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Abstract: Temporal summation (TS) of pain protocols typically involve the delivery of brief 

repetitive noxious stimuli held at a constant intensity and measuring the consequent increase 

in the perceived intensity of pain sensations. To date, no studies have examined the effect of 

a TS protocol on the perceived spatial dimensions of the pain experience and its interaction 

with age. This study used a new TS protocol that examined changes in the perceived size of 

the painful area in 22 younger adults and 20 older adults. Four trials of ten brief heat pulses 

delivered at a constant intensity were administered on the volar forearm. Interpulse intervals 

(IPIs) were 2.5 seconds or 3.5 seconds. Subjects rated the peak pain intensity (trials 1 and 3) or 

the size of the painful area (trials 2 and 4) after each pulse on a 0–100 scale. The magnitude of 

summation was calculated for each trial. Three seconds and 6 seconds after delivering the last 

heat pulse, the subjects rated the intensity or the size of any remaining pain (aftersensations). 

The results indicated that older adults compared to younger adults exhibited significantly greater  

summation of size ratings for the 2.5-second and 3.5-second IPI trials and size of pain aftersen-

sations at 3 seconds following the 2.5-second IPI TS trial. These results suggest that aging is 

associated with enhanced endogenous facilitation of the perceived size of pain. The potential 

clinical and mechanistic implications of enhanced TS of size of pain remain unknown and 

warrant further investigation.

Keywords: pain modulation, aging, elderly, pain facilitation, size of pain

Introduction
Pain is modulated by complex endogenous systems that both facilitate and inhibit 

pain. Several studies in the past decade indicate that older adults are characterized 

by heightened pain facilitation and reduced inhibitory capacity,1–4 which increase the 

risk for severe, acute, and clinical pain.1,5–7 Specifically, older adults exhibit facilitated 

responses to experimental pain, including enhanced temporal summation (TS) of heat 

pain1–3,8 and prolonged pain following the cessation of noxious stimulation.26 These 

facilitated responses are presumed to be related to hyperexcitability of the central 

nervous system, especially of dorsal horn neurons of the spinal cord.9

TS of pain protocols typically involve the delivery of brief repetitive painful stimuli 

held at a constant intensity and measuring the consequent increase in the perceived 

intensity of late pain sensations.10 Interestingly, a recent study by Quevedo and Coghill11 

revealed that individual differences in the intensity-related percepts of pain are only 

minimally related to differences in the spatial-related percepts of noxious stimuli. Thus, 

measures of the spatial perception of pain likely represent a distinct and important 

dimension of the pain experience. To our knowledge, no studies have examined the 
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effect of a TS protocol on the perceived spatial dimensions 

of the pain experience. Furthermore, the majority of pain and 

aging studies have focused on differences in perceived pain 

intensity of noxious stimulation, rather than perceived size 

of pain areas during or following noxious stimulation.

This study used a new TS protocol that examined changes 

in the perceived size of the painful area in healthy younger 

and older adults. The first goal of this study was to evalu-

ate whether the size of the perceived pain area significantly 

summated in younger and older adults during a TS of heat 

protocol. Second, we sought to determine age differences in 

the amount of TS of the perceived size of painful area, while 

adjusting for individual differences in the TS of pain intensity. 

Following each trial, we asked subjects to rate the intensity 

or size of any remaining pain areas (ie, pain aftersensations). 

Thus, the third purpose was to evaluate age differences in the 

intensity and size of pain aftersensations following the TS 

trials. Finally, because prior work has shown that older adults 

exhibit enhanced summation of pain intensity particularly at 

lower frequencies of stimulation,3 we administered a series 

of stimuli during the TS trials at interpulse intervals (IPIs) 

of 2.5 seconds and 3.5 seconds. We chose these IPIs because 

previous studies have found that IPIs of ,3 seconds produce 

TS in healthy younger and older adults,3,10 whereas IPIs of 

.3 seconds produce TS in older but not in younger adults. 

We hypothesized that older adults compared to younger adults 

would exhibit 1) enhanced summation of the perceived size 

of painful area and 2) greater perceived intensity and size 

of painful aftersensations. Furthermore, we hypothesized 

that these age differences would be more pronounced dur-

ing the 3.5-second IPI TS trials compared to the 2.5-second 

IPI trials.

Methods
Subjects
Twenty-two healthy younger adults (age: mean [M]= 
21.5±2.28 SD years, age range: 18–27 years; 12 females) 

and 20 healthy older adults (age: M=66.54±6.84 SD years, 

age range: 56–77 years; eleven females) participated in this 

study. Exclusion criteria included: 1) inability to reliably rate 

pain, 2) current use of narcotics or any tobacco products and 

chronic use of analgesics, 3) serious systemic disease (eg, 

diabetes and thyroid problems), 4) uncontrolled hyperten-

sion, 5) cardiovascular or pulmonary disease, 6) neurological 

problems with significant changes in somatosensory and pain 

perception at the intended stimulation sites, 7) serious psy-

chiatric conditions (eg, schizophrenia and bipolar disorder), 

and 8) chronic pain or any ongoing pain problem (headaches, 

injury-related pain, etc). Subjects refrained from the use of 

any pain medication or coffee on the day of testing.

Study procedures
Orientation and training session
Individuals who were interested in the study were provided 

information about the procedures, informed about the privacy 

regulations, and reviewed and signed a written informed 

consent form. This study was approved by the University 

of Florida Institutional Review Board. Eligibility for the 

study was determined after subjects completed a health his-

tory questionnaire, supplemented by interview and a blood 

pressure measurement. Subjects then completed a training 

session to familiarize them with the pain testing procedures 

and to teach them the pain rating system. During this session, 

subjects also completed a battery of questionnaires assess-

ing physical health and mental health status (Short-Form 

Health Survey [SF-36]),12 trait anxiety (State Trait Anxiety 

Inventory [STAI]),13 and physical activity behavior over the 

past week (International Physical Activity Questionnaire 

[IPAQ] – long form).14

Testing session
Subjects were seated on a comfortable chair and relaxed for 

several minutes and were also asked about medication use. 

Then, two blood pressure readings were taken separately by 

5 minutes. A third blood pressure measurement was taken 

if there was a change of .5% in the first two readings. The 

temperature of the thermode to be used in the TS trials was 

then determined for each subject. The goal was to determine 

the temperatures at which a subject would experience mild-

to-moderate pain on the volar forearm. The thermode tem-

perature was set at 42°C for the first trial (each trial 8 seconds 

with an interstimulus interval of 15 seconds) and increased 

across trials, so that a stimulus response curve could be 

calculated. The temperatures were increased to a maximum 

pain rating of 60 (on a scale of 0–100). The individualized 

test temperature for the TS trials was 1°C higher than the 

temperature at which subjects rated between 50 and 60 on 

the 8-second stimulus trial.

Prior to the administration of the TS trials, subjects 

watched a short video 1) describing the procedure of the TS 

trials and 2) providing instructions on the difference between 

rating the intensity and size of pain area. Then, subjects were 

administered two practice trials on the left forearm. Four 

TSs of heat trials were then administered in which the heat 

stimulus was presented to the right volar forearm. The loca-

tion of the heat stimulus on the forearm was slightly altered 
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between trials, and a minimum of a 60-second intertrial 

interval was maintained to reduce sensitization. On trials 

1 and 3, subjects were asked to rate the peak pain intensity 

that they experienced after each pulse. On trials 2 and 4, 

subjects were asked to rate the size of the painful area after 

each pulse.

Experimental stimulus
Focal thermal stimuli (45–51°C) were delivered by a constant 

contact thermode (23 mm × 23 mm) computer-controlled 

Medoc Pathway Thermal Sensory Analyzer (Medoc, Ramat 

Yishai, Israel). For each TS trial, ten brief heat pulses at the pre-

determined temperature were delivered to the volar forearm. 

Each pulse was 1.3 seconds in duration (rise time =0.4 seconds;  

peak =0.5 seconds; and return to baseline =0.4 seconds). For 

trials 1 and 2, the IPI was 2.5 seconds. For trials 3 and 4, 

the IPI was 3.5 seconds. In sum, TS trials were administered 

in the following order: 1) TS of pain intensity and IPI of 

2.5 seconds; 2) TS of pain area size and IPI of 2.5 seconds; 

3) TS of pain intensity and IPI of 3.5 seconds; and 4) TS of 

pain area size and IPI 3.5 seconds. Before each trial, subjects 

were reminded how to rate the pain and presented with an 

appropriate rating scale.

Assessment of pain intensity
On trials 1 and 3, subjects rated the peak pain intensity that 

they experienced after each pulse using a numeric rating scale 

(NRS). Three seconds and 6 seconds after delivering the last 

heat pulse, subjects rated the intensity of any remaining pain. 

Ratings were made on a 0–100 NRS marked in increments 

of ten, with 0 being no pain and 100 representing intoler-

able pain.

Assessment of size of painful area
On trials 2 and 4, subjects rated the size of the painful area 

after each pulse using a 0–100 NRS. Three seconds and 

6 seconds after delivering the last heat pulse, subjects rated 

the size of any remaining pain. Size ratings were also made 

on a size scale, which presented ten circles progressively 

increasing in size (Figure 1). Subjects were instructed that 

the circles represented how large or small the area the pain 

feels like it is coming from. Additionally, the circles were 

marked in increments of ten.

Data reduction
Descriptive statistics were calculated for age, baseline blood 

pressure, the SF-36 mental health scale, the SF-36 physical 

health scale, STAI-trait score, and the IPAQ total score. 

When rating the size, subjects were instructed to respond 

with a number rating that corresponded to the circle, which 

best represented the size of the area of pain. Each increment 

of ten (ie, 10, 20, 30, 40, etc) was marked with a circle, 

which progressively increased in size. The numerical scale 

(0–100) increased in a linear progression. However, the area 

of the ten circles on the size scale did not increase in a lin-

ear progression (ie, ten =39 mm, 20=100 mm, 30=226 mm, 

40=353  mm, etc). Thus, a mismatch existed between the 

progression of the circles and the progression of the numbers 

on the size scale. Subjects could have rated their pain using 

the number scale (linear scale) or they could have rated their 

pain using the actual size of the circles (nonlinear scale). 

To adjust for differences in scaling between the size and 

intensity, we determined the equation for the curve based 

on the size progression of the circles using the logarithmic 

trend line function in Excel (Microsoft Corporation, Red-

mond, WA, USA). Then the following transformation was 

performed on the numbers provided for the size ratings:  

y=0.228x2 + 0.0307x + 3.4, which resulted in R2=0.99. We 

conducted all further data reduction and analyses on both the 

raw data and the transformed data.

For trials 1 and 3, TS of pain intensity (TS-intensity) was 

calculated by subtracting the pain intensity rating following 

the first pulse from the pain intensity rating following the 

fifth pulse and the tenth pulse. Pain intensity ratings made 

3 seconds and 6 seconds after labeling the TS-intensity trials 

as pain intensity aftersensations. For trials 2 and 4, TS of the 

size of painful area (TS-size) was calculated by subtracting 

the size pain rating following the first pulse from the size pain 

rating following the fifth pulse and the tenth pulse. Size of 

pain ratings made 3 seconds and 6 seconds after labeling the 

TS-size trials as the size of pain aftersensations.

Data analysis
To determine whether subjects could differentiate between 

rating the size and intensity of pain, we conducted a small 

pilot study in a separate sample of individuals. Eleven subjects 

(seven younger adults and four older adults) were administered 

four TS trials with an IPI of 2.5 seconds. Subjects rated pain 

intensity on two trials and size of pain on two trials. Test–retest 

Size

9080706050403020100

100

Figure 1 Size of pain rating scale.
Note: This is a numeric rating scale with no units of measure.
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reliability of the intensity and size ratings were analyzed for 

pulses 1, 5, and 10 with interclass correlation coefficients 

(ICCs). Additionally, ICCs were calculated between the 

intensity and size ratings for pulses 1, 5, and 10. Theoretically, 

ICCs should be higher for size/size trial comparisons (ie, trial 

1 size rating for pulse 1 and trial 2 size rating for pulse 1) 

compared to size/intensity trial comparisons (ie, trial 1 size 

rating for pulse 1 and trial 3 pain rating for pulse 1).

Independent t-tests were conducted to determine 

whether the thermode test temperature and resting blood 

pressure differed by age. Shapiro–Wilk’s test of normal-

ity indicated that the data from the questionnaires were 

not normally distributed; thus, Mann–Whitney U tests 

were conducted to determine if SF-36, STAI-trait, and 

IPAQ total scores differed by age. To determine whether 

the size and intensity of perceived pain significantly sum-

mated in younger and older adults during the TS trials, a 

2 (age: younger and older adults) ×2 (IPI: 2.5 seconds and 

3.5 seconds) ×10 (pulse) mixed model analysis of variance 

(ANOVA) was conducted on the TS-intensity trials and on 

the TS-size trials. To determine whether the magnitude of 

summation of pain intensity and size ratings differed as a 

function of age and IPI, an age × IPI × change score (5-1 

and 10-1) mixed model ANOVA was conducted on the TS-

intensity trials and on the TS-size trials. Intensity and size 

of pain aftersensations were also analyzed with separate 

age × IPI × time (3 seconds and 6 seconds) ANOVAs. Post 

hoc tests were conducted using Tukey’s honestly significant 

difference procedure. We also wanted to determine whether 

age differences existed in the size of pain measures after 

adjusting for potential individual differences in perceived 

pain intensity. Thus, we conducted the planned one-way 

ANOVAs with age group as the between subject factor 

on each size of the pain measure (ie, 5-1 TS-size change 

score at 2.5-second IPI trial, 10-1 TS-size change score at 

2.5-second IPI trial, 5-1 TS-size change score at 3.5-second 

IPI trial, 10-1 TS-size change score at 3.5-second IPI trial, 

size of pain aftersensations at 3 seconds, and size of pain 

aftersensations at 6 seconds), while adding the correspond-

ing pain intensity measure as a covariate. For the size of pain 

aftersensations, the size rating for the tenth pulse was also 

added as a covariate. Thermode temperature was added as 

a covariate for all analyses. Finally, bivariate correlations 

were conducted to examine the relationship between the size 

and intensity of pain ratings for pulses 1, 5, and 10 across 

trials for older and younger adults.

Results
The results did not substantively differ between the raw data 

and transformed data analyses. Therefore, we are presenting 

the P-values in the text for the transformed data analyses only. 

The raw data were used in the figures to allow the reader to 

directly compare the intensity and size data.

Test–retest reliability for the intensity 
and size ratings in the pilot study
The test–retest reliability coefficients ranged from 0.72 to 

0.84 for pain intensity ratings and from 0.73 to 0.89 for size 

of pain ratings ranged. Supporting the notion that subjects 

were differentiating between the size and intensity of pain, 

the ICCs between size and intensity ratings ranged from 

0.068 to 0.67.

Subject characteristics
Subject characteristics are presented in Table 1. No significant 

differences existed between older and younger subjects on 

mental health or physical health status on the SF-36, trait 

anxiety on the STAI-trait, total level of physical activity on 

the IPAQ, resting blood pressure, or the individualized test 

temperatures used for the TS trials.

Table 1 Descriptive characteristics for younger and older adults

Variable Younger adults (mean ± SD) Older adults (mean ± SD) P-value

SF-36 mental health scorea 77.8±29.0 81.9±13.6 0.74
SF-36 physical health scorea 89.0±9.6 82.0±22.6 0.35
STAI-trait scoreb 30.0±6.3 28.4±5.5 0.30
IPAQ total score (MET-min/week)c 6,854.8±4,424 4,782.3±3,807 0.14
Resting systolic blood pressure 125.68±12.4 125.0±13.2 0.85
Resting diastolic blood pressure 67.5±6.6 69.5±10.7 0.46
Individual test temperature for TS trials (°C) 47.5±1.6 47.9±1.9 0.41

Notes: aScore range for SF-36 mental health and physical health scales is 0–100, with 100 indicating the best health. bScore range for the STAI-trait is 20–80, with higher 
scores indicating greater trait anxiety. cA score of .3,000 MET-min/week is considered as a high level of physical activity participation. Younger adult group age range: 18–27 
years. Older adult group age range: 56–77 years.
Abbreviations: IPAQ, International Physical Activity Questionnaire; SF-36, Short-Form Health Survey; STAI, State Trait Anxiety Inventory; TS, temporal summation; MET, 
metabolic equivalent.
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Summation of pain intensity and size 
ratings in younger and older adults
Figure 2 presents the intensity and size ratings for each pulse 

for each trial. The ANOVA on the TS-intensity trials revealed 

a significant main effect of pulse (P=0.001). The follow-up 

tests indicated that intensity ratings for pulses 2 and 3 were 

greater than the intensity rating for pulse 1. All other main 

effects and interactions were not significant, P.0.05.

The ANOVA on the TS-size trials revealed a significant 

age group × pulse interaction term (P,0.001). The follow-

up tests indicated that older adults rated the size of pain 

greater following pulses 6–10 compared to the first and 

second pulse. Additionally, older adults rated pulses 6–10 

higher than younger adults. No significant differences were 

found between the size ratings of pulses for younger adults. 

All other main effects and interactions were not significant, 

P.0.05.

Age differences in TS (change score) of 
pain intensity and size ratings
The three-way ANOVA on the TS-intensity trials revealed a 

significant main effect of change score, with the 5-1 change 

score (M=5.92, SE =1.76) greater than the 10-1 change score 

(M=3.69, SE =2.80), P=0.019. All other main effects and 

interactions were not significant, P.0.05.

The ANOVA conducted on the TS-size trials showed a 

significant effect of age group (P=0.004) and a significant 

age group by change score interaction (P=0.04). Older adults 

exhibited greater TS of the size of pain area ratings compared 

to the younger adults at the 5-1 and 10-1 change scores 

(Figure 3). All other main effects and interactions were not 

significant, P.0.05.

The planned ANOVAs conducted on the size of pain 

measures revealed age differences even after adjusting for 

pain intensity ratings. During the 2.5-second IPI trial, older 

adults showed an increased summation of size ratings for the 
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an age group × time interaction (P=0.043), with older adults 

reporting greater size of pain aftersensations at 3 seconds 

compared to younger adults at 3 seconds and 6 seconds.

After adjusting for pain intensity aftersensation ratings 

and size pain ratings of the tenth pulse, a nonsignificant 

trend was found for the size aftersensation ratings reported 

3 seconds after the 2.5-second IPI trial (P=0.06). However, 

this same analysis on the raw data revealed significant age 

differences (P=0.035), in which older adults reported greater 

size of pain aftersensations compared to younger adults. 

The ANOVAs for the 2.5-second IPI trial at 6 seconds and 

for the 3.5-second IPI trial were not significant (P.0.05). 

Figure 4B shows the adjusted mean and SE for the size of 

pain aftersensation ratings for each trial for younger and 

older adults.

Correlations among size and intensity 
ratings for TS trials
The bivariate correlations between the size and intensity 

ratings for the TS trials for younger adults are presented in 

Table 2. The data indicated moderate-to-high correlations 

between the intensity ratings of the 2.5-second IPI trial and 

the intensity ratings of the 3.5-second IPI trial. Similarly, 

moderate-to-high correlations were found for the size ratings 

of the 2.5-second and 3.5-second IPI trials. A few significant 

correlations were found between the intensity and size of pain 

ratings (indicated with bold in Table 2) for younger adults.

For older adults, the data revealed moderate-to-high cor-

relations between the intensity ratings during the 2.5-second 

and 3.5-second IPI trials and between the size ratings during 

the 2.5-second and 3.5-second IPI trials (Table 3). In contrast 

to the younger adults, several significant relationships were 

found between the size and intensity ratings (indicated with 
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5-1 change score (P=0.009) and for the 10-1 change score 

(P=0.006). During the 3.5-second IPI trials, older adults 

exhibited greater summation of size ratings compared to 

younger adults for the 10-1 change score (P=0.006) but not 

for the 5-1 change score (P=0.193). Figure 4A shows the 

adjusted mean and SE for the TS of size ratings for each trial 

for younger and older adults.

Age differences in pain intensity and size 
aftersensations
The three-way ANOVA conducted on the TS-intensity trials 

revealed a significant age group × IPI interaction, P=0.033. 

Older adults reported greater pain intensity aftersensations 

compared to younger adults during the 2.5-second IPI trials 

(Figure 5). All other main effects and interactions were not 

significant, P.0.05.

The three-way ANOVA conducted on the TS-size tri-

als also showed a significant age group × IPI interaction 

(P=0.046), with older adults reporting greater size of pain 

aftersensations compared to younger adults during the 

2.5-second IPI trials (Figure 5). The analysis also revealed 
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bold in Table 3). Notably, moderate correlations (ranging 

from 0.48 to 0.70) were found between the corresponding 

size and intensity ratings (eg, size rating for pulse 1 of the 

2.5-second IPI trial and intensity rating for pulse 1 of the 

2.5-second IPI trial).

Correlations among size and intensity 
ratings for pain aftersensations
The bivariate correlations between the size and intensity rat-

ings of the pain aftersensations are presented in Table 4 for 

younger adults and in Table 5 for older adults. In younger 

adults, the intensity ratings for the 2.5-second and 3.5-sec-

ond IPI trials were moderately correlated at 6 seconds but 

not significantly correlated at 3 seconds. Similarly, the size 

ratings for the 2.5-second and 3.5-second IPI trials were 

moderately correlated at 6  seconds but not significantly 

correlated at 3  seconds. Significant moderate correlations 

were found between the size and intensity ratings of the pain 

aftersensations for the 2.5-second IPI trials but not for the 

3.5-second IPI trials.

For the older adults, the data showed moderate-to-high 

correlations between the intensity ratings following the 

2.5-second and 3.5-second IPI trials and between the size 

ratings following the 2.5-second and 3.5-second IPI trials. 

No significant correlations were found between the size 

and intensity ratings for the 2.5-second IPI trials, whereas 

moderate correlations were observed between the size and 

intensity ratings for the 3.5-second IPI trials.

Discussion
TS of pain has typically been studied by asking subjects to 

rate the intensity of late pain sensations. The effect of repeti-

tive noxious stimulation on the spatial dimensions of the pain 

experience remains poorly characterized. Thus, this study used 

a new TS protocol that examined changes in the perceived size 

of the painful area in younger and older adults. Subjects were 

Table 2 Bivariate correlation matrix between pain intensity and size ratings for temporal summation trials for younger adults

1 2 3 4 5 6 7 8 9 10 11 12

1. Pulse 1 intensity rating, 2.5-second IPI trial 1.00
2. Pulse 5 intensity rating, 2.5-second IPI trial 0.42 1.00
3. Pulse 10 intensity rating, 2.5-second IPI trial 0.20 0.88* 1.00
4. Pulse 1 intensity rating, 3.5-second IPI trial 0.47* 0.30 0.32 1.00
5. Pulse 5 intensity rating, 3.5-second IPI trial 0.22 0.70* 0.67* 0.56* 1.00
6. Pulse 10 intensity rating, 3.5-second IPI trial 0.18 0.69* 0.79* 0.38 0.83* 1.00
7. Pulse 1 size rating, 2.5-second IPI trial 0.01 –0.07 –0.07 0.59* 0.33 0.13 1.00
8. Pulse 5 size rating, 2.5-second IPI trial 0.23 0.25 0.09 0.39 0.60* 0.35 0.40 1.00
9. Pulse 10 size rating, 2.5-second IPI trial –0.14 0.04 –0.03 0.18 0.09 –0.05 0.49* 0.39 1.00
10. Pulse 1 size rating, 3.5-second IPI trial 0.25 –0.03 –0.01 0.52* 0.29 0.09 0.63* 0.54* 0.09 1.00
11. Pulse 5 size rating, 3.5-second IPI trial 0.22 0.26 0.19 0.33 0.48* 0.25 0.31 0.76* 0.25 0.69* 1.00
12. Pulse 10 size rating, 3.5-second IPI trial 0.01 0.15 0.03 0.07 0.32 0.20 0.27 0.56* 0.41 0.41 0.59* 1.00

Notes: The correlations between the size and intensity ratings are indicated with bold. *P,0.05. Younger adult group age range: 18–27 years.
Abbreviation: IPI, interpulse interval.

Table 3 Bivariate correlation matrix between pain intensity and size ratings for temporal summation trials for older adults

1 2 3 4 5 6 7 8 9 10 11 12

1. Pulse 1 intensity rating, 2.5-second IPI trial 1.00
2. Pulse 5 intensity rating, 2.5-second IPI trial 0.71* 1.00
3. Pulse 10 intensity rating, 2.5-second IPI trial 0.27 0.55* 1.00
4. Pulse 1 intensity rating, 3.5-second IPI trial 0.67* 0.49* 0.16 1.00
5. Pulse 5 intensity rating, 3.5-second IPI trial 0.58* 0.67* 0.63* 0.56* 1.00
6. Pulse 10 intensity rating, 3.5-second IPI trial 0.32 0.43* 0.88* 0.29 0.79* 1.00
7. Pulse 1 size rating, 2.5-second IPI trial 0.55* 0.40 0.13 0.68* 0.58* 0.27 1.00
8. Pulse 5 size rating, 2.5-second IPI trial 0.60* 0.48* 0.37 0.59* 0.69* 0.52* 0.80* 1.00
9. Pulse 10 size rating, 2.5-second IPI trial 0.44 0.39 0.56* 0.50* 0.68* 0.69* 0.59* 0.89* 1.00
10. Pulse 1 size rating, 3.5-second IPI trial 0.44 0.33 0.24 0.70* 0.53* 0.35 0.89* 0.81* 0.62* 1.00
11. Pulse 5 size rating, 3.5-second IPI trial 0.37 0.32 0.38 0.36 0.53* 0.41 0.68* 0.76* 0.67* 0.75* 1.00
12. Pulse 10 size rating, 3.5-second IPI trial 0.31 0.36 0.52* 0.11 0.57* 0.59* 0.36 0.62* 0.71* 0.37 0.79* 1.00

Notes: The correlations between the size and intensity ratings are indicated with bold. *P,0.05. Older adult group age range: 56–77 years.
Abbreviation: IPI, interpulse interval.
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asked to rate how large or small the area of pain felt after each 

pulse using a size scale, which presented ten circles progressively 

increasing in size. Our findings indicated that the perceived 

size of the painful area significantly summated during the TS 

protocol, with the magnitude of summation enhanced in older 

adults compared to younger adults.

Age differences in the TS of size and 
intensity of pain ratings
As hypothesized, our results indicated that older adults 

experienced greater summation of size ratings for both the 

2.5-second and 3.5-second IPI trials compared to younger 

adults. Importantly, these size differences were maintained 

even after controlling for individual differences in the TS of 

intensity ratings. However, in contrast to previous studies 

of age-related changes in the TS of heat pain,1,3 we did not 

find significantly greater summation of pain intensity ratings 

among healthy older adults. However, it should be noted that 

the intensity results trended in the hypothesized direction. 

Perhaps, TS of the size of pain is a more robust measure 

than TS of pain intensity, particularly given the fact that TS 

of pain intensity was at best minimal in this study. Method-

ological explanations could also account for these seemingly 

contrasting results including the use of slightly different 

age ranges for the older adult samples (eg, this study age 

range: 56–77 years vs Lautenbacher et al3 study age range: 

63–88 years) and differences in the stimulus intensities and 

thermode size used for the TS trials.1 For example, Edwards 

and Fillingim1 found age differences in the TS of heat pain 

only at lower stimulus intensities (47°C and 50°C) and no 

differences at higher stimulus intensities (53°C). To control 

for potential group differences in thermal sensitivity, this 

study used individualized heat stimulus intensities so that 

each individual would experience a moderate level of pain. 

Perhaps, age differences in the TS of pain intensity are mag-

nified at certain stimulus temperatures and with increasing 

age of the older adult sample.

Enhanced TS of size ratings with age could be due to 

age-related changes in endogenous facilitatory or inhibi-

tory pain processes. Electrophysiological studies indicate 

that TS of repetitive noxious stimuli reflects the progressive 

increase in dorsal horn neuron responses to repetitive C-fiber 

discharge.15,16 TS of pain is often exaggerated in chronic pain 

conditions characterized by abnormal central nociceptive 

processing (ie, fibromyalgia, tempromandibular joint disorder, 

and complex regional pain syndrome) and has been used as 

an indication of central sensitization.6,9 Thus, our results in 

combination with others suggest that older adults may be char-

acterized by an enhancement of central sensitization.1–4 Sen-

sitized dorsal horn neurons exhibit several property changes 

Table 4 Bivariate correlation matrix between pain intensity and size ratings for pain aftersensations for younger adults

1 2 3 4 5 6 7 8

1. Intensity rating at 3 seconds, 2.5-second IPI trial 1.00
2. Intensity rating at 6 seconds, 2.5-second IPI trial 0.81* 1.00
3. Intensity rating at 3 seconds, 3.5-second IPI trial 0.30 0.29 1.00
4. Intensity rating at 6 seconds, 3.5-second IPI trial 0.33 0.49* 0.59* 1.00
5. Size rating at 3 seconds, 2.5-second IPI trial 0.50* 0.32 0.32 0.21 1.00
6. Size rating at 6 seconds, 2.5-second IPI trial 0.66* 0.70* 0.28 0.44* 0.52* 1.00
7. Size rating at 3 seconds, 3.5-second IPI trial 0.07 0.09 0.24 –0.01 0.15 0.21 1.00
8. Size rating at 6 seconds, 3.5-second IPI trial 0.38 0.44 0.29 0.25 0.31 0.67* 0.78* 1.00

Notes: The correlations between the size and intensity ratings are indicated with bold. *P,0.05. Younger adult group age range: 18–27 years.
Abbreviation: IPI, interpulse interval.

Table 5 Bivariate correlation matrix between pain intensity and size ratings for pain aftersensations for older adults

1 2 3 4 5 6 7 8

1. Intensity rating at 3 seconds, 2.5-second IPI trial 1.00
2. Intensity rating at 6 seconds, 2.5-second IPI trial 0.91* 1.00
3. Intensity rating at 3 seconds, 3.5-second IPI trial 0.77* 0.83* 1.00
4. Intensity rating at 6 seconds, 3.5-second IPI trial 0.32 0.63* 0.62* 1.00
5. Size rating at 3 seconds, 2.5-second IPI trial 0.16 0.13 0.26 0.13 1.00
6. Size rating at 6 seconds, 2.5-second IPI trial 0.24 0.29 0.17 0.28 0.44* 1.00
7. Size rating at 3 seconds, 3.5-second IPI trial 0.31 0.43* 0.34 0.51* 0.44* 0.96* 1.00
8. Size rating at 6 seconds, 3.5-second IPI trial 0.34 0.56* 0.99 0.72* 0.34 0.85* 0.94* 1.00

Notes: The correlations between the size and intensity ratings are indicated with bold. *P,0.05. Older adult group age range: 56–77 years.
Abbreviation: IPI, interpulse interval.
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including an enlargement of receptive fields and changes that 

outlast an initiating trigger (ie, pain aftersensations).17 In an 

animal study, Li et al18 showed that the neuronal events leading 

up to TS also produce an expansion of the receptive field area 

of dorsal horn neurons. This expansion likely reflects recruit-

ment of novel inputs or strengthening of weaker inputs in the 

surrounding fringes.19–21 It has been suggested that receptor 

field expansion may contribute to spatial characteristics of 

central sensitization, such as the spread of pain beyond the 

site of injury.17,22,23 Additionally, an increase in neuron recruit-

ment during repetitive noxious stimulation via activation of 

peripheral zones of neighboring receptor fields of dorsal horn 

neurons could also produce the sensation that the size of the 

area of pain is increasing.11,24,25 Indeed, the radiation of pain 

(ie, sensation of pain spreads outward from the location of 

stimulation) has been attributed to the activation of peripheral 

zones of neighboring receptor fields.25

Alternatively, deficits in endogenous pain inhibitory 

systems in older adults could also cause the increased size of 

perceived pain during TS. Endogenous systems inhibit pain at 

numerous sites along the neuroaxis, including the dorsal horn 

neurons of the spinal cord at which TS occurs.26 Furthermore, 

TS of pain results from the repetitive stimulation of peripheral 

unmyelinated C-fibers,15 which are particularly susceptible 

to opioid inhibition.27,28 Thus, reduced endogenous opioid 

inhibition could lead to enhanced TS of pain. Importantly, 

animal studies have demonstrated an age-related decline in 

opioid and nonopioid analgesic systems.29,30 Additionally, 

human studies have shown that older adults exhibit reduced 

pain inhibitory capacity with opioid- (conditioned pain 

modulation3,4,31) and nonopioid-mediated (offset analgesia32) 

psychophysical models of pain inhibition. Nonetheless, future 

research is needed to further substantiate both the mecha-

nisms producing summation of the perceived size of pain 

and the mechanisms underlying the increased endogenous 

facilitation of pain associated with aging.

Age differences in the pain intensity and 
size aftersensations
Pain aftersensations following TS of second pain are enhanced 

in chronic pain conditions characterized by generalized central 

sensitization, such as fibromyalgia.9,33 Animal work shows that 

following the cessation of repetitive nociceptive input, dorsal 

horn wide dynamic range (WDR) neuronal activity returns 

rapidly to baseline (within seconds).18,34 This is supported by 

human studies showing that TS of heat pain decays rapidly and 

becomes undetectable within 6 seconds after termination of 

nociceptive stimulation in healthy adults.16,33 To our knowledge, 

this study was the first to examine the influence of age on pain 

aftersensations following the cessation of a TS of pain test. Our 

results suggest that the size and intensity of pain sensations 

following the 2.5-second IPI TS trials dissipate more slowly 

in older adults compared to younger adults. Importantly, age 

difference in the size of pain aftersensations remained even 

after controlling for individual differences in the intensity 

aftersensations and the size ratings of the last pulse. These 

findings are in line with Riley et al4 who found increased 

lingering pain in older adults compared to younger adults fol-

lowing prolonged noxious thermal stimulation. Increased pain 

aftersensations represent another manifestation of a sensitized 

nociceptive system and, therefore, may be another indication 

of an age-related increase in central sensitization.

Methodological issues and future directions
An important methodological issue regarding the validity 

of the current results involves the ability of subjects to 

accurately rate the size of pain and/or differentiate between 

the size and intensity of pain when making each pain 

rating. While we cannot completely ensure that subjects 

always rated the size of pain vs intensity of pain when 

instructed to do so, several steps were taken to support the 

validity of the size data. First, all subjects received training 

on how to rate the intensity and size of pain prior to the 

experimental trials. Second, our planned analyses on the 

size data showed that age differences existed in the TS of 

size ratings even after controlling for individual differ-

ences in the TS of pain intensity. Third, we also examined 

the relationship between the intensity and size ratings 

for younger and older adults. The older adults generally 

showed moderate relationships between the intensity and 

size ratings. Given that a sensitized nociceptive system is 

characterized by temporal, spatial, and threshold changes 

in response to nociceptive afferent input, a positive rela-

tionship between the intensity and spatial dimensions 

of the pain experience should be expected. Importantly, 

however, the intensity ratings for the 2.5-second and 

3.5-second IPI trials were generally more highly intercor-

related than the correlations between the size and intensity 

ratings. Interestingly, the younger adults showed little to no 

relationship between the size and intensity ratings, which 

could be due to several factors. The lack of relationship 

may indicate that younger adults were truly rating two 

different mechanistic constructs. Additionally, given that 

the younger adults displayed little to no summation of size 

and intensity ratings, the lack of variability in responses 

to the TS protocol may have attenuated correlation coef-
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ficients. Finally, and perhaps most importantly, our pilot 

testing in a subgroup of individuals indicated that subjects 

were rating different constructs when asked to rate pain 

intensity and the size of pain.

Further research is needed to validate the current findings 

and determine mechanistically whether the summation of 

size represents a different correlate of central sensitization 

relative to the summation of pain intensity. Furthermore, 

additional studies should investigate the TS of size ratings in 

clinical populations and determine the clinical relevance of 

enhanced summation of the perceived size of the painful area. 

For example, studies could explore whether the increased 

summation of size ratings is related to spatial aspects of the 

clinical pain experience, such as greater radiation of pain or 

referred pain.
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