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CHAPTER

n the United States, the prevalence of kidney stones has

risen over the past 30 years.' By 70 years of age, 11% of

men and 5.6% of women will have a symptomatic stone.'
Nephrolithiasis is a costly malady to society. Estimates in the
1970s exceeded $5 billion annually in the United States.”
More current estimates exceed $30 billion. The incidence of
nephrolithiasis in the United States is highest in the South-
east,”* with peak incidence occurring in the late summer
months. In addition, sedentary, white collar workers are
more likely to form stones than are active, blue collar labor-
ers.”® The rising prevalence of renal calculi highlights the
importance of environmental factors, such as diet, in their
formation. Fructose consumption, which increased since the
introduction of high fructose corn syrup, is associated with
stone formation.” Increased rates of hypertension and obe-
sity are linked to nephrolithiasis.® Stones are distinctly less
common in African Americans, American Indians, and peo-
ple of Asian descent. The age and sex distribution of patients
referred for evaluation of nephrolithiasis shows a 2:1 ratio
of male to female patients and a maximum incidence in the
30- to 50-year-old group (excluding patients with cystinuria
and infection stones).

The natural history of stone disease is characterized by
recurrence. Although many studies of the natural history and
incidence of stones have been biased by referral practices and
differences in definition of recurrence, there is clear evidence
in the literature of the recurrent nature of stone disease.

A common dilemma faced by the clinician is whether or
not to evaluate and treat the first-time stone former. The risk
of recurrence after an initial episode has been estimated to
be about 50% by 5 years, with almost two thirds of patients
having a recurrence by 9 years.®” Even when nephrolithia-
sis 1s evaluated and treated appropriately, the incidence of
recurrence in first-time stone formers is not significantly dif-
ferent from that in treated patients with a history of multiple
stone episodes.'” In fact, these patients most likely represent
recurrent stone formers in the initial stage of their disease.
These and other data demonstrating Randalls plaque'':'?
suggest that such patients should be evaluated and treated in
the same manner as patients with recurrent nephrolithiasis.
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Patients who have undergone shockwave lithotripsy
represent another group at risk for stone recurrence. Stone
fragmentation often leads to regrowth of stone material, be-
cause residual fragments may act as a nidus for ongoing crys-
tal deposition and stone formation. Medical therapy aimed
at correcting underlying urinary abnormalities in these pa-
tients may prevent or limit stone growth and recurrence. '

Despite the almost inevitable risk of nephrolithiasis re-
curring 1f it 1s left untreated, diagnostic evaluation and selec-
tive treatment of metabolic abnormalities that decrease the
incidence of new stone formation and can induce complete
remission are not routinely practiced.'* Calcium, uric acid,
cystine, and struvite stones differ from one another in terms
of pathogenesis and treatment. Therefore, each stone type is
described separately. The clinical manifestations by which
the stones present are not related to the composition of the
stone, and this should be kept in mind.

CLINICAL MANIFESTATIONS

The classic presentation of nephrolithiasis 1s acute renal colic
manifesting as colicky flank pain radiating to the groin. As
stones descend in the ureter, the pain may localize to the
abdominal area overlying the stone and radiate to the gonad.
Peritoneal signs are generally absent. Stones at the uretero-
vesical junction may cause lower quadrant pain that radiates
to the urethral tip, urinary urgency, frequency, and dysuria
resembling bacterial cystitis. Exam often reveals patients in
distress, unable to find a comfortable position, with tender-
ness in the costovertebral angle or lower quadrant. Gross or
microscopic hematuria is present 90% of the time, but the ab-
sence of hematuria does not preclude the diagnosis of neph-
rolithiasis. Owing to the shared splanchnic innervation of the
renal capsule and intestines, hydronephrosis and distension
of the renal capsule may produce nausea and vomiting. Thus,
renal colic may mimic acute abdominal or pelvic conditions.

The best means of confirming the diagnosis of a urinary
stone 1s unenhanced computed tomography (noncontrast
helical CT scan) of the abdomen and pelvis. The sensitivity
approaches 96% with a specificity of 100%." Positive and



negative predictive values are 100% and 91%, respectively.
Negative CT scans often detect other abnormalities including
appendicitis, pelvic inflammatory disease, diverticulitis, ab-
dominal aortic aneurysm, and bladder cancer. Plain abdominal
radiography assesses whether the stone is radiopaque, which is
the case 75% to 90% of the time. Ultrasonography has a high
specificity but a much lower sensitivity than CT. Ultrasonog-
raphy 1s appropriate as the initial imaging test in pregnancy
and in pediatrics and in patients who should avoid radiation.
Intravenous pyelography has been replaced by helical CT as
the preferred imaging test.'® Secondary signs of urinary tract
obstruction such as ureteral dilatation, hydronephrosis, and
perinephric stranding, are variably seen depending on the du-
ration of pain prior to imaging and the sign itself.'’

Management of acute renal colic involves a decision wheth-
er urgent intervention is required or not. The presence of an
obstructed infected upper urinary tract, renal deterioration, in-
tractable pain or vomiting, anuria, or obstruction ofa solitary or
transplanted kidney are all indications for urgent intervention.
Intervention is carried out by urology, and 1s beyond the scope
of this chapter. Pain management has traditionally mcluded
narcotics, but stimulation of dependency and long-term effects
make nonsteroidal anti-inflammatory drugs (NSAIDs) attrac-
tive alternatives. When urgent intervention is not selected, the
interval between acute colic and elective intervention for failure
of stone passage 1s an important topic. Observation for up to 4
weeks is considered generally reasonable.'®

CALCIUM STONES

(lassification of Calcium Nephrolithiasis by
Urinary Chemistries

Biochemical and physical disturbances that contribute to the
formation of calcium stones are quite varied, based on two sur-
veys from the mid-1990s."”*" Several disturbances have the
potential to create the environment conducive to renal stone
formation. Several investigators utilize the presence of such
disturbances as the basis for diagnostic categorization of neph-
rolithiasis."” ' Earlier studies based on ambulatory evaluations
of patients with nephrolithiasis reported 10 metabolic etiolo-
gies composing four types of hypercalciuria, hyperuricosuria,
hyperoxaluria, renal tubular acidosis (RTA), uric acid stones,
and infection stones, and an 11% incidence of finding no met-
abolic abnormalities.”> Now more than 15 etiologic categories
of nephrolithiasis have been described (Table 20.1). A single
diagnosis 1s found in the minority of patients whereas approxi-
mately 60% have more than one diagnosis. The finding of no
metabolic abnormality can be reduced to the range of 2% to
4% of patients with care and repeated measures. Hypercalciu-
ric nephrolithiasis accounts for about 60% of the patients. Hy-
peruricosuria associated with calcium nephrolithiasis can be
subdivided into hyperuricosuric calcium nephrolithiasis and
patients with gouty diathesis. Hyperoxaluric calcium nephro-
lithiasis, which occurs in about 8% of patients with recurrent
stones, has been subdivided into enteric, primary, and dietary
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variants. Hypocitraturic calcium nephrolithiasis, which affects
about 30% of patients in its idiopathic variant, is also associ-
ated with incomplete RTA and the chronic diarrheal syndrome.
Hypomagnesiuric calcium nephrolithiasis, infection stones,
and cystinuria are uncommon, accounting for 7%, 6%, and
1% of patients, respectively. The acquired problem of low uri-
nary volume, less than 1 L per day according to Levy and col-
leagues'® and less than 1.5 L per day according to Seltzer and
Hruska,? is the single most common abnormality:

The descriptions of clinical subtypes that follow represent
the minimal diagnostic criteria used to establish the presence of
the entities listed in Table 20.1, according to Hruska and Seltzer.

Absorptive Hypercalciuria Type |

Diagnostic criteria include: calcium nephrolithiasis, nor-
mocalcemia, normophosphatemia, hypercalciuria (=200 mg
per day) on a calcium-restricted diet, normal fasting urinary
calcium (<0.11 mgper dL glomerular filtrate [dL GF]), exag-
gerated calciuric response to an oral calcium load (>0.20 mg
urinary calcium per mg urinary creatinine), and normal to
suppressed serum parathyroid hormone (PTH) function.**°

Absorptive Hypercalciuria Type I

Criteria are the same as for type I, except for normal urinary
calcium (<200 mg per day) on the restricted diet.”> "'

Absorptive Hypercalciuria Type Il
(Renal Phosphaturia)

Diagnostic criteria are characterized as similar to type I, except
for persistent hypophosphatemia (2.5 mg per dL or less).*

Sodium-Linked Phosphate Transporter

Low serum phosphate concentrations due to a decrease in
renal phosphate reabsorption occur in some patients with
renal calcium stones and/or bone demineralization. Two dif-
ferent heterozygous mutations in the sodium-linked phos-
phate transport protein encoded by the NPT2a gene have
been associated with this disorder.”®> Subsequent studies
have shown that although genetic variants of NPT2a are not
rare, they do not seem to be associated with clinically sig-
nificant renal phosphate or calcium handling anomalies in
a large cohort of hypercalciuric stone-forming pedigrees.*

Renal Hypercalciuria

Diagnostic criteria include: calcium nephrolithiasis, normo-
calcemia, normophosphatemia, hypercalciuria on the re-
stricted diet, elevated fasting urinary calcium (>0.11 mg per
dL GF), and elevated serum parathyroid hormone (PTH).>”

Primary Hyperparathyroidism (Resorptive
Hypercalciuria)

Criteria for diagnosis include: nephrolithiasis, hypercalce-
mia, hypercalciuria, and high serum PTH with surgical con-
firmation of abnormal parathyroid tissue.?” 2025307



644 SECTION III = CYSTIC AND TUBULAR DISORDERS

Urinary Chemistries in Evaluation of Nephrolithiasis®
Seltzer and Hruska®’ Levy et al.”’ University of Texas
Jewish Hospital (n= 587) Southwestern (n= 1270)
Sole Combined Sole Combined
Category occurrence(%)  occurrence(%) occurrence(%) occurrence (%)
Hypercalciuria 14 51 — —
Male (>250 mg/24 hr) 8 34 — —
Female (>225 mg/24 hr) 6 17 — —
Absorptive hypercalciuria - 37 6.1 23.1
Fasting hypercalciuria — 14 4.3 13.9
Renal hypercalciuria — 1 0.3 1.3
Renal phosphaturia — 2 2.1 7.6
Primary hyperparathyroidism — 1 0.8 1.3
Hyperuricosuria 8 42 - -
Male (>0.75 g/24 hr) 6 30 — —
Female (>0.70 g/24 hr) 2 12 - -
Hyperuricosuric calcium nephrolithiasis — — 8.3 27.6
Gouty diathesis - - 3.1 6.9
Hypocitraturia 9 34 - -
Male (<250 mg/24 hr) 5 18 — —
Female (<300 mg/24 hr) o 16 — —
Complete distal RTA - — 0.08 0.16
Incomplete distal RTA - — 0.0 1.1
Chronic diarrheal syndrome — — 0.2 1.8
Idiopathic — — 3.5 24.4
Hyperoxaluria (=40 mg/24 hr) 8 34 — —
Enteric hyperoxaluria — — 0.2 1.4
Primary hyperoxaluria — — 0.0 0.4
Dietary hyperoxaluria — — 0.4 5.7
Hypomagnesuria (<5 mEq/24 hr) 5 26 0.3 6.5
(<50 mg/24 hr)
Low urinary volumes (<1500 mL/24 hr) 26 61 1.7 13.5
(<1,000mL/24 hr)
No diagnosis/difficult to classify — 2 - 4.0

*The category definitions in the table refer to Jewish Hospital, Washington University, St. Louis. Criteria for the University of Texas Southwestern data are

provided in the text.
RTA, renal tubular acidosis.

Fasting Hypercalciuria and Elevated Fasting
Urinary Calcium

Calcium nephrolithiasis and hypercalciuria on a restricted
diet can be categorized into a resorptive form because of
fasting hypercalciuria. Fasting hypercalciuria is further char-
acterized by normal to suppressed parathyroid function,

elimiating renal calciuria, normocalcemia, and normo-
phosphatemia (>2.0 mg per dL).

Hyperuricosuric Calctum Nephrolithiasis

The diagnostic criteria for hyperuricosuric calcium nephrolithi-
asis (HUCN) include: calcium nephrolithiasis, hyperuricosuria



(>700 mg per day for females; >750 mg per day for males),
and frequently a low urinary pH of =5.5.°%%

Gouty Diathesis

Criteria include uric acid or calctum nephrolithiasis and low
urinary pH (<<5.5) in the absence of excessive gastrointesti-
nal alkali losses*' ™ or animal protein excess. Hyperurice-
mia, hypertriglyceridemia, and a history of gouty arthritis
may be present.

Hyperoxaluric Calcium Nephrolithiasis

Criteria include calcium nephrolithiasis and hyperoxaluria
(>44 mgper day). The three forms of hyperoxaluric calcium
nephrolithiasis are:

1. Enteric hyperoxaluria, defined as the presence of ileal
disease (Crohn disease, ulcerative colitis, jejunoileal by-
pass, or intestinal resection), or fat malabsorption with
hyperoxaluria on the random and restricted diets.***’

2. Primary hyperoxaluria, consisting of marked hyper-
oxaluria (>80 mg per day) without evidence of bowel
disease, high oxalate diet, low calcium diet, treatment
with calcium-binding agents, enhanced oxalate absorp-
tion, or high doses of vitamin C.**

3. Dietary hyperoxaluria, marked by high oxalate diet,
hyperoxaluria on a random diet, and normal urinary
oxalate excretion on the restricted diet.*”**~°

Enteric hyperoxaluria is typically associated with hypo-
citraturia due to intestinal loss of HCO3, low urinary volume,
and low normal urinary calcium excretion.

Hypocitraturic Calcium Nephrolithiasis

Diagnostic criteria include calctum nephrolithiasis and
hypocitraturia (<320 mg per day),’” that compose:

1. Distal RTA, which is characterized by systemic metabolic
acidosis or defective urinary acidification following an
ammonium chloride load and urinary pH above 6.5.
The acidosis 1s a hypokalemic, hyperchloremic nonanion
gap metabolic acidosis.”” In the complete form, meta-
bolic acidosis 1s present before an ammonium chloride
load, whereas in the incomplete form, urinary acidifica-
tion following an ammonium chloride load 1s impaired
despite normal serum electrolytes before the load.

2. Chronic diarrheal syndrome, which is defined as
chronic diarrhea with excessive alkali loss from various
gastrointestinal disorders (e.g., gastric resection, ileal
disease, Crohn disease, and ulcerative colitis).’’

3. Idiopathic hypocitraturia of unknown etiology:.

Hypomagnesiuric Calctum Nephrolithiasis

Criteria for diagnosis include: nephrolithiasis, hypomagnes-
uria (<50 mg per day) on the random diet, and absence of
a diarrheal disorder.>
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Infection Stones

Criteria for diagnosis include struvite or carbonate-apatite
nephrolithiasis.”

Cystinuria
Diagnosis 1s based on cystine nephrolithiasis and urinary
cystine level higher than 200 mg per day*

Low Urine Volume

Diagnosis is based on calcium or uric acid nephrolithiasis
and urine volume less than 1 L per day”

No Metabolic Abnormality

This 1s attributed to calcium nephrolithiasis and a normal
biochemical evaluation.>®

Difficult to Classify

Those that fall into this category are generally nephrolithiasis
with recognized stone risk factors.”’ A definitive diagnosis
cannot be made due to borderline or inconsistent laboratory
values or to the absence of critical data (e.g., stone analysis
or roentgenographic visualization).

HYPERCALCIURIC NEPHROLITHIASIS

The majority of patients with calctum nephrolithiasis ex-
hibit hypercalciuria (Table 20.1) and have idiopathic hy-
percalciuria, which 1s a term used to describe recurrent
nephrolithiasis associated with hypercalciuria, and 1s prob-
ably a distinct entity,. However, most of the data suggest
that multiple metabolic abnormalities besides excess cal-
clum excretion contribute to nephrolithiasis associated
with hypercalciuria. Furthermore, there 1s a much higher
incidence of 1diopathic hypercalciuria than nephrolithia-
sis in the general population.”® Several estimates place
the incidence of idiopathic hypercalciuria at 2% to 4%,>’
whereas the incidence of nephrolithiasis 1s no more than
0.5% to 1.0%. Between 40% and 50% of calcium stone
formers excrete excess calcium in their urine, defined
as more than 300 mg per 24 hours (men), 250 mg per
24 hours (women) on =1,000 mg calcium intake, or 4 mg
per kg body weight per 24 hours (either sex). The term
idiopathic hypercalciuria applies if the serum calcium level
1s normal and sarcoidosis, RTA, hyperthyroidism, malig-
nant tumors, rapidly progressive bone disease, immobili-
zation, Paget disease, Cushing disease (or syndrome), and
furosemide administration have been excluded. Virtually
all normocalcemic hypercalciuria encountered in patients
with nephrolithiasis falls under the umbrella of “idiopathic
hypercalciuria.””

Among patients with recurrent calcium stones who have
served as control subjects in randomized, controlled trials of
interventions, new stones formed 1 43% to 80% of subjects
within 3 years.'#00-62
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FIGURE20.1 Pathogenesis ofabsorptive hypercalciuria. Intestinal
hyperabsorption of calcium leads to an increase in serum calcium
and a reduction ofparathyroid hormone (PTH). The increase in

the filtered load of calcium and the reduced calcium reabsorption
produced by loss of PTH activity lead to hypercalciuria.

Idiopathic Hypercalciuria

Idiopathic hypercalciuria 1s an inherited syndrome. Stud-
ies of families of patients with hypercalciuric nephrolithia-
sis reveal a high incidence of hypercalciuria in first-degree
relatives.® The pattern of inheritance in consecutive genera-
tions with high frequency is compatible with an inherited
trait with the broad characteristics of autosomal dominant
transmission. This pattern of inheritance was demonstrated
in large kindred.®* Hypercalciuria also occurs in children
at the same rate as in adults.®> Spontaneous hypercalciuria
similar to that observed in hypercalciuric nephrolithiasis of
humans has been demonstrated in the laboratory rat,®®°’
which has become an animal model of the human disorder.

The pathogenesis of idiopathic hypercalciuria in-
volves excessive intestinal calcium absorption and de-
pressed renal tubular calcium reabsorption (Fig. 20.1).
The latter is largely due to suppression of PTH®*® and
can be considered as a major factor in preventing hyper-
calcemia associated with increased intestinal absorption.
When placed on low calcium diets, patients with hyper-
calciuric nephrolithiasis often demonstrate a negative
calcium balance.”’ This could be due to defective renal
tubular calcium reabsorption, but renal hypercalciuria
should produce secondary hyperparathyroidism, which
is rarely observed.'”" In addition, considerable evidence
indicates that PTH levels are suppressed and that the nega-
tive calcium balance stems from excessive skeletal remod-
eling and bone resorption.®®® The question of whether
depressed renal tubular calcium reabsorption greater than
that expected with PTH suppression contributes to the hy-
percalciuria of nephrolithiasis remains unanswered. It is
supported only by data from a few patients in whom sec-
ondary hyperparathyroidism has been documented (see
“Renal hypercalciuria” in Table 20.1).

In hypercalciuric calcium oxalate stone formers, the ini-
tial site of calcium/phosphate crystal deposition is the base-
ment membrane of the thin limbs of Henle’ loop. There is
subsequent extension to the vasa section, then the intersti-
tium and, in the most severe cases, to the papillae. Alterna-
tively, in patients with hyperoxaluria secondary to intestinal
bypass and idiopathic calcium phosphate stones, the initial
crystals were again calcium/phosphate complex, but these
arose within the tubule lumens of terminal collecting ducts.
Non—stone formers, when subjected to nephrectomy, had
neither plaque nor crystals. Thus, there are different sites
of crystallization depending on the metabolic abnormalities
leading to stone formation.’""?

Additionally, in patients with idiopathic hypercalci-
uria, there was evidence for crystal-induced cell injury
in areas of dense crystal deposition, whereas in the by-
pass patients there was not only cell injury, but also cell
death.'

The genetically hypercalciuric stone forming rats spon-
taneously form calcium/phosphate stones unless their diet is
augmented with an oxalate precursor.”

In the genetic hypercalciuric stone forming rats, calcium
oxalate (but not calcium/phosphate) stones induce marked
proliferation of the urothelium resulting in sequestration of
stones.®’

Thus, rats and humans appear protected against calci-
um oxalate stone formation unless a nucleation site, such as
the calcium/phosphate crystal, is present.

Absorptive Hypercalciuria

Increased intestinal absorption of calcium is a uniform
finding in patients with hypercalciuric nephrolithiasis*’
(Fig. 20.1). At 1ssue 1s whether increased absorption is
the primary defect or caused secondarily in the idiopathic
hypercalciuric syndrome (Figs. 20.1 to 20.4). All forms
of hypercalciuric nephrolithiasis are associated with in-
creased intestinal calcium absorption. Those associated
with intestinal calcium hyperabsorption on a secondary
basis—renal hypercalciuria, primary hyperparathyroid-
ism, and renal phosphaturia—are relatively uncommon
forms of hypercalciuric nephrolithiasis. Furthermore,
fasting hypercalciuria appears to be the expression of
increased skeletal remodeling and intestinal calcium hy-
perabsorption together. All of this indirectly suggests that
a specific problem producing intestinal calcium hyperab-
sorption is a major, if not the basic, underlying defect in
1diopathic nephrolithiasis.

FIGURE20.2 Renal phosphaturia. Hypophosphatemia
leads to increased production of 1,25(OH),Ds, intestinal
hyperabsorption of calcium,and increased skeletal cal-
cium mobilization. As a result,hypercalciuria develops.
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FIGURE20.3 The pathogenesis ofrenal hypercalciuria. Defective renal calcium reabsorption leads to hypocalcemia and a stimulation

of parathyroid hormone (PTH) secretion. The latter increases the production of 1,25(OH),D;, stimulating calcium absorption and lead-

ing to hypercalciuria. The hypercalciuria in turn compensates for the reduction in serum calctum but compensation never completely

restores normal calcium,and elevated PTH values are required in this syndrome.

Intestinal Calcium Absorption

Net calcium absorption is the difference between the muco-
sal absorptive rate and the secretion of calcium into biliary,
duodenal, and pancreatic fluids. Although calcium absorp-
tion rates may be measured using oral radiolabeled calcium,
only overall balance studies in which fecal losses are mea-
sured can quantitate net calcium absorption. The mucosal
to serosal absorptive rate is higher i patients with hyper-
calciuric nephrolithiasis than in healthy individuals*®->%74-8!
(Table 20.2), but overlap is extensive. In six studies, individ-
uals with no signs of hypercalciuric nephrolithiasis absorbed
an average of 27% to 52% of an oral dose of radioactive
calcium, whereas those with hypercalciuric nephrolithiasis
absorbed 22% to 80%. If one chooses only the six studies in-
corporating normal control subjects, the more efficient cal-
cium absorption by hypercalciuric nephrolithiasis subjects is
particularly evident. Increased mucosal-to-blood transport
of calcium, but not magnesium, has also been demonstrated
directly by in vivo jejunal perfusion in hypercalciuric neph-
rolithiasis.”” At normal calcium intakes, <1,500 mg per day,
calcium absorption in the duodenum and proximal jeju-
num is an active process mediated by a mucosal membrane
calcium pump (ECaC)** and efficient cytosolic calcium
binding proteins (calbindin),** both transcriptionally regu-
lated by calcitriol. At high calcium intakes, passive transport
mechanisms in the more distal small bowel and colon may
account for most of calcium absorption as the proximal ac-
tive calcitriol-regulated mechanisms are suppressed.

In normal individuals, urine calcium excretion rises
slowly with net absorption® (Fig. 20.5), and calcium balance

FIGURE20.4 Pathogenesis ofhypercalciuria and primary hy-
perparathyroidism.Excess secretion of parathyroid hormone
(PTH) stimulates bone remodeling and elevations of 1,25(0OH),D;
and calctum absorption.The resultant increase in serum calcium
leads to an increase in the filtered load of calcium.The latter
overwhelms the stimulation ofrenal tubular calcium transport
by PTH,and hypercalciuria results.

1s usually positive when the absorption rate exceeds 200 mg
per 24 hours. At all levels of net absorption, urinary calcium
excretion was higher in hypercalciuric than in normal sub-
jects, so much so that none of the patient data fell within
the 95% confidence band derived from studies of normal
individuals (Fig. 20.6). For example, in the range of 200
to 300 mg of net calcium absorption, not one of 38 normal
subjects excreted as much as 300 mg of calcium 1n the urine,
whereas 16 hypercalciuric patients did (compare Figs. 20.5
and 20.6). In other words, hypercalciuric nephrolithiasis
subjects excreted in the urine an abnormally high percent-
age of the calcium they absorbed from the intestine. This 1s
compatible with suppression of renal tubular calcium trans-
port rates by low levels of PTH. Net absorption rates exceed-
ed 200 mg per 24 hours in 55 normal subjects (Fig. 20.5).
Urine calcium excretion was less than net absorption; that
1s, calcium balance was positive in 48 subjects. If a gener-
ous margin for error (50 mg per 24 hours) is allowed 1n
the balance data, none of the 55 normal individuals were 1n
negative calcium balance. Among 37 hypercalciuric patients
with a calcium absorption rate above 200 mg per 24 hours,
however, calcium excretion exceeded net absorption in
23 patients by more than 50 mg per 24 hours (Fig. 20.6). In
other words, negative calcium balance was frequent in 1dio-
pathic hypercalciuria subjects but not in normal individuals.
This 1s compatible with either reduced tubular reabsorption,
which should produce elevated levels of PTH, or with exces-
sive bone resorption. The latter appears most likely.

Renal Tubular Calcium Reabsorption

Two systematic studies®®®” have evaluated overall renal frac-
tional calctum reabsorption (Table 20.3). In both, the fil-
tered load of calcium was calculated from inulin clearance
or creatinine clearance and ultrafilterable serum calcium
concentration. The fraction of the filtered calcium load ex-
creted was calculated for several clearance periods in nor-
mal and hypercalciuric nephrolithiasis subjects. Fractional
calcium excretion was clearly high m the hypercalciuric
nephrolithiasis subjects. The effects of hydrochlorothiazide
and acetazolamide on the renal tubular handling of sodium,
magnesium, and calcium suggested to the authors a gener-
alized defect in proximal tubular reabsorption.®®® These
studies did not examine the role of suppressed or elevated
PTH levels in the subjects with hypercalciuric nephrolithia-
sis. The general finding of a tendency for PTH levels to be



SECTION III ® CYSTIC AND TUBULAR DISORDERS

Intestinal Calcium Absorption in Normal Subjects and Patients with Idiopathic Hypercalciuria
Dietary calcium absorbed (%)*
Calcium intake Idiopathic
Reference (no.) Method (mg/24 hr) Normal subjects hypercalciuria
Caniggia et al.'*! Fecal **Ca Free diet” None studied 22.0 (1)
Birge et al.'> *'Ca, PO/IV 800 52.2 = 13.2 (6) 58.5 = 8.6 (4)
Wills'# *'Ca, PO/IV 400 49.0 = 10.0 (4) 76.0 = 17.0 (5)
Pak ' Fecal *'Ca 400 45.6 = 9.0 (29) 69.7 = 7.0 (9)
58.1 £ 13.0 (11)°
Pak et al.® Fecal *'Ca 400 50.0 = 7.0 (20) 71.0 = 7.0 (22)¢
50.0 £17.0 2)°
Ehrig et al.'?° Y'Ca/*Ca, PO/IV 462-952 None studied 47.8 = 11.0 (22)*
37.6 £ 11.0 (22)®
Kaplan®* Fecal “’Ca 400 48.0 + 8.0 (11) 80.0 = 9.0 (211)¢
73.0 = 7.0 3)°
Shen ' Y"Ca/*Ca, PO/IV Free diet 27.0 = 9.0 (14) 40.0 = 9.0 (15)
Barilla'*’ Fecal *’Ca 400 None studied 69.5 *+ 6.4 (10)¢
70.1 = 10.4 (8)°
Zerwekh and Pak'*’ Fecal *’Ca 400 None studied 69.0 = 7.0 (11)¢
68.0 = 9.0 (10)¢

*Values are means * standard deviations; numbers in parentheses represent numbers of patients studied.

®Usual diet but not measured.

“Eleven patients listed as having normocalcemic primary hyperparathyroidism may be considered hypercalciuric.

dAbsorptive idiopathic hypercalciuria.

‘Renal idiopathic hypercalciuria.

Prior to therapy:.

#Three to 16 months after administration of hydrochlorothiazide.
Ca, calcium; PO, orally; I'V, intravenously:

suppressed and the rarity of secondary hyperparathyroidism
call for a reexamination of the issue regarding renal tubular
calcium fluxes.

Arare syndrome, X-linked hypercalciuric nephrolithiasis
(XLHN), or Dent disease, is characterized by recurrent calci-
um nephrolithiasis and has been found to be due to mutations
in a proximal tubular intracellular vesicle chloride transport
protein, CLCN5.%*"%* Two other types of hypercalciuric neph-
rolithiasis, which map to the same defective gene on the X
chromosome (Xp11.22) as Dent disease, X-linked recessive
nephrolithiasis and recessive hypophosphatemic rickets, are
associated with inactivating mutations in CLCN-5.%

The CLCN-5 gene 1s a member of a family of genes that
encode voltage-gated chloride channels.”® CLCN-5 is found

in the kidney tubules and in bone cells. All mutations n
the CLCN-5 gene found to date have been functional, with
loss of function manifested as a lowered conductance of the
mutated channel. CLCN-5 i1s distributed in the human kid-
ney in the proximal tubule, in the thick ascending limb of
the loop of Henle, and in the a-type mtercalated cells of the
collecting duct.”® These sites are where calcium is resorbed
from the filtrate. CLCN-5 knockout animals are hypercalciu-
ric and proteinuric.”!

CLCN-5 colocalizes with the vacuolar H+-ATPase in
proximal tubular cells and a-type intercalated cells. CLCN-5
mutations are associated with modifications in the polarity
and expression of H1-ATPase, but not ultrastructural altera-
tions in proximal tubular cells.”® The variability in diseases
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sorption by the proximal tubule and range from kaliuresis,
glycosuria, phosphaturia, and/or hypouricemia. Constant
findings of Dent disease include hematuria and low molecu-
lar weight proteinuria. Dent disease progresses to renal fail-
ure due to nephrocalcinosis and tubulointerstitial nephritis.
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Thiazide diuretics reduce hypercalciuria in patients with
CLCN-5 mutations, but thiazides can make these patients
become hypokalemic. The beneficial effect must be weighed
against the potential side effect profile.”* Langman finds little
reduction i stone formation even when urinary calcium 1s
lowered to normal in such individuals.”
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Fraction of Filtered Calcium Excreted
in the Urine by Normal and

Hypercalciuric Subjects®
Normal Hypercalciuric
subjects  subjects®
Edwards and 0.94% (7) 2.94% (14),
Hodgkinson'*’ P < 0.001
Peacock and Nordin'>®  1.27% (5)  4.25% (9),
P < 0.01

"Number of subjects studied are shown in parentheses next to fractional
excretion values.

®Urine calcium >300 mg/24 hr (men) or 250 mg/24 hr (women).

Another Voltage-Gated Chloride Channel

Bartter syndrome is a disease arising from one of three
possible genes in the thick ascending limb that bear
mutations in the Na"-K"-2Cl- gene NKCC2, in the K"
channel ROMK, or in the chloride channel CLCNKB.
Each of these mutations produces a phenotype that in-
cludes hypercalciuria and kidney stone formation with
or without nephrocalcinosis. A missense mutation in the
CLCNKB gene leads to disease of intrafamilial heterogene-
ity of urinary calcium levels. Some family members have
Bartter syndrome with frank hypercalciuria, but others
have hypocalciuria and a clinical phenotype of Gitelman
syndrome.”’

Hypomagnesemia/Hypercalciuria

Familial hypomagnesemia with hypercalciuria and neph-
rocalcinosis (FHHNC) is an autosomal recessive tubular
disorder that is frequently associated with progressive re-
nal failure. The primary defect 1s related to impaired tu-
bular reabsorption of magnesium and calcium in the thick
ascending loop of Henle. Mutations in PCLN-1, which en-
codes the renal tight junction protein paracillin-1, were
identified as the underlying genetic defects. Affected pa-
tients usually present in childhood or adolescence with
symptomatic hypocalcemia.”®”® Recurrent nephrolithia-
sis and nephrocalcinosis are also seen and progression to
renal insufliciency and an acidification defect are com-
mon. The problem with acidification has been attributed
to defective ammonia transfer to the deep nephrons and
impaired medullary hydrogen ion secretion due to neph-
rocalcinosis.”” Treatment with magnesium salts and thia-
zides seems to have no effect on the progression of the
disease.

A second form of primary hypomagnesemia, Gitelman
syndrome, 1is associated with hypocalciuria. It is due to mu-
tations in the gene encoding the thiazide-sensitive sodium-
chloride-cotransporter. Because thiazides are used to treat
hypercalciuric nephrolithiasis, it is important to know that
they can mimic the syndrome of hypomagnesemia including
hypokalemia induced by magnesuria.'”

Skeletal Remodeling

The high frequency of negative calcium balance in patients
with i1diopathic hypercalciuria on low calcium diets was the
first indication that exaggerated bone resorption character-
ized the syndrome. Additional evidence for elevated skeletal
remodeling in hypercalciuric nephrolithiasis has accrued.
Several investigators®'°! have documented reduced verte-
bral bone density in hypercalciuric nephrolithiasis by both
CT and dual energy X-ray absorptiometry. Patients who
exhibit fasting hypercalciuria tend to have a greater reduc-
tion 1 trabecular bone density than do other hypercalciuric
patients, but there is significant overlap, and patients with
absorptive hypercalciuria and normal fasting calcium ex-
cretion exhibit a high prevalence of reduced bone mineral
density. Increased rates of skeletal remodeling with resorp-
tion favored over formation are supported by the findings
of increased osteocalcin secretion and increased urinary hy-
droxyproline levels in patients with fasting hypercalciuria.®
The pathogenesis of exaggerated bone remodeling rates
may be due to elevations in 1a,25-dihydroxycholecalciferol
(1a,25[OH],D;) levels, or due to elevations in bone cytokine
activity such as prostaglandin activity'®* and interleukin-1
activity® The result of this exaggerated skeletal remodeling
1s an increase in calcium release to the systemic circulation
and suppression of PTH secretion.'”> One possibility is that
exaggerated skeletal remodeling i1s a component of the syn-
drome of idiopathic hypercalciuria. Activation of skeletal re-
modeling in the hypercalciuric patient results in increased
skeletal remodeling, leading to the loss of a quantum of the
skeleton before counterregulatory influences decrease re-
modeling rates, removing the component of fasting hyper-
calciuria from the hypercalciuric syndrome. Such a scenario
is sufficient to explain the clinical picture, as we currently
understand it. Greater clarification of the roles of fasting hy-
percalciuria, and of bone remodeling, and their pathogenesis
1s required i patients with hypercalciuric nephrolithiasis.
The role of skeletal remodeling in nephrolithiasis was further
clarified by the recent discovery of a mutation in the type 2a,
sodium-dependent phosphate cotransporter gene found in
the proximal tubule and osteoclasts.”

Fasting Hypercalciuria

Except for negative calcium balance, either primary intes-
tinal calcium absorption or a primary renal calcium leak
could produce the findings summarized in Tables 20.2
and 20.3 and in Figures 20.5 and 20.6. Primary intestinal
overabsorption increases postprandial serum calcium levels



above normal and increases the filtered load of calcium
(Fig. 20.1). PTH secretion is reduced by the hypercalcemia,
and suppression of PTH secretion would reduce calcium
reabsorption because PTH stimulates renal tubular calcium
reabsorption. In contrast, a renal tubular transport defect
(Fig. 20.2) leading to hypercalciuria would produce second-
ary hyperparathyroidism. PTH, in turn, would stimulate the
production of 1,25(OH),D; and produce intestinal calcium
hyperabsorption. Hyperabsorption would elevate postpran-
dial serum calcium levels, raising the filtered calcium load
and decreasing the magnitude of secondary hyperparathy-
roidism. The only way of distinguishing one mechanism
from the other is by testing specific predictions that differ
in the two forms of hypercalciuria. Clinically, PTH levels are
the most clear-cut basis of distinction. Fasting hypercalciuria
1s not a means of detecting a renal calcium leak because it
can be and is caused by exaggerated bone remodeling.

Absorptive hypercalciuria 1s associated with low or nor-
mal fasting immunoreactive PTH (1IPTH) levels. The absorp-
tive hypercalciuria hypothesis predicts a spectrum of fasting
PTH values, but it forbids the combination of elevated fasting
urinary calcium-creatinine ratio, and normal-to-suppressed
1IPTH levels. Normal PTH levels are typically observed in pa-
tients with fasting hypercalciuria and hypercalciuric neph-
rolithiasis. The renal model requires elevated fasting urinary
calcium-creatinine ratios and a high serum 1PTH level. This
1s seen uncommonly (Table 20.1).

On the other hand, evidence exists for suppressed PTH
levels in patients with hypercalciuric nephrolithiasis who ex-
hibit fasting hypercalciuria'® (Fig. 20.7). When fasting hyper-
calciuric subjects are treated with sulindac, an NSAID agent,
their urinary calcium excretion 1s decreased but, more impor-
tantly, their PTH levels are increased. This suggests that a bone
resorptive process 1s releasing calcium to the circulation and
suppressing PTH. Inhibition of bone resorption by sulindac
results in an increase in PTH levels, suggesting that the levels
are suppressed in patients with fasting hypercalciuria.'®?

Past studies attempting to detect low or normal PTH
levels?6->72-10%195 gy ffer from difficulties with the radioim-
munoassay for PTH. More recent double-antibody tech-
niques that enable the measurement of intact hormone and
the detection of low circulating PTH levels circumvent these
problems and support the finding of low or normal PTH
levels in patients with hypercalciuric nephrolithiasis.

Pathogenesis of Absorptive Hypercalciuria

A potential explanation for the pathogenetic process iden-
tified in absorptive hypercalciuria is abnormally elevated
1,25(0OH),D; levels. Patients with idiopathic hypercalciuria
tend to exhibit elevations in 1,25(OH),D; levels.?*-¢70-79.106
The frequency of high 1,25(OH),D; levels in idiopathic hy-
percalciuria 1s controversial, but it appears to range from
30% to 40%. Kaplan®® demonstrates that fractional calci-
um absorption correlates with the serum concentration of
1,25(OH),D;. Two thirds of the patients in this study did not
have elevated 1,25(0OH),D; levels.
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FIGURE20.7 Changes in serum immunoreactive parathyroid
hormone (PTH) in patients with fasting hypercalciuria after

15 days of diclofenac treatment. Dotted lines indicate the nor-
mal range of PTH. (From Filipponi P, Mannarelli C, Pacifici R,

et al. Evidence for a prostaglandin-mediated bone resorption
mechanism in subjects with fasting hypercalciuria. Calcif Tissue
Int. 1988:43:61,with permission.)

On the other hand, evidence exists that shows that in-
creased intestinal absorption of calcium may be primary and
independent of vitamin D. Several studies indicated that
the hypophosphatemia observed in idiopathic hypercalci-
uria is not sufficient to stimulate 1,25(OH),D; levels.'?-'%
Breslau'” used ketoconazole, an imidazole antimycotic
agent''’ capable of reducing serum 1,25(OH),D; levels by
40%, 1 normal subjects and in patients with primary hy-
perparathyroidism after 1 week of therapy.''' Ketoconazole
was used as a probe to investigate the pathogenetic impor-
tance of 1,25(OH),D; in patients with absorptive hyper-
calciuria. Twelve of 19 patients responded to ketoconazole
with a reduction mm serum 1,25(OH),D; levels, intestinal
calclum absorption, and 24-hour urinary calcium excre-
tion. In the responding patients, intestinal calcium absorp-
tion was directly correlated with serum 1,25(OH),D; levels
and 24-hour urmary calcium excretion. In seven nonre-
sponders, a reduction in 1,25(0OH),D; produced no change
in intestinal calcium absorption or 24-hour urinary calcium
excretion. The authors conclude that absorptive hypercalci-
uria is a heterogeneous disorder composed of both vitamin
D-dependent and vitamin D—independent subsets.'” The
vitamin D—dependent subsets incorporate patients with ele-
vated 1,25(OH),D; levels, patients with abnormally respon-
stive vitamin D receptors, and patients with allelic variations
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Types of Renal Stones Formed and Frequency of Occurrence®

CaOx Number

and Cap CaOx Cap Uric acid Cystine Struvite  ofstones
Nordin and Hodgkinson' 46.0 14.7 8.0 2.9 3.3 25.1 243
Lagergen” 44.2 15.1 7.6 3.6 1.1 28.1 460
Melick and Henneman’ 30.3 27.1 20.6 12.9 2.6 14.8 155
Prien* 34.3 32.7 5.3 5.8 2.9 19.0 1,000
Sutor et al.” 35.9 28.5 7.4 2.47 1.61 24.1 810
All series 37.2 26.3 7.4 4.5 2.2 22.3 2,668

"Numbers represent the percentage of each stone type in the series. Total numbers of stones surveyed are shown in the last column.

CaOX, calcium oxalate; Cap, calctum phosphate.

From Coe FL, Favus MJ. Nephrolithiasis. In Brenner BM, Rector FC Jr., eds. The Kidney, 2nd ed. Philadelphia: WB Saunders; 1991, with permission.

in the vitamin D receptor that have been incriminated in
causing osteoporosis.''? Animal studies in the genetically
hypercalciuric rat support the possibility that an abnormal
vitamin D receptor could contribute to the pathogenesis of
absorptive hypercalciuria.'"”

Pathogenesis

The crystals that form into renal stones consist of calcium
salts, uric acid, cystine, or struvite (magnesium ammonium
phosphate). Calcium stones are the predominant variety
(Table 20.4) and they are composed of calcium oxalate
(CaOx), CaOx and calcium phosphate as apatite, or apatite
alone.'»''"*1"¥ Tyo forms of CaOx crystals—monohydrate
and dihydrate—differ in their lattice structure and micro-
scopic appearance'?’ and this may be relevant to patho-
physiology. The calcium phosphate crystals are most com-
monly apatite or hydroxyapatite. Calcium carbonate is a
crystal form usually found mixed in struvite stones or a high
pH environment. Occasionally, brushite (calcium hydrogen
phosphate), whitlockite (calcium orthophosphate), and oc-
tacalcium phosphate are found.''® Calcium phosphate crys-
tals are as common in stones as are CaOx crystals (Table
20.4), but the amount of CaOx in mixed stones generally
exceeds that of calcium phosphate. Additionally, pure CaOx
stones are much more frequent than are pure calctum phos-
phate stones.

Formation of Renal Stones

The formation of renal stones composed of calcium salts
1s a complex process that remains poorly understood de-
spite considerable efforts over many centuries. The pro-
cess consists of a calcium salt precipitating from solution
(nucleation) forming a crystal. Subsequent crystal growth

and aggregation lead to a stone nidus. When the aggregate
adheres to the tubulopelvic uroepithelium, continued epi-
taxial growth of the crystal aggregate eventually leads to a
detectable size, making it a renal stone.

Nucleation

Nucleation describes the process that occurs when the ac-
tivity of calcium salts reaches the level at which the solid
phase begins. If one compares urine to an aqueous solu-
tion, it quickly becomes apparent that urine is able to hold
much higher levels of calcium salt in solution than is water.
If one considers an aqueous solution containing crystals of
a calctum salt when the crystal neither grows nor shrinks,
the solution is mn equilibrium. The product of the free 1on
concentrations (activity product) at this equilibrium deter-
mines the equilibrium solubility product (SP) of the salt
(Fig. 20.8). Solutions with concentrations of salt less than
the equilibrium SP are undersaturated. A higher free ion
activity product will cause the solid phase, the crystals, to
grow (epitaxy). However, if the crystals are removed from a

C2tx AZ=SP
@ o ®
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FIGURE20.8 Asolution containing calcium salt (a calcium salt
consists of cations, (**, and anions, A%") crystals is in equilibrium
when the crystals neither grow nor shrink. At this point,the
product ofthe free ion concentration (activity product)is the
equilibrium solubility product (SP) ofthe salt.
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FIGURE20.9 When calcium salts are added to a solution,
precipitation (nucleation) does not occur until free ion activity
products well above the solubility product are reached. The ac-
tivity product at which solid phase begins to form is the forma-
tion product.

solution at the level of the equilibrium SP and then the ion
activity product is elevated, the activity product that would
have caused growth of preformed crystals now results in
no appearance of a new solid phase. This solution is called
metastably supersaturated (Fig. 20.9). The activity products
of calcium salts in urine are almost constantly in the range
of metastable supersaturation. In the range of metastable su-
persaturation, if the activity products are raised sufficiently;
new crystals will appear. The activity product at which new
crystals form is called the formation product (FP), or the up-
per limit of metastability (Fig. 20.9). Above the level of the
FP, a solution is unstable, creating new crystal nuclei. Urine
may be undersaturated, metastably supersaturated, or unsta-
ble with respect to CaOx or the stone-forming calcium phos-
phate crystals (brushite, octacalcium phosphate, hydroxy-
apatite, and apatite), but most of the time it is metastably
supersaturated and, particularly for brushite, close to the FP.

Factors Influencing Urinary Supersaturation

The multiple factors influencing urinary supersaturation in
a clinical setting are shown in Table 20.5. The renal excre-
tion of calcium salts that precipitate and take part in stone
formation is a primary determinant of urinary supersatura-
tion. Thus, urinary volume, calcium, oxalate, and phosphate
ions all participate in the risk of calcium stone formation. In
addition, binding of calcium and oxalate to cells, or the solid
phase, and urine pH (which mnfluences relative amounts of
monohydrogen phosphate and dihydrogen phosphate) dras-
tically alter free 10n concentrations and have great importance
in regulating saturation—at least equal to the role of the total
concentrations of the respective substances. This is the rea-
son why hypercalciuria, oxaluria, unduly alkaline urine, and
low urinary volumes are not sufficient to ensure that stones
will form in and of themselves. Binding of the components
of calctum salts also complicates the measurement of urine
saturation, and simple concentration measurements give only
small clues to actual free ion activity products.

Alternative substances to calcium salts may be consid-
ered as inhibitors of urinary saturation and contribute to the
ability of urine to hold salts in solution to a much greater
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Factors Affecting Urinary
Supersaturation in the (inic

Renal excretion rates

Calcium

Oxalate

Phosphate

Protons

Water
Inhibitors

Magnesium

Citrate

Nephrocalcin

Osteopontin

Tamm-Horsfall protein

Others (pyrophosphate, glycosaminoglycans)
Promoters

Uric acid, urate

Altered epithelial calcium oxalate binding

extent than does a simple aqueous solution. The known
inhibitors of urinary saturation include the divalent cation
magnesium, which forms oxalate, and phosphate salts, which
are more soluble compared to those of calcium. In addition,
citrate and sulfate are anions with which calcium forms solu-
ble complexes as alternatives to phosphate or oxalate. Urine
also contains substances to which calcium binds, thereby
reducing the free ion activity. Pyrophosphate, nephrocalcin,
and osteopontin are other morganic and organic crystal in-
hibitory calcium-binding sites, and are discussed in greater
detail later in this chapter. In addition, certain substances to
which calcium salts may complex actually promote precipita-
tion. In this category, uric acid and sodium urate are found.
These substances are also discussed later in the chapter.

Measurements of Urinary Supersaturation

Because simple concentration measurements give little clue
to the activity of specific ions in urine, several strategies have
been designed to estimate urinary supersaturation.®''?!:122
These approaches are computer-based calculations of uri-
nary free 1on activity for calcium, oxalate, and phosphate
dertved from their concentrations and their known tenden-
cies to form soluble complexes with each other and with
other ligands such as citrate and sulfate. A calculated free
ion activity product such as the CaOx 1on product, when
divided by the corresponding equilibrium SP, yields an ac-
tivity product ratio (APR), which estimates the degree of
saturation (Fig. 20.10). A ratio above one indicates urinary
supersaturation. Ratios below one represent undersatura-
tion. The upper limit of metastable supersaturation can be
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FPR

SPR

Activity Products Ratio (APR)

FIGURE20.10 The calculated activity product ofa calcium salt
factored by its solubility product (SP) yields a ratio (R) describing
undersaturation (<<1),saturation (1),metastable supersaturation
(>1),and the formation product ratio (FPR)at the point when the
solid phase begins to form.The FPRdetermined for calcium oxa-
late (CaOx) by Pak and Holt** was 11 =+ 3.

determined by raising the APRs to the point at which pre-
cipitation or solid phase formation begins to appear. The
APR at this point is called the formation product ratio (FPR).%!
Pak and Holt'*® modified the approach to measuring uri-
nary supersaturation by adding seed crystals to urine and
incubating at 37°C with stirring at constant pH, for 2 days.

The ratio of concentration products at the start and end of
the incubation must equal the APR, even though the con-
centration products themselves do not equal the activity
products. Pak and Holt'?"'** show that the assumption of
stable activity coeflicients is valid, so that that the empirical
concentration product ratio is a valid estimate of the APR,
within limits.

Observations of Urinary Supersaturation

Several investigators'**"'*® with varying approaches have ac-

cumulated evidence indicating that urine from stone formers
1s more supersaturated than normal (Table 20.6). Because of
differences in methodology, the absolute values of activity
products differ among investigators. However, stone form-
ers, whether hypercalciuric or normocalciuric, had higher
average values of urine saturation than did those who did
not form stones. This held whether saturation was measured
with respect to CaOx, brushite, octacalcium phosphate, or
hydroxyapatite.

An 1mportant observation common to approaches both
with and without the use of seed crystals is that activity
products of normal urine, on average, are above the equilib-
rium SP (Fig. 20.9) or oversaturated, except with respect to
brushite. In the data from Pak and Holt'***'?7 and Weber,'?®

Urine Calcium Oxalate and Calcium Phosphate Activity Product Ratios in Normal Subjects
and in Stone Formers®

Normal subjects

TCHNormocalciuric TCH
stone formers

Hypercalciuric stone
formers

Calcium oxalate monohydrate

2All values are means *+ standard deviations.

Robertson® 3+12t010.7 = 1.3 55*+13t0182 *1.3 —
Pak® 1.45 = 0.70 28 =14 22 *+6
Weber? 1.97 = 0.90 3.3+22 2.2+
Brushite
Pak® 0.35t00.26 1.74 = 0.79 0.9 £0.5
Marshall’ 1.15 = 0.60 1.35 = 0.70 4+14
Octacalcium phosphate 63 79 200
Hydroxyapatite 4.6 X 10° 9.1 X 10° 2.9 x 10%

°From Robertson et al.>***?°> and Marshall et al.?; values of APR were calculated from activity products; the equilibrium solubility product (Ksp) was taken

as 1.7 X 1077 m>.
From Pak?’; values of APR were measured by experiments.

YFrom Weber?®; values of concentration product ratio (see text) were measured by seeding experiments.
From Pak et al.’; K, of brushite was taken as 9.32 X 10”7 m?; values of APR were calculated.
'From Marshall*®; K, of octacalcium was taken as 2.3 X 10~'® m* and of hydroxyapatite as 1.1 X 107°° m?; values of APR were calculated.

APR, activity product ratio.

Modified from Coe FL, Favus MJ. Nephrolithiasis. In: Brenner BM, Rector FC Jr., eds. The Kidney, 2nd ed. Philadelphia: WB Saunders; 1991,

with permission.



this is a visible fact: Added crystals grew in urine from most
normal persons. The use of urine measurements to assess
supersaturation may be insuflicient to reveal the full crystal-
lization potential that exists in the renal tubule. Hautmann
and colleagues'? studied the calcium and oxalate concentra-
tions 1n tissue from cortex, medulla, and papillac of human
kidneys. The CaOx concentration product in the papillae
exceeded that of urine and the concentrations in the me-
dulla and cortex. If the high chemical concentration product
in the papillae reflects a high free ion product in tubular
fluid or interstitium, CaOx crystallization in this region may
occur more rapidly than would be predicted from the 1on
product of the final urine.

Formation Products

The urinary APR at which urine produces new crystals has
been measured for CaOx and brushite for those with no signs
of stone formation and hypercalciuric, normocalciuric, and
hyperparathyroid stone formers. Surprising variability was re-
ported by Pak'?” (Fig. 20.11). However, the APR at the limit of
metastability, the FPR, is higher in normal urine than in urine
from stone formers. Furthermore, the FPR in urine from pa-
tients with hyperparathyroidism may be below the value ob-
served for simple aqueous salt solution. This low of a value of
FPR suggests facilitation of crystal formation. This type of data
from several investigators yielded several conclusions. The
first is that urine is abnormally supersaturated in stone form-
ers. The values of APRs lie close enough to the FPR, at least for
CaOx, so that new crystal formation would be expected. Most
urine, even from those without stone formations, is metasta-
bly supersaturated with respect to CaOx so that growth of
crystal nuclei into a significant mass is predictable.

Homogeneous Versus Heterogeneous
Nucleation

Nucleation, the initial precipitory event in stone formation,
may be homogeneous or heterogeneous. In an unstable so-
lution, crystals form spontaneously by homogeneous nucle-
ation. Much higher levels of supersaturation are required
to produce homogeneous nucleation than heterogeneous
nucleation.?° The latter occurs in metastably supersaturated
urine as certain macromolecules, or other crystals that can
act as nuclei, stimulate precipitation. Because urine contains
a number of macromolecular and cellular degradation prod-
ucts, crystallization is most often heterogeneous.'*%!!

The efficiency of heterogeneous nucleation depends on
the similarity between the spacing of charged sites on the
preformed surface and the spacing in the lattice of the crystal
that 1s to grow on that surface. This matching is referred to
as epitaxis, and its extent is usually referred to as a good or
poor epitaxial relationship.'*> A number of urine crystals have
good epitaxial matching and behave toward one another as
heterogeneous nuclei. Monosodium urate and uric acid are
excellent heterogeneous nuclei for CaOx,'**!** so uric acid
or urate could, by crystallization, lower the FPR for CaOx.
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FIGURE20.11 Formation product ratios (FPRs) for calcium
oxalate (CaOx) and brushite of urine from normal subjects and
stone formers. Each point shows the value for a single urine
sample.For an aqueous solution,the activity product ratios at
which spontaneous crystallization of CaOx and brushite oc-
curs,the so-called FPRs,are shown by dotted lines at 8 and 3.6,
respectively. C,control subject; AH-1 and AH-2,severe and mild
absorptive hypercalciuria; NV,normal calciuric stone formers;
PHPT,primary hyperparathyroidism.Mean values in standard
deviations (SD) are shown by horizontal lines. (From Pak CYC,
Holt K Nucleation and growth ofbrushite and CaOx in urinary
stone-formers. Metabolism. 1976;25:665, with permission.)

Heterogeneous nucleation is thought to play a role in linking
hyperuricosuria to CaOx stones,”®'*>™*% a matter discussed
later in this chapter. Epitaxial overgrowth of CaOx on a sur-
face of uric acid has been experimentally documented.'® At
a pH above 6.9, brushite may transform to hydroxyapatite,
which can serve as a nucleus for CaOx.'*" Based on observa-
tions that calcium phosphate is the most common crystal in
human urine,'*! is ubiquitous in human urinary stones, and
is often seen at the center of mixed CaOx/calcium phosphate
urinary stones,'** nucleation of CaOx crystals is proposed
to be induced by calcium phosphate.!"'? In addition, both
apatite and brushite crystals induce crystallization of CaOx
in vitro from metastable solutions of CaOx.'**'** The other
possible epitaxial relationships have not yet been linked ex-
plicitly to particular varieties of stone disease.'*> However,
the low FPRs in primary hyperparathyroidism suggest that
heterogeneous nucleation may be occurring.
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Crystal Growth

Once present, crystal nuclei grow if suspended in urine with
an APR above one (Fig. 20.12). Crystal growth is critical to
stone disease, because microscopic nuclei are too small to
cause obstruction. Crystals are regular lattices, composed of
repeating subunits, and they grow by incorporation of cal-
cium and oxalate, or phosphate, into new subunits on their
surfaces. In metastable solutions at 37°C, growth rates of
CaOx and the stone-forming calcium phosphate crystals are
rapid. Appreciable changes in macroscopic dimensions oc-
cur over hours to days. Growth rate increases with the extent

of oversaturation and tends to be most rapid in urine having
the highest APR.

Factors Influencing Crystal Growth

In urine, the upper limit of metastability 1s higher and crystal
growth rates are lower than in a salt solution with the same
APR. The nature of the materials that confer crystal growth
rate inhibition on urine is incompletely known. Crystal
growth inhibitors for calctum phosphate crystals may not be
the same as the substances that affect CaOx crystal growth.
Inorganic pyrophosphate increases the FPs of calcium
phosphate and CaOx in salt solutions and, by absorbing their
surfaces, retards the growth of hydroxyapatite'*® and CaOx
crystals.'* Urinary pyrophosphate concentrations range
from 20 to 40 uM in adults. This concentration is sufficient
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FIGURE20.12 Saturation-inhibition index of urine from stone
formers in normal subjects.The ability of dilute urine to prevent
crystalaggregation in an in vitro system (inhibitory activity) is
shown as a function ofrelative supersaturation with respect

to calcium oxalate (CaOx) (x axis). Avalue of 1.0 represents the
saturation at the level ofthe formation product (FP);a value of
0.1 would be near the solubility product. Stone formers (solid
circles) and normal subjects (open circles) fall into separate
zones;the dotted line,obtained by statistical analysis,is the best
plane of' separation. (From Robertson WG, Peacock M, Marshall
RW,et al. Saturation inhibition index as a measure ofthe risk

of calcium oxalate stone formation in the urinary tract. N fnglJ
Med. 1976;294:249, with permission.)

to inhibit crystal growth.'*® Fleisch and Bisaz'?’ suggest that
urine raises the FP for calctum phosphate above the level
expected from the pyrophosphate it contains. They suggest
that other inhibitors accounted for approximately 50% ofthe
total inhibition of calcium phosphate crystal growth. Smith
and colleagues'*’ have produced similar estimates. Bisaz'*®
suggests that pyrophosphate, citrate, and magnesium ions
contribute about 77% of the total calcium phosphate crys-
tal inhibition capacity of urine. However, several investiga-
tors'**!* concluded that urine pyrophosphate contributes
insignificantly to CaOx crystal growth inhibition.

Inhibitors of Calcium Oxalate Crystal Growth

Some progress has been made describing the urinary inhibi-
tors of CaOx crystal growth. The studies of Robertson and
associates'>"">! suggesting that a urinary proteoglycan may
significantly contribute to CaOx crystal growth inhibition
have not been further supported. Strongly acidic peptides
such as nephrocalcin and osteopontin have been described
as important inhibitors of CaOx crystal growth,>?-!#¢:1>27153
Strongly acidic peptides such as poly-L-aspartate and poly-
L-glutamic acids inhibit CaOx crystal growth, and urine
appears to contain several glycopeptides unusually rich in
these two amino acids. Two of the best known of these are
nephrocalcin and osteopontin.'”® Treatment of urine with
nonselective proteases diminishes the inhibition of CaOx
crystal growth,'*® which may be related to urinary glycopro-
teins. Nephrocalcin contains y-carboxyglutamic acid (Gla),
and 1s an amphiphilic molecule with a molecular mass of
about 15 kd. It tends to self-aggregate into a series of higher
molecular mass polymers.””!>?

Nephrocalcin from stone formers lacks the Gla residues,
which is associated with a loss of ability to form stable film
at an air-water interface, perhaps reflecting decreased amphi-
philicity. The nature of the molecular abnormality leading
to decreased inhibition of CaOx crystal growth is unknown.
A separate abnormality in nephrocalcin has been identified
from the urine of patients with X-linked recessive nephrolithi-
asis.'>® Nephrocalcin from affected males and carrier females
with X-linked recessive nephrolithiasis is poorly phosphory-
lated, with decreased ability to inhibit crystal growth.

Osteopontin (OPN) is a more recently 1solated CaOx
crystal growth inhibitor.'>® Expression of OPN under basal
conditions 1s limited to bone matrix, kidney, inner ear, de-
cidual glands, and smooth muscle.'>” OPN is found in breast
milk and serum.'”®!>" It is expressed in response to various
mitogens and growth factors, including phorbol esters and
transforming growth factor-beta (TGF-B)'**!®! and is also
expressed by cells in response to injury. Kleinman'®® finds
that renal tubular OPN expression increases markedly after
ischemic injury. However, OPN excretion is not decreased
in renal stone formers. It appears that the level of phos-
phorylation is the critical issue in regard to the function of
OPN as a urinary crystal inhibitor.'>> The full OPN protein
1s not required for functional activity. Small domains of the
OPN primary sequence were able to independently inhibit



calctum oxalate monohydrate (COM) crystal growth. The
phosphorylated OPN peptides are potent inhibitors of COM
crystal growth, but not COM crystal aggregation.'>> The ex-
tent of phosphorylation of OPN 1is responsive to hormonal
influences such as those of vitamin D.'®* The role of OPN in
the kidney 1s not fully understood, although it 1s protective
against CaOx monohydrate crystal aggregation and retention
in the kidney as demonstrated by studies in OPN null mice,
genetic hypercalciuric stone-forming rats, and humans.®’-'%*

The role of OPN in biology is complex.'® It is an os-
teoclast autocrine regulating motility and bone resorption.'®®
OPN 1s a ligand for the cell surface receptors of o,3; and
CD44, and it stimulates osteoclast signal transduction upon
binding.'*®!'®" In the kidney o,B; is found largely on the
basolateral surface of the distal nephron'®® and CD44 local-
1zation 1s unknown, whereas OPN is secreted mainly by the
thick ascending limb into the tubular fluid at the luminal
surface of the epithelial cell. OPN is structurally related to
proteins found i other mineralized tissues, notably mollusk
shells, which have contrasting effects on crystallization de-
pending on whether they are in solution or immobilized on
a surface. When 1 solution, these proteins inhibit calcite,
CaOx, and apatite crystal growth.'® However, if these pro-
teins are immobilized on a support before incubation with a
supersaturated solution of the mineral phase, they are able to
initiate crystal nucleation in specific orientations.'” It is be-
lieved that OPN serves as a modulator of crystallization and
is important for ordered crystal structure of the bone.'”! In its
phosphorylated state, it inhibits and thereby regulates apa-
tite formation.'’> OPN is also found in association with the
pathologic calcification of stone matrix'”®> and atherosclerotic
plaques.'®*!'"* Phosphorylation of OPN renders it inhibitory
to vascular calcification'” and skeletal mineralization.'"!

Tamm-Horsfall protein (THP) is the major urinary gly-
coprotein of normal urine. THP from stone formers is abnor-
mal, with a higher tendency to aggregate under conditions
of increased ionic strength and low pH.'’® Normal THP is an
inhibitor of crystal aggregation, but THP from stone formers
1s less active in preventing aggregation and, under some con-
ditions, THP from stone formers may promote the forma-
tion of crystal aggregates, especially in the presence of high
concentrations of calctum. The structural abnormalities re-
sponsible for impaired mhibitory activity are not completely
understood.'”” One study demonstrated that Tamm-Horsfall
glycoprotein and citrate concentrations are linearly related
to CaOx monohydrate agglomeration inhibition.'”® The ef-
fects of the two substances are synergistic. Tamm-Horsfall
glycoprotein removal from the urine dramatically reduced
CaOx agglomeration.'”®

Hallson and Rose'” suggested that certain materials
in urine, which they refer to as uromucoids, might promote
calcium phosphate crystallization and aggregation. The sig-
nificance of these findings is unclear. Of greater interest,
urate anions in urine appear to bind and adsorb inhibitor
substances, suggesting that hyperuricosuria could promote
CaOx stones by reducing levels of urine crystal growth

9
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inhibitors.">® When incubated in vitro, monosodium urate
1s able to bind heparin, a potent proteoglycan inhibitor of
CaOx crystallization.'® This demonstrates that at least one
specific polyanion inhibitor could be adsorbed by a solid
phase of uric acid.

Relationship of Oversaturation and Crystal
Growth Inhibition to Clinical Nephrolithiasis

The force that drives calcium salts out of solution, into the
solid phase, 1s oversaturation. Compared to homogeneous
nucleation, heterogeneous nucleation facilitates stone for-
mation by decreasing the degree of oversaturation required
for nucleation. Inhibitors such as magnesium, pyrophos-
phate, osteopontin, and nephrocalcin suppress nucleation;
increase the supersaturation needed to produce the solid
phase; and retard the growth of nucler already formed. In
the most important stone-forming conditions, oversatura-
tion, heterogeneous nucleation, and reduced inhibitors have
documented, or at least postulated, roles that vary from one
disease to another (Table 20.7). Treatment is often successful
n reversing stone formation by eliminating the disturbances
that enhance the risk of stones or, in some cases, by intro-
ducing secondary biochemical changes that compensate for
the underlying defect.

Oversaturation occurs in idiopathic hypercalciuria, pri-
mary hyperparathyroidism, and hyperoxaluria because of
overexcretion (Table 20.7). Both hypercalciuria and phos-
phaturia occur in RTA. Oversaturation with respect to cal-
cium phosphate salts, which make up most of the stones in
RTA, 1s also increased by alkaline urine and by low levels of
urinary citrate, an important calcium-binding agent.

The finding of urine formation products below those
of simple salt solutions provides evidence for heterogeneous
nucleation in hyperparathyroidism. The basis for this find-
ing 1s unknown. Hyperuricosuria is thought to engender
urine crystals of uric acid or sodium hydrogen urate, which
are efficient heterogeneous nuclei for CaOx.>%!?13* It is un-
certain whether these crystals are in a gel state.'’

Low levels of urine mhibitors have been demonstrated
in some hypercalciuric and normocalciuric stone formers.'*
Robertson'?® reports lower inhibitor levels in hyperuricosu-
ric stone formers. In general, the levels of crystallization in-
hibitors in the urine of stone formers differ from those in
non—stone formers and, consequently, their urine samples
can be distinguished from samples of normal people more
reliably when mhibitor content is measured than by the use
of supersaturation measurements alone (Fig. 20.13). This
fact highlights the presence of low inhibitor levels in stone-
forming patients and suggests that inhibitors are very impor-
tant in preventing stones.

More recent measurements of urinary inhibitors of
CaOx monohydrate crystal growth show that the lowest in-
hibitor levels occur in patients with hypercalciuria, but not
hyperuricosuria,'® and that samples from normal subjects
can be distinguished from those of stone formers no more
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Pathogenetic Mechanisms in Some Established Forms of Calcium Nephrolithiasis

Mechanisms
Heterogeneous Reduced inhibition of
Overexcretion nucleation stone formation
Idiopathic hypercalciuria + — Unknown
Primary hyperparathyroidism + + =
Hyperuricosuria — + —
Renal tubular acidosis + Unknown —
Hyperoxaluria - = =

No detectable metabolic abnormality —

reliably by a combination of inhibitor and supersaturation

measurements than by measurements of inhibition alone.

Nephrocalcin from urine of stone-forming patients'®' or

CaOx stones'®? seems abnormal; it lacks Gla and forms
weak air-water films. The difference between these results

and those of Robertson'? is probably related to differences
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FIGURE20.13 Nomograms showing undissociated uric acid
concentration at values ofurine pHand total uric acid concen-
tration. The solubility limit for uric acid is shown by crossed
hatched bars (96 == 2 mg per L). (From Coe FL Uric acid and
calcium oxalate nephrolithiasis. Kidney Int. 1983;24:392, with
permission.)

in methodology. Hallson and Rose'”® present additional evi-
dence that mhibitors of crystallization are functionally im-
portant and differ in stone formers from those in normal
subjects.

Medical Management of Hypercalciuric
Nephrolithiasis

The conservative recommendations made for all patients,
regardless of the underlying etiology of stone disease, are
affected somewhat by the diagnosis of hypercalciuria. Mea-
sures undertaken to increase urinary output to more than
2 L per day, to avoid high oxalate and sodium intake, and
to restrict animal proteins with extremely high purine lev-
els are generally recommended in any patient with recurrent
nephrolithiasis. With these conservative measures alone, a
significant number of patients are able to normalize urinary
risk factors for stone formation and reduce the incidence
of recurrence. After 3 to 4 months of conservative therapy,
the patient needs reevaluation. If the patients metabolic or
environmental abnormalities have been corrected, the con-
servative approach to therapy should be considered and
the patient followed every 6 months with repeat 24-hour
urine testing. Follow-up is essential, not only to monitor
the efficiency of treatment but also to encourage patient
compliance. However, if a metabolic defect persists despite
conservative treatment, medical therapy may be instituted.
For example, if significant sodium-dependent hypercalci-
uria persists despite dietary recommendations of restricting
salt intake, medical therapy with thiazides or citrate may be
mnstituted.

The issue of dietary calcium in patients with hypercalci-
uric nephrolithiasis has become an important one. It is clear
that adequate calcium intake is needed to maintain skel-
etal homeostasis during adulthood and old age. However,



high calcium intakes are not tolerable in patients with hy-
percalciuric nephrolithiasis and absorptive hypercalciuria.
Nevertheless, a low-calcium diet promotes oxalate absorp-
tion by decreasing CaOx salt formation in the intestine. In the
absence of calcium, increased free oxalate anion 1s available
for absorption. The impact of low-calcium diets favoring hy-
peroxaluria has been tested in a large population study from
Framingham, Massachusetts.'® Curhan and coworkers'®
show that dietary calcium intake is inversely associated with
the risk of kidney stones in patients who did not have a prior
history of kidney stones. Thus, low-calcium diets increased
the risk of the development of a kidney stone. It is important
to realize that this study specifically excluded most patients
with 1diopathic hypercalciuria who had already had a renal
stone. It 1s a mistake to recommend high-calcium diets in
patients with hypercalciuric nephrolithiasis, especially those
who have absorptive hypercalciuria.

Despite improved elucidation of pathophysiology and
formulation of diagnostic criteria for nephrolithiasis of differ-
ent causes, selective medical treatment programs for nephro-
lithiasis have not been widely implemented. Confusion and
controversy regarding the pathogenesis of hypercalciuria, and
the absence of an ideal therapeutic approach to absorptive hy-
percalciuria, have contributed to this situation. Thiazide di-
uretic therapy remains the mainstay of the medical approach
to hypercalciuria. Treatment with a thiazide 1s ideal, patho-
physiologically, for renal hypercalciuria. Thiazides directly
stimulate renal tubular calcium transport and suppress the
secondary hyperparathyroidism associated with the condi-
tion. However, renal hypercalciuria, as previously discussed,
1s an uncommon form of hypercalciuria associated with neph-
rolithiasis. Because idiopathic hypercalciuria 1s largely an in-
testinal overabsorption problem, an ideal treatment would be
one that directly and specifically inhibits calcium absorption.
Such a pharmacologic agent is not available.

Sodium Cellulose Phosphate

Sodium cellulose phosphate reduces urinary calcium excre-
tion, especially in patients with intestinal hyperabsorption.
However, sodium cellulose phosphate induces a reciprocal
increase i oxalate excretion due to the binding of intestinal
calcium. The resultant hyperoxaluria offsets the beneficial ef-
fects of the hypocalciuria induced. In one study, the oxalate
excretion rate rose from 30 to 60 mg per 24 hours'®* and
the mean APR for CaOx fell only 20%, from 2.75 to 2.19.
Other investigators'® described the clinical response of recur-
rent CaOx stone disease to cellulose phosphate. The therapy
reduced stone recurrence i patients who received cellulose
phosphate to the same degree accomplished by just reducing
dietary calcium intake. The latter 1s known to be ineffective
as a single therapeutic approach. Thus, cellulose phosphate is
not a treatment for the typical calcium stone former. Although
the rationale for its use might seem reasonable, it is flawed by
the reciprocal hyperoxaluria. In addition, the high frequency
of negative calcium balance in patients with idiopathic hyper-
calciuria must also be of concern with use of this type of agent.
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Thiazides

Thiazides have been extensively used for the treatment of
hypercalciuric nephrolithiasis.'*"'*® Hydrochlorothiazide is
most effective in patients with renal hypercalciuria because,
by reducing the high PTH levels, hydrochlorothiazide inhib-
its 1a,25(0OH),D; production and reduces intestinal calcium
absorption. Thiazides exert significant hypocalciuric action
in patients with intestinal hyperabsorption without reducing
intestinal calcium absorption.’® Nonetheless, thiazides may
show long-term effectiveness in absorptive hypercalciuria.
Despite the hypocalciuric action of thiazides and the resul-
tant increase in serum calcium, intestinal calctum absorp-
tion remains persistently elevated. These studies suggest that
retained calcium is added to the skeleton at least during the
first few years of therapy. Bone density, determined in the
distal third of the radius by photon absorptiometry, increases
significantly during thiazide treatment and absorptive hy-
percalciuria, with an annual increment of 1.34%.'*® With
continued therapy, however, the increase in bone density
stabilizes and the hypocalciuric effect of thiazide becomes
attenuated. These results suggest that thiazide treatment
causes low turnover of bone, which interferes with the
continued calcium accretion in the skeleton. The resulting
hypocalciuric effect of thiazide is blunted by an increase in
the serum calcium level and the resultant increase in filtered
calcium load.'®

In addition to the aforementioned studies, several con-
trolled and uncontrolled studies documented the effective-
ness of thiazide therapy in hypercalciuric nephrolithiasis.'"
Thiazides directly inhibit the sodium chloride cotransport
protein for apical sodium entry in the diluting segment of
the cortical thick ascending limb and the early distal neph-
ron. This transport protein is also expressed in the osteo-
blast, which may further contribute to the positive actions of
thiazides in patients with absorptive hypercalciuria leading
to mcreased skeletal calcium accretion. Additional studies
will be required to delineate the role of this potential mecha-
nism in the therapeutic benefits resulting from thiazides.

Orthophosphate

Orthophosphate (neutral or alkaline salt of sodium/potassium
phosphate given in doses of 0.5 g of phosphorus three to four
times per day) reduces 1,25(OH),D; synthesis. However,
no convincing evidence exists that this treatment restores
normal intestinal calcium absorption. Orthophosphate re-
duces urinary calcium by directly impairing the renal tubu-
lar reabsorption of calcium and by binding calcium in the
intestinal tract. Urinary phosphorus is markedly increased
during therapy—a finding reflecting the absorbability of
soluble phosphate. Physicochemically, orthophosphate re-
duces the urinary saturation of CaOx, but increases that of
brushite. Moreover, the urinary inhibitor activity is increased,
probably owing to the stimulated renal excretion of pyro-
phosphate and citrate. The results of studies on the efficacy
of orthophosphate are mixed.'®'®! Although reports to the
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contrary have appeared, orthophosphate therapy can cause
soft tissue calcification and PTH stimulation.'”? Furthermore,
orthophosphate therapy i1s contraindicated in patients with
nephrolithiasis complicated by urinary tract infection and in
patients with renal insufficiency:.

PRIMARY HYPERPARATHYROIDISM

In the past, primary hyperparathyroidism was a major cause
of hypercalciuric nephrolithiasis. The advent of routine
screening of serum chemistries i hypercalcemic patients
led to early detection of primary hyperparathyroidism. Con-
sequently, most patients with primary hyperparathyroidism
are detected 1 an asymptomatic phase before nephrolithiasis
becomes a problem. Currently, primary hyperparathyroid-
1sm accounts for less than 1% of hypercalciuric nephrolithia-
sis!?#%1%3 (Table 20.1).

The pathogenesis of nephrolithiasis in primary hyper-
parathyroidism is a direct response to the presence of ex-
cessive PTH levels in the circulation. PTH 1s the primary
regulator of renal tubular calcium transport and one of the
primary mechanisms regulating bone remodeling. PTH
regulates intestinal calcium absorption secondarily through
1,25(OH),D;. PTH acts on the proximal nephron by de-
creasing phosphate reabsorption increasing the production
of 1,25(0OH),D; (see Chapter 72). In the thick ascending
limb and the distal nephron, PTH directly stimulates tubular
calcium reabsorption by regulating both transcriptional and
posttranslational modifications of transport proteins both at
the entry step in the luminal membrane and the exit step, the
calctum ATPase, on the basolateral membrane. Measurement
of tubular calcium reabsorption in hypercalcemic patients
is technically difficult, but perhaps of a diagnostic value.'*
Enhanced tubule reabsorption of calcium is responsible for
normal urinary calcium excretion rates in some hyperpara-
thyroid patients,'”>'® and for the observation that for any
given level of serum calcium, urinary calcium excretion 1s
lower in hyperparathyroidism than i other nonparathy-
roid types of hypercalcemia (i.e., sarcoidosis and multiple
myeloma).

Although PTH stimulates tubule calcium reabsorption,
urinary calcium excretion 1s greatly elevated in primary hy-
perparathyroidism due to the increase in filtered calcium
load."” The elevation of circulating 1,25(OH),D; contrib-
utes to the hypercalcemia and. as a result, adds to the hyper-
calciuria seen 1n patients with primary hyperparathyroidism.

A major component of hypercalcemia stems from PTH
stimulation of bone remodeling. PTH affects both bone for-
mation and bone resorption through its direct actions on
marrow cells at varying stages of osteoblast differentiation.
Stimulation of osteoprotegerin ligand in the osteoblast and
marrow stromal cells stimulates osteoclast differentiation.

Renal stones observed in patients with primary hyper-
parathyroidism are usually composed of hydroxyapatite
and CaOx. Stones often recur and become bilateral if the
diagnosis is not made early in the course of the disease.

Nephrocalcinosis may be the only renal manifestation of hy-
perparathyroidism. PTH increases the APRs for CaOx and
brushite mainly due to hypercalciuria. Phosphate overexcre-
tion may be observed, but it also may be absent because
chronic phosphaturia tends to cause a negative phosphorus
balance. The urine pH 1s not abnormally alkaline in primary
hyperparathyroidism and the magnitude of the acidosis is
negligible when glomerular function is normal. This suggests
that altered acid-base metabolism in hyperparathyroidism
does not contribute significantly to stone formation.'*’ Pak
and Holt'> demonstrate an unexplained reduction of the
FPR for CaOx and brushite in primary hyperparathyroidism
(Fig. 20.11). The diagnosis of primary hyperparathyroid-
ism rests with repeated determination of the serum calcium
and 1PTH levels. The assays for circulating PTH levels using
double-antibody techniques enable the detection and mea-
surement of the intact hormone.'”®!'”” More recently, the “in-
tact” hormone assays have been recognized as also detecting
PTH inhibitory peptides lacking the first few amino acids
from the NH,-terminus.*"’ Assays that specifically recognize
PTH and its first amino acid have been developed and are
referred to as “bioactive” PTH assays.?’*"! In the diagnosis
of primary hyperparathyroidism, detection of familial hypo-
calciuric hypercalcemia is critical. This inherited disease 1s
produced by a mutation in the PTH gland calcium sensor
such that PTH secretion is not adequately sensitive to the
serum calcium levels. Affected patients may exhibit mild hy-
percalcemia and mild hyperparathyroidism but do not have
complications related to the hyperparathyroid state. Thus,
detection of patients with the familial disease 1s crucial so
that they are not exposed to surgical therapy for primary
hyperparathyroidism. The very low urinary clearance of cal-
cium factored by creatinine excretion is currently the most
sensitive means of separating primary hyperparathyroidism
from familial hypocalciuric hypercalcemia.*’?

Surgical removal of adenomas or excess parathyroid
tissue is indicated in patients with primary hyperparathy-
roidism who have sustained complications of the disease.
Nephrolithiasis 1s one of the main complications of primary
hyperparathyroidism, and any patient who has had a renal
stone should undergo surgical correction of the disease state.

HYPERURICOSURIA

Hyperuricosuria can be a significant factor in the formation
of calcium stones. Reduction in calcium stone formation in
hyperuricosuric patients treated with allopurinol establishes
hyperuricosuria as a contributory agent.'*'*¢-2> Hyperuri-
cosuria is defined as a urinary excretion rate of uric acid
that exceeds 700 mg per 24 hours in women or 750 mg per
24 hours mn men.

Hyperuricosuria is not the cardinal risk for the develop-
ment of uric acid stones. Instead, the overriding pathophysi-
ologic process is the unduly acidic urine.?** Epidemiologic
data from converging sources have featured obesity, type
II diabetes mellitus, and the metabolic syndrome as strong



associations with low pH.?>% With the obesity epidemic
in the United States, the incidence of nephrolithiasis has
grown in parallel.?””!" Increased calcium excretion in the
obese covaries with intake of animal protein and sodium. No
relationship was found between body mass index (BMI) and
urinary supersaturation of calcium oxalate. These results
suggest that the augmented incidence of nephrolithiasis in
the obese is secondary to uric acid stones.?’

Either of two theories may explain the mechanism by
which uric acid promotes calcium stone formation. The pre-
vailing hypothesis states that through epitaxy,*'' the growth
of one crystal on the substance of another, uric acid can serve
as a seed for precipitation of a calctum salt. Studies have
demonstrated that sodium urate accelerates precipitation of
CaOx or calcium phosphate in vitro.'**'** This has been at-
tributed to physiologically relevant urinary concentrations
of monosodium urate (0.1 mg per mL).">* An alternative hy-
pothesis states that urate can complex with and thus neutral-
1zes endogenous urinary acid mucopolysaccharides, which
normally retard the crystallization of CaOx.*'?

Urinary uric acid depends on both the renal filtered
load of uric acid and its subsequent tubular transport. Hy-
peruricosuria is usually due to a high filtered load. The
source of this uric acid is purines, which come from the di-
etary intake of purine-rich foods, endogenous synthesis of
purines from nonpurine precursors, and salvage of purine
bases from tissue catabolism.?'?> Coe and colleagues®'* have
studied the contribution of dietary purine overconsumption
to hyperuricosuria in CaOx stone formers. They find that
hyperuricosuric patients consume more purine than control
subjects eating isocaloric diets. Overall, a very close correla-
tion exists between urine uric acid and dietary purine intake.
Coe and colleagues*'* also find that excessive purine intake
does not fully account for the hyperuricosuria, as some pa-
tients excrete more urate than normal subjects consuming
equivalent amounts of purine. A purine-rich diet is also rich
in protein. Gutman®"> hypothesizes that, in some instances,
a high-protein diet causes overproduction of uric acid, as
the increase in urinary uric acid during a high-protein diet
1s only partially accounted for by the purine content. It is
possible that abnormal tubular handling of urate resulting in
hyperuricosuria and normal or low serum urate levels also
occurs. Patients with such a defect and stones have been
described.”"> Similarly, the Dalmatian dog, which has been
well studied, can have hyperuricosuria due to enhanced tu-
bular secretion of urate.*'® Although purine load is the most
common mechanism for hyperuricosuria, other factors are
contributory.

The treatment of hyperuricosuric calcium stone form-
ers focuses on decreasing the hyperuricosuria. All of these
patients should be administered a low-purine diet, which
will decrease urinary uric acid excretion,”*'**!" although
in some patients the effectiveness in stone prevention is un-
proven. A low-purine diet involves avoiding meat, fish, and
poultry. Hyperuricosuric calcium stone formers may also be
treated with allopurinol, which blocks xanthine oxidase, the
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last enzymatic step in the purine degradative pathway be-
fore uric acid 1s produced. Very good evidence shows that
allopurinol decreases stone formation in this group of pa-
tients,'>>'%® including the results of a prospective controlled
study by Ettinger and colleagues.””> The usual starting dose
of allopurinol is 300 mg per day. A follow-up measurement
of 24-hour urmary uric acid excretion after institution of al-
lopurinol will determine the adequacy of the dose. Potas-
sium citrate may be an alternative to allopurinol in patients
with mild hyperuricosuria (600 to 1,000 mg per day) in
whom hypocitraturia is present, as citrate will inhibit CaOx
precipitation.”'®

Uric acid transporters are localized to both the api-
cal and basolateral membranes of the PCT epithelial cells
and are coupled to sodium and organic ion transport. The
inhibition of the apical membrane URAT1 transporter by
probenecid, NSAIDs, salicylates, and losartan can worsen
hyperuricosuria.*"”

RENAL TUBULAR ACIDOSIS

RTA 1s a known risk factor for both nephrocalcinosis and
calcium stones. The patients may have severe disease, as in
one study by Caruana and Buckalew**’ in which the patients
had a mean of 51 = 14 stone episodes. Only the hypokale-
mic form of distal RTA (type I RTA) 1s associated with kidney
stones, but the cause ofthe RTA may be idiopathic or second-
ary to systemic diseases.**" Most patients present with neph-
rolithiasis, a normal serum bicarbonate level but abnormal
urinary acidification in response to an ammonium chloride
challenge. These patients are believed to have incomplete
RTA.**! The complete form of RTA is often accompanied by
nephrocalcinosis. An early description by Albright*** was of
a 13-year-old girl severely affected by RTA with renal calculi,
but also with rickets combined with dwarfism. The calculi
may be CaOx, calcium phosphate, or a mixture of both, but
the presence of calcium phosphate makes RTA a likely etiol-
ogy.~*"**22 When both nephrocalcinosis and RTA appear
in concert, it may be difficult to define the primary event
because nephrocalcinosis can both cause RTA or occur as a
result of it. For example, when medullary sponge kidney is
associated with kidney stones, nephrocalcinosis, and RTA, it
is unclear which is the primary problem.**

RTA results in hypercalciuria and hypocitraturia, both
of which predispose to nephrolithiasis. Induction of meta-
bolic acidosis with ammonium chloride results in hypercal-
ciuria,”*® which is associated with a net systemic positive
acid balance with a stable serum bicarbonate level, suggest-
ing that the acid load is buffered. Because gastrointestinal
absorption of calcium does not increase with metabolic aci-
dosis, bone is the likely source of both the urinary calcium
and the buffering capacity. This i1s most likely the link be-
tween distal RTA and rickets.*** Furthermore, as expected,
alkali therapy corrects the acidosis and the osteomalacia.**’
Citrate excretion, a known inhibitor of calcium precipitation,
is low in patients with RTA due to increased reabsorption.**
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Simpson”?® demonstrated in vitro inhibition of citrate oxida-
tion by renal cortical slices incubated in medium with a high
pH. Furthermore, hypokalemia, a frequent accompaniment
of distal RTA, also results in hypocitraturia due to increased
reabsorption.

Distal RTA often presents as a familial disease. Primary
distal RTA is inherited as either an autosomal dominant
or autosomal recessive trait (OMIMI179800, 276300, and
602722). Autosomal recessive distal RTA often presents in
infancy, whereas autosomal dominant distal RTA may not
present until adolescence or young adulthood.**® Patients
with autosomal dominant and recessive distal RTA have
been shown to harbor mutations in the gene encoding the
chloride-bicarbonate exchanger AE1 (SLC4A1).>°* Muta-
tions in ATP6N1B, encoding a kidney vacuolar proton pump
protein 116kD subunit, cause recessive distal RTA with pre-
served hearing.”*>*° On the other hand, mutations in the
gene encoding Bl subunit of the proton pump (ATP6VIBI)
and (ATP6VOA4) cause renal tubular acidosis with sensory
neurodeafness.”*”*"%*®* Mutations in the genes encoding car-
bonic anhydrase (CA) 11,>”**! kidney anion exchanger 1 (K
AFE1),!2347236.292 and subunits of the H+-ATPase**’%%%
have also been identified in patients with distal RTA.** In
the familial forms of RTA, renal deposition of calcium salts
(nephrocalcinosis) and renal stone formation commonly oc-
cur. Replacement of alkali corrects the systemic metabolic
defects and improves the nephrocalcinosis and nephrolithia-
sis. Such treatment does not affect the hearing loss of the
patients with recessive distal RTA.

Pseudohypoaldosteronism type II is a genetic disorder
that produces a clinical phenotype that includes hyperten-
sion, hyperkalemia, and metabolic acidosis. It has been
linked to mutations in the gene encoding WNK-1 or -4 and
is localized to the distal nephron.*** A recent study dem-
onstrated that in an affected family with a mutation in the
WNK4 gene, there was marked hypercalciuria and osteope-
nia. Thiazide diuretics completely reversed both the urine
and bone abnormalities.”** Distal RTA is possible only if
fasting urine pH is above 5.3. If so, an ammonium chlo-
ride challenge 1s necessary to prove the diagnosis. A urine
pH above 5.3 after ammonium chloride-induced (100 mg
per kg) acidification indicates the presence of RTA.

The treatment of RTA-associated nephrolithiasis consists
of alkali therapy. Coe and Parks**> and Wilansky and Sch-
neiderman®*® document dramatic decreases in stone disease
when patients with RTA are treated with alkali. This treat-
ment may also result in an associated decrease in nephrocal-
cinosis. The dose of alkali 1s 1 mEq per kg (approximately
80 mEq per day) in four divided doses orally, but the dose
should be adjusted to normalize 24-hour urinary citrate
excretion. The alkali 1s usually given in the form of citrate,
which both normalizes urinary citrate**” and decreases uri-
nary calcium.??’***#*7 Potassium citrate is preferable over
sodium citrate, because potassium citrate causes a greater
decrease in calcium excretion.**’ By replacing buffer capacity
with oral alkali, potasstum citrate causes calclum excretion

to fall as less bone buffers are mobilized. It 1s likely that so-
dium citrate does not decrease hypercalciuria as much as the
potassium salt, because the extra sodium may have a calciu-
ric effect. Potassium citrate 1s contraindicated in severe renal
insufficiency, and care should be taken to avoid hyperkale-
mia in the presence of mild or moderate renal insufficiency.

HYPEROXALURIA

Excessive urinary oxalate excretion (>40 to 45 mg per day)
contributes to stone formation by increasing the saturation of
urine with respect to CaOx. Signifying the importance of hy-
peroxaluria, increased urinary concentration of oxalate has a
greater impact than does urinary calcium on the saturation
of CaOx.*** Hyperoxaluria is a relatively frequent finding in
patients with kidney stones and was detected in 34% of 587
consecutive patients evaluated for recurrent nephrolithiasis
at the Jewish Hospital of St. Louis Kidney Stone Center from
1987 to 1993. In 8% ofthese patients, hyperoxaluria was the
only identifiable defect (Table 20.1).%*

Oxalate is an end product of metabolism excreted pri-
marily by the kidneys. Under normal conditions, oxalate
1s poorly absorbed from the gastrointestinal tract and only
about 10% of urinary oxalate can be accounted for by di-
etary intake.”° Urinary oxalate excretion varies among pa-
tients and is determined by intrinsic oxalate production and
metabolism and gastrointestinal oxalate absorption.

Oxalate Production and Metabolism

Oxalate production occurs through a number of metabolic
pathways, some of which remain imcompletely characterized
(Fig. 20.14). The oxidative metabolism of glyoxylate is a major
contributor to oxalate production; in addition, ascorbic acid
and tryptophan are converted directly to oxalate. Pyridoxine
(vitamin By) 1s required as a cofactor for the transamination
of glyoxylate to glycine. Moreover, deficiency of vitamin Bg
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FIGURE20.14 Metabolic pathways of oxalate production.
Oxidative metabolism of glyoxylate is the major endogenous
source of oxalate. Ascorbic acid (vitamin C)is also directly con-
verted to oxalate.



may result in accumulation of glyoxylate, increased produc-
tion of oxalate, and hyperoxaluria.”>' Disordered red cell
oxalate exchange and defective oxalate transport may occur
as an inherited trait and has been proposed to be a factor in
hyperoxaluria within certain families.”>*

Increased availability of substrate for oxalate production
can occur clinically in patients taking large doses of ascorbic
acid (vitamin C) and in those who ingest ethylene glycol.
Metabolism of ethylene glycol results in increased produc-
tion of glycolate, increased glyoxylate, oxalate formation,
and hyperoxaluria. Ascorbic acid, when taken in large doses
(4 to 8 g per day), may lead to marked increases in urinary
oxalate’>’; however, in some patients, hyperoxaluria may de-
velop with doses as small as 500 mg per day.

Primary hyperoxaluria (PHO) is a rare metabolic disor-
der with autosomal recessive inheritance. PHO 1is induced
by one of two enzymatic defects, both of which result in
markedly enhanced conversion of glyoxylate to poorly
soluble oxalate which is then excreted in the urine. Gly-
oxylate i1s normally metabolized in three ways. Glyoxylate
1s converted to glycine by the hepatic peroxisomal enzyme
alanine:glyoxylate aminotransferase (AGT). AGT is abnor-
mal in type I PHO.** Pyridoxine (vitamin By) is a coenzyme
of AGT. Glyoxylate i1s converted to glycolate by the cytosolic
enzyme glyoxylate reductase/D-glycerate dehydrogenase
(GRHPR). GRHPR is deficient in type II PHO.*> Patients
with this disorder excrete increased amounts of L-glyceric
acid as well as oxalate. Glyoxylate is also converted to oxa-
late by lactate dehydrogenase.

A small number of patients fit the diagnostic criteria for
having primary hyperoxaluria (PH), but when studied in vi-
tro, they demonstrate full function of the two now enzymatic
defects. This group constitutes about 7% of the 95 patients
reported in the Mayo Clinics International Registry and such
patients are classified as type 111222

Type I PHO 1s much more common than type II. The
defect in AGT, which normally converts glyoxylate to gly-
cine, results in an increase in the glyoxylate pool available
for conversion to oxalate. The AGT gene maps to chromo-
some 2q36—37 and encodes for a 43 kDa protein. Anumber
of different mutations have been identified in the coding re-
gion of the AGT gene in type I PHO. These defects lead to
absent AGT protein, and/or absent AGT catalytic activity.*>*
The GRHPR gene has been mapped to chromosome 9 and
contains nine exons, spanning 9 kilobases.*®

In most patients with type I PHO, glycolate excretion
1s increased. Practically all patients with type II disease
have increased excretion of L-glyceric acid. In general, hy-
peroxaluria plus increased urinary excretion of glycolate or
L-glyceric acid 1s strongly suggestive, but not absolutely di-
agnostic, of either type I or I PHO. In addition, hyperox-
aluria alone, without increased glycolate or L-glyceric acid
excretion, does not exclude the diagnosis of PHO.*®

The presence of AGT deficiency can be confirmed by
liver biopsy. Evaluation of the hepatic tissue includes quanti-
fication of enzymatic activity, an immunoblot to analyze the
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protein, and an immunoelectronic examination to demon-
strate the virtual absence of AGT in the peroxisomes. AGT
activity 1s less than 2% of normal in one-third of cases and
ranges from 2% to 48% of normal in the remaining pa-
tients.”>> The relative ease in modern laboratory medicine
with performing sequence analysis, and the delineation of
the molecular basis of many of the mutations behind PHO
type I and PHO type II, has led to the proposal of molecular
diagnostic algorithms that may obviate the need for invasive
biopsy procedures.*®!+2%2

Phenotypically, type I PHO is heterogeneous, ranging
from severe infantile oxalosis and death to milder forms with
renal stone disease in later life. Type II PHO has a less severe
clinical course, but there may be a decline in renal function
associated with the presence of nephrocalcinosis. Children
with nephrolithiasis secondary to hyperoxaluria should have
urinary glycerate measured to exclude type II PHO.'"

Gastrointestinal Oxalate Absorption

Increased absorption of oxalate occurs with excess dietary
oxalate intake, diminished binding of oxalate by dietary cal-
cium and magnesium, or enhanced permeability of the colon
to oxalate. Foods with relatively high oxalate content include
spinach, beets, rhubarb, asparagus, cranberries, wheat germ,
colas, teas, chocolates, nuts, beans, and various green leafy
vegetables. Once ingested, oxalate forms insoluble salts with
available calcium (and magnesium) in the intestinal lumen
and 1is poorly absorbed; any free unbound oxalate 1s avail-
able for absorption distally in the colon.

Disorders characterized by absent or dysfunctional
small bowel, as well as any causes of fat or bile acid mal-
absorption, can lead to hyperoxaluria.”®? Fat malabsorption
allows luminal calcium and magnesium to saponify, leaving
inadequate free calcium (and magnesium) to bind oxalate.
Bile acid malabsorption causes increased permeability of the
colon to oxalate.®* Thus patients with inflammatory bowel
disease, those who have had ileal bypass surgery or resec-
tion, and those with disorders associated with malabsorp-
tion develop hyperoxaluria due to an increase in unbound
oxalate and enhanced colonic absorption.

Patients following a low-calcium diet and those taking
sodium cellulose phosphate for the treatment of absorptive
hypercalciuria may also manifest hyperoxaluria as a result of
such therapy. Diminished oral calcium mtake (with a low-
calcium diet) and binding of calcium and magnesium in the
gut by sodium cellulose phosphate allow increased amounts
of unbound oxalate to be presented distally in the colon
where it is readily absorbed.?¢>+2%

Therapy

Treatment of primary hyperoxaluria is difficult. Reducing so-
dium intake to 2 to 3 gm per day and limiting or avoiding
high-oxalate foods i1s recommended. Supplemental citrate,
magnesium, and phosphorus may help decrease urinary ox-
alate crystallization. Calcium intake should not be restricted
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because this can increase intestinal calcium absorption. Ap-
proximately 10% to 40% of patients respond to pyridoxine
supplementation, but vitamin C and D supplements should
be avoided. Dialysis does not remove oxalate adequately.
Hepatic transplantation remains the only therapy capable of
correcting the underlying abnormalities in these patients.*®’

Treatment of patients with enteric hyperoxaluria should
include a low-fat diet with restriction of oxalate-rich foods,
appropriate therapy of any underlying gastrointestinal disor-
ders, and avoidance of a low calcium intake. Some patients
may benefit from the addition of oral calctum and magne-
stum supplements taken with meals, which act to bind di-
etary oxalate in the intestinal lumen, making it unavailable
for absorption. Cholestyramine may also be of some benefit
in those patients with significant fat and bile acid malabsorp-
tion as it acts as a nonabsorbable resin to bind fats and bile
acids. Pyridoxine supplements may be effective in patients
with moderate to severe hyperoxaluria.*®®

Patients with chronic diarrhea frequently have hypo-
magnesemia, hypokalemia, metabolic acidosis, hypocitratu-
ria, and low urinary volumes. For these reasons, they also
are prone to the development of uric acid stones. Therapy
involves increased fluid intake, correction of hypokalemia
and hypomagnesemia, and oral citrate supplements. Atten-
tion must also be paid to treatment of the underlying intesti-
nal disorder and diarrhea.

Uric Acid Stones

Uric acid stones are radiolucent stones responsible for ap-
proximately 5% of kidney stones in the United States. Other
populations may have a higher relative incidence of uric
acid stones as a cause of urolithiasis. Due to the difficulty
in visualizing these stones on an abdominal radiograph, an
intravenous pyelogram is often necessary to make the di-
agnosis. Stones containing some calcium may be visualized
on the radiograph, which may have important therapeutic
implications.

Pathogenesis

Uric acid 1s the normal breakdown product of purine me-
tabolism and 1s a natural urinary constituent. Precipitation
of uric acid to form a stone can be demonstrated best by the
relationships demonstrated in Figure 20.8.** The solubility
limit of undissociated uric acid 1s 96 = 2 mg per L at 37°C.
In a given sample of urine, undissociated uric acid i1s depen-
dent on the total uric acid concentration and urinary pH.
The clinical laboratory routinely measures total uric acid ex-
cretion, but the undissociated uric acid can be inferred from
both the total uric acid concentration and the urinary pH.
The total urmary uric acid concentration is a function of
both uric acid excretion and urinary volume. Hyperuricosuria
is defined as a urinary excretion rate of uric acid that exceeds
700 mg per 24 hours in women or 750 mg per 24 hours in
men. When patients with gout were assessed for risk factors
for stone disease, it was found that the incidence of stones

increases with increasing degrees of hyperuricosuria.*® A uri-
nary excretion rate of uric acid of more than 1 g per 24 hours
is associated with a 50% incidence of stones.*®” Urinary uric
acid excretion depends on both the renal filtered load of uric
acid and its subsequent tubular transport. Hyperuricosuria 1s
usually due to a high filtered load. As stated earlier, the source
of this uric acid is mostly purines,?'® usually from meat, fish,
and poultry. A purine-rich diet is also rich in protein and, as
Gutman®'"> hypothesizes, in some instances a high-protein
diet also causes overproduction of uric acid as the increase
in urinary uric acid during a high-protein diet is only par-
tially accounted for by the purine content. The overriding risk
for uric acid nephrolithiasis is acidic urine.”’”® Low urine pH
leads to stone precipitation with relatively modest amounts of
uric acid excretion whereas urine pH above 6.0 requires large
amounts of urinary uric acid for lithogenesis. In two large co-
horts of uric acid stone formers, there was a strong negative
correlation between BMI and urine pH.?”® Each component
of the metabolic syndrome appears to confer a risk for more
acidic urine.?’® The dysfunction is impaired ammoniagenesis
and, therefore, insuflicient buffering of urinary protons. Low
ammonium production leaves free protons to be buffered by
titratable acids (i.e., phosphates and sulfates) thereby lower-
ing urine pH. Reabsorption of filtered citrate is stimulated in
the proximal tubule in states of acidosis/acid loads and hy-
pocitraturia results.

The link between metabolic syndrome and impaired
ammoniagenesis 1S thought to be mediated by insulin re-
sistance.”’”*1*"2 Impaired ammoniagenesis is not the only
pathogenic feature of patients with abnormally low urine
pH. Increased net acid excretion and titratable acidity has
been observed in uric acid stone formers even on fixed di-
ets.”’>*’* The biochemical origin of these findings is unclear,
but may be related to post-prandial alkaline tide.?’>"°

Diseases Associated with Uric Acid Lithiasis

Among patients with uric acid lithiasis, a family history of
gout or kidney stones often exists, predominantly in men.
Most cases of uric acid lithiasis are idiopathic, but some dis-
ease associations should be considered when treating a pa-
tient with uric acid stones.

Primary Gout

Twenty-two percent of patients with primary gout have uric
acid stones.?®” Eighty-three percent of these stones are pure
uric acid, whereas 4% are mixed stones and the rest are cal-
cium stones. Often, the uric acid stone disease antedates the
diagnosis of gout. Conversely, the stones may only appear af-
ter administration of uricosuric drugs for gout. As discussed
previously, uricosuric agents may treat the gout but cause
uric acid stones.

Secondary Gout

Underlying diseases that cause gout confer a higher risk for
kidney stones than does primary gout (42% versus 22%).



These diseases are associated with excess generation of uric
acid due to nucleotide turnover (e.g., myeloproliferative
disease, polycythemia due to congenital heart disease, and
chronic granulocytic leukemia).

Chronic Diarrhea

Because intestinal fluid losses may result in urinary concen-
tration of excreted urate, chronic diarrhea can result in uric
acid stones. Likewise, fecal bicarbonate loss causes renal re-
generation of bicarbonate with subsequent urinary acidifica-
tion and more undissociated urate.

Familial Disease

Hereditary disorders associated with overproduction of uric
acid include inborn errors of metabolism such as Lesch-Nyhan
syndrome and type I glycogen storage disease. Lesch-Nyhan
is caused by hypoxanthine-guanine phosphoribosyl transfer-
ase (HGPRT) deficiency and Kelley-Seegmiller syndrome is a
partial enzymatic defect.?’”” Type I glycogen storage disease is
secondary to glucose-6-phosphatase deficiency. A single gene
that is located distally on the long-arm of the X chromosomes
codes for HGPRT. Purification of mutant HGPRT genes in pa-
tients with partial or complete deficiency of HGPRT has led
to the identification of single amino acid substitutions in five
known variants of HGPRT.?”® The lack of feedback control by
the purine salvage pathway leads to massive overproduction
of uric acid and may lead to repeated episodes of urolithiasis
and renal failure. Several families with inherited predisposi-
tions to uric acid stones have been described,”” although the
underlying cause is unknown. A candidate gene for uric acid
nephrolithiasis has been identified on 10g21-g22 from a local
Sardinian population with known susceptibility to uric acid
kidney stone disease.*®

Treatment

The fact that urinary uric acid concentration and urine pH
can influence urate precipitation underlies the following
treatment modalities.

Existing stones can be dissolved with alkali (to keep the
urine pH at 6.5 or above) and a large amount of fluids to
keep the urine output at more than 2 L per day. Allopurinol
should also be given to reduce hyperuricosuria. Uric acid
stones that contain calcium may be refractory to dissolution.
Furthermore, the presence of obstruction or refractory pain
may necessitate more rapid therapies such as lithotripsy or
invasive urologic techniques.

Stone prevention necessitates dietary counseling and
alkali therapy. Dietary modification entails keeping urine
output at more than 2 L per day and reducing dietary purine
intake (i.e., meat, fish, and poultry). Furthermore, patients
should also reduce their protein intake to decrease both
urine uric acid and the acid load. Likewise, alcohol intake
should be limited because it may increase uric acid produc-
tion. Alkali treatment should be given, aiming for a urine
pH of 6.5. Approximately 1 mEq per kg of potassium citrate
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given in three divided doses is effective.?'> Sodium bicarbon-
ate may be a less desirable form of alkali because the sodium
load may aggravate hypercalciuria, which may aggravate
nephrolithiasis.

Allopurinol can decrease urinary uric acid excretion by
blocking the conversion of xanthine to uric acid by xanthine
oxidase. Allopurinol serves as a second-line agent used when
patients either refuse treatment or diet and when alkali ther-
apy fails. Furthermore, it may be of benefit when uric acid
loads are large, such as prior to chemotherapy for large vol-
ume rapidly growing tumors, or if the urinary uric acid ex-
cretion rate is more than 1 g per 24 hours. In the treatment
of hyperuricosuria due to chemotherapy, a brisk diuresis
should still be maintained because xanthine, the precursor
of urate, may accumulate and cause acute renal failure, as
can other products of tumor lysis.

The potential role of Oxalobacter formigenes in the treat-
ment of primary hyperoxaluria has shed some light on the
role of the intestine in maintaining oxalate balance. The use
of the intestine to alter oxalate balance when kidney excre-
tion alone i1s nadequate is among the therapeutic options
on the horizon for the treatment of primary hyperoxaluria.
Studies in rats have shown that intestinal colonization with
O. formigenes can induce colonic secretion of oxalate, in part
by producing a favorable concentration gradient through
oxalate degradation.”®' Hoppe et al.*> reported efficacy of
oral O. formigenes administration in humans with primary
hyperoxaluria. The majority of subjects with normal kidney
function showed a 22% to 92% reduction in urinary oxalate.
Two of three dialysis patients had a significant reduction in
plasma oxalate levels as well, and with improvement in clini-
cal symptoms.*?

STRUVITE STONES

Struvite stones are composed of magnesium ammonium
phosphate with variable amounts of carbonate apatite. This
compound forms only in the presence of chronic urinary
tract infection with bacteria capable of producing urease.
The action of bacterial urease on urine urea yields ammonia
and carbon dioxide. These are further hydrolyzed to ammo-
nium and carbonate, resulting in a urine pH above 7.2—
ideal conditions for struvite formation. Most species of Pro-
teus and Providencia produce urease. Klebsiella, Pseudomonas,
Serratia, Haemophilus, Staphylococcus, and Corynebacterium
species are all capable of urease production. Escherichia coli
does not possess urease activity.

Struvite now accounts for less than 10% of all stones
and occurs most often in women and patients with spi-
nal cord injury, neurogenic bladder, urinary diversion, or
chronic indwelling bladder catheters due to their increased
frequency of chronic urinary tract infection. Clinical find-
ings may include evidence of urinary tract infection, hema-
turia, flank pain, or obstructive uropathy. Rarely, infection
stones may cause xanthogranulomatous pyelonephritis.
Struvite, when calcified, presents radiographically with a



666 SECTION III = CYSTIC AND TUBULAR DISORDERS

characteristic multilobulated shape and laminated appear-
ance and may extend to involve all calyces forming so-called
staghorn calculi.

Because struvite formation occurs in the region sur-
rounding bacterial colonies, all struvite stone material is
infected. In addition, antimicrobial agents are unable to
adequately penetrate struvite and achieve bactericidal lev-
els. Therefore, the only curative treatment is eradication of
infection with antimicrobials and removal of all stone ma-
terial. Combined percutaneous nephrostolithotomy and ex-
tracorporeal shock wave lithotripsy 1s recommended as the
first line treatment choice.”® In those patients who are not
candidates for surgery, a conservative approach may be in-
dicated. Chronic antibiotic therapy may limit stone growth
and result in partial dissolution® in nonsurgical patients.
Another potentially useful agent 1s acetohydroxamic acid
(AHA), which i1s a potent inhibitor of bacterial urease and
can limit stone growth.?®® Despite the potential usefulness
of AHA, it has been associated with frequent side effects,
including potentially carcinogenic effects,”®” particularly in
patients with renal insufficiency. For these reasons, use of
AHA should be limited to patients with normal renal func-
tion who are unable to undergo surgical intervention.

CYSTINE STONES

Cystinuria 1s an inherited abnormality in amino acid trans-
port affecting the gastrointestinal and proximal renal tubular
epithelia. As a result of abnormal renal tubular transport of
cystine and the other dibasic amino acids (ornithine, lysine,
and arginine), abnormally large amounts of the amino acids
are excreted in the urine. Cystinuria accounts for 1% ofrenal
calculi in adults, but up to 10% in children.”®® Even with
medical management, long-term outcome is poor due to mn-
sufficient efficacy and low patient compliance. The solubility
of cystine in urine is approximately 300 mg per L. When
overexcretion leads to higher concentrations than the solu-
bility limit, cystine stones tend to form. Biochemically, it has
been known for decades that different phenotypes in cystin-
uric populations exist. The disease has been differentiated
by amino acid excretion in obligate heterozygotes as type I
(normal urinary amino acids), type II (high excretion of di-
basic amino acids), or type III (modest elevation in dibasic
amino acids). Given the identification of only two affected
genes, a new classification scheme is now utilized.*® Muta-
tions in SLC3Al and SLC7A9 are responsible for all three
phenotypic subtypes of cystinuria. To date, all mutations of
SLC3Al produce the type I phenotype whereas mutations in
SLC7A9 can cause all phenotypic subtypes.

In the new classification, cystinuria is defined as type A
if mutations are found in both SLC3Al alleles, type B if mu-
tations are found in both SLC7A9 alleles, and putative type
AB if one mutation is found in each gene.”® Heterozygous
type AB individuals have been identified,””® but cystinuric
patients from families of such individuals have two mutated
alleles in the same gene in addition to a mutated allele in the

other gene. Because type AB double heterozygous individu-
als do not produce stones, and two mutations in the same
gene were found in patients from these families, digenic in-
heritance of cystinuria was ruled out.”"

The amino acid transport system b(o)+ AT 1s the main
effector of cystine reabsorption in the kidney. This system
was 1dentified by expression cloning of renal cDNA (related
to bo,+ amino acid transporter [rBAT]) that induces the
b> " system in Xenopus oocytes. In oocytes, the rBAT (b® -
like) system acts as a tertiary active transport mechanism. A
cloned “light” subunit (b®"AT) coexpresses system b> " ac-
tivity in heterologous expression systems. Both proteins are
expressed in brush-border membranes of proximal straight
tubule and small intestinal mucosa. Whereas all renal b AT
1s disulfide bound with rBAT, there 1s an excess of rBAT co-
valently bound to an unidentified “light” subunit (X) in re-
nal brush-border membranes. The rBAT/b® " AT heterodimer
shows a gradient of expression along the proximal tubule:
higher in the convoluted tubule and lower in the straight
tubule. In contrast, the rBAT/X heterodimer has the opposite
gradient of expression along the proximal tubule.

More than 50 unique SLC3Al /2p16.3-p21 mutations
have been identified in cystinuria patients. Missense muta-
tions show loss of transport function in oocytes, apparently
due to trafficking defects during transfer from endoplasmic
reticulum to plasma membrane. Null SLC3Al mutations
are fully recessive i cystinuria heterozygotes. Mutational
analysis and linkage studies have demonstrated genetic
heterogeneity in cystinuria. The SLC3Al gene is only asso-
ciated with type I (fully recessive) cystinuria. A second lo-
cus, accounting for types II and III cystinuria (incomplete
recessive forms), has been identified by linkage analysis at
chromosome 19q13.1-13.2. The gene for the non-type I
cystinuria (SLC7A9) codes for the ‘light” subunit (b>"AT)
of rBAT, where 37 unique cystinuria-specific mutations have
been identified. This strongly supports the notion that rBAT/
b°!' AT heterodimer (system b® ™) is the main apical reabsorp-
tion system for cystine.

In non-type I cystinuria, the urinary hyperexcretion of
cystine and dibasic amino acids among heterozygous carri-
ers of SLC7A9 mutations correlates well with the severity of
defective amino acid transport in vitro. In some cases, mild
SLC7A9 mutations account for heterozygous type I cystin-
uria. Patients with the mixed form of cystinuria (type I/III)
excrete slightly lower levels of cystine and appear to have a
lower risk of nephrolithiasis in the first decade. An SLC3Al
mutation is rarely identified on the fully recessive allele in
these patients.*”?

While the molecular physiology of the renal cystine
transport mechanism is being worked out, additional clari-
fication 1s needed. In particular, we need to understand the
physiologic role of the SLC3Al gene, why mutations in the
“heavy” subunit (rBAT) of system b>" produce a silent phe-
notype in carriers whereas mutations in the “light” subunit
(b>"AT) produce a dominant negative effect, and which
genes modulate urolithiasis in patients with cystinuria.



Additionally, three similar, but distinct, syndromes are
associated with cystinuria. The 21p21 deletion syndrome,
hypotonia-cystinuria syndrome (HCS), and atypical HCS
are associated with deletions of/and genes contiguous to
S[C3A] 293298

Pathobiology

Although a kidney biopsy is not usually performed, exami-
nation of renal tissue obtained during stone removal pro-
cedures reveals associated parenchymal abnormalities that
may partly explain the loss of kidney function associated
with this disorder.*””

The ducts of Bellin1 are plugged with cystine crystals,
and apatite crystals can be seen in the inner medullary col-
lecting ducts and in the thin loops of Henle. Focal areas of
dilatation with varying degrees of surrounding interstitial
fibrosis are present. These findings are in contrast to the his-
topathology of routine calcium oxalate formers (interstitial
deposits of apatite without intratubular crystals). The crys-
tallization of cystine in terminal ducts of Bellini may cause
local obstruction and tissue injury contribution to loss of
kidney function.

Pathogenesis

Cystine overexcretion raises urinary cystine concentration
above the limits of solubility for this relatively insoluble
amino acid. Characteristic hexagonal crystals are identified
in cystinuric patients particularly in the first voided morning
urine, which is concentrated and usually acidic.

All patients with an episode of nephrolithiasis before
the age of 30 or a strong family history of recurrent neph-
rolithiasis should be screened for cystinuria. A rapid quali-
tative screening test with sodium cyanide-nitroprusside is
used for diagnosis when the pathognomonic crystals are not
visualized.

Normal adults excrete less than 30 mg of cystine in
24 hours (19 mg per g of creatinine),’” whereas homozy-
gous cystine stone formers usually excrete more than 350 mg
of cystine per day (250 mg per g of creatinine).

Heterozygotes and patients with the Fanconi syndrome
generally excrete less than 250 mg per day and usually do
not form stones. Given that proximal tubular transport re-
quires maturation, it is frequently difficult to diagnosis cys-
tinuria prior to the age of 1 year.*"!

Treatment

Therapy is designed to reduce the excretion and increase the
solubility of cystine. Methionine is the precursor of cystine
and dietary restriction of methionine reduces urinary excre-
tion of cystine.’** However, methionine is an essential amino
acid and dietary restriction is, therefore, not a practical mode
of treatment. Lowering urinary cystine concentration by in-
creasing urinary volume reduces the likelithood of precipita-
tion and thus provides the basis for clinical treatment. An
intake of more than 4 L per day may be required.
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The pH of urine alters the level of cystine saturation, but
until urinary pH is 7.0 or greater, the effect of pH on solu-
bility is minimal.’*’> Dent et al. showed that the solubility of
cystine in urine is approximately 250 mg per L up to a pH
level of 7.0, but increases to 500 mg per L or more with apH
level of 7.5 or greater. This degree of urinary alkalinization
may require up to 3 to 4 mEq/kg/day of potassium citrate or
potassium bicarbonate taken in three to four divided doses.*'

If urinary alkalinization and high fluid intake are
ineffective, then a cystine binding drug is added to the regi-
men.’** D-penicillamine (DP) and o-mercapto-proprionyl-
glycine (MPQG) are equally effective in clearing the disulfide
bond of cystine into cysteine, which 1s 50 times more solu-
ble.’*>*% Side effects occur in 20% to 50% of patients and
limit treatment success. Typical side effects for both drugs
include rash, arthralgia, leukopenia, thrombocytopenia, my-
ositis, and proteinuria (due to membranous nephropathy).

Captopril, a first generation ACE inhibitor, contains
free sulthydryl groups. Captopril cysteine disulfides are
200 times more soluble than cystine alone. Although capto-
pril can reduce cystine excretion by more than 50%, hypo-
tension often limits tolerance.

Medical therapy is beneficial with adequate patient ad-
herence, but there is a high rate of continued stone formation
and most patients require multiple urologic interventions.
Cystine stone formers have significantly higher procedure
rates than other stone formers.’"” Patients may form stones
of mixed composition mandating a broader investigation
during follow-up.*%®

The response to therapy is monitored both biochemically
and radiologically. The preferred imaging test i1s spine CT.
Urinary cystine concentration is measured serially to estimate
whether the amount excreted can be held i solution at the
urine volume and pH achieved by the patient. The measure-
ment of urinary cystine is imprecise in the presence of thiol
drugs. Solid phase assays overcome this barrier and should
be used to monitor patients’ response to interventions.”**>!'"

Acknowledgments
This work was supported by NIH grants RO1 DK070790.

REFERENCES

1. Stamatelou KK, Francis ME, Jones CA, et al. Time trends in reported
prevalence of kidney stones in the United States: 1976-19941. Kidney Int.
2003;63:1817.
http://www.ncbi.nlm.nih.gov/pubmed/12675858

2. Saigal CS, Joyce G, Timilsina AR. Direct and indirect costs of nephroli-
thiasis in an employed population: Opportunity for disease management[quest].
Kidney Int. 2005;68:1808.
http://www.ncbi.nlm.nih.gov/pubmed/16164658

3. Sierakowski R, Finlayson B, Landes R. Stone incidence as related to wa-
ter hardness in different geographical regions of the United States. Urol Res.
1978;7:157.
http://www.ncbi.nlm.nih.gov/pubmed/505678

4. Prince CL, Scardino PL, Wolan TC. The effect of temperature, humidity,
and dehydration on the formation of renal calculi. J Urol.ogy. 1956;75:209.

5. Lonsdale K. Human stones. Science. 1968;159:1199.
http://www.ncbi.nlm.nih.gov/pubmed/4886077



668 SECTION III ®= CYSTIC AND TUBULAR DISORDERS

6. Blacklock NJ. The pattern of urolithiasis in the Royal Navy. In: Hodgkinson
A, Nordin BEC, eds. Renal Stone Research Symposium. London: Churchill; 1969.

7. Taylor EN, Curhan GC. Fructose consumption and the risk of kidney
stones. Kidney Int. 2007;73:207.
http://www.ncbi.nlm.nih.gov/pubmed/17928824

8. Obligado SH, Goldfarb DS. The association of nephrolithiasis with hyper-
tension and obesity: A review. Am J Hypertens. 2008;21:257.
http://www.ncbi.nlm.nih.gov/pubmed/18219300

9. Williams RE. Long-term survey of 538 patients with upper urinary stone.
Br JUrol. 1963;35:416.
http://www.ncbi.nlm.nih.gov/pubmed/14077800

10. Strauss AL, Coe FL, Parks JH. Formation of a single calcium stone of re-
nal origin: Clinical and laboratory characteristics of patients. Arch Intern Med.
1982;142:504.
http://www.ncbi.nlm.nih.gov/pubmed/7065787

11. Evan AP, Lingeman JE, Coe FL, et al. Randall$ plaque of patients with
nephrolithiasis begins in basement membranes of thin loops of Henle. J Clin
Invest. 2003;111:607.
http://www.ncbi.nlm.nih.gov/pubmed/12618515

12. Bushinsky DA. Nephrolithiasis: site of the initial solid phase. J Clin Invest.
2003;111:602.
http://www.ncbi.nlm.nih.gov/pubmed/12618514

13. Fine JE Pak CYC, Preminger GM. Effect of medical management and re-
sidual fragments on recurrent stone formation following shock wave lithotripsy:
JUrol. 1995;153:27.
http://www.ncbi.nlm.nih.gov/pubmed/7966783

14. Barcelo P, Wuhl O, Servitge E. Randomized double-blind study of po-
tassium citrate in idiopathic hypocitraturic calctum nephrolithiasis. J Urol.
1993;150:1761.
http://www.ncbi.nlm.nih.gov/pubmed/8230497

15. Vieweg J, Teh C, Freed KLRASRH, et al. Unenhanced helical computer-
ized tomography for the evaluation of patients with acute flank pain. J Urol.
1998;160:679.

16. Smith RC, Rosenfeld AT, Choe KA, et al. Acute flank pain: comparison
of non-contrast-enhanced CT and intravenous urography. Radiology. 1995;
194:789.
http://www.ncbi.nlm.nih.gov/pubmed/7862980

17. Varanelli MJ, Coll DM, Levine JA, et al. Relationship between duration of
pain and secondary signs of obstruction of the urinary tract on unenhanced heli-
cal CT. AJR Am J Roentgenol. 2001;177:325.
http://www.ncbi.nlm.nih.gov/pubmed/11461855

18. Teichman JMH. Acute renal colic from ureteral calculus. N Engl J Med.
2004;350:684.
http://www.ncbi.nlm.nih.gov/pubmed/14960744

19. Levy FL, Adams-Huet B, Pak CYC. Ambulatory evaluation of nephrolithia-
sis: An update of a 1980 protocol. Am JMed. 1995;98:50.
http://www.ncbi.nlm.nih.gov/pubmed/7825619

20. Seltzer, J. and Hruska, K. 1995.

21. Coe FL, Evan A, Worcester E. Kidney stone disease. J Clin Invest.
2005;115:2598.
http://www.ncbi.nlm.nih.gov/pubmed/16200192

22. Pak CYC. Ambulatory evaluation of nephrolithiasis: Classif cation, clinical
presentation and diagnostic criteria. Am JMed.1980;69:19.

23. Pak CYC. Asimple test for the diagnosis of absorptive, resorptive and renal
hypercalciurias. N Engl J Med 1975;292:497.
http://www.ncbi.nlm.nih.gov/pubmed/163960

24. Sakhaee K. A critical appraisal of oral calcium load test for the indirect as-
sessment of intestinal calcium absorption. J Urol. 1979;14:251.
http://www.ncbi.nlm.nih.gov/pubmed/483499

25. Broadus AE, Dominguez M, Bartter FC. Pathophysiological studies in id-
iopathic hypercalciuria: Use of an oral calcium tolerance test to characterize dis-
tinctive hypercalciuric subgroups. J Clin Endocrinol Metab 1978;47:751.
http://www.ncbi.nlm.nih.gov/pubmed/233682

26. Pak CYC, Ohata M, Lawrence EC, et al. The hypercalciurias: Causes, para-
thyroid functions, anad diagnostic criteria. J Clin Invest. 1974;54:387.
http://www.ncbi.nlm.nih.gov/pubmed/4367891

27. Pak CYC. Physiological basis for absorptive and renal hypercalciurias. Am
J Physiol. 1979;237:F415.

28. Coe FL, Bushinsky DA. Pathophysiology of hypercalciuria. Am J
Physiol. 1984;247:F1.

29. Brannan PG. Selective jejunal hyperabsorption of calcium in absorptive
hypercalciuria. Am JMed. 1979;66:425.
http://www.ncbi.nlm.nih.gov/pubmed/433948

30. Pak CYC. Hypercalciuric calcium nephrolithiasis. In: Pak CYC, ed. Uroli-
thiasis: A Medical and Surgical Reference. Philadelphia: Saunders; 1990.

31. Anonymous. Prevention and treatment of kidney stones, consensus con-
ference. JUrol. 1988;141:804.

32. Sutton RAL, Walker VR. Responses to hydrochlorothiazide and acetazol-
amide in patients with calcium stones. N Engl J Med. 1980;302:709.
http://www.ncbi.nlm.nih.gov/pubmed/7354777

33. Prie D, Huart V, Bakouh N, et al. Nephrolithiasis and osteoporosis associ-
ated with hypophosphatemia caused by mutations in the type 2a sodium-phos-
phate cotransporter. N Engl J Med. 2002;347:983.
http://www.ncbi.nlm.nih.gov/pubmed/12324554

34. Lapointe JY, Tessier J, Paquette Y, et al. NPT2a gene variation in calcium
nephrolithiasis with renal phosphate leak. Kidney Int. 2006;69:2261.
http://www.ncbi.nlm.nih.gov/pubmed/16688119

35. Coe FL, Canterbury JM, Firpo JJ, et al. Evidence for secondary hyperpara-
thyroidism in idiopathic hypercalciuria. J Clin Invest. 1973;52:134.
http://www.ncbi.nlm.nih.gov/pubmed/4682379

36. Kaplan RA. The role of la-25-dihydroxyvitamin D in the mediation of
intestinal hyperabsorption of calcium in primary hyperparathyroidism and ab-
sorptive hypercalciuria. J Clin Invest. 1977;59:756.
http://www.ncbi.nlm.nih.gov/pubmed/192763

37. Broadus AE. Primary hyperparathyroidism. J Urol. 1989;141:723.
http://www.ncbi.nlm.nih.gov/pubmed/2918615

38. Coe FL. Hyperuricosuric calcium oxalate nephrolithiasis. Kidney Int.
1978;13:418.
http://www.ncbi.nlm.nih.gov/pubmed/661071

39. Coe FL, Kavalach AG. Hypercalciuria and hyperuricosuria in patients with
calcium nephrolithiasis. N Engl JMed 1974;291:1344.
http://www.ncbi.nlm.nih.gov/pubmed/4610395

40. Williams-Larson AW. Urinary calculi associated with purine metabolism.
Endocrmol Metab Clin North Am 1990;19:821.
http://www.ncbi.nlm.nih.gov/pubmed/2081513

41. Gutman AB, Yu TE Uric acid nephrolithiasis. Am JMed. 1968;45:756.
http://www.ncbi.nlm.nih.gov/pubmed/4879835

42. Coe FL. Uric acid and calcium oxalate nephrolithiasis. Kidney Int.
1983;24:392.
http://www.ncbi.nlm.nih.gov/pubmed/6645213

43. Pak CYC, Sakhaee K, Fuller C. Successful management of uric acid neph-
rolithiasis with potassium citrate. Kidney Int. 1986;30:422.
http://www.ncbi.nlm.nih.gov/pubmed/3784284

44. McLeod RS, Churchill DN. Urolithiasis complicating inflammatory bowel
disease. J Urol. 1992:;148:974.
http://www.ncbi.nlm.nih.gov/pubmed/1507354

45. Dobbins JS, Binder JH. Importance of the colon in enteric hyperoxaluria.
N Engl JMed. 1977;296:298.

46. Dobbins JS, Binder HJ. Effect of bile salts and fatty acids on the colonic
absorption of oxalate. Gastroenterology. 1976;70:1096.

47. Ernest DL, Johnson G, Williams HE, et al. Hyperoxaluria in patients with
ileal resection: An abnormality in dietary oxalate absorption. Gastroenterology.
1974;66:1114.

48. Danpure CJ. Molecular and clinical heterogeneity in primary hyperoxal-
uria Type 1. Am J Kidney Dis. 1991;17:366.
http://www.ncbi.nlm.nih.gov/pubmed/2008900

49. Williams AW, Wilson DM. Dietary intake, absorption, metabolism, and
excretion of oxalate. Semin Nephrol. 1990;10:2.
http://www.ncbi.nlm.nih.gov/pubmed/2404326

50. Buckalew VM. Nephrolithiasis in renal tubular acidosis. J Urol.
1989;141:731.
http://www.ncbi.nlm.nih.gov/pubmed/2645431

51. Rudman D. Hypocitraturia in patients with gastrointestinal malabsorption.
N Engl J Med. 1980;303:657.
http://www.ncbi.nlm.nih.gov/pubmed/7402252

52. Preminger GM. Hypomagnesuric hypocitraturia: An apparent new entity
for calcium nephrolithiasis. Lithotripsy Stone Dis. 1980;1:22.

53. Griffth DP. Struvite stones. Kidney Int. 1978;13:372.
http://www.ncbi.nlm.nih.gov/pubmed/351265

54. Milliner DS. Cystinuria. Endocrinol Metab Clin North Am 1990;19:889.
http://www.ncbi.nlm.nih.gov/pubmed/2081517

55. Pak CYC. Evidence justifying a high fluid intake in treatment of nephroli-
thiasis. Ann Intern Med. 1980;93:36.
http://www.ncbi.nlm.nih.gov/pubmed/7396311

56. Pak CYC. The problem of idiopathic stone formers presenting with no
metabolic disorders. Contrib Nephrol 1987;58:164.
http://www.ncbi.nlm.nih.gov/pubmed/3319402

57. Pak CYC, Skurla C, Harvey C. Graphic display of urinary risk factors for
renal stone formation. J Urol. 1985;134:867.
http://www.ncbi.nlm.nih.gov/pubmed/4057368



58. Hodgkinson A, Pyrah LN. The urinary excretion of calcium and inor-
ganic phosphate in 344 patients with calcium stones of renal origin. Br J Surg
1958:46:10.
http://www.ncbi.nlm.nih.gov/pubmed/13572812

59. Nakagawa Y. Purif cation and characterization of the principal inhibitor
of calcium oxalate monohydrate crystal growth in human urine. J Biol Chem.
1983;258:12594.

60. Ettinger B, Citron JT, Livermore B. Chlorthalidone reduces calcium oxalate
calculous recurrence but magnesium hydroxide does not. J Urol. 1988;139:679.
http://www.ncbi.nlm.nih.gov/pubmed/3280829

61. Robertson WG, Peacock M, Nordin BEC. Activity products in stone-form-
ing and non-stone-forming urine. Clin Sci. 1968;34:579.
http://www.ncbi.nlm.nih.gov/pubmed/5662598

62. Ettinger B, Pak CYC, Citron JT, et al. Potassium -magnesium citrate is an
effective prophylaxis against recurrent calcium oxalate nephrolithiasis. J Urol.
1997;158:2069.
http://www.ncbi.nlm.nih.gov/pubmed/9366314

63. Coe FL, Parks JH, Moore ES. Familial idiopathic hypercalciuria. N Engl J
Med. 1979;300:337.
http://www.ncbi.nlm.nih.gov/pubmed/759893

64. Hamed IA. Familial absorptive hypercalciuria and renal tubular acidosis.
Am JMed. 1979;67:385.
http://www.ncbi.nlm.nih.gov/pubmed/224701

65. Moore E. Idiopathic hypercalciuria in children. Prevalence and metabolic
characteristics. J Pediatr. 1978:;92:906.
http://www.ncbi.nlm.nih.gov/pubmed/660355

66. Favus MJ, Coe FL. Evidence for spontaneous hypercalciuria in the rat.
Miner Electrolyte Metab. 1979;2:150.

67. Evan AP, Bledsoe SB, Smith SB, et al. Calcium oxalate crystal localization
and osteopontin immunostaining in genetic hypercalciuric stone-forming rats.
Kidney Int. 2004;65:154.
http://www.ncbi.nlm.nih.gov/pubmed/14675046

68. Filipponi P. Evidence for a prostaglandin-mediated bone resorptive mecha-
nism in subjects with fasting hypercalciuria. Calcif Tissue Int. 1988;43:61.
http://www.ncbi.nlm.nih.gov/pubmed/3142668

69. Pacifci R. Increased monocyte interleukin-1 activity and decreased ver-
tebral bone density in fasting idiopathic hypercalciuria. J Clin Endocrinol Metab.
1990;71:138.
http://www.ncbi.nlm.nih.gov/pubmed/2370292

70. Coe FL. Effects of low-calcium diet on urine calcium excretion, parathy-
roid function and serum 1,25(0OH),D, levels in patients with idiopathic hyper-
calciuria and in normal subjects. Am JMed. 1982;72:25.
http://www.ncbi.nlm.nih.gov/pubmed/6277190

71. Evan AP, Lingeman JE, Coe FL, et al. Crystal-associated nephropathy in
patients with brushite nephrolithiasis. Kidney Int. 2005;67:576.
http://www.ncbi.nlm.nih.gov/pubmed/15673305

72. Evan AE, Lingeman JE, Coe FL, et al. Histopathology and surgical anatomy
of patients with primary hyperparathyroidism and calcium phosphate stones.
Kidney Int. 2008;74:223.
http://www.ncbi.nlm.nih.gov/pubmed/18449170

73. Bushinsky DA, Asplin JR, Grynpas MD, et al. Calcium oxalate stone forma-
tion in genetic hypercalciuric stone-forming rats. Kidney Int. 2002;61:975.
http://www.ncbi.nlm.nih.gov/pubmed/11849452

74. Birge SJ, Peck WA, Berman M, et al. Study of calcium absorption in man:
A kinetic analysis and physiologic model. J Clin Invest. 1969;48:1705.

75. Caniggia A, Gennari C, Cesari L. Intestinal absorption of 45Ca in stone-
forming patients. Br Med J. 1965;1:427.
http://www.ncbi.nlm.nih.gov/pubmed/14237927

76. Wills MR. The measurement of intestinal calcium absorption by exter-
nal ra-dioisotope counting: Application to study of nephrolithiasis. Clin Sci.
1970;39:95.
http://www.ncbi.nlm.nih.gov/pubmed/5448178

77. Pak CYC. Gastrointestinal calcium absorption in nephrolithiasis. J Clin En-
docrmol Metab. 1972;35:261.

78. Ehrig YU, Harrison JE, Wilson DR. Effect of long-term thiazide therapy on
intestinal calcium absorption in patients with recurrent renal calculi. Metabolism.
1974;23:139.
http://www.ncbi.nlm.nih.gov/pubmed/4810806

79. Shen FH. Increased serum 1,25-dihydroxyvitamin D in idiopathic hyper-
calciuria. J Lab Clin Med. 1977;90:955.
http://www.ncbi.nlm.nih.gov/pubmed/925484

80. Barilla DE. Selective effects of thiazide on intestinal absorption of calcium
in absorptive and renal hypercalciurias. Metabolism. 1978;27:125.
http://www.ncbi.nlm.nih.gov/pubmed/202838

CHAPTER 20 = NEPHROLITHIASIS 669

81. Zerwekh JE, Pak CYC. Selective effect of thiazide therapy on serum
1,25-dihydroxyvitamin D, and intestinal absorption in renal and absorptive hy-
percalciuria. Metabolism. 1980;29:13.
http://www.ncbi.nlm.nih.gov/pubmed/7351872

82. Hoenderop JG, Hartog A, Stuiver M, et al. Localization of the epithelial
Ca?' channel in rabbit kidney and intestine. J Am Soc Nephrol. 2000;11:1171.
http://www.ncbi.nlm.nih.gov/pubmed/10864572

83. Hoenderop JGJ, Willems PHGM, Bindels RIM. Toward a comprehensive
molecular model of active calcium reabsorption. Am J Physiol Renal Physiol.
2000;278:F352-F360.

84. Colnot S, Ovejero C, Romagnolo B, et al. Transgenic analysis of the response
of the rat calbindin-D 9k gene to vitamin D. Endocrinology. 2000;141:2301.

85. Yendt ER. Phosphorus and magnesium metabolism. In: Maxwell MG, KI-
eeman CR, eds. Clinical Disorders of Fluid and Electrolyte Metabolism. New York:
McGraw-Hill; 1972.

86. Edwards NA, Hodgkinson A. Studies of renal function in patients with
idiopathic hypercalciuria. Clin Sci. 1965;29:327.
http://www.ncbi.nlm.nih.gov/pubmed/5840979

87. Peacock M, Nordin BEC. Tubular reabsorption of calcium in normal and
hypercalciuric subjects. J Clin Pathol. 1968;21:355.
http://www.ncbi.nlm.nih.gov/pubmed/5699075

88. Tieder M. “Idiopathic” hypercalciuria and hereditary hypophosphatemic
rickets. N Engl J Med. 1987;316:125.
http://www.ncbi.nlm.nih.gov/pubmed/3796683

89. Lloyd SE, Pearce SHS, Fisher SE, et al. Acommon molecular basis for three
inherited kidney stone diseases. Nature. 1996;379:445.
http://www.ncbi.nlm.nih.gov/pubmed/8559248

90. Devuyst O, Christie PT, Courtoy PJ, et al. Intra-renal and subcellular distri-
bution of the human chloride channel, CLC-5, reveals a pathophysiological basis
for Dent} disease. Hum Mol Genet. 1999:8:247.
http://www.ncbi.nlm.nih.gov/pubmed/9931332

91. Wang SS, Devuyst O, Courtoy PJ, et al. Mice lacking renal chloride chan-
nel, CLC-5, are a model for Dent3 disease, a nephrolithiasis disorder associated
with defective receptor-mediated endocytosis. Hum Mol Genet. 2000;9:2937.

92. Raja KA, Schurman S, D’Mello RG, et al. Responsiveness of hypercalciuria
to thiazide in Dent} disease. J Am Soc Nephrol. 2002;13:2938.
http://www.ncbi.nlm.nih.gov/pubmed/12444212

93. Moulin P, Igarashi T, Van Der Smissen P, et al. Altered polarity and expres-
sion of H*-ATPase without ultrastructural changes in kidneys of Dent} disease
patients. Kidney Int. 2003;63:1285.
http://www.ncbi.nlm.nih.gov/pubmed/12631345

94. Langman CB. The molecular basis of kidney stones. Curr Opin Pediatr
2004;16:188.
http://www.ncbi.nlm.nih.gov/pubmed/15021200

95. Zelikovic 1. Hypokalaemic salt-losing tubulopathies: an evolving story.
Nephrol Dial Transplant. 2003;18:1696.

96. Praga M, Vara J, Gonzalez-Parra E. Familial hypomagnesemia with hyper-
calciuria and nephrocalcinosis. Kidney Int. 1995;47:1419.

97. Nicholson JC, Jones CL, Powell HR. Familial hypomagnesemia-hypercalci-
uria leading to end-stage renal failure. Pediatr Nephrol. 1995;9:77.
http://www.ncbi.nlm.nih.gov/pubmed/7742228

98. Simon DB, Al-Sabban E, Lu Y. The moelcular basis of renal magnesium
wasting: Familial hypomagnesemia with nephrocalcinosis. J Am Soc Nephrol.
1998:9:559A.

99. Rodriquez-Soriano J, Vallo A. Pathophysiology of the renal acidif cation
defect present in the syndrome of familial hypomagnesemia-hypercalciuria. Pe-
diatr Nephrol. 1994;8:431.

100. Kamel KS, Harvey E, Douek K. Studies on the pathogenesis of hypokale-
mia in Gitelman3 syndrome: Role of bicarbonaturia and hypomagnesemia. Am J
Nephrol. 1998;18:42.

http://www.ncbi.nlm.nih.gov/pubmed/17341913

101. Pietschmann E Breslau NA, Pak CYC. Reduced vertebral bone density in
hypercalciuric nephrolithiasis. J Bone Miner Res. 1992;7:1383.
http://www.ncbi.nlm.nih.gov/pubmed/1481724

102. Buck AC. The influence of renal prostaglandins on glomerular fltration
rate (GFR) and calcium excretion in urolithiasis. Br J Urol. 1981;53:485.
http://www.ncbi.nlm.nih.gov/pubmed/6797500

103. Filipponi P Evidence for a prostaglandin-mediated bone resorption mech-
anism in subjects with fasting hypercalciuria. Calcif Tissue Int. 1988;43:61.
http://www.ncbi.nlm.nih.gov/pubmed/3142668

104. Burckhardt P, Jaeger P Secondary hyperparathyroidism in idiopathic renal
hypercalciuria: Fact or theory? J Clin Endocrinol Metab. 1981;55:550.
http://www.ncbi.nlm.nih.gov/pubmed/6790559

105. Cushard WG Jr. Parathyroid function in sarcoidosis. N Engl J Med.
1972;296:395.



670 SECTION III ®= CYSTIC AND TUBULAR DISORDERS

106. Broadus AE. Evidence for disordered control of 1,25-dihydroxyvitamin D
production in absorptive hypercalciuria. N Engl J Med. 1984;311:73.
http://www.ncbi.nlm.nih.gov/pubmed/6330548

107. Barilla DE, Zerwekh JE, Pak CYC. A critical evaluation of the role of phos-
phate in the pathogenesis of absorptive hypercalciuria. Miner Electrol Metab.
1979;2:302.

108. Broadus AE. A consideration of the hormonal basis and phosphate leak
hypothesis of absorptive hypercalciuria. J Clin Endocrinol Metab. 1984;58:161.
109. Breslau NA. Use of ketoconazole to probe the pathogenetic importance of
1,25-dihydroxyvitamin D in absorptive hypercalcliuria. J Clin Endocrinol Metab.
1992;75:1446.

110. Feldman DR. Ketoconazole and other imidazole derivatives as inhibitors of
steroidogenesis. Endocrinol Rev. 1986;7:409.
http://www.ncbi.nlm.nih.gov/pubmed/3536461

111. Glass AR, Eil C. Ketoconazole-induced reduction in serum 1,25-dihy-
droxyvitamin D, total serum calcium in hypercalcemic patients. J Clin Endocrinol
Metab. 1988;66:934.

http://www.ncbi.nlm.nih.gov/pubmed/3360901

112. Morrison NA. Prediction of bone density from vitamin D revceptor alleles.
Nature. 1994;367:284.

http://www.ncbi.nlm.nih.gov/pubmed/8161378

113. Li X-Q. Increased intestinal vitamin D receptor in genetic hypercalciuric
rats: A cause of intestinal calcium hyperabsorption. J Clin Invest. 1993;91:661.
http://www.ncbi.nlm.nih.gov/pubmed/8381825

114. Nordin BEC, Hodgkinson A. Urolithiasis. In: Dock W, Snapper I, eds. Ad-
vances in Internal Medicine. Chicago: Year Book Medical Publishers; 1967.

115. Lagergen C. Biophysical investigations of urinary calculi. Acta Radiol Scand.
1956;133:1.

http://www.ncbi.nlm.nih.gov/pubmed/13339489

116. Melick RA, Henneman PH. Clinical and laboratory studies of 207 consecu-
tive patients in a kidney-stone clinic. N Engl J Med. 1958;259:307.
http://www.ncbi.nlm.nih.gov/pubmed/13566470

117. Prien EL. Studies in urolithiasis. J Urol. 1949;61:821.
http://www.ncbi.nlm.nih.gov/pubmed/18127370

118. Sutor DJ, Wooley SE, Illingworth JJ. A geographical and historical survey
of the composition of urinary stones. Br J Urol. 1974;46:393.
http://www.ncbi.nlm.nih.gov/pubmed/4606120

119. Coe FL, Parks JH. Nephrolithiasis. In: Favus MJ, eds. Primers on the Meta-
bolic Bone Diseases and Disorders of Mineral Metabolism, 2nd ed. New York: Raven;
1993:399.

120. Berenyi M, Frang D, Legrady J. Theoretical and clinical importance of the
differentiation between the two types of calcium oxalate hydrate. Int Urol Neph-
rol. 1972;4:341.

http://www.ncbi.nlm.nih.gov/pubmed/4669644

121. Pak CYC. Estimation of the state of saturation of brushite and calcium
oxalate in urine: A comparison of three methods. J Lab Clin Med. 1977;89:891.
http://www.ncbi.nlm.nih.gov/pubmed/845489

122. Finlayson B. Calcium stones: Some physical and clinical aspects. In: David
DS, ed. Calcium Metabolism in Renal Failure and Nephrolithiasis. New York: Wiley;
1977.

123. Pak CYC, Holt K. Nucleation and growth of brushite and calcium oxalate
in urine of stone-formers. Metabolism. 1976;25:665.
http://www.ncbi.nlm.nih.gov/pubmed/1272073

124. Robertson WG, Peacock M, Nordin BEC. Calcium oxalate crystalluria and
urine saturation in recurrent stone-formers. Clin Sci. 1971;40:365.
http://www.ncbi.nlm.nih.gov/pubmed/5556093

125. Robertson WG. Saturation inhibition index as a measure of the risk of cal-
cium oxalate stone formation in the urinary tract. New Engl J Med. 1976;294:249.
http://www.ncbi.nlm.nih.gov/pubmed/1244550

126. Marshall RW. The relationship between the concentration of calcium salts
in the urine and renal stone composition in patients with calcium-containing
renal stones. Clin Sci. 1972:;43:433.
http://www.ncbi.nlm.nih.gov/pubmed/5077518

127. Pak CYC. Effects of orthophosphate therapy on the crystallization of cal-
cium salts in urine. Miner Electrolyte Metab. 1978;1:147.
http://www.ncbi.nlm.nih.gov/pubmed/702659

128. Weber DV. Urinary saturation measurements in calcium nephrolithiasis.
Ann Intern Med. 1979;90:180.

http://www.ncbi.nlm.nih.gov/pubmed/443649

129. Hautmann R, Lehmann A, Komor S. Calcium and oxalate concentrations
in human renal tissue: The key to the pathogenesis of stone formation? J Urol.
1979;123:317.

http://www.ncbi.nlm.nih.gov/pubmed/7359626

130. Nancollas GH. Biological mineralization and demineralization. In: Nancol-
las GH, ed. Proceedings of the Dahlem Conference, Berlin. Berlin: Springer; 1981.

131. Morrissey J, Hruska K, Guo G, et al. Prevention and treatment of kidney
stones. National Institute of Health, Consensus Development Conference State-
ment 7, 1; 1988.

132. Nielson AE. Kinetics of Precipitation. New York: Pergamon; 1964.

133. Pak CYC. Heterogeneous nucleation of calcium oxalate by seeds of mono-
sidum urate. Proc Soc Exp Biol Med. 1975;149:930.
http://www.ncbi.nlm.nih.gov/pubmed/241081

134. Coe FL. Sodium urate accelerates precipitation of calcium oxalate in vitro.
Proc Soc Exp Biol Med. 1975;149:926.
http://www.ncbi.nlm.nih.gov/pubmed/241080

135. Coe FL, Raisen L. Allopurinol treatment of uric acid disorders in calcium
stone formers. Lancet. 1973;1:129.
http://www.ncbi.nlm.nih.gov/pubmed/4118468

136. Coe FL. Hyperuricosuric calcium oxalate nephrolithiasis. In: Brenner BM,
Stein JH, eds. Contemporary Issues in Nephrology. New York: Churchill Living-
stone; 1980.

137. Fleisch H, Bisaz S. Isolation from urine of pyrophosphate, a calcif cation
inhibitor. Am J Physiol. 1962;203:671.
http://www.ncbi.nlm.nih.gov/pubmed/13945462

138. Russell RGG, Fleisch H. Inhibitors in urinary stone disease: Role of pyro-
phosphate in urinary calculi. In: Cifuentes-Delatte L, Rapado A, Hodgkinson A,
eds. Urinary Calculi. Basel: Karger; 1973.

139. Deganello S, Chou C. The uric acid-whewellite association in human kid-
ney stones. Scanning Electron Microsc. 1984;(Pt. 2):927.

140. Meyer JL, Smith LH. Growth of calcium oxalate crystals. Invest Urol.
1975;13:36.

http://www.ncbi.nlm.nih.gov/pubmed/166960

141. Werness PG, Wilson JWL, Smith LH. Hydroxyapatite and its role in cal-
cium urolithiasis. In: Ryall R, Brockis JG, Marshall V, Finlayson B, eds. Urinary
Stones. New York: Churchill Livingstone; 1984.

142. Otnes B. Urinay stone analysis, methods, materials, and value. J Urol Neph-
rol. 1983;71:1.

http://www.ncbi.nlm.nih.gov/pubmed/6577581

143. Meyer JL, Bergert JH, Smith LH. Epitaxial relationships in urolithiasis:
The calcium oxalate monohydrate-hydroxyapatite system. Clin Sci Mol Med.
1977;49:369.

http://www.ncbi.nlm.nih.gov/pubmed/1192695

144. Pak CYC. Potential etiology role of brushite in the formation of calcium
(renal) stones. J Crystal Growth. 1981;53:202.

145. Cerini C, Geider S, Dussol B, et al. Nucleation of calcium oxalate crys-
tals by albumin: Involvement in the prevention of stone formation. Kidney Int.
1999;55:1776.

146. Ito H, Coe FL. Acidic peptide and polyribonucleotide crystal growth in-
hibitors in human urine. Am J Physiol. 1977;233:F455.

147. Smith LH, Meyer JL, McCall JT. Chemical nature of crystal inhibitors iso-
lated from human urine. In: Cifuentes-Delatte L, Rapado A, Hodgkinson A, eds.
Urinary Calculi: Proceedings of the International Symposium on Renal Stone Research.
Madrid; 1973.

148. Bisaz S. Quantitative determination of inhibitors of calcium phosphate
precipitation in whole urine. Miner Electrolyte Metab. 1978;1:74.

149. Welshman SG, McGeown MG. A quantitative investigation of the effects
on the growth of calcium oxalate crystals on potential inhibitors. Br J Urol.
1972;44:677.

http://www.ncbi.nlm.nih.gov/pubmed/4345812

150. Robertson WG, Knowles E Peacock M. Urinary acid mucopolysaccharide
inhibitors of calcium oxalate crystallization. In: Fleish H, Robertson WG, Smith
LH, Vahlensieck W, eds. Urolithiasis Research. London: Plenum; 1976.

151. Robertson WG, Peacock M, Nordin BEC. Inhibitors of the growth and ag-
gregation of calcium oxalate crystals in vitro. Clin Chim Acta. 1973;43:31.
http://www.ncbi.nlm.nih.gov/pubmed/4351092

152. Nakagawa Y. Purif cation and characterization of a calcium oxalate mono-
hydrate crystal growth inhibitor from human kidney tissue culture medium. J
Biol Chem. 1981;256:3936.

153. Shiraga H, Min W, VanDusen WJ. Inhibition of calcium oxalate crystal
growth in vitro by uropontin: Another member of the aspartic acid-rich protein
superfamily. Proc Natl Acad Sci U S A. 1992;89:426.
http://www.ncbi.nlm.nih.gov/pubmed/1729712

154. Worcester EM, Blumenthal SS, Beshensky AM, et al. The calcium oxalate
crystal growth inhibitor protein produced by mouse kidney cortical cells in cul-
ture is osteopontin. J Bone Miner Res. 1992;7:1029.

155. Hoyer JR, Asplin JR, Otvos LIJ. Phosphorylated osteopontin peptides sup-
press crystallization by inhibiting the growth of calcium oxalate crystals. Kidney
Int. 2001;60:77.

http://www.ncbi.nlm.nih.gov/pubmed/11422738



156. Nakagawa Y. Characterization of abnormal nephrocalcin (NC) in X-linked
recessive nephrolithiasis (SRN). J Am Soc Nephrol. 1993;4:712.

157. Prince CW. Isolation, characterization, and biosynthesis of a phosphory-
lated glycoprotein from rat bone. J Biol Chem. 1987;262:2900.

158. Senger DR. Purif cation of a human milk protein closely similar to tumor-
secreted phosphoproteins and osteopontin. Biochim Biophys Acta. 1989;996:43.
http://www.ncbi.nlm.nih.gov/pubmed/2736258

159. Senger DrR. Secreted phosphoproteins associated with neoplastic transfor-
mation: Close homology with plasma proteins cleaved during blood coagulation.
Cancer Res. 1988:48:5770.

160. Demer LL, Tintut Y. Osteopontin: Between a rock and a hard plaque. Circ
Res. 1999;84:250.

http://www.ncbi.nlm.nih.gov/pubmed/9933258

161. Brown LE Berse B, van de Water L, et al. Expression and distribution of
osteopontin in human tissues: widespread association with luminal epithelial
surfaces. Mol Biol Cell. 1992;3:1169.
http://www.ncbi.nlm.nih.gov/pubmed/1421573

162. Kleinman JG. Distribution of osteopontin in rat kidney: Upregulation in
ischemia. J Am Soc Nephrol. 1993:4:611.

163. Safran JB, Butler WT, Farach-Carson MC. Modulation of osteopontin post-
translational state by 1,25-(OH)2-Vitamin D3. Dependence on Ca2+ influx. JBiol
Chem. 1998;273:29935.

http://www.ncbi.nlm.nih.gov/pubmed/9792712

164. Asplin JR, Arsenault D, Parks JH, et al. Contribution of human uropontin
to inhibition of calcium oxalate crystallization. Kidney Int. 1998;53:194.
http://www.ncbi.nlm.nih.gov/pubmed/9453018

165. Denhardt DT, Guo X. Osteopontin: a protein with diverse functions.
FASEBJ. 1993;7:1475.

http://www.ncbi.nlm.nih.gov/pubmed/8262332

166. Chellaiah MA, Kizer N, Biswas R, et al. Osteopontin def ciency produces
osteoclast dysfunction due to reduced CD44 surface expression. Mol Biol Cell.
2003;14:173.

http://www.ncbi.nlm.nih.gov/pubmed/12529435

167. Miyauchi A, Alvarez J, Greenfeld EM. Recognition of osteopontin and
related peptides by an o B, integrin stimulates immediate cell signals in osteo-
clasts. J Biol Chem. 1991;266:20369.

168. Lopez CA. Heterogeneity of osteopontin expression among nephrons
in mouse kidneys and enhanced expression in sclerotic glomeruli. Lab Invest.
1993;69:355.

http://www.ncbi.nlm.nih.gov/pubmed/8377476

169. Wheeler AP, George JW, Evans CA. Control of calcium carbonate nuclea-
tion and crystal growth by soluble matrix of oyster shell. Science. 1981;212:1397.
http://www.ncbi.nlm.nih.gov/pubmed/17746262

170. AddadiL, Weiner S. Interactions between acidic proteins and crystals: Stereo-
chemical requirements in biomineralization. Proc Natl Acad Sct U SA. 1985;82:4110.
171. Boskey AL. Osteopontin and related phosphorylated sialoproteins: Effects
on mineralization. Ann NY Acad Sci. 1995;760:249.
http://www.ncbi.nlm.nih.gov/pubmed/7785899

172. Beck GR, Jr., Zerler B, Moran E. Phosphate is a specif ¢ signal for induction
of osteopontin gene expression. Proc Natl Acad Sci U S A. 2000;97:8352.
http://www.ncbi.nlm.nih.gov/pubmed/10890885

173. Kohri K. Molecular cloning and sequencing of cDNA encoding urinary stone
protein, which is identical to osteopontin. Biochem Biophys Res Com. 1992;184:859.
http://www.ncbi.nlm.nih.gov/pubmed/1575754

174. Giachelli CM. Osteopontin is elevated during neointima formation in rat
artries and is a novel component of human atherosclerotic plaques. J Clin Invest.
1993;92:1686.

175. Jono S, Peinado C, Giachelli CM. Phosphorylation of osteopontin is re-
quired for inhibition of vascular smooth muscle cell calcif cation. J Biol Chem.
2000;275:20197.

http://www.ncbi.nlm.nih.gov/pubmed/10766759

176. Hess B. Molecular abnormality of Tamm-Horsfall glycoprotein in calcium
oxalate nephrolithiasis. Am J Physiol. 1991;260:F569.

177. Worcester EM. Urinary calcium oxalate growth inhibitors. Am Soc Nephrol.
1994;5:$46.

178. Erwin DT. Calcium stone agglomeration reflects stone-forming activity:
Citrate inhibition depends on macromolecules larger than 30 kilodalton. Am J
Kid Dis. 1994;24:893.

179. Hallson PC, Rose GA. Uromucoids and urinary stone formation. Lancet.
1979;1:1000.

http://www.ncbi.nlm.nih.gov/pubmed/86719

180. Pak CYC, Holt K, Zerwekh JE. Attenuation by monosodium urate of the
inhibitory effect of glycosaminogycans on calcium oxalate nucleation. Invest Urol.
1979;17:138.

http://www.ncbi.nlm.nih.gov/pubmed/468513

CHAPTER 20 = NEPHROLITHIASIS 671

181. Nakagawa Y. Urine glycoprotein inhibitors. J Clin Invest. 1985;76:1455.
182. Nakagawa Y. Isolation from human calcium oxalate renal stones of neph-
rocalcin, a glycoprotein inhibitor of calcium oxalate crystal growth. J Clin Invest.
1987;79:1782.

183. Curhan GC, Willett WC, Rimm EB, et al. A prospective study of dietary
calcium and other nutrients and the risk of symptomatic kidney stones. N Engl J
Med. 1993;328:833.

http://www.ncbi.nlm.nih.gov/pubmed/8441427

184. Hayasaki Y, Kaplan RA, Pak CYC. Effect of sodium cellulose phosphate
therapy on crystallization of calcium oxalate in urine. Metabolism. 1975;24:1273.
http://www.ncbi.nlm.nih.gov/pubmed/241892

185. Backman U. Treatment of recurrent calcium stone formation with cellulose
phosphate. J Urol. 1980;123:9.

http://www.ncbi.nlm.nih.gov/pubmed/7351731

186. Coe FL. Treated and untreated recurrent calcium nephrolithiasis in pa-
tients with idiopathic hypercalciuria, hyperuricosuria, or no metabolic disorder.
Ann Intern Med. 1977;87:404.

http://www.ncbi.nlm.nih.gov/pubmed/907239

187. Yendt ER. Renal calculi. Can Med Assoc J. 1970;102:479.
http://www.ncbi.nlm.nih.gov/pubmed/5438766

188. Strauss AL. Factors that predict relapse of calcium nephrolithiasis during
treatment. Am J Med. 1982;72:17.
http://www.ncbi.nlm.nih.gov/pubmed/7058820

189. Preminger GM. Renal calculi: Pathogenesis, diagnosis, and medical thera-
py. Semin Nephrol. 1992;12:200.
http://www.ncbi.nlm.nih.gov/pubmed/1561497

190. Smith LH, Thomas WC Jr, Arnaud CD. Orthophosphate therapy in cal-
cium renal lithiasis. In: Cifuentes-Delatte L, Rapado A, Hodgkinson A, eds. Uri-
nary Calculi: Proceedings of the International Symposium on Renal Stone Research.
Madrid: 1972.

191. Ettinger B. Recurrent nephrolithiasis: Natural history and effect of phos-
phate therapy: A double-blind controlled study. Am JMed. 1976;61:200.
http://www.ncbi.nlm.nih.gov/pubmed/782240

192. Dudley FJ, Blackburn CRB. Extraskeletal calcif cation complicating oral
neutral-phosphate therapy. Lancet. 1970;2:628.
http://www.ncbi.nlm.nih.gov/pubmed/4195769

193. Klugman VA, Favus MJ, Pak CYC. Nephrolithiasis in primary hyperpara-
thyroidism. In: Bilezikian JP, Levine M, Marcus R, eds. The Parathyroids: Basic and
Clinical Concepts. New York: Raven; 1994.

194. Transbol I. Tubular reabsorption of calcium in the differential diagnosis of
hypercalcemia. Acta Med Scand. 1970;188:505.
http://www.ncbi.nlm.nih.gov/pubmed/5494815

195. Pyrah LN, Hodgkinson A, Anderson CK. Primary hyperparathyroidism. Br
JSurg 1966;53:245.

http://www.ncbi.nlm.nih.gov/pubmed/5326440

196. Transbol I. The tubular reabsorption of calcium in primary hyperparathy-
roidism and non-parathyroid hypercalcemia. Acta Med Scand. 1968;184:33.
http://www.ncbi.nlm.nih.gov/pubmed/5703963

197. Parks JH, Coe FL, Favus MJ. Hyperparathyroidism in nephrolithiasis. Arch
Intern Med. 1980;140:1479.

http://www.ncbi.nlm.nih.gov/pubmed/7436644

198. Endres DB. Immunochemiluminometric and immunoradiometric deter-
minations of intact and total immunoreactive parathyrin: Performance in the
differential diagnosis of hypercalcemia and hypoparathyroidism. Clin Chem.
1991;37:162.

http://www.ncbi.nlm.nih.gov/pubmed/1993319

199. Nussbaum SR. Highly sensitive two-site immunoradiometric assay for
parathyroid hormone and its clinical utility in evaluating patients with hypercal-
cemia. Clin Chem. 1987;33:1364.
http://www.ncbi.nlm.nih.gov/pubmed/3608153

200. Slatopolsky E, Finch J, Clay P, et al. A novel mechanism for skeletal resist-
ance in uremia. Kidney Int. 2000;58:753.
http://www.ncbi.nlm.nih.gov/pubmed/10916099

201. Waller S, Reynolds A, Ridout D, et al. Parathyroid hormone and its frag-
ments in children with chronic renal failure. Pediatr Nephrol. 2003;18:1242.
202. Heath DA. Familial hypocalciuric hypercalcemia. The Parathyroids: Basic
and Clinical Concepts. New York: Raven; 1994.

203. Ettinger B, Tang A, Citran JT. Randomized trial of allopurinol in the pre-
vention of calcium oxalate calculi. N Engl J Med. 1988;315:1386.

204. Maalouf NM, Cameron MA, Moe OW, et al. Novel insights into the path-
ogen-esis of uric acid nephrolithiasis. Curr Opin Nephrol Hypertens. 2004;13:
181-189.

205. Taylor EN, Curhan GC. Body size and 24-hour urine composition. Am J
Kidney Dis. 2006;48:905.

http://www.ncbi.nlm.nih.gov/pubmed/17162145



672 SECTION III ®= CYSTIC AND TUBULAR DISORDERS

206. Maalouf NM, Cameron MA, Moe OW, et al. Low urine pH: A novel feature
of the metabolic syndrome. Clin J Am Soc Nephrol. 2007;2:883.
http://www.ncbi.nlm.nih.gov/pubmed/17702734

207. Daudon M, Lacour B, Jungers P High prevalence of uric acid calculi in
diabetic stone formers. Nephrol Dial Transplant. 2005;20:468.
http://www.ncbi.nlm.nih.gov/pubmed/15673704

208. Maalouf NM, Sakhaee K, Parks JH, et al. Association of urinary pH with
body weight in nephrolithiasis. Kidney Int. 2004;65:1422.

209. Flegal KM, Carroll MD, Ogden CL, et al. Prevalence and trends in obesity
among US adults, 1999-2000. JAMA. 2002;288:1723.

210. Asplin JR. Obesity and urolithiasis. Adv Chronic Kidney Dis. 2009;16:11.
http://www.ncbi.nlm.nih.gov/pubmed/19095201

211. Lonsdale K. Epitaxy as a growth factor in urinary calculi and gallstones.
Nature. 1968;217:56.

http://www.ncbi.nlm.nih.gov/pubmed/5635632

212. Finlayson B, DuBois L. Absorption of heparin on sodium acid urate. Clin
Chim Acta. 1978:;84:203.

http://www.ncbi.nlm.nih.gov/pubmed/639305

213. Williams AW, Wilson DM. Uric acid metabolism in humans. Semin Neph-
rol. 1990;10:9.

http://www.ncbi.nlm.nih.gov/pubmed/2404330

214. Coe FL, Moran E, Kavalach AG. The contribution of dietary purine over-
consumption to hyperuricosuria in calcium oxalate stone formers. J Chronic Dis.
1976;29:793.

http://www.ncbi.nlm.nih.gov/pubmed/1010873

215. Gutman AB. Signif ance of uric acid as a nitrogenous waste in vertebrate
evolution. Arthritis Rheum. 1965;8:614.
http://www.ncbi.nlm.nih.gov/pubmed/5892984

216. Keili J. The biological signif cance of uric acid and quinine excretion. Biol
Rev. 1959;34:265.

217. Pak CYC. Effect of oral purine load and allopurinol on the crystallization of
calcium salts in urine of patients with hyperuricosuric calcium urolithiasis. AmJ
Med. 1978;65:593.

http://www.ncbi.nlm.nih.gov/pubmed/707519

218. Pak CYC, Peterson R. Successful treatment of hyperuricosuric calcium
oxalate nephrolithiasis with potassium citrate. Arch Intern Med. 1986;146:863.
http://www.ncbi.nlm.nih.gov/pubmed/3963975

219. Rafey MA, Lipkowitz MS, Leal-Pinto E, et al. Uric acid transport. Curr Opin
Nephrol Hypertens. 2003;12:511-516.
http://www.ncbi.nlm.nih.gov/pubmed/12920398

220. Caruana RJ, Buckalew VM Jr. The syndrome of distal (type I) renal tubular
acidosis. Medicine. 1988:;67:84.

http://www.ncbi.nlm.nih.gov/pubmed/3127650

221. Pak CYC. Hypocitraturic calcium nephrolithiasis. In: Resnick MI, Pak CYC,
eds. Urolithiasis: A Medical and Surgical Reference. Philadelphia: Saunders; 1990.
222. Albright E Metabolic studies and therapy in a case of nephrocalcinosis
with rickets and dwarf sm. Bull Johns Hopkins Hosp. 1940;66:7.

223. Gault HM. Comparison of patients with calcium phosphate and calcium
oxalate stones. Medicine. 1991;70:345.
http://www.ncbi.nlm.nih.gov/pubmed/1956278

224. Lemann J Jr, Litzow JR, Lennon EJ. The effect of chronic acid loads in nor-
mal man: Further evidence for the participation of bone mineral in the defense
against chronic metabolic acidosis. J Clin Invest. 1966;45:1608.
http://www.ncbi.nlm.nih.gov/pubmed/5927117

225. Osther PJ, Hansen AB, Rohl HE Renal acidif cation defects in medullary
sponge kidney. Br J Urol. 1988;61:392.
http://www.ncbi.nlm.nih.gov/pubmed/3395796

226. Lemann J Jr. The net balance of acid in subjects given large loads of acid or
alkali. J Clin Invest. 1965;44:507.

227. Pines KL, Mudge GH. Renal tubular acidosis with osteomalacia. Am J Med.
1951;11:302.

http://www.ncbi.nlm.nih.gov/pubmed/14877835

228. Simpson DP. Regulation of renal citrate metabolism by bicarbonate ion and
pH: Observations in tissue slices and mitochondria. J Clin Invest. 1967;46:225.
http://www.ncbi.nlm.nih.gov/pubmed/6018760

229. Karet FE. Inherited distal renal tubular acidosis. J Am Soc Nephrol.
2002;13:2178.

http://www.ncbi.nlm.nih.gov/pubmed/12138152

230. Bruce LJ. Familial distal renal tubular acidosis is associated with mutations
in the red cell anion exchanger (band 3, AE1) gene. JClin Invest. 1997;100:1693.
231. Jarolim P Autosomal dominant distal renal tubular acidosis is associated
in three families with herozygosity for the RS89H mutation in the AEI1 (band 3)
CI-/HCO3- exchanger. J Biol Chem. 1998;273:6380.
http://www.ncbi.nlm.nih.gov/pubmed/9497368

232. Karet FE. Mutations in the chloride-bicarbonate exchanger gene AE1 cause
autosomal dominant but not autosomal recessive distal renal tubular acidosis.
Proc Natl Acad Sci U S A. 1998;95:6337.

233. Yenchitsomanus P, Vasuvattakul S, Kirdpon S, et al. Autosomal recessive
distal renal tubular acidosis caused by G701D mutation of anion exchanger 1
gene. Am J Kid Dis. 2002;40:21.
http://www.ncbi.nlm.nih.gov/pubmed/12087557

234. Devonald MAJ, Smith AN, Poon JP, et al. Non-polarized targeting of AEI
causes autosomal dominant distal renal tubular acidosis. Nat Genet. 2003; 33:125.
http://www.ncbi.nlm.nih.gov/pubmed/12539048

235. Quilty JA, Cordat E, Reithmeier RAE Impaired traff cking of human kidney
anion exchanger (KAEI) caused by hetero-oligomer formation with a truncated
mutant associated with distal renal tubular acidosis. Biochem J. 2002;368:895.
http://www.ncbi.nlm.nih.gov/pubmed/12227829

236. Smith AN, Skaug J, Choate KA, et al. Mutations in ATP6N1B, encoding a
new kidney vacuolar proton pump 116-kD subunit, cause recessive distal renal
tubular acidosis with preserved hearing. Nat Genet. 2000;26:71.
http://www.ncbi.nlm.nih.gov/pubmed/10973252

237. Karet FE, Finberg KE, Nelson RD, et al. Mutations in the gene encoding Bl
subunit of H-ATPase cause renal tubular acidosis with sensorineural deafness.
Nat Genet. 1999;21:84.

http://www.ncbi.nlm.nih.gov/pubmed/9916796

238. Stover EH, Borthwick KJ, Bavalia C, et al. Novel ATP6V1BI and ATP-
6VOA4 mutations in autosomal recessive distal renal tubular acidosis with new
evidence for hearing loss. J Med Genet. 2002;39:796.
http://www.ncbi.nlm.nih.gov/pubmed/12414817

239. Hu PY, Lim J, Ciccolella J, et al. Seven novel mutations in carbonic ahy-
drase II def ciency syndrome identif ed by SSCP and direct sequencing analysis.
Hum Mutat. 1997;9:383.

http://www.ncbi.nlm.nih.gov/pubmed/9143915

240. Sly W, Shah G. Osteopetrosis with renal tubular acidosis and cerebral calci-
f cation. In: Scriver C, ed. In the Metabolic and Molecular Bases of Inherited Disease.
New York: McGraw-Hill; 2001:5331.

241. Borthwick KJ, Kandemir N, Topaloglu R, et al. A phenocopy of CAII de-
fciency: a novel genetic explanation for inherited infantile osteopetrosis with
distal renal tubular acidosis. J Med Genet. 2003:;40:115.
http://www.ncbi.nlm.nih.gov/pubmed/12566520

242. Quilty JA, Li J, Reithmeier RA. Impaired traff cking of distal renal tubular
acidosis mutants of the human kidney anion exchanger kAE1. Am J Physiol Renal
Physiol. 2002;282:F810-F820.

243. Smith AN, Borthwick KIJ, Karet FE. Molecular cloning and characterization
of novel tissue-specif ¢ isoforms of the human vacuolar H+ -ATPase C, G and d
subunits, and their evaluation in autosomal recessive distal renal tubular acido-
sis. Gene. 2002;297:169.

http://www.ncbi.nlm.nih.gov/pubmed/12384298

244. Mayan H, Vered I, Mouallem M, et al. Pseudohypoaldosteronism type II:
Marked sensitivity to thiazides, hypercalciuria, normomagnesemia, and low bone
mineral density. J Clin Endocrinol Metab. 2002;87:3248.
http://www.ncbi.nlm.nih.gov/pubmed/12107233

245. Coe FL, Parks JH. Stone disease in hereditary distal renal tubular acidosis.
Annal Intern Med. 1980;93:60.

http://www.ncbi.nlm.nih.gov/pubmed/7396320

246. Wilansky DC, Schneiderman C. Renal tubular acidosis with recurrent
nephrolithiasis and nephrocalcinosis. N Engl J Med. 1957;257:399.
http://www.ncbi.nlm.nih.gov/pubmed/13464947

247. Preminger GM, Sakhaee K, Pak CYC. Alkali action on the urinary crystal-
lization of calcium salts: Contrasting responses to sodium citrate and potassium
citrate. J Urol. 1988;139:240.

http://www.ncbi.nlm.nih.gov/pubmed/3339718

248. Robertson WG. Saturation-inhibition index as a measure of the risk of
calcium oxalate stone formation in the urinary tract. N Engl JMed. 1976;294:249.
http://www.ncbi.nlm.nih.gov/pubmed/1244550

249. HruskaKA, Seltzer JR, Grieff M. Nephrolithiasis. In: Schrier RW, Gottschalk
CW, eds. Diseases of the Kidney. New York: Little Brown and Company; 1997:739.
250. Hodgkinson A. Oxalic Acid in Biology and Medicine. New York: Academic
Press; 1977.

251. Yendt ER, Cohanim M. Response to a physiologic dose of pyridoxine in
type I primary hyperoxaluria. N Engl ] Med. 1985;312:953.
http://www.ncbi.nlm.nih.gov/pubmed/3974685

252. Baggio B. An inheritable anomaly of red-cell oxalate transport in “primary’
calcium nephrolithiasis correctable with diuretics. N Engl J Med. 1986;314:599.
http://www.ncbi.nlm.nih.gov/pubmed/3945245

253. Lamden MP, Chrystowski GA. Urinary oxalate excretion by man following
ascorbic acid ingestion. Proc Soc Exp Biol Med. 1954;85:190.
http://www.ncbi.nlm.nih.gov/pubmed/13134331

b



254. Danpure CJ. Advances in the enzymology and molecular genetics of pri-
mary hyperoxaluria type 1: prospects for gene therapy. Nephrol Dial Transplant.
1995;10:24.

http://www.ncbi.nlm.nih.gov/pubmed/8592621

255. Johnson SA, Rumsby G, Cregeen D, et al. Primary hyperoxaluria type 2 in
children. Pediatr Nephrol. 2002;17:597.
http://www.ncbi.nlm.nih.gov/pubmed/12185464

256. Lieske JC, Monico CG, Holmes WS, et al. International registry for pri-
mary hyperoxaluria. Am JNephrol. 2005;25:290.
http://www.ncbi.nlm.nih.gov/pubmed/15961949

257. Danpure CJ, Rumsby G. Molecular aetiology of primary hyperoxaluria and
its implications for clinical management. Expert Rev Mol Med. 2004;6:1.
http://www.ncbi.nlm.nih.gov/pubmed/15613268

258. Monico CG, Rossetti S, Schwanz HA, et al. Comprehensive mutation
screening in 55 probands with type 1 primary hyperoxaluria shows feasibility of
a gene-based diagnosis. J Am Soc Nephrol. 2007;18:1905.

259. Caldwell EE Mayor LR, Thomas MG, et al. Diet and the frequency of the
alanine:glyoxylate aminotransferase Prol 1 Leu polymorphism in different human
populations. Hum Genet. 2004;115:504.

260. Cramer SD, Ferree PM, Lin K, et al. The gene encoding hydroxypyruvate
reductase (GRHPR) is mutated in patients with primary hyperoxaluria type II.
Hum Mol Genet. 1999:8:2063.

http://www.ncbi.nlm.nih.gov/pubmed/10484776

261. Rumsby G, Williams E, Coulter-Mackie M. Evaluation of mutation screen-
ing as a frst line test for the diagnosis of the primary hyperoxalurias! Kidney Int.
2004;66:959.

http://www.ncbi.nlm.nih.gov/pubmed/15327387

262. Williams E, Rumsby G. Selected exonic sequencing of the AGXT gene pro-
vides a genetic diagnosis in 50% of patients with primary hyperoxaluria type 1.
Clin Chem. 2007;53:1216.

263. Smith LH, Fromm H, Hofmann AE Acquired hyperoxaluria, nephroli-
thiasis, and intestinal disease: Description of a syndrome. N Engl J Med. 1972;
286:1371.

http://www.ncbi.nlm.nih.gov/pubmed/5030020

264. Dobbins JW, Binder HJ. Importance of the colon in enteric hyperoxaluria.
N Engl J Med. 1977;296:298.

http://www.ncbi.nlm.nih.gov/pubmed/831127

265. Jaegr P. Influence of the calcium content on the diet on the incidence of
mild hyperoxaluria in idiopathic renal stone formers. Am J Nephrol. 1985;5:40.
http://www.ncbi.nlm.nih.gov/pubmed/3970077

266. Hayashi Y, Kaplan RA, Pak CYC. Effect of sodium cellulose phos-
phate therapy on crystallization of calcium oxalate in urine. Metabolism.
1975;24:1273.

267. Watts RW, Morgan SH, Danpure CJ, et al. Combined hepatic and renal
transplantation in primary hyperoxaluria type I: Clinical report of nine cases. Am
JMed. 2000;90:179.

268. Gill HS, Rose A. Mild metabolic hyperoxaluria and its response to pyridox-
ine. Urol Int. 1986:;41:393.

http://www.ncbi.nlm.nih.gov/pubmed/3811039

269. Yu TV, Gutman AB. Uric acid nephrolithiasis in gout. Predisposing factors.
Ann Intern Med. 1967;67:1133.

http://www.ncbi.nlm.nih.gov/pubmed/6061930

270. Kenny JE, Goldfarb D. Update on the pathophysiology and management
of uric acid renal stones. Curr Rheumatol Rep. 2010;12:125.
http://www.ncbi.nlm.nih.gov/pubmed/20425021

271. Sakhace K, dams-Huet B, Moe OW, et al. Pathophysiologic basis for nor-
mouricosuric uric acid nephrolithiasis. Kidney Int. 2002;62:971.
http://www.ncbi.nlm.nih.gov/pubmed/12164880

272. Asplin JR. Uric acid stones. Semin Nephrol. 1996;16:412.

273. Abate N, Chandalia M, Cabochan A Jr, et al. The metabolic syndrome and
uric acid nephrolithiasis: Novel features of renal manifestation of insulin resis-
tance. Kidney Int. 2004;65:386.
http://www.ncbi.nlm.nih.gov/pubmed/14717908

274. Pak CYC, Sakhaee K, Moe O, et al. Biochemical profle of stone-forming
patients with diabetes mellitus. Urology. 2003;61:523.
http://www.ncbi.nlm.nih.gov/pubmed/12639639

275. Bilobrov VM, Chugaj AV, Bessarabov VI. Urine pH variation dynamics in
healthy individuals and stone formers. Urol Int. 1990;45:326.
http://www.ncbi.nlm.nih.gov/pubmed/2288048

276. Murayama T, Taguchi H. The role of the diurnal variation of urinary pH in
determining stone compositions. J Urol. 1993;150:1437.

277. Sculley DG, Dawson PA, Emmerson BT, et al. Areview of the molecular ba-
sis of hypoxanthine-guanine phosphoribosyl transferase (HPRT) def ciency. Hum
Genet. 1992;90:195.

http://www.ncbi.nlm.nih.gov/pubmed/1487231

(contd.)
CHAPTER 20 = NEPHROLITHIASIS 672

278. Wilcox WD. Abnormal serum uric acid levels in children. J Pediatr.
1996;128:731.

http://www.ncbi.nlm.nih.gov/pubmed/8648529

279. DeVries A, Frank M, Atsman A. Inherited uric acid lithiasis. Am J Med.
1962;33:880.

http://www.ncbi.nlm.nih.gov/pubmed/13998019

280. Johnson CM. Renal stone epidemiology: A 25-year study in Rochester,
Minnesota. Kidney Int. 1979;16:624.
http://www.ncbi.nlm.nih.gov/pubmed/548606

281. Hatch M, Cornelius J, Allison M, et al. Oxalobacter sp. reduces urinary ox-
alate excretion by promoting enteric oxalate secretion. Kidney Int. 2006;69:691.
http://www.ncbi.nlm.nih.gov/pubmed/16518326

282. Hoppe B, Beck B, Gatter N, et al. Oxalobacter formigenes: a potential tool
for the treatment of primary hyperoxaluria type 1. Kidney Int. 2006;70:1305.
283. Monico C, Milliner D, Wilson D, et al. Atypical primary hyperoxaluria: PH
type III? Nephrol Dial Transplant. 1999;14:2784-2789.
http://www.ncbi.nlm.nih.gov/pubmed/10608514

284. Meretyk S, Gofrit ON, Gafni O, et al. Complete staghorn calculi: Ran-dom
prospective comparison between extracorporeal shock wave lithotripsy monother-
apy and combined with percutaneous nephrostolithotomy. J Urol. 1997;157:780.
http://www.ncbi.nlm.nih.gov/pubmed/9072566

285. Griffth DP, Moskowitz PA, Carlton CE Jr. Adjunctive chemotherapy on
infection-induced staghorn calculi. J Urol. 1979;121:711.
http://www.ncbi.nlm.nih.gov/pubmed/458940

286. Williams JJ, Rodman JS, Peterson CM. A randomized double-blind study
of acetohydroxamic acid in struvite nephrolithiasis. N Engl J Med. 1984;311:760.
http://www.ncbi.nlm.nih.gov/pubmed/6472365

287. Wang CY, Lee LH. Mutagenicity and antibacterial activity of hydroxamic
acids. Antimicrob Agents Chemother. 1977;11:753.
http://www.ncbi.nlm.nih.gov/pubmed/856029

288. Knoll T, Zollner A, Wendt-Nordahl G, et al. Cystinuria in childhood and
adolescence; recommendations for diagnosis, treatment, and follow-up. Pediatr
Nephrol. 2005;20:19.

http://www.ncbi.nlm.nih.gov/pubmed/15602663

289. Strologo LD, Pras E, Pontesilli C, et al. Comparison between SLC3Al and
SLC7A9 cystinuria patients and carriers: Aneed for a new classif cation. J Am Soc
Nephrol. 2002;13:2547.

290. Harnevik L, Fjellstedt E, Molbaek A, et al. Mutation analysis of SLC7A9 in
cystinuria patients in Sweden. Genet Test. 2003;7:13.
http://www.ncbi.nlm.nih.gov/pubmed/12820697

291. Chillaron J, Font-Llitjos M, Fort J, et al. Pathophysiology and treatment of
cystinuria. Nat Rev Nephrol. 2010;6:424.
http://www.ncbi.nlm.nih.gov/pubmed/20517292

292. Font-Llitjos M, Jimenez-Vidal M, Bisceglia L, et al. New insights into cys-
tinuria: 40 new mutations, genotype-phenotype correlation, and digenic inherit-
ance causing partial phenotype. J Med Genet. 2005;42:58.

293. Eggermann T, Elbracht M, Haverkamp E et al. Isolated cystinuria (OMIM
238200) is not a separate entity but is caused by a mutation in the cystinuria gene
SLC7A9. Clin Genet. 2007;71:597.
http://www.ncbi.nlm.nih.gov/pubmed/17539912

294, Parvari R, Brodyansky I, Elpeleg O, et al. Arecessive contiguous gene dele-
tion of chromosome 2p16 associated with cystinuria and a mitochondrial dis-
ease. Am J Hum Genet. 2001;69:869.

295. Jaeken J, Martens K, Frantois I, et al. Deletion of PREPL, a gene encoding a
putative serine oligopeptidase, in patients with hypotonia-cystinuria syndrome.
Am J Hum Genet. 2006;78:38.

http://www.ncbi.nlm.nih.gov/pubmed/17494317

296. Martens K, Heulens I, Meulemans S, et al. Global distribution of the most
prevalent deletions causing hypotonia-cystinuria syndrome. Eur J Hum Genet.
2007;15:1029.

http://www.ncbi.nlm.nih.gov/pubmed/17579669

297. Chabrol B, Martens K, Meulemans S, et al. Deletion of C2orf34, PRE-
PL and SLC3Al causes atypical hypotonia-cystinuria syndrome. J Med Genet.
2008;45:314.

http://www.ncbi.nlm.nih.gov/pubmed/18234729

298. Hypotonia-cystinuria syndrome. Mendelian Inheritance in Man [online];
2008.

299. Evan AP, Coe FL, Lingeman JE, et al. Renal crystal deposits and histopa-
thology in patients with cystine stones. Kidney Int. 2006;69:2227.

300. Crawhill JC. The excretion of amino acids by cystinuric patients and their
relatives. Ann Hum Genet. 1969;33:149.
http://www.ncbi.nlm.nih.gov/pubmed/5383982

301. Boutros M, Vicanek C, Rozen R, et al. Transient neonatal cystinuria. Kidney
Int. 2005;67:443.

http://www.ncbi.nlm.nih.gov/pubmed/15673291



(contd.)

672 SECTION III ®= CYSTIC AND TUBULAR DISORDERS

302. Kolb FO, Earle JM, Harper HA. Disappearance of cystinuria in a patient
treated with prolonged low methionine diet. Metabolism. 1967;16:378.
http://www.ncbi.nlm.nih.gov/pubmed/6024162

303. Pak CY, Fuller CJ. Assessment of cystine solubility in urine and of hetero-
geneous nucleation. J Urol. 1983;129:1066.
http://www.ncbi.nlm.nih.gov/pubmed/6854756

304. BarbeyE Joly D, Ricu P, et al. Medical treatment of cystinuria: Critical reap-
praisal of long-term results. J Urol. 2000;163:1419.
http://www.ncbi.nlm.nih.gov/pubmed/10751848

305. Peters T, Thaete C, Wolf S, et al. A mouse model for cystinuria type I. Hum
Mol Genet. 2003;12:2109.

http://www.ncbi.nlm.nih.gov/pubmed/12923163

306. Bauch C, Verrey E Apical heterodimeric cystine and cationic amino acid
transporter expressed in MDCK cells. Am J Physiol Renal Physiol. 2002;283:
F181-F189.

307. Worcester EM, Coe FL, Evan AP, et al. Reduced renal function and
benefts of treatment in cystinuria vs other forms of nephrolithiasis. BIU Int.
2006;97:1285.

http://www.ncbi.nlm.nih.gov/pubmed/16686727

308. Turnell DC, Cooper JD. Rapid assay for amino acids in serum or urine
by pre-column derivatization and reversed-phase liquid chromatography. Clin
Chem. 1982;28:527.

http://www.ncbi.nlm.nih.gov/pubmed/7067099

309. Goldfarb DS, Coe FL, Asplin JR. Urinary cystine excretion and capacity in
patients with cystinuria. Kidney Int. 2006;69:1041.
http://www.ncbi.nlm.nih.gov/pubmed/16501494

310. Coe FL, Clark C, Parks JH, et al. Solid phase assay of urine cystine super-
saturation in the presence of cystine binding drugs. J Urol. 2001;166:688.
http://www.ncbi.nlm.nih.gov/pubmed/11458118



