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Barton, MD3, Mary Margaretten, MD, MAS1, Jinoos Yazdany, MD, MPH1, Edward H. Yelin, 
PhD1, and Patricia P. Katz, PhD1

1University of California San Francisco

2San Francisco VA Medical Center

3Portland VA Medical Center and Oregon Health & Science University

Abstract

Objective—Cross-sectional studies have observed that muscle weakness is associated with worse 

physical function among women with systemic lupus erythematosus (SLE). The present study 

examines whether reduced upper and lower extremity muscle strength predict declines in function 

over time among adult women with SLE.

Methods—One hundred forty-six women from a longitudinal SLE cohort participated in the 

study. All measures were collected during in-person research visits approximately 2 years apart. 

Upper extremity muscle strength was assessed by grip strength. Lower extremity muscle strength 

was assessed by peak knee torque of extension and flexion. Physical function was assessed using 

the Short Physical Performance Battery (SPPB). Regression analyses modeled associations of 

baseline upper and lower extremity muscle strength with follow-up SPPB scores controlling for 

baseline SPPB, age, SLE duration, SLE disease activity (Systemic Lupus Activity Questionnaire 

[SLAQ]), physical activity level, prednisone use, body composition, and depression. Secondary 

analyses tested whether associations of baseline muscle strength with follow-up in SPPB scores 

differed between intervals of varying baseline muscle strength.

Results—Lower extremity muscle strength strongly predicted changes over 2 years in physical 

function even when controlling for covariates. The association of reduced lower extremity muscle 

strength with reduced future physical function was greatest among the weakest women.

Conclusions—Reduced lower extremity muscle strength predicted clinically significant 

declines in physical function, especially among the weakest women. Future studies should test 

whether therapies that promote preservation of lower extremity muscle strength may prevent 

declines in function among women with SLE.
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INTRODUCTION

Reduced muscle strength is associated with decreased physical function in various study 

populations, including elders and individuals with osteoarthritis (1–10). Among populations 

with rheumatic disease, data are emerging that describe similar associations between muscle 

structure and function and physical function. Prior observational studies have demonstrated 

strong associations between muscle density, a measure of muscle integrity and fatty 

infiltration, and physical function among individuals with rheumatoid arthritis (RA) (11–

13). Individuals with SLE frequently experience reduced physical function (14–16). 

However, only limited data exist describing the relationship between muscle strength and 

physical function among individuals with SLE (17, 18). Using cross-sectional data, our 

group recently observed that, among women with SLE, low muscle strength is strongly 

associated with reduced self-reported physical function even when controlling for 

differences in muscle mass and other covariates (19).

The ability of muscle strength to predict changes in function is well-established among 

elderly populations (3, 4, 9, 10, 20–22). However, among younger patients with rheumatic 

illness, including SLE, there are few published studies that examine the longitudinal 

relationships between muscle strength and physical function. Given our prior cross-sectional 

findings of an association between low muscle strength and self-reported physical function 

among women with SLE, we sought to further examine whether low muscle strength 

predicts changes in physical function in this same cohort.

SUBJECTS AND METHODS

Subjects

The sample for the present study was drawn from participants in the University of 

California, San Francisco (UCSF) Lupus Outcomes Study (LOS). Participants in the LOS 

had formerly participated in a study of genetic risk factors for SLE outcomes (23, 24) and 

were recruited from both clinical and community-based sources, including UCSF-affiliated 

clinics (22%), non-UCSF rheumatology offices (11%), lupus support groups and 

conferences (26%), and newsletters, web sites, and other forms of publicity (41%). SLE 

diagnoses using the American College of Rheumatology (ACR) criteria (25) were verified 

by medical record review. Respondents participated in annual structured telephone 

interviews. Additional details regarding the LOS are reported by Yelin et al.(26).

For the present study, LOS participants who lived in the greater San Francisco Bay area 

were recruited for an in-person assessment in the UCSF Clinical and Translational Science 

Institute’s Clinical Research Center (CRC) that included measurement of upper and lower 

extremity muscle strength. Exclusion criteria were non–English speaking, age <18 years, 

current daily oral prednisone dose of 50 mg or greater, current pregnancy, uncorrected 

vision problems that would interfere with reading ability, and joint replacement within 1 

year.

Three hundred twenty-five individuals were potentially eligible for the CRC study and were 

asked to participate during one of their annual telephone interviews; 81 (24.9%) were 
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ineligible (35 were actually outside the recruitment area, 25 were too ill, 9 had had recent 

surgery, 7 were unable to complete the study procedures, 2 were pregnant, 2 had poor 

English proficiency, and 1 had severe cognitive problems and was unable to complete the 

telephone interview). Of the 251 eligible individuals, 84 (33.5%) declined participation. The 

most common reasons for declining were primarily related to transportation (n=12) and 

scheduling difficulties (n=39). One hundred fifty-seven individuals completed study visits. 

Eleven men were excluded because there were too few for separate analysis. One hundred 

and forty-six women were included in the present analysis. Participants completed 

assessments at baseline and then again for a follow-up visit (Supplementary Figure 1). 

Average time between baseline and follow-up visit was 2.4 years. This study was approved 

by the UCSF Committee on Human Research.

Measures

Muscle strength—Lower extremity muscle strength was assessed by knee torque. A 

Biodex® unit was used to measure peak isokinetic torques of knee extension and flexion at 

120 degrees/second adjusted for body weight (27). Participants completed two reproducible 

and acceptable trials. Average maximal knee strength for extension and flexion were 

analyzed. Peak isokinetic knee torque was chosen because this is commonly used proxy 

measures for muscle strength among rheumatologic and non-rheumatologic populations (3, 

4, 9, 17, 20, 28–30). Isokinetic peak knee torque measured by Biodex® has excellent test-

retest reliability with a previously reported intraclass correlation coefficient of 0.95 (31). 

Grip strength of the participant’s dominant hand was measured using a hand-held 

dynamometer (32).

Body Composition—Body composition and regional body muscle distribution were 

assessed in the CRC using a Lunar Prodigy whole-body dual energy absorptiometry (DXA) 

system (GE Healthcare). The DXA technique is able to differentiate bone, muscle, and fat 

and calculates total body mass (kg), fat mass (gm), percent fat, and lean body mass (gm), as 

well as the regional distribution of these components (left arm, leg, and trunk; right arm, leg, 

and trunk; and total arm, leg, and trunk). DXA has been used previously in determination of 

soft tissue mass and has been validated (33–35) as a method of assessing body composition 

in both younger and older individuals. It has good reported reproducibility and is sensitive to 

small changes in body composition (22). The precision errors ±1 SD for percent fat are 1.4% 

in soft tissue, 1.0 kg for fat mass, and 0.8 kg for lean tissue mass (34). DXA has previously 

been used successfully to assess body composition among individuals with SLE (36, 37). 

Height-adjusted indices were created for total lean body mass (LMI, kg/m2, lean mass 

index) and fat mass (FMI, kg/m2, fat mass index). The primary measure of body 

composition used in these analyses was the ratio of LMI to FMI (LMI/FMI), which was 

chosen in order to account for effect of height and fat mass on total lean body mass(38–43).

Physical Function—Physical function was measured using the Short Physical 

Performance Battery (SPPB) (20, 21, 44). The SPPB assesses primarily lower extremity 

function and includes 3 measures, each scored from 0 to 4 points with 0 corresponding to 

lower performance and 4 to higher performance. An overall performance score sums the 3 

measures and ranges from 0 to 12. The standing balance test asks subjects to maintain their 
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feet in a side-by-side, semi-tandem stand, or tandem stand for 10 seconds. A walking speed 

test asks subjects to walk 4 meters at their normal pace. The chair stand test measures the 

time required for the subject to stand up and sit down from a standard chair 5 times with 

arms folded across the chest. The SPPB has excellent inter-observer reliability, test-retest 

reliability, and predictive validity (20, 21, 44). A change of 1 point in the overall SPPB 

score is considered the minimum clinically important difference (MCID) (44).

Other Variables—Sociodemographic characteristics (age, race/ethnicity, education, 

income) and smoking status were obtained from the baseline LOS telephone interview. 

Disease activity was assessed using the Systemic Lupus Activity Questionnaire (SLAQ) a 

validated, self-report measure of disease activity in SLE (45, 46). The SLAQ was taken from 

the LOS interview that most closely preceded the CRC visit (mean time to visit = 54.4 

days). Glucocorticoid use was assessed at the time of the visit. Physical activity was 

assessed by self-report with the long form of the International Physical Activity 

Questionnaire (IPAQ) (47). The IPAQ has been used and validated in a number of 

populations (48, 49). The scoring protocol provides a cut point by which individuals’ weekly 

energy expenditure can be categorized as low, moderate, or high. Individuals who expended 

fewer than 600 metabolic equivalent (MET) minutes per week were classified as inactive for 

these analyses (47, 48). To simplify reporting, individuals who reported 600 MET minutes 

per week or more were referred to as “active.” Depressive symptoms were assessed using 

the Center for Epidemiologic Studies Depression Scale (CES-D). The CES-D is a commonly 

used 20-item scale to evaluate depressive symptom severity, with a score range of 0–60 

(50).

Statistical Analysis

Differences in baseline characteristics between women who did and did not complete 

strength measures were tested with chi-squared and t-test analyses. Linear regression 

analyses were used to model the association of baseline muscle strength with follow-up 

SPPB score with and without adjusting for covariates (baseline SPPB score, age, SLAQ 

score, disease duration, prednisone use, physical activity level, and depressive symptom 

score). To test whether the relationship between baseline muscle strength and follow-up 

SPPB score differs across values of muscle strength, linear splines were used to model the 

association of muscle strength with follow-up SPPB score within intervals of muscle 

strength, again adjusting for baseline SPPB. Linear splines allowed the regression 

parameters to vary between intervals of muscle strength (51). The cutpoints delimiting the 

intervals were empirically calculated for each muscle strength measure based on that 

measure’s distribution of values.

In additional sensitivity analyses, we examined how the observed association of muscle 

strength with physical function was related to missing muscle strength data. Individuals with 

missing baseline muscle strength data were assigned the weakest recorded value for missing 

measures (i.e., the lowest knee torque and grip strength values) and regression models were 

repeated. Statistical analyses were conducted using Stata, version 13.1 (StataCorp, College 

Station, TX).
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RESULTS

Subject characteristics

Sociodemographic and health-related characteristics of the study sample are shown in Table 

1. The overall mean ± SD peak knee torque of extension and flexion was 44.5 ± 15.7 and 

29.9 ± 11.2 N-m, respectively. The overall mean ± SD grip strength was 22.7 ± 6.0 kg. The 

overall mean ± SD baseline SPPB score was 8.8 ± 3.1.

Of the 146 women, 24 (16%) did not complete the baseline knee torque assessment, and 24 

(16%) did not complete the baseline grip strength assessment. Of these, 7 (5%) did not 

complete either assessment. The most common reasons for non-completion were pain or 

other health-related contraindications to the procedures (e.g., high or low blood pressure). 

Compared to women with complete strength data available, women missing either Biodex® 

or grip strength data, had greater mean age, SLAQ score, and depressive symptoms (CES-D 

Depression score); and lower relative mean muscle mass (LMI/FMI), peak knee torque, and 

function (SPPB score). Mean daily prednisone dose, disease duration, physical activity, and 

grip strength did not significantly differ between women with complete and partial strength 

data.

Association of strength with physical function: linear regression models

In unadjusted and adjusted models, baseline knee torque but not grip strength were 

statistically significantly associated with changes in SPPB score over follow-up (Table 2). 

For example, a 10 N-m increase in peak torque of knee flexion at baseline predicted a 0.84-

point increase in SPPB score at follow-up when the effects of all covariates are held 

constant. The inverse interpretation is also true in that a 10 N-m decrease in peak torque of 

knee flexion at baseline predicted a 0.84-point decrease in SPPB score at follow-up, when 

adjusting for covariates. Adjusted models control for effects of age, SLAQ score, disease 

duration, prednisone use, LMI/FMI, physical activity level (active vs inactive), CES-D 

Depression score, and baseline SPPB score. Supplementary Table 1 includes all terms in the 

adjusted model.

Association of strength with physical function: linear spline models

We examined whether the association of baseline muscle strength with follow-up SPPB 

score varied depending on values of baseline muscle strength using linear spline analyses. 

When baseline muscle strength was divided into intervals, the association of muscle strength 

with follow-up SPPB score did vary between intervals of strength, with the greatest 

associations observed in the intervals with lower muscle strength (Fig 1 and Table 3). For 

example, within the interval of weakest strength (≤ 13N-m), a 10 N-M increase in peak 

torque of knee flexion predicted a 7.85-point increase in follow-up SPPB score (p<0.0001) 

when adjusting for covariates. Again, the inverse interpretation is also true in that a 10 N-m 

decrease in peak torque of knee flexion predicted a 7.85-point decrease in follow-up SPPB 

score when adjusting for covariates.
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Sensitivity analyses

When individuals with missing strength data were assigned the weakest recorded value for 

missing measures, the overall associations of muscle strength with follow-up SPPB scores 

were equivalent (Table 4). Reduced lower extremity strength still predicted worse SPPB 

scores at follow-up.

DISCUSSION

We observed that, among adult women with SLE, reduced lower extremity muscle strength 

predicted subsequent declines in physical function even when adjusting for covariates. In 

addition, we demonstrated that the weakest women are the ones at increased risk of future 

declines. To our knowledge this is the first study to demonstrate that muscle weakness 

predicts future physical declines in SLE and that this relationship affects mainly women 

with the lowest baseline muscle strength.

This study builds upon our prior findings that muscle strength is strongly associated with 

self-reported physical function. In cross-sectional analyses, we observed that lower 

extremity strength, measured by peak knee torque and chair-stand time, was associated with 

scores on the SF-36 Physical Function and Valued Life Activities assessments, even when 

controlling for differences in lean mass and various confounders (19). The present study 

builds upon our prior findings by providing evidence of a longitudinal association between 

muscle strength and physical function among individuals with SLE. The presence of this 

longitudinal association suggests that differences in muscle strength may predict future 

changes in physical function. These findings further corroborate a conceptual pathway 

leading from muscle weakness to reduced physical function among individuals with SLE.

By examining the association of muscle strength with future SPPB performance within 

intervals of muscle strength, we were able to clarify that it is among the weakest women 

where this association is greatest. These findings begin to help address a fundamental gap in 

the current literature regarding what degree of muscle weakness is clinically meaningful. We 

demonstrated that women in the intervals of lowest knee torque are at greatest risk of 

decreased physical function in the future. This finding has potential clinical implications 

since interventions to increase lower extremity muscle strength and increase physical 

function may be most cost effective if targeted at women who exhibit particularly decreased 

lower extremity strength.

As we have previously argued, muscle strength is perhaps best viewed as one important 

factor among the various determinants of physical function in individuals with SLE. In our 

analyses, differences in knee torque of 10 N-m yielded small but statistically significant 

difference in future SPPB scores. The minimum clinically important difference on the SPPB 

is a change of 1 point (44). Within the interval of lowest baseline peak torque of knee 

flexion a 10 N-m change in torque of flexion predicted a nearly 8-point change in future 

SPPB score. Associations of knee torques of extension with SPPB score were more modest, 

with changes of 10 N-m of extension predicting changes of approximately 1 point. Thus, 

interventions to increase muscle strength may be most beneficial in improving physical 
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function when used in conjunction with interventions to improve other aspects of physical 

function among women with SLE, such as total body strength training or aerobic exercise.

We observed that changes in lower extremity strength (peak knee torque) had a greater 

association with future SPPB scores than did changes in upper extremity strength (grip 

strength). One possible explanation for this finding is that the SPPB assesses primarily lower 

extremity function, as it includes assessments of standing balance, walking speed, and 

standing from a chair without using one’s arms. Further studies are needed to examine this 

hypothesis.

The present study also makes a novel contribution by using the SPPB to characterize 

physical function trends in a relatively younger population with a rheumatic disease: women 

with SLE. To our knowledge, there are no data on the mean SPPB score in the overall 

population. However, the SPPB has been used extensively in elderly populations, where the 

mean score among women in their eighth decade of life is reported to range from 

approximately 8 to 9 (44). In addition, among a cohort of individuals with rheumatoid 

arthritis with mean age 58 years, the mean SPPB score was observed as 9.8 (52). Thus the 

mean function scores observed in our cohort (8.8 at baseline) suggest a significant degree of 

physical function comparable to that of women 30 years older than those of our cohort. In 

addition, we previously reported that the women in our cohort demonstrate considerably 

reduced lower extremity muscle strength compared to healthy women, even compared to 

women in their eighth decade of life (19). The extent of muscle weakness and decreased 

physical function observed in our cohort underscores the unmet clinical need for 

interventions to improve physical function among individuals with SLE.

This study also highlights the difficulty inherent in objectively measuring muscle strength 

among individuals at-risk for weakness. Compared to women with complete muscle strength 

data, those with no or only partial strength data because they declined to perform the 

assessment (most commonly due to pain or health-related conditions) had significantly 

worse mean baseline SPPB scores. Women who did not complete the strength assessments 

were also on average older, had higher SLAQ disease activity scores, trended towards 

greater disease duration, reported greater depressive symptoms, and had lower muscle mass 

(LMI/FMI). Thus, as we have previously reported (19), women who are likely at the greatest 

risk for muscle weakness are unfortunately also those most likely to decline the assessment 

of muscle strength. As a result of this trend, our estimate of the association of muscle 

strength with physical function is likely biased towards the null hypothesis of no effect. The 

true association of reduced muscle strength with future decreased function is likely to be 

even greater than that which we observed.

Our study has potential limitations. This is an observational study, and we did not have data 

available from a control comparison group of women without SLE. As discussed above, the 

power of our study was limited by missing data and the tendency of more impaired women 

to decline the muscle strength assessments.

There are also strengths of our study. This is one of the first studies of SLE to incorporate 

objective measures of muscle strength and physical function in determining the longitudinal 
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association of muscle strength with physical function. We used standardized, objective 

assessments to quantify upper and lower extremity muscle strength and its relationship to 

physical function.

In summary, we observed that among women with SLE, having reduced muscle strength 

strongly predicted future declines in physical function, even when controlling for covariates. 

Moreover, this association of muscle strength with physical function was strongest among 

women with the lowest baseline muscle strength. Randomized controlled trials are needed to 

examine whether interventions to increase muscle strength improve physical function in 

SLE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE AND INNOVATIONS

• This is one of the first studies of SLE to incorporate objective measures of upper 

and lower extremity muscle strength and of physical function in determining the 

longitudinal association of muscle strength with physical function.

• Among adult women with systemic lupus erythematosus (SLE), reduced lower 

extremity muscle strength predicted declines in physical function approximately 

2 years later as measured by the Short Physical Performance Battery (SPPB) in 

adjusted models.

• The association of baseline muscle strength with future SPPB scores was 

greatest among women who were weakest.

• These results highlight a need for clinical trials to evaluate whether 

interventions to increase muscle strength improve physical function for women 

with SLE.
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Figure 1. 
Linear Regression and Linear Spline Models of the Association of Baseline Muscle Strength 

with Follow-up Short Physical Performance Battery Score (SPPB) in Women with SLE#

#Red vertical lines indicate the muscle strength cutpoints used to generate the linear spline. 

P-values refer to the association of muscle strength with follow-up SPPB score within each 

interval of strength.
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Table 1

Participant Characteristics Grouped by Completeness of Strength Data#

Overall (n=146)

Analysis Set

p##
Complete Strength Data 

(n=105)
Partial Strength Data 

(n=41)

Age, years 47.8 ± 12.3 46.4 ± 12.9 51.2 ± 10.1 0.04

Disease Duration, years 15.5 ± 9.2 14.9 ± 9.2 17.2 ± 9.0 0.17

SLAQ Score 12.9 ± 7.4 11.4 ± 7.4 16.7 ± 6.2 0.0001

CES-D Depression Score 15.7 ± 12.3 13.6 ± 11.9 20.9 ± 12.2 0.001

Low Activity on IPAQ+ %(n) 28.1 (41) 23.8 (25) 39.0 (16) 0.07

Prednisone use, mg/day % (n) 0.36

 0 53.4 (78) 53.3 (56) 53.7 (22)

 1–4.5 6.9 (10) 4.8 (5) 12.2 (5)

 5–9.5 19.9 (29) 21.9 (23) 14.6 (6)

 10–14.5 12.3 (18) 12.4 (13) 12.2 (5)

 15–19.5 3.4 (5) 3.8 (4) 2.4 (1)

 ≥ 20 2.1 (3) 1.0 (1) 4.9 (2)

LMI/FMI++ 1.6 ± 0.7 1.7 ± 0.7 1.3 ± 0.6 0.0005

Biodex®, N-m

  Knee Extension 44.5 ± 15.7 (n=122) 46.3 ± 15.1 (n=105) 33.4 ± 14.7 (n=17) 0.001

  Knee Flexion 29.9 ± 11.2 (n=122) 30.6 ± 11.1 (n=105) 25.3 ± 11.3 (n=17) 0.07

  Grip Strength, kg 22.7 ± 6.0 (n=122) 22.4 ± 5.9 (n=105) 24.4 ± 6.6 (n=17) 0.2

Short Physical Performance Battery Baseline 
Score 8.8 ± 3.1 9.9 ± 1.8 6.0 ± 3.9 <0.0001

Short Physical Performance Battery Follow-up 
Score 9.8 ± 2.4 10.2 ± 1.9 8.3 ± 3.5 0.0009

 Change in Short Physical Performance 
Battery Score+++ mean ± SD (range)

0.7 ± 2.4 (−8,11) 0.3 ± 1.9 (−8, 6) 1.9 ± 3.6 (−4, 11) 0.006

#
Values are mean ± standard deviation unless otherwise indicated. Complete strength data refers to subjects for whom all Biodex® and Chair-stand 

measures were available. Partial strength data refers to subjects for who were missing Biodex® or grip strength data.

##
From t-tests and chi-squared analyses comparing complete vs. partial.

+
IPAQ = International Physical Activity Questionnaire

++
LMI = lean mass index and FMI = fat mass index.

+++
Calculated as follow-up minus baseline SPPB score.
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Table 2

Regression Coefficients (95% CI) for the Association of Baseline Muscle Strength with Follow-up Short 

Physical Performance Battery Score in Women with SLE#

Model 1## Model 2###

Knee Extension, 10 N-m (n=93) 0.44 (0.18, 0.69)** 0.38 (0.10, 0.66)**

Knee Flexion, 10 N-m (n=93) 0.79 (0.44, 1.2)*** 0.84 (0.47, 1.2)***

Grip Strength, kg (n=94) 0.06 (−0.01, 0.13) 0.04 (−0.03, 0.10)

#
For ease of interpretation, knee extension and flexion values are scaled in units of 10 N-m. Higher SPPB scores (range 0–12) indicate better 

function.

##
Model is adjusted only for baseline SPPB score.

###
Model is adjusted for baseline SPPB score and the following covariates: age, SLAQ score, disease duration, prednisone use, LMI/FMI (LMI = 

lean mass index and FMI = fat mass index), physical activity level (active vs inactive), and CES-D Depression score.

*
p<0.05,

**
p<0.01,

***
p<0.001
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