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Abstract 
 
Nephrolithiasis affects approximately 12% of the global population with increasing prevalence 
linked to obesity, metabolic syndrome, and dietary factors. Calcium oxalate and calcium 
phosphate stones comprise 70–80% of cases, followed by uric acid (10–15%), struvite (10–
15%), and cystine stones (<1%). Stone formation involves complex physicochemical processes 
including supersaturation, nucleation, crystal growth, and retention, with Randall's plaque 
serving as a critical nucleation site. Clinical presentation typically includes severe colicky pain, 
hematuria, and urinary symptoms, though asymptomatic cases occur. Non-contrast helical CT 
represents the diagnostic gold standard with 98% sensitivity. Management has evolved from 
open surgery to minimally invasive approaches including extracorporeal shock wave lithotripsy, 
ureteroscopy, and percutaneous nephrolithotomy. Medical expulsive therapy with alpha-
blockers facilitates spontaneous passage of ureteral stones ≤5 mm. Prevention strategies 
emphasize adequate hydration (≥2 L/day), dietary modifications including normal calcium 
intake with sodium restriction, and pharmacological interventions such as thiazide diuretics and 
potassium citrate based on stone composition and metabolic abnormalities. Emerging evidence 
demonstrates strong associations between metabolic syndrome components—obesity, diabetes, 
hypertension, and dyslipidemia—and increased nephrolithiasis risk, highlighting the importance 
of comprehensive metabolic evaluation and lifestyle modifications in preventing recurrence. 
Understanding these multifactorial aspects enables individualized treatment approaches and 
reduces the 50% recurrence rate observed within 5–10 years. 
 

1. Introduction 
 
Nephrolithiasis, or kidney stone disease, is among the oldest 
recognized medical conditions, with lithotomy among the 
earliest documented surgical procedures [1]. The condition 
is characterized by the presence of crystalline deposits 
within the renal pelvis or calyces, though stones may form 
anywhere along the urinary tract. Urolithiasis is increasingly 
prevalent globally, affecting approximately 12% of the 
population with significant geographic and demographic 

variations [2, 3]. In the United States alone, the prevalence 
has risen from 3.2% in the 1976–1980 National Health and 
Nutrition Examination Survey to 5.2% in the 1988–1994 
survey, representing a substantial increase across all 
demographic groups except African Americans and 
Mexican Americans [4]. 
The economic and healthcare burden of nephrolithiasis is 
considerable, with approximately 600,000 cases requiring 
medical intervention annually in the United States alone [5]. 
The disease demonstrates a male predominance, with a 
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lifetime prevalence of 10% in men compared to 5% in 
women, though this gap has narrowed in recent decades due 
to changing dietary patterns and lifestyle factors [6]. Peak 
incidence occurs between the third and fifth decades of life, 
with decreasing rates after age 60. (7) Of particular concern 
is the high recurrence rate, with 50% of patients 
experiencing a second stone within 5–10 years and up to 
75% recurrence over 20 years without appropriate 
preventive management [8, 9]. 
 
2. Epidemiology and Risk Factors 
 
2.1 Global and Regional Distribution 
The global burden of nephrolithiasis varies significantly 
across geographic regions, with prevalence rates ranging 
from 2% to 20% depending on socioeconomic conditions, 
climate, and dietary habits [10]. In India, the prevalence is 
estimated at 2.3%, affecting approximately 5–7 million 
people, with northern states reporting higher incidence 
compared to southern regions [11]. Environmental factors, 
particularly hot and dry climates, contribute to increased 
dehydration and urinary concentration, thereby elevating 
stone risk. Seasonal variation is well-documented, with peak 
incidence during summer months corresponding to 
increased insulation and decreased fluid intake [12]. (Figure 
1). 
2.2 Demographic Factors 
Age-related patterns demonstrate that nephrolithiasis 
predominantly affects individuals between 20 and 50 years 
of age, with the mean age of presentation decreasing over 
recent decades from 46.1 years in 1982 studies to 
approximately 37.3 years in contemporary cohorts [13, 14]. 
This downward shift in age distribution raises concerns 
about lifetime stone burden and cumulative healthcare costs. 
Gender distribution has evolved from historical ratios of 6–

8:1 (male:female) to current ratios of approximately 2:1, 
reflecting changing dietary habits and lifestyle factors, 
particularly in Western societies [15, 16]. 
2.3 Major Risk Factors 
Multiple interconnected factors contribute to nephrolithiasis 
development: 
• Dietary Factors: Excessive intake of calcium, oxalates 

(spinach, tomatoes, nuts), animal protein, sodium, and 
vitamin D supplementation combined with inadequate 
fluid intake (<2 liters/day) significantly increases stone 
risk [17, 18]. 

• Metabolic Disorders: Primary hyperparathyroidism, 
cystinuria, gout, renal tubular acidosis, and inherited 
disorders of oxalate metabolism predispose to specific 
stone types [19, 20]. 

• Anatomical Abnormalities: Ureteropelvic junction 
obstruction, horseshoe kidney, medullary sponge 
kidney, and calyceal diverticula create conditions 
favorable for stone formation [21]. 

• Infections: Urease-producing organisms (Proteus, 
Pseudomonas, Klebsiella, Staphylococcus) promote 
struvite stone formation through alkalinization of urine. 
[22, 23]. 

• Metabolic Syndrome Components: Obesity (BMI >30), 
type 2 diabetes mellitus, hypertension, and dyslipidemia 
demonstrate strong associations with increased 
nephrolithiasis risk [24, 25]. 
 

3. Stone Composition and Classification 
 
Urinary stones exhibit diverse chemical compositions, each 
with distinct etiologies and therapeutic implications (Figures 
02 and 03). Accurate stone analysis is essential for targeted 
prevention and management strategies [26]. (Table 1). 

 

 
Figure 1. Epidemiological data visualization for nephrolithiasis.



S. B. Bothra et al., JIPBS, Vol 13 (1): 83-95, 2026 

85 

 

 
Figure 2. Kidney stone composition and distribution. 

 

 
Figure 3. Crystal Morphology. 

 
Table 1. Classification of Urinary Calculi by Composition and Frequency. 

Stone Type Frequency Causative Factors 

Calcium Oxalate/ 
Phosphate 

70–80% Hypercalciuria, hyperoxaluria, hypocitraturia, hyperuricosuria, 
metabolic acidosis 

Uric Acid 10–15% Low urinary pH, hyperuricosuria, gout, obesity, metabolic syndrome 
Struvite (MAP) 10–15% Urinary tract infection with urease-producing bacteria 
Cystine <1% Autosomal recessive cystinuria 
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3.1 Calcium Stones 
Calcium oxalate and calcium phosphate stones represent the 
predominant stone type, accounting for 70–80% of all 
nephrolithiasis cases [27]. These stones form through 
complex mechanisms involving Randall's plaque—
subepithelial calcium phosphate deposits on renal papillary 
surfaces—which serve as nidus for calcium oxalate crystal 
overgrowth [28]. Hypercalciuria (urinary calcium excretion 
>300 mg/day in men, >250 mg/day in women) constitutes 
the primary risk factor, occurring in most calcium stone 
formers. Idiopathic hypercalciuria may result from increased 
intestinal calcium absorption, enhanced bone resorption, or 
renal calcium leak [29, 30]. Paradoxically, dietary calcium 
restriction is contraindicated as it increases intestinal oxalate 
absorption and may promote stone formation. Studies 
demonstrate that normal-calcium diets combined with 
sodium restriction prove more effective than low-calcium 
diets in preventing recurrent calcium stones [31]. 
3.2 Uric Acid Stones 
Uric acid stones, comprising 10–15% of urinary calculi, 
form predominantly in abnormally acidic urine (pH <5.5) 
rather than from hyperuricosuria alone [32]. The association 
between metabolic syndrome, insulin resistance, and uric 
acid nephrolithiasis has gained increasing recognition. 
Insulin resistance impairs renal ammoniagenesis, resulting in 
insufficient buffering of secreted hydrogen ions and 
consequent acidic urinary Ph [33, 34]. Obesity, type 2 
diabetes, and metabolic syndrome therefore significantly 
increase uric acid stone risk. These radiolucent stones 
require helical CT or ultrasonography for detection, as they 
are not visible on plain radiography [35]. Treatment focuses 
on urinary alkalinization to pH >6.0 using potassium citrate 
or sodium bicarbonate, which may actually dissolve existing 
stones [36]. 
3.3 Struvite Stones 
Struvite stones, composed of magnesium ammonium 
phosphate, develop exclusively in the presence of urinary 
tract infections with urease-producing bacteria, including 
Proteus, Klebsiella, Pseudomonas, and Staphylococcus 
species [37, 38] Urease hydrolyzes urea to ammonia and 
carbon dioxide, alkalinizing urine and creating favorable 
conditions for magnesium ammonium phosphate 
crystallization. These stones frequently form staghorn 
calculi—branched concretions filling the renal pelvis and 
calyces—and occur more commonly in women and patients 
with chronic urinary obstruction or neurogenic bladder [39] 
Management requires complete stone removal combined 
with antimicrobial therapy, as residual stone fragments 
harbor bacteria and promote recurrence [40]. 
 
4. Pathophysiology of Stone Formation 
 
Nephrolithiasis results from a complex interplay of 
physicochemical and biological processes. Stone formation 
requires supersaturation of urine with lithogenic substances, 
followed by nucleation, crystal growth, aggregation, and 

ultimately retention within the urinary tract (Figure 04). [41, 
42]. 
4.1 Supersaturation and Nucleation 
Supersaturation occurs when the concentration of stone-
forming salts exceeds their solubility in urine, creating a 
thermodynamically unstable solution [43]. Key determinants 
include urinary volume, pH, and concentrations of calcium, 
oxalate, phosphate, uric acid, and cystine. Low urine volume 
represents the single most important modifiable risk factor, 
as it increases solute concentration across all stone types. 
Nucleation—the initial formation of microscopic crystals—
may occur homogeneously in solution or heterogeneously 
on existing surfaces such as cellular debris, epithelial cells, 
or Randall's plaque [44]. 
4.2 Crystal Growth and Aggregation 
Following nucleation, crystals grow through continued 
precipitation of solutes from supersaturated urine. The rate 
of crystal growth depends on the degree of supersaturation 
and the presence of promoters or inhibitors [45]. Crystal 
aggregation—the clustering of individual crystals—
significantly accelerates stone formation, as aggregated 
particles exceed the size threshold for spontaneous urinary 
passage. Urinary macromolecules including Tamm-Horsfall 
protein, nephrocalcin, and uropontin modulate crystal 
aggregation, with alterations in these proteins contributing to 
stone susceptibility [46]. 
4.3 Crystal Retention and Randall's Plaque 
For clinically significant stones to develop, crystals must be 
retained within the urinary tract rather than passing with 
urine flow. Randall's plaque—interstitial calcium phosphate 
deposits in the renal papillae—provides attachment sites for 
calcium oxalate crystals [47, 48]. These plaques form in the 
basement membrane of thin loops of Henle and extend to 
the papillary surface, where they serve as heterogeneous 
nucleation sites (Figure 05). Papillary coverage by Randall's 
plaque correlates directly with urinary calcium concentration 
and inversely with urine volume and pH [49]. Additionally, 
crystal-epithelial cell interactions may promote retention 
through cellular adhesion mechanisms, particularly in the 
presence of cellular injury or oxidative stress [50]. 
 
5. Clinical Presentation and Diagnosis 
 
5.1 Signs and Symptoms 
Nephrolithiasis demonstrates protean clinical manifestations 
depending on stone location, size, and degree of obstruction. 
Renal colic—severe, intermittent flank pain radiating to the 
groin, testicle, or labia—represents the hallmark 
presentation, occurring in approximately 75% of 
symptomatic patients [51]. Pain results from ureteral 
obstruction and distention, with characteristic migration 
patterns as the stone descends: upper ureteral stones cause 
flank pain; mid-ureteral stones produce pain radiating to the 
anterior abdomen; and distal stones manifest with urinary 
frequency, urgency, and dysuria mimicking lower urinary 
tract infection [52]. 
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Associated symptoms include nausea, vomiting (occurring 
in 23.8% of cases), fever suggesting concomitant infection 
(16.9% of cases), and hematuria (microscopic or gross, 
present in 91% of symptomatic cases) [53]. Importantly, the 
absence of hematuria does not exclude urolithiasis, as 9% of 
patients with confirmed stones demonstrate no blood in 
urine [54]. Asymptomatic presentations may include silent 
obstruction discovered incidentally on imaging, persistent 
bacteriuria, or progressive chronic kidney disease. 
5.2 Diagnostic Imaging 
Non-contrast helical computed tomography (CT) has 
emerged as the gold standard for nephrolithiasis diagnosis, 

demonstrating superior sensitivity (98%) and specificity 
(100%) compared to alternative imaging modalities [55]. 
Advantages include rapid acquisition, no requirement for 
contrast administration, detection of radiolucent stones 
(including uric acid), identification of stones as small as 1–2 
mm, and evaluation of alternative diagnoses [56]. In a series 
of 1,000 consecutive patients, helical CT identified 
significant alternative or additional diagnoses in 10% of 
cases [57]. The technique also allows stone density 
measurement in Hounsfield units, which correlates with 
stone composition and may predict response to 
extracorporeal shock wave lithotripsy [58].  

 

 
Figure 4. Nephrolithiasis pathophysiology cascade. 
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Figure 5. Randall's plaque mechanism in kidney stone formation. 

 

 
Figure 6. Nephrolithiasis - Diagnostic Algorithm. 
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Ultrasonography offers advantages including absence of 
radiation exposure, point-of-care availability, and utility in 
pregnant patients. However, it demonstrates limited 
sensitivity (24%) compared to CT and may miss stones 
smaller than 3 mm [59]. Plain radiography (kidney-ureter-
bladder view) provides inadequate diagnostic accuracy due 
to inability to detect radiolucent stones and overlying bowel 
gas or bone structures. Intravenous pyelography, historically 
the standard diagnostic modality, has been supplanted by CT 
due to inferior diagnostic yield, requirement for contrast 
administration, and risk of contrast-induced nephropathy. 
(Figure 06). 
 
5.3 Laboratory Evaluation 
Comprehensive metabolic evaluation aids in identifying 
modifiable risk factors and guiding preventive strategies. 
Initial assessment includes urinalysis (examining pH, 
crystals, hematuria, pyuria), urine culture in the presence of 
infection, and serum chemistry (calcium, phosphorus, uric 
acid, creatinine, electrolytes). Patients with recurrent stones, 
young age at presentation (<20 years), strong family history, 
or specific stone compositions warrant 24-hour urine 
collection measuring volume, pH, calcium, oxalate, citrate, 
uric acid, sodium, and creatinine [60, 61]. Elevated 
parathyroid hormone suggests primary hyperparathyroidism, 
present in approximately 5% of nephrolithiasis patients [62]. 
 
6. Management Strategies 
 
6.1 Acute Management and Medical Expulsive 
Therapy 
Acute stone episodes require prompt pain control and 
assessment for complications including infection, renal 
failure, or complete obstruction. Nonsteroidal anti-
inflammatory drugs (NSAIDs) provide efficacy equivalent 
to opioid analgesics for renal colic, with diclofenac 
demonstrating particular effectiveness in randomized trials 
[63]. Most stones ≤5 mm pass spontaneously within 4 
weeks, with passage rates inversely related to stone size and 
directly related to distal ureteral location [64]. 
Medical expulsive therapy facilitates spontaneous stone 
passage through pharmacological ureteral relaxation. Alpha-
1 adrenergic antagonists (tamsulosin 0.4 mg daily) increase 
stone passage rates, reduce time to passage, and decrease 
analgesic requirements [65]. A meta-analysis of 693 patients 
demonstrated that alpha-blockers increase stone passage 
likelihood with a number needed to treat of 4 [66]. Calcium 
channel blockers (nifedipine) combined with corticosteroids 
have shown benefit in randomized trials, though alpha-
blockers remain first-line therapy [67]. Adequate hydration 
(2–3 liters fluid intake daily) promotes urine flow and may 
facilitate stone descent. 
6.2 Interventional Management 
The treatment landscape for nephrolithiasis has undergone 
revolutionary transformation with the development of 
minimally invasive techniques, which have largely replaced 

open surgical procedures. Treatment selection depends on 
stone size, location, composition, and patient factors. 
6.2.1 Extracorporeal Shock Wave Lithotripsy 
(ESWL) 
ESWL utilizes focused ultrasonic energy to fragment stones, 
allowing spontaneous passage of resulting debris. The 
technique demonstrates optimal efficacy for renal and 
proximal ureteral stones <20 mm in diameter, achieving 
stone-free rates of 70–90% for appropriately selected cases 
[68, 69]. Success correlates inversely with stone size, 
density, and skin-to-stone distance (obesity). Advantages 
include non-invasive nature and outpatient administration. 
Limitations encompass requirement for multiple treatment 
sessions, incomplete clearance requiring ancillary 
procedures, and contraindications including pregnancy, 
bleeding diatheses, and anticoagulation [70]. Complications 
include perinephric hematoma, acute renal injury, and 
steinstrasse (accumulation of stone fragments causing 
ureteral obstruction). 
6.2.2 Ureteroscopy (URS) 
Ureteroscopy involves retrograde passage of an endoscope 
through the urethra, bladder, and ureter to directly visualize 
and treat ureteral or renal stones. Flexible ureteroscopes 
access all renal calyces, while rigid ureteroscopes provide 
superior working channel size for lower ureteral stones. 
Holmium laser lithotripsy fragments stones under direct 
visualization, with fragments extracted using baskets or 
allowed to pass spontaneously [71,72]. Contemporary series 
report stone-free rates of 85–95% for ureteral stones, with 
success unaffected by stone size up to 10 mm [73]. 
Advantages include single-session treatment, high success 
rates, and applicability across all stone types. Routine 
ureteral stent placement facilitates healing and prevents 
obstruction from post-procedural edema. 
6.2.3 Percutaneous Nephrolithotomy (PCNL) 
PCNL represents the gold standard treatment for large renal 
stones (>20 mm), staghorn calculi, and lower pole stones 
>10 mm [74, 75]. The procedure involves percutaneous 
access to the collecting system under fluoroscopic or 
ultrasound guidance, tract dilation, and nephroscope 
insertion for direct stone fragmentation and removal. Stone-
free rates exceed 95% for appropriately selected cases, 
surpassing alternative modalities for large stone burden [76, 
77]. Complications include bleeding (transfusion rate 5–
10%), infection, adjacent organ injury, and prolonged 
urinary leakage. Hospital stay averages 3–5 days, 
significantly longer than URS or ESWL. (Figure 07). 
6.3 Prevention of Recurrent Stones 
Given the high recurrence rates, prevention strategies 
constitute a critical component of nephrolithiasis 
management. Universal recommendations applicable to all 
stone types include maintaining high fluid intake (sufficient 
to produce ≥2 liters urine daily), which reduces stone 
recurrence by approximately 60% [78, 79]. 
For calcium stone formers, dietary modifications prove 
essential. Contrary to intuitive reasoning, calcium restriction 
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is contraindicated and may increase stone risk by promoting 
intestinal oxalate absorption [80, 81]. Normal calcium intake 
(1000–1200 mg/day) combined with sodium restriction 
(<2300 mg/day) and moderate animal protein intake (<2 
servings daily) reduces calcium stone recurrence by 50% 
compared to low-calcium diets [82]. Thiazide diuretics 
(hydrochlorothiazide 25–50 mg daily or chlorthalidone 25 
mg daily) reduce urinary calcium excretion in hypercalciuric 
patients, decreasing recurrence rates by 40–50% [83]. 
Potassium citrate supplementation (20–60 mEq daily) 
increases urinary citrate, alkalinizes urine, and inhibits 
calcium stone formation [84]. 

Uric acid stone prevention focuses on urinary alkalinization 
to pH 6.0–6.5 using potassium citrate or sodium 
bicarbonate, which may dissolve existing stones. 
Allopurinol (100–300 mg daily) reduces urinary uric acid 
excretion in hyperuricosuric patients [85]. For struvite 
stones, complete surgical removal combined with antibiotic 
therapy prevents recurrence. Cystine stone management 
requires aggressive hydration (3–4 liters daily), urinary 
alkalinization (pH >7.0), and thiol-binding agents (D-
penicillamine or tiopronin) in refractory cases [86, 87]. 
(Figure 08). 

 

 
Figure 7. Comparative Nephrolithiasis Treatment Modalities. 

 

 
Figure 8. Clinical prevention for recurrent nephrolithiasis. 
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7. Metabolic Syndrome and Nephrolithiasis 
 
Emerging evidence establishes strong associations between 
metabolic syndrome and nephrolithiasis, with important 
implications for both epidemiology and pathophysiology 
[88, 89]. Metabolic syndrome—defined by the International 
Diabetes Federation as central obesity (waist circumference 
>90 cm in men, >80 cm in women) plus two or more of the 
following: elevated triglycerides (>150 mg/dL), reduced 
HDL cholesterol (<40 mg/dL in men, <50 mg/dL in 
women), hypertension (>130/85 mmHg), and impaired 
fasting glucose (>100 mg/dL)—affects approximately 25–
40% of nephrolithiasis patients [90, 91]. 
Insulin resistance, the hallmark of metabolic syndrome, 
impairs renal ammoniagenesis, resulting in decreased 
urinary pH and increased uric acid stone risk [92, 93]. 
Additionally, metabolic syndrome associates with increased 
urinary calcium and oxalate excretion, decreased citrate 
levels, and higher urinary uric acid, creating a lithogenic 
milieu [94, 95]. Epidemiological studies demonstrate that 
stone prevalence increases progressively with the number of 
metabolic syndrome components, from 3% in individuals 
with zero features to 9.8% with all five components [96]. 
Each individual component—obesity, diabetes, 
hypertension, and dyslipidemia—independently increases 
stone risk [97, 98]. 
Recent investigations confirm significant correlations 
between metabolic syndrome and calcium urolithiasis, with 
stone formers demonstrating higher prevalence of central 
obesity (60.7% vs 45.0%), elevated triglycerides (34.3% vs 

21.4%), and reduced HDL cholesterol (43.6% vs 22.1%) 
compared to non-stone formers. (99) These findings 
underscore the importance of metabolic syndrome screening 
in nephrolithiasis patients and suggest that lifestyle 
modifications targeting weight reduction, glycemic control, 
and lipid management may reduce stone recurrence (Figure 
09). Furthermore, the bidirectional relationship between 
kidney stones and metabolic diseases highlights 
nephrolithiasis as a potential marker for cardiovascular risk, 
warranting comprehensive metabolic evaluation in affected 
patients [100]. 
 
8. Conclusions and Future Directions 
 
Nephrolithiasis represents a complex, multifactorial disease 
with increasing global prevalence and significant healthcare 
burden. Understanding the intricate pathophysiology of 
stone formation—encompassing supersaturation, nucleation, 
crystal growth, aggregation, and retention—provides the 
foundation for rational therapeutic approaches. The 
evolution from open surgical procedures to minimally 
invasive techniques has dramatically improved patient 
outcomes, with ESWL, ureteroscopy, and PCNL offering 
high success rates with acceptable morbidity. 
However, the persistently high recurrence rates emphasize 
the critical importance of preventive strategies. 
Comprehensive metabolic evaluation, dietary counseling, 
pharmacological interventions, and treatment of underlying 
disorders constitute essential components of long-term 
management.

 

 
Figure 9. Links between metabolic syndrome and nephrolithiasis.
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The emerging recognition of associations between metabolic 
syndrome and nephrolithiasis opens new avenues for 
prevention and suggests that lifestyle modifications targeting 
obesity, diabetes, and dyslipidemia may reduce stone 
recurrence. 
Future research priorities include elucidating molecular 
mechanisms of stone formation, developing novel 
pharmacological agents targeting specific pathways, refining 
risk stratification tools to identify high-risk patients, and 
implementing cost-effective screening and prevention 
programs. Additionally, investigation of genetic 
susceptibility factors may enable personalized approaches to 
prevention and treatment. As the global epidemic of obesity 
and metabolic syndrome continues, addressing the growing 
burden of nephrolithiasis will require integrated, 
multidisciplinary strategies encompassing primary 
prevention, early diagnosis, effective treatment, and long-
term metabolic management. 
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