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Abstract

Background

A number of studies have evaluated the association between cognitive function, pain, and

physical activity. To our knowledge, however, no previous studies have evaluated these fac-

tors at the population level.

Aims

To evaluate the association between cognitive function in the elderly with pain, physical

activity, and the interaction between these variables. Estimates are generated for the United

States population.

Methods

We made use of the NHANES database (1999–2002), making adjustments so that our

results represent the United States population. Cognitive function was evaluated through

the Digit Symbol Substitution Test. Our main predictors were (1) pain, defined as soreness

of either the shoulder, neck, lower back and joint, or a severe headache (2) physical activity,

measured as the performance while performing tasks at home, physical activity intensity,

walking, bicycle riding, and muscle strengthening.

Results

Most individual pain sites were not significantly associated with cognitive function, while all

physical activity factors were associated with an increase in cognitive function. When evalu-

ating the sample subset of those with cognitive scores lower than the median, a combination

of more pain and less physical activity was consistently associated with lower cognitive

scores when compared to those performing more physical activity with or without pain.
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When evaluating individuals with cognitive scores above the median, a similar association

pattern was perceived.

Conclusions

Among the population of individuals above the age of 60, higher cognitive levels are associ-

ated with more physical activity and less with pain, although both factors might impact cogni-

tion. Public policy resources should be commensurate with these findings when targeting

cognitive function among the aging population.

Introduction

Identifying risk factors for decreased cognitive function in aging adults is of critical impor-

tance, as it not only directly impacts quality of life but also because cognitive loss can be an

early sign of dementia. Despite knowing that physical inactivity and pain are independent risk

factors for decreased cognitive function [1,2], to our knowledge there are no published popula-

tional estimates of their impact.

Decreased cognitive function has been associated with important negative health outcomes

such as serious falls requiring hospitalization [3], Alzheimer’s disease, and death [4–6]. In

addition, Alzheimer’s disease is also consistently preceded by a history of decreasing cognitive

function [7,8]. Because a slight but detectable drop in cognitive function has been previously

shown to predict dementia, cognition loss is considered a trait of preclinical dementia [9].

Although the role of early detection of cognitive deficits has been well established, the contri-

bution of risk factors such as pain and physical activity on the development of cognitive dys-

functional at the populational level is less clear.

Evidence from animal [1,2], as well as human studies [10–14] have demonstrated that phys-

ical inactivity can increase the risk of early cognitive dysfunction. Specifically, exercise has a

positive effect on the brain by regulating growth factors, which will ultimately act as mediators

for brain stimulation [15]. In a similar manner, pain has been demonstrated to have a negative

association with cognitive function [16,17]. Specifically, when aspects of cognitive function

such as spatial discrimination, tactile acuity and learning curves are evaluated under painful

situations, decreased cognition is consistently observed [18,19]. Furthermore, offering mor-

phine over a long period of time to relieve chronic pain has led to improved cognitive function

[20], thus confirming the role of pain in suppressing cognitive function [21,22]. Despite the

fact that pain and physical inactivity having been shown to be independently associated with

cognitive dysfunction, the co-existence of these two factors and their impact on cognition has

not been previously evaluated at the population level.

In face of this gap in the literature, our objective was to determine whether co-existing,

increasing levels of physical activity and decreased levels of pain were associated with increased

cognitive function while making inferences to the United States population.

Methods

Study design

Our study was designed as a cross-sectional study based on NHANES (National Health and

Nutrition Examination Survey) to evaluate the interaction between pain and physical activity

in determining an increase in cognitive function at the population level. Cognitive function

Pain, physical activity and cognition
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was evaluated through the Digit Symbol Substitution Test. Our analysis is described in accor-

dance with the STROBE (STrengthening the Reporting of OBservational studies in Epidemiol-

ogy) guidelines [23].

Ethics

Our study was approved by the Institutional Review Board of the University of Basilicata, Italy.

Setting

Data for this study were obtained from the National Health and Nutrition Examination Survey

(NHANES) [24], a program that regularly assesses the health and nutritional status of citizens

of the United States. This survey has been collecting data starting in the 1960s, with new data

waves conducted every two years. For this study, we made use of the 1999–2000 and 2001–

2002 year dyads, since both included a cognitive evaluation.

Participants

Participants of the NHANES were drawn from 15 counties in the United States, selected

through a stratified multistage probability sampling of the civilian non-institutionalized popu-

lation. From a general group of over 5000 individuals interviewed and examined for various

health conditions at their homes, we selected a subset involving all participants aged 60 and

above. We also excluded all of those who could not complete the cognitive test, as well as indi-

viduals whose interviews were conducted by a proxy since the cognitive test would not repre-

sent the participant’s cognitive status.

Outcomes

Our major outcome was cognitive function as measured by the total number of symbols a par-

ticipant coded correctly within 120 seconds on the Digit Symbol Substitution Test (DSST),

WAIS-III (Wechsler Adult Intelligence Scale, Third Edition) [25], and measured as the num-

ber of correctly identified items [26] (http://wwwn.cdc.gov/nchs/nhanes/1999-2000/CFQ.

htm#References). The DSST is a non-verbal test of psychomotor speed and executive function

[27–29], requiring response speed, visual-spatial skills, sustained attention, associative learn-

ing, and memory. This test is believed to be a more sensitive measure of dementia than the

widely used Mini-Mental Status Exam [30], and is sensitive to cognitive changes at high levels

of cognition [31].

Predictors

Our main predictors were (1) pain, defined as the presence of shoulder pain, neck pain, lower

back pain, joint pain, or severe headache; the evaluation of pain location as well as intensity

were assessed by visual charts, and (2) physical activity, measured as the performance of home

tasks, moderate or vigorous forms of physical activity, walking, riding a bicycle, and muscle-

strengthening activities. All variables were obtained through a home interview including a cog-

nitive exam.

Potential confounders

Potential confounders were selected based on evidence from previous literature combined

with clinical judgment. Specifically, we selected age, educational level, gender, household

income, marital status, number people in a household, poverty index ratio, citizenship and the

use of reading glasses. [32].

Pain, physical activity and cognition
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Statistical methods

Our exploratory analysis started by evaluating distributions, frequencies, and percentages for

each of the numeric and categorical variables. Categorical variables were evaluated for near-

zero variation [33], or categories with low frequencies which could bias our results. Extensive

graphical displays were used for both univariate analysis and bivariate associations. Missing

data were explored using a combination of graphical displays involving univariate, bivariate

and multivariate methods. For bivariate analyses, we calculated effect sizes to quantify the asso-

ciation between DSST scores and sample characteristics such as age, gender, income, educa-

tion level, marital status, and citizenship. Specifically, for t-tests we used Cohen’s d statistic

interpreted as being small when d< = 0.2, medium if d< = 0.5, and 0.8 as a ‘large’ effect size

[34]. We used Cohen’s w, a measure of effect size for Chi-square tests, with values of 0.1, 0.3,

and 0.5 representing small, medium, and large effect sizes, respectively [34].

Our modeling strategy made use of a series of generalized linear models with a Gaussian

family to evaluate the association between cognitive function measured by the processing

speed evaluated through the DSST, pain (presence of shoulder pain, neck pain, lower back

pain, joint pain or severe headache), and physical activity (measured as the performance of

home tasks, moderate or vigorous forms of physical activity, walking, riding a bicycle, and

muscle-strengthening activities). Each of these variables were added as indicator variables in

our model. The multiplicative interaction between these variables was evaluated through the

generation of indicator variables (dummy variables) representing the presence of either any

pain or any indicator of physical activity. Risk-adjusted models took into account the following

potential confounding variables: age, educational level, gender, household income, marital sta-

tus, number people in a household, poverty index ratio, citizenship and the use of reading

glasses. Results were reported as predicted means with 95% confidence intervals, with results

being interpreted as significant when confidence intervals did not overlap.

All of our analyses were adjusted by using weights and strata as specified in the NHANES

sampling strategy, so that our results would ultimately represent inferences to the United

States population rather than just the local study sample. All analyses were performed using

the R language [35] and the following packages: svy (https://cran.r-project.org/web/packages/

survey/index.html), ggplot2 (https://cran.r-project.org/web/packages/ggplot2/index.html),

and rmarkdown (https://cran.r-project.org/web/packages/rmarkdown/index.html).

Results

Following the merging of data from the 1999–2000 and 2001–2002 surveys, 2,975 participants

were included in our analysis. Table 1 displays the description of the overall study sample strat-

ified by the median value of the normally distributed Digit Symbol Substitution Test (DSST)

Score, measuring processing speed as a component of cognitive ability. Numeric variables

were compared through t-tests and categorical variables were compared though Chi-square

tests. The average age of participants was 71.63 (± 7.96) and the female-male ratio was approxi-

mately 1:1. Participants who were female (55.1%, Cohen’s w = 0.068), younger (69 yrs vs. 73

yrs, Cohen’s d = 0.1), married (63.5%, Cohen’s w = 0.16), and US citizens (98%, Cohen’s

w = 0.16) presented significantly higher scores, indicating higher cognitive levels (p< 0.001)

when compared with participants with lower cognitive scores. Based on Cohen’s classification

for effect sizes, this difference was classified as small despite its statistically significance. High

household income (> 45,000–40.4%, Cohen’s w = 0.32) and high school education level

(24.9%, Cohen’s w = 0.47) presented a significant association with upper median DSST scores

(p< 0.001), indicating medium and large effect sizes, respectively, when comparing the groups

with above-median DSST scores versus those with lower than median scores. An increased
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Metabolic Equivalent of Task (MET) score, a measure of the energy expenditure related to

physical activities, was significantly associated with upper median cognitive scores, demon-

strating a significantly increased DSST scores when compared with those with DSST scores

lower than the median (p< 0.001). This association also presented a small effect size

(d = 0.16).

Table 2 demonstrates the association between predictors and DSST scores measuring cog-

nition function, evaluated through a multiple linear regression model and displayed as pre-

dicted means with 95% confidence intervals. Results were considered statistically significant

when confidence intervals did not overlap between different estimates. When evaluating the

impact of individual pain sites on cognitive function, only left shoulder pain was significantly

associated with low DSST scores, indicating decreased cognitive levels [Predicted mean 42.74,

95% CI (40.05, 45.44) vs. 46.76, 95% CI (45.48, 48.04), R-squared = 0.46].

In contrast, while evaluating the association between physical activity and cognitive func-

tion through DSST scores, we observed that all isolated forms of physical activity were signifi-

cantly associated with high DSST scores, indicating increased cognitive function since all

confidence intervals for predicted means were non-overlapping (R square = 0.42) (Table 3).

When evaluating the adjusted interaction between pain and physical activity in determining

cognitive function, we stratified our results by individuals in the lower 33rd percentile and

those in the upper 77th percentile of the DSST. Lower DSST scores indicate decreased cogni-

tive function and higher scores are associated with increased cognitive function. More pain

and less physical activity were consistently associated with lower cognitive scores than those

Table 1. Characteristics of study population stratified by Upper Quartile Digit Symbol Substitution Test Score.

Variable [Missing] Total (2975) Lower median DSST scores (1505) Upper median DSST scores (1470) p [effect size]

Age [0] 71.6 (± 7.96) 73.5 (± 8.08) 69.7 (± 7.37) p < 0.001 [0.1]

Education Level [7] p < 0.001 [0.47]

- Graduate 466 (15.7%) 100 (6.67%) 366 (24.9%)

- High School 728 (24.5%) 299 (19.9%) 429 (29.2%)

- Incomplete High School 514 (17.3%) 331 (22.1%) 183 (12.5%)

- Middle School 676 (22.7%) 587 (39.2%) 89 (6.06%)

- Undergraduate 584 (19.6%) 182 (12.1%) 402 (27.4%)

Female [0] 1,537 (51.7%) 727 (48.3%) 810 (55.1%) p < 0.001 [0.068]

Household Income Categories [418] p < 0.001 [0.32]

- < = 20,000 922 (31%) 635 (49.2%) 287 (22.7%)

- < = 45,000 918 (30.9%) 450 (34.9%) 468 (36.9%)

- > 45,000 717 (24.1%) 205 (15.9%) 512 (40.4%)

Marital Status [145] p < 0.001 [0.16]

- Divorced 245 (8.24%) 120 (8.45%) 125 (8.87%)

- Living With Partner 35 (1.18%) 13 (0.92%) 22 (1.56%)

- Married 1,681 (56.5%) 748 (52.7%) 933 (66.2%)

- Never Married 78 (2.62%) 49 (3.45%) 29 (2.06%)

- Separated 59 (1.98%) 42 (2.96%) 17 (1.21%)

- Widowed 732 (24.6%) 448 (31.5%) 284 (20.1%)

Metabolic Equivalent of Task [METs] Score [1,650] 8.35 (± 6.71) 7 (± 5.2) 9.18 (± 7.37) p < 0.001 [0.16]

Number People in the Household [0] 2.26 (± 1.32) 2.37 (± 1.49) 2.14 (± 1.11) p < 0.001 [0.1]

Poverty Index Ratio [377] 2.53 (± 1.54) 1.93 (± 1.29) 3.16 (± 1.52) p < 0.001 [0.11]

US Citizen [6] 2,794 (93.9%) 1,354 (90%) 1,440 (98%) p < 0.001 [0.16]

Wear Glasses To Read [0] 2,141 (72%) 1,121 (74.5%) 1,020 (69.4%) p = 0.002 [0.0567]

https://doi.org/10.1371/journal.pone.0197745.t001
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involved in more physical activities and/or having less pain (R-square = 0.56). There was no

significant difference, however, in relation to those who presented less pain. When evaluating

those in the upper cognitive score stratum, a similar association was observed. (Table 4).

Table 2. Unadjusted association between cognitive function and individual pain site.

Variables DSST� scores

Shoulder Pain

- Absent 46.76 (45.46, 48.06)

- Present 43.75 (41.33, 46.16)

Left Shoulder Pain

- Absent 46.76 (45.48, 48.04)

- Present 42.74 (40.05, 45.44)

Right Shoulder Pain

- Absent 46.73 (45.45, 48.02)

- Present 43.12 (40.2, 46.03)

Neck Pain

- Absent 46.89 (45.49, 48.28)

- Present 43.5 (41.23, 45.77)

Low Back Pain

- Absent 46.8 (45.22, 48.39)

- Present 45.41 (43.77, 47.05)

Severe Headaches

- Absent 46.56 (45.22, 47.91)

- Present 43.82 (40.93, 46.71)

Joint Pain

- Absent 47.09 (45.58, 48.6)

- Present 45.52 (43.77, 47.28)

� DSST—Digit Symbol Substitution Test

https://doi.org/10.1371/journal.pone.0197745.t002

Table 3. Unadjusted association between cognition and physical activity.

Variables DSST� scores

Performs Home Tasks

- No 40.76 (39.32, 42.2)

- Yes 51.15 (49.63, 52.68)

Performs Vigorous Activities

- No 44.61 (43.4, 45.82)

- Yes 54.04 (51.77, 56.31)

Performs Moderate Activities

- No 42.34 (40.96, 43.71)

- Yes 51.59 (50.07, 53.12)

Performs Walk or Rides a Bicycle

- No 45.95 (44.59, 47.3)

- Yes 47.43 (45.18, 49.69)

Performs Muscle Strengthening Activities

- No 45.02 (43.81, 46.23)

- Yes 53.02 (51.2, 54.83)

�DSST—Digit Symbol Substitution Test

https://doi.org/10.1371/journal.pone.0197745.t003
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Finally, we made use of heatmaps to compare the impact of individual pain sites and physi-

cal activity on cognitive function among those in the lower 33th percentile of the DSST scores.

The heatmap demonstrates how different predictors cluster in relation to DSST scores. This

analysis validated our previous results showing that, in general, higher levels of cognitive func-

tion were associated with the whole spectrum of physical activity as demonstrated by the more

homogeneous distribution of red stripes, while pain presented a smaller role as showed by the

concentration of red stripes at the bottom of the heatmap (Fig 1and Fig 2).

Discussion

To our knowledge, this is the first study evaluating the interaction between pain and physical

activity in determining cognitive function evaluated through DSST scores and while also mak-

ing inferences at the population level. We found that most individual pain sites were not signif-

icantly associated with cognitive function in the overall population, while all physical activity

factors were associated with an increase in cognitive function. When splitting the population

among those within the lower 33th percentile of cognitive scores, more pain and less physical

activity were consistently associated with lower cognitive scores when compared with those

performing more physical activity regardless of their pain level as well as compared to those

Table 4. Cognitive function and adjusted interaction between pain and physical activity.

Pain and physical activity Lower DSST� score Upper DSST score

High pain and low physical activity levels 15.91 (13.46, 18.36) 44.4 (42.56, 46.24)

Low pain and low physical activity levels 15.46 (12.55, 18.37) 45.2 (42.64, 47.76)

Low pain and high physical activity levels 17.41 (14.75, 20.08) 48.49 (46.58, 50.4)

High pain and high physical activity levels 17.49 (14.72, 20.25) 46.72 (44.66, 48.78)

�DSST—Digit Symbol Substitution Test

https://doi.org/10.1371/journal.pone.0197745.t004

Fig 1. Higher cognitive function.

https://doi.org/10.1371/journal.pone.0197745.g001
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performing more physical activity and having less pain. There was no significant difference,

however, in relation to those who just presented less pain. When evaluating those with the

upper cognitive scores, a similar association pattern was observed. In summary, physical activ-

ity were invariably beneficial, while low pain levels were only beneficial to those with already

low cognitive levels. In addition, while the effects of decreased levels of pain and increased lev-

els of physical activity were synergistic, there was “no additional bonus,” demonstrated by a

multiplicative interaction of simultaneously having low pain levels and high physical activity

levels.

The International Association for the Study of Pain (IASP) describes pain as “the unpleas-

ant sensory or emotional experience associated with actual or potential tissue damage, or

described in terms of such damage” [36]. Pain is therefore essentially a construct affecting both

physiological and psychological states of an individual. While up to a quarter of the population

experiences moderate to severe pain, most do not receive adequate treatment [37]. Because

pain and cognition have overlapping pathways with pain perception partially depending on

cognitive evaluation through learning, memory, and decision making [38,39], an association

between them would not be surprising. This association has been extensively studied. Both

pre-clinical [40,41] and clinical studies [21,42] considering pain and various aspects of cogni-

tive function are in support of the concept of increased pain levels being associated with

reduced cognitive function. Some studies, however, failed to confirm this relationship, which

partially aligns with our results [43,44]. Of importance, we believe that while our study does

not refute the concept of pain being a component affecting cognitive levels, it supports the idea

that at the population level pain does not have the same level of importance as physical activity.

This finding can likely be explained since most of the general population over the age of 60

does not undergo pain levels large enough to affect cognitive functioning.

Similarly, there is strong evidence supporting the association between physical inactivity

and loss of cognitive function [1,15,45–49], physical inactivity having been previously associ-

ated with reduced cognitive levels. Several mechanisms may explain this relationship. Physical

Fig 2. Lower cognitive function.

https://doi.org/10.1371/journal.pone.0197745.g002
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activity might improve the brain’s vascular condition by lowering blood pressure, adjusting

lipoprotein profile, increasing cerebral endothelial nitric oxide production [50], and increasing

cerebral blood flow [51]. In addition, physical activity may improve cognition by enhancing

the expansion of brain cells, forming new synapses, and inducing neovascularization [52].

Some studies, however, only found a weak association between cognitive function and physical

activity, likely due to the intensity of physical activity in these studies not covering a wide

enough range [53].

Despite filling an important gap in the literature, our study does have limitations. First, we

only made use of a single cognitive test, which limits the scope of our cognitive evaluation.

Despite its simplicity, the Digit Symbol Substitution Test from the Wechsler Adult Intelligence

Scale-Third Edition (WAIS-III) covers a number of associated domains considered important

for the day-to-day function and well-being in the general population. Second, our latest data

covers the late 1990s and early 2000s, and since that time overall populational levels of both

pain and physical activity might have changed. We would argue, however, that although this

modification might have been quantitative, it is less likely that the overall nature of the associa-

tion might have changed. In other words, although the levels of cognitive impairment might

have increased as a function of the progressive aging of the American population, the associa-

tion might still hold true for specific pain, physical activity, and cognitive function levels.

In conclusion, our study emphasizes the importance of ongoing, population-level cam-

paigns and healthcare policies providing incentives for an increase in physical activity levels

among the general population as well as the elderly. Despite a weaker association, our findings

also emphasize the importance of controlling pain levels at the population level.
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