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Abstract

Background:  The movement profile of older adults with compromised function is unknown, as is the relationship between these profiles and 
the development of major mobility disability (MMD)—a critical clinical outcome. We first describe the dimensions of movement in older adults 
with compromised function and then examine whether these dimensions predict the onset of MMD.
Methods:  Older adults at risk for MMD (N  = 1,022, mean age = 78.7  years) were randomized to receive a structured physical activity 
intervention or health education control. We assessed MMD in 6-month intervals (average follow-up of 2.2 years until incident MMD), with 
activity assessed at baseline, 6-, 12- and 24-month follow-up via accelerometry.
Results:  A principal components analysis of 11 accelerometer-derived metrics yielded three components representing lifestyle movement (LM), 
extended bouts of moderate-to-vigorous physical activity (MVPA), and stationary body posture. LM accounted for the greatest proportion 
of variance in movement (53%). Within health education, both baseline LM (HR = 0.74; 95% CI 0.62 to 0.88) and moderate-to-vigorous 
physical activity (HR = 0.69; 95% CI 0.54 to 0.87) were associated with MMD, whereas only LM was associated with MMD within physical 
activity (HR = 0.74; 95% CI 0.61 to 0.89). There were similar nonlinear relationships present for LM in both physical activity and health 
education (p < .04), whereby risk for MMD was lower among individuals with higher levels of LM.
Conclusions:  Both LM and moderate-to-vigorous physical activity should be central in treatment regimens for older adults at risk for MMD.
Trial Registration:  clinicaltrials.gov Identifier NCT01072500
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Disability in the United States due to mobility limitations (ie, self-
reported difficulty walking or climbing stairs) represents a major 
public health challenge, particularly among older adults for whom 
the prevalence rate in 2016 was 22.6% (1). Magnifying this problem 
are two trends. First, recent projections indicate by 2035, older adults 
will begin to outnumber children, and this disparity will escalate to 
14.8 million by 2060 (2). Second, the rate of disability is increasing 
among middle-aged adults because of obesity (3,4). Disability con-
fers enormous psychosocial and economic costs and leads to higher 
rates of morbidity and mortality (5–7). Leveraging accelerometry 
data collected during the LIFE Study (8), this investigation provides 
a detailed and interpretable characterization of patterns of move-
ment among older adults with mobility limitations with the goal of 
examining how different movement profiles affect the risk for devel-
oping major mobility disability (MMD). We chose an analytical ap-
proach that we felt would optimize the utility of our findings for the 
development of future movement-related interventions.

There is considerable evidence that inactivity is a major risk factor 
for the incidence of MMD during aging (9,10). The LIFE Study aimed 
to determine if structured physical activity (PA) could prevent persons 
at high risk for MMD from transitioning to a state of MMD (11). 
The results were encouraging in that over an average of 2.6 years 
of follow-up, PA significantly reduced both incident and persistent 
MMD as compared to health education (HE). However, intrigu-
ing and unanswered questions remain. For example, how much 
lifestyle-related movement (variability and amount of non-exercise 
PA, excluding extended bouts of moderate-to-vigorous PA [MVPA]) 
do older adults with limitations in mobility engage in? Does lifestyle 
movement (LM), alongside time spent standing still rather than sit-
ting or lying, reduce one’s risk for MMD, and do these dimensions 
of movement respond to a structured PA intervention? There is a 
growing body of evidence demonstrating the negative impact of sus-
tained sedentary behavior (SB; low energy expenditure [≤1.5 meta-
bolic equivalents] and a seated or laying body position) on health 
(12) and physical functioning (13,14). Consistent with a broader con-
ceptualization of movement behavior, researchers are now arguing 
against the use of single metrics (eg, minutes of MVPA) in acceler-
ometry analyses in favor of analytic approaches capturing multiple 
facets of movement and their relationship to health outcomes (15).

The first aim of this study is to characterize the major dimensions 
of movement for older adults with limitations in mobility, and the 
extent to which these dimensions change in response to an exercise 
intervention. We hypothesized that participation in MVPA would in-
crease in response to a structured PA intervention, but that other di-
mensions of movement would be unaffected. Second, by examining 
data on participants in the HE group, we aimed to evaluate whether 
there were prospective relationships between baseline scores on each 
movement dimension and the development of MMD during the 
normal course of aging. Given that LM is replaced by time spent 
sitting as individuals age and should account for the majority of 
time spent in PA (16), we hypothesized that low levels of LM and 
more time spent in SB would predict the development of MMD in-
dependent of MVPA. The study design also enabled us to examine 
these relationships among persons engaged in structured PA.

Methods

Trial Design and Participants
The methods for the LIFE Study have been published in detail else-
where (8,11). Briefly, LIFE was an eight-center, single blind, random-
ized clinical trial conducted between February 2010 and December 

2013. Mass mailing was the primary means of recruitment. Eligible 
participants were 70–89  years of age; low-active; at high risk for 
MMD; able to walk 400 m in less than 15 minutes without help; had 
no major cognitive impairment; and able to safely participate in the 
intervention as assessed via medical history, physical examination, 
and resting electrocardiograph. For details on inclusion and exclu-
sion, see Fielding and colleagues (8).

Randomization
The LIFE Study involved randomization with stratification by field 
center and sex to either PA or a HE control group. Both groups re-
ceived a face-to-face orientation appointment with a trained health 
educator to review details of their intervention assignment, discuss 
expectations, and answer any outstanding questions.

Interventions
The multicomponent PA intervention focused primarily on 
walking, with a goal of 150  min/wk of MVPA, plus 10 minutes 
of balance and stretching and 10 minutes of primarily lower-body 
strengthening activity. Participants attended center-based sessions 
twice weekly and aimed to achieve an additional 3–4 PA sessions 
each week for the duration of the study. Participants began activities 
at a light intensity and progressed over the first 2–3 weeks of training 
to a rating of perceived exertion (17) of 13/20 while walking (some-
what hard), and 15–16 during strength training (hard). The HE 
program covered topics related to healthy aging excluding exercise-
related topics. The program also included 5–10 minutes of gentle 
upper-extremity stretching exercises. Participants attended these 
sessions weekly for the initial 26 weeks of the study and monthly 
thereafter.

Measures
Major mobility disability
MMD was a dichotomous variable defined as the inability to com-
plete a 400 m walk test within 15 minutes. This test was completed 
at baseline and at 6-month follow-up intervals (18).

Actigraphy
We instructed participants to wear an ActiGraph GT3X accelerom-
eter (ActiGraph, Pensacola, FL) on the right hip for seven consecu-
tive days. We examined accelerometer data collected at baseline, 
6-, 12-, and 24-month visits. Data were processed using ActiLife 
(v4.4.1). Wear time was calculated using the Choi and colleagues 
(19) algorithm, classifying non-wear as 90-minute periods of zero 
counts per minute (CPM) with a 1-minute spike tolerance. Manual 
data cleaning procedures were used to leverage the device’s in-
clinometer, enabling us to distinguish SB from non-SB, including 
standing still. We removed days averaging more than 10 lying-
to-standing transitions/hour, and followed this with a sensitivity 
analysis implementing a more stringent cut point more than 2 
lying-to-standing transitions per hour (see Supplementary Material, 
“Accelerometer Processing” section for rationale and description). 
Individuals with less than 3 valid days of accelerometer data were 
removed from analyses, resulting in a total of 1,022 individuals at 
baseline (835.2 min/d on 7.5 days on average), and 1,053 individ-
uals at month 6 (825.1 min/d on 6.6 days on average); 690 of these 
had valid data at both baseline and month 6. Investigation of par-
ticipant characteristics revealed no meaningful differences between 
those with and without valid accelerometer data. We computed 
14 metrics, including average hourly postural shifts (ie, number 
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of transitions from SB [laying or sitting body posture, ≤100 CPM] 
to non-SB), counts/hour, minute/hour of SB, light-intensity phys-
ical activity (LPA), and MVPA (20); average number of 10  min 
bouts/d of MVPA; variance in transitions, counts, LPA, and MVPA; 
and variance in consecutive hourly differences in LPA and MVPA 
where lower variability represented greater consistency in move-
ment. See Supplementary Material, “Accelerometer Processing” for 
detailed description of all accelerometer calculations.

Analyses
At baseline, 65% of participants had less than 1 min/h of MVPA, 
and 95% had less than 3 min/h, resulting in little variability among 
participants. Consequently, we dropped MVPA minute/hour and as-
sociated variances from further consideration. With the remaining 
11 metrics, we conducted a principal components analysis (PCA) 
with varimax rotation, selecting components with eigenvalues more 
than 1.0 for further analyses. For the selected principal components, 
we calculated scores at baseline, 6-, 12-, and 24-months using the 
baseline PCA coefficients, allowing for an examination of the shift 
in the distribution of these scores within intervention groups using 
mixed effects models and kernel density plots.

Next, we explored associations between baseline PCA scores 
and future risk of MMD using Cox proportional hazards regres-
sion, stratifying baseline hazard on sex. Within intervention groups, 
we initially fit a model that contained all three continuous compo-
nent scores as predictors, and subsequently added selected baseline 
covariates including the following: age, body mass index, race/eth-
nicity, short physical performance battery (21) score (<8, ≥8), and 
history of high blood pressure, diabetes, cardiovascular disease, arth-
ritis, lung disease, and fractures. In the models containing covariates, 
we explored for nonlinearity in the relationship between component 
scores and MMD over the continuous range of each component by 
adding terms for third-degree B-spline curves, allowing for fitting of 
smoothed nonlinear relationships. We tested for statistical signifi-
cance of these nonlinear components using likelihood ratio tests. We 
fit all models within each intervention group to allow for separate 
examination of the relationship between movement and MMD both 
in normal aging, and following a structured PA regimen. Finally, rec-
ognizing concerns over validity of the inclinometer signal (22), we 
recomputed all metrics except standing still minute/hour without the 
use of the inclinometer as follows: less than 100 CPM was classi-
fied as SB (23), LPA was classified as 100–1040 CPM, at least 1041 
CPM defined MVPA (20), and moving from SB to LPA or MVPA 
defined a transition. As results did not differ meaningfully except that 
standing still was excluded, we elected to present these analyses in the 
Supplementary Tables 2 and 4, Figures 2 and 4), and continue with 
inclinometer-calculated variables to retain the standing still metric.

Results

Of the 14,831 individuals assessed for eligibility, we randomized 
1,635 to PA or HE. Valid baseline accelerometer data were available 
from 1,022 individuals (835.2 min/d on 7.5 days on average; Figure 
1). Average participant age was 78.7 years, 67% were women, and 
24% came from minority racial groups (Table 1) with an average 
follow-up time for MMD (time until censoring or an event) of 
2.2 years. The group had compromised physical function with an 
average short physical performance battery score of 7.4±1.6 and an 
average 400 m walk time of 506.3±110.5 seconds. They were also 
characterized by considerable comorbidity.

Characterizing Movement in Older Adults With 
Limitations in Mobility
Preliminary screening resulted in a final set of 11 variables, with a 
PCA yielding three independent dimensions with eigenvalues more 
than 1.0, capturing 84.2% of the variance in these items. The first 
component represented LM, capturing amount and variability in 
movement and transitions excluding sustained bouts of MVPA, and 
explaining 53% of total variance. The remaining components repre-
sent sustained bouts of MVPA (hereafter referred to as MVPA; ac-
counting for 17.4% of variance), and body posture, which contrasted 
time spent standing versus sitting or lying down and accounted for 
13.8% of variance explained. Table 2 provides a description of these 
variables with their component loadings; higher scores represent 
greater volumes of LM, MVPA, and standing versus sitting/lying. 
Similar initial and second components were obtained when variables 
were processed without the inclinometer and using a transitions cut 
point of 2 (see Supplementary Tables 2 and 3). Likewise, analyses 
yielded similar results when we conducted the PCA separately for 
women and men (see Supplementary Tables 4 and 5).

Effect of Interventions on Change in Scores Over 
6 Months
Over the course of 24 months, LM scores displayed slight, nonsig-
nificant decreases in HE (0.29; 95% CI −0.35 to −0.22), and PA 
(0.26; 95% CI −0.32 to −0.20). By contrast, MVPA decreased in 
the HE group by 0.02 standard deviations (95% CI −0.09 to 0.06), 
and increased in the PA group by 0.43 (95% CI 0.36 to 0.50; group 
difference p < .001). Finally, body posture scores were unchanged 
with nonsignificant decreases in both HE (0.07; 95% CI −0.15 
to −0.01) and PA (0.11; 95% CI −0.17 to −0.04). Supplementary 
Figure 1 shows the adjusted means from the mixed models across 
all follow-up assessments and Figure 2 shows the kernel density 
plots of the distributions of 6-month change by intervention group 
(the time interval of greatest change) and illustrates the shift in the 

Figure 1.  Study flow
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distribution of MVPA within the PA group. Supplementary Figure 2 
demonstrates adjusted means using variables calculated without the 
inclinometer, and Supplementary Figures 3 and 4 show the kernel 
density plots of the distributions of 6-month change by intervention 
group, calculated without the inclinometer and using a transitions 
cut point of 2, respectively.

Linear Relationships Between Baseline Movement 
Component Scores and MMD
Table 3 provides estimates of the unadjusted and adjusted hazard 
ratios relating component summary scores to incident MMD. After 
adjustment for covariates, baseline LM was related to the incidence 
of MMD, irrespective of whether participants were randomized to 
PA (HR  =  0.74; 95% CI 0.61 to 0.89) or HE (HR  =  0.74; 95% 
CI 0.62 to 0.88). The MVPA component was significantly associ-
ated with MMD after adjustment for baseline covariates within HE 
(HR = 0.69; 95% CI 0.54 to 0.87), but not within PA (HR = 0.82; 
95% CI 0.63 to 1.05). In addition, across the first 6 months of the 
study, there was a low but significant pattern for increases in MVPA 
to be related to decreases in LM for both PA and HE (Spearman 
rs = −0.27, p < .0001). There was no significant effect for the dimen-
sion that captured body positioning. Supplementary Tables 6 and 7 
provide similar results for the sensitivity analyses when not using the 
inclinometer and a transitions cut point of 2.

Nonlinear Relationships Between Baseline 
Movement Component Scores and MMD
B-spline models identified the presence of nonlinear relationships be-
tween LM scores and MMD within the PA and HE groups (PA, p = .02; 
HE, p = .04), but not for the MVPA or body positioning components (ps 
> .05 for nonlinear terms). Figure 3 provides a plot of log-transformed 
HRs in the PA and HE groups relative to a person within each group 
with a baseline LM component score equal to 1.6 (reference level), after 
adjusting for the baseline covariates. It is clear that within both condi-
tions, risk of MMD decreases with increasing scores on LM. Within 
both HE and PA, risk for developing MMD is similar for individuals 
with LM scores less than 1.0. As scores rise above 1.0, the HRs quickly 
approach 0 on the log scale (1.0 after taking the exponent). A similar 
result was obtained from a sensitivity analysis when not using the 

inclinometer (see Supplementary Figure 5) and when using the transi-
tions cut point of 2.0 (see Supplementary Figure 6); however, the rela-
tionship in HE was found to be linear for this subset of the full data set.

Discussion

The purpose of this study was to provide an interpretable, multifa-
ceted characterization of dimensions of movement in older adults 
with limitations in mobility, to evaluate whether a structured PA 
intervention influenced scores on these dimensions, and to determine 
whether baseline movement scores predicted MMD. This is a timely 
contribution, given the developing interest in moving beyond single-
metric assessments of movement behavior (15,24). The analysis of 
accelerometry metrics led to the identification of three dimensions: 
LM, MVPA, and stationary body positioning. LM, which captured 
amount and variability in SB to non-SB transitions and movement 
excluding sustained bouts of MVPA, dominated the analysis, ex-
plaining 53% of the variance in the movement-related metrics. 
Consistent with our hypothesis, the PA intervention in the LIFE Study 
(11) was selective in its effect on movement patterns; affecting change 
only in MVPA. This result is important given accumulating evidence 
on the health benefits of reducing sedentary time (16,25), highlight-
ing the importance of interventions specifically designed to replace 
sitting with LM (26,27). Such programs are more likely to be readily 
adopted by this group, as our previous work suggests that older 
adults with limitations in mobility are better equipped to engage in 
activity prescriptions that are lower in intensity and distributed over 
time as opposed to high intensity, single bouts of MVPA (28,29).

Particularly interesting were relationships between baseline 
movement scores and the development of MMD (24). Within the 
HE group, a condition that reflects the effects of normal aging, base-
line levels of LM and MVPA exhibited moderate and consistent pro-
spective relationships with the onset of MMD. Under an assumption 
of linearity and within covariate-adjusted results, a 1SD difference 
in LM corresponded to a 26% reduction in risk for MMD, and an 
equivalent difference in MVPA scores corresponded to a 31% reduc-
tion in risk; findings that are strengthened by the orthogonality of 
the component scores. Within the PA group, a 1SD difference in LM 
was associated with a 26% reduction in MMD, whereas an equiva-
lent difference in MVPA was associated with a reduction of 18%. 
Although it is beyond the scope of this article to disentangle the 
causal pathway leading to the disparity in risk reduction between 
HE and PA for MVPA (ie, 31% vs 18%), this difference is likely 
due to participation in MVPA among those in the PA intervention. 
Indeed, the main outcome from LIFE Study reported a significant 
reduction in MMD among participants in PA versus HE (11). We 
would also emphasize to readers that analyses allowing for nonlin-
ear effects revealed that the effect of baseline LM on MMD was 
due largely to those individuals with low-to-moderate scores on this 
dimension of movement. It is worth noting that contrary to our hy-
pothesis, time spent standing still when contrasted with SB was un-
related to the incidence of MMD. This finding should be viewed as 
preliminary, as the variable capturing standing still is reliant on the 
ActiGraph’s inclinometer function, the validity of which has been 
questioned (22). Still this finding is of interest and merits additional 
work using devices better equipped at capturing body posture, as a 
common SB intervention technique is to replace sitting with standing 
still (30). With regard to MMD as well as several cardiometabolic 
outcomes (30), encouraging light movement and increasing postural 
shifts by prescribing frequent, short bouts of standing is likely to 
confer greater benefit than sustained standing.

Table 1.  Baseline Characteristics

Overall (N = 1,022)

Age (y, SD) 78.6, 5.3
Sex
  Female (n, %) 685, 67
Race/ethnicity
  White (n, %) 777, 76
  African American/black (n, %) 147, 18
  Hispanic (n, %) 23, 3
  Other (n, %) 25, 3
Education
  ≥College (n, %) 551, 67
SPPB (mean, SD) 7.4 (1.6)
400 m walk time (s, SD) 506.3 (110.5)
400 m walk speed (m/s, SD) 0.83 (.16)
Body mass index (kg/m2, SD) 30.4, 6.1
Diabetes (n, %) 192, 23
Heart failure/congestive heart failure (n, %) 23, 3
Myocardial infarction (n, %) 49, 6
Stroke (n, %) 50, 6
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Collectively, these findings underscore the need for clinicians and 
researchers to consider both LM and MVPA (31) in the promotion of 
healthy aging as opposed to a singular emphasis on exercise behavior, 
a recommendation that aligns well with previous findings from the 
LIFE Study demonstrating total daily activity energy expenditure is 
predictive of mortality (32). In addition, SB peaks among those aged 
70-85 years (33), placing these older adults at increased risk for mor-
bidity, and accelerated rates of MMD (16,34,35), and such negative 
health effects tend to persist when controlling for MVPA (36,37). 
Importantly, the LIFE PA intervention had little effect on SB (38) 
and increases in sitting typically replace LM, not MVPA, with some 
studies reporting a nearly perfect inverse correlation between LM 
and SB (16). Duvivier and colleagues (39) conducted a pooled ana-
lysis of three studies including adults and older adults wherein they 
compared 14  h/d of sitting, replacing 5–6  h/d with light-intensity 
walking and standing still, or 1 h/d of moderate-to-vigorous cycling. 

The authors noted that exercise participation alone improved circu-
lating markers of endothelial dysfunction, while LM improved meta-
bolic function. The authors concluded that both types of movement 
are necessary, especially for cardiometabolic health.

Strengths and Limitations
This study has a number of important strengths. The LIFE Study 
recruited a large sample of older adults from multiple sites, was a 
randomized clinical trial, tracked PA behavior using accelerometry, 
and followed the development of incident MMD for an average of 

Table 2.  Varimax-Rotated Component Loadings at Baseline

Metric Component 1 Component 2 Component 3

Sedentary time: minutes/hour sitting or lying down calculated for each day and then averaged 
over a week

−0.48584 −0.25608 −0.82564

Standing still time: minutes/hour calculated for each day and then averaged over a week −0.06086 −0.09255 0.98313
Light activity time: minutes/hour spent in light activity (time between sedentary and MVPA 
levels) calculated for each day and averaged over a week

0.89898 0.30534 0.09983

Variability in light activity level: Square root of variance of minutes/hour of in light activity 
(time between sedentary and MVPA levels) calculated for each day and then averaged over a 
week

0.89515 0.23585 −0.01156

Variability in light activity differences: Square root of variance of consecutive differences in 
minutes per hour of light activity (time between sedentary and MVPA levels) calculated for each 
day and then averaged over a week

0.88116 0.22712 −0.02199

Transitions: Average transitions/hour calculated for each day and averaged over a week 0.84115 0.13589 0.21232
Variability in transitions: Square root of variance of transitions/hour calculated for each day 
and then averaged over the days in the week

0.76491 −0.05186 0.12755

Activity level: Average counts/hour calculated for each day and averaged over a week 0.55403 0.75303 0.00288
Variability in activity level: Square root of variance of counts/hour calculated for each day and 
then averaged over a week

0.22280 0.91332 0.01719

Bouts of standing and moving: Average number of 10 min bouts standing and moving/day 0.51480 0.73402 −0.01113
Bouts of MVPA: Average number of 10 min bouts of MVPA/day −0.13094 0.87569 0.06764
Eigenvalue 5.8 1.9 1.5
Proportion variation explained 53.0% 17.5% 13.8%

Note: MVPA = moderate-to-vigorous physical activity.

Figure 2.  Density plots of distribution of 6-month change by intervention 
group Figure 3.  Nonlinear relationship between long-transformed hazard ratios 

and lifestyle movement scores. Log-transformed hazard ratios relative to a 
value of 1.6 within each group; there is a significant nonlinear component 
(p  =  .02 for PA, p  =  .04 for HE). Models are stratified the baseline hazard 
on sex and adjusted for baseline age, BMI, race/ethnicity, SPPB, history of 
high blood pressure and fracture, CVD, arthritis, lung disease, and diabetes. 
BMI = body mass index; CVD = cardiovascular disease; HE = health education; 
PA = physical activity; SPPB = short physical performance battery.
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2.2 years. It also adds to an exciting and growing body of evidence 
using multiple analytic techniques and a combination of accelerom-
eter features to study movement and healthy aging (24). Where our 
analyses prioritized an easily interpreted solution in to guide future 
intervention development, other research teams are using sophisti-
cated methods such as machine learning to enhance our ability to 
predict mobility disability (24).

Limitations include the fact that the sample was predominantly 
white and had a higher percentage of participants with advanced 
education. Although we controlled for potential confounders separ-
ately within intervention groups, unidentified baseline confounders 
may have affected our findings. Moreover, we investigated changes 
within a control condition as a proxy for normal aging. Additional 
replication in an observational study is warranted, as it is possible 
that the healthy aging educational content had a small effect on 
lifestyle behaviors among those in the HE condition. In addition, 
the use of a hip-worn ActiGraph inclinometer required additional 
post-processing and necessitated the exclusion of days with exces-
sive noise in the signal. Future replication of this research would 
benefit from the use of sensors worn at multiple locations (eg, thigh, 
lower back, hip, shoe) to best differentiate between postures, and to 
better detect very short movement bouts. Finally, our analyses do 
not address how an intervention targeting LM or body positioning 
may affect future incidence of MMD, as our results show that the 
LIFE intervention did not affect these dimensions of movement. 
Whereas there exists the possibility that LM may be a marker of 
poor health, the inclusion of age, functional health and comorbid 
conditions into the model had little effect on attenuating the effect 
of baseline LM on MMD.

Conclusions

This study adds to the rapidly growing body of research interested in 
better understanding the relationship between movement and health 
in older adults (15,24) by characterizing the dimensions of move-
ment among older adults who were at risk for MMD. We found 
that LM best captured patterns of activity for this at-risk popula-
tion of older adults. Irrespective of intervention assignment, we ob-
served significant relationships between lower baseline LM scores 
and incident MMD across 2.2 years of follow-up. The results align 

with recent federal guidelines (40) and support the notion that both 
LM and MVPA should be placed center stage in the development 
of treatment regimens for older adults at risk for MMD, and in the 
promotion of movement medicine within health care.
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