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Introduction

Kidney stones, formed within the upper
urinary tract, are concretions of different min-
eral salts mixed with an organic matrix. Neph-
rolithiasis has plagued humans since antiq-
uity. The oldest urinary calculi on record ac-
tually comes from an Egyptian mummy dated
about 4800 BC. A renal colic due to stone was
the first renal disease described by Hip-
pocrates. Considered a classic, this descrip-
tion included a differential diagnosis between
renal and bladder stones [1]. Galen (AD 130)
was the first to associate stones with a meta-
bolic origin [2]. Some of the notable figures
in history who suffered from stones include
Pliny, Sir Walter Scott, Benjamin Franklin,
Napoleon, and Lyndon B. Johnson [3].

During the past 20 years, notable advances
have been made in the nephrolithiasis field.
Pathophysiologic mechanisms for many
causes of stones have been clarified, and spe-
cific molecular defects are beginning to be
unraveled [4, 5]. It is now possible to diagnose
the cause of stone disease in > 95% of patients
[6], and new drugs provide improved treat-
ment options [7 – 9]. Facilitated stone removal
has become possible with the introduction of
the endoscopic approach [10] and extracor-
poreal shock wave lithotripsy (ESWL) [11].

Despite these advances, only a few practic-
ing physicians avail themselves of new diag-
nostic methods and preventive treatment mo-
dalities in the management of stone disease.

Reasons for this lapse are 2 fold. First, the
facility with which stones can now be re-
moved has led to a disparagement of the need
for medical diagnosis and treatment. Why
bother to have tests done and take drugs for a
long duration, when one feels well between
stone episodes? Instead, all one has to do is to
undergo lithotripsy when, once in a while, a
stone is formed and causes trouble.

Second, our group advocated a selective
treatment approach that necessitated a careful
differentiation of various causes of stones and
the selection of specific drugs for each cause.
The complexity of this process may have led
some physicians to forego the medical ap-
proach. However, urinary stone risk factors
are not modified by urological procedures
alone [12], and nephrolithiasis carries a life-
time recurrence rate as high as 80% [13].
Consequently, a medical approach, directed at
prevention of recurrent stone formation, is
still required. Strict adherence to the selective
approach seems impractical except at a large
stone research center. In this chapter, a new
and simplified approach for the medical man-
agement of kidney stones is proposed, which
any physician may readily adopt.

Epidemiology

More than 95% of urinary stones encoun-
tered in developed countries are localized in
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the kidney or upper urinary tract. Bladder
stones are found most commonly in men with
prostatic diseases and children who live in
less-developed countries in Southern Asia and
the Middle East. These stones, related to mal-
nutrition or infection, are a different entity
from nephrolithiasis and will not be discussed
in this chapter. The true incidence of neph-
rolithiasis is not well known. Most of the
studies have underestimated the problem be-
cause they relied on data from hospital re-
cords. As many as 70% of patients will not
require hospitalization [14]. In an attempt to
address this issue, Johnson et al. [15], studied
the incidence and prevalence rates for symp-
tomatic, noninfected renal stones over a 25-
year period in a well-defined population of
Rochester, Minnesota. They found an annual
age-adjusted incidence rate for males of 123.6
per 100,000 population in 1974, a 57% in-
crease from 1950. The incidence rate for fe-
males was stable over the study period at 36.0
per 100,000. The peak incidence occurs be-
tween the ages of 15 – 44 years, during the
most productive years [14]. Recurrence rates
increase with follow-up: 14%, 35%, 52%, and
75% after 1, 5, 10, and 20 years from the first
stone episode, respectively [16, 17]. Thus,
recurrence is the rule rather the exception.

Based on this and other population studies,
it has been estimated for the United States
population that 5 – 15% will have sympto-
matic stone disease by the age of 70, with the
prevalence being twice as common in men as
in women. Worldwide, the lifetime stone
prevalence in men > 60 years of age varies
from 1.5% in China, to 5.4% in Japan, around
8% in the United Kingdom, Germany and
Sweden, 12% in Canada, and 20% in Saudi
Arabia [18]. Obviously, these differences can
be explained in part by variations in study
design, but they also reflect real changes due
to genetic, nutritional, and environmental in-
fluences.

Nephrolithiasis leads to considerable mor-
bidity – renal colic, hematuria, and infection
(UTI). It accounts for 0.9% of hospital dis-
charges, with a mean duration of hospital stay
of 3 days. The total annual cost in the United
States, including direct costs from hospitali-
zation and outpatient evaluation, and indirect
costs from lost wages, was estimated to be
$1.83 billion in 1993 [19]. In addition, loss of
kidney function may occur because of com-
plications such as infection and obstruction,
and from damage during surgery. Up to 1% of
patients in a dialysis program developed end-
stage renal disease (ESRD) secondary to
stones [20]. Mortality from stone disease is
rare and data are not available.

Stone Composition

Mineral salts, mostly in a crystalline form,
account for > 95% of the weight of a kidney
stone. A heterogeneous material called matrix
is found in concentric layers or radial stria-
tions throughout the stone and explains the
remaining weight.

The composition of the different crystalline
components in stones varies from one part of
the world to another, depending on specific
methods of analysis and prevalence of stone
risk factors. Infrared spectroscopy and X-ray
diffraction crystallography offer the highest
degree of certainty for the correct analysis of
the stone [21]. The most recent series of stone
composition based on those techniques for
some industrialized countries are summarized
in Table 1 [21 – 23]. The majority of stones
are mixtures of 2 or more components. Cal-
careous stones, occurring as calcium oxalate
alone or in combination with apatite, com-
prise approximately 75% of all stones. Cal-
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cium oxalate crystals are found in monohy-
drate and dihydrate forms, which have differ-
ent lattice structures and microscopic appear-
ances. Only 5% of stones are principally made
of calcium phosphate salts such as apatite or
brushite. Noncalcareous stones account for no
more than 20% of stones. Struvite stones com-
prise 5 – 10% of stones; they are often called
infection stones because they develop from
infection of the urinary tract with urea-split-
ting organisms. Pure struvite stones are rare;
they typically occur as mixtures with carbon-
ate apatite or other calcium salts. Uric acid,
the major end product of purine metabolism,
accounts for 5 – 10% of stones in Europe and
United States. However, endemic regions ex-
ist in the Mediterranean countries and in the
Near East, where up to one third of all stones
are composed of uric acid [24]. Cystine
stones, comprising about 1%, are diagnostic
of cystinuria, an inherited disorder of dibasic
amino acid transport. The miscellaneous

group (approximately 2%) includes rare
forms of stones such as 2,8-dihydroxyadenine
and xanthine (due to inborn errors of metabo-
lism), triamterene or silica (from drug treat-
ments), or matrix calculi (which contain
mostly organic molecules and occur in asso-
ciation with chronic UTI) [25, 26].

Stone matrix is composed of about 64%
protein, 12% organic ash, 10% bound water,
9% nonamino sugars, and 5% glucosamine.
These organic materials might not only derive
from substances normally present in urine, but
may also be produced by epithelial cells from
the trauma induced by an enlarging stone [27].

Pathogenesis

Nephrolithiasis is a heterogeneous disor-
der; stone composition and the underlying

Table 1. Frequency of Occurrence of Components in Renal Stones

Stone type Mineral Mandel Leusmann Daudon
name 1989 1990 1995

USA Germany France
(10,163) (5,035) (10,438)

I) Calcareous stones
Calcium oxalate monohydrate Whewellite 55.4 70.2 42.8
Calcium oxalate dihydrate Weddellite 34.6 43.6 23.2
Basic calcium phosphate Apatite 26.9 51.0 15.3
Calcium hydrogen phosphate Brushite 1.7 2.1 1.0

II) Non-calcareous stones
Magnesium ammonium phosphate Struvite 12.6 10.1 2.8
Uric acid 12.6 10.0 8.8
Cystine 0.5 1.0 1.2
Miscellaneous 2.3 2.1 2.4

Numbers indicate the percentage occurrence of the most common stone type in the series. In parentheses
is indicated the number of stones.
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mechanisms responsible for stone formation
are diverse. Three principal theories of stone
formation have been invoked. The precipita-
tion-crystallization theory considers stone
formation to be a physicochemical process of
precipitation of stone-forming salts from a
supersaturated urinary environment [28]. The
inhibitor theory holds that a deficiency in
urine of substances that physicochemically
prevent crystallization leads to stone forma-
tion [29]. In the matrix theory, the stone is
believed to form in an organic matrix, analo-
gous to the mineralization of the bone [30].
While none of these theories is exclusive of
the others, the precipitation-crystallization
theory has the most experimental support.

A current scheme for stone formation con-
siders the process to begin by nucleation of a
crystal nidus from a supersaturated urinary
environment, followed by transformation of
the nidus into a stone through crystal growth,
epitaxial growth, and crystal aggregation
(Figure 1) [31]. This scheme is consistent with
all three classic theories, because stones could
form without or within an organic matrix and
because lack of inhibitors could facilitate the
process.

By whatever mechanism, the necessary
condition that must occur for stones to form
in human urine is nucleation, defined as the
beginning of a crystalline solid phase. Homo-
geneous nucleation refers to the process of
spontaneous crystal formation that occurs for

any stone-forming salt when its urinary satu-
ration exceeds the limit of metastability. How-
ever, in a complex solution such as urine,
many foreign surfaces are constantly present
cell debris, epithelial membranes, another
crystal species (e.g.), and crystals may nucle-
ate on such foreign surfaces in a phenomenon
known as heterogeneous nucleation. Because
it is not necessary to reach a critical cluster
size for nucleation, it is more likely that het-
erogeneous nucleation occurs at lower levels
of metastability [27]. This process may also
be the basis for the formation of stones of
mixed composition. Examples of heterogene-
ous nucleation are nucleation of calcium ox-
alate by seeds of calcium phosphate or by uric
acid. The urinary environment of patients with
stones is typically supersaturated with respect
to stone constituents and possesses a reduced
limit of metastability. Thus, the nucleation
process is facilitated in the stone-forming uri-
nary environment. This increased propensity
for nucleation is reflected, for instance, by the
reduced amount of soluble oxalate or calcium
required to elicit spontaneous precipitation of
calcium oxalate and calcium phosphate in
urine of stone-forming patients [32, 33].

Once a crystal nidus has been formed, other
events must occur to allow this nidus to be-
come large enough to get lodged in the urinary
tract. In principle, the retention of particles
within the renal tubule can occur through
several mechanisms: by the addition of new

n

Figure 1. Pathogenesis of
stone formation. (Adapted from
Pak CYC 1993 Urolithiasis. In:
Schrier RW, Gottschalk CW
(eds): Diseases of the Kidney
(Fifth Ed). Little, Brown and
Company, Boston, figure 25-1,
p 73, with permission).
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crystals of the same chemical composition to
the nucleus (crystal growth); by agglomera-
tion of preformed crystals into large clusters
(crystal aggregation); or by epitaxial growth,
the process whereby material of one crystal
type is precipitated upon the surface of an-
other whose lattice dimensions are almost
identical. Alternatively, the stone-forming
crystals may react with components of the
renal tubular cell, become attached, and grow
[27, 34].

Supersaturation of crystalloids can result
from the following processes:

– An increase in free ion concentrations,
through too little urine output (a concen-
trated urine), an absolute increase in the
amount of a stone-forming constituent
excreted in urine (such as calcium, oxa-
late, uric acid or cystine), or a reduction
in natural ligands (such as citrate, which
forms a soluble complex with calcium).

– An alteration in the urine pH, because
low urinary pH (< 5.5) increases urinary
saturation of uric acid, whereas high
urinary pH raises that of calcium phos-
phate and magnesium ammonium phos-
phate.

– A change in the ionic strength, which
alters the ionic activity of stone-forming
constituents [34].

Several methods for assessing supersatura-
tion levels in urine have been reported [27,
35]. The urinary activity product provides the
best estimate for the state of saturation with
respect to stone-forming ions. It is calculated
for any given salt, such as calcium oxalate, by
estimating ionic activities with a computer
program. When the activity product, e.g.
[Ca2+] × [Ox2-], is divided by the correspond-
ing thermodynamic solubility product (solu-
bility product of calcium oxalate in artificial
solutions), a relative saturation ratio is derived

[35]. A value > 1 represents urinary supersatu-
ration, whereas a value < 1 indicates under-
saturation.

Despite the importance of supersaturation
in stone formation, the urinary environment
of normal subjects without stones is often
supersaturated with respect to calcium ox-
alate, the most common stone salt. To explain
lack of stone formation, studies during the
past 40 years have sought the presence of
inhibitors that retard crystallization proc-
esses, particularly of calcium oxalate. These
substances have been defined as molecules
that raise the metastable limit (so that nuclea-
tion would be initiated at a higher supersatu-
ration), inhibit secondary nucleations, or re-
duce the growth rate and aggregation of crys-
tal nuclei [36]. The mechanism of action ap-
pears to be the adsorption of the inhibitors to
specific growth sites on the crystal surfaces,
which are thought to be dislocations in the
crystal lattice. This adsorption prevents the
further deposition of crystal lattice ions and
prevents the crystals from “sticking” together
in an aggregation process [34]. A list of pro-
posed inhibitors is shown in Table 2. Macro-
molecular inhibitors have been isolated from

Table 2. Urinary Crystallization Inhibitors

I) Low-molecular-weight substances
1. Citrate
2. Magnesium
3. Pyrophosphate
4. Trace metals

II) High-molecular-weight substances
1. Glycosaminoglycans
2. Nephrocalcin
3. Prothrombin F1 peptide
4. Tamm-Horsfall protein
5. Uronic acid rich protein
6. Uropontin
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the soluble part of the organic matrix of kid-
ney stones or in the urine. Small molecules
(citrate and pyrophosphate) play a prominent
role in the inhibition of crystal growth of
calcium phosphate [37], whereas larger mole-
cules [36] (glycopeptides and glycosamino-
glycans) are believed to play a prominent role
in the inhibition of calcium oxalate crystal-
lization. Urinary excretion of some of these
inhibitors, e.g. citrate [38] and glycosamino-
glycans [39], has been reported to be reduced
in some patients with stones. In other studies,
Tamm-Horsfall protein and nephrocalcin
have been reported to be structurally and func-
tionally abnormal in recurrent calcium ox-
alate stone formers. However, the role of these
organic macromolecules in the pathogenesis
of nephrolithiasis has not been well estab-
lished. Finally, epithelial cell injury and the
response of renal cells to crystals might be
relevant to the effective growth of renal calculi
[40, 41].

Other factors, such as anatomical abnor-
malities, predispose to stone formation.
Nephrolithiasis may be found in association
with ectopic, polycystic, or horseshoe kidney,
or with stenosis at all levels of the urinary
tract. In these conditions, it is generally ac-
cepted that secondary urinary stasis predis-
poses to infection stones or exaggerates stone
disease. Medullary sponge kidney is often
associated with calcareous renal calculi.
There is no convincing evidence that this
structural abnormality causes stone forma-
tion, because patients with medullary sponge
kidney and stones have the same spectrum of
biochemical abnormalities as the overall
population of stone formers without tubular
ectasia [26].

In summary, the pathogenesis of neph-
rolithiasis is multifactorial and involves al-
teration in physicochemical and biological
mechanisms that regulate the solubility of the
urine. Not all aspects of stone formation are

well understood, and the exact site in the
kidney at which initial steps in stone forma-
tion take place is unknown. However, from a
clinical point of view, abnormalities or risk
factors that predispose to stone formation can
be identified in most patients with stones from
analysis of their urine.

Urinary Risk Factors for
Nephrolithiasis

The frequency and pathogenetic signifi-
cance of most important urinary risk factors
for renal stones are described in Table 3. Data
from 1,270 patients with recurrent neph-
rolithiasis studied during the last 20 years
under the same ambulatory protocol were
considered in estimating the relative fre-
quency of various risk factors [6]. No abnor-
mality was found in only 4% of patients.
Several independent disturbances may, in
fact, coexist in a given patient. The co-occur-
rence of various derangements could be ex-
plained by (1) superimposition of a dietary or
environmental aberration on an underlying
metabolic abnormality, (2) coexistence of
separate metabolic abnormalities in the same
patient (e.g. distal renal tubular acidosis
(RTA) causing hypercalciuria and hypocitra-
turia), and (3) primary metabolic abnormality
causing other derangements (e.g. increased
intestinal calcium absorption, leaving less cal-
cium remaining in the gut to bind oxalate, thus
resulting in hyperoxaluria).

Hypercalciuria

Hypercalciuria is the most common under-
lying abnormality, encountered in approxi-
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mately 60% of patients with stones. It is usu-
ally defined in adults on an unrestricted diet
(about 1 g of calcium intake) as urinary cal-
cium excretion in 24 hours > 250 mg in
women and 300 mg in men, or 4 mg/kg body
weight in patients of either sex [42]. When
calcium intake is restricted for one week to
400 mg/day and sodium intake to 100
mEq/day, the upper limit of normal for urinary
calcium excretion is 200 mg/day [43].

The association of hypercalciuria with
nephrolithiasis was first recognized by Flocks
[44]. A pathogenetic role for hypercalciuria in
stone formation is supported by several lines
of evidence. First, the urinary saturation of
calcium oxalate and calcium phosphate has
been shown to correlate directly with urinary
calcium concentration. Moreover, the urinary
environment of patients with hypercalciuric
nephrolithiasis was typically supersaturated

Table 3. Incidence and Pathogenetic Significance of Risk Factors for Nephrolithiasis

Risk factor Incidence Effect in Urine
(%)*

Hypercalciuria 61 Increased saturation of calcium oxalate and calcium phosphate
Reduced inhibitor activity against crystallization of calcium salts
by binding negatively charged inhibitors (citrate, chondroitin sul-
fate) and inactivating them

Hyperuricosuria 36 Increased saturation of monosodium urate
Facilitated calcium oxalate crystallization by heterogeneous
nucleation or binding macromolecular inhibitor

Hypocitraturia 31 Increased saturation of calcium salts via reduced calcium
binding
Reduced inhibitor activity against spontaneous nucleation and
agglomeration of calcium oxalate,crystal growth of calcium
phosphate and heterogeneous nucleation of calcium oxalate by
monosodium urate.

Low urine volume 15 Increased saturation of stone-forming salts

Low urinary pH (pH < 5.5) 10 Low uric acid solubility

Hyperoxaluria 8 Increased saturation of calcium oxalate

Hypomagnesiuria 7 Increased saturation of calcium oxalate from reduced binding of
oxalate

High urinary pH (pH > 7.0) 6 Increased saturation of calcium phosphate
(struvite stones) Increased saturation of struvite (if ammonium ion concentration

is high)

Cystinuria 1 Increased saturation of urine

*Represents percentages of patients among 1,270 stone formers studied in Dallas who had each risk factor,
either singly or concurrently.
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with respect to these salts [33]. It was initially
suggested that hyperoxaluria was more effec-
tive than hypercalciuria in augmenting the
urinary saturation of stone-forming calcium
salts [45]. However, a reexamination of the
problem disclosed an equivalent action of cal-
cium and oxalate. Within the range of concen-
trations encountered in urine, the rise in cal-
cium concentration was as effective as the
increase in oxalate concentration in raising
the urinary saturation of calcium oxalate [43].
Indeed, correction of hypercalciuria with the
administration of thiazides [46] or sodium
cellulose phosphate [47] has effectively re-
duced stone formation in hypercalciuric pa-
tients. Second, hypercalciuria may reduce the
inhibitor activity in urine by binding nega-
tively-charged inhibitors and inactivating
them. Thus, Zerwekh and colleagues reported
that the inhibition of spontaneous nucleation
of calcium oxalate exhibited by citrate and
chondroitin sulfate was reduced by calcium
[48]. Lastly, failure of medical therapy in
some patients with calcium nephrolithiasis
has been associated with persistent hypercal-
ciuria [49].

Most patients with hypercalciuric neph-
rolithiasis are normocalcemic and have no
obvious cause for increased calcium excre-
tion. The term idiopathic hypercalciuria was

used by Albright et al. to denote this entity [50].
Pak, et al. broadly categorized hypercalciuria of
nephrolithiasis into 3 types (Figure 2) [43].

Absorptive hypercalciuria (AH), the most
common stone-forming entity [6], is charac-
terized by a primary enhancement of intesti-
nal calcium absorption. Following oral cal-
cium ingestion, there is a transient hypercal-
cemic response which leads to hypercalciuria
by enhancement of renal filtered load of cal-
cium and suppressed secretion of parathyroid
hormone (PTH), a hormone known to in-
crease renal reabsorption of calcium. AH ap-
pears to be inherited as an autosomal domi-
nant trait [51]. Our group in Dallas have de-
voted considerable effort to delineating the
pathophysiology of this disturbance. Al-
though increased circulating calcitriol con-
centrations have been reported for AH pa-
tients and could explain the elevated intestinal
calcium absorption, we have not observed
frank elevations in serum calcitriol in the ma-
jority of our patients [52]. This observation
suggests that vitamin D-independent proc-
esses or increased intestinal sensitivity to the
action of vitamin D might be operative in a
majority of the AH patients.

When patients with AH are challenged with
a short course of ketoconazole, an inhibitor of
steroid synthesis, the ensuing reduction in

Figure 2. Schemes for the
major forms of hypercalciuria.
(From Pak CYC 1990 Hyper-
calciuric calcium nephrolithi-
asis. In: Resnick MI, Pak CYC.
(eds): Urolithiasis.: WB Saun-
ders, Philadelphia, figure 3-5, p
44, with permission.)
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calcitriol synthesis produces a decline in in-
testinal calcium absorption and in urinary cal-
cium in some, but not all, patients [53]. This
finding suggests some dependency or sensi-
tivity of the gut to the prevailing concentration
of 1,25-(OH)2D3. Furthermore, we previously
reported increased vitamin D receptor (VDR)
numbers in activated lymphocytes from some
patients with AH who had normal circulating
1,25-(OH)2D3 levels [54]. These observa-
tions, as well as a report of increased intestinal
VDR concentration in the genetic hypercalci-
uric rat [55], an animal model with a pheno-
type similar to that of the human disease, all
prompted a detailed examination of VDR ex-
pression in patients with AH. However, exten-
sive molecular biological studies have so far
failed to support a pathophysiological impor-
tance of vitamin D. Thus, no alteration was
found in the VDR cDNA coding region from
patients with AH [56]. The gene for VDR or
1-α-hydroxylase of vitamin D was not linked
to the inheritance pattern of AH from linkage
analysis [57]. Again, there was neither an
increase in VDR levels in skin fibroblasts, a
recognized vitamin D-responsive cell, nor in-
creased sensitivity to upregulation of VDR
numbers by 1,25-(OH)2D3 in patients with
AH [58]. These studies do not preclude a role
of VDR concentration in intestinal tissue from
patients with AH, where prolongation of the
protein’s half-life may promote increases in
intestinal calcium absorption, hypercalciuria,
and nephrolithiasis. Moreover, there may be
involvement of other vitamin D responsive-
ness genes.

Renal hypercalciuria and primary hyperpa-
rathyroidism each account for no more than
2% of patients with renal stone disease [6]. In
renal hypercalciuria, there is a primary renal
leak of calcium, with a transient hypocal-
cemia. This stimulates parathyroid function,
and the excess of PTH leads to calcium mobi-
lization from bone and increased intestinal

calcium absorption via 1,25-(OH)2D3. The
cause for the renal leak of calcium is not
known. The restoration of normal serum PTH,
1,25-(OH)2D3 and intestinal calcium absorp-
tion upon correction of renal calcium leak by
thiazide supports the proposed pathogenetic
scheme [59]. Resorptive hypercalciuria is
most commonly due to primary hyperpa-
rathyroidism. The excessive secretion of PTH
stimulates bone resorption, increasing serum
calcium and renal filtered load of calcium.
Furthermore, PTH-induced renal synthesis of
1,25-(OH)2D3 leads to enhanced intestinal
calcium absorption, leading to further in-
crease in serum calcium and filtered renal
calcium load.

Some hypercalciuric patients cannot be
categorized into these major variants. Many
of them present with fasting hypercalciuria
with normal parathyroid function. This pres-
entation may reflect abnormal renal clearance
of absorbed calcium in patients with absorp-
tive hypercalciuria. However, recent studies
suggest that in some of these cases, hypercal-
ciuria may be partly skeletal in origin because
of cytokine-induced bone resorption [60].

Hyperuricosuria

The association of hyperuricosuria with
uric acid stone formation is universally recog-
nized [61]. However, it is less commonly re-
alized that hyperuricosuria is also associated
with the formation of calcium oxalate stones,
even in the absence of hypercalciuria or hy-
peroxaluria. This association was first noted
by Coe et al. who reported that these patients
respond favorably to treatment with allopuri-
nol [62].

Figure 3 explains calcium stone formation
in the setting of hyperuricosuria, although this
scheme has not been clearly validated [63]
(Figure 3). Hyperuricosuria, in the setting of
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normal pH at which adequate dissociation of
uric acid occurs, produces urinary supersatu-
ration of monosodium urate. The resulting
formation of colloidal or crystalline monoso-
dium urate causes formation of calcium ox-
alate stones by heterogeneous nucleation [64,
65], or by adsorption of macromolecular in-
hibitors [66].

The usual upper limits for normal uric acid
excretion are 750 mg/day in women and 800
mg/day in men. However, urine specimens
with normal pH of 6.4 were invariably super-
saturated when the content of the total dis-
solved urate exceeded 300 mg/L [63]. Thus, a
more functional definition of 600 mg/day for
normal upper limit of uric acid excretion is
employed in our laboratory at Dallas, assum-
ing a desired urine volume of 2 L/day. De-
pending on the definition used for hyperuri-
cosuria, it is present in 20 – 40% of the stone-
forming population.

The most frequent cause for hyperurico-
suria is a purine-rich diet (red meat, poultry
and fish). Recurrent stone formation can be
ameliorated by dietary purine deprivation

[63]. In a minority of patients, hyperurico-
suria results from urate overproduction (e.g.
myeloproliferative disorders) or uricosuric
drugs (e.g. high doses of aspirin).

Hypocitraturia

Citric acid is a tricarboxylic acid with pKa’s
of 2.9, 4.3, and 5.6. Therefore, in plasma,
citrate exists predominantly as a trivalent an-
ion, citrate–. Intracellular citrate is a key com-
ponent of the tricarboxylic acid cycle (Krebs’
cycle), in which ATP is produced from glu-
cose and other fuels [67]. Citrate represents
the most abundant of the organic anions and
acids present in the urine and plays an impor-
tant role as an inhibitor of the crystallization
of calcium salts.

The physicochemical action of citrate is
summarized in Figure 4. Citrate probably acts
chiefly through the formation of a complex
with calcium, causing a reduction in the ionic
calcium concentration and the urinary satura-
tion of calcium oxalate and calcium phos-

Figure 3. Scheme for cal-
cium oxalate stone formation
from hyperuricosuria. NaU =
monosodium urate; CaOx =
calcium oxalate. (From Pak
CYC 1990 Hyperuricosuric cal-
cium nephrolithiasis . In: Res-
nick MI, Pak CYC. (eds):
Urolithiasis.: WB Saunders,
Philadelphia, figure 5-1, p. 80,
with permission.)
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phate [68]. In addition, citrate directly inhibits
agglomeration of calcium oxalate [69] and
spontaneous nucleation of calcium oxalate
[70], and may also impair urate-induced crys-
tallization of calcium oxalate [71]. The loss of
inhibitor activity of citrate leads to increased
saturation, enhanced heterogeneous nuclea-
tion, and facilitated crystal growth and aggre-
gation of calcium oxalate (Table 3).

The principal cause for hypocitraturia in
nephrolithiasis is acidosis or acid retention
(Table 4). Acidosis reduces urinary citrate

both by enhancing renal tubular reabsorption
and by impairing peritubular uptake and syn-
thesis of citrate. Renal citrate lyase activity is
increased by chronic acidosis, leading to re-
duced intracellular citrate and enhanced tubu-
lar reabsorption [67].

Distal acidification defect (type I) is the
only form of renal tubular acidosis (RTA)
associated with nephrolithiasis. Acidosis is
characteristic of distal RTA (due to an inabil-
ity to excrete acid) and is characterized by
systemic metabolic acidosis or defective uri-
nary acidification following an ammonium
chloride load, and urinary pH > 6.5 in the
absence of UTI. The acidosis is a hypoka-
lemic, hyperchloremic, nonanion gap meta-
bolic acidosis. In the complete form, metabo-
lic acidosis is present before an ammonium
chloride load is given. In the incomplete form,
urinary acidification following ammonium
chloride load is impaired, despite normal se-
rum electrolytes before the load. Chronic diar-
rheal states are associated with acidosis sec-
ondary to intestinal alkali and potassium loss.
The degrees of hypocitraturia are generally
proportional to the severity of intestinal fluid
loss. Hypokalemia, itself a result of intracel-
lular acidosis, may in turn cause hypocitra-
turia (e.g. during thiazide treatment).

Figure 4. Scheme for the in-
hibitor activity of citrate. (From
Pak CYC 1990 Hypocitraturic
calcium nephrolithiasis In: Res-
nick MI, Pak CYC. (eds):
Urolithiasis.: WB Saunders,
Philadelphia, figure 6-1, p.91,
with permission.)

Table 4. Causes of Hypocitraturia

I) Acidosis
1. Distal renal tubular acidosis

Complete
Incomplete

2. Chronic diarrheal syndrome
3. Hypokalemia
4. Strenuous physical exercise
5. High sodium or meat intake

II) Urinary tract infection

III) Idiopathic
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Other causes of acidosis-induced hypoci-
traturia are strenuous physical exercise (from
lactate accumulation), high sodium intake
(from bicarbonaturia), and a high meat diet
(from increased acid ash content). Hypocitra-
turia is also found in UTI, probably from the
degradation of citrate in urine by bacterial
enzymes and bacterial consumption of citrate.
In a significant number of cases, there is no
apparent cause of hypocitraturia; dietary acid
excess may be responsible. Our own studies
do not support existence of primary citrate
malabsorption. Citrate absorption from the
gastrointestinal tract was directly measured
by using the intestinal washout technique. In
both normal subjects and in patients with
stones, citrate absorption was very efficient,
with nearly 100% absorption in 3 hours [72 –
74].

Hypocitraturia has been variously reported
in 19 – 63% of patients with nephrolithiasis
[75]. This variation reflects different normal
ranges for urinary citrate established by vari-
ous laboratories. In the laboratory at Dallas,
hypocitraturia is defined by citrate < 320
mg/day for adult men and women [76]. This
value of 320 mg/day was derived from a large
number of normal subjects in this laboratory.
Among stone-forming patients, no significant
difference in urinary citrate was found be-
tween men and women. In distal RTA, urinary
citrate is invariably < 320 mg/day [77]. Fi-
nally, this limit provides a good empirical
definition of hypocitraturia, because patients
with urinary citrate below this level often
show a clinical response to potassium citrate
therapy that is superior to the response in
patients with citrate > 320 mg/day [78]. Using
this definition, hypocitraturia was found in
31% of our population of stone-forming pa-
tients [6].

Low Urine Volume

Low urine output represents one of the ma-
jor risk factors, predisposing to all forms of
stone disease. It may be the result of an inade-
quate fluid intake or elevated extrarenal loss
of fluid (e.g. chronic diarrhea or excessive
sweating in hot climates) [79 – 81]. Failure to
increase urine volume has been identified as
a predictor of relapse of calcium nephrolithi-
asis during treatment [49]. Low urine output
increased the urinary saturation of all stone-
forming salts by increasing the concentration
of constituents of the stone. Conversely, uri-
nary dilution was found to reduce the propen-
sity for the crystallization of calcium salts in
urine by lowering the urinary saturation of
brushite and calcium oxalate, and by increas-
ing the minimum supersaturation needed to
elicit spontaneous nucleation of calcium ox-
alate [80]. With a stringent definition of
1 L/day as the low normal limit of urine vol-
ume, 15% of patients had this risk factor [6].
Had we used a higher figure of 2 L/day, in-
dicative of desired urine volume [80], a much
higher percentage of patients would have had
low urine volume.

Low Urinary pH

The principal determinant of uric acid crys-
tallization is its relative insolubility in the
acidic urinary environment. Thus, the solubil-
ity of uric acid is pH dependent (Figure 5).
Below a pH of 5.5 (the pKa of uric acid), most
of the uric acid remains in an undissociated
form, possessing a low aqueous solubility of
< 100 mg/L [63]. This unusually acid environ-
ment leads to the development of uric acid
stones. Once a uric acid stone is formed, it
could induce formation of calcium oxalate
stones by the same mechanisms already men-
tioned for monosodium urate (see Hyperuri-
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cosuria). Secondly, the urinary saturation of
uric acid increases proportionately with the
rise in total uric acid concentration. With a rise
in pH, more uric acid becomes dissociated
into an anionic form, approaching 100% at pH
6.5. Thus, the propensity for uric acid crystal-
lization is low at higher urinary pH [63].

Low urinary pH could result from environ-
mental or nutritional aberrations, such as de-
hydration, strenuous physical exercise, and
consumption of a diet rich in animal proteins
[82]. Undue urinary acidity may be due to
metabolic disturbances as well, such as
chronic diarrhea [83] or, most often, gouty
diathesis [84, 85].

The term gouty diathesis represents the for-
mation of uric acid and/or calcium stones in
patients with primary or latent gout. Stones
may precede articular manifestations of pri-
mary gout in up to 40% of those patients. The
2 types of gouty diathesis, presenting with
uric acid stones or calcium stones, share simi-
lar clinical and biochemical features charac-
teristic of primary gout. Thus, a substantial
percent of gouty diathesis patients have gouty
arthritis, hyperuricemia, hypertriglyceri-

demia, and high renal tubular reabsorption of
urate, in addition to a low urinary pH (< 5.5)
unaccounted for by dietary acid excess or
intestinal alkali loss [84]. The underlying
mechanism in gouty diathesis responsible for
undue urinary acidity is still unknown. Some
patients have decreased ammonium excretion
even with normal glomerular filtration rate
(GFR), however, the cause for this defective
urinary ammonium excretion is unclear [86].
Since there is a reciprocal increase in urinary
titratable acidity, no systemic acidosis occurs
[87, 88]. Gouty diathesis was found in 10% of
recurrent stone-formers [6].

Hyperoxaluria

Oxalate is a useless end product of metabo-
lism and is excreted primarily in the urine. It
is clinically relevant to renal stone formation
because of the low solubility of its calcium
salt (calcium oxalate) [89]. Both in patients
with recurrent calcium nephrolithiasis and in
normal subjects, urinary saturation of calcium
oxalate is directly correlated with urinary ox-
alate concentration. As mentioned previously,
a rise in oxalate concentration is equally ef-
fective as a rise in calcium concentration in
augmenting the saturation of calcium oxalate
[68].

Normally, about 10% of urinary oxalate is
derived from diet, 25 – 30% comes from direct
metabolic conversion of ascorbic acid and
tryptophan, and 60% is attributable to oxida-
tion of glyoxalate. Two major pathways for
glyoxalate degradation are its transamination
to alanine and glycine. This last step requires
pyridoxine (vitamin B6) as a cofactor (Figure
6) [90].

Hyperoxaluria, defined as a daily urinary
oxalate excretion > 44 mg, is found in around
10% of recurrent stone formers [6]. It results
from 2 main mechanisms: either intestinal

Figure 5. Uric acid solubility and transformation to
urate salts. (From Pak CYC 1990 Uric acid neph-
rolithiasis. In: Resnick MI, Pak CYC. (eds): Urolithi-
asis.: WB Saunders, Philadelphia, figure 7-1, p 106,
with permission.)
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hyperabsorption of oxalate or, less frequently,
from increased synthesis of oxalate (Table 5).

In general, only 2 – 5% of oxalate from food
is normally absorbed. Foods of high oxalate
content are leafy green vegetables, nuts and
peanut butter, brewed tea, and chocolate.

Slight to moderate hyperoxaluria could de-
velop from an excessive intake of oxalate-rich
foods. In such cases, urinary oxalate is normal
after one week on a diet poor in oxalate [6,
89]. Enteric hyperoxaluria is defined as hy-
peroxaluria occurring in patients with ileal
disease (Crohn’s disease, ulcerative colitis,
jejunoileal bypass or intestinal resection) or
fat malabsorption (pancreatic insufficiency,
celiac sprue or bacterial overgrowth) [83, 90].
Two mechanisms have been implicated. First,
the intestinal mucosa may become more per-
meable to oxalate from the direct action of
nonabsorbed bile salts and fatty acids. Sec-
ond, the nonabsorbed bile salts and fatty acids
may complex divalent cations, reducing the
amount of free calcium and magnesium in the
intestinal lumen. Fewer divalent cations
would be available to bind oxalate, leaving an
enlarged pool of absorbable oxalate. An intact
colon is essential for the development of hy-
peroxaluria, because it is the principal site of
oxalate absorption. The occasional mild hy-
peroxaluria found in patients with absorptive

Figure 6. Biosynthetic path-
way for oxalate. (From Pak
CYC 1990 Hyperoxaluric cal-
cium nephrolithiasis. In: Res-
nick MI, Pak CYC. (eds):
Urolithiasis.: WB Saunders,
Philadelphia, figure 4-2, p 68,
with permission.)

Table 5. Causes of Hyperoxaluria

I) Increased intestinal oxalate absorption
1. High-oxalate diet
2. Enteric hyperoxaluria
3. Low intraluminal calcium concentration

II) Increased oxalate synthesis
A) Enzymatic disturbances

1. Primary hyperoxaluria, type 1 and type 2
2. Pyridoxine deficiency

B) Increased availability of precursors
1. Ascorbic acid
2. Ethylene glycol and methoxyflurane

Chapter I - Clinical Nephrology and Hypertension

14



hypercalciuria or low calcium intake may oc-
cur in a similar fashion from the reduced
complexation of oxalate by calcium.

Hyperoxaluria due to increased oxalate
synthesis occurs less frequently. Primary hy-
peroxaluria is an inherited abnormality of ox-
alate metabolism. Patients with this condition
excrete more than 80 mg/day of urinary ox-
alate. Two types have been well characterized
(Figure 5). In type 1, the more common, there
is a deficiency of the enzyme alanine:glyoxy-
late aminotransferase, whereas in type 2 the
enzyme D-glyceric dehydrogenase is defi-
cient. The typical sequelae of primary hyper-
oxaluria are early nephrolithiasis, nephrocal-
cinosis, systemic oxalosis, and renal failure
leading to death [91]. Preliminary data sug-
gest that pyridoxine deficiency may induce
hyperoxaluria in some patients; thus, pyridox-
ine supplementation might be useful in some
cases.

Vitamin C in doses > 500 – 1000 mg/day
may induce a rise in urinary oxalate by serving
as a substrate for oxalate synthesis. A similar
mechanism is seen in those rare cases of se-
vere hyperoxaluria (often associated with re-
nal failure) induced by ethylene glycol or
methoxyflurane [89].

Hypomagnesiuria

Magnesium inhibits stone formation by
binding oxalate, thus reducing the saturation
of calcium oxalate. Moreover, it has a modest
inhibitory effect on the crystal growth of cal-
cium oxalate [92, 93]. Thus, calcium oxalate
crystallization could be enhanced in the set-
ting of hypomagnesiuria. Hypomagnesiuria
occurs in chronic diarrheal syndrome from
malabsorption of magnesium, thus increasing
the risk for nephrolithiasis in patients with
bowel disease [94]. In the absence of intestinal
disease, hypomagnesiuria, defined as urinary

magnesium excretion < 50 mg/day, was pre-
sent in 7% of patients with stones in the series
at Dallas [6]. This entity (termed hypomagne-
siuric calcium nephrolithiasis) is probably
dietary in origin. Most patients give a history
of avoidance of magnesium-rich food [95],
and magnesium metabolism has been re-
ported to be normal in patients with calcium
nephrolithiasis [96]. Most of the hypomagne-
siuric patients also have hypocitraturia.

High Urinary pH

– Calcium phosphate stones. Urinary pH
has a pronounced effect on the super-
saturation of calcium phosphate salts by
influencing the dissociation of phosphate
to form HPO4

2- (a component of brushite
stones) and PO4

3- (a component of apa-
tite) [97]. Thus, at pH < 6.9, brushite
(CaHPO4 · 2H2O) is the predominant
phase of calcium phosphate salts,
whereas a higher pH favors the formation
of apatite (Ca5(PO4)3(OH) [98]. This
relationship explains at least some of the
mechanisms for the occurrence of
calcium phosphate stones in patients
with distal RTA [99, 100] or infection.

– Infection stones. These stones occur
in urine infected with urea-splitting
organisms and are composed of a combi-
nation of struvite (MgNH4PO4 · 6H2O)
and carbonate-apatite (Ca10(PO4)6CO3).
Figure 7 illustrates the pathogenesis of
infection stones. The action of urease
within the urinary tract produces high
levels of ammonium, carbonate, and
urinary pH > 7.2. The resulting alkalinity
of urine increases the amount of trivalent
phosphate, as already mentioned. Thus,
the urinary environment becomes super-
saturated with struvite and carbonate
apatite, leading to the crystallization of
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these stone constituents. Moreover, pro-
pagation of struvite crystals is enhanced
by its adhesion to the sulfate groups of
the glycosaminoglycan layer protecting
the urothelium. Both factors combined
can lead to rapid development of large
stones [101]. The experimental evidence
suggests that infection stones can be for-
med only in the presence of urea and
urea-splitting organisms. Thus, a high
urinary pH alone in the absence of other
factors would promote the crystallization
of calcium phosphate, but not struvite
[102]. Infection stones account for 6% in
the series at Dallas [6]. Proteus species
are responsible for the majority of infec-
tion that cause these stones in all age
ranges. Other common organisms that

produce urease are Haemophilus influen-
zae, Staphylococcus aureus, Yersinia
enterocolitica, and Ureaplasma urealyti-
cum (this last requires special culture
techniques for its detection). Escherichia
coli does not produce urease and therefo-
re is not responsible for the formation of
infection stones [103].

Cystinuria

Cystinuria is an autosomal recessive dis-
ease characterized by increased urinary excre-
tion of the dibasic amino acids cystine, ar-
ginine, lysine, and ornithine. Only cystine is
insoluble enough to precipitate in physiologi-
cal settings. Thus, the most important pheno-

Figure 7. Pathogenesis of stone infection. (From Wong HY, Riedl CR, Griffith DP 1996 Medical management
and prevention of struvite stones. (In: Coe FL, Favus MJ, Pak CYC, Parks JH, Preminger GL (eds.): Kidney
Stones: Medical and Surgical Management, Lippincott-Raven Publishers, Philadelphia, figure 1, p 943, with
permission).
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typic expression of cystinuria is the predispo-
sition toward cystine stones (1% of renal
stones) [104].

The main determinant of cystine crystal-
lization is urinary supersaturation. It has also
been recognized that the solubility of cystine
is pH dependent, with the lowest solubility at
the low range of urinary pH, gradually in-
creasing with a rise in pH to 7.5, and rapidly
increasing above a pH of 7.5 [105]. There is
no inhibitor of cystine crystallization. In the
homozygous state (cystine excretion greater
than 250 mg/g creatinine in a 24-hour urine
collection), cystine stones invariably develop
because the solubility limit for cystine is often
exceeded [104].

The solute carrier family 3, member 1
(SLC3A1) gene, located on chromosome 2,
codes for a protein involved in renal cystine
transport. In a recent review, 9 polymor-
phisms and 21 different mutations were re-
ported in the SLC3A1 gene. Most of them
were base substitutions, while others were
deletions. Some mutations have been found in
a single individual patient, while others have
been found in more than individual. Transfec-

tion studies indicate that these mutations are
responsible for cystinuria. However, some
cases of cystinuria are not related to defects in
SLC3A1; thus, other genes might also be in-
volved [4].

Table 6 summarizes the role of urinary risk
factors in the different types of renal stones.

Medical Management

The primary objective of medical manage-
ment is the prevention of recurrent stone for-
mation. The medical approach may be fully
justified because of the high rate of recurrence
characterizing most forms of stone disease.
Moreover, medical evaluation may disclose
underlying diseases with extrarenal manifes-
tations, such as bone disease in primary hy-
perparathyroidism or intestinal malabsorp-
tion syndrome in enteric hyperoxaluria.

In the past, a selective treatment approach
was advocated by Pak and colleagues [51].

Table 6. Role of Urinary Risk Factors in the Different Types of Renal Stones

Urinary risk factor Calcium Calcium Uric Acid Infection Stones Cystine
Oxalate Phosphate

Hypercalciuria √ √
Hyperuricosuria √ √
Hypocitraturia √ √
Low urine volume √ √ √ √ √
Low urinary pH √
Hyperoxaluria √
Hypomagnesiuria √
High urinary pH √ √
Cystinuria √

√ = risk factor
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This approach recognized heterogeneity in
the pathophysiology of stone disease. After a
detailed diagnostic protocol, a specific drug
was selected for each cause, based on its abil-
ity to correct underlying metabolic derange-
ments. Unfortunately, this approach seems to
be too cumbersome for ready adoption for
some practicing physicians. In a recent survey

of 10 stone research centers from different
parts of world, medical drug treatment was
used sparingly and nonselectively [106].
Thus, a simplified program for the manage-
ment of stones which any physician anywhere
may readily adopt is described here, in lieu of
a selective approach which could be used in
large stone research centers.

Figure 8. Algorithm for simplified approach to the medical management of nephrolithiasis.
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A summary of the simplified program for
medical management of nephrolithiasis is
shown in Figure 8. This approach was de-
signed to achieve 3 important purposes in
medical management of nephrolithiasis.

Separation of Uncomplicated
Stone Disease from Other Stone
Disease

History

A careful history should be taken during the
evaluation of the stone-forming patient, be-
cause it may provide clues about the severity,
underlying causes and extrarenal manifesta-
tions of stone disease. It should focus on: (1)
chronology of stone events, such as age of first
stone passage and dates of further episodes,
number and type of stones passed, spontane-
ous passage vs. need for surgical intervention;
(2) family history of stones or personal history
for bone or gastrointestinal disease, gout,

chronic urinary tract infection (UTI), or
nephrocalcinosis; (3) stone-provoking medi-
cations; and (4) nutritional habits [107, 108].

Patients with early onset of nephrolithiasis
may suffer from inherited metabolic disorders
(e. g. primary hyperoxalurias, xanthinuria,
cystinuria) or have a higher risk for calcium
stone recurrence. Patients with multiple
stones or a family history of stones are also at
increased risk of recurrence. A list of the most
common medications that could cause or ex-
acerbate stone disease is shown in Table 7. A
careful history should also be taken for past
medical treatments of stone disease. Their
failure may indicate inaccuracy of the original
diagnosis or a need for more specific therapy.
Nutritional history should be taken, directing
particular attention to dietary aberrations im-
plicated in stone formation, such as low fluid
intake, high calcium intake, high oxalate diet,
sodium excess, animal protein excess, and
low citrus fruit intake. The pathogenetic role
of some of these factors will be briefly re-
viewed.

Table 7. Stone-provoking Medications

Medications Stone Type Mechanism

Acetazolamide CaP, CaOx Hypercalciuria, Hypocitraturia, High urinary pH
Allopurinol Xanthine Enhanced excretion of xanthine
Ca supplements CaOx, CaP Hypercalciuria
Ca channel blockers CaOx, CaP Hypercalciuria
Loop diuretics CaOx, CaP Hypercalciuria
P-binding antacids CaOx Hypercalciuria
Silica (Antacids) Silica Urinary excretion of silica
Theophylline CaOx, CaP Hypercalciuria
Triamterene Triamterene Urinary excretion of triamterene
Uricosuric agents CaOx, UA Hyperuricosuria
Vitamin C CaOx Hyperoxaluria
Vitamin D CaOx Hypercalciuria

CaOx: calcium oxalate; CaP: calcium phosphate; UA: Uric Acid
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A recent epidemiological study disclosed
that, among healthy subjects without stones,
high calcium intake may reduce the risk of
stone formation [109], attributed to the bind-
ing of oxalate by calcium in the intestinal
tract. Unfortunately, the concurrent higher in-
take of potassium (citrus fruits), magnesium,
phosphate, and fluids by the high calcium
intake group could have clouded interpreta-
tion of the results. Moreover, these results
may not be extrapolated to stone formers or
hypercalciurics, since these two groups were
not studied. Physiologically, high calcium in-
take or calcium supplementation may not con-
fer an increased risk of stone formation in
healthy subjects because of the operation of
the intestinal adaptation process [110]. Dur-
ing high calcium intake, the fraction of cal-
cium absorbed is decreased because of para-
thyroid suppression and reduced calcitriol
synthesis. In healthy subjects, urinary calcium
rose substantially after one month of calcium
supplementation, but it decreased toward the
pretreatment range during continued treat-
ment for 2 more months [111]. In patients
with absorptive hypercalciuria, the intestinal
adaptation process may not operate because
of the primary enhancement of intestinal cal-
cium absorption [43]. Thus, a high calcium
intake provoked a marked increase in urinary
calcium that was considerably above the nor-
mal range and was apparently sustained. In
contrast to healthy subjects, patients with ab-
sorptive hypercalciuria may be at increased
risk of stone formation from high calcium
intake.

The metabolic effect of sodium load has
been examined by providing 250 mEq of so-
dium daily over a basal metabolic diet. As
reported previously, urinary calcium in-
creased significantly. In addition, urinary pH
increased modestly and urinary citrate de-
creased significantly. These effects have been
ascribed to bicarbonaturia from sodium-in-

duced volume expansion. Commensurate
with these changes, sodium load increased the
propensity for the crystallization of stone-
forming calcium salts [112].

Animal proteins are rich in sulfur-contain-
ing amino acids. When they are metabolized,
sulfate is released. Thus, a high consumption
of animal protein represents an acid load,
which could reduce urinary citrate and pH. In
addition, urinary calcium may increase be-
cause of higher bone resorption and renal
calcium leak induced by the transient metabo-
lic acidosis. Uric acid also will increase with
an ingestion of all meat products (beef, poul-
try and fish) since they are rich in purines
[113, 114].

Citrus fruits are rich in citric acid and po-
tassium, particularly the former. Their intake
is associated with a rise in urinary pH and
citrate and occasionally by a fall in urinary
calcium. Citrus fruits contain a modest
amount of calcium (100 mg/L), vitamin C (<
500 mg/L) and oxalate (0 – 21 mg/L). The
amount of these nutrients in fruit juices is
probably insufficient to affect stone disease
adversely. Thus, the net effect of citrus fruits
is beneficial. Conversely, a low intake of citrus
fruits may contribute to hypocitraturia, and
may enhance the risk for stone formation
[108, 115].

The role of a low fluid intake and high
oxalate diet was already discussed in the sec-
tion on urinary risk factors.

Stone Analysis

The diagnosis of different causes of neph-
rolithiasis is no longer made solely on the
basis of stone composition. There is increas-
ing reliance on underlying physiological de-
rangements. However, stone analysis is still
important and should be obtained in every
stone-forming patient if a sample is available.
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The disclosure of cystine, or struvite or car-
bonate apatite, is diagnostic of cystinuria or
infection with urea-splitting organisms, re-
spectively. The presence of 2,8-dihy-
droxyadenine, triamterene, silica, or xanthine
indicates 2,8-dihydroxyadeninuria, treatment
with triamterene or magnesium trisilicate, or
xanthinuria. In these conditions, the crystal-
lographic identification is critical for the diag-
nosis; laboratory and clinical data provide
supporting evidence. For the remaining stones
(80 – 85% of all stones), which are associated
with or formed from a variety of metabolic or
environmental disturbances, stone composi-
tion is helpful but not conclusive for diagnosis
of the underlying disease.

Radiologic Appearance
(Kidneys, Ureter and Bladder)

Most stones can be detected by radiograph
of the kidneys, ureter, and bladder (KUB)
alone. Radiopaque stones include those con-
taining calcium oxalate, calcium phosphate,
and infection stones (due to their component
of carbonate apatite). Cystine stones are also
radiopaque, though less dense. Radiolucent
stones include those composed solely of uric
acid, 2,8-dihydroxyadenine, triamterene,
xanthine and silica. Uric acid may have a faint
radiopacity because of the incorporation of
calcium salts. The morphologic appearance of
radiopaque stones may provide clues to their
mineral composition or to the underlying
process. Cystine stones are moderately dense
and have a homogeneous appearance. Struvite
stones are more dense but also tend to have a
rounded appearance. Cystine and infection
stones may reach staghorn size. Calcium ox-
alate stones often have a dense, spiculated
appearance.

Cortical nephrocalcinosis suggests the di-
agnosis of primary hyperoxaluria. Medullary

nephrocalcinosis is encountered in distal RTA
and primary hyperparathyroidism.

Other imaging modalities such as intrave-
nous urography (IVP) or ultrasonography are
useful in detecting radiolucent stones,
anatomic abnormalities (e.g. medullary
sponge kidney), or complications produced
by a stone (e.g. obstruction) [116].

Blood Tests

A multichannel screen of venous blood
should be performed to identify primary hy-
perparathyroidism (high serum calcium con-
centration), gouty diathesis (hyperuricemia),
complete distal RTA (hypokalemia, low CO2,
and hyperchloridemia), or hypophosphatemic
absorptive hypercalciuria (hypophos-
phatemia due to phosphate renal leak). In
addition, serum creatinine and BUN are help-
ful to assess renal function.

Urinalysis and Urine Culture

A fresh spot urine sample should be cul-
tured for urea-splitting organisms (suggestive
of infection stones) and examined for pH
(with an electrode pH). Low urinary pH
(< 5.5) suggests gouty diathesis and high pH
(> 7.5) is compatible with infection stones. A
qualitative cystine test should be performed
on the urine sample, using the cyanide-nitro-
prusside test, in which a purple-red color after
addition of sodium cyanide and sodium nitro-
prusside suggests that cystine excretion ex-
ceeds 75 mg/L [117]. A false-positive test may
be obtained in patients with homocystinuria
and acetonuria. Follow-up quantitative analy-
sis showing 24-hour urinary cystine > 250
mg/g creatinine confirms diagnosis. Identifi-
cation of a particular crystal type in the uri-
nary sediment is compatible with, but not
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diagnostic of, that type of nephrolithiasis.
Thus, crystalluria itself is not a pathologic
finding.

24-hour Urine for
Urinary Risk Factors

This simplified approach takes advantage
of commercially-available stone risk analysis.
The technique was first developed in our labo-
ratory at Dallas [118]. A 24-hour urine collec-
tion kit, containing a volume marker and ap-
propriate preservatives, is provided by the
physician to the patient. After obtaining a
24-hour urine sample while the patient is kept
on random diet and fluid intake, 2 30 mL
aliquots are sent via regular mail to a central
laboratory. The laboratory then calculates the
total volume from the dilution of the volume
marker and analyzes urinary constituents.

Risk factors are categorized into 3 groups:
metabolic risk factors (calcium, oxalate, uric
acid, citrate, and pH), environmental risk fac-
tors (total volume, sodium, sulfate, phospho-
rus, and magnesium), and physicochemical
risk factors (saturation of urine with respect to
stone-forming constituents calculated from
metabolic and environmental factors). Results
are displayed graphically or in a tabular for-
mat.

A sample stone risk profile as originally
reported in 1985 is shown in Figure 9. To
provide a visual display of all available data
in a single report, each risk factor is assigned
a vertical line with linear or logarithmic
scales. A horizontal line intersecting each ver-
tical scale at the approximate midpoint repre-
sents the upper or lower normal limit. The
direction of increasing values is appropriately
adjusted, so that values below the horizontal
line represent normal values (reduced risk)

Figure 9. Graphic display of
urinary risk factors in patients
with enteric hyperoxaluria and
with hyperuricosuric calcium
oxalate nephrolithiasis. From
[Pak CYC, Skurla C, Harvey J
1985 Graphic display of urinary
risk factors for renal stone
formation. J Urol 134: 869],
figure 3).
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and those above the line represent abnormal
values (increased risk). In this case, samples
of two patients are displayed. A patient with
small bowel disease (dotted line) had hyper-
oxaluria (from increased oxalate absorption),
hypocitraturia and low urinary pH (from ac-
quired metabolic acidosis), low urine volume
(from diarrhea), and low urinary magnesium
(from malabsorption). As a consequence, uri-
nary saturation of calcium oxalate and uric
acid was higher than normal, accounting for
the susceptibility of patients with ileal disease
to form stones of calcium oxalate and uric
acid. The other patient (continuous line) had
hyperuricosuria as the sole metabolic abnor-
mality. Urinary sodium was high from dietary
salt abuse. There was relative supersaturation
of monosodium urate. The first case is a typi-
cal patient with enteric hyperoxaluria, where-
as the latter is a patient with hyperuricosuric
calcium oxalate nephrolithiasis.

The accuracy of urine collection could be
assessed from urinary creatinine values and
body weight. In a carefully studied population
on a metabolic dietary regimen in whom the
accuracy of urine collection was ensured, the
mean urinary creatinine in men was 22.1 ± 4.7
mg/kg, whereas it was 17.2 ± 3.8 mg/kg in
women. Thus, a value substantially below
these figures would indicate undercollection,
and a value far exceeding these numbers
would suggest overcollection [108].

After obtaining a full stone risk analysis in
a urine sample collected on random diet, the
next step is to impose a short-term dietary
modification (minimum one week) (Table 8)
[119]. Fluid intake should be increased at least
to ten 10-ounces glasses per day if urine vol-
ume is < 2 liters on the stone risk analysis.
Salty foods and table salt should be avoided if
urinary sodium > 200 mEq/day. Oxalate re-
striction should be imposed (avoidance of
nuts, spinach, chocolate, tea, and vitamin C).
Calcium intake should be restricted (avoid-
ance of dairy products and spinach, for diag-
nostic purpose only) if there is hypercalciuria.
Servings of meat products should be limited
when there is hyperuricosuria, or if urine sul-
fate is high.

The last step in this simplified diagnostic
protocol for nephrolithiasis is to obtain a 24-
hour urine collection while the patient is on a
temporary dietary modification. A limited
analysis could be performed, involving 7 con-
stituents: calcium, oxalate, uric acid, citrate,
pH, total volume, and sodium. The differences
in values between the full and the abbreviated
analysis (random and modified diet) represent
changes imposed by dietary influences.

The work-up described above should allow
differentiation of most causes of stones (ab-
sorptive hypercalciuria, renal hypercalciuria,
hyperuricosuric calcium oxalate nephrolithi-
asis, hypocitraturic calcium oxalate neph-
rolithiasis). However, for the simplified ap-

Table 8. Dietary Modifications for Diagnostic As-
sessment

Finding in 24-h urine Modification
(on random diet) (1 week)

Total volume < 2 L/day Increase fluid
ingestion

Sodium > 200 mEq/day Sodium restriction

Oxalate > 45 mg/day Oxalate restriction

Calcium > 250 mg/day Calcium restriction
(moderate)

Sulfate > 30 mg/day Restriction of ani-
mal proteins

Uric acid > 600 mg/day Restriction of ani-
mal proteins
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proach to the medical management of neph-
rolithiasis to be described, only the following
differentiations are necessary. First, separate
uncomplicated stone disease from other stone
disease (Figure 8). The former, constituting
the majority of patients with stones, is charac-
terized by calcium oxalate or calcium apatite
stones, normal serum calcium and uric acid,
and the absence of chronic UTI, bowel dis-
ease, or marked hyperoxaluria. Other stone
disease would comprise patients with primary
gout with hyperuricemia, infection stones,
cystinuria, distal RTA, primary hyperparathy-
roidism, and primary or enteric hyperoxalu-
ria.

Categorization of Uncomplicated
Stone Disease

Once patients with uncomplicated stone
disease have been identified, an additional
diagnostic separation is necessary in this
group for purposes of medical treatment.
From the 24-hour urine calcium obtained pre-
viously, uncomplicated calcium stone disease
is separated into normocalciuric and hyper-
calciuric subgroups (Figure 8). The normocal-
ciuric subgroup would be composed of hype-
ruricosuric calcium oxalate nephrolithiasis,
hypocitraturic calcium oxalate nephrolithi-
asis, gouty diathesis, and hypomagnesiuric
calcium oxalate nephrolithiasis, all presenting
with normal urinary calcium. The hypercalci-
uric subgroup comprises absorptive and renal
hypercalciuria, and dietary hypercalciuria.

Most practicing physicians should be able
to identify the groups without difficulty.

A Simple Approach to Medical
Treatment

Conservative Management

All patients with nephrolithiasis should be
offered a conservative treatment program,
similar to dietary modifications imposed for
diagnostic purposes (Table 8).

Fluid intake should be sufficient to assure a
urine level ≥ 2 L/day [80]. Adequate hydration
in the absence of any other treatment has been
recently proved to decrease stone formation
by as much as 55% during a 5-year follow-up
[79]. The type of liquid is generally of less
concern than the volume; exceptions include
the avoidance of tea in hyperoxaluria and
excessive milk in absorptive hypercalciuria.
Fluids are most valuable if they are distributed
throughout the day. Patients also should be
encouraged to measure the urine volume regu-
larly (once every 2 – 3 months) to ensure its
adequacy.

Traditionally, calcium restriction has been
the mainstay of stone prevention. However,
this measure may be ineffective in normocal-
ciuric patients and may cause negative cal-
cium balance and bone loss. Our practice is to
recommend a moderate restriction of dietary
calcium (limit dairy products to one serv-
ing/day) only in hypercalciuric patients with
normal bone density, and not to restrict cal-
cium in others.

Other dietary modifications have already
been explained. Conservative management
alone may be necessary in patients with mild
disease, those with a single episode, or those
without metabolic disturbance. Conservative
management should always accompany spe-
cific drug therapies in patients with more se-
vere recurrent disease, since it will improve
the control of stone risk factors and may allow
the use of a lower dose of recommended
drugs. In severe stone disease or recurrences
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despite conservative management, drug treat-
ment is indicated.

Treatment of Uncomplicated Stone
Disease

The simplified approach advocates the use
of only 2 drugs as initial options in uncompli-
cated calcium stone disease (Figure 8). The
normocalciuric subgroup would be pre-
scribed potassium citrate (Urocit-K) alone.
The hypercalciuric subgroup would be given
thiazide and potassium citrate.

The rationale for potassium citrate in un-
complicated normocalciuric stone disease is
shown in Figure 10. Potassium citrate in-
creases citrate excretion by providing an al-
kali load [74, 75]. The induced rise in urinary
citrate should inhibit the crystallization of
calcium oxalate and calcium phosphate, not
only in hypocitraturia, but also in the presence
of other derangements such as hyperurico-
suria. In addition, potassium citrate raises uri-
nary pH, reducing the propensity for uric acid
stone formation. The complication of calcium
stone should be inhibited as well from the

impaired urate-induced calcium oxalate crys-
tallization. A placebo-controlled randomized
trial has validated the efficacy of potassium
citrate in uncomplicated stone disease with
normocalciuria [120]. Among patients treated
with potassium citrate, 72% had no further
stone formation during a follow-up of 3 years,
compared with 20% in the placebo group.
Moreover, for those in the treatment group
who still formed stones, the stones developed
at a lower rate than before treatment.

Potassium citrate (Urocit-K) is available as
wax matrix tablets, containing 5 or 10 mEq of
citrate per tablet. It is also available as a liquid,
powder or syrup combining potassium citrate
and citric acid (PolyCitra-K); the powder and
syrup are mixed with water before ingestion.
The wax matrix tablet formulation has been
shown to produce less variability in the level
of urinary citrate throughout the day [121].
The customary dose of potassium citrate is 20
mEq twice daily; the dose should be adjusted
based on urinary citrate [74, 75]. Contraindi-
cations for its use are hyperkalemia or predis-
posing conditions to hyperkalemia (type IV
RTA, concomitant use of potassium-sparing
diuretics, adrenal insufficiency), renal failure

Figure 10. Physicochemical
action of potassium citrate.
(From Pak CYC 1990 Hypoci-
traturic calcium nephrolithiasis.
In: Resnick MI, Pak CYC.
(eds): Urolithiasis, WB Saun-
ders, Philadelphia, figure 6 – 4,
p 98, with permission).
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(GFR < 40 mL/min), active peptic ulcer dis-
ease, UTI or obstruction.

The rationale for the combined use of thiaz-
ide with potassium citrate in hypercalciuric
patients with uncomplicated stone disease is
based on following considerations. Thiazides
are unique among diuretics in reducing uri-
nary calcium excretion. Thiazides act directly
on the distal convoluted tubule to augment
calcium reabsorption, and indirectly at the
proximal convoluted tubule secondary to vol-
ume depletion [122]. They are widely used in
the management of hypercalciuric neph-
rolithiasis [123]. However, thiazide-induced
hypokalemia may lead to intracellular acido-
sis, which provokes hypocitraturia and may
thereby attenuate the beneficial hypocalciuric
effect of therapy on renal stone formation
[123, 124]. Potassium chloride supplementa-
tion may prevent hypokalemia and hypocitra-
turia. In the management of stone disease,
potassium citrate is preferable because it can
not only avert hypokalemia, but also raise
urinary citrate, an important inhibitor of stone
formation [124, 125]. Amiloride has been
shown to potentiate the hypocalciuric effect
of thiazides while reducing the associated hy-
pokalemia; however, amiloride has no effect
on urinary citrate [126]. Therefore, the com-
bination of a thiazide and potassium citrate is
preferred.

The recommended doses of thiazides in an
average adult patient are trichlormethiazide 4
mg daily, chlorthalidone 50 mg daily, hydro-
chlorothiazide 25 mg twice daily, or ben-
droflumethiazide 2.5 mg twice daily. Long-
acting agents are preferable, since compliance
may be better. Potassium citrate should be
added in doses of 15 – 20 mEq twice daily to
prevent thiazide-induced hypokalemia and
hypocitraturia. A modest sodium restriction is
advisable in conjunction with thiazide therapy
because excessive sodium intake attenuates
the hypocalciuric effect of the drug [127].

Future Treatment of Uncomplicated
Stone Disease After Relapse

Some patients may be intolerant of, or may
not respond to potassium citrate therapy.
Moreover, potassium citrate does not correct
magnesium loss in long-term thiazide therapy
or hypomagnesiuria that is encountered in 7%
of patients with recurrent calcium nephroli-
thiasis [6]. Potassium-magnesium citrate
(K4MgCit2 or K-Mag), a new drug under de-
velopment by the Dallas group, may over-
come these problems. Compared to Urocit-K
at the same dose of potassium, K-Mag causes
a more prominent rise in urinary citrate and
pH [128] and a greater inhibition of the pro-
pensity for the crystallization of uric acid and
calcium oxalate [129]. A recent placebo-con-
trolled, randomized trial indicated that K-
Mag is highly efficacious in inhibiting cal-
cium stone formation during a 3-year follow-
up. The relative risk of stone-free rate (K-
Mag/placebo) was 0.15 (95% confidence in-
terval, 0.05 to 0.44) [7]. Finally, in a random-
ized, controlled comparison of gastrointesti-
nal tolerance of K-Magvs.Urocit-K, the for-
mer drug appeared to be better tolerated [130].

Thiazide may not be effective in all patients
with hypercalciuric nephrolithiasis. There
may be an attenuation or loss of hypocalciuric
action after ≥ 2 years of thiazide treatment
because of its inability to correct the underly-
ing intestinal hyperabsorption of calcium
[131]. Thiazide may cause hypokalemia, vol-
ume depletion, impotence, hyperuricosuria,
and hyperuricemia.

Slow-release neutral potassium phosphate
(UroPhos-K), a new drug being developed by
our group at Dallas, may obviate the problem
of thiazide therapy in the future. Its slow
release minimizes gastrointestinal side ef-
fects, unlike conventional phosphate prepara-
tions. It causes a small sustained rise in serum
phosphate and a slight parathyroid stimula-
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tion within the normal range. Thus, there is
suppression of calcitriol synthesis. Calcium
absorption is reduced about 50% by inhibition
of calcitriol synthesis as well as from the
binding of calcium by phosphate in the intes-
tinal tract. Moreover, UroPhos-K increases
urinary citrate (from the alkali load) and py-
rophosphate (from the rise in orthophosphate
excretion), 2 important inhibitors of calcium
stone formation, and inhibits crystal agglom-
eration of calcium oxalate [132].

UroPhos-K treatment in patients with ab-
sorptive hypercalciuria produced a substantial
decline in the urinary saturation of calcium
oxalate at 3-month follow-up [132]. The satu-
ration for calcium phosphate did not change,
because the rise in urinary phosphorus was
compensated for by a decline in urinary cal-
cium. Unlike thiazide, the hypocalciuric ef-
fect remained over 4 years of treatment. This
effect is probably a combination of reduced
intestinal calcium absorption, reduced skele-
tal calcium mobilization, and a possible aug-
mented renal calcium reabsorption [133].

Thus, K-Mag and UroPhos-K promise to be
useful alternatives or potentially superior
agents to be used in lieu of thiazide and potas-
sium citrate, especially in relapse.

Treatment of Other Stone Disease

Treatment of conditions other than uncom-
plicated calcium stone disease is well estab-
lished (Figure 8).

If uric acid stones are found, gouty diathesis
or conditions causing undue urinary acidity
should be suspected. Potassium citrate is the
treatment of choice for gouty diathesis. A
dosage of 30 – 60 mEq/day in divided doses
raises the low urinary pH (< 5.5) to the desired
range of 6.0 – 7.0 [134]. Although sodium
alkali is as effective as potassium citrate for
prevention of uric acid stone formation by

increasing urinary pH, it may induce the for-
mation of calcium stones by its hypercalciuric
action [135].

The mainstay of managing infection stones
is surgical removal of the stone and eradica-
tion of urea-splitting organisms. Antibiotics
are given before and after surgery to reduce
recurrence. Acetohydroxamic acid, a urease
inhibitor, reduces urinary saturation of stru-
vite by preventing the formation of ammo-
nium and hydroxyl ions. It may prevent stone
growth and sometimes cause dissolution of
existing stones. Unfortunately, its use is asso-
ciated with significant side effects (hemolytic
anemia, thrombophlebitis, and neurological
disorders) [101].

In patients with cystine calculi and moder-
ate cystinuria (250 – 500 mg/day), high fluid
intake and potassium citrate (30 – 60 mEq/day
in divided doses) is recommended to maintain
urinary pH at a high normal range of 6.5 – 7.0.
When further therapy is necessary, the addi-
tion of sulfur-chelating agents such as alpha-
mercaptopropionylglycine (MPG or Thiola)
or penicillamine will reduce cystine excre-
tion. These agents act by complexing cyste-
ine, the monomeric form of cystine. Both
drugs are associated with frequent and some-
times severe side effects, including nephrotic
syndrome, dermatitis, and pancytopenia.
Penicillamine is administered in a daily dose
of 1 – 2 g in 3 or 4 divided doses. Thiola (800
– 2000 mg/day in 3 or 4 divided doses) is
preferred, because it has a lower toxicity pro-
file than penicillamine [104].

Patients with brushite stone have a high
recurrence rate. Distal RTA or primary hyper-
parathyroidism, the most frequent secondary
causes, should be ruled out [100, 136]. If there
is no evident secondary causes, these patients
may be treated according to the guidelines for
uncomplicated stone disease.

If hypercalcemia is found, work-up for pri-
mary hyperparathyroidism should be under-
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taken. Parathyroidectomy is the optimal treat-
ment for the nephrolithiasis associated with
primary hyperparathyroidism. A medical ap-
proach with phosphates or estrogens (in post-
menopausal women) should be used only when
parathyroid surgerycannotbeundertaken [137].

Allopurinol treatment should be considered
for anyone with hyperuricemia because of the
risk of gouty arthritis. It is administered at a
dosage of 300 mg/day. Side effects are rare
and include a skin rash and a reversible eleva-
tion of liver enzymes. In the event of a rash,
the drug should be discontinued immediately
because it may progress to Stevens-Johnson
syndrome.

Finally, the finding of marked hyperoxalu-
ria mandates a search for primary or enteric
hyperoxaluria. The established treatment
regimen for primary hyperoxaluria is ortho-
phosphate, 1.5 – 2.5 g of phosphorus per day
in 3 or 4 divided doses, and pyridoxine 100
mg twice a day. Orthophosphate reduces uri-
nary calcium and augments urinary pyrophos-
phate. If given in a neutral form, it increases
citrate excretion. Thus, the urinary saturation
of calcium oxalate is reduced, and the inhibi-
tor activity against calcium oxalate crystal-
lization may be augmented. Pyridoxine may
reduce urinary oxalate excretion by reduction
of endogenous oxalate synthesis in some pa-
tients. Potassium citrate may be a useful thera-
peutic option in lieu of orthophosphate. Pa-
tients should be maintained on these programs
as long as complications are controlled and
renal function remains stable. If this is not the
case, then planning for renal and/or liver
transplant is necessary [89, 91].

Specific therapies to correct fat malabsorp-
tion such as a gluten-free diet (celiac sprue),
pancreatic enzyme replacement (pancreatic
insufficiency), or the use of antibiotics (bac-
terial overgrowth) may be required in some
cases of enteric hyperoxaluria. In patients
with significant fat malabsorption, a low-fat

diet with medium-chain fatty acid supplemen-
tation should be instituted to minimize stea-
torrhea. Medical therapy to prevent stones in
this condition is directed at decreasing oxalate
absorption and correcting associated metabo-
lic complications. Calcium citrate (400 mg of
calcium with meals) may be useful to decrease
urinary oxalate by binding oxalate in the in-
testinal tract. It may raise urinary citrate and
pH by providing an alkali load. Careful moni-
toring of urinary calcium and oxalate should
be routine. Magnesium supplements act via an
identical mechanism: binding free oxalate in
urine. Cholestiramine does not cause a sus-
tained reduction in oxalate excretion. Low
urinary pH and hypocitraturia can be treated
with potassium citrate 40 – 60 mEq/day in
divided doses. Severe cases may require
larger doses up to 120 mEq/day. K-Mag,
which provides citrate as well as magnesium,
should be the logical therapeutic option in
enteric hyperoxaluria to correct associated
metabolic disturbances [89, 138].

Conclusion

This chapter presents a simplified approach
to stone disease. First, obtain a full analysis of
urine for stone risk factors to identify environ-
mental or metabolic disturbances. Second,
obtain an abbreviated stone risk profile after
a dietary modification. Differentiate between
patients with uncomplicated calcium stone
disease and patients with other stone disease.
In the former group, separate patients into
hypercalciuric and normocalciuric sub-
groups. In those with normal urinary calcium,
apply potassium citrate therapy. In those with
hypercalciuria, treat with thiazide and potas-
sium citrate. For those with multiple relapses,
new drugs are under development, particu-
larly potassium-magnesium citrate and slow-
release neutral potassium phosphate.
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