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Abstract

Congenital nephrogenic diabetes insipidus (NDI; also known as 
arginine vasopressin resistance) is a rare inherited disorder of 
water homeostasis, caused by insensitivity of the distal nephron 
to arginine vasopressin. Consequently, the kidney loses its ability to 
concentrate urine, which leads to polyuria, polydipsia and the risk 
of hypertonic dehydration. The diagnosis and management of NDI 
are very challenging and require an integrated, multidisciplinary 
approach. Here, we present 36 recommendations for diagnosis, 
treatment and follow-up in both children and adults, as well as 
emergency management, genetic counselling and family planning, 
for patients with NDI. These recommendations were formulated and 
graded by an international group of experts in NDI from paediatric 
and adult nephrology, urology and clinical genetics from the 
European Rare Kidney Disease Reference Network and the European 
Society of Paediatric Nephrology, as well as patient advocates, and 
were validated by a voting panel in a Delphi process. The goal of these 
recommendations is to provide guidance to health care professionals 
who care for patients with NDI and to patients and their families. In 
addition, we emphasize the need for further research on different 
aspects of this potentially life-threatening disorder to support the 
development of evidence-based guidelines in the future.
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reflux and vomiting7. In older children and adults, polydipsia is the 
predominant symptom at diagnosis.

The exact incidence and prevalence of congenital NDI are 
unknown, but the disease is considered to be rare. Secondary forms 
of NDI are more frequent and can be caused by other (inherited) kidney 
diseases that affect the ability to concentrate urine or medications1,7. 
Owing to the rarity of the condition, many practitioners are unfamil-
iar with this diagnosis, let alone its pathophysiology and manage-
ment. Consequently, the diagnosis of NDI is frequently delayed and no 
evidence-based treatment recommendations have been formulated 
to date. Therefore, the European Reference Network on Rare Kidney 
Diseases (ERKNet), the European Society for Paediatric Nephrology 
and patient advocates took the initiative to develop Clinical Practice 
Recommendations (CPR).

In this Consensus Statement, we provide CPR for clinicians who 
are confronted in their practice with the diagnosis, treatment and 
genetic counselling of NDI, which is a challenging and potentially 
life-threatening condition. In addition, we have aimed to set up a 
research agenda that can aid the development of novel therapies and 
evidence-based guidelines in the future. Of note, our recommendations 
do not address secondary genetic or acquired forms of NDI.

Methods
Expert groups
For this CPR consensus paper, we followed the Reporting Items for 
Practical Guidelines in Healthcare statement8. The core group of 
experts comprised specialists from paediatric (G.A., D.Bo., F.E., L.K.K., 
E.L., R.V-P.) and adult (D.Bi., E.H., T.N., F.T., S.W.) nephrology, urology 
(O.A.F.), a clinical geneticist (N.K.) and patient advocates. The voting 
panel comprised 30 members with expertise in paediatric and adult 
inherited kidney diseases, and included members of the supporting 

Introduction
Congenital nephrogenic diabetes insipidus (NDI) is a rare inherited 
disorder of water homeostasis, characterized by insensitivity of the 
distal nephron to antidiuretic hormone (ADH; also known as arginine 
vasopressin (AVP)) (Fig. 1). Consequently, the kidney loses its ability 
to concentrate urine, which leads to polyuria, polydipsia and the risk 
of hypertonic dehydration1.

In 2022, the Working Group for Renaming Diabetes Insipidus, 
representing the global endocrinology community, proposed chang-
ing NDI to arginine vasopressin resistance, which distinguishes it from 
arginine vasopressin deficiency for central aetiologies2. However, this 
new terminology has not been officially adopted and is not yet included 
in the International Statistical Classification of Diseases and Related 
Health Problems (ICD-11)3. Therefore, here we will use the term NDI 
to describe the disease caused by insensitivity of the kidney to AVP.

Patients with NDI are usually born at term; polyuria in utero is 
absent or mild and polyhydramnios is not observed1. The urinary con-
centration defect is present at birth but rarely causes overt symptoms 
in breastfed infants because human milk is relatively poor in salt and 
protein, thereby limiting polyuria and preventing hypernatraemia. 
Conversely, formulas and solid foods increase the kidney solute load 
and cause polyuria.

The mean age at diagnosis is ~4 months4, with polyuria, 
failure to thrive and signs of dehydration as typical presenting 
symptoms (Box 1). Serum osmolality is usually >300 mOsm/kg 
H2O owing to hypernatraemia4, whereas urine is inappropriately 
diluted, with osmolality usually <200 mOsm/kg H2O (urine osmolal-
ity < plasma osmolality). However, urine osmolality can be higher 
than 200 mOsm/kg H2O in milder cases5,6. Infants are particularly at 
risk of dehydration as they have no free access to fluid. In addition, 
the intake of large fluid volumes can cause gastro-oesophageal 

Water
homeostasis

Nephron Collecting duct
principal cell

cAMP PKA

Tight junction

H2OAQP4

AQP2

AQP3

Basolateral
membrane

Apical
membrane

AVP

V2R
Vesicle

Fig. 1 | Simplified scheme of vasopressin-regulated water reabsorption in 
the distal collecting duct. Arginine vasopressin (AVP) binds to the vasopressin 
V2 receptor (V2R) expressed on the basolateral membrane of collecting duct 
cells and initiates a cascade of events that involves receptor-linked activation 
of G protein, activation of adenylyl cyclase, production of cyclic adenosine 
monophosphate (cAMP) and stimulation of protein kinase A (PKA). These 
processes lead to the final step of the antidiuretic action of AVP — the exocytic 

insertion of aquaporin water channels into the luminal membrane — thereby 
increasing the water permeability of that membrane and allowing water to flow 
from the tubule lumen to the hypertonic medullary interstitium. This water 
transport occurs via AQP2 in the apical membrane and via AQP3 and AQP4 
(constitutive water channels) in the basolateral membrane, and enables the 
formation of concentrated urine.
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societies and networks (voting members are listed in the Supplemen-
tary Information). Members of the voting panel provided their expert 
opinion on the recommendations based on a five-point scale (strongly 
disagree, disagree, neither agree nor disagree, agree, or strongly agree) 
according to the Delphi method using an electronic questionnaire. 
When a 70% level of consensus was not reached among the voting panel 
members, recommendations were adjusted after discussion in the core 
group and reviewed again by the voting panel until a consensus level 
of at least 70% was achieved.

Development of PICO questions
To ensure that the statements derived from this work could be trans-
lated into actionable recommendations, the core group developed 
patient population, intervention, comparator and outcomes (PICO) 
questions9 (Supplementary Table 1) to be addressed in the literature 
searches. Each PICO question formed the basis for one recommen-
dation and the population included children and adults with con-
genital NDI. Recommendations were developed based on available 
studies investigating the clinical phenotype, genetics and manage-
ment of NDI. Regarding outcomes, we provide recommendations 
for diagnosis, genetic counselling, family planning, follow-up and 
treatment with respect to kidney and urinary tract diseases, children’s 
growth and emergency situations, as well as treatment-associated or 
disease-associated complications and comorbidities.

Literature search
A literature search was conducted for each PICO question. The Pub-
Med database was searched for papers published between 1950 and 
December 2023. All papers regarding human studies in English were 
considered, including prospective randomized controlled trials, uncon-
trolled or observational studies, registries, summaries and case series. 
In vitro and animal studies were selected to inform the future research 
agenda for the development of new targeted therapies. The following key 
medical subject headings terms were identified: nephrogenic diabetes 
insipidus, NDI, arginine vasopressin type 2 receptor (AVPR2; also known 
as vasopressin V2 receptor (V2R)) and aquaporin 2 (AQP2). The search 
retrieved 231 results and 102 articles (85 in the main text and 17 additional 
non-overlapping articles listed in the Supplementary Information).

Grading of recommendations
We followed the grading system from the American Academy of Pae-
diatrics to evaluate and grade the recommendations10,11. The quality 
of evidence is graded high (A), moderate (B), low (C), very low (D) 
or not applicable (X). Grade X was used for exceptional situations in 
which validating studies cannot be performed, and benefit or harm 
clearly predominate. The strength of a recommendation is graded 
strong, moderate, weak or discretionary (when no recommendation 
can be made).

Diagnostic approach
Rationale for diagnostic approach
We recommend suspecting NDI in infants and children who present 
with polyuria, polydipsia, failure to thrive and hypernatraemic dehy-
dration, and in adults with unexplained polyuria and polydipsia.  
A comprehensive family history and pedigree construction is essential 
to identify family cases. The initial work-up consists of measuring serum 
sodium, serum osmolality and urine osmolality. The detection of inap-
propriately diluted urine (that is, urinary osmolality <200 mOsm/kg 
H2O), in combination with high–normal or elevated serum sodium is 

pathognomonic for the diagnosis of diabetes insipidus (nephrogenic 
or central) and warrants early genetic testing if NDI is suspected (Fig. 2).

We recommend, when possible, starting the diagnostic pro-
cess with genetic testing in all patients with clinical and biochemical 
symptoms of NDI. For practical reasons, in patients who present with 
polyuria and polydipsia, an extended biochemical work-up is usu-
ally performed simultaneously with the initial work-up to exclude 
other polyuric disorders, including diabetes mellitus, renal Fanconi 
syndrome or Bartter syndrome (Table 1).

Rationale for early genetic testing
Approximately 90% of all affected patients have the X-linked form of 
NDI (OMIM #304800) caused by pathogenic variants in AVPR2 (chromo-
some Xq28), and most patients are male6. A minority of patients (<10%) 
have autosomal forms of NDI caused by pathogenic variants in AQP2 
(chromosome 12q13.12), which encodes the AQP2 water channel. These 
autosomal forms are inherited as autosomal-recessive (OMIM #222000) 
or autosomal-dominant (OMIM #125800) traits, affecting males and 
females equally7,12–15. Autosomal-dominant NDI caused by pathogenic 
AQP2 variants might be underdiagnosed, as these patients might be able 
to compensate for the AQP2 loss and therefore not show all symptoms.

Box 1 | Clinical signs and symptoms at 
presentation of nephrogenic diabetes 
insipidus
 

Weight and height gain
 • Failure-to-thrive
 • Poor growth

Skin
 • Dry skin
 • Low skin turgor

Head
 • Sunken fontanel

Eyes
 • Increased periorbital folding
 • Sunken eyeballs

Heart
 • Tachycardia

Abdomen
 • Sunken abdomen

Neurological symptoms
 • Irritability
 • Fever
 • Seizures

Gastrointestinal symptoms
 • Excessive thirst, preference for water
 • Vomiting
 • Poor appetite
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Genetic testing can provide an early and definite diagnosis, with 
important implications for clinical management and outcome, and 
can avoid unpleasant, challenging, and potentially harmful diagnostic 
procedures, including the desmopressin (DDAVP) test or the water 

deprivation test. An early diagnosis also prevents prolonged, unrec-
ognized periods of severe hypertonic dehydration, which can result in 
seizures, developmental delay and cognitive impairment16–18.

A minority of individuals with X-linked NDI have AVPR2 pathogenic 
variants associated with partial insensitivity to AVP15,19,20. A genetic 
diagnosis can help to identify these patients with partial NDI, in whom 
laboratory test results can be difficult to interpret and distinction from 
(partial) central diabetes insipidus (AVP deficiency) is challenging.

An early genetic diagnosis is also crucial for precise genetic 
counselling. It informs recurrence risks and can support patient 
decision-making regarding family planning, including reproductive 
options such as prenatal and preimplantation genetic testing. In addi-
tion, a genetic diagnosis offers presymptomatic testing opportuni-
ties for family members at risk. Especially in cases of X-linked NDI, 
awareness of carrier status of a familial AVPR2 pathogenic variant in 
female family members can support them and their partners in making 
an informed decision regarding their reproductive options. Finally, 
the identification of a genetic cause of NDI can have implications for 
determining the eligibility of patients for future genetically stratified 
clinical trials.

In families without a history of NDI, molecular genetic testing 
might identify de novo pathogenic variants, which is important to 
determine the genetic risk status of the extended family. A study of 
a large global cohort of patients with NDI revealed that a de novo 
pathogenic variant arose during oogenesis in the mother in 20% of 
isolated cases21.

In male offspring of heterozygote AVPR2 mutation carriers, we 
strongly recommend genetic testing in umbilical cord blood directly 
after birth (when this has not been performed at the prenatal stage), as 
it might prevent primary manifestations of the disorder by facilitating 
early treatment and monitoring18.

We strongly recommend performing genetic testing in a labora-
tory accredited for diagnostic genetic testing. We recommend the 
use of a massively parallel sequencing-based multigene panel that 
includes at least AQP2, AVPR2 and AVP (for differential diagnosis of 
central diabetes insipidus) to identify the genetic cause of NDI at the 
most reasonable cost while limiting incidental findings. The use of 
a multigene panel that additionally includes copy number variant 
analysis is highly recommended. Of note, genetic testing with such 
a multigene panel is recommended even for females with overt NDI. 
Overt NDI in females can be caused by biallelic pathogenic variants 
in AQP2, but some females with AVPR2 pathogenic variants (10%) also 
develop the complete NDI phenotype22,23. The latter phenomenon is 
most likely due to X-inactivation of the chromosome that does not 
carry the AVPR2 pathogenic variant24,25.

Other diagnostic tests
If genetic testing is not available or inconclusive (5–10% of cases, per-
sonal communication of Daniel G. Bichet, Rosa Vargas-Poussou), we 
recommend performing the following diagnostic tests (Box 2 and Fig. 2).

Plasma copeptin. Measurement of blood AVP is challenging as the 
hormone is unstable and the measurement is cumbersome. In adults, 
we recommend measuring plasma copeptin as a suitable alternative, 
as copeptin (CT-proAVP) is released in an equimolar 1:1 ratio with AVP26. 
Baseline plasma copeptin levels above 21.4 pmol/l have been reported 
as diagnostic for NDI in adult patients26. Because these copeptin values 
are significantly higher than those observed in patients with other 
polyuric disorders27–29, for most adult patients with NDI no additional 
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Fig. 2 | A diagnostic algorithm for NDI. Nephrogenic diabetes insipidus (NDI) 
should be suspected in patients with unexplained polyuria, polydipsia, failure 
to thrive and/or hypernatraemic dehydration. The initial biochemical work-up 
consists of measuring urine and serum osmolality, and serum sodium. In patients 
with urine osmolality <200 mOsm/kg H2O and normal or high serum sodium, 
the diagnosis of DI is probable and early genetic testing is recommended. Early 
genetic testing should also be performed in patients at risk of NDI (for example, 
male offspring of a mother carrying an AVPR2 mutation). When early genetic 
testing is not available, other diagnostic tests can be recommended. Extended 
biochemical evaluation is performed to exclude polyuric disorders other than 
NDI. Plasma copeptin measurements are validated in adults, but not in children. 
The desmopressin (DDAVP) test can distinguish patients with central DI (CDI) 
(normal urine concentration capacity after the administration of DDAVP) and 
NDI (no response to DDAVP). Partial response to DDAVP is defined as an ability to 
increase urine osmolality above the baseline, but not reaching the reference values 
(600 mOsm/kg H2O in children <1 year; 600–800 mOsm/kg H2O in children aged 
1–2 years; 800 mOsm/kg H2O in children aged >2 years). In patients with suspected 
primary polydipsia, a water deprivation test can be considered, although its 
diagnostic accuracy is limited. Of note, a water deprivation test is contraindicated 
in patients with a history of hypernatraemic dehydration and inappropriately 
diluted urine. In adults, copeptin levels after stimulation with hypertonic saline 
or arginine can help to distinguish primary polyuria and DI. *An assessment 
of copeptin levels is only useful to exclude CDI (arginine vasopressin (AVP) 
deficiency) if they are ≥21.4 pmol/l (indicative of NDI) and sodium levels are above 
147 mmol/l because there is a large overlap between unstimulated copeptin levels 
in patients with AVP deficiency and primary polydipsia.
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testing is necessary. Adults with plasma copeptin <21.4 pmol/l should 
be tested for AVP deficiency (central DI) and primary polydipsia using 
infusion tests with hypertonic saline or arginine28,30,31. Only a few 
reports have evaluated the diagnostic values of plasma copeptin in 
paediatric polyuric disorders32–36.

DDAVP test. The urine concentration test uses DDAVP, a synthetic AVP 
analogue with specific affinity for AVPR2, to assess the responsiveness 
of the kidney to AVP1,37. The test should be performed with caution, 
especially in patients who cannot adapt their fluid intake according 
to thirst (for example, infants or patients who receive water through 
intravenous lines or nasogastric tubes). Patients with NDI usually 
show complete unresponsiveness to DDAVP. Patients need to be 
carefully monitored for their fluid intake, as ongoing fluid intake in 
patients with intact urinary concentration (for example, those with 
habitual polydipsia, can cause severe hyponatraemia). Protocols for 
intranasal and intravenous DDAVP tests are provided (Supplementary 
Boxes 1 and 2).

Water deprivation test. A water deprivation test (Supplementary 
Boxes 3 and 4) can be of value to assess a urinary concentration defect 
in selected patients (children and adults) with polyuria of unclear aeti-
ology. However, in patients who present with high-normal or elevated 
serum sodium, and inappropriately diluted urine, the diagnosis of 
diabetes insipidus is already established. In such situations, perform-
ing a water deprivation test is not only unnecessary but poses a risk of 
severe dehydration38. Of note, the interpretation of urinary concentra-
tion ability after water deprivation can be difficult, as individuals with 
long-standing polydipsia do not concentrate urine up to the normal 
limits39, presumably owing to decreased AQP2 expression in the renal 
collecting duct, limiting the response to exogenous ADH40.

Treatment and follow-up in children
Rationale for treatment in children
Treating children with NDI is particularly challenging, especially in 
infants and toddlers who cannot clearly express their thirst. Feeding 
difficulties and frequent vomiting place a significant burden on fami-
lies. Managing these patients requires specialized expertise, not only 
from the responsible physician but also from the entire paramedic 
team, including specialized nurses, dietitians, psychologists and social 
workers1.

Fluid intake. We recommend ad libitum access to fluid in all patients 
with NDI to prevent dehydration, hypernatraemia, growth failure and 
constipation (Box 3). In patients who are old enough and capable of 
self-regulating their fluid intake, the determination of the optimal 
amount of fluid is best left to their own thirst sensation; the patient’s 
osmosensors and the subsequent development (or suppression) of 
thirst1 tend to be more sensitive and accurate than any medical calcula-
tion. Consequently, most patients exhibit normal serum sodium levels 
at steady state and with free access to water. For patients who cannot 
self-regulate their fluid intake (for example, infants or individuals 
with a cognitive impairment), water should be offered frequently on 
top of their regular fluid intake. If patients need to fast for prolonged 
periods (>4 h), for example, prior to anaesthesia, intravenous water 
administration should be provided. A reasonable initial approach is 
5% dextrose (glucose) in water at the usual maintenance rate41. In these 
patients, close monitoring of weight, fluid balance and biochemistry 
is crucial to inform adjustments to the rate of administration and fluid 

composition. Of note, given that this intravenous fluid provides no 
renal osmotic load, urine volume typically decreases considerably. 
Moreover, the infusion of glucose can lead to hyperglycaemia with 
subsequent osmotic diuresis42 and regular control of blood glucose is 
therefore recommended.

Adequate caloric intake and tube feeding. We recommend 
normal-for-age milk intake (instead of water) in infants with NDI to 
guarantee adequate caloric intake. ‘Greedy’ drinking followed by vomit-
ing is commonly reported, especially in infants, and is thought to reflect 
gastro-oesophageal reflux exacerbated by the large fluid volume43. 
Careful spacing of oral feeds and fluid might ease this problem and 
reduce the vomiting.

The commencement of tube feeding (either by nasogastric tube 
or gastrostomy) is a case-by-case decision that should be carefully 
discussed and considered with the family. In NDI, as in other kidney 
diseases, we recommend tube feeding if patients have repeated epi-
sodes of vomiting and dehydration and/or growth failure44. This can 
be helpful to ensure adequate fluid, energy and nutritional intake. 
Especially for parents of young infants, the use of tube feeding can 
reduce the stress associated with trying to achieve adequate nutrition. 
Many infants and young children with NDI will show a preference for 
water over more nutritional fluids and the transition to solid foods 
can be delayed. However, many infants and children manage to grow 
well and avoid serious dehydration with oral intake alone45,46. In three 
retrospective studies, 20–30% of children with NDI had received tube 
feeding at some point, with ~25% of them having had a gastrostomy4,46,47. 
Tube feeding is rarely continued beyond 4 years of age.

Table 1 | Differential diagnoses of NDI

Diagnosis Distinguishing 
characteristics

Refs.

Acquired NDI Adult onset, induced by 
lithium intake

1,7,15,29,53

Central DI (AVP 
deficiency)

Response to DDAVP 1,15,18,29,35,38,43

Primary polydipsia Response to water 
deprivation

1,15,18,29,35,38,91

Poorly controlled 
diabetes mellitus

High urine osmolality
Hyperglycaemia
Glucosuria

1,15,38,91

Secondary forms of inherited NDI

Bartter syndrome, 
types 1, 2 or 5

Polyhydramnios, 
prematurity, 
hypercalciuria and 
nephrocalcinosis

1,7,18,29,43,53,91

dRTA Acidosis
Hypercalciuria or 
nephrocalcinosis

1,91

Nephronophthisis and 
ciliopathies

CKD
Associated anomalies 
(eyes, liver, kidney cysts)

1,29,91

Apparent 
mineralocorticoid 
excess

Alkalosis
Hypertension
Hypercalciuria or 
nephrocalcinosis

1,7,91

CKD, chronic kidney disease; DDAVP, 1‐deamino‐8‐D‐arginine vasopressin or desmopressin; DI, 
diabetes insipidus; dRTA, distal renal tubular acidosis; NDI, nephrogenic diabetes insipidus.
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Slow tube feeding by use of a feeding pump will allow a steady 
administration of the fluid or feed volume, which can reduce vomit-
ing and improve growth. For infants and children who receive tube 
feeding for more than 3 months, insertion of a gastrostomy should 
be considered. A gastrostomy allows continuous tube feeds to be 
administered safely overnight without the risks associated with dis-
lodgement of a nasogastric tube (that is, inadvertent fluid aspiration 
and associated respiratory infections). For many parents, provision 
of a continuous overnight nutritious feed (especially in infancy) 
relieves anxiety. This approach enables families to encourage oral 
intake of liquid or solid food during the day without the added pres-
sure of nutritional concerns. The volume of administered fluid and 
food should be gradually tailed off once consistent growth and weight 
gain have been achieved. This will allow reassessment of the benefit 

of tube feeding and ensure the development and maintenance of 
oral feeding skills.

We recommend support from a dietitian who has experience 
with NDI to ensure nutritional adequacy and provide practical advice 
on energy supplementation of oral fluids, salt and protein intake, or 
tube feeds if required.

Dietary salt and protein intake. We recommend monitoring dietary 
salt and protein intake to reduce renal osmotic load and hence mini-
mize urine volume. As maximal urine osmolality is reduced in NDI, 
patient urinary output is mainly dependent on their renal osmotic 
load, which, in turn, is mainly determined by salt and protein intake. 
In infancy, a feed with a low renal osmotic load (15 mOsm/kg body 
weight/day) is recommended to reduce polyuria and polydipsia, and 
to achieve feed tolerance, weight gain and growth. In clinical prac-
tice, a simplified formula is used to quantify the renal osmotic load: 
mOsm = total protein content (g) × 4 + 2 × (sodium mmol + potassium 
mmol)48 (Supplementary Box 5).

Beyond infancy, this calculation is usually not necessary, although 
for patients on tube feeding, it can be helpful to minimize the renal 
osmotic load of the feed to allow a more liberal oral diet. Salt control 
can be gradually eased, transitioning to a reduced-salt diet (or ‘no 
added salt diet’) by the age of 2 years. Strict avoidance of salt is not 
necessary and can contribute to growth failure49 as salt has a crucial 
role in growth by stimulating cell proliferation, enhancing protein 
synthesis and increasing cell mass50. Salt tolerance will vary between 
children, and this will usually be self-regulated to minimize problems 
related to polyuria and bedwetting. In clinical practice, the reduction 
in dietary salt intake advised is broadly in line with population goals 
for salt or sodium consumption51 (Table 2).

Protein and electrolytes other than sodium also contribute to 
renal solute load but restriction of these solutes is usually not neces-
sary beyond infancy as it can compromise nutrition and contribute to 
poor growth1,15, unless intake is excessive (for example, protein sup-
plements for bodybuilding). Protein intake should match the recom-
mended dietary intake to support growth52. However, for children with 
problematic polyuria, adjusting protein intake closer to the theoretical 
minimum requirements for age (or height-age) might be helpful.

Drug treatment for reducing polyuria. In addition to dietary modifica-
tions, which decrease the renal osmotic load, medications to reduce 
urine output are available, most notably diuretics and prostaglan-
din synthesis (cyclooxygenase (COX)) inhibitors4,43,46,53,54 (Table 3 and 
Supplementary Box 6).

In symptomatic infants and children with NDI, we recommend 
starting treatment with a thiazide and prostaglandin synthesis 
inhibitors. Thiazide diuretics act by inducing mild volume depletion 
and can reduce diuresis by up to 50% in the short term, when com-
bined with a low-salt diet. This effect is presumably mediated by 
hypovolaemia-induced increase in proximal sodium and water reab-
sorption, thereby diminishing water delivery to the anti-diuretic 
hormone-sensitive sites in the collecting tubules and reducing the urine 
output55. Of note, in the long term, a much more moderate reduction 
in urine volume is usually observed.

Drug treatment can be very effective in infancy, with reported 
instances of marked hyponatraemia in patients who maintained 
an unchanged high fluid intake after commencement of drug 
treatment56,57. Thus, close monitoring of fluid balance, weight and 
biochemistry is recommended at the start of treatment and patients 

Box 2 | Recommendations for NDI 
diagnostic approach
 

Recommendation 1
We recommend suspecting diabetes insipidus (DI) in children with  
polyuria, polydipsia, failure to thrive and hypernatraemic dehydration 
with inappropriate low urine osmolality (mostly <200 mOsm/kg H2O)  
(level B, strong).

Recommendation 2
We recommend suspecting DI in adults with unexplained polydipsia 
and polyuria (level B, moderate).

Recommendation 3
We recommend measuring serum sodium, serum osmolality and 
urine osmolality as an initial biochemical work-up in patients with 
suspected nephrogenic DI (NDI) (level B, strong).

Recommendation 4
We recommend extended evaluation to exclude other disorders 
causing polyuria (level B, strong):

 • serum K, Cl, HCO3, Ca, Pi, Mg
 • serum creatinine, urea
 • serum glucose, HbA1C
 • urine glucose, amino acids, low-molecular-weight proteins

Recommendation 5
We recommend early genetic testing in a patient with clinical 
symptoms of suspected NDI (level X, strong).

Recommendation 6
We recommend genetic testing using umbilical cord blood in 
male offspring of a known heterozygote female carrier of an AVPR2 
mutation (level X, strong).

Recommendation 7
We recommend genetic testing of AVPR2 and AQP2 in all 
symptomatic females (level B, strong).

Recommendation 8
We recommend performing genetic testing in laboratories 
accredited for diagnostic genetic testing (level X, strong).
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should be given as much control as possible to self-determine their 
fluid intake. In patients with hypokalaemia induced by thiazides, we 
recommend the addition of amiloride58.

Drug treatment is often discontinued with increasing age — in a 
multi-centre study, treatment with at least one medication decreased 
from 85% in childhood to 56% in adulthood, likely reflecting a perceived 
lack of efficacy and/or concern about side effects47. Whether lack of 
efficacy reflects inadequate dose adjustment, non-adherence to the 
prescribed medications or a true change in the physiological response 
to the treatment is currently unclear.

Similarly, the extent to which chronic use of prostaglandin synthe-
sis inhibitors contributes to the progression of chronic kidney disease 
(CKD) — ~50% of adult patients with NDI also have CKD stage ≥2 —  
remains unclear47. Arguably, effective reduction in urine volume not 
only improves quality of life but can help to preserve kidney function 
by ameliorating urinary tract dilatation, bladder dysfunction and/or 
bladder-emptying problems. Thus, we recommend regular assess-
ment of ongoing drug treatment based on a careful balance of risks 
and benefits.

Rationale for follow-up in children
A key symptom of NDI, especially in infancy, is growth failure. Con-
sequently, height and weight are key parameters at each follow-up 
(Table 4). Basic plasma (Na, K, Cl, HCO3, creatinine, osmolality) and 
urine (osmolality) biochemistry also helps to monitor treatment, 
including the potential side effects of diuretics (if used).

Toilet training. No studies have investigated toilet training in patients 
with NDI. No data suggest that control of bladder function by the nerv-
ous system is different in children with NDI from that in others. Hence, 
we recommend performing toilet training in children with NDI as in any 
other child59. However, given the large urine volumes in NDI, accidents 
can be more frequent and noticeable than in children with intact urinary 
concentrating ability, and full continence is usually reached only in the 
second decade of life.

Some studies report a high incidence of night incontinence 
(referred to as ‘bed flooding’ by some parents because of the large 
urine volumes) in children with NDI, with urine continence at night 
achieved at a median age of 8–11 years46,47. Some parents use ‘double 
nappies’ to contain the urine volumes at night (that is, the use of a 
larger (for example, adult) nappy around the child’s usual nappy, so 
that overflow from the inner nappy is absorbed by the outer one). As 
indicated by our patient representatives, some parents use one or two 
mattress covers and change diapers several times during the night.

Urinary tract pathology. Based on our clinical experience, we rec-
ommend kidney ultrasound at least once every 2 years to monitor for 
urinary tract pathology, referred by some clinicians as ‘flow uropathy’, 
to describe the dilatation of the upper urinary tract, and/or bladder 
dysfunction caused by polyuria46,47.

In a single-centre retrospective study, urological complica-
tions were noted in 46% of patients with NDI. Nocturnal enuresis 
and incomplete voiding were most frequently observed, but large 

Box 3 | Recommendations for treatment and follow-up in children
 

Recommendation 1
We recommend free access to fluid in all children with nephrogenic 
diabetes insipidus (NDI) (level X, strong).

Recommendation 2
We recommend normal-for-age milk intake (instead of water) in infants 
with NDI to guarantee adequate caloric intake (level B, moderate).

Recommendation 3
We recommend considering tube feeding in infants and children 
with repeated episodes of vomiting and dehydration and/or failure 
to thrive (level B, moderate).

Recommendation 4
We recommend that every patient with NDI receives dietetic 
counselling from a dietitian who has experience with the disease 
(level D, strong).

Recommendation 5
We recommend monitoring dietary salt and protein intake to reduce 
renal osmotic load and thereby minimize urine volume. Excessive 
restriction of salt and protein intake can compromise growth (level B, 
moderate).

Recommendation 6
In symptomatic infants and children, we recommend starting 
treatment with a thiazide and prostaglandin synthesis inhibitors  
(level B, moderate).

Recommendation 7
We recommend adding amiloride to thiazide in patients with 
hypokalaemia induced by thiazides (level B, moderate).

Recommendation 8
Treatment efficacy can be evaluated via urine osmolality, urine 
output, weight gain and growth (level D, strong).

Recommendation 9
Ongoing drug treatment should be based on the balance of apparent 
efficacy and concern over development of side effects (level B, 
strong).

Recommendation 10
We recommend toilet training in children with NDI as in any other 
child, although full continence is usually only reached in the second 
decade of life (level D, moderate).

Recommendation 11
We recommend performing a kidney ultrasound at least once every 
2 years to monitor for dilatation of the urinary tract and/or bladder 
dysfunction caused by polyuria (level D, moderate).

Recommendation 12
We recommend that patients with NDI are followed by a multidisciplinary 
team that includes a (paediatric) nephrologist, dietitian, psychologist, 
social worker and urologist (level X, strong).
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bladder capacity and unilateral or bilateral hydronephrosis were also 
reported46. In a retrospective study involving 315 patients with NDI, 
hydronephrosis was reported in 34% of cases47. However, in some 
patients, this alteration can be physiological and radiologists therefore 
commonly advise performing an ultrasound of the urinary tract with 
a filled bladder, which can lead to a transient upper tract dilatation 
that resolves after voiding. However, repeated or ongoing dilatation 
can lead to permanent damage to the urinary tract and/or the kidneys.

Anecdotal reports show evidence of obstruction in patients with 
a thick-walled bladder and post-micturition residual volume, which 
can be managed by cystostomy button drainage60. In another small 
retrospective study of 26 patients with diabetes insipidus (CDI and 
NDI) and hydroureteronephrosis, diagnostic tests revealed detru-
sor underactivity (42.3%), a contractile detrusor (15.4%) and reduced 
bladder sensations (53.9%)61.

For diagnostic evaluation, uroflowmetry is advised to exclude 
dysfunctional voiding. In addition, (video)urodynamic studies can be 
performed to assess bladder dysfunction in more detail. In patients 
with signs of urinary tract pathology, we recommend involvement of 
urologists, especially when invasive diagnostic tests or treatments 
such as clean intermittent catheterization are considered. Obviously, 
the importance of regular and frequent bladder emptying should be 
discussed with the patient to minimize further damage from ongoing 
dilatation. In addition, maximizing medical treatment to reduce urine 
volume can be considered.

Treatment and follow-up in adults
Rationale for dietary recommendations
As NDI is characterized by water diuresis, patients should be advised to 
primarily drink water or other non-caloric beverages. The consumption 
of high-calorie drinks can contribute to the high incidence of obesity 
(41% versus 16% European average; P < 0.001) that is observed in adult 
patients with NDI47. To reduce the renal osmotic load, the recommended 
dietary targets are reduction of salt intake to ≤6 g/day and protein 
intake to ≤1 g/kg/day (Box 4). In practice, adherence to these recom-
mendations is often challenging and malnutrition should be avoided. 
We recommend dietetic counselling to assess salt and protein intake, 
and provide individualized advice based on these recommendations.

Rationale for drug treatment in adults
Adults typically have an intact thirst drive and can maintain appropri-
ate fluid intake to match their large urinary output. No studies have 
systematically investigated the impact of tapering or withdrawing COX 
inhibitors and/or thiazides in adult patients with NDI. Therefore, we rec-
ommend continuing or withdrawing thiazide diuretics depending on 

patient preference and on medical reasons (for example, development 
of thiazide-induced chronic hypokalaemia, gout, hypercholesterolae-
mia or non-melanoma skin cancer62). Owing to concerns of nephro-
toxicity, we recommend discontinuing COX inhibitors once patients 
reach adulthood (≥18 years of age), or even earlier if full continence is 
achieved. Our personal observation (Stephen B. Walsh) suggests that 
most patients do not experience or mind a change in urine volume 
after discontinuing COX inhibitors or thiazide diuretics. However, 
our patient representatives mentioned that some patients drink more 
after discontinuation of these medications and feel more tired than 
before. In patients who prefer to continue treatment with thiazide 
diuretics, hydrochlorothiazide 25 mg once or twice daily is typically 
recommended. Moreover, we recommend reducing salt intake as salt 
restriction potentiates the efficacy of diuretics.

In the case of thiazide-induced hypokalaemia, thiazide diuret-
ics can be combined with amiloride, potentially leading to a further 
reduction in urine output63,64. The effects of chronic thiazide use on 
long-term kidney outcomes are unknown.

Rationale for follow-up in adults
For adults with stable disease and stable estimated glomerular fil-
tration rate, annual follow-up can be sufficient (Table 4). For those 
with unresolved bladder dysfunction, more frequent follow-up by 
nephrologists and urologists might be desirable (for example, every 
3–4 months). A more frequent follow-up schedule is warranted when 

Table 2 | Recommendations for dietary salt and protein intake

Age Salt50 Protein92,93

0–1 year 1 g/day (0.4 g sodium) 0–1 months 1.8 g/kg/day
2–4 months 1.4 g/kg/day
5–12 months 1.3 g/kg/day

1–3 years 2 g/day (0.8 g sodium) 1.1 g/kg/day

4–6 years 3 g/day (1.2 g sodium) 0.95 g/kg/day

7–10 years 5 g/day (2 g sodium) 0.95 g/kg/day

>11 years <6 g/day (2.4 g sodium) 0.85 g/kg/day

Adults <6 g/day (2.4 g sodium) <1 g/kg/day

Table 3 | Drug treatments for polyuria reduction

Medication Proposed 
mechanisms

Comments Refs.

Diuretics

Hydrochlorothiazide Impaired urinary 
dilution in DCT
Enhanced proximal 
water reabsorption 
due to volume 
depletion

Associated low 
sodium intake is 
advised
Efficacy can 
decrease with 
increasing age

46,55, 
94,95

Amiloride Impaired urinary 
dilution in the 
collecting duct
Enhanced proximal 
water reabsorption 
due to volume 
depletion

Used in combination 
with thiazides
Additive effect to 
thiazides
Ameliorates 
thiazide-induced 
hypokalaemia

58,96

Prostaglandin synthesis inhibitors

COX-1 and 
2 inhibitors: 
indomethacin and 
ibuprofen

Enhanced CD water 
permeability and 
reabsorption
Enhanced proximal 
water and salt 
reabsorption

Additive effect to 
thiazides
Gastrointestinal side 
effects and ulcer risk
Potentially 
nephrotoxic

97–100

Selective COX-2 
inhibitor: celecoxib

Reverses the 
negative impact 
of prostaglandins 
on CD water 
permeability and 
reabsorption
Enhanced proximal 
water and salt 
reabsorption

Additive effect to 
thiazides
Reduces the risk 
of gastrointestinal 
bleeding and 
adverse effects 
compared with 
non-selective COX1 
and 2 inhibitors

101–103

CD, collecting duct; COX, cyclooxygenase; DCT, distal convoluted tubule; PG, prostaglandin.
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withdrawing diuretics and COX inhibitors. As mentioned earlier, NDI 
is associated with an increased prevalence of CKD compared with a 
population-based cohort47. which is probably related to voluntary 
retention of urine leading to ‘flow uropathy’. Patients with progressive 
CKD or CKD stage ≥G4 benefit from more frequent follow-up as per 
KDIGO65 or local guidelines. Unless an acute indication for imaging is 
present, we recommend conducting surveillance imaging once every 
2 years (extended to 5 years, if the patient is stable). Kidney ultrasound 
for evaluating dilatation of ureters and the kidney pelvis should ide-
ally be performed before and after emptying the bladder because in 
approximately one third of patients, dilatation will improve with double 
voiding rather than urological interventions (personal experience of 
Daniel G. Bichet).

As NDI is a rare disease and inadequate treatment, particularly 
of functional bladder outflow obstruction, is associated with poorer 
long-term outcome, we recommend that patients should have access 
to tertiary care centres with experience in NDI management. This 
approach facilitates clinical and genetic diagnosis, as well as access to 
specialist bladder outflow urology, if needed, and optimizes treatment 
and patient education. For patients who reside far from a specialist 
centre, follow-up can be shared with a local nephrologist and urologist.

Polyuria and polydipsia seem to ameliorate with age, independent 
of estimated glomerular filtration rate (personal experience of Daniel 
G. Bichet). Therefore, we suggest revising dietary and pharmacological 
prescriptions in patients from the age of 60. Finally, we emphasize that 
patient education and attention to psychosocial aspects of the disease 
are important, including sleep problems and limitations during work 
and daily life.

Emergency management
When patients with NDI have incidental disease, especially when they 
are admitted to hospital, their specific fluid requirements are often not 
appreciated by medical and nursing staff. This oversight is especially 
problematic if patients cannot maintain adequate oral intake and/or 
receive parenteral fluids. Close liaison with a specialist from the tertiary 

specialized centre should be sought in these circumstances (Box 5); 
patients should have contact details of their specialist physicians and 
wear medic alert bracelets or cards (Supplementary Box 7).

The typical emergency in NDI is hypernatraemic dehydration 
because of excessive water loss (for example, due to diarrhoea) and/or 
the inability to maintain adequate fluid intake (for example, vomiting). 
Hypernatraemic dehydration indicates a deficiency in water and con-
sequently patients should be treated with water. By the time a patient 
with NDI presents with hypernatraemic dehydration, oral rehydration 
has usually failed and consequently, there should be a low threshold 
for intravenous rehydration.

Salt-containing solutions, especially NaCl 0.9% solutions, should 
be avoided because of their large renal osmotic load. The tonicity of 
such fluids (~300 mOsm/kg H2O) exceeds the typical urine osmolality 
in NDI (~100 mOsm/kg H2O) by about 3-fold. Consequently, around 
3 l of urine are needed to excrete the renal osmotic load provided by 
1 l of isotonic fluid, risking serious hypernatraemia43,66. Therefore, 
we recommend using water with dextrose (for example, 5% dextrose) 
and to calculate the initial rate of fluid administration based on a 
physiological demand. Routine maintenance rate (in children — first 
10 kg: 100 ml/kg/24 h; 10–20 kg: 50 ml/kg/24 h; remaining 50 kg: 
20 ml/kg/24 h; in adults — 25–30 ml/kg/24 h) is usually a good starting 
volume67,68. As 5% dextrose delivers no renal osmotic load, application 
at this rate will result in a slow decrease in plasma osmolality, unless 
there are excessive ongoing fluid losses (for example, diarrhoea).  

Table 4 | Recommendations for minimal frequency of 
follow-up

Follow-up Tests and 
measurements

Infantsa Childrenb Adults

Clinical Weight and height Every 2–3 
months

Every 3 
months

Annually
(only 
weight)

Blood Na, K, Cl, HCO3

Creatinine (for eGFR), 
uric acid

Every 2–3 
months

Every 3–12 
months

Annually

Urine Osmolality
Protein–creatinine or 
albumin–creatinine
24-h urine volume

Annually Annually Annually

Imaging Ultrasound of the 
urinary tract to detect 
hydronephrosis, 
bladder wall 
hypertrophy and 
post-micturition urine 
residue

Once At least 
once every 
2 years

Every 2–3 
years

eGFR, estimated glomerular filtration rate. aInfants: 0–12 months of age. bChildren: older than 
12 months of age.

Box 4 | Recommendations for treatment 
and follow-up in adults
 

Recommendation 1
We recommend a low salt (≤6 g/day) and protein diet (<1 g/kg/day), 
supported by dietetic counselling (level B, moderate).

Recommendation 2
We recommend that the initiation, continuation or discontinuation 
of diuretics (thiazides, potassium-sparing diuretics) should be 
guided by the patient’s preference (level D, moderate).

Recommendation 3
We recommend discontinuing prostaglandin synthesis inhibitors 
once patients reach adulthood, or even earlier when complete 
continence is achieved (level D, moderate).

Recommendation 4
Prostaglandin-synthesis inhibitors are contraindicated in pregnancy 
(level X, strong).

Recommendation 5
We recommend that patients are assessed in a specialized centre at 
least once and that contact with this centre is made in situations of 
emergency medical care (level X, strong).

Recommendation 6
We recommend revising dietary and pharmacological prescriptions 
in older patients with NDI as their urinary output tends to decrease, 
independently of the natural decrease in glomerular filtration rate 
(level D, moderate).
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A common concern associated with the use of dextrose 5% solutions 
is a rapid decrease in plasma sodium concentration, which poses the 
risk of brain oedema. This concern does not usually apply to patients 
with NDI, as their urine is diluted with a very low sodium concentra-
tion and consequently, the hypotonic intravenous fluid matches 
the urinary losses. Importantly, dextrose 5% solution should not 
be administered as a bolus because of the risk of a rapid decrease in 
serum sodium. Isotonic fluids are appropriate for acute fluid resusci-
tation in patients in hypovolaemic shock. However, as intravascular 
volume is relatively well preserved in hypernatraemic dehydration, 
this is an exceedingly rare scenario in patients with NDI. Following 
the administration of isotonic fluid, sufficient free water should be 
provided to allow excretion of the renal osmotic load. If possible, 
the patient should be allowed to drink to thirst. Oral feeding should  
be provided as soon as tolerated and oral fluids should be included 
in the fluid balance.

In hospitalized patients, we recommend a close observation of 
clinical status, including neurological condition, fluid balance, weight 
and electrolytes. Placement of a urinary catheter should be consid-
ered to ensure proper monitoring of diuresis. Fluid composition and 

administration rate might need to be adjusted based on the rate and 
composition of ongoing losses — if the losses contain substantial con-
centrations of sodium, replacement of those losses with a fluid that 
contains a similar sodium concentration is appropriate. The aim for 
the overall administration rate is to balance losses, plus replacement 
of the fluid deficit over 48 h, and to avoid a decrease in serum sodium 
above 8 mmol/l/day in case of hypertonic dehydration.

We recommend treatment of patients with NDI and hyper-
natraemic dehydration in specialized centres to avoid potential 
life-threatening complications of inadequate fluid administration. 
Expert consultations are recommended for patients undergoing 
anaesthesia or surgery.

Genetic counselling and family planning
The detection of pathogenic variant(s) in either AVPR2 or AQP2 is cru-
cial for genetic counselling. We strongly recommend counselling for 
young adults who are affected (hemizygous for AVPR2 pathogenic 
variant), who are heterozygotes for an AVPR2 or AQP2 pathogenic vari-
ant, or who are at risk of being heterozygous (Box 6). They should be 
informed about the inheritance of NDI, the related recurrence risks, 
and the implications of the results of the genetic test for family plan-
ning, including reproductive options. This discussion should take place 
soon after the genetic diagnosis has been confirmed and certainly 
before pregnancy15. Prenatal testing for a pregnancy at increased risk 
and preimplantation genetic testing (PGT) are, however, only possible  
if the disease-causing pathogenic variant(s) has/have been identified. 
The use of these tests should be discussed by a multidisciplinary team, 
according to the legislation of each country.

In the case of X-linked NDI or dominant NDI, counselling should 
also include information about the potential implications of the patho-
genic variant(s) for family members. Patients should be encouraged 
to share that information with their family members at risk. These 
family members can then be counselled and, when applicable, undergo 
genetic testing.

Unanswered questions and research agenda
The expert group identified several knowledge gaps and unmet needs 
regarding NDI that demand further research (Box 7). One important 
unanswered question concerns the long-term psychosocial outcomes 
of patients with NDI. Although a few studies have indicated that mental 
health conditions are more prevalent in patients with NDI than in the 
general population4,17,46,47, the degree of these problems remains to be 
determined, as well as their aetiology (for example, these conditions 

Box 5 | Recommendations for emergency 
management
 

Recommendation 1
We recommend that each patient with nephrogenic diabetes 
insipidus (NDI) has an emergency plan, including a letter explaining 
their diagnosis and containing advice regarding intravenous fluid 
management and a contact number. Wearing a medical alert 
bracelet or card is also recommended (level X, strong).

Recommendation 2
We recommend using water with dextrose or glucose (for example, 
5% dextrose) for intravenous rehydration (level X, strong).

Recommendation 3
We recommend calculating the initial rate of fluid administration 
to avoid a decrease in serum sodium above 8 mmol/l/day (level B, 
strong).

Recommendation 4
We recommend close observation of clinical status, including 
neurological condition, fluid balance, body weight and serum 
electrolytes (level X, strong).

Recommendation 5
We recommend that patients with NDI and hypernatraemic 
dehydration are treated in specialized centres with experience of the 
disease or under consultation with an expert centre (level X, strong).

Recommendation 6
We recommend that patients with NDI undergoing anaesthesia 
or surgery, or with an acute illness that carries the risk of acute 
hypernatraemia and dehydration, are closely monitored for fluid 
balance and electrolytes, and expert consultation is sought 
(level X, strong).

Box 6 | Recommendations for genetic 
counselling and family planning
 

Recommendation 1
We strongly recommend offering genetic counselling, including 
reproductive options, to parents of affected children and to young 
adults who are known to be heterozygotes or are at risk of being 
heterozygous (level B, moderate).

Recommendation 2
Prenatal and preimplantation genetic testing can be offered as 
reproductive options, depending on the legislation of the country 
(level D, moderate).
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might reflect a primary manifestation of the disease or a secondary 
manifestation owing to complications such as dehydration-induced 
brain alterations).

Another pressing need is the development of targeted therapies 
for NDI based on the current knowledge of the underlying molecular 
defects. Here, we discuss some potential targeted therapies studied  
in vitro and/or in animal models in vivo. Only very few clinical trials in  
NDI have been performed, and these ended prematurely, owing to 
safety issues or lack of efficacy.

In vitro expression studies have demonstrated that most AVPR2 
pathogenic variants associated with X-linked NDI, as well as all AQP2 
pathogenic variants related to autosomal-recessive NDI, lead to the 
production of fully translated proteins. However, these proteins 
are misfolded and are consequently retained within the endoplas-
mic reticulum (ER). Agents that restore routing from the ER to the 
plasma membrane are under investigation as potential treatments. 
Promising agents for X-linked NDI include cell-permeable AVPR2 
antagonists and agonists that rescue the intracellular retention of 
several AVPR2 mutants69–72. Remarkably, certain cell-permeable 
AVPR2 agonists have been shown to activate NDI-causing V2R mutant 
proteins at their intracellular location without changing their matu-
ration and at a sufficient level to induce the translocation of AQP2 
to the apical membrane. This finding indicates that non-peptide 
AVPR2 agonists constitute another promising treatment for NDI 
resulting from intracellularly retained AVPR2 mutants73. A clinical 
study in which patients with NDI and AVPR2 missense mutations were 
treated with a vasopressin 1a receptor (AVPR1A) antagonist had to be 
terminated early owing to possible interference with the cytochrome 
P450 metabolic pathway74, despite having beneficial effects on urine 
volume and osmolality.

Other therapeutic approaches relying on AVP-independent 
trafficking of AQP2 to the apical membrane have been proposed 
and tested in vitro and/or in animal models. One example of these 
AVP-independent approaches relies on activation of the cyclic adeno-
sine monophosphate (cAMP) pathway by stimulating other G pro-
tein coupled receptors (GPCRs) such as the E-prostanoid receptors. 
Stimulation of the E-prostanoid receptor EP4 greatly reduced urine 
volumes in a conditional Avpr2-deletion mouse model by raising 
AQP2 levels75. The rise in AQP2 levels most probably resulted from 
enhanced cAMP production induced by EP4 stimulation. A similar 
effect was observed after stimulation of the EP2 receptor with the 
agonist butaprost76. The EP2 receptor is a more interesting candidate 
for treatment of NDI than the EP4 receptor because EP2 agonists have 
already been tested in clinical studies for other diseases with prom-
ising results and an acceptable safety profile77–79. Another potential 
AVP-independent therapeutic strategy involves the activation of the 
cyclic guanosine monophosphate (cGMP) signalling pathway. Several 
research groups have shown that nitric oxide donors and atrial natriu-
retic factor stimulate the insertion of AQP2 in kidney epithelial cells 
in vitro and in vivo via a cGMP-dependent pathway80,81. The selective 
cGMP phosphodiesterase inhibitor sildenafil citrate (also known as 
Viagra), prevents degradation of cGMP, resulting in increased mem-
brane expression in AQP2 in vitro and in vivo82. However, in a small 
clinical trial in patients with NDI, treatment with sildenafil citrate or 
riociguat (soluble guanylate cyclase stimulator) neither decreased 
urine volume nor increased urine osmolality83. Given that the oral 
antidiabetic drug metformin increases AQP2 phosphorylation and 
accumulation in the apical membrane in animal models, a trial in a 
small number of individuals with hereditary NDI was started in 2015 

but was quickly terminated because of lack of efficacy84. Interestingly, 
a 2021 report demonstrated that a direct activator of AMP-activated 
protein kinase (AMPK), which also phosphorylates AQP2, increased 
urine concentration in NDI rats treated with the V2R blocker tolvaptan 
and in V2R-deficient mice85.

In knock-in-dominant NDI mice, the phosphodiesterase-4 inhibi-
tor rolipram increased cAMP levels, leading to increased AQP2 phos-
phorylation and translocation to the apical membrane86. However, 
phosphodiesterase-4 is an abundantly expressed protein involved 
in immunosuppressive and anti-inflammatory pathways, and its 
inhibition can therefore have severe side effects. Rolipram was tested 
decades ago in two male patients with X-linked NDI and did not cause 
any relief of symptoms87, but the potential for other PDE inhibitors 
in the treatment of NDI should be examined further. Another drug 
that has recently received attention is the antifungal fluconazole, 
which increased plasma membrane AQP2 expression in collecting 
duct principal cells, independently from AVP, and reduced urinary 
output in mice treated with tolvaptan88. An ongoing clinical trial will 
test the efficacy of fluconazole in patients with NDI89. Gene therapy 
might represent a future treatment option for NDI but many chal-
lenges remain for gene-therapeutic approaches, especially in terms 
of efficiency90.

Conclusions
Despite enormous advances in the understanding of the genetic causes 
and pathophysiology of congenital NDI in recent decades, the clini-
cal care for patients remains challenging. Here, we formulate clinical 
practice recommendations for diagnostics, treatment, follow-up, 
emergency management, genetic counselling and family planning in 
patients with NDI (Boxes 2–6). These recommendations are largely 
expert-based consensus opinions of the core group, validated by a 
voting panel in a Delphi process. For most of these recommendations, 
full supportive evidence is not yet available; one-third of these recom-
mendations are graded at level X, indicating exceptional situations 
where validating studies cannot be performed. To generate additional 
evidence for the other recommendations, longitudinal studies in large 

Box 7 | Unanswered questions and future 
research agenda
 

Clinical research questions:
 • Can copeptin measurements replace desmopressin (DDAVP) or 
water deprivation tests in children?

 • What are pregnancy complications in females with nephrogenic 
diabetes insipidus (NDI)?

 • What is the natural history of NDI in ageing patients?
 • What are long-term psychosocial outcomes of patients with NDI?
 • Should NDI be included in neonatal screening?
 • How can testing of pharmacological agents in clinical trials be 
accelerated?

Fundamental research questions:
 • Can mutant AVPR2 stimulate alternative pathways leading to 
aquaporin 2 phosphorylation?

 • Can altered trafficking of arginine vasopressin type 2 receptor be 
improved by pharmacological chaperones?

 • Is gene therapy feasible in NDI?
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patient groups (both children and adults), and clinical trials are neces-
sary. For now, we hope that the recommendations presented here can 
serve as a foundational framework to guide clinicians in their care for 
patients with NDI.

Published online: xx xx xxxx
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