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ABSTRACT
In older adults, measurements of physical performance assess physical function and associate with
mortality and disability. Muscle wasting and diminished physical performance often accompany CKD,
resembling physiologic aging, but whether physical performance associates with clinical outcome in CKD
is unknown. We evaluated 385 ambulatory, stroke-free participants with stage 2–4 CKD enrolled in clinicbased cohorts at the University of Washington and University of Maryland and Veterans Affairs Maryland
Healthcare systems. We compared handgrip strength, usual gait speed, timed up and go (TUAG), and 6minute walking distance with normative values and constructed Cox proportional hazards models and
receiver operating characteristic curves to test associations with all-cause mortality. Mean age was 61
years and the mean estimated GFR was 41 ml/min per 1.73 m2. Measures of lower extremity performance
were at least 30% lower than predicted, but handgrip strength was relatively preserved. Fifty deaths
occurred during the median 3-year follow-up period. After adjustment, each 0.1-m/s decrement in gait
speed associated with a 26% higher risk for death, and each 1-second longer TUAG associated with an 8%
higher risk for death. On the basis of the receiver operating characteristic analysis, gait speed and TUAG
more strongly predicted 3-year mortality than kidney function or commonly measured serum biomarkers.
Adding gait speed to a model that included estimated GFR signiﬁcantly improved the prediction of 3-year
mortality. In summary, impaired physical performance of the lower extremities is common in CKD and
strongly associates with all-cause mortality.
J Am Soc Nephrol 24: 822–830, 2013. doi: 10.1681/ASN.2012070702

CKD is a growing global health problem that affects
.25 million US adults.1 CKD leads to the retention
of metabolic waste products and hormonal disturbances that adversely affect multiple target organ
systems, including skeletal muscle. A major consequence of loss of skeletal muscle (sarcopenia) is
skeletal muscle dysfunction, which is associated
with impaired mobility and reduced physical performance. Among general older adult populations,
decreased physical performance is independently
associated with subsequent disability, fracture, falls,
hospitalization, and mortality.2–4 In particular,
usual gait speed has been used as an adjunct for
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risk stratiﬁcation by quantifying the burden of recognized and unrecognized multisystem comorbidity,
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resulting in a strong prognostic marker for subsequent mortality.2,5–7 Other tests of lower extremity function, such as the
short physical performance battery, chair raises, and corridor
walks are also used to effectively capture clinical and subclinical
disease burden and predict future risks of death and disability.8
Physical performance measures may be particularly helpful
for assessing health risks in the setting of CKD. First, CKD
represents a catabolic state of oxidative damage, inﬂammation,
and malnutrition that culminates in skeletal muscle wasting
and diminished function.9–11 Second, kidney disease is also
linked with a disproportionately high burden of subclinical
and clinical cardiovascular disease that can directly impair
physical performance.12,13 Previous studies of physical performance among persons with CKD have generally focused on
dialysis-dependent ESRD patients or community-based cohorts that exclude advanced CKD. Associations of physical
performance with survival among individuals who have moderate to severe CKD not treated with maintenance dialysis are
less well understood.
We hypothesized that persons with CKD not treated with
maintenance dialysis would have decreased physical performance and that physical performance would be associated with
risk of all-cause mortality independent of known comorbidity
and kidney function. We prospectively measured a comprehensive battery of physical performance tests to measure lower
and upper extremity function in two cohorts of patients with
stage 2–4 CKD. We compared results of each physical performance test to predicted normative values and estimated associations of physical performance with all-cause mortality.

RESULTS
Characteristics of the Cohort

There were 385 participants who had sufﬁcient physical
performance data from the three study sites (Supplemental
Table 1). The mean age of the cohort was 61613 years; 84%
of participants were men. Among the difference study sites,
mean age was 7068 years at the University of Maryland
(UMD) and Baltimore Veterans Affairs Medical Center
(VAMC), 62611 years at the Seattle VAMC, and 53.4612
years at Harborview Medical Center (HMC). The mean
estimated GFR (eGFR) for the combined cohort was 41619
ml/min per 1.73 m2. Among the different study sites, the
mean eGFR was 36610.6 ml/min per 1.73 m2 at the UMD
and Baltimore VAMC cohort, 39618 ml/min per 1.73 m2 at
the Seattle VAMC, and 46622 ml/min per 1.73 m2 at HMC.
Compared with participants who were included in the analyses, those participants who never had a timed up and go
(TUAG) assessment (most common performance measure)
were, on average, older (69611 years versus 59613 years),
had greater mobility disability (54% versus 21%), and had
lower eGFR (35618 ml/min per 1.73 m2 versus 42619 ml/min
per 1.73 m2). When the study sample was divided into those
with faster TUAG (,12 seconds) compared with slower TUAG
J Am Soc Nephrol 24: 822–830, 2013
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($12 seconds), those with slower TUAG were older (66614
years versus 58612 years) and a higher proportion were
women (Table 1). Other notable differences among participants who had slower TUAG times included a greater prevalence of cardiovascular diseases and disability, and a lower
mean eGFR (38618 ml/min per 1.73 m2 versus 44620 ml/min
per 1.73 m2). Those with slower TUAG also tended to have
slower gait speed, 6-minute walk distance (6MWD), and
weaker handgrip strength (HGS).
Description of Physical Performance Measurements

Lower extremity physical performance measures were moderately correlated to each other (correlation coefﬁcient, 20.67
to 0.57) but had a weaker correlation to eGFR (correlation
coefﬁcient, 0.07–0.18; P,0.001 for all correlations). There
was weak correlation between HGS and the lower extremity
physical performance measures (correlation coefﬁcient, 0.15–
0.33; P,0.001). All of the lower extremity physical performance measures were diminished in CKD patients compared
with normative control values (Figure 1; P,0.001 for all measures). Speciﬁcally, gait speed, TUAG, and 6MWD were 30%–
39% lower than predicted, with greater decrements observed
among women. In contrast, HGS, the only measurement of
upper extremity function, was not impaired in CKD patients,
compared with normative controls.
Association of Physical Performance Measures with
Survival

Median follow-up time was 3 years (interquartile range, 2–3.7
years). There were 50 deaths (13%) during follow-up (overall
mortality rate of 47 per 1000 person-years). Lower performance across each of the performance measures was associated with greater mortality in unadjusted analyses (Figure 2
and Table 2). After adjustment for age, sex, race, smoking,
body mass index (BMI), eGFR, diabetes, and prevalent coronary artery disease (CAD), gait speed and TUAG, but not HGS
or 6MWD, remained associated with mortality when analyzed
per incremental change in performance. However, 6MWD
,350 m was signiﬁcantly associated with higher risk of mortality compared with $350 m. After full adjustment, each 0.1m/s slower gait speed was associated with an estimated 26%
greater risk of death (95% conﬁdence interval [95% CI], 9%,
47%) and each 1-second longer TUAG result was associated
with an estimated 8% greater risk of death (95% CI, 1%, 14%).
The association of lower extremity physical performance with
mortality also persisted after adjustment for renal function
measured by eGFRcysc instead of the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation in the subgroup of participants with cystatin C measurements (Supplemental Table 2).
Further adjustment for hemoglobin, C-reactive protein
(CRP), and education only minimally affected the estimated
associations of gait speed or TUAG with mortality. Associations
of gait speed and TUAG with all-cause mortality were not
attenuated after exclusion of 77 participants with prevalent
Physical Performance and Death in CKD
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Table 1. Characteristics of participants in the overall cohort with at least one completed physical performance task and those
with completed TUAG assessments
Factor

Missing (n)

Demographic data
Age (yr)
Female
HMC
Seattle VAMC
Baltimore VAMC
Race
White
Other
Education
Some high school or less
Completed high school
Completed college or more
Current smoking
Current alcohol use
Physical examination data
Systolic BP (mmHg)
BMI (kg/m2)
Waist circumference (in.)
Laboratory values
eGFRcysc (ml/min per 1.73 m2)a
eGFR CKD-EPI (ml/min per 1.73 m2)
Creatinine (mg/dl)
Albuminuria (mg/g Cr)
Hemoglobin (g/dl)
Bicarbonate (mmol/L)
CRP (mg/dl)
Cholesterol (mg/dl)
LDL (mg/dl)
HDL (mg/dl)
Triglycerides (mg/dl)
Albumin (mg/dl)
Phosphate (mg/dl)
Physical performance
4-m walk (m/s)
TUAG (sec)
6-min walk (m)
Grip strength (kg)
Exercise (times per week)a
Never
,1
1
2–3
.3
Prevalent disease
Diabetes
Any CAD
Cancer
Disability
Use of assistive device
$1 ADL task
$1 IADL taska
$1 mobility taska

0

Overall (n=385)

Fast TUAG (n=240)

Slow TUAG (n=122)

61613
63 (16)
158 (41)
169 (44)
58 (15)

57.7612
33 (14)
87 (36)
117 (49)
36 (15)

66.4612
26 (21)
56 (46)
45 (37)
21 (17)

239 (62)
146 (38)

149 (62)
91 (38)

73 (60)
49 (40)

10
64

25 (7)
238 (67)
92 (26)
62 (17)
111 (35)

12 (5)
144 (65)
65 (29)
35 (15)
79 (40)

11 (10)
78 (70)
23 (21)
24 (20)
28 (28)

0
0
0

132.9620.7
3166.9
42.266.7

131.6619.8
30.266.3
40.966

134.2621.4
32.567.7
44.467.3

58
0
0
6
16
0
29
0
17
0
0
0
1

47.6623.3
41.3619.3
2.261.3
87.6 [11–630]
12.861.9
24.663.5
5.267.7
177656.6
104.6641.8
40.3617.3
163.46120
3.860.6
3.860.8

51.7624.8
43.6619.9
2.161.2
94.7 [9.7–632]
13.161.9
24.863.3
4.567.1
181.1657.7
107.7643.3
41.3619.2
1696131.8
3.960.6
3.860.8

41.1618.3
37.8617.5
2.261.3
62.7 [11.7–575]
12.561.9
24.263.9
5.867.6
170.9655.3
99.5638
38613.6
159.56102.5
3.860.6
3.960.9

63
23
76
4
70

0.960.2
11.264.5
4006100.3
36.15610.6

160.2
8.862
436.8681.9
38.7610.2

0.760.2
15.964.5
308.5678.9
32.469.7

83 (26)
34 (11)
46 (15)
71 (23)
81 (26)

41 (21)
24 (12)
28 (14)
46 (23)
61 (31)

31 (33)
7 (8)
16 (17)
23 (25)
16 (17)

213 (55)
99 (26)
54 (16)

118 (49)
48 (20)
32 (15)

75 (61)
41 (34)
17 (17)

69 (19)
27 (8)
112 (35)
77 (24)

18 (8)
13 (6)
52 (26)
26 (13)

35 (29)
10 (10)
49 (50)
37 (38)

0

30

0

14
54
65
64

Values for categorical variables given as n (%), whereas values for continuous variables given as mean 6 SD or median [25th– 75th percentile]. ADL, activity of daily
living; IADL, instrumental activity of daily living.
a
Measured only in the SKS cohort.
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TUAG was added to the base model
(P,0.01 compared with base model). Further addition of TUAG and 6-minute walk
to gait speed did not appreciably improve
discrimination of 3-year mortality.

DISCUSSION

In a cohort of persons with CKD not treated
with maintenance dialysis, we found substantially diminished performance in lower
extremity function, but relatively preserved
upper extremity muscle strength compared
with normative values. Speciﬁcally, performance on usual gait speed, TUAG, and
6MWD was at least 30% lower than predicted. After adjustment for demographics
and comorbidity, usual gait speed and
TUAG were associated with all-cause mortality. These associations were also observed
when the subgroup with baseline selfreported mobility disability was excluded.
Moreover, lower extremity performance
measures more strongly predicted mortalFigure 1. Percentage of predicted performance for each measure by sex. Numbers
ity than estimates of kidney function or
under bars represent number of participants in each group and mean performance.
Note that gait speeds are normalized to height. *For TUAG, a higher percentage other common biomarkers. Taken together,
these ﬁndings suggest that simple objective
predicted indicates worse and slower performance.
physical performance measures may be
useful for risk stratiﬁcation of CKD patients
not treated with renal replacement therapy and may represent
mobility disability (among 321 participants with completed
important therapeutic targets in this population.
mobility disability assessment). Censoring deaths in the ﬁrst
To our knowledge, this is the ﬁrst comprehensive study to
180 days of follow-up also minimally affected the association
quantify the decrements in physical performance compared
between gait speed and TUAG and mortality.
with published normative values and to describe associations
of each of these measures with mortality in a referred popPredictive Ability of Physical Performance Measures
Among those with complete measurements of handgrip ulation with CKD. Large studies of community-dwelling older
strength, gait speed, and TUAG (n=311), receiver operating adults have shown declines in both upper and lower extremity
characteristic curves for 3-year mortality among the four physical performance among those with mild to moderate
CKD.14 Our study demonstrated that persons with CKD suffer
physical performance measures indicated the greatest area under the curve (AUC) for usual 6MWD (0.80; 95% CI, 0.70,
diminished lower extremity physical performance that corre0.90), followed by gait speed (0.78; 95% CI, 0.70, 0.86) and sponds with increased risk of all-cause mortality. The magniTUAG (0.74; 95% CI, 0.64, 0.84). By comparison, HGS (0.66;
tude of excess risk associated with slower gait speed in these
95% CI, 56, 0.75) had the lowest AUC for predicting death.
CKD patients was similar to that reported recently in a large
Each of the lower extremity physical performance tests had an
meta-analysis of community-dwelling older adults,2 and highAUC that was superior to each of the individual biomarkers of
lights the importance of objective measures of usual gait speed
CKD, which included eGFR (0.63; 95% CI, 0.52, 0.74), serum in assessing risk of death in adults with nondialysis CKD.
bicarbonate (0.53; 95% CI, 0.39, 0.67), hemoglobin (0.57;
In contrast to prior studies in older adult population, HGS
95% CI, 0.44, 0.69), CRP (0.48; 95% CI, 0.36, 0.60), albumin
was not associated with mortality, and the severity of impair(0.52; 95% CI, 0.40, 0.65), and phosphate (0.65; 95% CI, 0.54,
ment in this test of upper extremity performance was much
0.77). When gait speed was added to a base model including more modest. HGS has traditionally been viewed as a strong
age, sex, and eGFR, there was a signiﬁcant improvement in
predictor of mortality in older adults independent of physical
prediction of 3-year mortality from an AUC of 0.67 (95% CI,
activity and muscle mass15 and was more recently described to
0.54, 0.81) to an AUC of 0.83 (95% CI, 0.74, 0.96) (P,0.001)
be associated with increased risk of mortality and initiation
compared with an AUC of 0.80 (95% CI, 0.74, 0.96) when
of dialysis in a small study of Taiwanese stage 1–5 CKD
J Am Soc Nephrol 24: 822–830, 2013
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Figure 2. Kaplan–Meier survival estimates for each physical performance measure.

patients.16 We found that adjustment for eGFR markedly attenuated the crude associations of HGS with mortality. The
lack of association was also noted in the analysis of HGS as a
dichotomous variable using generally accepted sex- and BMIspeciﬁc cut-offs from the Cardiovascular Health Study to ensure generalizability. Our results suggest that lower extremity
function may better capture the disease burden of CKD; however, more data are needed to clarify this distinction.
The higher prevalence of clinical and subclinical multisystem comorbidities related to the metabolic abnormalities and
vascular dysfunction associated with CKD may in part help
explain the strong association observed between physical
performance and mortality. In older adults, the ability of
gait speed and TUAG to capture comorbid burden highlights
the importance of the multiple interactions among several
different systems (e.g., nervous, cardiopulmonary, and musculoskeletal systems) involved in coordinating gait and balance. For example, slower gait speed and gait variability have
been associated with subclinical cerebrovascular disease even
in apparently high-functioning older adults,17–19 a condition
826
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that is markedly more common in older adults with impaired
renal function. Metabolic abnormalities associated with mild
to moderate CKD and uremia may also affect the vascular,
neurologic, and musculoskeletal systems culminating in
both subclinical and overt cardiovascular disease and physical
impairment.20,21 Indeed, adverse effects of uremia on muscle
metabolism22 may act to augment the insulin resistance and
inﬂammation/oxidative stress associated with CKD.23,24 In the
general population of older adults, insulin resistance in particular has been associated with decreased physical performance6,25 and with risk for cerebrovascular disease26 and
cardiovascular disease in nonpatients with diabetes,27 but
the role of insulin resistance to physical performance and vascular disease in CKD patients is less clear. Nonetheless, given
the well described association between CKD, cognitive impairment, and subclinical cerebrovascular disease,28–30 it is possible that simple, objective measures of lower extremity physical
performance reﬂect the cumulative multisystem comorbid
burden associated with CKD and improve assessment of mortality risk.
J Am Soc Nephrol 24: 822–830, 2013
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Table 2. Upper and lower extremity physical performance measures and risk of death
Measure
Gait speed

TUAG

6-min walk

Grip

Performance
.0.8 m/s
#0.8 m/s
Per 0.1-m/s slower
Fast (,12 s)
Slow ($12 s)
Per 1-s slower
$350 m
,350 m
Per 50-m decrease
Stronger grip
Weak gripa
Per 5-kg decrease

Deaths/At Risk (n)

Mortality Rate
(per 1000 person-years)

15/222
19/100

25 (15–41)
79 (50–123)

19/240
26/122

27 (17–43)
79 (54–116)

13/223
18/86

19 (11–33)
77 (49–122)

32/295
17/86

38 (27–54)
71 (44–114)

Hazard Ratio (95% CI)
Model 1

Model 2

Reference
3.24 (1.47–7.18)
1.31 (1.13–1.52)
Reference
2.08 (1.06–4.08)
1.08 (1.03–1.14)
Reference
3.61 (1.71–7.63)
1.22 (1.07–1.40)
Reference
1.50 (0.82–2.72)
1.17 (1.02–1.33)

Reference
2.45 (1.09–5.54)
1.26 (1.09–1.47)
Reference
1.81 (0.92–3.56)
1.08 (1.01–1.14)
Reference
2.82 (1.17–6.92)
1.15 (0.98–1.36)
Reference
1.30 (0.71–2.37)
1.07 (0.92–1.24)

Model 1 included age, sex, race, study site. Model 2 added smoking, BMI, diabetes, prevalent CAD, and eGFR (CKD-EPI equation per 10 ml/min per 1.73 m2).
a
Grip strength cut-offs deﬁned by sex- and BMI-speciﬁc cut-offs from the Cardiovascular Health Study (34).

Our study had several limitations. First, caution must be
taken against ascribing a causal relationship between lower
extremity physical performance and mortality risk from this
observational study. Associations of lower extremity function
with mortality may have been confounded by unmeasured
characteristics or by the severity of comorbid conditions that
could not be precisely captured by standard assessment. The
presence of confounding weakens the case for impaired lower
extremity performance as a direct cause for mortality but does
not detract from the argument that lower extremity performance captures the complex disease manifestations of CKD.
Second, the relatively low number of deaths increases the imprecision regarding the true magnitude of associations in the
nondialysis CKD population at large, motivating a need for
additional studies to replicate our ﬁndings in similar populations. Third, it is also possible that our follow-up time was not
sufﬁciently long enough to capture signiﬁcant differences in
survival between those with strong and weak HGS. Finally, the
incomplete assessment of self-reported exercise, which was not
collected in the University of Maryland cohort, limits any
assessment of the effect that planned exercise activity may have
on the association between physical performance and mortality. Furthermore, from our results it cannot be determined
whether lower physical activity is a consequence of or a cause of
lower physical performance in persons with CKD.
In conclusion, our study demonstrates that lower extremity
physical performance is substantially impaired in persons with
CKD not treated with dialysis and is associated with all-cause
mortality after adjustment. Associations with mortality were
similar in magnitude to kidney function and were stronger
than traditionally measured biomarkers of CKD. Measurements of lower extremity function are relatively easy to perform and may capture a complex set of skeletal muscle and
neurologic impairments that develop in CKD patients and
substantially affect their survival. These results argue for further investigation into the principle biologic mechanisms underlying decreased physical performance in CKD patients and
J Am Soc Nephrol 24: 822–830, 2013

evaluating whether interventions improving physical performance in CKD translate to improvements in overall comorbid
burden and clinical outcomes.

CONCISE METHODS
This analysis combined data from two distinct prospective cohort
studies at two different institutions. Both studies were designed to
investigate the role of physical performance measures in nondialysis
CKD patients, and used similar procedures to measure each of the
physical performance measures. Each study had its own protocol/
manual of operations for data collection procedures.

Seattle Kidney Study
The Seattle Kidney Study (SKS) is a clinic-based, prospective cohort
study of nondialysis CKD patients based in Seattle, Washington.
Beginning in 2004, participants were recruited from outpatient
nephrology clinics at HMC and the Veterans Affairs Puget Sound
Medical Center. Inclusion criteria are age .18 years and CKD deﬁned
by eGFR ,90 ml/min per 1.73 m2 or an albumin to creatinine ratio of
$30 mg/g, based on blood and urine specimens provided at the ﬁrst
study visit. Exclusion criteria are an expected initiation of renal replacement therapy or the expectation to leave the area within 3
months, previous kidney transplantation, dementia, institutionalization, participation in a clinical trial, or inability to undergo the informed consent process. All participants in this study gave written
informed consent.

UMD Study of CKD
The UMD study is an observational study of physical performance in
older community-dwelling adults with stage 3–4 CKD. Participants
were recruited from nephrology clinics at the UMD Medical Center
and the Baltimore VAMC. Inclusion criteria were age 60–85 years and
eGFR 15–60 ml/min per 1.73 m2 based on outpatient serum creatinine concentrations. Exclusion criteria included renal transplantation, dementia, institutionalization, prior stroke or carotid artery
Physical Performance and Death in CKD
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revascularization, non-English speaking, known HIV, severe anemia
(hemoglobin ,9 g/dl), and uncontrolled diabetes (glycated hemoglobin .11%).
The studies were approved by institutional review boards at the
University of Washington, University of Maryland, Baltimore, and
Veterans Affairs Health Care System. All participants provided written informed consent.

Control Population for TUAG Measurements
Controls for the TUAG test were older volunteer participants in studies
of physical function at the University of Maryland Claude Pepper Older
Americans Independence Center and the Baltimore Veterans Affairs
Geriatric Research Education and Clinical Center. These participants
were recruited from general medical clinics in the Baltimore VAMC and
from community-dwelling adults in the greater Baltimore region
responding to recruitment materials. They were free of CKD, CAD,
stroke, chronic obstructive pulmonary disease, and HIV. Those who had
hypertension and noninsulin-dependent diabetes were included.
For the purpose of this study, we combined data from SKS and
UMD study participants who had an eGFR ,90 ml/min per 1.73 m2
per the CKD-EPI equation, were not receiving chronic renal replacement therapy at the time of physical performance assessment, were
stroke-free, were not using a wheelchair, and had completed at least
one physical performance measurement. Data from both the SKS and
UMD studies were used for survival analyses.

Physical Performance Measurements
Physical performance testing was conducted from September 2006 until
June 2010 in the SKS cohort and March 2006 through June 2011 in the
UMD cohort. Study coordinators at each study site performed the
following four established tests of upper and lower extremity functioning: usual gait speed assessment, TUAG, HGS, and 6MWD. Usual gait
speed was measured by asking participants to walk at their usual pace
over a marked 4-m course, with the faster of two trials entered for analysis. TUAG was measured by recording the time to get up from a fully
seated position, walk around a cone placed 4 m away, and then return to a
seated position. The faster of two trials entered the analysis. HGS was
assessed in the participant’s dominant hand using a Takei dynamometer
(Takei Kiki Kogyo, Japan); the mean from three consecutive efforts
entered the analysis. For 6MWD, coordinators asked participants to
walk as fast as they could along a marked indoor corridor and recorded
the total distance traveled after 6 minutes. If the participant could not
complete the full 6-minute walk, the total distance completed was used.
A single 6MWD was performed per participant study visit.

Assessment of Mortality

In the SKS cohort, vital status was assessed semi-annually via phone calls
to study participants or their emergency contact. If contact was unsuccessful, then vital status was assessed using the Social Security Death
Index. In the Maryland cohort, death was assessed via chart review.

Assessment of Other Study Data
Comorbid conditions were deﬁned based on baseline participant
responses to the study questionnaires and chart review (see the Supplemental Methods for prevalent disease deﬁnitions). Physical
828
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activity was measured only among participants in the SKS cohort
using self-reported frequency of exercise, regarded as a planned,
structured, and repetitive activity. This was categorized as never exercise, ,1 time per week, 1 time per week, 2–3 times per week, and
.3 times per week. Medication use was assessed using the inventory
method at the HMC study site or using the electronic pharmacy
database at the Maryland and VA study sites; missing medication
data were veriﬁed by chart review. Coordinators measured BP and
collected serum, plasma, and urine samples; these samples were performed on the same day as the physical performance evaluation in
the SKS cohort and within 90 days of performance evaluation in
the UMD cohort. Three seated BP measurements were recorded 5
minutes apart using an automated sphygmomanometer and the average of the last two readings was used for analysis. Blood samples
were centrifuged for 20 minutes at 3300 rpm, transferred to cryovials,
and stored at 280°C. General chemistries were measured from frozen
serum using a Beckman-Coulter DXC autoanalyzer. In the SKS cohort only, serum cystatin C and CRP concentrations were measured
using the Siemens Nephelometer, which utilizes a particle-enhanced
immunonephelometric assay (N Latex Cystatin C).31 Routine calibration was performed using standards obtained from the manufacturer along with daily quality controls. We measured urinary albumin
concentration by immunoturbidimetry and urinary creatinine concentration by the modiﬁed Jaffe method.
For primary analysis, we used the CKD-EPI equation to estimate
GFR32 because serum creatinine concentrations were available for
both cohorts. In sensitivity analysis, we used cystatin C to estimate
GFR among the subset of SKS participants. Both equations provide
similar precision and accuracy compared with gold-standard radioisotope dilution methods20,21; however, cystatin C-based eGFR may
be preferable for studies of muscle function due to the interdependence of serum creatinine and muscle mass. We used the following
equation to estimate GFR by cystatin C31:
eGFRcysc ¼ 1273ðcystain CÞ 2 1:17 3 age 2 0:13
3 ð0:91 if femaleÞ 3 ð1:06 if blackÞ:

Assessment of Disability
Disability was assessed in the 327 participants in the SKS cohort by
querying participants about difﬁculties with 15 tasks of daily life,
including activities of daily living, instrumental activities of daily
living, and mobility tasks.33 Mobility tasks included the ability to walk
from room to room, walk up one ﬂight of stairs, and walk one-half mile.
Disability was deﬁned as needing some help or being unable to
perform a particular task. In keeping with previous studies, we categorized activities of daily living, instrumental activities of daily living, and
mobility disabilities as the presence of $1 disability versus none.34

Statistical Analyses
We compared each participant’s physical performance score to predicted values for HGS, gait speed, TUAG, and 6MWD using published data and normative equations to determine the percentage of
predicted value. HGS was compared with the predicted value based
on age and sex in the general population.35 Usual gait speed was
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compared with published predicted values based on sex, age, and
height.36 For TUAG, a normative equation was derived from 78
non-CKD controls at the Baltimore VAMC (Supplemental Table 1).
The percentage of predicted performance was calculated as follows:
[(observed performance)/predicted performance]3100. For TUAG,
values .100% of predicted indicated worse performance because
longer time to complete the task reﬂected slower movement. For
6MWD, normative equations were obtained from published literature for 6MWD.37 We used a paired t test to test differences in actual
physical performance from predicted values by testing the difference
between the natural log of the percentage of predicted for each individual from the natural log of 100% for each performance task.
For survival analysis, participants began accruing risk time from
the time they completed physical performance measurement and were
followed until death or censoring due to the end of available followup time. In these analyses, physical performance was measured as
continuous and dichotomous variables using established cut points
from previous studies (Supplemental Table 2).2,34,38,39 Given that a
substantial portion of participants from the SKS cohort are aged ,65
years and have a high prevalence of heart failure (24%), diabetes
(55%), and coronary heart disease (26%), we selected a 6MWD
cut-point based on previous studies of patients with cardiopulmonary disorders. Previously published studies of participants with cardiopulmonary disorders have demonstrated consistent associations
of 6MWD ,350 m with mortality. Moreover, 350 m corresponded to
the lowest 30th percentile of performance on the 6-minute walk in
our cohort.
We calculated unadjusted mortality rates for each measure as the
number of deaths per 1000 person-years and used the Kaplan–Meier
method to estimate unadjusted cumulative survival during followup, with the log-rank test to assess for statistical differences in survival. We used the Cox proportional hazards regression models to
estimate adjusted hazard ratios for all-cause mortality associated with
each physical performance measure. The proportional hazards assumption was conﬁrmed using by Schoenfeld global test. Two sets
of adjustment covariates were selected before analysis. Model 1 included age, sex, race, and study site. Model 2 added comorbidities and
cardiovascular risk factors including eGFR, smoking, BMI, diabetes,
and prevalent CAD. In a ﬁrst sensitivity analysis, we additionally adjusted for education, hemoglobin, and CRP. In a second sensitivity
analysis, we excluded individuals who had baseline mobility disability
from the analysis. In the third sensitivity analysis, we censored those
participants who died in the ﬁrst 180 days at the time of their death in
order to exclude those at imminent risk of death. We performed
multiple imputation for education and CRP using chained equations
given 8% missing data for these covariates.40
We plotted receiver operating characteristic curves to estimate
AUCs for 3-year mortality for each physical performance measure,
eGFR, and traditionally measured CKD biomarkers restricting the
analysis to participants with completed grip strength, gait speed,
and TUAG assessments to ensure a consistent study sample for comparisons between different physical performance measurements.
Differences in AUCs for these models were used to assess the added
discriminatory value of the physical performance measure for 3-year
mortality. The hold-out cross-validation method was used to obtain
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an unbiased estimate of predictive ability using a random sample
composed of 66% of the cohort.41 Final unbiased AUC results for
multivariate logistic regression models were obtained using repeated
random subsampling validation in which 10 randomly selected validation datasets each composed of 66% of the cohort were used to evaluate
the predictive ability of the model. The AUCs and SEMs derived from
these randomly generated datasets were averaged to arrive at a ﬁnal AUC
and 95% CI. The likelihood ratio test was used to test for statistically
signiﬁcant differences between nested multivariate models.
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