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Abstract

Objective. Pain is prevalent and functionally impactful in older adults. The prefrontal cortex is involved in pain percep-
tion, attentional control, and cortical control of locomotion. Although pain is a known moderator of attentional ca-
pacity, its moderating effect on cortical control of locomotion has not been assessed. This study aimed to examine
the effects of subjective pain on changes in functional near-infrared spectroscopy–derived measurements of oxy-
genated hemoglobin (HbO2), gait velocity, and cognitive accuracy from single- to dual-task walking conditions
among older adults. Subjects. The sample consisted of 383 healthy older adults (55% female). Methods. Participants
completed two single tasks (Single-Task-Walk [STW] and Cognitive Interference [Alpha]) and the Dual-Task-Walk
(DTW), during which participants performed the two single tasks simultaneously. The Medical Outcomes Study Pain
Severity Scale and Pain Effects Scale were used to assess pain severity and interference. ProtoKinetics Movement
Analysis Software was used to assess gait velocity and rate of correct letter generation to assess cognitive accuracy.
Functional Near-Infrared Spectroscopy (fNIRS) was used to assess HbO2 during active walking. Results. Linear
mixed-effects models revealed that HbO2 increased from single- to dual-task conditions. Perceived pain presence
was associated with an attenuated increase in HbO2 from Alpha to DTW. Among those with pain, worse pain sever-
ity was associated with an attenuated increase in HbO2 from STW to DTW. Pain interference did not moderate the in-
crease in HbO2 from single to dual tasks. Pain did not have a moderating effect on behavioral outcomes. Conclusions.

Task-related changes in the hemodynamic response in the prefrontal cortex during walking may be a sensitive
marker of the effects of subjective pain on brain function in healthy older adults.
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Introduction

Pain is prevalent in the aging population, with an esti-

mated 18.7 million older adults affected within the

United States alone [1]. The impact of pain in this

population is considerable, and older adults with pain

are at an elevated risk of developing physical impair-

ments that impact daily functionality [1]. Validated self-

report measures of pain severity and interference [2, 3]
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can help to predict important physical and functional

outcomes in community-dwelling older adults [4].

Attentional capacity is an important pathway through

which pain may impact functional outcomes [5, 6]. Dual-

task walking provides conceptual and empirical frame-

works to assess the relationship between attention/execu-

tive resources and observed gait performance [7, 8]. In

this context, a decline in gait performance in Dual-Task-

Walk (DTW) compared with Single-Task-Walk (STW)

conditions is referred to as a dual-task cost, which is

causally linked to the allocation of attention/executive

resources, known to decline in aging, to competing task

demands [9, 10].

Recent research using functional near-infrared spec-

troscopy (fNIRS) technology has demonstrated the key

functional role of the prefrontal cortex (PFC) in cortical

control of locomotion in older adults, notably under

attention-demanding conditions such as dual-task walk-

ing [11–16]. Specifically, fNIRS-derived measurements of

oxygenated hemoglobin (HbO2) increased in DTW com-

pared with STW because of greater cognitive demands

that are inherent in the DTW condition.

Limited research suggests that pain moderates atten-

tional capacity in dual-task walking [5, 6]. Lamoth and

colleagues compared adults with chronic low back pain

with healthy controls across three tasks of increasing cog-

nitive load. They found that individuals with chronic low

back pain demonstrated greater reductions in trunk coor-

dination variability than their pain-free counterparts in

dual-task walking conditions that required the most cog-

nitive resources [6]. Hamacher and colleagues also exam-

ined dual-task costs associated with the experience of

persistent low back pain in older adults and found that

those with pain exhibited greater gait speed variability

while dual-tasking as compared with pain-free controls

[5]. Although the impact of perceived pain on dual-task

walking performance has been examined among individ-

uals with low back pain, its moderating effect on atten-

tion and cortical control of locomotion among relatively

healthy older adults has not yet been assessed.

The associations observed between pain and atten-

tion/executive functions may be attributed in part to a

shared reliance on prefrontal brain regions [17, 18].

Given that dual-task walking performance is a significant

predictor of health outcomes such as frailty, disability,

and death in older adults [19], examining the influence of

pain on cortical control of locomotion, especially under

cognitively demanding conditions such as dual-task

walking, is of scientific interest and clinical utility. The

present study aimed to evaluate whether pain status, se-

verity, and interference moderated the change in fNIRS-

derived HbO2 in the PFC from single-task conditions

(STW and Cognitive Interference [Alpha]) to dual-task

walking conditions (DTW). Our hypothesis was that,

consistent with capacity limitation theories of aging, a

positive pain status, and higher pain severity and interfer-

ence among people with pain, would be associated with

an attenuated increase in HbO2 from single to dual tasks

[20, 21]. A secondary aim was to evaluate whether pain

status, severity, and interference moderated the change in

cognitive accuracy (rate of correct letter generation) and

stride velocity from single- to dual-task conditions.

Methods

Participants
The present experimental study is a secondary analysis

nested within a longitudinal, cohort study of community-

dwelling older adults, titled “Central Control of Mobility

in Aging” (CCMA) [7, 8]. The present study uses data

collected during the baseline assessment. The aims of the

parent study include the identification of cognitive and

neurological predictors of mobility performance, decline,

and disability in aging. Participants were recruited from

the population of individuals 65 years of age or older

who live within Westchester County, New York.

Potential participants were contacted first by letter and

later by telephone to determine their interest in and eligi-

bility for participation. Inclusion criteria required that

participants be at least 65 years of age, have the capacity

to ambulate independently, and be free of neurodegener-

ative disease. Exclusion criteria included an inability to

speak English, a diagnosis of dementia, the presence of

significant functional disability, and extensive audiovi-

sual loss. Further exclusion criteria included a prior his-

tory of neurological or psychiatric disorders, ongoing

treatment with hemodialysis, and any recent or scheduled

future medical procedures that could compromise mobil-

ity. Initial eligibility requirements were determined by a

structured telephone interview consisting of verbal con-

sent, a brief medical history questionnaire, mobility ques-

tions, and validated cognitive screens to exclude

dementia [22–24]. Cognitive status was determined by

formal case conference diagnostic procedures, as previ-

ously described [25]. Participants included in the present

study were older adults who had complete cognitive,

gait, and oxygenation data collected within their first

year of participation (i.e., baseline). Dates of enrollment

for the full study sample spanned from June of 2011 to

March of 2015.

Procedures
After the telephone interview, eligible individuals were

scheduled for two in-person visits in the study clinic, lo-

cated on the Albert Einstein College of Medicine campus

in the Bronx, New York. Written informed consent was

obtained from each participant on site according to the

study protocol, which had been approved by Albert

Einstein College of Medicine’s institutional review board.

CCMA study protocols have been further described in

detail in previous literature [7, 8]. During each visit, par-

ticipants completed neuropsychological, cognitive, psy-

chological, and mobility assessments.
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Measures

Dual-Task Walking Protocol

The reliability and validity of the dual-task procedure

used in this study have been well established and de-

scribed [7, 8]. In the Single-Task-Walk (i.e., STW) condi-

tions, individuals were asked to walk at their “normal

pace” on an oblong pressure sensor mat for three consec-

utive loops. In the Cognitive Interference (i.e., Alpha)

condition, participants were instructed to stand still on

the mat and recite “alternate letters of the alphabet” be-

ginning with the letter ‘B’ for 30 seconds. The rate of cor-

rect letter generation served as the measure of cognitive

performance during Alpha and DTW. In the Dual-Task-

Walk (i.e., DTW) condition, participants were instructed

to walk along the mat at their normal pace while reciting

alternate letters of the alphabet for three consecutive

loops. Participants were instructed to pay equal attention

to both portions of the task (cognitive and motor). Test

conditions were presented in a counterbalanced manner

via the use of a Latin-square design. Participants com-

pleted all walking tasks in a quiet room and were

instructed to wear comfortable footwear for ease of task

completion.

Quantitative Gait Assessment

A 4�20-ft Zeno electronic walkway was used to assess

stride velocity (centimeters per second) from the location

and mathematical parameters between footfalls under

the STW and DTW conditions (Zenometrics, LLC,

Peekskill, New York) [26]. ProtoKinetics Movement

Analysis Software technology (PKMAS) was used to as-

sess quantitative measures of gait and determine, algo-

rithmically, entry and end points under the STW and

DTW conditions [27]. Split-half intraclass correlations

for stride velocity in STW and DTW are indicative of ex-

cellent (i.e., >0.95) internal consistency [12].

fNIRS System

The fNIRS sensor is designed to measure changes in oxy-

genation within the PFC. The device allows for the detec-

tion of hemodynamic changes in response to cognitive

and motor demands [28]. For the purposes of the present

study, the fNIRS Imager 1100 (fNIR Devices, LLC,

Potomac, Maryland) was used to measure changes in

PFC hemodynamic activity during tasks of cognition and

locomotion within the dual-task paradigm. Prior publica-

tions have addressed a number of relevant methodologi-

cal issues, including artifact removal algorithms and

optimization of baseline procedures [12,13,28,29]. The

system sampling rate was set at 2 Hz. The fNIRS sensor

consists of 10 photodetectors and four light sources, with

a source–detector separation of 2.5 cm. The sensor con-

tains 16 voxels and covers the forehead. Sensor light

sources (Epitex Inc., Kyoto, Japan, type L4X730/4X805/

4X850-40Q96-I) contain three light-emitting diodes with

peak wavelengths at 830, 805, and 850 nm and an

overall outer diameter of 9.2 6 0.2 mm. Sensor photode-

tectors (BurrBrown, Tuscon, Arizona, type OPT101) are

monolithic photodiodes featuring a single-supply transi-

mpedance amplifier. A standard sensor placement proce-

dure, based on landmarks from the international 10–20

system, was implemented [30].

Preprocessing and Hemodynamic Signal Extraction

Raw data from each of the 16 fNIRS channels under all

experimental conditions were inspected to identify and

remove raw intensity measurements that met saturation

or dark current conditions. Saturation or dark current

conditions were identified in 4% of the data, which were

consequently excluded from analysis. To minimize the

effects of respiration and heart rate signals, as well as

high-frequency noise, the remaining raw intensity meas-

urements at 730 and 850 nm were low-pass-filtered with

a finite-impulse response filter with a cutoff frequency of

0.14 Hz [28]. This filtering process allowed for accurate

identification and reduction of artifacts. An expert in

fNIRS data processing (M. Izzetoglu) also identified

high-frequency noise by visual inspection. The modified

Beer-Lambert law was used to calculate HbO2 for each

channel [31]. HbO2 has previously been demonstrated to

be a reliable and sensitive measure of cerebral oxygena-

tion change during locomotion [32].

Relative changes in HbO2 were obtained by compari-

son with the 10-second baseline task within each experi-

mental condition [12, 13, 29]. During this baseline task,

participants were instructed to stand still and keep their

eyes fixed on the wall in front of them while counting si-

lently at the rate of one number per second. A 10-second

baseline task was administered immediately before the

start of each experimental condition (i.e., STW, Alpha,

DTW). The baseline levels for each of the 10-second peri-

ods were adjusted to a zero mean HbO2 value. As such,

the changes in HbO2 levels in each task condition were

normalized to the same level of the individualized base-

line condition by subtracting the mean of the baseline

from the task epoch. HbO2 levels were extracted sepa-

rately for each channel on the basis of the entire experi-

mental condition. Mean HbO2 values were calculated for

the STW, Alpha, and DTW conditions. Split-half intra-

class correlations within each task were indicative of ex-

cellent internal consistency in the HbO2 measurements.

These coefficients were 0.830 for STW, 0.864 for Alpha,

and 0.849 for DTW [29]. Gait and fNIRS data acquisi-

tion were synchronized, as previously described, by using

a main “hub” computer with E-Prime 2.0 software

(Psychology Software Tools Inc., Pittsburgh,

Pennsylvania) [12, 13, 29].

Pain

All participants completed the Medical Outcomes Study

Pain Effects Scale (MOS-PES) and Pain Severity Scale

(MOS-PSS). The MOS-PSS was administered to

Effects of Pain in Older Adults 305

D
ow

nloaded from
 https://academ

ic.oup.com
/painm

edicine/article/22/2/303/6015930 by guest on 26 O
ctober 2023



determine pain status and pain severity. The MOS-PSS

includes five items that assess frequency, duration, and

intensity of pain. Response options are provided on a

Likert scale, with values ranging from 1 to 6 for the first

three items and 0 to 20 for the last two items. Pain status

was determined by the responses given to the first item,

which queries about the presence and severity of pain ex-

perienced in the past month. Participants were dichoto-

mized into pain status groups on the basis of their

responses to this first item, with individuals who denied

having experienced pain (i.e., “none”) categorized within

the no-pain group. Individuals who endorsed having ex-

perienced pain in the past month were categorized within

the pain group. Pain severity and interference scores were

calculated for individuals in the positive pain status

group (i.e., yes pain). For individuals who endorsed pain,

as determined by their response to item 1, a pain severity

score was calculated by transforming each individual

score onto a 0–100 scale and then calculating the mean

of these transformed items. The pain severity score was

then dichotomized by tertile, such that individuals within

the highest tertile (i.e., 55.00–96.67) were categorized as

having “high pain severity,” and individuals within the

lower two tertiles (i.e., 14.67–55.00) were categorized as

having “low pain severity.” The MOS-PSS has a

Cronbach’s alpha of 0.93 and has been shown to also

have robust convergent validity [33]. In the present

study, the MOS-PSS had an adequate level of internal

consistency, as determined by a Cronbach’s alpha of

0.70.

The MOS-PES includes six items that query about

pain interference in mood, mobility, sleep, work, recrea-

tion, and enjoyment of life. Response options are pro-

vided on a Likert scale and range from 1 (i.e., “not at

all”) to 5 (i.e., “extremely”). For individuals with a posi-

tive pain status, as determined by item 1 of the MOS-

PSS, a pain interference score was calculated by averag-

ing responses across the six items and transforming the fi-

nal value onto a 0–100 scale, with higher scores

indicating higher levels of pain interference. The pain in-

terference score was then dichotomized by tertile, such

that individuals within the highest tertile (i.e., 33.33–

90.00) were categorized within the “high pain inter-

ference” group, and those within the lower two tertiles

(i.e., 20.00–33.33) were categorized within the “low pain

interference” group. There is literature to suggest that the

MOS-PES has a Cronbach’s alpha coefficient of 0.93 and

demonstrates good convergent validity (i.e., correlation

of 0.79) when compared with the MOS-PSS [33]. In the

present study, the MOS-PES had a high level of internal

consistency, as determined by a Cronbach’s alpha of

0.86.

Patient Characteristics

Demographic data, such as participant age, gender, eth-

nicity, and years of education, were collected via self-

report at baseline and included as covariates in adjusted

models. Severity of depressive symptomology, as assessed

by the Geriatric Depression Scale, and cognitive function-

ing, as assessed by the Repeatable Battery for the

Assessment of Neuropsychological Status (RBANS) total

score, were also assessed [34, 35]. The Global Health

Score (GHS) is a disease comorbidity score calculated

from participants’ dichotomous ratings (i.e., presence vs.

absence) of a number of diseases, including arthritis, an-

gina, hypertension, chronic heart failure, stroke, chronic

obstructive disease, myocardial infarction, depression,

and Parkinson’s disease (range 0–10) [25]. Patient self-

report of disease has been demonstrated to be a valid and

reliable measure of disease history in adults [36]. The

GHS score was also included as a covariate in adjusted

models.

Statistical Analysis
Distributions of all study variables were visually

inspected and described (mean/standard deviation, n and

%). Bivariate analyses evaluated whether participant

characteristics differed by pain status. Statistical tests

used for bivariate analyses included t tests for indepen-

dent samples, Pearson chi-squared tests for indepen-

dence, chi-squared tests for trend, and a Mann-Whitney

U test. The original sample consisted of 407 individuals

who had completed all baseline procedures (i.e., two

clinic visits during baseline). A total of 24 individuals

were excluded from the study sample as a result of miss-

ing pain data. Cases with missing data for any of the

study’s outcome variables were retained in our analyses,

as linear mixed-effects models (LMEMs) are robust in

the face of missing data. The final study sample included

a total of 383 individuals with and without reported

pain.

All analyses were first conducted on the full study

sample (N¼ 383) to determine the effect of pain status

on study outcomes. Analyses evaluating the associations

between pain severity and interference on study out-

comes were conducted in the individuals who reported

pain (n¼ 246). Three separate LMEMs assessed the fixed

effects of task (DTW vs. STW; DTW vs. Alpha) and pain

(Model 1: pain vs. no pain [n¼ 383]; Model 2: high pain

severity vs. low–medium pain severity [n¼ 246]; Model

3: high pain interference vs. low–medium pain interfer-

ence [n¼ 246]) and their interaction on HbO2. With re-

gard to HbO2, there was a three-level task effect (DTW

vs. STW; DTW vs. Alpha), and models allowed for indi-

vidual channel data (optodes 1–16) to vary (i.e., channels

were treated as random effects repeated measures).

Notably, however, model estimates and means presented

for each experimental condition in the figures represent

the average oxygenation levels based on all available

data from all channels.

Three separate LMEMs evaluated the fixed effects of

task (DTW vs. STW), pain (Model 1: pain vs. no pain;
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Model 2: high pain severity vs. low–medium pain sever-

ity; Model 3: high pain interference vs. low–medium pain

interference), and their interaction on gait (gait velocity).

Three additional models were used to evaluate the effect

of task (DTW vs. Alpha), pain (Model 1: pain vs. no

pain; Model 2: high pain severity vs. low–medium pain

severity; Model 3: high pain interference vs. low–medium

pain interference), and their interaction on cognitive per-

formance (rate of correct letter generation). There were

two-level task effects with respect to gait (STW vs.

DTW) and cognitive performance (Alpha vs. DTW).

Analyses were adjusted for age, gender, ethnicity, educa-

tion, comorbidity status (i.e., GHS score), depression

(i.e., GDS score), and overall level of cognitive function-

ing (i.e., RBANS total index score). Alpha was set at 0.05

for all analyses. SPSS Premium GradPack 26 was used to

conduct all analyses.

Results

Study participants (n¼ 383; mean age¼ 76 6 6.7 years;

mean education¼ 14 6 2.9 years; % female¼ 54.6) were

individuals who had completed the dual-task paradigm

and self-report pain questionnaires at baseline. Of the

383 participants included in the study, approximately

83% of the sample self-identified as Caucasian, 13%

identified as Black, and the remaining 3% identified as

belonging to another ethnicity. Participants were gener-

ally well educated, with an average of 14 years of educa-

tion. The mean RBANS Index score (91.5 6 11.8)

indicated average overall cognition among the study par-

ticipants. The mean GHS score (1.6 6 1.1) suggested that

the sample was relatively healthy. A positive pain status

was reported by 64.2% (n¼ 246) of the sample.

Bivariate analyses revealed that pain severity, pain inter-

ference, education, ethnicity, gender, GHS, and RBANS

Index Score differed significantly by pain status

(Table 1). On average, participants with pain reported

higher levels of pain severity (47.2 6 19.3 vs. 3.3 6 0.0,

P< 0.001) and pain interference (31.8 6 12.8 vs.

20.0 6 0.0, P< 0.001) than the no-pain group.

Participants with pain were more likely to be female

(61.0% vs. 43.1%, P¼ 0.001) and reported a higher level

of education (14.5 6 2.9 vs. 13.9 6 2.8, P¼ 0.046). They

were also more likely to have a moderate global health

score (38.6% vs. 25.5%, P¼ 0.001) and a higher

RBANS Index Score (92.5 6 11.3 vs. 89.4 6 12.6,

P¼ 0.040).

The Effects of Task, Pain, and Their Interaction on

HbO2

The first LMEM was designed to replicate previous find-

ings concerning the effect of walking tasks on PFC oxy-

genation. Results revealed the expected significant task

effect, whereby HbO2 increased from STW (estimate¼ -

0.536, 95% confidence interval [CI]: -0.566 to -0.507,

P< 0.001) and from Alpha (estimate¼ -0.043, 95% CI: -

0.073 to -0.014, P¼ 0.004) to DTW.

A separate LMEM then evaluated the main and mod-

eration effects of pain on HbO2. As above, HbO2 in-

creased from STW (estimate¼ -0.575, P< 0.001) and

Alpha (estimate¼ -0.099, P< 0.001) to DTW. However,

the increase in HbO2 from Alpha to DTW was attenu-

ated among participants who reported pain compared

with those who did not report pain (estimate¼ 0.085,

P¼ 0.007). The moderating effect of pain on the increase

in HbO2 from STW to DTW did not meet the threshold

for significance but followed a similar trend

(estimate¼ 0.060, P¼ 0.058). The main effect of pain

was not significant (estimate¼ -0.028, P¼ 0.590) (Table

2).

The LMEM that examined the main effect of task

within individuals with reported pain revealed a signifi-

cant task effect, such that HbO2 increased from STW to

DTW (estimate¼ -0.515, 95% CI: -0.550 to -0.480,

Table 1. Demographics stratified by pain status

Variable Total N¼383 No Pain n¼137 Pain n¼246 Significance

Age, years 76 6 6.7 76 6 6.6 75 6 6.7 0.177

Education, years 14 6 2.9 13 6 2.8 14 6 2.9 0.046

Ethnicity 0.020

Caucasian 319 (83.3%) 114 (83.2%) 205 (83.3%)

Black 51 (13.3%) 14 (10.2%) 37 (15.0%)

Other 13 (3.4%) 9 (6.6%) 4 (1.6%)

Gender 0.001

Male 174 (45.4%) 78 (56.9%) 96 (39.0%)

Female 209 (54.6%) 59 (43.1%) 150 (61.0%)

GHS 0.001

0 62 (16.2%) 30 (21.9%) 32 (13.0%)

1 115 (30.0%) 50 (36.5%) 65 (26.4%)

2 130 (33.9%) 35 (25.5%) 95 (38.6%)

3 60 (15.7%) 20 (14.6%) 40 (16.3%)

4 16 (4.2%) 2 (1.5%) 14 (5.7%)

RBANS total scaled score 91 (11.8) 89 (12.6) 92 (11.3) 0.040

Values given as mean6standard deviation, median (interquartile range), or number (percentage).
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P< 0.001). The increase in HbO2 from Alpha to DTW,

however, did not meet the threshold for significance

(estimate¼ -0.013, 95% CI: -0.048 to 0.022,

P¼ 0.458).

The LMEM examining the effects of task, pain sever-

ity, and their interaction on prefrontal oxygenation

(Table 3) revealed a significant task effect, whereby

HbO2 increased from STW to DTW (estimate¼ -0.588,

P< 0.001). Although HbO2 also increased from Alpha to

DTW, this effect did not meet the threshold for signifi-

cance (estimate¼ -0.030, P¼ 0.195). However, partici-

pants who reported high pain severity (e.g., those in the

highest tertile on the MOS-PSS) demonstrated an attenu-

ated increase in HbO2 from STW to DTW when com-

pared with those with low pain severity

(estimate¼ 0.171, P< 0.001). The main effect of pain se-

verity was not significant (estimate¼ -0.106, P¼ 0.103).

The main and moderation effects of pain interference

on HbO2 were not significant (Table 3).

The Effects of Task, Pain, and Their Interaction on

Gait Velocity
The LMEM that examined the main effect of task on gait

velocity in the total sample revealed a significant task ef-

fect, such that gait velocity decreased from STW to DTW

(estimate¼ 15.005, 95% CI: 13.721 to 16.289,

P< 0.001). Pain status did not moderate the association

between task and gait velocity (estimate¼ -1.475,

P¼ 0.278) (Table 4).

The LMEM that examined the main effect of task on gait

velocity among people with pain revealed a significant de-

crease in gait velocity from STW to DTW (estimate¼ 14.561,

95% CI: 12.962 to 16.160, P< 0.001). Neither pain severity

(estimate¼ -1.454, P¼ 0.392) nor pain interference

(estimate¼ -0.925, P¼ 0.575) moderated the relationship be-

tween task and gait velocity among people with pain

(Table 5). The main effect of pain severity was not significant

(estimate¼ -1.936, P¼ 0.462). The main effect of pain inter-

ference, however, was significant, such that participants who

reported highest interference demonstrated reduced gait ve-

locity across walking tasks (estimate¼ -6.947, P¼ 0.007).

The Effects of Task, Pain, and Their Interaction on

Rate of Correct Letter Generation
The LMEM that examined the main effect of task on the

rate of correct letter generation in the total sample did

not reveal a significant relationship between task and

correct letter generation (estimate¼ -0.019, 95% CI: -

0.040 to 0.003, P¼ 0.088). Pain status did not moderate

this relationship (estimate¼ -0.007, P¼ 0.768) (Table 6).

The LMEM that examined the main effect of task on

the rate of correct letter generation among individuals

with reported pain did not reveal a significant relation-

ship between task and correct letter generation

(estimate¼ -0.021, 95% CI: -0.049 to 0.007, P¼ 0.148).

Neither pain severity (estimate¼ -0.008, P¼ 0.795) nor

pain interference (estimate¼ 0.013, P¼ 0.664) moder-

ated this relationship. Furthermore, the main effects of

pain severity (estimate¼ -0.000, P¼ 0.997) and pain in-

terference (estimate¼ -0.007, P¼ 0.820) on rate of cor-

rect letter generation were not significant (Table 7).

Discussion

The present study evaluated how subjective perceptions

of the presence, severity, and interference of pain in the

past month influenced cortical control of active walking,

gait velocity, and cognitive performance during walking

in community-residing older adults. The key findings

revealed that pain status and pain severity moderated

changes in cortical control of walking (operationalized

through fNIRS-derived measurements of HbO2 in the

PFC) across tasks that experimentally manipulated cogni-

tive demands. We discuss the specific findings below.

Table 2. LMEM evaluating the effect of task and pain status on HbO2

Variable Estimate t 95% CI P

Task

STW vs. DTW �0.575 �22.553 �0.625 to -0.525 < 0.001

Alpha vs. DTW �0.099 �3.871 �0.149 to -0.049 <0.001

Pain status

Pain yes vs. no �0.028 �0.539 �0.128 to 0.073 0.590

Task � pain

STW vs. DTW � pain yes vs. no 0.060 1.896 �0.002 to 0.122 0.058

Alpha vs. DTW � pain yes vs. no 0.085 2.698 0.023 to 0.147 0.007

Covariates

Age 0.001 0.260 �0.006 to 0.007 0.795

Channel �0.002 �1.234 �0.004 to 0.001 0.217

Education �0.016 �2.015 �0.031 to -0.000 0.045

GDS 0.002 0.288 �0.010 to 0.013 0.774

Gender �0.290 �6.472 �0.378 to -0.202 <0.001

GHS �0.018 �0.871 �0.060 to 0.023 0.384

RBANS 0.002 0.856 �0.002 to 0.005 0.393

Results of model adjusted for age, fNIRS channel, gender, education, depression (i.e., GDS), comorbidity status (i.e., GHS), and RBANS total index score.
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As expected, irrespective of pain status, fNIRS-

derived measurements of HbO2 in the PFC increased

from the single tasks (STW and Alpha) to DTW.

Consistent with the study hypothesis, positive pain sta-

tus was associated with an attenuated increase in PFC

oxygenation from Alpha to DTW. Moreover, among

participants with a positive pain status, those who

reported the highest level of pain severity showed atten-

uated increases in HbO2 from STW to DTW but not

from Alpha to DTW. Pain interference, however, was

not associated with any moderating effects on cortical

control of walking.

Table 4. LMEM evaluating the effect of task and pain status on gait velocity

Variable Estimate t 95% CI P

Task

STW vs. DTW 15.782 14.569 13.651 to 17.914 <0.001

Pain status

Pain yes vs. no 0.154 0.077 �3.755 to 4.062 0.938

Task � pain

STW vs. DTW � pain yes vs. no �1.475 �1.086 �4.147 to 1.197 0.278

Covariates

Age �1.043 �8.069 �1.297 to -0.788 <0.001

Education �0.117 �0.381 �0.724 to 0.489 0.704

GDS �0.491 �2.177 �0.934 to -0.047 0.030

Gender �0.233 �0.132 �3.705 to 3.240 0.895

GHS �2.814 �3.445 �4.422 to -1.207 0.001

RBANS 0.361 4.766 0.212 to 0.510 <0.001

Results of model adjusted for age, gender, education, depression (i.e., GDS), comorbidity (i.e., GHS), and RBANS total index score.

Table 3. LMEMs evaluating the effect of task, pain severity, and pain interference on HbO2

Variable Estimate t 95% CI P

Model 1

Task

STW vs. DTW �0.588 �24.997 �0.634 to -0.542 < 0.001

Alpha vs. DTW �0.030 �1.297 �0.076 to 0.016 0.195

Pain severity

High vs. low–medium �0.106 �1.635 �0.234 to 0.022 0.103

Task � severity

STW vs. DTW � severity high vs. low–medium 0.171 4.245 0.092 to 0.251 < 0.001

Alpha vs. DTW � severity high vs. low–medium 0.030 0.755 �0.049 to 0.110 0.450

Covariates

Age �0.002 �0.542 �0.010 to 0.006 0.588

Channel �0.003 �1.532 �0.006 to 0.001 0.126

Education �0.022 �2.312 �0.040 to -0.003 0.022

GDS 0.009 1.366 �0.004 to 0.023 0.174

Gender �0.258 �4.632 �0.368 to -0.148 <0.001

GHS �0.057 �1.770 �0.120 to 0.006 0.078

RBANS �0.000 �0.111 �0.005 to 0.005 0.912

Model 2

Task

STW vs. DTW �0.535 �21.089 �0.585 to -0.486 <0.001

Alpha vs. DTW �0.040 �1.593 �0.090 to 0.009 0.111

Pain interference

High vs. low–medium �0.006 �0.104 �0.127 to 0.114 0.917

Task � interference

STW vs. DTW � interference high vs. low–medium 0.013 0.333 �0.063 to 0.089 0.739

Alpha vs. DTW � interference high vs. low–medium 0.047 1.219 �0.029 to 0.123 0.223

Covariates

Age �0.002 �0.555 �0.010 to 0.006 0.579

Channel �0.003 �1.528 �0.006 to 0.001 0.126

Education �0.021 �2.273 �0.040 to -0.003 0.024

GDS 0.008 1.169 �0.006 to 0.022 0.244

Gender �0.262 �4.704 �0.371 to -0.152 <0.001

GHS �0.063 �2.011 �0.124 to -0.001 0.046

RBANS �0.000 �0.37 �0.005 to 0.005 0.971

Results of model adjusted for age, fNIRS channel, gender, education, depression (i.e., GDS), comorbidity status (i.e., GHS), and RBANS total index score.
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The results of this study are consistent with known

theories of cognitive aging that attempt to explain neural

patterns of under-activation across tasks of increasing

cognitive demand. Our findings indicate that both the

presence and severity of pain are associated with PFC

under-activation in the change from single- to dual-task

walking. These outcomes may be consistent with capac-

ity limitation models in aging, which suggest that because

of diminished brain resources, older adults tend to ex-

hibit reduced increases in brain activations in response to

cognitively challenging tasks [20, 21]. The presence of

pain, and certainly severe pain, can pull cognitive resour-

ces away from the task at hand. As such, we may inter-

pret these results to suggest that the presence of pain,

particularly when severe, contributes to these known,

age-related reductions in brain activation vis-�a-vis cogni-

tively demanding tasks.

Our findings are consistent with the interpretation

that it is the cognitive demand of pain, rather than the

impact of pain on a person’s life, that is contributing to

Table 6. LMEM evaluating the effect of task and pain status on rate of letter generation

Variable Estimate t 95% CI P

Task

Alpha vs. DTW �0.016 �0.859 �0.052 to 0.020 0.391

Pain status

Pain yes vs. no 0.024 1.009 �0.023 to 0.072 0.313

Task � pain

Alpha vs. DTW � pain yes vs. no �0.007 �0.296 �0.052 to 0.038 0.768

Covariates

Age �0.000 �0.226 �0.003 to 0.003 0.822

Education 0.020 5.775 0.013 to 0.027 <0.001

GDS 0.004 1.411 �0.001 to 0.009 0.159

Gender 0.048 2.375 0.008 to 0.087 0.018

GHS �0.025 �2.708 �0.044 to -0.007 0.007

RBANS 0.006 7.167 0.004 to 0.008 <0.001

Results of model adjusted for age, gender, education, depression (i.e., GDS), comorbidity status (i.e., GHS), and RBANS total index score.

Table 5. LMEMs evaluating the effect of task, pain severity, and pain interference on gait velocity

Variable Estimate t 95% CI P

Model 1

Task

STW vs. DTW 14.827 14.638 12.829 to 16.825 <0.001

Pain severity

High vs. low–medium �1.936 �0.737 0.462

Task � severity

STW vs. DTW � severity high vs. low–medium �1.454 �0.858 �4.795 to 1.888 0.392

Covariates

Age �1.136 �6.792 �1.466 to -0.806 <0.001

Education �0.402 �1.014 �1.185 to 0.381 0.312

GDS �0.506 �1.668 �1.105 to 0.092 0.097

Gender �1.831 �0.775 �6.496 to 2.833 0.439

GHS �2.927 �2.718 �5.051 to -0.802 0.007

RBANS 0.360 3.512 0.158 to 0.563 0.001

Model 2

Task

STW vs. DTW 14.696 13.773 12.591 to 16.800 <0.001

Pain interference

High vs. low–medium �6.947 �2.729 �11.963 to -1.931 0.007

Task � interference

STW vs. DTW � interference high vs. low–medium �0.925 �0.561 �4.173 to 2.324 0.575

Covariates

Age �1.137 �6.951 �1.459 to -0.814 <0.001

Education �0.269 �0.692 �1.037 to 0.499 0.490

GDS �0.276 �0.901 �0.880 to 0.328 0.369

Gender �1.618 �0.699 �6.183 to 2.947 0.485

GHS �2.652 �2.539 �4.712 to -0.591 0.012

RBANS 0.348 3.464 0.150 to 0.546 0.001

Model 1 evaluated effects of task and pain severity; Model 2 evaluated effects of task and pain interference. Results of models adjusted for age, gender, educa-

tion, depression (i.e., GDS), comorbidity status (i.e., GHS), and RBANS total index score.
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PFC under-activation across tasks of increasing cognitive

demand. In this study, high pain severity, but not pain in-

terference, moderated the change in prefrontal oxygena-

tion across tasks of increasing cognitive load. This

differential association suggests that task-related differ-

ences in brain activation patterns may be more sensitive

to the effects of self-perceived pain severity than interfer-

ence. Pain severity and pain interference are theoretically

independent constructs [2]. For example, a national sam-

ple of adults with chronic pain found that, although pain

severity accounted for a significant portion of pain inter-

ference, other factors, such as pain catastrophizing, fear

of pain, guarding, and control beliefs, also contributed

significantly to pain interference [37]. Thus, our findings

suggest that it is the severity of pain, not the interference

of pain in one’s daily life, that further stresses the atten-

tion system, which in turn results in an attenuated brain

response to tasks that increase in complexity and

difficulty.

Our results did not support the expected moderating

effects of perceived pain on performance-based outcomes

such as gait velocity and letter generation. A possible ex-

planation for the discrepancy in the results comparing

fNIRS-derived measurements of HbO2 with

performance-based outcomes is that the former may be

more sensitive to the effects of perceived pain in our

study sample. Our findings are inconsistent with prior

studies that have found pain to be a moderator of physi-

cal performance outcomes, such as trunk coordination

and gait speed variability, in adults with chronic low

back pain [5, 6]. This inconsistency may be attributable

to differences in our study measures and sample popula-

tion, which consisted of older adults who were relatively

healthy and who did not report chronic back pain.

Results of this study also indicated that general cogni-

tion (i.e., RBANS) was associated with better perfor-

mance on behavioral tasks. General cognition and

education were positively associated with cognitive per-

formance during the Cognitive Interference (i.e., Alpha)

task. Education was also significantly associated with

prefrontal oxygenation levels during study tasks. Given

that education is often used as a proxy measure of cogni-

tive reserve, these results suggest that, among older

adults, cognitive factors play an important role in brain

and behavior outcomes during walking. These results

provide further justification for the inclusion of educa-

tion and general cognition as covariates in this study.

Clinical Implications
The present study sheds light on the importance of the

clinical use of routine pain assessments for community-

dwelling older adults. The present findings revealed that

Table 7. LMEMs evaluating the effect of task, pain severity, and pain interference on rate of letter generation

Variable Estimate t 95% CI P

Model 1

Task

Alpha vs. DTW �0.020 �1.113 �0.055 to 0.015 0.267

Pain severity

High vs. low–medium �0.000 �0.004 �0.060 to 0.060 0.997

Task � severity

Alpha vs. DTW � severity high vs. low–medium �0.008 �0.260 �0.068 to 0.052 0.795

Covariates

Age 0.000 0.226 �0.003 to 0.004 0.821

Education 0.021 5.158 0.004 to 0.008 <0.001

GDS 0.003 0.963 �0.003 to 0.009 0.337

Gender 0.034 1.370 �0.015 to 0.083 0.172

GHS �0.018 �1.600 �0.041 to 0.004 0.111

RBANS 0.006 5.480 0.004 to 0.008 <0.001

Model 2

Task

Alpha vs. DTW �0.028 �1.478 �0.065 to 0.009 0.141

Pain interference

High vs. low–medium �0.007 �0.228 �0.065 to 0.052 0.820

Task � interference

Alpha vs. DTW � pain yes vs. no 0.013 0.435 �0.045 to 0.070 0.664

Covariates

Age 0.000 0.225 �0.003 to 0.004 0.822

Education 0.021 5.161 0.013 to 0.293 <0.001

GDS 0.003 0.909 �0.003 to 0.009 0.365

Gender 0.034 1.376 �0.015 to 0.083 0.170

GHS �0.019 �1.644 �0.041 to 0.004 0.102

RBANS 0.006 5.498 0.004 to 0.008 <0.001

Model 1 evaluated effects of task and pain severity; Model 2 evaluated effects of task and pain interference. Results of models adjusted for age, gender, educa-

tion, depression (i.e., GDS), comorbidity status (i.e., GHS), and RBANS total index score.
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the presence and severity of pain over 1 month were asso-

ciated with attenuated patterns of PFC activation during

dual-task walking. These pain-related patterns of neural

under-activation may be clinically relevant in that they

appear to precede the effect of perceived pain on perfor-

mance and functional outcomes. Furthermore, our find-

ings are consistent with existing literature that indicates

that perceived pain severity and interference are theoreti-

cally independent constructs [2]. These results suggest

that clinical assessments that inquire about pain presence

and severity may be useful in identifying older adults at

risk of experiencing patterns of neural under-recruitment

during dual-task walking.

Strengths, Limitations, and Future Directions
Strengths of the present investigation include the use of

novel experimental procedures, as well as the use of a

community-dwelling sample. Although prior studies have

examined the impact of pain on physical performance in

pain populations, the present investigation extends the

generalizability of these findings to community-dwelling

older adults [5, 6]. To our knowledge, the present study

is the first to consider the impact of pain on the cortical

control of locomotion in healthy older adults. The fNIRS

system we used provides a number of advantages, which

include enhanced portability and a means of assessing

cortical activation during active walking. Although the

system is somewhat limited in terms of depth of penetra-

tion and spatial resolution, the results of our recent MRI

fNIRS co-registration study provide further validation

for the use of this system among older adults [38].

This study has several limitations to consider. First,

this study did not consider the impact of differences in

participants’ clinical pain status. Thus, future studies
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Figure 1. Moderation effect of pain status on prefrontal oxygenation in single vs. dual tasks.

Figure 2. Moderation effect of pain severity on prefrontal oxygenation in single vs. dual tasks.
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may consider further dichotomizing their sample to de-

termine the effects of clinical pain status (e.g., low back

pain, fibromyalgia, etc.) on neurological outcomes.

Furthermore, this study did not consider the impact of

self-reported pain location and level of pain during walk-

ing on study outcomes. Therefore, the effects of various

pain locations and pain types (e.g., nociceptive inflamma-

tory pain vs. neuropathic pain; somatic pain vs. visceral

pain) on brain and behavior outcomes were not assessed.

Additionally, this study used a pain measure that re-

quired participants to aggregate their pain experiences

over the course of 1 month. As such, the impact of cur-

rent pain was not assessed.

Methodological issues associated with the use of

fNIRS measurements must also be noted. More specifi-

cally, this technology is susceptible to spontaneous fluc-

tuation or physiology-based systemic interferences in the

signal due to cardiac pulsation, respiration, and other

spontaneous low-frequency oscillations [39]. However,

the method used in this study to process the fNIRS signal

has been recently validated against automated algorithms

designed to remove such interference effects [40].

Moreover, such limitations were not likely to influence

the moderating effects of perceived pain on task-related

changes in PFC oxygenation levels, given that experimen-

tal conditions were administered in a random order and

had the same walking environment and physical require-

ments. The use of mean performance outcomes may also

be considered a limitation of the present study, as meas-

ures of performance variability (i.e., stride and swing

time variability) have been shown to be more sensitive

predictors of long-term physical function in community-

dwelling older adults [41]. Furthermore, there is prior lit-

erature to suggest that measures of intra-individual vari-

ability may be more sensitive to the effects of pain [42].

Future studies may consider the use of measures of per-

formance variability in order to further explore the im-

pact of pain on neural and behavioral outcomes.

Conclusion

The present findings revealed that the presence and sever-

ity of pain over 1 month were associated with attenuated

patterns of PFC activation during dual-task walking.
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