time curve of any ROI and the two predictor curves @
was evaluated, using 8’
g 102 1
_(CCs—CCp 'S
~ (CCs+ CCp) x
100 A
This quantity varies—1.0 and 1.0 since in all ROIs: & CCsand
CCp = 1. Negative values of this distance indicate that a given ROI
is more closely related to the perception in comparison with the 08
stimulus.
116
B-Motor, Sli
RESULTS o 112
Hemodynamic impulse response function g
The time course analysis was performed on all large, signif- 'ccg 108
icant ROIs identified in the activation maps of the motor and & 104
vibrotactile tasks (4 subjects). Figure A;-C, illustrates acti-
vation time courses for the significant ROIs identified in the
activation map of one subject performing the motor task. Each 100 1
time curve is the six-cycle averaged activation of a distinct
ROI. Time curves are shown for ROIs in the primary somato- 106
sensory (Sl), secondary somatosensory (Sll), cingulate, and C-Motor, Cing
insular cortices. The figure shows that the main difference & Insdla
between cortical areas is the magnitude of fMRI signal change 104 A
with the time course remaining essentially invariant. Moreover, 3
the rise and fall rates of the signal from the control-state to the & 102 1
stimulus-state and back are approximately the same. Similar £
symmetrical rise and fall rates were observed in the other 3
subjects for the motor task and for the vibratory task. " 100 |
Figure D shows the derivative of the six-cycle averaged
activations for all ROIs in one subject performing the vibro-
tactile task. The derivatives are shown for each ROI as well as 98
the average derivative. The rise and fall of this signal at the 4
transitions from control state to the stimulus state and back
approximate the time course of the IRF of blood hemodynam- 5 |
ics in the cortex, and it is appropriately negative in the transi- o
tion from the stimulus state to the control state. o))
The estimated hemodynamic IRF is shown in Fig. 2 for & 01
vibratory and motor tasks in three different subjects. The S
hemodynamic IRF for a visual task, from Cohen (1997), isalso R 2
illustrated. A small number of data points characterize each
estimated curve, which are limited by the sampling rate @R -4
3,500 ms determines the sampling rate). However, the esti-
mated IRFs for the vibratory and motor tasks approximate the -6 . : :
time course of the curve taken from Cohen (1997). From this 0 5 10 15 20
correspondence we conclude that the hemodynamic IRF is not .
different among the three tasks and that we can use the IRF Time (/3.5s)

from the visual task to generate various predictor functions. rc. 1. Time course of activations and their time derivativesC: activa-
tions for all regions of interest (ROIs) examined in the middle third of the
contralateral brain in a subject performing right hand finger appositionBask.
Time course of thermal pain perception time derivative of cortical activations in another subject performing a vibro-
tactile task. INA—C each curve is the time course of a single ROI. Two ROls
: ; ; : : re located in primary somatosensory cortex £§);2 in secondary somato-
The details of the pain perception associated with the théﬁnsory cortex (SIB), and 4 in cingulate and insular regior®(The meant

mal painful task were examined psychophysically in eighip of these 8 ROIs is shown iB (large filled dots with error bars). The
subjects. Individual-subject pain perception ratings are presrcentage change activations are the mean changes when all 6 control and

; ; ; ; i _ stimulus cycles are averaged, and the MR signal in the 9th control image is set
sented for all elght SUbJeCtS in F|gA3The group-mean per to 100%.D: time derivatives of the 6-cycle averaged activations are shown for

ception of the thermal pain is also shown in Fi§. 3he figure 5 rols. Large filled circles with error bars are the average of all the
illustrates that, in every stimulus cycle, pain perception coderivatives. Thick lines on the-axes indicate stimulus periods.
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most cycles it peaks just before the stimulus predictor curve
1| o reaches its maximum. It is interpreted that this early compo-

\ nent of the activation curve is due to the motor task necessary

in the initiation of the stimulus cycle: moving the hand from

the warm surface to the hot surface. On the other hand, in the
later phase of each stimulus cycle, the average activation curve
shows a good correspondence with the peak of the perception
predictor curve. There is also a baseline shift in the cortical
— activation curve that remains unexplained.

Sl

0 2 4 6 8 10 12 14

Signal (a.u.)

Regional differences in correlations with predictor functions

Correlation coefficients were calculated between the time
curve of each ROI in the thermal task and the stimulus and

Fic. 2. Estimated impulse response function for the brain functional magerception predictor curves, CCs and CCp, respectively.
netic resonance imaging (fMRI) signal measured for 3 different tasks. TheA?Cross all ROIs. CCs was Iarger than CCp (pair&dst t =

curves connecting different symbols were generated from the time derivati . L .
of the control-stimulus transitions of 6-cycle averaged cortical activations f\g'%g’ P < 0.001). Figure B shows the distribution of CCp as

all ROIs examined in 3 subjects. Filled and unfilled circles are from 2 subjedsfunction of brain slice locations where the respective ROIs
performing the vibrotactile task. Filled triangles are from another subjevtere found. The magnitude of CCp increases with slice loca-
performing the motor task. The continuous curve is the impulse resporggn number, i.e., more posteriorly within the middle third of

function taken from Cohen (1997), which is a gamma function fR#(0.452 ; : : B . ‘o
8- % exp(—t/0.547), wherd is time in seconds, fitted to the fMRI response tothe brain. Linear regression analysis results in statistically

10 repetitions of a 1-s light flash stimulus measured in the visual cortex. Significant dependence of CCp on slice locatiéh= 0.49,
F = 13.7,P < 0.001). A similar pattern was seen for CCs (not
shown) with statistically significant dependence on slice loca-
tinuously increases for the duration of the application of th@n (linear regression analysi®,= 0.4, F = 8.5,P < 0.01).
thermal stimulus, resulting in a large difference between theThe distanced, that characterizes the relative distance of the
rise rates and fall rates of perception. Moreover, the peak pain
ratings show an initial habituation (between 1st and 2nd cy-

Time (s)

cles), followed by sensitization. It should be emphasized that 50 A
the stimulus temperature (measured on the skin) stabilizes
within 5 s after placing the hand on the painful surface. 40 |

Therefore there is a large dissociation between the time char-

acteristics of the thermal stimulus and the perceived pain. 30

Average cortical activity in the thermal pain task and
predictor functions

Pain Ratings

In the thermal painful task, the time course of different ROls
was more variable in comparison with the time courses for
ROIs observed in the vibrotactile and motor tasks. This obser-
vation, in fact, was the initial impetus for undertaking the
current study. To characterize the overall time course of the
cortical activation in the thermal pain task, the cortical activa-
tions in all ROIs, 45 ROIs in 10 subjects, were normalized and
averaged. This across regions and subjects averaged time
course of cortical activation is shown in Fig. 4. Figure 4 also
shows the time course of the thermal stimulus convolved with
the hemodynamic IRF (stimulus predictor function) and the
average pain perception convolved with the hemodynamic IRF
(perception predictor function). Clearly all three curves are
highly interrelated. The correlation coefficients among the
three curves were 0.82P(< 10 29 between the overall

Mean Pain Rating

cortical activity and stimulus predictor curve, 0.7 10 2% 0 35 70 105 140 175 210 245 280 315 350 385 420
between the stimulus and perception predictor curves, and 0.62 i
(P < 10 % between overall cortical activity and perception Time (s)

predictor curve. Thus the average time course of the corticatic. 3. Pain perception ratings for the thermal task in 8 subjeéts.
activation in the thermal pain task is more closely correlated ifglividual subject ratingsB: group-averaged pain ratings. Gray bars indicate
the stimulus than to the perception predictor curve the cycles where the hand was placed on the painfully hot surface (stimulus).
. e ’ The pain rating scale included 5 categories 0 was designated as no pain, 12 as
The average C(_)rt'f:al activation _Curve leads the other tv}_‘r?ld pain, 25 as moderate pain, 37 as severe pain, and 50 as maximum
curves at the beginning of each stimulus cycle. Moreover, ifaginable pain.
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FIG. 4. Relationship between the average fMRI activa-
tion in the thermal pain task with the stimulus predictor and
perception predictor curves. The solid line is the predictor
function for pain perception generated by convolving the
group averaged pain rating (FigBBwith the fMRI impulse
response function (IRF; solid line in Fig. 2). Dash-dotted
thick line is the predictor function for the thermal stimulus
generated by convolving the stimulus (shown with gray bars
on the x-axis) with the fMRI IRF. Dashed line is the
normalized average cortical activation for the thermal pain
task across 45 ROIls in 10 subjects. Bhaxis is in arbitrary
units (a.u.).

Signal (a.u.)

time curve of a given ROI from the stimulus and perceptiostimulus properties than higher somatosensory cortical areas,
predictor curves was analyzed as a function of slice locationwhich are found in more posterior parietal regions of the cortex
each ROI (Fig. B). Only 3 of 45 ROIs had negatiw@values, (Kaas 1993).

implying that the time course of these ROIs was more similar The observation that the insular cortical activity best reflects
to the perception rather than to the stimulus predictor curv@e stimulus parameters implies that this region most likely is
More importantly, the magnitude af decreased with slice jnyolved in the preferential coding of the temperature charac-
location number (linear regression analysts= 0.57,F = {gristics of the stimulus. This result is consistent with recent
20.2,P < 0.001), implying that the regional cortical activationg,pservations by Craig et al. (1996), where the cortical activa-
were relatively better related to the perception predictor curygy, gjtes for a thermal illusion of pain was studied. A major
more posteriorly than anteriorly, within the brain regioRegit of that study was the illustration that part of the insula,
studied. anteroposteriorly located at the anterior commissure, was the

The three largest values af, found in slice 0, were all ; ; ; ; ;
: ; N ' only cortical region activated by all noxious and innocuous
located in the insular cortex (FigBj. On the other hand theé oy mal stimuli (5°C, 20°C, grill, 40°C, and 47°C were tested).
values calculated for the ROIs found in slice 6 were all locatef,o cortical activities exhibiting the highestvalues in our

in Brodmann’s area 5/7. Values af intermediate t0 these g4y are located in this same part of the insula. Thus our

extremes were localized to the motor and somatosensory GQlgjits agree with Craig et al.’s assessment that this region is
tical regions spanning the parietal cortex, namely, premotog,oived in monitoring the thermal status of the body. This
cortex, cingulate and supplementary motor cortex, primaghnciusion is also consistent with our earlier spatial analysis of
motor cortex, primary and secondary somatosensory Cortge cortical activations (Gelnar et al. 1999), where we showed
and Brodmann’s area 40. that this part of the insula was activated only during the thermal
painful task, and it was not activated during vibrotactile or
DISCUSSION motor tasks.
In contrast to the insula, the more posterior regions of the

The main result of this study is the demonstration that thgarietal cortex and specifically area 5/7 seems more related to
time course of the fMRI-BOLD signal can be used to fundghe perceived pain. This observation is consistent with both
tionally parcel brain regions by testing the extent to whichuman cortical lesion data and monkey electrophysiological
different cortical activations correspond to one shape of timmesults. Studies of nociceptive neurons in area 7b in the awake
course versus another, i.e., by the use of predictor functionsonkey indicate that these cells have highly complex response
The two functions were generated from the thermal stimulypsoperties attributed to spatial multimodal and multisensory
properties and the group-averaged ratings of the consciousbnvergence (Dong et al. 1989, 1994). The latter is consistent
perceived pain. The underlying assumption is the presencewsth our earlier results (Gelnar et al. 1999), showing that this
various information-processing stages in the cortex whemegion is activated during multiple sensory and motor tasks
stimulus properties are transformed into conscious perceptighermal pain, vibrotaction, and motor performance). In con-
properties. The current analysis confirms this principle becausast to nociceptive cells in the primary somatosensory cortex,
it shows a highly statistically significant dependence of th@ose in area 7b do not encode stimulus location and intensity
location of a given cortical activation with the relative correwith high fidelity. Moreover, the stimulus-response properties
lation with the perception and stimulus predictor function®f some of these nociceptive cells closely approximate the
Moreover, the results show that the more posterior regionssifmulus intensity—escape frequency function (Dong et al.
the parietal cortex better reflect the time properties of pal®94). Thus these nociceptive neurons seem to be the only
perception. This observation in general is consistent with tlk@es found in the cortex that have response characteristics that
cortical hierarchy of somatosensory representation. Anatoniicthe human would be described as related to the perception of
and physiological studies indicate that the primary somatosgain. Cortical lesions in and around the region, especially in the
sory cortical neuron properties correspond more closely white matter underlying the posterior parietal cortex can give
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1.0 for the insula and area 5/7. This is primarily due to a motor
confounder because the subjects had to move the hand to
receive the thermal stimulus. As a result, the average cortical
. response to the thermal stimulus contained an initial response
leading the stimulus predictor function. Thus the stimulus
predictor function is also partially a predictor for the hand

[ ]
(]
[ ]
. : ° movement. Because the more intermediate portion of the brain
. $ ./:/‘ region studied encompasses primary, pre-, and supplementary
0.4 1 //’: motor, as well as primary somatosensory and other cortical
/ . * | regions, the distinction between stimulus identification and
. / . : hand movement remains unresolved for these regions. More-
‘ over, we expect that the differentiation along the stimulus-

perception dimension for pain may become more pronounced
in these regions when the motor confounder is eliminated.
The approach used here is, in some ways, similar to a recent
08 . fMRI study that examined the cortical network underlying
working memory (Courtney et al. 1998). By using different
time course patterns of the fMRI signal as regressors, the

0.8 N

0.6 -

CCp
*

0.0

0.6 1

. authors functionally subdivide the cortical activity into regions
involved in responding to nonselective visual stimuli, face
044°® . selective responses, and working memory responses. More-

. over, they show that the extent of involvement changes con-
® ¢ H tinuously across six regions of the cortex, similar to the con-
0.2 1 \. . tinuum we show for the involvement of the parietal cortical
L

. . . fsz\‘ activity in the perception of pain.
00 4 ¢ '\2§, The other major conclusion of the study is the demonstration
' . . that the time scale of pain perception variation (seconds to

. minutes) matches the scale of the cortical IRF. Thus, although
BOLD-fMRI time course is very slow relative to neuronal
0 1 2 3 4 5 6 activity (milliseconds), the temporal component of BOLD-
fMRI seems to be an ideal tool with which brain regions can be
FIG. 5. Relationship between perception and stimulus predictor functiodIfferen-tlated relative to a Stlml-'”us and- its palnfUI percepnon
and the anteroposterior location of cortical activation ROIs in the thermal pfaimensmn.s' The slow Changes lr! conscious paln. pgrceptlon are
task. A: magnitude of the correlation coefficient between the perception preti€ to peripheral mechanisms, like slow transmission through
dictor curve and each cortical activation in the thermal pain task (CCp) asiamyelinated fibers or thinly myelinated fibers, and central
function of the slice location where the cortical activation ROIs were locatefhechanisms, such as long afterdischarges in central nocicep-
B: rele_mve d|stanc_eo() for each cortlpal activation in the thermal pain taskfron‘tive cells (WiIIiS 1985). These slow changes, where the pain
the stimulus predictor and perception predictor curves as a function of the slic - . . L
location where the cortical activation ROl was located. The linear regressigﬁens'ty seems to Com'nU,OL_'Sly Increase In t'me even thoth
lines and the corresponding 95% confidence intervals are shown for b8 temperature on the skin is constant, are unique to the pain
graphs. In all 10 subjects, 8 contiguous coronal slices were scanned such gemsory system. In contrast, the touch sense shows a dramatic
slice 0 was centered 6 mm posterior to the anterior commissure, and Su%‘éﬂaptation to a constant stimulus (e.g., one’s perception of the
quent slices were separated from each other by 6.5 mm. clothes they are wearing), whereas in vision there is a con-
rise to pain perception abnormalities in monkeys (Dong et a&tancy of perception (images do not fade when one fixates on
1996) and in humans (Berthier et al. 1988; Greenspan aif@m).
Winfield 1992; Salanova et al. 1995; Schmahmann and LieferThe nociceptive input to the cortex arrives relatively
1992). The studies in one monkey (Dong et al. 1996) and duiickly. Laser heat stimulation evoked potential studies show
one human (Greenspan and Winfield 1992) have indicated thatortical event around 170 ms after the stimulus (Treede et al.
although trauma to the posterior parietal cortex increases th£895). In comparison, electrical median nerve stimulation
mal pain tolerance, thermosensitivity may remain intact. Threvoked potentials (mediated through large fibers signaling in-
latter again reinforces our functional parcellation of the parietabcuous cutaneous information) reach the cortex in 20 ms.
cortex into a temperature monitoring region and a pain percefithough the thermal evoked potentials are delayed by 150 ms
tion region. The clinical studies indicate that lesions in thigom the innocuous potentials, this delay is not significant
posterior parietal cortex can give rise to pain asymbolia (neelative to the cortical IRF, which peaks at5 s. There is an even
glect), hypoalgesia, analgesia, and spontaneous pain. Therefater potential, called ultra-late laser evoked potential (Treede
our results taken together with the clinical lesion observatioes al. 1995). Its latency is 1,500 ms, which seems to be due to
and the response properties of cells in the posterior parietfa¢ activation of unmyelinated nociceptive fibers. However,
cortex imply that the region may be uniquely involved in théhis ultra-late potential is also too short relative to the cortical
conscious subjective experience of pain. IRF. The evoked potentials measure the time for the initial

It should be mentioned that the causal relationship betweanival of neuronal volley to the cortex. Its time course is very
the stimulus predictor function and the cortical activity is lesdifferent from the conscious pain perception, which continu-
clear for the areas wittl values intermediate to those observedusly changes over 35 s in our task. The large temporal

Slice Number
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difference between detecting the first cortical activity and tHCckNer R. L., KouTsTaaL, W., SCHACTER, D. L., DALE, A. M., AND ROTTE,
conscious perception of pain further reinforces the notion thaf¥- Functional-anatomic study of episodic retrieval. Il. Selective averaging
the early cortical activity is more related to the stimulus di- of event-related fMRI trials to test the retrieval success hypothisisro-

. . . . . image7: 163-175, 1998.
mensions. Moreover, this large difference in the arrival of, ... "« | Mnostima. S. Breer K. L., KoeppE R. A, Morrow, T. J.

nociceptive inputs and pain perception strongly implies that theéyp Frey, K. A. Positron emission tomographic analysis of cerebral struc-

changes in perception are primarily based on central propertiesures activated specifically by repetitive noxious heat stimiliNeuro-
The results of the present study show that the BOLD-fMRI physiol. 71: 802-807, 1994.

signal has a characteristic hemodynamic IRF that is similgARK, V. P., KeiL, K., MAISONG, J., (URTNEY, S., LNGERLEIDER L. G., AND

among different tasks: vision, vibrotaction, and motor perfor-HAxeY, J. V. Functional magnetic resonance imaging of human visual
cortex druing face matching: a comparison with positron emissions tomog-

mance, and across subjects. By using _th_ls IRF function tQaphy. Neuroimaget: 1-15, 1996.
examine the time course of cortical activity in the thermalonen, M. S. Parametric analysis of fMRI data using linear systems methods.
stimulus and its perception, we indirectly also show that thisNeuroimages: 93-103, 1997.

IRF s applicable to pain-inducing tasks. Further, the successfl FinCh = o SREaner o G it P Cae o uman working
use of linear systems identification techniques reinforces th%emory_Nature%& 608611, 1998.

assumption that BOLD'fMRl Signal 'fO!|OWS LTI pr0perties aSCRAIG, A. D., REivaN, E. M., Bvans, A., AND BusHNELL, M. C. Functional

long as the stimulus properties are limited to the linear range ofmaging of an illusion of painNature 384: 258260, 1996.

fMRI responses (Robson et al. 1998; Vazquez and Noll 1998pnG, W. K., CHUDLER, E. H., SiaivamA, K., ROBERTS V. J, AND
HavasHI, T. Somatosensory, multisensory, and task-related neurons in
cortical area 7b (PF) of unanesthetized monke}sNeurophysiol.72:
542-564, 1994,

Dong, W. K., HAYASHI, T., RoBERTS V. J., Fusco, B. M., AND CHUDLER, E. H.

. . . . . Behavioral outcome of posterior parietal cortex injury in the monkain

By examining the time course of pain perception in a ste-g4. 579_587, 1996.

reotyped thermal pain task, it was shown that the stimulus apéhe, W. K., SaLonen, L. D., Kawakami, Y., SHIwAKU, T., KAUKORANTA,

perception significantly differ from each other. We take advan-E. M., axo MarTiN, R. F. Nociceptive responses of trigeminal neurons in

tage of this time course difference and, by using linear systems!!-7b cortex of awake monkey8rain Res.A84: 314324, 1989.

. - - =0X, P. T.AaND RaAIcHLE, M. E. Focal physiological uncoupling of cerebral
identification techmques, demonstrate that the more posteri lood flow and oxidative metabolism during somatosensory stimulation in

regions of the middle third of the brain seem to be relatively human subjectsProc. Natl. Acad. Sci. US83: 1140-1144, 1986.
better correlated with the perceived pain as compared with the, P. T., RucHLe, M. E., MiNTUN, M. A, anp Dence, C. Nonoxidative
applied thermal stimulus. It should be noted that all earlierglucose consumption during focal physiologic neural activ@gience241:

e : : : i 462—464, 1988.
brain imaging studies of pain have implicitly assumed that t sTon, K. 3., EzzaRD, P.. a0 TURNER, R. Analysis of functional MRI

stimulus_ propgrties arelsufficien'_[ to dgfine pain _perception ang me-seriesHum. Brain Mappingl: 153-171, 1994.

to identify brain areas involved in pain perception. Given theeinar, P. A., Krauss B. R., SiEerHE, P. R., SEVEReNYl, N. M., AND
limitations of the experimental design of the current study, weAPKaRIiAN, A. V. A comparative fMRI study of cortical representations for
restricted the cortical spatial analysis of the differentiation thermal painful, vibrotactile, and motor performance tadleuroimageln

. . . . ress
between stimulus and perception to the anteroposterior dlm@g%NAR P. A. KrAUSS B. R., SEVERENYL N. M., AND APKARIAN, A. V.

sion. The more detailed anatomic differentiation of the corticalFingertip representation in the human somatosensory cortex: an fMRI study.
network underlying pain in relation to stimulus properties Neuroimage7: 261283, 1998. _ _ _ N
versus pain perception are postponed to future StUdieS, Wh@lﬁéENSPAN J. D. AND WINFIELD, J. A. Reversible pain and tactile deficits

; ; ; ; ; ; : associated with a cerebral tumor compressing the posterior insula and
painful stimuli are applied without moving the hand, the time arietal operculumPain 50: 29-39, 1992.

variations of each subject’s pain perception is used to generglés ak.p., Brown, W. D., Friston, K. J., Q, L. Y., AND FRACKOWIAK,
individual predictor curves (rather than the group averagecR.s.J. Cortical and subcortical localization of response to pain in man using
perception), and more areas of the brain are included in th@ositron emission tomographyroc. R. Soc. Lond. B Biol. S@44: 39-44,

functional scans. Our recent studies are designed to accomplgs:if?gl- . o o
AAs, J. H. The functional organization of somatosensory cortex in primates.

these improvements. Anatomischer Anzeigel.75: 509—518, 1993.
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