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Background: We hypothesize that pain and brain responses are

affected by changes in the presentation sequence of noxious stim-

uli that are, overall, identical in intensity and duration.

Methods: During functional magnetic resonance imaging (fMRI)

scanning, 21 participants experienced three patterns of noxious

stimulation: Up-type (step-up noxious stimulation, 15 s), Down-

type (step-down noxious stimulation, 15 s), and Down–up-type
(decreasing and increasing pattern of noxious stimulation, 15 s).

The total intensity and duration of the three noxious stimulation

patterns were identical, but the stimulation sequences were

different.

Results: Pain and unpleasantness ratings in the Down- and

Down–up-type noxious stimulations were lower than in the Up-

type noxious stimulation. The left prefrontal cortex [(PFC, BA

(Brodmann area) 10, (�45, 50, 1)] was more highly activated in

the Down- and Down–up-type noxious stimulations than in the

Up-type noxious stimulation. The S1, S2, insula, bilateral PFC (BA

46), and midcingulate cortex were more highly activated in the

Up-type noxious stimulation than in the Down-type noxious stim-

ulation. PFC BA 10 was located at an inferior level compared to

the bilateral PFC BA 46 (Z axis = 1 for BA 10, compared to 22 and

25 for the right and left BA 46, respectively). When cortisol level

was increased, the left hippocampal cortex, along with the left

parahippocampal cortex, was greatly activated for the Up-type

noxious stimulation.

Conclusion: When pain cannot be avoided in clinical practice,

noxious stimuli should be applied to patients in a step-down pat-

tern that delivers the most intense pain first and the least intense

pain last.
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Editorial comment: what this article tells us

Aversiveness and memory of pain are influenced by the time course of pain during painful proce-

dures. This study showed that unpleasantness ratings were lower and brain activation patterns

indicated less pain, with the more intense pain first.

Pain is a dynamic phenomenon, as evidenced

by the continual change in nociceptive percep-

tion during surgery and medical procedures.1

This suggests that pain may change according to

the intensity and duration of noxious stimula-

tion. Previous study has shown that less intense

pain at the end of a painful procedure leads

subjects to remember less intense overall pain.2

In addition, adding moments of more intense

pain to the end of an episode can make the epi-

sode worse, while adding moments of less

intense pain can make it better.2 This indicates

that memories of an episode are dominated by

its final moments. However, noxious stimulation

duration and noxious intensity were different in

the short and long trials in a previous study.2

We therefore investigated the effects of changes

in noxious stimulation sequence on pain per-

ception and the brain’s modulatory system

using identical noxious intensity and noxious

stimulation duration.

One noxious stimulation method that leads to

pain reduction is known as offset analgesia. Off-

set analgesia is a reduction in perceived pain

using a small incremental decrease in noxious

stimuli.3,4 However, previous studies have com-

pared two noxious stimulation methods with

different total noxious intensities.3,5 In those

studies, a small incremental decrease in noxious

stimulation was compared to constant noxious

stimulation. Constant noxious stimulation may

cause temporal summation or adaptation that

changes pain perception when noxious heat is

continuously applied to the skin.3,6 Therefore,

comparison between a small incremental

decrease in noxious stimulation and constant

noxious stimulation is not suitable, because the

two noxious stimulation methods have com-

pletely different noxious intensities. A compar-

ison between two noxious stimulation methods

should be based on identical noxious intensity

and duration. We hypothesized that pain and

brain responses are modulated by changes in

noxious stimulation sequence for stimuli of

identical intensity and duration. If identical

intensity of noxious stimulation is perceived as

different pain sensation when the stimulation

sequences are different, noxious stimulation

should be applied in the sequences that pain

perception can be decreased when pain cannot

be avoided in clinical practice.

Pain perception may be changed by testos-

terone and cortisol levels.7–12 During stress, corti-

sol level is negatively correlated with pain

threshold, and testosterone level is positively cor-

related with pain threshold.7 This indicates that

hormone levels can influence an individual’s sus-

ceptibility to pain. Therefore, we hypothesized

that pain and brain responses to thermal noxious

stimulation are modulated by hormones.

Methods

Participants

Twenty-five participants (12 men and 13

women) were recruited for participation in this

study. Twenty-one participants (10 men and 11

women) were included in the results, because

two men and two women had to be excluded

due to excessive head movement (Table S1).

Age did not differ between men and women

(Table S1). Each participant was paid for partic-

ipation. All participants provided written

informed consent acknowledging the following:

(1) they would experience experimental thermal

pain; (2) no tissue damage would result from

this pain; (3) all the methods and procedures

were clearly explained; and (4) they were free

to withdraw from the experiment at any time.

The Medical Ethics Committee of Yonsei

University, Wonju College of Medicine

approved this study. Participants with periph-

eral and central nervous system disease or any

other significant clinical conditions were

excluded, as were participants using medica-

tions that could affect sensory perception, such

as neuropsychotropics or analgesics.

Acta Anaesthesiologica Scandinavica 60 (2016) 117–127

118 ª 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd

J. C. CHOI ET AL.



fMRI scanning

Noxious thermal stimuli were delivered with a

computerized thermal contact stimulator

(CHEPS, Medoc Advanced Medical Systems Ltd.,

Ramat Yishai, Israel) with a 27-mm-diameter

thermode. The thermode was attached to the

medial aspect of the left lower leg skin using a

Velcro strap. In the previous study, temperatures

less than 46°C (44.5, 45, 45.5, and 46°C) are used

as low noxious thermal stimulations.13 It is

known that the normal pain thresholds for a hot

stimulus are 44–47°C. Therefore, we used tem-

peratures less than 46°C as noxious stimula-

tion.14,15 The temperature of the thermode in

three noxious stimulation patterns was increased

from baseline (32°C) to the target temperature at

25°C/s. The target temperature was maintained

for 15 s and then returned to 32°C at 25°C/s. Tar-
get temperatures of the three noxious stimulation

types were as follows: Up-type noxious stimula-

tion pattern (15 s) = 44.5°C for the first

5 s + 45°C for the second 5 s + 46°C for the third

5 s; Down-type noxious stimulation pattern

(15 s) = 46°C for the first 5 s + 45°C for the sec-

ond 5 s + 44.5°C for the third 5 s; and Down–up-
type noxious stimulation pattern (15 s) = 46°C
for the first 5 s + 44.5°C for the second

5 s + 45°C for the third 5 s. Participants were

told that three noxious stimulation types would

be applied during fMRI scanning (Fig. 1). The

intensity and duration of the three sets of noxious

stimuli were identical, but the sequence of stimu-

lus presentation varied.

The present pain experiment was composed of

three runs. Three noxious stimulation patterns

were randomly repeated 10 times during each

run. The three runs were randomly applied to

participants (Fig. 1). During scanning, visual

cues were projected onto a screen located in the

MRI console. Participants viewed these through

a mirror mounted on a head-coil. A red cross

was displayed 2 s prior to noxious stimulation,

indicating that noxious stimulation was to

begin. Participants then received noxious stimu-

lation (15 s), followed by a resting period (30 s,

white cross). Visual cues of 15-s noxious stimu-

lation for the three noxious stimulation patterns

were the following: Up-type, ↑; Down-type, ↓;
Down–up-type, . This 47-s (2 + 15 + 30) block

was repeated 10 times in one run. To familiarize

participants, the noxious stimulus and visual

cues were presented before the experiment

began. To minimize the possibility of habitua-

tion or sensitization, the thermode was moved a

short distance to the adjacent medial left lower

leg skin between runs.

At the completion of fMRI scanning, partici-

pants were asked to rate their average pain and

unpleasantness during each run. The final aver-

age pain and unpleasantness ratings of the

three noxious stimulation patterns were calcu-

lated as the mean of pain and unpleasantness

ratings during the three runs. Ratings were

assessed using a numerical rating scale where

0 = no pain and unpleasantness and

100 = maximum imaginable pain and unpleas-

antness.

Hormones

To measure testosterone and cortisol levels,

venous blood samples were drawn from an

antecubital vein with a 21-gauge needle. Partici-

pants were instructed to avoid eating for 2 h

before blood sampling. Blood samples were

collected before fMRI scanning. Testosterone

Fig. 1. Study protocol. Total noxious intensity in the three stimulation

patterns was identical, but the stimulation sequence was varied. This

pain experiment was composed of three runs. Three noxious

stimulation patterns [Up-type noxious stimulation (UTS), Down-type

noxious stimulation (DTS), and Down–up-type noxious stimulation

(DUTS)] were randomly repeated 10 times during each run. The

sequences of the three runs were as follows: DUTS-DTS-DTS-UTS-DTS-

UTS-DUTS-DTS-UTS-DUTS; UTS-DUTS-DTS-UTS-DUTS-UTS-DUTS-DTS-UTS-

DTS; DTS-DUTS-UTS-DUTS-DUTS-UTS-DTS-DTS-UTS-DUTS. The three

runs were randomly applied to participants. A red cross was

displayed 2 s prior to noxious stimulation; then, participants received

noxious stimulation (15 s), followed by a resting period (30 s). This

47-s (2 + 15 + 30) block was repeated 10 times during each run.
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and cortisol levels were quantified using the

COBRA 5010 Quantum c-counter (Packard,

Meriden, CT, USA) with Coat-A-count Testos-

terone (Siemens, Los Angeles, CA, USA) and

Coat-A-count Cortisol (Siemens) kits.10 The

intra- and inter-assay coefficients of variation

were 5.5% and 6.3% for testosterone and 5.5%

and 6.3% for cortisol, respectively.

Statistical analyses of behavioral and

hormonal data

In choosing the sample size, we relied on two

previous fMRI studies in which brain activation

was measured.16,17 These were performed using

20 patients, a sample size that was exceeded in

the present study. Group data were analyzed

using repeated measures ANOVA with PASW

(Predictive Analytics Software) Statistics version

20 (SPSS Inc., Chicago, IL, USA). Post hoc tests

were performed using the Bonferroni correction.

Differences between men and women were ana-

lyzed using an independent samples t-test. Pear-

son correlation coefficients were calculated.

P < 0.05 was considered statistically significant.

Image acquisition

Before scanning, participants were instructed to

stay awake and to refrain from moving through-

out the imaging session. After being placed in a

comfortable position, the head was immobilized

with padded ear muffs and a foam headrest,

and a plastic bar was placed across the bridge of

the nose. MRI data were acquired using a

3T MRI scanner (Philips Medical Systems,

Best, The Netherlands). Functional images

were acquired using echo-planar imaging with

the following imaging parameters: echo

time = 35 ms, repetition time = 3000 ms, flip

angle = 90°, matrix size = 128 9 128, field of

view = 220 9 220 mm2, voxel size = 1.72 9

1.72 9 4.5 mm3, gap = 0.5 mm, and slice thick-

ness = 4 mm. For most participants, 33 slices

were acquired to include the entire brain vol-

ume; 35 slices were acquired in one participant.

A structural T1-weighted image was obtained

using a gradient echo sequence (echo time = 4.6

ms, repetition time = 9.9 ms, flip angle = 8°,
matrix size = 220 9 220, field of view = 220 9

220 mm2, and voxel size = 1 mm3).

Statistical analyses of fMRI data

Preprocessing and basic statistical analyses were

conducted using Statistical Parametric Mapping

(SPM8; Wellcome Department of Imaging Neu-

roscience, University College, London). Func-

tional volumes for three runs were

concatenated, corrected for slice timing, rea-

ligned, normalized (resampling voxel size, 3 9

3 9 3 mm), and smoothed (Gaussian kernel,

8 9 8 9 8 mm). A high-pass filter (cutoff: 128-s

period) and an autocorrelation correction were

applied to the resulting time series.

Preprocessed images were analyzed using a

general linear model (GLM) in which three 15-s

noxious stimulation events in each of three nox-

ious stimulation patterns were modeled using a

canonical hemodynamic function. In addition,

six movement parameters and session means

were included as covariates. Analyses were

performed for each individual, and resulting

contrast images were entered into second-level

analyses, treating the participant as a random

effect. To prevent false positives, we used a sta-

tistical criterion of 22 or more continuous voxels

with a voxel-wise uncorrected threshold of

P < 0.001, which corresponds to an experiment-

wise threshold of P < 0.05, corrected for multiple

comparisons. This threshold was applied to all

statistical analyses of fMRI data in this study.18

We used AlphaSim in REST software (http://

restfmri.net/forum/REST) to correct for multiple

comparisons to P < 0.05. The AlphaSim (REST

toolbox implementation) employs Monte Carlo

simulations for the control of type I and II errors.

This program was run by the mask that was used

to analyze the present fMRI data in SPM8.

To investigate the relationships between brain

activation and covariates for the Up-type nox-

ious stimulation, we performed a multiple

regression analysis using SPM8. Cortisol (first

regressor) and testosterone/cortisol ratio (second

regressor) were included as regressors. When

cortisol level was increased [contrast (0 1 0)],

brain activation areas in the Up-type noxious

stimulation were identified. When the testos-

terone/cortisol ratio was decreased [contrast (0 0

�1)], brain activation areas in the Up-type nox-

ious stimulation were identified.

The time series analysis of three noxious stim-

ulation patterns was calculated using MarsBaR
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[radius of ROI (region of interest) = 5 mm]

(http://marsbar.sourceforge.net/). Using a repea-

ted measures ANOVA test, average % MR sig-

nal changes were compared among three

noxious stimulation patterns between 0 and

30 s after onset of noxious stimulation [noxious

stimulation period (0–15 s); resting period (15–
30 s)]. Although we recognize the danger of

double dipping,19 this ROI analysis is per-

formed to graphically explain the time series of

brain activations to those who are relatively

unfamiliar with brain imaging studies.

Results

Behavioral and hormonal data

Testosterone, cortisol, and T/C ratio were higher

in men than in women (Table S1). Average pain

and unpleasantness ratings in three noxious

stimulations were significantly lower in men

than in women (Table S2).

In a repeated measures ANOVA test of behav-

ioral data (Table 1), average pain ratings dif-

fered significantly among Up-, Down-, and

Down–up-types [F(2, 40) = 88.20, P < 0.001].

Post hoc tests using the Bonferroni correction

revealed that pain ratings in the Up-type nox-

ious stimulation were significantly higher than

those in the Down- and Down–up-type noxious

stimulations. However, there was no significant

difference between the Down- and Down–up-
type noxious stimulations. Average unpleasant-

ness ratings differed significantly among Up-,

Down-, and Down–up-types [F(2, 40) = 80.127,

P < 0.001]. Post hoc tests using the Bonferroni

correction revealed that unpleasantness ratings

in the Up-type noxious stimulation were signifi-

cantly higher than those in the Down- and

Down–up-type noxious stimulations. However,

there was no significant difference between the

Down- and Down–up-type noxious stimula-

tions.

The testosterone/cortisol (T/C) ratio was nega-

tively correlated with average pain rating in the

three noxious stimulation patterns [Up-type

(r = �0.704, P < 0.001), Down-type (r = �0.571,

P = 0.007), Down–up-type (r = �0.506, P =
0.019)]. The testosterone/cortisol (T/C) ratio was

also negatively correlated with average unpleas-

antness rating in the three noxious stimulation

patterns [Up-type (r = �0.684, P = 0.001),

Down-type (r = �0.570, P = 0.007), Down–up-
type (r = �0.543, P = 0.011)].

fMRI data

There was no difference in brain activation

between men and women in the two sample t-

test or repeated measures ANOVA in the thresh-

old selected in this study.

Repeated measures ANOVA

The primary somatosensory cortex (S1), sec-

ondary somatosensory cortex (S2), insula, mid-

cingulate cortex (MCC), and frontal cortex were

activated in repeated measures ANOVA

(Table S3). The S1, S2, insula, PFC (prefrontal

cortex, BA 46), MCC, and dorsal anterior cingu-

late cortex (dACC) were more highly activated

in the Up-type noxious stimulation than in the

Down-type noxious stimulation (Table 2). The

left lateral frontopolar cortex [BA 10, (�45, 50,

1)] was more highly activated in the Down–up-
type noxious stimulation than in the Up-type

noxious stimulation (Table S4).

Table 1 Average pain and unpleasantness ratings measured

during the 15-s pain period for the three noxious stimulation

types.

Ratings Ratings P value

Pain ratings

Up-type

(87.25 � 14.85)

Down-type

(63.97 � 18.48)

< 0.001

Up-type

(87.25 � 14.85)

Down–up-type

(68.38 � 16.95)

< 0.001

Down-type

(63.97 � 18.48)

Down–up-type

(68.38 � 16.95)

0.085

Unpleasantness ratings

Up-type

(86.87 � 14.54)

Down-type

(64.00 � 17.78)

< 0.001

Up-type

(86.87 � 14.54)

Down–up-type

(67. 54 � 17.31)

< 0.001

Down-type

(64.00 � 17.78)

Down–up-type

(67. 54 � 17.31)

0.322

Data shown are mean � SD. Data were analyzed using a

repeated measures ANOVA test. Up-type = step-up noxious stim-

ulation. Down-type = step-down noxious stimulation. Down–up-

type = decreasing and increasing pattern of noxious stimulation.
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Multiple regression analysis of fMRI data

When cortisol level was increased, the left

hippocampal cortex, along with the left parahip-

pocampal cortex was greatly activated for the

Up-type noxious stimulation [left (�21, �13,

�20), 3.87 (t-value), 37 (voxel)].

Percentage MR signal change in fMRI data

These findings are shown in Fig. 2 and in the

supplementary materials.

Percentage MR signal change in the left PFC

In a time series analysis of three noxious stimu-

lation patterns using MarsBaR, a repeated mea-

sures ANOVA determined that percentage

signal change in the left prefrontal cortex dif-

fered among the three noxious stimulation pat-

terns (Fig. 2A and Table S5–S7, radius of

ROI = 5 mm, (�45, 50, 1) and supplementary

materials). Post hoc tests revealed that between

9 and 12 s after onset of noxious stimulation,

percentage signal change was higher in the

Down–up-type noxious stimulation than in the

Up-type noxious stimulation. Between 12 and

15 s, percentage signal change in the Down-

and Down–up-type noxious stimulation patterns

was significantly higher than that in the Up-

type noxious stimulation pattern. Between 15

and 18 s, percentage signal change in the

Down- and Down–up-type noxious stimulation

patterns was significantly higher than that in

the Up-type noxious stimulation pattern. This

means that, between 12 s and 18 s, activation of

the left prefrontal cortex in the Down- and

Down-up-type noxious stimulation patterns was

greater than in the Up-type noxious stimulation

pattern. This data indicate that activation of the

left prefrontal cortex localized around the coor-

dinate (BA 10, �45, 50, 1) might lead to

decreased pain ratings in the Down- and

Down–up-type noxious stimulation patterns

compared to the Up-type noxious stimulation

pattern.

Percentage MR signal change in the left PFC between

18 and 21 s after onset of noxious stimulation

Percentage signal change in the left prefrontal

cortex between 18 and 21 s differed among

the three noxious stimulation patterns [F(2,

40) = 3.905, P = 0.028], shown in Fig. 2B and

Table S8, radius of ROI = 5 mm, (�30, 47, 25).

Post hoc tests revealed that percentage signal

change in the Up-type noxious stimulation pat-

tern was significantly higher than that in the

Down-type noxious stimulation pattern. This

indicates that, between 18 and 21 s, activation

of the left prefrontal cortex in the Up-type nox-

ious stimulation pattern was greater than in the

Down-type noxious stimulation pattern. This

suggests that activation of the left prefrontal cor-

tex localized around coordinate (BA 46, �30,

47, 25) might lead to increased pain ratings in

the Up-type noxious stimulation pattern com-

pared to the Down-type noxious stimulation

pattern.

Percentage MR signal change in the right PFC between

18 and 21 s after onset of noxious stimulation

Percentage signal changes in the right prefrontal

cortex between 18 and 21 s differed among the

three noxious stimulation patterns [F(2,

40) = 3.345, P = 0.045], shown in Fig. 2C and

Table S9, radius of ROI = 5 mm, (30, 50, 22).

Table 2 Brain areas that were more highly activated in the

Up-type noxious stimulation than in the Down-type noxious

stimulation.

Region of activation Voxels Coordinates T value

Rt precentral cortex 1002 9, �13, 70 5.71

Rt supplementary motor cortex,

MCC including dACC

3, �1, 49 5.55

Rt S1 12, �31, 73 5.41

Lt dorsolateral prefrontal

cortex (BA 46)

73 �30, 47, 25 5.19

Lt central opercular cortex 84 �57, 5, 1 4.90

Lt insula �48, 2, 4 4.35

Rt central opercular cortex

including insula (45, 1, 2)

421 51, 2, 4 4.87

Rt S2 60, �19, 19 4.57

Lt S2 150 �63, �25, 16 4.71

Rt dorsolateral prefrontal

cortex (BA 46)

29 30, 50, 22 4.43

Coordinates = peak MNI coordinates (x, y, z). MCC = midcingulate

cortex. dACC = dorsal anterior cingulate cortex. S1 = primary

somatosensory cortex. S2 = secondary somatosensory cortex.

Voxels = number of voxels. The brain areas that do not have

listed voxels are included in the cluster. Up-type noxious stimula-

tion = step-up noxious stimulation. Down-type noxious stimula-

tion = step-down noxious stimulation.
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Post hoc tests revealed that percentage signal

change in the Up-type noxious stimulation pat-

tern was significantly higher than those in the

Down-type noxious stimulation pattern. This

indicates that, between 18 and 21 s, activation

of the right prefrontal cortex in the Up-type nox-

ious stimulation pattern was greater than in the

Down-type noxious stimulation pattern. This

suggests that activation of the right prefrontal

cortex localized around coordinate (BA 46, 30,

50, 22) might lead to increased pain ratings in

the Up-type noxious stimulation pattern com-

pared to the Down-type noxious stimulation

pattern. Similar PFC areas in both hemispheres

[BA 46, left (�30, 47, 25), right (30, 50, 22)]

were more highly activated in the Up-type nox-

ious stimulation pattern compared to the Down-

type noxious stimulation pattern.

Percentage MR signal change in the right midcingulate

cortex (MCC)

A repeated measures ANOVA determined that

percentage signal change in the right MCC dif-

fered among the three noxious stimulation pat-

terns, as shown in Fig. 2D, Table S10 and S11,

radius of ROI = 5 mm, (6, �4, 43). Post hoc

tests revealed that between 12 and 15 s after

onset of noxious stimulation, percentage signal

change in the Up-type noxious stimulation pat-

tern was significantly higher than that in the

Down-type noxious stimulation pattern.

Between 15 and 18 s, percentage signal change

in the Up- and Down–up-type noxious stimula-

tion patterns was significantly higher than that

in the Down-type noxious stimulation pattern.

This means that, between 12 s and 18 s, activa-

A

B C

D E

Fig. 2. Average% MR signal change [noxious stimulation period (0–15 s); resting period (15–30 s)] (supplementary materials). (A) [Percentage MR

signal change in the left PFC (�45, 50, 1)]. 9 s ~ 12 s (Down–up-type > Up-type; This indicates that, between 9 and 12 s, activation of the left

prefrontal cortex in the Down–up-type noxious stimulation was greater than in the Up-type noxious stimulation), 12–15 s (Down- and Down–up-

types > Up-type), 15–18 s (Down- and Down–up types > Up-type). (B) [Percentage MR signal change in the left PFC (�30, 47, 25)]. 18–21 s

(Up-type > Down-type). (C) [Percentage MR signal change in the right PFC (30, 50, 22)]. 18–21 s (Up-type > Down-type). (D) [Percentage MR signal

change in the right MCC (6, �4, 43)]. 12–15 s (Up-type > Down-type), 15–18 s (Up- and Down–up-types > Down-type). (E) [Percentage MR signal

change in the right S1 (15, �40, 67)]. 12–15 s (Up-type > Down- and Down–up-types), 15–18 s (Up- and Down–up-types > Down–up-type). Stars

indicate P < 0.05 when post hoc tests were conducted using the Bonferroni correction. Up-type = step-up noxious stimulation. Down-type = step-

down noxious stimulation. Down–up-type = decreasing and increasing pattern of noxious stimulation. PFC = prefrontal cortex,

MCC = midcingulate cortex, S1 = primary somatosensory cortex, Lt = left, Rt = right.
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tion of the right MCC in the Up-type noxious

stimulation pattern was greater than that in the

Down-type noxious stimulation pattern. This

data indicate that activation of the right MCC

might lead to increased pain ratings in the Up-

type noxious stimulation pattern compared to

the Down-type noxious stimulation pattern.

Percentage MR signal change in the right S1

A repeated measures ANOVA determined that

percentage signal change in the right S1 differed

among the three noxious stimulation patterns,

as shown in Fig. 2E, Table S12 and S13, radius

of ROI = 5 mm, (15, �40, 67). Post hoc tests

revealed that between 12 and 15 s after onset of

noxious stimulation, percentage signal change

in the Up-type noxious stimulation pattern was

significantly higher than that in the Down- and

Down–up-type noxious stimulation patterns.

Between 15 and 18 s, percentage signal change

in the Up- and Down–up-type noxious stimula-

tion patterns was significantly higher than that

in the Down noxious stimulation pattern. This

indicates that, between 12 and 18 s, activation

of the right S1 in the Up-type noxious stimula-

tion pattern was significantly greater than in the

Down-type noxious stimulation pattern. There-

fore, pain ratings might be higher in the Up-

type noxious stimulation patterns than in the

Down-type noxious stimulation pattern.

Discussion

Pain and unpleasantness ratings in the Down-

and Down–up-type noxious stimulations were

lower than those in the Up-type noxious stimu-

lation. The brain areas that are usually activated

by noxious stimulation were more highly acti-

vated in the Up-type noxious stimulation than

in the Down-type noxious stimulation. The left

PFC located around coordinate (BA 10, �45, 50,

1) was more highly activated in the Down- and

Down–up-type noxious stimulations than in the

Up-type noxious stimulation.

Although the prefrontal cortices are activated

in both Down- [(PFC, BA 10, (�45, 50, 1)] and

Up-type [BA 46, (30, 50, 22), (�30, 47, 25)] nox-

ious stimulations, the PFC (BA 10) activated in

the Down-type noxious stimulation was located

at an inferior level compared to those (BA 46)

activated in the Up-type noxious stimulation (Z

axis = 1 for BA 10, compared to 22 and 25 for

the right and left BA 46, respectively). Pain and

unpleasantness ratings in the Down- and

Down–up-type noxious stimulations were sig-

nificantly lower than those in the Up-type nox-

ious stimulation. The lateral PFC has been

implicated in endogenous pain inhibition.20 The

Down-type noxious stimulation may result in

higher activation of the left PFC (�45, 50, 1),

leading to decreased pain perception in the

Down- and Down–up-type noxious stimulations

compared to the Up-type noxious stimulation.

The S1, S2, and bilateral midinsula were sig-

nificantly activated in the Up-type noxious stim-

ulation compared to the Down-type noxious

stimulation. Pain and unpleasantness ratings in

the Up-type noxious stimulation were higher

than in the Down-type noxious stimulation.

Between 12 and 18 s after onset of noxious stim-

ulation, activation of the right S1 in the Up-type

noxious stimulation pattern was significantly

greater than in the Down-type noxious stimula-

tion pattern. Because S1 and S2 contain neurons

activated by noxious somatosensory stimuli,20

they are related to the sensory discriminative

dimension of noxious somatosensory stimuli.

Activation in the anterior insula is correlated

with the subjective evaluation of heat pain, while

activation in the posterior insula is correlated

with the objective intensity of heat pain21,22. The

insula is strongly interconnected with the cingu-

late cortex as well as the frontal, parietal, and

temporal lobes.23 The anterior insula and midcin-

gulate cortex are commonly coactivated in studies

of emotional processing.21,23 In the present study,

the insula and midcingulate cortex were coacti-

vated in the Up-type noxious stimulation com-

pared to Down-type noxious stimulation.

Therefore, activation of S1, S2, and the bilateral

midinsula may contribute to increased pain per-

ception in the Up-type noxious stimulation com-

pared to the Down-type noxious stimulation.

The MCC was more highly activated in the

Up-type noxious stimulation than in the Down-

type noxious stimulation. Between 12 and 18 s

after onset of noxious stimulation, activation of

the MCC was significantly higher in the Up-

type noxious stimulation than in the Down-type

noxious stimulation. It is known that neural

responses to acute pain in the MCC have
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attentional and affective functions in relation to

painful stimuli.24 Activation of the MCC may

lead to increased pain perception in the Up-type

noxious stimulation compared to the Down-type

noxious stimulations.

Multiple regression analysis indicates that

when cortisol level increased, the left hippocam-

pal cortex, along with the left parahippocampal

cortex was greatly activated for the Up-type nox-

ious stimulation. The parahippocampal cortex is

activated in response to pain and is thought to

contribute to the negative effects associated with

pain and aversive drive mediation.25,26 In a pain

experiment conducted during stress conditions,

salivary cortisol level was negatively correlated

with pain threshold.7 The right hippocampal

cortex was greatly activated in more painful

condition in the previous study.8 Therefore, pain

perception in the Up-type noxious stimulation

might be increased due to activation of the hip-

pocampal cortex with increased cortisol.

Our findings of greater pain and brain

responses to noxious stimulation in the Up-type

noxious stimulation than in the Down- and

Down–up-type noxious stimulations may influ-

ence clinical practice in this area. Articular carti-

lage is less sensitive to pain than the highly

pain-sensitive periosteum.27 When the perios-

teum and articular cartilage are sequentially

manipulated and incised in orthopedic surgery,

pain perception might be reduced if the perios-

teum is manipulated before the articular carti-

lage. This is because manipulation of articular

cartilage causes less pain than periosteal manip-

ulation.28 Pain-sensitive visceral organs such as

the gut, bladder, and ureters are differentiated

from less pain-sensitive visceral organs such as

the liver.29,30 If the liver and pain-sensitive vis-

ceral organs are sequentially manipulated and

incised in surgery, pain perception might be

decreased if pain-sensitive visceral organs are

manipulated before the liver.

Conclusion

This study is the first to investigate brain mech-

anisms that modulate pain perception by chang-

ing noxious stimulation sequences under

identical noxious intensity and duration. Pain

and unpleasantness ratings in the Down- and

Down–up-type noxious stimulation were lower

than in the Up-type noxious stimulation. The

Up-type noxious stimulation resulted in greater

activation of the brain areas that are usually

activated by noxious stimulation, which led to

increased pain perception. Down- and Down–
up-type noxious stimulations resulted in greater

activation of the left PFC [(BA 10, (�45, 50, 1)],

which led to decreased pain perception in the

Down- and Down–up-type noxious stimulations

compared to the Up-type noxious stimulation.

In clinical practice where pain cannot be

avoided, noxious stimulation must be applied to

patients in a step-down pattern in which the

most intense pain applied before the least

intense pain.
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Table S11. Percentage MR signal change in the

right MCC between 15 s and 18 s after onset of

noxious stimulation in the right MCC.

Table S12. Percentage MR signal change in the

right S1 between 12 s and 15 s after onset of

noxious stimulation in the right S1.

Table S13. Percentage MR signal change in the

right S1 between 15 s and 18 s after onset of

noxious stimulation in the right S1.

Acta Anaesthesiologica Scandinavica 60 (2016) 117–127

ª 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd 127

STEP-UP VS. STEP-DOWN NOXIOUS STIMULI


