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Abstract: Background
Plasma cystatin C is a reliable marker to estimate kidney function; however, it is
unknown whether this remains true in patients receiving continuous kidney
replacement therapy (CKRT). Herein, we tested the hypothesis that lower
concentrations of plasma cystatin C during the first three days of CKRT would predict
kidney function recovery.
Methods
We performed a retrospective observational study of 72 patients from a 126-patient,
single-center CKRT study. We studied two a priori defined cohorts of patients without
advanced CKD who had acute kidney injury requiring CKRT (AKI-CKRT): 1) with early
kidney function recovery defined as liberation from KRT within seven days of CKRT
initiation versus 2) with delayed kidney function recovery defined as receipt of KRT for
>21 days or death while on KRT. Subsequent analysis included patients with advanced
CKD and intermediate kidney function recovery (liberation between 8 and 21 days).
 Cystatin C was then measured on stored plasma, urine, and dialysis effluent collected
prior to CKRT initiation and on days 1, 2, and 3 of CKRT.
Results
Plasma cystatin C was significantly lower in patients with early kidney function recovery
in comparison to patients with delayed kidney function recovery on days 1 (1.79 vs.
2.39mg/L), 2 (1.91 vs. 2.38mg/L) and 3 (2.04 vs. 2.67mg/L) of CKRT. Sieving
coefficient and CKRT clearance of cystatin C were similar for patients with early and
delayed kidney function recovery.  The lowest plasma cystatin C concentration on days
1-3 of CKRT predicted early kidney function recovery with an area under the receiver
operating curve of 0.77 (P = 0.002), positive likelihood ratio of 5.60 for plasma cystatin
C <1.30mg/L, and negative likelihood ratio of 0.17 for plasma cystatin C ≥1.88mg/L.
Conclusion
              Lower plasma cystatin C concentrations during the first three days of CKRT
are associated with early kidney function recovery.
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a useful clinical tool to help predict the prognosis of AKI-CKRT.

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED



Clinical Journal of the American Society of Nephrology 

DOI: 10.2215/CJN.0000000000000531 

 

 

 

Cystatin C and Kidney Function Recovery in Patients Requiring Continuous Kidney Replacement 

Therapy for Acute Kidney Injury 

 

Sarah M Haeger1, Kayo Okamura1, Amy S Li1, Zhibin He1, Bryan D Park2, Isadore M Budnick2, North 

Foulon1, Matthew Kennis1, Rachel Blaine1, Makoto Miyazaki1, Ruth Campbell1, Diana I Jalal3, James F 

Colbert4, John T Brinton5, Benjamin R Griffin3, and Sarah Faubel1 

 

1Department of Medicine, Division of Renal Diseases and Hypertension, University of Colorado Anschutz 

Medical Campus, Aurora, Colorado 

2Department of Medicine, Division of Pulmonary Sciences and Critical Care Medicine, University of 

Colorado Anschutz Medical Campus, Aurora, Colorado 

3Department of Medicine, Division of Nephrology, University of Iowa Carver College of Medicine, Iowa 

City, IA 

4Department of Medicine, Division of Infectious Diseases, University of Colorado Anschutz Medical 

Campus, Aurora, Colorado 

5Department of Pediatric Endocrinology, Children’s Hospital Colorado, Aurora, Colorado 

 

Corresponding Author: Dr. Sarah Faubel, Sarah.Faubel@cuanschutz.edu 

12700 East 19th Ave; Box C281 

Aurora, CO 80045 

Office: RC2, Room 7007 

Office phone: 303.724.4813 

Fax: 303.724.4868 

  

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED

mailto:Sarah.Faubel@cuanschutz.edu


ABSTRACT 

Background 

Plasma cystatin C is a reliable marker to estimate kidney function; however, it is unknown 

whether this remains true in patients receiving continuous kidney replacement therapy (CKRT). Herein, 

we tested the hypothesis that lower concentrations of plasma cystatin C during the first three days of 

CKRT would predict kidney function recovery. 

Methods  

We performed a retrospective observational study of 72 patients from a 126-patient, single-

center CKRT study. We studied two a priori defined cohorts of patients without advanced CKD who had 

acute kidney injury requiring CKRT (AKI-CKRT): 1) with early kidney function recovery defined as 

liberation from KRT within seven days of CKRT initiation versus 2) with delayed kidney function recovery 

defined as receipt of KRT for >21 days or death while on KRT. Subsequent analysis included patients with 

advanced CKD and intermediate kidney function recovery (liberation between 8 and 21 days).  Cystatin C 

was then measured on stored plasma, urine, and dialysis effluent collected prior to CKRT initiation and 

on days 1, 2, and 3 of CKRT. 

Results  

Plasma cystatin C was significantly lower in patients with early kidney function recovery in 

comparison to patients with delayed kidney function recovery on days 1 (1.79 vs. 2.39mg/L), 2 (1.91 vs. 

2.38mg/L) and 3 (2.04 vs. 2.67mg/L) of CKRT. Sieving coefficient and CKRT clearance of cystatin C were 

similar for patients with early and delayed kidney function recovery.  The lowest plasma cystatin C 

concentration on days 1-3 of CKRT predicted early kidney function recovery with an area under the 

receiver operating curve of 0.77 (P = 0.002), positive likelihood ratio of 5.60 for plasma cystatin C 

<1.30mg/L, and negative likelihood ratio of 0.17 for plasma cystatin C ≥1.88mg/L.  

Conclusion 

 Lower plasma cystatin C concentrations during the first three days of CKRT are associated with 

early kidney function recovery.  

 

 

Supplemental Digital Content: http://links.lww.com/CJN/C5 
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INTRODUCTION 

Acute kidney injury (AKI) is an abrupt decrease in kidney function defined by an increase in serum 

creatinine (increase of 0.3mg/dL or 150% above baseline) and/or a decrease in urine output (less than 

0.5ml/kg/hour for six hours) [1]. AKI is common, affecting approximately 20% of hospitalized patients, 

and confers increased morbidity and mortality [2]. Approximately 10% of patients with AKI will lose 

substantial enough kidney function to require kidney replacement therapy (KRT), which portends an 

especially poor prognosis [2-4]. It would be advantageous for both patients and providers to have 

techniques to assess the prognosis of patients with AKI-KRT; however, few tools are clinically available. 

Two strategies have been employed to predict outcomes of AKI-KRT. Most tools utilize clinical 

variables and biomarkers to predict mortality or KRT liberation, while few have aimed to estimate 

glomerular filtration rate (GFR) during KRT [5-10]. Receipt of KRT during AKI complicates GFR estimation 

and identification of kidney function recovery since typical filtration markers like creatinine and blood 

urea nitrogen (BUN) (molecular weight (MW) <200Da) are removed by KRT. Larger molecules, including 

cystatin C and β-2 microglobulin (MW 13,300 and 11,600Da respectively), are thought to be less readily 

cleared by KRT and may thus reliably estimate kidney function in patients receiving KRT particularly in 

patients receiving intermittent hemodialysis for end-stage kidney disease (ESKD) [11, 12]. A recent study 

also suggests a role for cystatin C in patients with AKI requiring continuous KRT (AKI-CKRT), showing that 

a lower plasma cystatin C concentration measured at the time of CKRT discontinuation predicted 

successful KRT liberation defined as no additional KRT performed within the next 14 days [13]. However, 

whether cystatin C is significantly removed by CKRT and whether plasma cystatin C is a reliable tool to 

estimate GFR during CKRT remains unclear [14, 15]. To date, there are only four reports that have 

addressed whether cystatin C is cleared by CKRT or if cystatin C is a useful marker of kidney function 

during CKRT [15-18]. These reports generated controversy on whether cystatin C could or could not be 

reliably used during CKRT to identify kidney function recovery – two reaching the conclusion that 
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cystatin C cannot be used reliably during CKRT because it may be removed by CKRT [14, 17] and two 

suggesting that since removal was limited, that cystatin C would be useful to identify kidney function 

recovery [15, 16]. 

Given this controversy, we sought to quantify the clearance of cystatin C during CKRT and test the 

hypothesis that plasma cystatin C concentrations during the first three days of CKRT would predict early 

kidney function recovery in AKI-CKRT as defined by liberation from CKRT within seven days. 

METHODS 

Study Design and Population 

Two cohorts of patients, all of which received continuous venovenous hemodialysis using a 

polyethersulfone membrane, were selected a priori from a parent study (described in supplemental 

methods) for the analysis herein: 1) patients with AKI and early kidney function recovery defined as 

liberation from KRT within seven days of CKRT initiation, and 2) patients with AKI and delayed kidney 

function recovery defined as requiring KRT for >21 days or death while on KRT. Seven days was selected 

as the timepoint for early kidney function as plasma cystatin C is likely to only reflect kidney function 

during the immediate timeframe following its measurement, and as described below, cystatin C was 

measured on the first three days of CKRT. Twenty-one days was selected as the timepoint for delayed 

kidney function recovery to ensure that the comparator group did not have a possibility of kidney 

function recovery on a similar timeframe as the patients with early kidney function recovery. Timing of 

KRT liberation and death for all patients can be found in Supplemental Table 1. AKI was defined as an 

increase in serum creatinine of 0.3mg/dL or 150% above baseline. Baseline creatinine was obtained from 

the electronic health record and defined as the median of the lowest of three or more of the most 

recent consecutive stable outpatient creatinine concentrations within one year prior to initiation of 

CKRT. If outpatient values were not available, then the median of the lowest of three or more 
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consecutive stable creatinine concentrations during the index hospitalization was used. CKRT 

discontinuation was based on the clinical discretion of the providers caring for the patient. While 

liberation was not standardized, early kidney function recovery required that patients were successfully 

liberated from KRT and did not need additional KRT within the next 30 days. 

Patients were excluded if they had stage 3 or greater CKD or received KRT within one week of 

CKRT initiation, as these factors may affect plasma cystatin C concentrations. Stage 3 CKD was defined 

based on an estimated GFR (eGFR) of less than 60ml/min/1.73m2 in men and in women <65 years and an 

eGFR less than 45 ml/min/1.73m2 in women ≥ 65 years. The different eGFR cut off for women >65 years 

old was used due to known age and sex-related differences in eGFR [19, 20]. eGFR was calculated using 

the non-race corrected 2021 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula using 

baseline creatinine [21]. Patients that died within 24 hours of CKRT initiation were also excluded, given 

accurate plasma cystatin C clearance via CKRT could not be measured/calculated.  

Baseline demographic data and CKRT data (time on CKRT, hourly effluent volume, and average 

CKRT dose per interval) were obtained from the electronic health record. Total effluent volume was 

determined by summing the hourly recorded therapy fluid volume and ultrafiltrate volumes during each 

time interval.  

To determine if advanced CKD affected the use of cystatin C to predict early kidney function 

recovery and whether cystatin C may predict early kidney function recovery versus not-early kidney 

function recovery (liberation from KRT after seven days of CKRT initiation, progression to ESKD, or death 

while on KRT), we performed several post-hoc analyses that included patients with advanced CKD (GFR 

<45ml/min/1.73m2) and patients with intermediate kidney function recovery (liberation from KRT 

between eight and 21 days of CKRT initiation). Timing of KRT liberation and death for these additional 

patients can be found in Supplemental Table 2. 
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Plasma, Urine, and Effluent Collection and Cystatin C, IL-6, BUN and creatinine measurements. 

Please see Supplemental Methods. 

Clearance and Sieving Coefficient Calculations 

The sieving coefficient (SC) and CKRT clearance of cystatin C were calculated using the following 

equations as previously described [22]: 

𝑀𝑎𝑟𝑘𝑒𝑟 𝑆𝐶 =
𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑀𝑎𝑟𝑘𝑒𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑃𝑙𝑎𝑠𝑚𝑎 𝑀𝑎𝑟𝑘𝑒𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

𝑀𝑎𝑟𝑘𝑒𝑟 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 × 𝑀𝑎𝑟𝑘𝑒𝑟 𝑆𝐶 

The mass amount of cystatin C removed by CKRT during each time interval was also calculated using the 

following equation: 

𝑀𝑎𝑠𝑠 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑀𝑎𝑟𝑘𝑒𝑟 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝐶𝐾𝑅𝑇

= 𝑇𝑜𝑡𝑎𝑙 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 × 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑀𝑎𝑟𝑘𝑒𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

Statistical Analyses 

All statistics were performed using GraphPad Prism. Patient characteristics/demographics are 

displayed as counts and percentages or means +/- standard error of the mean as appropriate. Chi-square 

analysis was used to compare patient characteristics/demographics that are displayed as counts and 

percentages. Student’s unpaired t-test was used to compare patient characteristics/demographics that 

are displayed as means. Student’s unpaired t-test was used to compare plasma, effluent, and urine 

cystatin C, BUN, and creatinine concentrations, sieving coefficients, all CKRT parameters, and urine 

output. A receiver operating curve (ROC) analysis was performed, and sensitivities and specificities were 

obtained from this curve to determine the test characteristics of the minimum (lowest) plasma cystatin C 

concentration from days 1-3 of CKRT and the maximum average hourly urine output from days 1-3 of 
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CKRT. The lowest plasma cystatin C concentration and the maximum average hourly urine output were 

used for this analysis as these values would be most likely to reflect kidney function recovery. A linear 

regression analysis was also performed to determine the slope of plasma cystatin C concentration 

change over the study period for each subject. 

RESULTS 

Study Design and Baseline Patient Characteristics 

The baseline clinical characteristics of the patients are shown in Table 1. There were no statistical 

differences of any recorded characteristics, including baseline estimated GFR, severity of illness, risk 

factor for AKI, or prevalence of common comorbidities observed between the two groups. No patients in 

the study had vasculitis or glomerulonephritis. Thyroid dysfunction and corticosteroid administration can 

both affect cystatin C [23-26]; however, there was no difference in plasma TSH concentration, history of 

hypothyroidism, levothyroxine receipt, corticosteroid receipt or administered corticosteroid dose (during 

and 5 days prior to the study period) between the two groups. 

Plasma Cystatin C is Decreased in Patients with AKI-CKRT with Early Kidney Function Recovery 

 Plasma cystatin C concentration was significantly decreased on day 1 (1.79 vs. 2.39mg/L), day 2 

(1.91 vs. 2.38mg/L), and day 3 (2.04 vs. 2.67mg/L) of CKRT in patients with early kidney function 

recovery in comparison to patients with delayed kidney function recovery (Figure 1A).  There was no 

difference in plasma creatinine (Figure 1B) or BUN (Figure 1C) between groups at any time point. 

Average hourly urine output was significantly greater between CKRT initiation and day 1 (50 vs. 

21ml/hour) and between day 1 and day 2 (37 vs. 13ml/hour) of CKRT in patients with early kidney 

function recovery (Figure 1D).  Interestingly, there was no difference in plasma cystatin C, creatinine, or 

BUN between groups prior to CKRT initiation. The percent decrease in plasma cystatin C from CKRT 

initiation to day 1 was significantly greater in patients with early kidney function recovery; however, 
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there was no difference in the percent change of plasma cystatin C between CKRT initiation and days 2 

and 3 of CKRT between groups. There was also no difference in the slope of cystatin C change 

throughout the study period between groups as obtained by linear regression analysis (Supplemental 

Figure 1).  

CKRT Clearance of Cystatin C is Similar in Patients with Early versus Delayed Kidney Function Recovery  

  To determine if cystatin C clearance by CKRT was responsible for the decreased plasma cystatin 

C concentrations in patients with early kidney function recovery, we examined the sieving coefficient and 

CKRT clearance of cystatin C. Cystatin C was detected in the CKRT effluent and cystatin C sieving 

coefficients (mean±SEM) were 0.59±0.03, 0.60±0.02, and 0.60±0.02 on days 1, 2, and 3, respectively. The 

cystatin C sieving coefficient was not different in patients with early versus delayed kidney function 

recovery (Figure 2A). 

There was no difference in CKRT cystatin C clearance on day 1 (21.5 vs. 18.2 L), day 2 (27.9 vs. 

26.5 L), or day 3 (25.2 vs. 25.9 L) of CKRT in patients with early versus delayed kidney function recovery 

(Figure 2B). There was also no difference in the mass amount of cystatin C removed by CKRT on day 1 

(37.7 vs. 41.0 mg) or day 2 (52.3 vs. 62.0 mg) of CKRT in patients with early versus delayed kidney 

function recovery. There was paradoxically an increase in the mass amount of cystatin C removed by 

CKRT on day 3 of CKRT (66.0 vs. 49.7 mg) in patients with delayed kidney function recovery (Figure 2C). 

Furthermore, there was no difference in total effluent volume and CKRT dose in patients with early 

versus delayed kidney function recovery (Figures 2D and 2E). Together these findings suggest that the 

decrease in plasma cystatin C concentration in patients with early kidney function recovery is not due to 

increased cystatin C clearance by CKRT. 
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Urinary Excretion of Cystatin C is Similar in Patients with Early versus Delayed Kidney Function Recovery 

To determine if patients with early kidney function recovery had increased urinary cystatin C 

excretion, we performed several analyses of urinary cystatin C clearance. There was no difference in the 

urine cystatin C concentration (Figure 3A), daily urinary cystatin C excretion (Figure 3B), urine cystatin 

C/urine creatinine ratio (Figure 3C), or fractional urinary excretion of cystatin C (Figure 3D) in patients 

with early versus delayed kidney function.  

Plasma Cystatin C as a Clinical Test to Predict Early Kidney Function Recovery in Patients with AKI-CKRT 

To assess the utility of plasma cystatin C as a clinical test, we compared the minimum (lowest) 

plasma cystatin C concentration from days 1-3 of CKRT between the two groups, as the lowest plasma 

cystatin C concentration would be most likely to reflect kidney function recovery. We developed a ROC 

and analyzed the test characteristics of the lowest plasma cystatin C concentration from days 1-3 of CKRT 

in all patients included in this study. The minimum cystatin C concentration was significantly lower in 

patients with early kidney function recovery (Figure 4A). The area under the curve of the ROC (AUROC) 

was 0.77 (95% CI = 0.61-0.93, P = 0.002) (Figure 4B). Using ideal cutoff points from the ROC, a plasma 

cystatin C concentration of 1.30mg/L or less correlated with a positive likelihood ratio (LR) of 5.60 of 

having early kidney function recovery, and a plasma cystatin C concentration of greater than 1.88mg/L 

correlated with a negative LR of 0.17 of having early kidney function recovery (Figure 4C). These findings 

suggest that plasma cystatin C could be used as a clinical tool to predict early kidney function recovery in 

patients with AKI-CKRT.  
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Plasma Cystatin C Predicts Early Kidney Function Recovery in Patients with Advanced CKD and Predicts 

Early Versus Not-Early Kidney Function Recovery in Patients with and without Advanced CKD with AKI-

CKRT 

 To determine if the presence of advanced CKD affects the ability of cystatin C to predict early 

kidney function recovery and if cystatin C can predict early kidney function recovery versus not-early 

kidney function recovery in all patients (including those with advanced CKD), we also measured plasma 

cystatin C in patients with advanced CKD (N=3 with early kidney function recovery, N=8 with delayed 

kidney function recovery or death while on KRT) and with intermediate kidney function recovery (KRT 

liberation between days 8 and 21 of CKRT initiation, N=4). There was no difference in baseline patient 

characteristics including these additional patients (Supplemental Tables 3 & 4). Plasma cystatin C 

remained significantly decreased on days 1 and 2 of CKRT in patients with early kidney function recovery 

in both analyses (Supplemental Figures 2A & 3A). The minimum (lowest) plasma cystatin C 

concentration remained significantly decreased in patients with early kidney function recovery 

(Supplemental Figures 2B & 3B) and still predicted kidney function recovery (Supplemental Figures 2C, 

2D, 3C, & 3D).  

Urine Output as a Clinical Test to Predict Early Kidney Function Recovery in Patients with AKI-CKRT 

We also studied the utility of the maximum average hourly urine output from days 1-3 of CKRT 

to predict early kidney function recovery. The maximum average hourly urine output was greater in 

patients with early kidney function recovery in comparison to patients with delayed kidney function or 

those that died while on KRT (60.82 vs. 26.26ml/hr) (Supplemental Figure 4A). The AUROC was 0.72 

(95% CI = 0.58-0.85, P = 0.01) (Supplemental Figure 4B). Using ideal cutoff points from the ROC, a 

maximum hourly urine output of equal to or greater than 109.2ml/hr correlated with a positive 

likelihood ratio (LR) of 8.40 of having early kidney function recovery, and a maximum hourly urine output 
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of less than 6.3ml/hr correlated with a negative LR of 0.15 of having early kidney function recovery 

(Supplemental Figure 4C). 

DISCUSSION 

In this study we examined the utility of plasma cystatin C to predict kidney function recovery in 

patients with AKI-CKRT.  The major findings are that 1) plasma concentrations of cystatin C are lower in 

patients with early kidney function recovery after CKRT initiation, 2) CKRT clearance did not interfere 

with the utility of cystatin C to predict kidney function recovery despite removal of cystatin C by CKRT 

with a sieving coefficient of ~0.6, and 3) the lowest plasma cystatin C concentration on days 1-3 of CKRT 

may be a useful clinical test to predict early kidney function recovery. To our knowledge, there are only 

four other reports that have assessed plasma cystatin C concentrations during CKRT (as in our study) 

which included 62 patients combined [14-17]. Only two of these reports assessed cystatin C CKRT 

clearance [16, 17] and none addressed whether cystatin C predicts kidney function recovery as we did. 

Thus, our study of 72 patients is larger than all the prior reports combined and is the most 

comprehensive as our study addressed both CKRT clearance and kidney function recovery. This study 

lays the foundation for future investigations of the use of plasma cystatin C to estimate GFR during CKRT.  

This study was crafted to allow for interpretation of plasma cystatin C to identify kidney function 

recovery during CKRT. For a plasma marker to estimate kidney function in patients on CKRT, marker 

clearance by CKRT should be known, and changes in plasma marker concentrations should be indicative 

of differences in kidney function. Our data demonstrate that while cystatin C is meaningfully removed by 

CKRT, this does not confound its ability to identify patients with early kidney function recovery. This is 

important as removal by CKRT has been thought to a limiting factor for cystatin C to reflect kidney 

function during CKRT [11, 27, 28].  
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In addition to assessing CKRT clearance, we also examined urinary cystatin C excretion to provide 

further evidence to support, or refute, the utility of plasma cystatin C as a marker to estimate kidney 

function in patients on CKRT. We examined urinary cystatin C excretion via many methods, all of which 

showed no difference in urinary cystatin C excretion in patients with early kidney function recovery. At 

first glance it appears these data suggest that there is no difference in glomerular filtration of cystatin C 

in patients with early kidney function recovery; however, urinary cystatin C excretion may not be 

proportional to the amount of cystatin C filtered by the glomerulus. Cystatin C is freely filtered by the 

glomerulus, but subsequently binds megalin on the proximal tubule epithelial cell surface, is 

endocytosed, and catabolized [29-34]. As such, patients with impaired filtration and proximal tubule 

injury will filter less cystatin C by the glomerulus but will also reabsorb and catabolize less cystatin C in 

the proximal tubule (Supplemental Figure 5)[34]. Therefore, urinary cystatin C excretion may not be 

proportional to the amount of cystatin C that is filtered by the glomerulus. Given the mechanism of 

cystatin C clearance by the kidney (i.e., both by GFR or proximal tubular metabolism), we suggest that 

lower levels of plasma cystatin C in the patients with early kidney function recovery reflects an 

improvement in both GFR and proximal tubule function. These results are consistent with other studies 

which demonstrate that urine cystatin C may have limited utility to identify and predict the prognosis of 

AKI [35]. 

Finally, we investigated the potential for plasma cystatin C to be implemented as a clinical test. 

We determined plasma cystatin C cutoff values that correlate with positive and negative LRs that could 

impact the probability of a patient having early kidney function recovery. Putting the identified LRs into 

clinical practice (+LR 5.60 for cystatin C≤ 1.30, -LR for cystatin C >1.88), if a patient with a ~50% pre-test 

probability of early kidney function recovery has an elevated plasma cystatin C concentration 

(≥1.88mg/L), this decreases the patient’s probability of having early kidney function recovery to 15%. In 

comparison, if the plasma cystatin C is low (<1.30mg/L), this would increase the patient’s probability of 
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having early kidney function recovery to 85%. We also studied the utility of the maximum average hourly 

urine output from days 1-3 of CKRT to predict early kidney function recovery, as urine output is the most 

commonly used tool in clinical practice to identify kidney function recovery in patients on CKRT. While 

the maximum average hourly urine output was greater in patients with early kidney function recovery, 

the AUROC of the maximum average hourly urine output was modestly lower than the AUROC for 

minimum plasma cystatin C. Furthermore, while average hourly urine output cutoff values were able to 

be determined that corresponded to impactful likelihood ratios, most study patients fell between these 

two cutoff values and thus would have an indeterminate test result. Adjustments to the cutoff values 

could be made to allow a positive or negative result in more patients; however, this would compromise 

the likelihood ratio strength. Together, these findings suggest that cystatin C has the potential to help 

inform clinical decision-making regarding attempts to discontinue CKRT and that minimum cystatin C 

may be an equivalent or superior clinical test as maximum urine output. These data are in line with the 

growing body of data indicating that urine output has limitations in predicting kidney function recovery 

and successful CKRT liberation, and that additional tools are needed [18, 36]. 

While this study demonstrates several strengths, it also has limitations. Though larger than the 

prior studies of cystatin C during CKRT, this study is still relatively small and should be replicated in a 

larger and multi-institutional validation cohort. Unfortunately, a validation cohort with plasma samples 

collected prior to initiation of CKRT, and plasma and effluent samples serially collected after CKRT 

initiation does not exist at this time. Additionally, while cystatin C is increasingly available for 

measurement in clinical labs, not all healthcare systems are able to measure cystatin C and its 

measurement is not standardized across institutions. As more studies show beneficial uses for cystatin C, 

it is important that clinical labs adopt and standardize this technology. Finally, the only form of CKRT 

studied was continuous venovenous hemodialysis (CVVHD) – which is a diffusive therapy. Based on 

available data, it does not appear that CKRT modality will be a major confounding factor that affects 
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cystatin C removal. Similar cystatin C sieving coefficients [15, 17] and clearance [15] during continuous 

venovenous hemofiltration (CVVH), a convective therapy, have been observed. Additionally, cystatin C is 

a middle molecular weight molecule, similar to cytokines, for which no significant difference in serum 

concentrations or CKRT clearance of five different cytokines were observed with CVVHD vs. CVVH [37].  

In summary, this study demonstrates that plasma cystatin C concentrations are lower in patients 

with AKI-CKRT with early kidney function recovery. The lowest concentration of plasma cystatin C in the 

first three days of CKRT has the promise to be a clinically useful test that could help inform prognostic 

conversations and possibly provide guidance as to when KRT discontinuation can be attempted.  

  

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED



REFERENCES 

1. Ostermann M, Bellomo R, Burdmann EA, Doi K, Endre ZH, Goldstein SL, Kane-Gill SL, Liu KD, 
Prowle JR, Shaw AD et al: Controversies in acute kidney injury: conclusions from a Kidney 
Disease: Improving Global Outcomes (KDIGO) Conference. Kidney Int 2020, 98(2):294-309. 

2. Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Alqahtani F, Koulouridis I, Jaber BL, Acute 
Kidney Injury Advisory Group of the American Society of N: World incidence of AKI: a meta-
analysis. Clin J Am Soc Nephrol 2013, 8(9):1482-1493. 

3. Rewa O, Bagshaw SM: Acute kidney injury-epidemiology, outcomes and economics. Nat Rev 
Nephrol 2014, 10(4):193-207. 

4. Kellum JA, Romagnani P, Ashuntantang G, Ronco C, Zarbock A, Anders HJ: Acute kidney injury. 
Nat Rev Dis Primers 2021, 7(1):52. 

5. Spahillari A, Parikh CR, Sint K, Koyner JL, Patel UD, Edelstein CL, Passik CS, Thiessen-Philbrook H, 
Swaminathan M, Shlipak MG et al: Serum cystatin C- versus creatinine-based definitions of 
acute kidney injury following cardiac surgery: a prospective cohort study. Am J Kidney Dis 2012, 
60(6):922-929. 

6. Medina-Liabres KRP, Jeong JC, Oh HJ, An JN, Lee JP, Kim DK, Ryu DR, Kim S: Mortality predictors 
in critically ill patients with acute kidney injury requiring continuous renal replacement 
therapy. Kidney Res Clin Pract 2021, 40(3):401-410. 

7. Kahindo CK, Mukuku O, Mokoli VM, Sumaili EK, Wembonyama SO, Tsongo ZK: Predictors of 
Mortality in Adults with Acute Kidney Injury Requiring Dialysis: A Cohort Analysis. Int J Nephrol 
2022, 2022:7418955. 

8. Li B, Huo Y, Zhang K, Chang L, Zhang H, Wang X, Li L, Hu Z: Development and validation of 
outcome prediction models for acute kidney injury patients undergoing continuous renal 
replacement therapy. Front Med (Lausanne) 2022, 9:853989. 

9. Lee BJ, Hsu CY, Parikh R, McCulloch CE, Tan TC, Liu KD, Hsu RK, Pravoverov L, Zheng S, Go AS: 
Predicting Renal Recovery After Dialysis-Requiring Acute Kidney Injury. Kidney Int Rep 2019, 
4(4):571-581. 

10. Daniels JR, Ma JZ, Cao Z, Beger RD, Sun J, Schnackenberg L, Pence L, Choudhury D, Palevsky PM, 
Portilla D et al: Discovery of Novel Proteomic Biomarkers for the Prediction of Kidney Recovery 
from Dialysis-Dependent AKI Patients. Kidney360 2021, 2(11):1716-1727. 

11. Vilar E, Boltiador C, Wong J, Viljoen A, Machado A, Uthayakumar A, Farrington K: Plasma Levels 
of Middle Molecules to Estimate Residual Kidney Function in Haemodialysis without Urine 
Collection. PLoS One 2015, 10(12):e0143813. 

12. Shafi T, Levey AS: Measurement and Estimation of Residual Kidney Function in Patients on 
Dialysis. Adv Chronic Kidney Dis 2018, 25(1):93-104. 

13. Kim CS, Bae EH, Ma SK, Kim SW: A Prospective Observational Study on the Predictive Value of 
Serum Cystatin C for Successful Weaning from Continuous Renal Replacement Therapy. Kidney 
Blood Press Res 2018, 43(3):872-881. 

14. Kiers HD, de Sevaux R, Pickkers P: Cystatin C is not a reliable marker of residual glomerular 
filtration rate during continuous renal replacement therapy. Intensive Care Med 2011, 
37(11):1893-1894; author reply 1897-1898. 

15. Baas MC, Bouman CS, Hoek FJ, Krediet RT, Schultz MJ: Cystatin C in critically ill patients treated 
with continuous venovenous hemofiltration. Hemodial Int 2006, 10 Suppl 2:S33-37. 

16. Balik M, Jabor A, Waldauf P, Kolar M, Pavlisova M, Brest'an D, Hendl J, Rychlik I: Cystatin C as a 
marker of residual renal function during continuous hemodiafiltration. Kidney Blood Press Res 
2005, 28(1):14-19. 

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED



17. Bouman CSC, Royakkers AANM, Schultz MJ: The removal of cystatin C during continuous 
venovenous hemofiltration. Intensive Care Medicine 2011, 37(11):1897-1898. 

18. Katulka RJ, Al Saadon A, Sebastianski M, Featherstone R, Vandermeer B, Silver SA, Gibney RTN, 
Bagshaw SM, Rewa OG: Determining the optimal time for liberation from renal replacement 
therapy in critically ill patients: a systematic review and meta-analysis (DOnE RRT). Crit Care 
2020, 24(1):50. 

19. Delanaye P, Jager KJ, Bokenkamp A, Christensson A, Dubourg L, Eriksen BO, Gaillard F, Gambaro 
G, van der Giet M, Glassock RJ et al: CKD: A Call for an Age-Adapted Definition. J Am Soc 
Nephrol 2019, 30(10):1785-1805. 

20. Kovesdy CP: Epidemiology of chronic kidney disease: an update 2022. Kidney Int Suppl (2011) 
2022, 12(1):7-11. 

21. Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, Crews DC, Doria A, Estrella MM, 
Froissart M et al: New Creatinine- and Cystatin C-Based Equations to Estimate GFR without 
Race. N Engl J Med 2021, 385(19):1737-1749. 

22. Macedo E, Mehta RL: Continuous Dialysis Therapies: Core Curriculum 2016. Am J Kidney Dis 
2016, 68(4):645-657. 

23. Liang S, Shi M, Bai Y, Deng Y, Fang M, Li J, Wu Y, Peng W, Hou Y, Fang H et al: The effect of 
glucocorticoids on serum cystatin C in identifying acute kidney injury: a propensity-matched 
cohort study. BMC Nephrol 2020, 21(1):519. 

24. Zhang D, Gao L, Ye H, Chi R, Wang L, Hu L, Ouyang X, Hou Y, Deng Y, Long Y et al: Impact of 
thyroid function on cystatin C in detecting acute kidney injury: a prospective, observational 
study. BMC Nephrol 2019, 20(1):41. 

25. Bokenkamp A, Laarman CA, Braam KI, van Wijk JA, Kors WA, Kool M, de Valk J, Bouman AA, 
Spreeuwenberg MD, Stoffel-Wagner B: Effect of corticosteroid therapy on low-molecular weight 
protein markers of kidney function. Clin Chem 2007, 53(12):2219-2221. 

26. Xin C, Xie J, Fan H, Sun X, Shi B: Association Between Serum Cystatin C and Thyroid Diseases: A 
Systematic Review and Meta-Analysis. Front Endocrinol (Lausanne) 2021, 12:766516. 

27. Hoek FJ, Korevaar JC, Dekker FW, Boeschoten EW, Krediet RT: Estimation of residual glomerular 
filtration rate in dialysis patients from the plasma cystatin C level. Nephrol Dial Transplant 
2007, 22(6):1633-1638. 

28. Li DY, Yin WJ, Zhou LY, Ma RR, Liu K, Hu C, Zhou G, Zuo XC: Utility of cystatin C-based equations 
in patients undergoing dialysis. Clin Chim Acta 2018, 485:282-287. 

29. Herget-Rosenthal S, Bokenkamp A, Hofmann W: How to estimate GFR-serum creatinine, serum 
cystatin C or equations? Clin Biochem 2007, 40(3-4):153-161. 

30. Grubb AO: Cystatin C--properties and use as diagnostic marker. Adv Clin Chem 2000, 35:63-99. 
31. Barrett AJ, Davies ME, Grubb A: The place of human gamma-trace (cystatin C) amongst the 

cysteine proteinase inhibitors. Biochem Biophys Res Commun 1984, 120(2):631-636. 
32. Brzin J, Popovic T, Turk V, Borchart U, Machleidt W: Human cystatin, a new protein inhibitor of 

cysteine proteinases. Biochem Biophys Res Commun 1984, 118(1):103-109. 
33. Bagshaw SM, Bellomo R: Cystatin C in acute kidney injury. Curr Opin Crit Care 2010, 16(6):533-

539. 
34. Kaseda R, Iino N, Hosojima M, Takeda T, Hosaka K, Kobayashi A, Yamamoto K, Suzuki A, Kasai A, 

Suzuki Y et al: Megalin-mediated endocytosis of cystatin C in proximal tubule cells. Biochem 
Biophys Res Commun 2007, 357(4):1130-1134. 

35. Koyner JL, Garg AX, Shlipak MG, Patel UD, Sint K, Hong K, Devarajan P, Edelstein CL, Zappitelli M, 
Thiessen-Philbrook H et al: Urinary cystatin C and acute kidney injury after cardiac surgery. Am 
J Kidney Dis 2013, 61(5):730-738. 

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED



36. Li Y, Deng X, Feng J, Xu B, Chen Y, Li Z, Guo X, Guan T: Predictors for short-term successful 
weaning from continuous renal replacement therapy: a systematic review and meta-analysis. 
Ren Fail 2023, 45(1):2176170. 

37. Chen LX, Demirjian S, Udani SM, Trevino SA, Murray PT, Koyner JL: Cytokine Clearances in 
Critically Ill Patients on Continuous Renal Replacement Therapy. Blood Purif 2018, 46(4):315-
322. 

38. Colbert JF, Griffin BR, Rolloff K, Erzen CL, Haeger SM, Altmann C, Okamura K, Campbell R, 
Teitelbaum I, Faubel S: Hepcidin removal during Continuous Renal Replacement Therapy. Blood 
Purif 2023. 

39. Masuda M, Miyazaki-Anzai S, Keenan AL, Shiozaki Y, Okamura K, Chick WS, Williams K, Zhao X, 
Rahman SM, Tintut Y et al: Activating transcription factor-4 promotes mineralization in vascular 
smooth muscle cells. JCI Insight 2016, 1(18):e88646. 

 

 

  

Copyright © 202  4 by the American Society of Nephrology

ACCEPTED



TABLE LEGENDS 

Table 1. Baseline Patient Characteristics. Baseline characteristics of patients by group.    

 

Table 1.  Early Kidney Recovery Delayed Kidney Recovery 

or Died 

  N or Avg +/- 

SEM 

% N or Avg +/- SEM % 

Total Patients 

Early Kidney Recovery 15    

Delayed Kidney Recovery   19  

Died   23  

Age (years)  58.3 +/- 3.9  55.9 +/- 2.6  

Weight (kg)  85.8 +/- 5.0  96.0 +/- 4.9  

BMI  29.0 +/- 1.6  30.0 +/- 1.3  

Sex M 

F 

8 

7 

53% 

47% 

26 

16 

62% 

38% 

Baseline eGFR 

(ml/min/m2) 

 92.7 +/- 5.8  83.4 +/- 3.4  

SOFA-Renal 

Score 

 9.1 +/- 0.9  10.1 +/- 0.6  

IL-6 (pg/ml)  22173 +/- 

19255 

 1909 +/- 1377  

Thyroid 

Dysfunction 

TSH (mIU/L) 3.32 +/- 0.96  3.97 +/- 1.20  

History of Hypothyroidism 3 20% 12 29% 

# Receiving Levothyroxine 1 7% 8 19% 
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Corticosteroid 

Administration 

# Receiving corticosteroids 7 47% 26 62% 

Average Daily PO Prednisone 

Equivalent Corticosteroid 

Administration Dose (mg) 

51.0 +/- 30.4 
 

39.7 +/- 12.1 
 

Comorbidities 

Hypertension 7 47% 20 48% 

Diabetes 6 40% 10 24% 

Heart Failure or Pulmonary 

Hypertension 

6 40% 17 41% 

Coronary Artery Disease 2 13% 8 19% 

Cirrhosis 1 7% 7 17% 

Cancer (Solid Tumor) 2 13% 3 7% 

Cancer (Hematologic) 2 13% 3 7% 

CVA/TIA 2 13% 4 10% 

 
COPD 2 13% 2 5% 

Risk Factor(s) 

for AKI 

Sepsis 8 53% 19 45% 

Decompensated Heart Failure 4 27% 13 31% 

Hepatorenal Syndrome 1 7% 4 10% 

Cardiac or Vascular Surgery 1 7% 9 21% 

Tumor Lysis Syndrome 1 7% 0 0% 

Rhabdomyolysis 0 0% 1 2% 

Nephrotoxin Administration 0 0% 1 2% 

Hypertensive Emergency 0 0% 1 2% 

ICU Type Medical ICU 10 67% 23 55% 
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Cardiac or Cardiothoracic 

Surgery ICU 

1 7% 12 29% 

Surgical and Trauma ICU 4 27% 6 14% 

Neuro ICU 0 0% 1 2% 
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FIGURE LEGENDS 

Figure 1. Measurements of Kidney Function in Patients with AKI Requiring CKRT. Plasma cystatin C (A), 

creatinine (B), and BUN (C) on the day prior to CKRT initiation and on days 1, 2, and 3 of CKRT in patients 

with early kidney function recovery (gray) versus delayed kidney function recovery (white). Hourly urine 

output (D) between time of enrollment to day 1, day 1 to day 2, and day 2 to day 3 of CKRT in patients 

with early kidney function recovery (gray) versus delayed kidney function recovery (white). Boxes 

represent 25th – 75th percentile results with a bar at the median result, Whiskers extend from the 

minimum to maximum value, + = Mean result. * = P<0.05. p-values between 0.05 and 0.10 reported 

above each comparison. 
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Figure 2. Continuous Kidney Replacement Therapy Clearance of Cystatin C. Cystatin C sieving coefficient 

(A), cystatin C CKRT clearance (B), cystatin C CKRT mass removed (C), CKRT total effluent volume (D), and 

CKRT dose (E) between time of enrollment to day 1, day 1 to day 2, and day 2 to day 3 of CKRT in 

patients with early kidney function recovery (gray) versus delayed kidney function recovery (white). 

Boxes represent 25th – 75th percentile results with a bar at the median result, Whiskers extend from the 

minimum to maximum value, + = Mean result. * = P<0.05. p-values between 0.05 and 0.10 reported 

above each comparison. 
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Figure 3. Urinary Clearance of Cystatin C. Urine cystatin C (A), urine cystatin C/urine creatinine ratio (C), 

and urinary fractional excretion of cystatin C (D) on the day prior to CKRT initiation and on days 1, 2, and 

3 of CKRT in patients with early kidney function recovery (gray) versus delayed kidney function recovery 

(white). Urine cystatin C clearance (B) between time of enrollment to day 1, day 1 to day 2, and day 2 to 

day 3 of CKRT in patients with early kidney function recovery (gray) versus delayed kidney function 

recovery (white). Boxes represent 25th – 75th percentile results with a bar at the median result, Whiskers 

extend from the minimum to maximum value, + = Mean result. * = P<0.05. p-values between 0.05 and 

0.10 reported above each comparison. 
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Figure 4. Minimum Cystatin C From Day 1 - Day 3 of CKRT Predicts Early Kidney Function Recovery in 

Patients with AKI-CKRT. Minimum (lowest) plasma cystatin C from days 1-3 of CKRT (A) in patients with 

AKI-CKRT with early kidney function recovery (gray) versus delayed kidney function recovery (white). 

Receiver operating curve of minimum plasma cystatin C in all patients (B) and optimal cutoff values with 

corresponding positive and negative likelihood ratios for early kidney recovery (C). For box and whisker 

plots, boxes represent 25th – 75th percentile results with a bar at the median result, Whiskers extend 

from the minimum to maximum value, + = Mean result. * = P<0.05.  
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SUPPLEMENTAL MATERIALS LIST: 

SUPPLEMENTAL METHODS 

Supplemental Table 1. Individual Patient Timing of Kidney Recovery and Death 

Supplemental Table 2. Individual Patient Timing of Kidney Recovery and Death in Patients with 

Advanced CKD and Kidney Recovery Between Day 8 and 21 

Supplemental Table 3. Baseline Patient Characteristics.  

Supplemental Table 4. Baseline Patient Characteristics.  

Supplemental Figure 1. Change in Plasma Cystatin C.  

Supplemental Figure 2. Plasma Cystatin C Predicts Kidney Function Recovery in Patients with AKI-CKRT 

with and without CKD.  

Supplemental Figure 3. Plasma Cystatin C Predicts Early Versus Not-Early Kidney Function Recovery in 

Patients with AKI-CKRT with and without CKD.  

Supplemental Figure 4. Average Maximum Urine Output From Days 1-3 in Patients with AKI Requiring 

CKRT.  

Supplemental Figure 5. Processing of Cystatin C by the Glomerulus and Proximal Tubule in the Healthy 

and Injured Kidney.  
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