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ABSTRACT

The perception of pain changes as people age. However, how aging affects the quality of pain and whether
specific pain-processing brain regions mediate this effect is unclear. We hypothesized that specific struc-
tures in the cerebral nociceptive system mediate the effect of aging on the variation in different pain psy-
chophysical measures. We examined the relationships between painful heat stimulation to the foot and
both functional magnetic resonance imaging signals and gray matter volume in 23 healthy subjects (aged
25~71 years). Increased age was related to decreased subjective ratings of overall pain intensity and the
“sharp” quality of pain. Group activation maps of multiple linear regression analyses revealed that age
predicted responses in the middle insular cortex (IC) and primary somatosensory cortex (S1) to pain
stimuli after controlling for their gray matter volumes. Blood oxygenation level-dependent signals in
the contralateral middle IC and S1 were related to ratings of “sharpness,” but not any affective descriptors
of pain. Importantly, activity in the contralateral middle IC specifically mediated the effect of age on over-
all pain perception, whereas activity in the contralateral S1 mediated the relationship between age and
sharp sensation to pain. The analyses of gray matter volume revealed that key nociceptive cerebral
regions did not undergo significant age-related gray matter loss. However, the volume of the cingulate
cortex covaried with pain perception after adjusting for corresponding neural activity to pain. These
results suggest that age-related functional alterations in pain-processing regions are responsible for
changes in pain perception during normal aging.

© 2013 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

in pain-processing brain regions remains elusive. In humans, elec-
trophysiological studies have shown that brain responses to pain

Pain perception changes during normal aging [25], but its neu-
ral substrate remains unclear. The aging process is accompanied by
structural and functional changes in peripheral nociceptors
[9,58,81], but the functional and structural alterations that occur
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decline with advancing age [11,28,77], suggesting alterations in
the central processing of pain in normal aging. Given that brain
hemodynamic responses of other sensations, including vision
[38], audition [39], and olfaction [85] decrease during aging, we
hypothesize that a similar decline in pain processing also occurs.

The experience of pain is multidimensional and contains di-
verse qualities [52]. Functional changes in different pain-related
brain regions have been associated with different aspects of pain
[76]. For example, the somatosensory cortices and insula have
been associated with the sensory quality of pain [36,60], and the
cingulate cortex with the affective aspects [68]. However, these
cerebral structures receive similar projections from peripheral
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nerve fibers. Given that there are age-related alterations in
peripheral nociceptors, it would be important to explore how the
experienced quality of pain is affected by age. Surprisingly, only
a limited number of behavioral studies have investigated this issue
[34], and it is not yet known whether aging is accompanied by
changes in the cerebral activity that is related to specific qualities
of pain. The present study examined whether the influence of age
on distinct pain psychophysics is mediated by specific structures in
the central nociceptive system.

In addition to functional changes, aging-related structural
changes in cerebral areas that are related to pain processing are
not well characterized. Normal aging is accompanied with a grad-
ual loss of brain tissue [44,53,69], including cortical areas related
to pain, such as the insula [29], cingulate [74], and somatosensory
cortices [69]. Despite accumulated studies describing the relation-
ship between chronic pain and volumetric changes in pain-associ-
ated regions [2,26,44,53], limited research has investigated gray
matter correlates of acute physiological pain [20,31]. Whether
the morphologic changes of pain-associated regions independently
contribute to the altered experience of pain in normal aging is un-
known. In addition, structural changes potentially confound the
evaluation of neural responses to pain [66]. Thus, adjustment of
the measured blood oxygen level-dependent (BOLD) responses
for the regional volume will help to depict the full picture of age-
related functional alterations to pain. Similarly, the relationship
between structural changes and pain may be better elucidated by
correcting for age-related signal changes in the same region.

Most imaging studies of pain in the healthy population involve
participants with a narrow range of age, making the impact of age
impossible to fully explore. We recruited a group of healthy partic-
ipants with a large age range to elucidate age-related functional
and structural changes in pain-processing brain regions. We
hypothesized that aging would accompany a change in the psycho-
physical measure of the distinct quality of pain, which would be
mediated by neural activity in the cerebral nociceptive system.

2. Materials and methods
2.1. Subjects

Twenty-three healthy right-handed normal subjects (9 men and
14 women) between 25 and 71 years of age (mean 45.6 years) par-
ticipated in the study. Nine females were premenopausal, and they
were scanned during days 5~10 of their menstrual cycle. Each sub-
ject’s personal history was taken using questionnaires to review
neurologic systems in order to exclude latent neurologic disorders.
Neurological examinations were performed to exclude any neuro-
psychiatric disorder or pain symptoms. Because clinically silent
cerebrovascular pathology in persons of advanced age may affect
neurovascular coupling and BOLD signals [18], subjects with the
presence of cerebral infarcts, hemorrhage, or subcortical arterio-
sclerotic encephalopathy on T2 magnetic resonance imaging
(MRI) were not enrolled in the current study. The study protocol
was approved by the Ethics Committee of National Taiwan Univer-
sity Hospital, Taipei, Taiwan, and informed consent was obtained
from all subjects before the experimental procedures.

2.2. Thermal stimulation

Thermal stimulation was delivered by a contact heat-evoked
potential stimulator (PATHWAY sensory evaluation system; Me-
doc, Ramat Yishai, Israel) via a 27-mm-diameter circular thermo-
foil (572 mm?) [11,78]. The thermofoil permitted a very rapid
heating rate (up to 70°C/s) and a fast cooling rate (up to 40°C/s).
The stimulus temperature in this study was defined as the temper-

ature of thermofoil applied to the skin. Cooling began immediately
after the thermode reached its target stimulus temperature.

2.3. Image acquisition

The functional MRI (fMRI) study was performed using a 3T MRI
scanner (Trio; Siemens, Erlangen, Germany). The subject’s head
was comfortably positioned inside a receive-only 8-channel head
coil, padded with sponges, and fixed with a strap across the fore-
head to minimize head motion. Each subject was provided with
earplugs to minimize scanner noise. A whole-brain high-resolution
T1-weighted image was acquired using 3D acquisition with mag-
netization-prepared rapid gradient echo sequence (repetition time
[TR]=1380 ms; echo time |[TE]=2.6ms; time to inversion
[TI] =800 ms; flip angle =15°; field of view [FOV] =25 x 25 cm;
slice thickness =1 mm; 192 slices in axial plane; acquisition
matrix = 256 x 256; acquired resolution = 0.98 x 0.98 x 1.00 mm).
Gradient-echo echo planar imaging was used to acquire BOLD con-
trast data. The acquisition parameters were TR/TE of 3000/30 ms, a
flip angle of 90°, a 64 x 64 matrix, a FOV of 250 x 250 mm, and a
slice thickness of 3.9 mm, resulting in a voxel size of
3.9 x 3.9 x 3.9 mm. In total, 35 horizontal slices along the ante-
rior/posterior commissure line were obtained covering the entire
brain. The first 4 images were discarded to account for spin satura-
tion effects.

2.4. Experimental protocol

We used a block-designed fMRI protocol similar to our previous
designs [78]. One hour before fMRI scanning, subjects were
brought to a waiting room where they were familiarized with
the instructions for the experiment and the rating procedure. The
imaging session consisted of one T2-weighted image, one T1-
weighted anatomical scan, and one functional scanning run. The
thermode was strapped to the dorsum of the right foot without
causing any pressure, and the stimulation site was fixed during
the functional scan. The stimulus sequence during the functional
scanning run consisted of 5 presentations of the same stimulus
that ramped from the baseline 32°C (36 seconds) to 44°C (12 sec-
onds) at 20°C/s and then returned to the baseline temperature at
40°C/s. Immediately before scanning, subjects were instructed to
refrain as much as possible from moving throughout the imaging
session, to pay attention to the stimuli, and to keep in mind the
sensation they felt and report it after each functional scan was
completed. Subjects were also instructed to keep their eyes closed
during stimulation. After the fMRI scan, subjects were asked to ver-
bally rate the average perception for the 5 stimuli. In order to ob-
tain an overall, rather than unidimensional, measure of pain
perception and to minimize errors in the elderly subjects [41],
we used a verbal rating scale (VRS) ranging from 0 to 10: with O
indicating no sensation, 4 just painful, and 10 unbearable pain,
which had been adopted in previous studies [45,57,71]. Since one
of the aims of this study was to examine age-related changes in
pain quality, the Short-Form McGill Pain Questionnaire [51], which
has been used to characterize changes in different qualities of pain
perception in healthy subjects [42,49], was employed to assess 11
sensory and 4 affective descriptors [71]. Each descriptor was rated
on a 4-point scale from no (0) to severe (3) sensation (Table 1).

2.5. Functional image analysis

fMRI image processing and data analysis were performed using
SPM8 (www.fil.ion.ucl.ac.uk/spm) [22] implemented in MATLAB
(MathWorks, Sherborn, MA, USA). Briefly, the fMRI data series
was realigned to the first volume in each scan sequence and re-
sliced with sinc interpolation to correct for motion artifacts [23].
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Table 1

Correlations between scores of pain descriptors on the short-form McGill Pain Questionnaire to thermal pain stimulation and age and neural activity in age-related brain regions.

Correlation (r, raw P-value)

Age Left S1 Left mIC Right mIC

Sensory descriptor

Throbbing -0.317, 0.140 0.556, 0.006% 0.280, 0.196 —-0.283, 0.191
Shooting —0.281, 0.193 0.173, 0.431 0.385, 0.07 0.007, 0.976
Stabbing —0.400, 0.058 0.41, 0.052 0.526, 0.01° 0.350, 0.102
Sharp —0.578, 0.004*" 0.71, 0.0001** 0.724, <0.0001*" 0.566, 0.005%
Cramping —0.160, 0.466 0.389, 0.067 0.158, 0.471 0.221, 0.311
Gnawing 0.018, 0.934 0.413, 0.050 0.174, 0.428 0.164, 0.454
Hot-burning 0.051, 0.816 0.208, 0.340 0.147, 0.503 0.159, 0.469
Aching —0.360, 0.092 0.265, 0.221 0.143,0.514 0.228, 0.296
Heavy —0.315, 0.143 0.19, 0.384 0.219, 0.316 0.066, 0.765
Tender —0.241, 0.269 0.438, 0.037 0.258, 0.235 0.469, 0.024
Splitting —0.331, 0.123 0.265, 0.222 0.399, 0.060 0.215, 0.324
Affective descriptor

Tire-exhausting —0.286, 0.185 0.313, 0.146 0.109, 0.621 0.247, 0.256
Sickening —0.036, 0.872 0.234, 0.282 0.141, 0.520 0.048, 0.827
Fearful —0.028, 0.898 0.068, 0.757 0.214, 0.326 —0.041, 0.852
Punishing-cruel —0.175, 0.424 0.188, 0.389 0.366, 0.086 0.135, 0.539
Total scores for sensory descriptors —-0.514, 0.012? 0.662, 0.0006* 0.607, 0.0021* 0.426, 0.043*
Total scores for affective descriptors —0.128, 0.560 0.241, 0.268 0.310, 0.1502 0.084, 0.705

S1, primary somatosensory cortex; mIC, middle insular cortex. Because 11 and 4 regressions were performed in sensory and affective descriptors, respectively, Bonferroni-
corrected P-value for multiple comparisons was calculated by multiplying the raw P-value by 11 or 4 to identify significant correlations with sensory or affective quality of

pain.
4 Raw P-value <0.05 (Pearson’s correlation).
b Bonferroni-corrected P-value <0.05.

Subjects enrolled in the present study had no scans with sudden
head movements >2 mm. The resulting mean image was registered
to the corresponding T1-weighted anatomical image. To enable
intersubject analysis, the T1-weighted image of each subject was
normalized to the standard Montreal Neurological Institute (MNI)
template [16], and the normalization parameters were then ap-
plied to the functional data of that subject. The resampled voxel
volume of the normalized images was 2 x 2 x 2 mm. Subse-
quently, data were smoothed using an isotropic Gaussian kernel
with an 8-mm full width at half maximum (FWHM). Condition-
specific effects were estimated using the general linear model in
SPMS8, which was constructed by convolving a boxcar sequence
with the hemodynamic response function [22]. A high-pass filter
with a cutoff period of 128 seconds was used to remove low-fre-
quency noise. Statistical parametric maps of brain activation for
the entire 12-second stimuli at the target temperatures were pre-
sented as t-contrasts for the 12-second stimulation regressor vs the
baseline regressor. To minimize potential confounding effects of
pain-related activation, only the final 12 seconds of the 32°C stim-
ulus temperature was defined as the baseline [78] because the
duration of poststimulus cerebral activation to heat pain was
approximately 10 seconds [12,54], and it took several additional
seconds for the skin temperature to return to the baseline after a
tonic stimulus delivered by the contact heat-evoked potential
stimulator [30]. First-level t-contrasts were then entered into a
second-level random-effects analysis [37].

To investigate aging effects on the central nociceptive system,
we focused our analyses on major heat pain-processing brain re-
gions in the current study, including the primary somatosensory
cortex (S1), secondary somatosensory cortex (S2), insular cortex
(IC), and the cingulate cortex [19]. The rationale of analysis in
the current study consisted of 5 components. First, we confirmed
BOLD responses in pain-related brain regions to 44°C stimuli. To
minimize false positives [48], this mean group activation map
was corrected for multiple comparisons by thresholding at
P < 0.05 family-wise error (FWE) and at a minimum cluster size
of 10 contiguous voxels. Second, we employed a multiple linear
regression analysis in SPM to examine whether age rather than
pain intensity ratings predicted responses in cerebral regions en-
gaged in the processing of pain. This multiple regression model

corrected for FWE revealed no suprathreshold activations. Given
FWE is conservative and prone to false negatives [46,48] and we
treated whole-brain multiple linear regression analysis as second-
ary exploratory analysis in the present study, we performed clus-
ter-based multiple comparisons correction with Monte Carlo
simulations to reveal spatially extended activation clusters [56].
Clusters with at least 872 mm> and a voxel-wise threshold of
P =0.005 were regarded as significant, which achieved an o value
of 0.05 corrected for multiple comparisons. These thresholds were
determined using Monte Carlo simulations (n = 10,000) [21] imple-
mented in the 3dClustSim program of the Analysis of Functional
Neuroimages software package (http://afni.nimh.nih.gov/afni/),
where the correction for multiple comparisons was restricted
within a gray matter mask (1,522,200 mm?) that was obtained
from the analysis of average group activation maps to 44°C stimuli
and was found to be a similar size to a previous study [86]. Since
participants responded to a fixed stimulus temperature, activity
correlated with pain intensity ratings in the current study indeed
reflected between-subject differences in pain-sensitivity. For the
third component of our analysis, another whole-brain multiple lin-
ear regression analysis was used to examine regional volume of
gray matter in the pain-related regions that were associated with
age and pain intensity. In the fourth part of the analysis, partial
regression plots were used to explore if the effects of age on
pain-related functional and structural alterations persisted after
correcting for corresponding structural and functional changes,
respectively. Finally, mediation analyses were used to establish
the causal link between age and the decrease in pain ratings across
the adult lifespan.

In addition to whole brain analyses, small-volume correction
[87] with FWE correction for multiple comparisons at a level of
P<0.05 was also performed within the S1 and S2 as regions of
interest. Both regions were selected because they are implicated
in the processing of sensory aspect of pain [76], and our behavioral
data showed the specific influence of age on sensory rather than
affective descriptors of pain (see Results). Since there was no reli-
able anatomical mask that characterized the somatotopic corre-
spondence of the foot areas in the brain, we selected regions of
interest (ROIs) for S1 and S2 from the activated areas with respect
to thermal pain stimuli to the foot dorsum in previous fMRI studies
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[54]. ROIs for S1 and S2 were then defined as the intersection of
these activated areas and the S1 and S2 regions labeled in the auto-
mated anatomical labeling atlas (Supplementary Fig. 1). Mean
BOLD signals across all voxels within S1 and S2 were extracted
for the subsequent simple regression, partial correlation, and
mediation analyses (Supplementary Fig. 2). In the current study,
the midcingulate cortex (MCC) was defined as the supracallosal
part of the cingulate cortex, whereas the anterior cingulate cortex
(ACC) was designated as the subdivision anterior to the MCC
according to previous anatomical and functional studies [72,82].

2.6. Mediation analysis

Given that responses in the contralateral middle IC and S1 were
correlated with age and specifically predicted pain psychophysics
(see Results), we hypothesized a causal model where the influ-
ences of age (the independent variable) on pain intensity ratings
(the outcome variable) were mediated by an intermediate variable,
or the mediator [73]. In other words, we assumed that the func-
tional activity in pain-processing cerebral areas mediates the cau-
sal effect of aging on pain perception. We tested this causal model
using the mediation analysis method [7] (see Fig. 4A for detailed
explanation), where the statistical significance of the mediator
(the mean BOLD signals within the contralateral middle IC and
S1) was determined by the proportion of covariance between age
and pain intensity ratings that was accounted for by the full model
containing 3 variables (age — BOLD signals in the pain-processing
brain regions — pain psychophysics) compared to the null, or the
unmediated model (ie, age — pain psychophysics) [84]. Because a
small sample size may bias the evaluation of the mediating effect
[63], a nonparametric bootstrapping procedure was employed to
confirm the effect, which serves to enhance the confidence of sta-
tistical results in a small sample [64]. This analysis was first per-
formed using the mediation toolbox implemented on MATLAB
developed by T.D. Wager (http://wagerlab.colorado.edu/files/
tools/mediation.html). The significance of the indirect effects was
further confirmed in an SPSS macro command set “PROCESS”
developed by Hayes [35], which drew 10,000 bootstrapped sam-
ples to estimate a bias-corrected 95% confidence interval (CI). A
CI that does not overlap zero indicates significant mediating
effects.

2.7. Voxel-based morphometry

Structural images were analyzed using VBMS8 toolbox imple-
mented in SPM8 (http://dbm.neuro.uni-jena.de/vbm/). Using
high-dimensional DARTEL (Diffeomorphic Anatomical Registration
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Through Exponentiated Lie Algebra) normalization algorithms [3],
individual T1-weighted images were normalized to the DARTEL
template in MNI space, re-sliced to 1.5 mm x 1.5 mm x 1.5 mm,
and segmented into gray matter, white matter, and cerebrospinal
fluid [4]. To investigate local volumetric changes corrected for indi-
vidual brain size, Jacobian modulation for nonlinear warping was
performed to adjust for global differences in the brain volume.
After preprocessing, we visually examined all normalized bias-cor-
rected volumes and the homogeneity of gray matter images to en-
sure that segmentation and normalization had not yielded any
artifacts. The resulting images were then smoothed with an isotro-
pic Gaussian kernel of 8-mm FWHM, and were then entered into
the voxel-based statistical analysis based on the general linear
model in SPM8. To identify areas showing age-related loss in gray
matter and to investigate if pain perception changed as a function
of morphologic alterations in brain regions responsible for
processing pain, we performed a whole-brain voxel-based multiple
linear regression using age, gender [50], and the VRS rating as
covariates. Using the same Monte Carlo simulation principle de-
scribed above, the results of voxel-based morphometry were thres-
holded at a single-voxel significance level of P<0.005 and
minimum cluster size of 607 mm?>, which corresponded to a fam-
ily-wise error rate of o < 0.05. Activations surviving FWE-corrected
P<0.05 were also marked. For both fMRI and voxel-based
morphometry data, the BOLD signal changes and regional mean-
adjusted gray matter volumes within ROIs were extracted by
SPM MarsBaR toolbox [79].

2.8. Statistics

Simple regression analysis was performed to analyze linear cor-
relation using Pearson’s correlation coefficient test. Partial regres-
sion analyses controlling for gender, VRS ratings, and
corresponding BOLD signals or gray matter volumes were em-
ployed to disentangle the relationship between age and structural
or functional changes. A P value of <0.05 was considered statisti-
cally significant. The statistical analysis was performed using SPSS
(Chicago, IL) and GraphPad Prism (GraphPad Software, San Diego,
CA).

3. Results
3.1. Correlation of the age with perceived pain intensity
The overall pain sensation for 44°C stimulus temperature, as

indicated by VRS ratings, was negatively correlated with age
(Fig. 1A). For the diverse sensory qualities of pain, the degree of

(B)sy + =

Degree of
sharp sensation

20 30 40 50 60 70 80
Age (years)

Fig. 1. Correlations between the age and pain psychophysics. Age was negatively correlated with the scores of the verbal rating scale (VRS) (slope = —0.082 + 0.024,
r=-0.602, P=0.002) (A) and the degree of sharp sensation (slope = —0.047 +0.014, r=—0.578, P=0.004) (B) to 44°C stimulation. The solid lines represent the linear
regression line and dotted lines indicate 95% confidence intervals. There were totally 23 data points in each figure. At the ages of 26, 39, 48, and 63 years, the same VRS score
(8,10, 9, and 4, respectively) was reported by 2 participants. Two subjects aged 63 years rated the degree of sharp sensation as 0.
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sharp sensation (Fig. 1B, Table 1) showed a significant inverse cor-
relation with age. In contrast, scores of all affective descriptors
were independent of age.

3.2. Pain-related brain activations associated with age vs pain
perception

In our subjects, painful heat stimulation elicited activations in
typical pain-related cerebral regions [61], including S1, S2, IC,
ACC, prefrontal cortex, and thalamus (Supplementary Fig. 3, Sup-
plementary Table). To examine whether age predicted responses
in pain-related brain regions, we performed a whole-brain multi-
ple linear regression analysis with age, gender, and VRS ratings
as covariates. Cerebral activity predicted by VRS ratings included
the contralateral IC, S2, and supplementary motor area (Fig. 2,
Table 2). By contrast, an increase in age was specifically associated
with a decrease in BOLD signals in the bilateral ICs, contralateral
S1, and premotor cortex (Fig. 2, Table 2). Responses within the con-
tralateral IC and S1 paralleled the degree of “sharp” quality of pain
but not any affective descriptor (Table 1). These findings not only
showed that age and pain intensity ratings predicted responses
to heat pain stimuli in both distinct and shared cortical regions
implicated in pain processing, but also suggested that the effect
of age on pain quality was associated with specific pain-processing
structures.

3.3. Gray matter volume changes in pain-related brain regions during
aging

We then examined the impact of age on the volumetric changes
in the gray matter of pain-processing brain regions. Results of a
whole-brain multiple linear regression analysis using age, gender,
and VRS ratings as covariates showed that age-associated loss of
volumes mainly developed in the prefrontal cortex and temporal
lobe over the entire brain (Fig. 3, Table 3). None of the main
pain-related regions showed age-related gray matter loss. In con-
trast, among these regions, volumes in the MCC and ACC were pre-
dicted by VRS ratings (Fig. 3, Table 3). The association between VRS
ratings and the volumes in the ACC (partial regression analysis,
r=0.675, P=0.001) and MCC (partial regression analysis,
r=0.736, P<0.001) remained significant after accounting for the
effects of age, gender, and regional BOLD signals to pain.

We then investigated whether the effects of age on brain activa-
tions to pain (Fig. 2, Table 1) persisted after correcting for corre-
sponding volumetric changes. Intriguingly, the association
between age and BOLD signals in the contralateral middle IC (par-
tial regression analysis, r = —0.637, P = 0.003), ipsilateral middle IC
(r=-0.693, P=0.001) and contralateral S1 (r=—0.649, P=0.002)
remained significant after accounting for the effects of gender,
VRS ratings, and regional gray matter volume. Thus, these analyses
suggested that age specifically affected BOLD signal changes to
pain on the middle IC and S1.

3.4. Effects of age on pain psychophysics mediated by brain activity

We further examined whether age by itself had its direct influ-
ences on pain perception across the adult lifespan. Since pain rat-
ings (Fig. 1) varied with age, we performed another multiple linear
regression analysis to clarify the factors determining pain psycho-
physics. The score of the VRS or degree of sharp sensation was en-
tered as the dependent variable, and age, gender, and BOLD signals
in age-related regions (bilateral middle ICs and contralateral S1,
Fig. 2) were entered as the independent variables. Only the BOLD
signal in the contralateral middle IC (standardized B=0.745,
t=5.11, P<0.001) predicted ratings of the VRS. Age (standardized
B=-0.573, t=-2.389, P=0.028) as well as responses in the

Fig. 2. Group maps of multiple linear regression analyses for functional magnetic
resonance imaging data in the pain-processing brain regions. Regional blood
oxygen level-dependent signals to thermal pain stimuli that were negatively
correlated with age and positively correlated with ratings of verbal rating scale
(VRS) were overlaid on the canonical T1-weighted brain image. The bars on the
right side of group maps show the range of t-scores for SPM8. CC, cingulate cortex;
IC, insular cortex; L, left; R, right; S1, primary somatosensory cortex; S2, secondary
somatosensory cortex.

contralateral middle IC (standardized B=0.761, t=3.449,
P=0.003) and S1 (standardized B = 0.630, t = 2.891, P= 0.010) were
all significant predictors for the degree of sharp sensation.
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Table 2

Areas activated in a multiple linear regression analysis using age, gender, and scores of verbal rating scale (VRS) as independent variables.

Region Side t[x,y, z (mm)]
Age (negative correlation) P value VRS (positive correlation) P value
Pain-related area
S1 Left 3.14 (-10, —38, 62) 0.003°
S2 Left 3.41 (-64, —32,22) 0.001*
IC Left 3.80 (—40, 8, 6) 0.001 4.00 (-40, 14, —10) <0.001
Right 5.10 (40, 0, 6) <0.001
Frontal lobe
SMA Left 5.02 (-2, 4, 74) <0.001

IC, insular cortex; SMA, supplementary motor area. The table shows the anatomical locations, Montreal Neurological Institute coordinates (X, y, z), uncorrected P value and
t-scores of peak voxels. Based on Monte Carlo simulation, only voxels surviving a threshold of P < 0.005 uncorrected with an extent size of 872 mm? are reported.

3 Activations in the primary somatosensory cortex (S1) (288 mm?®) and secondary somatosensory cortex (S2) (600 mm?) were smaller than the extent threshold in the
group analysis but survived P < 0.05 using small-volume correction with familywise error correction.

Given that activities in the contralateral middle IC and S1 not
only correlated with age (Fig. 2) but also predicted pain psycho-
physics as described above, we performed the mediation analyses
in both regions to test whether the effects of age on pain psycho-
physics were mediated through functional changes in these areas.
Specifically, we hypothesized that the IC was involved in overall
pain perception given its diverse connections with broad brain re-
gions and complex functions [17], and the S1 was linked to the
sharp sensation of pain based on its association with sensory-dis-
criminative aspect of pain [76]. We used 1) BOLD signals of the
contralateral middle IC or S1 as mediator (M), 2) age as indepen-
dent variable (X), and 3) VRS ratings (with IC) or the degree of
sharp sensation (with S1) as outcome variable (Y). As shown in
Fig. 4, the mediation analyses confirmed our hypotheses. The direct
effect (c’) from age to VRS ratings (95% CI -0.076~0.060) or sharp
sensation (95% CI -0.051~0.016) became nonsignificant after
adjusting for the mediation effect, which indicated an indirect im-
pact of age on pain perception. The middle IC was not involved in
the relationship between age and sharp sensation (95% CI -
0.075~0.0007), nor did the S1 mediate the association between
age and VRS ratings (95% Cl -0.042~0.035). We also examined
alternative models in Fig. 4B and C by treating age as mediator,
and neural activity as independent variable to enhance the confi-
dence [70], but confidence intervals of these models crossed zero,
indicating nonsignificant mediation effects.

Taken together, these findings indicate that the effects of aging
on heat pain psychophysics were mediated by neural response to
pain stimuli in the middle IC and S1.

4. Discussion

In the current study, age affected the sensory quality of heat
pain as well as responses in corresponding cerebral structures
(the IC and S1). This effect was independent of age-related changes
in gray matter volume. Above all, this effect was mediated by neu-
ral response to pain stimuli in the middle IC and S1. These results
not only extend the previously documented effects of aging on
physiology of heat pain-evoked potentials [11,28,77], but provide
a mechanistic explanation of the influence of age on pain
perception.

4.1. Aging effects on pain perception and its brain activations

The present study showed that age specifically affected re-
sponses to heat pain in the middle IC and S1. This finding is in con-
trast to a previous study that indicated that the basal ganglia were
the only structures related to age-dependent changes in pressure
pain [15]. Taken together, these observations suggest that the

effect of age may be mediated through different brain areas in dif-
ferent types of pain. Our multiple regression analysis further sug-
gested that pain-activated regions could be designated as being
predicted by age (S1), pain intensity rating (S2), or both (IC). Since
age and pain perception were not orthogonalized against each
other (Fig. 1A), this result does not suggest independent contribu-
tions of each variable to distinct brain activity. Considering that
age is supposed to influence pain perception and it is unlikely
the opposite way, the proportion of variance in fMRI BOLD signals
explained by age may be underestimated as some of its effect is
hidden in the variance explained by pain intensity score, which
would lead to false negativity in age-related effect on fMRI BOLD
responses. In fact, S1 activity was correlated with pain intensity
ratings in previous functional imaging studies, including ours
[8,14,78]. When we considered age as an independent variable to
brain activations, however, S1 activity was actually predicted by
age. This important observation suggests that the influence of
age on cerebral activity to pain was underestimated in previous
functional imaging studies.

Psychophysically, age-related reduction in the activity of the
middle IC and S1 was associated with the decline in the sensory
quality of pain (sharpness), but was unrelated to the affective qual-
ity of pain. This result is consistent with previous findings on the
differential influences of age on various pain dimensions [34].
Moreover, our psychophysical finding emphasizes the importance
of assessing changes in pain characteristics during aging because
most studies focus on the changes in sensitivity to pain. The affec-
tive descriptors listed in Table 1 encompassed negative emotions
elicited by pain, which is closely linked to the unpleasantness of
pain rather than its sensory domain [65,67]. Given that the S1
and IC have been implicated in processing sensory aspects of pain
[36,60], these observations suggest that aging specifically alters
structures in the lateral pain pathway. However, pain information
collected by peripheral nociceptors is also relayed to brain areas
engaged in affective and motivational features of pain, particularly
the ACC [68], which was free of the influence of age in our analysis.
Our results thus provide evidence in regard to the role of the supra-
spinal pain-related regions in the impact of age on the experience
of pain. The reason why aging processes selectively targeted the
sensory aspect of pain and corresponding structures requires fur-
ther elucidation.

4.2. Structural changes in pain-related brain regions during aging

Our voxel-based morphometry analysis revealed age-associated
gray matter loss in the prefrontal cortex and temporal lobe. This
pattern was consistent with previous pathology and structural
imaging studies in the human brain [1,69,74,75] and indicated that
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Fig. 3. Group maps of multiple linear regression analyses of gray matter volume in
the pain-related brain regions. Brain regions whose gray matter volumes were
negatively correlated with age and positively correlated with ratings of verbal
rating scale (VRS) were overlaid on the canonical T1-weighted brain image.
Prefrontal cortex (PFC) and temporal lobe (TL) showing loss of volumes were
marked. The bars on the right side of group maps show the range of t-scores for
SPM8. CC, cingulate cortex; IC, insular cortex; L, left; R, right; S1, primary
somatosensory cortex; S2, secondary somatosensory cortex.

our study cohort was not a biased one. In contrast, gray matter vol-
umes in pain-related brain regions did not covary with age, sug-
gesting that aging-related functional changes identified above

were independent of structural alterations. The preserved volumes
of the key central nociceptive components might be interpreted as
the vital role of pain for survival.

In pain-processing areas of the brain, the volume of the cingu-
late cortex was associated with pain perception. This finding is in
line with previous work that detected correlations between the
gray matter volume in the cingulate cortex and subjective pain
sensitivity [20,31]. Specifically, the portion of the cingulate cortex
correlated with pain perception in the current study resided in the
anterior and posterior portions of the MCC, as well as the perigenu-
al and subgenual parts of the ACC [72,82]. There are reciprocal con-
nections between the anterior MCC and cognition-related regions
in the prefrontal cortex, subcortical emotion-related regions such
as the amygdala, and motor-related regions. As a result of this,
the anterior MCC has been implicated in integrating negative af-
fects and cognitive functions to adopt appropriate behaviors in re-
sponse to a pain stimulus [72]. In addition, anterior MCC and
perigenual ACC are associated with pain-related fear [83], emo-
tional appraisal [62,65], and cognitive aspects such as attention
[80] and expectation [59], whereas the subgenual ACC is engaged
in autonomic regulation [82]. Taken together, the correlation of
cingulate volume with pain perception as well as the lack of age-
related reduction in gray matter and neural activity in these
cingulate subregions suggests their preserved role in executing
emotional and cognitive functions to pain experiences in normal
aging.

4.3. Mediation of age effects via the middle insula and S1 on pain
perception

Our analyses revealed that fMRI signals in the middle IC and S1
mediated the statistical relationship between age and pain psycho-
physics. Since there was no gray matter loss in either region, these
mediating effects indicate that age affected pain psychophysics via
functional rather than structural changes in cerebral nociceptive
centers. Such observations provide direct support for our hypothe-
sis that, as age increases, decreased neural activity in pain-process-
ing brain regions play a role in the reduction of pain perception.

Although the significant results of the mediation models argue
for a role of the insula and S1 in the age-pain relationship, the
alternative interpretations include secondary phenomena due to
peripheral changes, in addition to being the cause of reduced pain
perception in these areas. The periphery changes could affect the
quantity of nociceptive signals that are “received” in S1. In fact,
the association between age and sharp sensation (first pain) but
not hot-burning sensation (second pain) in the current study is
compatible with the selective effects of age on A3 fibers (subserv-
ing first pain) rather than C fibers (subserving second pain) [9,33].
Nevertheless, evidence suggested that S1 activity was particularly
engaged in first pain, whereas the S2 and ACC, which were rela-
tively independent of age according to our results, are associated
with second pain [62]. Therefore, the mediating effect of the S1
on age-related decline in sharp quality of pain extends on observa-
tions of peripheral mechanisms of pain and may represent the cor-
tical substrate for the alterations in pain qualities in normal aging.
Another confounding factor is that heat sensitivity also decreases
during aging [47]. Recent evidence showed that the ratings for heat
sensation contribute more to the activations in somatosensory cor-
tices than pain perception [55]. As such, the mediation effect of age
on S1 activity in response to pain observed here might be con-
founded by heat perception. However, the fact that we did not
identify correlations between the degree of heat sensation and
age or neural responses in age-related regions (middle IC and S1)
(Table 1) argues against a major contribution of heat sensation in
our mediation analysis. Future studies combining both peripheral
and central factors and innocuous heat stimuli would provide
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Table 3
Voxel-based morphometry results of a multiple linear regression analysis using age, gender, and scores of verbal rating scale (VRS) as independent variables.
Region Side t[x,y, z (mm)]
Age (negative correlation) P value VRS (positive correlation) P value
Pain-related area
ACC Left 4.20 (10,38, 1) <0.001
aMCC Right 5.26 (2, 21, 39) <0.001
pMCC Right 5.00 (6, —22, 34) <0.001
Frontal lobe
SFG Left 3.53 (=22, 50, 22) 3.53
MFG Left 4.65 (—24, 27, 30) <0.001 9.17 (-26, 15, 49)* <0.001
Right 5.41 (32, 56, 13)? <0.001 4.26 (42, 24, 34) <0.001
IFG Left 5.23 (—44, 38, 6)? <0.001
Right 4.26 (50, 42, 6) <0.001
SMA Left 5.92 (-2, 21, 60) <0.001
PCG Right 6.4 (38, —28, 62) <0.001
OFC Left 4.52 (-30, 48, —12) <0.001
Temporal lobe
MTG Left 5.14 (—54, -1, —15) <0.001 4.06 (—60, —15, -9) <0.001
Right 456 (51, -2, —29) <0.001 4.19 (62, —43, —6) <0.001
ITG Left 4.49 (-52, —-45, —-20) <0.001 3.98 (-52, —49, -9) <0.001
FG Right 5.55 (39, —49, —14) <0.001
Parietal lobe
SPL Left 4,74 (=22, —43, 57) <0.001
Occipital lobe
MOG Right 3.88 (36, —76, 24) 0.001
Cerebellum 7.07 (-15, 58, —23)? <0.001

ACC, anterior cingulate cortex; FG, fusiform gyrus; ITG, inferior temporal gyrus; MCC, middle cingulate cortex (aMCC, anterior MCC; pMCC, posterior MCC); MFG, middle
frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PCG, precentral gyrus; SFG, superior
frontal gyrus; SMA, supplementary motor area; SPL, superior parietal lobule.
The table shows the anatomical locations, Montreal Neurological Institute coordinates (X, y, z), uncorrected P value and t-scores of peak voxels. Based on Monte Carlo

simulation, only voxels surviving a threshold of P < 0.005 uncorrected with an extent size of 607 mm? are reported.

2 Clusters that survive family-wise error correction, P < 0.05.

(B)

~0.011 (0.002)***

miC
activity

6.638 (2.250)*
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¢’ (unmediated direct effect)

(C)

S1
activity!
-0.011 (0.003)** 2.771 (0.956)*
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-0.047 (0.015)%* Sharp
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Fig. 4. Mediation analysis. (A) In a standard 3-variable path model, if the effect of the independent variable on the outcome variable is completely mediated by the mediator,
the path coefficient a (illustrating the indirect path “independent variable — mediator”), the path coefficient b (the indirect path “mediator — outcome variable”), and the
magnitude of the mediating effect represented by the product of the path coefficient a and b would all be significant, and the path coefficient ¢’ (the unmediated direct path
“independent variable — outcome variable”) after adjusting the total independent variable effect on the outcome variable (the path coefficient c¢) for the mediator would
become insignificant. Statistical significance of the magnitude of the mediating effect ab is evaluated with a bootstrap test. A P value <0.05 for all paths was considered
significant. Activity in the contralateral middle insular cortex (mIC) specifically mediated the relationship between age and verbal rating scale (VRS) ratings (B) (95%
confidence interval [CI] —0.132 to —0.033; P =0.016), whereas the contralateral primary somatosensory cortex (S1) was involved in the link between age and the degree of

sharp sensation (95% CI —0.059 to —0.005; P =0.032) (C). Numbers are unstandardized coefficients, with SEM in brackets. *P < 0.05; **P < 0.005; ***P < 0.0005.
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further insight into the role of the brain in the influence of age on
pain perception.

The middle IC mainly receives inputs from the S1 and projects
fibers into prefrontal cortex, supplementary motor area, S2, amyg-
dala, and medial temporal lobe [5,13]. In line with this broad con-
nectivity, this region has been related to myriad functions
involving cognition, emotion, and sensorimotor processes to main-
tain homeostasis and guide behavioral decisions [17]. This is sup-
ported by pain studies indicating a complex role of the middle
insula in the sensory dimension [36,60] as well as in the cognitive
domain [6,43] of pain. Considering that aging is related to changes
in both peripheral nerves [9,10] and the spinal cord [40], the medi-
ation effect of the middle IC on the relationship between age and
overall pain perception suggests that there is a convergence of
age-related alterations from various anatomical levels of the pain
neuraxis. The decline in nociceptive processing during advancing
age may be attributed to the decay in the function of the cerebral
pain-processing areas, which may not always be detected using
simple nociceptive behavioral measures such as pain sensitivity
or withdrawal latency to laboratory-induced pain [24,27]. The
engagement of the insula provides a neural basis of age-associated
deficit in brain-mediated complex behaviors upon nociceptive
stimulation [32], which sheds light on a new research direction
to disentangle the relationship between aging and pain in the
future.
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