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             THE association between severe kidney disease and poor 
physical performance is well established ( 1  –  4 ); however, 

less research has focused on physical function in persons 
with mild reductions in kidney function. Mild to moderate 
kidney disease is associated with an increased likelihood of 
frailty, functional limitation, decreased exercise capacity, and 
decreased strength ( 5  –  8 ). Together, these studies suggest that 
impaired kidney function is associated with reduced physical 
function across a spectrum of outcomes. Understanding char-
acteristics of this association may be of particular importance 
in elderly populations where kidney disease and functional 
limitation are common conditions. 

 One reason for the paucity of literature on this associa-
tion may be the diffi culty in accurate assessment of kidney 
function in the elderly. Most epidemiological and clinical 
studies have used creatinine-based measures of kidney func-
tion. Creatinine is fi ltered by the glomerulus; therefore, the 
serum creatinine level is used as an indirect measure of 
glomerular fi ltration. However, creatinine is derived largely 
from skeletal muscle, which limits the ability of creatinine 
to assess kidney function accurately among persons with 
different levels of muscle mass ( 9 , 10 ). This is an important 
limitation in elderly persons because of the high prevalence 
of frailty and other chronic diseases that are associated with 

loss of muscle mass. Creatinine-based equations have been 
developed to overcome this limitation and to estimate the 
glomerular fi ltration rate (GFR); however, several recent re-
ports have suggested that these equations are less accurate 
among persons with early stages of chronic kidney disease 
(CKD) or in the elderly ( 6 , 11  –  13  ).  

 In the present study, we hypothesized that lower levels of 
kidney function, estimated by serum creatinine, would be 
associated independently with self-reported functional limi-
tation in elderly adults. Because kidney function and muscle 
mass are believed to be the dominant determinants of the 
level of serum creatinine, we also hypothesized that the as-
sociation of creatinine with functional limitation would be J 
shaped — low creatinine levels, indicative of lower muscle 
mass, would also be associated with a higher likelihood of 
functional limitation. To account for differences in muscle 
mass, we explored alternative strategies to adjust for the ef-
fects of muscle mass on serum creatinine.  

 Methods  

 Study Sample 
 The Study of Physical Performance and Age-Related 

Changes in Sonomans (SPPARCS) is a prospective cohort to 
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study the effect of aging on physical functioning in the elderly. 
The cohort included 2,092 women and men aged 55 years and 
older who resided in and around Sonoma, California ( 14 , 15 ). 
The present cross-sectional study includes 1,553 individuals 
with blood samples and self-reported physical performance 
measures at baseline (May 1993 to December 1994). The pro-
tocols were approved by the Committee for the Protection of 
Human Subjects, University of California, Berkeley, and by 
the Committee for Human Research at the University of 
California, San Francisco.   

 Functional Limitation 
 Self-reported functional limitation was determined from 

10 questions that assessed the degree of diffi culty that a par-
ticipant reported in various domains of physical functioning 
( 16 ). Questions were derived from a published assessment 
instrument ( 17  –  19 ). Functional limitation was defi ned as a 
lot of diffi culty or inability to do one or more functions or 
avoidance of at least one function because a physician ad-
vised the participant not to do the activity; other response 
categories included some diffi culty, a little diffi culty, no dif-
fi culty, and never do activity.   

 Kidney Function 
 Creatinine was measured from serum samples by the 

Jaffe method. We assessed kidney function using three 
methods: (i) creatinine, (ii) standardized creatinine residu-
als from a model that included lean mass, and (iii) estimated 
glomerular fi ltration rate (eGFR). 

 To calculate the standardized creatinine residuals, we re-
gressed creatinine on lean mass and then calculated the 
standardized residual values from the model. This is a well-
described method for removing the confounding effects of 
nuisance factors on a measure of interest and has been used 
extensively in nutritional epidemiology ( 20 , 21 ). 

 We calculated eGFR based on the abbreviated Modifi ca-
tion of Diet in Renal Disease (MDRD) equation as recom-
mended by the National Kidney Foundation ( 22 ).   

 Lean Mass 
 Estimates of lean mass were derived    from reactance and re-

sistance measured with bioelectric impedance (BIA) using the 
BIA101Q Quantum Body Composition Analyzer System (RJL 
Systems, Clinton Township, MI). With the participant lying 
supine, bipolar electrodes were placed on the middle fi nger of 
the right hand and the lateral aspect of the right ankle. As rec-
ommended by Roubenoff and colleagues ( 23 ), lean mass was 
estimated from study-specifi c regression equations predicting 
lean mass as measured with dual energy x-ray absorptiometry 
(DEXA). The equations were developed in a validation sub-
study with 99 men and 101 women randomly selected from the 
cohort members with no chronic conditions in 10 age-specifi c 
(above and below the median) and gender-specifi c body mass 

index strata (<10th, 10th to <50th, 50th to <75th, 75th to <90th, 
and  ≥ 90th percentiles). These participants had duplicate BIA 
measurements and a whole-body DEXA scan using a LUNAR 
DPQIX machine (LUNAR, Madison, WI). Gender-specifi c 
multivariable linear regressions were conducted with lean mass 
measured by DEXA as the dependent variable. The analyses 
produced the following prediction equations:

 Lean mass men  (kg) = 3.587 + 0.326(height 2  / resistance) + 
0.304(weight) + 0.136 ´ reactance. 

 Lean mass women  (kg) = 5.161 + 0.439(height 2  / resistance) + 
0.152(weight) + 0.053 ´ reactance.    

 The total variances in lean mass accounted for by these 
regressions were 0.85 for men and 0.80 for women ( 16 ).   

 Other Variables 
 Weight and height were measured by standard protocol. 

Systolic and diastolic blood pressures were recorded as the 
mean of three measurements made in the sitting position 
using a random-zero sphygmomanometer. Hypertension, 
diabetes mellitus, cardiovascular disease, cerebrovascular 
disease, smoking, income, and education were assessed by 
self-report. Walking speed (ft/s) was measured by the num-
ber of feet walked in 60 seconds ( 15 ). Handgrip strength 
was measured with a handheld isometric dynamometer; re-
sults are reported for the dominant hand.   

 Statistical Analysis 
 We compared baseline characteristics in the 1,553 

SPPARCS participants with creatinine and self-reported func-
tional limitation measures and the 2,092 participants in the 
total SPPARCS study population at baseline, based on a  t  test 
for continuous variables and chi-square test for categorical 
variables. Baseline characteristics also were compared in per-
sons with and without a reported functional limitation at base-
line. All analyses were sex stratifi ed because the prevalence of 
functional limitation was much higher in women compared 
with men (34% vs 20%,  p  < .001). To examine the unadjusted 
association between creatinine and functional limitation, we 
plotted the sex-specifi c prevalence of functional limitation by 
level of creatinine and overlaid a smoothed regression plot. 

 Logistic regression models were used to examine the as-
sociation between creatinine and prevalent functional limi-
tation. Because of the J-shaped association between 
creatinine and functional limitation, we used piecewise re-
gression models, with a cut-point at the mean for each mea-
sure. This cut-point was chosen based on visual inspection 
of the plots. To explore potential confounders and mediators 
of the association between creatinine and functional limita-
tion, we used a series of logistic regression models. Model 
1 included only age and lean mass, and Model 2 added sys-
tolic and diastolic blood pressure, chronic health condi-
tions (hypertension, diabetes, atherosclerotic heart disease, 
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cerebrovascular disease), smoking, and socioeconomic sta-
tus (income <$30,000 per year and education <12 years). 
An exploratory analysis was performed (Model 3) to see if 
adjustment for physical function measures (grip strength 
and walking speed) and physical activity attenuated the as-
sociation between creatinine and functional limitation. 

 We examined the potential interactions of chronic health 
conditions (hypertension, diabetes, cardiovascular disease, and 
cerebrovascular disease) with creatinine in sex-specifi c, age- 
and lean mass – adjusted piecewise logistic regression models. 

 All analyses were conducted with Stata 8.0 (Stata Corp., 
College Station, TX).    

 Results 
 There were 1,553 SPPARCS participants with adequate 

blood specimens for creatinine measurement and self-
reported functional limitation. On average, participants in 
the present study were younger (70 [ SD  8] vs 73 [ SD  9] 
years,  p  < .001), more often men (42% vs 36%,  p  = .01), 
and had less functional limitation (25% vs 38%,  p  < .001) 
compared with those in the entire SPPARCS study popula-
tion. Those included in the present study had less history of 
chronic health conditions compared with those in the larger 
SPPARCS sample; they were less likely to report a history 
of hypertension (41% vs 47%,  p  = .03), atherosclerotic 
heart disease (16% vs 22%,  p  = .003), and cerebrovascular 
disease (7% vs 12%,  p  < .001). 

 Persons with functional limitation were on average 5 years 
older, more often women, and less likely to smoke compared 

with those without functional limitation ( Table 1 ). Lower 
income and education were also associated with functional 
limitation. Participants with functional limitation had lower 
lean mass and higher systolic blood pressure compared with 
those without functional limitation, and were more likely to 
report a history of hypertension, diabetes, atherosclerotic 
heart disease, and cerebrovascular disease. Lower grip 
strength and slower average walking speed were also associ-
ated with functional limitation.     

 On average, study participants had near-normal kidney 
function; mean creatinine was 0.97 ( SD  0.20) mg/dL in 
women and 1.15 ( SD  0.23) mg/dL in men, which corre-
sponds to a mean eGFR of 63 ( SD  13) mL/min/1.73 m 2  in 
women and 70 ( SD  13) mL/min/1.73 m 2  in men. There were 
501 participants (382 women and 119 men) with an eGFR 
<60 mL/min/1.73 m 2  (Stage 3 CKD) and only eight partici-
pants (three women and fi ve men) with an eGFR <30 mL/
min/1.73 m 2  (Stage 4 CKD). There were J-shaped associa-
tions between creatinine and functional limitation in both 
women and men ( Figure 1A and B ). In participants with 
creatinine levels greater than the mean, higher creatinine 
was associated with a higher odds of functional limitation, 
although the association appeared weaker in men ( Table 2 ). 
In contrast, in participants with a creatinine below the mean, 
 lower  creatinine levels were associated with a higher odds 
of functional limitation.         

 Adjustment for muscle mass did not have an important 
effect on the association between creatinine and functional 
limitation.  Table 2  shows the three methods in which we 

 Table 1.        Characteristics of Participants With and Without Functional Limitation at Baseline     

  Characteristics
Functional 

Limitation,  n  = 384
No Functional 

Limitation,  n  = 1,169  p  Value * 
Total 

Population  

  Sociodemographic factors 

     Age, mean  ±   SD  y 73  ±  9 68  ±  8 <.001 70  ±  8 
     Female,  n  (%) 275 (72) 624 (53) <.001 654 (58) 
     Smoking,  n  (%) .01  
         Never 140 (36) 533 (46) 673 (43) 
         Former 213 (55) 554 (47) 767 (49) 
         Current 31 (8) 82 (7) 113 (7) 
     Income <$30K/y,  n  (%) 185 (53) 352 (33) <.001 537 (38) 
     Education <12 y,  n  (%) 165 (43) 346 (30) <.001 511 (33) 

 Physiological measurements 

     Lean mass, mean  ±   SD  kg 45  ±  10 47  ±  11 <.001 47  ±  11 
     Systolic blood pressure, mean  ±   SD  mm Hg 144  ±  20 137  ±  20 <.001 139  ±  20 
     Diastolic blood pressure, mean  ±   SD  mm Hg 77  ±  11 77  ±  10 .58 77  ±  10 

 Chronic health conditions 

     Hypertension,  n  (%) 220 (57) 421 (36) <.001 641 (41) 
     Diabetes,  n  (%) 32 (8) 50 (4) .002 82 (5) 
     Atherosclerotic heart disease,  n  (%) 82 (21) 163 (14) .001 245 (16) 
     Cerebrovascular disease,  n  (%) 49 (13) 52 (4) <.001 101 (7) 

 Physical function measurements 

     Grip strength, mean  ±   SD  kg 25.6  ±  10.6 33.2  ±  12.2 <.001 31.4  ±  12.3 
     Walking speed, mean  ±   SD  ft/s 1.9  ±  0.5 2.4  ±  0.5 <.001 2.3  ±  0.5 
     Physical activity (METs/wk) 34.1  ±  33.6 48.3  ±  34.7 <.001 45.7  ±  35  

    Notes:  MET = metabolic equivalents; SD = standard deviation.  
  *       Using a  t  test for continuous variables and a chi-square test for categorical variables.   
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accounted for differences in muscle mass across participants: 
(i) multivariable adjustment, (ii) standardized residuals from 
a model that includes lean mass, and (iii) use of the MDRD 
eGFR formula. None of these methods altered the J-shaped 
association between creatinine and functional limitation. 

 In women, the inverted associations above and below the 
mean remained signifi cant after adjustment for age, lean 
mass, health conditions, smoking, income, and education 

( Table 3 ). Further adjustment for physical function and phys-
ical activity measures had little effect on either association.     

 In men, the associations between creatinine and functional 
limitation were weaker than in women, both above and below 
the mean ( Table 3 ). In men with creatinine above the mean, 
the association between creatinine and functional limitation 
no longer reached statistical signifi cance after adjustment for 
age and lean mass ( p  = .06). Similarly, in men with a creati-
nine less than the mean, the association remained signifi cant 
after adjustment for age, lean mass, health conditions, 
smoking, income, and education, but not after adjustment for 
physical function and physical activity. 

 We found no statistically signifi cant interactions of crea-
tinine with any of the chronic health conditions in men or 
women. We found a suggestive interaction between diabetes 
and creatinine for predicting functional limitation in men 
with creatinine levels below the mean, although there were 
only 24 diabetic men with creatinine below the mean. In 
diabetic men with creatinine below the mean, the odds ratio 
for functional limitation was 2.63 (95% confi dence interval 
[CI] 0.28 – 24.6) in diabetics compared with 0.45 (95% CI 
0.25 – 0.81) in nondiabetics ( p  value for interaction .06). 
Thus, in male diabetics, higher creatinine levels appear to 
be associated with higher odds for functional limitation, 
across the range of creatinine levels. All other interaction 
estimates were estimated with very low precision and are 
not presented.   

 Discussion 
 We observed a J-shaped association of creatinine with 

functional limitation in elderly adults, even after adjusting 
for muscle mass. In participants with creatinine levels greater 
than the study population mean (0.97 mg/dL in women and 
1.15 mg/dL in men), higher creatinine was associated with a 
higher odds of functional limitation. An association in the 
opposite direction was observed in persons with creatinine 
levels below the mean. These associations were stronger in 
women and were present even after multivariable adjust-
ment for age, lean mass, chronic health conditions, physical 

  
 Figure 1.        Prevalence ( ±  standard error) of functional limitation by level of 

serum creatinine and overlaid smoothing plot in ( a ) women and ( b ) men.    

 Table 2.        Association Between Creatinine-Based Measures of Kidney Function and Functional Limitation Based on Several Methods to Adjust 
for Muscle Mass  

  
Creatinine * , OR 
(95% CI) per  SD 

Multivariable Adjustment, 
OR (95% CI) per  SD 

Standardized Residuals, 
OR (95% CI) per  SD 

eGFR  †  , OR 
(95% CI) per  SD   

  Women 
     Kidney function > mean ( n  = 419) 2.27 (1.75 – 2.94) 2.56 (1.89 – 3.47) 2.78 (1.97 – 3.92) 2.41 (1.83 – 3.18) 

     Kidney function < mean ( n  = 481) 0.57 (0.39 – 0.82) 0.47 (0.31 – 0.71) 0.62 (0.45 – 0.86) 0.71 (0.55 – 0.92) 

 Men 

     Kidney function > mean ( n  = 273) 1.42 (1.12 – 1.80) 1.42 (1.09 – 1.83) 1.33 (1.07 – 1.65) 1.79 (1.28 – 2.51) 
     Kidney function < mean ( n  = 381) 0.62 (0.37 – 1.03) 0.57 (0.33 – 1.01) 0.30 (0.13 – 0.73) 0.68 (0.48 – 0.98)  

    Notes:  CI = confi dence interval; eGFR = estimated glomerular fi ltration rate; OR = odds ratio; SD = standard deviation.  
  *       Mean  ±  standard deviation creatinine is 0.97  ±  0.20 mg/dL in women and 1.15  ±  0.23 mg/dL in men.  
   †        Based on the Modifi cation of Diet in Renal Disease equation, mean  ±  standard deviation eGFR is 63  ±  13 mL/min/1.73 m 2  in women and 70  ±  13 mL/min/1.73 m 2  

in men.   
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function, and physical activity. The association of higher 
creatinine with functional limitation is consistent with the 
hypothesis that worse kidney function is associated with 
poor physical performance. The inversed association of cre-
atinine and functional limitation in participants with low 
creatinine suggests that creatinine levels may be affected by 
factors other than glomerular fi ltration and muscle mass in 
elderly adults. 

 Our fi nding is consistent with other studies of mea-
sures that have reported a J-shaped association of 
creatinine-based eGFR and poor outcomes ( 6 , 12 , 13 , 24 ). 
At near-normal levels, serum creatinine is an insensitive 
measure of kidney function; this is often thought to be 
due to low creatinine production in individuals with low 
muscle mass ( 6 , 9 , 12 , 13 ). Surprisingly, the J-shaped rela-
tion between creatinine and functional limitation was 
nearly unchanged after accounting for differences in 
muscle mass. Creatinine generation may be not simply a 
product of muscle mass but infl uenced by muscle compo-
sition, muscle function, activity, diet, health status, and 
other factors ( 25 , 26 ). Another potential explanation may 
be the increased tubular secretion of creatinine in some 
patients with kidney dysfunction ( 9 , 27 ). If the tubular 
secretion of creatinine is suffi cient, it could reduce the 
creatinine concentration in the blood, resulting in a false-
negative report of kidney dysfunction by creatinine-based 
methods. We believe it to be unlikely that kidney func-
tion truly has a J-shaped association with functional 
limitation. 

 The exception to the J-shaped association was in male 
diabetics, in whom the association of creatinine with 
functional limitation was positive across the range of se-
rum creatinine. We are not aware of a physiologic expla-
nation for this fi nding, and due to the small sample size, 
we recommend this interaction be confi rmed in future 
studies. 

 The direct association of creatinine and functional limi-
tation is consistent with prior studies of physical perfor-

mance in persons with severe kidney disease. Numerous 
studies have shown that patients with end-stage renal dis-
ease or advanced CKD have reduced physical performance 
( 1  –  4 , 28 , 29 ). Less research has been conducted on persons 
with mild to moderate CKD. One study reported that 
24-hour creatinine clearance was associated with reduced 
exercise capacity and self-assessed physical limitation in 
adults with coronary artery disease ( 7 ). In another cohort 
of well-functioning elderly adults, cystatin C, a marker of 
kidney function independent of muscle mass, was associ-
ated with worse performance on four measures of physical 
function and incident functional limitation. In this study, 
investigators reported a J-shaped association of creatinine-
based eGFR with each of the four measures of physical 
function ( 5 , 6 ). 

 Although the reason for poor physical function in per-
sons with kidney disease has been explored extensively, the 
mechanisms remain unclear. We have demonstrated that 
the association between high creatinine and functional lim-
itation was independent of commonly proposed explana-
tory factors: age, lean mass, health conditions, physical 
function, and physical activity. Another possibility is that 
kidney disease represents a biological marker of aging, and 
low kidney function identifi es persons with limited func-
tional reserve. The kidney is sensitive to vascular distur-
bances, and kidney dysfunction may be an indicator of 
cumulative damage from hypertension, diabetes, infl am-
mation, or other chronic health conditions. Although we 
adjusted for several of these chronic health conditions in 
the present study, these one-time assessments of a risk fac-
tor cannot encompass the entire life-course of the exposure. 
Future studies of kidney function and other potential con-
founders across the life-course may better elucidate this 
relationship. 

 In the present study, the association between creatinine 
and functional limitation was stronger and more robust in 
women than in men. Women were more likely to report a 
functional limitation compared with men in the study 

 Table 3.        The Association Between Higher Creatinine and Functional Limitation in Women and Men, Stratifi ed by Serum Creatinine and 
Below the Mean  

  Model

Unadjusted Model 1  †  Model 2  ‡  Model 3 §  

 OR (95% CI) per SD *  Higher Creatinine  

   Women  
  Creatinine > mean *  (n   =   419) 2.27 (1.75  –  2.94) 2.14 (1.55  –  2.95) 1.96 (1.40  –  2.75) 1.96 (1.38  –  2.77) 
  Creatinine < mean *  (n = 481) 0.57 (0.39  –  0.82) 0.36 (0.24  –  0.57) 0.36 (0.22  –  0.59) 0.42 (0.25  –  0.69) 
  Men  
  Creatinine > mean *  (n   =   273) 1.42 (1.12  –  1.80) 1.30 (0.99  –  1.70) 1.23 (0.92  –  1.64) 1.21 (0.87  –  1.67) 
  Creatinine < mean *  (n = 381) 0.62 (0.37  –  1.03) 0.46 (0.25  –  0.83) 0.42 (0.22  –  0.81) 0.66 (0.32  –  1.36)  

   Notes:   *       Mean  ±  SD (standard deviation) creatinine is 0.97  ±  0.20 mg/dL in women and 1.15  ±  0.23 mg/dL in men.  
   †        Model 1 includes age & lean mass.  
   ‡        Model 2 includes model 1 plus systolic and diastolic blood pressure, hypertension, diabetes, atherosclerotic heart disease, cerebrovascular disease, smoking, 

income and education.  
  §       Model 3 includes model 2 plus grip strength, walking speed, and physical activity.   
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population. The sex difference implies that the men in our 
study population were more resilient, perhaps due to greater 
functional reserve or because they represent a survivor 
population. 

 This study has several limitations that should be 
considered. On average, participants in the present study 
were healthier compared with those in the entire 
SPPARCS sample, which may have limited variability in 
creatinine levels and could reduce the generalizability of 
the fi ndings. Estimates of muscle mass were derived from 
BIA measures, based on study-specifi c validation equa-
tions. Measurement error in muscle mass could result in 
incomplete adjustment in the models of creatinine and 
functional limitation. However, if muscle mass were the 
primary explanation for the inverse association between 
lower creatinine and functional limitation, some attenua-
tion of the J-shaped relation would be expected after 
adjustment for muscle mass. We did not measure GFR or 
cystatin C levels, and creatinine levels were not cali-
brated to the Cleveland clinic. This is a cross-sectional 
study, which limits our ability to assess the temporal 
sequence of events. In addition, we cannot exclude the 
possibility that some residual confounding remains. 
Finally, we did not have a direct measure of GFR in our 
study population. 

 In conclusion, higher creatinine was associated with 
increased odds for functional limitation in patients 
with creatinine levels above 0.97 mg/dL in women and 
1.15 mg/dL in men, but reduced odds for functional limi-
tation in patients with creatinine levels below these study-
specifi c means. These associations were stronger in 
women compared with men and persisted after adjustment 
for age, lean mass, health conditions, smoking, socioeco-
nomic status, physical function, and physical activity. 
This study illustrates that in elderly persons, serum crea-
tinine levels appear to be infl uenced by factors other than 
kidney function and muscle mass. Longitudinal studies of 
kidney function, physical performance, and other physio-
logical factors will be needed to elucidate the mechanisms 
underlying the association of creatinine with functional 
limitation.     
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