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Abstract
Objective—To identify the neuromuscular attributes that are associated with self reported
mobility status among older primary care patients

Design—Cohort Study

Setting—Metropolitan based health care system

Participants—Community-dwelling primary care patients age ≥ 65 years (N=430), with self-
reported modification of mobility tasks resulting from underlying health conditions.

Interventions—Not applicable

Main Outcome Measures—Basic and Advanced Lower Extremity Function as measured by
the Late Life Function and Disability Instrument

Results—We constructed multivariable linear regression models evaluating both outcomes. For
Basic-Lower Extremity Function, leg strength, leg velocity, trunk extensor muscle endurance and
ankle range of motion were statistically significant predictors (p<.001 R2 = .21). For Advanced-
Lower Extremity Function, leg strength, leg strength asymmetry, leg velocity, trunk extensor
muscle endurance and knee flexion range of motion were statistically significant predictors (p<.
001, R2 =.39). Sensitivity analyses conducted using multiple imputations to account for missing
data confirmed these findings.
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Conclusions—This analysis highlights the relevance and importance of 5 categories of
neuromuscular attributes: strength, speed of movement, range of motion, asymmetry and trunk
stability. It identifies novel attributes (leg velocity and trunk extensor muscle endurance) relevant
to mobility and highlights that impairment profiles vary by the level of mobility assessed. These
findings will inform the design of more thorough and potentially more effective disability
prevention strategies.
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Problems with mobility activities, such as walking, climbing stairs and getting up from a
chair, are very common among older primary care patients. It has been estimated that over
25% of adults aged 70 year or older manifest mobility problems,1 which are recognized as a
frequent consequence of the most common chronic diseases affecting older primary care
patients.2 Performance on basic mobility tasks is recognized as an important screening tool
that predicts such outcomes as mortality, nursing home placement and the development of
disability3 and that can serve as part of health promotion strategies.2 For this reason, clinical
trials prioritizing the prevention of disability have focused on mobility as the outcome of
interest.

In spite of advances, there are significant knowledge gaps with regards to the body system
impairments that contribute most to declining mobility in later life.4 Optimal mobility
rehabilitation should be evidenced based, parsimonious in its approach and correct
impairments within those body systems that most influence mobility and that are amenable
to rehabilitative care.5 Unfortunately, there is inadequate evidence guiding mobility
rehabilitation. While certain attributes such as strength, balance and endurance have been
the primary targets of studies addressing mobility limitations, the literature does not include
thorough investigations that simultaneously evaluated other attributes that may be relevant
to mobility, including limb speed, reaction time, kyphosis, trunk muscle endurance and
asymmetries of strength, power and range of motion (ROM).6 It is important to know which
of these attributes are or are not relevant to mobility when the contributions of these
different attributes are considered simultaneously. An ideal approach to maximizing late-life
mobility should include an understanding of the combinations of attributes that most
influence mobility skills and thus should be prioritized within disability prevention
strategies.

The Boston Rehabilitative Impairment Study of the Elderly (Boston RISE) was designed to
address these concerns and is conceptually based upon the International Classification of
Functioning, Disability and Health.78 It is a longitudinal cohort study of 430 primary care
patients who are at risk for mobility decline. The aim of Boston RISE is to identify the
neuromuscular impairments that are most associated with mobility status at baseline and the
neuromuscular impairments at baseline that are most responsible for mobility decline and
disability over time. This manuscript will present the analysis of the first aim of the Boston
RISE study: evaluating which neuromuscular attributes are most associated with mobility at
baseline among this cohort of older primary care patients.

Methods
A detailed description of the methods has been previously published.7 Briefly, primary care
patients ≥65 years and at risk for mobility decline were recruited from primary care
practices at Massachusetts General Hospital (MGH) and Brigham and Women’s Hospital
(BWH).9, 10 Potential participants were identified through a Partners Healthcare database,
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and potential eligibility was corroborated by their primary care physicians. Potential
participants were screened via telephone by study staff and invited to an initial screening
and assessment visit. Individuals meeting eligibility criteria completed this initial visit and a
subsequent visit within 2 weeks. Eligibility criteria include age ≥65 years, ability to speak
and understand English, currently receiving primary care at MGH or BWH, difficulty or task
modification with walking ½ mile and/or climbing 1 flight of stairs,9 no planned major
surgery and expectation of living in the area for at least 2 years. Exclusion criteria included
significant visual impairment, uncontrolled hypertension, amputation of a lower extremity,
use of supplemental oxygen, myocardial infarction or major surgery in the previous 6
months, Mini Mental Status score <18 and Short Physical Performance Battery (SPPB)
score <4.11, 12 Recruitment was targeted to ensure accurate ethnic and racial representation
of older adults residing within a 10 mile radius of our health care facility and functional
diversity as defined by the SPPB. All of the methods of the Boston RISE study were
approved by the Institutional Review Board of Spaulding Rehabilitation Hospital.

Among 7,403 primary care patients identified, 5,333 (72%) were approved by primary care
providers to receive communication about the study. Study staff conducted phone screenings
with 1,349 people, of whom 712 (56%) were eligible to participate in the final screening at
the first baseline visit. Of the 523 people who gave informed consent at the first visit, 443
(85%) were eligible to continue in the study, and, of those, 430 (97%) completed both
baseline visits.

The primary outcomes of our analysis were the lower extremity mobility function scales of
the Late Life Function and Disability Instrument (LLFDI).13 Physical functioning in the
LLFDI consists of 48 questions addressing one functional difficulty dimension and three
separate sub-domains: Advanced-Lower Extremity Function (activities that involve a high
level of physical ability and endurance, such as walking several blocks or getting up from
the floor), Basic-Lower Extremity Function (activities primarily involving standing,
stooping, and fundamental walking activities such as walking around one floor of home) and
Upper Extremity Function (activities of the hands and arms, such as holding a full glass of
water or reaching behind your back). Given that the focus of our study was on mobility, our
outcomes were both lower extremity function scales. Scores for all outcomes are scaled
between 0 (lowest function) and 100 (highest function).

Our conceptual approach was based on our clinical and research experience and the existing
literature, and we identified 5 categories of neuromuscular impairments that we
hypothesized would be linked to poor mobility status (see figure 1): strength, speed of
movement, ROM, asymmetry and trunk stability. We viewed impairments within these
categories as the product of disease and comorbidity and as a potentially critical pathway to
the development of restricted late-life mobility.

Neuromuscular attributes encompassing these 5 categories included Strength (leg strength);
Speed of movement (leg velocity, reaction time, rapid leg coordination); ROM (knee flexion
ROM, knee extension ROM, ankle ROM); Asymmetry (side to side asymmetry of leg
strength, side to side asymmetry of leg power, side to side asymmetry of both knee ROM
measures); and Trunk Stability (trunk extensor muscle endurance and kyphosis). All are
attributes that have been linked to mobility status and are potentially amenable to
rehabilitative interventions.14–17

Leg press strength was measured by determining the one repetition maximum (1RM) for
each leg individually using a Keiser A420 electronic pneumatic leg press machine and
applying a previously published protocol.18 The maximum value observed on the A420
graphical display of either side was recorded as the peak leg strength. Leg press power was
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measured as the peak power graphically recorded when the individual performed a single leg
press repetition pushing out as quickly as possible at 40% or 70% of 1RM. Five repetitions
were recorded for each leg at each resistance. The highest recorded power of all repetitions
(either side, either resistance) was recorded as peak leg press power. Leg velocity was
recorded by dividing the peak leg press power by the graphically displayed force
simultaneously recorded during testing. The highest leg velocity recorded (either side, either
resistance) was recorded as leg velocity. Reaction time was measured using a device
developed and validated by Lord et al.19 Participants pressed a mouse button after the
appearance of a bright light, which appeared at random intervals. Participants were given
five practice trials, and reaction time was recorded as the mean of 10 subsequent
measurement trials Rapid leg coordination time was measured using heel to floor time,
which was measured in a seated position as the time to complete 10 repetitions in which the
heel of one foot was placed just below the opposite knee and then back to the floor.20 Knee
and ankle ROM were measured using a goniometer.21 Asymmetry measures were defined
separately for leg strength, leg power and both knee ROM measures. They were defined as
the higher value of the two sides divided by the lower value for the leg strength and leg
power variables and as the difference (higher value minus the lower value) for the knee
ROM measures. Trunk extensor muscle endurance was measured,17 while the participant
was lying prone on a specialized plinth positioned 45° from vertical with feet fixed in
position on a footplate and the body supported below the waist by the table. The participant
maintained their trunk in a neutral position within the sagital plane in line with their pelvis
and legs for as long as possible with arms across the chest. The test was terminated when the
participant was no longer able to maintain the unsupported position. Kyphosis was measured
using the reliable and valid flexicurve technique described by Milne and Lauder.22

Adjustment variables included demographic characteristics (age, gender, race, level of
education) and attributes commonly treated in primary care that can influence the course of
rehabilitative care. These attributes included symptoms of depression as defined by a Patient
Health Questionnaire-9 score of >5,23 executive function as defined by score on the Digit
Symbol Substitution Test,24 sensory loss as defined by the Semmes-Weinstein
monofilament test,25 visual impairment as defined by the inability to successfully read the
20/50 line of a Snellen eye chart,26 overweight and obese status as defined by body mass
index categories27 and number of chronic illnesses as defined by a comorbidity
questionnaire developed and validated by Sangha et al (heart disease, high blood pressure,
lung disease, diabetes, ulcer or stomach disease, kidney disease, liver disease, anemia or
other blood diseases, cancer, depression, osteoarthritis or degenerative arthritis, back pain,
and rheumatoid arthritis).28 Disease specific status was not included as an adjustment
variable, since this would represent an over-adjustment for impairment status within our
conceptual model.

Initially, all variables were evaluated by descriptive statistics using means and standard
deviations for continuous variables and by frequency and proportions for categorical
variables. We inspected the correlation between all measured variables. Given concerns for
high colinearity among predictors, selection of neuromuscular attributes and adjustment
variables was based on ensuring a correlation coefficient between these variables of r < .40
and the strength of association with the outcomes. If the association within a particular
attribute category was relatively high (r > .20), we utilized the attribute most highly
associated with the outcome. Multivariable linear regression models were constructed to
evaluate each outcome measure (Basic- and Advanced-Lower Extremity Function). This
was done by a manual backwards elimination process. Age, gender and only those
remaining attributes that were significant predictors were retained. Other adjustment
variables were then added to these initial models and evaluated by the same manual
backwards elimination process. We retained adjustment variables in the final model if they
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materially altered the relationships between individual neuromuscular attributes
(standardized estimate of attribute changed by ≥ 20%) and the outcomes. Lastly,
comorbidity was evaluated as a separate adjustment variable in order to evaluate if it
modified our final models.

To validate our approach, we conducted a factor analysis of all available neuromuscular
attributes to determine if the identified neuromuscular factors were statistically superior in
predicting mobility limitations compared with our original approach. To address missing
data, we performed a comparison of subjects excluded from our final analysis with those
included. To confirm our findings, we conducted a sensitivity analysis imputing missing
values and were guided by techniques advocated by Carpenter et al. that provide strategies
to address data missing at random as well as missing not at random.29 We utilized SAS v9.1
in conducting all statistical analyses with the exception of the factor analysis, which was
conducted using Mplus.30, 31

Results
Baseline characteristics are presented in Table 1, and baseline values for the neuromuscular
attributes are shown in Table 2. The age, gender and racial distributions in our sample are
consistent with the 2004 census for older adults living within our recruitment area. Among
the neuromuscular attributes, the largest amount of missing data was observed with leg
power asymmetry (15%), leg strength asymmetry (13.5%) and leg strength (10%). Given a
correlation of r=.46 between leg strength asymmetry and leg power asymmetry and the
greater magnitude of missing data for leg power asymmetry; it was not evaluated in
subsequent analyses. As part of our initial validation of the conceptualized impairment
groupings, our preplanned factor analysis did not identify any statistically relevant
groupings of neuromuscular attributes that were statistically superior to the 5 clinical
groupings we conceptualized initially (data not shown).

Table 3 presents the multivariable models predicting mobility function. For Basic-Lower
Extremity Function, four of the 5 impairment categories were statistically significant
predictors (model p<.001 R2 = .21), that being Strength (leg strength), Speed (leg velocity),
ROM (ankle ROM) and Trunk stability (trunk extensor muscle endurance). The findings
within the full adjusted model for Basic-Lower Extremity Function were similar, but ankle
ROM achieved marginal significance (p=.05). For Advanced-Lower Extremity Function all
five of the impairment categories were significantly associated within the initial (p<.001, R2

=.38) and fully adjusted model (p<.001, R2 =.39).The attributes that represented the five
categories in the final models were as follows: Strength (leg strength), Speed (leg velocity),
ROM (knee flexion ROM), Asymmetry (leg strength asymmetry) and Trunk Stability (trunk
extensor muscle endurance).

Figure 2 presents the standardized estimates of the fully adjusted models predicting Basic-
and Advanced-Lower Extremity Function. Leg strength, leg velocity and trunk extensor
muscle endurance were the only attributes that were statistically significant predictors of
both tests. Ankle ROM was only associated with Basic-Lower Extremity Function, and leg
strength asymmetry and knee flexion ROM were uniquely associated with Advanced-Lower
Extremity Function. The standardized estimate for association with Advanced-Lower
Extremity Function was 40% greater (.35 vs. .25) and 29% lower (.10 vs. .14) for leg
strength and leg velocity, respectively, when compared to Basic-Lower Extremity Function.
The variation in magnitude of the association between trunk extensor muscle endurance was
relatively lower between the two outcomes (16%, .19 vs. .22). Within our sensitivity
analyses, no material differences were observed within the findings when imputing missing
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values. Also, additional adjustment for comorbidity (number of chronic conditions) did not
materially alter our findings (data not shown).

Discussion
To our knowledge, this study is the most comprehensive analysis to date of neuromuscular
attributes associated with late-life mobility. The novel findings of this study are: 1) the
identification of 5 categories of neuromuscular attributes (strength, speed, ROM,
asymmetry, and trunk stability) predictive of mobility function; 2) the identification of leg
velocity and trunk extensor muscle endurance as importance attributes influencing mobility
function; and 3) the differential association of neuromuscular attributes with mobility based
on the complexity of the tasks involved.

We observed that all 5 impairment categories were relevant to Advanced Lower Extremity
Function and that all, but asymmetry were relevant to Basic Lower Extremity Function.
These findings have direct and practical relevance to the provision of rehabilitative exercise
and physical therapy for mobility limited patients. While strength and ROM are commonly
prioritized for patients with mobility problems, speed, trunk stability and asymmetry do not
receive great emphasis32. Our findings suggest that, in the care of patients with mobility
problems, all 5 categories of impairments should be prioritized within a prescription for
exercise or rehabilitation.

While the relevance of leg velocity and trunk extensor muscle endurance were first
established within preliminary studies leading to Boston RISE,33, 34 this analysis highlights
their relevance in comparison to other more well established attributes. Leg velocity has
been recognized as important within studies identifying associations between leg power and
mobility.33, 35 Power is defined as the combination of force and velocity of movement.
Whereas maximal strength refers to optimal force production, maximal leg velocity is the
attribute that distinguishes optimal power from optimal strength. It is important to recognize
that both leg strength and leg velocity are important attributes that impart independent
contributions to mobility. Our findings support the need for rehabilitative approaches that
address both attributes36.

This is the first large investigation to evaluate the relevance of trunk extensor muscle
endurance among older adults. It is a generally well tolerated measure, and, next to leg
strength, it has the highest association with LLFDI function as evidenced by the magnitude
of the standardized estimates in Figure 2. Another important aspect of the findings regarding
trunk extensor muscle endurance was the absence of an association between kyphosis and
mobility. Kyphosis is identified as a factor influencing mobility and fall related injuries,15

but prior investigations evaluating the relevance of kyphosis have not included trunk
extensor muscle endurance measures. These two attributes were not correlated in our study,
yet trunk muscle force production has been theorized to be the mechanism by which
kyphosis influences these functional outcomes.15 Our findings are not inconsistent with this
contention and suggest that trunk extensor muscle endurance may be a better therapeutic
target than kyphosis when mobility is a concern.

Another important observation from our study is that the attributes within the 5 impairment
categories that were predictive of the basic and advanced lower extremity function varied in
magnitude and significance of association with these outcomes. This is well illustrated in
Figure 2. The LLFDI is unique in comparison to other functional measures in that it
encompasses tasks that capture a very broad range of function. Our findings suggest that if a
particular level of functioning is targeted, that treatment might be designed differently. For
example, while leg velocity, leg strength and trunk endurance are important for all patients,
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our findings suggest that individuals at higher levels of functioning should prioritize
correcting asymmetries in limb strength and loss of knee ROM, while those at lower levels
of functioning might need to focus more on ankle ROM deficits. These findings, in
combination with our prior work ,36 might support the argument that a more individualized
approach to rehabilitative care may optimize the results of strategies to prevent mobility
restriction. Hence, the value of our findings is not to advise a “one size fits all” approach,
but rather to clarify that several impairments may be key targets in disability prevention and
that an expanded assessment may be key to developing effective intervention programs. We
believe that these initial findings from Boston RISE lay the ground work to design such
individualized programs, which can be evaluated within the context of comparative
effectiveness research.

Other major longitudinal cohort studies have attempted to identify impairments associated
with mobility status among older adults. Perhaps the most prominent of these studies are the
Health Aging and Body Composition Study (Health ABC) and the InCHIANTI study.37, 38

While they continue to provide important discoveries for Aging science, their relevance to
rehabilitative care is more limited. Neither study includes as an extensive array of
neuromuscular impairments that can be targeted within rehabilitative care as Boston RISE.
Health ABC recruited a cohort without significant mobility problems and focused primarily
on successful aging. InCHIANTI, conceptualized impairments that comprise subsystems
that underlie mobility and that represent a variety of body systems, but it included a smaller
set of neuromuscular attributes that can be treated in rehabilitative care settings. Other
prominent research has been conducted by Lord and colleagues, who have identified specific
neuromuscular impairments that are associated with falls.19 While falls are a result of poor
mobility status, the relevance of these impairments to overall mobility has not been
elucidated. Despite these differences, all three of these investigations informed the design
and methods of Boston RISE and helped provide the rationale for the neuromuscular
impairments we studied.

Study Limitations
Our study has certain limitations. Since some of our frail participants found some tests too
challenging, we had a limited amount of missing data. Missing data is common within
cohort studies among older adults, and the proportion of missing data is generally low in
Boston RISE. However, since these values may not be missing at random, we performed a
sensitivity analysis using an approach that has been advocated to address such
methodological concerns and did not find material differences. Also, since this is not a
population-based study, the findings may not be relevant to older adults residing in the
community at large or in different geographic regions.

An important strength of our investigation is its conceptual and clinical basis within primary
and rehabilitative care. We defined neuromuscular impairments and outcomes within the
contexts of care in which they are treated. Furthermore, Boston RISE represents the most
extensive measurement of attributes targeted within rehabilitative care among a relatively
large sample of older primary care patients.

Our study’s findings may have important implications for future comparative effectiveness
trials. To date, most intervention studies focusing on the prevention or amelioration of
mobility related disability among older adults have focused on a more restricted group of
neuromuscular attributes.39, 40 Additionally, these studies have focused on a single unified
approach for all patients regardless of baseline impairment status or level of functioning.
Our findings suggest that more optimal benefits may be achieved if interventions consider
the impairments manifested by individual patients and the complexity of the mobility skills
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targeted. The forthcoming longitudinal analyses from Boston RISE will shed more light on
these issues.

Conclusions
This baseline analysis of the Boston RISE study highlights the relevance and importance of
5 categories of rehabilitative attributes: strength, speed of movement, ROM, asymmetry and
trunk stability. The identification of novel attributes (leg velocity and trunk extensor muscle
endurance) and the recognition that impairment profiles vary by the level of mobility
assessed will inform the design of more thorough and potentially more effective disability
prevention strategies.
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Figure 1.
Conceptual framework for the analyses of baseline data from the Boston RISE study
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Figure 2.
Standardized estimates for each impairment category within separate liner regression models
predicting LLFDI Basic- and Advanced-lower extremity function. Standardized estimates
are presented representing those attributes that were statistically significantly associated
with the respective tests.
Note: Standardized estimates presented as absolute values. Both models were adjusted for
age, gender, overweight status, obese status and the manifestation of sensory loss
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