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Original article

Assessment of muscle mass relative to fat mass and
associations with physical functioning in rheumatoid
arthritis

Joshua F. Baker1,2,3, Jon T. Giles4, David Weber5, Mary B. Leonard6, Babette
S. Zemel7, Jin Long6, Said Ibrahim8 and Patricia P. Katz9

Abstract

Objectives. To determine whether a novel measure of appendicular lean mass relative to fat mass is

associated with physical functioning in RA.

Methods. In a cross-sectional design, three independent RA cohorts were retrospectively analysed. Whole-

body DXA measures of appendicular lean mass index (ALMI, kg/m2) and fat mass index (FMI, kg/m2) were

converted to age, sex and race-specific Z-scores using published National Health and Nutrition Examination

Survey reference ranges. Adiposity-adjusted ALMI Z-scores (ALMIFMI) were determined using a published

method to adjust for normal associations between ALMI and FMI Z-scores. Associations between ALMI

Z-scores, ALMIFMI Z-scores and physical functioning were assessed after adjusting for age, sex and study.

Functional outcomes assessed included the HAQ, Valued Life Activities assessment and Short Physical

Performance Battery. Low lean for age was defined as a Z-score of �1 or less.

Results. Our sample consisted of 442 patients with RA. The combined cohort had a mean ALMI Z-score

of� 0.51 (1.08) and a mean ALMIFMI Z-score of�0.58 (1.53), suggesting muscle mass deficits compared

with a nationally representative sample. Greater ALMIFMI Z-scores demonstrated stronger associations

with better functional outcomes compared with ALMI Z-scores. Associations were not attenuated with

adjustment for systemic inflammation or pain. The FMI Z-score was independently associated with phys-

ical functioning, with a stronger association seen among patients with greater FMI Z-score. Adiposity-

adjusted definitions of low lean mass more clearly identified those with functional impairment.

Conclusion. Estimates of appendicular lean mass that are adjusted for adiposity demonstrate stronger

positive associations with functional outcomes compared with unadjusted estimates.

Key words: lean mass, fat mass, physical function, disability, rheumatoid arthritis

Rheumatology key messages

. Lean mass relative to fat is a more informative construct for disability in RA than lean mass.

. Associations between muscle and disability in RA have previously been underestimated due to confounding
effects of adiposity.

. Greater fat mass is associated with disability in RA, increasingly so among those with greater fat mass.
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Introduction

Low muscle mass and low muscle strength have each

been associated with functional impairment and poor

long-term outcomes among the elderly [1�5]. Muscle def-

icits have been observed in patients with RA and have

been associated with functional limitations in some stu-

dies [6, 7]. Studies evaluating muscle mass deficits in RA

and other disease states have been limited by the meth-

odologies available for quantifying and categorizing dis-

ease-related changes in skeletal muscle mass.

Patients with RA have been shown to have greater fat

mass and are at increased risk of overfat and obesity

[7�9]. Obesity is well-known to be associated with functional

disability in other populations [10]. Therefore, patients with

RA are affected by multiple body composition alterations

that may contribute to disability. Under normal circum-

stances, there is a strong positive association between skel-

etal muscle mass and fat mass such that those with greater

fat mass can be expected to have greater muscle mass [11].

This association confounds associations between muscle

loss and disability (since obese subjects will be expected

to have both greater muscle mass and greater disability

due to excess adiposity). Therefore, methodologies for as-

sessing muscle deficits relative to what would be expected

given the extent of adiposity could help to uncover important

relationships between muscle mass and physical function.

Previous studies have indeed demonstrated that a linear

adjustment for adiposity improves the correlation of

muscle mass estimates with physical functioning in the

elderly [12�14]. We developed a comprehensive method

that builds on this previous work to allow for the quantifi-

cation of muscle mass relative to adiposity using reference

data from the National Health and Nutrition Examination

Survey (NHANES) [11]. Whole-body DXA measures of ap-

pendicular lean mass index (ALMI, kg/m2) for fat mass

index (FMI, kg/m2) are compared with NHANES reference

ranges and adjusted for previously described correlations

within individual subgroups. The method allows for the

quantification of deficits in individual subjects compared

with the reference group for individuals of similar age,

sex, race and FMI, taking into account altered relationships

between lean and fat within particular subgroups.

We hypothesized that estimates of appendicular lean

mass that are relative to fat mass would be more strongly

associated with physical functioning and disability than

estimates that do not consider fat. The objectives of the

study were to determine the independent associations be-

tween adiposity-adjusted and unadjusted estimates of ap-

pendicular lean mass and physical functioning and to

evaluate independent associations between fat mass

and physical functioning in a large sample consisting of

three distinct cohorts of patients with RA.

Methods

Study sample

We combined and assessed three independent cohorts of

patients with RA. The internal review boards of the

University of Pennsylvania, Philadelphia VA Medical

Center, University of California San Francisco and

John’s Hopkins University approved each respect-

ive study, and all subjects gave written informed consent.

University of California San Francisco Cohort (n = 141)

Details regarding this study cohort have been previously

published [8, 15]. The majority of the research participants

were drawn from the University of California San

Francisco (UCSF) RA Panel Study. After telephone

interviews in the study years 2007�09, RA Panel partici-

pants who lived in the greater San Francisco area were

recruited for in-person assessments, including measure-

ment of body composition. Exclusion criteria were

non-English speaking, age<18 years, current daily oral

prednisone dose>50 mg, current pregnancy, uncor-

rected vision problems that interfered with reading, and

patients who had undergone joint replacement within 1

year.

University of Pennsylvania (Penn) Cohort (n = 111)

The University of Pennsylvania (Penn) cohort was initiated

in 2012 to evaluate alterations in body composition and

bone structure in patients with RA. Subjects composing

the Penn cohort were recruited from the University of

Pennsylvania Rheumatology practices and Philadelphia

Veterans Affairs Medical Center and consisted of individ-

uals with RA, ages 18�70 years, who met 2010 ACR cri-

teria. Subjects with JIA (or another inflammatory arthritis),

active cancer, a history of chronic diseases known to

affect bone health (e.g. chronic kidney disease, liver dis-

ease, malabsorption syndromes) or pregnancy were

excluded. One RA subject was excluded because her

weight exceeded the limit for the DXA machine (300

pounds).

Evaluation of subclinical cardiovascular disease and pre-

dictors of events in RA Study Cohort (n = 190)

Subjects were men and women participating in the

Evaluation of Subclinical Cardiovascular Disease and

Predictors of Events in RA (ESCAPE RA) cohort study be-

tween October 2004 and May 2006. This cohort has been

previously described [16]. Briefly, 197 patients with RA

followed at the Johns Hopkins Arthritis Centre or referred

from local rheumatologists were enrolled, all of whom met

ACR 1987 classification criteria for RA, were 45�84 years

of age, and did not report any prior pre-specified cardio-

vascular events or procedures. Subjects weighing>300

pounds were excluded due to weight limitations of the

imaging equipment.

Measures of ALMI and FMI

For the UCSF subjects, a Lunar Prodigy DXA system (soft-

ware version 9.3) was used. The ESCAPE-RA study also

utilized a Lunar Prodigy DXA system (Prodigy software,

version 05.60.003) (GE/Lunar Radiation, Madison, WI,

USA). In vivo coefficients of variation for measurement of

lean mass by the Lunar Prodigy have been estimated at

41% [17]. Body composition measures for the UCSF

subjects and ESCAPE RA subjects were adjusted based
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on the method by Shepherd et al. [18] to facilitate com-

parison with NHANES data that were generated on

Hologic equipment. Subjects from the Penn cohort under-

went whole-body DXA assessment using a Hologic densi-

tometer (Delphi Systems, Hologic, Inc., Bedford, MA,

USA) and therefore did not require the adjustment. The

in vitro coefficient of variation for Hologic measurement

of lean mass was <0.6% and the in vivo coefficient of

variation in adults was <1% [19]. Whole-body DXA was

performed on all participants to estimate appendicular

lean mass and total fat mass. ALMI and FMI were deter-

mined by dividing the respective estimate by height-

squared, similar to the calculation of BMI.

Sex- and race/ethnicity-specific Z-scores were gener-

ated for FMI relative to age using Lambda, Mu, Sigma

(LMS) curves previously published by Hologic Inc [6, 20],

and for ALMI (not including bone mass) using LMS values

provided by personal communication with the company.

The LMS method helps to account for the non-linearity,

heteroskedasticity and skew noted in body composition

outcomes. We used a previously described method to

generate adiposity-adjusted ALMI Z-scores (ALMIFMI) by

utilizing the residuals from the regression of ALMI Z-score

on FMI Z-score within age, sex and race categories [11].

Functional outcomes

This study utilized three validated measures of physical

functioning, including the 20-question Multi-dimensional

HAQ, the Valued Life Assessment (VLA) and the Short

Physical Performance Battery (SPPB).

HAQ

The modified HAQ is widely used to identify and quantify

disability in RA and is a mandated outcome measure in

clinical trials [21]. Briefly, eight categories are assessed,

including dressing and grooming, arising, eating, walking,

hygiene, reach, grip and common daily activities. For each

of these categories, patients report the amount of diffi-

culty they have in performing two or three specific activ-

ities and whether they require assistance or the use of

assistive devices to perform that activity.

VLA

The VLA is a validated questionnaire that assesses 29

domains of physical functioning and has been previously

described in detail [22, 23]. A wide spectrum of activities is

included, ranging from obligatory activities, such as self-

care, to discretionary activities, such as recreation and

social participation. This is in contrast to the HAQ, which

queries fairly basic levels of functioning. Participants rate

the difficulty of performing life activities, using a 4-point

scale corresponding to the response scale of the HAQ,

where 0 is no difficulty and 3 is unable to perform. For

regression models, the VLA was log-transformed to fit a

normal distribution.

SPPB

The SPPB is a widely used and simple test to measure

lower extremity function through observed completion of

tasks that mimic daily actions. Specifically, it examines an

individual’s performance with regard to static balance,

gait speed and timed chair-raises. It has been demon-

strated to be reliable (intraclass correlations 0.88�0.92)

and responsive to change [24]. Because SPPB scores

are highly skewed, this variable was analysed as

categories as previously defined (0�4, 5�8 and 9�12)

[25, 26]. In contrast to the HAQ and VLA, higher values

for the SPPB suggest better physical functioning.

Other disease measures

Detailed methods regarding data collection in the USCF [8],

Penn [6] and ESCAPE RA cohort [16] have been previously

published. Pain and patient global scores were assessed in

all cohorts by a visual analogue scale (range: 0�100). CRP

(mg/dl) and ACPA status (positive or negative) were mea-

sured using standard clinical assays at each institution.

Statistical analysis

Generation of adiposity-adjusted ALMIFMI Z-scores was

performed as described in previous publications [11].

Briefly, these methods to generate ALMIFMI Z-scores

were built on previously published methods and utilize

the residuals of the regression of ALMI Z-score on FMI

Z-score. The resulting score represents the difference be-

tween the actual ALMI Z-score and the predicted value

given the observed FMI Z-score [12�14]. Estimating equa-

tions previously defined within NHANES based on this re-

sidual method were applied to adjust the ALMI Z-scores

to create ALMIFMI Z-scores. The ALMIFMI Z-scores con-

ceptually represent the number of S.D.s above or below

the predicted value for a reference group of individuals of

the same age, sex, race and FMI Z-score.

Correlations between unadjusted (ALMI) and adiposity-

adjusted (ALMIFMI) Z-scores and physical functioning

measures were determined using Spearman’s (for SPPB)

and Pearson’s correlations (HAQ, VLA). Direct comparison

of correlation coefficients was performed using the corcor

command in Stata. Independent associations between

lean mass estimates (ALMI, ALMIFMI Z-scores) and func-

tional measures were assessed using linear and ordinal

regression models adjusting for age and gender as well

as pain, CRP and study cohort. Results were confirmed in

mixed effects models with clustering on study cohort. We

adjusted for age and sex, since these variables are asso-

ciated with disability, and we previously identified differ-

ential disease impact on Z-scores by age and gender [15].

Brant tests were performed to test the parallel regression

assumption in ordinal regression models. Non-linear as-

sociations between body composition measures and

physical functioning were evaluated by visualization of

LOWESS curves and by testing for the significance of

quadratic terms in regression models.

Kappa statistics assessed agreement between ALMI

and ALMIFMI definitions of low lean for age, previously

defined as a Z-score of �1 or less (15.9th percentile for

the reference population) [27]. Physical functioning was

assessed among patients with low lean mass for age by

both the unadjusted and adiposity-adjusted definitions by

using t-tests and rank-sum tests for non-normally
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distributed data. Statistical analysis was performed using

Stata 14.0 (StataCorp, LP, College Station, TX, USA).

Results

Basic characteristics of the three study cohorts are pre-

sented in Table 1. In each cohort, ALMI Z-scores and

ALMIFMI Z-scores were low compared with those of the

reference population. In the combined cohort (n = 442),

the average ALMI, FMI and ALMIFMI Z-scores were low,

with respective means of �0.51 (1.08) (31st percentile for

NHANES population), �0.16 (1.16) (44th percentile) and

�0.58 (1.53) (28th percentile), respectively.

HAQ was strongly inversely correlated with the ALMIFMI

Z-score (r =�0.24, P< 0.001), but was not associated

with the ALMI Z-score (r =�0.074, P = 0.12). These cor-

relations were statistically different from one another (P for

comparison<0.001). These observations were similar in

regression models adjusting for age and sex (Table 2)

and were similar across each of the three study cohorts

(data not shown). The association was not attenuated in a

model further adjusting for CRP and pain levels (Table 2).

A significant inverse association was observed between

VLA and ALMIFMI Z-score (r =�0.24, P< 0.001). In contrast,

no association was observed between VLA scores and

ALMI Z-scores (r =�0.049, P = 0.41). Pearson correlations

were statistically greater between the ALMIFMI Z-score and

VLA compared with the correlations observed between

the ALMI Z-score and VLA (P for comparison<0.001). In

regression models adjusting for age, sex, CRP and pain

levels, the ALMIFMI was more strongly correlated with VLA

(Table 2).

There was a positive correlation between SPPB

and ALMIFMI Z-score (Spearman �= 0.17, P = 0.001),

while no correlation was observed between SPPB and

the ALMI Z-score (Spearman �= 0.0030, P = 0.95).

Pearson correlations with SPPB were statistically stronger

for the ALMIFMI Z-score compared with the ALMI Z-score

(P for comparison<0.001). Individuals with greater

ALMIFMI Z-score were less likely to have lower SPPB

scores (suggesting greater physical limitations) after ad-

justing for age and sex (Table 2). In contrast, there was no

significant association between ALMI Z-scores and SPPB

category.

The correlation between ALMI and ALMIFMI definitions

of low lean for age (i.e. below the 16th percentile) was

good (� 0.60, P< 0.001). Those subjects with an

ALMIFMI Z-score of �1 or less had significantly greater

HAQ and VLA scores and significantly lower SPPB

scores. In contrast, subjects with an ALMI Z-score of� 1

or less did not have lower estimates of physical function-

ing by HAQ, VLA or SPPB (Table 3). Notably, those who

had a normal ALMI but a low ALMIFMI Z-score had phys-

ical functioning that was comparable with that of those

who were low by both definitions (Fig. 1).

In the combined cohort, the associations between

ALMIFMI Z-score and physical functioning were similar in

models independent of the effect of the FMI Z-score

(Table 4). In these models, a FMI Z2-score term was sig-

nificant, suggesting stronger associations between FMI

Z-score and physical functioning noted among those

TABLE 1 Basic characteristics of the three study cohorts

Participant Characteristics Combined UCSF Penn ESCAPE RA

n 442 141 111 190
Age, years 58.3 (10.5) 58.6 (10.8) 54.2 (13.2) 59.4 (8.7)

Female, n (%) 258 (58) 85 (60) 46 (54) 118 (60)

Race

Black, n (%) 61 (14) 6 (4) 29 (34) 18 (10)
BMI, kg/m2 28.1 (5.9) 27.1 (6.0) 28.1 (6.8) 28.4 (5.3)

ALMI Z-score �0.51 (1.07) �0.60 (1.14) �0.22 (1.02) �0.61 (1.03)

FMI Z-score �0.16 (1.16) �0.11 (1.23) �0.11 (1.21) �0.23 (1.06)

ALMIFMI Z-score �0.58 (1.53) �0.70 (1.90) �0.27 (1.07) �0.68 (1.44)
Disease duration, median (IQR), years 12 (5�22) 18 (11�27) 8 (3�17) 9 (4�17)

Current smoking, n (%) 57 (13) 8 (6) 20 (24) 23 (12)

CCPA positive, n/N (%) 181/249 (72) 92 (66) 89 (82) �
RADAI � 2.6 (1.8) � �
DAS28 (CRP) � � 3.16 (1.19) 3.66 (1.08)

CRP, median (IQR), mg/dl 0.46 (0.13�0.90) 0.19 (0.07�0.52) 0.8 (0.5�1.4) 0.27 (0.11�0.78)

Pain, 0�100, median (IQR) 23 (10�48) 20 (10�40) 40 (15�65) 21 (8�39)
Patient global, 0�100, median (IQR) 62 (36�84) � 35 (15�50) 78 (56�93)

Glucocorticoid use, n (%) 155 (37) 43 (32) 49 (44) 74 (39)

HAQ score 0.85 (0.69) 0.94 (0.67) 0.79 (0.63) 0.82 (0.74)

SPPB, median (IQR) 10 (7�11) 10 (8�11) 11 (9�12) 8 (4�10)
VLA score 0.61 (0.54) 0.62 (0.51) � 0.60 (0.57)

Data presented as mean (S.D.) unless otherwise stated. UCSF: University of California San Francisco; ALMI: appendicular lean

mass index; FMI: fat mass index; ALMIFMI: adiposity-adjusted appendicular lean mass index; IQR: interquartile range; RADAI:
RA Disease Activity Index; VLA: Valued Life Activities Questionnaire; SPPB: short physical performance battery.
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with greater FMI Z-scores. This non-linear association be-

tween FMI Z-score and HAQ is illustrated in the LOWESS

curve in Fig. 2.

The 51 patients who reported active smoking had

higher ALMIFMI Z-scores after adjusting for age, sex,

race and study [�= 0.59 (0.20, 0.97) P = 0.003]. Smoking

did not confound associations between ALMIFMI and

physical function, and there were no statistical inter-

actions (all P> 0.2).

Discussion

In this large study of three independent RA patient co-

horts, adiposity-adjusted definitions of muscle mass def-

icits were more strongly associated with three separate

measures of physical functioning. In regards to physical

functioning, it appears to be more informative to deter-

mine the extent of the muscle deficit relative to that

patient’s level of adiposity, rather than to determine the

extent of the muscle deficit alone. Thus, our understand-

ing of muscle loss in the context of RA should consider

that adiposity is an important confounder. Overall, these

results suggest that studies to date may have underesti-

mated the impact of muscle loss on physical functioning

in patients with RA.

Definitions of low lean mass for age based on the

adiposity-adjusted estimates were more likely to identify

patients with poor physical functioning. Therefore, an adi-

posity-adjusted definition of low lean mass for age is also

demonstrated to have good construct validity as a dichot-

omous variable for clinical studies or potentially as a

screening tool for at-risk individuals. Additional research

is needed to better define clinically important deficits in

adiposity-adjusted measures of appendicular lean mass.

Patients with low lean mass for age have meaningful dif-

ferences in function based on the minimally important

TABLE 2 Age- and sex-adjusted associations between lean mass Z-scores and physical functioning

HAQ Ln(VLA) Lower SPPB category

b (95% CI) P-value b (95% CI) P-value OR (95% CI) P-value

Model 1

ALMI Z �0.088 (�0.15, �0.027) 0.005 �0.048 (�0.11, 0.012) 0.12 0.93 (0.76, 1.14) 0.49

ALMIFMI Z �0.15 (�0.20, �0.11) <0.001 �0.12 (�0.17, �0.077) <0.001 0.72 (0.62, 0.84) <0.001
Model 2

ALMI Z �0.087 (�0.14, �0.037) 0.001 �0.049 (�0.11, 0.016) 0.14 0.91 (0.74, 1.12) 0.36

ALMIFMI Z �0.11 (�0.15, �0.076) <0.001 �0.12 (�0.16, �0.076) <0.001 0.77 (0.66, 0.90) 0.001

Model 1: adjusted for age and sex. Model 2: Adjusted for age sex, ln(CRP) and pain levels. VLA: Valued Life Activities

Questionnaire; SPPB: short physical performance battery; OR; odds ratio; UCSF: University of California San Francisco;

ALMI: appendicular lean mass index; ALMIFMI: adiposity-adjusted appendicular lean mass index; FMI: fat mass index.

TABLE 3 Mean (S.D.) or median (IQR) physical functioning scores among those with low lean mass for age

ALMIFMI Status Low ALMI Z Normal ALMI Z Totals P-value

Health Assessment Questionnaire

Low ALMIFMI Z 1.03 (0.72) 1.05 (0.76) 1.04 (0.73) <0.001
Normal ALMIFMI Z 0.64 (0.62) 0.77 (0.66) 0.76 (0.66)

Totals 0.94 (0.72) 0.81 (0.68)

P = 0.07
Valued Life Activities

Questionnaire
Low ALMIFMI Z 0.65 (0.30, 0.94) 0.87 (0.54, 1.27) 0.71 (0.32, 1.06) <0.001
Normal ALMIFMI Z 0.20 (0.10, 0.73) 0.35 (0.083, 0.88) 0.35 (0.083, 0.86)

Totals 0.53 (0.2, 0.91) 0.45 (0.12, 1)
P = 0.52

Short physical
performance battery

Low ALMIFMI Z 9 (6, 11) 8 (6, 10) 9 (6, 11) 0.004
Normal ALMIFMI Z 10 (9, 12) 10 (7, 11) 10 (8, 11)
Totals 9 (7, 11) 10 (7, 11)

P = 0.82

VLA: Valued Life Activities Questionnaire; SPPB: short physical performance battery; ALMIFMI: adiposity-adjusted appendicular
lean mass index; FMI: fat mass index.
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differences previously described for HAQ [28] and SPPB

[29], and an approximately half S.D. difference in the VLA

[30]. While this study supports the hypothesis that muscle

loss is an underappreciated risk factor for adverse phys-

ical functioning in RA, these cross-sectional associations

might suffer from reverse causality. In other words,

reduced physical functioning from arthritis could instead

lead to relative muscle loss. Further study is needed to

determine the impact of muscle loss relative to adiposity

independent of comorbidities, disease severity and struc-

tural joint damage.

Importantly, the observations here also provide evi-

dence of the construct validity of methods for considering

adiposity in the estimation of muscle mass. A number of

studies have demonstrated that adiposity may confound

relationships between muscle loss and physical function

[12�14]. The novel methods validated here build on

previous evidence and represent an important construct

either as a clinical or research outcome [11]. The current

method builds on previous methods in several ways. This

method can be replicated and compared across cohorts,

considers known variation in associations in demographic

groups, makes no assumptions about altered relation-

ships between muscle and fat in disease states, and pro-

vides the ability to intuitively quantify deficits using S.D.

scores compared with a large reference sample. For ex-

ample, this cohort was observed, on average, to be at the

28th percentile for this measure compared with the refer-

ence population.

The method has implications for a research study or

clinical setting where loss of lean and fat mass may be

expected to occur through both healthy behaviors (i.e. ex-

ercise) and unintentionally (i.e. cachexia). While healthy

and intentional weight loss might appear to reduce skeletal

muscle mass, this healthy behaviour would be expected to

have positive effects on these adiposity-adjusted esti-

mates. The opposite is true for cachexia, where dispropor-

tional loss of lean mass is expected [6, 31].

To our knowledge, this study is the first to demonstrate

a non-linear association between adiposity and physical

functioning among patients with arthritis. In other words,

the association between greater fat mass and worse

physical functioning was most pronounced among those

with the greatest fat mass. This study confirms previous

studies that have observed higher HAQ scores among

morbidly obese individuals with early arthritis and further

demonstrates that elevated HAQ scores in obese RA pa-

tients are related to the excess adiposity in this group [32].

Here it is observed that the impact of fat mass on physical

functioning is greatest among those who are more se-

verely obese. Relatedly, it is intuitive that strategies to

promote loss of fat mass are likely to have the greatest

impact on those with more severe obesity. In contrast to

associations between fat mass and disability, the relation-

ship between adiposity-adjusted muscle mass estimates

with disability was linear.

There are several limitations to consider in interpreting

the findings of these analyses. First, the three previously

derived cohorts studied were not designed to answer the

question posed. However, the robustness of the results

across all three cohorts is reassuring and therefore also a

powerful strength. Second, because of the cross-sec-

tional nature of the current study, it is difficult to draw

FIG. 1 HAQ disability scores among individuals classified

as low lean mass for age and normal

Those who were low by both definitions had high HAQ

scores, while those who were normal by both definitions

had low HAQ scores. Those who had a low appendicular

lean mass index Z-score but normal adiposity-adjusted

lean mass index Z-score had similar HAQ scores com-

pared with individuals who were normal by both defin-

itions. Those who had a normal appendicular lean mass

index Z-score but a low adiposity-adjusted lean mass Z-

score had HAQ scores that were similar to individuals who

were low by both definitions.

TABLE 4 Independent associations between adiposity-adjusted lean mass estimates and physical functioning

HAQ (n = 441) Ln(VLA) (n = 292) Lower SPPB category (n = 382)

b (95% CI) P-value b (95% CI) P-value OR (95% CI) P-value

ALMIFMI Z �0.13 (�0.17, �0.089) <0.001 �0.083 (�0.13, �0.040) <0.001 0.79 (0.68, 0.93) 0.003

FMI Z 0.094 (0.037, 0.15) 0.001 0.14 (0.074, 0.20) <0.001 1.45 (1.17, 1,80) <0.001
FMI Z2 0.036 (0.009, 0.064) 0.009 0.036 (0.0074, 0.064) 0.01 1.12 (1.02, 1.23) 0.02

All models are adjusted for age, sex and study. VLA: Valued Life Activities Questionnaire; SPPB: short physical performance

battery; OR: odds ratio; ALMIFMI: adiposity-adjusted appendicular lean mass index; FMI: fat mass index.
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conclusions regarding causality. In other words, these ob-

servations are not proof that the associations identified

between muscle deficits and physical functioning repre-

sent a causal association. Longitudinal and interventional

studies may be helpful in this setting. Similarly, it was out

of the scope of this manuscript to assess the related

impact of glucocorticoid use, comorbidity, and physical

activity as contributors to these relationships. Third, the

current study does not address how adiposity-adjusted

estimates might be used in algorithms to define clinically

important muscle loss. This may depend substantially on

the clinical and research questions of interest. Whether

and how to combine these estimates of skeletal muscle

with other features of frailty, such as muscle strength, re-

mains to be determined. Finally, because these methods

of quantifying lean mass relative to fat mass utilize US

national reference data, the generalizability to other popu-

lations is not clear and deserves further study.

There are several important strengths that are important

to recognize. To our knowledge, this combined cohort is

the largest group of patients with RA with both DXA and

comprehensive functional assessments. The use of

NHANES reference data for developing adiposity-ad-

justed Z-scores is also a novel and a critical strength.

This method builds on previous methods of adjusting

lean mass for adiposity [12, 14, 33].

In conclusion, adjustment of estimates of skeletal

muscle mass for adiposity improves the strength of cor-

relations with physical functioning and disability. Greater

fat mass is also strongly and independently associated

with physical functioning. Adiposity-adjusted definitions

of muscle deficits are more discriminative of those with

greater functional impairment.
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