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Globally, the increase in obesity, hypertension, and 

diabetes mellitus rates has led to chronic kidney disease 

(CKD) to be the leading cause of morbidity and 

mortality [1]. The global prevalence of CKD ranges 

between 8-16% and affects one-seventh of adults aged 

20 years and above [1]. With this high prevalence, early 

detection and treatment of kidney disease is essential. 

Glomerular Filtration Rate (GFR) is a key indicator for 

diagnosing and staging CKD, predicting outcomes, and 

optimizing drug dosing[2]. However, direct 
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Abstract: Globally, the rates of chronic kidney disease (CKD) are 

increasing due to the increasing incidence of hypertension, obesity, and 

diabetes mellitus. Early detection and treatment of kidney disease are 

essential in improving health outcomes. Estimate glomerular filtration rate 

(eGFR) is used to diagnose, stage, and manage CKD. CKD biomarkers are 

broadly categorized into traditional (serum creatinine), emerging (cystatin 

C), and disease specific (Interleukin-6).  The purpose of this narrative 

review is to synthesize the current evidence regarding the use of eGFR in 

diverse populations. The initial eGFR equations included race variables, 

which created a controversial debate about their relevancy and has 

contributed to health disparities. However, evidence supports the 

effectiveness of race-free eGFR equation and cystatin C as emerging better 

alternatives to biomarker creatine. Additionally, emerging evidence 

supports the effectiveness of the use of genetic testing in enhancing 

diagnoses and management of kidney diseases. Also, point-of-care (POC) 

biosensors have potential solutions for rapid, accessible, cost-effective, 

and non-invasive kidney function diagnostics. Equity in renal health care 

can be enhanced through multifaceted interventions and collaboration 

among different stakeholders, encompassing risk assessment approaches, 

patient and caregiver education, integrated practices, and strategic 

partnerships. The emerging development, including metabolomics, 

fluorescent probes, and wearable sensor technologies represents a 

significant paradigm shift toward personalized and equitable nephrology 

care. To validate, scale, and ease the adoption of these technologies in 

clinical practice, there is a need for multidisciplinary collaboration among 

researchers, clinicians, and policymakers. 
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measurement of GFR in routine clinical practice is 

impractical; therefore, it is typically estimated using 

equations derived from serum levels of endogenous 

filtration markers, most commonly creatinine and 

cystatin C [2,3].  

There are different equations developed  to estimate 

GRF (eGFR) using cystatin or creatinine alone or in 

combination, which integrates the associated factors 

influencing these biomarkers, such as age, gender, and 

muscle mass [2,4]. However, the inclusion of race in 

the equations has resulted in controversy, which has 

prompted the call for the use of race-free equations [5-

9]. Additionally, the limited accuracy and sensitivity of 

serum creatinine and its potential misclassification of 

patients because of its sensitivity to different  factors 

have recently resulted in an increased focus on cystatin 

C as alternative endogenous maker [3,4]. The purpose 

of this narrative review is to synthesize the current 

evidence regarding the use of eGFR in diverse 

populations, focusing on cystatin C, race, and the next 

steps.  

CKD Biomarkers  

The assessment and management of CKD largely 

depend on biomarkers. CKD biomarkers are grouped 

into traditional, emerging, and those specific to certain 

aspects of the disease based on established clinical 

practice, validation across population, discovery of 

novel biomarkers, and biological pathways related to 

CKD progression or complications[10]. Understanding 

CKD biomarkers is essential for enhancing early 

detection, monitoring progression, and managing 

treatment strategies [10]. Table 1 contains different 

categories of CKD biomarkers and their description 

and clinical relevance.  

Revisiting eGFR Formulations: A Paradigm Shift 

from Race-Dependent Models 

Critique of Creatinine-Dependent eGFR Models 

Two commonly used creatinine-dependent models are 

the Modification of Diet in Renal Disease (MDRD) and 

the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equations (see Table 2) [11]. 

The MDRD and the initial CKD-EPI equations 

included serum creatinine, sex, age, and race variables 

while the revised CKD-EPI do not include race [11]. 

Studies have shown some benefits of MDRD such as 

decreasing serum phosphorus, improvement in renal 

functions, blood pressure control, and decreasing the 

risk of end-stage kidney disease [12-14]. However, the 

prescription of a low-protein diet regimen has been 

opposed by clinicians because of some evidence of an 

unfavorable prognosis [13]. Additionally, the MDRD 

equation tends to systematically underestimate GFR 

and overestimate the prevalence of CKD in any 

population [15].  

 The inclusion of race in the MDRD and CKD-EPI 

equations has been considered discriminatory. For 

example, at the same creatine levels, eGFR was higher 

in African Americans than non-Black, which would 

lead to delays in eligibility for the kidney transplant 

waiting list [15]. Lower eGFR in the Black population 

would increase the estimated prevalence of CKD and 

could enable earlier diagnoses and treatment of the 

condition. However, low GFR among this population 

could lead to missed opportunities for treatment 

contraindicated at low GFR [16]. On the contrary, 

higher eGFR in the non-Black population decreases the 

estimated prevalence of CKD, leading to missed 

diagnoses and inappropriate exposure to interventions 

and medications that are contraindicated at lower levels 

of GFR [16].    

Initially, the inclusion of race variable in the CKD-EPI 

was based on the United States population [17,18]. 

However, several studies outside the United States 

have shown that race variable did not apply to other 

Black populations in Brazil, Europe, and Africa [15]. 

Delanaye et al. (2024) argued that the differences in 

serum creatinine have nothing to do with race, 

ethnicity, or skin color but with the population. The 

correction applied to MDRD and CKD-EPI equations 

at GFR levels was mathematically efficient but 

misleading because the correction should have been to 

the creatinine but not the GFR levels [15]. In addition, 

the use of race as a binary variable (Black vs non-

Black) in estimating eGFR did not account for multi 

and biracial individuals and the admixture of the 

population [19,20]. Race lacks precision and is 

dynamic over time and in different places because it is 

social, not a biological construct [16]. There were 

concerns that including race in the equation may 

introduce disparities and implicit bias in medical care 

[16]. Considering these concerns, the CKD-EPI 

equation was revised in 2021 to exclude race as a 

variable [16]. Therefore, in 2021, the National Kidney  
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Table 1 Categories of CKD Biomarkers  

Category  Biomarkers  Description  Clinical Use 

Traditional 

 

Serum creatinine [1,2] A muscle metabolism waste product 

measured in blood 

Commonly used to estimate 

eGFR and evaluate kidney 

functions [1,2,3, 10] 

Blood Urea Nitrogen (BUN) 

[10] 

Used to measure the amount of 

nitrogen in blood that comes from 

urea  

Used in the evaluation of kidney 

function and hydration status 

influenced by the diet and 

protein intake[2,10]  

Urine protein and 

albumin[2,10] 

Used to detect the presence of protein 

or albumin in urine  

The presence of protein in urine 

is an early indicator of kidney 

damage and used to monitor 

disease progression and the 

effectiveness of treatment 

options [10] 

Emerging  

 

Cystatin C [1,2,10] A kidney-filtered protein [1, 2,10]   It provides more accurate eGFR 

in individuals with varying 

muscle mass than serum 

creatinine [2,10] 

Neutrophil gelatinase-

associated lipocalin (NGAL) 

A protein related to kidney injury and 

inflammation[10] 

Used as an early indicator of 

acute kidney injury and 

evaluating CKD progression[10] 

Kidney injury molecule-1 

(KIM-1) [10] 

A protein present in injured kidney 

tubular cells  

Used as an indication of acute 

kidney injury and monitoring 

the progression of CKD[10] 

Beta-2 microglobulin[10] A low molecular protein cleared by 

kidney[10] 

Used to assess kidney functions. 

High levels indicates renal 

dysfunction[10] 

Disease-

Specific 

(Inflammation) 

 

Interleukin-6 (IL-6) A pro-inflammatory cytokine 

involved in immune response  

Indicates the inflammation 

status in CKD and is associated 

with cardiovascular risk and 

disease progression[10] 

Tumor necrosis factor-alpha 

(TNF-alpha) [10] 

A systemic inflammation cytokine Associated with the progression 

of  CKD and the related 

comorbid conditions[10] 

Disease-

Specific 

(fibrosis) 

 

Transforming growth factor-

beta 1(TGF-beta 1) 

A tissue fibrosis and scarring 

cytokine  

It is an indication of renal 

fibrosis associated with 

progression and severity of 

CKD [10] 

Collagen types[10] A structural protein that contributes 

to the formation and organization of 

the extracellular matrix. 

It indicates fibrotic changes in 

kidney tissues and used to 

evaluate the extend of kidney 

damage[10] 

Disease-

Specific 

(Oxidative 

stress) 

Oxidative stress markers 

(malondialdehyde) [10] 

Molecules that indicates the extend of 

oxidative damage and stress in the 

body  

Used to evaluate the status of 

oxidative stress linked to CKD 

progression and its 

complications [10] 

Note: Adapted from Gupta et al. (2024). The classification of the biomarkers is based on established clinical practice, validation across 

population, discovery of novel biomarkers, and biological pathways related to CKD progression or complications[10]. 

 



STJ, 2025,2, 94-107                                                                                                                                                           97                        

https://doi.org/10.70957/uqu.edu.sa/s.toxicology.s/stj.2025.2.9                                         https://uqu.edu.sa/s.toxicology.s/S.T.J 

Table 2 Comparison of MDRD and CKD-EPI Equations  

 

Note: Scr = standardized serum creatinine in mg/dL, age (years),  κ = 0.7 (females) or 0.9 (males), α = -0.241 (female) or -0.302 

(male), min(Scr/κ, 1) = minimum of Scr/κ or 1.0, max(Scr/κ, 1) = maximum of Scr/κ or 1.0. 

Foundation NKF (2021) recommended using CKD-

EPI equation without race variable [21]. 

The use of creatinine in the equation is also associated 

with some limitations, such as muscular mass 

variability and the impacts of the confounding 

variables. Serum creatinine is an imperfect biomarker 

of renal function in patients with prolonged 

hospitalization in intensive care units because of 

muscular mass [15]. Despite being sensitive to severe 

renal impairment, serum creatinine has poor sensitivity 

in detecting early damage [22]. Additionally, a larger 

amount of meat increases serum creatinine, and 

patients with fluid overload have lower levels of serum 

creatinine [22]. Additionally, serum creatinine has 

limitations in detecting early kidney damages and in 

patients with preserved renal functions [10]. 

Cystatin C: A Paradigm Shift in Renal Biomarkers 

Evidence has emerged that cystatin C is better than 

creatinine in predicting kidney function outcomes [15]. 

Prowle et al. (2024) reported that cystatin C 

demonstrated a stronger association with the risk of 

post-operative acute kidney injury (PO-AKI) compared 

to creatinine. In the absence of Cystatin C, serum 

creatine eGFR was inadequate in distinguishing 

broader risk associated with mild CKD [23,24]. 

Cystatin C is recognized as a reliable and accurate 

biomarker of kidney function across diverse 

populations [25]. In a systematic review and meta-

analysis of 12 studies that included 44,721 patients, 

Yan et al. (2024) found substantial variation in GFR 

estimation based on race and non-race-based equations. 

Race-based equations overestimated GFR in the Black 

population while cystatin C estimation equations were 

associated with minimal bias [26].  

The 2024 Kidney Disease Improving Global Outcomes 

(KDIGO) recommends the use of cystatin C to confirm 

the diagnosis of CKD [27]. Additionally, in efforts to 

exclude race in the eGFR estimation, the NKF and the 

American Society of Nephrology (ASN) Joint task 

force recommended increasing the availability and use 

of cystatin C in clinical practices to assess kidney 

functions [25].  

Although both serum creatinine and cystatin C are 

influenced by non-GFR determinants, cystatin C is 

influenced by fewer and less pronounced extrarenal 

factors compared with serum creatinine [25,28,29]. 

The levels of serum creatinine are influenced by sex, 

age, muscle mass, protein intake, nutritional status, and 

physical activity while adiposity, systemic 

inflammation, thyroid disease, and the use of steroids 

are non-GFR factors influencing cystatin C [10,25,30]. 

Unlike serum creatinine, cystatin C is more uniformly 

produced across diverse populations, enhancing its 

applicability across different populations [25].  

Detecting and staging CKD is crucial for risk 

stratification because it determines the risk of adverse 

clinical outcomes, such as ESKD, cardiovascular 

diseases, and mortality [25]. Cystatin C is effective in 

identifying a subgroup of patients with a high risk of 

CKD who may go undetected through serum creatinine 

[25].  

Operational Challenges in Cystatin C 

Implementation 

Some of the operational challenges associated with the 

use of cystatin C in clinical practice include concerns 

about assay accuracy and agreement across different 

laboratories, cost, absence of institutional practice 

guidelines and policies, excessive testing, and limited 

clinician’s awareness of and comfort using cystatin C 

in their routine practices [25,31]. Significant variations 

exist among cystatin C reagents and assays, resulting in 

distinct cystatin C eGFR equations with varying power 

functions [28]. The absence of standardization 

hindered data reproducibility and sharing  [28]. 

Therefore, the International Federation of Clinical 

Chemistry (IFCC) and Laboratory Medicine Working 

Equation  Variables 

MDRD eGFR = 175 × (SCr)-1.154  × (age)-0.203 × 0.742 (if female) × 1.212 (if Black) [10,11] 

Initial CKD-EPI eGFR = 141 × min(Scr/κ, 1)α × max(Scr/κ, 1)-1.209 × 0.993Age × 1.018 (if female) - 1.159 (if Black) [10,11] 

NKF CKD-EPI eGFR = 142 × min(Scr/κ, 1)α ×max(Scr/κ, 1)-1.200  × 0.9938Age ×1.012 (if female) [10,11] 
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Group on Standardization of Cystatin C published 

internationally certified cystatin C reference material in 

2010 [28]. However, the cost of cystatin C testing may 

decrease with its increased adoption; the cost of a 

cystatin C assay may be up to ten times greater than that 

of an enzymatic creatinine assay [31]. In the United 

States, only 7% of surveyed laboratories offered 

Cystatin C test and the cost of cystatin C was 

approximately $4 compared to $0.20 per test [31]. The 

utilization of cystatin C can be increased through team-

based and multidisciplinary care models, additional 

training, and the development of definitive policies 

guiding their use in clinical practice [25,32]. The 

increasing availability of cystatin C testing presents an 

opportunity to increase its use beyond the confirmatory 

testing for serum creatinine. Certain clinical conditions 

can affect non-GFR determinants of specific filtration 

markers, influencing the reported eGFR (Table 3) [2]. 

Extreme muscle mass can lead to lower serum 

creatinine levels, which may mask underlying kidney 

functions, resulting in the underestimation of kidney 

functions using creatinine [2,10]. High protein, 

vegetarian diet, or creatinine supplements may increase 

the creatine levels, influencing the performance of 

serum creatine in e-GFR [10]. An acute alteration in 

GFR results in a non-steady state of endogenous 

filtration markers, as serum concentrations exhibit a 

temporal lag before equilibrating with the new level of 

kidney function [10]. Consequently, during this non-

steady state, neither serum marker levels nor eGFR 

provide an accurate measure of the true GFR [10]. 

Some evidence indicates Cystatin C based-equations 

underestimate GFR among patients with morbid 

obesity [10].  

Bridging the eGFR Disparity Gap in 

Heterogeneous Populations 

Non-GFR endogenous filtration markers, such as 

cooked meat, muscle mass, sex, and age for creatinine 

and inflation and adiposity for cystatin C may differ 

significantly across the diverse global population [30]. 

Therefore, eGFR calculations using the Western 

models may not be reliable in non-Western populations 

with different food preferences and body compositions 

[30]. Inker et al. (2021) found that the new eGFR 

equations that combine cystatin C and creatinine while 

omitting race are more accurate and decrease the 

differences between Black and non-Black participants 

than the new equations without race with either cystatin 

C and creatinine alone [33].  

Ethical and Clinical Implications of Racial 

Parameters in eGFR 

Incorporating race into eGFR calculations carries 

significant clinical and ethical implications, including 

disparities in care access, delayed referrals to 

specialists, reduced eligibility for clinical trials using 

GFR as an inclusion criterion, and increased use of 

medications potentially toxic at lower GFR levels 

[19,20]. Additionally, including race in eGFR 

equations impacts surgical decision-making based on 

GFR, such as delays in waitlist time for kidney 

transplantation. [19]. For example, race-based 

equations assign higher GFR estimation for the Black 

patients, therefore, delaying their placement into the 

kidney transplantation waitlist [19]. Approximately 3.3 

million (10.4%) more African Americans would be 

diagnosed with Stage 3 CKD if race is excluded in 

MDRD eGFR estimation [20]. The binary of race in the 

equation as Black and non-Black illogically suggests 

that Black people are uniquely and inherently distinct 

from all other human races [11,20,34,35]. The 

inclusion of race exacerbates the existing disparities 

and may lead to delays in preventive care and referral 

for kidney transplant evaluation [34]. Contrarily, 

omitting race in the eGFR equation enhances access 

and quality of care for African Americans, thereby 

decreasing the predominant disparities in health care 

[36]. 

Expanding the eGFR Determinants Beyond Race: 

Role of Genetic Factors 

Understanding how genetic factors and underlying 

pathways influence eGFR is essential for providing 

insights into CKD occurrence, mechanistic pathways, 

and downstream complications [37]. Substantial 

evidence supports the contribution of ancestry-specific 

genetic variants in the development of CKD [3-40]. 

According to Zhang et al. (2021), CKD has a heritable 

component. Lu and Wang (2023) identified 146 cross-

tissue genetic associations with kidney 
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Table 3 Clinical Conditions in Which Non-GFR Determinants of Some Filtration Markers May Be 

Influential on The Reported E-GFR 

Non-GFR Determinant  Creatine  Cystatin C 

Generation    

Body composition  Extreme muscle mass (body builders, muscle 

wasting disease, amputation) 

Obesity  

Health state  Chronic severe illness, frailty  Inflammation, thyroid, smoking  

Diet  High protein or creatine supplements, vegetarian 

diet[2,10] 

Not known [2] 

Tubular handling    

Drugs  Cimetidine, trimethoprim, fenofibrate, tyrosine 

kinase inhibitors, dolutegravir, 

Steroids [2] 

Others  Low GFR[2] - 

Increased extra kidney 

elimination  

Low GFR, antibiotics [2] Not known [2] 

Non-Steady state  Acute kidney disease, edematous state[2] Dialysis, acute kidney disease, 

edematous state[2] 

Adapted from Inker et al. (2021).

function and chronic kidney disease (CKD) using 

cross-tissue transcriptome-wide association studies 

(TWASs), Mendelian randomization (MR), summary-

based MR (SMR), and molecular docking  [39,42]. 

Over 600 genes are currently linked to monogenic 

kidney diseases, with known single-gene disorders 

accounting for up to 50% of non-diabetic CKD in 

pediatric patients and 30% in adults [41]. Additionally, 

it is estimated that common genetic variants account for 

up to 20% of the estimated genetic hereditability of 

eGFR [41]. Genetic findings are increasingly guiding 

the clinical management of nephropathies, enabling 

more accurate diagnoses, tailored therapy selection, 

family counseling, and targeted disease monitoring  

[41].  

A significant problem in treating patients with CKD is 

that up to 90% of individuals with the disease are 

undiagnosed, delaying their access to health care [43]. 

The problem is attributed to two main factors. First is 

that the early stage of CKD has no overt symptoms. The 

second one is the limiting policy guidelines that require 

performing diagnostic tests only when accompanied by 

risk factors such as the presence of chronic disease such 

as hypertension and diabetes [43]. Therefore, genetic 

testing of CKD is essential in identifying individuals 

with high risk that may benefit from screening [43]. 

The overall diagnostic yield of massively parallel-

sequence gene testing goes up to 30% in pediatrics and 

between 6% and 30% in adult general populations 

[44,45]. Rodwell et al. (2024) developed a Risk for 

Chronic Kidney Disease (RICK) algorithm that utilized 

genetic tests for CKD and clinical risk factors [43]. The 

algorithm identified that individuals in the top ten 

percentile had a 15-fold increased risk of Stage 3 CKD 

and that the diagnostic testing of the top decile can 

identify up to 43% of undiagnosed Stage 3 CKD cases 

[43]. These findings underscore the importance of 

integrating genetic testing to identify individuals with 

high risk of CKD, which then inform appropriate 

utilization of diagnostic tests to enhance early 

diagnoses and treatment of patients with CKD.  

Strategies for Equitable Renal Health Assessment 

Equity in renal health care can be enhanced through 

multifaceted interventions and collaboration among 

different stakeholders, including risk assessment 

approaches, patient and care-partner education, 

integrated practices, and strategic partnerships [46]. 

Technology can be also integrated to facilitate remote 

health care access, timely appointments, and engaging 

patients to enhance their treatment adherence. 

Equitable renal health care can also be enhanced 

through universal health coverage and integrating 

kidney disease assessment and treatment within 

existing health care systems and multisectoral 

initiatives [47]. There is also a need for collaboration 

https://www.ajkd.org/article/S0272-6386(21)00707-1/fulltext
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among different stakeholders and enhancing access to 

kidney care through approaches such as home dialysis 

[48]. It is also essential to improve awareness about 

kidney health, including diagnoses, treatment, and 

management in underserved and marginalized 

communities [21].  

Accurate and equitable access to renal health 

assessment can be attained through robust risk 

identification and stratification using standardized and 

evidence-based assessment tools [49,52]. Risk 

assessment tools should integrate social determinants 

of health (SDOH), such as socioeconomic status, 

housing instability, and access to nutritious food [49]. 

Integrating SDOH into risk models, such as screening 

for food insecurity or transportation barriers, can 

enhance early detection and intervention in high-risk 

groups, which in turn lead to equitable access to renal 

care [49]. While there is no direct research showing 

improved health outcomes when SDOH are integrated 

in the risk model, sufficient evidence links unfavorable 

SDOH factors with both higher prevalence and poor 

prognosis of CKD [50,51]. These evidence suggests 

that integrating SDOH in risk models may increase 

early detection and treatment of CKD among 

population with unfavorable SDOH.  

Equitable renal health assessment can also be enhanced 

by increasing investment in public awareness and 

educational initiatives aimed at addressing the needs of 

specific communities. For example, culturally 

appropriate education improves patient knowledge, 

empowers them to engage in self-management, and 

improves community engagement with renal health 

services [53]. Griffith and Umeukeje (2022) 

highlighted the need for culturally tailored educational 

programs that address knowledge gaps in underserved 

communities, where low health literacy often 

exacerbates health disparities. Community health 

workers and peer educators can be used to enhance 

public awareness about the importance of regular renal 

assessment, available renal services, and how 

individuals in the communities can access those 

services [48].  

Revolutionizing eGFR Through Technological 

Advancements 

The advancement in multi-omics, cytometry, and 

imaging alongside bioinformatics biostatistics 

methodologies has led to the discovery and 

development of novel and reproducible biomarkers for 

complex diseases [10]. Studies have explored 

perspectives across different areas of focus in 

biomarkers research, including the discovery of and 

validation of novel biomarkers, and the integration of 

AI (see Table 4). Although the traditional methods such 

as creatine, iothalamate, iohexol, and inulin clearance 

have provided a foundational understanding and 

measurement of GFR, they have notable 

limitations[54]. A consensus statement from 23 expert 

panelists determined that current clinical evidence 

supports using emerging biomarkers for the prevention 

and management of acute kidney injury  [55]. 

Emerging technologies and biomarkers such as 

neutrophil gelatinase-associated lipocalin (NGAL) and 

kidney injury molecule-1 (KIM-1) provided enhanced 

diagnostic precisions and disease severity [10]. The 

conventional CKD classification, based on cause, GFR 

category, and albuminuria category, often fails to 

reflect the complexity of diverse outcomes, disease 

progression variations, and treatment responses  [56]. 

Recent advancements in omics technologies, including 

proteomics, genomics, and metabolomics, have led to 

the discovery of novel biomarkers. These technologies 

have potentials  identifying more specific and sensitive 

biomarkers for early CKD detection and prognosis  

[10]. Additionally, omics technologies enable high 

throughputs and comprehensive exploration of 

proteome, genome, epigenome, metabolome, and 

transcriptome [57]. However, these technologies are 

challenged by a lack of standardization in biomarker 

discovery methods [10]. Artificial intelligence (AI) and 

machine learning can be used to analyze complex 

biomarker datasets and enhance predictive models, 

resulting in accurate predictions and personalized 

treatment plans [10].  

Point of care (POC) biosensors have potential solutions 

for rapid, accessible, cost-effective, and non-invasive 

kidney function diagnostics [75]. POC biosensors 

enable continuous and real-time monitoring of 

biomarkers, facilitating efficient management and 

prompt clinical measures during deviations [76]. 

Sweat, interstitial fluid, urine, and saliva are potential 

candidate biofluids for monitoring CKD using 

wearable sensors [76]. The development of novel  
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Table 4 Current Advances and Perspectives in CKD Biomarkers Research  

Area of Focus  Study  Recent Advances  Challenges  Clinical Implications  

Discovery of novel 

biomarkers 

Mizdrak et al. 

(2022)[57] 

Advanced omics 

technologies such as 

genomics, 

metabolomics, and 

proteomic have led to 

the identification of 

new novel biomarker 

candidates 

Lack of 

standardization in the 

methods of 

biomarker discovery  

Present opportunity to 

identify more specific and 

sensitive biomarkers for 

early detection and 

prognosis of CKD 

Validation of 

biomarkers 

Patel et al. (2021), 

Puthumana et al. 

(2021)[58,59] 

Large scale clinical 

trials to validate CKD 

biomarkers  

Difficulty in 

reproducing results 

across different 

populations and study 

designs 

Validation of CKD 

biomarkers is essential in 

enhancing their reliability 

of their use in clinical 

practice 

Biomarker panels  Bienaimé et al. 

(2023)[60] 

Efforts to combine 

different biomarkers 

to enhance diagnostic 

accuracy  

Complexity in 

interpreting 

combined biomarker 

results  

Biomarker panels can 

enhance the accuracy of 

detecting CKD and 

differentiating the 

associated causes 

Integration of AI Chaudhuri et al. 

(2020), Alobaidi, 

(2024)[61,62] 

AI and ML help in 

analyzing complex 

biomarkers and 

enhance predictive 

capabilities of models  

Challenges in 

ensuring transparency 

and interpretability of 

AI-based models in 

clinical practice 

AI and ML can provide 

more accurate diagnosis 

and predictions for CKD 

progression and may help 

in personalizing treatment 

plans 

Personalized 

medicine  

Ito et al. (2022)[63] Development of 

biomarker-driven 

personalized 

treatment plans 

High cost and 

complexity of 

personalized 

medicine  

Personalized treatment 

plans enables 

customization of therapies 

for individual patients, 

leading to more effective 

management of the CKD 

Discovery of non-

invasive 

biomarkers  

Rupprecht et al. 

(2023), Catanese et 

al., (2023)[64,65] 

Identification of non-

invasive biomarkers 

such as albumin, 

urinary NGAL 

Non-invasive 

biomarkers may be 

less sensitive or 

specific compared to 

invasive biomarkers  

Non-invasive biomarkers 

are patient-friendly for 

regular monitoring and 

management of CKD and 

early detection of the 

disease.  

Longitudinal 

monitoring of 

biomarkers  

Wen et al.  (2023), 

Karger et al. 

(2021)[66,67] 

Increased emphasis 

on the importance of 

monitoring individual 

patient biomarkers 

for CKD over time 

Levels of biomarkers 

may fluctuate due to 

factors unrelated to 

CKD 

Continuous monitoring of 

patient biomarkers may 

help in adjusting treatment 

plans and assess disease 

progression  

Development of 

Clinical Guidelines  

Graterol Torres et 

al., (2021), Rovin et 

al. (2021), 

Navaneethan et al. 

(2021)[68-70] 

The development of 

standardize clinical 

guidelines for the use 

of biomarkers for 

diagnosis and 

management of CKD, 

such as KDIGO 

guidelines  

Limited adoption of 

guidelines due to cost 

and availability of 

biomarkers  

Clinical guidelines helps in 

standardization of the use 

of biomarkers in the 

management of CKD, 

leading to improved 

diagnoses ad treatment 

outcomes  
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Biomarkers for 

specific CKD 

pathways  

Tejchman et al. 

(2020), Yuan et al. 

(2022)[71,72] 

Identification of 

biomarkers specific 

to inflammation, 

oxidative stress, and 

fibrosis in CKD 

Difficulty in 

differentiating CKD-

related biomarker 

changes and those 

related to aging or 

comorbidities  

Specific pathways 

biomarkers can help in 

developing targeted 

therapies for different 

stages and types of CKD 

Ethical and 

regulatory 

considerations  

Hoque, (2024), 

Patel (2025)[73,74] 

Increased emphasis 

on ethical concerns, 

such as patient 

consent and privacy 

of the data in 

biomarker research  

Regulatory 

challenges of 

approving new 

biomarkers for 

clinical use  

Addressing ethical and 

regulatory issues is 

essential for upholding 

patient dignity and for 

safely and effectively 

using biomarkers 

 

technologies for eGFR are still in the early stages (pre-

clinical trial) and may present a paradigm shift once 

they are validated in clinical practice [57, 77,78]. 

Next Steps and New Developments 

Due to the known and unknown cystatin C and creatine 

confounders in estimating eGFR, there are current 

efforts to identify other GFR biomarkers. For example, 

Freed et al. (2019) developed a liquid chromatography 

(eGFRmet) that is used to quantitatively measure four 

serum metabolites; pseudouridine, N-acetylthreonine, 

tryptophan, and phenyla-cetylglutamine [28,77]. The 

equation, independent of cystatin C, creatinine, and 

demographic factors, when combined with cystatin C 

and creatinine, yields eGFRmet, which is more 

accurate than other current methods  [28]. Additionally, 

new approaches have excluded endogenous biomarkers 

altogether, such as the development of fluorescent 

molecules to act as ideal filtration makers [78]. Instead 

of relying on steady-state concentration, plasma 

disappearance rates of exogenous makers can be 

measured in real time using transdermal sensors [28]. 

Fanous et al. (2022) found that transdermal GFR 

measurement using miniaturized fluorescence sensors 

to measure fluorescein-isothiocyanate (FITC) 

conjugated sinistrin was effective in evaluating renal 

functions in mechanically ventilated neonatal pigs [79]. 

Similarly, Dorshow et al. (2024) found that 

relmapirazin had clinical performance similar to 

iohexol in measuring GFR [80]. Dorshow et al. (2024) 

findings support the ongoing pursuit of safer, more 

precise, cost-effective, and scalable methodologies for 

direct GFR measurements [80].  

Collectively, these developments depict a paradigm 

shift in renal function assessment. Integrating 

metabolomics, fluorescent probes, and wearable sensor 

technology represents a significant advancement 

toward personalized and equitable nephrology care. As 

they are being advanced and further developed, these 

technologies have the potential to revolutionize GFR 

estimation methodologies, leading to decreased cost, 

reducing disparities associated with the traditional 

biomarker confounders, and improving the accuracy of 

CKD diagnosis and monitoring across diverse patient 

populations. Future research should address critical 

implementation challenges, such as the standardization 

of assay protocols, cost-benefit analyses, and 

integration into existing clinical procedures. There is a 

need for multidisciplinary collaboration among 

researchers, clinicians, and policymakers to validate, 

scale, and ease the adoption of these technologies in 

clinical practice. Additionally, large-scale, multiethnic 

validation studies should be conducted to enhance the 

generalizability and clinical utility of these novel 

approaches across global healthcare settings. Both 

patients and healthcare professionals should be 

educated on the benefits and limitations of the 

emerging tools in the diagnosis and management of 

CKD. To advance eGFR and care for patients with 

CKD, current efforts should prioritize the following 

urgent next steps: 

• Standardize assay protocols to ensure 

consistency, reproducibility, and reliability of 

novel GFR estimation methods across different 

clinical settings. 

• Conduct large-scale, multiethnic validation 

studies to enhance the generalizability and 

clinical utility of these technologies across 

diverse global populations. 

• Develop guidelines and support systems for 

integrating cystatin C and other novel 

biomarkers into existing clinical workflows to 
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improve accuracy and equity in CKD diagnosis 

and monitoring. 

• Foster multidisciplinary collaboration among 

researchers, clinicians, and policymakers to 

validate, scale, and facilitate the adoption of the 

emerging technologies in clinical practice. 
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