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Abstract

Congenital anomalies of the kidney and urinary tract (CAKUT) constitute 20% of all congenital 

malformations occurring in one in 500 live births. Worldwide, CAKUT are responsible for 40% to 

50% of pediatric and 7% of adult end-stage renal disease. Pathogenic variants in genes causing 

CAKUT include monogenic diseases such as polycystic kidney disease and ciliopathies, as well as 

syndromes that include isolated kidney disease in conjunction with other abnormalities. Prenatal 

diagnosis most often occurs using ultrasonography; however, further genetic diagnosis may be 

made using a variety of testing strategies. Family history and pathologic examination can also 

provide information to improve the ability to make a prenatal diagnosis of CAKUT. Here, we 

provide a comprehensive overview of genetic considerations in the prenatal diagnosis of CAKUT 

disorders. Specifically, we discuss monogenic causes of CAKUT, associated ultrasound 

characteristics, and considerations for genetic diagnosis, antenatal care, and postnatal care.

1 | INTRODUCTION

In recent years, comprehensive fetal anatomic survey in the second trimester has become 

standard of care. Among those receiving this evaluation, identification of fetal anomalies is 

the primary goal with congenital abnormalities of the kidney and urinary tract (CAKUT) 

accounting for up to 20% of all birth defects identified.1 A variety of CAKUT disorders, 

ranging from minor to major, structural and functional defects can be screened using 

ultrasound imaging. However, the sensitivity of ultrasound for detection of CAKUT is 

unknown given that many fetuses with prenatal CAKUT diagnosis have a normal phenotype 

postnatally. The diagnosis of CAKUT is an indication for the provider to review family 

history and provide recommendations for parental evaluation if indicated. Furthermore, it 

calls for the evaluation of other structural abnormalities of the fetus and provision of options 

for genetic counseling, prenatal diagnosis, pregnancy termination if desired, and informed 

care in the newborn period.
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In this review, we provide an overview of inherited CAKUT and their associated 

ultrasonographic presentations. We will discuss: (a) embryologic processes of renal 

development; (b) common classifications of renal abnormalities; and (c) ultrasound findings 

and clinical considerations associated with a variety of inherited renal disorders. We focus 

on describing some single gene disorders commonly seen with CAKUT. Single gene 

disorders may be a primary source of CAKUT as evidenced by the following: (a) CAKUT 

appears with familial segregation, (b) monogenic mouse models exhibit CAKUT 

phenotypes, and (c) human multi-organ monogenic syndromes may include CAKUT 

phenotypes.2 In fact, 10% to 50% of children with CAKUT will report a family history of 

kidney anomalies or urinary tract disease.3Although there are hundreds of Mendelian 

disorders associated with prenatal CAKUT phenotypes, we will focus specifically on 

polycystic kidney disease (autosomal dominant and recessive), select ciliopathies such as 

Bardet-Biedel and Meckel-Gruber, and genetic associations with apparently isolated yet 

more common prenatal ultrasound findings such as renal agenesis, megacystis microcolon, 

urinary tract dilation, and multicystic dyplastic kidney (MCDK). This review provides a 

systemic approach to the prenatal diagnosis of CAKUT and highlights specific prenatal 

genetic considerations when CAKUT is identified.

2 | EMBRYOLOGY

Kidney development is a multistage process initiated by the ureteric bud and the 

metanephric mesenchyme. At approximately 5 weeks gestation (Carnegie stages 14–15) (the 

most critical period for renal development), the ureteric bud arises from the nephric duct and 

undergoes a mesenchyme to epithelial transition and branching nephrogenesis. Eventually, 

this leads to nephron patterning and elongation. Perturbations in any part of this multistep 

process can lead to congenital anomalies of the urogenital tract or deficit in kidney function.
4,5 Given early development of the kidneys and urinary tract, teratogens, including certain 

medications such as ACE inhibitors and warfarin among others (Table 1), should be avoided 

in the first trimester.

3 | CLASSIFICATION AND DESCRIPTORS OF CAKUT

CAKUT are categorized on the basis of genetic versus nongenetic origins.7 Previous 

classification schemes, including the Potter classification system and the use of 

histopathological descriptors, have now fallen out-of-favor because CAKUT has a wide 

spectrum of phenotypes and because of confusion in differentiating pathological 

subclassifications from individual disorders (for example, differentiating between medullary 

cystic kidney disease, medullary cystic dysplasia, and MCDK disease is difficult because of 

subtle differences).

Histologic classification systems often categorize cystic pathology by a variety of 

descriptors, including the presence or absence of dysplasia, the loss of the cortico-medullary 

junction, and the size and location of cysts within the kidneys (the cortex, cortico-medullary 

junction, or medulla).
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Dysplasia is a widely used descriptor in renal pathology. Renal dysplasia occurs as a result 

of failure of renal parenchyma to form normal nephrons and collecting ducts.8,9 Histologic 

characteristics of renal dysplasia include incomplete branching of collecting ducts 

surrounded by undifferentiated mesenchymal stroma.9 The difficulty with classifying renal 

disorders on the basis of presence or absence of dysplasia is the wide spectrum of 

sonographic appearance of dysplastic kidneys, which may range from small and hypoplastic 

to large and multicystic with varying degrees of echogenicity. Additionally, renal dysplasia 

may occur with or without cystic renal disease and vice versa, with substantial overlap 

between related gene disorders.9

Despite the limitations of using histologic subclassifications, these characteristics are still 

valuable to pathologists in describing the pathophysiology associated with these disorders. 

More recent changes to a classification structure based on genetic versus nongenetic origin 

is spurred by a better understanding of ciliopathies and how they contribute to cystic kidney 

disease. Inherited defects in the structure or function of primary cilia can lead to a variety of 

cystic phenotypes with multi-organ involvement.7 Conditions discussed here, such as 

Meckel-Gruber and Bardet-Biedl, commonly presenting with cystic kidneys and fall into the 

category of ciliopathies.10 Phakomatoses such as Tuberous Sclerosis and Von-Hippel 

Landau, can also, albeit less frequently, and very rarely present with cystic kidneys.11

4 | CYSTIC KIDNEY DISEASE

4.1 | Polycystic kidney disease

Polycystic kidney disease (PKD) is the most common heritable kidney disease.11 It is 

composed of the more frequently encountered autosomal dominant PKD (ADPKD) and the 

rare autosomal recessive polycystic kidney disease (ARPKD), which are described in detail 

below. Although PKD is the most common etiology of dysplastic kidneys, several 

ciliopathies can mimic the phenotype of PKD, suggesting there are multiple pathways that 

culminate in renal cyst development.12–14 Because of differences in inheritance, natural 

history, and clinical management, accurately distinguishing between PKD and other 

ciliopathies is necessary.10,11 In this section, we will discuss the genetic basis of PKD, 

clinical manifestations, and perinatal/neonatal aspects of management.

4.1.1 | Autosomal dominant polycystic kidney disease—ADPKD is one of the 

most commonly inherited renal diseases, with an incidence of one in 500 to one in 1000 live 

births.15 As with many autosomal dominant disorders, significant heterogeneity exists in the 

clinical severity and manifestations of ADPKD, ranging from isolated renal disease to multi-

organ disease involving cardiovascular health and the biliary tract.16,17 In adulthood, 

ADPKD accounts for 5% to 10% of all cases of end stage renal disease (ESRD).16,18 ESRD 

is defined as the glomerular filtration rate < 15% or the need to commence and continue 

dialysis therapy.7Most affected individuals present in the fifth to sixth decades of life, 

however, prenatal presentation can occur in approximately 2% to 5% of cases. The 

presentation is variable but literature suggests that the time of presentation is more in the 

third trimester.17,19 However, reports of prenatal presentation have been published earlier in 

gestation.7
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Genetics of ADPKD: The primary genetic associations with ADPKD are germ-line 

mutations in the PKD1 and PKD2 genes, which encode for polycystin-1 and polycystin-2, 

respectively.17 Polycystin 1 and 2 are trans-membrane proteins, interacting through their C 

terminal tails forming a polycystin complex. Polycystin-2 is primarily involved in cellular 

calcium signaling.20 The exact structure and function of the polycystin complex and how 

pathogenic variants of these trans-membrane proteins leads to cyst formation are yet to be 

elucidated.12

Cyst formation occurs with variable severity and timing, likely related to the degree of 

protein truncation caused by a PKD1 or PKD2 pathogenic variant.17 Generally, PKD2 
pathogenic variants are phenotypically milder than PKD1, with lower incidence of ESRD 

and arterial hypertension occurring later in life.21 Even in the setting of a known or likely 

pathogenic variant, clinical presentation, timing, and severity of disease is strikingly 

different from patient to patient.12,22 The association between genotype and phenotype is not 

well-understood, particularly in the prenatal period. Several factors may influence 

phenotypic presentation including PKD1 versus PKD2 variant, allelic changes, timing of 

gene inactivation, mosaicism, and family history.16

Ultrasound findings of ADPKD: Typical ultrasound findings include bilateral, enlarged 

kidneys (with or without hyperechogenicity), and may include increased or poor cortico-

medullary differentiation. The presence of cysts is variable. The most common time of 

presentation of ADPKD is in the third trimester. However, family history or an affected 

parent or molecular diagnosis is the only reliable way to differentiate ADPKD from ARPKD 

because the phenotype and timing of presentation is variable in both conditions. The 

presence of hepatic abnormalities or anhydramnios/oligohydramnios is rarely seen 

prenatally with ADPKD. If anhydramnios/oligohydramnios is identified at the 18- to 20-

week anatomy ultrasound, there is a high rate of mortality in the neonatal period because of 

pulmonary hypoplasia.19

Clinical considerations of ADPKD: The most common timing of disease is in the 5th to 

6th decade of life, commonly with progressive renal insufficiency and presence of cystic 

kidneys on ultrasound.23 In such individuals, molecular diagnosis to identify PKD1 and 

PKD2 pathogenic variants is important.24 However, early manifestations during the prenatal, 

neonatal, and childhood periods have been reported, with variable development of renal 

cysts and parenchymal changes mimicking an ARPKD pattern.

If ADPKD is suspected, parental evaluation with renal ultrasound and genetic counseling is 

recommended. If discussion with parents elicits a family history of renal disease suggestive 

of ADPKD or there is already a molecular diagnosis in the family, molecular testing of a 

known pathogenic variant from the affected relative should be offered. If there is no known 

family history but large, bright, and/or cystic kidneys present prenatally, parents should be 

offered renal ultrasounds as identification of parental renal cysts will aid diagnosis in the 

fetus and prenatal counseling. In the absence of an obvious diagnosis, amniocentesis for 

chromosomal microarray (CMA) should be considered. If the CMA is normal, a targeted 

molecular panel for ADPKD versus trio whole exome sequencing (WES) (if available) can 

be considered.
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Prenatally manifesting ADPKD has poorer prognosis than later onset disease. Mortality 

associated with isolated prenatal findings is unknown. However, in the setting of 

oligohydramnios, the 1-year mortality is estimated to be as high as 40%. If pulmonary 

hypoplasia is suspected, secondary to oligohydramnios, 1 year mortality may be as high as 

80%.19 Neonatal considerations should include early establishment of care with pediatric 

nephrology and periodic assessment of renal volume and cyst development. Long-term 

management strategies should including screening and treatment of hypertension, 

assessment of proteinuria, and early diagnosis and treatment of genitourinary infections. 

Improved management of disease is directly correlated with lower likelihood of progression 

to ESRD.21

4.1.2 | Autosomal recessive polycystic kidney disease (ARPKD)—Autosomal 

Recessive Polycystic Kidney Disease (ARPKD) is a severe form of cystic disease that 

involves the kidneys and biliary tract. The incidence of disease is 1 in 20,000 live births with 

variable timing of presentation and severity of phenotype.17 Diagnosis and care of the 

affected fetus requires a multidisciplinary team including perinatology, genetics, 

neonatology, and nephrology. Consistency of care is critical in providing adequate informed 

parental counseling of all options, including termination of pregnancy if indicated.25

Genetics of ARPKD: ARPKD is an autosomal recessive condition, often associated with 

pathogenic variants of the PHKD1 gene on chromosome 6p12, which encodes for the 

protein fibrocystin/polyductin complex (FPC). Significant evidence suggests alternative 

splicing may be implicated in protein truncation and subsequent disease manifestations as 

full length protein is required for adequate biologic function.25 Among those with significant 

clinical or histologic suggestion of ARPKD, detection of PHKD1 mutations reaches rates of 

80–85%. However, variants in hepatocyte nuclear factor-1 beta (HNF1B) and other genes 

that lead to hepatorenal fibrocystic disease (HRFD) may mimic the phenotype of ARPKD 

and can also present prenatally.25 We present further discussion on HNF1B later in this 

review.

Like HNF1B, variants in the DAZ interacting protein 1-like (DZIP1L) gene leads to a 

ciliopathy that presents similarly to ARPKD and may also present prenatally, although 

rarely. DZIP1L encodes a cilliary protein that is required in regulating transformation zone 

integrity, with DZIP1L variants causing a similar phenotype to PHKD1 variants.17 However, 

variants in the DZIP1L tend to have a more moderate clinical course compared to ARPKD, 

rarely resulting in perinatal demise given the lack of amniotic fluid abnormalities and 

subsequent pulmonary complications.12

When ARPKD is suspected, it is critical to perform a detailed ultrasound to identify extra-

renal abnormalities and consider other syndromic or infectious causes of CAKUT. 

Molecular genetic analysis using single gene testing is the only reliable method to provide a 

definitive diagnosis prenatally. Given the heterogeneous etiologies of large hyperechoic 

kidneys, this may be best done using a panel test or trio WES. Parents should be 

appropriately counseled regarding options of pregnancy continuation or termination based 

on individual preferences. Given the autosomal recessive inheritance pattern, it is important 
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to identify the molecular etiology to allow the family to have prenatal diagnosis or pre-

implantation genetic diagnosis in future pregnancies.

Ultrasound findings of ARPKD: Abnormal-appearance of fetal kidneys on a prenatal 

ultrasound are usually identified as enlarged and hyperechogenic kidneys with variability in 

timing of presentation. Some have reported a prenatal ARPKD phenotype in the early 

second trimester while others report diagnosis in the third trimester26 Characteristic findings 

include the presence of bilateral, large, hyperechogenic kidneys with poor cortico-medullary 

differentiation, retained reniform contour, and numerous microscopic cysts confined to distal 

tubules and collecting ducts (Figure 1).17,25 Macrocysts (> 10 mm) are unusual but have 

been reported in ARPKD and suggest multicystic dyplasia as a possible alternative diagnosis 

confirmed by molecular diagnosis in prior studies.7 ARPKD is difficult to differentiate from 

ADPKD unless a diagnosis in the family is known or inheritance pattern suggests a 

diagnosis because of phenotypic overlap and variability in timing of presentation.12 Cases of 

ARPKD diagnosed in the prenatal period are typically associated with severe disease and 

can lead to a Potter-like syndrome associated with oligohydramnios, massively enlarged 

kidneys, pulmonary hypoplasia, Potter-like facies, contracted limbs and club feet.17 It is 

important to note that hyperechogenic kidneys can also be a normal variant especially when 

normal amniotic fluid and normal anatomy are noted. Hyperechogenic kidneys can also be 

seen in other syndromes such as, but not limited to, ADPKD, congenital finnish nephrosis, 

Meckel Gruber syndrome, Trisomy 13, Beckwith Wiedemann syndrome, among others 

(Figure 2).

Clinical considerations of ARPKD: Significant risk of perinatal mortality exists when the 

fetus is diagnosed with ARPKD. Renal size greater than 4 standard deviations above normal 

with the presence of oligohydramnios or anhydramnios is associated with near 100% 

perinatal mortality due to pulmonary hypoplasia.25 Given the latter, repeat comprehensive 

ultrasound for assessment of kidney size, fluid, and fetal growth is recommended every 3–4 

weeks. A multidisciplinary care team and access to a tertiary care center is often required for 

the specialized antenatal and perinatal care required by the fetus with ARPKD.25,19 The 

option of termination of pregnancy should be discussed and made available.

In continuing pregnancies, optimal delivery timing should be determined with 

multidisciplinary consensus involving maternal fetal medicine, neonatology, and pediatric 

nephrology; with careful consideration of additional risks of prematurity in the setting of 

possible pulmonary hypoplasia.25 In an analysis of prenatally diagnosed newborns with 

ARPKD followed prospectively in the ARegPKD study, 33.6% (107/318) had prenatally 

determined oligohydramnios or anhydramnios at variable points in gestation. Further, 23.4% 

(78/333) required assisted ventilation after delivery (mean gestational age of delivery 37.5 

(SD 2.5). Most importantly however, the presence of amniotic fluid abnormalities at any 

point in pregnancy increased the risk of adverse pregnancy outcomes. Assisted ventilation 

and prenatal diagnosis of amniotic fluid anomalies were independently associated with 

increased risk of dialysis at 1 year (HR 4.47 (1.29–15.45) p = 0.018) (HR 6.99 (1.54 – 

31.85) p = 0.012), respectively.27 Thus, the presence of amniotic fluid abnormalities in the 
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fetus with an ultrasound phenotype consistent with ARPKD is associated with increased 

severity of disease and impacts prenatal course and outcomes.

When considering delivery, the preferred route is vaginal delivery. Some have voiced 

concerns regarding the possibility of abdominal dystocia due to renal enlargement26; 

however, this risk is theoretical and evidence is lacking to support recommending an 

alternative route of delivery. Careful discussion with the patient regarding preferences, future 

reproductive plans, and risks of cesarean delivery compared to trial of vaginal delivery 

should be undertaken. It is our practice to routinely offer a trial of vaginal delivery to these 

patients if the fetus is cephalic.

Early neonatal surveillance may include monitoring of kidney function, pulmonary status, 

and control of severe arterial hypertension. Patients with ARPKD are also likely to have 

liver involvement, including biliary duct ectasia and hepatic fibrosis.28 Severity of perinatal 

and early neonatal disease often determines subsequent clinical course, such as time to 

progression to ESRD. While approximately 40% of patients with ARPKD will require 

dialysis by age 15, those with prenatal findings may require more intensive monitoring and 

care given higher risk of dialysis dependence in infancy and mortality rates are high due to 

pulmonary hypoplasia caused by anhydramnios or oligohydramnios.29

4.2 | Nephronophthisis and Nephronophthisis-related ciliopathies

Nephronophthisis (NPHP) is a broad diagnosis for autosomal recessive renal conditions 

characterized by the formation of multiple cysts within the cortico-medullary region, leading 

to inflammation, fibrosis, and ultimately ESRD. Histologically, NPHP is characterized by 

tubular cysts and atrophy with interstitial and polyglomerular fibrosis and tubular basement 

membrane disruption. Clinically, NPHP is subdivided by age of onset: infantile, juvenile, 

and adolescent/adult, with more severe forms presenting earlier. Since the initial description 

of the NPHP1 gene in 1997, more than 20 causative genes have been identified, all of which 

are involved in primary ciliary structure or function. While variants within several of these 

genes produce a similar phenotype, they have also been shown to cause a wide spectrum of 

disorders. However, despite the sharp increase in NPHP-associated genes identified within 

the last two decades, the underlying genetic etiology of NPHP remains unknown in two-

thirds of cases.30

While the majority of NPHP conditions result in isolated renal disease, 10% to 15% of cases 

are associated with extra renal manifestations as part of clinically recognized syndromes. 

These polymalformative renal ciliopathy syndromes, sometimes referred to as NPHP-related 

ciliopathies, are more likely to result in infantile disease and pathologic prenatal findings 

(Table 2). Additional characteristics common to many ciliopathies include ocular and 

cerebellar malformations, hepatic fibrosis, and skeletal abnormalities (particularly 

polydactyly), although a variety of associated anomalies have been described and are 

dependent upon the underlying genetic cause. Well-described genetic syndromes that have 

been associated with NPHP are described below and include Meckel-Gruber syndrome and 

Bardet-Biedl syndrome, Joubert syndrome, and Jeune syndrome. Other, less common 

NPHP-related syndromes include Senior-Løken syndrome, which results in cystic kidney 

disease and retinitis pigmentosa30; Cranioectodermal dysplasia (Sebsenbrenner syndrome), 
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characterized by craniofacial, skeletal and ectodermal abnormalities35; Oral-facial-digital 

syndrome36,7; and renal-hepatic-pancreatic dysplasia syndrome (Ivemark’s syndrome).7,37 

With the exception of oral-facial-digital syndrome, which can be X-linked, these disorders 

are all of autosomal recessive inheritance.9,36,37

4.2.1 | Meckel-Gruber syndrome—Meckel-Gruber syndrome (MKS) is an autosomal 

recessive disorder characterized by MCDK (Figure 3), polydactyly, and occipital 

encephalocele. Ultrasound findings may include presence of large, hyperechogenic kidneys 

in addition to other findings. It is uniformly associated with poor outcomes and has a very 

high rate of mortality for the affected fetus. Hepatic fibrosis is also commonly present. 

Estimates of incidence vary widely, ranging from 1:9000 live births in Finland, due to 

founder effect, to 1:140 000 live births in other parts of the world.38 Pathogenic variants in 

several genes have been shown to cause MKS, including MKS1, TMEM216, TMEM67, 
RPGRIP1L, CEP290, and CC2D2A.9,39 If prenatal findings are suggestive of MKS, genetic 

counseling and amniocentesis should be offered, with testing via CMA and targeted 

molecular panels or trio WES if available (Figure 4–6).

4.2.2 | Bardet-Biedl syndrome—Bardet-Biedl syndrome (BBS) is a typically 

autosomal recessive disorder characterized by retinal degeneration, polydactyly or other 

extremity anomalies, obesity, intellectual impairment, hypogonadism, and renal 

malformations. Common ultrasound characteristics suggestive of Bardet Biedl include large 

hyperechogenic kidneys, sometimes with visible polydactyly and genital anomalies. It is 

rare, estimated to affect one of 175 000 live births.40 There still remains a wide phenotypic 

range in BBS, both in the severity of abnormalities and associated secondary features, which 

include short stature, speech and developmental delay, and endocrine abnormalities, such as 

diabetes and hypercholesterolemia.9,41 Prognosis depends upon the underlying variant and 

severity of anomalies, but many patients survive into adulthood. Over 20 genes have been 

reported in Bardet-Biedl syndrome, including BBS1–12, BBS15, and three genes also 

implicated in Meckel-Gruber syndrome, MKS1, TMEM67, and CEP290.9 Thus, CMA, 

targeted molecular testing or trio WES should be offered after genetic counseling when BBS 

is suspected prenatally.

5 | MULTICYSTIC DYSPLASTIC KIDNEY

It is estimated that MCDK affects one in 2200 to one in 4300 live births.26 The exact 

etiology of MCDK is unknown, however, may be secondary to abnormal formation of 

ureteric bud, teratogens, or urinary tract obstruction.26 Several studies also link MCDK to 

the HNF1B spectrum of disease, or associate the finding with other ciliopathies, such as 

Meckel Gruber syndrome (see Table 1).10,1 Thus, referral to genetic counseling and the 

option of prenatal genetic diagnosis should be offered and discussed. Testing may include 

CMA, targeted molecular testing, or WES as available.
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6 | NONCYSTIC FETAL RENAL PATHOLOGY

6.1 | Renal agenesis

Renal agenesis is defined as the absence of one (unilateral) or both kidneys (bilateral). 

Bilateral renal agenesis occurs in 0.1 to 0.3 of 1000 births and generally has a poor 

prognosis with little to no chance of survival because of the pulmonary hypoplasia that 

results because of anhydramnios at the critical stage of lung development (16–20 weeks 

gestation), although exceptions have been reported.42 Unilateral renal agenesis is seen in one 

of 1000 pregnancies and has a favorable prognosis when compared with bilateral renal 

agenesis. Although renal agenesis can be an isolated finding, it may also be part of a 

syndrome. Various inheritance patterns have been described in families with renal agenesis. 

If renal agenesis is detected in the fetus, an evaluation of the parents is warranted using renal 

ultrasound.

Bilateral renal agenesis is diagnosed by ultrasound findings of anhydramnios identified at 

the time of 18 to 20 week anatomical survey (the placenta produces amniotic fluid in the 

first trimester and the fetal kidneys start to produce fluid around 15–16 weeks), absent 

bladder due to lack of filling, absence of renal tissue, and absence of color doppler flow 

from renal arteries which arise from the aorta.1,43

Conversely, unilateral renal agenesis presents on ultrasound as absence of renal tissue in the 

renal fossa with the bladder visualized and normal amniotic fluid. The contralateral kidney 

may be useful to help identify unilateral agenesis because of compensatory hyperplasia of 

the normal kidney. An anteroposterior (AP) and transverse (TR) diameter ratio of 0.9 or 

greater has been shown to have high sensitivity, specificity, and accuracy of demonstrating 

compensatory renal hyperplasia.44

If renal agenesis (unilateral or bilateral) is identified, a detailed ultrasound to view all organ 

systems is recommended because the risk of genetic syndrome may be as high as 30%.45 

Single gene disorders associated with unilateral or bilateral renal agenesis are listed in Table 

3.1 Many of these have a variable or limited prenatal phenotype. When renal agenesis is 

identified prenatally, as with any fetal abnormality, diagnostic testing should be offered. 

Placental biopsy may be necessary if there is anhydramnios and amniocentesis is not 

possible. Parental renal ultrasounds can be offered and a careful family history should be 

obtained. Standard genetic testing (karyotype, CMA) should be performed on the fetal 

specimen and molecular testing via targeted CAKUT panels or WES, on a research or 

clinical basis if available, can be considered, especially if other organ systems are affected or 

there are multiple affected pregnancies with the same phenotype suggestive of a genetic 

etiology.

6.1.1 | Treatments for renal agenesis—Once bilateral renal agenesis has been 

diagnosed, the family should be counseled about the poor prognosis. Case reports have been 

published regarding serial amnioinfusion showing that with such interventions, there is 

possibility of survival.42,52 However, given the lack of prospectively collected data and the 

unknown maternal/fetal risks of serial amnioinfusions, it is not recommended that this be 

offered outside of a clinical trial52 (at least two are ongoing and registered with 
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clinicaltrials.gov; NCT03101891; NCT03723564). There is no needed treatment for 

unilateral renal agenesis because amniotic fluid generally is normal, and therefore, fetal lung 

maturation is not impaired.

Lower urinary tract obstruction (LUTO) or fetal megacystis: LUTO has an estimated 

incidence of one in 1500 pregnancies.53 It is variably defined and can be diagnosed as early 

as 11 to 14 weeks gestation.1 The most common definitions include a longitudinal bladder 

length of greater than 7 mm in the first trimester. In the second trimester and beyond, a 

sagittal dimension greater than the following measurement is considered diagnostic: 

gestational age in weeks +12 mm. Other criteria, such as bladder wall thickness, have also 

been reported, with measurement of the bladder wall greater than 3 mm associated with 

LUTO.53 Gross bladder appearance has also been used as diagnostic criteria, with the 

ultrasonographic presence of an abnormally enlarged bladder in the second or third trimester 

with or without emptying for over 45 minutes.

There are several etiologies underlying LUTO including posterior urethral valves, urethra 

atresia/stenosis, prune belly syndrome, megacystis microcolon intestinal hypoperistalsis 

syndrome (MMIHS), and cloacal anomalies. LUTO has a high association with aneuploidy 

when diagnosed in the first trimester, especially trisomy 18, 13, and 21. Fetal karyotype 

abnormalities are identified in up to 25% of cases in which megacystis is seen with 

longitudinal bladder diameter of 7 to 15 mm.53 However, if the megacystis resolves 

spontaneously, 90% have normal karyotypes. If the longitudinal bladder diameter is greater 

than 15 mm, the risk of chromosomal defects is noted to be approximately 10%. In this same 

study, the chromosomally normal group still had progressive obstructive uropathy showing a 

poor prognosis with bladder diameters of greater than 15 mm.53

6.1.2 | Posterior urethral valves—Posterior urethral valves affects 3.8 per 100 000 

live male births and is the predominant cause of lower urinary tract obstruction in male 

fetuses. Prenatal ultrasound may show a distended fetal bladder as early as the first trimester 

(11–14 weeks). Common second trimester ultrasound findings include oligohydramnios, a 

distended urinary bladder, bilateral hydronephrosis, and obstructive renal dysplasia. In the 

setting of severe obstruction, massive bladder enlargement could occur due to urine 

accumulation leading to abdominal muscle atrophy, undescended testes, intestinal 

malrotation, or pulmonary hypoplasia. Severe oligohydramnios could also lead to a Potter-

like syndrome. Endoscopic placement of a vesico-amniotic shunt may be required to 

decrease the risk of the aforementioned downstream consequences, however, may lead to the 

neonatal appearance of a wrinkled abdomen, or “Prune Belly syndrome.”54 Early 

management of lower urinary tract obstruction prevents downstream sequelae, most notably 

pulmonary hypoplasia. However, long-term complications of vesico-amniotic shunt 

placement includes bilateral obstructive renal dysplasia and consequent chronic renal failure 

among surviving infants.54 Fetal cystoscopy is an accurate method in the diagnosis of the 

etiology of lower urinary tract obstruction (LUTO) and serves as a guide to specific prenatal 

treatment. Accurate diagnosis of LUTO was made in 92% of cases in a recent series using 

fetal cystoscopy. However, current use of fetal cystoscopy for diagnostic and treatment 

modalities is limited to tertiary care centers that offer advanced fetal therapy and further 
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analysis regarding immediate and long-term outcomes is required before routine utilization.
55

Notably, few known genes to date are associated with posterior urethral valves. Prune Belly 

syndrome is associated with HNF1B in 3% of recognized cases, yet the majority of those 

diagnosed do not have a known genetic cause.54 Posterior urethral valves, pyelectasis, 

megaureters, are within the array of CAKUT abnormalities that can be associated with 

Trisomy 21.56 Very rarely, other chromosome abnormalities, such as trisomy of chromosome 

11 or partial duplication of chromosome 6 have been associated with UTD, however, data is 

limited to case reports.57 Thus, the early detection of posterior urethral valves warrants 

genetic counseling referral, offering diagnostic testing, CMA, possible molecular testing or 

trio WES if available, and further workup as suspected by prenatal ultrasound findings.

6.1.3 | Megacystis microcolon intestinal hypoperistalsis syndrome (MMIHS)
—MMIHS accounts for approximately 1% of cases in which fetal megacystis is prenatally 

diagnosed. Exact genetic origins and inheritance patterns are unknown; however, an 

autosomal recessive pattern is suspected. Further, a tendency towards females is also noted 

with a suspected incidence of 2:1.58 Sonographic findings include a markedly enlarged fetal 

bladder, bilateral fetal hydronephrosis, and polyhydramnios. Bladder enlargement can 

progress to massive proportions, eventually enlarging the abdomen and displacing the 

diaphragm.59

Anomalies of the gastrointestinal tract, such as nonfunctional microcolon primarily 

contribute to the high morbidity of this rare condition.60 Suspicion of MMIHS should 

include comprehensive sonographic evaluation for other fetal anomalies, consultation with 

reproductive genetics, and discussion of pregnancy continuation versus termination with an 

obstetrician specialized in the care of such high-risk pregnancies. Initial perinatal mortality 

varies but is suspected to approach 50%. Survival is marked by lifelong morbidity secondary 

to numerous gastrointestinal and genito-urinary procedures and the potential need for 

lifelong parenteral nutrition.59

6.1.4 | Urinary tract dilation—Urinary tract dilation (UTD) occurs in 1% to 2% of all 

pregnancies and is the most common CAKUT.61 Isolated dilation of a portion of the fetal 

urinary tract may be caused by a variety of structural abnormaliteis, such as ureteral 

duplication, ureteropelvic junction (UPJ) obstruction, and posterior urethral valves among 

others.2 While isolated mild UTD is usually a normal finding, it is important to note that 

UTD, especially in the presence of other anomalies, can be associated with both aneuploidy 

and single gene disorders. The finding of UTD is a marker for trisomy 21 with a likelihood 

ratio of 1.5 and counseling about this information is recommended.56 The clinical 

phenotypes of urinary tract dilation vary, ranging from inconsequential (most common) to 

severe obstructive disease (rare). Severe obstructive disease accounts for one third of all 

cases of pediatric ESRD.3

Prenatal diagnosis of UTD can occur as early as the first trimester, but most commonly 

occurs during a comprehensive anatomical ultrasound or second trimester scan. Findings 

that are suggestive of UTD include presence and extent of calyceal dilation, parenchymal 
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abnormalities, bladder and ureteral abnormalities, and low amniotic fluid volume.61 When 

UTD is identified, the patient should be counseled and offered diagnostic testing or 

aneuploidy screening based on the patient’s preferences and ultrasound findings. Inclusion 

of pediatric nephrology and urology should be considered in order to offer further discussion 

of postnatal diagnosis and management.

6.2 | Recent genetic advancements in renal pathology

As prenatal WES is being used more commonly62 in cases with fetal abnormalities and in 

nonviable pregnancies where microarray is normal, new genes have been identified to 

explain prenatal renal phenotypes.63 In this section, we will focus on discussion of recently 

identified genes that cause congenital abnormalities of the kidney and urinary tract.

6.2.1 | GREB1L—Cohorts including fetuses with renal agenesis that had WES revealed 

deleterious de novo variants in GREB1L pointing to its potential role as a novel candidate 

gene critical to renal development.64,63 GREB1L encodes for growth regulation by estrogen 

in breast cancer 1 protein. Studies in mice show that GREB1L is highly expressed in the 

murine developing kidney. Functional studies in zebrafish were performed to confirm the 

role of GREB1L in kidney development.65

6.2.2 | HNF1B—As described in our review of PKD, pathogenic variants in many 

different genes can mimic ARPKD/ADPKD findings of large, multicystic kidneys diagnosed 

on prenatal ultrasound. Recent studies have provided evidence that HNF1B may constitute 

the main cause of prenatally diagnosed bilateral multicystic kidneys. Inherited in an 

autosomal dominant fashion, HNF1B pathogenic variants commonly result in phenotypes 

with renal cystic pathology and diabetes. However, an estimated 30% to 50% of diagnosed 

HNF1B mutations are de novo.12

It is expected that as more prenatal sequencing is performed, additional genes critical to 

human kidney development will be identified. Given the frequency of prenatal renal 

abnormalities and relative ease of identifying structural abnormalities in the renal system, 

further gene discovery specific to renal pathology using prenatal cohorts are expected.

6.3 | Other syndromes/sequences with prenatal renal abnormalities

6.3.1 | Phakomatoses—Rarely, phakomatoses such as tuberous sclerosis complex 

(TSC) and Von Hippel-Lindau (VHL) may be associated with prenatally diagnosed renal 

abnormalities. Tuberous sclerosis is a neurocutaneous disorder that can present at any age 

and rarely prenatally. Associated with the TSC1 and TSC2 genes, TSC is most commonly 

associated with hypomelanotic macules on the skin, but can also lead to multi-organ 

involvement. Renal involvement may include the presence of renal cysts, angiomyolipomas, 

and rarely renal cell carcinoma. However, most children with TSC are born with normal 

kidneys and renal involvement appears later as they age. Prenatal presence of renal lesions is 

exceedingly rare with only half a dozen cases of renal cysts reported prenatally in the setting 

of TSC. There are no reported cases of prenatal angiomyolipoma.66,67 VHL is an autosomal 

dominant condition with incidence of one of 360 000. It is characterized by 

hemagnioblastomas of the neurologic system and renal cysts with an increased incidence of 
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renal cell carcinoma. Prenatal presence of renal abnormalities has not been reported in the 

literature to our knowledge.68

Other conditions, such as Smith-Lemli-Opitz syndrome (SLOS) and Fraser syndrome can 

lead to pansystemic anomalies and intellectual disability, including the presence of renal 

cystic disease and clinically significant renal functional damage. SLOS is caused by a 

deficiency of cholesterol synthesis resulting from a deficiency of 7-dehydrocholesterol 

(7DHC) reductase encoded by the DHCR7 gene and is inherited in an autosomal recessive 

pattern. Renal anomalies can range from minor functional defects, simple cystic kidney 

disease, to renal agenesis. The presence of major anomalies may be noted on prenatal 

ultrasound, however, early detection of multiple malformations was noted in only 10% of 

postnatally diagnosed cases in one series.69 Similarly rare, Fraser syndrome is a multi-organ 

system malformation disorder, inherited in an autosomal recessive fashion with an incidence 

of 0.2 of 100 000 births. Implicated genes include FRAS13, FREM2, and GRIP1. Renal 

anomalies associated with this condition may include unilateral or bilateral renal agenesis, 

dysplastic kidneys, and oligohydramnios. Such findings were present in 77% of diagnosed 

cases in one series of 38 cases.51

Although such conditions are exceedingly rare, immediate family history of this condition 

should prompt referral to genetic counseling and a comprehensive anatomical ultrasound. If 

prenatal findings on ultrasound further suspicion of a multiple anomaly syndrome, referral to 

genetic counseling and maternal fetal medicine specialist is recommended. There, 

appropriate options regarding pregnancy continuation versus termination should be provided 

as dictated by fetal prognosis and local availability.

6.3.2 | Malformation sequences—VATER syndrome (or VACTERL association) is a 

sequence of anomalies that includes vertebral anomalies, anorectal malformations, cardiac 

defects, trachea-esophageal fistula and/or esophageal atresia, radial dysplasia/renal 

anomalies, and limb defects. Genes associated with this complex syndrome include FGF8, 
FOXF1, HOXD13, LPP, TRAP1, ZIC3. The incidence of renal abnormalities associated with 

VACTERL ranges from 1:10 000 to 1:40 000. Renal anomalies may include a range of 

CAKUT, ranging from mild vesicoureteral reflux to renal agenesis. A particular renal 

phenotype of VACTERL is associated with the TRAP1 gene, in which mouse models 

demonstrate a higher likelihood of duplex kidney and unilateral renal agenesis.70

MURCS association syndrome stands for Mullerian duct aplasia, unilateral renal agenesis, 

cervico-thoracic somite fusion defects. Like VACTERL, MURCS is also a sequence 

syndrome. It is inherited in a sporadic or autosomal dominant fashion and may be associated 

with copy number changes in the WT1 or PAX2 genes. Typical renal findings include 

unilateral renal agenesis.

If a fetal malformation sequence disorder is suspected, the affected patient should be offered 

a comprehensive anatomical ultrasound, maternal fetal medicine, diagnostic testing, and 

genetic counseling referral. As with any fetal anomaly, discussion of options regarding 

pregnancy continuation versus termination is recommended.
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7 | APPROACH TO EVALUATION

When prenatal ultrasonographic findings are suspicious for CAKUT, we recommend an 

individualized approach based on sonographic findings (including appearance of fetal 

kidney and any extra-renal findings), and parental preferences regarding obtaining a 

definitive prenatal diagnosis. However, a standard framework for the approach to the care of 

pregnancies with suspected CAKUT disorders may be helpful to clinicians and patients 

(Figure 7). All patients with a suspected CAKUT should be offered genetic counseling and 

care by a multidisciplinary team. Reproductive genetic counselors can assist in providing 

optimal recommendations for genetic testing depending on clinical findings. This approach 

should include an initial work-up for chromosomal abnormalities, including a chromosomal 

microarray (CMA). If normal, proceeding with targeted molecular testing (such as a targeted 

gene panel) or with trio WES if available, is indicated. From the largest trio WES cohorts 

with unselected anomalies, the diagnostic yield in CAKUT was 0% (0/16) in the PAGE UK 

study and 16% (4/16) in the US series.71,72 Another paper on application of WES to 

CAKUT in the setting of normal CMA showed a detection rate of 2/22 (9.1%) for isolated 

CAKUT and 2/8 (25%) for CAKUT with other abnormalities. However, larger studies are 

needed to determine the utility of WES when applied to prenatal CAKUT.73 Serial 

ultrasonography for fetal surveillance is often utilized, while the approach to antenatal 

testing and timing of delivery requires individualization. As with any anomaly, the option of 

termination of pregnancy should be offered and discussion of legal limits specific to the 

geographic area is indicated. Some conditions such as bilateral renal agenesis and trisomy 

13 have a lethal/poor prognosis whereas others, such as urinary tract dilation, usually have a 

favorable outcome. It is our practice to offer diagnostic testing to all women and provide 

information on the diagnosis so that the families can make decisions about termination of 

pregnancy or continuation consistent with their values and beliefs. In the case of severe 

abnormalities with a poor prognosis, we also offer the option of palliative care in continuing 

pregnancies. If a fetal or neonatal demise occurs, there is value in fetal/neonatal autopsy 

with careful attention to pathologic examination of the kidneys and urinary tract as well as 

utility in extracting DNA for possible genetic testing which can inform future pregnancies.

8 | CONCLUSIONS

As ultrasound capabilities and prenatal genetic diagnostic testing continue to improve, 

screening for and diagnosis of CAKUT is a critical part of providing comprehensive 

antenatal care. CAKUT anomalies present in a number of ways and can be diagnosed as 

early as 11 weeks gestation, ranging from subtle anomalies to syndromic manifestations 

affecting not only the genitourinary tract, but also other fetal structures and amniotic fluid. 

Monogenic disorders associated with CAKUT often require involving providers with 

genetics expertise to ensure that the genetic testing strategy is appropriate. Early and 

comprehensive multidisciplinary care may include maternal fetal medicine specialists, 

genetic counselors, pediatric nephrologists, and pediatric urology as indicated if a CAKUT 

anomaly is suspected. As such, early prenatal diagnosis is integral to coordination of care 

when low and high-risk CAKUT phenotypes are suspected.
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What is already known about this topic?

• Prenatally, CAKUT abnormalities are often identified and can be isolated to 

the kidney and urinary tract or be seen in conjunction with other anomalies

• Outcomes secondary to such abnormalities range from almost certain 

mortality (eg, bilateral renal agenesis) to having minimal impact on the 

affected fetus (eg, urinary tract dilation grade A1).

• Prenatal diagnosis of CAKUT includes ultrasound, genetic counseling, and 

genetic testing and is central to the creation of a fetal/neonatal care plan to 

optimize outcomes.

What does this review add?

• This review provides a summary of syndromic CAKUT disorders that may be 

identified prenatally and genetic considerations specific to prenatal CAKUT 

abnormalities.

• Given the significant advances in prenatal diagnosis and application of 

genomics over the last decade, this review is presented at a necessary time 

when antenatal diagnosis and management of CAKUT are evolving.

• We outline genetic considerations for a provider faced with a new diagnosis 

of CAKUT based on current evidence and expert opinion.
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FIGURE 1. 
Ultrasound findings associated with autosomal dominant polycystic kidney disease 

(ADPKD). One fetal kidney seen on antenatal ultrasound demonstrates enlarged, 

hyperechogenic appearance with the presence of cysts
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FIGURE 2. 
Ultrasound findings associated with autosomal recessive polycystic kidney disease 

(ARPKD). Bilateral fetal kidneys seen in two separate images obtained via prenatal 

ultrasound. Kidneys appear enlarged with poor cortico-medullary differentiation and are 

hyperechoic in appearance due to the presence of numerous microscopic cysts
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FIGURE 3. 
Ultrasound images of a fetus diagnosed with Meckel-Gruber syndrome in the prenatal 

period. Ultrasound findings included enlarged, hyperechogenic kidneys with cystic foci
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FIGURE 4. 
Multicystic dysplastic kidney (MCDK) at 33 weeks. Characteristic appearance of MCDK at 

33 weeks. Unilateral kidney demonstrated here; findings are usually bilateral
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FIGURE 5. 
Renal agenesis and absence of color Doppler flow. Ultrasound images obtained in the 

prenatal period demonstrate bilateral fetal renal agenesis as demonstrated by absent renal 

arteries, absent bladder, and anhydramnios
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FIGURE 6. 
Enlarged fetal bladder at 11 weeks gestation. Fetal bladder measurements are not available 

in current image. Diameter of 7 mm in the first trimester is suggestive of fetal microcystis
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FIGURE 7. 
Algorithm for evaluation of suspected congenital anomalies of the kidney and urinary tract 

(CAKUT). Further management decisions should be based on final diagnosis and expert 

opinion and practice. *Genetic testing should only be offered by providers with genetics 

expertise if indicated by the clinical scenario and with appropriate plans for follow-up with a 

multidisciplinary care team if indicated. **Whole exome sequencing (WES) may be 

considered in certain situations such as in pregnancies recurrent CAKUT phenotypes (ie, 

multiple pregnancies with renal agenesis or cystic kidneys)
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