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Very late pain-related activity identified with topographically mapped 
frequency domain analysis of evoked potentials 
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Objective: To identify low-frequency activity in the pain-evoked potential at very late latencies, consistent with C-fiber transmission 
velocities. 

Methods: Brief (1 ms) painful (intracutaneous) and two levels of non-painful (mild and strong) electrical pulses were applied to the index 
and middle fingers of the left hand. Evoked potentials (EPs) were recorded from 30 electrodes covering the entire scalp. Data from the 3 
stimulus conditions (approximately 60 trials per condition per subject) were compared using the frequency domain technique of complex 
demodulation applied to single trial data. Subjects were 14 normal right-handed male human volunteers, aged 19-36 years. 

Results: Using descriptive probability mapping, pain versus strong non-pain differences were found in grand average data as well as in 8 
of 14 subjects, consisting of greater low-frequency power at latencies from 700 to 1100 ms at electrodes near the contralateral central sulcus 
and at the vertex. 

Conclusions: There are topographically focal, pain versus non-pain differences in the 700-1 100 ms latency range that can be seen using 
frequency-domain analytic techniques. These differences were not seen with traditional time domain analyses. They may be due to a C- 
fiber-related mechanism or to very late activity triggered by faster fibers. 0 1998 Elsevier Science Ireland Ltd. All rights reserved 

Keywords: Pain; Pain-evoked potential; Somatosensory evoked potential; Topographic mapping; Complex demodulation; Frequency 
domain analysis 

1. Introduction 

Somatosensory evoked potentials (SEPs) have been 
recorded in response to painful electrical, mechanical, 
laser, chemical and ultrasound stimulation in humans (for 
reviews, see Bromm, 1989; Handwerker and Kobal, 1993). 
The vast majority of these studies have analyzed SEP activ- 
ity during the first 500 ms after the stimulus. Given this 
relatively short latency window, cortical pain-related activ- 
ity has generally been attributed to processes triggered by 
activity in A delta-fibers. 

Unmyelinated C-fibers also carry nociceptive informa- 
tion and, given their slow conduction velocity (0.5-1.3 m/ 

s), should provide input to the forebrain approximately 
770-2000 ms after a painful stimulus to the fingers (Van 
Hees and Gybels, 1981). Two studies have investigated EP 
responses in this latency to painful electrical stimulation 
(Harkins et al., 1983; Nauta and Bijl, 1984). Both found 
suggestions of very late activity, but did not find a reliable 
SEP peak during this period. Bromm and Treede (Bromm 
and Treede, 1987; Treede and Bromm, 1988), using COz 
laser stimulation, have shown that if A-fiber conduction is 
blocked with a pressure block of the radial nerve at the 
wrist, large SEP peaks and troughs are seen in the 900- 
1400 ms range, consistent with C-fiber transmission. They 
termed these peaks, ‘ultralate potentials’ and commented 
that, after latency adjustment with a modified Woody filter, 
their wave shape was similar to that of the earlier N240/ 

vided preliminary data suggesting that it may be possible 
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for subjects to produce ultralate potentials without a pres- 
sure block if they can learn to focus attention on the second 
(burning) pain sensation rather than the first (sharp) pain 
sensation. 

Presumably as a result of the large variability in C-fiber 
conduction speeds, Bromm and Treede found it necessary to 
adjust the latencies of their ultralate potentials before aver- 
aging the single trials. Arendt-Nielsen (1990) dealt with the 
latency jitter by analyzing single-trial responses in the fre- 
quency domain. He showed that in the period 1000-2000 
ms after argon laser stimuli, power in frequencies below 2.5 
Hz was greater for the strongest stimuli (which produced 
both a late burning and an early pinprick sensation) than for 
the other stimuli (which produced only a pinprick sensa- 
tion). 

In recent work, we analyzed components during the first 
500 ms in response to painful intracutaneous and non-painful 
electrical stimulation (Becker et al., 1993; Becker, 1994; 
Becker, Yingling and Fein, unpublished data). Although 
we did not use a pressure block and the stimuli did not 
produce noticeable late burning sensations, the high ampli- 
tude shocks that were used (mean 3.7 times the pain thresh- 
old) suggested to us that C-fiber afferents might have been 
activated. Others (Gybels et al., 1979; Van Hees and Gybels, 
1981) have reported peripheral measurement of C-fiber acti- 
vation even in response to non-painful electrical stimulation. 

Like Arendt-Nielsen (1990), we employed a frequency 
domain approach in order to deal with possible response 
latency variability. For comparison, we also employed a 
traditional evoked potential time domain approach. For 
our frequency-domain analysis, we used a technique called 
complex demodulation (Bloomfield, 1975) which provides a 
measure of spectral power in a given frequency band at 
every timepoint in a waveform. In addition, we utilized an 
array of 30 EEG electrodes to provide topographical map- 
ping of the entire scalp, rather than the 1-3 electrodes used 
in previous studies. In this exploratory analysis, we 
hypothesized that painful stimuli would show greater 
power than non-painful stimuli in very low frequency 
bands at long latencies, consistent with the slow and hetero- 
geneous nature of C-fiber transmission velocities. Fur- 
thermore, we hypothesized that this activity would be 
greatest in the cortical regions that have previously shown 
pain-related activity at earlier latencies: the vertex and con- 
tralateral central cortex (Treede et al., 1988; Kunde and 
Treede, 1993; Becker, 1994; Becker, Yingling and Fein, 
unpublished data). 

2. Methods 

Analyses of earlier components from this data set have 
been reported and can be consulted for additional details on 
data collection methods (Becker et al., 1993). Fourteen 
right-handed males, aged 19-36 years, served as healthy, 
paid volunteers. 

2.1. Stimuli and evoked potential recording 

Stimuli consisted of single unipolar electrical square 
wave pulses of 1 ms duration delivered to the fingertips of 
the middle and index fingers of the left hand. For one fin- 
gertip, a surface electrode (Grass Gold Cup) was used. A 
small area of the other fingertip was abraded to produce a 
low impedance (<5 kQ) ‘intracutaneous’ stimulus. These 
two methods yielded very different subjective sensations, 
due to the difference in current density at the electrode 
sites (Bromm and Meier, 1984). Stimuli delivered to the 
surface electrode were perceived as ‘pulsing’ or ‘dull’ and 
could become subjectively quite strong, without being 
uncomfortable or painful. Each subject chose two levels 
corresponding to a ‘mild pulse’ and a ‘strong pulse’ using 
this electrode; neither was uncomfortable. In contrast, the 
intracutaneous stimulation method produced clearly ‘pain- 
ful’ sensations. Each subject chose a level to correspond to 
‘rather painful’ (between ‘moderately’ and ‘very’ painful). 

Data were recorded from 30 sites (Fpl, Fp2, F7, F5, F3, 
Fz, F4, F6, F8, FC3, FC4, T7, C3, Cz, C4, T8, CP3, CP4, P7, 
P5, P3, Pz, P4, P6, P8, 01, Oz, 02  and mastoids ”11 and 
TP12) using an ECI Electro-Cap with a left forearm ground 
and all impedances <3 kQ. Signals were amplified by a 
Grass Model 12 (half-amplitude at 0.1 and 100 Hz) and 
sampled at an effective sampling rate of 100 Hz from 45 
ms before, to 1795 ms after, each stimulus.’ Trials contami- 
nated by EOG or EEG artifact or with incorrect responses 
were excluded. 

2.2. Procedure 

During each recording period, one of the 3 stimuli was 
designated the ‘target’. The subject’s task was to lift his 
right index finger immediately after each target, with no 
response required for the other stimuli. A second type of 
stimulus (‘standard’) was presented for the majority of trials 
(60-90%). Data from the following separate conditions is 
presented: (1) Painful standards (approx. 60 trials), (2) 
Strong non-painful standards (approx. 60 trials) and (3) 
Mild non-painful standards (approx. 60 trials from each of 
two recording periods). Data from the rare stimuli is not 
presented here? 
’ Due to computer array limitations, we sampled at 200 Hz from - 45 to 

600 ms and 100 Hz from 605 to 1795 ms. For the analyses presented here, 
we discarded every other sample up to 600 ms in order to create an 
effective sampling rate of 100 Hz for the entire time series. With these 
sampling and amplifier parameters. there is a theoretical possibility that 
aliasing may occur so that power in the 98-102 Hz range appears as power 
in our frequency band of interest (0-1.6 Hz). We believe these high fre- 
quency signals are unlikely to contribute to the topographically-specific, 
pain versus non-pain differences reported in this paper: First, there is 
relatively little power around 100 Hz in the ongoing EEG compared 
with the high power at the very low frequencies, and second, we looked 
at very low frequencies based on theory related to the heterogeneity of 
transmission velocities of individual C-fibers. We know of no competing 
theory that would suggest that 100 Hz activity differs between pain and 
non-pain responses. 
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2.3. Data analysis 

We used complex demodulation (Bingham et al., 1967; 
Bloomfield, 1975) to convert each single trial evoked poten- 
tial into a time series with each value of the new time series 
representing the amount of power in the 0-1.6 Hz band at 
that timepoint. This allowed us to track the amount of low 
frequency power as it changes from the prestimulus period 
through 1795 ms po~tstimulus.~ A 1.6 Hz lowpass cutoff 
was chosen, based on preliminary analysis of this data 
using a fast Fourier transform of the period 605-1795 ms 
that showed that the 0-1.6 Hz band had a greater pain 
versus non-pain difference than did the 0-3.2 Hz or the 

We used the following procedure: each channel for each 
condition (Pain, Strong non-pain and Mild non-pain) was 
processed separately. The evoked potential data for each 
single trial were first converted to an average reference4. 
Each single trial time series was complex demodulated in 
order to extract the time course of the power in the 0-1.6 Hz 
band (yielding power in the 0.1 - 1.6 Hz band due to the 0.1 
Hz amplifier highpass filter). The complex demodulated 
single trials for a given condition and electrode were aver- 
aged together and the standard error was computed at each 
timepoint. 

For some analyses (Fig. l), the complex demodulation 
was performed on the entire time series of the single trial 
(-45-1795 ms). For other analyses (Fig. 2) this operation 
was performed on only the late portion of each single trial 
(705-1795 ms) in order to preclude the possibility of early 
activity distorting the moduli values at the late latencies, 
which can occur as a result of the severe low-pass filtering 
effect of using a 0.1-1.6 Hz band. 

The differences between pairs of conditions (e.g. Pain 
condition minus Strong non-pain condition) were converted 
to descriptive probability values (Abt, 1987) corresponding 

0-4.8 HZ band. 

2Data from the comparisons of the Painful Targets with Strong non- 
painful Targets are not presented here due to the confounding effect of 
potentials generated by pre-motor, motor and post-motor sensory processes 
during the latency window being investigated. The comparisons of the 
Painful Rare non-targets with the Strong non-painful Rare non-targets is 
not presented, due to possible differential late cognitive processing in these 
conditions. Examination of the grand average responses showed that Pain- 
ful Rare non-targets evoked larger cognitive P300 responses than did 
Strong non-painful Rare non-targets and that this cognitive component 
can persist up to 900 ms, well into the latency range under analysis. 

The main goal of complex demodulation is to track the time course of 
the power in a subspectrum of a non-stationary time series. In its simplest 
form, the spectrum is shifted until a desired frequency band is centered 
about 0 Hz, and the resulting (complex) time series is lowpass-filtered to 
remove frequencies outside the desired frequency band. The modulus of 
this filtered complex time series is a new time series that contains the 
power in the desired frequency band as it changes over time. 

All analyses were also done using two other references: (1) average 
reference using only the 19 10-20 system electrodes and the two mastoids, 
in order to obtain more uniform sampling over the scalp and (2) average of 
the two mastoids. All 3 references yielded nearly identical results in terms 
of the topographic differences between conditions. 

to a one-tailed test of the hypothesis that Pain-related 
power > Non-pain-related power.’ These descriptive prob- 
ability values were displayed as topographical head maps 
(Duffy et al., 1981). A gray scale value of 0.05 means that 
there is only a 5% chance that the difference between the 
conditions is due to chance. As these are ‘descriptive’ as 
opposed to ‘confirmatory’ probability values, they were not 
adjusted for multiple statistical tests conducted for different 
electrodes, timepoints, subjects or comparisons (Abt, 1983, 
1987; Duffy et al., 1990). 

2.4. Topographic mapping 

We modeled the scalp surface as a sphere and followed 
the conventions of Perrin et al. (1989) where Cz is at the top 
of the sphere and Fpz and Oz are on the equatorial line. All 
interpolation (using the 4 ‘nearest neighbor’ method (She- 
pard, 1968; Buchsbaum et al., 1982) and weighting by 
squared distance) was done on the sphere and was then 
radially projected onto a plane for display. 

3. Results 

The first row of maps in Fig. 1 shows the grand average 
descriptive probability values for the test of greater low- 
frequency power (0.1-1.6 Hz band) in the Pain condition 
than in the Strong non-pain condition. The symmetrical 
power difference prior to 600 ms reflects the ending portion 
of the previously-identified pain component that peaked at 
about 300 ms and that is symmetrical about the vertex 
(Becker et al., 1993; Becker, 1994; Becker, Yingling and 
Fein, unpublished data). From about 600 to 1100 ms the 
power difference is present mainly over Cz and contralateral 
central cortex (C4) (with descriptive probability <0.01). 

The second row of maps in Fig. 1 reflects a general 
absence of difference between the Strong non-painful and 
Mild non-painful conditions. However, note a C4 effect that 
is somewhat later and weaker than in the Pain minus Strong 
non-pain condition. 

Fig. 2 shows the grand average and one head per each of 
the 14 subjects. The latency displayed is the timepoint 
where the Pain-related power (in the 0.1-1.6 Hz frequency 
band) was most likely to be greater than the Strong non- 
pain-related power (within the window 705-1305 ms). Note 
that approximately half of the 14 subjects showed topogra- 
phical patterns consistent with greater power in the contral- 

For each electrode, the mean complex demodulated time series of the 
Strong non-pain trials was subtracted from the mean complex demodulated 
time series of the Pain trials. The standard errors for these difference 
values were propagated following Bevington (1969), Le. the standard 
error of the difference equaled the square root of the sum of the squared 
standard errors of the Pain and Non-pain conditions. For the grand average 
(across subjects) computation, for each electrode, the difference values for 
all subjects were averaged and the standard errors for the difference values 
were propagated as the square root of the sum of all subjects’ squared 
standard errors, divided by the number of subjects. 
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Prabability maps of differences between 3 
different stimulus levels, at 4 timepoints 

Pain minus 
Strong non-pain 

,05 ‘03 0 

Descriptive probability values 
Fig. I .  Maps showing descriptive probability values of differences between (1) Pain and Strong non-pain conditions and (2) Strong non-pain and Mild non- 
pain conditions. Note that the ‘Pain minus Strong non-pain’ map shows a focused right-sided region, contralateral to the stimulus hand, of more Pain-related 
power than Strong non-pain-related power near the central sulcus (electrodes C4 and Cz) from 705 to 1025 ms. The ‘Strong non-pain minus Mild non-pain’ 
comparison also shows a somewhat later and weaker effect at the C4 electrode. 

ateral, central cortex, similar to the pattern in the grand 
average in Fig. 1. The other subjects do not show a consis- 
tent topographical pattern of greater power in the Pain ver- 
sus Non-pain condition. Paradoxically, two of these subjects 
(5 and 6) showed the opposite pattern, i.e. they showed a 
centrakontralateral topography for greater power in the 
Non-pain condition (not shown in Fig. 2 since it is a display 
of a one-tailed test). 

Our time domain analysis is presented in Fig. 3. Fig. 3a 
shows the grand average evoked potential difference wave 
(Pain EP - Strong non-pain EP, digitally filtered at 0.1-1.6 
Hz, referenced to average mastoids). Note the early peak of 
the pain component at about 300 ms (Becker et al., 1993), 
followed by a prolonged, small amplitude (0.5-1.5 pV) 
positivity from about 600-1500 ms. This very late broad 
positivity is topographically mapped in Fig. 3b. This shows 
the grand average potential map (average mastoid refer- 
ence) collapsed across all subjects and collapsed across all 
(unfiltered) timepoints from 705 to 1495 ms. Note the very 
broad, but small (0.3- 1.5 pV) positivity extending over the 
entire scalp and greatest in the fronto-central region. The 
significance of these values was tested by performing a t  test 
at each electrode using the potential difference values for 
the 14 subjects. Fig. 3c shows that 24 of the 28 electrodes 
shown are greater than zero with descriptive probability 
C0.05 and that 19 are greater than zero with descriptive 
P < 0.01. 

Examination of the potential-difference maps for each 
subject (collapsed across the same time period) shows that 

the grand average topography shown in Fig. 3b is somewhat 
misleading since there is an absence of any consistent topo- 
graphic pattern across subjects. Only 3 subjects showed the 
Fz maximum seen in the grand average, and only about half 
of the subjects showed greater positivity in the anterior half 
compared with the posterior half of the map. Approximately 
half of the subjects showed positive values at most electro- 
des; only two subjects showed negative values at most elec- 
trodes. Using this traditional evoked potential, time do- 
main, difference wave approach, only one subject showed 
a focused contralateral central pattern similar to that seen 
using complex demodulation (Figs. 1 and 2). 

4. Discussion 

In this exploratory study, we have demonstrated that fre- 
quency domain analysis shows differences between the 
responses to painful and non-painful electrical stimuli at 
very long latencies, consistent with C-fiber transmission. 

4.1. Frequency domain analysis approach 

We used a frequency domain approach in an attempt to 
deal with the problem of latency jitter resulting from the 
broad range of C-fiber conduction velocities. We used com- 
plex demodulation to track the amount of power in the 0.1- 
1.6 Hz frequency band over the time course of the evoked 
potential. 



402 D. E. Becker et al. / Electroencephalography and clinical Neurophysiology I08 (1998) 398-405 

Descriptive probability mapping of 
Pain power minus Strong Non-pain power. 

Grand average and all 14 subjects 

1 .o .20 .20 .15 ‘10 .05 0 - 
Descriptive probability values 

Fig. 2. Grand average head and one head per subject showing the descriptive probability map at the latency where the Pain-related power (in the 0.1-1.6 Hz 
frequency band) was most likely to be greater than the Strong non-pain-related power (within a 705-1305 ms window). Subjects are roughly ordered by their 
similarity with the grand average pattern. Note that about half of the subjects show greater pain-related power in the vicinity of electrode C4. 

4.1.1. Pain-related contralateral power increase 
Consistent with our hypothesis, we found greater low 

frequency power in response to painful stimuli than to 
non-painful stimuli at very long latencies after 700 ms. 
This relative increase in power was present with a descrip- 
tive probability level (i.e. not adjusted for multiple compar- 
isons) of P < 0.01 and was topographically localized pri- 
marily to the C4 and Cz electrodes (Fig. 1; 705-1025 ms), 
which for most subjects will be the electrodes that are near- 
est the contralateral central sulcus (Homan et al., 1987) (and 
therefore nearest to primary somatosensory cortex), and the 
vertex, respectively. Furthermore, this topographic pattern 
was the main feature in the power-difference maps of 
approximately half of the individual subjects (Fig. 2). 

4.1.2. Non-pain Intensity direrence 
The comparison of the power responses to the Strong 

non-painful stimuli and the Mild non-painful stimuli also 
shows a power difference (descriptive probability of P < 
0.03) at very late latencies that is located at C4 in the grand 
average (Fig. 1). This non-pain ‘Intensity’ effect is less 

robust than the Pain effect. Only two of the 14 subjects 
showed a C4 focus as a primary feature of their ‘Strong 
non-pain minus Mild non-pain’ difference maps, and there 
were no other consistent topographical features across sub- 
jects. The presence of this non-pain Intensity effect, if repli- 
cated, indicates that the very late activity detected by 
frequency domain analysis is not exclusively related to 
pain processing. However, this activity is not inconsistent 
with C-fiber activity, since other work has shown C-fibers 
responding to non-painful stimuli (Gybels et al., 1979; Van 
Hees and Gybels, 1981; Wall and McMahon, 1985; Hand- 
werker and Kobal, 1993). 

4.2. Time domain analysis approach 

Use of a more traditional time domain approach for ana- 
lysis showed that in the grand average difference wave (Pain 
average EP minus Strong non-pain average EP, Fig. 3a) 
there was a small (0.3-1.5 pV), prolonged positivity over 
all of the electrodes from about 700 to 1500 ms. These 
potentials are mapped in Fig. 3b and converted to probabil- 
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ity values in Fig. 3c, showing potentials greater than zero 
(with descriptive probability CO.01) over most of the scalp. 
However, in contrast to the frequency domain analysis, the 
‘Pain minus Strong non-pain’ differences were not topogra- 
phically localized to focal regions that have been associated 
with pain processing, and there was no topographic pattern 
common across subjects. 

4.3. Topographic pattern of pain-related differences 

The topographic pattern of pain-related differences 
observed with complex demodulation (Figs. 1 and 2) is 
one that is plausibly related to pain processing. A number 
of animal studies (e.g. Lamour et al., 1983a,b; Kenshalo and 
Perkins, 1984; Kenshalo and Willis, 1991), have recorded 
from neurons that respond to noxious stimuli in the primary 
somatosensory cortex (SI), including neurons that respond 
specifically to C-fiber stimulation (Kalliomiiki et al., 1993). 

Both ‘wide dynamic range’ and ‘high threshold’ neurons 
have been identified. PET and fMRI studies with humans 
have also identified SI activation in response to painful sti- 
muli (Talbot et al., 1991; Casey et al., 1994; Coghill et al., 
1994; Davis et al., 1995; Hsieh et al., 1995). In addition, 
recent topographic evoked potential studies have identified 
responses in the vicinity of the central sulcus in response to 
painful and non-painful stimuli (Treede et al., 1988; Kunde 
and Treede, 1993). Our data adds to the converging evi- 
dence pointing to the involvement of primary somatosen- 
sory cortex in pain processing. 

The vertex electrode has been the site of the largest pain- 
related responses in most pain-evoked potential research 
(for reviews see Bromm, 1989; Handwerker and Kobal, 
1993). Our earlier work using the earlier latencies from 
the same subjects reported in this paper showed that the 
main pain-related positivity was maximal at the vertex 
(Becker et al., 1993; Becker, 1994). 

Time Domain Analysis 
Pain EP minus strong Non-pain EP 

Grand Average data 
A. Waveforms at all electrodes 

....*.......... , . _ I . , I * . ,  

1000 1200 1400 le00 
m e  0 200 400 €40 

B. Potential Map C. Probability Map 
averaged across 705-1495 msec 

pV0lts Descriptive probability values 

Fig. 3. Time domain analysis. (A) Grand average evoked potential (EP) difference waveforms showing the average ‘Pain EP minus Strong non-pain EP.’ 
Each trace represents one electrode averaged across all subjects; filtered at 0.1-1.6 Hz, average mastoid reference. Note the previously reported (Becker et al., 
1993) Pain component at about 300 ms followed by a very prolonged, small amplitude positive component (700-1500 ms). (B) Topographical potential map 
of the very late positive component seen in (A). Grand average data averaged across all subjects and averaged across all (unfiltered) timepoints from 705 to 
1495 ms; average mastoid reference. (C) Topographical map of the same data as in (B), showing descriptive probability values based on t tests evaluating 
whether the ‘Pain minus Strong non-pain’ potentials are greater than zero. 
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4.4. Relation to C-Jber activity 

From this data set, it is not possible to conclude that the 
very late activity we observed in either the frequency 
domain or the time domain is related to C-fiber activation 
or whether it is a late sequela of processes triggered by 
faster fibers. However, the time course of this activity 
(approx. 700-1025 ms in the grand average) is consistent 
with that found in studies specifically examining C-fiber 
response. Van Hees and Gybels (1981) studied the distribu- 
tion of C-fiber conduction velocities in humans and found 
that the mean was 0.86 m/s, with a range of approximately 
0.5-1.3 d s .  This corresponds to a conduction time of 770- 
2000 ms (mean 1160 ms) to travel the approximately 1 m 
distance from the fingertip to the spinal cord. 

Four studies (Arendt-Nielsen and Bjerring, 1988; Brag- 
ard et al., 1996; Magerl et al., 1996; Towel1 et al., 1996) 
have identified very long latency responses to laser stimula- 
tion in the 700- 1100 ms range which the authors attribute to 
C-fiber activity. These responses were recorded at Cz and 
could only be seen in response to very weak, non-painful 
stimuli or to stimulation of very small surface areas (Brag- 
ard et al., 1996). 

Bromm and Treede (Bromm and Treede, 1987, 1988) 
using stronger, painful COZ laser stimulation and a pressure 
block to block A-fiber conduction recorded ‘ultralate’ 
evoked potentials that, after correction for latency jitter, 
had a negative peak with a range of 900-1240 ms (mean 
1049 ms) and a positive peak about 200 ms later. Given 
microneurographic findings that pressure blocks can 
increase the latency of C-fiber responses (Torebjork and 
Hallin, 1973; Hallin and Torebjork, 1976) and an early find- 
ing by Price (1972) that pressure blocks delayed second pain 
sensation by 200-300 ms, it is conceivable that Bromm’s C- 
fiber-related EP latencies were also delayed by the use of a 
pressure block. 

The responses in the above studies differed from our 
results in that they were only present in trials where the 
earlier A delta-related activity (<450 ms) was absent, 
whereas our frequency domain responses were present in 
the same trials as the earlier pain-related activity. Further 
work is needed to determine whether the activity reported in 
this paper corresponds to the very late and ‘ultralate’ poten- 
tials reported by others. 

4.5. Conclusion 

In this exploratory paper, we have demonstrated that very 
late pain-related activity, localized to the region of the con- 
tralateral central sulcus and consistent with the timing of C- 
fiber transmission, can be seen using a frequency domain 
approach but not a traditional evoked potential time domain 
approach. 

In future work, the use of pressure blocks to block A-fiber 
activity should help clarify the role of the different fiber 
populations involved in this very late activity. Furthermore, 

given Price et al.’s (Price, 1972; Price et al., 1977; Harkins 
et al., 1983) findings that C-fiber-mediated second pain sen- 
sations increase dramatically as stimulation rates are 
increased beyond one stimulus every 3 s, we hypothesize 
that at stimulation rates faster than the rate used in the pre- 
sent study (one stimulus every 5 s) this pattern of activity 
will be more robust and reliable across subjects. If so, this 
work may lead to the development of a non-invasive mea- 
sure that is sensitive to C-fiber-induced cortical responses to 
pain. 
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