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Abstract

Purpose: Cystinuria is a genetic disorder with both autosomal recessive and incompletely dominant inheritance.
The disorder disrupts cystine and other dibasic amino acid transport in proximal tubules of the kidney, resulting
in recurrent kidney stone formation. Currently, there are no consensus guidelines on evaluation and manage-
ment of this disease. This article represents the consensus of the author panel and will provide clinicians with a
stepwise framework for evaluation and clinical management of patients with cystinuria based on evidence in the
existing literature.
Materials and Methods: A search of MEDLINE�/PubMed� and Cochrane databases was performed using the
following key words: ‘‘cystine nephrolithiasis,’’ ‘‘cystinuria,’’ ‘‘penicillamine, cystine,’’ and ‘‘tiopronin, cys-
tine.’’ In total, as of May 2018, these searches yielded 2335 articles, which were then evaluated for their
relevance to the topic of evaluation and management of cystinuria. Evidence was evaluated by the Grading of
Recommendations Assessment, Development, and Evaluation (GRADE) system.
Results: Twenty-five articles on the topic of cystinuria or cystine nephrolithiasis were deemed suitable for
inclusion in this study. The literature supports a logical evaluation process and step-wise treatment approach
beginning with conservative measures: fluid intake and dietary modification. If stone formation recurs, proceed
to pharmacotherapeutic options by first alkalinizing the urine and then using cystine-binding thiol drugs.
Conclusions: The proposed clinical pathways provide a framework for efficient evaluation and treatment of
patients with cystinuria, which should improve overall outcomes of this rare, but highly recurrent, form of
nephrolithiasis.
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Introduction

Cystinuria was first described in 1810 by William
Hyde Wollaston, but erroneously called cystic oxide. Sir

Archibald Garrod then correctly described it in the early

1900s. It is a genetic disorder that results from mutations in
the genes SLC3A1 and SLC7A9, which code for the two
subunits of a transporter and mediate nearly complete re-
absorption of cystine and other dibasic amino acids (orni-
thine, lysine, and arginine) in the renal proximal tubule and
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intestine. The disorder may be inherited in an autosomal re-
cessive manner or as an autosomal dominant condition with
variable expressivity.1

Defects in reabsorption of cystine in the renal proximal
tubular cells lead to excessive cystine in urine, prompting
cystine precipitation in the distal renal tubule. Affected pa-
tients have a high propensity for cystine stone formation due
to the relatively low solubility of cystine in urine, which may
result in hundreds of stones per year as well as development
of chronic kidney disease (CKD) in severe cases.2 Crystal-
lization occurs when concentrations of cystine exceed
250 mg/L of urine.

Apart from formation of cystine stones, there are no other
clinical manifestations secondary to the excessive loss of the
three amino acids in urine: ornithine, lysine, and arginine.
Cystine stones comprise about 1% of all stones in adults and
about 6% to 10% of stones in children. The estimated inci-
dence of cystinuria is 1/7000 live births in the United States,
although this estimate varies by geographic location and
ethnicity.3 The average age at first presentation for cystinuria
and kidney stones is 12 to 13 years. Recurrent episodes of
nephrolithiasis may increase subsequent development of
hypertension, CKD, and end-stage kidney disease.2,4

Because cystinuria is a rare disease, many physicians, in-
cluding nephrologists and urologists, may have limited ex-
perience caring for patients with this disorder. To address this
gap, the International Cystinuria Foundation (www.cystinuria
.org) recruited a panel of recognized experts who sought to
perform a systematic review with the purpose of summarizing
the current clinical approaches to management of cystinuria in
adults and children.

Materials and Methods

We performed a systematic review in accordance with the
PRISMA (Preferred Reporting Items for Systematic Re-
views and Meta-Analyses) statement. A search of MED-
LINE�/PubMed� and Cochrane databases was performed
using the following key words: ‘‘cystine nephrolithiasis,’’
‘‘cystinuria,’’ ‘‘penicillamine, cystine,’’ and ‘‘tiopronin,
cystine.’’ In total, as of May 2018, these searches yielded
2335 articles, which were then evaluated for their relevance
to the topic of evaluation and management of cystinuria
according to PRISMA guidelines. A total of 2110 articles
were excluded from screening (n = 125 articles were left);
100 potential articles were excluded from eligibility after
reviewing abstracts (n = 25 articles were left). The remaining
25 full-text articles were assessed and no further articles re-
moved, leaving 25 eligible articles meeting criteria for in-
clusion in the recommendations for treatment of patients with
cystine nephrolithiasis (Fig. 1). Evidence was evaluated by
the Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) system. Case reports and case se-
ries were excluded. In addition to the above 25 articles, 14
extra basic science articles and noncystinuria review articles
in the field of stone prevention were also used as background
for this article (giving a total of 39 references).5,6

Quality of the evidence was assessed using the GRADE
system: high = A, moderate = B, low = C, and very low = D.
When sufficient evidence was lacking for definitive conclu-
sions, expert opinions were formulated based upon group
consensus.

Diagnosis

History

Clinical principle. Clinicians should obtain a detailed
medical, dietary, and kidney stone history on a patient newly
diagnosed with nephrolithiasis. Cystinuria should be con-
sidered in all patients if stone composition has never been
confirmed and/or if a urine cystine screen has never been
performed. Suspicion should be particularly high in children
if a patient presents with one or more large stones or recurrent
stones without a clinical diagnosis.

A detailed history includes the following: age of onset of
stone disease; frequency of stone passage; stone number and
size; stone-related procedure history; verification of cystine
stone composition; family history of cystinuria or other stone
disease; comorbid conditions that may affect the care or
medical therapy of a patient with cystinuria (i.e., CKD); and
lifestyle factors that may increase the risk of stone disease
(i.e., activities or occupations that may expose the patient to
prolonged periods of dehydration or that may prohibit ade-
quate intake of fluids). Dietary factors that increase the risk of
stone formation for patients with cystinuria should also be

FIG. 1. Article search methodology.
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elicited as in other stone formers, including low fluid intake
and excessive dietary intake of sodium or nondairy animal
protein.7

Diagnosis

A diagnosis is confirmed if any of the following exist:

(a) Stone composition determined by X-ray crystallog-
raphy or infrared spectroscopy.

(b) Microscopy of spot urine demonstrating hexagonal
crystals in the sediment.

(c) Screening with the cyanide–nitroprusside qualitative
test may be performed. When urine cystine excretion is
greater than 75 mg/L, this spot test will turn the urine
purple. Quantitative testing is then recommended, such
as (1) 24-hour urine cystine measurement or (2) random
spot urinary cystine, ornithine, arginine, and lysine ex-
cretion normalized by creatinine excretion.

Clinical recommendation. Because the dietary and phar-
macologic treatment of patients with cystinuria is unique
among stone formers, confirmation of stone composition ei-
ther by review of outside medical records or stone analysis is
essential as patients with cystinuria may rarely form non-
cystine stones. If these data are not obtainable, a quantitative
24-hour urinary cystine level should be obtained; patients
with heterozygous or homozygous mutations in the two genes
known to cause cystinuria (SLC3A1 and SLC7A9) will have a
24-hour cystine excretion greater than 80 mg/day. Micro-
scopy using a spot urine sample demonstrating hexagonal
crystals is pathognomonic of cystinuria8; however, quanti-
tative 24-hour urinary testing should then be performed
(Standard; Evidence Strength: Expert opinion).

Evaluation

Clinicians should perform a comprehensive metabolic
evaluation, including serum studies and 24-hour urine stone
risk factors, in all patients with newly diagnosed cystine ne-
phrolithiasis or in recurrent cystine stone formers who have not
previously undergone metabolic evaluation. Twenty-four hour
urine cystine levels, urinary cystine supersaturation, and ca-
pacity can be measured, but the optimal method of monitoring
urine chemistry is uncertain (Standard; Evidence Strength:
Expert opinion). Serum studies include serum electrolytes,
bicarbonate, blood urea nitrogen, calcium, urate, and creati-
nine. One or two 24-hour urine samples should be collected
while consuming a self-selected diet that can serve as a base-
line to follow-up on the effects of a dietary or pharmacologic
intervention. Pertinent 24-hour stone risk factors include the
following: total volume, urine pH, cystine, sodium, citrate,
urate, creatinine (validates complete collection), and possibly
urine urea nitrogen. Of note, patients with cystinuria may
demonstrate urinary risk factors for formation of noncystine
stones as well.

Radiology

All patients should have undergone radiologic imaging of
kidneys at the time of cystinuria diagnosis to assess the ex-
isting stone burden. Cystine stones are not very radiopaque
and therefore plain films may fail to detect stones. The im-

aging at baseline could consist of an ultrasound or computed
tomography without contrast. Besides establishing the mag-
nitude of the initial stone burden, this study will serve as a
baseline for later imaging (Standard; Evidence Strength:
Expert opinion).

Genetic testing

At present, there is no clear indication for genetic testing
since the phenotype of cystinuria does not appear to vary
based upon the genotype, whether caused by two SLC3A1
and SLC7A9 mutations or one of each. Therapy also does not
depend on the underlying genotype. However, as more is
learned about the pathobiology associated with various ge-
notypes and as the cost of genetic testing reduces, it is pos-
sible that genetic testing will be performed more frequently in
the future.

Treatment

Daily fluid intake

Clinicians should recommend a daily fluid intake to maintain
a minimum urine output of 3.0 L/day/1.73 m2 spread through-
out the day and evening to decrease urine cystine concentration
and cystine crystallization. Twenty-four hour urine cystine
excretion can be used to modify this recommendation (Stan-
dard, Evidence Strength: Grade C). A single retrospective study
demonstrated that a daily urine volume of 3.1 L may be asso-
ciated with lower rates of cystine stone recurrence than a daily
urine volume of 2.4 L.9 If 24-hour urine data are available,
clinicians may use daily cystine excretion as a guide to modify
this recommendation since urine cystine concentrations of
>250 to 300 mg/L are associated with higher supersaturation
and risk of stone formation.9,10

To decrease urine cystine concentration to <250 mg/L
(*1 mmol/L), oral fluid intake should be 2.5 to 4 L/day for
adults, as tolerated, and scaled down appropriately for children
to maintain the same relationship per 1.73 m2 body surface area
as in adults. Desired urine output is at least >750 mL/24 hours
in infants, >1000 mL/24 hours in young children up to 5 years
of age, >1500 mL/24 hours up to 10 years of age, >2000 mL/24
hours in older children and adolescents, and >3000 mL/24
hours in older adolescents and adults.

Dietary sodium intake

Clinicians should recommend that dietary sodium intake be
restricted to <2500 mg/day (Standard, Evidence Strength: Grade
C). Dietary sodium restriction has been shown to decrease uri-
nary cystine excretion. Several studies have shown that cystine
excretion increases linearly with urinary sodium excretion.
Thus, urinary cystine decreases significantly on a low-sodium
diet. These studies have demonstrated a benefit of sodium re-
striction (dietary <2500 mg/day) for adults and children not
treated with cystine-binding thiol drugs (CBTDs), as well as in
adult patients using CBTDs.11–14 However, no study has been
performed to demonstrate that sodium restriction actually pre-
vents cystine stone formation.

Dietary animal protein intake

Clinicians should recommend low intake of nondairy an-
imal protein for adults and for patients to consider protein
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intake from nonanimal sources (Standard, Evidence Strength:
Grade C). Foods of animal origin are rich in cystine and me-
thionine, which is metabolized to cystine. Studies have shown
that a high-protein diet with a large percentage of animal pro-
tein (70%) was associated with greater cystine excretion than a
lower-protein diet comprising equal amounts of animal and
plant protein.15 A potential criticism of this study is that the
experimental dietary parameters were extreme—under stan-
dard real-world conditions, compliance with these diets may be
challenging.

In addition, restriction of animal protein intake is associated
with reduced net acid load requiring less urinary acid excretion.
Potential benefits include a higher urine pH, greater cystine
solubility, and reduction of the dose of alkali needed to achieve
an increased urine pH (see below). In adults, these may be more
easily accomplished on a diet restricted to <8 ounces of dietary
animal protein per day. However, there have been no ran-
domized controlled studies examining the effects of dietary
protein restriction or vegetarian diets on prevention of cystine
stone formation. In general, excessive dietary protein restric-
tion is not recommended for children due to the requirement of
protein intake for optimal growth; however, children should
continue to achieve the recommended dietary allowance for
protein in their diets.15

Urinary alkalinization therapy

Urinary alkalinization therapy should be prescribed to pa-
tients with recurrent cystine stones to achieve a urine pH goal of
7.0 to 7.5 (Standard, Evidence Strength: Grade C). Cystine
solubility is pH dependent and optimal urine pH in these pa-
tients is 7.0 to 7.5.10,16,17 Higher urine pH also improves the
efficacy of CBTDs in vitro.18 Potassium citrate or potassium
bicarbonate is generally recommended as a first-line therapy for
urinary alkalinization in patients with cystinuria due to its effect
of raising the urinary pH without increasing cystine excretion,
unlike sodium citrate.19 It should also be noted that over-
alkalinization (>7.5) has the potential to induce the formation
of calcium phosphate stones; therefore, the composition of new
stones should be determined in patients taking an alkali rather
than assuming it to be cystine. Sodium bicarbonate is some-
times associated with fewer gastrointestinal adverse effects
than potassium citrate. Alkalinization with sodium bicarbonate
or sodium citrate should be considered a second-line therapy
since increased urinary sodium increases urinary cystine ex-
cretion.11–14,19 The recommended target urine pH is 7.0 to 7.5.

Pharmacotherapy with CBTDs

Clinicians should offer CBTDs to patients with frequent,
recurrent cystine stones who have failed therapy with fluids,
diet, and alkalinization. The use of a capacity assay (Litholink,
Chicago, IL; www.litholink.com) is recommended given the
unreliability of cystine measurements once CBTDs are intro-
duced—with the goal of treatment being positive capacity
ideally >50 mg/L (Standard, Evidence Strength: Grade C). The
two most commonly used and studied CBTDs are alpha-
mercaptopropionyl glycine (tiopronin) and D-penicillamine.
This class of drugs, each containing a thiol group, accomplishes
disulfide exchange with cystine. The result is the formation of a
soluble drug–cystine complex. Both medications reduce free
urinary cystine levels and decrease the risk of recurrence of
cystine stones in retrospective nonrandomized studies.20–24

However, these drugs do not reduce cystine excretion.19,25 Few
studies have directly compared D-penicillamine and tiopronin,
but the single largest study demonstrated equal effectiveness of
the two drugs. Of note, tiopronin had fewer adverse effects.24

Citing this study, the 2014 American Urological Association
(AUA) guideline for the medical management of kidney stones
recommended tiopronin as first-line pharmacotherapy for pa-
tients with cystinuria for whom alkalinization and high fluid
intake were not sufficient to reduce further stone formation.3

Oral vitamin B6 (50 mg daily) should be given to prevent
possible B6 (pyridoxine) deficiency that can result from peni-
cillamine chelation of pyridoxine.

In July 2019, FDA approved a new preparation of tiopro-
nin called Thiola EC, for enteric coating. Our experience with
this preparation is quite limited at the time of this publication.
The tablets reduce pill burden as they weigh 300 mg, instead
of the original 100-mg tablet. The enteric coating leads to a
more sustained release that may have a clinical benefit, which
has not yet been demonstrated. In addition, this preparation
does not require careful spacing with respect to meals, unlike
the original Thiola preparation, and does prohibit adminis-
tration of the drug during pregnancy.

Tiopronin dosing for adults usually begins at 600 to
900 mg daily, divided three times a day. In children, the FDA-
approved tiopronin dosing should begin at 15 mg/kg/day and
is only indicated for pediatric patients weighing 20 kg or
more. d-penicillamine is dosed at 500 to 1500 mg/day, di-
vided into 2 or 3 doses. For clinicians who are unable to
obtain cystine concentration, a reasonable therapy target goal
is 1 mg tiopronin for every 1 mg of cystine excretion per 24
hours.

Many clinicians who treat cystinuria suggest that ideal
dosing should reduce cystine concentration to <250 to
350 mg/L. However, optimal dosing is not as straightfor-
ward. The measurement of cystine concentration is con-
founded by the presence of thiol-binding drugs, which
render the measurement of cystine levels inaccurate. Spe-
cifically, assays cannot distinguish cystine from the soluble
cysteine–thiol drug complex. For example, with colorimetric
assays, cystine concentration cannot be reliably measured and
may detect free cystine or the cysteine–thiol drug complex.7 A
high-performance liquid chromatographic method may be able
to distinguish the two, but often sample preparation will disrupt
the cysteine–thiol drug complex and will impact measurement
and reported results.26 All of these parameters may impact the
report of cystine excretion and cystine supersaturation. An
in vitro-based study suggests that liquid chromatography–
tandem mass spectrometry can differentiate cystine from the
cysteine–tiopronin complex, although this is not clinically
available.27 Hence, it has been difficult to determine the best
values to interpret in follow-up 24-hour urine samples in pa-
tients with cystinuria currently treated with thiol drugs.

A proprietary solid-phase assay is fortunately available to
directly and accurately measure cystine supersaturation in the
presence or absence of CBTDs.28 Available through Litho-
link (www.litholink.com), the assay coins the measurement
as capacity. A known amount of solid cystine is added to
patient urine and incubated. The amount of solid phase is then
measured. In an undersaturated urine sample, the solid phase
recovered is less than originally added since some of it dis-
solves in undersaturated urine. This is reported as a posi-
tive capacity. In a saturated urine sample, the solid phase
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recovered is greater than originally added since supersatu-
rated urine adds mass to the original solid cystine. This is
reported as a negative capacity.

In a small study of seven patients, patients served as their
own controls and were tested both off CBTDs and then on
CBTDs, and capacity improved while on CBTDs.29 A more
recent and larger prospective cohort study supports the
clinical utility of a capacity tool among a mixed population of
CBTDs and conservative treatments. They sought to corre-
late capacity with stone formation activity. They showed that
capacity ranged from -841 to +307 and, more importantly,
demonstrated an inverse relationship of capacity with stone
activity: stone quiescence vs stone activity, mean – standard
deviation 48 – 107 vs -38 – 163 mg/L, P < 0.001, respec-
tively.30 Therefore, a capacity of >50 mg/L has been com-
monly accepted as a target threshold for clinicians.

Pharmacotherapy with captopril, an angiotensin-converting
enzyme (ACE) inhibitor containing a thiol group, has not been
reproducibly demonstrated to decrease cystine stone formation
in adults. At a maximum dose of 150 mg/day, urinary excre-
tion of cystine does not achieve a sufficient number of milli-
moles of thiol to have an appreciable effect on cystine solubility.
Therefore, captopril is not recommended for the routine treat-
ment of adult patients with cystinuria.31–33 Nevertheless, cap-
topril (0.3 to 1.5 mg/kg/day) may be an appropriate therapeutic
option to treat hypertension in cystinuric patients or in children
who cannot use oral tiopronin due to its capsule size.

Follow-Up Care

(1) Obtain a single 24-hour urine sample within 1 to 2
months of initiation of dietary modification or phar-
macotherapy. After initial follow-up, periodic 24-
hour urine studies should be performed to measure
changes produced by the prescribed dietary or phar-
macologic therapy, with a goal of urinary cystine
concentration <250 mg/L and pH >7.0. The frequency
of testing may be reduced to semiannual or annual
tests when metabolic activity has stabilized (Stan-
dard; Evidence Strength: Expert opinion). Several
observational studies have demonstrated that among
patients with calcium-based stones, urinary compo-
sitional changes are associated with a decrease in
recurrent stone episodes; we extrapolate these ob-
servations to patients with cystinuria.34–37 Moreover,
previous studies suggest that close follow-up of pa-
tients with cystinuria is essential to encourage com-
pliance with medical therapy.38 Patient compliance,
as well as the ongoing evaluation of other noncystine
urinary stone risk factors, should also be evaluated as
part of this follow-up regimen.

(2) For patients prescribed CBTDs, a comprehensive met-
abolic panel and spot measurement of the urine pro-
tein/creatinine ratio should be obtained at baseline
(within 3–6 months of initiating treatment and every 6–
12 months yearly thereafter). Serum B6 levels should be
monitored annually for penicillamine use (Standard;
Evidence Strength: Expert opinion). Side effects of
penicillamine can be monitored by routine laboratory
testing for anemia, neutropenia, thrombocytopenia, liver
function, and urine albumin excretion and for tiopronin,
urine albumin excretion.24 Monitoring of complete

blood counts and liver function tests are no longer re-
quired according to the FDA-approved prescribing in-
formation for Thiola EC. The most common histologic
finding causing proteinuria is membranous nephropathy.
Other potential side effects, which should be screened
by a review of systems, include gastrointestinal
symptoms (taste disturbance, nausea, emesis, diar-
rhea, and abdominal pain), dermatological symptoms,
hyperelasticity (rash and urticaria), photosensitivity,
hair loss, and hypersensitivity reactions. Anecdotal
evidence suggests that adverse events can be re-
challenged after their resolution at the clinician’s
discretion. Patients with cystinuria are at risk for
CKD, therefore serum creatinine should be mea-
sured at least yearly. CBTDs should be discontinued
if they are associated with significant proteinuria.

(3) Clinicians should obtain periodic imaging with ultra-
sonography or low-dose CT to assess stone recurrence,
stone burden, and stone growth (Standard; Evidence
Strength: Expert opinion). Low-radiation noncontrast
CT is nevertheless the gold standard imaging modality
for acute urolithiasis and has the highest sensitivity
and specificity for stone disease. Renal ultrasound may
suffice for screening purposes and avoids exposure to
ionizing radiation, although sensitivity is poor for
smaller stones. Recently, digital tomosynthesis has been
proposed as another option to noncontrast CT with
lower cost and decreased ionizing radiation.39 Imaging
frequency can be tailored to patients’ symptoms or
frequency of stone events. For patients who are stable
without symptoms or recurrent stone formation, a
minimum 12-month imaging interval is recommended.
For all stone formers, the AUA guideline recommends a
1-year imaging interval for asymptomatic patients, but
frequency can be decreased over time provided there is
no stone recurrence.34

(4) Siblings of people with cystinuria should undergo
screening for cystinuria (Standard; Evidence Strength:
Expert opinion). At present, routine genotyping of
people with cystinuria is not recommended. Screening
of siblings of a newly identified patient with cystinuria
can be performed with a single 24-hour urine collection
to measure urine cystine excretion or with a random
urine screen for ratio of amino acids to urine creatinine.
Finding asymptomatic cystinuria >80 mg/24 hours
should lead to performance of a renal ultrasound.

Future directions

Recently, the possibility of development of new drugs for
the treatment of cystinuria has been reported. A series of
diamines, which mimic cystine and interfere with its crys-
tallization, have shown efficacy in vitro and in a knockout
mouse model.40–42 The effect of these molecules is attrib-
uted to steric hindrance, where side chains prevent additional
molecules of cystine from being added to crystals. No
studies of these drugs in humans with cystinuria have been
performed as of yet.

Another promising compound is alpha-lipoic acid, which
has a significant inhibitory effect on cystine stone formation
in vitro and in the knockout mouse model.43 Currently, alpha-
lipoic acid is being tested in people with cystinuria in a trial.44
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FIG. 2. Recommended clinical algorithm.
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Ultimately, cystinuria could be amenable to correction by
genetic therapy. Targeting a functional cystine transporter to
the proximal tubule is particularly complex. A recent pro-
posal, not yet tested in an animal model, takes advantage of
the ability of certain aminoglycosides to bridge nonsense
mutations. These drugs are concentrated in the nephron and
could allow a more functional cystine transporter to be
translated in the appropriate location.45

Conclusions

Based on the cited literature, clinical principles, and
expert recommendations, a stepwise algorithm for evalua-
tion and medical management of patients with cystinuria
and urolithiasis is provided (Fig. 2). Briefly, the steps are as
follows: a high index of suspicion is necessary in patients
who present early in life, along with confirmatory stone
analysis and 24-hour urinary analysis. Following a cystine
diagnosis, lifestyle and dietary recommendations (main-
taining 3 L of urine output/day and moderate dietary so-
dium and animal protein) are suggested. If conservative
measures fail to reduce the urinary cystine concentration to
<250 mg/L, the next step is initiating alkali therapy with
potassium citrate two or three times per day to achieve a 24-
hour urinary pH of 7.0 to 7.5.

If these measures fail to reduce the urinary cystine con-
centration to <250 mg/L or cystine stones recur, initiation of
therapy with CBTDs should be considered. Urine studies
should be repeated and thiol doses titrated as necessary to
create positive capacity (Litholink) ideally >50 mg/L. Re-
current stone formation may also indicate that higher doses
are appropriate. Last, lifelong follow-up with both serial 24-
hour urine analysis and routine imaging is necessary to pre-
vent stone recurrence.
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