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Abstract

Background—Lower serum Cr levels in women as compared to men result in underestimation 

of renal dysfunction and lower Model for End-Stage Liver Disease-Sodium (MELD-Na) scores 

leading to reduced access to liver transplantation in women compared to men with comparable 

hepatic dysfunction.

Aim—The aim of this study was to determine the gender differences in serum Cr, cystatin C and 

other endogenous GFR biomarkers, measured and estimated GFR, Cr clearance and Cr production 

rates.

Methods—We measured glomerular filtration rate (GFR) by iothalamate plasma clearance in 103 

patients with cirrhosis and assessed gender differences in GFR, Cr clearance and production rate, 

serum Cr, cystatin C and other endogenous GFR biomarkers including beta-trace protein, beta-2 

microglobulin and dimethylarginines.

Results—Comparison of men and women showed significantly lower values for mean serum Cr 

(0.97 vs 0.82 mg/dL, P=0.023), and Cr production rate (13.37 vs. 11.02 mg/kg/day, P=0.022). In 

contrast to the serum Cr and Cr production rate, men and women exhibited no significant 

differences in the means of serum cystatin C and other GFR biomarkers, measured GFR, GFR 

estimated using Cr-Cystatin C GFR Equation for Cirrhosis, measured and estimated Cr clearances. 

After controlling for age, race, weight, height and GFR, female gender remained associated with 

lower serum Cr levels (P=0.003). Serum cystatin C levels were not associated with gender, age, 

race, weight, height, C-reactive protein and history of hypothyroidism.

Conclusions—Our results suggest that cystatin C and endogenous GFR biomarkers other than 

Cr, measured GFR, GFR estimated by Cr-Cystatin C GFR Equation for Cirrhosis, measured and 

estimated Cr clearance minimized between-gender biases in accounting for renal function in 

patients with cirrhosis. Therefore, serum cystatin C should be measured as a complementary test to 

serum Cr when renal function is assessed in patients with cirrhosis, particularly in women and 

those with sarcopenia.

Keywords

Cystatin C; cirrhosis; glomerular filtration rate; gender disparity; creatinine clearance; liver 
transplantation

INTRODUCTION

Serum creatinine (Cr) is recognized to be an inaccurate marker of renal function in patients 

with cirrhosis.1–4 The Cr production rate in patients with cirrhosis is about 50% lower than 

that in individuals with intact hepatic function.1 The liver is the principal organ in which 

guanidinoacetic acid is methylated to produce methylguanidinoacetic acid (creatine)1, 5. 

Subsequently, creatine and creatine phosphate are converted to Cr in skeletal muscle.1, 5 

Therefore, optimal Cr production rate depends on both normal hepatic function and skeletal 

muscle mass.1, 5 As a consequence of hepatic dysfunction and skeletal muscle mass loss 

(sarcopenia), the rate of Cr production rate is reduced in patients with cirrhosis.1–3
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Cr production is also impacted by gender differences. The Cr production rate was reported 

to be about 10% lower in healthy women compared to age- and weight-matched healthy 

men.5 The Model for End-Stage Liver Disease-Sodium (MELD-Na) score is used in the U.S. 

to allocate donor livers to patients with cirrhosis who have the greatest risk of mortality 

without liver transplantation.6–8 The MELD-Na score is calculated using four laboratory 

tests: total bilirubin, prothrombin international normalized ratio, serum sodium and serum 

Cr.6–8 Gender disparities in the allocation of donor livers to men vs. women on the liver 

transplant waiting list was previously documented.9–14 (Note: throughout this manuscript, 
the term ‘gender’ refers to binomial biological denomination of male and female sex without 
consideration of cultural or behavioral factors). We previously conducted a competing risk 

survival analysis of the Organ Procurement and Transplantation Network (OPTN) database 

including 42,322 patients on the liver transplant waiting list, and showed that women with 

cirrhosis had significantly higher risk of dying within 3 years of listing compared to men 

(P<0.0001).10 This analysis showed that the liver transplantation rate was systematically 

lower for women compared to men for almost each level of MELD score on the liver 

transplant waiting list.10 One of the reasons for this biological gender disparity was that 

lower serum Cr levels in women with cirrhosis contribute to lower MELD scores resulting in 

reduced access to donor livers and significantly higher liver transplant waiting list mortality 

compared to men with comparable hepatic dysfunction.10, 12, 13 Lower transplantation rates 

in women could also be due to transplant candidate/donor liver size mismatch in addition to 

lower MELD scores.15 However, our prior analysis of the OPTN database showed that the 

contribution of the liver size to gender disparity was relatively small when compared to 

MELD score.15 Our results were in line with the study by Lai et al.9 that showed that low 

height contributed in part to gender disparity on the liver transplant waiting list however 

adjustment for height could not eliminate lower transplantation rates in women compared to 

men.9, 15

In recent years, new endogenous glomerular filtration rate (GFR) biomarker alternatives to 

Cr have been reported. The most thoroughly evaluated of these biomarkers include cystatin 

C, beta-trace protein, beta-2 microglobulin and symmetric dimethylarginine (SDMA).16–21 

Cystatin C is a small molecular weight protein produced by nucleated cells at a constant 

rate.18 Its renal handling suggests it can be utilized as an endogenous marker for GFR.18 

Like Cr, it is freely filtered through the glomeruli, but unlike Cr, cystatin C is reabsorbed and 

metabolized in renal tubules rather than being secreted by renal tubules.18 Cystatin C is a 

renal function biomarker in patients with cirrhosis because its production appears to be less 

dependent on hepatic function, age, gender or muscle mass.18 However, a prior population-

based study suggested that cystatin C levels were at least modestly affected by gender, age, 

weight and height, smoking and levels of C-reactive protein, a biomarker of inflammation 

independent of Cr clearance22. Importantly, cystatin C was shown to accurately predict GFR 

or Cr clearance in patients with cirrhosis.23–26

Like cystatin C, the low molecular weight GFR biomarkers beta-trace protein and beta-2 

microglobulin are less affected by age, sex and race.19, 27 However, neither was superior to 

cystatin C for prediction of GFR.24, 27–29 SDMA is another alternative GFR biomarker 

produced by all nucleated cells and cleared by both the liver and kidneys.21, 30 SDMA is an 

isomer of asymmetrical dimethylarginine (ADMA).21 Studies conducted in patients with 
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cirrhosis reported significant correlation of SDMA levels with renal dysfunction and severity 

of cirrhosis.24, 31–33 Our previous work showed that cystatin C, beta-trace protein, beta-2 

microglobulin, and SDMA were significant predictors of measured GFR in cirrhosis.24 

However, among all these GFR biomarkers, only serum cystatin C, when used in 

combination with serum Cr, significantly increased the performance of the GFR equation.24

Given the adverse consequences of underestimation of renal dysfunction in the management 

of women with cirrhosis (e.g. drug overdose, excessive diuresis, late referrals for dialysis) 

and discriminatory disadvantage of women on the liver transplant waiting list caused by 

reliance on serum Cr, we conducted a prospective study to determine the gender differences 

in serum Cr, cystatin C and other endogenous GFR biomarkers, measured and estimated 

GFR, Cr clearance and Cr production rates.

METHODS

Study Subjects

This study was approved by the University of Maryland, Baltimore Institutional Review 

Board. Study procedures were conducted at the General Clinical Research Center and 

outpatient clinics of the University of Maryland Medical Center, Baltimore, Maryland 

between 2010 and 2016. Statistical analysis of this study was conducted at Baylor College of 

Medicine, Houston, TX after approval from Baylor College of Medicine Biomedical 

Research and Assurance Information Network (BRAIN) was obtained. Inclusion and 

exclusion criteria for the study were previously described.24 All subjects enrolled in the 

study provided written consent.

Study Procedures

GFR was measured using iothalamate plasma clearance after intravenous bolus 

administration as described previously.24, 32, 34 Twenty-four hour Cr clearance was 

measured starting one day prior to the GFR procedure and completed the morning of the 

GFR procedure. Measured GFR and measured Cr clearance were adjusted for body surface 

area using the formula developed by DuBois et al.35

GFR biomarker concentrations including Cr, cystatin C, beta-trace protein and beta-2 

microglobulin were measured simultaneously with GFR measurement prior to iothalamate 

injection. Serum Cr, cystatin C and plasma beta-2 microglobulin concentration 

measurements were performed on the Siemens Dimension Vista® System, using the 

appropriate analyte specific Flex® reagent cartridges (Siemens Healthcare Diagnostics, Inc., 

Newark, DE). The serum Cr measurement method was calibrated to be traceable to the 

isotope-dilution mass spectrometry (IDMS) reference measurement procedure.36 Serum 

beta-trace protein concentration measurements were conducted on the Siemens ProSpec® 

nephelometer using N Latex beta-trace protein assay (Siemens Healthcare Diagnostics, Inc., 

Newark, DE) at the University of Minnesota Advanced Research and Diagnostic Laboratory. 

Plasma SDMA, ADMA, and L-arginine concentrations were measured using the standard 

enzyme-linked immunosorbent method of Diagnostika (Hamburg, Germany).
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Statistical Analysis

Statistical analyses were performed using SAS Version 9.4 TS level 1M3 W32_7PRO 

platform (SAS, Cary, NC).37 The t-test was used to compare differences in continuous 

variables and Fisher’s exact test was used to compare differences in categorical variables 

between men and women. A P value ≤ 0.05 was considered significant. The measured Cr 

production rate (mg/kg/day) was calculated using measured Cr clearance and serum Cr. The 

estimated Cr production rate was calculated using the Mitch and Walser equation.38. 

Estimated Cr clearance was calculated using the estimated Cr production rate using the 

Mitch and Walser equation38 and serum Cr. Estimated GFR was calculated using the Cr-

Cystatin C GFR Equation for Cirrhosis.24 The equations used to calculate measured and 

estimated Cr production rates, estimated Cr clearance and estimated GFR were as follows:

Measured Cr production rate (mg/kg/day)5 = (Measured Cr clearance in ml/min * 

serum Cr in mg/dL * 1440 min)/(weight in kg * 100 ml);

Estimated Cr production rate in men (mg/kg/day) using Mitch and Walser equation38 

= 28 − (0.2 * age);

Estimated Cr production rate in women (mg/kg/day) using Mitch and Walser 

equation38 = 23.8 − (0.17 * age);

Estimated Cr clearance (ml/min/1.73m2)= (Estimated Cr production rate in 

mg/kg/day using Mitch and Walser equation38)*(weight in kg*100 ml)*(1.73m2)/

(serum Cr in mg/dl) * (1440 min) * (body surface area in m2).

Estimated GFR in ml/min/1.73m2 using Cr-Cystatin C GFR Equation for 

Cirrhosis24=105.49 * (Cr−0.712) * (cystatin C−0.285) * (0.993age) *(0.864female) * 

(1.014African-American)

To determine the factors associated with the concentration of each endogenous GFR marker 

independent of measured GFR, a separate multivariate linear regression model was 

developed and controlled for age, race, weight, height and measured GFR.

The performance characteristics including bias, precision and accuracy of the measured and 

estimated Cr clearances were evaluated with respect to their ability to estimate measured 

GFR.24, 34, 39, 40 First, the difference score for each subject (difference score=measured 

GFR-measured Cr clearance or difference score=measured GFR-estimated Cr clearance) 

was calculated. The bias and precision were defined as the mean and standard deviation of 

the difference scores, respectively. Negative values of the bias indicate that the measured and 

estimated Cr clearances were on average higher than measured GFR (overestimation of 

measured GFR). Higher precision values indicate more variation in the difference between 

measured GFR and Cr clearances. The accuracy of the measured and estimated Cr 

clearances were calculated by three different methods including (1- P30) which is the 

percentage of Cr clearances that differed by greater than 30% with respect to measured 

GFR, (1- P20) which is the percentage of Cr clearances that differed by greater than 20% 

with respect to measured GFR and root-mean-squared error (RMSE) which is the square 

root of the mean of the squares of the difference scores39, 40. Paired t-tests40 were performed 

to determine whether estimated Cr clearance differed significantly from measured Cr 
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clearance with respect to bias, precision and accuracy assessed by RMSE. McNemar test61 

was performed to determine whether estimated Cr clearance differed significantly from 

measured Cr clearance with respect to accuracy assessed by (1- P20) and (1- P30).

RESULTS

A total of 134 patients with cirrhosis were enrolled in the study; among them 103 patients 

completed study procedures. Table 1 shows the clinical, demographic and laboratory 

characteristics of 103 patients with cirrhosis stratified by gender. Forty-four percent were 

women. As expected, women were significantly shorter than men (1.62 vs. 1.73 m, P < 

0.0001) and had significantly smaller body surface area (1.83 vs. 2.00 m, P = 0.0001), but 

had similar age, race, and measured GFR.

Table 2 shows gender differences in the mean measured GFR, GFR estimated using Cr-

Cystatin C GFR Equation for Cirrhosis, measured and estimated Cr clearance, measured and 

estimated Cr production rate, serum Cr, cystatin C and other endogenous GFR biomarkers 

alternative to serum Cr. While there were significant differences in the mean serum Cr levels 

(0.97 mg/dL vs. 0.82 mg/dL, P=0.023), measured (13.37 vs. 11.02 mg/kg/day, P=0.022) and 

estimated Cr production rates (17.12 vs. 14.50 mg/kg/day, P<0.0001) between men and 

women, there were no significant differences in the mean measured GFR, GFR estimated 

using Cr-Cystatin C GFR Equation for Cirrhosis, measured and estimated Cr clearance, 

cystatin C and other endogenous GFR biomarkers alternative to serum Cr.

To determine the association of each endogenous GFR marker with female gender, a 

separate multivariate linear regression model was developed and controlled for age, race, 

weight, height and measured GFR (Table 3). Even after controlling for age, race, weight, 

height and measured GFR, female gender remained associated with lower serum Cr (β=− 

0.195, P=0.003), while female gender did not correlate with cystatin C (β=−0.130, P=0.169), 

beta-trace protein (β=−0.080, P=0.463), beta-2 microglobulin (β=−0.616, P=0.161), and 

SDMA (β=−0.107, P=0.184) levels (Table 3). In addition to serum Cr, female gender was 

also significantly associated with lower ADMA levels (β=−0.092, P=0.044).

To explore further the factors associated with serum cystatin C levels, we performed a 

multivariate analysis. The multivariate model showed measured GFR was independently 

associated with serum cystatin C levels, as expected (β = − 0.008, P < 0.0001). However, it 

did not reveal significant associations between cystatin C levels and age, gender, race, 

weight, height, C-reactive protein levels and history of hypothyroidism, independent of 

measured GFR (Table 4).

As we did not find significant difference in the mean values of measured and estimated Cr 

clearance between male and female subjects, we considered estimated Cr clearance as one of 

the practical alternative methods to replace serum Cr in the MELD-Na equation to eliminate 

gender disparity on the liver transplant waiting list in addition to non-Cr GFR biomarkers. 

Table 5 shows the performance measures of measured and estimated Cr clearances in 

reference to their ability to estimate measured GFR. We observed a larger bias between 

estimated Cr clearance and measured GFR compared to bias between measured Cr clearance 
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and measured GFR (− 23.15 vs. 1.13). There was a significant difference in the direction of 

bias between measured and estimated Cr clearances (P<0.0001). While measured Cr 

clearance slightly underestimated measured GFR, estimated Cr clearance substantially 

overestimated measured GFR. Lower values for precision and accuracy indicated higher 

precision and accuracy. The precision of estimated Cr clearance was higher compared to the 

precision of measured Cr clearance (26.72 vs. 34.43); however, this was not significant. The 

accuracy was calculated by using three different methods. We did not observe significant 

differences in the percentage of measured and estimated Cr clearance values that differed by 

greater than 30% (1-P30) with respect to measured GFR (42.86 vs. 56.04, P=0.073); in the 

percentage of measured and estimated Cr clearance values that differed by greater than 20% 

(1-P20) with respect to measured GFR (57.14 vs. 71.43, P=0.060) and RSME in measured 

and estimated Cr clearance values with respect to measured GFR (34.45 vs. 35.36, P=0.829).

DISCUSSION

In this study, we assessed gender differences in Cr production rate and serum Cr levels along 

with measured GFR and GFR markers alternative to serum Cr in ambulatory patients with 

cirrhosis. Our results showed a significantly lower serum Cr concentration and Cr 

production rate in female compared to male patients with cirrhosis (Table 2). In contrast, we 

did not observe significant differences in the levels of measured and estimated GFR, 

measured and estimated Cr clearance and non-Cr GFR biomarker levels including cystatin 

C, beta-trace protein, beta-2 microglobulin and dimethylarginines (Table 2). In fact, even 

though men had slightly better measured GFR scores than women, men had significantly 

higher mean serum Cr measures than women. Even after controlling for height, weight, age, 

race, and measured GFR, women had significantly lower serum Cr (Table 3). Our results are 

in line with prior studies. Lai et al.9 showed that height contributed in part in gender 

disparity on the liver transplant waiting list; however, adjustment for height could not 

eliminate lower transplantation rates in women compared to men. Subsequently, similar to 

the findings of the study conducted by Lai et al.9, we showed that adjustment for estimated 

liver volume or liver weight alone could not eliminate lower transplantation rates for women 

compared to men and contribution of the MELD score to gender disparity was greater than 

liver size in women.15

Based on our results, we propose three distinct methods can be tested in future studies to 

minimize underestimation of renal dysfunction in women with cirrhosis and minimize 

gender disparity on the liver transplant waiting list due to the use of serum Cr in the 

calculation of MELD-Na scores. The first and most feasible method would be replacement 

of serum Cr with serum cystatin C. There are several advantages to using serum cystatin C 

in the MELD-Na equation in lieu of serum Cr: 1) Our results showed that serum cystatin C 

is a gender-neutral marker of GFR among patients with cirrhosis (Table 2). 2) Our prior 

study showed that in patients with cirrhosis, serum cystatin C was the strongest predictor of 

measured GFR among other gender-neutral endogenous GFR marker alternatives to serum 

Cr.24 3) Baseline cystatin C was an independent predictor of transplant-free mortality in 

cirrhosis.41, 42 Cystatin C is a suitable renal function marker in calculating the MELD 

score42. 4) Intra-individual variation of serum cystatin C was similar to serum Cr in healthy 

subjects.43, 44 This suggests that cystatin C can be an alternative GFR marker for 
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longitudinal monitoring of renal function in cirrhosis.44 5) Replacement of serum Cr with 

serum cystatin C in the MELD-Na equation would be in line with the objectivity of the other 

parameters of the MELD-Na equation (i.e. total bilirubin, INR, sodium levels). Finkenstedt 

et al.42 showed that cystatin C-based MELD had similar predictive power to MELD score. 

However, before the implementation of serum cystatin C in the MELD-Na equation, its 

intra-individual variability in cirrhosis must be evaluated in large gender- and age-controlled 

studies of patients with cirrhosis. Cystatin C is not without limitations. Serum cystatin C 

levels were shown to be affected by thyroid dysfunction18, 45, 46 and high-dose steroids.
18, 47–49 In one report, cystatin C was associated with gender, age, height, and weight, 

smoking, and levels of C-reactive protein, an inflammatory biomarker independent of 

measured Cr clearance22. A major limitation of that study, however, was that measured Cr 

clearance was not adjusted for body surface area and this may have led to biased estimates 

of the association of height and weight with cystatin C22, 50. After controlling for measured 

GFR adjusted for body surface area in 103 patients with cirrhosis, our multivariable model 

did not show any significant association of serum cystatin C levels with age, gender, race, 

weight, height, C-reactive protein levels and history of hypothyroidism (Table 4).

It is certain that an ideal parameter for the replacement of serum Cr in the MELD-Na 

equation would be measured GFR. However, measuring GFR is laborious, costly, and 

impractical and more importantly requires steady-state renal function.51, 52 As an alternative 

to measured GFR, serum Cr in the MELD-Na equation can be replaced with an accurate 

estimate of GFR. Recent studies that evaluated replacement of serum Cr by GFR estimated 

by Modification of Diet in Renal Disease (MDRD) equation53 for elimination of gender 

disparity on the liver transplant waiting list showed conflicting results.9, 10, 12 The MDRD 

equations were insufficiently accurate with respect to their ability to estimate measured 

GFR34, 54–56 and perform worse in patients with cirrhosis particularly when compared to 

Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Cr-cystatin C equation.
34, 39, 54 Our prior work showed serum cystatin C was an independent predictor of measured 

GFR in patients with cirrhosis and when used in combination with serum Cr in a novel GFR 

model increased the performance of the GFR model (Cr-Cystatin C GFR Equation for 

Cirrhosis).24 This is likely due to the cystatin C being a Cr-blind range marker2, 57 as the 

additional proportion of variance explained by adding cystatin C to the GFR model was 

statistically significant.24 Indeed, the Cr-Cystatin C GFR Equation for Cirrhosis derived 

from our study subjects with cirrhosis24, was validated in an independent cohort of 129 

patients with decompensated cirrhosis and showed the highest accuracy for discriminating 

subjects with cirrhosis who had measured GFR < 60 ml/min with an area under the curve 

(AUC) of 0.91 compared to other GFR-estimating equations including MDRD-453, CKD-

EPI Cr (2009)58 and GFR-estimating equation developed from the same validation study 

cohort.59

The use of estimated Cr clearance can be considered as the last alternative to serum Cr in the 

MELD-Na equation to eliminate gender disparity on the liver transplant waiting list at least 

until cystatin C and the new Cr-cystatin C GFR Equation for Cirrhosis24 are validated in 

patients with cirrhosis on the liver transplant waiting list. At first glance, this may not appear 

reasonable because Cr clearance underestimates renal dysfunction in cirrhosis.3, 34 However, 

serum Cr as currently used in the MELD-Na equation also underestimates renal dysfunction 
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in patients with cirrhosis2, 24 and additionally, it results in lower liver transplantation rates 

and higher mortality among women on the waiting list.10, 12, 13 Measured Cr clearance is 

time-intensive and prone to collection errors51; further, the majority of patients with 

cirrhosis and high MELD-Na score on the waiting list are either oliguric or anuric. Here, we 

propose an alternative method for estimating Cr clearance by “dividing the gender-specific 

estimated Cr production rate into measured serum Cr”.

Of note, this is a different estimation method than the Cockcroft-Gault equation60 for Cr 

clearance. As both serum Cr and Cr production rate are significantly lower in women 

compared to men, both the numerator and denominator of the estimated Cr clearance 

calculation would account for these gender-based differences. This would make estimated Cr 

clearance a gender-neutral renal function measurement: Estimated Cr clearance in ml/min/
1.73m2= (Estimated Cr production rate in mg/kg/day)*(weight in kg*100 ml)*(1.73 m2)/
(serum Cr in mg/dl)*(1440 min)*(body surface area in m2). The implementation of 

estimated Cr clearance by this method requires an equation to estimate Cr production rate. In 

1978, by conducting a rigorous study among 27 patients with severe chronic renal failure, 

Mitch et al.38 developed an equation to estimate Cr production rate.38 We tested the 

performance of both measured and estimated Cr clearance using Mitch and Walser Cr 

production rate equation and serum Cr in reference to measured GFR. Although there was a 

significant bias between estimated Cr clearance and measured GFR, there was no significant 

difference in overall accuracy when we compared estimated Cr clearance to measured Cr 

clearance utilizing various metrics of overall accuracy (Table 5). This bias was likely due to 

the fact that Mitch and Walser equation38 was not designed to be used in patients with 

cirrhosis. Therefore, we recommend that a Cr production rate equation similar to Mitch and 

Walser equation38 should be developed and validated in large cohort patients with cirrhosis 

before Cr clearance is estimated using Cr production rate and serum Cr. In summary, we 

underscore our conclusion that to eliminate gender disparity on the liver transplant waiting 

list, use of Cr clearance should be the last alternative to serum Cr in the MELD-Na equation. 

Accuracy (RMSE) of both measured and estimated Cr clearances in our cohort was lower 

when compared to accuracy (RMSE) of Cr-Cystatin C GFR Equation for Cirrhosis 

(accuracy of measured Cr clearance=34.45, accuracy of estimated Cr clearance=35.36, 

accuracy of Cr-Cystatin C GFR Equation for Cirrhosis=22.92) (for accuracy of Cr-Cystatin 

C GFR Equation for Cirrhosis, see Table 3 in reference24).24

Development of a new MELD score by replacing the serum Cr in the MELD-Na equation 

with cystatin C, GFR estimated by Cr-Cystatin C GFR Equation or estimated Cr clearance 

was beyond the scope of this work. Our study was not designed to assess a cystatin C-

MELD score, rather, it was specifically designed to assess gender differences in measured 

GFR, Cr clearance, Cr production rate and endogenous GFR biomarkers in patients with 

cirrhosis. Finkenstedt et al.42 already developed a cystatin C-MELD score in large cohort of 

patients with cirrhosis and showed that gender disparity of cystatin C-MELD score was less 

compared to Cr-based MELD score. Our study strengthened their findings by measuring 

GFR and assessing gender differences in all available GFR biomarkers based on measured 

GFR.
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We observed a significant difference in MELD-Na score classes between men and women 

(Table 1). More women had MELD-Na scores between 6-9; whereas more men had MELD-

Na scores between 10-19 and 20-40 (Table 1). Similarly, median MELD-Na score was lower 

in women compared to men (12.56 vs 14.27), however this was not statistically significant. 

This may be related to relatively smaller number of patients with higher MELD-Na scores in 

our cohort as serum Cr differences between men and women become more apparent with 

development of sarcopenia in advanced liver disease.

The major strength of our study was that we accurately measured GFR instead of estimating 

it and, assessed gender disparity in cystatin C and other GFR biomarkers by controlling for 

measured GFR, biometrics and demographics as gender disparity due to serum Cr can be 

simply due to differences in renal function, biometrics and demographic characteristics 

between men and women.

In conclusion, our study showed that the use of serum cystatin C and other GFR biomarkers 

alternative to serum Cr, and also measured and estimated GFR and Cr clearance minimized 

between-gender biases in accounting for renal function in patients with cirrhosis.

Acknowledgments

The authors thank Heather L. Rebuck, MT (ASCP), CLS (NCA) and Sharon Y. Huang, MT for analysis of blood 
samples at the University of Maryland School of Medicine, Department of Pathology, Clinical Core Research 
Laboratory and University of Maryland General Clinical Research Center Staff.

Funding:

The project described was supported by award 5 K23 DK089008-05 from the National Institutes of Health (NIH) 
National Institute of Diabetes and Digestive and Kidney Diseases (to Ayse L. Mindikoglu, M.D., M.P.H.) and its 
contents are solely the responsibility of the authors and do not necessarily represent the official views of the 
National Institute of Diabetes and Digestive and Kidney Diseases or the NIH. This work was also supported in part 
by the University of Maryland School of Medicine, Department of Medicine funds, University of Maryland Clinical 
Translational Science Institute and the University of Maryland General Clinical Research Center, and Public Health 
Service Award P30 DK056338, which funds the Texas Medical Center Digestive Diseases Center and its contents 
are solely the responsibility of the authors and do not necessarily represent the official views of the National 
Institute of Diabetes and Digestive and Kidney Diseases or the NIH.

Disclosures:

Ayse L. Mindikoglu, M.D., M.P.H. A provisional patent application (serial no: 62/442,479) is filed with the US 
patent office on 01/05/2017 (Metabolomic Markers to Predict Mortality in Patients with Cirrhosis). A second 
provisional patent application (serial no. 62/586,966) is filed with the U.S. Patent and Trademark Office on 
November 16, 2017, entitled “Metabolomic Biomarkers of Hepatorenal Dysfunction and Mortality in Patients with 
Cirrhosis”.

John M. Vierling, M.D. Research grant support from Mallinckrodt for studies of terlipressin in hepatorenal 
syndrome.

References

1. Cocchetto DM, Tschanz C, Bjornsson TD. Decreased rate of creatinine production in patients with 
hepatic disease: implications for estimation of creatinine clearance. Ther Drug Monit. 1983; 5:161–
8. [PubMed: 6879639] 

2. Sherman DS, Fish DN, Teitelbaum I. Assessing renal function in cirrhotic patients: problems and 
pitfalls. Am J Kidney Dis. 2003; 41:269–78. [PubMed: 12552488] 

3. Papadakis MA, Arieff AI. Unpredictability of clinical evaluation of renal function in cirrhosis. 
Prospective study. Am J Med. 1987; 82:945–52. [PubMed: 3578363] 

Mindikoglu et al. Page 10

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Mindikoglu AL, Pappas SC. New developments in hepatorenal syndrome. Clin Gastroenterol 
Hepatol. 2018; 16:162–77. [PubMed: 28602971] 

5. Bjornsson TD. Use of serum creatinine concentrations to determine renal function. Clin 
Pharmacokinet. 1979; 4:200–22. [PubMed: 383355] 

6. Allocation of livers. Available at https://optn.transplant.hrsa.gov/media/1200/
optn_policies.pdf#nameddest=Policy_09. Accessed on November 24, 2017

7. Kim WR, Biggins SW, Kremers WK, et al. Hyponatremia and mortality among patients on the liver-
transplant waiting list. N Engl J Med. 2008; 359:1018–26. [PubMed: 18768945] 

8. Malinchoc M, Kamath PS, Gordon FD, et al. A model to predict poor survival in patients 
undergoing transjugular intrahepatic portosystemic shunts. Hepatology. 2000; 31:864–71. [PubMed: 
10733541] 

9. Lai JC, Terrault NA, Vittinghoff E, et al. Height contributes to the gender difference in wait-list 
mortality under the MELD-based liver allocation system. Am J Transplant. 10:2658–64.

10. Mindikoglu AL, Regev A, Seliger SL, et al. Gender disparity in liver transplant waiting-list 
mortality: the importance of kidney function. Liver Transpl. 2010; 16:1147–57. [PubMed: 
20879013] 

11. Moylan CA, Brady CW, Johnson JL, et al. Disparities in liver transplantation before and after 
introduction of the MELD score. Jama. 2008; 300:2371–8. [PubMed: 19033587] 

12. Myers RP, Shaheen AA, Aspinall AI, et al. Gender, renal function, and outcomes on the liver 
transplant waiting list: assessment of revised MELD including estimated glomerular filtration rate. 
J Hepatol. 2011; 54:462–70. [PubMed: 21109324] 

13. Cholongitas E, Marelli L, Kerry A, et al. Female liver transplant recipients with the same GFR as 
male recipients have lower MELD scores–a systematic bias. Am J Transplant. 2007; 7:685–92. 
[PubMed: 17217437] 

14. Huo SC, Huo TI, Lin HC, et al. Is the corrected-creatinine model for end-stage liver disease a 
feasible strategy to adjust gender difference in organ allocation for liver transplantation? 
Transplantation. 2007; 84:1406–12. [PubMed: 18091516] 

15. Mindikoglu AL, Emre SH, Magder LS. Impact of estimated liver volume and liver weight on 
gender disparity in liver transplantation. Liver Transpl. 2013; 19:89–95. [PubMed: 23008117] 

16. Stevens LA, Levey AS. Measurement of kidney function. Med Clin North Am. 2005; 89:457–73. 
[PubMed: 15755462] 

17. Portal AJ, Austin M, Heneghan MA. Novel approaches to assessing renal function in cirrhotic liver 
disease. Hepatol Res. 2007; 37:667–72. [PubMed: 17506836] 

18. Filler G, Bokenkamp A, Hofmann W, et al. Cystatin C as a marker of GFR–history, indications, 
and future research. Clin Biochem. 2005; 38:1–8. [PubMed: 15607309] 

19. Filler G, Kusserow C, Lopes L, et al. Beta-trace protein as a marker of GFR–history, indications, 
and future research. Clin Biochem. 2014; 47:1188–94. [PubMed: 24833359] 

20. Schardijn GH, Statius van Eps LW. Beta 2-microglobulin: its significance in the evaluation of renal 
function. Kidney Int. 1987; 32:635–41. [PubMed: 3323598] 

21. Kielstein JT, Salpeter SR, Bode-Boeger SM, et al. Symmetric dimethylarginine (SDMA) as 
endogenous marker of renal function–a meta-analysis. Nephrol Dial Transplant. 2006; 21:2446–
51. [PubMed: 16766542] 

22. Knight EL, Verhave JC, Spiegelman D, et al. Factors influencing serum cystatin C levels other than 
renal function and the impact on renal function measurement. Kidney Int. 2004; 65:1416–21. 
[PubMed: 15086483] 

23. Gerbes AL, Gulberg V, Bilzer M, et al. Evaluation of serum cystatin C concentration as a marker of 
renal function in patients with cirrhosis of the liver. Gut. 2002; 50:106–10. [PubMed: 11772976] 

24. Mindikoglu AL, Dowling TC, Magder LS, et al. Estimation of Glomerular Filtration Rate in 
Patients With Cirrhosis by Using New and Conventional Filtration Markers and 
Dimethylarginines. Clin Gastroenterol Hepatol. 2016; 14:624–632 e2. [PubMed: 26133903] 

25. Orlando R, Mussap M, Plebani M, et al. Diagnostic value of plasma cystatin C as a glomerular 
filtration marker in decompensated liver cirrhosis. Clin Chem. 2002; 48:850–8. [PubMed: 
12029000] 

Mindikoglu et al. Page 11

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://optn.transplant.hrsa.gov/media/1200/optn_policies.pdf#nameddest=Policy_09
https://optn.transplant.hrsa.gov/media/1200/optn_policies.pdf#nameddest=Policy_09


26. Randers E, Ivarsen P, Erlandsen EJ, et al. Plasma cystatin C as a marker of renal function in 
patients with liver cirrhosis. Scand J Clin Lab Invest. 2002; 62:129–34. [PubMed: 12004928] 

27. Priem F, Althaus H, Birnbaum M, et al. Beta-trace protein in serum: a new marker of glomerular 
filtration rate in the creatinine-blind range. Clin Chem. 1999; 45:567–8. [PubMed: 10102918] 

28. Inker LA, Tighiouart H, Coresh J, et al. GFR Estimation Using beta-Trace Protein and beta2-
Microglobulin in CKD. Am J Kidney Dis. 2016; 67:40–8. [PubMed: 26362696] 

29. Priem F, Althaus H, Jung K, et al. Beta-trace protein is not better than cystatin C as an indicator of 
reduced glomerular filtration rate. Clin Chem. 2001; 47:2181.

30. Siroen MP, van der Sijp JR, Teerlink T, et al. The human liver clears both asymmetric and 
symmetric dimethylarginine. Hepatology. 2005; 41:559–65. [PubMed: 15726655] 

31. Lluch P, Mauricio MD, Vila JM, et al. Accumulation of symmetric dimethylarginine in hepatorenal 
syndrome. Exp Biol Med (Maywood). 2006; 231:70–5. [PubMed: 16380646] 

32. Mindikoglu AL, Dowling TC, Wong-You-Cheong JJ, et al. A pilot study to evaluate renal 
hemodynamics in cirrhosis by simultaneous glomerular filtration rate, renal plasma flow, renal 
resistive indices and biomarkers measurements. Am J Nephrol. 2014; 39:543–52. [PubMed: 
24943131] 

33. Mookerjee RP, Malaki M, Davies NA, et al. Increasing dimethylarginine levels are associated with 
adverse clinical outcome in severe alcoholic hepatitis. Hepatology. 2007; 45:62–71. [PubMed: 
17187433] 

34. Mindikoglu AL, Dowling TC, Weir MR, et al. Performance of chronic kidney disease 
epidemiology collaboration creatinine-cystatin C equation for estimating kidney function in 
cirrhosis. Hepatology. 2014; 59:1532–42. [PubMed: 23744636] 

35. DuBois D, DuBois EF. A formula to estimate the approximate surface area if height and weight be 
known. Arch Int Med. 1916; 17:863–71.

36. Myers GL, Miller WG, Coresh J, et al. Recommendations for improving serum creatinine 
measurement: a report from the Laboratory Working Group of the National Kidney Disease 
Education Program. Clin Chem. 2006; 52:5–18. [PubMed: 16332993] 

37. SAS software. The data analysis for this paper was generated using SAS software, Version 9.2 of 
the SAS System for Windows. SAS and all other SAS Institute Inc. product or service names are 
registered trademarks or trademarks of SAS Institute Inc; Cary, NC, USA: Http://www.Sas.Com/
Copyright © 2002–2008 SAS Institute Inc

38. Mitch WE, Walser M. A proposed mechanism for reduced creatinine excretion in severe chronic 
renal failure. Nephron. 1978; 21:248–54. [PubMed: 714198] 

39. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomerular filtration rate from serum 
creatinine and cystatin C. N Engl J Med. 2012; 367:20–9. [PubMed: 22762315] 

40. Kasitanon N, Fine DM, Haas M, et al. Estimating renal function in lupus nephritis: comparison of 
the Modification of Diet in Renal Disease and Cockcroft Gault equations. Lupus. 2007; 16:887–
95. [PubMed: 17971362] 

41. Markwardt D, Holdt L, Steib C, et al. Plasma cystatin C is a predictor of renal dysfunction, acute-
on-chronic liver failure, and mortality in patients with acutely decompensated liver cirrhosis. 
Hepatology. 2017; 66:1232–1241. [PubMed: 28545169] 

42. Finkenstedt A, Dorn L, Edlinger M, et al. Cystatin C is a strong predictor of survival in patients 
with cirrhosis: is a cystatin C-based MELD better? Liver Int. 2012; 32:1211–6. [PubMed: 
22380485] 

43. Bandaranayake N, Ankrah-Tetteh T, Wijeratne S, et al. Intra-individual variation in creatinine and 
cystatin C. Clin Chem Lab Med. 2007; 45:1237–9. [PubMed: 17848122] 

44. Delanaye P, Cavalier E, Depas G, et al. New data on the intraindividual variation of cystatin C. 
Nephron Clin Pract. 2008; 108:c246–8. [PubMed: 18391572] 

45. Fricker M, Wiesli P, Brandle M, et al. Impact of thyroid dysfunction on serum cystatin C. Kidney 
Int. 2003; 63:1944–7. [PubMed: 12675875] 

46. Wiesli P, Schwegler B, Spinas GA, et al. Serum cystatin C is sensitive to small changes in thyroid 
function. Clin Chim Acta. 2003; 338:87–90. [PubMed: 14637271] 

Mindikoglu et al. Page 12

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Http://www.Sas.Com/


47. Bjarnadottir M, Grubb A, Olafsson I. Promoter-mediated, dexamethasone-induced increase in 
cystatin C production by HeLa cells. Scand J Clin Lab Invest. 1995; 55:617–23. [PubMed: 
8633186] 

48. Bokenkamp A, van Wijk JA, Lentze MJ, et al. Effect of corticosteroid therapy on serum cystatin C 
and beta2-microglobulin concentrations. Clin Chem. 2002; 48:1123–6. [PubMed: 12089191] 

49. Risch L, Herklotz R, Blumberg A, et al. Effects of glucocorticoid immunosuppression on serum 
cystatin C concentrations in renal transplant patients. Clin Chem. 2001; 47:2055–9. [PubMed: 
11673383] 

50. Bokenkamp A. Kidney function itself, and not cystatin C, is correlated with height and weight. 
Kidney Int. 2005; 67:777–8. author reply 778-9. [PubMed: 15673332] 

51. Stevens LA, Levey AS. Measured GFR as a confirmatory test for estimated GFR. J Am Soc 
Nephrol. 2009; 20:2305–13. [PubMed: 19833901] 

52. Kassirer JP. Clinical evaluation of kidney function–glomerular function. N Engl J Med. 1971; 
285:385–9. [PubMed: 4933769] 

53. Levey AS, Coresh J, Greene T, et al. Expressing the Modification of Diet in Renal Disease Study 
equation for estimating glomerular filtration rate with standardized serum creatinine values. Clin 
Chem. 2007; 53:766–72. [PubMed: 17332152] 

54. De Souza V, Hadj-Aissa A, Dolomanova O, et al. Creatinine- versus cystatine C-based equations in 
assessing the renal function of candidates for liver transplantation with cirrhosis. Hepatology. 
2014; 59:1522–31. [PubMed: 24123197] 

55. Francoz C, Nadim MK, Baron A, et al. Glomerular filtration rate equations for liver-kidney 
transplantation in patients with cirrhosis: validation of current recommendations. Hepatology. 
2014; 59:1514–21. [PubMed: 24037821] 

56. Francoz C, Prie D, Abdelrazek W, et al. Inaccuracies of creatinine and creatinine-based equations 
in candidates for liver transplantation with low creatinine: impact on the model for end-stage liver 
disease score. Liver Transpl. 2010; 16:1169–77. [PubMed: 20879015] 

57. Larsson A, Malm J, Grubb A, et al. Calculation of glomerular filtration rate expressed in mL/min 
from plasma cystatin C values in mg/L. Scand J Clin Lab Invest. 2004; 64:25–30. [PubMed: 
15025426] 

58. Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate. 
Ann Intern Med. 2009; 150:604–12. [PubMed: 19414839] 

59. Cholongitas E, Ioannidou M, Goulis I, et al. Comparison of creatinine and cystatin formulae with 
51 Chromium-ethylenediaminetetraacetic acid glomerular filtration rate in patients with 
decompensated cirrhosis. J Gastroenterol Hepatol. 2017; 32:191–198. [PubMed: 27177318] 

60. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron. 
1976; 16:31–41. [PubMed: 1244564] 

61. McNemar Q. Note on the sampling error of the difference between correlated proportions or 
percentages. Psychometrika. 1947; 12:153–7. [PubMed: 20254758] 

Mindikoglu et al. Page 13

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mindikoglu et al. Page 14

Ta
b

le
 1

C
ha

ra
ct

er
is

tic
s 

of
 1

03
 S

ub
je

ct
s 

w
ith

 C
ir

rh
os

is
 S

tr
at

if
ie

d 
by

 G
en

de
r

M
en

W
om

en
P

 V
al

ue
C

ha
ra

ct
er

is
tic

s
N

=5
8

56
%

N
=4

5
44

%

E
ti

ol
og

y 
of

 C
ir

rh
os

is

H
ep

at
it

is
 C

24
41

18
40

0.
27

8

H
ep

at
it

is
 B

3
5

0
0

A
lc

oh
ol

18
31

12
27

N
on

al
co

ho
lic

 F
at

ty
 L

iv
er

 D
is

ea
se

8
14

10
22

P
ri

m
ar

y 
B

ili
ar

y 
C

ho
la

ng
it

is
0

0
2

4

P
ri

m
ar

y 
Sc

le
ro

si
ng

 C
ho

la
ng

it
is

2
3

0
0

A
ut

oi
m

m
un

e 
H

ep
at

it
is

1
2

2
4

Sa
rc

oi
do

si
s

0
0

1
2

Si
ck

le
 C

el
l D

is
ea

se
1

2
0

0

H
em

oc
hr

om
at

os
is

1
2

0
0

R
ac

e
N

on
-A

fr
ic

an
-A

m
er

ic
an

46
79

31
69

0.
25

8
A

fr
ic

an
-A

m
er

ic
an

12
21

14
31

M
E

L
D

-N
a 

Sc
or

e

6-
9

9
16

17
38

0.
04

0
10

-1
9

39
67

22
49

20
-4

0
10

17
6

13

A
sc

it
es

N
o 

A
sc

it
es

13
22

19
42

0.
01

4
D

iu
re

ti
c-

Se
ns

it
iv

e
20

34
18

40

D
iu

re
ti

c-
R

ef
ra

ct
or

y
25

43
8

18

M
ea

su
re

d 
G

F
R

≥9
0 

m
l/m

in
/1

.7
3 

m
2

20
34

14
31

0.
95

4
≥6

0 
an

d 
<9

0 
m

l/m
in

/1
.7

3m
2

20
34

15
33

≥3
0 

an
d 

<6
0 

m
l/m

in
/1

.7
3m

2
17

29
15

33

≥1
5 

an
d 

<3
0 

m
l/m

in
/1

.7
3m

2
1

2
1

2

P
ro

te
in

ur
ia

 (
> 

0.
5 

g/
24

 h
ou

rs
)

N
o

51
93

36
92

1.
00

0
Y

es
4

7
3

8

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mindikoglu et al. Page 15

M
en

W
om

en
P

 V
al

ue
C

ha
ra

ct
er

is
tic

s
N

=5
8

56
%

N
=4

5
44

%

M
is

si
ng

9

G
lo

m
er

ul
ar

 D
is

ea
se

 (
sp

ot
 u

ri
ne

 p
ro

te
in

/C
r 

ra
ti

o 
≥ 

0.
2)

N
o

47
82

31
78

0.
60

8
Y

es
10

18
9

23

M
is

si
ng

6

D
ia

be
te

s
N

o
41

71
32

71
1.

00
0

Y
es

17
29

13
29

H
yp

ot
hy

ro
id

is
m

N
o

55
95

37
82

0.
05

5
Y

es
3

5
8

18

C
-R

ea
ct

iv
e 

P
ro

te
in

≤1
.0

 m
g/

dl
32

55
31

69
0.

22
1

>1
.0

 m
g/

dl
26

45
14

31

M
en

W
om

en
P

 V
al

ue
M

ea
n

SD
M

ea
n

SD

A
ge

 (
yr

)
54

.4
0

9.
50

54
.7

1
8.

02
0.

86
0

W
ei

gh
t 

(k
g)

86
.7

6
18

.0
9

79
.6

9
19

.9
9

0.
06

6

H
ei

gh
t 

(m
)

1.
73

0.
07

1.
62

0.
07

<
0.

00
01

B
od

y-
Su

rf
ac

e 
A

re
a 

(m
2 )

2.
00

0.
20

1.
83

0.
22

0.
00

01

M
E

L
D

-N
a 

Sc
or

e
14

.2
7

5.
24

12
.5

6
5.

31
0.

10
9

To
ta

l B
ili

ru
bi

n 
(m

g/
dL

)
2.

81
4.

90
2.

03
1.

61
0.

26
3

P
ro

th
ro

m
bi

n 
T

im
e 

(s
ec

)
17

.4
2

3.
44

16
.9

1
3.

08
0.

44
5

In
te

rn
at

io
na

l N
or

m
al

iz
ed

 R
at

io
1.

39
0.

36
1.

34
0.

32
0.

43
3

Se
ru

m
 A

lb
um

in
 (

g/
dL

)
2.

99
0.

58
3.

19
0.

48
0.

07
4

B
U

N
 (

m
g/

dl
)

15
.9

0
9.

76
12

.6
0

6.
60

0.
04

6

Se
ru

m
 S

od
iu

m
 (

m
m

ol
/L

)
13

6.
95

3.
81

13
6.

96
3.

60
0.

99
2

SD
=

St
an

da
rd

 d
ev

ia
tio

n

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mindikoglu et al. Page 16

Ta
b

le
 2

Se
ru

m
 C

r 
an

d 
E

nd
og

en
ou

s 
G

FR
 B

io
m

ar
ke

rs
 A

lte
rn

at
iv

e 
to

 C
r 

in
 P

at
ie

nt
s 

w
ith

 C
ir

rh
os

is

M
en

W
om

en

M
ea

n 
V

al
ue

SD
M

ea
n 

V
al

ue
SD

P
 V

al
ue

Se
ru

m
 C

r
C

r 
(m

g/
dL

)
0.

97
0.

37
0.

82
0.

28
0.

02
3

M
ea

su
re

d 
C

r 
P

ro
du

ct
io

n 
R

at
e

M
ea

su
re

d 
C

r 
P

ro
du

ct
io

n 
R

at
e 

(m
g/

kg
/d

ay
)

13
.3

7
5.

60
11

.0
2

3.
85

0.
02

2

E
st

im
at

ed
 C

r 
P

ro
du

ct
io

n 
R

at
e1

E
st

im
at

ed
 C

r 
P

ro
du

ct
io

n 
R

at
e 

(m
g/

kg
/d

ay
)

17
.1

2
1.

90
14

.5
0

1.
36

<
0.

00
01

M
ea

su
re

d 
G

F
R

M
ea

su
re

d 
G

F
R

 (
m

l/m
in

/1
.7

3m
2 )

81
.7

1
35

.2
2

78
.4

3
34

.9
9

0.
64

3

E
st

im
at

ed
 G

F
R

2
E

st
im

at
ed

 G
F

R
 (

m
l/m

in
/1

.7
3m

2 )
80

.7
3

28
.0

5
76

.2
7

22
.8

6
0.

39
3

M
ea

su
re

d 
C

r 
C

le
ar

an
ce

M
ea

su
re

d 
C

r 
C

le
ar

an
ce

 (
m

l/m
in

/1
.7

3m
2 )

78
.7

5
40

.7
6

77
.3

7
41

.0
8

0.
87

4

E
st

im
at

ed
 C

r 
C

le
ar

an
ce

3
E

st
im

at
ed

 C
r 

C
le

ar
an

ce
 (

m
l/m

in
/1

.7
3m

2 )
10

3.
83

38
.1

0
10

2.
83

40
.2

6
0.

89
9

E
nd

og
en

ou
s 

G
F

R
 B

io
m

ar
ke

rs
 A

lt
er

na
ti

ve
 t

o 
Se

ru
m

 C
r

C
ys

ta
ti

n 
C

 (
m

g/
L

)
1.

18
0.

50
1.

16
0.

38
0.

81
1

B
et

a-
T

ra
ce

 P
ro

te
in

 (
m

g/
L

)
1.

00
0.

56
0.

94
0.

43
0.

59
7

B
et

a-
2 

M
ic

ro
gl

ob
ul

in
 (

m
g/

L
)

4.
13

2.
17

3.
92

1.
86

0.
61

8

SD
M

A
 (

m
ic

ro
m

ol
e/

L
)

0.
78

0.
34

0.
79

0.
37

0.
82

8

A
D

M
A

 (
m

ic
ro

m
ol

e/
L

)
0.

69
0.

21
0.

62
0.

14
0.

07
6

SD
M

A
+A

D
M

A
 (

m
ic

ro
m

ol
e/

L
)

1.
47

0.
48

1.
42

0.
44

0.
61

5

L
-A

rg
in

in
e 

(m
ic

ro
m

ol
e/

L
)

78
.7

8
26

.2
4

79
.1

5
30

.0
6

0.
94

8

L
-A

rg
in

in
e/

SD
M

A
11

5.
80

57
.8

1
11

6.
26

56
.1

2
0.

96
8

L
-A

rg
in

in
e/

A
D

M
A

12
2.

48
50

.3
2

12
9.

75
47

.1
4

0.
46

1

L
-A

rg
in

in
e/

(S
D

M
A

+A
D

M
A

)
58

.1
6

25
.4

7
59

.3
4

23
.9

7
0.

81
3

SD
=

St
an

da
rd

 d
ev

ia
tio

n.

1 M
itc

h 
an

d 
W

al
se

r 
eq

ua
tio

n3
8  

w
as

 u
se

d 
to

 c
al

cu
la

te
 e

st
im

at
ed

 C
r 

pr
od

uc
tio

n 
ra

te
.

2 E
st

im
at

ed
 G

FR
 in

 m
l/m

in
/1

.7
3m

2  
us

in
g 

C
r-

C
ys

ta
tin

 C
 E

qu
at

io
n 

fo
r 

C
ir

rh
os

is
24

=
10

5.
49

 *
 (

C
r 

−
0.

71
2 )

 *
 (

cy
st

at
in

 C
 −

0.
28

5 )
 *

 (
0.

99
3a

ge
) 

*(
0.

86
4f

em
al

e )
 *

 (
1.

01
4A

fr
ic

an
-A

m
er

ic
an

)

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mindikoglu et al. Page 17
3 E

st
im

at
ed

 C
r 

cl
ea

ra
nc

e 
in

 m
l/m

in
/1

.7
3m

2 =
 (

E
st

im
at

ed
 C

r 
pr

od
uc

tio
n 

ra
te

 in
 m

g/
kg

/d
ay

 u
si

ng
 M

itc
h 

an
d 

W
al

se
r 

eq
ua

tio
n3

8 )
*(

w
ei

gh
t i

n 
kg

*1
00

 m
l)

*(
1.

73
 m

2 )
/(

se
ru

m
 C

r 
in

 m
g/

dl
)*

(1
44

0 
m

in
)*

(b
od

y 

su
rf

ac
e 

ar
ea

 in
 m

2 )
.

Dig Dis Sci. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mindikoglu et al. Page 18

Table 3

Multivariate Models that included serum Cr, and GFR Biomarkers Alternative to Serum Cr controlled for Age, 

Race, Weight, Height and Measured GFR

Endogenous GFR Marker
Beta Coefficient for Female 

Gender* Standard Error P Value

Serum Cr Cr (mg/dL) −0.195 0.065 0.003

GFR Biomarkers Alternative to Serum Cr

Cystatin C (mg/L) −0.130 0.094 0.169

Beta-trace protein (mg/L) −0.080 0.109 0.463

Beta-2 microglobulin (mg/L) −0.616 0.437 0.161

SDMA (micromole/L) −0.107 0.080 0.184

ADMA (micromole/L) −0.092 0.045 0.044

*
To determine the association of each endogenous GFR biomarker with female gender, a separate multivariate linear regression model was 

developed and controlled for age, race, weight, height and measured GFR. Female gender remained associated with lower serum Cr even after 
controlling for age, race, weight, height and measured GFR in 103 patients with cirrhosis.
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Table 4

Multivariate Analysis of Associations between Cystatin C and Demographic, Clinical and Laboratory 

Characteristics in 103 Patients with Cirrhosis

Variables in the Multivariate Model Beta Coefficient Standard Error P Value

Measured GFR (ml/min/1.73m2)* −0.008 0.001 <0.0001

Female gender −0.121 0.095 0.206

Age (yr) −0.003 0.004 0.430

African-American −0.019 0.088 0.830

Weight (kg) 0.001 0.002 0.560

Height (m) −0.009 0.005 0.105

C-Reactive Protein (mg/dl) 0.040 0.033 0.234

History of hypothyroidism −0.006 0.124 0.959

*
In the current multivariate regression model, only measured GFR was an independent predictor of serum cystatin C.
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Table 5

Bias, Precision and Accuracy of Measured and Estimated Cr Clearance in 91 Subjects with Cirrhosis

Measured Cr Clearance Estimated Cr Clearance1 P Value3

Bias2 1.13 −23.15 <0.0001

Precision2 34.43 26.72 0.066

Accuracy (1-P30)2 42.86 56.04 0.073

Accuracy (1-P20)2 57.14 71.43 0.060

Accuracy (RMSE)2 34.45 35.36 0.829

1
Estimated Cr clearance in ml/min/1.73m2= (Estimated Cr production rate in mg/kg/day using Mitch and Walser equation38)*(weight in kg*100 

ml)*(1.73 m2)/(serum Cr in mg/dl)*(1440 min)*(body surface area in m2).

2
Bias=Mean of the difference scores (difference score=measured GFR-measured Cr clearance or estimated Cr clearance for each subject); a 

positive bias indicates that estimated Cr clearance on average underestimates measured GFR. Precision=Standard deviation of difference score. 
Accuracy (1-P30)=Percentage of measured or estimated Cr clearance values that differ by greater than 30%. Accuracy (1-P20)= Percentage of 

measured or estimated Cr clearance values that differ by greater than 20% of measured GFR. Accuracy (RMSE)=Root mean squared error 
(RMSE). Lower values for precision and accuracy (1- P30), (1-P20) and RMSE indicate higher precision and accuracy for measured and estimated 

Cr clearance.

3
P values compare the performance of estimated Cr clearance to measured Cr clearance. P values for bias indicate difference in the location of bias, 

not the difference in the magnitude.
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