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A B S T R A C T

Background: Cystatin C may add explanatory power for associ-
ations with mortality in combination with other filtration
markers, possibly indicating pathways other than glomerular fil-
tration rate (GFR). However, this has not been firmly estab-
lished since interpretation of associations independent of meas-
ured GFR (mGFR) is limited by potential multicollinearity
between markers of GFR. The primary aim of this study was to
assess associations between cystatin C and mortality, independ-
ent of mGFR. A secondary aim was to evaluate the utility of
combining cystatin C and creatinine to predict mortality risk.
Methods: Cox regression was used to assess the associations of
cystatin C and creatinine with mortality in 1157 individuals
referred for assessment of plasma clearance of iohexol.
Results: Since cystatin C and creatinine are inversely related
to mGFR, cystatin C�1 and creatinine�1 were used. After adjust-
ment for mGFR, lower cystatin C�1 (higher cystatin
C concentration) and higher creatinine�1 (lower creatinine con-
centration) were independently associated with increased mortal-
ity. When nested models were compared, avoiding the potential
influence of multicollinearity, the independence of the associa-
tions was supported. Among models combining the markers of
GFR, adjusted for demographic factors and comorbidity, cystatin
C�1 and creatinine�1 combined explained the largest proportion
of variance in associations with mortality risk (R2¼ 0.61).
Addition of mGFR did not improve the model.
Conclusions: Our results suggest that both creatinine and cysta-
tin C have independent associations with mortality not explained
entirely by mGFR and that mGFR does not offer a more precise

mortality risk assessment than these endogenous filtration
markers combined.

Keywords: creatinine, cystatin C, epidemiology, GFR, prognosis

I N T R O D U C T I O N

Chronic kidney disease (CKD) with reduced glomerular filtration
rate (GFR) is an important risk factor for cardiovascular disease
(CVD) and increased mortality [1]. Measurements of GFR by
exogenous filtration markers (mGFR) and estimates of GFR
(eGFR) using the endogenous filtration markers cystatin C
(eGFRcys) and creatinine (eGFRcrea) display associations with
mortality not fully explained by variation in GFR precision [2–9].
Non-GFR determinants of cystatin C and creatinine serum con-
centrations influencing production rate, sieving coefficient or
extra-renal clearance may help explain differences and possibly
contribute to mortality risk assessment.

Earlier studies suggest the existence of non-GFR factors associ-
ated with increased mortality that increase cystatin C concentra-
tion (lowering eGFRcys), but interpretation is complicated by the
high degree of collinearity between cystatin C and mGFR [7, 10,
11]. Cystatin C has also been shown to have residual associations
with cardiovascular risk factors, including markers of inflamma-
tion, after adjustment for mGFR [12–16]. Low creatinine produc-
tion, mainly seen in individuals with low muscle mass, is a
powerful predictor of mortality. This attenuates the association
between higher creatinine concentration (lower eGFRcrea) and
increased mortality when a single marker of GFR is used.
Utilizing creatinine’s non-GFR associations with mortality has,||

|

VC The Author 2017. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.

663

Nephrol Dial Transplant (2017) 32: 663–670
doi: 10.1093/ndt/gfx004
Advance Access publication 1 March 2017



||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
|apart from in dialysis patients with negligible GFR, required timed

urinary samples to quantify creatinine excretion [17–21].
Here we present associations with all-cause mortality for cys-

tatin C and creatinine after adjustment for mGFR in a clinical
sample of 1157 individuals referred for assessment by plasma
iohexol clearance. The primary aim was to assess whether cysta-
tin C is associated with mortality independent of mGFR. A sec-
ondary aim was to evaluate the utility of combining cystatin C
and creatinine to predict mortality risk. Filtration markers are
highly collinear with mGFR and multicollinearity may influence
the magnitude and the statistical significance of each measure’s
association with mortality when included in the same models.
However, combining them will not limit the evaluation of the
independent information on mortality risk for each marker
when nested models are compared [22]. Evaluation of possible
collinearity influences was undertaken and the independent
association with mortality risk for each marker of GFR is eval-
uated by comparing the performance of nested models. Since
cystatin C and creatinine are inversely related to mGFR, cystatin
C�1 and creatinine�1 are used to facilitate interpretation.

M A T E R I A L S A N D M E T H O D S

Study sample

The study population comprises a consecutive patient series
of 1286 Swedish residents�18 years of age referred to the
Department of Laboratory Medicine at €Orebro University
Hospital for measurement of GFR by plasma iohexol clearance
between 2004 and 2010 with sufficient serum to determine cys-
tatin C and creatinine (>99%). Major indications for referral
were a CKD diagnosis and follow-up, evaluation for treatment
with drugs cleared by the kidneys (including chemotherapeutic
drugs), evaluation of potential kidney donors and follow-up of
patients treated with lithium. Individuals with an earlier diagno-
sis of end-stage renal disease (ESRD; n¼ 129) were excluded,
resulting in a study population of 1157. All procedures involv-
ing patients and data were in accordance with the Helsinki
Declaration of 1975 on ethical principles for medical research
involving human subjects [23]. The study was approved by the
ethical review board of Uppsala, Sweden (registration number
2013/065), which waived informed consent.

Baseline measurements

Details of the methods and instruments used for determina-
tion of plasma clearance of iohexol, serum cystatin C and serum
creatinine are given in the Supplementary data. For plasma clear-
ance of iohexol, the single-sample method was used [24–26]. All
creatinine assays used calibrators traceable to isotope dilution
mass spectrometry.

The Swedish National Patient Register (NPR) provided
information on diagnoses before the date of iohexol clearance
measurement. The NPR has information on inpatient diagnoses
and procedures since 1964, with outpatient records since 2001
[27, 28]. Supplementary data, Table S1 contains the diagnostic
codes used to define ESRD, diabetes, CVD and cancer.

Follow-up and outcome

Patients entered the study between 23 June 2004 and
21 December 2010. The end of follow-up was on 31 December
2012 and 706 (61.0%) patients were available for at least 5 years
of follow-up. Vital status information was provided by the
Swedish Cause of Death Register [29].

Statistical analysis

Associations of baseline markers of kidney function with
mortality were examined using Cox regression. No exclusion of
statistically suggested extreme outliers was performed, as they
were considered biologically plausible. Time at risk was calcu-
lated from the date of the iohexol clearance examination to the
date of death, emigration or end of follow-up, whichever
occurred first. The adjusted models included age, sex, body
mass index (BMI) and pre-existing diagnoses of CVD, diabetes
and cancer. The variables were pre-specified and no data-
dependent selection was performed. An interaction term
between pre-existing diagnoses of CVD and cancer (evaluated
on the multiplicative scale) was included. The adjusted Cox
regression models selected for Table 3 and Supplementary data,
Table S3 further allowed for different baseline functions by can-
cer status and tenths of the age distribution. Hazard ratios
(HRs) were calculated comparing the median value of quintiles
of cystatin C�1, creatinine�1 and mGFR with a reference value,
which was chosen to approximate the median of the range of
normal values for each marker (age< 50 years and averaging
men and women): creatinine 75 mmol/L, cystatin C 0.925 mg/L
and mGFR 100 ml/min/1.73 m2.

Linearity of the relationship between the log hazard function
and continuous variables (functional form) was assessed by
applying the multivariable fractional polynomial (MFP)
method [30, 31]. The MFP analysis detected non-linear associa-
tions and suggested transformations of creatinine�1, cystatin
C�1, mGFR and BMI to achieve the best-fitting functional
form. The transformations in each model are specified in the
Supplementary data. The assumption of proportional hazards
was assessed using a Grambsch–Therneau test of the scaled
Schoenfeld residuals from a Cox model [32].

Pearson and Spearman correlations were used for the GFR
markers to understand potential collinearity effects. Variance
inflation factors (VIFs) and tolerance were calculated to exam-
ine possible multicollinearity in a model including the markers
of GFR and the other variables. The independent contribution
of each GFR marker to the performance of Cox regression mod-
els for all-cause mortality was assessed by comparing nested
models where each kidney function marker was added to differ-
ently adjusted models (the base model included age, sex, BMI,
pre-existing diagnoses of diabetes, CVD or cancer; base model
and mGFR; base model and creatinine�1; base model, crea-
tinine�1 and cystatin C�1). The likelihood ratio test was applied
to evaluate statistically significant differences in model fit. The
proportion of variance explained was evaluated by an adaption
of the adjusted R2 proposed by Royston for censored survival
data [33]. Discrimination was measured using Harrell’s con-
cordance index (C-index) modified as proposed by Gönen and
Heller [34]. The category free net reclassification improvement
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(NRI> 0) was calculated at 5 years (approximate mean follow-
up time) as the sum of the event NRI> 0 (the net proportion of
patients experiencing an event reclassified to a higher risk) and
the non-event NRI> 0 (the net proportion of patients not expe-
riencing an event reclassified to a lower risk). Bootstrapping
with 1000 samplings was performed to attain 95% confidence
intervals (CIs) for the NRI> 0 components [35, 36]. Sensitivity
analyses included exclusion of extreme outliers for the markers
of GFR and checking the adequacy of fractional polynomial
functions in the final adjusted model using spline-based tests,
detailed in the Supplementary data. P-values were two-sided
and considered statistically significant at the 0.05 level. All stat-
istical analyses were conducted using STATA 14 software
(StataCorp, College Station, TX, USA).

R E S U L T S

Study population

Baseline characteristics of the study population and mortal-
ity rates are given in Table 1. By the end of follow-up on 31
December 2012, 312 patients had died, 1 patient had emigrated
and no others were lost to follow-up. The mean follow-up time
was 4.71 years and the overall mortality rate was 5.73 individu-
als/100 person-years. The main causes of death were CVD
(n¼ 95), cancer (n¼ 78) and kidney failure (n¼ 24). The rela-
tively high mortality rate reflects that the study population was
referred for assessment of GFR by hospital departments rather
than a general population sample.

Model evaluation

Correlation plots for the markers of GFR are presented in
Supplementary data, Figure S1 and multicollinearity diagnostics
in Supplementary data, Table S2. The VIFs indicate the degree
to which the standard errors are inflated due to collinearity and
tolerance (the reciprocal of VIF) values indicate the percentage
of variance in one independent variable that is not accounted
for by the other independent variables. When cystatin C�1, cre-
atinine�1 and all covariates used in the adjusted models are
included, the VIFs for the markers of GFR are 2.85–3.46 (toler-
ance 0.29–0.35) and with mGFR included 4.22–9.62 (tolerance
0.10–0.24).

The functional form for markers of GFR changed in the
presence of a second filtration marker in the Cox model.
Creatinine�1 had a J-shaped association with all-cause mortality
in unadjusted analysis, where both the lowest and highest values
were associated with increased mortality. After adjustment for
cystatin C�1 or mGFR, the J-shape disappeared and higher cre-
atinine�1 was associated with increased mortality risk. Lower
cystatin C�1 was consistently associated with increased mortal-
ity before and after adjustment for creatinine�1 or mGFR.
Adjustment for creatinine�1 increased the gradient of the linear
association between lower mGFR and increased mortality, while
adjustment for cystatin C�1 had the opposite effect, reversing
the direction of the association.

The contribution of each filtration marker and mGFR to the
performance of Cox regression models was evaluated by

comparing nested models (Table 2). The single addition of cysta-
tin C�1, creatinine�1 or mGFR significantly improved the mod-
els (likelihood ratio test) and increased the proportion of
variance explained (adjusted R2 statistic) [33]. The addition of
mGFR did not improve the adjusted model that included cysta-
tin C�1 and creatinine�1. The largest differences and largest
increase in explained variation were observed when cystatin C�1

was added to the models, indicating a highly statistically signifi-
cant association with all-cause mortality independent of the
potential confounding factors. Notably, both cystatin C�1 and
creatinine�1 improved the model which included mGFR and the
base model. Cystatin C�1 further improved the model including
the base model and creatinine�1, reaching the highest R2 value.

The ability of the models to distinguish between high and
low mortality risk were compared using Gönen and Hellers
concordance index, which is not affected by censoring [34].
Since concordance indices are insensitive measures for

Table 1. Baseline characteristics and mortality

n (%) Deaths Mortality rate

mGFR (5ths; mL/min/1.73 m2)
12–25 239 (20.7) 115 11.46 (9.54–13.76)
26–42 229 (19.8) 86 8.41 (6.81–10.39)
43–64 237 (20.5) 53 4.66 (3.56–6.09)
65–87 230 (19.9) 36 3.26 (2.35–4.51)
88–141 222 (19.2) 22 1.87 (1.23–2.85)

Cystatin C�1 (5ths)
0.16–0.39 233 (20.1) 133 14.70 (12.40–17.43)
0.39–0.56 234 (20.2) 69 6.36 (5.02–8.05)
0.56–0.79 229 (19.8) 57 5.08 (3.92–6.59)
0.80–1.04 235 (20.3) 34 2.90 (2.07–4.05)
1.05–2.78 226 (19.5) 19 1.64 (1.05–2.57)

Creatinine�1 (5ths)
0.13–0.49� 10�2 232 (20.1) 98 9.57 (7.85–11.66)
0.50–0.75� 10�2 231 (20.0) 91 8.81 (7.17–10.81)
0.75–1.00� 10�2 232 (20.1) 42 3.75 (2.77–5.07)
1.00–1.28� 10�2 231 (20.0) 35 3.02 (2.17–4.20)
1.28–3.66� 10�2 231 (20.0) 46 4.16 (3.11–5.51)

Age (years)
18 � 30 90 (7.8) 4 0.89 (0.33–2.37)
30 � 50 247 (21.3) 18 1.31 (0.82–2.07)
50 � 70 524 (45.3) 132 5.40 (4.55–6.40)
70 � 80 229 (19.8) 114 12.12 (10.08–14.56)
�80 67 (5.8) 44 19.27 (14.34–25.90)

Sex
Male 663 (57.3) 191 6.13 (5.32–7.07)
Female 494 (42.7) 121 5.19 (4.35–6.21)

BMI (kg/m2)
Underweight, <18.5 35 (3.0) 17 11.43 (7.11–18.40)
Normal weight, 18.5 < 25 396 (34.2) 112 6.10 (5.07–7.34)
Overweight, 25 < 30 421 (36.4) 101 4.87 (4.01–5.92)
Obese, �30 305 (26.4) 82 5.91 (4.76–7.34)

CVD
No 547 (47.3) 91 3.31 (2.69–4.06)
Yes 610 (52.7) 221 8.21 (7.20–9.37)

Diabetes
No 897 (77.5) 196 4.51 (3.92–5.19)
Yes 260 (22.5) 116 10.57 (8.81–12.68)

Cancer
No 968 (83.7) 216 4.54 (3.97–5.18)
Yes 189 (16.3) 96 14.05 (11.50–17.16)

Categorical variables are given as n (%) and mortality rate as deaths/100 person-years
(95% CI).
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quantifying the increment in discriminative power comparing
nested models, we also included a reclassification measure [35].
The category free NRI allows for interpretation in terms of sen-
sitivity and specificity and quantifies the increment in discrimi-
nation with less dependence on the distribution of other risk
factors in the model, producing a measure that is more marker
specific and less model specific [35, 36]. Both cystatin C�1 and
creatinine�1 produced a positive NRI> 0 when added to the
base model including mGFR (Table 2). For creatinine�1, the
increase in predictive power was limited to the net proportion
of patients without an event reclassified to a lower risk, which
represents an increase in specificity. Cystatin C�1 consistently
produced both positive event and non-event NRI> 0 values of
the highest magnitude. When mGFR was added to the adjusted
model combining cystatin C�1 and creatinine�1, no increase in
discriminative power was observed.

Final model

Table 3 displays the HRs for the associations of cystatin C�1,
creatinine�1 and mGFR with all-cause mortality, comparing
median values of fifths of the marker with reference values (cys-
tatin C 0.925 mg/L, creatinine 75 lmol/L, mGFR 100 mL/min/
1.73 m2) chosen from a range of normal values. The four mod-
els are unadjusted, adjusted for potential confounding factors
(model 1), additionally adjusted for mGFR (model 2) and
adjusted for potential confounders, cystatin C�1 and crea-
tinine�1 (model 3). Plots of the HRs from model 3 and the dis-
tribution of each marker are presented in Figure 1. Lower
cystatin C�1 (higher cystatin C and lower eGFRcys) was associ-
ated with increased mortality. Higher creatinine�1 (lower crea-
tinine and a higher eGFRcrea) was associated with increased
mortality. A full version of Table 3, with all models, is provided
as Supplementary data, Table S3. In sensitivity analyses for
influences of age and BMI or exclusion of patients with cancer
the associations remained highly statistically significant. Age
influenced the magnitude of the estimates for cystatin C, indi-
cating age is a component of the association (Supplementary
data, Table S4).

D I S C U S S I O N

Our aim was to assess the association of cystatin C with all-
cause mortality in order to identify the extent to which it pro-
vides additional explanatory power. Using data from 1157
patients referred for determination of GFR by plasma clearance
of iohexol, we found statistically significant associations with
increased mortality risk for lower cystatin C�1 and higher crea-
tinine�1 after adjustment for mGFR (which did not add addi-
tional explanatory power to the combination of cystatin C and
creatinine). These three markers are highly correlated, so we
assessed this issue.

Although multicollinearity diagnostics did not indicate
problematic collinearity effects (VIF< 5 in models combining
cystatin C�1 and creatinine�1 and < 10 when mGFR is also
included), HR CIs are relatively wide in models combining
markers of GFR, possibly influenced by collinearity [37].
Although collinearity may limit accurate determination of the
magnitude of associations with all-cause mortality independent
of mGFR for cystatin C�1 and creatinine�1, it does not limit
evaluation of improvement in model performance for a predic-
tor when comparing nested models [22]. To further evaluate
the independent association of each marker of GFR with mor-
tality, without the influence of collinearity and to address our
aim to evaluate the utility of combining cystatin C and creati-
nine to predict mortality risk, we compared the proportion of
variance explained and the discriminative power of nested
models. This supported the assertion that both cystatin C�1 and
creatinine�1 identify associations with mortality risk not
accounted for entirely by mGFR. Once cystatin C�1 and crea-
tinine�1 were combined in a fully adjusted model, the inclusion
of mGFR did not add any additional explanatory or discrimina-
tory power. These findings suggest that cystatin C and creati-
nine identify biological pathways related to mortality risk not
measured by mGFR.

If mGFR had poor precision, our results might be explained
by increased precision when additional markers of GFR are
included [38]. In an extensive systematic review, plasma

Table 2. Evaluation of Cox regression models for all-cause mortality

Likelihood ratio test Adjusted R2 C-index NRI>0

Baseline modela Tested marker
in the expanded
modela

Deviance
difference

P-value Event (95% CI) Non-event (95% CI) Total (95% CI)

Base modelb 0.492 0.755
mGFR 4.81 0.03 0.497 0.756 0.19 (0.07–0.31) 0.09 (0.02–0.15) 0.28 (0.15–0.42)
Creatinine�1 14.00 <0.01 0.508 0.757 �0.12 (�0.24–0.00) 0.41 (0.35–0.47) 0.28 (0.14–0.42)
Cystatin C�1 35.73 <0.001 0.536 0.757 0.13 (0.01–0.25) 0.26 (�0.20–0.33) 0.40 (0.26–0.53)

Base model þ mGFR Creatinine�1 26.13 <0.001 0.532 0.763 0.00 (�0.13–0.12) 0.28 (0.22–0.35) 0.28 (0.14–0.42)
Cystatin C�1 48.70 <0.001 0.556 0.760 0.13 (0.01–0.25) 0.26 (0.19–0.32) 0.39 (0.26–0.52)

Base model þ
creatinine�1

Cystatin C�1 104.16 <0.001 0.613 0.771 0.15 (0.03–0.27) 0.35 (0.29–0.41) 0.50 (0.36–0.64)

Base model þ
creatinine�1 þ
cystatin C�1

mGFR 0.07 0.79 0.612 0.771 �0.02 (�0.14–0.10) 0.02 (�0.04–0.09) 0.01 (�0.13–0.14)

aNon-linearity of the association for cystatin C�1, creatinine�1, mGFR and BMI was modeled as specified in the Supplementary data.
bBase model includes age, sex, BMI and pre-existing diagnoses of CVD, diabetes and cancer.
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|clearance of iohexol was assessed as an accurate method for

measuring GFR comparable to inulin clearance, which is the
reference method [26]. The analytical variation and the consid-
erable within-subject biological variation of mGFR have been
quantified as a total coefficient of variation in the range of 5–
11% [26, 39]. Thus we cannot rule out that the associations with
mortality for cystatin C�1 and creatinine�1 after adjustment for
mGFR in our study are mediated by a stronger association with
true GFR rather than mGFR. Cystatin C�1 and creatinine�1 are
complementary in their associations with mortality and are
influenced by non-GFR factors associated with increased mor-
tality in opposite directions. Increased precision in determining
GFR is unlikely to fully explain our findings.

Non-GFR mechanisms linking cystatin C with mortality have
not been studied extensively. An association independent of
mGFR for individuals with CKD is supported by data from the
Modification of Diet in Renal Disease study [7]: the results sug-
gest non-GFR associations of cystatin C with mortality, but also
possibly reflecting residual associations with GFR itself or colli-
nearity between cystatin C and mGFR. In African Americans
with hypertensive kidney disease and reduced mGFR, Bhavsar
et al. [11] found an association of cystatin C with mortality or
ESRD, independent of mGFR. In a study from the CKD
Biomarkers Consortium, eGFRcys was associated with mortality
independent of mGFR in 250 southwestern Native Americans
with type 2 diabetes [10]. Higher cystatin C has also been associ-
ated with fatal and non-fatal cardiovascular events in dialysis
patients with a negligible GFR [40]. Indirect evidence can also be
derived from several studies demonstrating associations with

cardiovascular risk factors, including inflammatory markers, for
lower eGFRcys or higher cystatin C after adjustment for mGFR
[12–16]. It has also been shown that eGFRcys has a greater mag-
nitude association with mortality than the more precise eGFR
based on creatinine and cystatin C combined and that a decrease
in mGFR is not more predictive of mortality than a decrease in
eGFRcys or eGFRcrea [2, 6, 8, 9, 41–43]. This is consistent with
our results, providing evidence for both a GFR and a non-GFR
component in the association of cystatin C with mortality.

The physiological function of cystatin C is to inhibit the
activity of cysteine proteases, which are central in both inflam-
mation and degradation of damaged proteins [44]. Few non-
GFR determinants directly influencing the plasma cystatin C
level have been established conclusively, so possible biological
pathways linking factors associated with cystatin C independent
of mGFR and mortality risk are incompletely understood.
There is evidence of an influence of thyroid disease and sys-
temic high-dose treatment with corticosteroids, but conflicting
results for the influence of age, sex, BMI and inflammatory
states, which have been shown to not directly influence cystatin
C level [16, 45–50]. It has been hypothesized that microvascular
damage in the glomeruli reduces filtration of the larger cystatin
C molecule (molecular weight 13.3 kDa) more than filtration of
the smaller creatinine molecule (113 Da) and exogenous filtra-
tion markers like iohexol (821 Da) [51]. This pathophysiological
state, called the ‘shrunken pore syndrome’, offers a potential
mechanism linking vascular damage to serum levels of cystatin
C and its association with CVD mortality [51]. Dardashti et al.
[52] found that an eGFRcys <60% of eGFRcrea was associated

Table 3. Filtration markers and all-cause mortality risk

Adjusted modelsa

Quintiles of reciprocals of marker Unadjusted Model 1b Model 2c Model 3d

Range Median Median�1 HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Cystatin C�1

0.16–0.39 0.32 3.10 6.66 (4.75–9.33) 2.62 (1.96–3.51) 9.37 (4.76–18.44) 21.59 (11.92–39.10)
0.39–0.56 0.47 2.14 4.57 (3.49–6.00) 1.69 (1.44–1.98) 4.61 (2.90–7.33) 6.63 (4.60–9.56)
0.56–0.79 0.67 1.49 2.77 (2.31–3.32) 1.28 (1.19–1.38) 2.40 (1.84–3.13) 2.68 (2.22–3.24)
0.80–1.04 0.91 1.10 1.52 (1.41–1.63) 1.08 (1.05–1.10) 1.36 (1.24–1.50) 1.38 (1.30–1.47)
1.05–2.78 1.22 0.82 0.70 (0.65–0.74) 0.95 (0.94–0.97) 0.79 (0.74–0.85) 0.80 (0.76–0.83)

Creatinine�1

0.13–0.49� 10�2 0.38� 10�2 261.3 2.57 (1.99–3.32) 1.27 (0.94–1.71) 0.32 (0.21–0.47) 0.13 (0.08–0.21)
0.50–0.75� 10�2 0.62� 10�2 161.4 1.89 (1.57–2.27) 1.06 (0.86–1.30) 0.41 (0.30–0.56) 0.26 (0.18–0.36)
0.75–1.00� 10�2 0.87� 10�2 114.7 1.33 (1.20–1.46) 0.95 (0.85–1.06) 0.60 (0.50–0.72) 0.52 (0.44–0.61)
1.00–1.28� 10�2 1.13� 10�2 88.7 1.12 (1.07–1.17) 0.95 (0.90–1.01) 0.77 (0.71–0.85) 0.75 (0.69–0.80)
1.28–3.66� 10�2 1.49� 10�2 67.2 0.95 (0.90–0.99) 1.10 (1.03–1.17) 1.29 (1.18–1.42) 1.29 (1.21–1.37)

mGFR
12–25 19 — 5.95 (4.15–8.51) 2.05 (1.28–3.29) —c —
26–42 33 — 4.37 (3.25–5.88) 1.81 (1.23–2.67) —c —
43–64 55 — 2.69 (2.21–3.29) 1.49 (1.15–1.94) —c —
65–87 76 — 1.70 (1.52–1.89) 1.24 (1.08–1.42) —c —
88–141 102 — 0.96 (0.95–0.97) 0.98 (0.97–0.99) —c —

aAll adjusted Cox models included sex; BMI; pre-existing diagnoses of CVD, diabetes and cancer; an interaction term between baseline CVD and cancer and allowed for different base-
line hazard functions by cancer status and tenths of age distribution.
bSeparate models for each marker.
cSeparate models for each marker adjusted for mGFR. HRs for mGFR are included in Supplementary data, Table S3.
dFinal model includes both cystatin C�1 and creatinine�1 but not mGFR.
HRs and 95% CIs are calculated at the median value of each quintile using 1.08 (cystatin C 0.925 mg/L) for cystatin C�1, 0.013 (creatinine 75 mmol/L) for creatinine�1 and 100 mL/min/
1.73 m2 for mGFR as referents. Non-linearity of the associations for cystatin C�1, creatinine�1, mGFR and BMI were modeled as specified in the Supplementary data. An extended ver-
sion of this table is provided as Supplementary data, Table S3.
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with increased mortality in patients undergoing elective coro-
nary artery bypass grafting. The study did not include assess-
ment of creatinine production or adjustment for mGFR to
distinguish low eGFRcys from high eGFRcrea. Purde et al. [53,
54] demonstrated an association between a higher cystatin
C:creatinine ratio and increased mortality in ostensibly healthy
Swiss volunteers� 60 years of age. This increased ratio with the
creatinine concentration was also observed for other molecules

similar in size to cystatin C (3.5–66.5 kDa) but not in smaller or
larger molecules, consistent with the shrunken pore syndrome
concept.

Low urinary excretion of creatinine has been shown to be an
important predictor of mortality in the general population and
among those with CKD or CVD [19–21, 55]. In kidney failure,
higher plasma creatinine is associated with longer survival [19].
In our study this is demonstrated when adjustment for cystatin
C�1 transforms creatinine’s J-shaped association with mortality
into a linear pattern with higher creatinine�1 associated with
increased mortality. Thus, evaluating creatinine in conjunction
with cystatin C identifies the increased mortality associated
with low creatinine production without measuring creatinine
excretion.

A potential limitation of our study is that participants were
referred for measurement of GFR for clinical reasons that might
introduce bias and limit generalizability. We examined the
effect of excluding patients with cancer and that did not notably
alter the results. Important risk factors for mortality, such as
smoking, hypertension and hyperlipidemia, that may confound
associations with mortality or represent explanatory factors
were not measured in this study, which has implications for the
precision of results. Many studies do not have access to such
information, and if such influences are reflected in cystatin C
levels, then inclusion of this measure in models will improve the
precision of the estimates, albeit not to the extent offered by
direct measures. The lack of an international reference for cali-
brating cystatin C measurements at the time of baseline exami-
nations is another limitation. The larger number of patients
assessed by mGFR compared with previous studies is a strength
of our study, which together with the wider range of cystatin C,
creatinine and mGFR values in our study population, contribute
to attenuating potential multicollinearity effects [37].

Our results suggest that cystatin C and creatinine have asso-
ciations with mortality not fully explained by mGFR.
Collinearity or imprecision in mGFR do not seem to fully
explain these associations. Mutual adjustment for cystatin C
and creatinine seems to enhance mortality risk assessment to
include both GFR and non-GFR factors. The combination of
cystatin C and creatinine offers a more precise mortality risk
assessment than GFR alone, and the addition of mGFR to cysta-
tin C and creatinine is of no benefit. These non-GFR associa-
tions with mortality have implications for the choice of
endogenous filtration markers and interpretation of results.
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Supplementary data are available online at http://ndt.oxfordjour
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FIGURE 1: Plots of HRs for all-cause mortality in the final fully
adjusted Cox regression model. HRs are compared with reference
points within the normal range using 1.08 (cystatin C 0.925 mg/L)
for cystatin C�1 and 0.013 (creatinine 75 mmol/L) for creatinine�1.
Dashed lines indicate 95% CIs. The histograms illustrate the distribu-
tion of each marker. The x-axes are labeled to illustrate both recipro-
cals and actual values.
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A B S T R A C T

Background. Renal function is known to affect glucose metab-
olism. The aim of this study was to assess glucose metabolism in
end-stage renal disease (ESRD) patients and in matched con-
trols with normal renal function and to delineate its underlying
pathophysiology.
Methods. ESRD patients without diabetes mellitus on the active
kidney transplant waiting list of a large European university
hospital were metabolically phenotyped by an oral glucose toler-
ance test (OGTT) and by calculating insulin sensitivity and se-
cretion indices. Matched controls with normal renal function
were derived from the TUEF (Tuebingen Family) study cohort,
which includes healthy non-diabetic individuals with an
increased risk of developing type 2 diabetes. Matches were made
for (i) gender, age and body mass index (BMI) (cohort 1) and
for (ii) gender, age, BMI, fasting plasma glucose (FPG) and 2-h
glucose in OGTT (cohort 2).

Results. A total of 107 patients (90 on haemodialysis and
17 on peritoneal dialysis) and two cohorts, each comprising
107 matched controls, were investigated. ESRD patients had
significantly lower FPG. Additional matching for OGTT glu-
cose concentrations revealed significantly lower insulin sensi-
tivity in ESRD patients than in controls. This finding was
abrogated after adjustment for triglyceride levels. Insulin se-
cretion, however, was significantly higher in ESRD patients.
Insulin kinetics during OGTT as well as C-peptide levels
demonstrate higher insulin secretion to be a compensation
for lower insulin sensitivity and not to result from impaired
insulin clearance.
Conclusion. Our study is the first to provide metabolic pheno-
typing in patients with ESRD and to compare them with
matched controls with normal renal function. Glucose metabol-
ism differs substantially between cohorts, with insulin resistance
and a compensatory increase in insulin secretion in ESRD
patients.
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