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Abstract

Noxious cutaneous contact heat stimuli (48°C) are perceived as increasingly painful when the

stimulus duration is extended from 5 to 10 seconds, reflecting the temporal summation of central

neuronal activity mediating heat pain. However, the sensation of increasing heat pain disappears,

reaching a plateau as stimulus duration increases from 10 to 20 seconds. We used functional

magnetic resonance imaging (fMRI) in 10 healthy subjects to determine if active central

mechanisms could contribute to this psychophysical plateau. During heat pain durations ranging

from 5 to 20 s, activation intensities in the bilateral orbitofrontal cortices and the activation

volume in the left primary (S1) somatosensory cortex correlated only with perceived stimulus

intensity and not with stimulus duration. Activation volumes increased with both stimulus duration

and perceived intensity in the left lateral thalamus, posterior insula, inferior parietal cortex, and

hippocampus. In contrast, during the psychophysical plateau, both the intensity and volume of

thalamic and cortical activations in the right medial thalamus, right posterior insula, and left

secondary (S2) somatosensory cortex continued to increase with stimulus duration but not with

perceived stimulus intensity. Activation volumes in the left medial and right lateral thalamus, and

the bilateral mid-anterior cingulate, left orbitofrontal, and right S2 cortices also increased only

with stimulus duration. The increased activity of specific thalamic and cortical structures as

stimulus duration, but not perceived intensity, increases is consistent with the recruitment of a

thalamocortical mechanism that participates in the modulation of pain-related cortical responses

and the temporal summation of heat pain.
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1.INTRODUCTION

Noxious heat activates low threshold (~40°C) and high threshold (> 46°C) heat receptors

innervated by slowly conducting (~1.0 m/s) unmyelinated C fibers and by the faster

conducting (~15 m/s) finely myelinated A fibers. The temporal and spatial integration of

postsynaptic potentials generated by these nociceptive afferent fibers leads to the temporal

recruitment of second order central neurons and the subsequent activation of brain

mechanisms mediating pain. Functional imaging studies show that brain activation changes

during a prolonged, repetitive, cutaneous application of a painfully hot probe. For example,

a positron emission tomographic (PET) activation study revealed that, during the first 60 s of

repetitive noxious contact (5 s) heat stimulation, activity appears first in frontal structures

such as the premotor, anterior cingulate, prefrontal, and anterior insular cortices. Later,

following an additional 40 s of repetitive stimulation, activity appears in the secondary (S2)

somatosensory and mid-insular cortices and in the contralateral primary sensori-motor

cortex, ventral posterior and medial thalamus, and in the cerebellum; these activation

changes are accompanied by increases in the perceived intensity and unpleasantness of the

heat pain [11 ].

Applying noxious contact heat to the skin continuously, rather than repetitively, reveals a

modulation of perceived heat pain and temporal summation. As the duration of a constant

noxious heat stimulus increases, the perceived intensity of heat rapidly increases above heat

pain threshold when the stimulus duration is extended from 5 to 10 s. However, as the

duration of the noxious heat stimulus increases beyond 10s to 30 s, the perceived temporal

summation ceases and the perceived intensity remains nearly constant during this period

[21,34]. This result suggests that, at some time near 10 s after stimulus onset, peripheral or

central mechanisms, or some combination of the two, begin to limit perceived pain intensity

to create what we will refer to here as a psychophysical plateau. Koyama and colleagues

[ 34 ] suggested that the psychophysical plateau could be accounted for either by an early

burst of activity followed by a later sustained lower rate of discharge in A and C heat

nociceptive afferents [ 13,4,10,67,66 ], or by central mechanisms suppressing the heat pain

modulatory effects of warm afferents[ 12,16 ]. To determine if thalamocortical mechanisms

could also contribute to the psychophysical plateau, we used functional magnetic resonance

imaging (fMRI) to examine the time course of brain activations during prolonged heat pain.

We examined brain activation while noxious contact heat was applied to the skin for 5, 10,

and 20 s. In accord with previous findings [11], we observed changes in brain activation as

stimulus duration increased; some of these changes are consistent with the participation of

thalamocortical mechanisms in modulating temporal summation and heat pain intensity.

2. Methods

2.1 Subjects

Fourteen paid healthy volunteers (7 males and 7 females, average age 25.4 ± 4.7 (mean ±

SD) years) participated in this study. All fourteen subjects participated in the psychophysical

experiment. Among them, ten subjects (5 males and 5 females) participated in the fMRI

experiment and were 24.8 ± 4.5 (mean ± SD) years old. All subjects were right handed.

They were free of medication and had not ingested any psychoactive compounds, including

caffeine, within 24 hours of the day of testing. Each subject signed a consent form after

receiving a complete explanation of the purpose and design of the study. The experimental

protocol was conducted in accordance with the Helsinki declaration and was approved by

the Internal Review Boards of the Veterans Affairs Medical Center and the University of

Michigan, Ann Arbor, MI, USA. One subject whose first fMRI session revealed a cerebral

malformation was excluded from further scan and analysis and was referred to the

Department of Neurology at the University of Michigan for further consultation.
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2.2 Heat stimulation

We applied contact heat stimuli to the hairy skin of the lateral side of both legs with a

Peltier-type Thermal Sensory Analyzer device (TSA, Medoc Inc., Haifa, Israel). The area of

the thermode was 16 × 16 mm2. The baseline thermode temperature was 35°C. The ramp

rate, rise and fall, was 5°C/s with feedback control. The target temperatures were 43°C and

48°C and stimulus plateau durations were 5, 10 and 20 s. A stimulus started when the probe

was placed on the skin and the temperature departed from baseline; stimulation continued

through the plateau phase and ended when the temperature returned to baseline. Thus, the

target temperature was attained within 1.5s for the 43°C stimulation and within 2.5s for the

48°C stimulation.

2.3 Psychophysical experiment

We used 6 different stimulus conditions consisting of 2 temperatures (43°C and 48°C) and 3

plateau durations (5, 10 and 20 s). Each subject received 4 trials for each stimulus condition

in each leg. A total of 48 trials were pseudorandomly given to the two legs at 48

predetermined sites. Therefore, all trials were applied on previously unstimulated sites of the

skin to avoid sensitization and adaptation. The interstimulus interval (from the end of the

previous stimulus to the start of the next stimulus) was 30 s and the 48 trials were divided

into 4 separate runs with an approximately 2 minute break between runs. The thermode was

applied on and removed from the skin 2 s before and after the stimulus.

During each stimulus presentation, subjects rated their real-time pain sensation by using

their right hand to move the slider of a Computerized Visual Analog Scale device (COVAS,

Medoc Inc., Haifa, Israel). The rating scale ranges from 0 to 100 with 0 = no heat sensation,

50 = heat pain threshold, and 100 = intolerable heat pain. Before the experiment, each

subject received a test run applied on the inner side of the legs. The test run was similar to

the ones to be delivered during the session. This practice run acquainted the subjects with

the stimulation procedure, the response apparatus, and reduced the novelty effect of sensory

stimulation. Subjects sat in an armchair in a quiet room with an ambient temperature of

approximately 24°C throughout the experimental session. The monitor was placed in the

opposite direction so that subjects could not see the stimulus and response screen.

We used a one-way ANOVA with post-hoc t-tests to compare, across the three stimulus

durations, the average COVAS peaks and average areas under the COVAS curves of the 14

participants in the psychophysical experiment.

2.4 Functional magnetic resonance imaging (fMRI) experiment

2.4.1 fMRI acquisition—Ten of the 14 subjects recruited for the psychophysical study

participated in the fMRI experiment; all were screened for safety and gave informed consent

in accord with the University of Michigan Internal Review Board. Functional MRI

experiments were carried out on a 3.0-Tesla GE Signa (Milwaukee, WI) scanner. The

BOLD images were acquired continuously in each contiguous plane using single-shot,

gradient-echo spiral imaging with reverse sequence only and the following parameters: echo

time (TE) 28 ms, repetition time (TR) 1 s, flip-angle (FA) 70°, field of view (FOV) 24 × 24

cm, matrix 64 × 64, slice thickness 5 mm, 22 slices, no slice gap, number of excitation

(NEX) 1.

Figure 1 summarizes the stimulation procedure. We obtained fMRI images using a single-

epoch design [ 33 ] . There were 2 sessions corresponding to 2 different temperatures (43°C

and 48°C). The 2 sessions were performed on two different days 4-7 days apart. The

sequence of sessions was pseudorandomized and counter balanced across subjects. In each

session (43°C or 48°C), we applied heat for three different durations with plateau phases of
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5, 10 and 20 s. Each subject received 5 trials for each stimulus condition in each leg (15

stimulus trials). A total of 30 trials, divided into 5 runs with 6 trials each, were given with

different stimulus durations presented pseudorandomly to the two legs at 30 predetermined

sites. An epoch of each trial was 90 s. Each epoch consisted of a 30 s stimulus period

between two baseline periods (30 s pre- and 30 s post-stimulus periods). Thus, each

acquisition series consisted of 90 fMRI images, each run of 540 images (TR = 1s) and a total

of 2700 images for each session. The interval between runs was approximately 2 minutes.

We used E-Prime software (version 1, beta 5.0, Psychology Software Tools, Pittsburgh) and

IFIS system (MRI devices, Waukesha, WI) to control the sequence of experiments and

present messages to subjects via goggles. The E-prime computer was also used to trigger the

onset of the scanner RF pulse through a TTL pulse. The experiment started with a message

asking subjects to pay attention on the stimulus. The message lasted through the duration of

an epoch with a 5 s interrupt asking subjects to rate the intensity of the stimulus. Subjects

were not told to expect a reward for any type of response; also, they were not informed

about the results of the psychophysical experiment, the intensity or duration of any stimulus

in either session, or about any relationship between stimulus intensity and duration in either

session. The thermode was applied 2 s before a new epoch and taken off 2 s after the

stimulus period. Ten seconds after the stimulus period, a rating task message was presented

on screen for 5 s asking the subject to rate the maximum intensity of the stimulus by using

the right hand to press a 5-button response unit. The rating scale ranges from 0 to 5 with 0 =

no warm sensation, pressing no button, 1 = warm sensation, using the thumb to press the

first button, 2 = pain threshold, using the index finger to press the second button, 3 =

painful, using the middle finger to press the third button, 4 = very painful, using the ring

finger to press the fourth button, and 5 = intolerable pain, using the little finger to press the

fifth button. The rating responses were stored for later modeling analysis.

2.4.2 Structural MRI acquisition—For anatomical reference, a high-resolution T1-

weighted gradient echo image (GRE) was collected at the same prescribed location before

the functional experiment (TR 200 ms; TE 3.4 ms; FA 90°; FOV 24 × 24 cm; matrix size

256 × 256; slice thickness 5 mm with no slice gap; 22 slices; NEX 2), and a high-resolution

structural T1 weighted three-dimensional spoiled gradient-echo image (3D-Inversion SPGR)

of the whole brain was acquired after the functional session was completed (TI 200 ms; TR

10.5 ms; TE 3.4 ms; FA 25°; FOV 24 × 24 cm; matrix 256 × 256; slice thickness 1.5 mm

with no slice gap; 106 slices; NEX 1).

2.4.3 Image processing—We used the functional image analysis package FSL 3.2 for

imaging processing and statistical analysis (http://www.fmrib.ox.ac.uk/fsl/) except for slice

timing and motion correction. The functional data were corrected for slice timing through a

sinc interpolation of the eight nearest neighbors in the time series and motion corrected

through AIR 3.08 Routines [ 74 ]. The initial six scans in each run were discarded because of

non-equilibrium magnetization. The functional images were spatially smoothed with 5-mm

full width at half maximum (FWHM) Gaussian kernel, temporally high-pass filtered with a

cutoff period of 90 s, and normalized for global signal intensity. Using a 3D affine

transformation, each subject’s functional images were coregistered to their GRE image with

7 degrees of freedom (DOF), and then transformed into the high resolution SPGR

anatomical image with 12 degrees of freedom. The functional images were finally spatially

normalized to the MNI152 (defined by Montreal Neurologic Institute) standard stereotactic

space with 12 DOF. The image transformations were confirmed by visual inspection.

2.4.4 Statistical analysis of functional data—The statistical analysis was based on a

least-squares estimation using a general linear modeling approach [ 20,19 ] with

nonparametric local autocorrelation correction [ 75 ] to localize regions of significant
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change. In all analyses, the fitting of the predictive model function with functional signal

intensity was evaluated by calculating a t statistic on a voxel-by-voxel basis. The t values

were then converted to Z scores for calculating P values on the basis of Gaussian random

field theory [ 76,18 ]. We used the averaged COVAS time courses (6 time courses

corresponding to 6 conditions) of perceived pain intensity obtained during the

psychophysical experiment to derive the predictive model functions for the general linear

modeling analysis. For each stimulus, the corresponding averaged COVAS time course was

scaled with the rating (1-5) of the trial in the scanner, and modeled as a delta function

convolved with the double gamma hemodynamic response function with its first derivative

as implemented in FSL. For both within and intersubject group analyses, clusters of voxels

exceeding a Z score > 2.0 and P < 0.05 were considered statistically significant. We used a

mixed effect model for group statistics in higher level analyses. In addition to main effects

we also performed contrast effect analyses among different durations.

Significant activations were calculated within pre-defined volumes of interest (VOI). The

VOIs were first defined as boxes based on the atlas of Talairach and Tournoux [ 65 ]. These

boxes were then converted into MNI space superimposed on the probability-estimated VOI

(http://hendrix.imm.dtu.dk/services/jerne/ninf/voi.html) [ 49 ] with thresholds of P < 0.05

selected following visual inspection. The overlap volumes were the VOIs used in calculating

significant activations. The VOIs were designed to capture structures expected to respond

during pain according to the literature and included primary and secondary somatosensory

cortex (S1 and S2), anterior and posterior insula (AntIns and PosIns), pregenual-, anterior-,

mid-, and posterior cingulate cortex (PregCC, ACC, MidCC and PostCC), medial and lateral

thalamus (MedThal and LatThal), hippocampal formation (Hipp), premotor cortex (PreMot),

dorsal lateral prefrontal cortex (DLPFC), medial prefrontal cortex (MedPFC), inferior

parietal lobule (InfPar), and orbitofrontal cortex (OFC) [ 51,70,1,9,68,6 ]. These VOIs in

standard space were warped into each individual space, and voxels with significant activities

that fell into these individual space VOIs were averaged for time series analysis.

We performed a one-way repeated measures ANOVA of the voxel counts and BOLD

signals within each VOI across the three stimulus durations. In each case, a post-hoc

Bonferroni T test was used for pair-wise multiple comparisons with a corrected significance

level of P < 0.05/3 = 0.017. In addition, we analyzed the correlation (2-tailed) between the

average individual voxel counts, BOLD signals, and durations, with P < 0.01 considered

significant. We used SPSS (versions 12.0 and 15.0) software for statistical analyses.

3. Results

3.1 Psychophysics

As shown in Figure 2A, an innocuous contact heat stimulus of 43°C is not perceived as more

intense as stimulus duration increases from 5 to 20 s; indeed, the average COVAS ratings

show a slight decline with increasing stimulus duration. In contrast, contact heat stimuli

within the noxious range (48°C) are perceived as increasingly intense, rising above heat pain

threshold (COVAS 50) when the stimulus duration is extended from 5 to 10 s. For these

noxious heat stimuli, there is a monotonic increase in perceived intensity that reaches a peak

just before the stimulus is removed. These results simply demonstrate the well-known

phenomenon of the temporal summation of perceived heat intensity above, but not below,

heat pain threshold. However, as the duration of the noxious heat stimulus increases beyond

10 to 20 s, there is no perceived temporal summation. The peak perceived intensity does not

increase further but remains nearly constant throughout the 20 s stimulus; this

psychophysical plateau is shown for the average real-time COVAS ratings (Fig. 2A), the

average peak COVAS ratings of each subject (Fig. 2B) and the group average COVAS

ratings (Fig. 2C) of all 14 participants in the psychophysical experiment. The bar graph in
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Figure 2D shows that the average peak COVAS at 5s is significantly different from that at

10 and 20s (p < 0.001) but does not increase between 10 and 20s (p = 0.413; one-way

ANOVA with post-hoc 2-tailed t-tests). The duration and area under the COVAS curve

(AUC) continues to increase during this period. These data are consistent with the

observations of Koyama and colleagues [ 34 ] (see also [ 21 ]).

During the 43°C stimulation sessions, the 300 within-scanner post-stimulus ratings averaged

1.60 (+/− 0.694 s.d.) with a range of 1 to 4. During the 48°C sessions, the average rating

was 4.31 (+/− 0.899 s.d.) with a range of 1 to 5. The difference of the means is significant (p

< 0.001; 2-tailed 2 sample t-test).

3.2 Functional MRI

The 43°C stimuli resulted in activations only in the left dorsolateral prefrontal cortex during

all stimulus durations, consistent with the lack of temporal summation of innocuous warmth

in the psychophysical experiment (Figure S1, on-line supplementary material). The presence

of activations or deactivations in a contrast condition can affect activations in the condition

of interest. Because the purpose of this study was to investigate the temporal summation of

heat pain and because of the limited and unchanging activations during the 43°C

stimulation, we present here only the results of activations during the 48 °C stimulation.

During the first 5 s of 48°C stimulation, the group analysis shows active clusters in all VOI

within the frontal and anterior insular cortex (Figure 3); there is no activation within the

thalamus or posterior insula. The only other activation outside the frontal lobe and anterior

insula at this time is in the right inferior parietal lobule (red circle in Fig. 3; MNI

coordinates: 54, −44, 40). As the 48°C stimulus duration increases from 5 to 10 and 20 s,

cerebral activations shift from the ACC, PregCC, AntIns, OFC, MedPFC and DLPFC to the

PosIns and thalamus. The changing pattern of activation is especially pronounced as the

stimulus duration is extended from 10 to 20 s. At this time the right inferior parietal

activation disappears and a later activation appears in the leg area of primary somatosensory

cortex (S1,blue circle in Fig. 3; MNI coordinates: −8, −38, 58). There is also an increase in

the amplitude and duration of the normalized BOLD response in the right medial thalamus

as stimulus duration increases as shown in the example in Fig. 3. The shift of activation

shown in the main effect analysis is confirmed in the group contrast shown in Figure 4.

These contrasts reveal a clear shift from the frontal cortex to the thalamus and PosIns; the

later S1 cortical activation is seen also. Thus, during the psychophysical plateau of perceived

intensity, activity in the thalamus and PosIns increases.

To examine further the changes in brain activation as stimulus duration increases, we

performed a one-way repeated measures analysis of variance (ANOVA) on the voxel counts

and peak BOLD signals in each VOI. The ANOVA and corrected post-hoc comparisons,

presented in Table 1 A and B, show that both BOLD signal and voxel count increased across

stimulus duration bilaterally in the LatThal, MedThal, PosIns, left S2 cortex, and the right

MidCC and OFC. The bilateral MedThal, left PosIns and S2 cortex also showed both BOLD

and voxel count increases specifically during the psychophysical plateau (10 vs 20 s).

Significant voxel count increases appeared during this period in the bilateral LatThal, right

PosIns, and right MidCC; the right OFC and left Hipp showed BOLD signal increases.

These results could reflect activation changes related to either stimulus duration, perceived

heat intensity, both of these variables, or to unknown co-variables.

To assess the relative contribution of stimulus duration or perceived heat pain intensity to

the changes in brain activation, we performed two-tailed correlation analyses of the average

peak BOLD signal and voxel count against stimulus duration and average peak COVAS

rating for each subject at each stimulus duration. Structures showing a significant positive
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correlation of both BOLD signal and voxel count with stimulus duration, but not with

COVAS rating, would be of greatest interest because, by both of these measures, these

structures would be most likely to participate in a duration-dependent modulation of

perceived heat intensity and could therefore contribute to the psychophysical plateau. As

shown in Table 2, the right MedThal and PosIns and the left S2 cortex (bold italicized and

underlined font) possess the above characteristics; as expected, these structures also show

BOLD signal and voxel increases during the psychophysical plateau (ANOVA, Table 1). No

structures showed both BOLD signal and voxel count increases correlated positively and

exclusively with COVAS rating. However, the left S1 cortex and the bilateral orbitofrontal

cortices (LOFC, ROFC) show positive voxel count (S1) or BOLD signal (bilateral OFC)

increases only with the peak COVAS rating but not with stimulus duration. The left S1 and

OFC cortices also show no change in BOLD signal or voxel count during the

psychophysical plateau (Table 1); the right OFC shows a BOLD signal, but not a voxel

count, increase during this period. The left S1 and bilateral OFC, then, would be among the

structures with activity most closely and least ambiguously associated with perceived heat

pain intensity; these structures are less likely to participate in the modulation of perceived

intensity during the psychophysical plateau. Figure 5 summarizes the major findings,

showing the percentage changes in COVAS rating with changes in either the voxel count or

BOLD signal of the above structures.

Other structures shown in Tables 1 and 2 may also mediate modulatory or sensory functions

but our analyses did not identify these as clearly as those discussed above. For example, the

right LatThal also shows both BOLD and voxel increases correlated only with duration but

the BOLD correlation was slightly less robust (0.01<p<0.05) and only the voxel count

showed changes during the psychophysical plateau. The activity in other structures also

correlated only with duration as determined by either BOLD signal (left PregCC) or voxel

count (bilateral MidCC, right S2 and ACC; left MedThal and OFC) but not by both

measurements. Some structures (left LatThal, PosIns, InfPar, and Hipp) had voxel increases

correlating with both COVAS rating and stimulus duration; except for the left PosIns, these

structures did not show either BOLD signal or voxel count changes across duration by

ANOVA analysis so it is not possible to implicate them as serving primarily either

modulatory or intensity perception functions based on our analyses. Finally, we observed

that the PostCC showed a slight but significant bilateral BOLD signal decrease correlated

only with the peak COVAS rating, the only structure showing deactivation in this analysis.

Although many of the above brain activation changes could be related to modulatory or

perceptual functions, we have chosen to emphasize the most robust evidence, which

implicates the left S1 cortex and bilateral OFC as mediating perceived intensity (COVAS

rating) and the right MedThal, PosIns, and left S2 cortex as participating in the modulation

of perceived intensity during the psychophysical plateau.

4. Discussion

Brain activations directly mediating heat intensity perception are likely to follow the time

course of the perception (COVAS in this case) but those that do not follow this time course

may participate additionally or exclusively in other functions, including the modulation of

nociceptive processing during the psychophysical plateau. Our experiment focuses on the

question of whether any structures could fall into the second category and our results answer

this affirmatively. We have confirmed the observation [ 21,34 ] that, during the continuous

application of noxious heat to the skin, the perceived intensity of heat pain increases during

the first 10-12 s and then remains nearly constant thereafter, a period we have called the

psychophysical plateau. We have shown further that the activation of cerebral structures

changes dramatically during this relatively prolonged cutaneous heating. In particular, both

the voxel count and BOLD signal increase in the right MedThal, PosIns, and left S2 cortex
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throughout the stimulus duration and during the psychophysical plateau, consistent with the

possibility that these structures participate in modulating nociceptive processing during this

period. Activity in these structures is not correlated with perceived intensity as measured by

COVAS ratings. In contrast, voxel count in the left S1 cortex, and BOLD signal in the

bilateral OFC correlated positively only with COVAS ratings and not with stimulus

duration; furthermore, the ANOVA analysis showed that the activation of these structures

did not change during the psychophysical plateau; these functional relationships are

consistent with the participation of these structures in the perception of stimulus intensity.

It is possible that mechanisms operating only at the peripheral, spinal cord, or brainstem

levels are alone responsible for the modulation of perceived intensity that forms the

psychophysical plateau. However, the participation of active thalamocortical processes

cannot be ruled out; this is shown in Figure 6, which depicts the discharge frequency of

peripheral and central nociceptive neurons together with the COVAS ratings in our

experiment. The neuronal discharge activity presented in Figure 6 is derived from monkeys

but the timing of the central neuronal events is not likely to be more than 2 s delayed in

humans, given the similarity of the stimulation method and the estimated conduction

velocities from the human STT to the cerebral cortex (average 2.9 m/s for C fiber

stimulation; averages ranging from ~10 to 21 m/s for Aδ fiber stimulation [ 28,14,59,69 ].

As shown in Figure 6, during a prolonged noxious heat stimulus (20-30 s), only type 1 Aδ
primate heat nociceptive afferents show increasing activity during the first 10-15 s before

reaching a plateau that is maintained throughout the remaining stimulation [ 72,71 ]. Other

primate heat nociceptive afferents (type 2 Aδ and both rapidly and slowly adapting C fibers)

show a decline in activity to a low level within 5-10 s of an initial high level near stimulus

onset [ 44,71 ]. The initial peak response is followed by a variable decline in discharge

frequency, sometimes to very low levels of firing or firing in bursts [ 13,4,10,35,67 ]. During

this early stimulation period, the discharge of spinothalamic, ventral posterior thalamic, and

S1 cortical heat nociceptive neurons increases. Presumably, the increasing COVAS ratings

and activity of central neurons during this early period reflects the physiological process of

central temporal summation. After peak activity, the firing of spinothalamic and thalamic

neurons declines to a lower plateau [ 32,29 ]. However, the response profile of most cortical

heat nociceptive neurons in the somatosensory (S1) cortex changes dramatically following

10 s of stimulation because there is little if any negative adaptation following the initial peak

activity [ 30,31 ]. The physiological basis for this difference in thalamic and cortical

response profiles has not been established, but the possibility of thalamocortical modulatory

mechanisms has been suggested [ 29 ].

It is notable that, during the initial 10 s of stimulation, COVAS ratings increase along with

increases in spinothalamic, thalamic, and cortical firing frequency while activity in the type

2 Aδ and in both rapidly and slowly adapting C fibers continues decreasing; only the

discharge rate of the type 1 Aδ fibers increases (Figure 6). Central temporal summation

continues beyond the peaks of spinothalamic, thalamic, and cortical activity as shown by the

increasing COVAS rating and its correlation with the BOLD and voxel responses of several

cortical areas. Beyond 10 s of stimulation, however, temporal summation appears to be

modified because the perceived intensity of heat pain (COVAS) no longer increases despite

the continued discharge of spinothalamic, thalamic, and cortical neurons, and increased

firing of type 1 Aδ heat nociceptive afferents (Figure 6). Despite continued peripheral

afferent firing, including increased input from type 1 Aδ fiber activity, spinothalamic and

thalamic discharge frequency begins a steady decline from peak levels to sustained activity

at much lower levels. In marked contrast, as noted above, the discharge of most cortical

neurons continues near peak levels throughout the remaining stimulus period. The

modulation of the cortical response profile and COVAS ratings shown here is consistent

Tran et al. Page 8

Pain. Author manuscript; available in PMC 2011 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



with the participation of active thalamocortical mechanisms, as suggested previously [ 29 ],

and is supported by our observation that the BOLD and voxel response of some thalamic

and cortical structures is correlated with stimulus duration but not perceived stimulus

intensity. Our experiment thus provides supportive evidence that thalamocortical processes

contribute to the perceptual modulation represented by the psychophysical plateau.

Clinical pathology affecting the thalamus and parietal operculum is frequently associated

with central pain syndromes [ 8,7 ]. There is ample anatomical and physiological evidence

to support a modulatory function of the homolateral S2 cortex on pain-related S1 activity

[ 27,22,77,55,15,1 ]; in addition, the homolateral MedThal and PosIns form a reciprocally

connected nociceptively-activated circuit that could modulate pain and related affective

functions through the OFC via well-known anatomical and functional connections

[ 23,48,26,41,42,43,47 ]. Activity in the thalamus and PosIns has been linked with pain in

numerous functional imaging studies [ 51,1 ] but their activation has also been associated

also with pain modulation and endogenous analgesia [ 64 ] [ 79,78,73 ]. The thalamus, for

example, has an abundance of inhibitory synaptic profiles through which sensory

modulation could occur [ 25 ]. Indeed, numerous anatomical and physiological studies,

ranging from rats to humans, have demonstrated the robust inhibitory functions of the

somatosensory thalamus in both nociceptive and non-nociceptive processing

[ 62,45,58,57,37,38,39,63,2,17,61,46,36,60,73 ]. As suggested by our results, structures

activated during pain may participate in some aspects of both pain perception and in the

nociceptive modulation that underlies the psychophysical plateau.

We do not know if the pattern of activation changes we have detected would persist for heat

stimulation periods of longer duration. It is possible that these changes are transient and that

the responses to longer duration heat stimuli would be determined more by peripheral,

spinal, or brainstem mechanisms. Our experiment also does not provide any information

about brain responses during cold, mechanical, chemical, or other forms of noxious

stimulation. Nonetheless, the temporal shift in the brain activation pattern seen in our

experiment resembles strongly the temporal dynamic observed in an earlier PET study

[ 11 ], showing early heat pain brain activations only in the frontal cortex (premotor,

perigenual cingulate, lateral prefrontal, and anterior insular cortices) with activations later,

after 40 s of repetitive stimulation, only in the ventral posterior and medial thalamus, and the

primary sensori-motor, S2, and mid-posterior insular cortices. This activation pattern

coincided with increases in pain intensity and unpleasantness. The results of the present

investigation are similar in revealing an early and unique heat pain activation of frontal

structures (eg: OFC, ACC, AntIns) followed by posterior insular, parietal (inferior parietal,

S1, S2) and thalamic activity. Although the duration and pattern (continuous vs. repetitive)

of heat stimulation in these two studies is quite different, the similarity of these responses

suggests a common dynamic of brain activation, from frontal to parieto-thalamic, that

underlies perceptual changes in prolonged but acute heat pain. Some of these activation

changes may be related to early pain-related anticipation and anxiety and the recruitment of

thalamo-cortical pain modulatory mechanisms [ 53,24,50,64,54,52,3,56,40,5 ].

In summary, our observations support the hypothesis that supraspinal processes are among

the determinants of the temporal dynamics of heat pain. The increased activity of specific

thalamic and cortical structures as stimulus duration, but not perceived intensity, increases is

consistent with the recruitment of a central mechanism that modulates the activation of pain-

related cortical responses and the temporal summation of heat pain.
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SUMMARY

We used fMRI to show that active brain mechanisms could contribute to the modulation

of the temporal summation of heat pain in healthy humans.
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Figure 1.

Summary of data acquisition protocol during the fMRI experiment. The sequence of

sessions was counterbalanced among subjects (N = 10). Each stimulus was applied to

previously unstimulated skin in each session. Two 30s periods bracketed the 30s stimulation

period during each epoch. See text for details.
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Figure 2.

A. The average COVAS curves of real-time stimulus intensity ratings during the

psychophysical experiment. Designated pain threshold is 50. At 43°C (blue curves), the

perceived sensation is warm and never painful regardless of stimulus duration. At 48°C, the

perceived sensation is increasingly painful when the stimulus duration is extended from 5 to

10s (thin orange and red curves). However, as the duration increases beyond 10 to 20s, the

peak perceived intensity does not increase further but remains nearly constant throughout

the remainder of the 20s stimulus (thick red curve). The time of the stimulus plateau at 48°C

begins ~ 2.5s after stimulus onset and is shown for the 5 (blue bar), 10 (blue + green bars),

and 20 s (blue + green + red bars) duration stimuli. B. Normalized (to the rating of 5s

duration stimuli) individual peak COVAS ratings of 48°C stimuli of each of the 14 subjects

participating in the psychophysical experiment. C. Mean and SE of peak COVAS ratings of

48°C stimulation of all subjects at 5, 10, and 20s duration stimuli in the psychophysical

experiment. D. Mean and SD of duration, peak, and area under the curve (AUC) of COVAS

curves at 48°C. At 48°C, the COVAS peak of 10s and 20s durations are significantly

different from that of the 5s duration stimulus (asterisk; P < 0.001); however, the ratings of

10s vs. 20s are not significantly different (P = 0.413). At 43°C, the COVAS peaks of 5, 10

and 20s stimulation (not shown) are not significantly different.
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Figure 3.

Activations (Z > 2.0; see color bar at lower right) during increasing durations of noxious

contact heat stimulation at 48°C. Images in this and subsequent figures are shown in MNI

space. As the stimulus duration increases from 5s to 20s, activations shift from the anterior

and pregenual cingulate, anterior insular, orbitofrontal, medial prefrontal, and dorsal lateral

prefrontal cortices to the posterior insular cortex and thalamus. In addition, an early

activation of the right inferior parietal lobule (red circle; MNI coordinates: 54, −44, 40) is

replaced by late activation of the leg area of S1 cortex (blue circle; MNI coordinates: −8,

−38, 58). The time series at right shows the right medial thalamic average (and std.error)

BOLD signals increasing in amplitude as stimulus duration increases. Although we used the

same hemodynamic response function model to extract BOLD responses from all VOI,

thalamic activity did not pass statistical threshold during the 5s stimulation (see Figure S2 in

supplementary on-line material).
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Figure 4.

Activation contrasts (Z > 2.0) during contact heat stimulation at 48°C. Consistent with the

main effects, the 5s-20s comparisons (top row) show greater activity in the ACC, OFC and

DLPFC of the frontal cortex during the 5s, compared to the 20s stimulus duration. The

20s-5s contrast, however (lower row), shows greater activity in the bilateral posterior insular

cortex and thalamic nuclei during the 20s stimulus compared to the 5s stimulus.
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Figure 5.

Average (+/− s.d.) percentage changes in COVAS ratings and in BOLD and voxel counts

during changes in stimulus duration from 5s to 10s and from 10s to 20s (during the

psychophysical plateau). A. COVAS ratings increase early but show no increase, and even a

slight decrease, as stimulus duration increases from 10s to 20s. B. Changes in the peak

BOLD signals in the right and left orbitofrontal cortices correlate with the COVAS changes

but not with stimulus duration (see Table 2). C. Voxel count changes in the left S1 cortex

also correlate with COVAS changes but not with stimulus duration (see Table 2). D. In

contrast, both voxel count changes (not shown) and BOLD signal changes in the right

medial thalamus, posterior insula, and left S2 cortex correlate with increases in stimulus

duration but not with changes in COVAS rating (see Table 2).
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Figure 6.

Diagrammatic representation of the estimated 20 s time courses of neuronal action potential

activity during prolonged (~30 s) cutaneous heat stimulation within the noxious range

(47-53°C). The frequency of action potentials (Hz) is shown on the same ordinate scale as

the real-time COVAS ratings obtained during the psychophysical experiment and shown in

Figure 2A. Time courses of the stimulus plateaus in this study are shown above the COVAS

curves as increasingly dark bars for the 5, 10, and 20 s duration stimuli (48°C). Peripheral

primate nerve fiber activities shown are: dashed line, type 1 Aδ heat nociceptors; dash-dot

line, type 2 Aδ and rapidly adapting C heat nociceptors; dotted line, slowly adapting C heat

nociceptors (SCs); activity estimates are derived from text and Figure 3 of reference [ 71 ]

and Figure 2 of reference [ 44 ]. The peaks of primate central pathway activities (colored

ellipses) are shown at equal levels of 30 Hz (arbitrarily chosen for illustrative purposes)

followed by the estimated time course of adaptation during the 20 s stimulus. Blue,

spinothalamic tract (STT) neurons (activity estimates derived from text and Figure 7 of

reference [ 32 ]); green, ventral posterior lateral thalamic neurons (THAL) (activity

estimates derived from text and Figure 5 of reference [ 29 ]); red, primary somatosensory

(S1) cortical neurons (CTX) (activity estimate is derived from text and Figures 4 and 5 of

reference [ 30 ] showing the overall lack of negative adaptation in these neurons compared

to STT and THAL). Note that, even if accounting for additional activity delays in humans,

peripheral afferent activity, with the exception of the type 1 Aδ heat nociceptors, declines

before continuing at a lower level during the early stimulation period while COVAS ratings

are increasing. Similarly, the activity of spinothalamic and thalamic neurons declines during

the 5 and 10 s duration stimulation and during the early phase of the 20 s stimulation before

reaching a lower level throughout the remaining stimulation period. Cortical activity,

however, declines very slowly or not at all during stimulation [ 30 , 31 ] .
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