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Abstract

Objective—To identify differences in health factors, neuromuscular attributes and performance-
based mobility among community-dwelling older adults with symptomatic lumbar spinal stenosis
(SLSS); and to determine which neuromuscular attributes are associated with performance-based
measures of mobility. We hypothesized that: (1) community-dwelling older adults with SLSS
would have poorer health, greater neuromuscular impairment and worse mobility; and (2) greater
impairment in trunk extensor muscle endurance, leg strength, leg speed and knee flexion range of
motion (ROM) would be associated with performance-based mobility.

Design—Cross-sectional; secondary data analysis of a cohort study
Setting—outpatient rehabilitation center

Participants—Community-dwelling adults > 65 years with self-reported mobility limitations
and SLSS

Interventions—N/A

Main Outcome Measures—Short Physical Performance Battery Score, Habitual Gait Speed,
and Chair Stand Test

Results—SLSS was classified using self-reported symptoms of neurogenic claudication and
imaging. Among 430 community-dwelling older adults 54(13%) met criteria for SLSS. Compared
to participants without SLSS, those with SLSS had more comorbidities, higher BMI, greater pain
and less balance confidence. Participants with SLSS had greater impairment in trunk extensor
muscle endurance, leg strength, leg strength asymmetry, knee flexion range of motion (ROM),
knee extension ROM, and ankle ROM compared to participants without SLSS. Five
neuromuscular attributes were associated with performance-based mobility among participants
with SLSS: trunk extensor muscle endurance, leg strength, leg strength asymmetry, knee flexion
ROM, and knee extension ROM asymmetry.

Conclusions—Community-dwelling older adults with self-reported mobility limitations with
SLSS exhibit poorer health characteristics, greater neuromuscular impairment and worse mobility
when compared to those without SLSS. Poorer trunk extensor muscle endurance, leg strength, leg
strength asymmetry, knee flexion ROM, and knee extension ROM asymmetry were associated
with performance-based mobility among participants with SLSS.

Keywords
aged; spinal stenosis; impairment; mobility limitation

Symptomatic lumbar spinal stenosis (SLSS) is a degenerative spinal condition prevalent
among 10-14% of community-dwelling older adults.1=3 SLSS is a major contributor to
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mobility limitations and is recognized as the primary reason for spinal surgery among
patients > 65 years.# SLSS is defined as the combination of imaging-detected lumbar spinal
stenosis (LSS) and self-reported neurogenic claudication; pain, numbness or weakness in the
lower extremities that worsens with spinal extension and improves with spinal flexion.
Neurogenic claudication, the hallmark clinical symptom of SLSS is a major cause for the
manifestation of mobility limitations among older adults.5-8

Despite the major impact of SLSS on mobility, major gaps remain in the evidence guiding
effective non-surgical rehabilitative care for older adults with SLSS.1 9 A clear
understanding of the impairments that contribute to limitations in walking and mobility-
related tasks is essential to guide the development of rehabilitative care plans that target
those impairments. This point is conceptualized within the International Classification of
Functioning, Disability and Health, which defines rehabilitation as treatment that reduces
impairments and improves activities and participation of patients receiving care.19 Although,
mobility limitations and the associated neuromuscular attributes have been described in the
literature among older adults in general, they have not been well-described among older
adults with SLSS.6: 7. 11,12

The Boston Rehabilitative Study of the Elderly (Boston RISE) is a prospective cohort study
of community-dwelling older adults that evaluated a large scope of neuromuscular attributes
linked to mobility skills among older adults.13 Boston RISE evaluated performance-based
mobility as well as the presence of neurogenic claudication making it an ideal platform to
study impairments that are linked to mobility among patients with SLSS.

The purposes of this study were: (1) to identify differences in health factors, neuromuscular
attributes and measures of performance-based mobility among community-dwelling older
adults with SLSS compared to those without SLSS; and (2) to determine which
neuromuscular attributes were associated with performance-based measures of mobility
among participants with SLSS. It was hypothesized that community-dwelling older adults
with SLSS would have poorer health, greater impairment among neuromuscular attributes
and worse mobility. In addition, greater impairment in trunk extensor muscle endurance, leg
strength, leg speed and knee flexion range of motion (ROM) would be associated with
performance-based mobility.

Boston RISE conducted assessments across 4 years of follow-up and evaluated
neuromuscular attributes as well as self-reported and performance-based measures of
mobility.13 It included 430 community-dwelling older adults = 65 years who were at risk for
mobility decline, as defined by self-reported difficulty or the inability to walk one-half mile
and/or climb one flight of stairs without assistance. Boston RISE also contains questions that
assess components of neurogenic claudication, the hallmark symptom characterizing SLSS.?
Boston RISE and this secondary analysis received approval from the Spaulding
Rehabilitation Network IRB.
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Inclusion criteria for Boston RISE were as follows: age = 65 years, ability to speak and
understand English, receiving primary care services from Brigham and Women’s Hospital or
Massachusetts General Hospital at the time of the study, difficulty or inability to walk one-
half mile and/or climb one flight of stairs, no planned major surgery, and no planned move
from the area for two years. Exclusion criteria were as follows: 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 State Examination (MMSE) score < 18,14 and Short Physical Performance
Battery score < four.1®

Participants

Only participants who completed a lumbar spinal stenosis (LSS) questionnaire at one of
three annual visits (baseline, year 1, or year 2) as well as measures of neuromuscular
attributes and performance-based mobility were included in this analysis. The LSS
questionnaire describes the presentation of neurogenic claudication: pain, numbness or
weakness in either leg that is aggravated with walking and decreases or ceases with flexion
postures. The questions have a high diagnostic accuracy for detecting the clinical syndrome
of lumbar spinal stenosis.>

SLSS was diagnosed using self-reported symptoms of neurogenic claudication combined
with spinal imaging demonstrating imaging-detected LSS. Spinal imaging was not part of
the study methods for Boston RISE, however, imaging from two separate sources was used
in order to define the presence of imaging-detected LSS. As the first source, electronic
medical records for participants within Boston RISE with self-reported neurogenic
claudication were accessed to extract either computed tomography (CT) or magnetic
resonance imaging (MRI) reports that identified imaging-detected LSS. Imaging reports
were interpreted by the primary author (CTS). Based on previously validated criteria,
imaging-detected LSS was defined as the presence of at least moderate to severe central
canal stenosis, or severe neuroforaminal stenosis.® Lateral recess stenosis was not recorded
for this analysis due to poor reliability in previous studies and a lack of consensus on
optimal grading.1® An inter-rater reliability study for extraction of imaging-detected LSS
based on our definition was conducted in support of the methods (Kappa statistic = 0.87;
95% agreement).

The second source of evidence for imaging-detected spinal stenosis came from a separate
ancillary study of Boston RISE with different scientific aims. Within that study lumbar spine
CT scans were conducted among 50 participants. Scans were read by an experienced spine
physiatrist trained in the assessment of lumbar spine imaging for research purposes (PS). CT
scans that identified the presence of moderate to severe central canal stenosis or severe
neuroforaminal stenosis were included in this study.1”

Using responses from the lumbar spinal stenosis questionnaire and information extracted
from the electronic medical record and/or CT scans two separate categories were defined
(Figure 1). Participants with self-reported neurogenic claudication symptoms from at least
one annual visit and imaging-detected LSS were classified as Definitive Stenosis.
Participants reporting no neurogenic claudication at all three time points were classified as
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No SLSS. Participants with self-reported neurogenic claudication symptoms but without
imaging reports available, or a severity of LSS that did not meet study criteria were excluded
from this study.

Demographics and Health Characteristics

Baseline demographics of age, gender, and education were evaluated along with selected
health factors. The number of comorbidities was ascertained from a validated self-reported
questionnaire developed by Sangha and colleagues.18 Participants were questioned about the
presence of selected chronic diseases. The final score was the total number of chronic
diseases reported by the patient (0-13).18 BMI was calculated as weight (kilograms)/height?
(meter?).19 Global pain was evaluated using the Brief Pain Inventory Pain Severity Subscale.
This scale includes four questions that are each scored from 0-10 where 0 indicates no pain
and 10 indicates the highest level of pain. The final score is comprised of an average of the
four ratings: pain at its worst in the last week, at its least in the last week, on average, and at
its current status.2? Sensory loss was recorded if a participant was unable to feel less than 3
out of 5 touches for both, the 4.17 and 5.07 monofilaments over the dorsum of one or both
great toes.?! Self-efficacy was measured using the Activities Balance Confidence Scale (0—
100) with lower scores indicating less balance confidence. Cognitive status was measured
using the MMSE (0-30) with lower scores indicating worse cognitive performance.1* The
Patient Health Questionnaire was evaluated to measure depression (0-24) with higher scores
indicating a greater level of depressive symptoms.

Neuromuscular Attributes

The following 10 neuromuscular attributes were analyzed: trunk extensor muscle endurance;
leg strength; leg strength asymmetry; leg speed; maximum knee flexion range of motion and
asymmetry; maximum knee extension ROM and asymmetry; ankle ROM; and kyphosis.13
Trunk extensor muscle endurance was measured using a specialized plinth that stabilized the
participant’s pelvis and lower extremities in a position 45 degrees from a horizontal plane.
Trunk extensor muscle endurance was recorded as the time in seconds that a participant
could maintain a neutral trunk position with arms crossed over his/her chest (0-150
seconds).?2 Leg strength and leg speed were measured using a pneumatic leg press as a
composite lower extremity assessment evaluating leg strength and power generation. The 1
repetition maximum was conducted for both legs. The higher value of either leg (right or
left) was recorded as the 1 repetition maximum and normalized based on body weight
(Newtons/kilogram). Leg speed (m/s) was derived as the speed of movement of the leg as
measured on the pneumatic leg press during the measurement of a participant’s maximum
leg power (speed = power/force).23 Leg strength asymmetry was measured as the ratio of the
higher value of a participant’s right or left leg strength divided by the lower value of the
opposing side.

Lower extremity range of motion was measured using a goniometer and based on
standardized protocols.2* Maximum knee flexion and extension ROM were recorded with
the participant positioned in supine and measured in degrees. Knee flexion and extension
ROM asymmetry were recorded as the absolute difference between the right and left ROM
measures. Impaired ankle range of motion (yes/no) was recorded as the inability to dorsiflex
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greater than or equal to 90 degrees, or < 20 degrees of total ankle motion on either lower
extremity. Kyphosis was measured using a flexicurve ruler placed over the participant’s
thoracic spine. The curvature of the ruler was traced onto a paper and a measure of height/
length x 100 was recorded for the amount of thoracic kyphosis.2®

Measures of Mobility

Performance-based mobility limitations were measured using the Short Physical
Performance Battery Scorel®, habitual gait speed (HGS)26 and the chair stand test.1® The
Short Physical Performance Battery Score is comprised of 3 tests: standing balance, usual
paced walking speed, and a 5-repitition chair stand. Each of the 3 tests is scored from 0-4
with the total score being a sum of the 3 tests (0-12), and a higher score indicating better
performance. HGS (m/s) was derived from the usual walking speed subcomponent of the
Short Physical Performance Battery Score, which measures the time it takes to walk 4
meters. The chair stand test measures the time it takes for participants to rise from a chair 5
times with their arms folded over their chest. These performance-based measures of mobility
were selected as they represent a range of mobility performance including walking and basic
mobility tasks and are reliable and valid measures among older adults, 19 26-28

Statistical Analysis

Measures of neuromuscular attributes and performance-based mobility were analyzed from
the annual visit that occurred closest to the imaging report identifying imaging-detected
LSS. Imaging that occurred greater than 5 years prior to or 3 years following the presence of
neurogenic claudication symptoms was excluded as changes in anatomic LSS are minimal at
follow-up durations of < 3 years.29 For participants in the No SLSS group assessment data
was analyzed from the earliest annual visit when no neurogenic claudication was reported.
Weighted imputation, an approach advocated for addressing missing data among studies of
older adults was used for the analysis of missing neuromuscular attributes.30

Demographics, health factors, measures of neuromuscular attributes and performance-based
mobility were analyzed for normality and compared for participants with Definitive SLSS vs
No SLSS using independent samples t-tests for continuous variables and Chi Square tests for
categorical variables.

Three separate multivariable linear regression models evaluating the relationship between
neuromuscular attributes and measures of mobility were conducted using an iterative
process. First, the neuromuscular attributes were evaluated for collinearity using Spearman
or Pearson correlation coefficients. For any attribute that had a correlation coefficient > 0.40
the neuromuscular attribute that had the stronger association with the outcome was
considered for inclusion in the proceeding analysis. Next, bivariate associations for each
neuromuscular attribute and mobility outcome were evaluated. Neuromuscular attributes that
had an association with the outcome of p<0.1 were selected for inclusion into the initial
regression models. For each model neuromuscular attributes that resulted in a statistically
significant association (p<0.05) with the outcome were included in the final model. Fit
statistics were evaluated to ensure that the statistical assumptions for each statistical model
were met appropriately.
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Adjustment variables were selected based on their association with the outcomes.
Adjustment variables that were statistically significant and/or changed the beta estimate
greater than 20% were considered for the final model. Electronic medical record data was
collected using REDCap.3! SAS 9.4 was used for all analyses.

Sensitivity analyses were conducted by combining participants with self-reported
neurogenic claudication and imaging-detected LSS of lesser severity (i.e., central canal
stenosis less than moderate to severe and/or neuroforaminal stenosis less than severe) with
participants with Definitive SLSS. Demographics, health factors, measures of
neuromuscular attributes and performance-based mobility were compared for the sensitivity
group vs the No SLSS group. Also, the association of neuromuscular attributes with the
three separate measures of performance-based mobility was conducted among the sensitivity
group using the same statistical methods as the primary analysis.

Among the 430 participants from Boston RISE, 176 (41%) reported and 246 (57%) did not
report the presence of neurogenic claudication symptoms. Among those who reported the
presence of neurogenic claudication 54(13%) met criteria for Definitive SLSS, 246 (57%)
were classified as No SLSS, and 122 (28%) did not meet criteria for imaging-detected LSS
(did not have spinal imaging measures available within the medical record to ascertain
imaging-detected LSS, or the severity of LSS did not meet study criteria) and were excluded
(Figure 1).

Participants with SLSS experienced a greater number of comorbidities, a higher BMI,
greater global pain, and less balance self-efficacy compared to participants without SLSS
(Table 1). In addition, the number of participants with post high school education was
significantly less among patients with SLSS compared to those without SLSS.

On average participants with SLSS experienced greater impairment in trunk extensor muscle
endurance (p<.001), leg strength (p<.01), leg strength asymmetry (p<.04), knee flexion
ROM (p<.01), knee extension ROM (p<.001) and ankle ROM (p<.01). In addition,
participants with SLSS scored lower on the Short Physical Performance Battery Score (p=.
03) and slower on habitual gait speed performance (p<.001) (Table 1).

Among the neuromuscular attributes, knee flexion ROM and knee flexion ROM asymmetry
demonstrated collinearity (/=0.41). Knee flexion ROM had a greater association with the
mobility outcomes and therefore was used for this analysis. Using multivariable regression
models trunk extensor muscle endurance, leg strength, leg strength asymmetry, knee flexion
ROM and knee extension asymmetry were associated with cross-sectional performance-
based measures of mobility (Table 2).

When comparing the sensitivity group (N=79) with the No SLSS group, differences in
education level and leg strength asymmetry identified in the primary analysis were no longer
significant. Also, participants in the sensitivity group had significantly greater impairment in
knee extension ROM asymmetry than participants in the No SLSS group. The
neuromuscular impairments associated with performance-based mobility in the primary
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analysis remained associated in the sensitivity analysis, however, leg speed, additionally
predicted Short Physical Performance Battery Score and habitual gait speed performance
within the sensitivity group (Table 2).

Discussion

The main findings of this study are: (1) that Boston RISE participants with SLSS manifested
poorer health factors, greater impairment in neuromuscular attributes, and worse
performance-based mobility when compared to participants without SLSS; and (2) among
participants with SLSS, trunk extensor muscle endurance, leg strength, leg strength
asymmetry, knee flexion ROM and knee extension ROM asymmetry were associated with
the performance of basic mobility skills.

This study is among the first to evaluate a broad range of neuromuscular attributes that are
linked to mobility and amenable to rehabilitative care among older adults with SLSS. When
compared to participants without SLSS, trunk extensor muscle endurance, leg strength, leg
strength asymmetry, and leg ROM were more impaired for participants with SLSS.
Additionally, participants with SLSS had significantly worse performance in measures of
mobility compared to those without SLSS. Furthermore, the magnitude of the observed
differences for baseline measures of performance-based mobility of the Short Physical
Performance Battery Score and HGS between the groups surpassed minimal clinically
important differences (MCIDs) previously identified in the literature (Short Physical
Performance Battery Score MCID=1.0 unit, HGS= 0.1 m/s).32-34 The statistical and
clinically meaningful differences provide a better understanding of the level of impairment
among neuromuscular attributes and degree of limitation in mobility among community-
dwelling older adults with SLSS.

Previous cross-sectional analysis of the Boston RISE cohort identified five categories of
neuromuscular attributes that were associated with patient-reported mobility status: leg
strength; leg speed of movement; leg ROM; leg strength asymmetry; and trunk extensor
muscle endurance. This study among Boston RISE participants with SLSS was consistent
except that leg speed was not associated with any of the mobility measures within this
analysis. Interestingly, leg speed was not significantly different between those with and
without SLSS. This finding may imply that participants with SLSS do not prioritize use of
this neuromuscular attribute when performing basic mobility tasks. Also, it may be that due
to a small sample size of participants with SLSS sufficient statistical power was not achieved
to detect a meaningful relationship for this variable.

A novel finding of this study is the relationship between trunk extensor muscle endurance
and performance-based mobility. Targeting trunk extensor muscle endurance has been
studied among younger adults, for the purposes of enhancing athletic performance and
preventing low back pain.3>: 36 The current study suggests that trunk extensor muscle
endurance is an important neuromuscular attribute among older patients with SLSS relevant
to poor mobility performance. This is also supported by another Boston RISE analysis
among participants with low back pain that highlighted the importance of trunk extensor
muscle endurance.3” While the other neuromuscular attributes linked to mobility are
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commonly prioritized within existing SLSS rehabilitative care, findings from this study
suggest that future approaches should address trunk extensor muscle endurance.?2: 23.38 The
association between trunk extensor muscle endurance and mobility skills may provide
insights into existing rehabilitative approaches and in turn functional outcomes may be
improved.

Among participants with self-reported neurogenic claudication 54(31%) met our criteria for
having SLSS, however 25(14 %) had a severity of imaging-detected stenosis that did not
meet our criteria. This study employed strict study criteria for the Definitive SLSS group,
excluding participants with a lesser severity of imaging-detected LSS, which may have led
to some misclassification. We explored this through sensitivity analyses combining
participants with a lesser severity of imaging-detected LSS with those with moderate to
severe LSS (sensitivity group and Definitive SLSS N=79). The group that had a less severe
presentation of imaging-detect LSS did not result in material differences with regard to mean
comparisons for neuromuscular impairment measures or performance of mobility tasks.
However, leg speed was a significant predictor of Short Physical Performance Battery Score
and habitual gait speed performance, despite estimates for leg speed being equivalent within
the regression models for the primary analyses and sensitivity analyses. Although this may
suggest a limitation in power, the findings highlight that leg speed is an important
neuromuscular impairment relevant to mobility tasks among patients with SLSS regardless
of the severity of imaging-detected LSS, which has not been previously studied.

Study Limitations

There are other potential limitations to this study. Boston RISE was not a population based
study and therefore findings from this study can only be generalized to community-dwelling
older adults with SLSS and in accordance with the criteria used to define imaging-detected
SLSS. Although the prevalence of SLSS within the Boston RISE cohort (13%) is similar to
that of a population based study the small sample size may have limited observing other
clinically relevant associations.39 Also, the specific criteria for diagnosing the severity of
imaging-detected spinal stenosis may have varied among those reading the images.
However, all physicians belong to the Partner’s HealthCare System and used consistent
documentation systems.

Conclusions

Community-dwelling older adults with SLSS exhibit important differences in health
characteristics and measures of neuromuscular attributes and performance-based mobility
when compared to those without SLSS. Worse impairment in four neuromuscular attributes,
trunk extensor muscle endurance, leg strength, leg ROM, and asymmetry of strength and
ROM, were associated with performance-based mobility among participants with SLSS.
These findings can help inform the development of interventions targeting basic mobility
skills among older patients with SLSS.
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Highlights

. Community-dwelling older adults with symptomatic lumbar spinal stenosis
(SLSS) have more comorbidities, higher BMI, greater pain and less balance
confidence compared to participants without SLSS.

. Community-dwelling older adults with SLSS have more impaired trunk
extensor muscle endurance, leg strength, leg strength asymmetry, knee flexion
range of motion (ROM), knee extension ROM, and ankle ROM compared to
participants without SLSS.

. Five neuromuscular attributes are associated with performance-based mobility
among community-dwelling older adults with SLSS: trunk extensor muscle
endurance, leg strength, leg strength asymmetry, knee flexion ROM, and knee
extension ROM asymmetry.
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missing LSS

Self-reported neurogenic

claudication
n=176 (41%)

questionnaire
n=8 (.02%)

No self-reported neurogenic
claudication

n=246(57%)

Participants Excluded

Definitive SLSS n=122 (28%)

n=54 (13%)

self-reported neurogenic
claudication and imaging-detected
LSS

self-reported neurogenic
claudication without imaging-
detected LSS (no available
imaging, or severity of LSS did not
meet criteria)

Figure 1.
Flowchart Indicating Inclusion
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