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Abstract 

Chronic kidney disease (CKD) represents a significant global health challenge, 

characterized by progressive decline in renal function. Early diagnosis is critical for 

preventing advancement to end-stage renal disease (ESRD), reducing patient 

morbidity, and enhancing quality of life. This review examines current laboratory, 

instrumental, and molecular techniques for early CKD detection, emphasizing 

novel biomarkers, advanced imaging modalities, and artificial intelligence 

applications. The integration of traditional laboratory parameters with 

contemporary biomarker profiling and AI-driven analytical tools demonstrates 

substantial improvements in early detection capabilities and enables more 

personalized therapeutic interventions. 
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Introduction. Chronic Kidney Disease (CKD) is clinically defined as sustained 

impairment of renal function persisting for a minimum of three months, 

characterized by reduced glomerular filtration rate (GFR) below 60 

mL/min/1.73m² and/or evidence of structural kidney damage. With a global 

prevalence estimated at 10-15%, CKD constitutes a major public health concern 

with substantial economic and social implications. The disease's insidious nature 

and gradual progression frequently result in late-stage diagnosis, when irreversible 

nephron loss has already occurred and therapeutic options become limited. 

The importance of early detection cannot be overstated. Timely identification 

of kidney dysfunction enables clinicians to implement interventions including 

lifestyle modifications, targeted pharmacotherapy, dietary adjustments, and 

intensive monitoring protocols that can significantly decelerate disease progression. 

However, conventional diagnostic approaches, particularly serum creatinine 

measurement and estimated GFR (eGFR) calculations, demonstrate limited 

https://doi.org/10.5281/zenodo.17420888
mailto:toshpulatovibrohim@gmail.com


AMERICAN JOURNAL OF EDUCATION AND LEARNING  
ISSN: 2996-5128 (online) | ResearchBib (IF) = 10.91 IMPACT FACTOR 

Volume-3| Issue-9| 2025 Published: |30-10-2025| 

520 

sensitivity for detecting early-stage kidney injury. These markers typically become 

abnormal only after considerable nephron mass has been compromised, often when 

50% or more of kidney function has been lost. 

This limitation underscores the urgent need for enhanced diagnostic 

methodologies capable of identifying kidney damage at its earliest stages, before 

functional decline becomes clinically apparent. Recent advances in biomarker 

discovery, imaging technology, and computational medicine offer promising 

avenues for achieving this goal. This comprehensive review examines these 

emerging diagnostic tools and their potential to transform CKD management 

through earlier, more accurate detection strategies. 

Materials and Methods 

Literature Search Strategy 

This systematic review analyzes current diagnostic approaches for CKD by 

examining peer-reviewed scientific literature published between 2015 and 2025. A 

comprehensive search was conducted across three major academic databases: 

PubMed (MEDLINE), Scopus, and Web of Science. The search strategy employed 

both Medical Subject Headings (MeSH) terms and free-text keywords to maximize 

retrieval of relevant studies. 

Primary search terms included: "early chronic kidney disease diagnosis," 

"novel renal biomarkers," "artificial intelligence in nephrology," "machine learning 

kidney disease," "microalbuminuria detection," "tubular injury markers," and "non-

invasive renal imaging." 

Inclusion and Exclusion Criteria 

Studies were included if they addressed diagnostic methods for early-stage 

CKD (stages 1-3), presented original research or systematic reviews, and were 

published in English. Exclusion criteria comprised case reports with fewer than 10 

patients, studies focusing exclusively on acute kidney injury, and articles lacking 

peer review. 

Analytical Framework 

The review synthesizes evidence across four primary diagnostic domains: 

1. Conventional biochemical indicators: serum creatinine, blood urea 

nitrogen (BUN), cystatin C, and eGFR calculations 

2. Emerging urinary biomarkers: microalbumin, neutrophil gelatinase-

associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), interleukin-18 (IL-

18), and liver-type fatty acid-binding protein (L-FABP) 

3. Advanced imaging and functional diagnostic techniques: ultrasound 

elastography, contrast-enhanced ultrasound (CEUS), magnetic resonance imaging 
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(MRI), diffusion-weighted imaging (DWI), and blood oxygen level-dependent 

(BOLD) MRI 

4. Computational and artificial intelligence applications: machine 

learning algorithms, predictive modeling, risk stratification tools, and clinical 

decision support systems 

Data were qualitatively synthesized to identify trends, evaluate diagnostic 

performance characteristics, and assess clinical applicability of various early 

detection methods. 

Results and Discussion 

Limitations of Traditional Diagnostic Markers 

Serum creatinine and calculated eGFR remain the foundational markers for 

CKD diagnosis and staging according to current clinical practice guidelines. 

However, these parameters possess significant limitations that compromise their 

utility for early disease detection. 

Serum creatinine is an endogenous waste product of muscle metabolism that 

accumulates when renal filtration declines. Its concentration is influenced by 

numerous non-renal factors including muscle mass, age, sex, dietary protein intake, 

and certain medications. Critically, serum creatinine levels remain within normal 

reference ranges until approximately 50% of nephron function has been lost, a 

phenomenon known as creatinine-blind range. This insensitivity renders it 

inadequate for detecting early kidney damage. 

Estimated GFR calculations, while more informative than creatinine alone, 

inherit the same limitations and add complexity through the assumptions 

embedded in estimation equations (CKD-EPI, MDRD). These formulas were 

developed and validated in specific populations and may demonstrate reduced 

accuracy in individuals with unusual body compositions, extreme ages, or certain 

ethnic backgrounds. 

Microalbuminuria (30-300 mg/day or 30-300 mg/g creatinine) has been 

established as an early indicator of glomerular damage, particularly in diabetic 

nephropathy. However, albumin excretion exhibits substantial day-to-day 

variability (up to 40%) and can be influenced by numerous factors unrelated to 

kidney disease, including dehydration, intense physical exercise, fever, urinary 

tract infections, heart failure, and poor glycemic control in diabetics. Furthermore, 

microalbuminuria primarily reflects glomerular pathology and may not detect 

tubular or interstitial injury until later stages. 

These limitations collectively emphasize the critical need for more sensitive, 

specific, and reliable early diagnostic markers. 

Novel Biomarkers for Early Detection 
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Recent nephrology research has identified numerous promising biomarkers 

capable of detecting kidney injury before conventional parameters become 

abnormal. These markers can be broadly categorized based on the anatomical site 

of injury they reflect. 

Glomerular Injury Markers 

Cystatin C is a low molecular weight (13 kDa) cysteine protease inhibitor 

produced by all nucleated cells at a constant rate. It is freely filtered by the 

glomerulus and completely reabsorbed and catabolized by proximal tubular cells. 

Unlike creatinine, cystatin C levels are largely independent of muscle mass, age, 

sex, and diet, making it a more reliable indicator of GFR. Multiple studies have 

demonstrated that serum cystatin C detects early GFR decline more sensitively than 

creatinine-based estimates, particularly in patients with mild renal impairment. The 

combination of cystatin C with creatinine in eGFR equations (CKD-EPI creatinine-

cystatin C equation) provides superior accuracy compared to either marker alone. 

β2-microglobulin is another low molecular weight protein (11.8 kDa) that is 

freely filtered and serves as an alternative filtration marker. Elevated serum levels 

or increased urinary excretion indicate impaired glomerular filtration or tubular 

reabsorption. However, β2-microglobulin is less specific than cystatin C due to its 

elevation in inflammatory conditions and certain malignancies. 

Tubular Injury Markers 

Kidney Injury Molecule-1 (KIM-1) is a type 1 transmembrane glycoprotein 

not detectable in healthy kidney tissue but dramatically upregulated in proximal 

tubular epithelial cells following injury. The ectodomain of KIM-1 is shed into 

urine, making it readily measurable. Urinary KIM-1 has demonstrated excellent 

sensitivity and specificity for detecting acute tubular damage and predicting CKD 

progression. Importantly, KIM-1 elevation precedes changes in serum creatinine by 

several days, enabling truly early detection. 

Neutrophil Gelatinase-Associated Lipocalin (NGAL) is a 25 kDa protein 

belonging to the lipocalin superfamily. NGAL is markedly upregulated in renal 

tubular cells in response to various injurious stimuli. Both serum and urinary 

NGAL levels rise rapidly following kidney injury, often within 2-6 hours, making 

NGAL one of the earliest biomarkers available. NGAL has proven particularly 

valuable in predicting acute kidney injury (AKI) in high-risk settings such as 

cardiac surgery and contrast administration, and emerging evidence suggests 

utility in detecting early chronic tubular damage. 

Liver-type Fatty Acid-Binding Protein (L-FABP) is a 14 kDa protein 

expressed in proximal tubular epithelial cells. Urinary L-FABP increases in 

response to tubular ischemia, oxidative stress, and tubulointerstitial damage. 
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Several studies have shown that elevated urinary L-FABP levels predict CKD 

progression and cardiovascular events in diabetic nephropathy patients, often years 

before conventional markers become abnormal. 

Interleukin-18 (IL-18) is a proinflammatory cytokine released by proximal 

tubular cells following injury. Urinary IL-18 has been validated as an early marker 

of acute tubular necrosis and shows promise for predicting CKD progression, 

particularly in inflammatory kidney diseases. 

Clinical Application of Biomarker Panels 

The most promising approach to early CKD diagnosis involves combining 

multiple biomarkers to create comprehensive diagnostic panels. Such multimarker 

strategies offer several advantages: 

 Improved sensitivity and specificity through complementary information 

 Anatomical localization of kidney damage (glomerular vs. tubular vs. 

interstitial) 

 Pathophysiological insights that guide targeted therapies 

 Enhanced risk stratification for identifying patients requiring intensive 

monitoring 

Several commercial multiplex assays are under development that 

simultaneously measure panels of kidney injury biomarkers from a single urine 

sample, promising to make early detection more practical and cost-effective in 

routine clinical practice. 

Advanced Imaging and Instrumental Methods 

While traditional renal ultrasound remains valuable for assessing kidney size, 

structure, and detecting obstruction, several advanced imaging techniques have 

emerged that provide functional information enabling earlier disease detection. 

Doppler Ultrasonography 

Color and spectral Doppler ultrasound assesses renal blood flow 

hemodynamics through measurement of the resistive index (RI), which reflects 

intrarenal vascular resistance. Elevated RI (>0.70) indicates increased renovascular 

resistance associated with various forms of CKD including diabetic nephropathy, 

hypertensive nephrosclerosis, and chronic glomerulonephritis. Importantly, 

Doppler abnormalities may precede measurable GFR decline. The technique is non-

invasive, widely available, and does not require contrast administration, making it 

ideal for repeated assessments. 

Contrast-Enhanced Ultrasound (CEUS) utilizing microbubble contrast agents 

enables real-time visualization of renal microvascular perfusion. CEUS can detect 

subtle perfusion deficits and quantify cortical perfusion, providing functional 

information complementary to anatomical imaging. Studies suggest CEUS 
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parameters correlate with histological severity of chronic kidney disease and may 

predict progression. 

Magnetic Resonance Imaging Techniques 

Functional MRI (fMRI) modalities offer unprecedented insights into kidney 

physiology without nephrotoxic contrast agents: 

Blood Oxygen Level-Dependent (BOLD) MRI exploits the paramagnetic 

properties of deoxyhemoglobin to assess tissue oxygenation. In CKD, chronic 

hypoxia is a key pathogenic mechanism driving tubulointerstitial fibrosis. BOLD 

MRI can detect early hypoxic changes in the renal medulla before structural 

damage becomes apparent on conventional imaging. Decreased medullary 

oxygenation correlates with CKD severity and predicts progression. 

Diffusion-Weighted Imaging (DWI) measures the random motion of water 

molecules, providing information about tissue microstructure. The apparent 

diffusion coefficient (ADC) decreases in kidneys affected by fibrosis, inflammation, 

or reduced perfusion. DWI can distinguish between different causes of CKD and 

assess disease severity. Lower ADC values correlate with worse renal function and 

adverse histological findings. 

Arterial Spin Labeling (ASL) is a completely non-invasive MRI technique that 

uses magnetically labeled blood as an endogenous tracer to quantify renal blood 

flow without any contrast agent. ASL-derived measurements of cortical and 

medullary perfusion demonstrate excellent correlation with GFR and can detect 

hemodynamic changes preceding functional decline. 

MR Elastography applies mechanical vibrations and motion-encoding 

gradients to measure tissue stiffness, which increases with fibrosis. Renal 

elastography shows promise for non-invasively assessing the degree of kidney 

fibrosis, which is the final common pathway of progressive CKD regardless of 

etiology. Early fibrosis detection could enable intervention before irreversible 

scarring occurs. 

Nuclear Medicine Techniques 

99mTc-DTPA and 99mTc-MAG3 renal scintigraphy provides quantitative 

assessment of split renal function and can detect early functional asymmetry. While 

less commonly used for CKD screening due to radiation exposure and limited 

availability, these techniques offer accurate GFR measurement and functional 

imaging when needed. 

Predictive Risk Models 

Machine learning algorithms trained on electronic health record (EHR) data 

can identify patients at high risk for developing CKD years before clinical 

diagnosis. These models incorporate diverse variables including: 
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 Traditional laboratory values (creatinine trends, urinalysis patterns) 

 Demographic factors (age, sex, ethnicity, socioeconomic status) 

 Comorbidity profiles (diabetes, hypertension, cardiovascular disease) 

 Medication histories (NSAID use, nephrotoxic agents) 

 Vital sign patterns (blood pressure trends, weight changes) 

 Healthcare utilization patterns (hospitalization frequency, emergency visits) 

Studies have demonstrated that ML models outperform traditional risk 

calculators in predicting CKD onset, achieving areas under the receiver operating 

characteristic curve (AUC-ROC) exceeding 0.85-0.90. These models enable 

proactive identification of at-risk individuals who would benefit from screening 

and preventive interventions. 

Progression Prediction 

Beyond diagnosis, ML algorithms excel at predicting CKD progression 

trajectories. Random forest, gradient boosting, and deep learning models trained on 

longitudinal patient data can predict which patients will progress to advanced 

CKD or ESRD within specific timeframes (e.g., 1, 3, or 5 years). This information 

enables risk-stratified care, with high-risk patients receiving more intensive 

monitoring and aggressive treatment. 

Imaging Analysis 

Deep learning convolutional neural networks (CNNs) are revolutionizing 

medical image interpretation. In nephrology: 

Ultrasound image analysis: AI algorithms can automatically detect and 

quantify kidney abnormalities, measure kidney dimensions, assess echogenicity 

patterns, and identify cysts or masses with accuracy comparable to experienced 

radiologists. 

Pathology image analysis: Digital pathology combined with deep learning 

enables automated quantification of glomerulosclerosis, tubular atrophy, interstitial 

fibrosis, and other histological features from kidney biopsy specimens. These 

systems provide objective, reproducible assessments that can predict clinical 

outcomes and guide treatment decisions. 

MRI analysis: AI algorithms extract quantitative parameters from functional 

MRI sequences, automatically generating maps of perfusion, oxygenation, and 

fibrosis that facilitate early detection of kidney dysfunction. 

Clinical Decision Support Systems 

AI-powered clinical decision support tools integrated into EHR systems can 

provide real-time alerts to clinicians when patients exhibit early warning signs of 

kidney disease, such as subtle creatinine trends, new-onset proteinuria, or 
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concerning medication combinations. These systems reduce diagnostic delays and 

ensure appropriate referral to nephrology specialists when warranted. 

Natural Language Processing 

Natural language processing (NLP) algorithms can extract valuable diagnostic 

information from unstructured clinical notes, radiology reports, and pathology 

reports that might otherwise be overlooked. NLP can identify documentation of 

risk factors, symptoms, or incidental findings suggestive of early kidney disease, 

improving case identification. 

Integrated Diagnostic Approaches 

The future of early CKD diagnosis lies in integrated, multimodal approaches 

that combine traditional markers, novel biomarkers, advanced imaging, and AI-

driven analytics. Such comprehensive strategies offer several advantages: 

Enhanced diagnostic accuracy through complementary information sources 

that validate findings across multiple modalities 

Personalized risk assessment that accounts for individual patient 

characteristics, comorbidities, and biomarker profiles 

Mechanistic insights that distinguish between different types of kidney injury 

(glomerular, tubular, vascular, interstitial) and guide targeted interventions 

Optimized resource utilization by reserving expensive or invasive tests for 

patients most likely to benefit based on initial screening results 

Several research groups and healthcare systems are developing and validating 

integrated diagnostic algorithms that sequentially apply increasingly sophisticated 

tests based on initial findings, creating efficient diagnostic pathways that maximize 

early detection while controlling costs. 

Challenges and Future Directions 

Despite significant advances, several challenges must be addressed to fully 

realize the potential of improved early CKD diagnostics: 

Standardization: Many novel biomarkers lack standardized assays and 

reference ranges across different measurement platforms, limiting comparability 

between studies and clinical implementation. 

Cost-effectiveness: Novel biomarkers and advanced imaging techniques are 

often more expensive than traditional tests. Economic analyses are needed to 

determine optimal diagnostic strategies that balance performance with 

affordability. 

Clinical validation: While many promising biomarkers show statistical 

associations with CKD outcomes in research settings, prospective studies 

demonstrating that biomarker-guided care improves patient outcomes are needed 

to justify widespread adoption. 
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Regulatory approval: Most novel biomarkers have not received regulatory 

approval for clinical use, remaining research tools rather than validated diagnostic 

tests. 

Implementation barriers: Even when effective diagnostic tools exist, 

healthcare system factors such as availability, reimbursement policies, and clinician 

awareness influence their adoption in routine practice. 

Health disparities: Ensuring equitable access to advanced diagnostic 

capabilities across different healthcare settings, geographic regions, and 

socioeconomic groups remains a critical challenge. 

Future research should prioritize: 

 Large-scale prospective validation studies of integrated diagnostic 

algorithms 

 Economic analyses comparing diagnostic strategies 

 Development of point-of-care tests for novel biomarkers suitable for 

resource-limited settings 

 Establishment of international standardization initiatives for biomarker 

measurement 

 Investigation of biomarker-guided therapeutic strategies that demonstrate 

improved patient outcomes 

 Ethical frameworks for AI implementation ensuring transparency, equity, 

and patient autonomy 

Conclusion. Early detection of chronic kidney disease represents a critical 

opportunity to alter disease trajectories, prevent progression to end-stage renal 

disease, and improve patient outcomes. While traditional diagnostic methods based 

on serum creatinine and estimated GFR have served as the foundation of CKD 

diagnosis, their limited sensitivity for early disease necessitates incorporation of 

more advanced approaches. 

Novel biomarkers such as cystatin C, KIM-1, NGAL, and L-FABP enable 

detection of kidney injury before functional decline becomes apparent. Advanced 

imaging techniques including Doppler ultrasound, BOLD MRI, diffusion-weighted 

imaging, and MR elastography provide non-invasive functional and structural 

information complementing biochemical markers. Artificial intelligence and 

machine learning applications are transforming diagnostic capabilities through 

sophisticated risk prediction, image analysis, and clinical decision support. 

The optimal approach to early CKD diagnosis involves strategic integration of 

these complementary tools into efficient diagnostic pathways tailored to individual 

patient characteristics and risk profiles. As these technologies mature, become 

standardized, and demonstrate clinical utility in prospective studies, they promise 
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to fundamentally transform CKD management by shifting the paradigm from 

reactive treatment of advanced disease to proactive prevention through early 

detection and intervention. 

Realizing this vision requires continued investment in biomarker discovery 

and validation, technological innovation, health services research, and 

implementation science to ensure that advances in early diagnostics translate into 

meaningful improvements in patient care across diverse healthcare settings 

worldwide. 
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