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Abstract Bartter syndrome is a rare inherited salt-losing renal tub-
ular disorder characterized by secondary hyperaldosteronism with
hypokalemic and hypochloremic metabolic alkalosis and low to
normal blood pressure. The primary pathogenic mechanism is a
defective salt reabsorption in the distal part of the nephron, espe-
cially in the thick ascending limb of the loop of Henle. Patients
present with significant variability in the clinical expression of the
disease, which is genetically heterogenous with 5 different genes
described to date. Despite considerable phenotypic overlap, corre-
lations of specific clinical characteristics with the underlying mo-
lecular defects have been demonstrated, generating typical gene-
specific phenotypes. As with many other rare disease conditions,
there is a paucity of clinical studies that could guide diagnosis and
therapeutic interventions. In this expert consensus document, the
authors have summarized the currently available knowledge, pro-
pose clinical indicators to assess and improve quality of care, and
highlight open questions for future research.

I. INTRODUCTION

he term Bartter syndrome (BS) encompasses different inher-
ited salt-losing tubulopathies characterized by polyuria,
hypokalemia, hypochloremic metabolic alkalosis, and normoten-
sive hyperreninemic hyperaldosteronism. Five different forms

have been identified to date, based on molecular genetics (table 1)
1

Clinical characteristics, such as severity of biochemical abnormal-
ities, presence of polyhydramnios and preterm delivery, the degree
of calciuria with or without medullary nephrocalcinosis, and pres-
ence of sensorineural deafness show typical gene-specific pat-
terns. Several patients with BS type 3 have features that are virtu-
ally indistinguishable from Gitelman syndrome (GS), another salt-
losing tubulopathy !.

The exact incidence and prevalence of BS is unknown. Based on
rough estimates, an annual incidence of 1:1.000.000 has been pro-
posed 2. More precise calculations based on the carrier state prev-
alence for SLC1241 and KCNJI mutations in the Framingham
Heart Study indicate a prevalence of 1:100.000 for these two types
of BS 3. Thus, the overall prevalence of all types of BS (1-5) in
Western countries is probably close to 1:40.000-50.000.

The primary molecular defect in all types of BS leads to an im-
paired salt reabsorption in the thick ascending limb (TAL) of
Henle’s loop *. The clinical consequences that are observed in pa-
tients with BS can be compared with chronic administration of
loop diuretics (e.g. furosemide), in contrast to those observed in
patients with GS who resemble chronic thiazide administration °.
Irrespective of the underlying molecular defect, mutations result
in renal tubular salt wasting with activation of the renin-angioten-
sin system (RAS) with consequent hypokalemic and hypochlo-
remic metabolic alkalosis. In addition, the tubuloglomerular feed-
back is altered at the level of the macula densa, which, under phys-
iologic conditions, senses low tubular chloride concentrations in
conditions of volume contraction. This activates cyclooxygenases



(primarily COX-2) to produce high amounts of prostaglandins
(primarily PGEz) that in turn stimulate renin secretion and aldos-
terone production, in the attempt of reestablishing normal intra-
vascular volume and glomerular perfusion °. In BS, the tubuloglo-
merular feedback is uncoupled because chloride is not reabsorbed
in the macula densa due to the underlying molecular defects.
Therefore, cells produce high amounts of PGE: irrespective of vol-
ume status, causing excessive synthesis of renin and aldosterone.
This constitutes the rationale for treating BS patients with prosta-
glandin synthesis inhibitors, such as indomethacin, ibuprofen or
specific COX-2 inhibitors (e.g. celecoxib), which often result in
noticeable clinical improvement ", Excessive stimulation of mac-
ula densa cells explains the characteristic hyperplasia of the jux-
taglomerular apparatus that was already described in Bartter’s
original report 1°,
While hyperaldosteronism causes hypokalemic metabolic alkalo-
sis, volume depletion explains, at least in part, arterial hypoten-
sion. In addition, PGE: has vasodilatory effects, which may con-
tribute to low blood pressure . Interestingly, heterozygous carriers
of BS mutations have, on average, lower blood pressure, compared
to control subjects °.
Impaired salt reabsorption in the TAL has two additional conse-
quences that are important in BS, namely
L a reduction of calcium reabsorption in the TAL, where
calcium (and magnesium) is reabsorbed through paracel-
lular pathways that are dependent on the transepithelial
electrochemical potential, which is generated by the con-
certed action of the NKCC2 and KCNIJI1 (also called
ROMK or Kirl.l) proteins. Consequently, patients have
hypercalciuria and develop progressive medullary
nephrocalcinosis 12, and
IL. a reduction or complete blunting of the osmotic gradient
in the renal medulla, causing isosthenuria, i.e. an im-
paired ability to dilute or concentrate the urine '*.
An exception are most patients with BS3 who have a milder defect
without hypercalciuria and partial capacity to concentrate the
urine.

To date 5 different causative genes have been identified (table 1,
figure 1). The mode of inheritance is autosomal recessive in BS
type 1-4 and X-linked recessive in BS type 5. The first one was
SLC1241, encoding the Na-K-2Cl cotransporter (NKCC2), the
target of loop diuretics, expressed in the TAL (BS1) . Potassium
entering the cell via this cotransporter recycles through the apical
potassium channel KCNJ1, the encoding gene KCNJ! constituting
the 2™ causative gene (BS2) 1°.

Chloride reabsorbed via NKCC2 exits the cell on the basolateral
side predominantly through the chloride channel CIC-Kb, encoded
by CLCNKB, the 3™ causative gene for BS (BS3) '°. Barttin is a
necessary subunit for CIC-Kb and is encoded by BSND, the 4"
causative gene (BS4a). 718,

Barttin is also a necessary subunit for the chloride channel CIC-
Ka and the phenotype of BS4 can be mimicked by combined re-
cessive mutations in CLCNKB and CLCNKA (BS4b), suggesting
that the C1C-Ka protein contributes to the basolateral chloride con-
ductance in the TAL !°. Milder forms of type 4a BS have also been
described; they are caused by missense mutations that presumably
allow residual function of the Barttin protein 2022,

Lastly, mutations in MAGED? have been identified in a very se-
vere antenatal form of BS, which resolves spontaneously during
the first weeks to months of life 2. BS type 5 inheritance is X-
linked recessive and therefore the vast majority of patients are
males.

Few cases of Bartter-like phenotypes developing during childhood
with gain of function mutations in the calcium sensing receptor
(CaSR) have been described; these patients have a diagnosis of
autosomal dominant hypocalcemia (OMIM#601198) 2*. They
were sometimes previously indicated as “BS type 57, but this des-
ignation has been abandoned, and the term BS type 5 refers to X-
linked transient BS, in accordance with the current OMIM nomen-
clature.

Renal tubular salt-wasting associated with hypokalemic metabolic
alkalosis is highly suggestive of BS. The most frequent clinical
symptoms are polyuria, dehydration, failure to thrive, growth re-
tardation and a past medical history of polyhydramnios with prem-
ature birth. Renal salt loss is frequently associated with hypercal-
ciuria and nephrocalcinosis. BS is a potentially life-threatening
condition that necessitates a rapid diagnosis and therapy.

Most patients with BS receive supplementation with sodium chlo-
ride, potassium chloride and fluids that are adjusted individually
based on symptoms, tolerability, severity of the tubulopathy, age
of the patient and GFR. In addition, non-steroidal anti-inflamma-
tory drugs (NSAIDs) are for most patients a mainstay of treatment
25, at least during the first years of life (except transient BS5). The
use of other therapies, such as potassium-sparing diuretics, angio-
tensin converting enzyme inhibitors (ACEi), and angiotensin re-
ceptor blockers (ARBs) have been reported to the literature, but
evidence supporting their efficacy, tolerability and safety are lim-
ited.

Despite significant gain in knowledge since the genetic elucidation
of these diseases, information on long-term outcome of BS is al-
most completely lacking. In particular, the risk of chronic renal
failure and its potential relation to prolonged use of NSAIDs,
chronic hypokalemia, and chronic hypovolemia is not well docu-
mented. Likewise, little information exists on the incidence of sec-
ondary hypertension and of cardiac arrhythmias. Other open ques-
tions include optimal diagnostic approaches, in particular in the
neonatal period, and the best therapeutic strategies based on out-
come data. Most women with BS are fertile, but the best manage-
ment of BS during pregnancy has not been established.

To begin addressing these questions, an interdisciplinary group of
experts including pediatric and adult nephrologists, geneticists,
obstetricians and patient representatives was assembled under the
umbrella of ERKNet, the European Reference Network for Rare
Kidney Diseases. This report summarizes their conclusions, pro-
vides guidance for managing these patients and highlights im-
portant points for future research. These recommendations are en-
dorsed by the European Society for Paediatric Nephrology (ESPN)
and the Working Group on Inherited Kidney Disorders (WGIKD)
of the European Renal Association - European Dialysis and Trans-
plantation Association (ERA-EDTA).



II. METHODS

The consensus process was initiated by the European Rare Kidney
Disease Reference Network (ERKNet). In addition to pediatric
and adult nephrologists and geneticists, external experts in gyne-
cology/obstetrics and patient representatives were invited to par-
ticipate. Two groups were assembled: a consensus core group and
a voting panel. The core group comprised specialists for pediatric
(G.A., DB, F.E.,, MK,, K.P.S.) and adult nephrology (A.B.T.,
L.C,G.C, TN, F.T., S.W.), genetics (R.V.P.), obstetrics (M.S.)
and a patient representative (K.W.). The voting group included 36
members with expertise in pediatric and adult Bartter syndrome,
including members of the supporting societies and networks).

Supported by the ERKNet staff, the core group performed a sys-
tematic literature review in advance of the 1% consensus confer-
ence held on Nov 19" 2018 in Frankfurt/Main, Germany. The Pub-
Med and Cochrane databases were searched until Oct 15% 2018;
all articles and reports were considered, including randomized
controlled trials, uncontrolled or observational studies, registries,
summaries and case reports, restricted to human studies in Eng-
lish. The following key MeSH terms were used: Bartter syndrome,
inherited hypokalemic alkalosis, SLC12A1, KCNJ1, CLCNKA,
CLCNKB, BSND, MAGED2. The search retrieved 2218 results
and 135 articles were referenced here.

Initial recommendations were developed during the first confer-
ence by discussion in thematic workgroups and plenary ses-
sions.Evidence and recommendations were graded (whenever
possible) according to the method used in the current American
Academy of Pediatrics (AAP) guidelines 2° #’. The grading of rec-
ommendations into strong, moderate and weak takes into account
not only the quality of evidence but also the balance of potential
benefits and harms (Fig. 2) assessed by the consensus core group
26, A first written draft was compiled by D.B., F.E. and M.K. and
reviewed by all members of the consensus core group. Remaining
gaps were identified by a second meeting held on May 16% 2019
in Heidelberg, Germany. Consequently, two rounds of anonymous
voting were performed using the Delphi method until at least 70%
support was reached for each individual recommendation. The
voting group included all members of the consensus core group,
members of the ERKNet expert group for tubulopathies, members
of the ERA-EDTA WGIKD, all having special expertise in Bartter
syndrome. Failing a 70% level of consensus, recommendations
were modified after discussion in the core consensus group and
reviewed again by the voting panel until a consensus level of at
least 70% was achieved

III. Diagnosis

General approach

The diagnosis of BS is primarily based on clinical, biochemical
and sonographic findings (Box 1, Recommendations for diagno-
sis). Even if the different subtypes of BS can usually be character-
ized clinically (table 2), we recommend genetic analysis after the
confirmation of clinical suspicion.

Antenatal diagnostic work-up
During pregnancy, the detection of early polyhydramnios of fetal
origin typically around 28-32 weeks gestation should raise the

clinical suspicion of BS. In principle, there are two possible op-
tions to confirm the diagnosis: (i) prenatal genetic testing, and (ii)
biochemical analysis of amniotic fluid. Both measures are inva-
sive and carry the risk of procedure-related complications. But
there may be clinical situations where the establishment of a con-
firmed diagnosis of BS is helpful for counseling of the couple and
discussion of possible therapeutic measures.

Whenever there is a need for prenatal diagnosis, we consider ge-
netic testing the most reliable method, although approximately
25% of patients with a clinical diagnosis of BS do not have genetic
confirmation 2. In situations, where genetic testing is not available
or diagnostic, the assessment of the “Bartter index” may be con-
sidered as an alternative way to confirm the diagnosis of BS in
utero. In the past, anecdotal reports indicated the possibility of di-
agnosing BS by measuring electrolytes (high chloride) and/or al-
dosterone in the amniotic fluid ?°2°. However, a larger study in-
cluding 36 cases of polyhydramnios secondary to BS failed to
show differences in aldosterone concentrations 3!. Likewise, an-
other study found no significant differences in sodium, chloride or
potassium concentrations between amniotic fluid from BS-related
polyhydramnios, polyhydramnios from other causes or control
pregnancies. This same study found significant differences in total
protein and alfa-fetoprotein content, and developed a “Bartter in-
dex” that had a 93% sensitivity and 100% specificity *2. In a sub-
sequent study including 464 pregnancies of which 28 were com-
plicated by fetal BS, these results were largely confirmed with
86% sensitivity and 84% specificity. Of note, in three of the four
patients that were not correctly diagnosed with BS, samples were
obtained at 23 weeks of gestation and in one case from a woman
under indomethacin therapy *>.

Postnatal diagnostic work-up

The diagnostic work-up for BS after birth should include a detailed
clinical evaluation including a family history of pregnancy com-
plicated by polyhydramnios with/without premature birth, and a
past medical history of polyuria, episodes of dehydration, unex-
plained fever, failure to thrive and recurrent vomiting. In children,
growth charts are very helpful to assess the development of height
and weight. Additional clinical signs may include salt craving
(does the child prefer a sweet or savoury treat?), muscle weakness,
low blood pressure, and pubertal delay.

Laboratory analysis for suspected BS should include measuring
renal function, serum electrolytes (including magnesium), acid-
base status, serum renin and aldosterone levels, calculation of the
fractional excretion of chloride (usually >1%), urinary calcium ex-
cretion (the calcium/creatinine ratio from spot urine is appropriate,
for age specific reference values see table 3), and renal ultrasound.
The assessment of urinary prostaglandin excretion (PGE2) may be
helpful, however, this needs laboratory expertise and a cooled 24-
h-urine. Thus, this procedure is not feasible in a routine clinical
setting. For definitive diagnosis, we recommend genetic testing
when the clinical suspicion is confirmed.

Clinical characteristics of different types of BS (table 2)

In the following section, we highlight the key clinical and bio-
chemical findings in patients with BS with a special focus on the
gene-specific differences between the known subtypes of BS. For
differential diagnosis, please see below (section 4).



Age at presentation

BS is a severe and potentially life-threatening condition causing
polyhydramnios and premature birth in the majority of patients.
Polyhydramnios develops between the 20" and the 30" week of
gestation, secondary to fetal polyuria. The timing and severity
vary according to the type of mutations. In patients with mutations
in BSND or MAGED?2 (BS4 and 5), polyhydramnios is usually ob-
served very early, compared to BS1 and 2 2*3*3¢, Patients with
BS3 usually become symptomatic later in life. Nonetheless, a pre-
natal presentation does not exclude BS3. Up to 25% of patients
develop polyhydramnios during pregnancy, although rarely asso-
ciated with amniotic drainage or premature birth ¥’. BS5 always
has antenatal presentation, but symptoms spontaneously resolve
typically around the estimated date of delivery.

Although postnatal onset of symptoms has been described in very
few cases of BS1 and 2, the vast majority of patients with clinical
onset beyond infancy have BS3. Pooled data from different studies
including more than 270 patients indicate that patients with BS3
are diagnosed after the age of 1 year in 50-70% of cases 37,
Symptoms are nonspecific and also common to other salt-losing
tubulopathies. Patients typically present with failure to thrive, poor
weight gain or polyuria with polydipsia 373%%. Less frequent
symptoms are related to dehydration including constipation, per-
manent thirst, unexplained fever, hypotonia and recurrent vomit-
ing. Most patients exhibit salt craving, although this is rarely a
presenting symptom. In a minority of cases, the diagnosis is made
after noticing abnormal laboratory results, in particular hypokale-
mia, metabolic alkalosis, and hypochloremia 342, after accidental
discovery of nephrocalcinosis 3, or by screening for positive
family history.

Salt wasting, plasma potassium, chloride, magnesium and bicar-
bonate levels

After birth, the first clinical sign of renal salt loss is the rapid de-
velopment of massive polyuria (often exceeding 10 ml/kg/h). In
most cases, polyuria is present at birth and causes rapid weight
loss (often apparent at day 1) and clinical signs of dehydration.
Hypochloremic and hypokalemic metabolic alkalosis may not be
present during the first days of life, especially if patients experi-
ence acute kidney injury from dehydration. Moreover, infants with
BS2 often have transient hyperkalemia after birth because loss of
function mutations in the KCNJ1 channel also impair potassium
secretion along the collecting duct **. Hyperkalemia in BS2 dis-
appears over time most likely because of the developing expres-
sion of alternative potassium channels (most likely MAXI-K chan-
nels) in this part of the nephron compensating for the lack of
KCNI1 activity. Nevertheless, on average, plasma potassium lev-
els remain higher in BS2, which together with the initial hyper-
kalemia can be used as a distinguishing feature. In contrast, pa-
tients with BS3 and 4 tend to have the lowest plasma chloride lev-
els and the most pronounced alkalosis. This can also be captured
by a low plasma chloride-sodium ratio ¥’. Interestingly, this ratio
tends to be increased in BS5 ¢ (table 2). In some patients with
BS3, hypomagnesemia may be present.

Calciuria and nephrocalcinosis

Hypercalciuria is a typical feature of BS1 and 2. However, at birth,
renal ultrasound does not show nephrocalcinosis and prenatal
nephrocalcinosis has never been reported in BS. No precise data

are available on the time course of nephrocalcinosis. It is often
detected after 1-2 months of life in patients with BS1 and 2. While
a CT scan provides more accurate assessment of renal calcifiac-
tions than renal ultrasound, it is associated with radiation burden,
and thus should be reserved for clinical situations, where there is
a direct therapeutic consequence, e.g. localization of stones in ob-
structive uropathy that may occur in rare cases in BS.

In contrast, patients with BS3 and 4 usually have normocalciuria,
although hypercalciuria has been described in some. Interestingly,
hypocalciuria has also been reported in patients with BS3 and
these patients mimic the phenotype of GS. It is important to note
that calcium excretion in BS3 may differ between patients from
the same family all having the same mutations and may even
change over time in an individual patient *¢*’. This phenotypic
overlap is best explained by impairment of salt reabsorption also
in the DCT, where CIC-Kb is normally expressed. Studies indeed
show that mean urinary calcium/creatinine ratios are lower in GS,
but with considerable overlap with BS3, as is the case for serum
magnesium 374043,

In BSS5, hypercalciuria may be observed but due to the transient
nature of the disease nephrocalcinosis is a rare finding 236,

Genetic testing

The detection of bi-allelic inactivating mutations in one or more
(BS4b) of the 5 genes responsible for recessive forms of BS or a
hemizygous mutation in MAGED?2 responsible for the X-linked
transient form (BS5) is crucial to confirm the diagnosis of BS and
for genetic counselling (table 1).

The analytical sensitivity (likelihood that the assay will detect a
sequence variant when present within the targeted region) and
specificity (likelihood that the assay will be negative when no var-
iant is present) of current genetic tests for BS is 90% to 100% and
100%, respectively. Because there are BS patients with recessive
forms who do not have two identifiable mutations, the clinical sen-
sitivity (proportion of positive tests if the disease is present) is
about 75% 3%%. However, this depends on age at diagnosis:
whereas sensitivity was 75% in a large pediatric cohort 2, this de-
creased to 12.5% in adult patients *%. This difference is possibly
related to the broader differential diagnosis (especially abuse of
diuretics and laxatives) in adults and the higher proportion of pa-
tients with BS3 since the analysis of CLCNKB is technically chal-
lenging. Although large rearrangements (deletions or duplica-
tions) can be detected by Next Generation Sequencing (NGS), it
is recommended to confirm them by a second independent method
(e.g. multiplex ligation-dependent probe amplification or quanti-
tative PCR). Large rearrangements are particularly frequent in the
CLCNKB gene but have also been described in KCNJ1, BSND and
MAGED?2 7369

As genetic testing becomes more accessible and comprehensive,
we recommend offering it to all patients with a clinical suspicion
of BS. It should be performed in a laboratory accredited for diag-
nostic genetic testing. Especially the analysis of the CLCNKB gene
needs special expertise (amplification and variant interpretation)
because of the high sequence homology with the neighbouring
CLCNKA gene. Taking into account the genetic heterogeneity, the
use of a gene panel for parallel sequencing of all genes (in 1 test)
is recommended; this should include also the relevant genes for
the differential diagnosis of BS. At present, different gene panels
are available; they should at least include the SLC1241, KCNJI,



BSND, CLCNKA, CLCNKB, MAGED?2 and SLC12A43 genes. For
extended differential diagnosis we suggest to include genes re-
sponsible for congenital chloride diarrhoea (SLC2643), HELIX
syndrome (CLDN10), EAST/SeSAME syndrome (KCNJ10), and
autosomal dominant hypocalcemia (CASR); for suspected BS2
also the genes for type 1 pseudohypoaldosteronism (NR3C2,
SCNN14, SCNNIB and SCNN1G) should be included. In atypical
cases, the genes defective in hypervolemic hypokalemic alkalosis
(apparent mineralocorticoid excess (HSD11B2); Liddle syndrome
(SCNN14, SCNNIB and SCNNIG), glucocorticoid-remediable
hyperaldosteronism (chimeric CYP1/BI/CYP11B2) need to be
considered. If Sanger sequencing is the only available technique
in the diagnostic laboratory, sequential testing of the candidate
genes according to the clinical phenotype is recommended.

If only a single variant has been identified by panel analysis or
conventional sequencing, the analysis should be complemented
with a test for a deletion (multiplex ligation-dependent probe am-
plification) on the other allele.

It must be kept in mind that in 5% to 15% of patients 373° even
after searching for large rearrangements, no or only one heterozy-
gous pathogenic mutation is discovered. In these cases, mutations
in regulatory regions including introns or in another, yet unidenti-
fied disease gene might be causative. Nevertheless, a negative ge-
netic test should prompt a careful review of clinical features to
confirm the correct clinical diagnosis.

It is important to note that with the increasing availability of new
population—based genetic data and functional studies, the classifi-
cation of variants may change: the pathogenicity of previously dis-
ease-associated genetic variants could be questioned and, vice
versa, variants of previously unknown significance could be con-
firmed as pathogenic. Diagnostic laboratories should consult the
evolving databases and consider in vitro studies to interpret patient
results appropriately.

An early genetic diagnosis for a patient with BS allows an accurate
diagnosis and treatment, resolving difficult cases with overlapping
phenotypes and reclassifying the disease. The main differential di-
agnosis of BS in the neonatal period includes congenital chloride
diarrhoea and type 1 pseudohypoaldosteronism (similar pheno-
type to BS2 with hyperkalemia), which have different treatments
and complications. In addition, the identification of the genetic de-
fect may prompt screening for and treatment of deafness in pa-
tients with BS4 and for avoiding aggressive treatments and ex-
plaining the transient character in patients with BSS5.

Genetic counselling should be offered to any patient with BS and
to parents with a child suffering from the disease. This counselling
could help discuss testing parents, siblings and partner. Testing
relatives is particularly useful to identify heterozygous female car-
riers in families with an index case carrying a MAGED2 mutation.
Prenatal diagnosis and preimplantation genetic diagnosis are tech-
nically feasible after reliable genetic counselling and may be con-
sidered on an individual basis, according to national ethical and
legal standards. Prenatal diagnosis also facilitates a well-timed "in
utero transport" to a tertiary perinatal unit.

IV. DIFFERENTIAL DIAGNOSIS

The differential diagnosis of BS highly depends on the age at
presentation and the specific context (table 4).

Data comparing the gestational age at onset of polyhydramnios in
different fetal conditions are scarce. Current evidence indicates
that the severity of polyhydramnios is predictive of a serious fetal
disease including BS 33!, The risk is 10-fold higher if polyhy-
dramnios is severe, as defined by an amniotic fluid index >35 cm.
All polyhydramnios secondary to BS reported to date (except
BS3) fall in this category with amniotic fluid indices exceeding
the 35 cm threshold 2.

Polyhydramnios due to excessive fetal polyuria is virtually always
caused by BS. There are no reports of inherited tubular disorders
other than BS causing severe polyhydramnios secondary to fetal
polyuria. In particular, polyhydramnios is neither a feature in se-
vere proximal tubulopathies nor in nephrogenic diabetes insipidus.
There are reports of polyhydramnios in infants misdiagnosed with
pseudohypoaldosteronism type I, but these cases have later been
shown to harbour KCNJI mutations 4,

Congenital chloride diarrhoea can be confused with BS. Postna-
tally, this disease causes pronounced metabolic alkalosis second-
ary to watery diarrhoea, and pregnancies are often complicated by
polyhydramnios with preterm delivery (usually not severe) 2. It is
important to note that chloride loss in these infants is intestinal and
biochemical analysis of the urine will reveal minimal chloride
content. However, due to the watery consistency of the stool, it
can be easily confused with urine and a catheter specimen may be
necessary. Dilated intestinal loops are frequently observed by ul-
trasound from the end of the second trimester of pregnancy on-
wards and should raise suspicion of this diagnosis.

The differential diagnosis in the postnatal period and in infancy
further includes “pseudo-Bartter syndrome™ as occasionally ob-
served in cystic fibrosis. Again, salt loss in this condition is extra-
renal and analysis of urinary chloride excretion is helpful. In one
review 4, fractional excretion of chloride in BS was always
>0.5%, despite the presence of volume and chloride depletion.
Beyond infancy, and especially if BS patients present in adoles-
cence or even adulthood (most often BS3), the differential diagno-
sis can be challenging. GS is a primary consideration in those pa-
tients with hypocalciuria and/or hypomagnesemia. Patients with
HNF1B nephropathy may also present with hypokalemic alkalosis
53, Other very rare renal tubular disorders exhibiting metabolic al-
kalosis include HELIX syndrome (CLDNI0) %, EAST syn-
drome (KCNJI0) %, and autosomal dominant hypocalemia
(CASR)?*. Patients with apparent mineralocorticoid excess (AME)
present with polyuria, hypokalemic hypochloremic alkalosis, hy-
percalciuria and nephrocalcinosis but can be distinguished from
BS by the presence of volume excess with elevated blood pressure
and suppressed renin and aldosterone levels 7.

Some patients with BS primarily present with nephrocalcinosis
and/or urolithiasis. A young age at onset of urinary stone disease
should raise clinical suspicion of a specific underlying cause, in-
cluding (incomplete) distal renal tubular acidosis (ARTA) and
other inherited tubulopathies. These differential diagnostic consid-
erations will prompt blood gas analysis and electrolyte evalua-
tions. The presence of hypokalemic alkalosis will distinguish BS
from proximal or distal forms of RTA which are characterised by
hypokalemic acidosis.

When the presenting sign is hypokalemia, the initial differential
diagnosis is wide. In this context, it is important to differentiate
renal from gastrointestinal potassium loss and potassium shifts,
primary hyperaldosteronism, and to exclude external causes



(drugs including loop and thiazide diuretics, chronic liquorice in-
gestion, acute treatment with salbutamol or other beta-agonists).
When hypokalemic alkalosis is diagnosed and diuretic and/or lax-
ative (ab)use is ruled out, the differential diagnosis narrows down
to rare tubulopathies including Liddle’s syndrome, apparent min-
eralcorticoid excess and the salt-wasting tubulopathies. In Liddle’s
syndrome, a gain-of-function mutation in the epithelial sodium
channel ENaC causes a clinical phenotype resembling mineralo-
corticoid excess which, in contrast to BS and GS, includes hyper-
tension and low renin and aldosterone levels. Other clinical fea-
tures that generally argue against a diagnosis of BS include low
renin, low fractional urinary chloride excretion (<0.5%) and low
urinary potassium excretion.

Urinary chloride excretion assessed either by fractional chloride
excretion or urinary sodium/chloride excretion is an informative
tool to distinguish renal from extra-renal salt losses. Because of
the critical importance of sodium for volume homeostasis, sodium
excretion in steady state will mirror sodium intake, as a persis-
tently negative sodium balance would lead to hypovolemia with
consequent shock. In order to maximize sodium retention, sodium
reabsorption in the collecting duct is upregulated, in exchange for
potassium or proton secretion. This is the basis for the hypoka-
lemic alkalosis. To maintain electro-neutrality, anions need to be
excreted, including chloride. 38, In BS (as well as GS), fractional
urine chloride excretion is elevated (>0.5%) and the urine sodium
over chloride ratio is close to 1. In contrast, patients with gastro-
intestinal potassium loss have low urine chloride excretion rates.
Because gastric secretions contain far more chloride than sodium,
patients with e.g. bulimia have larger chloride than sodium losses
from vomiting and thus excrete more sodium than chloride in their
urine. A urine sodium/chloride ratio >1.6 is typical for these pa-
tients %°. Patients with diarrhoea (except congenital chloride diar-
rhoea) and surreptitious laxative use can lose large amounts of po-
tassium and sodium in the stool, accompanied by a relatively small
amount of chloride. In addition, the loss of stool bicarbonate and
ensuing hypokalemia can stimulate renal tubular acid or ammo-
nium secretion with accompanying chloride excretion. Therefore,
a low urine sodium/chloride ratio <0.7 ensues. Patients with sur-
reptitious diuretic use display highly variable urine sodium and
chloride excretion, but with a fixed urinary sodium/chloride ratio
similar to that in BS.

The function of specific renal tubular segments can be clinically
tested by e.g. administering specific drugs (diuretics, antidiuretic
hormone) and by water, salt or acid loading. Classical examples
include synthetic antidiuretic hormone (DDAVP) testing in
nephrogenic diabetes insipidus, clearance of free water in BS, and
thiazide testing in GS. However, we do not recommend perform-
ing such tubular function tests routinely in BS.

Firstly, performing tubular function tests does not appear relevant
in infancy, when the clinical phenotype is often readily apparent.
In addition, there is a potential risk of severe volume depletion in
subjects with suspected BS because they are at risk of an exagger-
ated response to thiazides due to the compensatory upregulation
of salt reabsorption in the DCT .

Differential diagnostic uncertainty can arise in older children or
adults with later onset or a milder phenotype. The thiazide test is
based on the fact that in GS the sodium-chloride cotransporter
NCC, which is the target of thiazide diuretics, is dysfunctional.
Thus, patients with GS tend to show a reduced response to thiazide

administration. A cut-off for change in fractional chloride excre-
tion of 2.3% had a sensitivity of 93% and specificity of 100% in
separating adult as well as childhood-adolescent GS patients with
mutations in SLC/243 (encoding NCC) from BS patients with
SLC12A41 and CLCNKB mutations %!, All BS3 patients ended up
above this threshold and, while clinical characteristics of this sub-
group are not described, the variation in calcium excretion in the
BS group suggested that this group also included hypocalciuric
patients. Nozu et al however performed thiazide as well as furo-
semide testing in a limited number of genetically proven BS and
GS patients 2. Only the BS1 patients showed a clearly reduced
response to furosemide, which targets the sodium-potassium-chlo-
ride cotransporter that is mutated in these patients. In this study,
both GS and BS3 patients with a hypocalciuric phenotype demon-
strated reduced responses to thiazides. A blunted thiazide test was
also reported in hypomagnesemic patients with HNFIB and
FXYD2 mutations who displayed a distal tubular phenotype simi-
lar to GS %%, Furthermore, results of both furosemide and thia-
zide testing depend on age and kidney function ®. Thus, tubular
function tests cannot be used to definitively confirm or exclude a
diagnosis of BS. We therefore advise against routine tubular func-
tion testing in patients with hypokalemic alkalosis, in line with the
KDIGO consensus statement on GS %. However, in individual
challenging cases or for research purposes, in adult patients, a thi-
azide test, together with deep genetic testing, could be an option
in highly specialized (tertiary) medical centers in order to refine
the patient’s phenotype.

V. THERAPY

Prenatal therapy

Pregnancies complicated by polyhydramnios are at risk of adverse
pregnancy outcomes, including perinatal mortality. The risk de-
pends on the severity and etiology of polyhydramnios ® and is re-
lated in part to preterm delivery and complications of premature
birth 7%, Therefore, treatments aimed at reducing amniotic fluid
by removal or by inhibiting fetal polyuria appear logical. Serial
amniocenteses are commonly used in the intent of prolonging
pregnancies, but the benefits of this strategy have not been evalu-
ated in prospective studies. In large case series, the complication
rates including fetal demise and prematurity have been reported in
1.5-3.0% of procedures %70,

As an alternative strategy, maternal treatment with NSAIDs might
be considered. Apparent efficacy of this treatment has been re-
ported in individual cases of polyhydramnios secondary to differ-
ent causes and in idiopathic polyhydramnios 7!. Maternal side ef-
fects are generally mild and mainly restricted to gastrointestinal
symptoms. However, the treatment carries significant risks for the
fetus, especially of fetal ductus arteriosus constriction, which in-
creases with advancing gestational age. The risk is close to 50% at
32 weeks of gestation and constriction usually resolves within 24
hours after treatment discontinuation ’!. Therefore, close monitor-
ing by fetal echocardiography is mandatory in all cases of maternal
NSAID therapy. Other reported complications include neonatal in-
testinal perforation and necrotizing enterocolitis, with an inci-
dence of 17% in premature neonates born within one week of in-
domethacin exposure, as opposed to 6% in matched controls !
To date, only few cases of BS with positive outcome after serial
amniocentesis and/or prenatal indomethacin therapy have been



reported; the age at delivery was 34-36 weeks and postnatal out-
come was favorable 7>7°, A substantial publication bias towards
favorable outcomes, however, cannot be excluded.

Given the above-mentioned risks and lack of prospective studies,
a formal recommendation cannot be made. If prenatal intervention
is considered for polyhydramnios related to BS, a multidiscipli-
nary perinatal team is mandatory, including a maternal-fetal med-
icine specialist, a neonatologist, a pediatric cardiologist (in case of
NSAID therapy) and a pediatric nephrologist.

Postnatal therapy

Salt supplementation

BS is primarily a salt wasting disorder. While plasma sodium con-
centrations are typically normal, this reflects the concomitant vol-
ume loss. Micropuncture data suggest that under physiologic con-
ditions about 5-15% of filtered sodium is reabsorbed in TAL,
which in an adult would represent approximately 900-2700 mmol
per day (reviewed in 7%). With impaired GFR, this amount will ob-
viously be lower, yet, nevertheless, with salt reabsorption
knocked-out in TAL in BS, the salt loss will lead to contraction of
the extracellular volume and compensatory upregulation of so-
dium reabsorption in other tubular segments. Indeed, it is the in-
creased sodium reabsorption in the principal cells of the collecting
duct that generates the characteristic electrolyte profile of BS, the
hypokalemic, hypochloremic metabolic alkalosis !. Thus, supple-
mentation with sodium-chloride constitutes a physiological treat-
ment that can support extracellular volume and improve electro-
lyte abnormalities and has been recommended at least 5-10
mmol/kg/d 77. Beyond infancy, once patients can self-determine
their dietary intake, some of this supplementation may be provided
by the salt craving and high spontaneous salt intake that is typical
for BS.

Some patients with BS1 and 2 have a secondary form of nephro-
genic diabetes insipidus (NDI) 7. These patients present a ther-
apeutic dilemma as salt supplementation increases the solute load
and thus will worsen polyuria and risk hypernatremic dehydration.
We recommend against salt supplementation in patients with hy-
pernatremic dehydration and a concomitant urine osmolality lower
than plasma or a history thereof.

Potassium supplementation

If potassium is supplemented, potassium chloride should be used,
since chloride is the main anion lost to the urine and patients are
alkalotic . Potassium salts (e.g. citrate) should not be used be-
cause they potentially worsen the metabolic disturbance by aggra-
vating the alkalosis. This recommendation has also been made for
the related disorder GS .

Hypokalemia is a key feature of BS and can be associated with
severe complications, including paralysis, thabdomyolysis, car-
diac rhythm abnormalities and sudden death %82, Therefore, po-
tassium supplementation is commonly prescribed in BS. Yet, due
to the massively upregulated sodium reabsorption in the collecting
duct, renal potassium losses are enormous and the amount of po-
tassium excreted may exceed the amount filtered . While plasma
potassium levels increase with supplementation, this results in an
increased filtered load and consequently increased urinary losses.
Supplemented potassium is thus typically lost in the urine within
a few hours !. Hence, plasma potassium levels depend heavily on
timing of the last dose. Potassium supplements should not be taken

on an empty stomach, otherwise this can generate ulcers. The fol-
lowing recommendation, made for GS, equally applies to BS: KCl
supplements can be administered in water or in a slow-release for-
mulation according to each patient’s preference. The dose will be
titrated according to an individual balance (side-effects vs. symp-
toms), knowing that the maintenance dose may be high. Potas-
sium-rich aliments should be advised, with the caution that some
of them contain high carbohydrate and calories. The target level
for plasma potassium is not exactly known, but a reasonable target
level may be 3.0 mmol/l. Also in GS, a level of 3.0 mmol/l has
been suggested with the explicit acknowledgement that this may
not be achievable in some patients . Supplementation with large
doses may result in serious side effects including gastric ulcers,
vomiting or diarrhoea with worsening biochemistries. A balance
between improvement in blood values and side effects should be
established on an individual basis. Realistic target values may be
lower for some patients and may also change with time.

- Magnesium supplementation

If magnesium needs to be supplemented (mainly in patients with
BS3), oral administration of magnesium salts should be preferred.
In this context, it is important to note that hypomagnesemia may
aggravate hypokalemia and thus may render it refractory to potas-
sium. Organic salts (e.g. aspartate, citrate, lactate) have a higher
bioavailability than magnesium oxide or hydroxide *3. Exact target
levels for magnesium in BS are unknown but a level > 0.6 mmol/l
appears reasonable.

We recommend spreading out salt and electrolyte supplements
throughout the day, as much as possible.

As urinary salt (Na, Cl, K, +/- Mg) losses are continuous, ideal
supplementation would be as close to continuous as possible, to
maintain stable steady state levels. Infrequent large doses of sup-
plementation will cause changes in plasma volume or electrolyte
levels only for a short period of time and due to the increased fil-
tered load will augment urinary losses. Measured blood levels may
vary substantially, depending on timing of the sample in relation
to the last dose. There are no clinical studies investigating this, but
arguably, large variations in plasma levels may be more detri-
mental than subnormal but steady levels. We therefore recom-
mend dividing supplementation into as many doses as tolerable for
the patient. In infants receiving continuous tube feeds, supple-
ments should be added into the feed. Older patients may prefer to
mix the daily dose in a bottle of water, from which they can drink
throughout the day.

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Chloride reabsorption in the macula densa is a key signal in tubu-
loglomerular feedback (TGF) 88, Decreased chloride reabsorp-
tion leads to induction of cyclooxygenase-2 (COX2), with en-
hanced prostaglandin production and consequent renin release
from juxtaglomerular cells %. Since the macula densa is part of the
TAL and since sodium-chloride reabsorption is impaired in BS,
TGF is impaired in patients with BS with upregulation of COX2,
explaining the dramatically elevated levels of prostaglandins and
renin in BS, as well as the hypertrophy of the juxtaglomerular ap-
paratus, that was part of the initial description of the syndrome by
Bartter >!°. Based on the underlying pathophysiology it therefore
makes sense to pharmacologically suppress COX2 activity and
multiple clinical observational studies have shown benefit, in the
form of improved growth and electrolyte profile 8-, The use of




selective COX2 inhibition has also been reported in BS 1%,
Commonly used NSAIDs in BS are indomethacin (1-4 mg/kg/d
divided in 3-4 doses), Ibuprofen (15-30 mg/kg daily in 3 divided
doses) and Celecoxib (2-10 mg/kg/d in 2 divided doses).
However, the recognition that use of the selective COX2 inhibitor
rofecoxib in adults with chronic pain was associated with in-
creased cardiovascular risks has left to the withdrawal of most
medications in this class, except for celecoxib **. It is unclear, to
what degree these cardiovascular risks apply to patients with BS,
but interestingly, higher blood pressures, albeit still in the normal
range, were noted in patients with BS when treated with rofecoxib
compared to indomethacin *°. There is currently not sufficient ev-
idence to make a recommendation for the use of a specific NSAID
in BS and the risks of gastrointestinal and cardiovascular side ef-
fects need to be considered individually. Especially if used in the
first few weeks or months of life in premature neonates, the risk
of necrotising enterocolitis should be carefully considered. It is
also important to note that rehydration should be achieved before
initiating NSAID therapy because the potential nephrotoxicity de-
pends on the volume status.

The efficacy of NSAIDs in tubulopathies such as BS is sometimes
erroneously ascribed to a reduction in GFR, with consequently re-
duced urinary salt losses (“chemical nephrectomy”). In clinical ex-
perience, however, commencement of NSAIDs in BS typically re-
sults in clinical improvement, including a stable or even increased
GFR, likely reflecting the enhanced volume status 6. Chronic use
of NSAIDs for pain is strongly associated with chronic kidney dis-
case (“analgesic nephropathy”) *. Whether this increased risk also
applies to patients with BS has been disputed *7*8, While CKD is
a common complication of BS, the aetiology of this is likely man-
ifold, including prematurity and recurrent episodes of dehydration,
so that the specific role of NSAIDs is difficult to determine. Argu-
ably, the elevated levels of prostaglandins and renin in BS, which
are the indication for NSAIDs, may protect against at least some
of the toxicity observed in patients with intact TGF. Indeed, it has
been speculated that the persistent elevation of prostaglandins,
renin and aldosterone with consequent glomerular hyperfiltration
may cause glomerular damage and that life-long treatment with
prostaglandin synthesis inhibitors may therefore actually protect,
rather than impair long-term kidney function 3>%, Nevertheless,
there are reports of “tolerance” to NSAIDs over time, as well as of
discontinuation of NSAIDs at school age due to a perceived lack
of efficacy **%. It is unclear, whether this is related to (insuffi-
cient) dosing or a change in the pathophysiology and whether at
some point, the risks of NSAIDs may outweigh the benefits. In the
absence of good clinical evidence, chronic use of NSAIDs should
be considered carefully in each individual patient and tapering
down or cessation may be indicated in stable patients.

Gastric acid inhibitors

Indomethacin and ibuprofen are non-selective inhibitors of COX
enzymes, affecting both COX1 and COX2 isoforms. In contrast,
celecoxib primarily inhibits COX2. COX1 is expressed in multiple
tissues and inhibition is associated with potentially serious and
well recognised side effects, such as gastric ulcers, necrotising en-
terocolitis and intestinal perforation, which have been recurrently
reported also in patients with BS receiving NSAIDs 43:8%100.101,
Thus, if non-selective COX inhibitors are prescribed this should
be accompanied by gastric acid suppression. If proton pump

inhibitors (PPI) are used, there is a small risk of PPI associated
hypomagnesamia that could compound renal magnesium wasting.
Conversion to H2-blockers or other antacids is recommended in
those instances.

Supportive treatment

Growth failure is a common complication of BS and often part of
the initial presentation. As with other chronic renal conditions, di-
etetic support is important to maximise caloric intake and facilitate
optimal growth. Especially in infants and young children, tube
feeding may need to be considered. A feeding tube will not only
help to achieve adequate caloric intake, but also the administration
of salt supplements.

K-sparing diuretics, ACEi and ARBs, thiazides

The hypokalemic alkalosis of BS is generated in the collecting
duct, mediated by aldosterone (reviewed in !). Consequently, K-
sparing diuretics, as well as drugs suppressing the renin-angioten-
sin system, such as angiotensin converting enzyme inhibitors
(ACEIi) and angiotensin receptor blockers (ARBs) can help ame-
liorate the electrolyte abnormalities in BS and their use has been
recurrently reported 3743192194 Tt is important to remember, how-
ever, that BS is primarily a salt wasting disorder and that the en-
hanced sodium reabsorption in the collecting duct is one of the key
mechanisms to compensate for the lack of salt reabsorption in
TAL. Consequently, drugs that inhibit distal sodium reabsorption,
while improving abnormalities in plasma electrolyte concentra-
tions, worsen the salt wasting and risk critical hypovolemia. Ar-
guably, some of the sudden deaths reported in BS may have been
caused by hypovolemia, rather than hypokalemia !. We therefore
do not recommend the routine use of these drugs. Instead, they
should be considered carefully in individual cases and may be in-
dicated in those who have severe symptoms from the electrolyte
abnormalities, such as recurrent paralysis, cardiac rhythm or res-
piratory disturbances, despite maximisation of routine treatment
with NSAIDs and salt supplements 1%,

Thiazides are occasionally used in an attempt to reduce calcium
excretion, also in BS. There are no data on efficacy. Considering
the pathophysiology of BS, compensatory salt reabsorption in the
DCT is critical for maintenance of volume homeostasis. This is
reflected also by the massive hypertrophy of the DCT in animal
models of BS '%. In the absence of informative clinical data, the
use of thiazides in BS should be discouraged.

Growth Hormone

Growth failure with growth hormone (GH) deficiency in BS has
been reported recurrently 404319710 ‘Whether this is an intrinsic
part of the disorder or a secondary complication of the altered acid-
base and/or electrolyte homeostasis is unclear, but two lines of ev-
idence suggest the latter:

e most reports of GH deficiency concerned patients with BS3,
who have the most severe abnormalities in acid-base and elec-
trolyte homeostasis (see above);

o severe alkalosis will affect proton binding to proteins, includ-
ing enzymes and by that may affect charge and consequently
folding and function of these proteins. A dramatic improve-
ment in multiple physiological pathways with correction of al-
kalosis has been reported '%°.



In addition, elevated systemic prostaglandins may contribute to
growth failure. In one report, a patient with BS3 and GH defi-
ciency failed to respond to thGH supplementation until treatment
with a COX inhibitor was commenced 4. Thus, before commence-
ment of thGH, optimization of metabolic control should be at-
tempted.

VL. FOLLOW-UP

We suggest that patients should be followed at regular intervals by
physicians with a special expertise in renal tubular disorders. Clin-
ical and biochemical features and complications vary widely de-
pending on the underlying molecular defect and between individ-
ual patients. Therefore, treatment and follow-up should be tailored
to the patient on the basis of clinical manifestation, medical his-
tory, stage of development, molecular defect and the clinician’s
expert judgement. The experts should be in close contact with the
patient’s local health care provider (general practitioners and/or
paediatricians), In addition, according to age and/or genotype,
other professions might be involved such as dieticians, social
workers, psychologists, endocrinologists and otolaryngologists
(BS4).

At each follow-up visit, the following clinical features should be
addressed: hydration status, degree of polyuria, and muscular
weakness. In children, there is also special emphasis on growth
(weight, height, height velocity) and pubertal development. In ad-
dition, adverse effects of NSAIDs should be sought. In case of in-
tercurrent illness, it has to be kept in mind that NSAIDs might pre-
vent fever and may thus mask the severity of infectious diseases.
Regular biochemical work-up includes acid base status, serum
electrolytes (including bicarbonate, chloride and magnesium), re-
nal function (creatinine or cystatin C), PTH, and urinary calcium
excretion. Renin and aldosterone levels may be helpful in as-
sessing the adequacy of NSAID treatment. Urine osmolality can
help identify those patients with secondary NDI. Renal ultrasound
should be performed every 12-24 months for monitoring of
nephrocalcinosis/kidney stones. Moreover, it might prove helpful
for the assessment of bladder dysfunction and secondary obstruc-
tive uropathy as a consequence of polyuria.

During follow-up, the routine assessment of quality of life (QoL)
using age-specific standardized questionnaires would be highly
desirable. First small case series in patients with salt losing tubu-
lopathies showed that QoL scores are directly influenced by dif-
ferent biochemical parameters such as aldosterone or potassium

and thus may help to define better therapeutic targets in the future
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Long term outcomes and complications

Published data on long term outcomes and prognosis in BS are
sparse. Whereas nephrocalcinosis and hypercalciuria are present
in the majority of patients (except BS3 patients with a Gitelman-
like phenotype), the prevalence of (symptomatic) urolithiasis in
BS appears relatively low ¥, but extensive data are lacking !'!.
Nephrotic range proteinuria has also been reported in BS patients
4043112 When renal biopsies are performed, they often show dif-
fuse glomerular and tubulointerstitial lesions with enlarged glo-
meruli and FSGS ¥7. Some, but not all showed juxtaglomerular ap-
paratus hypertrophy. Recently, Seys et al suggested that patients
with BS1 and BS4 had more severe eGFR decrease and showed

more CKD stage 3-5 than BS2 and BS3 377, Next to the molecular
defect itself (especially in BS4 °7, other risk factors potentially
contributing to chronic kidney injury could be premature birth/low
birth weight, nephrocalcinosis, chronic dehydration state and pro-
gressive proteinuria related to hyperfiltration because of RAS ac-
tivation, treatment with NSAIDs (while contradictory data have
been published; also see above) and hypokalemia. True hypoka-
lemic nephropathy has been suggested to occur in animal studies
113,114 "hut whether it is a real entity in humans is controversial !5,
In both GS and BS patients, there seems to be no correlation be-
tween serum potassium levels and eGFR 3715, Some patients pro-
gress to end-stage kidney disease (ESKD) and require dialysis or
kidney transplantation, but exact data are lacking. To date, only a
small number of kidney transplantations at an age between 11 and
27 years (cadaveric and living-related) has been reported in the
literature *7-116-122_ Interestingly, the underlying molecular defects
in most of the cases were in CLCNKB, suggesting that chronic hy-
perfiltration and/or the more severe electrolyte abnormalities in
BS3 are the most important risk factors for ESKD. Pre-emptive
nephrectomy and kidney transplantation before reaching ESKD
has been reported, but is not routinely performed nor recom-
mended 2. As expected, in all cases, the electrolyte abnormalities
and polyuria were corrected and recurrent disease was not ob-
served.

Cardiac work-up/anaesthesia/sports

Hypokalemia with or without additional magnesium depletion
prolongs the duration of the action potential in cardiomyocytes,
resulting in prolonged QT interval which could lead to an in-
creased risk for ventricular arrhythmias. Isolated reports on car-
diac arrhythmias, long QT and sudden death have been reported in
BS patients 8124125 therefore an electrocardiogram (ECG) should
be performed at rest to assess rhythm and QT duration. A further
cardiology workup, as previously recommended for GS ¢, is indi-
cated when patients complain of palpitations or syncope (e.g.,
Holter, stress ECG), or if the ECG abnormalities persist despite
attempted improvement of the biochemical abnormalities 26,
Drugs slowing sinus rhythm or influencing the QT interval such
as negative chronotropic drugs or drugs potentially inducing or ex-
acerbating hypomagnesemia such as proton-pump inhibitors, mac-
rolides, fluorchinolones, gentamicin, antiviral drugs, should be
avoided.

Caution should be taken when patients with Bartter’s syndrome
undergo anesthesia. Hypokalemia and hypomagnesemia can po-
tentiate the effects of local and general anesthetic agents such as
neuromuscular blockade during general anesthesia and adrenalin
use in regional blockade. However, there is no definitive evidence
to suggest exact preoperative levels of potassium that is safe. In
the general population, guidelines suggest aiming for potassium
levels above 3.0 mmol/l (and magnesium above 0.5 mmol/1) '?7.
In BS, there is no evidence suggesting that participation in sports
is deleterious. In any case, volume depletion should be prevented
and additional salt or electrolytes or both may help. However,
strenuous exercise or competition practice should be avoided in
particular in cases of a history of cardiac manifestations or pro-
longed QT when a cardiology workup is advised.



Pregnancy considerations

Pregnancy is associated with a stimulation of the renin-angioten-
sin-aldosterone system, which potentially aggravates renal potas-
sium wasting '28. This effect is, at least in part, counterbalanced by
marked hemodynamic changes (systemic vasodilatation) and in-
creases in plasma progesterone levels 2. However, during normal
pregnancy, serum potassium levels decrease by 0.2 — 0.5 mmol/l
around midgestation '*!30, Thus, in pregnant women with BS, the
timely institution of a joint management plan involving nephrol-
ogy and obstetrics as well as appropriate adaptations in therapy is
mandatory. In patients with BS, the occurrence of hyperemesis
gravidarum may be particularly dangerous because of the subse-
quent electrolyte disturbances that may necessitate early paren-
teral fluid and electrolyte supplementation. During pregnancy, the
target level for plasma potassium is unknown, but generally speak-
ing, a level of 3.0 mmol/l has been suggested with the explicit
acknowledgement that this may not be achievable in some patients
85, Pregnant women with BS should be informed about increased
requirements of electrolyte supplements, that RAS blockers are
contraindicated, and that NSAIDs are discouraged during preg-
nancy. Monitoring of plasma electrolyte levels is advised during
labour. Therefore, in hospital childbirth might be considered to re-
duce risks of maternal complications. The overall outcome for
women with BS and their infants described to date is favourable
129.131-134 "Thjg includes cases where the diagnosis of BS was un-
known before pregnancy 2133135 After delivery, the treatment of
the mother may return to baseline supplementation.

VII. PATIENT EDUCATION

Disease specific education for patients suffering from BS and their
families is highly important for patient empowerment. Information
can be provided through various channels, including age appropri-
ate personal education, information leaflets, web-based infor-
mation with special pages directly addressing patients and parents,
patient-led forums and patient and family group support events
(table 5). Furthermore, it is vital that patients know what to do in
case of emergency.

Medical identity bracelets should be considered to alert acute care
doctors to the underlying diagnosis in case of sudden deteriora-
tions. A medical report that lists disease specific information and
prescribed medications should always be carried by patients while
travelling. Patients should be allowed to carry their medications
on board an aircraft.

“Sick day rules” may be helpful in case of intercurrent illness (ta-
ble 6).

BS itself and comorbidities resulting from extreme prematurity in
a subset of BS patients can compromise school performance (e.g.
difficulty to concentrate, learning disabilities, school absence).
Depending on the country, various measures to support these chil-
dren may be available and should be utilized.

Work performance can be limited in older patients. Occupational
therapists may in some instances (e.g. in large companies) be able
to assist patients in finding support for their individual situation.
Consideration for extra rest time, reduced workload or the option
to work from home may allow patients to still participate in work
life if, for example, muscle weakness or fatigue prevent patients
from working full time.

Patients are often hesitant to disclose their condition to employers
because they are afraid to lose their job. However, patients should
be encouraged to share information about the disease, ideally by
providing educational material about BS.

VIII. CONCLUSION AND PERSPECTIVES

The identification of genes involved in BS with the consequent
insights into the molecular pathophysiology is relatively recent.
Therefore, long-term follow-up data from genetically defined co-
horts are limited. With time, as more such data become available,
our knowledge of the natural history, treatment response and long-
term complications and quality of life will improve, and thus di-
rectly influence patient management. We thus anticipate that as
more data become available, the recommendations made here will
need to be updated and revised.
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Figure 1 Pathophysiology of Bartter syndrome. Schematic model of salt transport
in the thick ascending limb (TAL) and the distal convoluted tubule (DCT) with
associated defects in Batter syndrome (BS) indicated. In the TAL, NaCl is reab-
sorbed into by the NaK2Cl cotransporter NKCC2, mutated in BS type 1. Here, the
K ion is recycled into the tubular lumen via the apical K channel KCNJ1 (ROMK),
mutated in BS type 2. In the DCT, NaCl enters the tubular epithelium via the NaCl
cotransporter NCC. In both tubular segments, Cl leaves the cell on the basolateral
side through Cl-permeable ion channels CIC-Ka and CIC-Kb. A molecular defect
of CIC-Kb causes BS type 3. Mutations in either the accessory subunit Barttin or a
combined defect of both chloride channels CIC-Ka and CIC-Kb result in BS type
4a and b. Finally, transient BS type 5 is caused by mutations of MAGE-D2.
MAGE-D2 was discovered as part of a protein complex regulating NKCC2 and
NCC function. MAGE-D2 stimulates trafficking by protecting NKCC2 and NCC
from intracellular degradation via HSP40 and promotes apical targeting of NKCC2
and NCC via Gs-alpha **.

Aggregate evidence quality Benefit and harm balanced

Level A

Benefit or harm predominates

: well-designed and
trials, lyses on applicable
« Diagnosis: independent gold-standard
studies of applicable populations

Level B

Trials or diagnostic studies with minor
limitations; consistent findings from multiple
observational studies

Level C

Single or few observational studies or multiple
studies with inconsistent findings or

major limitations

Weak recommendation
(based on balance of
benefit and harm)

Moderate
recommendation

Level D
Expert opinion, case reports, reasoning
from first principles

Level X

Exceptional situations where validating

studies cannot be performed and benefit Moderate

or harm clearly predominates recommendation

Figure 2 American Academy of Pediatrics grading matrix for determining the lev-
els of evidence and strength of recommendations (Pediatrics 2004, from Haffner et
al, Nat Rev Nephrol 2019).

Weak recommendation

(based on lowquality evidence) N recommendation may be made

Table 1 Molecular genetics of Bartter syndrome

Typel | Type2 | Type3 Ti;’e Typedb | Type5
OMIM | 601678 | 241200 | 607364 | 602522 | 613090 | 300971
CLCNKA | .\
Gene SLCI2AI | KCNJI | CLCNKB | BSND + GED2
CLCNKB
KCNJ1
CIC-Ka
Protein | NKCC2 <R?)£AK CICKb | Barttin | +CIC- MADS’E'
Kirl.1) Kb
Inher-
. AR AR AR AR AR XLR
itance

Abbreviations: OMIM, Online Mendelian Inheritance in Man; AR, autosomal re-
cessive; XLR, X-linked recessive

Table 2 Main clinical and biochemical characteristics of different types
of Bartter syndrome (Data from REFS 3>3°)

Type 1 Type 2 Type 3 Type 4 Type 5
4a 4b
Age at onset prenatally prenatally 0-5 years prenatally prenatally
Polyhydram- severe severe absent-mild severe very severe
nios
Gestational 32(29-34) 33 (31-35) 37 (36-41) 31 (28-35) 29 (21-37)
age at birth
(median,
IQR)
Leading polyuria polyuria hypokalemia polyuria polyuria
symptoms hypo- hypo- hypochlore- hypochlore- hypo-
chloremia chloremia mia mia chloremia
alkalosis alkalosis alkalosis alkalosis alkalosis
hypokale- transient failure to hypokale- hypokale-
mia neonatal thrive mia mia
hyperkale-
mia
Calcium ex- high high variable variable high
cretion
Nephrocalci- very fre- very fre- rare, mild rare, mild rare, mild
nosis quent quent
Plasma normal normal decreased decreased increased
CI/Na ratio
Other fin- mild hypo- deafness large for
dings magnesemia risk for gestational
CKD, age
ESRD transient
disease

Abbreviations: IQR interquartile range; CKD chronic kidney disease; ESRD end
stage renal disease

Table 3 Age-specific reference values (5" and 95" percentiles) for urinary Ca/Cr
ratios in children.

Age (years) Urinary Ca/Cr Urinary Ca/Cr

(mol/mol) (mg/mg)

<1 0.09-2.2 0.03-0.81

1-2 0.07-1.5 0.02-0.56

2-3 0.06-1.4 0.02-0.50

3-5 0.05-1.1 0.02-041
5-7 0.04-0.8 0.01-0.30
7-10 0.04-0.7 0.01-0.25
10-17 0.04-0.7 0.01-0.25

Reproduced from Matos et al, J Pediatr 1997; 131:252-257.
Abbreviations: Ca, calcium; Cr, creatinine
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Table 4 Differential diagnosis of Bartter syndrome

Table 5 Web resources for patients with Bartter syndrome

thout salt loss

Apparent mineralocorti-
coid excess
Liddle syndrome

Hypertension, low renin/
aldosterone
Hypertension, low renin/
aldosterone

Nephrocalcino-
sis

Distal renal tubular
acidosis

Proximal tubular defects
Familial hypomagnese-
mia/hypercalciuria
Apparent mineralo-
corticoid excess

Metabolic acidosis

No metabolic alkalosis

No hypokalemic metabolic
alkalosis

Hypertension, low renin/
aldosterone

Abbreviations: CF, cystic fibrosis

Leading symp- | Differential diagnosis Additional findings Country/Region Weblinks
tom Belgium http://www .airg-belgique.org
Polyhydram- Aneuploidia Abnormal karyotype Europe httpf/ /www federg.org
nios of fetal Gastrointestinal tract Variable, empty stomach http://www erknet.org
origin malformation France https//www .airg-france fr
gon%ie nital chloride Dilated intestinal loops Germany http://www .orpha.net/static/DE/barttersyndrom.html
larrhea - — https://www rehakids.de
Salt loss Pseudohypoaldo- Metabolic acidosis, —
steronism type I hyperkalemia Italy http:/www.iss.it/cnmr
https://associazionebarttergitelman.weebly.com
Salt loss with Congenital chloride Low urinary chloride The Netherlands http://niertube.nl
hypokalemic diarrhea http://nieren.nl/Bartter
alkalosis Pseudo-Bart.ter Syn- Low urinary chloride UK https://rarerenal .org/patient-information/
dr'ome, eg.inCF . https://rarerenal .org/rare-disease-groups/hypokalaemic-
Gitelman syndrome Hypocalcu}rla, hypo- alkaloses-rdg/
magnesemia - .
HNFIB nephropathy Renal malformation, cysts USA https://rarediseases.org/rare-diseases/bartters-syndrome/
MODYS5, hypomagnesemia http://barttersite.org
HELIX syndrome Hypercalcemia, hypohidrosis,
ichthyosis
Autosomal dominant Hypocalcemia, seizures
h; Icemi . . . .
E}ES;?S?ST;IE Ataxia. seizures Table 6 Sick day rules for patients with Bartter syndrome
syndrome developmental delay _ S— .
Surreptious vomiting Low urinary chloride Do not stop taking your medication unless advised by your doctor
Surreptious laxative use Low urinary chloride
Surreptious diuretic use Highly varable urinary
chloride Get your potassium and acid base status checked as soon as possible if you
Hypokalemic Primary hyperaldo- Hypertension, low renin feel unwell for any reason
alkalosis wi- steronism

If you have diarrhea or vomiting, increase your fluid intake but ensure that
you add a pinch of salt, or some electrolyte powder, to anything you drink

If you are vomiting and cannot keep anything down for 24 hours or more, you

should seek immediate medical advice and hold medications, such as in-
domethacin, ibuprofen or celecoxib

Also, seek immediate medical advice if you pass out/faint, or:

- become dizzy

- develop tingling or muscle weakness

- notice an irregular heartbeat (palpitations)

- have painful muscle spasms

and cannot relieve these symptoms with extra salt/potassium supplements

See your doctor if you notice any unusual symptoms, as your medication do-
sage might need altering; a simple blood test may be all that is needed

Don’t forget that your medication (indomethacin, ibuprofen) prevents fever
and may thus mask the severity of infectious diseases (e.g. pneumonia)

Adapted from Blanchard et al, Kidney Int 2017
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B0oX 2 RECOMMENDATIONS FOR THERAPY OF BARTTER SYN-
DROME

B0X 1 RECOMMENDATIONS FOR DIAGNOSIS OF BARTTER SYN-
DROME

A. Prenatal period A. Prenatal period

During pregnancy, a diagnosis of (antenatal) Bartter syn-
drome (BS) should be considered in the presence of a polyhy-
dramnios of fetal origin (grade C, weak recommendation)
We do not recommend the assessment of electrolytes and/or
aldosterone from amniotic fluid for prenatal diagnosis of BS
(grade C, moderate recommendation)

Molecular genetic testing can be applied for prenatal diagno-
sis, however, recommendations should be adapted to country-
specific ethical and legal standards and communicated using
appropriated genetic counseling (grade D, weak recommen-
dation)

Whenever genetic testing is unavailable, the assessment of the
“Bartter index” (AFP x total protein) in the amniotic fluid
might be considered for prenatal diagnosis of BS (grade C,
weak recommendation)

B. Postnatal period

Postnatally, a diagnosis of BS should be considered in the
presence of renal salt wasting, polyuria, rapid weight loss, and
signs of dehydration. Failure to thrive, recurrent vomiting, re-
peated fever, hypochloremic and hypokalemic metabolic al-
kalosis and nephrocalcinosis should raise the suspicion of BS
beyond the neonatal period (grade C, moderate recommenda-
tion)

For initial diagnostic work-up, we recommend the following
(grade C, moderate recommendation)

Evaluation of past medical history including polyhy-
dramnios, premature birth, growth failure, and  family his-
tory)

Biochemical parameters: serum electrolytes (sodium,

chloride, potassium, calcium, magnesium), acid-base

status, renin, aldosterone, creatinine, fractional excretion
of chloride, and urinary calcium/creatinine ratio

Renal ultrasound to detect medullary nephrocalcinosis

and/or kidney stones
We recommend confirming the clinical diagnosis of BS by
genetic analysis whenever possible (grade B, moderate rec-
ommendation)

We suggest offering genetic counseling for families with pro-
bands with confirmed clinical and/or genetic diagnosis of BS
(grade D, weak recommendation)

We do not recommend tubular function tests with furosemide
or thiazides for patients with suspected BS whenever genetic
testing is accessible (grade D, moderate recommendation)

Before the initiation of therapeutic measures (repeated amni-
ocentesis and/or nonsteroidal antiinflammatory drugs
(NSAIDs)) aiming at the reduction of amniotic fluid volume
we suggest to carefully weigh the intended benefit (prolonga-
tion of pregnancy) with the potential risks for the fetus, such
as premature closure of the ductus arteriosus or necrotizing
enterocolitis (grade D, weak recommendation)

Whenever prenatal therapy for the reduction of amniotic fluid
is considered, we suggest involving a multidisciplinary team
including a maternal-fetal medicine specialist, a neonatolo-
gist, pediatric nephrologist and a pediatric cardiologist (in
case of NSAID therapy) (grade D, weak recommendation)

. Postnatal period

We recommend considering pharmacological doses (5-10
mmol/kg/d) of sodium chloride supplementation in patients
with BS (grade C, moderate recommendation)

We do not recommend salt supplementation in patients with
BS and secondary nephrogenic diabetes insipidus (grade D,
weak recommendation)

We recommend using potassium chloride, if potassium is sup-
plemented (grade C, moderate recommendation)

We do not recommend aiming for complete normalization of
plasma potassium levels (grade D, weak recommendation)
Whenever needed, we recommend using oral magnesium sup-
plements, at best organic magnesium salts because of their
better biovailability (grade D, weak recommendation)

We recommend spreading out salt and electrolyte supple-
ments throughout the day, as much as possible (grade C, mod-
erate recommendation)

We recommend considering treatment with nonsteroidal anti-
inflammatory drugs (NSAIDs) in symptomatic patients with
BS, especially in early childhood (grade B, moderate recom-
mendation)

We recommend using gastric acid inhibitors together with
non-selective cyclooxygenase inhibitors (grade C, moderate
recommendation)

We suggest optimizing nutritional support to facilitate opti-
mal growth (grade D, weak recommendation)

We do not recommend routine use of potassium-sparing diu-
retics, ACE inhibitors or angiotensin receptor blockers in BS
(grade D, weak recommendation)

We do not recommend the use of thiazides to reduce hyper-
calciuria in BS (grade D, weak recommendation)
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Box 3 RECOMMENDATIONS FOR FOLLOW-UP OF PATIENTS WITH
BARTTER SYNDROME

A. Frequency and setting of visits

We suggest that patients with BS should be followed in spe-
cialized centers with experience in renal tubular disorders to
facilitate best medical care (grade D, weak recommendation)
We suggest that infants and young children with BS should
be seen at least every 3-6 months, depending on severity of
clinical problems, to ensure adequate metabolic control,
growth and psychomotor development (grade C, weak recom-
mendation)

We suggest that older children with an established therapy
and stable condition should be seen at least every 6 -12
months (grade C, weak recommendation)

We suggest that adult patients should be seen every 6-12
months (grade C, weak recommendation)

We suggest evaluating quality of life (QoL) using age-appro-
priate QoL scales if available from aged 5 years onwards at 2
yearly intervals (grade D, weak recommendation)

. Follow-up of children

At each follow-up visit, we suggest to focus history and ex-
amination on dehydration, degree of polyuria, signs of mus-
cular weakness, growth and psychomotor development (grade
C, weak recommendation)

We suggest that biochemical workup should include acid base
status (either by blood gas or by measurement of venous total
CO2), serum electrolytes (including bicarbonate, chloride,
magnesium), renal function, PTH and urinary calcium excre-
tion (grade C, weak recommendation)

We suggest to assess urine osmolality to test for secondary
NDI (grade C, weak recommendation)

We suggest performing renal ultrasound at least every 12-24
months to monitor nephrocalcinosis, the occurrence of kidney
stones, and sings of secondary obstructive uropathy (grade C,
weak recommendation)

For children with growth retardation despite intensified ef-
forts at metabolic control (optimization of NSAID and salt
supplementation including potassium chloride), we suggest to
consider growth hormone deficiency (grade C, weak recom-
mendation)

C. Follow-up of adults

At each follow-up visit, we suggest to focus history and ex-
amination on dehydration, degree of polyuria, signs of mus-
cular weakness, fatigue and palpitations (grade C, weak rec-
ommendation)

We suggest that biochemical workup should include acid base
status (either by blood gas or by measurement of venous total
CO2), serum electrolytes (including bicarbonate, chloride,
magnesium), renal function, PTH, urinary calcium excretion,
and microalbuminuria (grade C, weak recommendation)

We recommend performing renal ultrasound at least every 12-
24 months to monitor nephrocalcinosis, the occurrence of kid-
ney stones, and sings of secondary obstructive uropathy
(grade C, weak recommendation)

We suggest performing further cardiology workup in patients
complaining of palpitations or syncope (grade C, weak rec-
ommendation)

For pregnant women or those planning to become pregnant,
we suggest the timely institution of
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