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Abstract: Urolithiasis is characterized by the formation of solid mineral deposits within the urinary tract. The condition arises 
due to interactions between metabolic, environmental, and genetic factors that promote crystal nucleation, growth, and retention. 
Recent studies indicate rising prevalence rates worldwide, particularly in industrialized nations, with approximately 10% annual 
recurrence in the first year and up to 75% by 20 years post-initial episode. The pathophysiology involves multiple stages, 
beginning with urinary supersaturation of stone-forming minerals, followed by crystal nucleation, growth, aggregation, and 
retention within the renal system. Various intrinsic and extrinsic factors influence stone formation, including urinary pH, 
hypocitraturia, hyperoxaluria, and hyperuricosuria. The most prevalent stone type remains calcium oxalate (70-80%), followed 
by calcium phosphate, uric acid, struvite, and cystine stones. Risk factors encompass demographic variables, climate conditions, 
dietary habits, and comorbid conditions such as obesity, diabetes, and metabolic syndrome. Modern diagnostic techniques 
incorporate clinical assessment, biochemical analysis, and advanced imaging techniques, enabling precise stone characterization 
and localization.  
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1. Introduction 

Urolithiasis, derived from Greek terms "ouron" (urine), "oros" (flow), and "lithos" (stone), represents the formation of solid mineral 
concretions within the urinary system [1]. This condition manifests as a complex pathological process involving the deposition of 
various crystalline compounds, predominantly composed of calcium, oxalate, and phosphate minerals [2]. The global prevalence of 
urolithiasis has shown a steady increase over recent decades, with current estimates indicating that 10-12% of the population will 
experience at least one stone episode during their lifetime [3]. The significance of urolithiasis extends beyond its primary 
manifestation, as it frequently presents with complications such as urinary tract obstruction, infection, and renal dysfunction [4]. 
Epidemiological studies reveal marked geographical variations in prevalence rates, with higher incidences reported in regions 
characterized by warm climates and westernized dietary patterns [5].  

The condition shows a notable gender disparity, affecting approximately 12% of men compared to 6% of women, with peak 
incidence occurring between ages 20-40 years [6]. The formation of urinary stones involves intricate physicochemical processes 
influenced by multiple factors, including urinary supersaturation, crystal nucleation, growth, and retention within the urinary tract 
[7]. These processes are modulated by various intrinsic and extrinsic factors, ranging from genetic predisposition to environmental 
influences [8]. The composition of urinary stones varies, with calcium oxalate stones representing 70-80% of cases, followed by 
calcium phosphate, uric acid, struvite, and cystine stones [9]. Recent advances in molecular biology and imaging techniques have 
enhanced our understanding of stone formation mechanisms and improved diagnostic capabilities [10]. However, the high 
recurrence rates, approximately 50% within 5-10 years of initial episode, highlight the need for continued research and improved 
preventive strategies [11]. 

2. Pathophysiology 

2.1. Fundamental Mechanisms 

The formation of urinary stones occurs through a series of sequential physicochemical events that transform dissolved urinary 
solutes into solid crystalline structures [12]. This process involves four primary stages: urinary supersaturation, crystal nucleation, 
crystal growth, and crystal aggregation [13]. 
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2.1.1. Urinary Supersaturation 

Urinary supersaturation represents the initial and crucial step in stone formation, occurring when the concentration of stone-forming 
constituents exceeds their solubility threshold in urine [14]. This state creates thermodynamically unstable conditions that favor 
crystal formation [15]. The degree of supersaturation varies with urinary pH, temperature, and the presence of various ions and 
molecules that can either promote or inhibit crystal formation [16]. 

 

Figure 1. Pathophysiology of Urinary Stone Formation 

2.1.2. Crystal Nucleation 

Following supersaturation, crystal nucleation marks the beginning of solid phase formation from solution [17]. This process can 
occur through homogeneous nucleation, where crystals form spontaneously in solution, or heterogeneous nucleation, which 
involves crystal formation on pre-existing surfaces such as cellular debris or other crystals [18]. The energy barrier for heterogeneous 
nucleation is typically lower, making it the predominant mechanism in biological systems [19] 

2.1.3. Crystal Growth and Aggregation 

Once nucleation occurs, crystals expand through the ordered addition of constituent ions to their surfaces [20]. The rate of crystal 
growth depends on multiple factors, including the degree of supersaturation, urinary pH, and the presence of growth modulators 
[21]. Growth inhibitors, such as citrate and magnesium, interact with crystal surfaces to prevent further expansion, while promoters 
like calcium and oxalate enhance crystal development [22]. 

Crystal aggregation involves the combination of individual crystals into larger masses [23]. This process proves particularly significant 
in stone formation as it accelerates the development of clinically relevant concretions. The aggregation process depends on surface 
charge interactions, with urinary macromolecules playing crucial roles in either promoting or inhibiting this stage [24]. 

2.2. Urinary Factors Affecting Stone Formation 

2.2.1. Urinary pH 

The pH of urine significantly influences stone formation by affecting the solubility of various minerals [25]. Acidic urine (pH <5.5) 
promotes uric acid stone formation, while alkaline conditions (pH >6.8) favor calcium phosphate precipitation [26]. Research 
indicates that individuals with higher body mass index tend to have more acidic urine, potentially explaining the association between 
obesity and increased stone risk [27]. 

2.2.2. Hypocitraturia 

Citrate serves as a crucial inhibitor of stone formation through multiple mechanisms [28]. Normal urinary citrate excretion exceeds 
320 mg per day, with lower levels defining hypocitraturia [29]. Citrate forms soluble complexes with calcium, reducing free calcium 
ion concentration and inhibiting calcium crystal formation and aggregation [30]. Various conditions, including metabolic acidosis, 
hypokalemia, and certain dietary patterns, can reduce urinary citrate excretion [31]. 
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2.2.3. Hyperoxaluria 

Elevated urinary oxalate excretion significantly increases the risk of calcium oxalate stone formation [32]. Normal oxalate excretion 
typically remains below 45 mg per day, with higher levels indicating hyperoxaluria [33]. Both genetic factors affecting oxalate 
metabolism and dietary sources contribute to hyperoxaluria [34]. The condition particularly affects stone formation risk when 
combined with inadequate dietary calcium intake, as calcium normally binds oxalate in the gastrointestinal tract, limiting its 
absorption [35]. 

2.2.4. Hyperuricosuria 

Excessive urinary uric acid excretion promotes stone formation through multiple mechanisms [36]. While the precise relationship 
between hyperuricosuria and calcium oxalate stone formation remains under investigation, evidence suggests that uric acid crystals 
may serve as nucleation sites for calcium oxalate stone development [37]. Additionally, elevated uric acid levels can lead to the 
formation of sodium hydrogen urate crystals, further complicating stone pathogenesis [38]. 

3. Types of Urolithiasis 

3.1. Calcium oxalate stone 

Calcium oxalate stones represent the most prevalent form of urinary calculi, accounting for approximately 70-80% of all cases [39]. 
These stones exist in two primary crystalline forms: calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD) 
[40]. COM crystals typically present as thin, plate-like structures with characteristic "dumbbell" morphology, while COD crystals 
exhibit distinctive tetragonal bipyramidal shapes [41]. The formation of these stones involves complex interactions between calcium 
and oxalate ions, influenced by various urinary conditions and the presence of modulatory substances [42]. 

Table 1. Classification of Urinary Calculi and Their Characteristics 

Stone Type Prevalence 
(%) 

Chemical Composition Characteristics Risk Factors 

Calcium 
Oxalate 

70-80 CaC₂O₄·H₂O (COM) 
CaC₂O₄·2H₂O (COD) 

Radiopaque, 
brown/black color 

Hypercalciuria, Hyperoxaluria, 
Low urine volume 

Calcium 
Phosphate 

10-20 Ca₅(PO₄)₃(OH) Ca₃(PO₄)₂ Radiopaque, 
white/gray color 

Alkaline urine, Primary 
hyperparathyroidism 

Uric Acid 5-10 C₅H₄N₄O₃ Radiolucent, 
yellow/reddish 

Acidic urine, Hyperuricosuria, 
Gout 

Struvite 7-8 MgNH₄PO₄·6H₂O Radiopaque, 
white/gray 

UTI with urease-producing 
bacteria 

Cystine 1-2 [-SCH₂CH(NH₂)COOH]₂ Moderately 
radiopaque, yellow 

Genetic disorder (cystinuria) 

3.2. Calcium Phosphate Stones 

Comprising 10-20% of urinary calculi, calcium phosphate stones manifest in three primary mineralogical forms [43]: 

• Tricalcium phosphate (whitlockite) 
• Calcium hydrogen phosphate dihydrate (brushite) 
• Basic calcium phosphate (apatite) 

The formation of these stones strongly correlates with elevated urinary pH, typically above 6.8, along with hypocitraturia and 
hypercalciuria [44]. The conversion between different calcium phosphate phases depends on local ionic concentrations and pH 
conditions, with brushite often serving as a precursor to more stable hydroxyapatite formations [45]. 

3.3. Uric Acid Stones 

Uric acid stones constitute approximately 10% of all urinary calculi and present unique challenges in diagnosis due to their 
radiolucent nature [46]. Their formation primarily results from persistently acidic urine (pH <5.5) combined with hyperuricosuria 
[47]. These stones typically exhibit a distinctive internal structure, characterized by concentrically layered, pebble-like masses with a 
core of loosely packed anhydrous uric acid crystals surrounded by radiating columnar formations [48]. 
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3.4. Struvite Stones 

Also known as "infection stones," struvite (magnesium ammonium phosphate) stones develop in response to urinary tract infections 
with urease-producing organisms [49]. These stones comprise 7-8% of all urinary calculi and show higher prevalence in females 
[50]. The pathogenic mechanism involves bacterial urease hydrolyzing urea, leading to increased urinary pH and ammonia 
production, which creates optimal conditions for struvite crystal formation [51]. These stones often grow rapidly, potentially forming 
large "staghorn" calculi that can occupy the entire renal collecting system [52]. 

3.5. Cystine Stones 

Cystine stones, though rare (1-2% of all cases), represent a significant clinical challenge due to their hereditary nature and resistance 
to conventional treatments [53]. These stones result from cystinuria, a genetic disorder affecting cystine transport in the kidneys and 
intestine [54]. The characteristic hexagonal crystals form in acidic urine when cystine concentration exceeds its solubility threshold, 
typically around 250 mg/L [55]. Their management requires dietary modification, urinary alkalinization, and specific pharmacological 
interventions [56]. 

4. Risk Factors for Urolilthiasis 

4.1. Demographic Factors 

4.1.1. Age, Gender, and Race 

Age-related variations in stone formation show distinct patterns, with prevalence rates of 0.58% in individuals under 45 years 
increasing to 4.7% in those over 65 years [57]. Gender differences manifest prominently, with males showing higher susceptibility, 
attributed partly to hormonal influences and metabolic differences [58]. Racial disparities in stone formation indicate varying 
prevalence rates among different ethnic groups, though these differences may reflect environmental and dietary factors rather than 
purely genetic influences [59]. 

4.1.2. Genetic Predisposition 

Approximately 25% of patients with urolithiasis report a positive family history, suggesting significant genetic components in stone 
formation [60]. Genetic factors particularly influence specific stone types, such as cystine stones and certain forms of calcium oxalate 
stones [61]. Studies indicate that about 70% of patients with renal tubular acidosis, a condition strongly associated with stone 
formation, demonstrate genetic components [62]. 

Table 3. Risk Stratification for Stone Recurrence 

Risk 
Level 

Clinical Features Metabolic 
Abnormalities 

Recommended Follow-up 

Low Single stone episode No family history 
Normal metabolic evaluation 

None or minimal Annual follow-up Basic dietary modifications 

Moderate 1-2 stones/year Limited metabolic 
abnormalities 

Single metabolic 
disorder 

Bi-annual metabolic evaluation Specific 
dietary interventions 

High >2 stones/year Multiple or bilateral 
stones Anatomical abnormalities 

Multiple metabolic 
disorders 

Quarterly evaluation Medical therapy Dietary 
restrictions 

Very High Genetic disorders Complete staghorn 
calculi Recurrent UTIs 

Complex metabolic 
disorders 

Monthly monitoring Intensive medical 
management Surgical intervention 

4.2. Environmental Factors 

4.2.1. Climate and Seasonal Variations 

Stone formation shows marked seasonal patterns, with higher incidence during warmer months [63]. This correlation stems from 
multiple factors: 

• Increased perspiration leading to concentrated urine 
• Reduced fluid intake resulting in lower urinary volume 
• Enhanced vitamin D synthesis due to sun exposure 
• Dehydration risk in hot climates [64] 
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4.2.2. Regional Variations 

Regional variations in stone prevalence correlate with climate patterns, urbanization levels, and dietary habits [65]. Areas with high 
ambient temperatures and significant sunlight exposure typically show elevated stone formation rates, particularly in regions 
characterized by westernized dietary patterns [66]. 

4.3. Dietary Factors 

4.3.1. Nutritional Factors 

Dietary composition significantly impacts stone formation risk through multiple mechanisms [67]. High protein consumption, 
particularly animal protein, increases urinary calcium excretion and reduces urinary pH [68]. Excessive sodium intake enhances 
calcium excretion and reduces citrate levels in urine [69]. Studies demonstrate correlations between stone formation and: 

• High caloric intake 
• Elevated protein consumption 
• Excessive salt intake 
• Inadequate fluid consumption [70] 

Table 4. Dietary Recommendations for Stone Prevention 

Dietary Factor Recommendation Rationale Stone Type Affected 
Fluid Intake >2.5-3 L/day Reduces urinary supersaturation All types 
Sodium <2300 mg/day Reduces calcium excretion Calcium stones 
Animal Protein 0.8-1.0 g/kg/day Reduces acid load and calcium excretion Calcium and uric acid 
Calcium 1000-1200 mg/day Binds dietary oxalate Calcium oxalate 
Oxalate <100 mg/day Reduces calcium oxalate formation Calcium oxalate 
Citrus Fruits 1-2 servings/day Increases urinary citrate Calcium stones 
Potassium >3500 mg/day Alkalinizes urine Uric acid 

4.3.2. Fluid Intake 

Fluid intake patterns directly influence urinary concentration and volume, critical factors in stone formation [71]. Low fluid intake 
results in concentrated urine, promoting crystal formation and aggregation. The timing and type of fluid consumption also affect 
stone risk, with certain beverages showing protective or promotional effects on stone formation [72]. 

4.4. Comorbidities 

4.4.1. Metabolic Conditions 

Several metabolic disorders increase stone formation risk: 

• Obesity correlates with increased uric acid and calcium oxalate stone formation [73] 
• Diabetes mellitus affects urinary pH and increases stone risk [74] 
• Metabolic syndrome components contribute to stone formation through multiple pathways [75] 

4.4.2. Cardiovascular and Renal Conditions 

Hypertension demonstrates a significant association with increased stone formation, potentially through alterations in calcium 
metabolism and renal tubular function [76]. Chronic kidney disease affects mineral metabolism and urinary composition, potentially 
increasing stone risk through multiple mechanisms [77]. The relationship between cardiovascular disease and stone formation 
appears bidirectional, with shared risk factors and pathogenic mechanisms [78]. 

4.4.3. Gastrointestinal Disorders 

Inflammatory bowel disease, particularly Crohn's disease and ulcerative colitis, increases stone risk through altered mineral 
absorption and changes in urinary composition [79]. Bariatric surgery patients show elevated stone risk due to altered mineral 
metabolism and increased oxalate absorption [80]. Chronic diarrheal conditions can lead to fluid losses and metabolic changes that 
promote stone formation [81]. 
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Figure 2. Stone Management Algorithm 

5. Diagnosis 

5.1. Clinical Assessment 

5.1.1. Patient History 

A detailed patient history forms the cornerstone of urolithiasis diagnosis and management. Clinicians must carefully document the 
characteristics and frequency of stone episodes, including the nature and severity of pain, associated symptoms, and previous stone 
events. Family history provides valuable insights into genetic predisposition and inherited metabolic disorders. Detailed dietary 
assessment, including fluid intake patterns, specific food preferences, and dietary restrictions, helps identify modifiable risk factors. 
The evaluation of associated medical conditions, particularly metabolic disorders and systemic diseases, contributes to understanding 
the underlying etiology. Additionally, a thorough medication review is essential, as certain pharmaceuticals may influence stone 
formation through various mechanisms [82] 

 

Figure 2. Diagnostic Approach to Urolithiasis 
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5.1.2. Physical Examination 

The physical examination in patients with suspected urolithiasis requires systematic evaluation of specific signs and symptoms. 
Costovertebral angle tenderness, a classic finding, often indicates renal involvement and helps localize the stone. Careful assessment 
of abdominal pain patterns aids in differentiating stone pain from other abdominal pathologies. Physicians must identify signs of 
urinary obstruction, including bladder distention and associated complications. The examination should also focus on detecting 
evidence of systemic conditions that may contribute to stone formation, such as gout tophi, metabolic syndrome manifestations, or 
signs of endocrine disorders [83] 

5.2. Laboratory Investigations 

5.2.1. Urinalysis 

Urinalysis serves as a fundamental diagnostic tool in the evaluation of urolithiasis. The examination includes microscopic analysis 
for crystal identification and characterization, providing crucial information about stone composition and formation tendencies. 
Accurate pH measurement helps determine the risk of specific stone types and guides therapeutic interventions. Specific gravity 
determination offers insights into urinary concentration and hydration status. The presence of infection markers suggests potential 
infectious components in stone formation, while hematuria evaluation helps confirm urinary tract involvement and may indicate 
ongoing stone activity [84] 

Table 2. 24-Hour Urine Parameters and Their Clinical Significance 

Parameter Normal Range Clinical Significance Associated Stone Type 
Volume >2.5 L/day Low volume increases 

supersaturation 
All types 

Calcium <250 mg/day (men) <200 mg/day 
(women) 

Hypercalciuria increases stone 
risk 

Calcium stones 

Oxalate <45 mg/day Hyperoxaluria promotes CaOx 
stones 

Calcium oxalate 

Citrate >320 mg/day Inhibitor of calcium stone 
formation 

Calcium stones 

pH 5.5-6.5 Influences crystal formation Uric acid (<5.5) Calcium phosphate 
(>6.8) 

Uric Acid <800 mg/day (men) <750 mg/day 
(women) 

Promotes uric acid stones Uric acid 

5.2.2. Blood Chemistry 

Blood chemistry analysis provides essential information about systemic factors contributing to stone formation. Serum calcium and 
phosphate measurements help identify disorders of mineral metabolism. Comprehensive kidney function parameters, including 
creatinine and blood urea nitrogen, assess renal impact and function. Uric acid levels contribute to understanding the risk of uric 
acid stone formation. Electrolyte balance evaluation helps detect underlying metabolic abnormalities, while specific markers aid in 
identifying metabolic disorders that may contribute to stone formation [85] 

5.2.3. 24-Hour Urine Collection 

The 24-hour urine collection represents a crucial component in the metabolic evaluation of stone formers. This comprehensive 
assessment measures the daily excretion of stone-forming substances, including calcium, oxalate, citrate, and uric acid. Analysis of 
urinary volume patterns throughout the day helps identify periods of increased risk. Citrate and other inhibitor levels provide 
information about natural stone prevention mechanisms. The overall stone risk assessment derived from this collection guides 
individualized prevention strategies and therapeutic interventions [86] 

5.3. Imaging Techniques 

5.3.1. Conventional Radiography 

Plain radiography, specifically the KUB (Kidney, Ureter, Bladder) view, serves as an initial imaging modality in urolithiasis evaluation. 
This technique effectively screens for radiopaque stones, particularly those containing calcium. The imaging allows accurate 
assessment of stone size and location, crucial information for treatment planning. Additionally, KUB radiography provides a cost-
effective method for follow-up evaluation of known stones, enabling monitoring of stone progression or resolution [87] 
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5.3.2. Ultrasonography 

Ultrasonography offers significant advantages in stone disease evaluation through its non-invasive nature and absence of radiation 
exposure. This imaging modality enables reliable stone detection, particularly in the kidneys and proximal ureters. The real-time 
nature of ultrasound examination allows detailed evaluation of kidney structure and architecture. Assessment of hydronephrosis 
helps determine the degree of obstruction and urgency of intervention. The technique proves particularly valuable in monitoring 
pregnant patients and those requiring frequent follow-up examinations [88] 

5.3.3. Computed Tomography 

Non-contrast computed tomography has emerged as the gold standard in urolithiasis imaging, offering superior diagnostic 
capabilities. This modality provides exceptionally precise stone location and size measurements, critical for treatment planning. The 
ability to determine stone density helps predict treatment success and guides intervention selection. Detailed assessment of 
surrounding anatomy aids in identifying anatomical variations and potential complications. The high sensitivity and specificity of 
CT scanning make it particularly valuable in emergency settings and complex cases [89, 90] 

Table 5. Imaging Methods for Urolithiasis 

Imaging Method Sensitivity 
(%) 

Specificity 
(%) 

Advantages Limitations 

CT (non-contrast) 95-98 96-98 Gold standard Accurate size/density 
No contrast needed 

Radiation exposure Cost 

Ultrasound 45-85 80-95 No radiation Real-time imaging 
Affordable 

Operator dependent Limited for 
small stones 

KUB X-ray 45-60 75-85 Low-cost Quick screening Limited to radiopaque stones 
Poor soft tissue detail 

MRI 82-85 88-90 No radiation Good soft tissue detail Cost Limited stone detection 
Digital 
Tomosynthesis 

86-90 90-92 Lower radiation than CT Better than 
KUB 

Limited availability Cost 

6. Conclusion 

Recent advances in molecular biology and imaging technologies have improved our knowledge of stone formation processes and 
improved diagnostic capabilities. The increasing global prevalence of urolithiasis, coupled with high recurrence rates, emphasizes 
the importance of preventive strategies and early intervention. The identification of modifiable risk factors provides opportunities 
for targeted interventions, particularly in dietary modifications and lifestyle changes. The role of medical comorbidities in stone 
formation highlights the need for comprehensive patient evaluation and management strategies that address both primary stone 
disease and associated conditions. Modern diagnostic approaches, combining detailed metabolic evaluation with advanced imaging 
techniques, enable precise characterization of stone disease and guide therapeutic decisions. The advent of new therapeutic 
approaches and improved understanding of genetic factors may lead to more effective interventions for both prevention and 
treatment. Integration of artificial intelligence and machine learning technologies in diagnostic imaging and risk prediction represents 
a promising avenue for advancing urolithiasis care. 
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