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Abstract 

Background Protein carbamylation, a post‑translational protein modification primarily driven by urea, independently 
associates with adverse clinical outcomes in patients with CKD. Biomarkers used to quantify carbamylation burden 
have mainly included carbamylated albumin (C‑Alb) and homocitrulline (HCit, carbamylated lysine). In this study, we 
aimed to compare the prognostic utility of these two markers in order to facilitate comparisons of existing studies 
employing either marker alone, and to inform future carbamylation studies.

Methods Both serum C‑Alb and free HCit levels were assayed from the same timepoint in 1632 individuals with CKD 
stages 2–4 enrolled in the prospective Chronic Renal Insufficiency Cohort (CRIC) study. Adjusted Cox proportional 
hazard models were used to assess risks for the outcomes of death (primary) and end stage kidney disease (ESKD) 
using each marker. C‑statistics, net reclassification improvement, and integrated discrimination improvement were 
used to compare the prognostic value of each marker.

Results Participant demographics included mean (SD) age 59 (11) years; 702 (43%) females; 700 (43%) white. C‑Alb 
and HCit levels were positively correlated with one another (Pearson correlation coefficient 0.64). Higher C‑Alb 
and HCit levels showed similar increased risk of death (e.g., the adjusted hazard ratio [HR] for death in the 4th carba‑
mylation quartile compared to the 1st was 1.90 (95% confidence interval [CI] 1.35–2.66) for C‑Alb, and 1.89 [1.27–2.81] 
for HCit; and on a continuous scale, the adjusted HR for death using C‑Alb was 1.24 [1.11 to 1.39] per standard 
deviation increase, and 1.27 [1.10–1.46] using HCit). Both biomarkers also had similar HRs for ESKD. The C‑statistics 
were similar when adding each carbamylation biomarker to base models (e.g., for mortality models, the C‑statistic 
was 0.725 [0.707–0.743] with C‑Alb and 0.725 [0.707–0.743] with HCit, both compared to a base model 0.723). Similari‑
ties were also observed for the net reclassification improvement and integrated discrimination improvement metrics.

Conclusions C‑Alb and HCit had similar performance across multiple prognostic assessments. The markers appear 
readily comparable in CKD epidemiological studies.
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Background
Protein carbamylation is a non-enzymatic, post transla-
tional protein modification that occurs when cyanate, 
the dissociation product of urea, spontaneously reacts to 
bind primary amino groups on proteins (Fig. 1), resulting 
in protein charge and conformational changes that can 
impact numerous molecular and cellular functions [1–
3]. While carbamylated proteins are found in relatively 
low concentrations in healthy humans, impaired kidney 
function leads to elevated blood urea levels and, subse-
quently, higher levels of carbamylation [1]. Carbamyla-
tion in patients with chronic kidney disease (CKD) has 
been linked to several distinct pathological pathways. For 
example, carbamylation of select proteins can accelerate 
the biochemical events of atherosclerosis, trigger vascu-
lar calcification, and initiate inflammatory and profibro-
genic signaling cascades [4–12].

Epidemiological studies have shown that carbamyla-
tion is an independent risk factor for mortality and CKD 
progression [13–21]. Despite growing attention to carba-
mylation as a marker of and potential therapeutic target 
for adverse outcomes in CKD, the optimal assay to meas-
ure carbamylation burden remains to be determined. 
Different assays that have previously been employed 
include carbamylated protein measures (e.g., carbamyl-
ated albumin, C-Alb) as well as direct measures of car-
bamylated lysine (i.e., homocitrulline, HCit) [1]. HCit 
itself can be assayed in different forms, namely free and 
protein bound. Free lysine can become carbamylated to 
form free HCit, and protein-bound lysine can become 
carbamylated on its side chain to become protein bound 

HCit. Notably, the protein bound form is released dur-
ing in  vivo protein degradation generating additional 
free HCit, thus free HCit levels may reflect the amount 
of total system carbamylation that is occurring (as well 
as clearance of this non-proteinogenic amino acid). Free 
HCit is a commonly measured analyte on widely used 
metabolomic platforms and is what “HCit” is referring to 
herein [21].

Non-uniformity in carbamylation assay selection across 
studies raises challenges for meaningful comparisons 
across distinct clinical research cohorts. A recent small 
scale brief report suggested that measures of HCit and 
C-Alb were positively correlated as expected but clinical 
outcomes were not assessed [22]. Establishing the com-
parability of HCit and C-Alb in relation to clinical out-
comes stands to rapidly advance carbamylation research 
by facilitating use of numerous existing databases with 
HCit data and allowing comparisons of existing studies. 
Such information could meaningfully advance investiga-
tions of the causes, consequences, and potential treat-
ments of carbamylation.

Two different large scale studies recently measured 
C-Alb and HCit among participants of the Chronic Renal 
Insufficiency Cohort (CRIC) study, providing a unique 
opportunity to now compare head-to-head the operating 
characteristics and prognostic utility of two of the most 
widely used markers of carbamylation in clinical investi-
gation [20, 21]. In the present study, we aimed to test the 
hypothesis that baseline levels of C-Alb and HCit dem-
onstrate similar operating characteristics: Specifically, we 
postulated that the adjusted hazard ratios, when linked to 

Fig. 1 Illustration of the carbamylation process, a systemic post‑translational protein modification
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the clinical endpoints of mortality and progression to end 
stage kidney disease (ESKD), would be similar. Addition-
ally, we hypothesized that these two markers would show 
similar discrimination metrics when added to models 
assessing these outcomes.

Methods
Study Population
CRIC is a multicenter, prospective observational cohort 
study [23, 24]. Between June 1, 2003, to September 30, 
2008, a total of 3939 individuals, aged 21–74 years old, 
with estimated glomerular filtration rates (eGFR) of 
20–70 mL/min/1.73m2, were recruited across 7 US clini-
cal centers in the initial enrollment phase. CRIC study 
participants completed annual clinic visits and semi-
annual telephone contact. Individuals with polycystic 
kidney disease, prior treatment with dialysis, organ 
transplant, or on active immunosuppressive agents for 
glomerulonephritis were excluded. All participants in 
the study provided written consent during enrollment 
and the study protocol was approved by the institutional 
review boards at each clinical center.

Exposures and covariates
The primary exposures of interest were C-Alb and HCit. 
Both markers were assayed using CRIC serum or plasma 
samples from the year 1 CRIC study visit (one year after 
date of enrollment) which were selected due to sample 
availability [20, 21]. In our study, the year 1 visit is con-
sidered “baseline”. C-Alb was measured in 3,111 ran-
domly selected individuals with sample availability as 
previously described [20]. The measure of C-Alb using 
mass spectrometry and its analytical validation have been 
reported before [17]. C-Alb was measured as the ratio 
of millimoles of carbamylated albumin per mole of total 
albumin (analogous to the measurement of percentage 
glycated hemoglobin) [25].

HCit was measured as part of a larger metabolomic 
study [21]. 1,800 individuals with available samples were 
randomly selected and underwent blood metabolomic 
profiling using the Broad Institute Metabolomics Plat-
form. Detailed methods (including characterization of 
technical and intrapersonal analyte variation among indi-
viduals with CKD) from the Broad institute have been 
previously described [26]. In brief, 10 µL of plasma was 
extracted with 90 µL of 74.9:24.9:0.2 v/v/v acetonitrile/
methanol/formic acid, and the supernatant following 
centrifugation was separated on a 150 × 2  mm Atlantis 
HILIC column (Waters). Mass spectrometry analyses 
were carried out using electrospray ionization in the pos-
itive ion mode on a Q Exactive Plus orbitrab mass spec-
trometer (Thermo Fisher Scientific). In the present study, 
HCit is a measure of the free form of homocitrulline (i.e., 

not carbamylated lysine residues within a protein’s amino 
acid sequence). 1632 individuals had both C-Alb and 
HCit data available from the same “baseline” timepoint. 
A more detailed flowchart illustrating the participant 
selection process is provided in Supplementary Fig. 1.

Sociodemographic characteristics, medical history, 
lifestyle behaviors, and other clinical data were obtained 
at the baseline visit for all included participants. Routine 
laboratory measurements using standard assays were also 
previously performed on samples from the baseline visit. 
The eGFR was calculated using the CKD-EPI Creatinine 
Equation. While the optimal measure to estimate GFR 
has been debated, we have shown carbamylation asso-
ciations in CRIC using the equation employed in this 
study to be robust across numerous different estimations 
(incorporating both serum creatinine and cystatin C, and 
excluding race as a variable) [20].

Definition of outcomes
Our primary outcome was all cause mortality. Our sec-
ondary outcome was ESKD, which was defined as receiv-
ing long-term dialysis or a kidney transplant. For analysis 
of the primary outcome, follow up was censored if the 
participants withdrew, were lost to follow-up, or reached 
the end of the follow-up period (mid-2017); for the sec-
ondary outcome, patients were also censored if they 
died. Deaths were ascertained from next of kin, retrieval 
of death certificates or obituaries, review of hospital 
records, and linkage with the social security death master 
file. Ascertainment of ESKD was done through semian-
nual surveillance by the CRIC Study personnel supple-
mented by cross-linkage with the US Renal Data System 
(USRDS).

Statistical analysis
Baseline characteristics were summarized using mean 
(standard deviations) or median (interquartile ranges) 
for continuous variables and counts (proportions) for 
categorical variables, comparing them using parametric 
or nonparametric tests as appropriate. Due to the right 
skewed distribution of HCit and C-Alb, the markers 
were log transformed. Further, to address the difference 
in units between C-Alb and HCit, we applied a z-score 
transformation (centering each observation to the mean 
and scaling by the standard deviation). This normaliza-
tion process ensures that both biomarkers are on a com-
mon scale, allowing for direct comparison. To establish 
robustness and aid in the interpretability of our findings, 
we also conducted analyses after categorizing individuals 
into quartiles according to the baseline levels of each bio-
marker. Box plots were constructed to visually represent 
the distribution of each biomarker’s levels within these 
quartiles.
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The Pearson correlation coefficient between the two 
biomarkers and between each biomarker and blood urea 
nitrogen (BUN) levels were evaluated. Locally weighted 
scatterplot smoothing lines were also used to further 
assess the relationship between the two biomarkers. We 
ran analyses in parallel using the two different biomark-
ers (C-Alb or HCit) using unadjusted and then multi-
variable adjusted linear regression models to examine 
the association between the levels of each biomarker and 
select clinical variables.

We then examined the risk of the primary and sec-
ondary outcomes using multivariate adjusted Cox pro-
portional hazards regression models. Because death 
precludes the occurrence of future ESKD, we used com-
peting risk regression for the ESKD end point as a sensi-
tivity analysis. Covariates for the multivariable adjusted 
models were selected a priori based on established risks 
for the outcomes and clinical and biological plausibil-
ity of covariates’ potentially confounding the association 
between carbamylation and the outcomes of interest. 
The adjusted models were stratified by clinical center and 
include age, sex, race and ethnicity, systolic blood pres-
sure, body mass index, smoking status, history of diabe-
tes, cardiovascular disease, use of angiotensin-converting 
enzyme inhibitor or angiotensin II receptor blocker med-
ications, serum total albumin, eGFR, log-transformed 
24-hour proteinuria, and reported cause of kidney dis-
ease. Given its known association to carbamylation, to 
assess urea’s impact on our findings, we added blood urea 
nitrogen (BUN) levels to the models in a sensitivity anal-
ysis. Additionally, we reanalyzed the data using the HCit/ 
total free lysine ratio as a carbamylation biomarker as this 
ratio has also been employed in prior studies. We finally 
conducted a stratified analysis based on eGFR levels.

We evaluated the improvement in model performance 
by the inclusion of each carbamylation marker to a base 
model adjusted for all pre-specified covariates noted 
above in the study sample using various metrics [27]: We 
used Gönen and Heller modified C-statistics to compare 
model discrimination [28], “category-free” net reclas-
sification improvement (NRI) to assess the ability of the 
model to correctly reclassify risk groups, and integrated 
discrimination improvement (IDI) [27] to examine the 
ability of the model to increase average sensitivity without 
reducing average specificity. Only 0.6% of all data points 
were missing, where urinary protein had 8% missingness, 
hemoglobin 1%, and blood urea nitrogen < 0.1%. The rest 
of the variables were complete. For the primary analysis 
we conducted a complete case analysis, complimented by 
multiple imputation using predictive mean matching as 
a sensitivity analysis. Statistical tests were two sided and 
p-values < 0.05 were  considered statistically significant. 
All analyses were performed in R studio, version 4.2.2.

Results
Baseline characteristics
The baseline characteristics of the study population are 
shown in Table  1, displayed according to the 1st and 
4th biomarker quartiles. Supplementary Tables  1 and 
2 shows baseline characteristics by all biomarker quar-
tiles. The mean age of the overall study population was 
59 (11) years, with 43% females and 43% self-reported 
white race individuals. At baseline, the overall popula-
tion mean eGFR was 42 (16) ml/min/1.73  m2, BUN level 
32 (16) mg/dL, and 24-hour urine protein 0.17 [0.07, 
0.92] g/24 h. BUN was consistently higher in the higher 
carbamylation quartiles (for C-Alb in the 4th quar-
tile, BUN 48 (19) mg/dL, for HCit in the 4th quartile 
BUN 49 (19) mg/dL. Supplementary Fig.  2 illustrates 
box plots depicting the distribution of each biomarker 
across each quartile.

The correlation coefficient between the two log trans-
formed biomarkers was 0.64 (p value < 0.001; Fig.  2). 
Table 2 shows the different factors associated with C-Alb 
and HCit levels in univariable and multivariable lin-
ear regression analysis. Of note, the strongest associa-
tion observed for either biomarker was BUN, which also 
showed a correlation coefficient of 0.72 (p value < 0.001) 
for C-Alb, and 0.77 (p value < 0.001) for HCit (Supple-
mentary Table  3). Supplementary Fig.  3 shows that the 
low to high quartiles of each marker were highly con-
cordant to the other marker.

Outcome analysis
Over a mean follow-up time of 10.6 (3.4) years, there 
were 494 deaths and 436 ESKD events. Table  3 dis-
plays the results of both the unadjusted and the 
adjusted multivariable Cox proportional hazard 
model for the two biomarkers, modeled continuously 
and in quartiles, across both the primary and second-
ary end points. The adjusted HR for death in quar-
tile 4 compared to 1, was 1.90 (1.35–2.66) for C-Alb, 
and 1.89 (1.27–2.81) for HCit. On a continuous scale, 
each SD increase in C-Alb was associated with a 24% 
higher risk of mortality (HR 1.24; 95% CI 1.11 to 1.39), 
and each SD increase in HCit was associated with a 
27% higher risk of mortality (HR 1.27; 95% CI 1.10 to 
1.46). For the secondary endpoint of progression to 
ESKD, the adjusted HR in quartile 4 compared to 1 
was 2.16 (1.47–3.19) for C-Alb, and 2.92 (1.76–4.83) 
for HCit. On a continuous scale, each SD increase in 
C-Alb was associated with a 44% higher risk of ESKD 
(HR 1.44; 95% CI 1.27 to 1.63), and each SD increase 
in HCit was associated with a 59% higher risk of mor-
tality (HR 1.59; 95% CI 1.36 to 1.86). Supplementary 
Tables 4 and 5 display additional models with adjust-
ment for BUN. For both markers, the adjustment only 
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modestly attenuated the HR for both endpoints. Sup-
plementary Tables  6,7,8,9 and 10 display the same 
analysis while modelling HCit as a ratio to total lysine, 
with largely similar results. Moreover, multiple impu-
tation for missing covariate values was performed in 
a sensitivity analysis, and no substantial differences 
were observed. Supplementary Tables  11, 12 display 
the results of a competing risk analysis and stratified 
analysis by eGFR, demonstrating stable and compara-
ble performance of the two biomarkers.

Finally, we compared the markers using measures of 
discrimination and reclassification. When adding each 

carbamylation marker to the adjusted base models for 
the outcomes of death or ESKD, we found the mark-
ers demonstrated similar incremental prognostic value. 
For example, including C-Alb to the base model pre-
dicting mortality yielded a C-statistic of 0.725 (0.707–
0.743) whereas including HCit yielded a C-statistic of 
0.725 [0.707–0.743], compared to the base model alone 
C-statistic of 0.723 (Table 4). Addition of carbamylation 
markers to the base model predicting mortality led to a 
significant improvement in classification accuracy with a 
category free NRI of 0.495 (0.112–0.640, p value 0.04) for 
C-Alb vs. 0.519 (0.310–0.726, p value 0.03) for HCit, and 

Table 1 Baseline characteristics of the study participants according to carbamylated albumin quartile and homocitrulline quartile

Values for continuous variables are presented as mean (SD) or median [interquartile range], unless otherwise noted

Abbreviations: No Number, CHF Congestive heart failure, PVD Peripheral vascular disease, BMI Body mass index (calculated as weight in kilograms divided by height in 
meters squared), SBP Systolic blood pressure, ACE Angiotensin-converting enzyme inhibitor, ARB Angiotensin II receptor blocker, eGFR Estimated glomerular filtration 
rate

Carbamylated albumin Homocitrulline

Overall 1st quartile 4th quartile 1st quartile 4th quartile

n 1,632 408 408 408 408

Age, years 59 (11.0) 55 (10.7) 60 (11.0) 57 (10.7) 59 (11.3)

Sex, No (%)
 Female 702 (43) 183 (45) 171(42) 166 (41) 194 (48)

Race/Ethnicity, No (%)
 Non‑Hispanic White 700 (43) 170 (42) 164 (40) 215 (53) 119 (29)

 Non‑Hispanic Black 690 (42) 186 (46) 174 (43) 157 (39) 199 (49)

 Hispanic 187 (12) 35 (9) 59 (15) 25 (6) 79 (19)

 Other 55 (3) 17 (4) 11 (3) 11 (3) 11 (3)

Past Medical History, No (%)
 Hypertension 1466 (90) 334 (82) 385 (95) 324 (80) 391 (96)

 Diabetes 816 (50) 180 (44) 236 (58) 120 (29) 273 (67)

 CHF 182 (11) 32 (8) 74 (18) 21 (5) 82 (20)

 Stroke 182 (11) 32 (8) 52 (13) 29 (7) 52 (13)

 PVD 123 (8) 15 (4) 53 (13) 13 (3) 46 (11)

 Current Smoking 197 (12) 54 (13) 44 (11) 37 (9) 48 (12)

 BMI (mean (SD)) 32 (7.7) 34 (7.4) 31 (7.8) 32 (7.2) 33 (8.0)

 SBP, mmHg (mean (SD)) 130 (20.9) 130 (20.9) 130 (22.7) 120 (18.5) 130 (23.0)

Medication use, No (%)
 Aspirin 774(48) 171 (42) 210 (52) 174 (43) 206 (51)

 Beta blocker 844 (52) 187 (46) 245 (61) 166 (41) 261 (64)

 Statins 970 (60) 214 (53) 271 (67) 192 (47) 275 (68)

 ACE or ARB 1139 (70) 247 (61) 304 (75) 239 (59) 299 (74)

Laboratory data
 Serum creatinine, mg/dL 2.0 (1.0) 1.5 (0.5) 2.8 (1.3) 1.4 (0.4) 2.9 (1.3)

 eGFR ml/min/1.73  m2 42 (16.1) 55 (15.4) 30 (11.8) 58 (13.9) 27 (10.9)

 Urinary protein, g/ 24 h 0.17 [0.07,0.92] 0.12
[0.06,0.51]

0.33
[0.10,1.16]

0.09 [0.05,0.20] 0.56 [0.15,1.87]

 Blood urea nitrogen, mg/dL 32 (16.0) 20 (6.8) 48 (19.2) 20 (6.6) 49 (18.5)

 Serum albumin, g/dL 4.0 (0.4) 4.1 (0.4) 4.0 (0.4) 4.2 (0.4) 3.9 (0.5)

 Hemoglobin, g/dL 13 (1.8) 14 (1.6) 12 (1.6) 14 (1.6) 12 (1.6)
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IDI of 0.010 (-0.004-0.032, p value 0.08) for C-Alb vs. 
0.010 (0-0.036, p value 0.08) for HCit (Table 5). Results 
were similar for the ESKD outcome (Table 5).

Discussion
In this prospective cohort study of patients with CKD, 
we set out to compare the prognostic performance of 

Fig. 2 Correlation between carbamylated albumin (C‑Alb) and homocitrulline (HCit)

Table 2 Factors associated with carbamylated albumin and homocitrulline levels in univariable and multivariable linear regression 
analysis

Multivariable models included all other variables in the table

Abbreviations: CVD Cardiovascular disease, eGFR Estimated glomerular filtration rate
a Urinary protein is natural log scaled

Univariable regression Multivariable regression

Carbamylated albumin Homocitrulline Carbamylated albumin Homocitrulline

β Coefficient p value β Coefficient p value β Coefficient p value βCoefficient p value

Age (per year) 0.02 < 0.001 0.01 0.001 0.01 0.004 0.00 0.015

Female (vs. male) ‑0.08 0.130 0.06 0.226 ‑0.11 0.005 0.04 0.252

Black race (vs. white) 0.01 0.803 0.26 < 0.001 ‑0.10 0.007 0.07 0.036

Hispanic 0.28 0.002 0.70 < 0.001 ‑0.08 0.174 0.23 < 0.001

Other race ‑0.21 0.144 0.10 < 0.001 ‑0.18 0.051 0.07 0.399

Diabetes 0.20 < 0.001 0.56 < 0.001 ‑0.24 < 0.001 0.08 0.021

CVD 0.24 < 0.001 0.35 < 0.001 0.01 0.877 0.06 0.070

Systolic blood pressure (per mmHg) 0.00 0.014 0.01 < 0.001 0.00 0.180 0.00 0.311

Body mass index (per 1 unit) ‑0.02 < 0.001 0.01 0.063 ‑0.02 < 0.001 0.00 0.295

Smoking status ‑0.09 0.259 0.03 0.698 0.01 0.815 0.02 0.616

eGFR (per mL/min/1.73m2) ‑0.04 < 0.001 ‑0.05 < 0.001 ‑0.007 < 0.001 ‑0.02 < 0.001

Urinary protein (per g/ 24 h)a 0.07 < 0.001 0.20 < 0.001 ‑0.07 < 0.001 ‑0.003 0.796

Serum albumin (per g/dL) ‑0.17 0.004 ‑0.49 < 0.001 0.05 0.250 ‑0.05 0.261

Hemoglobin (per g/dL) ‑0.21 < 0.001 ‑0.23 < 0.001 ‑0.12 < 0.001 ‑0.04 < 0.001

Blood urea nitrogen (per mg/dL) 1.57 < 0.001 1.69 < 0.001 1.39 < 0.001 1.07 < 0.001
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Table 3 Risk of ESKD and death across the different carbamylation biomarkers

Abbreviations: ESKD End stage kidney disease, SD Standard deviation
a Adjusted model is stratified by center and adjusts for age, sex, race, and ethnicity, systolic blood pressure, body mass index, smoking status, history of diabetes, 
cardiovascular disease, use of angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker medications, serum total albumin, estimated glomerular 
filtration rate, natural log-transformed proteinuria, and cause of kidney disease

Hazard Ratio (95% confidence interval)

Carbamylated albumin Homocitrulline

Unadjusted Adjusted  modela Unadjusted Adjusted  modela

Death
 Biomarker, per 1‑SD increase 1.48 (1.37–1.61) 1.24 (1.11–1.39) 1.62 (1.48–1.76) 1.27 (1.10–1.46)

 Quartile 1 Reference Reference Reference Reference

 Quartile 2 1.35 (1.01–1.81) 1.22 (0.90–1.66) 1.88 (1.38–2.56) 1.19 (0.86–1.65)

 Quartile 3 1.99 (1.51–2.62) 1.54 (1.13–2.10) 2.83 (2.10–3.80) 1.65 (1.18–2.32)

 Quartile 4 2.99 (2.29–3.90) 1.90 (1.35–2.66) 3.98 (2.99–5.29) 1.89 (1.27–2.81)

ESKD
 Biomarker, per 1‑SD increase 2.06 (1.87–2.27) 1.44 (1.27–1.63) 2.85 (2.57–3.16) 1.59 (1.36–1.86)

 Quartile 1 Reference Reference Reference Reference

 Quartile 2 1.95 (1.38–2.74) 1.39 (0.96–2.02) 3.49 (2.24–5.44) 1.43 (0.90–2.29)

 Quartile 3 3.11 (2.24–4.31) 1.84 (1.27–2.67) 6.46 (4.22–9.89) 1.83 (1.14–2.95)

 Quartile 4 5.72 (4.18–7.83) 2.16 (1.47–3.19) 18.23 (12.11–27.44) 2.92 (1.76–4.83)

Table 4 Comparison of C‑statistic values with the addition of each carbamylation biomarker to a base model

Abbreviations: ESKD End stage kidney disease
a Base model is stratified by center and adjusts for age, sex, race, and ethnicity, systolic blood pressure, body mass index, smoking status, history of diabetes, 
cardiovascular disease, use of angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker medications, serum total albumin, estimated glomerular 
filtration rate, natural log-transformed proteinuria, and cause of kidney disease

C-statistic Base  modela Base model +
carbamylated albumin

Base model + homocitrulline

Death 0.723 (0.704, 0.741)] 0.725 (0.707, 0.743) 0.725 (0.707, 0.743)

ESKD 0.830 (0.818, 0.842) 0.834 (0.822, 0.846) 0.836 (0.825, 0.848)

Table 5 Added predictive ability for death and ESKD with different carbamylation biomarkers

The NRI corresponds to the weighted value (1/2 NRI (> 0)). The predictive value is calculated upon adding each biomarker to a fully adjusted base model

Base model is stratified by center and adjusts for age, sex, race, and ethnicity, systolic blood pressure, body mass index, smoking status, history of diabetes, 
cardiovascular disease, use of angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker medications, serum total albumin, estimated glomerular 
filtration rate, natural log-transformed proteinuria, and cause of kidney disease

Abbreviations: ESKD End stage kidney disease, IDI Integrated discrimination improvement, NRI Net reclassification index

IDI p value Continuous NRI p value
Death

 Carbamylated albumin 0.010 (‑0.004‑0.032) 0.08 0.495 (0.112–0.640) 0.04

 Homocitrulline 0.010 (0.000 0.036) 0.08 0.519 (0.310–0.726) 0.03

ESKD
 Carbamylated albumin 0.015 (0.001–0.031) 0.04 0.589 (‑0.452‑0.633) 0.11

 Homocitrulline 0.017 (‑0.002‑0.034) 0.06 0.544 (0.373–0.625) 0.02
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two commonly utilized circulating markers of protein 
carbamylation. Protein carbamylation has emerged as 
a novel, mechanistically driven risk factor for adverse 
clinical outcomes in CKD that is of particular inter-
est as it appears to be modifiable [29–31]. Studies have 
used a variety of assays to assess carbamylation, but 
their predictive performance has never been compared, 
limiting the ability to summarize and contrast findings, 
and to optimally plan future studies. As expected, in 
the present study we found that C-Alb and HCit were 
each independently associated with a higher risk for 
all-cause mortality and CKD progression, corroborat-
ing several prior studies [19–21, 32]. We now also show 
that both biomarkers demonstrated remarkably similar 
risk associations to each other when utilized concomi-
tantly. The direction and the order of magnitude of the 
point estimates for each of the markers and respective 
outcomes were consistent though not identical (most 
notably for the ESKD outcome). Nevertheless, the 95% 
confidence intervals around each of the point estimates 
overlapped considerably, highlighting their similarities. 
The two markers appeared to also provide similar mod-
est incremental predictive information when added 
to base models that included standard risk factors for 
death or CKD progression. Such findings indicate that 
HCit and C-Alb perform similarly when predicting 
important clinical outcomes.

It is well reported that levels of C-Alb or HCit differ 
significantly between individuals who experience mean-
ingful clinical outcomes and those who do not (e.g., 
mortality, CKD progression, cardiovascular events, even 
anemia and erythropoietin resistance) [1]. Furthermore, 
the incremental predictive value of these markers in addi-
tion to established risk factors has been shown in prelim-
inary reports [20]. The similar performance of these two 
markers in our study suggests broad-based comparisons 
across studies using either marker are  possible. Clinical 
outcome studies in CKD reporting on associations with 
either assay are likely providing similarly useful informa-
tion on the risks of carbamylation burden. Importantly, 
free HCit is a commonly reported analyte measured on 
metabolomic platforms and the numerous metabolomic 
studies and databases currently containing HCit data 
could potentially be utilized to answer key questions 
in carbamylation science and advance the field rapidly. 
Future research is needed to determine if any of the dif-
ferences between C-Alb and HCit observed in our study 
would result in meaningful differences if applied clini-
cally (e.g., if any differences could influence prospective 
clinical decision-making).

Upon categorizing the study population into quartiles 
for each of the two different carbamylation biomarkers, 
the corresponding concomitant clinical laboratory data 

for the population appeared similar but not identical. 
While BUN levels were nearly identical, for example, in 
the highest C-Alb and HCit groups, the eGFR and pro-
teinuria in these same groups differed with the high HCit 
group showing worse values (i.e., lower eGFR and higher 
proteinuria). Indeed, the small molecule HCit was more 
strongly correlated with eGFR than C-Alb; thus, per-
haps HCit is a more sensitive marker of eGFR, and this 
may have driven some of our findings despite statisti-
cal adjustments for eGFR made throughout. Regardless, 
HCit’s predictive and prognostic performance in mod-
els, compared to C-Alb, did not appear different. The 
inconsistent adjusted associations between the carba-
mylation markers and other variables shown in Table  2 
warrant additional study. While competitive glycation 
may impact carbamylation levels in diabetics [33], age or 
race and ethnicity differences are less readily explained. 
As these associations were not adjusted for multiple test-
ing, they should be interpreted cautiously and require 
further validation.

In a small ancillary study of 45 hemodialysis patients, 
investigators reported that protein bound as well as 
“total” (free and protein bound) HCit levels correlated 
with measures of albumin carbamylation [22]. Our 
study corroborates such expected positive correla-
tion between the different carbamylation measures yet 
provides several new insights. The clinical prediction 
modelling presented herein using both markers from 
the same time point is the greatest advancement. In 
addition to a significantly larger sample size from a dis-
tinct patient population (non-dialysis CKD), our study 
also demonstrates that free HCit measures alone corre-
lated robustly to the carbamylation of the most abun-
dant circulating protein, albumin. Free HCit is the form 
captured by metabolomic platforms such as the one 
employed in this study, and it does not require steps to 
cleave peptide bonds (required to measure total HCit), 
or sample dialysis and protein precipitation (used to 
remove free HCit and yield only protein bound meas-
ures) [34]. Free HCit measures, which are commonly 
available in existing metabolomic databases, performed 
remarkably similar to C-Alb. The significantly greater 
correlation we observed between HCit and C-Alb vs. 
the prior report may be a function of our use of free 
HCit alone, sample size, differences in patient popula-
tions, or differences in assay techniques.

While statistically correlated (correlation coefficient 
0.64), the markers do not appear related to each other 
in a strict 1:1 manner. Moreover, each marker demon-
strated strong correlations to BUN levels, though, again, 
not with a 1:1 relationship. It is interesting to recall that 
the correlation reported between serum glucose and 
glycated hemoglobin  (HbA1c), the most widely used 
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surrogate marker for time-averaged glucose to guide 
diabetes management, is 0.42–0.58 [35]. Even at such 
correlation strengths,  HbA1c is instrumental in deter-
mining the long-term clinical risks of fluctuating glu-
cose levels [36]. It is likely that carbamylated proteins 
with long half-lives similarly better depict time-aver-
aged urea exposure than single blood urea measure-
ments which fluctuate significantly in relation to recent 
diet, hydration, volume, circulatory status, medica-
tions, acute GFR changes, and catabolic state [37, 38]. 
Furthermore, carbamylation occurs through non-ure-
mic processes (e.g., myeloperoxidase catalyzed oxida-
tion of thiocyanate derived from diet and smoking) [15] 
and can be exacerbated by amino acid deficiencies from 
nutritional imbalance, protein-energy wasting, or other 
means [17]. The half-life of the respective markers’ un-
carbamylated substrate (lysine and albumin), differ con-
siderably on the order of hours for lysine and weeks for 
albumin. Nevertheless, the ongoing release of protein 
bound HCit to free HCit during protein degradation, 
may explain why the 2 markers appeared to provide 
similar information. Presenting HCit as a ratio to total 
lysine has also been proposed [14, 15], and we provide 
this analysis in the supplement to show overall results 
were not significantly changed using either HCit alone 
or as a ratio to lysine. The incremental prediction value 
added to the fully adjusted risk models was remark-
ably similar for either marker, potentially showing the 
application of these markers could confer similar utility 
despite any differences observed in their associations to 
clinical variables and outcomes.

To this end, we must acknowledge that well-conducted 
epidemiological studies have shown that traditional bio-
markers such as eGFR and proteinuria, plus easily avail-
able clinical parameters, perform very well in terms of 
identifying CKD patients at high risk of future adverse 
outcomes (e.g., the baseline C-statistic using traditional 
markers to predict CKD progression was ~ 0.9 from a 
previously published study in CRIC) [39]. As the authors 
of this prior study conclude, it is unlikely that such a 
high C-statistic can be significantly improved on or 
even needs improving. Indeed, we observed only mod-
est changes in C-statistics when carbamylation markers 
were added, but the key finding for this report is that 
the magnitude of change was similar for each marker. 
Beyond C-statistics, which can have several limitations 
[40], carbamylation markers can provide important 
pathophysiological information which can lead to novel 
therapeutic targets as well as monitoring of treatment 
effectiveness. Further, the NRI performance of the two 
markers appeared to be more clinically meaningful and 
similar across both.

Our results need to be interpreted in the context of their 
limitations. We were only able to compare single time 
point measurements of the biomarkers at baseline without 
subsequent longitudinal measurements. External valida-
tion ideally employing serial measurements to assess per-
formance characteristics remains a future direction. Also, 
as HCit can exist in both protein-bound and free forms in 
biological systems, we could not account for relative dif-
ferences from our metabolomic data that generated only 
free HCit results for this study. Some previous studies 
have used protein bound HCit as a biomarker for carba-
mylation and it is possible our findings may have differed 
if doing so in this study [14, 15]. Thus generalizability to 
other HCit based studies requires cautious interpreta-
tion based on the assay methods. Further, the objective 
of this study was to compare the performance of the two 
biomarkers, rather than provide an accurate estimate 
of the hazard ratios associated with each. Nevertheless, 
strengths of our study include the large sample size and 
use of the CRIC study, the largest prospective cohort 
study for CKD in the United States offering patients from 
diverse racial and ethnic backgrounds, and rigorous out-
come ascertainment and covariable data.

Conclusions
In summary, our study suggests that C-Alb and HCit 
perform similarly in terms of associations with impor-
tant clinical endpoints in a large CKD cohort. The 
markers also show similar measures of risk discrimina-
tion and reclassification when looking at clinical out-
comes. To this end, it appears that C-Alb and HCit are 
both reasonable markers to employ in carbamylation 
related studies and could be comparable to one another 
across studies acknowledging the observed differences 
reported herein. The many clinical studies with exist-
ing metabolomic data including HCit could be read-
ily analyzed to answer carbamylation specific research 
questions. Future work will need to establish if there is 
superiority between the markers when looking towards 
specific clinical applications.
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