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Abstract

Background: The Short Physical Performance Battery (SPPB) is advocated as a screening tool in geriatric care for predicting future disability.
We aimed to identify the leg neuromuscular attributes to be targeted in rehabilitative care among older adults with poor SPPB scores.
Methods: Boston Rehabilitative Impairment Study of the Elderly (Boston RISE) participants (7 = 430) underwent assessment of neuromuscular
attributes (leg strength, leg velocity, trunk extensor endurance, knee flexion range of motion [ROM], ankle ROM, and foot sensation). Linear
regression models examined association between each neuromuscular attribute and SPPB, adjusting for age, race, gender, comorbidity, body
mass index, depression, cognition, and other neuromuscular attributes.

Results: Participants with 1 SD unit higher leg strength, leg velocity, and trunk extensor endurance had 0.52, 0.30, and 0.52 points higher
SPPB total score. Participants with ankle ROM impairment and foot sensory loss had 0.43 and 0.57 lower SPPB total score compared with
those without these. Leg strength and trunk extensor endurance were associated with balance; leg velocity, trunk extensor endurance, and
ankle ROM were associated with gait speed; and strength, trunk extensor endurance, knee ROM, and feet sensation were associated with chair
stand score. Neuromuscular attributes, along with covariates, explained 40.4% of the variance in the total SPPB score, a substantial increase
over the 22.7% variance explained by covariates alone.

Conclusions: Neuromuscular attributes affect mobility performance in older patients as measured by the SPPB. Specific impairments are
associated with poor performance in specific component scores. Assessment of the SPPB components and rehabilitation of associated
impairments may help improve the functional performance among older adults.
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Functional performance measures are being increasingly recognized (3,4). However, there is evidence that other measures, such as the time
as excellent screening tools to assess risk for adverse health outcomes taken to do a set number of chair rises (chair stand time), may provide
among older adults in clinical settings (1,2). Gait speed, for instance, is important additional information regarding future health that is not
proposed as a sixth vital sign measure in primary care for older adults captured by gait speed alone. For example, chair stand time was found
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to be a better predictor of injurious falls than gait speed (5). It has
been proposed that measures such as chair stand time and standing
balance may be able to discriminate disability risk within subgroups
with similar gait speed (2). The Short Physical Performance Battery
(SPPB) score captures lower extremity functional performance among
older adults through the combined assessment of chair stand time,
gait speed, and standing balance. The SPPB score is strongly predic-
tive of important adverse health outcomes among older adults, includ-
ing hospitalization, disability, and death (1,6). A recent meta-analysis
demonstrated that SPPB scores have a dose—response relationship to
mortality over the entire score range (7). All of these points make a
strong case for the use of the SPPB as a comprehensive risk assess-
ment tool. However, there is limited information on the underlying
modifiable factors that are represented in SPPB performance. This is
particularly relevant for rehabilitative care as those factors that under-
lie lower SPPB scores could be targeted within rehabilitative care as a
means for reducing the risk for adverse health outcomes.

In a comprehensive analysis of neuromuscular attributes associ-
ated with late-life mobility, the Boston Rehabilitative Impairment
Study of the Elderly (Boston RISE) identified a subset of five factors—
leg strength, leg velocity, trunk extensor endurance, knee flexion
range of motion (ROM), and ankle ROM—that predicted unfavor-
able self-reported mobility outcomes among older primary care
patients (8,9). In addition, Boston RISE data have also demonstrated
that foot sensory loss is an important factor in balance performance
in this population (10). However, there is inadequate information
on how these attributes affect and reflect in a lower limb functional
performance measure such as the SPPB or its component measures.
Because rehabilitative care enhances physical function by correcting
the underlying neuromuscular impairments that limit the perform-
ance of functional tasks, this is important information potentially
guiding the design and prescription for geriatric rehabilitative care.

The Boston RISE study provides a unique opportunity to exam-
ine the specific impairments associated with poor SPPB performance,
given its comprehensive assessment of neuromuscular attributes and
measurement of SPPB scores. In this study, we examined the associa-
tion between neuromuscular attributes known to be important for
mobility (leg strength, leg velocity, trunk extensor endurance, knee
flexion ROM, ankle ROM, and feet sensation), with the SPPB total
score and its component scores. We hypothesized that the attributes
that were shown to be associated with self-reported mobility would
also be associated with performance in the SPPB. We also estimated
the proportion of variance in SPPB scores explained by the specified
neuromuscular attributes to better understand the relative contribu-
tion the attributes made to SPPB performance.

Methods

We conducted a cross-sectional analysis of baseline data from partici-
pants in Boston RISE. The Boston RISE is a longitudinal cohort study
of 430 primary care patients aged 65 years and older recruited from
nine large primary care practices located across the greater Boston
area from December 2009 to January 2012. Study methods have
been described in detail previously (11). Eligibility included difficulty
or task modification with walking one-half mile and/or climbing one
flight of stairs (12), absence of moderate or severe dementia (Mini—
Mental State Examination score < 18) (13), or absence of severe mobil-
ity limitation (SPPB score < 4) (1). Targeted recruitment was used
to approximate ethnic/racial representation of older adults residing
within a 10-mile radius of the study clinic. Methods were approved
by the Spaulding Rehabilitation Hospital Institutional Review Board,
and written consent was obtained from all participants.

Neuromuscular Impairments

Strength was measured in each leg by determining the one-repetition
maximum for each leg with a Keiser pneumatic leg press machine
using a previously published protocol (14). The maximum value
observed on either side was recorded as the peak leg strength. Peak
power was recorded as the highest recorded power out of five tri-
als performed with each leg at 40% and 70% of the one-repetition
maximum. Peak leg velocity was calculated by dividing peak power
by the graphically displayed force at peak power recorded during the
testing. Trunk extensor muscle endurance (15) was measured with
the participant 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 sagittal plane in line with
their pelvis and legs for as long as possible up to 2.5 minutes with
arms across the chest. The time for which the position was main-
tained was recorded in seconds. Passive ROM of the knee and ankle
were measured with a goniometer (16). Ankle ROM was considered
to be impaired if there was inability to dorsiflex past 90° or plantar
flex past 110° in either leg. Foot sensation was measured over the
dorsum of the big toe using the Semmes—Weinstein monofilament
test employing the standard clinical 10- and 1.4-g monofilaments
(17). Foot sensation was considered to be impaired if the participant
could not perceive three out of four touches from both the monofila-
ments on both sides. Sensory loss measured using this method has
been found to be a predictor of mobility disability in the Health
ABC Study (18). Both impaired ankle ROM and sensory loss were
dichotomized as being present or absent.

The Short Physical Performance Battery

The SPPB is composed of three components: progressive standing bal-
ance, usual pace walking speed, and a five-repetition chair stand test
(1). For the standing balance test, participants are asked to maintain
their balance for 10 seconds with their legs in side-by-side, semi-tan-
dem, and full-tandem positions. For walking speed, participants walk
at their usual pace over a 4-m walking course; time was recorded; and
the best performance of two walks was considered for calculation of
walk speed. In the chair stand test, participants are asked to stand up
and down five times, as quickly as they can with their hands folded
across their chest. The test is scored using time to complete the test in
seconds. Using established cut points, scores for each component are
grouped from 0 to 4 and summed to create a total score between 0
and 12, with higher scores indicating better performance (1).

Covariates

Age, gender, and race were self-reported. The comorbidity index
was assessed by a comorbidity questionnaire developed and vali-
dated by Sangha and colleagues (19) and included heart disease,
high blood pressure, lung disease, diabetes, ulcer or stomach disease,
kidney disease, liver disease, anemia or other blood diseases, can-
cer, depression, osteoarthritis or degenerative arthritis, back pain,
and rheumatoid arthritis. Weight and height were measured using
standardized techniques, and body mass index was calculated. The
Digit Symbol Substitution Test (DSST), which measures attention,
processing speed, and executive function, was used to assess cog-
nitive ability (13). Depressive symptoms were measured using the
Patient Health Questionnaire-9 (PHQ) (20).

Statistical Analysis
Leg strength and trunk extensor endurance were normalized for
body weight. Missing values of neuromuscular attributes, namely,



546

Journals of Gerontology: MEDICAL SCIENCES, 2019, Vol. 74, No. 4

leg strength (10%), leg velocity (11.4%), trunk extensor endurance
(5.8%), knee flexion ROM (1.2%), ankle ROM impairment (1.9%),
and sensory loss (0.2%), were imputed using multiple imputations.
Pearson correlation coefficients were computed to examine cor-
relations between neuromuscular attributes. We tested differences
between mean values of neuromuscular attributes across SPPB total
scores using generalized linear models (F test); chi-square tests were
used for categorical variables. Multivariable linear regression models
were used to examine the association between neuromuscular attrib-
utes and the SPPB total score as well as SPPB component scores. To
facilitate comparison of the effect sizes of different neuromuscular
attributes on SPPB scores, we standardized the continuous meas-
ures by subtracting the mean and dividing by their SD. Models were
adjusted for other neuromuscular attributes as well as confounders
chosen on the basis of their known association with neuromuscular
attributes and mobility outcomes. These included age, race, gender,
comorbidity score, body mass index, pain score, PHQ score, and the
DSST score. Collinearity among predictor variables was examined
by estimating the variance inflation factor.

For the gait speed component alone, we used gait speed measured
in meters per second instead of the component score. For the chair
stand component, we opted to use the score instead of chair stand
time to facilitate categorization of participants who attempted but
could not stand without using arms or failed to complete the test.
For the balance component score, we combined scores 0 and 1 into
a single category, as only four people had a score of 0. As sensitivity
analyses, we developed ordinal regression models for the component
scores and compared results with those from the linear regression
models. Coefficient of determination (R?) values from multiple linear
regression models were used to examine the proportion of variance
in outcomes explained by six attributes; models were compared for
fit using the Akaike information criterion, a likelihood-based statis-
tic appropriate for comparison of non-nested models that impose a
penalty for increased model complexity. Model estimates were gen-
erated using SAS software version 9.4 (SAS Institute, Inc., Cary, NC).

Results

Boston RISE participants had an average age of 77 years, 68% (1 =291)
were women, and 17% (n = 75) were non-White. The age, sex, and
racial distributions are consistent with the 2004 U.S. Census for older

adults living in the recruitment area (11). The baseline characteristics
of participants according to SPPB total scores are given in Table 1.
Figure 1A-E demonstrates the relationships between leg strength, leg
velocity, trunk extensor endurance, knee flexion ROM, ankle ROM
Impairment, and sensory loss in the lower extremity with the SPPB total
score. There were overall significant differences (p < .0001) in each of
the neuromuscular attribute measures, across SPPB total scores.

Ordinal regression models gave results similar to the linear
regression models, so we present results from linear regression here.
Neuromuscular attributes were only weakly correlated (Supplementary
Table 1) with Pearson correlation coefficients ranging from .03 to .39.
There was also no evidence of multicollinearity in any of the models,
and therefore, all neuromuscular attributes were included together
in all the models. With adjustment for all covariates, as well as other
neuromuscular attributes, the strong association between each neuro-
muscular attribute and the SPPB total score persisted except in the case
of knee flexion ROM (Table 2). In addition, there were strong asso-
ciations between each attribute and the component scores of the SPPB
after adjusting for other attributes and covariates. Of all attributes,
trunk extensor endurance was most strongly and consistently associ-
ated with all outcomes. Specifically, 1 SD unit greater trunk extensor
endurance time was associated with 0.18 points higher balance score,
0.22 points higher chair stand score, 0.03 m/s faster gait speed, and 0.52
points higher SPPB total score. Leg strength, greater by 1 SD unit, was
associated with 0.16 points higher balance score, 0.35 points higher
chair stand score, and 0.58 points higher SPPB total score. One SD unit
higher velocity was associated with 0.05 m/s higher gait speed and 0.30
points higher SPPB total score. Knee flexion ROM was not associated
with the SPPB total score, but each unit increase in knee flexion ROM
was associated with 0.14 points higher chair stand score. Participants
with ankle ROM impairment had 0.07 m/s slower gait speed and 0.43
points lower SPPB total score compared with those without ankle ROM
impairment. Participants with sensory loss were found to have 0.28
points lower chair stand score, 0.22 points lower balance score (border-
line statistical significance), and 0.57 points lower total score compared
with those without sensory loss.

On examining the relative contribution of the neuromuscu-
we found that these had a
substantial impact on the variance of the SPPB total and compo-

lar attributes to mobility performance,

nent scores (Table 3). Neuromuscular attributes, along with covar-
iates, explained 40.4% of the variance in the total SPPB score, a

Table 1. Baseline Characteristics of 430 Boston RISE Participants According to SPPBTotal Score

SPPB Total Score

Variable 4-6 7-9 10-12 Overall

Age, mean (SD) 79.3 (0.8) 76.9 (0.6) 75.0 (0.5) 76.6 (0.3)
Women, N (%) 62 (69.7) 101 (64.3) 128 (69.6) 291 (67.7)
Non-White, N (%) 20 (22.5) 24 (15.3) 31 (16.9) 5(17.4)
BMI, mean (SD) 29.3(0.7) 29.7 (0.5) 29.5(0.5) 29 5(0.3)
Comorbidity score, mean (SD) 4.6 (0.2) 4.3 (0.2) 3.5(0.1) 0(0.1)
PHQ score, mean (SD) 2.2 (0.5) 1.0 (0.2) 1.2 (0.2) 3(0.2)
DSST score, mean (SD) 29.7 (1.1) 36.3 (0.8) 39.4 (0.8) 36 3(0.5)
Leg strength, N/kg, mean (SD) 7.8 (0.3) 9.0 (0.2) 10.4 (0.2) (O 1)
Leg velocity, m/s, mean (SD) 0.9 (0.03) 1.0 (0.02) 1.1 (0.02) (.01)
Trunk extensor endurance, s, mean (SD) 0.7 (0.1) 1.3 (0.1) 1.6 (0.1) 1. 3 (0 04)
Knee flexion ROM, degrees, mean (SD) 120.2 (1.7) 123.8 (1.0) 127.1 (1.0) 124.5 (0.7)
Ankle ROM impairment, N (%) 42 (47.2) 50 (31.9) 31 (16.9) 123 (28.6)
Foot sensory loss, N (%) 41 (46.1) 47 (29.9) 38 (20.7) 126 (29.3)

Note: BMI = body mass index; DSST = Digit Symbol Substitution Test; PHQ = Patient Health Questionnaire-9; RISE = Rehabilitative Impairment Study of the

Elderly; ROM = range of motion; SPPB = Short Physical Performance Battery.
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substantial increase over the variance explained by demographic
and health characteristics alone (variance = 22.7% without neuro-
muscular attributes in the model). Neuromuscular attributes also
explained additional variance in each of the SPPB component scores.
Neuromuscular attributes and the covariates in the models explained
26.8% of the variance in SPPB balance score, 44.7% of the variance
in gait speed, and 23.9% of the variance in chair stand time.

Discussion

Our study has demonstrated that leg strength, leg velocity, trunk
extensor endurance, ankle ROM impairment, and foot sensory loss

15
10
05 R
0.0 [
-0.5 k{'\# 1
1.0 1

15

e |
— T

Leg Strength
Leg Velocity

4 56 7 8 9101112
Total SPPB Score

5!
4 56 7 8 9101112
Total SPPB Score

1.5;
1.0%
0.5

e

. dtt

Knee Flexion ROM

456789101112
Total SPPB Score

4 56 7 8 9101112
Total SPPB Score

Trunk Ext. Endurance

1.5
1.0
0.0{

-0.5
-1.01

e

Foot Sensory Loss

-1.5
4 56 7 8 9101112
Total SPPB Score

45678 9101112
Total SPPB Score

Ankle ROM Impairment

Figure 1. Standardized means (with 95% confidence limits) of (A) leg
strength, (B) leg velocity, (C) trunk extensor endurance, (D) knee flexion
range of motion and prevalence (with 95% confidence limits) of (E) ankle
range of motion impairment, and (F) foot sensory loss, across SPPB scores
among 430 participants in Boston Rehabilitative Impairment Study of the
Elderly (Boston RISE).

independently affect the total SPPB score. The results also revealed
that specific neuromuscular attributes affect different components
of the SPPB, indicating that poor component scores reflect distinct
impairments. In particular, trunk extensor muscle endurance and leg
strength, both of which can be targeted and modified by exercise,
were found to be important for two or more aspects of the SPPB.

The chair stand test or the sit to stand test has been commonly
utilized as a measure of lower limb function in older adults; how-
ever, the lower limb neuromuscular attributes that contribute to
performance in this test has not been well delineated. In a study
of 26 residents of a long-term care institution, leg extensor power
(which combines leg strength and velocity) was found to be cor-
related with chair stand speed (21). Subsequently, more studies have
confirmed the strong association between quadriceps strength or
power and chair stand time (22,23). However, it was also found that
leg strength measures explained less than 50% of the variance in
chair stand time in a study of average to high performing sexagenar-
ian women, questioning its use as a proxy measure for leg strength
(24). Lord and colleagues demonstrated that multiple psychological,
sensorimotor, and balance-related factors are associated with chair
stand performance after controlling for multiple leg strength meas-
ures (22); joint ROM and trunk extensor endurance were not evalu-
ated in this study. Our study has demonstrated that trunk extensor
endurance, foot sensation, and knee ROM are important factors in
chair stand performance and could be key factors to evaluate and
restore along with leg strength in rehabilitating an older adult with
difficulty rising from a chair.

Although gait speed has been a variable of great interest as a
functional performance marker among older adults, an under-
standing of mechanisms that underlie slow gait speed has not been
clear. Leg strength, in particular, has demonstrated mixed results in
its association with gait speed. Some cross-sectional studies have
shown significant association (25), with some indicating a nonlin-
ear relationship between leg strength and gait speed, whereby the
association is strongest among adults with less strength (26,27)
Longitudinal studies have also demonstrated that change in leg
strength is associated with change in gait speed (28,29). Nonetheless,
other studies have not demonstrated this association in longitudinal
analysis (25,30). Our study provides evidence that leg velocity rather
than leg strength is an important factor in gait speed, albeit using a
cross-sectional analysis. Spinal alignment is another attribute that
has been shown to be associated with gait speed (31). This may be
due to weaker trunk extensors, which was shown to be important
for gait speed in our study.

Table 2. Coefficients and pValues From Linear Regression Models? Examining Association Between Standardized Neuromuscular Attributes

and Lower Limb Function Among 430 Boston RISE Participants

SPPB Balance Score Gait Speed SPPB Chair Stand Score SPPB Total Score

Estimate (SD) p Value Estimate (SD) p Value Estimate (SD) p Value Estimate (SD) p Value
Leg strength 0.16 (0.06) .01 0.02 (0.01) 15 0.35 <.0001 0.58 (0.12) <.0001
Leg velocity 0.10 (0.06) .10 0.05 (0.01) <.0001 0.08 24 0.30 (0.12) .01
Trunk extensor 0.18 (0.06) .002 0.03 (0.01) .0004 0.22 .003 0.52 (0.10) <.0001
endurance
Knee flexion ROM -0.01 (0.06) .80 0.02 (0.01) 12 0.14 .03 0.16 (0.11) 13
Ankle ROM impairment -0.10 (0.11) .36 -0.07 (0.02) .0003 -0.12 32 -0.43 (0.21) .04
Foot sensory loss -0.22 (0.11) .05 -0.03 (0.02) .09 -0.28 .02 -0.57 (0.21) .01

Note: RISE = Rehabilitative Impairment Study of the Elderly; ROM = range of motion; SPPB = Short Physical Performance Battery.
*All models were adjusted for age, race, gender, Katz comorbidity score, body mass index, Patient Health Questionnaire-9 score (depression), Digit Symbol

Substitution Test, and other neuromuscular attributes.
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Table 3. Additional Variance in SPPB Performance Explained by Neuromuscular Impairments

Domains Independent Variables Percent Variance Explained (R?) AIC
SPPB total score Covariates® 22.7 607.3
Covariates + neuromuscular impairments® 40.4 507.6
SPPB balance score Covariates 20.1 3.5
Covariates + neuromuscular impairments 26.8 -22.2
Gait speed Covariates 31.9 -1,471.6
Covariates + neuromuscular impairments 44.7 -1,549.5
SPPB chair stand score Covariates 8.3 135.6
Covariates + neuromuscular impairments 23.9 67.0

Note: AIC = Akaike information criterion; SPPB = Short Physical Performance Battery.

*Covariates included age, race, gender, Katz comorbidity score, body mass index, Patient Health Questionnaire-9 score (depression), and Digit Symbol

Substitution Test score. "Leg strength, leg velocity, trunk extensor endurance, knee flexion range of motion, presence/absence of ankle range of motion limitation,

and sensory loss.

Leg strength (32), trunk muscle strength (33), and foot sensation
(34) have been shown to influence balance performance among older
adults in separate studies. Our study consolidates and confirms the
independent role of these individual neuromuscular factors—specifi-
cally leg strength, trunk extensor muscle endurance, and foot sen-
sation—in analyses that adjusted for each other. In another study
using data from Boston RISE, Thomas and colleagues demonstrated
that trunk extensor muscle endurance, sensory loss, and leg velocity
are important determinants of the Frailty and Injuries: Cooperative
Studies of Intervention Techniques (FICSIT)-4 balance score (10).
The FICSIT-4 includes the SPPB balance test components and the
more complex unipedal stance, which may explain the difference in
the determinants.

Our findings have important implications in rehabilitation inter-
ventions for mobility-limited older adults. A systematic review that
evaluated the role of progressive resistance strength training for
improving physical function among older adults identified that resist-
ance training resulted in a large positive effect on muscle strength,
moderate to large effect on chair stand time, and a modest impact on
gait speed (35). This aligns with our findings that strength is associ-
ated with chair stand capacity but not with gait speed. For improving
gait, therefore, rehabilitation providers may need to focus on improv-
ing leg velocity (through training that emphasizes leg power), trunk
extensor muscle endurance, and ankle ROM rather than leg strength.
In fact, there is evidence that power training is better than strength
training for improving functional performance (36) especially among
older adults with poor leg velocity (37) or leg strength (38). Our find-
ings thus provide valuable clues for developing and testing rehabili-
tative care interventions for mobility-limited older adults. It is to be
noted, however, that mobility may not necessarily be restored purely
by rehabilitative interventions that address neuromuscular impair-
ments. Sensory deficits as well as social and environmental barriers
may exist and may need to be addressed (39). Chronic conditions
need to be managed clinically. Also, although exercise has been
showed to improve mobility performance in community-dwelling
older adults (40), approaches are needed that can address the range
of impairments contributing to poor mobility in older adults.

Among the study limitations is that our design was cross-sec-
tional, so we cannot confirm temporality of the observed relation-
ships. The study sample included only older patients with known
mobility problems and was not population based because partici-
pants were recruited from a single health care system. Hence, these
findings may not be generalizable to diverse populations or general
community populations. We acknowledge that other leg strength
and velocity measures that were not measured in our study may be

important for certain measures such as gait speed. Among our study
strengths, we examined several neuromuscular attributes and their
roles in a relatively large sample of primary care patients.

Conclusions

Neuromuscular attributes are strong independent factors that may
contribute to mobility performance in older patients as measured
by the SPPB. Specific impairments are associated with poor per-
formance in specific component scores. Assessment of the SPPB and
rehabilitation of associated impairments may help improve func-
tional performance and thereby function and mobility in day-to-day
living among older adults.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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