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Abstract

Introduction: Physical activity guidelines recommend minimum thresholds. This study sought to
identify evidence-based thresholds to maintain disability-free status over 4 years among adults
with lower extremity joint symptoms.

Methods: Prospective multisite Osteoarthritis Initiative accelerometer monitoring cohort data
from September 2008 through December 2014 were analyzed. Adults (/7=1,564) aged =49 years at
elevated disability risk because of lower extremity joint symptoms were analyzed for biennial
assessments of disability-free status from gait speed =1 meter/second (mobility disability free) and
self-report of no limitations in activities of daily living (activities of daily living disability free).
Classification tree analyses conducted in 2017-2018 identified optimal thresholds across candidate
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activity intensities (sedentary, light, moderate-vigorous, total light and moderate-vigorous activity,
and moderate-vigorous accrued in bouts lasting =10 minutes).

Results: Minimal thresholds of 56 and 55 moderate-vigorous minutes/week best predicted
disability-free status over 4 years from mobility and activities of daily living disability,
respectively across the candidate measures. Thresholds were consistent across sex, BMI, age, and
knee osteoarthritis presence. Mobility disability onset was one eighth as frequent (3% vs 24%,
RR=0.14, 95% CI=0.09, 0.20) and activities of daily living disability onset was almost half (12%
Vs 23%, RR=0.55, 95% CI1=0.44, 0.70) among people above versus below the minimum
threshold.

Conclusions: Attaining an evidence-based threshold of approximately 1-hour moderate-
vigorous activity/week significantly increased the likelihood of maintaining disability-free status
over 4 years. This minimum threshold tied to maintaining independent living abilities has value as
an intermediate goal to motivate adults to take action towards the many health benefits of a
physically active lifestyle.

INTRODUCTION

Disability is costly to society and to the individual. Older adults who lose independence in
mobility or in ability to perform the necessary activities of daily living (ADL) are less likely
to remain in the community and are at elevated risk of death.1=3 A leading cause of disability
is knee and hip joint conditions, which is globally ranked as the 11th highest contributor? to
disability.

Physical activity is effective to prevent disability and improve health outcomes in adults,
including those with joint conditions.>-8 International® and government10 health agencies
recommend at least 150 minutes of moderate-intensity or 75 minutes of vigorous-intensity
physical activity for adults throughout the week. Yet a large portion of adults fail to attain
these aerobic recommendations. Approximately half of U.S. adults!® in the general
population do less activity than recommended. But among adults with lower extremity joint
conditions, a group at elevated risk for developing disability, as many as four in five do not
attain recommended thresholds.12 The effectiveness of increasing physical activity to reduce
disability onset risk is established from RCTs.6:13 Prospective studies also indicate greater
time being sedentary increased the risk for disability onset.14 Physical activity intensities
related to sedentary, moderate-vigorous (MV), light, and MV accrued in bouts lasting 10
minutes or more, have demonstrated relationships with ADL disability and mobility
disability.14-16 Newer research finds health benefits from different amounts of activity.17:18
But not established from these studies is a minimum physical activity threshold (i.e., time
and intensity) or maximum sedentary time related to maintaining independence in the
community. This information is central to inform future physical activity recommendations.

The study objective is to systematically evaluate physical activity and sedentary time to
identify the strongest evidence-based threshold related to maintaining disability-free status
over 4 years. Separate thresholds are investigated related to mobility disability based on gait
speed testing and disability ascertained from self-reported ADL limitations. For this
purpose, a machine learning approach using classification decision trees was employed to
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systematically identify the optimal predictor and the optimal threshold of that measure to
predict disability-free status. The question is examined among older adults with lower
extremity joint symptoms because these people represent a large population at elevated risk
for developing disability%-20 for whom evidence-based physical activity advice could
positively alter their health trajectory.

Study Population

Measures

Participants in this prospective multi-site cohort study of community-dwelling older adults
were at elevated risk for disability due to lower extremity joint symptoms. Baseline occurred
September 2008 to December 2010 with follow-up September 2010 to December 2014.

Participants from the Osteoarthritis Initiative (OAI) enrolled in an accelerometer substudy
(2008 to 2010) included 2,127 individuals.12 The parent OAI prospective study enrolled
4,796 participants aged 4579 years with or at high risk for developing knee osteoarthritis
(OA), a major disability risk factor. Included were adults with radiographic knee OA in one
or both knees or at high risk based on frequent knee symptoms without radiographic OA, or
two or more eligibility risk factors (e.g., age, high BMI, prior knee injury, knee surgery,
family history of total knee replacement for OA, Heberden’s nodes, and repetitive knee
bending).2X OAI enrollment (2004 to 2006) and biennial follow-up visits occurred at four
clinical sites (Baltimore, Maryland; Columbus, Ohio; Pittsburgh, Pennsylvania; and
Pawtucket, Rhode Island). OAI eligibility criteria are described in detail elsewhere.22 Each
participant provided written informed consent.

This study examined the 1,862 participants from the OAI accelerometer monitoring study
reporting lower extremity (hip, knee, ankle, foot) joint symptoms (pain, aching, or stiffness)
who were free at baseline of mobility and ADL disability.12 Ankle, foot, and knee questions
solicited symptoms over the past 30 days; hip questions solicited symptoms over the past 12
months. The analysis sample was limited to 1,700 participants with valid baseline
accelerometer monitoring (i.e., =4 days showing evidence >10 hours accelerometer wear).
Loss to follow-up was minimal; >92% (1,564/1,700) of this cohort participated in a 4-year
follow-up clinic visit (2012-2014) providing subsequent disability status from 1,370 people
free of baseline mobility disability and 1,460 people free of ADL baseline disability
(Appendix Figure 1).

Disability-free status between baseline and 4-year follow-up was ascertained from biennial
assessments. Mobility disability-free status was identified by gait speed =1 meter/
second?3:24 from a 20-meter walk test. ADL disability-free status was identified from the
report of no limitations in performing basic ADL tasks: walking across a room, dressing,
bathing, eating, using the toilet, and bed transfer.2 If a specific ADL task response was
missing (2%, 7=35), information was imputed from a parallel item from the Western Ontario
questionnaire.2® Sensitivity assessments omitting inferred task limitations yielded almost
identical results.
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Physical activity was monitored using a uniaxial accelerometer.2’ Trained research
personnel gave uniform instructions to wear the accelerometer for 7 consecutive days on a
belt at the natural waistline in line with the right axilla upon rising in the morning until
retiring for sleep, except during water activities. Daily logged data on water and cycling
activities, which may not be fully captured by accelerometers, showed such activity was
negligible (IQR, 0 to 0 minutes/week).

Accelerometer data were analytically filtered using validated methodology.28 National
Cancer Institute thresholds were applied to identify sedentary (<100 counts/minute), non-
sedentary (=100 counts/minute) activity, light (100-2,019 counts/minute), and MV (=2,020
counts/minute) activity.2® Weekly activity minutes were determined for sedentary, light, total
MV activity (sum of all MV minutes), MV activity accumulated in bouts lasting =10
minutes (MV-bout), and total physical activity (sum of all light and MV minutes); for
individuals with 4 to 6 valid days of monitoring, weekly activity minutes were estimated as
seven times their average daily average.

Demographic factors included age and sex. BMI was calculated from measured height and
weight (weight /height? [kg/m?]). If baseline BMI was missing (0.1%, /7=2), the most recent
annual assessment was used as a proxy. Knee OA was identified by a Kellgren-Lawrence
grade of two or greater for at least one knee assessed from “fixed-flexion” knee radiography
images.30

Statistical Analysis

The area under the receiver operating characteristic curve (AUC) to predict disability-free
status was calculated for each candidate physical activity/sedentary measure. A receiver
operating curve is graphically represented by the fraction of true positives (sensitivity) of the
measure plotted against the fraction of false positives (i.e., 1-specificity) in relation to the
outcome.31 AUC values of the measures were compared using Delong, Delong, and Clarke—
Pearson testing.32

Optimal thresholds to predict disability-free status were identified using classification and
regression tree (CART) methodology.33 Optimal thresholds were separately investigated to
predict mobility disability-free and ADL disability-free outcomes. All physical activity/
sedentary measures were entered as predictors. Classification tree analysis identified the
predictor and threshold of the selected predictor with the strongest relationship to disability-
free status using minimum classification error criterion33 from cross-validation models
pruned within one standard prediction error.34 Analyses used Salford Predictive Modeler
software, version 8.0.3% Recognizing systematic differences between people with and
without follow-up outcomes could influence these findings and weighted sensitivity analyses
were conducted.3® Identical thresholds to unweighted analyses resulted. Sensitivity analyses
evaluated the stability of thresholds across age, sex, BMI, and knee OA presence. Each
factor was entered into a classification tree analysis in addition to physical activity/sedentary
measures to predict disability-free status. RRs and associated Cls were estimated as
unadjusted and adjusted (controlling for age, sex, BMI, presence of knee OA) using SAS
software, version 9.4. Statistical testing was conducted at two-sided 5% significance level.
Statistical analyses were conducted in 2017-2018.
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RESULTS

This cohort of participants with lower extremity joint symptoms who were free of baseline
disability (/7=1,564) ranged in age from 49 to 83 years at baseline, were primarily female
(56%), and a substantial percentage were obese (38%, BMI =30). The most common lower
extremity symptoms reported were knee symptoms (93%, of whom 62% had radiographic
disease) followed by hip (61%), foot (12%), and ankle symptoms (11%). Concomitant hip
and knee symptoms were reported by 54% of this sample.

Table 1 shows this cohort spent almost twice the time each week being sedentary
(median=69 hours) as in physical activity (median=35 hours). The vast majority of their
physical activity time comprises light-intensity activity (median=32 hours). These patterns
of physical activity and sedentary behavior held for both males and females (not shown).

The primary outcome was maintaining disability-free status. Over the subsequent 4 years,
89% (1,223/1,370) remained free of mobility disability and 84% (1,222/1,460) remained
free of ADL disability. The baseline physical activity experience in Table 1 depicted by
subsequent disability status shows the median time spent in baseline physical activity of all
intensities is notably greater among adults who remained disability free compared with those
who subsequently developed disability in ADL or mobility.

The AUC for each physical activity/sedentary measure is depicted for maintaining mobility
disability-free status (Figure 1A) and for ADL disability-free status (Figure 1B) over 4
years. All measures performed better than a random coin flip (AUC=0.5) to predict
subsequent disability-free status. Total MV time (AUC=0.80, 95% CI1=0.76, 0.84) was a
stronger and significantly better predictor of mobility disability-free status than other
measures. Total MV time had greater AUC but was not statistically superior to other
measures for predicting ADL disability-free status. Although sedentary time at baseline was
related to remaining disability free over the 4-year period, it uniformly was the weakest
predictor for both outcomes.

Classification tree analysis identified the optimal separately threshold to predict people who
maintained disability-free status over 4 years for each separate outcome. All physical
activity/sedentary measures were entered as classification tree predictors. The optimal
classification trees in Figure 2 selected total MV per week as the best predictor of both
outcomes. The optimal minimum threshold predicting disability-free status in mobility was
total MV =56 minutes/week at baseline. The optimal minimum threshold predicting ADL
disability-free status was total MV =55 minutes/week at baseline.

Sensitivity analyses investigated if these optimal thresholds were specific to age, sex,
presence/absence of knee OA, or BMI. All sensitivity analysis classification trees selected
the optimal total MV thresholds shown in Figure 2, demonstrating good stability of the MV-
total thresholds.

Table 2 summarizes the ability of the identified physical activity thresholds to predict
subsequent disability onset expressed as RRs. Observed disability onset rates over 4 years
were 8 times greater (24% vs 3%) for developing mobility disability and almost double
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(23% vs 12%) for developing ADL disability among people engaged in total MV activity
below versus above minimum threshold levels. People meeting the optimal mobility
threshold (total MV =56 minutes/week) had 85% lower risk for developing mobility
disability (RR=0.14, 95% CI=0.09, 0.20) compared with those doing less. People meeting
the optimal MV threshold for ADL disability-free outcomes (MV total =55 minutes/week)
had 45% lower RR for developing ADL disability (RR=0.55, 95% C1=0.44, 0.70) compared
with those with less. These significant risk reductions held adjusting for age, sex, BMI, and
the presence of knee OA.

Because a conceptually simple threshold has communication advantages, the predictive
property of a 1-hour per week total MV activity threshold, which is slightly greater than the
optimal thresholds was investigated. Table 2 further illustrates the RR of people meeting a
simple total MV =60 minutes/week compared with the CART optimal mobility disability
threshold of total MV =56 minutes/week (RR=0.14 vs RR=0.15) and the CART optimal
ADL disability threshold, total MV=55 minutes/week (RR=0.55 vs RR=0.56). These similar
findings support a simple total MV =1-hour/week threshold to reduce the risk of developing
disability.

DISCUSSION

The primary finding of this study is people who met an evidence-based threshold of
approximately 1-hour total MV minutes per week had greater probability to remain
disability free over 4 years than those below the threshold among adults with lower
extremity joint symptoms. Time spent in MV each week was a stronger predictor of
maintaining disability-free status than time spent in bouts of MV, less intensive physical
activity, or sedentary time. Evidence-based thresholds to maintain disability-free status in
mobility and ADL (56 and 55 minutes/week of total MV activity, respectively) are lower
than the standard physical activity recommendation (MV-bout 150 minutes or more/week).
A lower threshold that supports maintaining disability-free status provides an intermediate
goal to motivate inactive older adults to begin their path towards a physically active lifestyle
with the wide range of health benefits promoted by this lifestyle.

Traditional aerobic thresholds are embodied in international® and government37 health
agency aerobic recommendations (at least 150 MV minutes throughout the week or at least
75 minutes of vigorous-intensity physical activity throughout the week). In reality, a large
portion of adults fail to attain these aerobic guidelines, particularly those adults with lower
extremity joint conditions, who are at elevated risk for developing disability.12 It is likely
levels of physical activity below the recommended aerobic threshold are beneficial based on
demonstrated dose—response relationships between physical activity and health outcomes. A
recent Physical Activity Guideline Advisory Committee reported dose—response
relationships between physical activity and blood pressure, cardiovascular disease, lipids,
blood glucose, and many others.1” Prospective data from more than 33,000 Norwegian
adults found 1 to 2 hours of reported exercise each week nearly halved the long-term risk of
depression.38 Longitudinal studies of 336,326 older Asians found self-reported physical
activity below the current recommendation was related to lower all-cause mortality rates
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compared with inactive adults.3° Although these studies give valuable support to formulating
intermediate physical activity goals, they are not designed to assess minimum thresholds.

To the authors’ knowledge, no systematic work has been conducted to identify minimum
physical activity thresholds related to preventing disability outcomes in older adults. Recent
work investigated minimum physical activity thresholds related to maintaining physical
function.#9 Optimal minimum thresholds to maintain function were 45-47 total MV
minutes/week. Taken together with the present thresholds of 55-56 total MV minutes/week
to improve the likelihood of remaining disability free over 4 years, these findings support an
intermediate physical activity goal substantially below the 150 MV minutes/week
recommendation.

Strengths of this study included prospective data collection across multiple sites, the large
sample size, and the objective assessment of physical activity from accelerometer
monitoring. Study limitations need to be considered in interpreting results. The present
sample was composed of adults with lower extremity joint symptoms from a cohort having
or at high risk for developing knee OA. This sample may include a larger proportion of
adults with symptomatic knees than the general joint symptom population, which may
influence the generalizability of these results. However, physical activity thresholds held
within subgroups with and without knee OA, supporting the robustness of these findings to
disease status. Although a methodological strength is objective accelerometer measurement
of physical activity, it is recognized the accelerometers used cannot capture water activities
and may underestimate cycling activities. But time spent in these activities was negligible.
Although less demanding physical activity thresholds may strengthen motivation to improve
physical activity behavior, individuals with joint symptoms may need assistance to overcome
additional barriers to maintain mobility (e.g., pain/weight management). Finally, causation
cannot be inferred from these observational data. Physical activity at baseline could be a
proxy for general health status. However, individuals with baseline disability were excluded
by design, which partially mitigates this issue.

Recognizing simplicity is advantageous to public health communication, the predictive
ability of a conceptually simple threshold based on 1-hour per week was investigated. If
future work shows a 1-hour/week total MV threshold is beneficially related to other health
outcomes, it provides advantages as an intermediate physical activity goal. A 1-hour/week
goal is substantially less time than the traditional aerobic threshold. This finding is important
from a public health perspective because time is a frequently cited as a barrier for not
adopting a more physically active lifestyle.#? Also a threshold based on total MV activity in
contrast to time in MV-bouts is valuable to increase activity levels in a symptomatic
population, because symptoms often keep deconditioned people (like those with joint issues)
from being able to sustain 10 minutes of MV. These findings are in harmony with the 2018
Physical Activity Guidelines for Americans which removed the MV-bout constraint from
their updated recommendation.19 An intermediate target for inactive individuals, such as
older adults dealing with joint symptoms, may motivate more people to increase physical
activity.
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CONCLUSIONS

Meeting an evidence-based threshold of 1-hour MV each week increased the likelihood of
remaining free of disability among adults having lower extremity joint symptoms. This
physical activity benchmark is lower than the traditionally recommended aerobic threshold.
As an intermediate goal, this evidence-based 1-hour threshold supports future disability-free
status and may help motivate adults with joint symptoms to take action towards the many
health benefits of a physically active lifestyle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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| Figure 1A. ROC for maintaining mobility disability-free status over 4 years (n=1,370)
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Figure 1.
Receiver operating characteristic (ROC) curves for maintaining disability-free status over 4

years among adults with lower extremity joint symptom by physical activity/sedentary
measures.

Notes: Moderate-vigorous (MV) activity, MV activity accrued in bouts lasting 10 minutes or
more (MV-bout), light physical activity, total physical activity (PA) and sedentary behavior.
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Threshold

2A. Classification Tree for Maintaining Disability-Free Status in Mobility
Over 4 Years: Total Moderate Vigorous (MV) Minutes/Week Optimal
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2B. Classification Tree for Maintaining Disability-Free Status in Activities
of Daily Living (ADL) Over 4 Years: Total Moderate Vigorous (MV)
Minutes/Week Optimal Threshold
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Disability: 16%
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Figure 2.

Classification trees selecting physical activity thresholds to predict disability free status over

4 years.
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Median Physical Activity/Sedentary Measures From Adults Having Lower Extremity Joint Symptoms by 4-

Year Disability Status

Overall (n=1,564a)

Mobility disability status over 4 years

Activity of daily living (ADL) disability

(n=1,370) status over 4 years (n=1,460)
Physical activity/ Medi 1 b 30) Mobility disability ~ Mobility disability ADL disability ADL free
sedentary measures in edian (Q1,”Q (n=147) Median free (n=1,223) (n=238) Median (n=1,222) Median
minutes/week (Q1,Q3) Median (Q1, Q3) (Q1,Q3) (Q1, Q3)
Moderate-vigorous (MV) 81 (30, 91) 19 (7, 48) 106 (44, 214) 52 (18, 138) 93 (33, 206)
MV activity accrued in 13 (0, 79) 0(0, 0) 22 (0, 94) 0 (0, 44) 19 (0, 90)

bouts =10 minutes
Light physical activity

Total light + MV
physical activity

Sedentary behavior

1,949 (1,613, 2,317)
2,081 (1,724, 2,483)

4,131 (3,716, 4,543)

1,686 (1,383, 2,050) 1,984 (1,677, 2,361)
1,710 (1,402, 2,107) 2,140 (1,814, 2,538)

4,250 (3,854, 4,721) 4,120 (3,703, 4,519)

1,818 (1,456, 2,160) 1,966 (1,639, 2,331)
1,901 (1,528, 2,264) 2,119 (1,762, 2,496)

4,181 (3,781, 4,635) 4,121 (3,710, 4,527)

alndividuals free of mobility disability (n=1,370) or free of ADL disability (n=1,460) at baseline and followed over 4 years.

lezFirst quartile (25th percentile).

CQ3: Third quartile (75th percentile).
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Table 2.

RR for Developing Disability Among Adults With Baseline Lower Extremity Symptoms by Physical Activity
Thresholds

Physical activity in Mobility disability above vs below threshold N=1,370 ADL disability above vs below threshold N=1,460
minutes/week

Unadjusted RR (95% CI)  Adjusted RR (95% CI)  Unadjusted RR (95% CI)  Adjusted RR (95% CI)

Optimal threshold

Mv2 25517 - - 0.55 (0.44, 0.70) 0.60 (0.46, 0.78)

Mv?s56° 0.14 (0.09, 0.20) 0.21 (0.14,0.32) - -
Simple threshold

Mvazsod 0.15 (0.10, 0.22) 0.23 (0.15, 0.35) 0.56 (0.45, 0.71) 0.61 (0.47, 0.80)

aTotaI minutes of moderate-to-vigorous (MV) physical activity.
bOptimaI threshold for maintaining ADL disability-free status over 4 years.
cOptimaI threshold for maintaining mobility disability-free status over 4 years.

dConceptuaIIy easy threshold for public health message.

ADL, activity of daily living.
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