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Abstract

Congenital anomalies of the kidney and urinary tract (CAKUT) result from disruptions in normal kidney and urinary tract
development during fetal life and collectively represent the most common cause of kidney failure in children worldwide.
The antenatal determinants of CAKUT are diverse and include mutations in genes responsible for normal nephrogenesis,
alterations in maternal and fetal environments, and obstruction within the normal developing urinary tract. The resultant
clinical phenotypes are complex and depend on the timing of the insult, the penetrance of underlying gene mutations, and
the severity and timing of obstruction related to the sequence of normal kidney development. Consequently, there is a broad
spectrum of outcomes for children born with CAKUT. In this review, we explore the most common forms of CAKUT and
those most likely to develop long-term complications of their associated kidney malformations. We discuss the relevant
outcomes for the different forms of CAKUT and what is known about clinical characteristics across the CAKUT spectrum

that are risk factors of long-term kidney injury and disease progression.
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Introduction

Congenital anomalies of the kidney and urinary tract
(CAKUT) are common in humans, encompassing 20-50% of
birth defects with a collective prevalence of 4—-60 per 10,000
live births. Neonates and infants with CAKUT are frequently
subjected to radiologic and laboratory studies and referred
for evaluation by pediatric nephrologists and/or urologists.
In addition to defining the immediate impact of CAKUT,
managing clinicians are often asked to project long-term
kidney outcomes and to identify factors for risk mitigation.
In this review, we address the embryonic origins of CAKUT,
including the roles of genetics, intrauterine environment, and
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urinary tract obstruction. We discuss the clinical presenta-
tion of major forms of CAKUT, along with risk factors for
adverse kidney outcomes and how to approach risk mitiga-
tion in pediatric nephrology practice. We make the argument
that a variety of prenatal risk factors converge to reduce
nephron number at birth. Following birth, certain patients
with CAKUT develop acute kidney injury (AKI), which fur-
ther reduces functioning nephron mass. Ultimately, it is the
confluence of these factors—along with episodes of AKI
postnatally—that determines the aggregate risk for poor
kidney outcomes, including proteinuria, hypertension, and
reduced glomerular filtration rate (GFR) (Fig. 1).

The relationship of malformations to normal
kidney development

Overview of normal human kidney development

Before discussing the scope of kidney malformation phe-
notypes that encompass human CAKUT, it is important to
briefly highlight normal kidney development, as an inter-
ruption in any of these steps may lead to a kidney anomaly.
Normal kidney development initiates in the first trimester
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Antenatal
Determinants

Fig. 1 Converging risk factors
in the fetus (genetics, mater-
nal—fetal environments, and
urinary tract obstruction) lead to
a spectrum of kidney anoma-
lies that result in variable loss
of functioning nephrons. This
reduction in nephron endow-
ment can be further eroded by
episodes of acute kidney injury
(AKI) after birth, leading to
adverse kidney outcomes of
proteinuria, hypertension, and
reduction in GFR

Genetics
Maternal environment
Fetal environment

Urinary tract
obstruction

with the sequential formation and involution of pronephros
at 3 weeks of gestation and mesonephros at 4 weeks. The
functional kidney arises from the metanephros during the
fifth week when an outgrowth of the mesonephric duct—
called the ureteric bud (UB)—invades the metanephric mes-
enchyme and undergoes a series of branching events. Signals
from the tips of each branch and the mesenchyme cause the
mesenchyme to epithelialize and forms a sequence of struc-
tures—pretubular aggregates, renal vesicles, comma- and
S-shaped bodies—that ultimately give rise to the nephron,
which consists of the glomerulus, proximal tubule, loop of
Henle, and distal tubules. Signals from the mesenchyme
promote further branching of the ureteric tree, which gives
rise to the kidney collecting duct, pelvicalyceal system, and
ureters. While the first glomeruli form during weeks 9-10,
ureteric branching and nephrogenesis continue with an expo-
nential increase during the late second and third trimester,
concluding by 36 weeks. Fetal urine production commences
at 11-12 weeks and accounts for >90% of amniotic fluid by
16-20 weeks.

Kidney malformation phenotypes

Renal agenesis Congenital kidney and urinary tract mal-
formations can arise at various points in this developmen-
tal sequence. As a general rule, lesions that occur earlier
in development result in more severe anomalies. The most
severe kidney anomaly is renal agenesis (aplasia), in which
the UB fails to form or invade the mesenchyme. Mechanisti-
cally, this has been attributed to defects in growth factors and
receptors that are critical for UB—mesenchymal crosstalk and
survival of both lineages. This is exemplified by mutations
in GDNF and RET, which encode a mesenchyme-derived
ligand and UB-derived receptor, respectively [1, 2].

A series of inhibitory cues limit UB outgrowth to a sin-
gle location, and the absence of these inhibitory signals can
result in multiple UB—Ieading to partial or complete dupli-
cation of the kidney and/or collecting systems. In addition,
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the same molecular cues that guide UB outgrowth coordi-
nate appropriate ureteral insertion into the bladder trigone,
such that anomalies in these processes often co-exist. For
example, complete duplication of the kidney collecting sys-
tem can be associated with vesicoureteral reflux (VUR).

Dysplasia and hypoplasia Disruptions in nephrogenesis can
result in dysplasia. While dysplasia generally is a clinical
diagnosis supported by radiologic features, histopathologic
studies in human fetal autopsies have established that dys-
plasia is typified by architectural distortion, metaplasia,
primitive glomeruli and tubules, and cyst formation. Rodent
studies have established that dysplasia can arise as a conse-
quence of impaired UB—mesenchymal crosstalk and muta-
tions in transcription factors [3]. A presumptive diagnosis
is frequently made on the basis of an echogenic kidney with
poor corticomedullary differentiation on kidney ultrasound,
at times associated with cystic features. Renal dysplasia can
present clinically with polyuria and electrolyte wasting with
kidney functional impairment. In certain instances, dysplasia
is associated with the presence of VUR.

When nephrogenesis proceeds in a normal fashion but
yields low nephron numbers the resulting kidney is smaller
(hypoplasia). This nephron deficit may be suspected based
on kidney length if imaging is available (> 2 standard devia-
tions below the mean for age). Alternatively, hypoplasia may
be clinically silent and manifest later in childhood or even
in adulthood in the form of proteinuria, hypertension, and
impaired kidney function. These sequelae of hypoplasia are
predicted by Brenner’s famous hypothesis, which posits that
low nephron numbers result in glomerular hyperfiltration
and loss of podocytes [4], resulting in proteinuria and hyper-
tension that can propagate glomerular injury and scarring
and result in progression to kidney failure.

Genetic mechanisms underlying kidney malforma-
tions Classically, the role of genetic mechanisms in con-
genital kidney malformations was evinced by their associa-
tion with chromosomal trisomy syndromes, i.e.,+ 18, + 13,
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and +21. Over the last 2 decades, studies in humans and
mice have implicated a host of genes in kidney dysmorpho-
genesis. Current estimates are that 20% of kidney malforma-
tions have a monogenic origin [5], and another 4% may arise
from copy number variants (CNV) that confer changes in
gene dosage [6]. In the vast majority of instances, the nature
and extent of kidney malformation phenotypes are variable
among individuals inheriting the same genetic defect, illus-
trating the incomplete penetrance and variable expressivity
that are common in human genetic disorders.

Role for genetic testing in patients with kidney malforma-
tions While there is insufficient evidence to broadly rec-
ommend genetic screening for all patients with kidney
malformations, some have advocated that identification of a
monogenic etiology can positively impact clinical manage-
ment. For example, 5-15% of dominantly inherited kidney
malformations have been attributed to mutations in HNFIB
and PAX2 [7]. Mutations in HNF'IB have been associated
with renal hypoplasia, hypomagnesemia, gout, and maturity-
onset diabetes of the young (MODY). Alternatively, muta-
tions in PAX2 have been associated with impaired vision
due to defects in the development of the retina and lens,
as well as renal hypoplasia. These are examples of genetic
conditions that if identified early can herald future compli-
cations allowing for anticipatory management. Moreover,
successful identification of a genetic condition can lead to
genetic counseling and inform future family planning. Some
have advocated that genetic testing should be considered for
patients with syndromic and severe kidney malformations on
a case-by-case basis [8]. However, widespread genetic test-
ing for kidney malformations is not currently performed as
the standard of care in pediatric nephrology centers.

Influence of environment factors on kidney malforma-
tions While ongoing studies carry the promise of elucidat-
ing additional genes and pathways responsible for kidney
malformations, most kidney malformations do not have an
obvious genetic origin or familial pattern of inheritance.
In this regard, it is important to consider that the maternal
environment can significantly impact kidney development.
Maternal malnutrition and placental insufficiency are both
associated with low birth weight and prematurity, each of
which is associated with low nephron number [9]. Mater-
nal diabetes has been associated with kidney malforma-
tions in human and animal studies [10]. Increased maternal
alcohol consumption can lead to fetal alcohol syndrome,
including kidney malformations. A proposed mechanism is
that competition between ethanol and retinol for metabo-
lism via alcohol dehydrogenase can lead to fetal vitamin
A deficiency. In this regard, it is noteworthy that vitamin
A is a key morphogen for proper nephrogenesis, and vita-
min A deficiency can lead to a nephron deficit [11]. Low

maternal folate consumption is an established risk factor for
neural tube defects as well as kidney malformations [12].
Maternal use of angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers has been associated with
renal hypoplasia [13], especially when taken in the second
and third trimester when an exponential increase in nephrons
normally occurs.

At this point in time, there are very few registries that
report congenital kidney malformations, limiting their asso-
ciation with environmental exposures. An example of one
such registry is the AGORA data in the Netherlands which
has linked maternal obesity, maternal diabetes, and the use
of assisted reproductive technologies—such as artificial
insemination and in vitro fertilization—with kidney mal-
formations [14]. While these associations may be limited
by recall bias, they are foundational to identifying potential
environmental links to kidney malformations, which can
subsequently be explored at a mechanistic level.

Impact of fetal urinary tract obstruction on kidney develop-
ment Urinary tract obstruction can occur at the uretero-
pelvic junction, ureterovesical junction, and bladder outlet.
Obstruction can arise as a consequence of one or more dis-
crete anatomic lesions (e.g., posterior urethral valves (PUV))
or a functional deficit in myogenesis or urinary tract innerva-
tion (e.g., Prune Belly syndrome (PBS)). The impact of uri-
nary tract obstruction on kidney development varies tremen-
dously. Studies in fetal sheep and monkeys have established
that early obstruction leads to UB apoptosis and hypoplasia
along with cystic dysplasia [15]. Conversely, obstruction that
occurs later in gestation is less likely to result in dysplasia
but can still result in renal hypoplasia and lead to kidney
functional impairment after birth. Clinically, children born
with obstruction that impacts both kidneys are more likely
to have impaired kidney function. This occurs most often in
boys with PUV, which result in bladder outlet obstruction
and varying extents of renal dysplasia and hypoplasia.

Clinical Phenotypes of CAKUT

CAKUT represents a spectrum of disorders and, as mentioned,
is the most common cause of chronic kidney disease (CKD)
in children [16]. According to the UK Renal Registry, 40%
of children on kidney replacement therapy have dysplastic
or hypoplastic kidneys [16]. There are over 200 syndromes
in which CAKUT is a component [17]. The phenotype of
CAKUT ranges widely from generally benign conditions,
such as mild transient hydronephrosis, to severe malforma-
tions, such as PUV with resultant kidney failure.

Antenatal diagnosis of hydronephrosis Many congenital

kidney anomalies are brought to medical attention early in
life due to advances in prenatal screening. In up to 5% of
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pregnancies urinary tract dilation is noted prenatally; how-
ever, up to 80% of cases resolve spontaneously [17, 18].
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but 88% of patients with severe antenatal hydronephrosis
(APD > 10 mm) had pathology [20]. This study also high-
lighted the significant practice variation in the diagnosis and
management of antenatal hydronephrosis and the need for a
clinical practice guideline given the wide range of possible
patient outcomes.

Upper versus lower urinary tract anomalies CAKUT can
be divided into upper and lower urinary tract abnormali-
ties. The most common types of upper urinary tract CAKUT
conditions seen in the clinic include multicystic dysplastic
kidneys, unilateral renal agenesis, and renal hypodysplasia.
The most common congenital lower urinary tract obstructive
lesions that impact kidney outcomes include PUV, urethral
atresia, and PBS (Eagle Barrett syndrome) [21]. The defini-
tion, common imaging findings, and incidence of the dif-
ferent types of CAKUT are summarized in Table 1 [16, 17,
22]. Kidney imaging is the most common way to diagnose
CAKUT.

The following section focuses on the definition, diagno-
sis, and prevalence of three of the most common CAKUT
anomalies besides hydronephrosis: solitary functioning kid-
ney, renal hypodysplasia, and urinary tract obstruction. This
is followed by a general discussion of other CAKUT anoma-
lies that typically do not have adverse kidney outcomes when
present in isolation.

tion, deficiency of abdominal wall muscles, and cryptor-

chidism [16]
Tissue leaflets within the prostatic urethra [18]

May be primary or secondary to other CAKUT [17]

do not connect and largest cyst is not central [22]
Unilateral or bilateral involvement with varied kidney size.

Common features within these categories
Complete absence of one or both kidneys [22]

Barrett syndrome)

CAKUT congenital anomaly of the kidney or urinary tract, RUS kidney ultrasound, DMSA technetium-99 m dimercapto succinic acid, VCUG voiding cystourethrogram

Multicystic dysplastic kidney Minimal or no kidney parenchyma with numerous cysts that Postnatal RUS to confirm diagnosis, rule out ureteric

Prune Belly syndrome (Eagle Lower urinary tract has severe dilation but no true obstruc-

Table 1 Clinical phenotypes of CAKUT

Type of CAKUT

Renal agenesis

Renal hypo/dysplasia
Posterior urethral valves
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Solitary functioning kidney (SFK) The contralateral kidney
of a multicystic dysplastic kidney (MCDK) and unilateral
renal agenesis (URA) are the two forms of congenital SFK.
MCDK occurs in up to 1/2200 to 1/4300 pregnancies and
URA in 1/1300 to 1/2000 pregnancies [22, 23]. MCDK is a
specific example of dysplasia, typically diagnosed by a kid-
ney ultrasound showing hypoechogenic spaces due to mul-
tiple cysts of varying sizes which do not communicate with
each other or the renal pelvis [16, 23]. A technetium-99 m
dimercapto succinic acid (DMSA) scan will generally con-
firm no kidney uptake, however in about 4% of cases there
may be minimal uptake representing 3—7% of function [16].
This residual function can increase the risk of hypertension
and necessitate resection of the MCDK [22]. However, if
there is no indication for early resection, when followed over
time, an MCDK will typically regress due to cell apoptosis
outweighing cell proliferation [16]. One-third of MCDK
cases will involute by 2 years of age and over half will invo-
lute by 10 years of age [22]. MCDK is generally unilateral,
and it is important to evaluate the contralateral kidney health
as up to 40% will be abnormal and this dictates the long-
term kidney prognosis [22, 23]. Low-grade VUR (grades
I-I10) is seen in about 25% of cases with other less common
complications being uretero-pelvic junction (UPJ) or uret-
ero-vesico junction (UVJ) obstruction, dysplasia, or severe
reflux [22]. Evaluation with kidney imaging will confirm
the diagnosis and a DMSA can confirm the kidney is non-
functioning and rule out an ectopic kidney [16, 23].

Ultrasound imaging is also necessary to evaluate the soli-
tary kidney of URA. This will assess for any malformations
such as hydronephrosis, VUR, or UPJ obstruction and evalu-
ate the kidney size which should be at least normal for age
and ideally enlarged, representing compensatory hypertro-
phy. These are important predictors of long-term outcomes.
There is currently a wide array of practice patterns and no
guidelines on best practices for the management of patients
with solitary function [24].

Renal hypodysplasia (RHD) Dysplasia of the kidney is due
to abnormal differentiation or organization of the tissue,
usually a consequence of an interruption of normal kidney
development. Contrast this with hypoplastic kidneys that
have a decreased number of nephrons but those present are
formed properly [16]. Kidney ultrasound will typically iden-
tify a hypoplastic kidney by small size with fewer calices and
papilla than expected [23]. Kidney biopsy is the only method
to truly differentiate dysplasia from hypoplasia and this is
generally not pursued in clinical practice [25]. Therefore,
renal hypoplasia and renal dysplasia are grouped together
as RHD. There are many varieties of a dysplastic kidney,
which can range from unilateral to bilateral with kidney size
that can vary from a small aplastic kidney to a large cystic
kidney [16, 17]. The cysts of a dysplastic kidney form due

to abnormal kidney development which results in the poorly
differentiated tissue and primitive tubules [16]. This is in
contrast to cysts arising from the pre-existing tubules in
polycystic kidneys [16].

Urinary tract obstruction While a number of congenital
urinary tract obstruction conditions occur as part of the
CAKUT spectrum, including bladder outlet, bladder, and
ureteric anomalies such as ureteropelvic junction or ureter-
ovesical junction obstruction, children with PUV and those
with PBS are most likely to develop CKD and kidney fail-
ure, and thus will be the focus of this section. PUV refers
to redundant leaflets in the posterior urethra that can lead
to partial bladder outlet obstruction with distended urinary
bladder, bilateral hydronephrosis, VUR, and a spectrum
of kidney involvement including dysplasia [26, 27]. PUV
occurs in 3.8-20 per 100,000 live male births [22, 27]. Find-
ings in utero of oligohydramnios with abnormal kidneys, a
bladder that does not empty, a thick-walled megabladder
with a “keyhole” sign, or urinary ascites from kidney or
bladder rupture are all suggestive of PUV [18]. A multi-
center study across five centers in the Pediatric Urology
Midwest Alliance identified 274 patients with PUV over a
20-year period who had intervention for their disease within
the first 90 days of life [28]. Of the 26% of patients who
required kidney replacement therapy, one-third experienced
rapidly declining kidney function in the first year of life as
a likely consequence of dysplasia [21], while the remain-
ing two-thirds experienced delayed progression between
ages 10 and 15 years. While less common than PUV, PBS is
another important cause of congenital urinary tract obstruc-
tion, occurring in 1 in 30,000 births [22]. Patients have a
non-anatomic (functional) bladder outlet obstruction and
varying degrees of urinary tract dilation, renal dysplasia, and
kidney functional impairment. PBS is also associated with a
deficiency of abdominal wall muscles, and cryptorchidism
[16]. In PBS, as in PUV, recurrent urinary tract infections
(UTI) and pyelonephritis are common and associated with
the progression of kidney failure [29]. The mechanisms by
which these infections occur and how they contribute to kid-
ney injury have not been well described.

Other CAKUT anomalies There are several other CAKUT
anomalies discovered over the course of antenatal screen-
ing or screening for some other reason (e.g., UTI, genetic
syndromes, persistent/severe/complicated hydronephrosis).
These include kidney ectopia, vesicoureteral reflux (VUR),
and duplex kidney. These anomalies, when present in isola-
tion and in the absence of recurrent UTI, are usually not
associated with adverse kidney outcomes. However, a num-
ber of reports have shown that outcomes are worse in the
conditions we have discussed (URA, MCDK, RHD, PUV)
when they have these associated anomalies with or without
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recurrent UTIL. In fact, the presence of these associated
anomalies has been shown to be an independent risk factor
for chronic kidney injury [30, 31]. A discussion about these
individual abnormalities and cystic kidney disease (which
represents a broad spectrum of phenotypes) is beyond the
scope of this report but they have been reviewed extensively
elsewhere [16, 17, 32].

Defining CAKUT outcomes

Kidney outcomes in CAKUT Kidney outcomes studied
among children with the different forms of CAKUT have
included a number of standardized outcome measures
(Table 2), including elevated blood pressure, proteinuria,
a decrease in kidney function (such as a reduction in eGFR
of 50%), and kidney failure (as defined by GFR < 15 ml/
min/1.73 m? or starting kidney replacement therapy).
These outcomes are not universally favorable and vary
according to the type of kidney malformation. For exam-
ple, the prevalence of chronic kidney injury in children
with SFK has been reported to range from 0 to 45% [33,
34]; however, SFK is heterogeneous and includes children
with MCDK and URA. As outlined in Table 2, in pooled
estimates from 16 studies of MCDK, including a total of
1248 cases, a pooled median of 5.3% developed hyperten-
sion (range 0-20%), 15.2% developed proteinuria (range
0-29%), and 7.3% developed CKD (range 0-43%), over a
mean follow-up of 5.9 years (range 2—-10 years) [35]. In a
report of kidney outcomes in URA, pooled estimates from
nine studies showed that 16% of cases developed hyper-
tension, 21% developed proteinuria, 10% developed CKD,
with a median age of follow-up of 9.1 years [36].

Table2 CAKUT outcomes and risk factors for decline in kidney function

There are few reports on the outcomes of CAKUT cases
with RHD. Results from two studies demonstrated that up
to 39% of cases developed hypertension, 25% developed
proteinuria, 38% developed CKD, 12% developed kidney
failure, with an age at last follow-up to 10.2 years [37, 38].
These estimates include data from the Effect of Strict Blood
Pressure Control and ACE Inhibition on the Progression of
CREF in Pediatric Patients (ESCAPE) trial cohort, in which
the inclusion criteria included above normal blood pres-
sures and established CKD [37, 39]. The estimates for the
outcomes are therefore likely closer to the lower end of the
range quoted [38].

As previously discussed, PUV is the most common
CAKUT lesion associated with childhood kidney failure.
Not surprisingly then, as highlighted in Table 2, PUV is
also more commonly associated with other chronic kidney
injury outcomes when compared to the other categories of
CAKUT. Based on a large body of published work, includ-
ing a recent systematic review, up to 35% of PUV cases
develop high blood pressure, 45% develop proteinuria, 22%
develop CKD, and an astounding 37% develop kidney failure
requiring kidney replacement therapy, including studies with
a follow-up period of up to 31 years [28, 40-42]. Detailed
long-term kidney outcome data for children with PBS are
lacking; however, approximately 50% of cases in long-term
follow-up reports have been shown to develop CKD or kid-
ney failure (CKD Stage 5) (Table 2).

Risk factors for the progression of kidney disease In obser-
vational studies of adults with kidney disease, the progres-
sion of CKD has been used as a primary outcome measure,
with diabetes, proteinuria, hypertension, and obesity used
as traditional risk factors [43, 44]. Factors such as exposure

CAKUT category 1BP (%) tUProt CKD  CKD Stage FU (yrs) Risk factors Refs
(%) (%) 5 (%)

Multicystic dysplastic kidney* 5 15 7 - 59 genetic syndrome, kidney size, associated [35]
CAKUT, baseline eGFR

Unilateral renal agenesis® 16 21 10 - 9.1 genetic syndrome, kidney size, associated [36]
CAKUT, baseline eGFR

Renal hypodysplasia® 17-39  18-25 37-38 9-12 6.4-10.2 kidney size, hypertension, baseline eGFR [37, 38]

Posterior urethral valves® 21-35  32-45 6-22¢ 15-37¢ 2-319  oligohydramnios, nadir eGFR, kidney size, VUR [28, 40-42]

Prune Belly syndrome - - 53 40-50 14.2 kidney size, nadir eGFR, pyelonephritis [29]

Non-glomerular disease® 26 40 15 19 5.2 proteinuria, hypertension, CKD stage [51]

CAKUT congenital anomaly of the kidney and urinary tract, 1BP blood pressure, 1UProt proteinuria, CKD chronic kidney disease, FU follow-
up, Refs references, eGFR estimated glomerular filtration rate, VUR vesicoureteral reflux

pooled estimate of 16 studies
®pooled estimate of 43 studies
‘range of 2 studies (excluding PUV)
drange of median of 49 studies
°CKiD cohort
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to nephrotoxins, acute kidney injury, fetal and maternal
environment, genetic polymorphisms, and novel biomark-
ers are among the non-traditional risk factors and are less
well-defined [45].

In contrast, risk factors for CKD progression in children
and adolescents with kidney disease have not been well
defined, given the lower incidence and prevalence of CKD
than in adults. Earlier pediatric cohort studies, however, have
identified a number of risk factors associated with child-
hood CKD progression, including baseline CKD stage [46],
proteinuria [39, 47, 48], elevated blood pressure [49], and
anemia [50], among others.

More recent large pediatric multicenter cohort studies
have confirmed and refined these findings. In particular, the
Chronic Kidney Disease in Children (CKiD) prospective
observational study highlighted clinical characteristics that
were associated with the outcome of reaching kidney fail-
ure, including proteinuria (urine protein to creatinine ratio
greater than 2 mg/mg), hypoalbuminemia (serum albumin
level less than 3.8 g/dl), and hypertension (systolic or dias-
tolic BP greater than 95% for age, sex, and height) [46, 51].
Designed as an intervention trial in children with CKD, the
ESCAPE trial showed the benefit of strict blood pressure
control on the rates of developing the outcomes of kidney
failure or a 50% reduction of GFR [37, 39]. Similar to CKiD,
the ESCAPE trial identified high blood pressure, baseline
GFR, proteinuria, and age at enrollment as risk factors for
the composite outcome [37].

Risk factors for children with CAKUT While the CKiD and
ESCAPE trial cohorts have helped identify risk factors for
the progression of kidney disease in children with CKD,
the application of their findings to specific risk factors in
CAKUT cases is complicated by the heterogeneity of their
inclusion criteria. The CKiD study stratified cases to glomer-
ular and non-glomerular diseases, the latter being a hetero-
geneous mix of cases with CAKUT [52], while the ESCAPE
trial stratified cases by glomerular disease and RHD, the
latter a subgroup of all CAKUT categories. In addition,
in both cohorts, only cases with established CKD were
included, and in the ESCAPE trial those with higher blood
pressure measurements. While these CKD cohort studies,
like most adult CKD studies, have defined CKD progression
as a primary outcome, CAKUT studies published to date
have included hypertension, proteinuria, and the develop-
ment of CKD or kidney failure, together or individually, as
primary kidney injury outcomes. In cohorts with established
CKD, where the cohorts are usually older in age, proteinuria
and hypertension are used as risk factors. In cohorts where
CAKUT is studied from birth and the cohorts are younger
and CKD less prevalent, hypertension and proteinuria are
often used as earlier kidney injury outcomes, alone or in
combination with developing CKD or kidney failure. Risk

factors for CAKUT cases associated with these outcomes
have been described; those that are common to all CAKUT
categories and that predict outcomes are less well defined,
as summarized in Table 2. For CAKUT cases with an SFK
(which includes MCDK and URA cases), an elevated serum
creatinine at the time of diagnosis, a small SFK at diagnosis,
structural anomalies in the SFK, and URA as the primary
diagnosis have been associated with a worse long-term prog-
nosis [31, 33, 35]. Risk factors for developing hypertension,
proteinuria, or CKD progression in RHD cases have been
less well described. Younger gestational age, smaller kidney
size at diagnosis, a lower best estimated glomerular filtration
rate (eGFR), proteinuria, and high blood pressure have been
associated with the development of CKD, while kidney size
at diagnosis has been shown to be an independent risk factor
for kidney failure [38]. Developing CKD and kidney failure
in CAKUT cases due to PUV has been well described [53].
The risk factors identified are similar to those of SFK and
include nadir or baseline creatinine in the first year of life,
proteinuria, and kidney parenchymal mass [54—57]. Previ-
ous reports have identified a number of other clinical char-
acteristics associated with a poor outcome in these boys,
including delayed diagnosis and surgical intervention [58],
the presence of high-grade VUR [59], and impaired kidney
function when evaluated postnatally at various times [60].
In addition, boys with PUV are prone to bladder dysfunc-
tion and recurrent UTI, and further studies are required to
determine whether they constitute modifiable risk factors for
CKD progression in this population.

Prediction models in CAKUT Common risk factors for the
progression of disease across the different categories of
CAKUT may exist but to date have not been delineated.
The value of identifying these risk factors is their potential
to predict prognosis and to lead to more personalized and
cost-efficient long-term care [61]. However, most long-term
kidney injury outcomes are complex and likely due to multi-
ple factors. These factors may themselves be complex, some
independently associated with the outcome, others can be
confounding with their effect on the outcome influenced by
the presence of the other factors, while others can be “lurk-
ing” variables which influence the outcome but have not yet
been identified.

To help mitigate the confounding effects of multiple var-
iables which may be important in determining outcomes,
identified risk factors of outcome are best incorporated into a
prediction model. Such models for the prediction of CAKUT
outcomes are limited and a common model for all CAKUT
cases has not been developed. In a clinical predictive model
adjusted for most common clinical variables, proteinuria,
hypertension, and baseline creatinine were shown to be
independent predictors of CKD stage >3 in a single-center
cohort of PUV cases [62]. Similarly, in a heterogeneous
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cohort of SFK cases (which included cases of MCDK,
URA, and RHD), baseline creatinine, recurrent UTIs, and
kidney length were found to be independent predictors of a
composite outcome consisting of hypertension, proteinuria,
or CKD stage > 3. Some of the challenges of developing
single-center models like these include achieving adequate
sample size to develop a robust statistical model as well as
the need for validating the models in other centers, among
others. They are, however, an important step in identify-
ing and incorporating independent predictive variables into
clinical care algorithms.

Care of the child with CAKUT
in the nephrology clinic

Identifying clinical characteristics that predict kidney out-
comes enables the development of evidence-based, risk-
stratified pathways for the care of children with CAKUT.
Such pathways can direct resources toward children most at
risk for developing complications while directing low-risk
patients toward care by primary care providers. High-risk
patients can be further stratified based on a weighted risk
to inform the frequency and intensity of care in multidis-
ciplinary CKD clinics that provide comprehensive support
to the patient and their caregivers. Studies of adult CKD
patients have shown an increased time to dialysis when a
multidisciplinary care clinic model is implemented and in
pediatric pre-dialysis CKD patients it has been shown to
decrease the rate of disease progression and length of hos-
pital stay as well as improving management of other aspects
of CKD such as anemia [63]. Psychosocial and educational
services are essential facets of the healthcare for children
with CKD. In a study comparing pre-dialysis pediatric CKD
patients, 50% of whom have CAKUT as their primary kid-
ney diagnosis, with age-matched controls, despite a similar
level of resilience the patients with CKD had significantly
lower health-related quality of life and higher amount of
grade retention and interrupted studies [64]. Additionally,
nutrition support should be integrated to allow for biannual
screening of all patients with CKD stage 3-5 by a regis-
tered dietician and for incorporation of dietary modifica-
tions which have been shown to decrease the progression of
kidney disease [65]. Multidisciplinary clinics vary widely
in composition with most having a nephrologist, nurse, and
dietician, but only about half incorporating social work and
less than half have dedicated pharmacy support [66]. Fur-
thermore, multidisciplinary clinics benefit tremendously
from partnerships between nephrologists and urologists,
who can guide the prevention and management of bladder
dysfunction, urinary tract obstruction, and UTI that arise
in certain patients with CAKUT. Unfortunately, despite the
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knowledge that outcomes are improved with this compre-
hensive care model, the optimal entry point and structure of
such clinics has not yet been established and there has been
little analysis of the pediatric CKD population in general,
and of cases with CAKUT specifically, on best practices for
improving outcomes [66].

Summary points

1. CAKUT can arise as a consequence of genetic determi-
nants, maternal nutritional deficiencies, fetal environ-
mental exposures, or urinary tract obstruction.

2. Kidney malformations that result in low nephron mass
can lead to hypertension, proteinuria, reduced GFR, and
CKD progression toward kidney failure.

3. CAKUT is a broad spectrum of diseases that have sig-
nificant variation in presentation, severity of malforma-
tion, and outcome, necessitating a way to risk stratify
patients for the decline in kidney function.

4. Among types of CAKUT, PUYV is associated with poor
kidney outcomes, particularly when accompanied by
RHD.

5. Multidisciplinary clinics have been shown to benefit
patients with CKD, but the optimal implementation of
this practice model has not been identified.

Multiple choice questions
Answers are given following the reference list.

1. Identified risk factors for the development of chronic
kidney disease in children with CAKUT include

a) the underlying CAKUT diagnosis
b) kidney size

¢) baseline eGFR

d) family history of CAKUT

e) a,b,andc

f) all of the above

2. The specific CAKUT category most likely associated
with the long-term outcome of kidney failure is

a) multicystic dysplastic kidney
b) unilateral renal agenesis

¢) renal hypodysplasia

d) posterior urethral valve

e) none of the above
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3. A term newborn in the level 1 nursery was found to have
antenatal hydronephrosis on a third-trimester ultrasound
with an APD of 12 mm. What is the next best step in
management?

a) Refer to Nephrology for appointment within the first
month of life

b) Monitor urine output prior to discharge home

c) Obtain kidney bladder ultrasound at 48 h of life

d) Schedule patient for VCUG

e) Urgent referral to Urology

4. Essential components of a successful multidisciplinary
pediatric CAKUT care team include
a) pediatric nephrologist
b) specialty nurse
¢) social worker
d) dietitian
e) pharmacist
f) geneticist
g) psychologist
h) all of the above

Declarations

Competing interests The authors declare no competing interests.

References

1.

Skinner MA, Safford SD, Reeves JG, Jackson ME, Freemerman
AJ (2008) Renal aplasia in humans is associated with RET muta-
tions. Am J Hum Genet 82:344-351

Sanchez MP, Silos-Santiago I, Frisen J, He B, Lira SA, Barbacid
M (1996) Renal agenesis and the absence of enteric neurons in
mice lacking GDNF. Nature 382:70-73

Matsell DG (1998) Renal dysplasia: new approaches to an old
problem. Am J Kidney Dis 32:535-543

Brenner BM, Mackenzie HS (1997) Nephron mass as a risk factor
for progression of renal disease. Kidney Int Suppl 63:S124-127
van der Ven AT, Vivante A, Hildebrandt F (2018) Novel insights
into the pathogenesis of monogenic congenital anomalies of the
kidney and urinary Tract. J] Am Soc Nephrol 29:36-50
Verbitsky M, Westland R, Perez A, Kiryluk K, Liu Q, Krith-
ivasan P, Mitrotti A, Fasel DA, Batourina E, Sampson MG,
Bodria M, Werth M, Kao C, Martino J, Capone VP, Vivante A,
Shril S, Kil BH, Marasa M, Zhang JY, Na YJ, Lim TY, Ahram
D, Weng PL, Heinzen EL, Carrea A, Piaggio G, Gesualdo L,
Manca V, Masnata G, Gigante M, Cusi D, Izzi C, Scolari F, van
Wijk JAE, Saraga M, Santoro D, Conti G, Zamboli P, White H,
Drozdz D, Zachwieja K, Miklaszewska M, Tkaczyk M, Tomc-
zyk D, Krakowska A, Sikora P, Jarmolinski T, Borszewska-Kor-
nacka MK, Pawluch R, Szczepanska M, Adamczyk P, Mizerska-
Wasiak M, Krzemien G, Szmigielska A, Zaniew M, Dobson
MG, Darlow JM, Puri P, Barton DE, Furth SL, Warady BA,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gucev Z, Lozanovski VJ, Tasic V, Pisani I, Allegri L, Rodas
LM, Campistol JM, Jeanpierre C, Alam S, Casale P, Wong CS,
Lin F, Miranda DM, Oliveira EA, Simoes ESAC, Barasch JM,
Levy B, Wu N, Hildebrandt F, Ghiggeri GM, Latos-Bielenska
A, Materna-Kiryluk A, Zhang F, Hakonarson H, Papaioannou
VE, Mendelsohn CL, Gharavi AG, Sanna-Cherchi S (2019) The
copy number variation landscape of congenital anomalies of the
kidney and urinary tract. Nat Genet 51:117-127

Nicolaou N, Renkema KY, Bongers EM, Giles RH, Knoers NV
(2015) Genetic, environmental, and epigenetic factors involved
in CAKUT. Nat Rev Nephrol 11:720-731

Westland R, Renkema K'Y, Knoers N (2020) Clinical integration
of genome diagnostics for congenital anomalies of the kidney
and urinary tract. Clin J Am Soc Nephrol 16:128-137
Charlton JR, Springsteen CH, Carmody JB (2014) Nephron
number and its determinants in early life: a primer. Pediatr
Nephrol 29:2299-2308

Dart AB, Ruth CA, Sellers EA, Au W, Dean HJ (2015) Mater-
nal diabetes mellitus and congenital anomalies of the kidney
and urinary tract (CAKUT) in the child. Am J Kidney Dis
65:684-691

Merlet-Benichou C, Vilar J, Lelievre-Pegorier M, Gilbert T (1999)
Role of retinoids in renal development: pathophysiological impli-
cation. Curr Opin Nephrol Hypertens 8:39-43

Hernandez-Diaz S, Werler MM, Walker AM, Mitchell AA (2000)
Folic acid antagonists during pregnancy and the risk of birth
defects. N Engl J Med 343:1608-1614

Sekine T, Miura K, Takahashi K, Igarashi T (2009) Children’s
toxicology from bench to bed--drug-induced renal injury (1): the
toxic effects of ARB/ACEI on fetal kidney development. J Toxicol
Sci 34(Suppl 2):SP245-250

Groen In ’t Woud S, Renkema K, Schreuder MF, Wijers CH, van
der Zanden LF, Knoers NV, Feitz WF, Bongers EM, Roeleveld N,
van Rooij IA (2016) Maternal risk factors involved in specific con-
genital anomalies of the kidney and urinary tract: a case-control
study. Birth Defects Res A Clin Mol Teratol 106:596-603
Matsell DG, Tarantal AF (2002) Experimental models of fetal
obstructive nephropathy. Pediatr Nephrol 17:470-476

Kerecuk L, Schreuder MF, Woolf AS (2008) Renal tract malfor-
mations: perspectives for nephrologists. Nat Clin Pract Nephrol
4:312-325

Stein D, McNamara E (2022) Congenital anomalies of the kidneys
and urinary tract. Clin Perinatol 49:791-798

Chiodini B, Ghassemi M, Khelif K, Ismaili K (2019) Clinical
outcome of children with antenatally diagnosed hydronephrosis.
Front Pediatr 7:103

Kumar BH, Krishnamurthy S, Chandrasekaran V, Jindal B, Anan-
thakrishnan R (2019) Clinical spectrum of congenital anomalies
of kidney and urinary tract in children. Indian Pediatr 56:566-570
Lee RS, Cendron M, Kinnamon DD, Nguyen HT (2006) Antena-
tal hydronephrosis as a predictor of postnatal outcome: a meta-
analysis. Pediatrics 118:586-593

Katsoufis CP (2020) Clinical predictors of chronic kidney dis-
ease in congenital lower urinary tract obstruction. Pediatr Nephrol
35:1193-1201

Avner ED, Harmon WE, Niaudet P, Yoshikawa N, Emma F, Gold-
stein SL, Ohio Library and Information Network (2016) Pediatric
nephrology. Springer reference. Springer, Heidelberg, p 1 online
resource

Ramanathan S, Kumar D, Khanna M, Al Heidous M, Sheikh A,
Virmani V, Palaniappan Y (2016) Multi-modality imaging review
of congenital abnormalities of kidney and upper urinary tract.
World J Radiol 8:132-141

Jawa NA, Rosenblum ND, Radhakrishnan S, Pearl RJ, Levin
L, Matsuda-Abedini M (2021) Reducing unnecessary imag-
ing in children with multicystic dysplastic kidney or solitary

@ Springer



3972

Pediatric Nephrology (2023) 38:3963-3973

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

kidney. Pediatrics 148:€2020035550. https://doi.org/10.1542/
peds.2020-035550

Murugapoopathy V, Gupta IR (2020) A primer on congenital
anomalies of the kidneys and urinary tracts (CAKUT). ClinJ Am
Soc Nephrol 15:723-731

Jain S, Chen F (2019) Developmental pathology of congenital
kidney and urinary tract anomalies. Clin Kidney J 12:382-399
Rodriguez MM (2014) Congenital anomalies of the kidney and
the urinary tract (CAKUT). Fetal Pediatr Pathol 33:293-320
McLeod DJ, Szymanski KM, Gong E, Granberg C, Reddy P,
Sebastiao Y, Fuchs M, Gargollo P, Whittam B, VanderBrink
BA, Pediatric Urology Midwest Alliance (PUMA) (2019) Renal
replacement therapy and intermittent catheterization risk in pos-
terior urethral valves. Pediatrics 143:¢20182656. https://doi.org/
10.1542/peds.2018-2656

Noh PH, Cooper CS, Winkler AC, Zderic SA, Snyder HM 3rd,
Canning DA (1999) Prognostic factors for long-term renal func-
tion in boys with the prune-belly syndrome. J Urol 162:1399-1401
Westland R, Schreuder MF, Bokenkamp A, Spreeuwenberg MD,
van Wijk JAE (2011) Renal injury in children with a solitary func-
tioning kidney—the KIMONO study. Nephrol Dial Transplant
26:1533-1541

Poggiali 1V, Simoes ESAC, Vasconcelos MA, Dias CS, Gomes
IR, Carvalho RA, Oliveira MCL, Pinheiro SV, Mak RH, Oliveira
EA (2019) A clinical predictive model of renal injury in chil-
dren with congenital solitary functioning kidney. Pediatr Nephrol
34:465-474

Bisceglia M, Galliani CA, Senger C, Stallone C, Sessa A (2006)
Renal cystic diseases: a review. Adv Anat Pathol 13:26-56
Westland R, Schreuder MF, Bokenkamp A, Spreeuwenberg MD,
van Wijk JA (2011) Renal injury in children with a solitary func-
tioning kidney—the KIMONO study. Nephrol Dial Transplant
26:1533-1541

La Scola C, Ammenti A, Bertulli C, Bodria M, Brugnara M,
Camilla R, Capone V, Casadio L, Chimenz R, Conte ML, Conver-
sano E, Corrado C, Guarino S, Luongo I, Marsciani M, Marzuillo
P, Meneghesso D, Pennesi M, Pugliese F, Pusceddu S, Ravaioli E,
Taroni F, Vergine G, Peruzzi L, Montini G (2022) Management
of the congenital solitary kidney: consensus recommendations
of the Italian Society of Pediatric Nephrology. Pediatr Nephrol
37:2185-2207

Matsell DG, Bao C, Po White T, Chan E, Matsell E, Cojocaru D,
Catapang M, Pediatric Nephrology Clinical Pathway Develop-
ment Team (2021) Outcomes of solitary functioning kidneys-renal
agenesis is different than multicystic dysplastic kidney disease.
Pediatr Nephrol 36:3673-3680

Westland R, Schreuder MF, Ket JC, van Wijk JA (2013) Unilateral
renal agenesis: a systematic review on associated anomalies and
renal injury. Nephrol Dial Transplant 28:1844—1855

ESCAPE Trial Group, Wuhl E, Trivelli A, Picca S, Litwin M,
Peco-Antic A, Zurowska A, Testa S, Jankauskiene A, Emre S,
Caldas-Afonso A, Anarat A, Niaudet P, Mir S, Bakkaloglu A,
Enke B, Montini G, Wingen AM, Sallay P, Jeck N, Berg U, Cal-
iskan S, Wygoda S, Hohbach-Hohenfellner K, Dusek J, Urasinski
T, Arbeiter K, Neuhaus T, Gellermann J, Drozdz D, Fischbach M,
Moller K, Wigger M, Peruzzi L, Mehls O, Schaefer F (2009) Strict
blood-pressure control and progression of renal failure in children.
N Engl J Med 361:1639-1650

Matsell DG, Cojocaru D, Matsell EW, Eddy AA (2015) The
impact of small kidneys. Pediatr Nephrol 30:1501-1509

Wuhl E, Mehls O, Schaefer F, ESCAPE Trial Group (2004) Anti-
hypertensive and antiproteinuric efficacy of ramipril in children
with chronic renal failure. Kidney Int 66:768-776

Yadav P, Rickard M, Kim JK, Richter J, Lolas M, Alshammari
D, Chua ME, Dos Santos J, Lorenzo AJ (2022) Comparison of
outcomes of prenatal versus postnatal presentation of posterior

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

urethral valves: a systematic review and meta-analysis. World J
Urol 40:2181-2194

Vasconcelos MA, Oliveira EA, Simoes ESAC, Dias CS, Mak
RH, Fonseca CC, Campos APM, Steyerberg EW, Vergouwe Y
(2019) A predictive model of postnatal surgical intervention in
children with prenatally detected congenital anomalies of the
kidney and urinary tract. Front Pediatr 7:120. https://doi.org/10.
3389/fped.2019.00120

Matsell DG, Yu S, Morrison SJ (2016) Antenatal determinants
of long-term kidney outcome in boys with posterior urethral
valves. Fetal Diagn Ther 39:214-221

Luyckx VA, Tuttle KR, Garcia-Garcia G, Gharbi MB, Heerspink
HIJL, Johnson DW, Liu ZH, Massy ZA, Moe O, Nelson RG, Sola
L, Wheeler DC, White SL (2017) Reducing major risk factors
for chronic kidney disease. Kidney Int Suppl (2011) 7:71-87
McClellan WM, Flanders WD (2003) Risk factors for progres-
sive chronic kidney disease. ] Am Soc Nephrol 14:S65-70
Collister D, Ferguson T, Komenda P, Tangri N (2016) The pat-
terns, risk factors, and prediction of progression in chronic kid-
ney disease: a narrative review. Semin Nephrol 36:273-282
Staples AO, Greenbaum LA, Smith JM, Gipson DS, Filler G,
Warady BA, Martz K, Wong CS (2010) Association between
clinical risk factors and progression of chronic kidney disease
in children. Clin J Am Soc Nephrol 5:2172-2179

Ardissino G, Testa S, Dacco V, Vigano S, Taioli E, Claris-
Appiani A, Procaccio M, Avolio L, Ciofani A, DelloStrologo
L, Montini G, Ital Kid Project (2004) Proteinuria as a pre-
dictor of disease progression in children with hypodysplastic
nephropathy. Data from the Ital Kid Project. Pediatr Nephrol
19:172-177

Ellis D, Moritz ML, Vats A, Janosky JE (2004) Antihyperten-
sive and renoprotective efficacy and safety of losartan. A long-
term study in children with renal disorders. Am J Hypertens
17:928-935

Mitsnefes M, Ho PL, McEnery PT (2003) Hypertension and
progression of chronic renal insufficiency in children: a report
of the North American Pediatric Renal Transplant Cooperative
Study (NAPRTCS). J Am Soc Nephrol 14:2618-2622

Furth SL, Cole SR, Fadrowski JJ, Gerson A, Pierce CB, Chandra
M, Weiss R, Kaskel F, Council of Pediatric Nephrology and
Urology, New York, New Jersey; Kidney and Urology Founda-
tion of America (2007) The association of anemia and hypoal-
buminemia with accelerated decline in GFR among adolescents
with chronic kidney disease. Pediatr Nephrol 22:265-271
Warady BA, Abraham AG, Schwartz GJ, Wong CS, Munoz A,
Betoko A, Mitsnefes M, Kaskel F, Greenbaum LA, Mak RH,
Flynn J, Moxey-Mims MM, Furth S (2015) Predictors of rapid
progression of glomerular and nonglomerular kidney disease in
children and adolescents: the Chronic Kidney Disease in Chil-
dren (CKiD) cohort. Am J Kidney Dis 65:878-888

Furth SL, Pierce C, Hui WF, White CA, Wong CS, Schaefer F,
Wuhl E, Abraham AG, Warady BA, Chronic Kidney Disease in
Children (CKiD); Effect of Strict Blood Pressure Control and
ACE Inhibition on the Progression of CRF in Pediatric Patients
(ESCAPE) Study Investigators (2018) Estimating time to ESRD
in children with CKD. Am J Kidney Dis 71:783-792

Klaus R, Lange-Sperandio B (2022) Chronic kidney disease in
boys with posterior urethral valves-pathogenesis, prognosis and
management. Biomedicines 10:1894. https://doi.org/10.1007/
s00467-022-05834-5

McLeod DJ, Sebastiao YV, Ching CB, Greenberg JH, Furth SL,
Becknell B (2020) Longitudinal kidney injury biomarker tra-
jectories in children with obstructive uropathy. Pediatr Nephrol
35:1907-1914

McLeod DJ, Ching CB, Sebastiao YV, Greenberg JH, Furth
SL, McHugh KM, Becknell B (2019) Common clinical markers


https://doi.org/10.1542/peds.2020-035550
https://doi.org/10.1542/peds.2020-035550
https://doi.org/10.1542/peds.2018-2656
https://doi.org/10.1542/peds.2018-2656
https://doi.org/10.3389/fped.2019.00120
https://doi.org/10.3389/fped.2019.00120
https://doi.org/10.1007/s00467-022-05834-5
https://doi.org/10.1007/s00467-022-05834-5

Pediatric Nephrology (2023) 38:3963-3973

3973

56.

57.

58.

59.

60.

61.

62.

63.

64.

predict end-stage renal disease in children with obstructive
uropathy. Pediatr Nephrol 34:443-448

Wu CQ, Blum ES, Patil D, Shin HS, Smith EA (2022) Predicting
childhood chronic kidney disease severity in infants with posterior
urethral valve: a critical analysis of creatinine values in the first
year of life. Pediatr Nephrol 37:1339-1345

Pulido JE, Furth SL, Zderic SA, Canning DA, Tasian GE (2014)
Renal parenchymal area and risk of ESRD in boys with posterior
urethral valves. Clin J Am Soc Nephrol 9:499-505

Ziylan O, Oktar T, Ander H, Korgali E, Rodoplu H, Kocak T (2006)
The impact of late presentation of posterior urethral valves on blad-
der and renal function. J Urol 175:1894-1897 (discussion 1897)
Ansari MS, Gulia A, Srivastava A, Kapoor R (2010) Risk factors
for progression to end-stage renal disease in children with poste-
rior urethral valves. J Pediatr Urol 6:261-264

Sarhan OM, El-Ghoneimi AA, Helmy TE, Dawaba MS, Ghali
AM, el Ibrahiem HI (2011) Posterior urethral valves: multivari-
ate analysis of factors affecting the final renal outcome. J Urol
185:2491-2495

Matsell DG, Catapang M (2020) Predicting outcomes and improv-
ing care in children with congenital kidney anomalies. Pediatr
Nephrol 35:1811-1814

Vasconcelos MA, e Silva ACS, Gomes IR, Carvalho RA, Pinheiro
SV, Colosimo EA, Yorgin P, Mak RH, Oliveira EA (2019) A clini-
cal predictive model of chronic kidney disease in children with
posterior urethral valves. Pediatr Nephrol 34:283-294

Ajarmeh S, Er L, Brin G, Djurdjev O, Dionne JM (2012) The
effect of a multidisciplinary care clinic on the outcomes in pedi-
atric chronic kidney disease. Pediatr Nephrol 27:1921-1927
Moreira JM, Bouissou Morais Soares CM, Teixeira AL, Simoes
ESAC, Kummer AM (2015) Anxiety, depression, resilience and

65.

66.

quality of life in children and adolescents with pre-dialysis chronic
kidney disease. Pediatr Nephrol 30:2153-2162

Kistler BM, Moore LW, Benner D, Biruete A, Boaz M, Brunori
G, Chen J, Drechsler C, Guebre-Egziabher F, Hensley MK, Iseki
K, Kovesdy CP, Kuhlmann MK, Saxena A, Wee PT, Brown-Tor-
torici A, Garibotto G, Price SR, Yee-Moon Wang A, Kalantar-
Zadeh K (2021) The International Society of Renal Nutrition and
Metabolism Commentary on the National Kidney Foundation and
Academy of Nutrition and Dietetics KDOQI Clinical Practice
Guideline for Nutrition in Chronic Kidney Disease. J Ren Nutr
31:116-120.el

Collister D, Pyne L, Cunningham J, Donald M, Molnar A, Beau-
lieu M, Levin A, Brimble KS (2019) Multidisciplinary chronic
kidney disease clinic practices: a scoping review. Can J Kidney
Health Dis 6:2054358119882667. https://doi.org/10.1177/20543
58119882667

Answers: 1:¢e,2:d,3:¢c,4:h

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1177/2054358119882667
https://doi.org/10.1177/2054358119882667

	Congenital anomalies of the kidney and urinary tract: defining risk factors of disease progression and determinants of outcomes
	Abstract
	Introduction
	The relationship of malformations to normal kidney development
	Overview of normal human kidney development

	Kidney malformation phenotypes
	Clinical Phenotypes of CAKUT

	Defining CAKUT outcomes
	Care of the child with CAKUT in the nephrology clinic
	Summary points
	Multiple choice questions
	References


