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Abstract

Sections

Nephrolithiasis is the most common health condition affecting the
kidney and urinary tract and constitutes a major global health-care
problem. The prevalence of nephrolithiasis has increased substantially
over the past five decades, irrespective of age, sex or ethnicity.
Kidney stones cause substantial morbidity, reduced quality of life
and enormous health-care expenditure, largely due to their frequent
recurrence. Furthermore, nephrolithiasis is now recognized as
asystemic condition associated with increased risks of chronic
kidney disease, cardiovascular disease, metabolic syndrome and

low bone mass. Nephrolithiasis exhibits marked pathophysiological
heterogeneity. Dietary and environmental exposures interact with
genetic predisposition to shape individual disease risk. Calcium
oxalate stones are most prevalent, commonly driven by hypercalciuria,
hyperoxaluria, hypocitraturia and low urine volume, whereas the
formation of uric acid and calcium phosphate stones is commonly
linked to urinary pH. A comprehensive clinical evaluation can uncover
underlying metabolic abnormalities, distinguish idiopathic, secondary
and Mendelian forms of nephrolithiasis, identify systemic disease
associations and guide therapy. Recurrence prevention requires
individualized strategies that combine dietary and pharmacological
interventions. For established stones, surgical management is effective,
with ureteroscopy and percutaneous nephrolithotomy achieving
high stone-free rates. Despite its considerable clinical and societal
burden, nephrolithiasis remains under-recognized, underserved and
under-researched. Greater awareness and investments in research,
innovation and education are urgently needed.
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Key points

o Adults and children with recurrent kidney stone disease (KSD) can
benefit from a metabolic evaluation, which can be used to identify
metabolic abnormalities, exclude secondary and monogenic KSD,
and recognize systemic disease manifestations.

o Dietary interventions and pharmacotherapy for prevention of kidney
stone recurrence should be tailored to the underlying pathophysiology,
disease activity, comorbidities and specific needs of the patient.

o Disease activity should be monitored regularly and treatment
adjusted accordingly. Careful patient education and follow-up are
key to long-term treatment success.

e Patients must be empowered and supported to understand their
disease, implement self-selected lifestyle changes and make informed
choices on pharmaceutical and surgical interventions.

e Crucial KSD knowledge gaps persist and require further investigation.
Future research priorities include the development of novel treatment
options and the generation of randomized clinical trial evidence that
can inform the management of KSD.

Introduction

Nephrolithiasis (also known as kidney stone disease (KSD)) is the most
common conditionto affect the kidney and urinary tract. The prevalence
of kidney stones in the USA was reported at 11%, with a 12-month inci-
dence of 2.1%'. Similarly, alarge Chinese cross-sectional study?involving
nearly100,000individuals reported an overall prevalence of 11.4%. KSD
remains more prevalentinmen thaninwomen; however, anotablerise
inincidence among women has led to anarrowing sex gap®. Inwomen,
theriskincreases steadily with age, whereasin men, it peaks inmid-life
andsubsequently declines. White men are disproportionately affected,
whereas the prevalence is lowest among Asian women, reflecting sig-
nificant variations across gender and ethnicity*’. Extraordinarily high
prevalencerates have been reported in uraniumworkers in eastern Ten-
nessee (18.5%) and adults in northeast Thailand (16.9%), indicating that a
substantial portion of the population can formkidney stones if exposed
to high-risk conditions*. Paediatric nephrolithiasis exhibits a distinct
sex-related pattern, withahigher incidence of kidney stones observed
in adolescent girls than in boys. However, in prepubertal children, no
significant sex-based differencesin incidence have been reported®.

The prevalence of KSD has risen worldwide in recent decades,
regardless of age, sex or ethnicity*’. A notable increase has been
reported among populations traditionally deemed at lower risk, such
as children, women and Black individuals®. Possible contributing fac-
torsinclude theincreasing prevalence of obesity and diabetes, changes
in dietary habits and employment conditions, global warming and
urbanization, as well as variable health-care accessibility®’.

Not only is KSD associated with substantial morbidity and decline
in overall quality of life'’; it also has enormous economic and societal
consequences. Substantial direct and indirect costs include those
associated with medical treatment, disability, pain management and
lost productivity (particularly among individuals of working age)" .

KSDshould also be regarded as a systemic condition rather thanan
isolated disorder. Itis increasingly recognized for its associations with

cardiovascular disease, hypertension, obesity, metabolic syndrome,
chronickidney disease (CKD) and low bone mineral density (BMD) with
increased fracture risk' s,

Inthis Review, we describe the epidemiology and pathogenesis of
the most common stone types, provide an update on the genetics of
nephrolithiasis and discuss the evaluation as well as the medical and
surgical treatment of individuals with kidney stones.

Pathophysiology of stone formation
Physicochemistry of stone formation and supersaturation
Stone formation is a complex process that starts when molecules in
solutionreduce their energy interactions with water molecules to the
extent that they exit the solution as so-called solid-phase nuclei. This
process, known as nucleation, occurs when the concentration of a
solute exceeds its solubility. Anaqueous solution containing dissolved
calcium oxalate (CaOx) and CaOx crystals, or additional lithogenic
salts, is in equilibrium when crystals neither expand nor diminish in
size. In this context, the product of the free ionized calcium and oxa-
late concentrations in solution (that is, the activity product (AP)) is
equal to the equilibrium solubility product (SP). The AP divided by
the corresponding SP yields the activity product ratio (APR). An APR
of >lindicates urinary supersaturation, whereas an APR of <lindicates
urinary undersaturation (Fig. 1). Spontaneous nucleation without a
pre-existing solid phase occurs only if the AP exceeds the formation
product (FP), whichis an empirical limit also known as the upper limit
of metastability. Therefore, urine can be undersaturated, metastable
or unstable with respect to lithogenic salts (Fig. 1).

Although AP, FP and APR can be determined empirically, the meth-
ods are delicate and labour intensive and mainly used in research. In
clinical routine, APs are typically estimated based on standard 24 h
urine collection measurements. EQUIL2 is asoftware frequently used
forthese estimations andit calculates the relative supersaturation ratio
(RSR), anequivalent to the empirically determined APR?°. RSRs calcu-
lated from routine 24 h urine collections are robust measurements of
long-term crystallization forces and correlate well with main stone
components®. Furthermore, the risk of stone formation correlated
closely with calculated RSR in randomized controlled trials (RCTs) and
prospective studies® 2.

Concentrations of AP components are key determinants of uri-
nary saturation. Thus, absolute excretion rates measuredin 24 h urine
samples must always be considered in the context of 24 h urinary
volume. Additional factors such as complex formation and urine pH
substantially influence the free ionic concentrations of AP compo-
nents. For example, citrate forms soluble complexes with calcium,
thereby reducingionized calcium levels?; asimilar relationship exists
for magnesium and oxalate?®. As for urinary pH, it determines the
monovalent-to-divalent phosphate and urate-to-uric acid ratios, and
therefore affects the formation of calcium phosphate (CaP) and uric
acid stones. Assessment of the risk of kidney stone formation based
solely on the concentration of individual chemicals can therefore be
challenging, but software-based supersaturation estimations help to
integrate the complex physicochemicalinteractions of urinary solutes.

In metastable supersaturated urines (thatis, when AP < FP), het-
erogeneous nucleation — initiated on a pre-existing substrate — is
common (Fig.1). Specifically, crystals already present in urine provide
a substrate for the formation of new crystal nuclei at a lower APR
than that required for homogeneous nucleation, which occurs only
in unstable supersaturated urines (that is, AP > FP). Monosodium
urate and uric acid provide an excellent substrate for heterogeneous
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Fig.1|Physicochemistry of kidney stone formation. The figureillustrates the
three states of urine saturation and crystal development. Kidney stone formation
begins when dissolved minerals such as calcium oxalate form solid crystals
through nucleation. This process occurs when the mineral concentration in urine
(thatis, the activity product (AP)) exceeds its equilibrium solubility (that s, the
solubility product (SP)). The AP ratio (APR), calculated as AP/SP, reflects urinary
saturation. Specifically, ifthe APRis <1, urineis undersaturated and crystals
dissolve. When the APRis >1 but the AP is lower than the formation product (FP),
which is an empirical limit also known as the upper limit of metastability (ULM),
urine is metastable and crystals form only if existing crystals or nuclei are present
(thatis, heterogeneous nucleation). However, when AP > FP urine is unstable and
spontaneous (thatis, homogeneous) nucleation occurs even in the absence of
pre-existing crystals.

CaOx nucleation; such heterogeneous nucleation might explain the
link between hyperuricosuria and the formation of CaOx stones® .
Brushite (aform of CaP) formidably nucleates CaOx**, whichis prob-
ably how subepithelial Randall plaque (richin CaP) acts as aninitiator
of CaOx stone formation in the kidney papilla. The underlying mecha-
nismis not yet completely understood but the proteinaceous coating
of the mineral phase seems to have an active modulatory role* .
Ultrastructural andin vitro studies highlight that this mineral-organic
interface is complex, with nucleation events observed on both min-
eral and organic surfaces. Moreover, localized dissolution of CaP
might elevate supersaturation in situ, further enhancing CaOx
crystallization®*,

Importantly, nucleationalone will not cause disease. Crystals need
togrow and aggregate to become large enough to be pathogenic. The
growth rate parallels the degree of supersaturation and is most rapid
in urine samples with the highest APR*.

Histopathology of stone formation

Supersaturation is the essential condition for the formation of all
kidney stones, but the pathogenetic events that lead to stone forma-
tion vary considerably between stone types. Three distinct pathways
of stone formation have been proposed that can be categorized as
‘fixed’ or ‘free’ particle theories*** (Fig. 2). Of note, retention of crys-
tals within the kidney is required for stone formation, regardless of
whether nucleation occurs freely in tubular fluid or in association
with cellular injury. In the ‘free’ particle formation pathway, crystals
form by homogeneous nucleation in the lumen of the nephron or in
the renal collection system at the level of the minor calyx. As crystals
grow, they eventually lodge in the lumen of distal nephron segments
and cause obstruction. Free particle formation has been proposed to

contribute to stone formationin medullary sponge kidney, cystinuria
and enteric hyperoxaluria.

Two principal pathways have been proposed within the fixed-
particle hypothesis: the ‘plug’ and ‘plaque’ pathways, both of which
were first described by Alexander Randall in the 1930s*. The plug
pathway requires crystal nuclei to formin the nephron lumen at sites
of cell injury (Fig. 2). Growth of stones eventually leads to plugs that
obstruct and massively dilate inner medullary collecting ducts (IMCDs)
and ducts of Bellini and project into the kidney collection system.
Stone formation on tubular plugs has been observed in all types of
stone exceptinidiopathic CaOx stones**. Plugging seems to be the pre-
dominant mechanism of stone formationinindividuals with CaP stones
(brushite, carbonate apatite), cystinuria, primary hyperparathyroidism
or CaOx stones due to obesity bypass procedures. Plugging is also
associated with destruction of lining cells and focal sites of interstitial
fibrosis* . Papillae affected by plugging appear distorted, scarred
and flattened. Elevation of urinary pH seems to promote the formation
of both plugs and stones”. A rise in pH increases CaP supersaturation
and thereby promotes the formation of CaP (brushite and apatite)
crystals. Given that IMCDs are not only affected by plugging but are
also an important site of urinary acidification, a vicious cycle might
ensue, whereby impaired urinary acidification follows IMCD injury,
which raises CaP supersaturation and further promotes CaP stone
formation. Inindividuals with recurrentkidney stones, CaP contentin
kidney stones has beenrisinginrecent decades*’. Tubular injury from
extracorporeal shock wavelithotripsy (ESWL) and anincreasein urine
pHowingtowidespread use of potassium citrate for stone prevention
have been postulated as possible mechanisms*®*%,

Inthe plaque pathway, stones grow attached tointerstitial apatite
depots, termed Randall plaques (Fig. 2). Plaque formation startsin the
basement membrane of thin loops of Henle and eventually extends
into the adjacentinterstitial space beneath the urothelium, ultimately
disrupting the integrity of the urothelium*”**. After breaching the
urothelium, urinary protein, for example, uromodulin (also known
as Tamm-Horsfall protein) and osteopontin, and amorphous apatite
overlay the plaque. As plaque overgrowth increases, conversion of
apatite into CaOx occurs, ultimately leading to a cauliflower-like
outgrowth of CaOx thatis macroscopically visible as akidney stone.
This sequence of events seems to be the primary mechanism of kid-
ney stone formation in individuals with idiopathic CaOx KSD, but
similar lesions are observed in individuals with primary hyperpar-
athyroidism, ileostomy and small bowel resection. The amount of
papillary surface covered by plaque correlated strongly with clinical
stone activity™.

Arenalmicrocirculatory hypothesis, known as the ‘vas washdown’
theory, hasbeen proposed to explainthe formation of Randall plaque.
In idiopathic hypercalciuric stone formers, increased calcium deliv-
ery from the proximal tubule enhances its re-absorption in the thick
ascending limb of theloop of Henle. The re-absorbed calciumenters the
descending vasarectaandistransportedintothe deepinner medulla,
potentially raising local CaP supersaturation. This environment favours
apatite crystallization in the basement membranes of the thin limbs
of Henle. A key prediction of the vas washdown model is that plaque
should form preferentially on ascending thin limbs, which are water
impermeable, in contrast to descending limbs, which allow water flux
and therefore reduce local supersaturation. Recent ultrastructural
studies confirm this prediction, showing that Randall plaque forms
predominantly along ascending thin limbs. These findings suggest that
interventions that enhance proximal calciumre-absorption, suchasa
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low sodium diet or the use of thiazide diuretics, might reduce plaque
formation and subsequent stone risk™®.

Stone types and urinary risk factors

In both children and adults, most kidney stones contain calcium®®
(Table1). Amongthese, 70-80% are CaOx stones, whereas CaP stones
account for ~15%. Uric acid stones constitute 5-10% of kidney stones,
andtheir prevalenceincreases with age. Overall, struvite stones account
for 7-8% of cases. Cystine stones are rare in adults (1-2%) but are sub-
stantially more common in children (6-8%)>"*. CaOx and uric acid
stones are more common inmen, whereas CaP and struvite stones are
more common in women*®,

Calcium stones

CaOx and CaP stones share several common risk factors, includ-
ing hypercalciuria, hypocitraturia and low urine volume. A key dif-
ferentiating factor is urinary pH, as CaP stones preferentially form
in alkaline urine (pH >6.5). By contrast, CaOx stone formation is not
pH dependent. Hypercalciuria is the primary risk factor for the for-
mation of calcium kidney stones and is present in ~-60% of adults and
~45% of children with calcium nephrolithiasis*. Historically, hyper-
calciuriahas been classified into three primary subtypes: absorptive,
renal leak and resorptive hypercalciuria. However, this classification
is now considered outdated and is seldom used in clinical practice,
as these traits often coexist® (Fig. 3). Absorptive hypercalciuria
is caused by increased intestinal calcium absorption, which can be
either1,25(0OH), vitamin D dependent orindependent.Inthe1,25(0H),
vitamin D-dependentform, elevatedlevelsof1,25(OH),vitamin Dresult
frombothincreased production and reduced clearance. Potential con-
tributorsinclude renal phosphate wasting owing to pathogenic variants
of SLC34A3 (encodes sodium-dependent phosphate transport protein
2C (NPT2C); see below) or inactivating variants of CYP24A1 (encodes
the enzymeresponsible for vitamin D inactivation). Both types of vari-
ant result in elevated circulating 1,25(0H), vitamin D levels®®®'. The
pathway responsible for reduced renal tubular calciumre-absorption
(renalleak hypercalciuria) remainsincompletely understood but might
involve activating polymorphisms in the calcium-sensing receptor
(CaSR)®. Theresulting hypercalciurialeads to secondary increasesin
parathyroid hormone (PTH) and 1,25(0OH), vitamin D, which may further
enhance intestinal calcium absorption. Resorptive hypercalciuria is
caused by augmented calcium mobilization from the bone, which can
be either PTH dependent or PTH independent, with the former being
primarily associated with primary hyperparathyroidism®’. Interestingly,
datasuggest that reduced calciumre-absorptioninthekidney is often
notaccompanied by elevated PTH levels®.

Urinary citrate serves as a key protective factor against kidney
stone formation through two primary mechanisms. First, it binds to
calcium, forming soluble complexes that reduce the availability of
free calcium for crystal formation. Second, it directly inhibits crystal-
lization and aggregation of CaOx and CaP. Hypocitraturia can occur
in the setting of systemic metabolic acidosis (for example, in distal
renal tubular acidosis or chronic diarrhoea) but is also observed in
normobicarbonataemic conditions, for example, in the context of
a high-protein diet or a diet deficient in fruits and vegetables, or in
thiazide-induced hypokalaemia®*®.

Hyperoxaluriais presentin 8-50% of individuals with calcium kid-
ney stones®*’. In CaOx stone formers, urine oxalate and urine calcium
are equally effective in increasing CaOx supersaturation, although
the activity of calcium is one order of magnitude higher than that of

oxalate®®, CaOx monohydrate stones form predominantly inurine with
a high oxalate-to-calcium ratio, whereas CaOx dihydrate stones form
in urine with high calcium-to-oxalate ratio®.

Hyperoxaluria can be caused by several mechanisms. Increased
dietary intake occurs through the consumption of oxalate-rich foods
such as leafy vegetables, nuts and seeds, dark chocolate and beverages
suchasblack tea’. Oxalate bioavailability has akey rolein determiningits
intestinal absorption. Foods highinsoluble oxalate, such asraw spinach,
have greater bioavailability, whereas those containing predominantly
insoluble oxalate, such asblack beans, are absorbed toalesser extent””>.
Additionally, low dietary calciumintake can substantially increase intes-
tinal oxalate absorption. Notably, vitamin Cis metabolized to oxalatein
theliver, contributing to elevated urinary oxalate levels”. Enteric hyper-
oxaluriais observed, for example, in people with conditions thatlead to
steatorrhoea such as inflammatory bowel disease, patients who have
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Fig.2|Histopathology and pathogenesis of kidney stone formation. Kidney
stone formation and growth occur via three major pathways. (1) The free
particle formation pathway involves direct crystallization in free urine, driven
by urinary supersaturation, and can occur either in the collection system of

the kidney or along the nephron. This process begins with nucleation, whereby
free particles form and can aggregate into larger stones that become retained
inthe kidney tubules or urinary tract to form clinically significant stones.

The two fixed-particle formation pathways are shown in (2) and (3). (2) Randall
plaque formation starts as apatite depots in the basement membrane of thin
loops of Henle that subsequently extend into the interstitial space beneath

the urothelium and ultimately disrupt the integrity of this epithelium, which
facilitates the appositional growth of calcium oxalate (CaOx) stones. (3) Crystal
retention canalso occur through interactions between crystals and kidney
epithelial cells, leading to crystal attachment and plug formationininner
medullary collecting ducts (IMCDs) and Bellini ducts. Additionally, crystals can
aggregate and form larger particles that block the tubules, especially at sites
where the luminal diameter changes, such as the ducts of Bellini. Adapted from
ref. 199, Springer Nature Limited.

CaOx stone Kidney stone
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undergone malabsorptive bariatric surgery (such as Roux-en-Y gastric
bypass), chronic pancreatitis or coeliac disease. In these individuals,
intestinal malabsorptionleadstothe presence of unabsorbed fatty acids,
whichbind to calcium, preventing it from complexing with oxalatein the
gut. As aresult, free oxalate remains available for enhanced intestinal
absorption. Additionally, unconjugated bile acids and long-chain fatty
acidsarehypothesized to contribute toincreased intestinal permeabil-
ity, further exacerbating oxalate absorption™”., Massive hyperoxaluria
>1,000 pmolin24 h (>90 mgin24 h)is typically observed inindividuals
with primary hyperoxaluria (PH), a group of rare autosomal-recessive
disorders that lead to hepatic oxalate overproduction’.

Some people with CaOx stones also have concomitant hyperuri-
cosuriabut do not have the low urine pH typically observed in people
withuricacid stones”. This condition is referred to as hyperuricosuric
calcium urolithiasis (HUCU). Three different but not mutually exclusive
mechanisms have been proposed for the pathogenesis of HUCU. Uric
acid crystals act as nidus for CaOx crystallization (heterogeneous
nucleation), uricacid crystals bind to and neutralize inhibitors of CaOx
stone formation and, lastly, uric acid leads to acompetitive reduction
of CaOx solubility (salting out)””.

Uricacid stones

The primary risk factors for uric acid stone formation are low urine
volume, hyperuricosuria and low urine pH (<5.5), with pH having a
predominantrole. Uricacid nephrolithiasisis commonin people with
metabolic syndrome’®. Low urine pH in these individuals is caused by
increased dietary acid load, augmented endogenous acid production as
wellasimpaired ammonium excretionin thekidney”. Another group of
people who formuricacid stones owing to low urine pH are those with
chronicdiarrhoea. Hyperuricosuria can result from genetic, metabolic
or dietary factors, such as a diet rich in purines and animal protein”.
Genetic causes include enzyme disorders of purine metabolism and
pathogenic variants in uric acid transporter genes (see Genetics sec-
tion). Additionally, conditions characterized by high cell turnover,
such as myeloproliferative disorders, or catabolic states, can lead to
excessive uric acid productionand, consequently, hyperuricosuria®®.

Struvite stones

Struvite (MgNH,PO,-6H,0) stones are found in people with urinary tract
infections and often also contain carbonate apatite (Ca,(PO,)s-CO;)"".
These stones cangrow rapidly and fill the entire renal collecting system

Table 1| Major kidney stone types

Stone type Chemical composition and Frequency (%) Risk factors Secondary or non-idiopathic causes
crystal morphology

Calcium oxalate CaOx monohydrate (also known 70-80 Low urine volume Associated with hyperoxaluria: diet (high oxalate
as whewellite; CaC,0,-H,0); Hypercalciuria consumption), enteric hyperoxaluria (caused, for
dumbbell-shaped urinary crystals (dihydrate stones) e_xample, by IBD or bari_atric §urgery); excessive
CaOx dihydrate (also known HhEEsisE vitamin C m'gake; genetic variants of primary
as weddellite; CaC,0,-2H,0); g hyperoxaluria

- Hyperoxaluria . . L .
envelope-shaped urinary crystals Associated with hypercalciuria: idiopathic
(monohydrate stones) o ) N . .
! . hypercalciuria; excessive calcium and vitamin D
Hyperuricosuria (HUCU) supplementation; genetic variants (for example,
High sodium intake pathogenic CYP24A1 or SLC34A3 variants)

Calcium phosphate Hydroxyapatite (Cas(PO,);OH) 15 Low urine volume Distal renal tubular acidosis
Brushite (CaHPO,-2H,0) Hypercalciuria Hyperparathyroidism
Prism-shaped urinary crystals Hypocitraturia Drugs (carbonic anhydrase inhibitors)

High sodium intake Conditions causing hypercalciuria (see CaOx
High urinary pH (>6.5) stones above)

Uric acid CsH,N,O4 5-10 Low urine volume High cell turnover (cancer, chemotherapy, TLS)
Polymorphic, rhomboid-shaped Hyperuricosuria Uricosuric drugs (for example, probenecid)
urinary crystals Low urinary pH (<5.5) Chronic diarrhoea

Strong association with Genetic: HGPRT deficiency, pathogenic SLC2A9
metabolic syndrome or SLC22A12 variants

Struvite Magnesium ammonium 7-8 Prerequisite: infection with ~ NA
phosphate (also known as struvite; urease-producing bacteria,

MgNH,PO,-6H,0) leading to very high urine

Carbonate apatite (Ca;o(PO,)s:CO;) pH (>7.5)

Coffin-lid-shaped urinary crystals Low urine volume
Urinary stasis

Cystine (SCH,CHNH,COOH), 1-2(6-8in Prerequisite: high urinary NA
Hexagon-shaped urinary crystals the paediatric cystine (>250mg/l or

population) 1,000 umol/l)

Low urine volume
Low urinary pH
High sodium intake

Excessive consumption
of animal protein

CaOx, calcium oxalate; HGPRT, hypoxanthine-guanine phosphoribosyltransferase; HUCU, hyperuricosuric calcium urolithiasis; IBD, inflammatory bowel disease; NA, not available; TLS, tumour

lysis syndrome.
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Fig.3|Pathophysiology of hypercalciuria. Three primary pathways can lead

to excessive urinary calcium excretion. (1) Absorptive hypercalciuria (that s,
increased intestinal calcium absorption) can be either 1,25(0OH), vitamin D
dependent or independent. Potential contributors include renal phosphate
wasting that results ina decline in circulating fibroblast growth factor 23 (FGF23),
whichincreases1,25(0OH), vitamin D through activation of 25-hydroxyvitamin D
la-hydroxylase and inhibition of 1,25-dihydroxyvitamin D, 24-hydroxylase,
orinactivating variants in CYP24A1 (encodes 1,25-dihydroxyvitamin D,
24-hydroxylase, the enzyme responsible for vitamin D inactivation) that result
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inincreased 1,25(0OH), vitamin D. (2) Renal hypercalciuria (that is, impaired
renal calcium re-absorption) remains incompletely understood but might
involve activating polymorphisms in the gene that encodes the calcium-
sensing receptor (CaSR). (3) Resorptive hypercalciuria (that is, enhanced bone
resorption) is thought to be caused by increased calcium mobilization from
the bone, which canbe either parathyroid hormone (PTH) dependent (primary
hyperparathyroidism) or PTH independent (elevated 1,25(OH), vitamin D or
amplified sensitivity to1,25(0OH), vitamin D).

(staghorn stones). Struvite stones form exclusively in the presence
of aurinary tract infection caused by a urease-splitting bacterium,
especially Proteus species®. The conversion of urea into ammonia
and bicarbonate creates a highly alkaline urinary environment that
promotes supersaturation and precipitation of struvite and carbonate
apatite®™. The presence of large kidney stones in a patient with alkaline
urine and predisposing risk factors — such as female sex, older age,
indwelling urinary catheter or urinary tract abnormalities — should
alert clinicians to this serious condition that might require urgent
intervention®.

Uncommon acquired kidney stones

Ammonium urate stones are rare acquired stones found in people with
chronicintestinal fluid and alkali losses, low urine sodium and high
urineammonium, such as those with a history of laxative misuse®’. The
riskis further amplified inindividuals with hyperuricosuria, particularly
those with eating disorders experiencing catabolic states®.

Various drugs caninduce nephrolithiasis through diverse mecha-
nisms. Certain medications have intrinsic poor solubility and, when
administered in high doses, can precipitate in urine and crystallize,
resultinginstone formation. Notable examples include protease inhibi-
tors (indinavir, atazanavir), antibiotics (sulfonamides, amoxicillin, cip-
rofloxacin) and other compounds such as methotrexate, guaifenesin
and ephedrine®. Additionally, some drugs have direct metabolic effects
that can promote stone formation. Carbonic anhydraseinhibitors such
asacetazolamide or topiramate frequently induce at least mild meta-
bolicacidosis with hypocitraturia, hypercalciuria and alkaline urine pH,

which facilitates the formation of CaP stones®. High-dose vitamin C
supplementation can also cause massive hyperoxaluria resulting in
CaOx nephrolithiasis and even oxalate nephropathy®’.

Genetics

More than 35 genes have been associated with monogenic forms of
KSD¥ (Supplementary Table 1). These disorders are identified in ~3%
of adults but are present in up to 30% of individuals under the age of
25 years with kidney stones™, In this section, we highlight the most
common monogenic forms of KSD.

Cystinuria

Inboth childrenand adults, cystinuriais the most common Mendelian
diagnosis in individuals with KSD¥. Cystinuria is caused by loss-of-
functionmutationsin SLC3AI (cystinuriatype A) or SLC7A9 (cystinuria
type B), which encode the neutral and basicamino acid transport pro-
tein rBAT and b**-type amino acid transporter 1 (b®*AT), respectively.
rBAT and b®*AT comprise the b®" amino acid transport systemas a
heterodimer®’. When b®" amino acid transport is impaired, tubular
dibasic amino acid re-absorption is reduced, leading to increased
tubular concentrations of cysteine, ornithine, lysine and arginine®°.
Ornithine, lysine and arginine are soluble; however, cysteine forms a
dimer — cystine — that is relatively insoluble, leading to cystine stone
formation. Historically, cystinuria has been classified as type A when
inherited in an autosomal-recessive manner, whereas type B has an
autosomal-dominantinheritance patternwith incomplete penetrance
and variable expressivity. However, the latest population genetic
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analyses have highlighted that the clinical prevalence of cystinuria
significantly exceeds the predicted genetic prevalence based on known
pathogenic SLC3A1 or SLC7A9 variants, suggesting that additional
genetic, regulatory or environmental factors probably contribute to
disease development”.

The mainstay of treatment of patients with cystinuriais aggressive
urinary dilution, urinary alkalinization (pH >7.5) to increase cystine
solubility and a reduction in dietary methionine, which is the pre-
cursor of cysteine®. Thiol derivatives are indicated in severe cases
of cystinuria when urinary alkalinization and dietary measures are
ineffective. These derivatives act as chelating agents by reducing cys-
tine into more soluble cysteine-drug complexes’’. Some evidence
suggests that thiol derivatives are more effective than hydration
and alkalinization alone in reducing stone recurrence’®*, Tiopronin
(a-mercaptopropionylglycine) is preferred over D-penicillamine
owing to fewer side effects (gastrointestinal symptoms, liver enzyme
elevation, pancytopenia, allergy and proteinuria)®.

Hypercalcaemia and hypercalciuria

Disease-causing biallelic loss-of-function mutations in CYP24AI are
foundin ~0.5% of adults with KSD*” (Supplementary Table 1). CYP24A1
encodes 24-hydroxylase, an enzyme that inactivates 25(OH) and
1,25(0OH), vitamin D via 24-hydroxylation. Impaired 24-hydroxy-
lase function causes hypercalcaemia, hypercalciuria and vitamin D
sensitivity’. Phenotypes linked to CYP24A1 variants vary considerably.
Some biallelic CYP24A1 mutations manifestin childhood with hypercal-
caemia, nephrocalcinosis, weight loss, failure to thrive, dehydration,
polyuria and lethargy, a condition known as infantile hypercalcaemia
type 1, whereas others present in adulthood with kidney stones®*””.
Furthermore, heterozygous CYP24A1 loss-of-function variants prob-
ably have some physiological effect as monoallelic CYP24A1 variants
are enriched in individuals with kidney stones, and altered vitamin D
metabolism associated withkidney stones or nephrocalcinosishasbeen
reportedinindividuals carrying variants in the CYP24A13’-untranslated
region®8, Effective therapeutic strategies for patients with these condi-
tionsare currently lacking. Although not studied prospectively, adiet
low in calcium and vitamin D might offer some benefit. Inhibitors of
vitamin D synthesis, such as fluconazole or ketoconazole, reduce hyper-
calcaemia and nephrolithiasis associated with CYP24A1 variants®>'°°,
However, these drugs can cause long-term side effects and interact
with other medications owing to the inhibition of CYP3A4. A similar
phenotype — infantile hypercalcaemia type 2 — is caused by biallelic
mutations in SLC34A1 (ref.101). SLC34A1 encodes sodium-dependent
phosphate transport protein 2A (NPT2A) expressed in the kidney and,
when its function is impaired, increased renal phosphate excretion
causes elevated 1,25(OH), vitamin D, concentrations by suppressing
fibroblast growth factor 23 (FGF23), activating 25-hydroxyvitamin D
la-hydroxylase and inhibiting 1,25(0H), vitamin D; 24-hydroxylase'".
SLC34A1variants canalso cause a digenic form of hereditary hypophos-
phataemic rickets with hypercalciuria (HHRH), in combination with
SLC34A3variants'” HHRH is a normocalcaemic autosomal-recessive
disorder characterized by increased renal phosphate clearance, hyper-
calciuria, rickets, short stature, elevated 1,25(OH), vitamin D concentra-
tions and suppressed PTH secretion'®; HHRH typically arises owing to
biallelic SLC34A3 mutations'®*. People with renal phosphate wasting
caused by SLC34A1 or SLC34A3 mutations should avoid vitamin D sup-
plementation and might benefit from phosphate supplementation to
normalize serum phosphate concentrations'°*'%, Population-based
studiesindicate that heterozygous predicted loss-of-function variants

inSLC34A1and SLC34A3 are more common inindividuals with kidney
stones, increase the risk of renal calcification and might alter urinary
calcium excretion and BMD*"%%,

Distal renal tubular acidosis

Distal renal tubular acidosis arises owing to heterozygous mutations
in SLC4A1 or biallelic mutationsin ATP6VIBI1, ATP6VOA4, CA-Il, FOXI1 or
WDR?72 (Supplementary Table 1). Such loss-of-function mutations cause
impaired hydrogenion secretion by a-intercalated cells with metabolic
acidosis, hypercalciuria, hypocitraturia and unduly alkaline urine,
which increases the likelihood of CaP stone formation®*'°*'%’, Correc-
tion of any metabolic acidosis using alkali supplementation reduces
urinary calcium excretion and increases urinary citrate excretion,
thereby reducing kidney stone risk and protecting bone health®*.

Hyperoxaluria

PHis arare autosomal-recessive disorder thatis presentin fewer than
0.5% of adults with kidney stones caused by excess oxalate production
owing to mutations in AGXT (PH type 1 (PH1)), GRHPR (PH2), HOGA1
(PH3) or SLC26A1 (refs. 57,108) (Supplementary Table 1). Increased
urinary oxalate excretion commonly leads to nephrocalcinosis and
kidney failure, inadequate oxalate excretion and systemic oxalate
deposition'®®. Nephrocalcinosis and kidney failure occur frequently
in people with PH1. Traditionally, the treatment of PH was support-
ive, focusing on hydration and citrate supplementation; the use of
pyridoxine was also beneficial in PH1 caused by the most common
AGXT mutation (p.Gly170Arg)’. Historically, combined liver-kidney
transplantation was the definitive treatment for PH1and, rarely, for PH2.
However, two RNA interference therapies, lumasiran and nedosiran,
have now become available for people with PH1, offering a consider-
ably less complex, albeit very costly, therapeutic option. Lumasiran
silences the gene that encodes glycolate oxidase, which promotes the
conversion of glycolateinto glyoxylate, whereas nedosiran attenuates
conversion of glyoxylate into oxalate by silencing the gene thatencodes
lactate dehydrogenase'®'°,

Polygenicrisk factors for kidney stone disease
For many years, the heritable polygenic component of common idi-
opathic forms of KSD has been supported by theimportance of family
history in kidney stone risk and twin studies demonstrating that the
heritability of KSD and urinary calcium excretionis >45%""'2, Over the
past 15 years, genome-wide association studies (GWAS) in KSD have
rapidly expanded our understanding of this polygenicinheritance and
more than 45 kidney stone-associated genetic loci reportedly account
for ~-20% of kidney stone heritability">"* (Supplementary Table 2).
The first two kidney stone-associated loci to be reported are in
proximity to ALPL and CLDN14, and these findings have been repli-
cated consistently”®>™° ALPL encodes tissue non-specific alkaline
phosphatase (ALP), which is expressed in the proximal tubule and
hydrolyses pyrophosphate to free phosphate. Kidney stone ALPL risk
alleles are associated with reduced levels of ALP, and loss-of-function
mutationsin ALPL cause hereditary hypophosphatasia, which results
in hypomineralization, reduced BMD and dental abnormalities, occa-
sionally in association with hypercalcaemia and/or hypercalciuria™®.
Reduced ALP levels are thought to increase kidney stone risk through
altered pyrophosphate hydrolysis". CLDNI4 encodes claudin 14, which
isexpressedinthe thickascendinglimb of theloop of Henle, along with
claudins16 and 19 (ref.116) (Supplementary Table 2). A2023 GWAS iden-
tified associations in proximity to CLDN10, which encodes claudin 10
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(ref. 114); deletion of Cldn10 in a murine model results in low urine
magnesium, hypermagnesaemia and nephrocalcinosis'’. Claudins are
components of transmembrane tight junctions that modulate paracel-
lular sodium, calcium and magnesium re-absorption, and alterations
in urinary calcium excretion owing to changes in claudin expression
probably underlie these observations.

Several kidney stone-associated loci are in proximity to genes that
cause monogenic forms of KSD, including CASR, SLC34A1, WDR72 and
CYP24A1, suggesting that attenuated biological perturbations associ-
ated with these monogenic disorders contribute to the pathogenesis
of common forms of nephrolithiasis™>"* (Tables 2 and 3). Other associ-
atedlociindicate theimportance of altered CaP homeostasis (EPB41L2,
DGKD, TRPVS, DGKH), inhibition of urinary crystallization (UMOD,
KCNKS, TRPM6) and adiposity (GCKR, FTO, TFAP2B) inthe pathogenesis
of KSD™*; Mendelian randomization analyses have provided evidence
that some of these pathways have a causal role in KSD". Furthermore,
kidney stone GWAS data have been leveraged to generate polygenic
risk scores, although the clinical utility of these scores has not yet been
demonstrated"®™, Insummary, genetic panel testing is recommended
for people with kidney stones who present with early-onset, recurrent or
bilateral stones, nephrocalcinosis, apositive family history, consanguin-
ity or unexplained stone formation despite standard evaluation, inline

with current guidelines from the American Urological Association'®°.

Metabolic evaluation
The objective of a metabolic evaluation is to identify primary pro-
lithogenic factors, exclude secondary and Mendelian forms of KSD,
identify systemic disease manifestations and initiate personalized
treatments. Guidelines recommend a metabolic evaluationinall people
withrecurrent kidney stones and in those with a first stone episode
and additionalrisk factors (including age <25 years, afamily history of
KSD, medications or comorbidities associated with anincreased risk of
KSD, bilateral or multiple stones, solitary kidney or kidney transplant
and the presence of CKD or nephrocalcinosis)'?°?*. In people with
asingle stone event and no additional risk factors, general dietary
advice might suffice, and further investigations can be avoided'**'*.
A metabolic evaluation consists of acomprehensive dietary and clini-
cal assessment, review of stone composition results, as well as blood
and 24 h urine analyses. Although high-quality evidence is lacking,
asmall study suggested that this evaluation should be done at least
3 months after asymptomatic stone eventin people who have resumed
their usual diet and activity'?*. Given that results from different 24 h
urine samples canvary considerably, atleast two 24 hurine collections
ona free-choice outpatient diet are recommended'**™'*, A 24 h urine
analysis should include measurements of the following: volume, pH,
sodium, potassium, calcium, phosphate, magnesium, chloride, urea,
creatinine, uricacid, citrate and oxalate. If available, urine sulfate and
ammonium should also be quantified. Given that creatinine excretion
canbe approximated frombody weight, its determinationin 24 hurine
can be used to establish urine collection adequacy'”. Traditionally,
absolute urinary excretionrates are considered for resultinterpretation
(Table2). These values are intended to indicate clearly abnormal solute
excretion ranges butshould be interpreted as graded risk factors rather
thanstrict cut-offs, with the ultimate therapeutic goal being reduction
inurinary supersaturation. Indeed, relying solely on this approach can
be misleading, and software-based supersaturation estimation can
help to capture the complex physicochemical interactionsin the urine.
Stone composition analysis has a crucial role in defining the
underlying pathology and serves as a valuable complement to

Table 2 | Reference values for single
24h urine abnormalities

Urinary solutes mmol/24h mg/24h
Calcium >7.5 (men) >300 (men)
>6.2 (women) >250 (women)
Phosphate >39 >1,200
Magnesium <3.0 <80
Uric acid >4.8 (men) >800 (men)
>4.5 (women) >750 (women)
Oxalate >0.5 >45
Citrate <17 <320
Cystine >0.13 (for individuals with >30 (for individuals with
cystinuria homozygous cystinuria homozygous
mutations often >1.7) mutations often >400)
Creatinine 0.11-0.26 mmol/kg (men) 13-29mg/kg (men)

0.08-0.22mmol/kg (women)  9-26 mg/kg (women)

These values are intended to indicate clearly abnormal solute excretion ranges but should be
interpreted as graded risk factors rather than strict cut-offs.

metabolic evaluation'®. Determination of stone phenotype is
particularly useful for detection of rare stone types (for example,
cystine, 2,8-hydroxyadenine or medication-induced stones)'”.
Although laboratory methods for stone analysis are not yet stand-
ardized, consensus guidelines advocate replacement of traditional
semi-quantitative chemical analysis with more precise techniques, such
as Fourier-transform infrared spectroscopy and X-ray diffraction'?.

Prevention of kidney stone recurrence

Dietary interventions

Treatment options for the prevention of kidney stone recurrence can
be broadly divided into dietary interventions and pharmaceutical
therapies. Although RCT evidence for the efficacy of dietary interven-
tionsis limited, many observational studies have highlighted a strong
cause-effectassociation'”®, Currentguidelines endorse dietary interven-
tions as the basis for recurrence preventionin all people with KSD'*°'**
(Table 3). Dietary interventions are unique in that they empower people
to make self-selected dietary changes for stone prevention and thereby
take direct responsibility for their health. Comprehensive patient
educationis key to long-term treatment success.

Fluid intake. Urine volume is the most important determinant of uri-
nary supersaturation. Multiple observational cohorts, case-control
studies and single-centre reports suggest that increased fluid intake
is associated with reduced recurrence'” ', Yet, only one RCT has
evaluated the effect of increased fluid intake for the prevention of
kidney stone recurrence?. In this trial, which involved 199 individu-
als with idiopathic calcium stones, the recurrence rate in the group
with high fluid intake was 12% compared with 27% in the group with
usual fluid intake at 5 years of follow-up. The median 24 h urine vol-
umes were 2.6 l and 1.11, respectively. This trial forms the basis for
the current guideline recommendation to increase fluid intake to
achieveadaily urine volume of atleast 2.5 (refs.120,121). The type of
beverage consumed also seemsto have arole. Inlarge cohortstudies,
sugar-sweetened sodas and punch were associated with a higher risk
of stone formation, whereas coffee, tea, wine, beer and orange juice
were associated with a lower risk™>.
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Sodium intake. Urinary sodium, which reflects sodium intake, posi-
tively and strongly correlates with urinary calcium excretion, and
this association is more pronounced in individuals with idiopathic
hypercalciuria®* ¢, In a RCT involving individuals with calcium KSD
andidiopathic hypercalciuria, sodium restriction substantially reduced
urinary calcium excretion at 3 months™”’. Based on these pathophysi-
ological considerations and its potential cardiovascular benefits,
current guidelines recommend a low sodium intake (<2.3 g/day or
100 mmol/day) in all people with kidney stones'**',

Calcium and oxalate intake. Insufficient calcium intake is associ-
ated with increased risk of kidney stones in the general population'”.
A 5-year RCT in men with recurrent CaOx stones and hypercalciuria
demonstrated a 50% higher risk of stone recurrence in participants
randomly assigned to the group with a low calcium diet (0.4 g/day),
compared with those randomly assigned to a diet with a normal cal-
ciumcontent (1.2 g/day) and low in sodium (50 mmol/day) and animal
protein (50-60 g/day)*. The relationship between dietary calcium
intake and urinary oxalate excretion is well known: calcium acts as a
chelator for oxalate in the gut, consequently reducing intestinal oxa-
late absorption and urinary excretion'*®, By contrast, the effectiveness
of dietary oxalate restriction seems weaker. Although high urinary
oxalate is associated with increased risk of kidney stone formation,
the amount excreted seems to be primarily influenced by calcium
intake rather than by dietary oxalate consumption'. Another reason
to avoid a low-calcium diet in people with kidney stones is the high
prevalence of osteopenia and osteoporosis and elevated fracture risk
in this population”"*°. Current guidelines recommend a balanced
calcium intake of 1-1.2 g per day, timed with meals, and avoidance of
excessive intake of food with very high oxalate content?°??, In people
with enteric hyperoxaluria, calcium supplements at mealtimes might
be required to lower urinary oxalate''*,

Animal protein, fruits and vegetables. Owing to its high content of
sulfuricamino acids, animal protein represents an acid load that causes
adecrease in urine citrate, as well as an increase in net acid excretion

Table 3 | Dietary interventions for the prevention of kidney
stone recurrence

Dietary factor Indication Rationale

Fluid intake >2.51/day, circadian drinking, Reduced urine
avoidance of soft drinks saturation
Sodium <2.3g/day Decreased urinary
calcium
Calcium 1-1.2g/day during mealtimes Decreased urinary
oxalate
Animal protein 0.8-1g/kg/day Higher urine pH,

decreased urinary
calcium, increased
urinary citrate

Fruits and 3-5 portions/day Higher urine pH,

vegetables increased urinary
citrate

Oxalate Avoidance of foods high in Reduced urinary

oxalate (for example, spinach, oxalate
rhubarb, beets, black tea,
chocolate, peanuts, almonds,

soybeans and wheat bran)

and urinary calcium, thereby increasing the risk of stone formation.
Total protein intake of animal and plant origin can be estimated by
24 h urea excretion, whereas 24 h sulfate excretion reflects animal
proteinintake. By contrast, fruits and vegetables serve as the primary
source of dietary alkali, and 24 h urinary potassium excretion can be
used asamarker of daily fruit and vegetable intake. A diet rich in fruits
and vegetables combined with a low animal protein intake has been
reported tosignificantly decrease therisk of kidney stone recurrence
in menwith calcium KSD?, Similarly, large observational cohort stud-
iesindicate that diets such as the Mediterranean diet, which is high in
fruits and vegetables, with moderate consumption of animal protein,
are associated with a decreased risk of incident stone events'**'**,
Furthermore, the type of animal protein consumed might have an
importantrole: dairy-derived animal protein hasbeenlinked to alower
risk of kidney stones, whereas non-dairy animal protein is associated
with anincreased risk'*. Current guidelines recommend a diet richin
vegetables, fruits and fibre, with balanced protein (0.8-1g/kg/day)
intake emphasizing plant-based over animal protein sources in people
with KSD'?°1%,

Social and environmental factors. Social and environmental factors
also contribute to recurrence risk. Insufficient physical activity, a
Western diet and the associated obesity can lead to stone formation,
Global warmingalso contributes to dehydration, leading to increased
urine concentration and acidification'®. Additionally, excessive heat
can encourage higher consumption of sugar-sweetened beverages,
further exacerbating KSD risk'*’. These issues are particularly relevant
in high-risk geographical areas, such as urban heat islands and the
stone belts in Asia and the USA, and disproportionately affect cer-
tain occupational groups, including factory workers, taxi drivers and
health-care professionals'*®**'*_Effective patient education strategies
are essential to increase awareness and encourage preventive behav-
iour. Implementing targeted interventions and ensuring equitable
health-careaccess also have a crucial rolein reducing stone recurrence.

Pharmacological interventions

In people with idiopathic calcium KSD, pharmacological prevention
of recurrence is usually commenced when dietary interventions fail
to correct identified metabolic abnormalities or if patients continue
to experience stone recurrence. In people with very active KSD or
non-calcium-containing stones (for example, uric acid stones and
cystinuria), medical treatment might be initiated earlier (Table 4).

Calcium stones

Society guidelines and expert panels recommend potassium citrate for
the prevention of calcium kidney stone recurrence'** >, Several RCTs
haveinvestigated the use of citrate salts in people with calcium kidney
stones, and most trials reported a benefit for citrate compared with
placebo or control (thatis, no pharmacological intervention)™*?"15015,
However, arecent Cochrane Review concluded that the quality of the
reported literature remains moderate to poor, and that high-quality
RCT evidence is needed to answer relevant questions concerning the
efficacy of citrate salts'. Gastrointestinal side effects are common with
alkalitherapy, leading to poor adherence and a high rate of treatment
discontinuation; tolerability can be increased if potassium citrate is
timed with meals. Although alkali administration increases urine cit-
rate, italsoraises urine pH and CaP supersaturation, which might trig-
ger CaP stone formation®*"°, Both urine pH and citrate must therefore
be considered when using alkali treatment in patients with calcium
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Table 4 | Pharmacological interventions for the prevention of kidney stone recurrence

Drug category Medication

Indication

Frequently used dose

Calcium stones

Thiazides Hydrochlorothiazide Hypercalciuria 25-50mg/day
Indapamide Hypercalciuria 1.25-2.5mg/day
Chlorthalidone Hypercalciuria 25mg/day
Alkali treatment Potassium citrate Hypocitraturia 20-80 mEq/day
Low urine pH
Xanthine oxidase inhibitors Allopurinol Hyperuricosuria 300mg/day
Febuxostat Hyperuricosuria 40-80mg/day

Calcium supplements Calcium carbonate

Enteric hyperoxaluria

500-1,500 mg/day,
mealtimes

Uric acid stones

Alkali supplements Potassium citrate

Target urine pH: 6.0-7.0

20-80 mEq/day

Xanthine oxidase inhibitors Allopurinol

Hyperuricosuria, in adjunction to alkalinization

300mg/day

Febuxostat

Hyperuricosuria, in adjunction to alkalinization

40-80mg/day

Cystine stones

Alkali supplements Potassium citrate

Target urine pH >7.5

40-80 mEqg/day

Thiol derivates Tiopronin

Urine cystine >1,000 mg/day

750-1,500 mg/day

Struvite stones

Nitrofurantoin or
trimethoprim-sulfamethoxazole

Antibiotics

Perioperative, reduced risk of urosepsis

Careful individual dose
adjustment required

Urease inhibitors Acetohydroxamic acid

Rarely used, mainly in patients with remaining stone

500 mg/day

fragments and no surgical options in adjunction with
antibiotics

Acidifying agents L-Methionine

Very high urine pH (>8.0)

1,500-3,000 mg/day

stones. Iftheincreaseinurinary pHis not paralleled by aconcomitant
rise in urinary citrate, alkali therapy might be harmful®*.

Thiazides reduce urinary calcium and have been the mainstay of
prevention of calcium stone recurrence. Hydrochlorothiazide (HCT),
the most widely prescribed thiazide, reduced kidney stone events in
past RCTs, but these trials all had major methodological limitations™’.
To address these problems, the NOSTONE trial, a double-blind,
randomized, placebo-controlled study, evaluated various HCT doses
(12.5,25 and 50 mg) in people with recurrent calcium stones™®. Over
3 years, recurrence rates did not differ between groups, and no
dose-response effect was observed. Alower thanexpected reductionin
urinary calcium excretion, elevated dietary saltintake despite repeated
dietary counsellingand atrend towards reduced urinary citrate excre-
tion might explain the lack of benefit. Patients treated with HCT also
had a higher incidence of adverse events compared with those taking
placebo, including hypokalaemia, gout and new-onset diabetes'’.

Low bone mass and fractures are common among kidney stone
formers, but whether thiazides can help to preserve bone massinindi-
viduals with calcium kidney stones remains unclear. A post hoc analysis
of the NOSTONE trial revealed no benefit of HCT up to 50 mg daily
on BMD compared with placebo™’. The increased risk of skin cancer
associated with prolonged use of HCT is also a growing concern'® ¢,
The thiazide-like diuretics indapamide and chlorthalidone are more
potent than HCT and might therefore be more effective for the pre-
vention of recurrence'®**, However, to date, no direct comparison

between different thiazides has been conducted for either preven-
tion of kidney stone recurrence or surrogate markers of recurrence
risk, such as urine supersaturation. This important knowledge gap is
being addressed by an ongoing randomized, double-blind, crossover
trial INDAPACHLOR; NCT06111885)'%. Until the results of this trial
areavailable, we propose that decisions related to the use of thiazides
shouldbe made ona case-by-case basis. In people who areintolerant or
notresponsive to citrate supplementation as monotherapy, and/orin
peoplewith high stoneburden and elevated urinary calciumexcretion
despite repeated dietary counselling on dietary sodium and animal
protein restriction, long-acting thiazides such as chlorthalidone or
indapamide can be considered.

Clinical trials in people with HUCU treated with allopurinol
revealed a pronounced decline inrecurrentkidney stone events'** 7,
By contrast, alarge population-based study did not show arelationship
betweenurinary uricacid and CaOx stone formation'. Thus, although
indicated in patients with HUCU, the role of xanthine oxidase inhibi-
tion for recurrence preventionin people with calcium stones without
hyperuricosuria remains unclear.

Uricacid stones

No RCTs have been conducted in individuals with uric acid stones.
Although mainly based on observational studies, itis well established
that urine alkalinization to a pH range of 6-7 is highly effective in pre-
venting recurrence of uric acid stones'’>. These stones can be dissolved
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using urinary alkalinization (chemolysis) obviating the need for surgical
intervention”>"7*, Xanthine oxidase inhibitors, such as allopurinol or
febuxostat, have only aminor role in the treatment of uric acid stones
and can be used in patients intolerant of alkali therapy, or in people
with severe hyperuricosuria or concurrent gout.

Struvite stones

Surgery is the preferred approach to management of infection-
associated stones. However, in people with substantial comorbidities
who are not candidates for surgery, medical therapy canbe considered.
Despite the potential side effects and the lack of RCT evidence, options
include antibiotics, dissolution therapy, urease inhibitors, urinary
acidification and general supportive measures”> 7,

Management of symptomatic and asymptomatic
kidney stones

Management of ureteric stones

The presence ofastoneinthe ureter typically causes severe colicky pain
that radiates from loin to groin; however, ureteric stones can present
without pain either incidentally, with kidney impairment or in the con-
text of infection. Where a ureteric stone is suspected, a non-contrast
enhanced CT scan candetermine stone size, location and density with
high sensitivity and specificity™.

NSAIDs (nonsteroidal anti-inflammatory drugs) probably afford
better pain relief than opioids in renal colic; however, care must be
taken regarding potential side effects, including gastrointestinal
bleeding, cardiovascular events and kidney impairment'$"'%,

Thelikelihood of spontaneous ureteric stone passage is affected
by stonessize and location. Thus, stones smaller than 5 mmin the lower
third of the ureter pass in 89% of cases, whereas only 14% of those
greater than 7 mm and in the upper third pass spontaneously. The
online tool MIMIC Calculator for predicting spontaneous stone pas-
sage, which is based on observational data, can help to estimate the
likelihood of stone passage on an individualized basis.

a-Adrenoreceptor blockers (a-blockers) might have utility in
promoting stone passage, particularly in the case of larger (>5 mm)
distal stones, but the evidence that a-blockers improve stone pas-
sage rates for stones in other locations and sizes is conflicting'®*™'*",
Nonetheless, a-blockers probably have analgesic qualities in ureteric
colic, suggesting that these drugs are a useful adjunctin ureteric colic,
despite the lack of clear evidence of effects on stone passage. The use
of a-blockers for painreliefinureteric colic and as amedical expulsive
therapy remains an off-label indication™.

Where analgesia cannot be satisfactorily achieved, stone passage is
unlikely or kidney functionisimpaired, primary stone removal, decom-
pression with percutaneous nephrostomy or ureteric stenting should
be considered. Evidence of urinary tract infection or anuriain the con-
text of a ureteric stone is a urological emergency and should prompt
urgentdecompression and antimicrobial therapy, where appropriate.

Conservative management of kidney stones

Thenatural history of kidney stonesis poorly understood and reported
rates of symptoms, emergency admission and intervention are highly
variable'®. Thus, for stones or residual fragments smaller than10 mm,
rates of progression to symptoms varies from 0% to 59%, emergency
admission from14%t019%, and intervention over a 2-year period from
12%t035%"*. A2024 study demonstrated that asymptomatic spontane-
ous passage of kidney stones detected on CT is very common in people
with recurrent calcium stones'”’. Management decisions related to

kidney stones must be undertaken collaboratively with patients and
consider symptomatology, stone volume, location, number, compo-
sition, renal anatomy, patient preference, age, lifestyle and comor-
bidities. Surveillance of asymptomatickidney stones, or those causing
minimal symptoms in people with comorbiditiesis often areasonable
choice andthereis evidence to support annual observation of asymp-
tomatic lower pole stones smaller than 10 mm'®, Oral chemolysis with
alkali should be considered for potential uric acid stones”*'%,

Surgical management of nephrolithiasis

Kidney and ureteric stones can be fragmented with ESWL or ureter-
oscopy, and percutaneous nephrolithotomy (PCNL) can be used to
treat kidney stones.

Extracorporeal shock wave lithotripsy. ESWL is a non-invasive,
day-case procedure that aims to induce stone fragmentation with
shock waves that are targeted using fluoroscopic or ultrasound guid-
ance. ESWL might be suitable for ureteric stones or kidney stones up
to 20 mmin diameter. However, as stone volume increases the risk of
‘steinstrasse’ (that is, the formation of a column of stone fragments
thatblock the ureter) and the formation of residual fragments rises'>.
Inmost cases, ESWL canbe undertaken using simple analgesia, although
general anaesthesia or sedation mightbe required insome cases, such
asin paediatric practice. The success of ESWLis dependent on the pas-
sive wash-out of fragments and is therefore not appropriate if urinary
flowislacking orimpaired. Furthermore, efficacyisinfluenced by stone
factors, including size, location and hardness, patient factorsincluding
skin-to-stone distance, infundibulopelvic angle and calyceal anatomy,
the efficacy of the lithotripter, as well as factors that affect treatment
delivery such as careful acoustic coupling between lithotripter head
and the skin of the patient. ESWL is contraindicated in pregnancy,
untreated urinary tractinfection, in people with bleeding disorders or
thosereceiving anticoagulation treatment, with skeletal malformations
orobesity that prevent targeting of the stone, or witharterial aneurysm
in proximity to the stone. For ureteric calculi, stone-free rates (that s,
the frequency of cases in which no further treatment is required) are
comparable for ESWL and ureteroscopy. For kidney stones smaller
than10 mm, stone-free rates are higher after ureteroscopy compared
with ESWL.

Ureteroscopy. Ureteroscopic stone extractionis typically performed
under general anaesthetic via a retrograde approach. In some cases,
spinal anaesthesia or, occasionally, sedation might be appropriate,
and percutaneous antegrade approaches might be required where
accessis difficult oralarge proximal and impacted ureteric calculusis
present'®. Rigid ureteroscopy allows access to the ureter, whereas flex-
ibleureteroscopy is useful for access to the ureter and renal collecting
system. Stones that cannot be extracted intact must be disintegrated,
which canbe achieved with laser lithotripsy™. Stone-free rates of >90%
are reported using ureteroscopy for kidney stones larger than 2 cm;
theserates arelikely toincrease further as new technologies develop'”.
Of note, a 2022 trial report™® supports the removal of small, asymp-
tomatic stones during ureteroscopy for symptomatic stones, as this
approach can reduce future symptomatic episodes and the need for
repeatinterventionsinstone formers, particularly whennoincreased
perioperative riskis anticipated.

Percutaneous nephrolithotomy. PCNL enables direct access
to the renal collecting system with a nephroscope to facilitate the
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fragmentation of large kidney stones. PCNL is typically considered for
stones larger than 2 cm where stone clearance will be challenging viaa
ureteroscopic approach andis undertaken under general anaesthetic
ineitheraprone or supine position, depending on patient factors and
surgeon preference. RCT evidence suggests that stone clearance rates
and measures of health might be superior for PCNL compared with
ureteroscopy for stones measuring10-25 mm (ref.197). However, PCNL
can result in kidney haemorrhage requiring blood transfusion (7%),
embolization (0.5%) or emergency nephrectomy (<0.1%)"%%.

Conclusions

KSDisamajor global health-care probleminboth childrenand adults.
Considering the dismal clinical and societal impact of the disease,
preventionis of utmostimportance. People with recurrent KSD should
undergo athorough metabolic evaluation, followed by individualized
treatment tailored to the underlying pathophysiology. Dietary inter-
ventions form the basis of recurrence prevention and can be combined
with pharmacological treatmentsinindividuals with active, recurrent
disease. Individuals with KSD should be regularly monitored for disease
activity and preventive measures adapted accordingly. Careful patient
educationis key to long-term treatment success.

Although KSD is associated with a large burden of morbidity,
reduced quality of life and enormous health-care expenditure, this
disorder continues to be under-researched and crucial knowledge
gapsthatrequire further investigation persist. Novel treatment options
and randomized evidence are needed to guide evaluation, treatment
and follow-up of people with KSD. Future research must also address
the concerning rise of KSD among women and adolescents, sex- and
ethnicity-specific disparities, the socioeconomicimpact of KSD on vul-
nerable populations, the influence of environmental and occupational
changes and the landscape of KSD in low-income regions. Ultimately,
currentstakeholders must dedicate time and resources torecruit, train
and mentor emerging health-care professionals to expand the global
workforce for this prevalent condition.

Published online: 11 August 2025

References

1. Hill, A. J. et al. Incidence of kidney stones in the United States: the continuous National
Health and Nutrition Examination Survey. J. Urol. 207, 851-856 (2022).

2. Xu,J.Z. etal. Sex disparities and the risk of urolithiasis: a large cross-sectional study.
Ann. Med. 54, 1627-1635 (2022).

3. Filler, G. etal. In focus: perplexing increase of urinary stone disease in children,
adolescent and young adult women and its economic impact. Front. Med. 10, 1272900
(2023).

4.  Romero, V., Akpinar, H. & Assimos, D. G. Kidney stones: a global picture of prevalence,
incidence, and associated risk factors. Rev. Urol. 12, e86-e96 (2010).

5. Chen, K. W. et al. Trends in kidney stone prevalence among US adults. Can. Urol. Assoc. J.
19, 58-60 (2025).

6.  Ward, J. B. et al. Pediatric urinary stone disease in the United States: the Urologic
Diseases in America project. Urology 129, 180-187 (2019).

7 Scales, C. D. Jr., Smith, A. C., Hanley, J. M. & Saigal, C. S. Prevalence of kidney stones in
the United States. Eur. Urol. 62,160-165 (2012).

8. Scales, C.D. Jr. etal. Urinary stone disease: advancing knowledge, patient care, and
population health. Clin. J. Am. Soc. Nephrol. 11, 1305-1312 (2016).

9. Malieckal, D. A. & Goldfarb, D. S. Occupational kidney stones. Curr. Opin. Nephrol.
Hypertens. 29, 232-236 (2020).

10. New, F. & Somani, B. K. A complete world literature review of quality of life (QOL)
in patients with kidney stone disease (KSD). Curr. Urol. Rep. 17, 88 (2016).

1. Ferraro, P. M., Curhan, G. C., D’Addessi, A. & Gambaro, G. Risk of recurrence of idiopathic
calcium kidney stones: analysis of data from the literature. J. Nephrol. 30, 227-233
(2017).

12.  Saigal, C. S., Joyce, G. & Timilsina, A. R. Direct and indirect costs of nephrolithiasis in an
employed population: opportunity for disease management? Kidney Int. 68, 1808-1814
(2005).

13. Lotan, Y., Cadeddu, J. A., Roerhborn, C. G., Pak, C. Y. & Pearle, M. S. Cost-effectiveness
of medical management strategies for nephrolithiasis. J. Urol. 172, 2275-2281(2004).

20.

21

22.

23.

24.

25.

26.

27.

28.

20.

30.

31

32.
33.
34.
35.

36.

37.

43.
44.

45.

46.

47.

48.

49.

50.

51

Bargagli, M. et al. Urinary metabolic profile and stone composition in kidney stone
formers with and without heart disease. J. Nephrol. 35, 851-857 (2022).

Shavit, L. et al. Effect of being overweight on urinary metabolic risk factors for kidney
stone formation. Nephrol. Dial. Transpl. 30, 607-613 (2015).

Shoag, J., Halpern, J., Goldfarb, D. S. & Eisner, B. H. Risk of chronic and end stage kidney
disease in patients with nephrolithiasis. J. Urol. 192, 1440-1445 (2014).

Sakhaee, K., Maalouf, N. M., Kumar, R., Pasch, A. & Moe, O. W. Nephrolithiasis-associated
bone disease: pathogenesis and treatment options. Kidney Int. 79, 393-403 (2011).
Taylor, E. N., Feskanich, D., Paik, J. M. & Curhan, G. C. Nephrolithiasis and risk of incident
bone fracture. J. Urol. 195, 1482-1486 (2016).

Coe, F. L., Evan, A. & Worcester, E. in Seldin and Giebisch'’s The Kidney (eds Alpern,

R. J. etal.) 2311-2349 (Elsevier, 2013).

Werness, P. G., Brown, C. M., Smith, L. H. & Finlayson, B. EQUIL2: a BASIC computer
program for the calculation of urinary saturation. J. Urol. 134, 1242-1244 (1985).

Parks, J. H., Coward, M. & Coe, F. L. Correspondence between stone composition and
urine supersaturation in nephrolithiasis. Kidney Int. 51, 894-900 (1997).

Siener, R., Glatz, S., Nicolay, C. & Hesse, A. Prospective study on the efficacy of a
selective treatment and risk factors for relapse in recurrent calcium oxalate stone
patients. Eur. Urol. 44, 467-474 (2003).

Borghi, L. et al. Comparison of two diets for the prevention of recurrent stones in
idiopathic hypercalciuria. N. Engl. J. Med. 346, 77-84 (2002).

Borghi, L. et al. Urinary volume, water and recurrences in idiopathic calcium
nephrolithiasis: a 5-year randomized prospective study. J. Urol. 155, 839-843 (1996).
Ferraro, P. M. et al. Short-term changes in urinary relative supersaturation predict
recurrence of kidney stones: a tool to guide preventive measures in urolithiasis. J. Urol.
200, 1082-1087 (2018).

Prochaska, M., Taylor, E., Ferraro, P. M. & Curhan, G. Relative supersaturation of 24-hour
urine and likelihood of kidney stones. J. Urol. 199, 1262-1266 (2018).

Pak, C. Y. Citrate and renal calculi. Min. Electrolyte Metab. 13, 257-266 (1987).

Hallson, P. C., Rose, G. A. & Sulaiman, S. Magnesium reduces calcium oxalate crystal
formation in human whole urine. Clin. Sci. 62, 17-19 (1982).

Pak, C.Y. & Arnold, L. H. Heterogeneous nucleation of calcium oxalate by seeds of
monosodium urate. Proc. Soc. Exp. Biol. Med. 149, 930-932 (1975).

Coe, F. L., Lawton, R. L., Goldstein, R. B. & Tembe, V. Sodium urate accelerates
precipitation of calcium oxalate in vitro. Proc. Soc. Exp. Biol. Med. 149, 926-929
(1975).

Pak, C. Y. et al. Mechanism for calcium urolithiasis among patients with hyperuricosuria:
supersaturation of urine with respect to monosodium urate. J. Clin. Invest. 59, 426-431
(1977).

Coe, F. L. Hyperuricosuric calcium oxalate nephrolithiasis. Kidney Int. 13, 418-426 (1978).
Coe, F. L. Uric acid and calcium oxalate nephrolithiasis. Kidney Int. 24, 392-403 (1983).
Meyer, J. L., Bergert, J. H. & Smith, L. H. Epitaxial relationships in urolithiasis:

the brushite-whewellite system. Clin. Sci. Mol. Med. 52, 143-148 (1977).

Khan, S. R. & Canales, B. K. Unified theory on the pathogenesis of Randall’s plaques

and plugs. Urolithiasis 43, 109-123 (2015).

Sethmann, I. et al. Microstructures of Randall’s plagues and their interfaces with
calcium oxalate monohydrate kidney stones reflect underlying mineral precipitation
mechanisms. Urolithiasis 45, 235-248 (2017).

Khan, S. R., Rodriguez, D. E., Gower, L. B. & Monga, M. Association of Randall plaque with
collagen fibers and membrane vesicles. J. Urol. 187, 1094-1100 (2012).

Verrier, C. et al. Topography, composition and structure of incipient randall plaque at the
nanoscale level. J. Urol. 196, 1566-1574 (2016).

Bourg, S. et al. Confining calcium oxalate crystal growth in a carbonated apatite-coated
microfluidic channel to better understand the role of Randall’s plaque in kidney stone
formation. Lab. Chip 24, 2017-2024 (2024).

Robertson, W. G., Peacock, M. & Nordin, B. E. Inhibitors of the growth and aggregation
of calcium oxalate crystals in vitro. Clin. Chim. Acta 43, 31-37 (1973).

Borofsky, M. S. et al. Integration and utilization of modern technologies in nephrolithiasis
research. Nat. Rev. Urol. 13, 549-557 (2016).

Evan, A. P., Worcester, E. M., Coe, F. L., Williams, J. Jr. & Lingeman, J. E. Mechanisms of
human kidney stone formation. Urolithiasis 43, 19-32 (2015).

Randall, A. The origin and growth of renal calculi. Ann. Surg. 105, 1009 (1937).

Coe, F. L., Evan, A. P., Worcester, E. M. & Lingeman, J. E. Three pathways for human kidney
stone formation. Urol. Res. 38, 147-160 (2010).

Evan, A. P. et al. Renal crystal deposits and histopathology in patients with cystine
stones. Kidney Int. 69, 2227-2235 (2006).

Evan, A. P. et al. Renal histopathology of stone-forming patients with distal renal tubular
acidosis. Kidney Int. 71, 795-801 (2007).

Evan, A. P. et al. Randall's plaque of patients with nephrolithiasis begins in basement
membranes of thin loops of Henle. J. Clin. Invest. 111, 607-616 (2003).

Evan, A. P. et al. Renal intratubular crystals and hyaluronan staining occur in stone
formers with bypass surgery but not with idiopathic calcium oxalate stones. Anat. Rec.
291, 325-334 (2008).

Evan, A. E. et al. Histopathology and surgical anatomy of patients with primary
hyperparathyroidism and calcium phosphate stones. Kidney Int. 74, 223-229 (2008).
Mandel, N., Mandel, I, Fryjoff, K., Rejniak, T. & Mandel, G. Conversion of calcium oxalate
to calcium phosphate with recurrent stone episodes. J. Urol. 169, 2026-2029 (2003).
Evan, A. P. et al. Mechanism by which shock wave lithotripsy can promote formation of
human calcium phosphate stones. Am. J. Physiol. Ren. Physiol. 308, F938-F949 (2015).

Nature Reviews Nephrology | Volume 21| November 2025 | 794-808

805


http://www.nature.com/nrneph

Review article

52. Parks, J. H., Coe, F. L., Evan, A. P. & Worcester, E. M. Urine pH in renal calcium stone
formers who do and do not increase stone phosphate content with time. Nephrol. Dial.
Transpl. 24,130-136 (2009).

53. Stoller, M. L., Low, R. K., Shami, G. S., McCormick, V. D. & Kerschmann, R. L. High
resolution radiography of cadaveric kidneys: unraveling the mystery of Randall’s plaque
formation. J. Urol. 156, 1263-1266 (1996).

54. Kim, S. C. et al. Stone formation is proportional to papillary surface coverage by
Randall’s plaque. J. Urol. 173, 117-119 (2005).

55. Evan, A.P., Coe, F.L., Lingeman, J., Bledsoe, S. & Worcester, E. M. Randall's plaque
in stone formers originates in ascending thin limbs. Am. J. Physiol. Ren. Physiol. 315,
F1236-F1242 (2018).

56. Daudon, M., Dore, J. C., Jungers, P. & Lacour, B. Changes in stone composition according
to age and gender of patients: a multivariate epidemiological approach. Urol. Res. 32,
241-247 (2004).

57. Anderegg, M. A. et al. Prevalence and characteristics of genetic disease in adult kidney
stone formers. Nephrol. Dial. Transpl. 39, 1426-1441(2024).

58. Prot-Bertoye, C. et al. CKD and its risk factors among patients with cystinuria. Clin. J. Am.
Soc. Nephrol. 10, 842-851(2015).

59. Alexander, R. T, Fuster, D. G. & Dimke, H. Mechanisms underlying calcium nephrolithiasis.
Annu. Rev. Physiol. 84, 559-583 (2022).

60. Dasgupta, D. et al. Mutations in SLC34A3/NPT2c are associated with kidney stones and
nephrocalcinosis. J. Am. Soc. Nephrol. 25, 2366-2375 (2014).

61. Dhayat, N. A. et al. The vitamin D metabolite diagnostic ratio associates with phenotypic
traits of idiopathic hypercalciuria. Kidney Int. Rep. 9, 1072-1082 (2024).

62. Vezzoli, G. et al. Influence of calcium-sensing receptor gene on urinary calcium excretion
in stone-forming patients. J. Am. Soc. Nephrol. 13, 2517-2523 (2002).

63. Worcester, E. M., Bergsland, K. J., Gillen, D. L. & Coe, F. L. Evidence for increased
renal tubule and parathyroid gland sensitivity to serum calcium in human idiopathic
hypercalciuria. Am. J. Physiol. Ren. Physiol. 305, F853-F860 (2013).

64. Fuster, D. G. & Moe, O. W. Incomplete distal renal tubular acidosis and kidney stones.
Adv. Chronic Kidney Dis. 25, 366-374 (2018).

65. Moe, O. W. & Preisig, P. A. Dual role of citrate in mammalian urine. Curr. Opin. Nephrol.
Hypertens. 15, 419-424 (2006).

66. Baggio, B., Gambaro, G., Favaro, S. & Borsatti, A. Prevalence of hyperoxaluria in idiopathic
calcium oxalate kidney stone disease. Nephron 35, 11-14 (1983).

67. Laminski, N. A., Meyers, A. M., Kruger, M., Sonnekus, M. |. & Margolius, L. P. Hyperoxaluria
in patients with recurrent calcium oxalate calculi: dietary and other risk factors. Br. J. Urol.
68, 454-458 (1991).

68. Pak, C.Y. et al. Rapid communication: relative effect of urinary calcium and oxalate on
saturation of calcium oxalate. Kidney Int. 66, 2032-2037 (2004).

69. Bazin, D. et al. Hyperoxaluria is related to whewellite and hypercalciuria to weddellite:
what happens when crystalline conversion occurs? Comptes Rendus Chim. 19,
1492-1503 (2016).

70. Bargagli, M., Tio, M. C., Waikar, S. S. & Ferraro, P. M. Dietary oxalate intake and kidney
outcomes. Nutrients 12, 2673 (2020).

71.  lsrar, B., Frazier, R. A. & Gordon, M. H. Effects of phytate and minerals on the
bioavailability of oxalate from food. Food Chem. 141, 1690-1693 (2013).

72. Holmes, R. P, Goodman, H. O. & Assimos, D. G. Contribution of dietary oxalate to urinary
oxalate excretion. Kidney Int. 59, 270-276 (2001).

73. Baxmann, A.C., De, O. G. M. C. & Heilberg, I. P. Effect of vitamin C supplements on urinary
oxalate and pH in calcium stone-forming patients. Kidney Int. 63, 1066-1071 (2003).

74. Ferraz, R.R., Tiselius, H. G. & Heilberg, I. P. Fat malabsorption induced by gastrointestinal
lipase inhibitor leads to an increase in urinary oxalate excretion. Kidney Int. 66, 676-682
(2004).

75. Froeder, L., Arasaki, C. H., Malheiros, C. A., Baxmann, A. C. & Heilberg, I. P. Response to
dietary oxalate after bariatric surgery. Clin. J. Am. Soc. Nephrol. 7, 2033-2040 (2012).

76. Groothoff, J. W. et al. Clinical practice recommendations for primary hyperoxaluria:
an expert consensus statement from ERKNet and OxalEurope. Nat. Rev. Nephrol. 19,
194-211(2023).

77. Moe, O.W. & Xu, L. H. R. Hyperuricosuric calcium urolithiasis. J. Nephrol. 31, 189-196
(2018).

78. Bargagli, M. et al. Urinary lithogenic profile of patients with non-alcoholic fatty liver
disease. Nephrol. Dial. Transpl. 38, 2652-2654 (2023).

79. Sakhaee, K., Adams-Huet, B., Moe, O. W. & Pak, C. Y. Pathophysiologic basis for
normouricosuric uric acid nephrolithiasis. Kidney Int. 62, 971-979 (2002).

80. Kunlayawutipong, T. et al. Prevalence and risk factors for hyperuricemia and
hyperuricosuria in patients with hematologic malignancies. Front. Med. 11, 1343000
(2024).

81. Rodman, J. S. Struvite stones. Nephron 81, 50-59 (1999).

82. Flannigan, R., Choy, W. H., Chew, B. & Lange, D. Renal struvite stones — pathogenesis,
microbiology, and management strategies. Nat. Rev. Urol. 11, 333-341(2014).

83. Leaf, D. E., Bukberg, P.R. & Goldfarb, D. S. Laxative abuse, eating disorders, and kidney
stones: a case report and review of the literature. Am. J. Kidney Dis. 60, 295-298 (2012).

84. Daudon, M., Frochot, V., Bazin, D. & Jungers, P. Drug-induced kidney stones and crystalline
nephropathy: pathophysiology, prevention and treatment. Drugs 78, 163-201(2018).

85. Maalouf, N. M., Langston, J. P., Van Ness, P. C., Moe, O. W. & Sakhaee, K. Nephrolithiasis in
topiramate users. Urol. Res. 39, 303-307 (2011).

86. Colliou, E., Mari, A., Delas, A., Delarche, A. & Faguer, S. Oxalate nephropathy following
vitamin C intake within intensive care unit. Clin. Nephrol. 88, 354-358 (2017).

87.

88.

89.

90.

1.

92.

93.

94.

95.

96.

97.

98.

90.

100.

101

102.

103.

104.

105.

106.

107.

108.

100.

10.

m.

2.

13.

4.

5.

6.

n7.

8.

ne.

120.

Howles, S. A. & Thakker, R. V. Genetics of kidney stone disease. Nat. Rev. Urol. 17, 407-421
(2020).

Daga, A. et al. Whole exome sequencing frequently detects a monogenic cause in early
onset nephrolithiasis and nephrocalcinosis. Kidney Int. 93, 204-213 (2018).

Font-Llitjos, M. et al. New insights into cystinuria: 40 new mutations, genotype-phenotype
correlation, and digenic inheritance causing partial phenotype. J. Med. Genet. 42, 58-68
(2005).

Thomas, K., Wong, K., Withington, J., Bultitude, M. & Doherty, A. Cystinuria — a urologist’s
perspective. Nat. Rev. Urol. 11, 270-277 (2014).

Wu, C. W. et al. Population genetics analysis of SLC3A1and SLC7A9 revealed the etiology
of cystine stone may be more than what our current genetic knowledge can explain.
Urolithiasis 51,101 (2023).

Crawhall, J. C., Scowen, E. F. & Watts, R. W. Effect of penicillamine on cystinuria. Br. Med.
J.1,588-590 (1963).

Chow, G. K. & Streem, S. B. Medical treatment of cystinuria: results of contemporary
clinical practice. J. Urol. 156, 1576-1578 (1996).

Barbey, F. et al. Medical treatment of cystinuria: critical reappraisal of long-term results.
J. Urol. 163, 1419-1423 (2000).

Pak, C.Y., Fuller, C., Sakhaee, K., Zerwekh, J. E. & Adams, B. V. Management of cystine
nephrolithiasis with a-mercaptopropionylglycine. J. Urol. 136, 1003-1008 (1986).
Howles, S. A. et al. Genetic variants of calcium and vitamin D metabolism in kidney stone
disease. Nat. Commun. 10, 5175 (2019).

Molin, A. et al. CYP24A1 mutations in a cohort of hypercalcemic patients: evidence

for a recessive trait. J. Clin. Endocrinol. Metab. 100, E1343-E1352 (2015).

Ball, N. et al. 3’ Untranslated region structural elements in CYP24A1 are associated with
infantile hypercalcemia type 1. J. Bone Min. Res. 38, 414-426 (2023).

Davidson Peiris, E. & Wusirika, R. A case report of compound heterozygous CYP24A1
mutations leading to nephrolithiasis successfully treated with ketoconazole. Case Rep.
Nepbhrol. Dial. 7,167-171 (2017).

Sayers, J. et al. Successful treatment of hypercalcaemia associated with a CYP24A1
mutation with fluconazole. Clin. Kidney J. 8, 453-455 (2015).

Schlingmann, K. P. et al. Autosomal-recessive mutations in SLC34A1 encoding
sodium-phosphate cotransporter 2A cause idiopathic infantile hypercalcemia.

J. Am. Soc. Nephrol. 27, 604-614 (2016).

Gordon, R. J., Li, D., Doyle, D., Zaritsky, J. & Levine, M. A. Digenic heterozygous
mutations in SLC34A3 and SLC34A1 cause dominant hypophosphatemic rickets with
hypercalciuria. J. Clin. Endocrinol. Metab. 105, 2392-2400 (2020).

Tieder, M. et al. Hereditary hypophosphatemic rickets with hypercalciuria. N. Engl. J.
Med. 312, 611-617 (1985).

Bergwitz, C. et al. SLC34A3 mutations in patients with hereditary hypophosphatemic
rickets with hypercalciuria predict a key role for the sodium-phosphate cotransporter
NaPi-llc in maintaining phosphate homeostasis. Am. J. Hum. Genet. 78, 179-192 (2006).
Colazo, J. M., Reasoner, S. A., Holt, G., Faugere, M. C. M. & Dahir, K. M. Hereditary
hypophosphatemic rickets with hypercalciuria (HHRH) presenting with genu valgum
deformity: treatment with phosphate supplementation and surgical correction. Case
Rep. Endocrinol. 2020, 1047327 (2020).

Rungroj, N. et al. Distal renal tubular acidosis caused by tryptophan-aspartate repeat
domain 72 (WDR72) mutations. Clin. Genet. 94, 409-418 (2018).

Enerback, S. et al. Acidosis and deafness in patients with recessive mutations in FOXI1.
J. Am. Soc. Nephrol. 29, 1041-1048 (2018).

Hopp, K. et al. Phenotype-genotype correlations and estimated carrier frequencies

of primary hyperoxaluria. J. Am. Soc. Nephrol. 26, 2559-2570 (2015).

Garrelfs, S. F. et al. Lumasiran, an RNAi therapeutic for primary hyperoxaluria type 1.

N. Engl. J. Med. 384, 1216-1226 (2021).

Baum, M. A. et al. PHYOX2: a pivotal randomized study of nedosiran in primary
hyperoxaluria type 1 or 2. Kidney Int. 103, 207-217 (2023).

Goldfarb, D. S., Avery, A. R., Beara-Lasic, L., Duncan, G. E. & Goldberg, J. A twin study

of genetic influences on nephrolithiasis in women and men. Kidney Int. Rep. 4, 535-540
(2019).

Hemminki, K. et al. Familial risks in urolithiasis in the population of Sweden. BJU Int. 121,
479-485 (2018).

Hao, X. et al. Integrative genome-wide analyses identify novel loci associated with kidney
stones and provide insights into its genetic architecture. Nat. Commun. 14, 7498 (2023).
Lovegrove, C. E. et al. Central adiposity increases risk of kidney stone disease through
effects on serum calcium concentrations. J. Am. Soc. Nephrol. 34,1991-2011(2023).
Thorleifsson, G. et al. Sequence variants in the CLDN14 gene associate with kidney
stones and bone mineral density. Nat. Genet. 41, 926-930 (2009).

Oddsson, A. et al. Common and rare variants associated with kidney stones and
biochemical traits. Nat. Commun. 6, 7975 (2015).

Breiderhoff, T. et al. Deletion of claudin-10 (Cldn10) in the thick ascending limb impairs
paracellular sodium permeability and leads to hypermagnesemia and nephrocalcinosis.
Proc. Natl Acad. Sci. USA 109, 14241-14246 (2012).

Paranjpe, I. et al. Derivation and validation of genome-wide polygenic score for urinary
tract stone diagnosis. Kidney Int. 98, 1323-1330 (2020).

Wang, W. et al. Prospective analysis of incident disease among individuals of diverse
ancestries using genetic and conventional risk factors. Preprint at medRxiv https://doi.org/
10.1101/2023.10.23.23297414 (2023).

Pearle, M. S. et al. Medical management of kidney stones: AUA guideline. J. Urol. 192,
316-324 (2014).

Nature Reviews Nephrology | Volume 21| November 2025 | 794-808

806


http://www.nature.com/nrneph
https://doi.org/10.1101/2023.10.23.23297414
https://doi.org/10.1101/2023.10.23.23297414

Review article

121

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

151.

152.

153.

154.

Ljungberg, B. et al. EAU Guidelines, Presented at the EAU Annual Congress Milan 2021
(EAU Guidelines Office, 2021).

Gambaro, G. et al. Metabolic diagnosis and medical prevention of calcium
nephrolithiasis and its systemic manifestations: a consensus statement. J. Nephrol. 29,
715-734 (2016).

Williams, J. C. Jr. et al. Urine and stone analysis for the investigation of the renal stone
former: a consensus conference. Urolithiasis 49, 1-16 (2021).

Norman, R. W., Bath, S. S., Robertson, W. G. & Peacock, M. When should patients with
symptomatic urinary stone disease be evaluated metabolically? J. Urol. 132, 1137-1139
(1984).

Edwards, O. M., Bayliss, R. I. & Millen, S. Urinary creatinine excretion as an index of the
copleteness of 24-hour urine collections. Lancet 2, 1165-1166 (1969).

Pak, C. Y., Poindexter, J. R., Adams-Huet, B. & Pearle, M. S. Predictive value of kidney stone
composition in the detection of metabolic abnormalities. Am. J. Med. 115, 26-32 (2003).
Daudon, M. & Jungers, P. Drug-induced renal calculi: epidemiology, prevention and
management. Drugs 64, 245-275 (2004).

Ferraro, P. M., Taylor, E. N., Gambaro, G. & Curhan, G. C. Dietary and lifestyle risk factors
associated with incident kidney stones in men and women. J. Urol. 198, 858-863 (2017).
Curhan, G. C., Willett, W. C., Rimm, E. B. & Stampfer, M. J. A prospective study of dietary
calcium and other nutrients and the risk of symptomatic kidney stones. N. Engl. J. Med.
328, 833-838 (1993).

Curhan, G. C., Willett, W. C., Speizer, F. E., Spiegelman, D. & Stampfer, M. J. Comparison
of dietary calcium with supplemental calcium and other nutrients as factors affecting the
risk for kidney stones in women. Ann. Intern. Med. 126, 497-504 (1997).

Taylor, E. N., Stampfer, M. J. & Curhan, G. C. Dietary factors and the risk of incident
kidney stones in men: new insights after 14 years of follow-up. J. Am. Soc. Nephrol. 15,
3225-3232(2004).

Parks, J. H. & Coe, F. L. Evidence for durable kidney stone prevention over several
decades. BJU Int. 103, 1238-1246 (2009).

Ferraro, P. M., Taylor, E. N., Gambaro, G. & Curhan, G. C. Soda and other beverages and
the risk of kidney stones. Clin. J. Am. Soc. Nephrol. 8,1389-1395 (2013).

Phillips, M. J. & Cooke, J. N. Relation between urinary calcium and sodium in patients with
idiopathic hypercalciuria. Lancet 1, 1354-1357 (1967).

Sakhaee, K., Harvey, J. A., Padalino, P. K., Whitson, P. & Pak, C. Y. The potential role of salt
abuse on the risk for kidney stone formation. J. Urol. 150, 310-312 (1993).

Kleeman, C. R., Bohannan, J., Bernstein, D., Ling, S. & Maxwell, M. H. Effect of variations
in sodium intake on calcium excretion in normal humans. Proc. Soc. Exp. Biol. Med. 115,
29-32(1964).

Nouvenne, A. et al. Effects of a low-salt diet on idiopathic hypercalciuria in
calcium-oxalate stone formers: a 3-mo randomized controlled trial. Am. J. Clin. Nutr. 91,
565-570 (2010).

Hess, B., Jost, C., Zipperle, L., Takkinen, R. & Jaeger, P. High-calcium intake abolishes
hyperoxaluria and reduces urinary crystallization during a 20-fold normal oxalate load
in humans. Nephrol. Dial. Transpl. 13, 2241-2247 (1998).

Taylor, E. N. & Curhan, G. C. Oxalate intake and the risk for nephrolithiasis. J. Am. Soc.
Nephrol. 18, 2198-2204 (2007).

Melton, L. J. 3rd, Crowson, C. S., Khosla, S., Wilson, D. M. & O’Fallon, W. M. Fracture

risk among patients with urolithiasis: a population-based cohort study. Kidney Int. 53,
459-464 (1998).

Worcester, E. M. Stones from bowel disease. Endocrinol. Metab. Clin. North Am. 31,
979-999 (2002).

Hylander, E., Jarnum, S. & Nielsen, K. Calcium treatment of enteric hyperoxaluria after
jejunoileal bypass for morbid obesity. Scand. J. Gastroenterol. 15, 349-352 (1980).
Taylor, E. N., Fung, T. T. & Curhan, G. C. DASH-style diet associates with reduced risk

for kidney stones. J. Am. Soc. Nephrol. 20, 2253-2259 (2009).

Rodriguez, A., Curhan, G. C., Gambaro, G., Taylor, E. N. & Ferraro, P. M. Mediterranean diet
adherence and risk of incident kidney stones. Am. J. Clin. Nutr. 111, 1100-1106 (2020).
Ferraro, P. M., Mandel, E. I., Curhan, G. C., Gambaro, G. & Taylor, E. N. Dietary protein and
potassium, diet-dependent net acid load, and risk of incident kidney stones. Clin. J. Am.
Soc. Nephrol. 11,1834-1844 (2016).

Brikowski, T. H., Lotan, Y. & Pearle, M. S. Climate-related increase in the prevalence

of urolithiasis in the United States. Proc. Natl Acad. Sci. USA 105, 9841-9846 (2008).
Sasai, F. et al. Climate change and nephrology. Nephrol. Dial. Transpl. 38, 41-48 (2023).
Stamatelou, K. & Goldfarb, D. S. Epidemiology of kidney stones. Healthcare 11, 424 (2023).
Linder, B. J., Rangel, L. J. & Krambeck, A. E. The effect of work location on urolithiasis in
health care professionals. Urolithiasis 41, 327-331(2013).

Barcelo, P., Wuhl, O., Servitge, E., Rousaud, A. & Pak, C. Y. Randomized double-blind
study of potassium citrate in idiopathic hypocitraturic calcium nephrolithiasis. J. Urol.
150, 1761-1764 (1993).

Ettinger, B. et al. Potassium-magnesium citrate is an effective prophylaxis against
recurrent calcium oxalate nephrolithiasis. J. Urol. 158, 2069-2073 (1997).

Fink, H. A. et al. Medical management to prevent recurrent nephrolithiasis in adults:

a systematic review for an American College of Physicians Clinical Guideline. Ann. Intern.
Med. 158, 535-543 (2013).

Phillips, R. et al. Citrate salts for preventing and treating calcium containing kidney
stones in adults. Cochrane Database Syst. Rev. 2015, CD010057 (2015).

Forciea, M. A. & Starkey, M. Prevention of repeated episodes of kidney stones in adults:
a clinical practice guideline from the American College of Physicians. Ann. Intern. Med.
161, P14-9038 (2014).

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Hofbauer, J., Hobarth, K., Szabo, N. & Marberger, M. Alkali citrate prophylaxis in
idiopathic recurrent calcium oxalate urolithiasis-a prospective randomized study.

Br. J. Urol. 73, 362-365 (1994).

Pak, C. Y. et al. Comparison of semi-empirical and computer derived methods for
estimating urinary saturation of brushite. J. Urol. 181, 1423-1428 (2009).

Dhayat, N. A. et al. Efficacy of standard and low dose hydrochlorothiazide in the
recurrence prevention of calcium nephrolithiasis (NOSTONE trial): protocol for a
randomized double-blind placebo-controlled trial. BMC Nephrol. 19, 349 (2018).
Dhayat, N. A. et al. Hydrochlorothiazide and prevention of kidney-stone recurrence.

N. Engl. J. Med. 388, 781-791(2023).

Bargagli, M., Anderegg, M. A. & Fuster, D. G. Effects of thiazides and new findings on
kidney stones and dysglycemic side effects. Acta Physiol. 240, 14155 (2024).

Christe, A. et al. Hydrochlorothiazide and bone mineral density in patients with kidney
stones: a post-hoc analysis of the NOSTONE trial. Clin. J. Am. Soc. Nephrol. 20, 706-718
(2025).

Pottegard, A. et al. Hydrochlorothiazide use is strongly associated with risk of lip cancer.
J. Intern. Med. 282, 322-331(2017).

Pedersen, S. A. et al. Hydrochlorothiazide use and risk of nonmelanoma skin cancer:

a nationwide case-control study from Denmark. J. Am. Acad. Dermatol. 78, 673-681 €679
(2018).

Haisma, M. S. et al. Chronic use of hydrochlorothiazide and risk of skin cancer in
Caucasian adults: a PharmLines initiative inception cohort study. Acta Derm. Venereol.
103, adv3933 (2023).

Borghi, L., Meschi, T., Guerra, A. & Novarini, A. Randomized prospective study

of a nonthiazide diuretic, indapamide, in preventing calcium stone recurrences.

J. Cardiovasc. Pharmacol. 22, S78-S86 (1993).

Ettinger, B., Citron, J. T., Livermore, B. & Dolman, L. I. Chlorthalidone reduces calcium
oxalate calculous recurrence but magnesium hydroxide does not. J. Urol. 139, 679-684
(1988).

Bargagli, M., Trelle, S., Bonny, O. & Fuster, D. G. Thiazides for kidney stone recurrence
prevention. Curr. Opin. Nephrol. Hypertens. 33, 427-432 (2024).

Scoglio, M. et al. Indapamide or chlorthalidone to reduce urine supersaturation for
secondary prevention of kidney stones: protocol for a randomised, double-blind,
cross-over trial INDAPACHLOR). BMJ Open 15, 101594 (2025).

Coe, F. L. Treated and untreated recurrent calcium nephrolithiasis in patients with
idiopathic hypercalciuria, hyperuricosuria, or no metabolic disorder. Ann. Intern. Med.
87, 404-410 (1977).

Ettinger, B., Tang, A., Citron, J. T., Livermore, B. & Williams, T. Randomized trial of allopurinol
in the prevention of calcium oxalate calculi. N. Engl. J. Med. 315, 1386-1389 (1986).

Coe, F. L. & Raisen, L. Allopurinol treatment of uric-acid disorders in calcium-stone
formers. Lancet 1,129-131(1973).

Curhan, G. C. & Taylor, E. N. 24-h uric acid excretion and the risk of kidney stones.
Kidney Int. 73, 489-496 (2008).

Pak, C. Y., Sakhaee, K. & Fuller, C. Successful management of uric acid nephrolithiasis
with potassium citrate. Kidney Int. 30, 422-428 (1986).

Kursh, E. D. & Resnick, M. I. Dissolution of uric acid calculi with systemic alkalization.

J. Urol. 132, 286-287 (1984).

Tsaturyan, A. et al. Oral chemolysis is an effective, non-invasive therapy for urinary stones
suspected of uric acid content. Urolithiasis 48, 501-507 (2020).

Assimos, D. et al. Surgical management of stones: American urological association/
endourological society guideline, part . J. Urol. 196, 1153-1160 (2016).

Geraghty, R. M. et al. Best practice in interventional management of urolithiasis:

an update from the European association of urology guidelines panel for urolithiasis 2022.
Eur. Urol. Focus 9, 199-208 (2023).

Sant, G. R., Blaivas, J. G. & Meares, E. M. Jr. Hemiacidrin irrigation in the management of
struvite calculi: long-term results. J. Urol. 130, 1048-1050 (1983).

Griffith, D. P. et al. Randomized, double-blind trial of Lithostat (acetohydroxamic acid) in
the palliative treatment of infection-induced urinary calculi. Eur. Urol. 20, 243-247 (1991).
Jacobs, D., Heimbach, D. & Hesse, A. Chemolysis of struvite stones by acidification of
artificial urine - an in vitro study. Scand. J. Urol. Nephrol. 35, 345-349 (2001).

Poletti, P. A. et al. Low-dose versus standard-dose CT protocol in patients with clinically
suspected renal colic. AJR Am. J. Roentgenol. 188, 927-933 (2007).

Pathan, S. A., Mitra, B. & Cameron, P. A. A systematic review and meta-analysis
comparing the efficacy of nonsteroidal anti-inflammatory drugs, opioids, and
paracetamol in the treatment of acute renal colic. Eur. Urol. 73, 583-595 (2018).
Schmidt, M., Sorensen, H. T. & Pedersen, L. Diclofenac use and cardiovascular risks:
series of nationwide cohort studies. BMJ 362, k3426 (2018).

Pickard, R. et al. Medical expulsive therapy in adults with ureteric colic: a multicentre,
randomised, placebo-controlled trial. Lancet 386, 341-349 (2015).

Furyk, J. S. et al. Distal ureteric stones and tamsulosin: a double-blind, placebo-
controlled, randomized, multicenter trial. Ann. Emerg. Med. 67, 86-95.82 (2016).

Sur, R. L. et al. Silodosin to facilitate passage of ureteral stones: a multi-institutional,
randomized, double-blinded, placebo-controlled trial. Eur. Urol. 67, 959-964

(2015).

Turk, C. et al. Medical expulsive therapy for ureterolithiasis: the EAU recommendations
in 2016. Eur. Urol. 71, 504-507 (2017).

Ye, Z. et al. Efficacy and safety of tamsulosin in medical expulsive therapy for

distal ureteral stones with renal colic: a multicenter, randomized, double-blind,
placebo-controlled trial. Eur. Urol. 73, 385-391 (2018).

Nature Reviews Nephrology | Volume 21| November 2025 | 794-808

807


http://www.nature.com/nrneph

Review article

188.

189.

190.

191

192.

193.

194.

195.

196.

197.

198.

199.

Hollingsworth, J. M. et al. Alpha blockers for treatment of ureteric stones: systematic
review and meta-analysis. BMJ 355, i6112 (2016).

Lovegrove, C. E. et al. Natural history of small asymptomatic kidney and residual stones
over a long-term follow-up: systematic review over 25 years. BJU Int. 129, 442-456 (2022).
Stritt, K. et al. Risk factors of asymptomatic kidney stone passage in adults with recurrent
kidney stones. Clin. J. Am. Soc. Nephrol. 19, 1130-1137 (2024).

Inci, K. et al. Prospective long-term followup of patients with asymptomatic lower pole
caliceal stones. J. Urol. 177, 2189-2192 (2007).

Ong, A. et al. Selection and outcomes for dissolution therapy in uric acid stones:

a systematic review of literature. Curr. Urol. Rep. 24, 355-363 (2023).

EAU Guidelines. Edn. Presented at the EAU Annual Congress, Paris 2024 (EAU Guidelines
Office, 2024).

Deng, T. et al. Systematic review and cumulative analysis of the managements

for proximal impacted ureteral stones. World J. Urol. 37,1687-1701 (2019).

Geraghty, R. et al. Evidence for ureterorenoscopy and laser fragmentation (URSL)

for large renal stones in the modern era. Curr. Urol. Rep. 16, 54 (2015).

Sorensen, M. D. et al. Removal of small, asymptomatic kidney stones and incidence

of relapse. N. Engl. J. Med. 387, 506-513 (2022).

Smith, D. et al. PD47-02 pure RCT 2: clinical and cost-effectiveness of furs and percutaneous
nephrolithotomy for lower pole stones 10-25mm. J. Urol. 211, e980 (2024).

Seitz, C. et al. Incidence, prevention, and management of complications following
percutaneous nephrolitholapaxy. Eur. Urol. 61,146-158 (2012).

Evan, A. P. Physiopathology and etiology of stone formation in the kidney and the urinary
tract. Pediatr. Nephrol. 25, 831-841(2010).

Acknowledgements
S.A.H. is a Wellcome Trust Clinical Career Development Fellow.

Author contributions
All authors researched data for the article, made substantial contributions to discussion of the
content and wrote, reviewed or edited the manuscript before submission.

Competing interests

D.G.F. served as a consultant for Otsuka, Alnylam, Boehringer Ingelheim and Kyowa Kirin,

and received unrestricted research grants from Otsuka, Boehringer Ingelheim and CSL Vifor.
S.A.H. has received payment from CJ Medical and Boston Scientific for educational activities.
The other authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41581-025-00990-x.

Peer review information Nature Reviews Nephrology thanks John Lieske, Kristina Penniston
and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

Related links

ClinicalTrials.gov: https://clinicaltrials.gov

MIMIC Calculator for predicting spontaneous stone passage: https://
bursturologycollaborative.github.io/

© Springer Nature Limited 2025

Nature Reviews Nephrology | Volume 21| November 2025 | 794-808

808


http://www.nature.com/nrneph
https://doi.org/10.1038/s41581-025-00990-x
https://clinicaltrials.gov
https://bursturologycollaborative.github.io/
https://bursturologycollaborative.github.io/

	Kidney stone disease: risk factors, pathophysiology and management

	Introduction

	Pathophysiology of stone formation

	Physicochemistry of stone formation and supersaturation

	Histopathology of stone formation


	Stone types and urinary risk factors

	Calcium stones

	Uric acid stones

	Struvite stones

	Uncommon acquired kidney stones


	Genetics

	Cystinuria

	Hypercalcaemia and hypercalciuria

	Distal renal tubular acidosis

	Hyperoxaluria

	Polygenic risk factors for kidney stone disease


	Metabolic evaluation

	Prevention of kidney stone recurrence

	Dietary interventions

	Fluid intake
	Sodium intake
	Calcium and oxalate intake
	Animal protein, fruits and vegetables
	Social and environmental factors

	Pharmacological interventions

	Calcium stones

	Uric acid stones

	Struvite stones


	Management of symptomatic and asymptomatic kidney stones

	Management of ureteric stones

	Conservative management of kidney stones

	Surgical management of nephrolithiasis

	Extracorporeal shock wave lithotripsy
	Ureteroscopy
	Percutaneous nephrolithotomy


	Conclusions

	Acknowledgements

	Fig. 1 Physicochemistry of kidney stone formation.
	Fig. 2 Histopathology and pathogenesis of kidney stone formation.
	Fig. 3 Pathophysiology of hypercalciuria.
	Table 1 Major kidney stone types.
	Table 2 Reference values for single 24 h urine abnormalities.
	Table 3 Dietary interventions for the prevention of kidney stone recurrence.
	Table 4 Pharmacological interventions for the prevention of kidney stone recurrence.




