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Abstract

Background/Aims—Chronic kidney disease (CKD) is an important comorbidity after liver 

transplantation (LT); however, reliable tools with which to evaluate these patients are limited. In 

this work, we examine the extent to which the addition of serum cystatin C improves GFR 

estimation and mortality prediction, in comparison to various GFR-estimating equations.

Methods—GFR was measured in LT recipients by iothalamate clearance. Concurrent serum 

cystatin C was assayed in banked serum samples. Performance of GFR-estimating equations with 

and without cystatin-C, including the MDRD (Modification of Diet in Renal Disease) and CKD-

EPI (Chronic Kidney Disease Epidemiology Collaboration) formulas was assessed. The 

proportional hazards regression analysis was performed to determine the association between 

serum cystatin-C and mortality.

Results—A total of 586 iothalamate results were obtained in 401 patients after a mean of 4 years 

post-LT. When compared to measured GFR, the formula with both creatinine and cystatin-C, 

namely CKD-EPIcr-cys, outperformed those with either marker alone. Performance of creatinine-

based models was similar to one another. Serum cystatin-C, by itself or as a part of eGFR was a 

significant predictor of mortality.

Conclusion—Serum cystatin-C has an important role in enhancing accuracy of GFR estimation 

and predicting mortality in LT recipients.
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Chronic kidney disease (CKD) is a common complication after liver transplantation (LT) – 

as many as one fifth of LT recipients may develop chronic renal failure at 5 years post-LT 

(1). The renal impairment is most commonly attributed to calcineurin inhibitor toxicity, 

although hypertensive and diabetic nephropathies, glomerular diseases and IgA nephropathy 

may also play a role in its pathogenesis (2). CKD is clinically significant because it is 

common and is associated with increased risk of death after LT (3, 4).

Although glomerular filtration rate (GFR) is essential in detection, evaluation and 

management of post-LT CKD, the optimal means to determine GFR in LT recipients 

remains to be determined. The gold standard, namely measured GFR by clearance of 

exogenous markers is impractical for most routine patient care. Estimation of measured GFR 

from serum creatinine concentration is commonly used and is advocated in most patient 

populations (5). In LT recipients, the accuracy of serum creatinine-based GFR-estimating 

equations remains ill-defined (6, 7).

Cystatin C is a small protein that has been characterized as a biomarker for GFR in patients 

with CKD. Serum cystatin C is less influenced by age, gender, race, muscle mass or diet 

than serum creatinine, which may make it a more accurate marker for GFR estimation in LT 

patients(8). In addition to reflecting GFR, serum cystatin-C has been suggested to be an 

independent predictor of mortality (9) (10).

Recent studies showed that in non-transplant settings, including patients with cirrhosis (11–

13), incorporating both cystatin C and creatinine into GFR estimating equations provides the 

most accurate estimates of GFR compared to either marker alone (14, 15). Consequently, the 

use of cystatin C-based estimated GFR in certain clinical settings has been suggested by the 

2012 Kidney Disease Improving Global Outcomes (KDIGO) guidelines (5). However, the 

applicability of these equations in liver transplant recipients remains to be determined. In 

patients with advanced liver disease, serum creatinine tends to be lower due to sarcopenia 

and malnutrition, thus creatinine-based equations may overestimate GFR (16, 17). On the 

other hand, cystatin C levels are higher posttransplant than in the general population; hence 

cystatin C-based equations may underestimate GFR (18). It remains to be determined if 

equations combining both markers improve the performance of renal function estimation. 

Previous studies of serum cystatin C-based estimated GFR in LT recipients have been 

limited by small sample sizes, non-standardized cystatin C assays, and lack of evaluation of 

the 2012 CKD-EPI cystatin C equations, advocated in the 2012 KDIGO guidelines (19–21). 

Finally, it remains to be determined whether a GFR estimating equation specifically 

developed in LT recipients would be more accurate than other generic equations.

The aims of this study are to i) assess the extent to which the addition of serum cystatin-C 

improves the accuracy of GFR estimation; ii) examine whether eGFR equations derived in 

this patient sample may outperform existing eGFR models; and iii) evaluate serum cystatin-
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C as a predictor of mortality, by taking advantage of measured GFR and standardized 

cystatin-C data available to us in a large sample of LT recipients.

RESULTS

A total of 586 iothalamate results were available in 401 LT patients who met the study 

criteria for inclusion in the analysis (Table 1). The mean time interval from LT to these 

measurements was four years. The median measured GFR (mGFR) was 49 ml/min/1.73m2; 

approximately 68% of mGFR values were below 60 ml/minute/1.73 m2, indicating chronic 

kidney disease. The median (interquartile range, IQR) serum concentrations of creatinine 

and cystatin C were 1.3 (1.1–1.7) mg/dL and 1.7 (1.4–2.3) mg/L respectively.

Table 2 compares performance of the five eGFR equations. Supplementary Figure illustrates 

the correlation between mGFR and eGFR. Of the five models, CKD-EPIcr-cys showed the 

highest R2 (0.83), whereas other equations containing only creatinine or cystatin C had a 

lower R2 (0.76 to 0.78). In terms of accuracy, CKD-EPIcr-cys had the lowest proportion of 

prediction that was more than 30% off the mGFR. CKD-EPIcr-cys was also most precise: 

the width of the interquartile range of the discrepancy between mGFR and eGFR was the 

narrowest with the middle 50% of the discrepancies being within 12.1 units. However, bias, 

measured by the average discrepancy between mGFR and eGFR was the least with MDRD 

4, whereas CKD-EPIcr-cys, on average, underestimated mGFR by approximately 12%.

As CKD-EPIcr-cys seemed superior in three of the four criteria examined, Table 3 further 

considers its performance in different levels of GFR, with the idea that, in practice, tolerance 

for errors may be higher in subjects with normal GFR than in patients with lower GFR in 

whom accurate assessment of renal function is more important for management decisions. 

Overall, accuracy and bias were worse in patients with lower GFR. For example, only 7.6% 

of GFR estimates were more than 30% different from mGFR in patients with normal eGFR, 

whereas in patients with eGFR<30, the proportion increased to 27.8%. Similarly, in terms of 

bias, eGFR underestimated mGFR on average by 8.9 units in patients with normal eGFR, 

whereas the discrepancy increased to 16.2 units in patients with eGFR<30. Precision may 

seem better in the lowest GFR group; however, this may simply reflect the fact that the 

range of possible values in the lowest GFR tier was the narrowest. All models showed 

increased bias as GFR decreased (data not shown).

Next, we examined whether we could derive our own eGFR models in this patient sample 

which may be superior to existing eGFR equation. Supplementary Table 1 illustrates the 

multivariable models with and without cystatin-C. These models, however, were not 

demonstrably better than existing models. For example, our model that contained cystatin-C 

had a R2 of 0.82, compared to 0.83 for CKD-EPIcr-cys. Similarly, the R2 for our model 

without cystatin-C was identical to that of MDRD (0.76 both models).

Finally, Table 4 considers these various measures of renal function as predictors of 

mortality. All of the measures except MDRD were significantly associated with increased 

mortality (p=0.05 for MDRD 4 and 6). All of the eGFR models had a hazard ratio of 

approximately 0.5, indicating that each 10 unit increase in eGFR reduced the risk of death 
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by roughly 50%. When the concordance statistic was used as the gauge for the strength of 

association with mortality, serum cystatin-C, either by itself or as a part of eGFR equation 

(namely CKD-EPIcys) had the strongest correlation, possibly stronger than measured GFR 

by iothalamate clearance.

DISCUSSION

In this work, we analyzed measured GFR data in a cohort of LT recipients and evaluated 

various GFR-estimating equations using creatinine and cystatin C. We found a high 

prevalence of CKD in our patients with more than 2/3 of our patients having CKD stage 3 or 

higher approximately 4 years after LT. Our main results show that 1) in LT recipients, as in 

the general population, serum cystatin C and creatinine together substantially improve 

estimation of GFR over creatinine alone; 2) overall, existing eGFR equations performed 

comparable to the model that was derived from this data set; 3) even the best model 

performed suboptimally in low ranges of GFR, highlighting the need for further 

improvement in patients in whom accurate estimation of GFR is most needed; and 4) serum 

cystatin C was significantly associated with mortality.

Development of CKD after LT leads to other problems such as hypertension, anemia, 

malnutrition, bone disease, and a decreased quality of life (5). More importantly, it has been 

shown to decrease patient survival (3). In a large NIDDK study, renal dysfunction before or 

after liver transplantation increased patient mortality substantially (HR=2.7 for overall 

mortality and HR=7.5 for kidney-related death) (4). Thus, accurate assessment of GFR is 

essential and should be a major focus in post-LT management. Early detection of renal 

dysfunction may allow transplant recipients to benefit from a CKD management program.

The performance of eGFR equations varies between different patient populations (22). This 

is in part because serum creatinine concentration may be affected, especially in patients with 

systemic illness, by factors other than GFR, such as illness-related muscle wasting, 

fluctuating volume of distribution, and decreased hepatic production (16, 17). Serum 

cystatin-C concentrations are less subject to variation by these factors; however, they may 

be affected by inflammation (23), body fat (8) and immunosuppressive therapy (24), which 

may increase cystatin C production. Until recently, assays for creatinine and cystatin C were 

poorly standardized, which also adds to the variability in prior publications.

In our population of liver graft recipients the correlation with mGFR was stronger for 

cystatin C than creatinine. However, the cystatin C-based CKD-EPI equations had a 

tendency to underestimate GFR in our patients. While the CKD-EPIcr-cys is thought to be 

relatively unbiased in non-transplant populations, we found that it underestimates GFR by 

about 12%. This was consistent with observations by the developers of CKD-EPI equations, 

which led them not to include transplant recipients in the sample used to derive the cystatin 

C-based CKD-EPI equation (14). Prior studies have shown that liver or kidney transplant 

recipients have higher cystatin C levels given the same GFR compared to non-transplant 

recipients (18). It has been postulated that increased cystatin-C production by exogenous 

glucocorticoids or greater inflammation in transplant recipients may increase serum 

concentrations of cystatin C. We believe, in our data, the impact of glucocorticoid use was 
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minimal because our standard posttransplant immunosuppression protocol includes 

glucocorticoids only for a short period on time. Prednisone was tapered rapidly and 

discontinued by day 120 posttransplant, whereas this study was conducted after 4 years 

following LT on average. With regard to inflammation, we lacked suitable markers such as 

sedimentation rate or CRP to evaluate its influence on serum cystatin-C.

Our data suggest that in LT recipients, both creatinine and cystatin-C have limitations as a 

biomarker of renal function and the two may be complementary to each other, which may 

explain why equations that contain both markers performed better than those with either 

alone. The CKD-EPIcr-cys is essentially an average of the CKD-EPIcr and CKD-EPIcys 

equations. Since the CKD-EPIcys equation underestimates GFR to a greater extent than the 

CKD-EPIcr overestimates GFR, the net effect of the CKD-EPIcr-cys is tendency for 

underestimation of GFR.

CKD-EPI equations, derived from heterogeneous groups of subjects and advocated by the 

KDIGO guidelines in evaluation of patients with CKD, have not been evaluated in liver 

graft recipients prior to this study. In routine practice, the MDRD equation is being 

ubiquitously used. It was somewhat surprising that, compared to these two eGFR equations, 

the eGFR models that were developed from this patient sample were not any better. 

Moreover, it is noteworthy that the bias of all models becomes worse as GFR declines. 

Based on these data, we make the following recommendation for clinicians managing LT 

recipients: 1) if assays are available, formulas containing cystatin-C (e.g., CKD-EPIcr-cys) 

provide better assessment of GFR; 2) if cystatin-C is not available, the MDRD 4 equation, 

given its wide availability, appears the most reasonable one to use; 3) all of the formulas we 

evaluated had diminishing accuracy in patients in low GFR; and 4) thus, continued research 

is needed for better clinical tools for assessment renal function in our patient population.

It was previously shown that the degree to which eGFR formulas correlate to mGFR may 

not necessarily translate to accurate prediction of hard end points such as mortality and 

kidney failure (25). For example, in non-transplant populations, eGFR formulas correlating 

closely to mGFR were not necessarily better predictive of CKD risk factors and outcomes 

(26) (27, 28). As renal dysfunction is an established risk factor for mortality, it remains to be 

determined whether cystatin C may predict mortality over and beyond its effect on GFR 

estimation in the posttransplant setting. Cystatin C, either as an individual marker or as part 

of a GFR estimating equation, was a better predictor of death from all causes and 

cardiovascular events across diverse populations (10, 29).

In a prior study conducted in our LT patients, the main causes of death included malignancy, 

followed by graft failure, infections and cardiovascular events (3). In this cohort of liver 

graft recipients, the association of cystatin C with mortality was stronger than that of 

creatinine-based equations and, at least numerically, than that of measured GFR. We 

postulate that this may be related to non-GFR determinants of cystatin-C, such as 

inflammation, obesity and diabetes. While this analysis was not designed to test this 

hypothesis, it does suggest that serum cystatin C carries prognostic information which is 

beyond its correlation with GFR.
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In conclusion, combined equations using serum creatinine and serum cystatin C provide a 

more accurate estimation of GFR after liver transplantation than equations using either of 

the markers alone. As assays for cystatin-C become more widely available, practitioners 

may consider incorporating its serum level in assessment of LT patients, either for 

estimation of GFR or for assessment of general health risk. All of these models, however, 

have limited accuracy in patients in low GFR, in whom accurate assessment of renal 

function is most helpful. Continued research is needed for better clinical tools for 

assessment renal function in this patient population.

METHODS

Study design and subjects

This is a cross-sectional study of adult liver transplant recipients prospectively followed at 

Mayo Clinic, Rochester, Minnesota from 1988 to 2010. Measured GFR (mGFR) by 

iothalamate clearance was performed periodically as part of standardized post-LT 

evaluations, which also included measurement of serum creatinine levels. Biochemical data 

were extracted from an electronic database that tracks LT patients. We included all available 

mGFR results, as some patients had more than one measurement during follow-up. Serum 

cystatin-C was measured on stored serum samples obtained at the time of mGFR testing or 

within 48 hours. The study protocol was approved by Mayo Clinic Institutional Review 

Board.

Data collection

GFR measurement by iothalamate clearance has been described previously in detail (30, 31). 

Briefly, the method consisted of subcutaneous injection of iothalamate after oral hydration. 

After approximately one hour, urine (U) and plasma (P) iothalamate level, as well as urine 

volume (V) are measured, and GFR calculated by the iothalamate clearance formula UV/P. 

The results are normalized to ml/min/1.73 m2 of body surface area using the height-and 

weight-based Dubois formula (32).

Banked serum samples were retrieved and cystatin C was assayed by immunoturbidometry 

(Gentian AS, Norway), which has a coefficient of variation of 5.0%. This cystatin C 

immunoassay was calibrated against the new cystatin C World Standard reference material 

ERM-DA471/IFCC (33).

Concurrent laboratory data and demographic information were extracted from the 

prospective database. These included age, sex, race, time since transplant, median creatinine, 

albumin and blood urea nitrogen (BUN). Serum creatinine was measured by a Rate-Jaffe 

assay from 1988–2006 and by a standardized Roche enzymatic assay (Roche Cobas 

creatinine reagent, Roche Diagnostics, Indianapolis IN) from 2006–2010. Serum creatinine 

results from 1988–2006 were re-calibrated by subtracting 0.14 mg/dL from the original 

value, in concordance with the serum creatinine assay standardization in October 2006 (34).
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Statistical Methods

For the first aim, the extent to which the addition of serum cystatin-C improves the accuracy 

of GFR estimation was evaluated by comparing the performance of the following eGFR 

models (Supplementary Table 2): CKD-EPIcr (35), MDRD-4 (36), MDRD-6 (37), CKD-

EPIcys, and CKD-EPIcr-cys (14). We used four measures in this comparison. The first 

metric to assess model fit was R2, the proportion of variability explained by the model. 

Accuracy was calculated as the proportion of estimates that differed from mGFR by more 

than 30% (P30%). Precision was assessed as the interquartile range for the difference 

between mGFR and eGFR. Bias was calculated as the average discrepancy 100×[ln(eGFR) – 

ln(mGFR)]. These same parameters were further considered for subgroups defined by 

ranges of eGFR (<30, 30–60, >60 ml/min/1.73m2).

For the second aim, we created two eGFR equations-one with and the other without cystatin-

C. Besides serum creatinine and cystatin C, candidate variables to be considered in the 

model were limited to routinely available clinical data that have a biologically plausible 

reason for correlation with mGFR. These included age, sex, BUN and albumin. Since the 

vast majority of our patients were white without sufficient number of non-white subjects, 

race was not considered in the models. In implementing the models, the linear regression 

analysis was performed on log-transformed data. For ease of interpretation and comparison 

with other eGFR formulas, the equations were converted to express GFR in natural scale.

In the third aim of the study, we assessed the role of serum cystatin-C as a predictor of 

mortality. Using the Cox regression analysis, we compared the GFR estimating models 

considered in the first aim, as well as serum cystatin C level and measured GFR as 

predictors of mortality. Concordance statistics were used to compare model performance. 

Statistical analysis was performed with SAS version 9.3 (SAS Institute, Cary, NC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GFR glomerular filtration rate

CKD chronic kidney disease

LT liver transplant

MDRD Modification of Diet in Renal Disease

CKD-EPI Chronic Kidney Disease Epidemiology Collaboration

cr creatinine
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cys cystatin

CI confidence interval.
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Figure. 
Correlation between measured GFR by iothalamate clearance (y-axis) and estimated GFR by 

each of the 5 equations (x-axis): (A) MDRD 4, (B) MDRD 6, (C) CKD-EPIcr, (D) CKD-

EPIcys and (E) CKD-EPIcr-cys. Points indicate individual subjects.
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Table 1

Baseline characteristics of subjects

Characteristic Subjects
N=401

Age- years (range) 56 ± 11 (19–77)

Male sex- no. (%) 229 (57%)

White- no. (%) 364 (91%)

Time since transplant (years) 4.0 ± 3.6 (0.04–22)

Serum creatinine –mg/dL (median, IQR) 1.3 (1.1–1.7)

Serum albumin –mg/dL (median, IQR) 4.2 (3.9–4.4)

BUN – mg/dL (median, IQR) 26 (18–36)

Serum cystatin C – mg/liter (median, IQR) 1.7 (1.4–2.3)

Measured GFR – ml/min/1.73 m2 (median, IQR) 49 (34–65)

Measured GFR – no. (%)

   <15 ml/min/1.73 m2 16 (2.7%)

   15–29 ml/min/1.73 m2 86 (14.7%)

   30–59 ml/min/1.73 m2 294 (50.2%)

   60–89 ml/min/1.73 m2 149 (25.4%)

   90–120 ml/min/1.73 m2 40 (6.8%)

   >120 ml/min/1.73 m2 1 (0.2%)
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Table 3

Performance of CKD-EPIcr-cys equation across ranges of glomerular filtration rate

Variable Estimated GFR ml/min/1.73m2

≤30 30–60 ≥60

Accuracy - P30% (95% CI) ¶ 27.78
(19.33, 36.23)

15.99
(11.80, 20.18)

7.61
(3.78, 11.44)

Precision –IQR of (mGFR-eGFR)
(95% CI)

7.84
(5.78, 9.59)

11.17
(9.80, 12.77)

17.46
(14.65, 20.59)

% Bias (ln) (95% CI)* −16.18
(−20.21, −12.15)

−11.68
(−14.10, −9.61)

−8.85
(−11.77, −5.93)

*
% Bias (ln) was calculated by the formula 100 × [ln(eGFR) – ln(mGFR)]

¶
Accuracy was calculated as the percentage of estimates that differed from the measured GFR by more than 30%
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Table 4

Model performance in mortality prediction

Models grouped by marker used HR
(95% CI)

P value Concordance
statistic

Creatinine Serum Creatinine 2.20
(0.97–5.04)

0.06 0.58

MDRD 4 0.52
(0.27–1.02)

0.05 0.57

MDRD 6 0.52
(0.27–0.99)

0.05 0.57

CKD-EPIcr 0.52
(0.27–0.95)

0.04 0.58

Cystatin C CKD-EPIcys 0.49
(0.28–0.84)

0.01 0.62

Serum cystatin C 2.57
(1.23–5.40)

0.01 0.62

Creatinine-
cystatin C

CKD-EPIcr-cys 0.49
(0.27– 0.87)

0.01 0.61

Iothalamate clearance 0.50
(0.30–0.83)

0.008 0.61
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