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Abstract
Background—Cystatin C, an alternative serum measure of kidney function, is a stronger predictor
of cardiovascular events than creatinine or estimated glomerular filtration rate (eGFR). We
hypothesized that serum cystatin C concentration would have a stronger more linear association with
cardiovascular functional status than creatinine-based measures in outpatients with established
coronary heart disease (CHD).

Methods—We measured serum cystatin C, serum creatinine, and eGFR in 906 outpatients with
established CHD. We examined the association of these 3 measures of kidney function with treadmill
exercise capacity (metabolic equivalent tasks achieved) and heart rate recovery (HRR) between peak
and 1 minute after exercise by using linear and logistic regression.

Results—Higher cystatin C concentrations were associated linearly with worse treadmill exercise
capacity and HRR. The proportion of participants with poor exercise capacity (metabolic equivalent
tasks achieved < 5) was 45% (99 of 222 participants) among those with cystatin C levels in the highest
quartile (>1.30 mg/L) compared with 12% (29 of 241 participants) among those with cystatin C levels
in the lowest quartile (<0.92 mg/L; adjusted odds ratio, 3.2; 95% confidence interval, 1.6 to 6.5; P
= 0.001). The proportion of participants with poor HRR (<16 beats/min) was 42% (92 of 214
participants) among those with cystatin C levels in the highest quartile compared with 16% (37 of
238 participants) among those with cystatin C levels in the lowest quartile (adjusted odds ratio, 2.2;
95% confidence interval, 1.2 to 4.0; P = 0.01). The lowest quartile of eGFR (<61.8 mL/min [<1.03
mL/s]) was associated with decreased exercise capacity and prolonged HRR, but no difference was
observed across the upper 3 quartiles of eGFR.

Conclusion—In patients with established CHD, cystatin C concentrations are associated linearly
with worse exercise capacity and HRR. Cystatin C detects an association of impaired kidney function
with decreased HRR and exercise capacity that is not fully captured using creatinine-based
measurements.
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Cystatin C is a low-molecular-weight protein produced by nearly all nucleated cells, freely
filtered by the glomerular membrane, and metabolized by the proximal tubule.1 Increased
serum cystatin C levels predict cardiovascular outcomes in outpatients with and without known
coronary heart disease (CHD) and in patients presenting with acute coronary syndromes.2-6

Cystatin C has a more linear association with cardiovascular mortality and adverse events than
creatinine-based measurements.5 A recent study defined elderly persons with increased
cystatin C levels and estimated glomerular filtration rate (eGFR) greater than 60 mL/min (>1.00
mL/s) as having preclinical kidney disease and found this group to have increased risks of
cardiovascular disease and incident chronic kidney disease (CKD).7 No prior study evaluated
the association of cystatin C level with cardiovascular functional status in patients with
established CHD or compared it with creatinine-based measurements.

Treadmill exercise capacity and heart rate recovery (HRR) after exercise are objective
measures of cardiac functional status that are well-validated independent predictors of
cardiovascular and all-cause mortality.8-13 Recovery of the heart rate immediately after
exercise is thought to be a function of vagal reactivation. A delayed decrease in heart rate during
the first minute after exercise likely reflects decreased vagal activity and is a powerful predictor
of overall mortality.14

We hypothesized that cystatin C level would be associated strongly and linearly with exercise
capacity and HRR and have a stronger association than creatinine-based measurements. To
examine the association of cystatin C level with cardiovascular functional status, we measured
serum cystatin C and creatinine, treadmill exercise capacity, and HRR after exercise in 906
outpatients with established CHD who were enrolled in the Heart and Soul Study.

METHODS
Participants

The Heart and Soul Study is a prospective cohort study designed to evaluate the influence of
psychosocial factors on health outcomes in outpatients with CHD. Details regarding
recruitment procedures and inclusion and exclusion criteria were published previously.15 In
brief, we used administrative databases to identify outpatients with stable CHD at 2 Department
of Veterans Affairs Medical Centers, 1 university medical center, and 9 public health clinics
in the San Francisco Bay Area. Patients were eligible to participate if they met 1 of the following
inclusion criteria: history of myocardial infarction, angiographic evidence of greater than 50%
stenosis in 1 or more coronary vessel, evidence of exercise-induced ischemia by treadmill
testing, or history of coronary revascularization. We excluded patients who were unable to
walk 1 block, had a myocardial infarction in the preceding 6 months, or were planning to move
out of the local area within 3 years.

Between September 2000 and December 2002, a total of 1,024 participants completed a
baseline study appointment that included a medical history interview, physical examination,
and comprehensive health status questionnaire. Of these, 84 participants were not able to
perform the exercise treadmill test and 34 participants were not able to provide a serum sample.
The remaining 906 participants constituted the analytic sample for the present cross-sectional
analysis. This protocol was approved by the appropriate institutional review boards, and all
participants provided written informed consent.
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Predictor Variables
Cystatin C was measured from fasting serum samples collected between September 2000 and
December 2002 and stored at −70°C using a BNII nephelometer (Dade Behring Inc, Deerfield,
IL) with a particle-enhanced immunonephelo-metric assay (N Latex Cystatin C; Dade Behring
Inc).16 Monoclonal antibodies to cystatin C were coated on polysty-rene particles that
agglutinate to increase the intensity of scattered light in proportion to cystatin C concentration.
The assay range is 0.195 to 7.330 mg/L. The detection limit of the assay is 0.05 mg/L, analytical
sensitivity is 0.005 mg/L, and the reference range for healthy persons is 0.53 to 0.95 mg/L.
Interassay and intra-assay coefficients of variation are less than 3.1%.7 Serum creatinine was
determined by using the Jaffé reaction from venous samples obtained during the study visit.7
We used the 4-variable Modification of Diet in Renal Disease equation to calculate eGFR17:
eGFR = (186 × [serum creatinine/88.4] − 1.154) × (age) − 0.203 × (0.742 if female) × (1.210
if African American). Kidney function was categorized into quartiles by using cystatin C,
eGFR, or serum creatinine. We also used both eGFR and cystatin C level to categorize
participants as having CKD (eGFR < 60 mL/min [<1.00 mL/s]), preclinical kidney disease
(pre-CKD; eGFR > 60 mL/min [>1.00 mL/s] and cystatin C ≥ 1.0 mg/L), or normal kidney
function (eGFR > 60 mL/min [>1.00 mL/s] and cystatin C < 1.0 mg/L).

Outcomes
Each participant underwent a symptom-limited graded exercise treadmill test according to a
standard Bruce protocol.18 To achieve maximum heart rate, participants who were unable to
continue the standard Bruce protocol (for orthopedic or other reasons) were switched to slower
settings on the treadmill and encouraged to exercise for as long as possible. Continuous 12-
lead electrocardiographic monitoring was performed throughout the testing, and exercise
capacity was calculated as total metabolic equivalent tasks (METs) achieved at peak exercise
(1 MET = 3.5 mL of oxygen uptake per kilogram of body weight per minute). For participants
who required modification of the Bruce protocol, exercise capacity was determined as total
METs achieved at peak exercise. These patients were included in all analyses. We defined poor
(<5 METs) exercise capacity according to previously published criteria.9 After achieving
maximal workload, subjects were immediately placed supine. Heart rate was measured exactly
1 minute after termination of exercise to compensate for the effects of physiological venous
blood redistribution in the immediate postexercise period. HRR was calculated as the
difference between maximal heart rate during exercise and heart rate 1 minute into recovery.
For purposes of analysis, we categorized poor HRR as the lowest quartile compared with the
upper 3 quartiles of HRR.19

Potential Confounding Variables
Age, ethnicity, education, income, marital status, smoking, alcohol use, angina frequency, and
physical activity were determined by means of questionnaire. Medical history was determined
by self-report. Resting heart rate was obtained as part of the intake physical examination, and
body mass index was calculated as weight in kilograms divided by the square of height in
meters. Participants were instructed to bring their medication bottles to the study appointment,
and study personnel recorded all current medications. Hemoglobin and albumin were measured
from venous blood samples.

Systolic and diastolic blood pressures were measured with the patient at rest by trained study
personnel using a calibrated sphygmomanometer. A complete resting 2-dimensional
echocardiogram, including all standard views, was used to determine left ventricular ejection
fraction. We calculated wall motion score index immediately postexercise as our measure of
ischemia. The wall motion score index represents the sum of wall motion scores from 16
possible wall segments divided by the number of segments visualized.20 Thus, a normally
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contracting left ventricle received a wall motion score index of 1 (16/16 = 1), and higher scores
indicate worse contractility.

Statistical Analysis
Differences in baseline characteristics between participants with and without poor exercise
capacity (METs < 5) were compared by using t-tests for continuous variables that were
normally distributed, Wilcoxon tests for continuous variables that were not normally
distributed, and chi-square tests (or Fisher exact test) for dichotomous variables. We examined
the 3 measures of kidney function (cystatin C level, eGFR, and serum creatinine level) and the
2 measures of cardiac function (exercise capacity and HRR) as both continuous and categorical
variables. We first compared the association of each kidney function measure categorized in
quartiles with continuous measures of exercise capacity and HRR by using linear regression.
Next, we entered each kidney function measure as a continuous predictor variable and
determined areas under the receiver operating characteristic (ROC) curves for predicting poor
exercise capacity and HRR as dichotomous outcome variables. We calculated 95% confidence
intervals (CIs) for ROC areas by using DeLong’s formula for SEs.

Finally, we used multivariate logistic regression to evaluate the association of kidney function
categories with poor exercise capacity or HRR as dichotomous outcome variables. Multivariate
analyses were adjusted for all variables listed in Table 1.

Analyses were performed using Statistical Analysis Software (version 9.1; SAS Institute Inc,
Cary, NC).

RESULTS
Of 906 participants, 218 (24%) had poor exercise capacity (METs < 5). Compared with
participants who achieved METs of 5 or greater, those with poor exercise capacity were older
and less likely to have attained a high school education, had lower income, and were less likely
to be married (Table 1). They were more likely to have hypertension, congestive heart failure,
diabetes, peripheral vascular disease, chronic obstructive pulmonary disease, and a history of
stroke, but less likely to have undergone prior revascularization. Participants with poor exercise
capacity had greater body mass index, but lower ejection fraction, albumin level, hemoglobin
level, and diastolic blood pressure. Participants with poor exercise capacity also were more
likely to be using a renin-angiotensin inhibitor and less likely to be using aspirin or a statin
(Table 1).

In linear regression analyses, increasing quartiles of cystatin C levels were associated with
progressively worse exercise capacity. After multivariate analysis, participants with cystatin
C concentrations in quartiles III and IV had 1.0 and 1.7 METs lower exercise capacity than
those with cystatin C concentrations in the lowest quartile (Table 2). Quartiles II and III of
eGFR and creatinine were associated with less substantial decreases in exercise capacity, and
only the fourth quartile of eGFR was significantly different from the first quartile in
multivariate analysis. When entered as continuous variables, areas under the ROC curve for
predicting poor exercise capacity (METs < 5) were 0.71 (95% CI, 0.67 to 0.75) for cystatin C
level, 0.59 (95% CI, 0.54 to 0.63) for serum creatinine level, and 0.62 (95% CI, 0.58 to 0.66)
for eGFR.

Results were similar for HRR. In adjusted analyses, the third and fourth quartiles of cystatin
C were associated with slower HRR (P = 0.06 and 0.001); whereas only the fourth quartiles
of creatinine level and eGFR were statistically significant (Table 3). Areas under the ROC
curves for predicting poor HRR (<16 beats/min) were 0.66 (95% CI, 0.62 to 0.70) for cystatin
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C level, 0.59 (95% CI, 0.54 to 0.63) for serum creatinine level, and 0.62 (95% CI, 0.57 to 0.66)
for eGFR.

We evaluated the association of cystatin C level quartiles with poor exercise capacity, defined
as achieved METs less than 5. The prevalence of poor exercise capacity ranged from 12% in
the lower 2 quartiles to 45% in the highest quartile (Table 4). After multivariate adjustment,
the fourth quartile retained a 3-fold odds of poor exercise capacity compared with the first
quartile. The prevalence of poor HRR increased across quartiles of cystatin C levels from 16%
to 42%. In adjusted analysis, the highest quartile had a 2-fold odds of poor HRR compared
with the lowest quartile.

We repeated these logistic regression analyses using kidney function categories that
incorporated both eGFR and cystatin C level (Table 5). Compared with participants who had
normal kidney function, those with pre-CKD had a 2.2-fold odds of poor exercise capacity and
a 1.7-fold odds of poor HRR in adjusted analyses. Participants with CKD had a 2.8-fold odds
of poor exercise capacity and a 2.2-fold odds of poor HRR in multivariate analyses.

DISCUSSION
We found that greater concentrations of cystatin C had nearly linear associations with poor
exercise capacity and HRR in patients with CHD. Compared with participants who had cystatin
C concentrations in the lowest quartile, those in the upper 3 quartiles had progressively worse
tread-mill exercise capacity and HRR after exercise. Conversely, associations of serum
creatinine level and eGFR with poor cardiac function were limited to those in the worst quartile
of kidney function. When combining cystatin C level and eGFR, participants who had pre-
CKD (cystatin C ≥ 1.0 mg/L and normal eGFR) had significantly worse exercise capacity and
HRR compared with persons who had normal cystatin C level (<1.0 mg/L) and normal eGFR.
Our findings suggest that cystatin C level is an independent correlate of poor cardiovascular
functional status in persons with established CHD.

Prior studies of the relation between cystatin C levels and major cardiovascular outcomes
evaluated either outpatient populations without preexistent CHD or patients presenting with
acute coronary syndrome. No prior study examined the association of cystatin C level with
severity of cardiovascular functional status in patients with established CHD. Moreover, no
prior study compared cystatin C levels with creatinine-based measurements of renal function
as a predictor of cardiovascular functional status. We found that cystatin C levels were
distributed over a range similar to that seen in prior studies and was associated inversely with
2 established measures of cardiovascular functional status: exercise capacity and HRR.
Cystatin C levels also had more linear associations with these end points than creatinine-based
measurements. HRR and exercise capacity had similar distributions in this population
compared with prior studies of patients with CHD.

Cystatin C level was reported to be superior to creatinine-based measurements in predicting
incident cardiovascular disease, heart failure, and mortality.2-5 The distinction between the 2
filtrating markers is pronounced in persons with eGFR greater than 60 mL/min (>1.00 mL/s);
cystatin C level retains a strong association with cardiovascular risk in persons with eGFR
greater than 60 mL/min (>1.00 mL/s), whereas creatinine level and eGFR have no significant
association.21 We previously showed that CKD, defined as creatinine clearance less than 60
mL/min (<1.00 mL/s), was associated with a 6-fold odds of poor exercise capacity in the Heart
and Soul cohort compared with the highest creatinine clearance.22 Our current study extends
these findings by detecting a broader association of cystatin C level with decreased exercise
capacity and poor HRR that extends to persons with pre-CKD. Because prior data suggest that
cystatin C level more accurately reflects mild decreases in GFR than creatinine-based
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measurements, our results suggest that even mildly impaired kidney function is associated with
greater severity of functional cardiovascular disease.23

Mechanisms for the association of cystatin C level with severity of cardiovascular functional
capacity are not well understood. One possibility is that anemia associated with kidney disease
may lead to poor cardiovascular function.22 However, adjustment for hemoglobin level did not
affect the association of cystatin C with exercise capacity or HRR. Another possibility is that
volume overload may lead to poor exercise capacity or HRR. However, adjustment for left
ventricular ejection fraction, history of congestive heart failure, and resting heart rate did not
change the association of cystatin C level with cardiovascular functional capacity. A third
possibility is that the poor nutritional status and frailty associated with kidney disease may lead
to decreased cardiovascular conditioning.24-27 Nonetheless, adjustment for albumin level,
body mass index, and medical comorbidities did not eliminate the association of cystatin C
level with these outcomes. Another possibility is that decreasing GFR, captured better with
cystatin C than creatinine level, is a manifestation of cumulative exposure to cardiovascular
risk factors and is linked to decreased cardiovascular functional capacity by residual
confounding.

Several limitations must be considered in interpreting our results. First, we evaluated the
association of cystatin C level and exercise capacity in a population of largely older white men;
thus, our results may not generalize to other groups of patients. Second, the cross-sectional
design of our analysis does not allow us to determine the direction of association or allow for
causal inference. Third, as stated, we cannot exclude the possibility that the association of
cystatin C level with exercise capacity and HRR was confounded by unmeasured factors.

In summary, we found that greater cystatin C levels were associated independently with
decreased exercise capacity and HRR in patients with CHD. We found that cystatin C level
had more linear associations with poor exercise capacity and HRR than creatinine-based
measures. Our findings suggest that CKD, as well as pre-CKD, is associated with worse
cardiovascular functional capacity among outpatients with established CHD. Poor functional
capacity may contribute to the increased risk of cardiovascular events associated with elevated
cystatin C levels and CKD.
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