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Abstract: Down syndrome (DS), the most common survivable autosomal aneuploidy,
is associated with a high prevalence of congenital anomalies of the kidney and urinary
tract (CAKUT), significantly increasing the risk of chronic kidney disease (CKD). This
review examines the diversity of CAKUT phenotypes reported in individuals with DS,
focusing on anomalies affecting the kidney, ureter, bladder, and urethra. According to
available literature, hydronephrosis is the most common renal anomaly, often secondary
to other CAKUT phenotypes, followed by renal hypoplasia and glomerulocystic disease.
Furthermore, obstructive uropathies are also frequent but usually lack detailed character-
ization in the literature. Key features of CAKUT in DS, including reduced kidney size,
renal cystic diseases, acquired glomerulopathies, reduced nephron number, and immature
glomeruli heighten the risk of CKD. Also, early detection of lower urinary tract dysfunction
(LUTD) is critical to prevent progressive upper urinary tract damage and CKD. Despite
the prevalence of CAKUT in DS, reported between 0.22% and 21.16%, there is a lack of
standardized diagnostic criteria, consistent terminology, and extended follow-up studies.
Systematic screening from infancy, including regular renal monitoring via urinalysis and
ultrasound, plays a critical role in the timely diagnosis and intervention of CAKUT. To
further enhance diagnostic accuracy and develop effective therapeutic strategies, increased
awareness and focused research into the genetic factors underlying these anomalies are
essential. Moreover, a multidisciplinary approach is indispensable for managing CAKUT
and its associated complications, ultimately ensuring better long-term outcomes and an
improved quality of life for individuals with DS.

Keywords: down syndrome; CAKUT; Trisomy 21; kidney; urinary tract; congenital anomalies;
glomerulopathies; genetics

1. Introduction

Down syndrome (DS), also known as Trisomy 21, is the most common survivable
autosomal aneuploidy, with a prevalence of 10.1 per 10,000 live births in Europe, which
would be around 21.7 per 10,000 live births without elective terminations [1]. It is pre-
dominantly caused by an error in meiotic divisions during oocyte formation, leading to a
supernumerary chromosome 21 [2]. This genetic anomaly results in a collection of clinical
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features known as DS, which is among the most genetically complex conditions compatible
with human survival post-term. DS is characterized by intellectual disability and various
congenital malformations that can affect multiple organ systems, including the urinary
tract and kidneys [3].

Advances in treatment have significantly increased the life expectancy of individuals
with DS to over 50 years. As a result, 4.5% of DS patients are now affected by severe
chronic kidney disease (CKD), typically occurring during puberty with an unclear etiology.
Consequently, the impacts of associated anomalies on the long-term care of these patients
are becoming increasingly important. However, congenital anomalies of the kidney and
urinary tract (CAKUT) have been relatively underexplored compared to other congenital
anomalies present in DS [4].

CAKUT encompasses all malformations resulting in abnormal development of the kid-
neys and urinary system. These anomalies can vary widely regarding location, severity, and
the specific structures they affect. Major defects, such as kidney agenesis and malformed
kidneys, occur early in development, while lesser defects, like obstruction, vesicoureteral
reflux (VUR), or posterior urethral valves (PUVs), arise later. Despite contributing to over
50% of pediatric CKD cases, the prevalence of CAKUT is very low in the general population
(<1% of live births) [5]. Current reviews and guidelines on DS only marginally address
renal and urinary tract anomalies, highlighting the need for further study in this area.

In this article, we offer a comprehensive review of published literature on CAKUT
documented in individuals with DS. Additionally, we aim to shed light on the prevalence,
genetic factors, diagnostic methods, and medical and surgical management of CAKUT
along with lower urinary tract dysfunction (LUTD) and kidney function in individuals
with DS, emphasizing the need for increased awareness and research in this area.

2. Autopsy and Small Studies

The distinctive features of DS were initially documented by John Laughton Down
in 1866. It was not until almost a century later, in 1960, that Berg et al. reported the first
instances of DS accompanied by renal and urological malformations [6,7]. The first studies
to report CAKUT in DS patients were based on autopsy examinations, which provided
post-mortem analyses of renal and urinary tract abnormalities. Other than autopsy studies,
this section includes small studies such as retrospective chart reviews, case studies, cross-
sectional studies, and retrospective cohort studies (Table 1). In the following paragraphs,
we will review selected studies chronologically.

Table 1. Autopsy and small studies that have reported CAKUT phenotypes in DS, excluding
case reports.

Authors, Year of Count Study Desi No. of Subjects No. of Subjects with % of Ace R
Reference no. Publication ountry ndy Uesign with DS CAKUT and DS CAKUT ge Range
Bergetal. [7] 1960 UK autopsy 141 5 3.55 0-27y,SB

Naeye [8] 1967 USA autopsy 21 3 14.29 3640 gw

Egliand .
S tagl der [9] 1973 Switzerland autopsy 103 7 6.80 (—14)
Ariel etal. [10] 1991 USA autopsy 124 NA NA 16 gw-25y
Subrahmanyam retrospective
and Mehta [11] 1995 Usa chart review 54 1 1.85 2m-24y
case study and
Loetal. [12] 1998 Hong Kong, USA retrospective 45 29 64.44 NA
autopsy review
Malaga etal. [13] 2004 Spain cross-sectional 69 2 2.90 124y

study
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Table 1. Cont.
Authors, Year of Count Study Desien No. of Subjects No. of Subjects with % of Ace Range
Reference no. Publication Ty y 8 with DS CAKUT and DS CAKUT 8 g
retrospective
Hicks etal. [14] 2007 UK chart review and 7 7 100.00 09y
cross-sectional
study
Ebertetal. [15] 2008 Germany retrospective 2 24 NA 3m-27y
chart review
Sf;‘f?fg} 2010 USA case study 2 2 NA 6w;18y
. . cross-sectional
Jainetal. [17] 2014 India study 40 NA 0.00 0-18y
Postolache . retrospective
etal. [4] 2022 Belgium cohort study 49 7 14.29 0-18y
Langetal. [18] 1987 USA cross-sectional 91 5 5.49 NA
study

gw—gestation weeks, m—months, NA—not applicable, SB—stillbirths, y—years.

Berg et al. (1960) were the first to report renal and urological malformations in DS,
examining autopsy records of 141 children and identifying severe CAKUT phenotypes in
3.5% of cases, including renal agenesis, renal hypoplasia, and horseshoe kidney [7].

Egli and Stalder (1973) conducted a specific examination of data and/or autopsies
of 103 DS cases and other trisomies, revealing a 6.7% frequency of CAKUT. Their study,
although lacking systematic evaluation and excluding renal status assessments, identified
hydronephrosis, hydroureter, large bladder, and ureteral stenosis, along with the first report
of renal cysts. They also concluded that no specific CAKUT phenotype correlated with any
particular chromosome [9].

In 1991, Ariel et al. specifically addressed the lack of attention to CAKUT in DS through
a thorough review of 124 autopsy reports. They documented various CAKUT phenotypes,
finding obstructive uropathy in 6.5% of cases. The study noted degrees of hydronephrosis,
hydroureters, cystic dysplasia, and trabeculated bladders, all associated with obstructive
defects. However, the absence of control subjects limited the contextualization of their
findings. The exact number of DS individuals with CAKUT phenotypes remains unknown,
making it difficult to determine prevalence. Nevertheless, this study was significant as it
was the first to specifically investigate CAKUT in DS [10].

A small retrospective study by Subrahmanyam and Mehta (1995) concluded that the
incidence of renal anomalies was not increased in DS, based on a clinical evaluation of
54 DS subjects aged 2 months to 24 years, excluding fetuses, stillbirths, and infants. Only
one child (1.9%) had a CAKUT defect, which was urethral stenosis [11].

In 2004, Malaga et al. conducted a cross-sectional study on 69 DS patients, the largest at
the time, to specifically investigate young DS patients for renal disease. They found minor
defects such as bladder hypertrophy, ectopic kidney, pyelectasis, and kidney hypoplasia
in 7.3% of the subjects, suggesting a similar incidence of renal anomalies to the general
population [13].

A brief report by Jain et al. (2014) suggested a high prevalence of CAKUT in 40 DS
children. However, the study did not provide detailed data, only noting that ultrasonog-
raphy detected hydronephrosis in 20% of cases, with additional mentions of hydroureter,
renal hypoplasia, VUR, and ureteropelvic junction obstruction (UPJO) without specifying
their frequencies [17].

Postolache et al. (2022) identified CAKUT phenotypes in 7 out of 49 DS children
(14.3%). They found hydronephrosis with pyelocaliceal dilatation in two children, py-
electasis in one child, and reduced cortico-medullary differentiation in two children. No
kidney or urinary tract anomalies were detected in the control group. Among the 27 DS
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participants with a history of congenital heart defects (CHD), no association was found
between CHD and kidney function markers (eGFR, albuminuria, or kidney length) [4].

Section summary: Small autopsy-based investigations and targeted clinical studies
offer valuable, detailed insights into specific renal and urological anomalies in this popula-
tion. Early autopsy studies identified severe CAKUT phenotypes, while subsequent clinical
studies report varying frequencies of milder anomalies, with indications of a potentially
higher prevalence of obstructive uropathies. However, these findings are complicated by
methodological variations across studies, including differences in sample selection and
diagnostic approaches. Additionally, many studies lack detailed descriptions and precise
numerical data on CAKUT prevalence in DS patients, further obscuring the true frequency
of these anomalies. To advance understanding in this area, particularly concerning the
nature and incidence of CAKUT, further research with standardized diagnostic criteria and
consistent study designs is warranted.

3. Prevalence of CAKUT in DS and Population-Based Studies

Understanding the prevalence of CAKUT in DS is crucial for enhancing early detection,
improving patient care, guiding resource allocation, informing research, and ultimately
improving the health and well-being of individuals with DS [19]. Major CAKUT anomalies
significantly impact morbidity, mortality, and the provision of healthcare services [5,19].
Therefore, it is essential to determine the prevalence of these congenital anomalies in babies
with DS. Estimates from population-based studies place the prevalence of CAKUT between
0.04% and 1% of the general population, with genetic disorders contributing to 10-20% of
these cases [20-22].

To calculate prevalence accurately, population-based studies are generally considered
the best method. Several such studies have examined the occurrence of birth defects in
infants with DS and compared them with controls [22]. However, these studies often face
several limitations.

A key issue with older studies is the reliance on phenotypic descriptions to classify
a child as having DS due to the variable availability of karyotyping. Karyotyping for DS
diagnosis, introduced shortly after Dr. Jérome Lejeune’s discovery in 1959, revolutionized
chromosomal analysis. However, its accessibility varied across regions and healthcare
facilities, influenced by technology adoption and resource availability [3,23].

Furthermore, the diagnostic capabilities of older ultrasound technology were lim-
ited, complicating comparisons with newer studies. Additionally, some studies aggre-
gate data from multiple registries with different methods of ascertainment, leading to
heterogeneity [24]. Restrictions on the number of anomalies reported per case can result in
significant underreporting of CAKUT.

As previously mentioned, CAKUT encompasses a diverse group of structural abnor-
malities of the kidneys and urinary system, which vary widely in severity depending on
their location and the specific structures affected [5]. Most population-based studies tend to
concentrate on major anomalies such as renal agenesis, often overlooking other conditions
and not specifying the detailed nature of less prominent anomalies.

A major limitation in most population-based studies lies in the lack of data on still-
births, miscarriages, and Terminations of Pregnancy for Fetal Anomaly (TOPFAs), focusing
primarily on conceptuses that survived to term. However, the risk of spontaneous mis-
carriage is higher in pregnancies affected by DS compared to those that are unaffected.
Reports from England and Wales estimate the average miscarriage rate between chorionic
villus sampling (at 10 weeks gestation) and term is 32% (95% CI: 26-38), and the average
miscarriage rate between amniocentesis and term is 25% (95% CI: 21-31) [25]. Additionally,
the risk of stillbirth in DS pregnancies without other major congenital anomalies was
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assessed to be 58 times greater compared to the general population risk [26]. Miscarriages
and stillbirths in DS are often linked to major anomalies incompatible with life, including
several CAKUT phenotypes, which in turn leads to the underreporting of CAKUT if not
taken into consideration.

De Graf et al. estimated that the rate of TOPFAs for DS in Europe between 2011 and
2015 averaged 54%, ranging from 0% in Malta to 83% in Spain [1]. The proportion of
TOPFAs has increased continually since 2000, which authors linked to an increase in the use
of first-trimester screening tests in Europe. Before women undergo a TOPFA, only the more
severe congenital anomalies are searched for and reported following a fetal ultrasound. In
contrast, less severe congenital anomalies are not as easily detected by ultrasound and are
only reported after birth, which also leads to a seemingly lower prevalence of CAKUT if a
study has data on TOPFAs [27].

Moreover, these studies typically have a short reporting period (mostly up to the first
year of life), while less severe CAKUT phenotypes may manifest later in life [28]. In the
following paragraphs, we will review all available population-based studies chronologically
(Table 2).

Table 2. Population-based studies that have reported on the prevalence of CAKUT in DS.

Year of

Authors, . No. of Subjects No. of % of No. of
Reference no. PL:?ol;ca- Country Study Years with DS CAKUT CAKUT Controls Age Range
Stoll et al. [29] 1990 France 1979-1987 139 4 2.88 NA 20gw—9d
Kallen France, Italy,
etal. [30] 1996 Sweeden 1976-1993 5581 12 0.22 # NA
Torfs and USA
Christianson [31] 1998 (California) 1983-1993 2894 56 1.94 2,490,437 0-1y
Cleves 2007 USA 1993-2002 11372 991 8.71 7,884,209 newborns
etal. [32]
Kupferman USA (New
etal. [19] 2009 York State) 1992-2004 3832 123 321 3,411,833 0-2y
SB, miscarriages,
Rankin TOPFAs, 0-12y
etal. [33] 2012 UK 1985-2008 1115 11 0.99 NA (1985-2001), 0-16 y
(2001-2003)
Morris 18 EU +
etal. [27] 2014 countries 20002010 7025 159 226 NA 20 gw-1y,SB
Stoll et al. [34] 2015 France 1979-2008 728 28 3.85 401,804 0-2y, SB, TOPFAs
etsglfd[if.)] 2018 Saudi Arabia 2005-2016 241 51 21.16 NA 1m-57y

t__total number was 14,109, which included 7065 TOPFAs, but these were excluded from analysis because CAKUT
was not reported in TOPFAs. #—Defect rates of the control population were calculated from ICBDMS report (36).
NA—not applicable, SB—stillbirths, TOPFAs—Terminations of Pregnancy for Fetal Anomaly, gw—gestational
weeks, d—days, y—years.

The first population-based study to include CAKUT phenotypes was a multinational
cohort study conducted in 1996. Kallen et al. gathered data on 5581 infants with DS from
three registries (Central-East France Registry, Italy: IPIMC Registry and The Swedish Reg-
istry) focusing on the occurrence of 23 major malformations (International Clearinghouse
for Birth Defects Monitoring Systems (ICBDMS) diagnostic coding). These malformations
included only kidney agenesis/dysgenesis and hypospadias from the CAKUT range. No-
tably, the karyotype was unknown in approximately 30% of infants, potentially affecting
the accuracy of findings due to possible misdiagnoses. Furthermore, the study did not
include TOPFAs, which could have provided valuable insights into CAKUT across dif-
ferent severities. The authors acknowledged that their reported rates of malformations
might be conservative, as there could have been underreporting by cytogenetic laboratories.
Regarding CAKUT, their findings indicated a prevalence of 0.2%, with the occurrence of
hypospadias found to be compatible with a normal rate and a twofold increased risk of
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kidney agenesis/dysgenesis that was not statistically significant. Defect rates of the control
population were calculated from the ICBDMS report [30,36].

Torfs and Christianson (1998) conducted a comprehensive study using 10 years of data
from the California Birth Defects Monitoring Program (CBDMP), focusing on structural
defects (diagnostic coding: BPA6) in 2894 confirmed cases of DS and a control population.
The CBDMP gathers data from various sources, including obstetric, nursery, pediatric,
pathology, and cytogenetic laboratory records, covering over half of all births in California
over a decade. Notably, stillbirths and TOPFAs were excluded, and infants were followed
up until they reached one year of age. The authors highlighted challenges in classifying
CAKUT, noting frequent misclassification issues. Therefore, their analysis focused on
anomalies less prone to misclassification, such as renal agenesis, horseshoe kidney, and
general obstructive defects (including hydronephrosis). Their findings revealed a preva-
lence rate of 3.2% for CAKUT. Horseshoe kidneys showed a significant association with DS
(risk ratio (RR) 11.7, 0.001 < p < 0.05) along with obstructive defects, which also demon-
strated a high RR of 14.2 (p < 10~°), whereas renal agenesis did not show a statistically
significant association. Hypospadias and epispadias also occurred more frequently in DS
patients (RR 5.3, p < 107¢). The study did not find an increased risk of renal agenesis or
bladder exstrophy in DS cases. The authors speculated that the lack of association might
be due to severe defects leading to miscarriages or abortions, as the study did not include
stillbirths or TOPFAs, potentially resulting in an underestimation of CAKUT prevalence.
The authors emphasized the study’s strengths, including uniform data collection methods
and cytogenetic testing, which contributed to its robustness compared to previous research
efforts [31].

In 2007, Cleves et al. conducted a study using national hospital discharge datasets,
namely the Nationwide Inpatient Sample (NIS) and Kids Inpatient Database (KID), to
examine the prevalence of 45 structural birth defects (diagnostic coding: ICD-9-CM) among
newborns with DS and a control population over a 10-year period. This study marked the
first utilization of large, nationally representative datasets covering approximately 8 million
births. Despite its strengths, such as broad population coverage, the study faced limitations,
including incomplete hospital records, variability in diagnostic and coding practices, and
the absence of follow-up validation procedures. The study revealed that 2.2% of discharged
newborns with DS had CAKUT malformations, with 3.6 (95% CI:3.1-4.2) times higher
odds of developing CAKUT compared to infants without DS. Among these malformations,
obstructive defects were the most common, with an odds ratio (OR) of 5.8 (95% CI:4.9-6.9).
Hypospadias was also associated with DS with an OR of 2.1 (95% CI:1.7-2.6). However,
there was no statistically significant difference in rates of renal agenesis and hypoplasia
between the two populations. The authors acknowledged several shortcomings, such as the
lack of information on whether karyotyping was performed to confirm DS and the exclusion
of data on stillbirths or TOPFAs. This exclusion might have led to an underestimation of
the number and types of CAKUT associated with DS. Furthermore, the study’s inclusion
criteria focused on easily recognizable conditions, omitting conditions requiring extensive
imaging for detection. The authors also noted that discharge data typically underestimate
rates reported by state surveillance systems that include TOPFAs, potentially by up to
40%. Despite these limitations, the Cleves et al. study provided valuable insights into the
prevalence and types of structural birth defects among infants with DS using extensive
national datasets [32].

A research team based in Strasbourg has conducted multiple studies focusing on the
epidemiology of DS and its associated malformations. Their investigations included all
registered newborns, as well as stillbirths and TOPFAs, with surveillance extending until
the age of two. Each DS case underwent karyotyping, supplemented by ultrasonographic
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examination in 97.7% of cases. By 1987, their registry had documented 139 DS cases,
revealing that 2.8% exhibited some form of CAKUT [29]. By 2008, the registry expanded to
include 728 DS cases, with CAKUT emerging as the fourth most common anomaly with
a prevalence of 3.94% and obstructive defects constituting 50% of these cases [34]. The
researchers acknowledged limitations in their study: major anomalies within the same
organ system were counted as a single defect, and there were no control subjects to compare
with. Despite this, their observations indicated an increased frequency of CAKUT in DS
cases compared to previous studies [29,34].

In 2009, Kupferman et al. published the first retrospective cohort study specifically
examining the occurrence of CAKUT in a population with DS and a control population.
They utilized 12 years of data from the New York State Congenital Malformation Registry
(NYS-CMR), which mandates reporting of any birth defects (diagnostic coding: ICD-9-CM)
up to the age of 2 years. The study revealed that the prevalence of CAKUT in DS was 3.2%,
with an OR of 4.5 (95% CI:3.8-5.4). The authors also identified a significantly increased risk
of specific CAKUT phenotypes, including anterior urethral obstruction, cystic dysplastic
kidney, hydronephrosis, hydroureter, PUVs, and renal agenesis. Additionally, prune belly
syndrome, characterized by an enlarged bladder, among other symptoms, was found to
be approximately 12 times more common in the DS population compared to the general
population (OR 11.9, 95% CI 1.6-85.4). Despite these findings, the study had limitations
that likely led to an underestimation of CAKUT prevalence. Notably, renal hypoplasia,
which has been reported in DS, was not included in their analysis. The study did not
include stillbirths or TOPFAs. Furthermore, malformations diagnosed on an outpatient
basis were not well-reported, contributing to potential underreporting [19].

A population-based study by Rankin et al. (2012) examined data on DS subjects ob-
tained from the UK Northern Congenital Abnormality Survey (NorCAS; diagnostic coding:
ICD-10) along with hospital and national mortality records and found that CAKUT anoma-
lies were the third most occurring abnormalities with a prevalence of 1.1%. Unfortunately,
hydronephrosis was the only phenotype specified with a prevalence of 0.6%. This study
included miscarriages, TOPFAs, stillbirths, and live births. What was interesting was that
only 37% of cases with CAKUT resulted in live births. This study did not compare the
prevalence of CAKUT between DS and non-DS populations, nor could it calculate rates
and risks between those populations, as it did not include any controls. Instead, this study
only focused on predictors of survival of DS children. The data showed that the presence of
additional anomalies significantly influenced survival status. Unfortunately, information
on the cause of death was unavailable to the study [33].

Morris et al. (2014) aimed to quantify the prevalence of congenital anomalies (diagnos-
tic coding: ICD9/BPA or ICD10/BPA) in babies born with DS using data from the European
Surveillance of Congenital Anomalies (EUROCAT) Central Register. The study population
consisted of 27 registries in 18 countries, covering seven million births from 2000 to 2010.
The final study included 14,109 cases with DS, comprising 6738 live births, 306 fetal deaths,
and 7065 TOPFAs. Among 7044 live births and fetal deaths from 20 weeks of gestation, 2.3%
had a severe CAKUT phenotype. However, the study did not compare these results with
those of a control population. Unfortunately, CAKUT phenotypes were not specifically
reported in TOPFAs. The study found that urinary anomalies were more common in males,
with renal dysplasia being nine times more likely in males than females (OR = 8.00; 95% CI:
1.42-45.1). Limitations of the study included the fact that some registries did not provide
information on whether a postmortem examination was performed, and several registries
had a high proportion of missing information regarding postmortem examinations. Over-
all, 15.0% (14.2-15.8%) of births with DS had a non-cardiac congenital anomaly, while
16.8% (14.8-19.1%) of TOPFAs with a reported postmortem examination had a diagnosed
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non-cardiac congenital anomaly, which was significantly higher than in live births and fetal
deaths. These findings highlight the prevalence and sex-specific differences in congenital
anomalies among DS cases while also acknowledging the limitations in data reporting and
postmortem examination information [27].

In 2018, Safdar et al. reported a high prevalence of CAKUT in a population of
241 patients with DS, finding that 21% of these patients had renal issues, making it the
third most common congenital anomaly in this group. The renal abnormalities detected
through imaging included hydronephrosis, VUR, obstruction, ectopic kidneys, and other
conditions. The population size was small. On the other hand, only 139 patients underwent
screening by ultrasound, which could have led to asymptomatic CAKUT cases remaining
undetected. This highlights the need for comprehensive screening to better understand
the full scope of renal abnormalities in DS patients. The outcomes for patients with renal
involvement varied: 9.8% developed CKD, 15.7% died due to various causes, and the
majority, 74.5%, showed no progression of the renal disease. This study did not include
TOPFAs, miscarriages, or stillbirths. Also, it did not include any controls [35].

A recent meta-analysis by Rossetti et al. (2024) identified a 6.3% prevalence of CAKUT
anomalies and a 50% prevalence of lower urinary tract dysfunction among individuals
with DS. Their extensive literature search produced three case-control studies by Torfs and
Christianson, Cleves et al., and Kallen et al., which examined the prevalence of CAKUT
in around 18,000 individuals with DS and a control group exceeding 13 million subjects.
Studies lacking controls and those with fewer than 10 subjects with DS were excluded.
Their analysis showed that individuals with DS have a pooled relative risk of 5.49 for
CAKUT compared to the general population. The most frequent malformations in DS were
urethral anomalies (hypospadias and epispadias), obstructive malformations, a dilated
urinary tract system, and kidney hypodysplasia. This meta-analysis underscores the higher
incidence of various CAKUT defects, lower urinary tract dysfunctions, and slightly reduced
kidney size in people with DS compared to the general population [24].

Section summary: Children with DS face an elevated risk of CAKUT, with prevalence
estimates ranging from 0.22% to 21.16% across studies (median 2.88%). This wide range
is largely due to methodological differences, including varying sample sizes, inclusion or
exclusion of stillbirths and TOPFAs, and differences in postnatal surveillance duration.
Multiple studies also report an increased risk of obstructive CAKUT defects among children
with DS. To improve consistency across research, there is a critical need for standardized
CAKUT phenotype classifications. Additionally, most birth defect registries are limited by
diagnosing conditions within the first 1 to 2 years of life, underscoring the need for further
studies with extended follow-up.

4. CAKUT Phenotypes in Down Syndrome

CAKUT classifications are generally organized according to the anatomical region
affected within the urinary tract and the nature of each anomaly. In this review, we
categorize these defects and related conditions into four primary groups: those involving
the kidneys, ureters, bladder, and urethra. The following sections provide an overview
of CAKUT phenotypes reported in DS, with a focus on specific anomalies within each
category, as well as related conditions and processes (Table 3).
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Table 3. Studies linked to CAKUT in DS.

CAKUT

Authors and Year

Study Cases

Total
Reported

Kidney Anomalies

Renal agenesis

Berg et al., 1960 [7]
Insunza et al., 1993 [37]
Kallen et al., 1996 [30]

Torfs and Christianson, 1998 [31]

2 of 141 DS autopsies

1 DS autopsy case of Potter syndrome
2 agenesis/dysgenesis of 5581 DS infants

1 of 2894 DS infants 33*
Cleves et al., 2007 [32] 14 agenesis/hypoplasia of 43,463 DS infants
Kupferman et al., 2009 [19] 9 of 3832 DS infants
Morris et al., 2014 [27] 4 of 7044 DS live births and fetal deaths
Berg et al., 1960 [7] 2 of 141 DS autopsies
Ariel et al., 1991 [10] 18 of 124 DS autopsies
Gupta et al., 1991 [38] 2 cases
Loetal., 1998 [12] 1 of 45 cases
Renal hypoplasia Malaga et al., 2004 [13] 1 of 69 DS cases 0+
Cleves et al., 2007 [32] 14 agenesis/hypoplasia of 11,372 DS newborns
Ebert et al., 2008 [15] 2 out of 11 DS cases
Kute et al., 2013 [39] 1 case
Jain, 2014 [17] NA
Staicu et al., 2015 [40] 1 case
Boronat et al., 1982 [41] 1 case of intrathoracic kidney
Stein, 1999 [42] 1 case of intrathoracic kidney
Malaga et al., 2004 [13] 1 of 69 DS cases
Renal ectopia Navarro et al., 2005 [43] 1 case of intrathoracic kidney 12
Al-Manjomi et al., 2005 [44] 1 case of intrathoracic kidney
Kupferman et al., 2009 [19] 1 of 3832 DS infants
Kosmadakis et al., 2013 [45] 1 case
Safdar et al., 2018 [35] 5 of 241 DS cases
Berg et al., 1960 [7] 1 of 141 DS autopsies
Renal fusion Naeye, 1967 [8] 1 of 21 DS autopsies 5
(Horseshoe kidney) Stoll et al., 1990 [29] 1 of 139 DS fetuses/newborns
Torfs and Christianson, 1998 [31] 2 of 2894 DS infants
. Morris et al., 2014 [27] 11 of 7025 DS fetuses/infants/SB
Renal dysplasia Anriquez et al., 2023 [46] 1 case 12
Renal cystic disease
L Ariel et al., 1991 [10] 23 of 124 DS autopsies
Glomerulocystic disease Lo et al.,, 1998 [12] 26 of 45 casen 41
Simple renal cysts Ariel et al., 1991 [10] 7 of 124 DS autopsies 8
Staicu et al., 2015 [40] 1 case
L Ariel et al., 1991 [10] 4 of 124 DS autopsies
Renal dysplasia with Webb et al., 1993 [47] Laase T 8
cysts Kupferman et al., 2009 [19] 3 of 3832 DS infants
Naeye, 1967 [8] 1 of 21 DS autopsies
Egli and Stalder, 1973 [9] 1 of 103 DS autopsies
Ariel et al., 1991 [10] 3 of 124 DS autopsies
Kupferman et al., 1995 [19] 2 cases
Narashiman et al., 2005 [48] 4 out of 6 DS cases with PUV
Hicks et al., 2007 [14] 7 of 7 DS children
Ebert et al., 2008 [15] 7 of 24 DS cases
Hydronephrosis Weijerman et al., 2008 [49] 2 of 176 DS infants ~203
Kupferman et al., 2009 [19] 69 of 3832 DS infants
Rankin et al., 2012 [33] 12 of 1115 DS SBs, miscarriages, TOPFAs
Jain, 2014 [17] 8 of 40 DS children
Morris et al., 2014 [27] 66 of 7044 DS live births and fetal deaths
Staicu et al., 2015 [40] 1 case
Safdar et al., 2018 [35] 18 of 241 DS cases
Postolache et al., 2022 [4] 2 of 49 DS children
Pyelectasis Malaga et al., 2004 [13] 1 of 69 DS cases 4
Postolache et al., 2022 [4] 3 of 49 DS children

Ureter Anomalies
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Table 3. Cont.
Total
CAKUT Authors and Year Study Cases Reported
Egli and Stalder, 1973 [9] 3 of 103 DS autopsies
Stoll et al., 1990 [29] 1 of 139 DS fetuses/newborns
Ariel et al., 1991 [10] 6 of 124 DS autopsies
Ureteral dilatation Hicks et al., 2007 [14] 5 of 7 DS children 28 *
(hydroureter, megaureter) Ebert et al., 2008 [15] 7 of 24 DS cases
Kupferman et al., 2009 [19] 5 of 3832 DS infants
Jain, 2014 [17] NA
Kim et al., 2019 [50] 1 case
Uretocele Ariel et al., 1991 [10] 1 of 124 DS autopsies
Egli and Stalder, 1973 [9] 2 of 103 DS autopsies
1 . Ariel et al., 1991 [10] 2 of 124 DS autopsies 10*
Ureteral stenosis Subrahmanyam and Mehta, 1995 [11] 1 of 54 DS cases
Jain, 2014 [17] NA
Ebert et al., 2008 [15] 2 cases of UPJO of 24 DS cases
Kupferman et al., 2009 [19] 1 case of UPJO of 3832 DS infants
Naeye, 1967 [8] 2 cases of UPJO of 21 DS autopsies
Duplication of the ureter Ariel et al., 1991 [10] 1 0f 124 DS autopsies
and renal pelvis
Bladder Anomalies
Berg et al., 1960 [7] 1 of 141 DS autopsies
Webb et al., 1993 [47] 2 cases
Kupferman et al., 1995 [51] 3 cases
Hausmann et al., 2002 [52] 1 case
PUV Narashiman et al., 2005 [48] 6 cases 4+
Ebert et al., 2008 [15] 2 of 24 DS cases
Kupferman et al., 2009 [51] 2 of 3832 DS infants
. 4 cases of PUV and/or prune belly of 7044 DS
Morris et al., 2014 [27] live births and fetal deaths
Lazarus et al., 2014 [53] 2 cases
Xiang et al., 2023 [54] 18 cases
Stoll et al., 1990 [29] 1 of 139 DS fetuses/newborns
Webb et al., 1993 [47] 2 cases
Kupferman et al., 1995 [51] 1 case
Narashiman et al., 2005 [48] 3 out of 6 DS cases with PUV
Hicks et al., 2007 [14] 3 of 7 DS children .
VUR Yavascan et al., 2008 [55] 1 case 20
Ebert et al., 2008 [15] 4 of 24 DS cases
Solomon et al., 2010 [16] 1 case
Jain, 2014 [17] NA
Safdar et al., 2018 [35] 4 of 241 DS cases
Stoll et al., 1990 [29] 1 of 139 DS fetuses/newborns
Hausmann and Vandersteen, 1999 [56] 1 case
Reutter et al., 2006 [57] 1 case N
Bladder exstrophy Ebert et al., 2008 [15] 2 of 24 DS cases 9
Solomon et al., 2010 [16] 1 case
3 cases of bladder exstrophy and/or
Morris et al., 2014 [27] epispadias of 7044 DS live births and fetal
deaths
Egli and Stalder, 1973 [9] 3 of 103 DS autopsies
Ariel et al., 1991 [10] 1 of 124 DS autopsies
Bladder hypertrophy Malaga et al., 2004 [13] 1 of 69 DS cases 6
Anriquez et al., 2023 [46] 1 case of megabladder
Ariel et al., 1991 [10] 3 of 124 DS autopsies
Trabeculated bladder Kupferman et al., 1995 [51] 2 cases 10
Hicks et al., 2007 [14] 5 of 7 DS children
Bladder neck stenosis Ariel et al., 1991 [10] 3 of 124 DS autopsies 3
Urethra Anomalies
Urethral atresia Solomon et al., 2010 [16] 1 case 1
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Table 3. Cont.
Total
CAKUT Authors and Year Study Cases Re : 0; ed
Lang et al., 1987 [18] 5 of 77 DS males
Kallen et al., 1996 [30] 10 of 5581 DS cases
Torfs and Christianson, 1998 [31] 36 of 2894 DS infants
Hypospadias/epispadias Cleves et al., 2007 [32] 355 of 11,372 DS newborns 467
yposp pisp Ebert et al., 2008 [15] 2 of 24 DS cases
Kupferman et al., 2009 [19] 31 of 3832 DS infants
Morris et al., 2014 [27] 24 of 7044 DS live births and fetal deaths
Stoll et al., 2015 [34] 4 of 728 DS SBs/TOPFAs/infants
Other
Ariel et al., 1991 [10] 8 of 124 DS autopsies
Unspecified obstructive Cleves et al., 2007 [32] 638 of 11,372 DS newborns 665
uropathy Stoll et al., 2015 [34] 14 of 728 DS SBs/ TOPFAs/infants
Safdar et al., 2018 [35] 4 of 241 DS cases
Anterior ur.ethral Kupferman et al., 2009 [19] 1 of 3832 DS infants
obstruction

* Numbers might not be accurate due to undisclosed information in the original studies. CAKUT—Congenital
Anomalies of the Kidney and Urinary Tract, DS—Down Syndrome, NA—not applicable, SB—stillbirth, TOPFA—
Terminations of Pregnancy for Fetal Anomaly, UPJO—ureteropelvic junction obstruction, VUR—vesicoureteral
reflux, PUV—posterior urethral valve.

4.1. Kidney Anomalies

Macroscopically, congenital kidney malformations are characterized by changes in
the size, shape, position, or number of kidneys, while microscopically, they are defined
by a lack of nephrons and/or abnormal histological structure. These anomalies can affect
one or both kidneys and range from mild to severe, impacting kidney function and overall
health [58] (Figure 1).

A B G
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Ureter—

T Bludder
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Figure 1. Schematic representation of various disorders of kidney development: (A) A normally
developed urinary system consists of two kidneys (with the left kidney typically positioned slightly
higher than the right), two ureters connecting to the bladder, and the urethra. Common urinary
system disorders present in patients with Down syndrome include (B) unilateral kidney agenesis,
(C) ectopic kidney, (D) kidney hypoplasia, (E) polycystic kidney disease, and (F) primary hydroureter.
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4.1.1. Renal Agenesis

Renal agenesis is a congenital condition characterized by the absence of one or both
kidneys (Figure 1B). On ultrasound, this is typically indicated by an absent bladder due to
a lack of filling, missing renal tissue, and the absence of detectable blood flow in the renal
arteries [22,58].

In cases of unilateral renal agenesis, patients are born with only one kidney, which
compensates by increasing its filtration from birth. This hyperfiltration can lead to long-
term issues such as adult-onset renal dysfunction and hypertension. Common symptoms
include hyperuricemia, hematuria, and proteinuria. On the other hand, bilateral renal
agenesis is a life-limiting condition. The lack of both kidneys causes severe anhydram-
nios (absence of amniotic fluid), often resulting in fetal death or neonatal pulmonary
hypoplasia [22,58]. Epidemiological studies report that the prevalence of renal agenesis in
the general population ranges from 0.00096% to 1.59%. In a meta-analysis involving over
15 million cases, the pooled prevalence of renal agenesis was found to be 0.03% (95% CI:
0.03-0.04%) [22].

Renal agenesis in DS was first reported by Berg et al. in 1960, based on autopsies of
an infant and a two-year-old child [7]. The first population-based study to include any
CAKUT phenotype was a multinational cohort study that examined the occurrence of
23 major malformations, including renal agenesis/dysgenesis in DS infants and stillbirths.
Kallen et al. reported a prevalence of 0.04%, but they did not find an increased risk of
kidney agenesis/dysgenesis compared to the general population. The study’s grouping
of renal agenesis and dysgenesis without specifying differences may have impacted their
results, as dysgenesis includes a range of kidney malformations with varying degrees of
function, unlike complete absence in agenesis [30].

In their population-based study, Torfs and Christianson focused on anomalies less
prone to misclassification, such as renal agenesis. Their study did not find an increased risk
of renal agenesis in DS cases, with a prevalence of 0.03%. The authors suggested that by
excluding stillbirths and TOPFAs, their study may have underestimated the prevalence
of agenesis, as severe defects could lead to miscarriage or abortion [31]. A population-
based study by Cleves et al. found a 0.03% prevalence of renal agenesis and reported no
significant difference between infants with and without DS. The authors recognized several
limitations, including the lack of information on whether karyotyping was performed to
confirm DS and the exclusion of data on stillbirths and TOPFAs [32]. Kupferman et al.
conducted a retrospective cohort study on CAKUT occurrence in a DS population compared
to a control group. The prevalence of renal agenesis in DS children was 0.23% (0.04% in
the control population) with a significantly increased risk (OR: 5.4 [95% CI: 2.8-10.4]).
This finding is significant because it suggests a higher prevalence of renal agenesis in the
DS population than previously reported, indicating potential underestimation in earlier
studies [19]. Morris et al. reported four cases of bilateral renal agenesis, including Potter
syndrome, in their population-based study of 7044 live births and fetal deaths with DS,
resulting in a prevalence of 0.06%. However, the exclusion of unilateral renal agenesis
likely underestimates the overall prevalence of renal agenesis in their findings [27].

Section summary: Although rare, renal agenesis can profoundly impact the quality
of life. Prevalence rates in individuals with DS vary across studies, with some reporting
no increased prevalence compared to the general population, while others found a signif-
icantly higher risk (OR: 5.4). Variability in study methodologies, including exclusion of
stillbirths and TOPFAs and grouping of agenesis with other malformations, may have led
to underestimations of its true prevalence in DS.
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4.1.2. Renal Hypoplasia

Kidney size or volume and length are significant indicators of its function. Also, it
is a cardinal item in urinary imaging and evaluation of the total renal functions. Bilateral
reduction of renal size is imperatively associated with chronic renal impairment, especially
with glomerulonephritis and other systemic parenchymal medical disorders [59,60]. The
length and size of the kidney correlate and are usually expressed relative to the whole-body
anthropometric measures [58] (Figure 1D).

The definition of hypoplastic kidneys has significantly evolved since the mid-20th
century from being normal in structure but small due to a reduced number of papillae to a
more refined understanding that includes functional and histological criteria [58]. Today,
hypoplastic kidneys are defined as abnormally small kidneys, with kidney volume below
two standard deviations of that of age-matched normal individuals or a combined kidney
volume of less than half of what is normal for the patient’s age. Simple renal hypoplasia
maintains normal corticomedullary differentiation and a reduced number of nephrons,
while oligomeganephronic hypoplasia is characterized by marked compensatory growth
of the reduced number of nephrons, glomerular hypertrophy, and tubular enlargement.
Oligomeganephronic hypoplasia predisposes individuals to the development of focal
segmental glomerulosclerosis (FSGS) due to adaptive responses to the reduced number
of functioning nephrons [61]. A reduced kidney size in DS was demonstrated in two
controlled studies and is supported by uncontrolled investigations.

In 1967, Naeye conducted an autopsy study on the topic of abnormalities in prenatal
growth in newborn infants with trisomies due to subnormal gestational size in most of these
infants. This study presumably included 21 DS infants and reported a decrease in kidney
mass by 31.1% (p < 0.001) by comparison with control infants of the same gestational
age and weight. This was the first study that documented relatively small kidneys as
a consistent abnormality in DS. It was also noted to be specific to DS, unlike cardiac
abnormalities, which are present in other trisomies. A major limitation of this study was
that no chromosomal studies were available for these infants, resulting in their classification
as DS on the basis of phenotypic characteristics. Consequently, it is possible that a portion
of these infants might not have had Trisomy 21 [8]. In their 1991 study, Ariel et al. defined
renal hypoplasia as a reduction of at least one-third of the combined renal weight while
maintaining structurally normal renal tissue as a prerequisite. Under these conditions,
they found renal hypoplasia in 21.4% of DS cases and a reduction in combined kidney
weight of a mean of 14.4% compared to the expected renal weight based on crown-heel
length. Notably, the number of generations of glomeruli in these kidneys fell within the
normal range, indicating normal nephrogenesis and highlighting an intriguing aspect of
renal development in DS. They suggested that insufficient postnatal tubular growth was
responsible for the notably smaller kidney due to tubular lengthening being the main factor
of renal growth in the final phase of kidney development [10].

Recently, Postolache et al. (2022) performed a retrospective cohort study, which
was the first to systematically compare the kidneys of 49 DS children with age- and sex-
matched controls with the help of ultrasonography. They noted significant differences
in kidney length (7.56 &+ 1.2 vs. 8.27 £ 1.13 cm; p < 0.0001) and volume (52.2 &+ 25.1 vs.
69.8 £ 29.2 cm?; p < 0.001) as well as kidney thickness at the hilum level (3.60 + 0.66 vs.
4.20 &+ 0.78; p < 0.001) even after normalization for body surface area (BSA). The data were
normalized due to the fact that children with DS are known to be shorter and have a higher
body BMI than corresponding controls [4].

Hypoplastic kidneys were first associated with DS newborns in the autopsy study
by Berg et al., which described two cases of hypoplastic kidneys, one of which also had a
hypoplastic bladder (ages 4 days and 1.5 months, respectively) [7]. The population-based
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study by Cleves et al. examined the prevalence of renal agenesis and hypoplasia among
newborns with DS and concluded that there was no heightened prevalence [32]. Ebert et al.
ultrasonically detected kidneys that were half the normal size in 2 out of 11 DS patients
(18.2%) with bladder dysfunction [15].

Section summary: Several studies on individuals with DS have reported reductions
in kidney mass, with one study noting a 14.4% and the other a 31.1% decrease in kidney
size [8,10]. Additionally, a recent ultrasound study revealed significantly reduced kidney
length (p < 0.0001) and volume (p < 0.001) [4]. These findings lead us to conclude that
kidney size is reduced in individuals with DS, which suggests an increased tendency to
develop CKD.

4.1.3. Renal Ectopia

Renal ectopia is a congenital condition where a kidney fails to reach its standard
location in the upper retroperitoneum. Instead, the kidney may be located in the pelvis,
iliac region, abdomen, thorax, or even on the opposite side of the body (crossed ectopia)
(Figure 1C). Occurring in about 0.14% of infants on ultrasound screenings, half of the
ectopic kidneys are hydronephrotic, with causes including obstruction, VUR, or abnormal
rotation without obstruction [62,63]. The intrathoracic kidney is a rare form with the
lowest frequency among all renal ectopias. Interestingly, there have been 3 cases of this
rare condition out of a total of 12 (25%) reported cases of renal ectopia in DS patients,
warranting further investigation into the matter (Table 3).

4.1.4. Renal Fusion (Horseshoe Kidney)

The most frequent type of renal fusion anomaly is the horseshoe kidney, which typ-
ically involves two kidney masses joined at their lower poles by either a parenchymal
or fibrous isthmus resembling a horseshoe. While an isolated horseshoe kidney is usu-
ally considered benign, individuals with this condition have a greater incidence of UP]O,
nephrolithiasis (kidney stones), and VUR than the general population [64].

Horseshoe kidneys were one of the first CAKUT phenotypes to be documented in
DS by Berg et al. (1 in 141 DS cases, 0.7%) in their autopsy study [7]. Subsequent reports
of this anomaly in DS have been limited. However, the population-based study by Torfs
and Christianson included horseshoe kidneys as one of the anomalies analyzed in a DS
population due to their lower susceptibility to misclassification compared to other CAKUT
phenotypes. Their findings showed a significant association between DS and horseshoe
kidneys (risk ratio 11.7, 0.001 < p < 0.05) with a prevalence of 0.07% [31]. This is much lower
than the prevalence in other chromosomal disorders such as Turner syndrome (14% to
20%) and Edwards syndrome, where it reaches approximately 67% (attributed to a narrow
pelvis) [65]. Further research is required to clarify the relationship between renal fusion
anomalies and DS.

4.1.5. Renal Cystic Disease

Renal cystic diseases that are evident in DS can be divided into three categories:
glomerulocystic disease, simple renal cysts, and renal dysplasia with cysts [66]. Of the
three, glomerulocystic disease has been reported in a far greater number of publications
(Table 3) (Figure 1E). We will go through them and other literature related to renal cystic
disease in DS succinctly in the following paragraphs.

Glomerulocystic kidney disease (GCKD) is a histologic description formerly known
as glomerular microcysts that involves cyst formation in the glomerulus and dilatation
of Bowman’s space and is the most commonly found cystic disease in DS kidneys. The
appearance of the kidneys on ultrasound is echogenic, but the cysts are not always evident.
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Hereditary GCKD has typically been associated with small renal volumes such as those
found in DS [4,66].

Simple cysts on ultrasound are characterized by sharp borders, clear sound wave
transmission, and no internal echoes. These cysts average about 1 cm in size. The most
common cause is hypertension, believed to result from hypertrophy due to localized
ischemia or obstruction. Simple cysts are typically asymptomatic and do not impact renal
function unless they are very large [66].

GCKD found mainly in the subcapsular region was described by Ariel et al. in 23.7%
of autopsies of live-born DS cases. Since they were not mainly linked with obstructive
defects, they concluded that they were an inherent morphologic characteristic in DS. Other
than that, they found focal dilatation of tubules (8%) and simple cysts (6%) [10]. Lo et al.
(1998) performed an autopsy study comparing 43 DS cases with 57 age-matched controls
and confirmed that GCKD was more common in DS patients (65%) than in control subjects
(25%), particularly in the first decade of life [12]. The findings of Naeye et al. revealed the
mean diameter of glomeruli to be 16.2% larger compared to glomeruli in control infant
kidneys, but this finding was not statistically significant [8]. Kupferman et al. identified
a significantly increased risk of specific CAKUT phenotypes in their population-based
study, including cystic dysplastic kidney, which had an OR of 4.5 compared to the control
population [19].

More recently, Desogus et al. (2016) studied morphological changes in fetal DS kidneys
and found that glomeruli in DS subjects were larger, which was attributed to increased
Bowman’s space and had shape anomalies compared to those in normal subjects. Previous
studies have shown that hyperfiltration and glomerular hypertrophy can lead to glomerular
injury and nephron loss, contributing to CKD. An enlarged Bowman’s space, along with
a reduced glomerular tuft, correlates with a lower number of functional glomeruli. This
makes kidneys with many abnormal glomeruli vulnerable to significant nephron deficits
and an increased risk of CKD in adulthood [67]. As these glomerular cysts grow, they cause
tubular dilation and interfere with the development of additional nephrons, leading to
abnormal kidney development in fetuses [68]. Therefore, glomerular cysts play a critical
role in the progression to renal dysplasia, a primary cause of CKD in children with DS [58].

Section summary: The higher prevalence and distinct characteristics of renal cystic
diseases in DS highlight a critical need for continued research to understand the pathogen-
esis and long-term implications of these renal abnormalities, as they play a significant role
in the increased risk of CKD among individuals with DS.

4.1.6. Hydronephrosis

Hydronephrosis is characterized as the dilation of the renal pelvis and calyces, which
usually manifests as a consequence of impaired urine outflow distal to the renal pelvis. It is
commonly found in conjunction with a dilated ureter and is then diagnosed under the joint
term of hydroureteronephrosis [69].

While hydronephrosis itself is not a primary classification category of CAKUT, it is a
common secondary feature associated with various primary CAKUT phenotypes, including
UPJO, ureterocele, megaureter, PUV, VUR, and others. As a result, one study found that
hydronephrosis was the most frequently reported CAKUT defect in non-DS newborns,
accounting for 31.79% of all CAKUT cases in this population [20,69].

As for DS, according to available literature, hydronephrosis is by far the most fre-
quently reported kidney malformation (Table 3). In the population-based study by
Rankin et al., hydronephrosis was the only phenotype specified from the CAKUT spec-
trum, and their findings indicated a prevalence of 0.6% [33]. Kupferman et al. identified
a significantly increased risk of specific CAKUT phenotypes, including hydronephrosis,
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which had an OR of 8.7 compared to the control population [19]. Hydronephrosis is easily
detected in the first trimester during the routine exam of fetal anatomy, which could explain
its high incidence in DS as well as non-DS infants.

Studies have shown that the presence of bilateral hydronephrosis could be a valuable
soft marker for aneuploidies during gestation. Dagklis et al. (2008) found that the preva-
lence of hydronephrosis was higher in DS in both the first and second trimesters than in
chromosomally typical fetuses and concluded that including hydronephrosis as a risk factor
could help improve the accuracy of screening for DS [70]. As a key indicator of underlying
CAKUT, hydronephrosis necessitates careful evaluation and timely management, as early
detection can be crucial for improving outcomes in affected newborns.

Section summary: Hydronephrosis, a common CAKUT feature, is the most frequently
detected kidney malformation in DS. One study showed an increased risk in DS (OR: 8.7),
and its prenatal detection may aid aneuploidy screening. Early diagnosis is crucial for
better outcomes.

4.1.7. Renal Pyelectasis

Pyelectasis, also known as pelviectasis, is identified by fluid accumulation within
the renal pelvis. While both this condition and hydronephrosis involve dilation of the
renal pelvis, pyelectasis is a milder form that may not indicate serious issues. In contrast,
hydronephrosis involves significant dilation of both the calyces and pelvis, is more severe,
and typically requires medical intervention [71].

According to currently available literature, pyelectasis is the least frequent kidney
anomaly, with only four cases reported in two separate studies (Table 3). During gestation,
pyelectasis is characterized by an enlargement of the renal pelvis, with a diameter exceeding
4-6 mm in the second trimester or 7-10 mm in the third trimester. Although often transient
and clinically insignificant after birth, pyelectasis has been linked to an increased risk
of aneuploidy, particularly DS. The incidence of aneuploidy in fetuses with pyelectasis
ranges from 0.3% to 0.9%, with rates for DS reported between 10% and 25% [71-75]. In a
2012 systematic review, Orzechowski et al. analyzed 10 studies on fetuses with isolated
pyelectasis in the second trimester and its association with DS. The review found that
isolated fetal pyelectasis significantly increased the odds of DS, with a pooled positive
likelihood ratio of 2.78 (95% CI, 1.75-4.43). However, the pooled negative likelihood ratio
was 0.99 (95% CI, 0.98-1.00), suggesting that the absence of isolated pyelectasis does not
reduce the likelihood of DS [76].

Section summary: As a soft marker for DS, pyelectasis is linked to a higher likeli-
hood of aneuploidy, particularly when accompanied by other congenital anomalies or
sonographic markers. Therefore, it should be carefully considered in prenatal screenings.

4.1.8. Acquired Glomerulopathies

Although not classified as CAKUT phenotypes, acquired glomerulopathies are kidney
disorders affecting the glomeruli that develop later in life, often as a consequence of certain
CAKUT anomalies. CAKUT can predispose patients to these conditions through persistent
urinary tract obstruction, infections, or high blood pressure. When CAKUT impairs baseline
kidney function, the development of acquired glomerulopathies can further increase the risk
of CKD progression, creating a cumulative impact on kidney health [58]. A wide spectrum
of glomerulopathies have been reported in DS through small studies and sporadic case
reports (Table 4). Given their association with CAKUT, we will briefly discuss them in the
following paragraphs to address the continuum of kidney disease in DS individuals and
highlight the increased vulnerability of their renal systems.
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Table 4. Studies that have reported acquired glomerulopathies in DS.
Acquired Glomerulopathi Authors and Year Study Cases Total
cquire omerulopathies utho y Reported
Gupta et al., 1991 [38] 4 cases
Membranoproliferative Birk et al., 1996 [77] 1 case 8
glomerulonephritis Said et al., 2012 [78] 2 of 17 biopsies
Alsultan et al., 2022 [79] 1 case
Renal amyloidosis Ozkaya et al., 2005 [80] 1 case 1
Immunotactoid glomerulopathy Takemura et al., 1993 [81] 1 case 1
Anti-neutrophilic cytoplasmic Robson et al., 1995 [82] 1 case
antibody (ANCA)-associated Haseyama et al., 1998 [83] 1 case 3
glomerulonephritis Schwab et al., 1996 [84] 1 case
Focal segmental glomerulosclerosis Loetal, 1998 [12] 2 cases
& (FSgGS) Bagi et al., 1998 [85] 2 cases 8
Said et al., 2012 [78] 4 of 17 biopsies
Minimal change disease (MCD) Loetal., 1998 [12] 1 of 43 autopsies 1
i Birk et al., 1996 [77] 1 case
18A glomerulonephritis Said et al., 2012 [78] 5 of 17 biopsies 6
IgG glomerulonephritis Assadi, 2004 [86] 1 case 1
. Lo et al., 1998 [12] 1 of 43 autopsies
Membranous glomerulonephritis Said et al., 2012 [78] 1 of 17 biopsies 2
Patci-immune crescentic Birk et al., 1996 [77] 1 case
o hoitis Cherif et al., 2013 [87] 1 case 4
& p Said et al., 2012 [78] 2 of 17 biopsies
Lupus nephritis Said et al., 2012 [78] 1 of 17 biopsies 1

To our knowledge, the first to report acquired glomerulopathies in DS was a small
case series by Gupta et al. (1991) documenting membranoproliferative glomerulonephritis
in 4 patients with DS and progressive renal disease, with no apparent underlying etiology.
All patients advanced to chronic renal failure and ultimately passed away, but those who
received treatment prior to renal insufficiency experienced notable benefits [38].

Subsequent case reports described numerous glomerular lesions such as focal seg-
mental glomerulosclerosis (FSGS), IgA glomerulonephritis, IgG glomerulonephritis, mem-
branous glomerulonephritis, immunotactoid glomerulopathy, pauci-immune crescentic
glomerulonephritis, Lupus nephritis, Anti-neutrophilic cytoplasmic antibody (ANCA)-
associated glomerulonephritis, and membranoproliferative glomerulonephritis (Table 4).

Lo et al. (1998) performed an autopsy study focusing on glomerular diseases in DS
patients and found several acquired lesions, including FSGS, minimal change disease
(MCD), and membranous glomerulonephritis. However, these conditions had similar
frequencies in DS and controls [12]. Later, Malaga et al. also stated that no specific
glomerulopathy was associated with DS [13].

More recently, Said et al. examined kidney biopsies from 17 DS patients and found a
wide array of glomerular diseases in their patient group (ages 645 years). Among them
were already reported conditions (Table 4), but also one novel disease, lupus nephritis.
They tracked 16 of the 17 subjects for an average of 47 months. Six progressed to ESRD,
four died while on dialysis, one survived on dialysis, and one underwent a renal transplant
at age 13, maintaining normal allograft function for 9 years [78].

Individuals with DS have a higher incidence of autoimmune disorders, which may
contribute to the development of acquired glomerulopathies [88]. Many forms of glomeru-
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lonephritis, including lupus nephritis, IgA nephropathy, anti-neutrophilic cytoplasmic
antibody (ANCA)-associated glomerulonephritis and membranous glomerulonephritis
are believed to stem from immune system dysfunction, highlighting the need for further
investigation into the potential link between DS-related immune dysregulation and renal
disease [89].

Section summary: The relationship between DS and acquired glomerular lesions
remains unclear due to the lack of large epidemiologic or observational studies. The largest
study to date found no association between the two, despite 11 types of lesions being
described in DS [12]. Further research is needed to determine the incidence of these lesions
in DS patients.

4.1.9. Morphologic Changes of the Kidney

The nephron is the functional unit of the kidney, and its number determines kidney
health throughout life. Unlike most other organs, the course of nephron formation begins in
the 10th week and concludes by the 36th week of gestation, with most of them developing
during the last trimester. Their number can range from 200,000 to 2 million units per kidney
and is positively correlated with birth weight [58].

Chromosomal Trisomy is associated with altered cell-growth parameters, including
slower growth and increased apoptosis. Children with DS exhibit a significantly higher rate
of prematurity (gestational ages of 32 to 36 weeks) compared to non-DS neonates (21.1% vs.
6.3%) and a higher incidence of fetal growth restriction [26,90,91]. Additionally, DS infants
born at full term (GA 40 weeks) consistently have lower mean birth weights, ranging
between the 10th and 50th percentiles, which may result from prematurity or fetal growth
restriction [91]. Since low birth weight is associated with a reduced nephron number,
children with DS are likely to have fewer nephrons, increasing their susceptibility to CKD
in adulthood [23]. In support of this, Naeye et al. found a 55% decrease in the number of
glomeruli in DS infants compared to controls, indicating a lower nephron count [8].

Ariel et al. found immature glomeruli deep in the cortex in 15% of DS autopsies,
indicating the expansion of the nephrogenic zone, which would suggest delayed renal
maturation and may result in a reduced number of nephrons [10,67].

In a case report, a patient with DS and oligonephronia but no clinical symptoms or
abnormal ultrasound findings underwent a renal biopsy, which revealed reduced glomeruli,
mild tubular dilatation, and abnormal podocytes, indicating immature kidney development
and confirmed oligonephronia as the cause of renal impairment [92]. One case report
diagnosed a DS infant with renal tubular dysgenesis, a rare and severe congenital disorder
characterized by a significant reduction to complete lack of proximal convoluted tubules
(PCT), which leads to impaired kidney function, while the glomeruli and distal convoluted
tubules develop normally. As a result of this condition, the infant developed severe fetal
hydrops and died of respiratory failure soon after birth [93].

Section summary: The morphological changes observed in the kidneys of individ-
uals with DS, including reduced nephron number, immature glomeruli, and other renal
abnormalities, highlight the increased risk for kidney dysfunction and CKD in adulthood.

4.2. Ureter Anomalies

According to the literature, the ureter seems to be the least defect-afflicted organ of the
urinary tract in DS. Among reported anomalies, we can find ureteral dilatation (hydroureter,
megaureter), uretocele, ureteral stenosis, and duplication of the ureter and renal pelvis
(Table 3).
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4.2.1. Ureteral Dilatation

Hydroureter, or in extreme cases megaureter, is the most common ureter anomaly to be
found in patients with DS and is formed following the obstruction of urine outflow, which
dilates, bends, elongates, and causes the affected ureter to become tortuous (Figure 1F).
The condition is usually associated with other CAKUT anomalies, mostly hydronephrosis
under the joint term hydroureteronephrosis. Similar to hydronephrosis, it is a frequent
secondary finding and can be used to identify associated anomalies and to determine the
location of obstructions in the genitourinary tract. Timely diagnosis and treatment of both
conditions are essential to avoid serious kidney dysfunction [94,95].

Hydroureters were first described in DS by Egli and Stalder, who found a prevalence
of 3% in their small cohort [9]. Afterward, they were mentioned in several studies includ-
ing multiple population-based studies (Table 3). Notably, Kupferman et al. identified a
significantly increased risk of hydroureters in a DS population with an OR of 8.5 compared
to the control population [19]. Given the frequent association between hydroureters and hy-
dronephrosis, and the high incidence of hydronephrosis in DS, it is likely that hydroureters
are significantly underreported in DS [94].

4.2.2. Ureteral Stenosis

Ureteral stenosis is a condition characterized by the narrowing of the ureter, which
can obstruct the normal flow of urine and potentially lead to various symptoms and
complications. When the narrowing occurs at the junction where the renal pelvis meets the
ureter, the condition is referred to as UPJO, which is the most common cause of ureteral
obstruction. Less frequently, when the narrowing occurs at the junction where the ureter
connects to the bladder, it is termed ureterovesical junction obstruction (UV]JO) [96].

These conditions are often referred to by different names, complicating the establish-
ment of a uniform and comparable classification across studies. For example, ureteral
stenosis and ureteral stricture are frequently used interchangeably. Although ureteral
stenosis might not be specifically reported in most population-based studies, it falls within
the spectrum of obstructive uropathy, which is commonly categorized under urogenital
defects and has been shown to have a strong association with DS [10,19,32,34,35]. This
suggests that ureteral stenosis is likely significantly underreported.

Naeye et al. were the first to report UPJO, which they referred to as “stricture of the
uretero-pelvic junction”, in 2 out of 21 (9.5%) autopsies of individuals with DS. Notably, this
was the only CAKUT phenotype among the seven reported in their study that was exclu-
sively observed in DS and not in other trisomies such as Trisomy 18 (Edwards syndrome),
Trisomy 13 (Patau syndrome), Trisomy 14, and Trisomy 15 [8]. Since then, there have been
no reported cases of UPJO in Trisomy 18 or Trisomy 13. Kupferman et al. identified one
case of UPJO among 3832 children with DS, with an OR of 1.4 compared to controls, a
result that is not significant [19]. Given that UPJO is the most common cause of prenatally
diagnosed hydronephrosis, which is the most frequently reported form of CAKUT in DS, it
is reasonable to conclude that UP]JO is likely underreported in the context of DS because of
the frequent lack of use of specific diagnostic labels [94].

Section summary: Although the literature may indicate that ureteral anomalies are
less frequent in DS, conditions such as hydroureter and UPJO are likely significantly
underreported, which could alter this perception.

4.3. Bladder Anomalies

Although CAKUT anomalies are relatively common, those primarily affecting the blad-
der are less frequent. While many bladder anomalies can be detected prenatally through
ultrasound, some are only identified at birth or later based on clinical symptoms [64]. In
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patients with DS, bladder anomalies such as PUV, VUR, bladder exstrophy, hypertrophy,
trabeculation, and bladder neck stenosis have been reported (Table 3).

4.3.1. Posterior Urethral Valves (PUVs)

PUVs are a serious condition and the most frequently found bladder malformations
in DS, according to the current literature (Table 3). Intraluminal folds cause partial or
complete obstruction of the posterior urethra, a part of the male urinary tract, thereby
impeding urinary outflow exclusively in males (Figure 2). Infants with PUVs may de-
velop CKD in 42.5% and progress to end-stage kidney disease in about 14.5% of cases.
Indeed, 17% of children with kidney failure can be attributed to PUVs, with PUV-induced
renal hypoplasia/dysplasia being one of the more common indications for pediatric renal
transplants [97-99].

Normal PUV

Hydronephrosis

Dilated ureter

Bladder wall
hypertrophy

Urine

Urethral obstruction

Figure 2. A side-by-side comparison of a normal urinary flow system and a system affected by
hydronephrosis caused by posterior urethral valves (PUVs). In PUYV, urine flow is obstructed by a
valve-like tissue, leading to bladder wall hypertrophy, ureteral dilatation, and hydronephrosis in
advanced stages.

PUVs are most commonly detected during routine prenatal ultrasounds. Anomalies
such as hydronephrosis, a distended bladder, and oligohydramnios can indicate urinary
tract obstruction, prompting postnatal follow-up imaging and symptomatic evaluation.
Some cases may not be diagnosed until later in infancy or early childhood when symptoms
such as recurrent urinary tract infections, poor growth, or signs of kidney dysfunction
become apparent [100,101].

PUVs were one of the first CAKUT phenotypes reported in a DS infant, first identified
in a 1960 autopsy study by Berg et al. [7]. Since then, the association has been established in
a few case reports and case series describing PUVs in DS (Table 3). Notably, in a population-
based study by Kupferman et al., the odds of PUV occurrence in children with DS were
found to be seven times higher than in the general population [19]. PUVs also fall into the
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category of obstructive defects and could account for a large number of the widely but
vaguely reported obstructive defects in population-based studies. This would indicate that
PUVs are severely underreported in DS, as is the case with other such defects.

Recently, Xiang et al. presented the largest known series of DS patients with PUVs.
Their study included 18 DS patients with PUVs from their database along with 14 DS
patients from various reviewed case series, totaling 32 patients with DS [19,52,72,102-106].
The authors found that, contrary to assumptions, the renal function, rates of progression
to renal failure, the likelihood of achieving continence, and transplantation rates of DS
patients with PUV were similar to those without DS. Furthermore, their study indicated a
3-4% risk of PUVs in patients with DS [54].

Narasimhan et al. encountered six cases of DS in a cohort of 230 patients with PUVs
(2.6%), four of which had bilateral hydronephrosis, all with delayed diagnosis (age of
presentation was between 1.5 and 7 years old). The babies had symptoms of urinary
incontinence that were voiced by parents to the treating physicians but initially dismissed,
which they attributed to the lack of attention to the association of DS with PUVs [48].

Since a conventional ultrasound may miss PUVs, voiding cystourethrography should
be considered for boys with recurrent urinary tract infections or significant postnatal
ultrasound findings [107]. With a higher incidence of PUVs in patients with DS, physicians
must have a higher index of suspicion for PUV when patients with DS present with
voiding dysfunction.

Section summary: PUVs are a common bladder malformation in males with DS,
which significantly increases the risk of CKD and ESRD. Early detection and intervention
are crucial to prevent renal failure. The occurrence of PUVs in children with DS is seven
times higher than in the general population, with a 3—4% risk in DS patients. Despite the
high incidence, renal function outcomes in DS patients with PUVs are similar to those
without DS. Physicians should suspect PUVs in DS patients with voiding dysfunction to
ensure timely treatment.

4.3.2. Lower Urinary Tract Dysfunction (LUTD)

LUTD can be categorized into two main types: storage disorders and emptying
disorders of the bladder. Bladder dysfunction is associated with intellectual disability,
and children with DS typically take twice as long as their peers to achieve toilet training.
Additionally, incontinence is common in DS children who have already been toilet trained,
which could be linked to lower urinary tract dysfunction, among other factors [108-111].

The incidence and etiology of neurogenic or non-neurogenic (functional) storage or
emptying disorders of the bladder in DS are only seldom reported. If unrecognized and
untreated, bladder dysfunction can lead to secondary damage to the upper urinary tract
and even to ESRD.

On this topic, Ebert et al. (2008) retrospectively analyzed 24 pediatric DS patients
with urological problems and found that 11 patients had bladder storage and/or bladder
emptying disorders (45.8%) by investigating abnormal micturition patterns, urinary incon-
tinence, and urinary tract infections, 27.3% of which were neurogenic disorders and 72.7%
were functional. All but one of the children were treated conservatively with behavioral
therapy measures, consistent stool regulation, low-dose anticholinergics, and, if necessary,
alpha blockers. Secondary complications, primarily VUR, were noted in 36.4% of subjects,
and 27.3% had secondary hydronephrosis with megaureters. Due to severe functional
impairment as a result of bladder dysfunction, three kidneys had to be removed. These
findings indicate that a lack of initial screening and consistent long-term urological care
can lead to serious upper urinary tract damage and unnecessary surgeries [15].
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Although rare, one study suggested that male DS patients are more likely to develop
non-neurogenic neurogenic bladder (NNB), a functional bladder disorder that mimics
neurogenic bladder without a neurological basis, compared to those without DS [112,113].
Similar findings were observed in female DS patients in two case reports [50,114]. No-
tably, Kim et al. described a female DS patient who developed ESRD from untreated
NNB, emphasizing the impact of delayed urological care in DS patients due to intellectual
disability [50].

A recent meta-analysis by Rossetti et al. reviewed three studies on lower urinary tract
dysfunction in DS, involving 169 DS patients and 172 controls. They found a 50.4% preva-
lence of bladder dysfunction and a nearly three times higher risk of bladder dysfunctions
in individuals with DS as compared to healthy controls, though the studies showed high
statistical heterogeneity (I> = 81%) likely due to different diagnostic criteria [108,110,115].

Renal failure is a common outcome in patients with bladder storage or emptying
disorders, though irreversible renal damage generally occurs only when the diagnosis is
delayed, which is often the case in DS [50,116]. Clinicians should be attentive to symptoms
such as incontinence, nocturia, frequent daytime urination, or weak urine stream in children
with DS. Observing any of these signs should prompt an ultrasound of the urinary tract to
evaluate for abnormalities [98,101].

Section summary: Early detection of secondary complications from bladder dysfunc-
tion is crucial to prevent progressive damage to the upper urinary tract and chronic renal
failure. Because intellectual disabilities can make it challenging to identify voiding symp-
toms in DS patients, increased vigilance is required. Given the high prevalence of bladder
dysfunction in this population, functional diagnostics should be conducted whenever
bladder disorders are suspected.

4.4. Urethra Anomalies
Hypospadias and Epispadias

Hypospadias is a congenital condition where the opening of the urethra is located on
the underside of the penis instead of at the tip and stems from incomplete development of
the urethra and deficiency of the corpus spongiosum, while in epispadias the opening of
the urethra is located on the upper surface of the penis in males or in an abnormal position
on the urethra in females [18,117,118].

In the context of DS, the incidence of hypospadias is notably higher compared to the
general population. A study by Lang et al. reported a hypospadias rate of 12% in males
with DS, which was 40 times higher than in non-DS males [18]. Other studies have also
highlighted elevated rates of hypospadias in DS patients. For instance, Stoll et al. reported
a hypospadias incidence of 0.55% among DS cases over 26 years, compared to 0.18% in
the general population, which translates to an OR of approximately 3.06 [34]. This means
that hypospadias is about three times more likely to occur in individuals with DS than
in those without. Torfs and Christianson found a risk ratio of 5.3 for hypospadias and
epispadias in DS [31]. Cleves et al. reported an odds ratio of 2.1 (95% CI: 1.7-2.6) for
these conditions, while Kupferman et al. calculated an odds ratio of 2 [19,32]. Morris et al.
documented hypospadias in 24 out of 3905 DS males (0.61%) [27] (Table 3). Most recently, a
meta-analysis by Rosetti et al. identified urethral anomalies, including hypospadias and
epispadias, as the most frequent CAKUT malformations in DS [24]. On the other hand, one
population-based study by Kallen et al. on 5581 infants with DS found hypospadias rates
similar to those in the general population [30] (Table 3).

Section summary: Hypospadias is significantly more common in individuals with
DS than in the general population. Studies report notably higher rates, with Lang et al.
finding a 12% incidence in DS males, up to 40 times higher than in non-DS males [18].
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Other studies also indicate increased odds ratios, confirming hypospadias as one of the
most frequent urinary tract malformations associated with DS.

4.5. Other
Obstructive Defects

Obstructive uropathy is characterized by impaired urine flow due to various congenital
or acquired anomalies, which can potentially damage the kidneys. This condition may
affect any part of the urinary tract, including the ureters, bladder, and urethra, and is
commonly associated with anatomical abnormalities such as UPJO, PUVs, and urethral
strictures. The severity and location of the obstruction determine the symptoms, which can
range from abdominal pain and hematuria to urinary tract infections and, in severe cases,
ESRD. Early detection through prenatal ultrasound or imaging techniques is crucial, as it
can reveal signs like hydronephrosis, bladder distension, or other anomalies that warrant
further investigation. In children, intrinsic causes such as urethral valves, strictures, and
junctional stenosis are more common. If left untreated, these obstructions can lead to renal
dysplasia, scarring, and irreversible kidney damage. Increased pressure in the urinary
system due to obstruction disrupts kidney function, potentially causing chronic renal
impairment [5,28,58].

Unspecified obstructive uropathy is the most reported CAKUT category in the DS
population (Table 3). Despite its significance, reports of obstructive uropathy in DS lack
detailed descriptions, highlighting the need for greater awareness and consistent diagnostic
terminology to prevent long-term renal complications. For more information on specific
obstructive defects in DS, please refer to earlier sections.

5. Kidney Function in Children with DS

Renal function assessment in children with DS has attracted significant attention in
recent years due to the increasing recognition of kidney involvement in this population.
Recently, Pautonnier et al. have shown that serum creatinine levels in French children with
DS are higher than in the general pediatric population [119]. These findings, consistent with
those of Nishino et al., highlight the importance of considering potential ethnic and genetic
differences when evaluating kidney function, as variations in creatinine measurements are
influenced by factors such as ethnicity and muscle mass [120,121].

Studies by Marifio-Ramirez et al. have further underscored the relevance of ethnic
differences in kidney function biomarkers. Their investigation revealed that serum crea-
tinine levels were significantly lower in East Asian children compared to their European
counterparts, suggesting that creatinine reference values might need to be adjusted based
on population-specific characteristics [121]. This notion is also supported by findings
from Nishino et al., who demonstrated that children with DS had higher serum creatinine
levels even in the absence of kidney, urological, neuromuscular, or congenital heart disease,
further suggesting that DS itself may contribute to altered renal function [120].

In addition to the potential impact of ethnicity, other factors, such as the lower height
and reduced muscle mass typical in children with DS, may also play a role in kidney
function [120]. Creatinine, a marker commonly used to assess renal function, is typically
influenced by muscle mass [122]. However, despite the reduced muscle mass seen in
children with DS, serum creatinine levels tend to be elevated, which may indicate a degree
of renal impairment [119]. This is further substantiated by studies showing that children
with DS tend to have a lower estimated glomerular filtration rate (eGFR) compared to
healthy children [4,13,120,121,123]. For example, Postolache et al. reported a mean eGFR
0f 94.3 + 16.6 mL/min/1.73 m? in a cohort of 49 Belgian children with DS, with 5 of the
participants presenting with eGFR values below 75 mL/min/1.73 m? [4]. In a Spanish
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cohort, Malaga et al. found that 4% of children with DS had eGFR values between 50
and 60 mL/min/1.73 m? [13]. These findings suggest a higher prevalence of mild renal
dysfunction in children with DS, even in the absence of overt kidney disease.

Further studies conducted in Japan have also confirmed lower eGFR in children
with DS (124, 125, 125). Nishino et al. found that the mean eGFR in children with DS
was 93.44 + 17.14 mL/min/1.73 m2, which was approximately 20% lower than that of
healthy Japanese children [124]. Similarly, Yamakawa et al. reported a median eGFR of
90 mL/min/1.73 m? in a cohort of 108 Japanese children with DS [123]. These findings
support the notion that renal function in DS children is systematically lower than in the
general population, even when using various eGFR estimation formulas such as Schwartz
1976 [125], Schwartz 2009 [126], and Uemura’s equation [127].

The reduced eGFR in children with DS is particularly concerning, given the potential
for long-term kidney dysfunction. As renal function assessment in DS can be complicated
by factors such as altered growth patterns, delayed puberty, and differences in body
composition (e.g., lower lean mass), some researchers have questioned the accuracy of
using general population-based formulas for eGFR estimation in DS children [119,123,124]
or even healthy children [128]. Specifically, children with DS may present with a different
distribution of body fat and lean mass, particularly in males, which could result in an
underestimation of renal function if standard formulas are applied [124].

Despite these challenges, serum creatinine remains a commonly used marker for
detecting kidney dysfunction in clinical practice. However, there are some limitations to
this approach. Serum cystatin C, another marker of renal function, may not be reliable in
children with DS due to its dependence on thyroid function, which is often dysregulated in
this population [129,130].

Therefore, while systematic monitoring of serum creatinine in children with DS is
not universally mandated, it is advisable to monitor kidney function regularly in at-risk
children, especially those with known cardiac or renal anomalies. In light of these findings,
regular follow-up of renal function in children with DS is essential. As proposed by
Ranchin et al., annual measurement of serum creatinine should be considered as part of
routine health checks for children with DS [111]. Referral to a pediatric nephrologist may be
necessary if creatinine levels exceed the 97.5th percentile of the standard pediatric curves, or
if eGFR falls below threshold values indicating mild kidney dysfunction [119,123] (Table 5).

Table 5. Summary of studies on kidney function estimation in DS.

Pautonnier et al. Nishino et al. Postolache et al. Nishino et al. Yamakawa et al. Malaga et al.
2023 [119] 2021 [120] 2021 [4] 2020 [124] 2018 [123] 2005 ¥ [13]
Retrospective Retrospective IEEEOSF:tCtS/e Retrospective Retrospective Cross-sectional
2004-2021 2003-2020 ey 2003-2018 2002-2014 secto
2017-2019
Number of 279 568 49 379 108 69
children
Age, years - . 0-18 . . 1-24
Median 0-10 0.3-18 804+ 42 2-18 2-18 97
Sex
M 162 336 30 224 59 37
F 117 232 19 155 49 32
Exclusion criteria Yes £ Yes © Yes ™ Yes ® Yes No
Country France Japan Belgium Japan Japan Spain
Number of
creatinine 857 3765 ns 2421 ns ns
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Pautonnier et al. Nishino et al. Postolache et al. Nishino et al. Yamakawa et al. Malaga et al.
2023 [119] 2021 [120] 2021 [4] 2020 [124] 2018 [123] 2005 ¥ [13]
Method enzymatic enzymatic Jaffe enzymatic enzymatic ns
*
039y
.. 21.2-38.9 N
Serum creatinine 917 " "
(umol/L) 24.0-50.0 B y ns 16.5y M: 114.1
Median oys: 442 33.6 33y M: 107.0
41.5-76.0 ’ T
Girls:
39.8-62.8
Serum creatinine 039y
(mg/dl) 0.24-0.44 )

All children 0.27-0.57 917y 05+0.1 ns 038 Pt
Boys: 0.47-0.86 2y ML
Girls: 0.45-0.71
eGFR
. 934 +17.14

2 .
mL/min/1.73 m ns ns 94.3 +16.6 90.86 + 15.7 90.0 16.5y: 50.1
All children 3.3y:56.3
; 96.3 +18.21
BoysGirls
Formula ns ns Bedside Schwartz Uemura Uemura Schwartz formula
formula
1. single-center 1. utilized a Jaffe 1. single-center 1. small number
design creatinine assay, design of subjects
2. relatively low 1 si as opposed to an 2. included 2. the single- .
. single-center . . ; 1. single-center
number of desi enzymatic assay, premature births centerde51gn .
. esign . design
Limitations children 2. only Japanese as used in the and 3. the short 2 onlv Spanish
3. not take sex - oy Jap Bedside Schwartz ~ low-birth-weight observation ony op
. children were . . children were
into account eGFR formula infants period

studied

studied studied studied studied

¥all*¥ patients with DS, not only children. £ urinary or renal diseases (i.e., vesicoureteral reflux, renal insufficiency,
renal dysplasia, or any renal anomaly detected by ultrasound, which was performed prenatally or postnatally in
all children). © diseases affecting S—Cr (chronic glomerulonephritis (CGN)), congenital anomalies of the kidney
and urinary tract (CAKUT) detected using abdominal ultrasonography, vesicoureteral reflux (VUR), infectious
and inflammatory diseases, dehydration, muscle disease, neurological disease, malignant tumors, hypertension,
severe CHD, liver or pancreatic diseases, and combinations of DS and other malformative syndromes. ™ age- and
sex-matched controls were excluded if they had already known kidney and urinary tract anomalies. ® congenital
heart disease, congenital anomalies of the kidney or urinary tract detected via abdominal ultrasonography, chronic
glomerulonephritis and vesicoureteral reflux, etc. * urological malformation, infectious disease, inflammatory
disease, dehydration, severe heart disorder with cyanosis or heart failure, uncontrolled thyroid disease, neurologi-
cal disorder, and muscle abnormalities. ns not specified. * results converted from mg/mL using conversion factor
88.42 [131].

6. Genetic Factors Contributing to CAKUT in Individuals with DS

Understanding the molecular pathways and genetic factors that increase the suscepti-
bility of individuals with DS to CAKUT is a complex challenge. The link between an extra
chromosome 21 and the DS phenotype was discovered in 1959 and marked a milestone in
genetic medicine [23]. In 2000, the sequencing of the long arm of chromosome 21 (HSA21)
was completed and published, and with that, research and understanding of the molecu-
lar mechanisms underlying DS advanced significantly [132]. Today, DS is recognized as
a gene-dosage disorder, with partial or complete Trisomy 21 as its underlying genomic
cause [3].

The current GENCODE/ENSEMBL database (release 46) catalogs 233 protein-coding
genes, 423 non-coding genes, and 188 pseudogenes on HSA21, though nearly half remain
unannotated due to repetitive elements [90]. Despite recent advances, studying the effects
of triplicated protein-coding and non-coding genes and their downstream consequences
remains difficult, particularly in animal models [3]. Two primary hypotheses have been
proposed to explain DS phenotypes. The first is the HSA21 gene-dosage effect, where
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overexpression of HSA21 genes disrupts biological processes. The second is developmental
instability, suggesting that the extra HSA21 causes widespread disruption of gene expres-
sion, leading to biological imbalance [133,134]. Both mechanisms are thought to contribute
to DS-related phenotypes [3].

Certain genes in the DS critical region have been linked to CAKUT. Having cer-
tain genes in this region in triplicate may increase the risk of developing CAKUT.
One of the most studied is the dosage-sensitive DYRK1A (dual-specificity tyrosine-(Y)-
phosphorylation-regulated kinase 1 A), which encodes a highly conserved kinase, is known
for its role in neurodevelopment and is mapped to 21q22.13. An increase in the dosage of
DYRKI1A has been linked to several DS phenotypes, such as intellectual disability [135],
congenital heart defects [136], craniofacial dysmorphology [137], and retinal disorders [138].
However, one study expanded the phenotype of DYRK1A-related intellectual disability
syndrome (caused by mutations or deletions in DYRK1A) to include CAKUT. Blackburn
et al. investigated CAKUT in 19 patients with de novo putative loss-of-function variants
in DYRK1A. Patients exhibited features of DYRK1A-related intellectual disability syn-
drome, which include autism, microcephaly, developmental delay, seizures, and others.
CAKUT phenotypes were present in 73% of patients, including unilateral renal agenesis,
mild pelviectasis, and hypospadias. Additionally, they provided supporting evidence
using Xenopus embryos to demonstrate DYRK1A'’s role in various kidney developmental
processes. Highlighting the importance of DYRK1A’s kinase domain in nephrogenesis,
dyrkla knockdown resulted in abnormal tubule formation or, in some cases, complete loss
of the kidney [139]. This research indicates that the dosage sensitivity of DYRK1A could
contribute to the renal phenotypes observed in individuals with DS.

UBASHB3A (Ubiquitin Associated and SH3 Domain Containing A), a gene located
in the DS critical region of HSA21 (21q22.3), appears to play a significant role in kidney
development by influencing cell fate decisions and key signaling pathways necessary for
embryonic growth [140,141]. Although the precise mechanisms remain unclear, UBASH3A
is thought to be crucial for proper kidney formation and morphogenesis [140]. This gene
shows high expression in early kidney structures like tubules and glomeruli, particularly
during prenatal stages of rapid kidney growth. Through its involvement in ubiquitin-
mediated signaling, particularly its interaction with proteins like Syk, UBASH3A likely
influences kidney patterning and cell proliferation [140-143].

On the topic of epigenetics, Yuen et al. conducted a comparison of normal and
trisomic kidney tissues, focusing on DNA methylation patterns. The study analyzed DNA
methylation across roughly 1000 CpG sites in regulatory regions of nearly 800 genes, using
tissue samples from second-trimester elective terminations of eight normal and five DS
fetuses. The findings indicated no significant differences in DNA methylation between
normal and DS kidney tissues [144].

One challenge in identifying the exact genetic and other effects of Trisomy 21 is that
studies in humans are limited to cases that survive to birth. This means that only genetic
variations compatible with life are considered when studying DS-related conditions [3].
Investigating how genetic variation contributes to the diverse phenotypic characteristics of
CAKUT in DS is crucial. By sequencing the genomes of thousands of individuals with DS
and linking these genetic differences to their specific phenotypic traits, researchers could
begin to explore these relationships.

Section summary: The genetic mechanisms underlying CAKUT in DS remain unclear.
Trisomy 21 leads to overexpression of genes like DYRK1A and UBASH3A, both implicated
in kidney development. DYRK1A mutations have been linked to CAKUT phenotypes, with
functional studies in Xenopus embryos supporting its role in nephrogenesis. UBASH3A is
thought to influence kidney morphogenesis through ubiquitin-mediated signaling. While
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a study found no significant DNA methylation differences between normal and trisomic
kidney tissues, further research is needed to fully understand the genetic and epigenetic
contributions to CAKUT in DS.

7. Methods for Diagnosing CAKUT in Individuals with DS and the
Importance of Early Detection and Screening Protocols

Early detection and diagnosis of CAKUT in individuals with DS are crucial for im-
proving outcomes and preventing long-term complications [111]. In developed countries,
routine prenatal screening for DS is a standard part of antenatal care. This screening typi-
cally includes maternal serum analyte measurements and ultrasound, which help identify
pregnancies at high risk for DS. In the 1980s, the focus was on «-fetoprotein levels, and
more recently, the inclusion of additional markers such as 3-human chorionic gonadotropin
and pregnancy-associated plasma protein A has improved screening accuracy [25]. With
the advent of cell-free DNA testing in 2011, sequencing of maternal serum became a reliable,
non-invasive method for detecting DS, providing valuable information for clinicians and
parents. However, while these methods can indicate risk, they do not provide a defini-
tive diagnosis, and further diagnostic testing, such as amniocentesis or chorionic villus
sampling, is recommended when needed [3].

In addition to genetic screening, prenatal ultrasonography is routinely used to detect
potential anatomical anomalies in the fetus. Although no specific fetal anatomical findings
are diagnostic of DS, ultrasound can reveal signs of abnormalities in the kidneys or urinary
tract. For instance, hydronephrosis and cystic structures in the renal system may suggest
underlying CAKUT [40,130]. Early identification of these issues can lead to timely interven-
tions, which may improve developmental outcomes. Post-mortem MRI has been shown to
enhance the accuracy of prenatal diagnoses by providing detailed imaging of organs that
may be difficult to assess with conventional ultrasound [40].

Despite the importance of early detection, many cases of renal anomalies in DS are still
underdiagnosed. Research by Narasimhan et al. highlighted the challenges of identifying
renal issues in DS patients, such as delayed diagnosis of PUVs, a condition that may go
unnoticed due to a lack of awareness among healthcare providers. Routine screening
through ultrasound and micturating cystourethrogram (MCU) is recommended for all DS
infants to ensure that urological anomalies are promptly identified and treated [48].

Given the increased prevalence of renal and urological anomalies in individuals with
DS, experts recommend systematic screening starting in infancy. Regular monitoring of
renal function, including urinalysis and ultrasound, should continue throughout life to
detect and manage CAKUT early. Early intervention can prevent progression to CKD and
improve the overall quality of life for individuals with DS.

8. Medical and Surgical Management Options for CAKUT in Individuals
with DS

The quality of life for individuals with DS is often impacted by physical health issues,
particularly those involving the kidneys. Timely screening and early interventions are
critical in addressing CAKUT. Recognizing and managing these anomalies early can help
mitigate their adverse effects on development. While kidney transplantation and dialysis
are options for patients with ESRD associated with DS, they present unique challenges.
For instance, peritoneal dialysis (PD) in DS patients can be complicated by an increased
risk of peritonitis, often due to difficulties in maintaining personal hygiene and treatment
compliance. As a result, renal transplantation is typically considered the preferred treatment
option [52].
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There is limited research on the outcomes of renal replacement therapy (RRT) in
individuals with DS, but some reports suggest that both hemodialysis and PD can be
performed successfully, despite complications such as noncompliance [39,45,51,52,55,145].
However, patients with DS often face additional barriers, including cognitive impairments
and co-morbid conditions, which can complicate their care.

Renal transplantation in individuals with DS and renal failure are seldom reported,
primarily within the pediatric population [47,51,145-147]. One early case in 1995 described
a successful living donor kidney transplant from a mother to her 14-year-old daughter with
DS [147]. Additionally, between 1987 and 1995, a study in the U.S. followed 14 DS children
who received kidney transplants, with 10 patients on dialysis at the time and 4 undergoing
preemptive transplants. By 1998, nine of the transplants were still functioning, while two
failed due to acute rejection. The researchers concluded that renal transplantation is a viable
option for renal replacement therapy in DS patients [85]. In contrast, only two adult DS
patients who received kidney transplants have been reported, both of whom had diabetic
nephropathy [145].

Section summary: The decision to pursue renal replacement therapy in DS patients
is complex and often influenced by factors such as family support, social environment,
and the patient’s ability to follow medical protocols. These challenges make it difficult
to standardize treatment for DS patients with CAKUT. Additionally, many infants with
DS may have other congenital defects that require specialized care, making it important
for healthcare providers to be aware of the potential for multiple medical needs and to
plan treatments accordingly [32]. While advancements in healthcare have improved the
life expectancy and quality of life for individuals with DS, more research is necessary to
develop targeted medical and surgical strategies that address both the kidney-related and
broader health challenges faced by these individuals [52,145].

9. Conclusions

In conclusion, individuals with DS are at an elevated risk for CAKUT, which can lead to
significant kidney dysfunction and CKD in adulthood. Despite the high prevalence (ranging
from 0.22% to 21.16% across studies) of these conditions, there is a lack of standardized
diagnostic criteria and extended follow-up studies.

Our findings indicate that hydronephrosis is the most common renal anomaly in DS
patients, followed by renal hypoplasia and glomerulocystic disease. Ureteral dilation is the
most frequent ureteral abnormality, while PUVs commonly affect the bladder. Additionally,
hypospadias appears very frequently as a urethral anomaly. Multiple studies also report
a high number of unspecified obstructive CAKUT defects along with an increased risk
among children with DS. Several studies have reported reductions in kidney mass, length,
and volume, suggesting an increased susceptibility to CKD.

Children with DS and CAKUT may face a distinct progression of CKD compared
to non-DS children with CAKUT. While CAKUT is the leading cause of pediatric CKD,
DS-specific factors such as reduced kidney size, lower nephron number, glomerular abnor-
malities, and a higher prevalence of bladder dysfunction (e.g., PUVs) may contribute to
greater CKD risk and progression. Despite these concerns, data directly comparing CKD
progression between DS and non-DS children with CAKUT are lacking. Further research is
needed to clarify these differences and guide tailored management strategies.

Overall, published reports suggest a broad spectrum of CAKUT phenotypes in DS,
even when considering terminology inconsistencies that may contribute to underreporting.
Early detection through systematic screening, starting in infancy, is essential for timely inter-
vention and CKD prevention. Furthermore, research into the genetic factors of CAKUT in
DS is critical to improving diagnostic accuracy and treatment strategies. While genetic data
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linking DS and CAKUT remains limited, the available evidence suggests a role for specific
genes like DYRKIA and UBASH3A. Understanding how these and other dosage-sensitive
genes on HSA21 contribute to kidney development could provide new insights into the
pathogenesis of CAKUT in DS and help guide future genetic and therapeutic research.

However, several limitations in current studies must be acknowledged. The exclusion
of stillbirths, miscarriages, and TOPFAs may underestimate the true prevalence of CAKUT
in DS. Additionally, heterogeneity in data collection methods, diagnostic criteria, and
reporting practices complicate cross-study comparisons. The frequent misclassification
of CAKUT phenotypes and reliance on early-life diagnoses further contribute to underre-
porting, particularly for anomalies that manifest later in life. Standardized classification
systems and extended follow-up studies are needed to improve research accuracy and
clinical management.

While these limitations suggest that the prevalence of CAKUT in DS is likely un-
derappreciated, similar challenges exist in estimating CAKUT prevalence in the general
population. CAKUT is often an incidental finding later in life, especially in mild cases,
and its true prevalence in the broader population remains difficult to determine. This
underscores the broader issue of estimating CAKUT prevalence in humans and emphasizes
the need for improved screening methods across all populations.

Given the complexity of managing these issues alongside other congenital defects
in DS patients, healthcare providers should adopt a proactive, lifelong approach to care,
including regular renal monitoring throughout life. Future studies should focus on refining
diagnostic methods, implementing long-term follow-up protocols, and improving imaging
techniques to enhance CAKUT detection. Increased awareness and further research are
necessary to develop tailored medical strategies that address the unique health challenges
of individuals with DS.
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