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v

 Physicians have always been fascinated by the complexity and intricacy of fetal 
organogenesis including the development of the genitourinary tract. The individ-
ual developmental stages, though complicated and still incompletely understood, 
usually occur without interruptions. On the other hand, newborns can face a wide 
variety of anomalies of the urinary tract including structural and mechanistic, 
spanning from acute and reversible to chronic and progressive pathology. 

 Advances in our understanding of pathophysiologic concepts of disease and the 
use of new diagnostic modalities have led to increased and early detection of a 
variety of conditions. In addition, increased experience and new therapeutic inter-
ventions are commonly associated with improved outcome in this particularly vul-
nerable patient population. This has caused a shift in certain areas to now increased 
interest in neonatal conditions and their possible impact on adult disease. 

 Care of newborns and infants with congenital kidney and urinary tract 
disease is complex and requires the expertise of multiple specialists, includ-
ing nephrologists, urologists, neonatologists as well as other pediatric spe-
cialists depending on the condition. 

 This inaugural edition    of “Kidney and Urinary Tract Diseases in Neonates 
and Infants”, a fi rst of its kind as it solely focuses on neonates and infants, 
attempts to provide a comprehensive overview of common medical and surgi-
cal entities that are seen in newborns and tries to be a “hands-on” resource for 
clinicians working with this particular patient population. 

 Though a fi rst edition can never be perfect, we think to have included a 
variety of chapters covering the vast majority of clinical entities providers 
will encounter in their clinical work. 

 All chapters are written by experts in the fi eld and the editors are extremely 
grateful for the time and effort that each contributor has provided to make this 
endeavor possible and, hopefully, successful. 

 Any task as complex as the completion of a book publication requires sets 
of helpful hands in the background. The editors therefore especially appreci-
ate the constant support and guidance of Ms. Joni Fraser as without her help 
the publication would not have been possible. 

  Lexington, KY, USA  Aftab S. Chishti 
  Cincinnati, OH, USA  Shumyle Alam 
  Lexington, KY, USA  Stefan G. Kiessling 
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1.1            Introduction 

 Congenital abnormalities of the kidney and uri-
nary tract (CAKUT) are the cause of 30–50 % of 
end-stage renal disease in young children [ 307 ]. 
CAKUT are represented by a heterogeneous 
group of renal, ureter, and bladder malforma-
tions across a wide range of clinical severity 
(Table  1.1 ). The incidence of renal and urinary 
tract anomalies in humans is 0.3–1.6 per 1,000 
live born and stillborn infants [ 359 ]. Renal mal-
formations account for 20–30 % of all solid- 
organ birth defects detected by antenatal 
sonography during pregnancy [ 273 ]. Thirty per-
cent of cases occur in association with extrarenal 
malformations [ 359 ] and may be found as part of 
over 100 congenital syndromes (Table  1.2 ) 
[ 173 ].

    This chapter approaches CAKUT from an 
embryological perspective with emphasis on 
morphologic, cellular, and molecular events in 
normal urinary tract development. The science of 
human embryology relates to form and process 
of tissue development and integrates molecular, 

cellular, and structural factors within a dynamic 
spatiotemporal framework. A clear understand-
ing of human embryology provides a foundation 
for understanding structure-function  relationships 
within a given tissue or organ. It also renders 
insight into the pathological basis of congenital 
malformation resulting from perturbations in 
normal organ development and leads to the rec-
ognition of associated malformations within the 
same organ system (e.g., genitourinary system) 
when developmental mechanisms are shared 
between tissues (e.g., kidney and ureter). 
Consequently, the principles of urinary tract 
embryology described in this chapter are funda-
mental to the diagnosis and clinical management 
of CAKUT in fetuses and newborns and crucial 
to understanding the long-term impact of 
CAKUT on overall health. 

 Developmental events in kidney, ureter, and 
bladder morphogenesis are highly conserved 
across vertebrate species [ 75 ]. The use of model 
organisms such as mice, zebrafi sh, and frogs has 
been invaluable for defi ning gene expression pat-
terns in the embryonic urinary tract system and 
for providing a spatiotemporal framework upon 
which to study gene function. Understanding 
relationships between gene expression and func-
tion has been greatly facilitated by the creation of 
a molecular atlas of gene expression for the 
developing urinary tract, which can be accessed 
online through the GenitoUrinary Development 
Molecular Anatomy Project (GUDMAP;   http://
www.gudmap.org/index.html    ) [ 117 ]. Gene func-
tion has been largely elucidated through the anal-
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ysis of embryonic mouse mutant phenotypes 
generated either by targeted mutagenesis, which 
disrupts gene function universally, or by condi-
tional  mutagenesis, which renders in loss of gene 
function in a cell-specifi c or time-dependent 
manner [ 159 ]. This chapter will make reference 
to genetic studies in mice to gain insight into 
morphogenetic, molecular, and cellular mecha-
nisms which underlie normal development of the 
human kidney, ureter, and bladder. By conven-
tion, text references to human genes will be noted 
in capitalized italics whereas mouse genes are in 
sentence case italics [ 262 ]. 

 This chapter is subdivided into broad catego-
ries representing stereotypic processes in urinary 
tract formation. These include descriptions of the 

   Table 1.1    Examples of renal, ureter, and bladder 
malformations   

  Renal malformations  
 Renal agenesis 
 Renal hypoplasia 
 Renal dysplasia 
 Renal duplication 
 Horseshoe kidney 
 Renal ectopia (e.g., pelvic kidney) 
 Cross-fused ectopia 
 Cystic kidney diseases 
   Polycystic kidney disease (autosomal dominant, 

autosomal recessive) 
  Multicystic dysplastic kidney 
  Medullary cystic kidney 
  Nephronophthisis 
  Ureteral malformations  
 Ureteral agenesis 
 Ureteral duplication 
 Ureteropelvic junction obstruction 
 Ureteral stricture (distal to the ureteropelvic junction) 
 Hydroureter (nonobstructive) 
 Ectopic ureter 
 Ureterocele 
  Bladder malformations  
 Bladder exstrophy 
 Bladder diverticulum 
 Vesicoureteral refl ux 

   Table 1.2    Human congenital malformation syndromes 
associated with CAKUT   

  Syndromes with cystic dysplasia  
 Apert  Meckel-Gruber 
 Bardet-Biedl  Meckel syndrome, type 7 
 Branchio-oto-renal  Melnick-Needles 
 Campomelic dysplasia  Pallister-Hall 
 Cornelia de Lange  Patau (trisomy 13) 
 Down (trisomy 21)  Senior-Loken 
 Edwards (trisomy 18)  Tuberous sclerosis 
 Jeune asphyxiating thoracic 
dystrophy 

 von Hippel-Lindau 

 Zellweger 
  Syndromes with polycystic kidneys  
 Congenital rubella  Peutz-Jeghers 
 Ehlers-Danlos  Pyloric stenosis 
 Kaufman-McKusick  Roberts 
 Noonan  Short rib-polydactyly, 

types II, III, and IV 
 Zellweger 

  Syndromes with horseshoe kidney  
 Abruzzo-Erickson  Pallister-Hall 
 Bowen-Conradi  Pyloric Stenosis 
 Cerebro-oculo-facio-
skeletal (Pena-Shokeir) 

 Roberts 

 Facio-cardio-renal 
(Eastman-Bixler) 

 Trisomy 18 (Edwards) 

 Focal Dermal Hypoplasia 
(Goltz-Gorlin) 

 Trisomy 21 (Down) 

 Oral-cranial-digital 
(Juberg-Hayward) 

 Turner 

  Syndromes with unilateral renal agenesis  
 Acro-renal-mandibular  Ivemark 
 Adrenogenital (21-OH-ase 
defi ciency) 

 Klippel-Feil 

 Alagille  Lacrimo-auriculo- dento-
digital 

 Cardiofacial  Larsen 
 Cat-Eye  Lenz microphthalmia 
 Cerebro-oculo-facio-
skeletal (Pena-Shokeir) 

 Mayer-Rokitansky 

 Chondroectodermal 
dysplasia (Ellis-van 
Creveld) 

 Miller-Dieker, 
lissencephaly 

 Coffi n-Siris  Oculo-auriculo- vertebral 
dysplasia (Goldenhar) 

 Congenital rubella  Olfactogenital dysplasia 
(Russell-Silver) 

 Fetal alcohol  Spondylocostal 
dysostosis 

J.R.P. dos Santos and T.D. Piscione
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early embryonic origins of the kidneys, ureters, 
and bladder, as well as descriptions of later events 
involved in renal collecting duct and nephron 

morphogenesis, ureter formation, and bladder 
development. Within each subdivision, attention 
is given to genetic or molecular control mecha-
nisms essential for executing key developmental 
programs. Specifi c references to urinary tract 
morphogenesis in embryonic mice are made 
when orthologous events in humans have not 
been fully characterized. Consequently, the infor-
mation in this chapter serves as a framework for 
understanding the breadth and complexity of 
anatomical and functional defects of the urinary 
system that present clinically in the fetus and 
newborn infant.  

1.2     Embryonic Origins of the 
Urinary System 

1.2.1     Overview of the Early Urinary 
Tract Embryology 

 The mammalian urinary system has embryologic 
cellular origins in the mesodermal and endoder-
mal germ layers of the post-gastrulation embryo 
[ 76 ]. Mesodermal derivatives comprise all epithe-
lial cell types of the mature nephron, renal pelvis, 
and ureter, as well as non-epithelial cell types 
including glomerular endothelial and mesangial 
cells, renal parenchymal interstitial cells (also 
known as stromal cells), ureteral and bladder 
smooth muscle cells, and adipocytes and connec-
tive tissue-producing fi brocytes of the renal cap-
sule and ureter and bladder adventitia. Endodermal 
tissue, on the other hand, gives rise to the luminal 
epithelial cells of the bladder and urethra. Kidney 
and ureter development requires the initial forma-
tion of a mesoderm-derived embryonic structure 
known as the nephric duct (also known as the 
Wolffi an duct or mesonephric duct). Conversely, 
bladder development is  preceded by formation of 
the urogenital sinus. The following sections 
(Sects.  1.2.2  and  1.2.3 ) describe formation of the 
nephric duct and urogenital sinus, respectively. 
Table  1.3  compares the chronology of human and 
mouse urinary tract development.

  Syndromes with renal and/or ureteral duplications  
 Achondrogenesis  Congenital Rubella 
 Acrocephalosyndactyly 
(Saethre-Chotzen) 

 Denys-Drash 

 Acro-renal (Dieker-Opitz)  Fetal Alcohol 
 Adrenogenital (21-OH-ase 
defi ciency) 

 Klippel-Feil 

 Bowen-Conradi  Noonan 
 Branchio-oto-renal  Oculo-auriculo- vertebral 

dysplasia (Goldenhar) 
 Braun-Bayer  Rubinstein-Taybi 
 Cerebro-oculo-facio-
skeletal (Pena-Shokeir) 

 Trisomy 21 
 Turner 

  Syndromes with hydroureter or hydronephrosis  
 Apert  Johanson-Blizzard 
 Campomelic Dysplasia  Kaufman-McKusick 
 Chondroectodermal 
dysplasia (Ellis-van 
Creveld) 

 Larsen 

 Coffi n-Siris  Menkes 
 Cornelia de Lange  Noonan 
 DiGeorge  Pyloric stenosis 
 Fetal Alcohol  Spondylocostal 

dysostosis 
 Wolfram 

  Syndromes with renal ectopia  
 Cardiofacial  Marfan 
 Cerebro-cost-mandibular  Mayer-Rokitansky 
 Craniosynostosis-radial 
aplasia (Baller-Gerold) 

 Oculo-auriculo- vertebral 
dysplasia (Goldenhar) 

 Denys-Drash  Pallister-Hall 
 Klippel-Feil  Seckel 

 Spondylocostal 
dysostosis 

  Syndromes with renal hypoplasia  
 Branchio-oto-renal  Ivemark 
 Campomelic Dysplasia  Poland 
 Cornelia de Lange  Pyloric Stenosis 
 Fetal Alcohol  Seckel 

 Townes-Brock 
  Syndromes with bladder exstrophy  
 Syndactyly, type IV (Haas) 

  Reproduced with modifi cations from Clarren [ 63 ], with 
permission  

Table 1.2 (continued)
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1.2.2         Nephric Duct Morphogenesis 

 Mesoderm-derived ancestors of the kidneys and 
ureters originate from within a narrow strip of tis-
sue termed intermediate mesoderm (IM) which is 
located bilaterally on each side of the embryonic 
midline. IM is evident in human fetuses by week 
4 of gestation based on the appearance of the 
nephric duct [ 139 ]. In mice, IM is detected by 
embryonic day 8.5 (E8.5) based on tissue- specifi c 
patterns of gene expression [ 76 ,  336 ]. IM extends 
bilaterally in an anteroposterior, or rostral- caudal, 
direction from the level of the twelfth somite at 
the embryonic midsection to the cloaca, which is 
a midline embryonic structure located in the 
embryonic hind region [ 139 ]. During week 4 of 
human fetal gestation (E9.0 in mice), IM is 
induced along its anteroposterior axis to form a 
paired set of single-cell-layered epithelial tubes 
which are the nephric ducts. Fully formed neph-
ric ducts extend the full length of IM and deviate 
at its posterior end towards the midline to insert 
into the cloaca (see Sect.  1.2.3 ). 

 While the nephric duct is formed, surrounding 
intermediate mesoderm (referred to as mesen-
chyme) is induced to undergo epithelial transfor-
mation. This inductive process results in the 
sequential generation of three morphologically 

unique nephrogenic primordia – the pronephros, 
mesonephros, and metanephros – which connect 
to the anterior, mid-, and posterior sections of the 
nephric duct, respectively (Fig.  1.1 ) [ 75 ]. The 
pronephros is a primitive paired organ character-
ized by a single glomerular and tubular fi ltrative 
unit (Fig.  1.1a ). In lower-order animals such as 
amphibians and fi sh, the pronephros functions as 
a transient embryonic excretory organ. 
Conversely, in higher-order mammals including 
humans, pronephric structures are transiently 
represented by nonfunctioning rudimentary 
tubules which degenerate by apoptosis [ 86 ,  286 ]. 
The mesonephros is a more sophisticated fi ltra-
tive system characterized by several well- 
developed glomerular- and tubular-like structures 
that connect directly to the nephric duct at its 
midsection (Fig.  1.1b ). In adult fi sh and amphib-
ians, the mesonephros replaces the pronephros as 
the defi nitive fi ltrative organ [ 75 ]. In humans, 
mesonephric development begins late in the 
fourth week of gestation and results in the tran-
sient production of fetal urine [ 118 ,  242 ]. By 
week 5, most mesonephric tissue undergoes 
degeneration while the remaining tissues in 
males contribute to the formation of the repro-
ductive system, including the efferent ductules of 
the testis, vas deferens, epididymis, and seminal 
vesicle. In female fetuses, the mesonephros 
regresses although vestigial structures may per-
sist and are represented clinically as Gartner’s 
duct cysts, epoophoron, and paroophoron [ 226 ]. 
As mesonephric degeneration takes place, IM 
surrounding the posterior nephric duct (termed 
metanephric mesenchyme) is induced to form the 
metanephros, which represents the nascent mam-
malian kidney (Fig.  1.1c ). Induction of meta-
nephric mesenchyme (MM) is dependent on 
outgrowth of an epithelial diverticulum from the 
nephric duct termed the ureteric bud (UB) which 
occurs at approximately week 5 of human fetal 
gestation (E10.5 in mice). Invasion of MM by the 
UB initiates a series of reciprocal inductive inter-
actions that triggers formation of the adult mam-
malian kidney and ureters. Detailed descriptions 
of kidney and ureter morphogenesis are provided 
in Sects.  1.3  and  1.4 .

   Table 1.3    Embryonic time table for nephrogenesis: 
human versus mouse   

 Human  Mouse 

 Pronephros 
  First appearance  22 days  9 days 
  Regresses by  25 days  10 days 
 Mesonephros 
  First appearance  24 days  10 days 
  Regresses by  16 weeks  14 days 
 Metanephros appears  28–32 

days 
 11 days 

 Collecting tubules and 
nephrons 

 44 days  13 days 

 Glomeruli  8–9 weeks  14 days 
 Nephrogenesis ceases  34–36 

weeks 
 4–7 days 
after birth 

 Length of gestation  40 weeks  19 days 

  Reproduced with modifi cations from Woolf et al. [ 364 ], 
with permission from Elsevier  

J.R.P. dos Santos and T.D. Piscione
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1.2.2.1       Molecular Pathways Involved in 
Nephric Duct Morphogenesis 

 Genetic studies in mice point to critical roles 
played by four transcription factor genes – 
 Lhx1 ,  Pax2 ,  Pax8 , and  Osr1  – in specifying IM 
for kidney and ureter development.  Lhx1  (Lim 
homeobox protein 1) encodes a member of the 
Lim family of homeodomain proteins which are 
essential to forming anterior embryonic struc-
tures [ 311 ].  Pax2  and  Pax8  are paired box 
domain DNA-binding proteins which function 
as master regulators of tissue development in 
several organ systems, including kidney [ 26 ]. 
 Lhx1 ,  Pax2 , and  Pax8  mRNAs are among the 
earliest gene transcripts detected in IM [ 26 ]. All 
three genes ultimately show mRNA expression 
in nephric duct cells, and their functions are 
essential to normal nephric duct formation. 
Mice lacking  Lhx1  function fail to form nephric 

ducts [ 336 ], whereas mice homozygous for a 
null  Pax2  mutation form posteriorly truncated 
nephric ducts [ 34 ,  335 ]. Combined inactivation 
of  Pax2  and  Pax8  results in complete absence of 
the nephric duct [ 26 ], suggesting that Pax fam-
ily members have overlapping functions in ante-
rior regions of IM. Combined  Pax2/8  function 
may be important for demarcating IM from lat-
eral plate and paraxial mesoderm since  Pax2  
mRNA are exclusively detected at the boundar-
ies of these mesodermal compartments at stages 
prior to nephric duct formation [ 336 ]. 
Expression of  Pax2  and  Pax8  in this region 
appears to be under the positive control of bone 
morphogenetic protein 4 (BMP4; encoded by 
the  Bmp4  gene) which is secreted by cells in 
adjacent lateral plate mesoderm and in overly-
ing ectoderm [ 142 ,  143 ,  236 ]. Negative control 
over these inductive interactions appears to be 

Pronephros

Nephric duct

Nephrogenic
cord

Nephrogenic
cord

Cloaca

Mesonephros

Mesonephros

Metanephric
mesenchyme

Ureteric bud

Common nephric
duct

Gonad

a b c  Fig. 1.1    Formation of 
nephrogenic primordia. 
( a ) The nephrogenic cord 
and pronephros. ( b ) The 
mesonephros. ( c ) The 
metanephros       
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provided by other as-yet undefi ned factors 
secreted by nearby somites [ 190 ]. 

  Osr1  encodes an odd-skipped related zinc- 
fi nger DNA-binding protein and is required to 
specify IM for kidney development [ 141 ].  Osr1  
is expressed in IM surrounding the nephric duct 
along its entire length and is excluded from neph-
ric duct cells. Mice lacking  Osr1  function form 
nephric ducts but lack kidneys, which suggest 
that  Osr1  plays an important role in specifying 
posterior IM for kidney development. 

 Hox genes encode a large family of homeodo-
main proteins and are organized into related gene 
subgroups or clusters sharing functions that coor-
dinate regional expression of other genes 
involved in axial patterning of a wide range of 
embryonic tissues [ 71 ]. Two mouse hox gene 
clusters –  Hox4  and  Hox11  – have been impli-
cated in establishment of anterior and posterior 
IM cell identity, respectively, along the early 
embryonic AP axis. A role for  Hox4  genes in pro-
moting anterior IM cell fate is suggested by the 
mRNA expression pattern for  Hoxb4  which is 
detected in early mesoderm at the anterior bound-
ary of prospective IM [ 9 ]. The notion that  Hox4  
genes establish an anterior code for IM is sup-
ported by studies in cultured chick embryos 
which revealed an anterior shift in expression of 
IM-specifi c markers  Lhx1  and  Pax2  within chick 
mesoderm when the anterior limits of  Hoxb4  
expression were experimentally manipulated 
[ 263 ]. Conversely, evidence in mice suggests that 
 Hox11  cluster genes ( Hoxa11 ,  Hoxc11 , and 
 Hoxd11 ) control posterior IM cell fate and pro-
mote differentiation of cells within this region 
along a metanephric cell lineage. In a study 
which involved the use of tissue-specifi c pro-
moter sequences in transgenic mice to expand 
mesodermal expression of  Hoxd11  anteriorly 
into a region of IM normally fated for mesoneph-
ros development, ectopically activating  Hoxd11  
in this region resulted in transformation of meso-
nephric tubules into a more metanephric pheno-
type [ 212 ]. This observation suggested that 
 Hox11  cluster genes are necessary for instructing 
IM cells to differentiate along a metanephric cell 
fate instead of a mesonephric cell fate. Hox11 
genes also appear to be required for enabling 

 posterior IM cells to respond appropriately to 
inductive cues which initiate kidney and ureter 
development. This is revealed in compound 
mutant mice when either combinations of two or 
all three paralogous  Hox11  genes are mutated, 
which results in severe kidney hypoplasia or 
complete agenesis of kidneys and ureters, respec-
tively [ 356 ]. In vitro, proteins encoded by  Hox11  
genes form a DNA-binding complex with pro-
teins encoded by  Pax2  and the Eyes absent 1 
( Eya1 ) proteins and directly activate the expres-
sion of key metanephric regulators, glial-derived 
neurotrophic factor ( Gdnf ) and sine oculis 
homeobox 2 ( Six2 ) (see Sect.  1.3.3.1 ) [ 105 ]. 
Consequently, the complete absence of kidneys 
and ureters in  Hox11  triple mutant mice is likely 
due to a failure of  Hox11  genes to appropriately 
activate the expression of other genes critical for 
initiating urinary tract development.   

1.2.3       Urogenital Sinus 
Morphogenesis 

 The urogenital sinus is an embryonic structure 
which originates as a sub-compartment of the 
cloaca. The cloaca is an endoderm-derived tran-
sient hollow structure located midline in the 
embryonic hind region. It connects bilaterally 
with the posterior ends of the paired nephric 
ducts (Fig.  1.2 ). In humans, the cloaca is formed 
by the third week of fetal gestation from confl u-
ence of the allantois and hindgut [ 267 ]. The 
allantois precedes the umbilicus as the conduit 
for embryonic gas and solute exchange with the 
placenta, while the hindgut ultimately forms dis-
tal colonic structures including the rectum and 
the upper part of the anal canal. Between weeks 6 
and 7, the cloaca is subdivided into dorsal and 
ventral chambers by a fold of mesodermal tissue 
which projects into the cloacal cavity and creates 
a transverse ridge known as the cloacal septum 
(also known as the urorectal septum; Fig.  1.2a ). 
The dorsal chamber generates the anorectal canal 
which communicates with the hindgut and ulti-
mately develops into the rectum and anus. The 
ventral chamber forms the urogenital sinus which 
is connected at its anterior end to the allantois via 
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the vesico-allantoic canal or urachus (Fig.  1.2b ). 
By week 12, the vesico-allantoic canal closes 
completely and remains as the median umbilical 
ligament in the fully developed fetus. Failure of 
this obliteration may result in urachal remnants 
which may present in the newborn infant as a 
vesico-umbilical fi stula, vesico-urachal divertic-
ulum, urachal sinus, and urachal cyst [ 317 ]. Once 
cloacal septation is completed by week 7, the 
urogenital sinus is further subdivided into upper 
and lower zones of endodermal cell differentia-
tion [ 171 ]. Endodermal cells lining the upper 
zone of the urogenital sinus differentiate into 
bladder epithelium, while lower-zone urogenital 
sinus cells give rise to urethral epithelial cells. 
Morphogenetic and molecular processes involved 
in bladder development will be discussed in 
Sect.  1.5 .

   Failure to initiate or complete cloacal septa-
tion during fetal development has severe clinical 
consequences and is thought to underlie the 
pathogenesis of a wide range of urogenital and 
anorectal human malformations [ 170 ,  249 ]. 
Morphogenetic and molecular mechanisms 
underlying cloacal septation are poorly under-
stood. Several processes have been implicated, 
including regional changes in mesenchymal cell 
proliferation along the cloacal periphery [ 306 ] 
which may be responsible for generating the tis-
sue folds associated with septation [ 135 ,  229 , 
 341 ]. Genetic studies in mice with gene disrup-
tions affecting Sonic Hedgehog signaling have 
shown that this pathway is essential to the  process 

of partitioning the cloaca into urogenital and ano-
rectal sub-compartments [ 56 ,  116 ,  252 ]. 
Activating Sonic Hedgehog signaling seems to 
be necessary for stimulating cloacal mesenchyme 
cell proliferation as removing  Shh  function prior 
to cloacal septation associated with reduced lev-
els of mesenchymal cell proliferation along the 
anterior and lateral cloacal margins, which 
resulted in anorectal and genitourinary defects 
[ 267 ,  306 ].   

1.3      Embryology of the Kidney 

1.3.1     Overview of Kidney 
Morphogenesis 

 The mammalian kidney develops as a result of 
reciprocal inductive interactions between the ure-
teric bud, which is an epithelial outgrowth of the 
caudal nephric duct, and the metanephric mesen-
chyme, which is represented by a region of undif-
ferentiated mesodermal cells surrounding the 
caudal nephric duct. Cellular descendants of the 
ureteric bud contribute to formation of the renal 
collecting system, which includes both cortical 
and medullary collecting ducts, the epithelial lin-
ing of the renal calyces and pelvis, and also the 
urothelial lining of the ureter. Conversely, meta-
nephric mesenchymal cells engage in a complex 
morphogenetic program which involves 
mesenchymal- to-epithelial transformation and 
cellular differentiation and results in formation of 
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a b  Fig. 1.2    Development of the 
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Tasian et al. [ 331 ], Copyright 
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all nephron segments, including the glomerulus, 
proximal and distal convoluted tubules, and 
loops of Henle. In the sections that follow, mor-
phogenetic stages which result in formation of 
the collecting system and nephron will be 
described. In addition, the functions of genes and 
molecules known to control normal renal branch-
ing morphogenesis and nephron development 
will be discussed.  

1.3.2     Ureteric Bud Outgrowth 

 Outgrowth of the ureteric bud (UB) from the 
nephric duct heralds the onset of kidney develop-
ment. The UB forms in response to inductive sig-
nals provided by metanephric mesenchyme 
(MM). These signals induce the UB to elongate 
and extend towards MM. In humans, UB out-
growth occurs during week 5 of fetal gestation 
and in mice, at embryonic day 10.5 (E10.5) [ 261 , 
 298 ]. Defects in ureteric bud induction are likely 
to underlie CAKUT phenotypes such as unilat-
eral or bilateral renal aplasia which result from 
complete failure of UB outgrowth or in duplex 
kidney which occurs as a result of supernumerary 
UB formation [ 256 ]. 

 The cellular basis of UB outgrowth was 
recently investigated in murine kidney organ cul-
ture using time-lapse imaging to follow the fate 
of nephric duct cells labeled with a fl uorescent 
marker [ 60 ]. The fi rst sign of UB formation is the 
appearance of an epithelial swelling on the dorsal 
surface of the posterior nephric duct. This mor-
phologic event is associated with local increases 
in nephric duct epithelial cell proliferation and 
restructuring of the nephric duct luminal surface 
from a simple, single-layered epithelium to a 
pseudostratifi ed epithelium. The signifi cance of 
epithelial pseudostratifi cation in this region prior 
to UB outgrowth is unknown. Similar restructur-
ing of epithelial cell domains has been shown to 
occur in other developing organ systems where 
epithelial budding takes place, including liver, 
thyroid, and mammary gland [ 24 ,  93 ]. It is 
thought that converting the future budding site 
from a simple to pseudostratifi ed epithelium 
might render a higher density of cells for rapid 

expansion within this region in order to form the 
UB, although this notion has not been confi rmed 
experimentally [ 68 ]. 

 In addition to local changes in cell number, 
changes in epithelial cell shape and movement 
are noted to precede regional swelling in the pos-
terior nephric duct. Evidence in mice suggests 
that cellular rearrangements are essential for 
enriching the epithelial domain where budding 
will take place with cells that are capable of 
responding to inductive signals from surrounding 
metanephric mesenchyme [ 60 ].  

1.3.3     Molecular Control of Ureteric 
Bud Outgrowth 

 Induction of UB outgrowth depends on molecu-
lar interactions between secreted peptides pro-
duced by MM cells with receptors on the surface 
of UB cells. These inductive interactions are 
under the control of transcriptional networks act-
ing within MM or UB cells to coordinate gene 
expression and regulate the capacity of UB cells 
to respond to inductive cues within a precise spa-
tiotemporal framework. This section summarizes 
the roles played by selected genes and molecular 
pathways in UB outgrowth as revealed through 
mutational analyses in mice and, where applica-
ble, in humans. 

1.3.3.1        Positive Control of UB 
Outgrowth 

 Glial-derived neurotrophic factor (GDNF) and 
two members of the fi broblast growth factor 
(FGF) family of signaling peptides, FGF7 and 
FGF10, are secreted growth factors which play 
important roles in UB outgrowth. In mouse kid-
ney organ culture, recombinant GDNF, FGF7, 
and FGF10 proteins are each shown to be potent 
in vitro inducers of ureteric bud outgrowth [ 197 , 
 268 ,  288 ]. At stages which precede UB out-
growth, endogenous GDNF and FGF10 are 
secreted by MM cells which surround the poste-
rior nephric duct [ 197 ,  288 ]. These peptides exert 
their actions by binding and activating cell sur-
face receptor tyrosine kinases (RTKs) expressed 
on the surface of posterior nephric duct and 
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nascent UB cells. GDNF binds an RTK encoded 
by the Ret proto-oncogene ( Ret ) in complex with 
the GDNF family receptor alpha 1 ( Gfrα1 ) co- 
receptor [ 38 ,  82 ]. Fibroblast growth factor recep-
tor 2 ( Fgfr2 ) is the candidate RTK receptor for 
FGF10 given its expression within the nephric 
duct and UB [ 343 ,  379 ]. 

 RTK activation initiates downstream signaling 
through a number of pathways including Ras- 
ERK/MAPK, phospholipase C gamma (PLCγ)/
Ca++, and phosphoinositidyl-3-kinase (PI3K) 
[ 179 ]. Ret and Fgfr2 receptor activation results in 
the expression of  Etv4  and  Etv5  (Fig.  1.3 ), which 
are genes that encode two members of the E-26 
(ETS) family of transcription factors. ETS pro-
teins are involved in a wide variety of functions 
including the regulation of cellular differentiation, 
cell cycle control, cell migration, cell prolifera-
tion, apoptosis, and angiogenesis [ 237 ]. During 
kidney development,  Etv4  and  Etv5  function as 
genetically downstream of  Gdnf  and  Ret . Their 
activities are necessary for regulating expression 
of other genes essential to UB outgrowth [ 179 ].

   Complete loss of  Gdnf  or  Ret  function in vivo 
in mice leads to UB outgrowth failure and results 
in renal and ureter agenesis in 70–80 % of 
affected littermates [ 38 ,  253 ,  293 ,  303 ,  304 ]. 
Renal agenesis phenotypes were also generated 
in mice with homozygous null mutations in genes 
that encode transcription factors  Sall1 ,  Eya1 , 
 Pax2 , and  Hox11  homeodomain proteins which 
are required for normal  Gdnf  expression [ 33 ,  34 , 
 356 ,  366 ,  367 ] (Fig.  1.4 , left panel). Table  1.4  
provides a list of gene mutations which cause 
renal agenesis in mice. Conversely, mutations in 
genes that normally limit the domain of GDNF 
expression, such as  Slit2 ,  Robo2 , and  Foxc2 , 
result in the formation of multiple UBs, leading 
to duplex ureters and kidneys [ 107 ,  166 ] (Fig.  1.4 , 
right panel).

    Additional control over UB outgrowth is pro-
vided by mechanisms which regulate  Ret  expres-
sion in nephric duct cell and nascent UB cells. 
During normal kidney development,  Ret  expres-
sion in the embryonic mouse nephric duct is posi-
tively regulated by  Pax2  and  Pax8 . In vitro, Pax2 
and Pax8 proteins activate  Ret  transcription by 
binding directly to the  Ret  gene promoter [ 65 ]. 

The UB fails to form in mice with homozygous 
null  Pax2  mutations and in mice with compound 
homozygous null mutations in  Pax2  and  Pax8  
due to severe defects in nephric duct formation 
[ 26 ]. However, genetic studies in heterozygous 
 Pax  mutants suggest that  Ret  expression in the 
nephric duct is highly sensitive to the level of 
 Pax2  gene activity. This was revealed in mice 
heterozygous for a null  Pax2  mutation, which 
demonstrate renal hypoplasia and lower levels of 
 Ret  expression compared with mice heterozy-
gous for a null  Ret  mutation, which have normal 
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Etv4/Etv5
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Wnt11

Spry1

(–)

RET/GFRα1

Mesenchyme

Ureteric bud

FGF10

FGFR2

Cell proliferation
Cell migration

  Fig. 1.3    Model of the role for  Etv4  and  Etv5  in a gene 
network controlling ureteric bud branching morphogene-
sis. GDNF secreted by metanephric mesenchyme signals 
to the ureteric bud through a RET/GFRα1 receptor com-
plex to activate the expression of a number of genes, 
including  Etv4  and  Etv5 , which promote ureteric bud 
growth and branching. Positive effects on branching may 
be mediated through cell proliferation and cell migration. 
Expression of  Etv4  and Etv5 requires PI3K activity. A 
weaker contribution to the regulation of  Etv4/5  expression 
may be provided by FGF10, acting via FGFR2. Positive 
regulation of this network is provided by  Wnt11 , which 
lies downstream of GDNF-RET signaling. Negative regu-
lation is provided by  Spry1  which antagonizes RET sig-
naling post-ligand activation.  Bold arrows  depict strong 
effects.  Dashed arrows  denote weak or possible effects 
(Reproduced from Costantini [ 68 ], with permission)       
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kidneys [ 65 ]. A more severe phenotype was gen-
erated in compound mutant mice heterozygous 
for null mutations in both  Pax2  and  Ret , which 
displayed a high frequency of unilateral or bilat-
eral renal agenesis [ 65 ]. Collectively, these data 
suggest that one important function of  Pax2  in 
nephric duct morphogenesis is to establish the 
expression domain of  Ret . 

 Gata-binding protein 3 ( Gata3 ) encodes a zinc 
fi nger transcription factor with a role in maintain-
ing  Ret  expression during nephric duct morpho-
genesis and UB outgrowth. Genetic studies in 
mice suggest that  Gata3  functions within a regu-
latory pathway that lies downstream of beta- 
catenin (encoded by  Ctnnb1 ), a cytoplasmic 
protein with DNA-binding properties which 
functions as a transcription factor in the presence 
of Wnt-mediated signals [ 108 ]. At stages that 
precede UB outgrowth,  Gata3  is necessary to 
maintain  Ret  expression in the caudal nephric 
duct, which is essential for nephric duct extension 

towards the cloaca. Nephric ducts of mice lacking 
 Gata3  function are defi cient for  Ret  and show 
severe nephric duct cell proliferation and differ-
entiation defects [ 108 ,  109 ]. Some nephric duct 
cells located rostral to the presumptive budding 
zone maintain  Ret  expression, which leads to 
ectopic UB formation. This observation suggests 
that one role for  Gata3  may be to coordinate the 
recruitment of cells with high levels of Ret to the 
presumptive budding zone. 

 The mechanism by which GDNF-Ret signal-
ing causes UB outgrowth is not entirely known. 
The effects of Ret receptor activation on bud for-
mation may be in response to chemotactic effects 
of GDNF on nascent UB cells. This is revealed in 
two reports showing chemoattractant properties 
for GDNF in vitro on cultured kidney cells [ 328 , 
 329 ]. Another study involving chimeric mice 
made up of a mosaic of cells with varying levels 
of  Ret  activity suggested that  Ret  is necessary to 
recruit highly sensitized nephric duct cells to the 
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  Fig. 1.4    Signals that promote or suppress ureteric bud 
outgrowth.  Left panel  highlights a subset of molecular 
interactions that control normal ureteric bud outgrowth by 
negatively regulating the stimulatory actions of Gdnf and 
Ret.  Pink area  represents the nephric duct. Green area 
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following genetic disruption. Below the images in the 
 middle  and  right panels  are listed a subset of gene muta-
tions which result in failure to induce a ureteric bud ( mid-
dle panel ) or supernumerary budding ( right panel ). See 
Sect.  1.3.3.1 – 2  for details (Reproduced with modifi ca-
tions from Dressler [ 76 ], with permission)       
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site of ureteric budding so that they can readily 
respond to GDNF [ 60 ] (Fig.  1.5 ).

   The role of FGF proteins on UB induction is 
less clear. In vitro, recombinant FGF7 and FGF10 
proteins were capable of inducing UB outgrowth 
in isolated nephric duct organ cultures [ 185 ]. The 
stimulatory effects of FGF proteins on UB out-
growth were augmented by co-incubating cul-
tures with an inhibitor of TGF-β signaling, 
suggesting that the nephric duct is normally 
desensitized to FGFs by local inhibitory feed-
back. Since  Fgf7  mRNA are not expressed in 
MM at stages preceding UB outgrowth,  Fgf10  is 
the more likely candidate for activating 
 FGFR- mediated inductive responses in vivo. 
Targeted deletion of  Fgf10  results, however, in 
mice which form UBs but display later defects in 
UB branching [ 60 ]. A similar phenotype was 
generated in mice with inactivating mutations in 
 Fgfr2  conditionally limited to the UB cell  lineage, 

which are able to form a UB but show defects in 
UB branching that lead to renal hypoplasia 
[ 316 ,  379 ], suggesting that other mechanisms 
(viz., GDNF-RET signaling) are able to com-
pensate for loss of FGF signaling in these 
mutants. A recent study showed that complete 
penetrance of UB agenesis was generated in 
 Fgf10   −/−   mutants by introducing a single null 
allele for GDNF [ 60 ]. Taken together, these 
studies strongly suggest that GDNF is the domi-
nant inducer of UB outgrowth whereas FGF10 
has a weaker role, possibly due to local vari-
ances in gene expression or inhibitory feedback 
on RTK signaling [ 60 ].  

1.3.3.2      Negative Control 
of UB Outgrowth 

 Experimentally, the nephric duct is competent to 
respond to ectopic GDNF via RET and initiate 
ureteric bud formation and branching at multiple 

   Table 1.4    Mouse models of renal agenesis   

 Gene  Type of protein  Defects in humans  References 

 Involved in nephric duct formation 
  Pax2 and Pax8   Transcription factor  Renal coloboma syndrome  [ 26 ,  295 ,  335 ] 
  Gata3   Transcription factor  HDR syndrome  [ 109 ,  342 ] 
  Lhx1   Transcription factor  –  [ 157 ,  247 ,  336 ] 
 Involved in ureter 
budding 
  GDNF-Ret/GFRα1 pathway components  
  Gdnf   Secreted molecule, neurotrophin family  Hirschsprung disease  [ 8 ,  210 ,  253 ,  293 ] 
  Ret   Receptor tyrosine kinase  Hirschsprung disease  [ 83 ,  303 ] 
  GFRα1   GPI-linked neurotrophin receptor  Hirschsprung disease  [ 38 ,  88 ] 
  Required for GDNF expression  
  Eya1   Transcription factor  Branchio-oto-renal  [ 1 ,  366 ] 
  Hox11 paralogs   Transcription factor  –  [ 356 ] 
  Sall1   Transcription factor  Townes-Brocks syndrome  [ 160 ,  232 ] 
  Six2   Transcription factor  –  [ 367 ] 
  Pax2   Transcription factor  Renal coloboma syndrome  [ 34 ] 
  Osr1   Transcription factor  –  [ 141 ] 
  Required for Ret expression  
  Gata3   Transcription factor  HDR syndrome  [ 108 ,  109 ,  342 ] 
  Ctnnb1 (β-catenin)   Transcriptional co-activator, Wnt 

pathway 
 –  [ 188 ] 

  Emx2   Transcription factor  –  [ 204 ] 
 Involved in metanephric mesenchyme induction 
  WT1   Transcription factor  Denys-Drash  [ 165 ] 

  Reproduced with modifi cations from Uetani and Bouchard [ 340 ], with permission 
  HDR  hypoparathyroidism-deafness-renal anomalies syndrome  
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sites along its anteroposterior axis [ 250 ,  288 ]. 
This propensity for random budding may under-
lie the cause of renal malformations that result 
when either more than one UB is formed (e.g., 
duplex kidney) or when induction occurs in the 
wrong position along the nephric duct’s antero-
posterior axis (e.g., VU refl ux). Consequently, a 
number of inhibitory mechanisms are used to 
control the stimulatory response of nephric duct 
cells to inductive signaling and ensure that UB 
outgrowth is limited to a single site. 

 Sprouty proteins provide inhibitory control 
over signaling pathways activated by GDNF and 
FGF. Sprouty proteins are intracellular peptides 
which are known to antagonize RTK signaling 
downstream of ligand-receptor interactions [ 84 ]. 
In the developing kidney, Sprouty1 ( Spry1 ) 

expression is induced downstream of GDNF- 
RET signaling in nephric duct and nascent UB 
cells. Sprouty2 ( Spry2 ) and Sprouty4 ( Spry4 ) are 
additional family members expressed in UB cells 
following outgrowth [ 377 ], which suggests that 
Sprouty proteins also exert negative feedback 
inhibition at later stages of UB morphogenesis. 

 At the UB outgrowth stage,  Spry1  plays a role 
in repressing the nephric duct’s response to 
GDNF and FGF10 and controlling their stimula-
tory effects on the nephric duct [ 68 ]. This inhibi-
tory role was revealed genetically in a series of 
two reports involving complex analyses of mouse 
mutants with single or combined loss-of-function 
mutations in  Spry1 ,  Gdnf , and  Fgf10 . Loss of 
 Spry1  function in mice resulted in renal malfor-
mations including multiple ureters, multiplex 

a b c

  Fig. 1.5    Model for the rearrangement of nephric duct 
cells at different stages of ureteric bud formation. ( a ) Pre-
ureteric bud induction. ( b ) Onset of ureteric bud induc-
tion. ( c ) Ureteric bud outgrowth and early elongation. 
 Blue  and  green areas  represent nephric duct cells with 
high and low relative levels of RET activity, respectively. 
 Shaded regions  denote nephrogenic mesenchyme.  Yellow 

arrows  in ( a ) illustrate the convergence of cells with high 
levels of RET activity along the long axis of the posterior 
nephric duct.  Red arrows  in ( c ) demonstrate the recruit-
ment of cells with high levels of Ret signaling to the ure-
teric bud tip (Reproduced from Chi et al. [ 60 ], Copyright 
2009, with permission from Elsevier)       
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kidneys, and hydroureter [ 14 ,  15 ]. These features 
were associated with ectopic ureteric bud induc-
tion, increased expression of  Gdnf  in the meta-
nephric mesenchyme, and expanded expression 
of GDNF-RET target genes (viz.,  Wnt11 ). The 
presence of multiple ureters and the occurrence 
of renal and ureteral duplications in  Spry1    −/−   
mice represented a loss of negative control over 
the stimulatory actions of GDNF. Reducing the 
 Gdnf  gene dosage in  Spry1    −/−   mutant mice by 
50 % was suffi cient to restore control over UB 
outgrowth and eliminate the formation of super-
numerary buds [ 14 ], indicating that inhibitory 
molecular mechanisms which control GDNF- 
RET signaling activity are critical to the forma-
tion of a normal, single ureteric bud. In another 
study, the effect of inactivating  Spry1  in mice 
with complete loss of  Gdnf  function ( Gdnf    −/−   
mice) was examined (Fig.  1.6 ). Removing  Spry1  
function in mice lacking  Gdnf  was suffi cient to 
rescue renal agenesis and result in generation of a 
single ureteric bud (Fig.  1.6 ), likely because the 
nephric duct now became sensitized to the induc-
tive effects of  Fgf10  [ 197 ]. Additionally remov-
ing  Fgf10  in  Spry1    −/−  ,  Gdnf    −/−   compound mutant 

mice resulted in renal agenesis [ 197 ], which 
served as evidence that  Fgf10  was capable of ful-
fi lling the role of inducer in the absence of Gdnf 
only when  Spry1 -mediated inhibition was lifted. 
A number of studies suggest that angiotensin II 
signaling may be involved in regulating the lev-
els of  Spry1  mRNA expression in the developing 
UB, although the local response to angiotensin II 
in UB cells appears to be dependent on which 
angiotensin receptor, AT1R or AT2R, is activated 
[ 372 ,  373 ]. These data support the existence of 
negative feedback mechanism involving  Spry1  
and activation of angiotensin signaling which 
controls UB outgrowth by regulating which 
nephric duct cells will respond to GDNF- and 
FGF10-mediated signals.

   Bone morphogenetic protein-4 ( Bmp4 ) also 
negatively regulates UB outgrowth and is locally 
suppressed by Gremlin 1 ( Grem1 ), allowing bud-
ding to occur in the correct position.  Bmp4  
belongs to a family of genes that encode signal-
ing peptides secreted by MM and UB cells in the 
embryonic mouse kidney and shown to regulate 
various stages of kidney development [ 39 ]. 
Kidney organ culture studies have revealed 
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  Fig. 1.6    Summary of results from genetic studies in mice 
supporting a model for  Gdnf  and  Fgf10  cooperating in the 
induction of ureteric bud outgrowth under the inhibitory 
control of  Spry1 . ( a ) Wild-type scenario. GDNF acts as 
the principal inducer (depicted by  bold arrows ) by activat-
ing RET, resulting in the upregulation of genes which 
stimulate ureteric bud outgrowth. FGF10 provides a sub-
stantially weaker effect via FGFR2.  Spry1  exerts inhibi-
tory control by antagonizing RTK signaling. ( b ) When 
 Gdnf  is genetically inactivated, FGF10 is incapable of 

overcoming the inhibitory effects of  Spry1  on FGFR2 sig-
naling, resulting in failed ureteric bud outgrowth. ( c ) The 
stimulatory effects of FGF10 on ureteric bud outgrowth 
are unmasked in mice lacking  Gdnf  by additionally 
removing  Spry1 , thereby rescuing ureteric bud outgrowth 
failure in  Gdnf  null mice. ( d ) Confi rmation that FGF10 is 
providing the inductive cue in  Gdnf / Spry1  double null 
mice is provided by additionally removing Fgf10 func-
tion, which prevents formation of a ureteric bud 
(Reproduced with modifi cations from Michos et al. [ 197 ])       
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inhibitory roles for BMP4 and other BMP family 
members including BMP2 and BMP7 in ureteric 
bud branching morphogenesis [ 42 ,  255 ,  259 , 
 274 ]. At stages prior to UB induction,  Bmp4  
mRNA are expressed broadly in mesenchymal 
cells surrounding the nephric duct [ 29 ,  80 ,  199 ]. 
The expression domain for  Bmp4  partially over-
laps with the expression of  Grem1 , which 
encodes an extracellular antagonist that seques-
ters secreted BMPs and reduces local BMP sig-
naling activity [ 199 ]. The role of  Bmp4  as a 
negative regulator of UB outgrowth is suggested 
by the appearance of ureteral duplication and 
severe hydronephrosis in mutant mice heterozy-
gous for a null  Bmp4  allele [ 206 ]. In contrast, 
 Grem1 - defi cient  mouse embryos display renal 
agenesis, presumably due to unopposed inhibi-
tory actions of BMP4 on the nephric duct [ 199 ]. 
At the molecular level,  Grem1  is necessary to 
maintain and propagate the expression of  Wnt11  
in the UB tips, which promotes  Gdnf  expression 
in MM via a positive feedback mechanism. This 
infers that BMP4 functions within an inhibitory 
feedback mechanism that suppresses UB induc-
tion by antagonizing the local effect of GDNF-
RET signaling on the nephric duct [ 206 ].   

1.3.4     Induction of Metanephric 
Mesenchyme 

 Prior to UB induction (E9.5 in mice), MM is 
characterized by a population of undifferentiated, 
non-polarized cells which are dispersed loosely 
along the ventral caudal nephric duct and marked 
by the expression of  Osr1  [ 76 ]. At this stage of 
development,  Osr1 -positive ( Osr1   + ) cells in 
mice represent a multipotent cell population 
which are the precursors for epithelial, stromal, 
and vascular tissue elements in the mature kidney 
[ 27 ]. With advancing gestational age,  Osr1   +  cells 
become progressively restricted in their fate as 
progenitors of nephron epithelial cells [ 213 ] and 
are transformed into a tightly associated, polar-
ized cell population that forms primitive tubules. 
Further differentiation of epithelial cell types 
within these primitive tubules occurs in a spa-
tially organized proximal-distal pattern, resulting 

in formation of the glomerular and tubular seg-
ments of the mature nephron. 

 Invasion of MM by the UB marks a critical 
stage in the divergence of mesenchymal cell fate. 
Upon contact with the UB, the MM condenses to 
form a discrete zone 4–5 cells thick around the 
ampulla of the advancing UB [ 12 ,  155 ]. The 
appearance of condensed mesenchyme (CM) 
around the tip of the UB signifi es that MM induc-
tion has occurred. Based on patterns of gene 
expression, CM is subdivided into two cell popu-
lations. One population is comprised of undiffer-
entiated rapidly proliferating cells which are 
marked by upregulated expression of transcrip-
tional regulators  Six2  and Cbp/p300-interacting 
transactivator 1 ( Cited1 ) (Fig.  1.7 ) and are 
thought to represent a pool of self-renewing mul-
tipotent epithelial progenitors [ 28 ,  158 ]. The 

Cited1 Six2

Wnt4

Six2 Wnt4

Foxd1

  Fig. 1.7     Six2 ,  Cited1 ,  Wnt4 , and  Foxd1  gene expression 
domains in condensed mesenchyme. Depicted is a graphic 
representation of condensed mesenchyme at the tips of 
two ureteric bud branches, signifying that metanephric 
mesenchyme induction has occurred. Cells with high lev-
els of  Six2  and  Cited1  expression ( red area ) represent a 
subpopulation of condensed mesenchyme cells that are 
self-renewing and undifferentiated. These cells give rise 
to a second cell subpopulation within condensed mesen-
chyme ( green area ) which feature upregulation of  Wnt4  
and downregulation of  Cited1 . These cells represent pro-
genitor cells that are fated to undergo cell differentiation 
and generate all specialized epithelial cells of the mature 
nephron. Downregulation of  Six2  in cells which express 
 Wnt4  ( blue area ) signifi es the transition from a mesenchy-
mal to an epithelial cell phenotype. Surrounding mesen-
chymal condensates and epithelial progenitors are stromal 
cells which require  Foxd1  expression and are necessary 
for normal nephron development (Reproduced with modi-
fi cations from Mugford et al. [ 214 ], Copyright 2009, with 
permission from Elsevier)       
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 second group is a subpopulation of the fi rst and 
represents cells which have embarked on the 
pathway towards epithelial differentiation along 
an epithelial lineage and are marked by the 
upregulated expression of the secreted peptide 
wingless-type MMTV integration site family, 
member 4 ( Wnt4 ) and downregulated expression 
of  Cited1  [ 214 ] (Fig.  1.7 ). A third population of 
MM cells is marked by the expression of the 
forkhead box D1 transcription factor  Foxd1  
(Fig.  1.7 ), which surrounds cap condensates and 
is thought to give rise to interstitial or stromal 
cells [ 122 ,  214 ,  308 ]. Stromal cells secrete extra-
cellular matrix and growth factors and are thought 
to provide a supportive framework around the 
developing nephrons and collecting system. 
Genetic fate mapping studies in mice suggest a 
common origin for nephron epithelial and stro-
mal lineages which diverges just before UB 
induction [ 28 ,  158 ,  213 ]. However, confl icting 
reports on stromal lineage have shown that some 
stromal cells originate in paraxial mesoderm 
[ 110 ] or migrate into the developing kidney as 
neural crest precursors once UB has invaded MM 
[ 287 ,  297 ].

1.3.5        Control Mechanisms Involved 
in Mesenchymal Induction 

 Metanephric mesenchyme condensation occurs 
in response to a Wnt signal, likely Wnt9b, 
secreted by the UB. The kidneys of mouse 
embryos lacking  Wnt9b  are rudimentary and 
devoid of nephrons [ 48 ]. The renal defect is char-
acterized by developmental arrest at the stage 
where the UB invades metanephric mesenchyme 
and branches to form a T-shaped structure. 
Consequently, loss of  Wnt9b  prevents mesenchy-
mal condensation from occurring and blocks ini-
tiation of tubulogenesis. 

  Wnt9b  induces the expression of  Wnt4  in cap 
mesenchyme, which initiates the program that 
converts mesenchyme to epithelial cells [ 48 ]. 
This interaction appears to be mediated by 
canonical signaling pathways involving beta- 
catenin. In one study, the inductive functions of 
 Wnt9b  were prevented by removing beta-catenin 

in condensed mesenchyme cells of embryonic 
mice by conditional mutagenesis [ 244 ]. In the 
same study, activating beta-catenin through over- 
expression of a constitutively active, stabilized 
form in MM functionally rescued the inductive 
defects in  Wnt9b  and  Wnt4  mutants and was 
capable of initiating the tubulogenic program for 
epithelial cell differentiation. These data strongly 
implicate canonical signaling pathways in carry-
ing out the initial functions of  Wnt9b  protein dur-
ing MM induction and nephron epithelial cell 
differentiation. However, there appears to be a 
need to attenuate canonical Wnt signaling once 
induction has taken place since normal epithelial 
tubules do not form in embryonic mouse kidneys 
when activated beta-catenin continues to be over-
produced in MM [ 244 ]. Consequently, the tubu-
logenic response to Wnt signaling following MM 
induction is likely to involve noncanonical sig-
naling mechanisms. 

  Six2 ,  Sall1 , and  Wt1  are three transcription 
factor-encoding genes which are implicated in 
maintaining a suffi cient number of self-renewing 
nephron progenitor cells to generate all the 
 nephrons that ultimately comprise the mature 
kidney.  Six2  is a homeodomain transcriptional 
regulator [ 158 ,  308 ],  Sall1  encodes for a mam-
malian spalt- like homeotic gene [ 160 ,  232 ], and 
 Wt1  encodes a zinc fi nger transcription factor 
with both a DNA- and RNA-binding properties 
[ 348 ]. Dominant mutations in  SALL1  are the 
cause of Townes-Brock syndrome (OMIM: 
107480), which features renal hypoplasia, dys-
plasia, or vesicoureteral refl ux in addition to anal 
and limb anomalies [ 160 ,  292 ]. Denys-Drash 
syndrome (OMIM: 194080) is an autosomal 
dominant disorder caused by inactivating muta-
tions for  WT1  and characterized by gonadal dys-
genesis, diffuse mesangial sclerosis, and 
increased risk of Wilms tumor [ 67 ,  177 ]. 

 During embryonic mouse kidney develop-
ment,  Six2 ,  Sall1 , and  Wt1  are expressed at low 
levels in uninduced mesenchyme and upregu-
lated in condensed mesenchyme [ 158 ,  160 ,  232 , 
 308 ,  370 ].  Six2  plays a major role in maintaining 
the multipotency of nephron progenitors, while 
 Sall1  and  Wt1  appear to have a more important 
role in progenitor cell survival. The kidneys of 
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mice homozygous for  Six2  loss-of-function 
mutations are small and malformed and exhibit 
ectopic nephron formation along the tips and 
stalks of ureteric bud branches [ 308 ]. The neph-
rogenic defect in  Six2  mutant mice is attributed to 
premature epithelial cell differentiation, presum-
ably in response to uncontrolled  Wnt9b  activity, 
which exhausts the progenitor pool and results in 
fewer nephrons. In contrast, in the absence of 
 Sall1  and  Wt1 , MM undergoes apoptosis result-
ing in unilateral or bilateral renal agenesis in two- 
thirds of  Sall1  knockout mice [ 232 ] and bilateral 
renal agenesis in 100 % of mice homozygous for 
inactivating  Wt1  mutations [ 165 ]. 

 The functional properties of  Sall1  in kidney 
development were assessed in an in vitro colony- 
forming assay. When cultured in the presence of 
an inducing signal (viz., Wnt4), isolated MM 
from wild-type mice formed colonies which were 
reconstituted in organ culture into kidney-like 
tissues with glomerular and tubular components 
[ 239 ]. Molecular studies on these cultured rudi-
ments revealed expression of epithelial cell 
markers for glomeruli, proximal and distal 
tubules, and loops of Henle. In contrast, although 
MM cells from  Sall1 -defi cient mice were able to 
form colonies and induce the expression of tubu-
logenic genes, colony size was signifi cantly 
smaller, suggesting that the dominant role of 
 Sall1  is to promote progenitor cell survival. 
Additional support for a survival role was pro-
vided by the analysis of MM induction in organ 
culture, which showed that isolated mesenchyme 
from  Sall1  mutant mice retained their compe-
tence to respond to an inducer but resulted in the 
formation of smaller tubules [ 232 ]. Other genes 
involved in promoting mesenchymal survival 
include bone morphogenetic protein 7 ( Bmp7 ) 
[ 79 ,  104 ],  Pax2  [ 333 ], and  Fgfr2  [ 260 ]. 

  Wt1  is required for MM survival and appears 
to be necessary for induced mesenchyme to con-
dense around the UB following induction. 
Evidence in favor of these roles is suggested by 
the analysis of MM induction when  Wt1  function 
is removed either by genetic deletion in vivo 
[ 165 ] or by morpholino knockdown in embry-
onic kidney organ culture [ 120 ]. When cultured 
ex vivo, isolated mesenchyme from  Wt1 -defi cient 

mice failed to aggregate in response to inducing 
signals from wild-type UB and subsequently 
underwent apoptosis [ 73 ]. A similar result was 
achieved by co-culturing wild-type kidney 
explants in the presence of WT1 morpholinos, 
which modify gene function by preventing trans-
lation. Instead of forming a tightly packed cap 
around the UB, MM was loosely arranged around 
UB tips in morpholino-treated explants. It was 
suggested that this fi nding may be due to defects 
in cytoskeletal rearrangements or in the forma-
tion of focal adhesion complexes on the basis of 
transcriptional profi ling of  Wt1  targets in normal 
embryonic mouse kidney tissue [ 120 ]. Additional 
targets of  Wt1  which were revealed by this analy-
sis included several MM survival genes with pro-
moters that bind WT1 protein, including  Pax2 , 
 Sall1 ,  Bmp7 , and  Fgfr2  [ 120 ]. Thus, one function 
of  Wt1  may be to regulate cellular events such as 
cell survival and cell-cell adhesion in a concerted 
manner which promotes nephron cell fate.  

1.3.6     Development of the 
Collecting System 

1.3.6.1     Overview of Collecting Duct 
Morphogenesis 

 The collecting duct system refers to the cortical 
and medullary collecting ducts, the renal calyces, 
and the renal pelvis of the mature kidney [ 261 , 
 298 ]. Development of the collecting duct system 
involves an embryonic process termed renal 
branching morphogenesis, which refers to growth 
and branching of the UB [ 130 ]. This process is 
dependent on reciprocal inductive interactions 
between MM and UB cells within the embryonic 
kidney. As a developmental process, branching 
morphogenesis is essential to the formation of 
several tissues including kidney, lung, mammary 
tissue, exocrine pancreas, and salivary glands 
(reviewed in Hu and Rosenblum [ 130 ]). In kid-
ney development, renal branching morphogene-
sis may be considered as a sequence of related 
events, which include (1) outgrowth of the ure-
teric bud, (2) iterative branching of the ureteric 
bud and derivation of its daughter collecting 
ducts, (3) patterning of the cortical and medullary 
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collecting duct system, and (4) formation of the 
pelvicalyceal system. 

 In human kidney development, renal branch-
ing morphogenesis commences between the fi fth 
and sixth week of fetal gestation [ 261 ]. In mice, 
this process is initiated at E11.5 when the ureteric 
bud invades the metanephric mesenchyme and 
forms a T-shaped, branched structure [ 298 ]. This 
T-shaped structure subsequently undergoes fur-
ther iterative branching to generate approxi-
mately 8 branch generations in the embryonic 
mouse kidney [ 51 ,  298 ] and 15 generations of 
branching in the human fetal kidney [ 261 ]. In 
humans, the fi rst 9 generations of ureteric bud 
branching are completed by approximately the 
15th week of fetal gestation [ 261 ]. Throughout 
this time, new nephrons are induced at the newly 
formed tips of ureteric bud branches through 
reciprocal inductive interactions with surround-
ing metanephric mesenchyme. By the 20th–22nd 
week, ureteric bud branching is completed, and 
the remainder of collecting duct development 
occurs by extension of peripheral (or cortical) 
segments and remodeling of central (or medul-
lary) segments [ 261 ]. During these fi nal stages of 
UB morphogenesis, new nephrons continue to 
form predominantly through the induction of 
approximately four to seven nephrons around the 
tips of terminal collecting duct branches which 
have completed their branching program while 
retaining the capacity to induce formation of 
multiple new nephrons [ 261 ,  298 ].  

1.3.6.2     Cellular Events Involved in UB 
Branching Morphogenesis 

 Throughout normal kidney development, the 
branching UB recapitulates a sequence of mor-
phogenetic events. This sequence is character-
ized by (1) expansion of the advancing ureteric 
bud branch at its leading tip (called the ampulla); 
(2) remodeling of the ampulla, leading to the for-
mation of new UB branches; and (3) growth and 
elongation of the newly formed branch segment 
(referred to as the branch “stalk” or “trunk”). 

 Insight into cellular events that take place in 
UB morphogenesis has been provided by studies 
of embryonic mouse kidney development in 
organ culture using time-lapse imaging to follow 

the fate of UB cells labeled with a visible marker 
(e.g., enhanced green fl uorescent protein; EGFP) 
in the developing UB as it grows and branches 
[ 174 ,  310 ,  351 ]. From these studies, it is evident 
that cells at the UB tips undergo a burst of cell 
proliferation which causes regional expansion 
two to three times the diameter of the parental 
trunk, leading to ampulla formation [ 310 ,  351 ] 
(Fig.  1.8a–c ). Once the ampulla forms, there is 
signifi cant cell movement within the ampulla 
resulting in asymmetric redistribution of highly 
proliferating cells to the very tips of the UB 
branch and cells with lower rates of proliferation 
closer to the branch trunk [ 310 ]. Simultaneously, 
branch formation occurs by an as-yet uncharac-
terized morphogenetic process of remodeling 
which causes the ampulla to bifurcate (Fig.  1.8d–
f ). Studies show that rapidly dividing cells remain 
at the leading edge of the newly formed branch as 
they advance forward, whereas cells with lower 
rates of proliferation remain behind and are 
incorporated into the trunk [ 310 ] (Fig.  1.8g ). 
Based on gene expression patterns, tip cells are 
viewed as progenitor cells for the formation of 
new branches throughout kidney development 
since these cells tend to express genes associated 
with growth and cell proliferation [ 49 ,  179 ,  300 ]. 
For the most part, trunk cells are represented by 
gene expression patterns associated with the 
acquisition of specialized functions such as acid- 
base homeostasis and water balance [ 22 ]. Some 
trunk cells, however, retain the potential to gen-
erate new branches, as suggested by patterns of 
lateral branching (described below).

   The majority of UB bifurcations are symmet-
rical wherein the ampulla fl attens and extends in 
two opposite directions. Asymmetrical patterns 
of branching have been demonstrated in embry-
onic mouse kidney organ culture (e.g., trifi d 
branching, which occurs when three daughter 
branches arising from one ampulla, and lateral 
branching, which results from de novo branch 
formation arising from a UB truncal segment) 
[ 351 ]. Morphometric analyses of individual 
branch growth parameters have revealed a con-
served hierarchical pattern of diminishing fi nal 
length for successive UB branch generations 
such that sixth-generation branches are shorter 
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  Fig. 1.8    A model for the fate of tip and trunk cells during 
ureteric bud elongation and branching. ( a ) Shown is a ure-
teric bud branch segment. The  yellow area  denotes cells 
residing within the branch trunk. The  blue area  represents 
cells within the ureteric bud branch tip. At subsequent 
stages of growth and branching ( b )–( g ),  yellow  and  blue 
regions  denote cells which are derived from the original 
primary branch trunk and tip segments. ( b ) and ( c ) The 
trunk elongates through an internal mechanism. Tip cells 
( blue ) proliferate under the infl uence of GDNF/Ret sig-
naling to form the enlarged ampulla. ( d ) The ampulla and 

the adjacent trunk epithelium are remodeled by an as-yet 
uncharacterized mechanism which leads to branch bifur-
cation ( e ). ( f ) and ( g ) Elongation of the newly formed 
branch generates a new, secondary branch segment with 
its own trunk and tip zones. Cells which originated as pri-
mary branch trunk cells ( yellow ) occupy the proximal 
sides (adjacent to the  asterisks ) of the two new secondary 
branch trunks. Cells from the primary branch ampulla 
( blue ) form the two new tips and the distal epithelium of 
the secondary branch trunks (Reproduced from Shakya 
et al. [ 310 ], Copyright 205, with permission from Elsevier)       
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than fi fth-generation branches, etc. [ 351 ]. 
However, in kidney organ culture, asymmetric 
branching has been described such that branches 
forming in the posterior region of kidney explants 
elongate at a slower growth rate compared with 
branches formed in anterior regions [ 42 ]. 
Presumably, mechanisms that promote asymmet-
rical branch growth may be important to achiev-
ing the fi nal nonspherical shape of the fully 
formed, mature kidney [ 51 ,  351 ].  

1.3.6.3     Molecular Mechanisms that 
Stimulatory Renal Branching 
Morphogenesis 

 GDNF-RET signaling is shown in vivo and in 
vitro to be a major stimulus for subsequent ure-
teric bud branching [ 250 ,  309 ]. The ability of 
 Gdnf  to stimulate UB branching in vivo is 
revealed by the demonstration of multiple 
branched ureteric buds in transgenic mice which 
express  Gdnf  ectopically along the full length of 
the nephric duct [ 309 ]. In response to RET recep-
tor activation, UB tip cells secrete Wnt11 

(Fig.  1.9 ), which acts on MM cells to maintain 
 Gdnf  expression and thereby promote branching 
through positive feedback [ 186 ]. Signaling 
responses to GDNF are negatively regulated by 
Sprouty genes as demonstrated in organ culture 
experiments with embryonic kidney explants 
from  Spry1  mutant mice, which show increased 
sensitivity to GNDF [ 14 ]. In addition, loss of 
 Spry1  function was also associated with increased 
MM expression of  Wnt11  and  Gdnf  which 
resulted in an increased number and diameter of 
UB branches [ 60 ,  152 ,  250 ], illustrating that neg-
ative feedback mechanisms are an important 
determinant of normal UB branch patterning.

   The functional role of GDNF-RET signaling 
in branching morphogenesis is not well under-
stood. Recombinant GDNF has been shown to be 
a potent stimulant of UB cell proliferation in 
organ culture studies [ 250 ], leading to the 
assumption that  Gdnf  stimulates UB branching 
by promoting UB cell proliferation within the 
ampulla. It is unlikely, however, that stimulating 
cell proliferation alone is suffi cient to induce 
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  Fig. 1.9    Molecular interactions between stimulatory and 
inhibitory signals in control of ureteric bud branching mor-
phogenesis. Shown is a sketch of a ureteric bud branch tip 
surrounded by loose mesenchyme around its truncal segment 
( left ) and condensed mesenchyme at the leading edge of the 
ampulla ( right ). GDNF-RET signaling activity is localized to 
the branch tip. Wnt11, a molecular target of GDNF-RET, is 
secreted by branch tip cells and acts on surrounding meta-
nephric mesenchyme to maintain  Gdnf  expression. RET acti-
vation in tip cells also upregulates expression of  Spry1 , 

which feeds back negatively on RET to modulate GDNF-
RET signaling activity within the ampulla. Other RTK sig-
naling pathways such as FGF, EGF, and HGF provide 
additional stimulatory control over branching. BMP4, 
expressed in mesenchymal cells surrounding the branch 
trunk exert an inhibitory effect on branching. Gremlin, 
expressed in mesenchyme around the branch tip, antagonizes 
BMP4 and facilitates ureteric bud branching by negating 
local inhibitory effects of BMP4 (Reproduced from Michos 
[ 196 ], Copyright 2009, with permission from Elsevier)       
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branching since mitotic cells are found in all 
regions of the ampulla [ 195 ]. It is possible that 
activating RET is necessary to induce cell move-
ments in the ampulla that promote branching 
[ 310 ], much in the way that RET is essential for 
cellular rearrangements that drive UB outgrowth 
[ 60 ]. The availability of high-resolution imaging 
systems combined with transgenic technologies 
that enable tracking the future destination of UB 
cells will likely provide the means to better 
understand the mechanistic basis of GDNF-RET 
signaling on branching. 

 In vitro studies show that recombinant GDNF 
alone is not suffi cient to induce robust branching 
in isolated ureteric bud culture [ 269 ,  288 ], sug-
gesting that parallel signaling mechanisms are 
also involved in controlling ureteric bud branch-
ing. Several in vivo and in vitro reports suggest 
that FGF signaling has direct effects on the UB 
branching. Following UB outgrowth, several 
FGFs and their RTK receptor counterparts are 
expressed in the developing mouse kidney, 
including ligand-encoding genes  Fgf2 ,  Fgf7 , 
 Fgf8 , and  Fgf10 , as well as receptor genes  Fgfr1  
and  Fgfr2 , isoform IIIb ( Fgfr2IIIb ) [ 43 ,  268 , 
 270 ]. All members of the FGF family of ligands 
are capable of exerting effects on UB growth and 
cell proliferation as demonstrated in organ cul-
ture experiments when isolated UB are exposed 
to recombinant FGF proteins [ 268 ]. These in 
vitro observations are consistent with in vivo 
reports describing decreased ureteric bud branch-
ing, decreased cell proliferation, and increased 
ureteric bud apoptosis in Fgf7 and Fgf10 knock-
out mice and in mouse mutants following condi-
tional deletion of the  Fgfr2  in the ureteric bud 
lineage [ 260 ]. 

 Different FGF family members exert unique 
spatial effects on ureteric bud cell proliferation in 
vitro. For example, FGF10 preferentially stimu-
lates cell proliferation at the ureteric bud tips, 
whereas FGF7 induces cell proliferation in a 
nonselective manner throughout the developing 
collecting duct system [ 268 ]. These data suggest 
that multiple FGF family members may function 
in complex morphogenetic programs that control 
three-dimensional growth of the developing col-
lecting duct system. FGF7 is also shown to 

induce the expression of the Sprouty gene,  Spry2 , 
in developing collecting ducts in vitro [ 59 ]. 
Consequently, FGF7 may participate in a nega-
tive feedback loop that controls UB branching by 
regulating  Gdnf  and  Wnt11  expression. 

 Two additional RTK ligands hepatocyte 
growth factor (HGF) and epidermal growth fac-
tor (EGF) represent two additional RTK ligands 
which are expressed in the developing kidney 
and have been shown to act synergistically in 
promoting UB branching during mouse kidney 
development [ 138 ,  290 ,  363 ]. HGF and EGF pro-
teins bind their respective RTK, MET and EGFR, 
and activate downstream signaling through PI3K, 
ERK, and a number of other RTK-mediated path-
ways [ 149 ]. HGF has been shown to promote UB 
branching in kidney organ culture [ 45 ,  209 ], yet 
inactivating  Met  function exclusively in the UB 
lineage using a conditional knockout approach 
resulted in only a modest decrease in UBB and a 
30 % reduction in nephron number [ 138 ]. Since 
 Egfr  is upregulated in Met-defi cient UB cells and 
recombinant EGF can partially rescue UB 
branching in these Met mutant kidneys, it has 
been suggested that HGF/MET and EGF/EGFR 
signaling play complementary roles in UB mor-
phogenesis [ 138 ]. Complementary functions for 
 Met  and  Egfr  were revealed in vivo by combining 
UB-specifi c deletion of  Met  with a hypomorphic 
 Egfr  mutation, which resulted in embryos with 
small kidneys and severely reduced UB branch-
ing [ 138 ]. The interaction between HGF/MET 
and EGF/EGFR serves as an example for molec-
ular cross talk between other RTK signaling 
mechanisms, including pathways activated by 
FGF-FGFR interactions, that may act coopera-
tively with GDNF/RET to control UB branching 
morphogenesis (Fig.  1.9 ).  

1.3.6.4     Inhibitory Pathways Involved 
in Control of Renal Branching 
Morphogenesis 

 Negative regulators of UB branching include 
activin A and TGFβ1 [ 37 ,  64 ,  259 ,  279 ,  291 ], 
semaphorins 3a and 4D (Sema3a and Sema4D) 
[ 163 ,  338 ], and several BMP family members 
(reviewed in Cain et al. [ 39 ]) based on evidence 
of their abilities to inhibit branch formation in 
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UB organ or cell culture models or in mouse 
genetic mutants which cause downstream signal-
ing to be blocked or attenuated in UB cells. 

 Bone morphogenetic proteins represent a 
large group of signaling peptides which share a 
conserved signaling mechanism. BMP signaling 
involves ligand binding to receptor complexes 
that include serine threonine kinase receptors 
called activin-like kinases (ALKs) and down-
stream signaling through receptor-activated 
SMAD proteins, which become phosphorylated 
upon ligand-receptor binding and translocate to 
the nucleus to control transcription of several tar-
get genes involved in cell adhesion and differen-
tiation [ 39 ]. Modulation of this pathway may be 
provided by interactions between BMP-ALK 
receptor complexes with extracellular molecules 
which may either augment signaling (e.g., glypi-
can- 3 heparan sulfate proteoglycans;  Gpc3 ) [ 44 , 
 121 ,  140 ] or attenuate signaling (e.g., gremlin; 
 Grem1 ) [ 199 ] depending on context. 

 BMP ligands  Bmp-2 ,  -4 ,  -5 ,  -6 , and  -7  and Alk 
receptors Alk-3 and -6 are expressed in the devel-
oping kidney in distinct but partially overlapping 
domains [ 72 ,  80 ,  103 ,  345 ]. Genetic studies sug-
gest that  Alk3  is the dominant signaling receptor 
in the UB since inactivating  Alk3  specifi cally in 
the UB cell lineage by conditional mutagenesis 
results in medullary hypoplasia and cortical cysts 
[ 119 ] while the embryonic kidneys of  Alk6 - 
defi cient  mice are normal [ 371 ]. Kidney organ 
culture studies have revealed inhibitory roles for 
BMP-2, -4, and -7 in ureteric bud branching mor-
phogenesis ex vivo [ 42 ,  255 ,  259 ,  274 ]. The kid-
neys of  Bmp7 -defi cient mouse embryos are small 
which is associated with decreased UB branching 
and nephron formation [ 79 ,  104 ]. The renal phe-
notype in this mutant is attributed, however, to a 
cell survival defect within the mesenchymal 
compartment causing the loss of mesenchyme- 
derived factors that promote UB branching rather 
than a direct effect on UB cells. 

 Embryonic mice that carry germline null 
mutations in  Bmp2  or  Bmp4  die before kidney 
development begins, thus precluding an analysis 
of their individual roles in nephrogenesis [ 81 , 
 360 ,  376 ]. The presence of one  Bmp2  null allele 
does not seem to affect UB branching since the 

kidneys of  Bmp2   +/  - heterozygotes appear normal 
[ 121 ]. However, an inhibitory function for  Bmp2  
was revealed by additionally removing the 
enhancing function of glypican-3 ( Gpc3 ) in 
 Bmp2  heterozygous mutant mice, which resulted 
in an abnormal increase in UB branching and cell 
proliferation [ 121 ]. 

 Understanding the role of  Bmp4  in UB branch-
ing through in vivo analysis of  Bmp4  heterozy-
gotes is made complex because  Bmp4  
heterozygous null mice display a broad spectrum 
of kidney and ureter malformations [ 206 ]. An 
inhibitory function for  Bmp4  in regulating UB 
branching is suggested by studies in kidney 
explants from wild-type mice, in which recombi-
nant BMP4 protein suppressed kidney growth, 
UB branching, and nephron formation in a dose- 
dependent manner [ 37 ,  42 ,  274 ]. Modulating the 
level of BMP4 activity in vivo is shown to alter 
the three-dimensional architecture of UB branch-
ing as revealed when antagonists of BMP signal-
ing (viz.,  Cer1  (cerberus homolog 1) and  Grem1 ) 
are dysregulated in embryonic mice [ 58 ,  228 ]. 
BMP antagonism appears to function by coordi-
nating the inhibitory activities of BMP4 (and 
possibly BMP2) with the stimulatory effects of 
GDNF and WNT11, thus providing a mechanism 
for spatial patterning of UB branching [ 58 ,  199 ]. 

 Recent studies have shown that Sonic 
Hedgehog signaling is required to pattern UB 
branching during kidney development. In the 
embryonic kidney,  Shh  is initially expressed 
exclusively in the UB and later is restricted in its 
expression to the ureter epithelial and medullary 
collecting ducts [ 374 ]. An early requirement for 
 Shh  in UB induction was revealed by the analysis 
of mice with germline null  Shh  mutation [ 374 ]. 
These mice exhibited severe developmental 
abnormalities which included bilateral renal 
aplasia or the presence of a single dysplastic kid-
ney. Dysplastic kidneys from these mutants 
showed decreased levels of  Pax2  and  Sall1 , 
implying that Sonic Hedgehog signaling is nec-
essary to regulate genes that promote UB induc-
tion. In addition, removing  Shh  activity resulted 
in downregulation of the levels of Gli proteins 
which normally activate transcription (i.e., Gli 
activator) in the face of Gli3 proteins which 
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 normally repress transcription (i.e., Gli3 repres-
sor). Eliminating  Gli3  function in  Shh  mutant 
mice rescued kidney development and restored 
 Pax2  and  Sall1  levels. This analysis suggests that 
one early role of  Shh  in kidney development is to 
counterbalance the inhibitory infl uence of Gli3 
repressor activity at the time of UB induction. 
This notion of balancing Gli activator and repres-
sor functions is later important in establishing 
cortical and medullary domains within the col-
lecting duct system as shown in mice when Sonic 
Hedgehog signaling is inappropriately activated 
in the developing renal cortex. Ectopic HH sig-
naling was induced in the renal cortex of mice 
with targeted inactivation of  Ptc1  in the UB cell 
lineage, which resulted in decreased UB branch-
ing and caused renal hypoplasia [ 41 ]. The branch-
ing defect in  Ptc1  conditional mutants was 
associated with decreased levels of  Gdnf, Ret , 
and  Wnt11  expressions, which were restored in 
 Ptc1  mutant mice by additionally overexpressing 
a constitutively active form of Gli3 repressor 
protein in these mutants [ 41 ]. These data suggest 
that a gradient of HH signaling activity exists 
within the developing kidney which is character-
ized by low levels of Gli activator function and 
high levels of Gli3 repressor in the cortex. This 
pattern of Hedgehog activity appears to be neces-
sary for setting up gene expression patterns in the 
renal cortex which promote UB branching and 
repress branching in the medulla.  

1.3.6.5     Development of the Renal 
Medulla and Pelvicalyceal 
System 

 Between weeks 22 and 34 of human fetal gesta-
tion [ 261 ], or at E15.5 in embryonic mice [ 298 ], 
the renal cortex and medulla of the developing 
kidney become morphologically distinct. The 
cortex contains all glomerular, proximal, and dis-
tal tubular tissue elements as well as adjoining 
segments of the descending and ascending loops 
of Henle and cortical collecting ducts. It is orga-
nized as a relatively compact, outer rim of tissue 
and represents about 70 % of total kidney volume 
at birth [ 51 ]. The renal medulla lies deep to the 
cortex. It is comprised of longitudinal arrays of 
collecting ducts and loops of Henle which are 

interspersed with peritubular capillaries that sur-
round both tubular tissues. 

 During embryonic kidney development, dis-
tinct morphologic differences emerge between 
collecting ducts located in the medulla compared 
to those located in the renal cortex during this 
stage of kidney development. Medullary collect-
ing ducts are organized into elongated, relatively 
unbranched linear arrays which converge cen-
trally to form the papilla. In contrast, collecting 
ducts located in the renal cortex actively induce 
metanephric mesenchyme until nephrogenesis is 
complete. The most central segments of the col-
lecting duct system that are formed from the fi rst 
fi ve generations of ureteric bud branching 
undergo remodeling by increased ductile growth 
and dilatation to form the pelvis and calyces 
(reviewed in Al-Awqati and Goldberg [ 4 ]). The 
renal pelvis is lined by UB-derived epithelium 
and is surrounded by smooth muscle at its confl u-
ence with the proximal ureter. The calyces, in 
turn, represent extensions of the renal pelvis 
which surround the papilla. 

 The developing renal cortex and medulla 
exhibit distinct axes of growth. The renal cortex 
grows along a circumferential axis, resulting in a 
tenfold increase in volume while preserving 
compact organization of cortical tissue around 
the developing kidney [ 51 ]. In this manner, 
developing glomeruli and tubules maintain their 
relative position in the renal cortex with respect 
to the external surface of the kidney or renal cap-
sule. Preserving this spatial relationship between 
developing nephrons and the renal capsule 
appears to be crucial as revealed by defective 
nephron development in mice that fail to form a 
renal capsule [ 169 ]. 

 In contrast to the circumferential pattern of 
growth exhibited by the developing renal cortex, 
the developing renal medulla expands 4.5-fold in 
thickness along a longitudinal axis perpendicular 
to the axis of cortical growth [ 51 ]. This pattern of 
growth is attributed to elongation of outer medul-
lary collecting ducts [ 51 ]. Elongation of medul-
lary collecting ducts is governed by oriented cell 
division (OCD), a process which involves align-
ing cell mitotic spindles with the long axis of a 
structure [ 98 ]. OCD leads to duct elongation 
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without a change in lumen diameter. Conversely, 
cystic dilatation of ducts occurs when OCD is 
disrupted [ 98 ,  284 ]. 

 Signaling mechanisms implicated in control 
of OCD include planar cell polarity and Wnt sig-
naling. Fat4 is a single-pass transmembrane pro-
tein and component of the planar cell polarity 
signaling pathway which is required for OCD as 
demonstrated in  Fat4 -defi cient mice. Targeted 
disruption of  Fat4  in embryonic mice caused ran-
domization of OCD in developing collecting 
ducts, which resulted in the formation of dilated 
collecting ducts and cystic kidneys [ 284 ]. The 
Wnt7 signaling molecule, encoded by  Wnt7b , is 
expressed in UB trunk cells and is necessary for 
CD elongation which takes place during forma-
tion of the medulla and papilla [ 375 ]. When 
 Wnt7b  function is lost in UB-derived cells by 
conditional inactivation, CDs that form the 
medulla and papilla become grossly dilated 
[ 375 ].  Wnt9b , which is expressed in UB tip cells 
and which plays an important role in MM induc-
tion, is later expressed in medullary CD cells 
where it acts to control OCD through an auto-
crine signaling mechanism [ 150 ]. The role of 
 Wnt9b  in this process is refl ected by the 
 occurrence of cysts and disruption of OCD in 
collecting ducts of mice when  Wnt9b  is deleted 
from UB-derived cells [ 150 ]. 

 Development of the medulla coincides with 
the appearance of stromal cells between the 7th 
and 8th generations of ureteric bud branches 
[ 51 ]. It is suggested that stromal cells provide 
stimulatory cues which promote growth of med-
ullary collecting ducts [ 51 ]. Additional support 
for this hypothesis is provided by analyses of 
mutant mice lacking stromal transcription factors 
Pod1 (also known as TCF21) [ 69 ,  272 ] or Foxd1 
[ 11 ,  69 ,  122 ,  272 ], which demonstrate defects in 
medullary collecting duct patterning. 

 Mutations in a number of genes that encode 
molecular components of the renin-angiotensin 
system, which is best known for its role in con-
trolling renal hemodynamics, cause abnormali-
ties in the development of the renal calyces and 
pelvis. Mice homozygous for a null mutation in 
the angiotensinogen gene ( Agt ) demonstrate pro-
gressive widening of the calyx and atrophy of the 

papillae and underlying medulla [ 230 ]. Identical 
defects occur in homozygous mutants for the 
angiotensin receptor-1 ( Agtr1 ) gene [ 208 ]. The 
underlying defect in these mutants appears to be 
decreased cell proliferation of the smooth muscle 
cell layer lining the renal pelvis, resulting in 
decreased thickness of this layer in the renal pel-
vis and proximal ureter. Mutational inactivation 
of  Agtr2  (encoding angiotensin receptor-2) 
results in a range of anomalies including vesico-
ureteral refl ux, duplex kidney, renal ectopia, ure-
teropelvic or ureterovesical junction stenoses, 
renal dysplasia or hypoplasia, multicystic dys-
plastic kidney, or renal agenesis [ 231 ].  Agtr2  null 
mice demonstrate a decreased rate of apoptosis 
of the cells around the ureter, suggesting that 
 Agtr2  also plays a role in morphogenetic remod-
eling of the ureter.  

1.3.6.6     Terminal Differentiation 
of Collecting Ducts 

 Ureteric bud epithelial cell differentiation results 
in the formation of two functionally distinct 
mature cell types – principal cells and interca-
lated cells. Principal cells (PC) are characterized 
by the expression of aquaporin-2 water channels 
(encoded  Aqp2 ) and are necessary for water 
homeostasis [ 22 ]. Intercalated cells (IC) are 
required for acid-base balance and excrete either 
hydrogen ions (alpha-intercalated cells) or bicar-
bonate (beta-intercalated cells) [ 347 ]. In the 
mature kidney, PCs and ICs are relatively distrib-
uted throughout the entire collecting duct system 
in a manner such that the ratio of PC to IC 
increases towards the papilla [ 22 ]. In the devel-
oping kidney, immature PCs and ICs initially 
express functional markers for both mature cell 
types [ 22 ]. Terminal differentiation results in PCs 
and ICs acquiring gene expression patterns that 
refl ect their cell type-specifi c functions. 

 A number of signaling mechanisms that have 
been implicated in controlling the relative ratio 
of PCs to ICs during collecting duct development 
include the forkhead transcription factor gene, 
 Foxi1 , Notch signaling, and Wnt signaling.  Foxi1  
is required for IC cells to form as  Foxi1  null mice 
displayed embryonic kidneys with collecting 
ducts lacking in IC cells without abnormal 
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 formation of PC cells [ 22 ]. A mechanism involv-
ing activation of Notch receptor signaling appears 
to favor the formation of PCs over ICs as the ratio 
of PC/IC is reduced in mice when Notch signal-
ing is perturbed [ 147 ,  193 ]. Wnt signals play a 
role in patterning cell types within the collecting 
duct system by maintaining UB cells in an imma-
ture state. This was shown in mice by deleting 
beta-catenin ( Ctnnb1 ) in the UB lineage, which 
resulted in premature cell differentiation as 
revealed by the ectopic expression of mature CD 
cell markers (e.g., ZO1 and aquaporin-2;  Aqp2 ) 
in UB tip cells [ 32 ,  137 ,  188 ]. In addition,  Wnt7b , 
which is expressed in branch trunks, appears to 
promote the formation of PC cells by regulating 
collecting duct elongation and OCD [ 375 ].   

1.3.7     Nephron Development 

1.3.7.1     Overview of Nephron 
Development 

 In humans, the fi rst functioning nephrons are 
formed by week 9 and excrete urine by week 12. 
By 34–36 weeks gestation, fetal nephrogenesis is 
completed, following which no new nephrons are 
formed [ 126 ,  261 ]. Total nephron number varies 
tenfold in humans with normal kidney function 
and is reported to range from 200,000 to 
2,000,000 [ 129 ,  131 ]. Environmental and genetic 
factors can impact on total nephron number [ 127 , 
 211 ], and low nephron number at birth is associ-
ated with the development of hypertension and 
renal disease in adulthood [ 30 ,  31 ,  183 ]. Infants 
with low birth weight as a result of intrauterine 
growth retardation and premature birth are par-
ticularly susceptible to adult renal disease since 
low birth weight correlates strongly with reduced 
nephron endowment (Table  1.5 ) [ 74 ,  131 ,  278 ].

   Nephron formation is initiated when a sub-
population of condensed mesenchyme cells is 
induced to enter a program of epithelial cell dif-
ferentiation. This process of differentiation is 
termed mesenchymal-epithelial transformation 
(MET) and ultimately generates all epithelial cell 
types comprising the mature nephron, including 
the visceral and parietal epithelium of the glom-
erulus, the proximal convoluted tubule, the 

ascending and descending limbs of the loops of 
Henle, and the distal convoluted tubule [ 261 , 
 298 ]. MET results in the conversion of loosely 
associated, non-polarized mesenchymal cells 
into tightly associated, polarized epithelial cells, 
which form primitive tubules. Tubule formation, 
or tubulogenesis, is characterized by the appear-
ance of morphologically distinct epithelial struc-
tures (viz., pre-tubular aggregates, renal vesicles, 
comma-shaped bodies, and S-shaped bodies) 
which are generated throughout kidney develop-
ment according to stereotypic sequence 
(Fig.  1.10 ). Pre-tubular aggregates are solid cell 
clusters which represent the progenitor cell sub-
population of condensed mesenchyme that is 
induced to differentiate along a nephron-specifi c 
epithelial cell lineage. Renal vesicles are hollow 
structures deriving from pre-tubular aggregates 
which are comprised of immature epithelial cells 
that begin to show patterns of nephron segment- 
specifi c gene expression. Comma-shaped bodies 
are transitional structures which convert renal 
vesicles into S-shaped bodies. S-shaped bodies 
are tubular structures which may be considered 
as primitive nephrons based on segment-specifi c 
differences in cellular morphology and gene 
expression. The following sections describe mor-
phogenetic events which occur at each step of 
nephron development based on observations in 
human fetuses and mouse embryos [ 261 ,  298 ].

1.3.7.2        Early Stages of Nephron 
Development 

 Pre-tubular aggregates form as a localized oval- 
shaped cluster of cells separated from con-
densed mesenchyme situated near the base of 
the UB ampulla. Appearance of the pre-tubular 

   Table 1.5    Susceptibility factors for hypertension and 
renal disease in humans associated with low nephron 
number [ 181 ]   

 Susceptibility factor  References 

 Low birth weight  [ 125 ,  187 ,  278 ] 
 Preterm birth  [ 125 ,  278 ] 
 Short stature  [ 129 ,  238 ,  315 ] 
 Reduced kidney mass or 
volume 

 [ 234 ,  301 ,  321 ,  378 ] 

 Maternal gestational diabetes  [ 7 ,  225 ] 
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aggregate coincides with MET as mesenchymal 
cells within this cluster acquire a polarized, epi-
thelial cell phenotype, including the formation 
of adherens junctions and a partial basement 
membrane [ 12 ,  101 ]. Simultaneous with epithe-
lialization, an internal cavity forms within the 
pre-tubular aggregate, at which point the struc-
ture is called a renal vesicle. The initial renal 
vesicle is a spherical hollow ball which elon-
gates and widens at the end which is distal to the 
UB ampulla. The renal vesicle subsequently 
abuts against the ampulla and forms a connec-
tion between these two structures, permitting 
the UB lumen to communicate with the internal 
cavity of the renal vesicle [ 12 ]. Fusion with the 
ampulla is a relatively late event in renal vesicle 
morphogenesis and requires restructuring of the 
UB cell basement membrane [ 101 ]. A com-
pletely patent lumen linking the primordial 
nephron to the UB is evident by the late comma-/
early S-shaped body stage [ 101 ]. 

 The establishment of glomerular and tubular 
domains (referred to as nephron segmentation) 
is initiated by the sequential formation of two 
clefts in the renal vesicle [ 261 ]. Creation of a 
lower cleft that termed the vascular cleft heralds 
formation of the comma-shaped body. The 
 comma- shaped body is a transient structure that 
rapidly undergoes morphogenetic conversion 
into an S-shaped body following the appearance 
of an upper cleft. Segmentation is clearly distin-
guished in S-shaped bodies by the organization 
of cells into three distinct sub-compartments or 
limbs. The middle and upper limbs give rise to 
the proximal and distal tubular segments of the 
mature nephron, respectively, while visceral and 
parietal epithelia of the mature glomerulus 
derive from the lower limb [ 261 ,  298 ]. 
Prospective cells of the loop of Henle are 
thought to be fi rst positioned at the junctional 
region of the middle and upper limbs of the 
S-shaped body [ 223 ]. 
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  Fig. 1.10    Overview of nephron morphogenesis. ( a ) 
Metanephric mesenchyme (MM) responds to signals 
from the ureteric bud (UB) branch tip by condensing 
around its leading edge. Condensed mesenchyme (CM) 
contains self- renewing nephron progenitor cells which 
contribute to the generation of all glomerular and tubular 
epithelial cells of the mature nephron. ( b ) A subpopula-
tion of CM proximal to ureteric bud branch form a pre-
tubular aggregate (PTA). PTA cells subsequently undergo 
epithelial transformation and form a hollow structure, the 
renal vesicle (RV), which connects with its adjacent ure-
teric bud branch tip (UT). ( c ) Transitional structures are 

generated by the formation of a distal and proximal cleft 
within the RV, resulting in formation of a comma-shaped 
body (CB) and S-shaped body (SB). The distal cleft is 
invaded by endothelial cell precursors which form the 
glomerular capillary network. ( d ) The mature nephron is 
characterized by morphologically and functionally dis-
tinct epithelial segments: the glomerulus (GL), proximal 
convoluted tubule (PT), loop of Henle (LH), and distal 
convoluted tubule (DT). The nephron is connected at its 
distal end to the ureteric bud-derived collecting duct (CD) 
(Reproduced with modifi cations from Little et al. [ 176 ], 
Copyright 2010, with permission from Elsevier)       
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 As the vascular cleft broadens and deepens, 
the lower limb of the S-shaped body forms a cup- 
shaped unit (Fig.  1.11a ). Epithelial cells lining 
the inner wall of this cup will ultimately generate 
visceral glomerular epithelial cells, or podocytes 
[ 164 ,  261 ]. Cells lining the outer wall of the cup 
form parietal glomerular epithelium, or 
Bowman’s capsule. The vascular cleft also serves 
as an entry portal for the migration of endothelial 
and mesangial progenitor cells which subse-
quently differentiate and organize into the glo-
merular vascular tuft [ 89 ,  277 ]. Recruitment of 
endothelial and mesangial precursors into the 
vascular cleft coincides with the formation of a 

primitive vascular plexus and the deformation of 
the S-shaped body lower limb into a cup-like 
structure [ 261 ] (Fig.  1.11b ). This denotes the 
capillary loop stage of glomerulogenesis.

   The fetal origin of endothelial and mesangial 
cells is unknown. Endothelial and mesangial 
cells have been thought to share a similar origin 
based on experimental evidence involving autol-
ogous transplantation of embryonic kidney rudi-
ments into adult renal cortex. These studies 
suggest that glomerular endothelial and mesan-
gial precursors originate from a unique subpopu-
lation of induced metanephric mesenchyme that 
does not differentiate along epithelial or stromal 
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  Fig. 1.11    Glomerular development. ( a ) Endothelial cells 
are recruited into the cup-shaped glomerular precursor 
region of the S-shaped body forming a primitive vascular 
tuft. ( b ) Podocyte precursors contact invading endothelial 
cells and begin to differentiate. In turn, endothelial cells 
form a primitive capillary plexus (capillary loop stage). 
( c ) An interposed glomerular basement membrane forms 
between podocytes and endothelial cells. Parietal epithe-
lial cells encapsulate the developing glomerulus. ( d ,  left 

panel ) Elaboration of podocyte primary and secondary 
cellular processes accompanies podocyte differentiation 
and formation of the glomerular fi ltration barrier. ( d ,  right 
panel ) A high- magnifi cation electron micrograph show-
ing the fenestrated endothelium, podocyte foot processes 
and slit diaphragms located between the interdigitating 
foot processes (Reproduced from Piscione and Waters 
[ 257 ], with permission)       
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lineages [ 134 ,  275 ,  277 ]. This theory is supported 
by another study showing a conserved mecha-
nism for both endothelial and mesangial precur-
sor cell recruitment into the developing 
glomerulus [ 89 ]. However, confl icting evidence 
comes from experiments involving rodent fetal 
kidneys engrafted onto avian chorioallantoic 
membrane which support the potential role of 
angiogenesis in glomerular capillary tuft [ 296 ]. 

 Cells residing along the inner surface of the 
lower S-shaped body limb represent nascent 
podocytes (Fig.  1.11a ). At this stage, immature 
podocytes are proliferative and exhibit a colum-
nar shape, apical cell attachments, and a single- 
layer basement membrane [ 164 ]. At the capillary 
loop stage, podocytes lose their mitotic capability 
[ 219 ] and begin to demonstrate a complex 
 cellular architecture (Fig.  1.11d , left panel), 
including the formation of actin-based cytoplas-
mic extensions, or foot processes, and the forma-
tion of specialized intercellular junctions, termed 
slit diaphragms [ 100 ,  246 ] (Fig.  1.11d , right 
panel).  

1.3.7.3     Nephron Maturation 
 Maturation of glomerular and tubular segments 
of the developing nephron is characterized by 
morphological changes refl ecting growth. The 
most striking changes occur in the proximal con-
voluted tubule and loop of Henle, which show 
increased tortuosity with maturation and elonga-
tion, respectively [ 261 ]. At a cellular level, proxi-
mal tubular epithelial cells transition from a 
columnar to a cuboidal cell phenotype and 
develop microvilli on their apical surfaces [ 92 ]. 
Proximal tubule growth is refl ected by a gradual 
increase in tubular diameter and length and is 
dependent on oriented cell division [ 324 ]. At 
birth, the human kidney exhibits variation in 
proximal tubule length from the outer to inner 
cortex, which becomes uniform by approxi-
mately 1 month of postnatal life [ 97 ]. From a 
functional perspective, proximal tubule length 
correlates strongly with sodium reabsorption 
such that immature proximal tubules have a lim-
ited capacity to reabsorb fi ltered sodium [ 322 ]. 

 The descending and ascending limbs of the 
primitive loop of Henle are fi rst recognizable as a 

U-shaped structure in the periphery of the devel-
oping renal cortex [ 221 ,  223 ]. Maturation of the 
primitive loop involves elongation of both 
ascending and descending limbs through the cor-
ticomedullary boundary. Longitudinal growth of 
the medulla contributes to lengthening of the 
loops of Henle such that all but a small percent-
age of the loops of Henle extend below the corti-
comedullary junction in full-term newborn 
infants [ 261 ]. As the kidney increases in size 
postnatally, the loops of Henle further elongate 
and reach the inner two-thirds of the renal 
medulla in the mature kidney. 

 Continued maturation of the loop of Henle is 
accompanied by specialization of descending and 
ascending limb epithelial cells as they acquire 
unique transport functions [ 224 ]. Regional speci-
fi cation of cell function is essential to the kid-
ney’s urine-concentrating mechanism as 
diff erential transport of urine water and solutes 
along its descending and ascending limbs, respec-
tively, contributes to generation of an interstitial 
medullary tonicity gradient. Maintenance of this 
interstitial tonicity gradient is functionally cou-
pled to urine concentration by rendering a favor-
able gradient within the medulla for water 
reabsorption from collecting ducts. Consequently, 
longer loops are more capable of generating 
steeper medullary tonicity gradients, hence favor-
ing an increased urine-concentrating capacity. 
The clinical signifi cance of this relationship is 
best illustrated in extremely premature newborn 
infants who have small kidneys that feature short 
loops of Henle owing to the reduced distance 
between the renal capsule and the renal papilla. 
Consequently, the urine-concentrating capacity 
of the premature kidney is limited by generation 
of a shallow medullary tonicity gradient. 

 Glomerulogenesis is completed in human 
fetuses by 36 weeks gestation in accordance with 
cessation of nephrogenesis. At birth, superfi cial 
glomeruli are chronologically the last to be 
formed and are signifi cantly smaller than juxta-
medullary glomeruli, which are the earliest 
formed glomeruli [ 97 ]. Subsequent growth and 
maturation involves hypertrophy, with glomeruli 
reaching adult size by 3 ½ years of age [ 97 ]. 
Glomerular hypertrophy likely plays an important 
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role in glomerular fi ltration rate (GFR) matura-
tion in term infants who have completed kidney 
development and enter postnatal life with their 
full complement of glomeruli [ 282 ]. Other factors 
affecting glomerular function in the newborn 
term and preterm infant are renal blood fl ow, 
which increases at birth [ 156 ,  344 ], and glomeru-
lar fi ltration barrier surface area, which expands 
progressively from birth to adulthood [ 97 ]. 

 The glomerular fi ltration barrier is a physio-
logic module comprised of glomerular capillary 
endothelial cell fenestrations, slit diaphragms 
which are modifi ed cell-cell junctions between 
adjacent podocyte foot processes, and the glo-
merular basement membrane which lies inter-
posed between podocytes and glomerular 
capillary endothelium (reviewed in Kreidberg 
[ 164 ]; Pavenstadt et al. [ 246 ]). The capillary loop 
stage of glomerulogenesis marks a critical time 
point in glomerular maturation since it is at this 
stage that endothelial fenestrations form and 
podocytes transition from an immature to mature 
cellular phenotype [ 89 ,  164 ].  

1.3.7.4     Genes Implicated in 
Mesenchymal-to-Epithelial 
Transformation and Nephron 
Development 

 Throughout embryonic kidney development, 
undifferentiated nephron epithelial progenitor 
cells are marked by high levels of expression for 
 Cited1  and  Six2  in condensed mesenchyme sur-
rounding the UB tips. Mesenchymal-to-epithelial 
transformation (MET) coincides with an initial 
decrease in the expression of  Cited1  and a subse-
quent progressive decline in  Six2  expression 
within a subpopulation of cells which will even-
tually form pre-tubular aggregates. It is not 
known what regulates these changes in  Cited1  
and  Six2  expression, although a decline in  Cited1  
expression within condensed mesenchyme cells 
seems to be necessary for epithelial transforma-
tion to occur [ 214 ]. 

 In response to Wnt9b, cells with declining 
 Six2  activity show upregulated expression of a 
number of genes necessary for the formation of 
epithelial tubes, including  Fgf8 ,  Wnt4 , and  Lhx1  
[ 244 ] (Fig.  1.12 ).  Fgf8  and  Wnt4  are essential for 

initiating the epithelial cell differentiation as 
demonstrated by the epithelialization defects in 
embryonic kidneys of  Fgf8  and  Wnt4  mutants, 
which show kidney development arrest at the 
PTA stage [ 106 ,  251 ,  323 ].  Lhx1  is not essential 
for the initial stages of epithelialization since 
PTA is evident in kidneys of  Lhx1  embryonic 
mutant mice before kidney development is halted 
at the RV stage [ 157 ]. Molecular studies have 
revealed that  Fgf8  is expressed earlier than  Wnt4  
and is required for the expression of  Wnt4  and 
 Lhx1  in induced MM [ 106 ,  251 ]. Once MET is 
initiated, Wnt4 maintains its own expression and 
likely functions in a cell-autonomous fashion 
[ 151 ]. The initial functions of Wnt proteins dur-
ing MET are thought to be dependent on canoni-
cal signaling mechanisms involving beta-catenin. 
Activation of this pathway is likely transient since 
sustained beta-catenin activity within  Cited1 -
negative,  Six2 -positive,  Wnt4 -positive cells is 
shown to prevent epithelial tubule formation in 
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  Fig. 1.12    Genes involved in regulating mesenchymal-to- 
epithelial transformation and establishment of proximal 
and distal nephron cell fates during early nephron devel-
opment. Shown is a schematic representation of a 
branched ureteric bud ( blue area ) with condensed mesen-
chyme (CM;  pink area ) surrounding the  branch tips . A 
pre-tubular aggregate (PTA;  yellow area ) and renal vesi-
cle (RV;  orange area ) are also represented. The diagram 
illustrates expression domains of genes involved in sev-
eral stages of early nephron morphogenesis: mesenchyme 
induction ( Gdnf ,  Eya1 ,  Pax2 ,  Hox11  paralogs,  Wnt9b ), 
nephron progenitor cell self-renewal and/or survival 
( Six2 ,  Sall1 ,  Bmp7 ,  Wt1 , and  Fgf2 ), epithelial transforma-
tion ( Fgf8 ,  Wnt4 ,  Lhx1 ), and early nephron segmentation 
( Wnt4 ,  Lef1 ) and the formation of proximal and distal 
nephron segments ( Wt1 ,  Dll1 ,  Pou3f3 ) (Reproduced with 
modifi cations from Little et al. [ 176 ], Copyright 2010, 
with permission from Elsevier)       
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transgenic mice [ 244 ]. Several reports suggest 
that epithelial cell differentiation and tubulogen-
esis depend on noncanonical Wnt/planar cell 
polarity (PCP) signaling pathways [ 36 ,  330 ]. This 
transition in Wnt signaling may involve  Dkk1 , an 
inhibitor of canonical Wnt signaling, which is 
upregulated in Wnt4-expressing cells as they 
transition from pre-tubular aggregates to renal 
vesicles [ 101 ].

   Nephron segmentation refers to the process 
which establishes gene expression domains that 
promote the formation of glomerular and tubular 
epithelial cells along the proximal-distal axis of 
the developing nephron. As early as the renal 
vesicle stage, proximal-distal expression domains 
are established as illustrated by the complemen-
tary gene expression of patterns of  Wnt4  and  Lef1  
(encoding lymphoid enhancer-binding protein 1) 
(Fig.  1.12 ), which is a downstream target of Wnt 
signals [ 214 ]. Expression studies show that  Wnt4  
is localized to distal RV cells which are closest to 
the UB, while proximal RV cells which are fur-
thest from the UB express  Lef1 . Other genes 
which defi ne the “distal domain” include the 
POU domain homeobox gene  Pou3f3  (aka  Brn1 ), 
which is required for the formation of loops of 
Henle [ 221 ], and Delta-like 1 ( Dll1 ) and Jagged1 
( Jag1 ), which are membrane-associated proteins 
that activate Notch receptor signaling and are 
implicated in setting up the proximal-distal axis 
during early nephron development [ 55 ]. 
Conversely, proximal domain markers include 
 Wt1 , which is necessary for normal podocyte 
development [ 112 ], and  Tmem100 , which 
encodes a transmembrane protein whose function 
in kidney development is unknown [ 101 ]. 

 Establishing and/or maintaining segment- 
specifi c patterns of epithelial cell differentiation 
during early nephron development is dependent 
on the functions of  Lhx1  and genes encoding 
members of the Notch signaling pathway.  Lhx1  
appears to control the decision between adopting 
a glomerular and a tubular epithelial cell fate. 
This role was revealed in a chimeric study involv-
ing the analysis of embryos comprised of a 
mosaic of wild-type cells and cells defi cient in 
 Lhx1  activity [ 157 ]. This study showed that  Lhx1  
function was dispensable for the formation of 

glomerular epithelial cells as only wild-type cells 
(i.e., cells with full  Lhx1  activity) were detected 
within proximal and distal tubular segments of 
the mature nephron, whereas glomerular epithe-
lial cells (i.e., podocytes and cells of Bowman’s 
capsule) were comprised of a mosaic of wild- 
type cells and Lhx1-defi cient cells [ 157 ]. 
Analyses of temporal patterns of gene expression 
within the developing kidney reveal that the 
onset of  Lhx1  expression in cells of pre-tubular 
aggregates follows the induction of  Fgf8  and 
 Wnt4  and is subsequently expressed in all cells of 
renal vesicles as these structures progress along 
their morphogenetic sequence [ 157 ].  Lhx1  pro-
motes the expression of  Pou3f3  and  Dll1 , which 
have explicit roles in segment-specifi c epithelial 
cell differentiation.  Pou3f3  is essential for forma-
tion of loops of Henle as well as terminal differ-
entiation of distal tubule epithelial cells [ 221 ]. In 
contrast,  Dll1  is implicated in the formation of 
proximal tubules as embryonic mice with a hypo-
morphic mutation for  Dll1  showed a reduction in 
proximal tubules [ 55 ]. 

 Proteins encoded by  Dll1  (Delta-like 1) and 
 Jag1  (Jagged1) belong to a family of membrane- 
bound ligands which bind and activate transmem-
brane Notch receptors on the surface of 
neighboring cells [ 312 ,  313 ]. Notch receptor acti-
vation regulates progenitor cell proliferation and 
differentiation in many organ systems (reviewed 
in Chiba [ 62 ]). The defect in proximal tubule for-
mation exhibited by  Dll1  hypomorphic mutants is 
consistent with several reports showing that 
Notch signaling is essential for the formation of 
glomerular and proximal tubule segments of the 
nephron [ 55 ,  191 ]. Among genes which encode 
Notch signaling pathway molecules in mammals, 
 Notch1  and  Notch2  receptor genes and ligands 
 Jag1  and  Dll1  are expressed in RVs and S-shaped 
bodies in non-overlapping expression domains 
[ 54 ,  258 ]. Genetic studies show that  Notch2  is the 
dominant receptor since conditional deletion of 
 Notch2  in MM results in the formation of rudi-
mentary nephrons comprised of cells expressing 
distal tubule markers and lacking podocytes and 
proximal tubule cells [ 55 ]. In contrast, a require-
ment for  Notch1  in proximal nephron formation 
was only revealed in  Notch1  conditional mutants 
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when the gene dosage of  Notch2  is halved [ 324 ]. 
At later stages of tubular development,  Notch1  
and  Notch2  cooperatively regulate OCD in devel-
oping proximal tubules, which is necessary to 
prevent cystic dilatation and malignant transfor-
mation to renal cell carcinoma-like tumors [ 324 ]. 
A role for Notch signaling in glomerular develop-
ment was suggested by the analysis of a mouse 
model for Alagille syndrome caused by a hypo-
morphic mutation in  Notch2  [ 191 ,  192 ]. In 
humans, Alagille syndrome is characterized by a 
multisystem disorder featuring heart, eye, liver, 
skeletal, and renal defects with variable pene-
trance [ 5 ,  87 ]. The kidneys of mice with two 
hypomorphic  Notch2  alleles or one hypomorphic 
 Notch2  allele combined with one  Jag1  loss-of- 
function allele were hypoplastic and featured 
glomeruli arrested in their development at the 
capillary loop stage [ 191 ,  192 ]. The primary glo-
merulogenesis defect in these mice was attributed 
to failure to form the vascular tuft, although it was 
not clear from the analysis whether this resulted 
from a defect in the initial formation or differen-
tiation of podocytes or, alternatively, abnormal 
migration of endothelial and mesangial cells into 
the vascular cleft. Thus, while Notch signaling 
appears to be critical for the formation of glom-
eruli and proximal tubules, additional studies are 
still required to determine what role, if any, Notch 
signaling plays in governing cell fate decisions 
which affect podocyte cell differentiation. 

 Mechanisms that control the differentiation of 
nephron epithelial cell progenitors into podo-
cytes are poorly understood although evidence in 
nonmammalian urogenital systems, such as 
zebrafi sh and Xenopus, have implicated two tran-
scription factor genes,  Foxc2  and  Wt1 , in this pro-
cess [ 235 ,  358 ]. In the developing mouse kidney, 
 Foxc2  expression is fi rst detected along the inner 
surface of the vascular cleft in comma-shaped 
bodies, which is the position occupied by podo-
cyte progenitors during the morphological transi-
tion from comma-shaped body to S-shaped body 
[ 326 ]. Subsequently,  Wt1  expression is upregu-
lated in the same cells at the S-shaped body stage 
[ 248 ]. The role of  Wt1  in podocyte differentiation 
is not evident through the analysis of  Wt1  knock-
out mice since development is arrested at MM 

induction [ 165 ]. However, a role for  WT1  in 
podocyte differentiation is suggested by the 
occurrence of diffuse mesangial sclerosis in 
humans with dominant mutations in  WT1  [ 67 , 
 144 ,  177 ,  245 ]. Diffuse mesangial sclerosis is a 
congenital form of proteinuric glomerulopathy 
which is characterized by defects in podocyte dif-
ferentiation [ 369 ] and is featured along with 
gonadal defects in humans with Denys-Drash 
(OMIM: 194080) and Frasier syndromes 
(OMIM: 136080), which are caused by dominant 
WT1 mutations [ 10 ,  67 ,  154 ]. The identical glo-
merular phenotype in mice is demonstrated in 
mice with targeted  Wt1  mutations genetically 
similar to the  WT1  mutation in humans with 
Denys-Drash syndrome [ 99 ,  112 ,  114 ,  245 ], 
which serves as additional evidence that  Wt1  has 
an important role in podocyte differentiation. 
Several studies have shown that  Wt1  acts as a 
transcriptional activator by binding to the pro-
moters of a number of genes expressed in devel-
oping and mature podocytes including  Vegf , 
 Nphs1  (encoding nephrin), and  Podxl  (podoca-
lyxin) [ 111 ,  115 ,  243 ,  349 ]. Recent studies in 
zebrafi sh and Xenopus have suggested that func-
tions of  Wt1 ,  Foxc2 , and Notch signaling con-
verge to regulate the expression of 
podocyte-specifi c genes [ 235 ,  358 ]. Further iden-
tifi cation of genes whose promoters bind WT1 
will be essential to our understanding of WT1 
function in glomerular development [ 120 ]. 

 Podocyte terminal differentiation relies on 
the function of a number of transcription factors, 
including those encoded by transcription factor 
21 ( Tcf21 ; also known as  Pod1 ), LIM homeobox 
transcription factor 1 beta ( Lmx1b ), and the 
Kreisler leucine zipper homolog  Mafb . In mice 
with loss-of-function mutations in  Tcf21 , 
 Lmx1b , and  Mafb , glomerulogenesis is dis-
rupted, and podocytes show altered expression 
of structural genes (e.g., nephrin, collagen type 
IV) which become evident at the capillary loop 
stage (in the case of  Tcf21  mutant mice) or later 
(in the case of  Lmx1b  and  Mafb  mutants) [ 201 , 
 272 ,  285 ]. In humans,  LMX1b  mutations are 
identifi ed in patients with Nail-Patella syn-
drome, which is associated with focal segmental 
glomerulosclerosis [ 78 ]. 
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 Recruitment of endothelial and mesangial pre-
cursors and subsequent formation and assembly 
of the glomerular capillary tuft require vascular 
endothelial growth factor (VEGF) and platelet- 
derived growth factor-B ( Pdgfb ). VEGF is 
secreted by podocyte precursors of early S-shaped 
bodies and continues to be secreted by mature 
podocytes in postnatal life [ 153 ]. During early 
glomerulogenesis, VEGF promotes recruitment 
of angioblasts into the vascular cleft [ 337 ]. This 
process is tightly regulated as severe glomerular 
defects result in mice when the gene dosage of 
 Vegf  is genetically manipulated [ 89 ,  90 ]. 

  Pdgfb  is expressed by endothelial cells and 
binds to its receptor, PDGF receptor-beta 
( Pdgfrb ) [ 175 ], on the surface of mesangial cell 
precursors to promote inward migration into the 
vascular cleft of S-shaped bodies. The function 
of this axis is required for proliferation and 
assembly of glomerular capillaries and mesan-
gium as revealed by the absence of glomerular 
capillary tufts in mice defi cient of either  Pdgfb  or 
 Pdgfrb  [ 168 ,  320 ]. 

 During the S-shaped stage, podocyte progeni-
tors express a primitive glomerular basement 
membrane which is composed predominantly of 
laminin-1 and α-1 and α-2 subchains of type IV 
collagen [ 202 ]. During glomerular development, 
composition of the glomerular basement mem-
brane undergoes transition as laminin-1 is 
replaced by laminin-11, and α-1 and α-2 type IV 
collagen chains are replaced by α-3, α-4, and α-5 
subchains [ 202 ]. As demonstrated in several 
mouse models, failure of these changes result in 
severe structural and functional defects [ 200 , 
 203 ,  233 ].  

1.3.7.5     Cessation of Nephrogenesis 
 At the morphologic level, the fi nal stages of 
nephrogenesis are marked by a progressive 
absence of ureteric bud ampullae and a decline in 
the density of  Six2 -positive,  Cited1 -positive 
nephron epithelial progenitor cells within cap 
condensates [ 158 ]. The mechanism that triggers 
this change in progenitor cell self-renewal and 
differentiation is unknown. A recent report 
described three-dimensional modeling of the 
nephrogenic zone in postnatal mice and revealed 

that a rapid wave of mesenchymal cell differen-
tiation occurs during the fi nal stages of nephro-
genesis with the induction of multiple nephrons 
around a single UB tip [ 283 ]. Thus, it is possible 
that mass induction exhausts the self-renewing 
progenitor cell pool, perhaps because the signal 
for self-renewal is no longer present in suffi cient 
quantity [ 123 ]. In line with this view, nephrogen-
esis might be prolonged if progenitor cell self- 
renewal and/or survival was restored by providing 
the necessary signal or stimulus [ 123 ]. A study 
involving uninephrectomized fetal sheep showed 
that removing one kidney in utero accelerated the 
rate nephron induction in the remaining kidney 
[ 74 ], indicating that the developing kidney in 
some species may compensate for loss of neph-
ron mass in utero. It is tempting to speculate, 
then, that nephrogenesis could be “rescued” in 
utero in humans by intervening prior to 34-week 
gestation in human fetuses with renal hypoplasia 
or in fetuses exposed to maternal factors (e.g., 
maternal malnutrition) that affect fi nal nephron 
endowment [ 167 ,  187 ,  362 ,  380 ]. The evolution 
of functional genomics and high-throughput gene 
expression technologies has rapidly advanced 
our understanding of genes and pathways 
involved in starting and stopping nephrogenesis 
[ 35 ,  52 ,  305 ] in humans [ 124 ,  264 ]. Validating 
these studies through functional analyses should 
provide a clearer understanding of the mecha-
nisms involved in establishing fi nal nephron 
number.    

1.4      Ureter Development 

 The mature ureter is a muscle-walled tube which 
acts as a conduit for urine fl ow from the kidney to 
the bladder. Its luminal surface is covered by a 
water-impermeable, stratifi ed epithelium which is 
termed urothelium. Smooth muscle cells encom-
pass the mature ureter along its proximal- distal 
length (Fig.  1.13 ) and propagate urine fl ow by 
peristalsis. In humans, ureteral malformations are 
represented by a heterogeneous group of 
 anatomical defects, including ureteral agenesis, 
duplication, ectopia, and strictures, as well as ure-
teral dilatation (or hydroureter) which may be 
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associated either with urinary tract obstruction 
above or below the bladder or secondary to an 
intrinsic defect in smooth muscle peristalsis [ 205 ]. 
Traditional views on normal ureter development 
have stemmed largely from pathological descrip-
tions of human fetal ureter defects from autopsy 
specimens [ 184 ]. Conventional concepts on ureter 
development have been challenged by the results 
of recent studies which have rendered new insights 
on normal and abnormal ureter morphogenesis 
[ 17 ,  61 ,  339 ]. Likewise, phenotypic analyses in 
mouse genetic mutants with ureteral malforma-
tions have been highly informative in clarifying 
developmental disruptions which underlie these 
anomalies. The following section reviews current 
concepts of ureter development in humans and 
draws inferences from studies in mice. This infor-
mation serves as a foundation for understanding 
the pathophysiological basis of human congenital 
urinary tract obstruction syndromes.

1.4.1       Normal Ureter Morphogenesis 

 Normal ureter development follows a complex 
sequence of events initiated by UB outgrowth 
and elongation and succeeded by a process of 
maturation which involves smooth muscle and 
urothelial cell differentiation, distal ureter remod-
eling, and formation of a connection with the 
developing bladder (Fig.  1.14 ). Following UB 
outgrowth, the truncal segment of UB elongates 
and initiates a series of reciprocal interactions 
with surrounding mesenchyme that induces peri-
ureteral mesenchyme to differentiate into ureteral 
smooth muscle and UB cells to transform into 
urothelium. Initially, the ureter is separated from 
the primitive bladder (represented at this stage by 
the upper urogenital sinus) by the common neph-
ric duct, which intervenes between the ureteric 
bud and the urogenital sinus. The common neph-
ric duct subsequently degenerates, and the ureter 
separates from the nephric duct to form a connec-
tion to the bladder. A more detailed description of 
this process is provided in Sect.  1.5.2 .

   The initial stages of ureter development are 
common to both sexes. In humans, this occurs at 
approximately weeks 11–12 of gestation [ 189 , 
 325 ] and E15.5 in mice [ 16 ]. Once the common 
nephric duct degenerates and the ureter separates 
to connect with the bladder, the disconnected 
nephric duct migrates posteriorly and unites with 
tissues derived from the lower urogenital sinus, 
which adopt different fates in males and females. 
In males, the paired nephric ducts enter the pre-
sumptive prostatic urethra and contribute to the 
bilateral formation of seminal vesicles and ejacu-
latory ducts. In females, the anterior nephric duct 
degenerates in response to a lack of androgen 
production. Posterior segments become incorpo-
rated into the Mullerian duct-derived lower third 
of the vagina and may persist in mature females 
as vestigial structures [ 23 ,  77 ,  276 ]. 

 The newly formed ureter is represented by a 
single-cell-lined epithelial tube surrounded by a 
loose network of undifferentiated mesenchymal 
cells. Studies on fi rst-trimester fetal autopsy 
specimens have revealed that the immature ureter 
is patent between gestation weeks 5 and 7 and 
then is periodically obstructed by epithelial cells 

Circular muscle
Longitudinal muscle

  Fig. 1.13    Photomicrograph of a mature, human ureter in 
cross section at the mid-length. Longitudinal and spiral or 
circular smooth muscle layers are denoted (Reproduced 
from Woodburne [ 361 ], with permission)       

 

J.R.P. dos Santos and T.D. Piscione



33

and proceeds through repetitive cycles of recana-
lization during the elongation phase of develop-
ment [ 6 ,  281 ]. By gestation week 12, this process 
of recanalization is complete, and the normal ure-
ter remains as a hollow tube for the rest of its 
development. The purpose of this cycle of 
obstruction and recanalization in human fetal 
ureter development is not known; however, these 
processes appear to be unique to ureter morpho-
genesis since they are not documented in other 
ureteric bud-derived structures, such as renal col-
lecting ducts and the pelvicalyceal system [ 240 , 
 241 ]. One suggestion is that this process may be 
required to transform the luminal of the nascent 
ureter from a single layer of cells into a stratifi ed 
urothelium [ 182 ]. Between weeks 12 and 15, the 
immature ureter epithelium transforms from a 
monolayer to a pseudostratifi ed epithelium which 
is characterized by the expression of apical pro-
teins called uroplakins (in mice, encoded by 
 UpkII  or  UpkIIIa ) [ 162 ]. Uroplakins confer water 
impermeability to the urothelial surface. In 
humans, mutations in  UPKIIIA  have been associ-
ated with ureteral malformations including vesi-
coureteral refl ux and multicystic dysplastic 
kidney (OMIM: 611559), the latter which is asso-
ciated with a ureter that lacks a patent lumen 
[ 146 ,  302 ]. 

 Between 5 and 8 weeks gestation, the fetal 
kidney ascends to its stereotypic position from 
the sacral region to the upper lumbar segments. 
Ureteral smooth muscle formation is evident by 

approximately week 12 of gestation in the human 
fetus [ 189 ,  325 ] (E15.5 in mice) [ 50 ,  374 ]. Initial 
events involve the aggregation and proliferation 
of periureteral mesenchymal cells which form 
condensations around the nascent ureters [ 374 ]. 
Condensates are subsequently induced to undergo 
smooth muscle cell differentiation and are char-
acterized by an increase in smooth muscle actin, 
smooth muscle myosin heavy chain, and SM22, 
which is an early marker of smooth muscle cell 
differentiation [ 50 ,  374 ]. Smooth muscle cell dif-
ferentiation is initiated in the region surrounding 
the proximal ureter and renal pelvis and contin-
ues in a proximal to distal manner until the entire 
ureter is covered by smooth muscle by week 22 
[ 189 ,  325 ]. Differentiated smooth muscle cells 
are assembled into fi bers which are arranged in 
spiral bundles around the developing ureter. By 
week 17, a second inner layer of smooth muscle 
is generated and assembled into longitudinal 
bundles. Longitudinal smooth muscle fi bers are 
restricted to the region surrounding the distal 
two-thirds of the ureter and extend into the tunnel 
formed by the ureter as it passes through the dor-
sal bladder wall [ 218 ,  346 ]. 

 Urine fl ow from the kidney to the bladder is an 
active process and is mediated by the peristaltic 
activity of ureter smooth muscle. Peristaltic 
activity is initiated within the region of the ure-
teropelvic junction (UPJ) and propagates distally 
along the length of the ureter in a coordinated 
fashion [ 66 ,  368 ]. During development, ureter 
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  Fig. 1.14    Early stages of distal ureter morphogenesis. 
( a ) Ureter formation requires that the nephric duct (ND) 
extend posteriorly to reach and fuse with the cloaca/uro-
genital sinus. ( b ) The ureteric bud (UB) develops as an 
outgrowth of the posterior nephric duct in response to sig-
nals emanating from the metanephric mesenchyme (MM). 
( c ) The UB invades the MM and branches to form the 

collecting duct system. The section of ureteric bud located 
between the MM and ND differentiates into the ureter. 
The nephric duct segment located between the ureter and 
cloaca/urogenital sinus represents the common nephric 
duct. This segment is eliminated by apoptosis during dis-
tal ureter maturation (Reproduced with modifi cations 
from Uetani and Bouchard [ 340 ], with permission)       
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peristalsis is evident by E15.5 in mice as soon as 
the process of smooth muscle cell differentiation 
has begun [ 70 ]. Onset of peristaltic activity coin-
cides with the presence of two pacemaker cell 
populations – Cajal-like cells and HCN3 cells. 
Cajal-like cells show similarity to interstitial 
cells of Cajal (ICCs), which are pacemaker cells 
that control smooth muscle peristalsis in the 
intestinal tract [ 294 ]. ICCs and Cajal-like cells 
are marked by the cell surface expression of the 
receptor tyrosine kinase, c-kit [ 70 ,  334 ]. Cajal- 
like cells are found within the lamina propria and 
between smooth muscle fi bers of the embryonic 
mouse renal pelvis and proximal ureter regions 
[ 40 ,  70 ,  133 ]. HCN3 cells are characterized by 
the activity of hyperpolarization-activated cation 
channels. These cells play a pivotal role in regu-
lating cell excitability in cardiac and enteric ner-
vous tissues [ 96 ,  365 ]. HCN3 cells are specifi cally 
localized to the UPJ, and their function in this 
region is thought to initiate unidirectional propa-
gation of smooth muscle peristalsis from 
 proximal to distal [ 133 ]. Based on immunohisto-
chemistry, abnormal patterns of pacemaker cell 
distribution or number have been described in 
resected ureteral tissues from children with con-
genital UPJ obstruction, suggesting that the cause 
of this disorder may involve intrinsic defects in 
pacemaker cell differentiation, survival, or migra-
tion [ 161 ,  319 ]. A recent report described the 
occurrence of severe nonobstructive hydrone-
phrosis and hydroureter accompanied by com-
plete absence of c-kit-positive cells in the renal 
pelvis and proximal ureter in a mouse model of 
Pallister-Hall syndrome (OMIM: 146510) [ 40 ]. 
Pallister-Hall syndrome is a multisystem congen-
ital disorder in humans with urinary tract malfor-
mations in approximately 60 % of cases [ 113 , 
 136 ]. PHS has been mapped to the GLI3 locus 
[ 148 ], which encodes a transcription factor in the 
Sonic Hedgehog signaling pathway that has acti-
vator or repressor functions depending on it 
cleavage state [ 132 ]. In PHS, nonsense and 
frameshift mutations result in constitutive GLI3 
repressor activity, which abrogates Sonic 
Hedgehog signaling [ 148 ]. When Sonic 
Hedgehog signaling was genetically inactivated 

in a tissue-specifi c manner by deleting smooth-
ened ( Smo ), reduced numbers of c-kit positive 
and HCN3 cells were associated with nonob-
structive hydronephrosis and ureter dyskinesia 
[ 40 ]. Thus, Sonic Hedgehog signaling appears to 
play a critical role in normal ureter development 
and may cause of congenital urinary tract obstruc-
tion when activating this signaling pathway is 
disrupted.  

1.4.2     Molecular Control of Ureter 
Development 

 Ureter smooth muscle formation and urothelial 
cell maturation is coordinated by reciprocal 
inductive interactions between mesenchymal and 
epithelial compartments of the developing ureter. 
Early in ureter development, immature urothelial 
cells derived from the UB stalk secrete Sonic 
Hedgehog, which acts on peri-ureteral condensed 
mesenchyme through its cell surface receptor 
Patched1 to stimulate cell proliferation and 
induce expression of  Bmp4  [ 374 ]. Inactivating 
 Shh  in the mouse urinary tract delays ureteral 
smooth muscle cell differentiation [ 374 ]. 
Proximal ureter segments of  Shh  null mice show 
reduced amounts of smooth muscle whereas dis-
tal segments lack smooth muscle completely. 
 Bmp4  expression is completely lost in  Shh  mutant 
ureters, suggesting that one role of  Shh  is to 
maintain  Bmp4  expression in the ureteral mesen-
chyme [ 3 ]. 

  Bmp4  is uniformly expressed in ureter mesen-
chyme at early developmental stages and 
becomes localized to areas of active smooth mus-
cle cell differentiation [ 374 ]. In vitro, BMP4 pro-
tein promotes the differentiation of peri-ureteral 
mesenchyme into smooth muscle [ 29 ,  207 ,  274 , 
 350 ]. In vivo, decreased BMP4 signaling either 
by gene deletion in peri-ureteral mesenchyme 
cells or by direct antagonism in organ culture 
with proteins that sequester BMP4 protein (e.g., 
noggin, gremlin) resulted in a gradual reduction 
of ureter smooth muscle [ 350 ]. These data serve 
as strong evidence that  Bmp4  plays a regulatory 
role in the formation of ureteral smooth muscle. 
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 The ability of ureter mesenchyme to condense 
and respond to epithelial-derived cues during 
mouse ureter development depends on the gene 
function of  Tbx18 .  Tbx18  encodes a transcrip-
tion factor belonging to a family which share a 
highly conserved DNA-binding region known 
as the T-box and act as activators or repressors 
depending on molecular context [ 220 ].  Tbx18  
is exclusively activated in distal ureter mesen-
chyme prior to condensation and before  Bmp4  
expression is induced in this compartment [ 2 ]. 
When  Tbx18  function is lost due to gene dis-
ruption in mice, ureteral mesenchyme fails to 
condense, and mesenchymal  Ptc1  expression is 
signifi cantly downregulated, rendering mutant 
mesenchyme unresponsive to  Shh  signals [ 2 ]. 
Moreover, urothelial cell expression of  Shh  is 
present but detected at lower than normal levels 
in  Shh  mutants, suggesting that the response of 
peri-ureteral mesenchymal cells to secreted  Shh  
is dose dependent. Consequently,  Bmp4  acti-
vation is blocked in mutant mesenchyme, and 
 Tbx18   −/−   mutant mice display severely dilated 
and truncated ureters that lack smooth muscle. 
 Tbx18  may also control local molecular cross 
talk between mesenchymal and epithelial cell 
populations that supports urothelial cell differ-
entiation. This is revealed in  Tbx18   −/−   mutants 
by showing that ureter epithelial cells fail to 
proliferate and differentiate into a functional 
urothelium, leading to the generation of a fl at, 
single-layered urothelium devoid of uroplakin 
[ 2 ]. These data support the concept that growth 
and differentiation programs of ureter smooth 
muscle and urothelium are tightly coupled dur-
ing ureter development [ 3 ]. 

 Smooth muscle formation proceeds in a ste-
reotypic manner from proximal to distal during 
normal ureter development. Sonic Hedgehog sig-
naling is believed to promote this myogenic 
sequence by controlling mesenchymal cell pro-
liferation along the proximal-distal axis of the 
developing ureter. The proliferative functions of 
 Shh  on peri-ureteral mesenchyme are fi rst 
observed at the proximal end of the ureter, which 
initiates the myogenic program in that region 
before more distal regions. In the absence of  Shh , 

smooth muscle formation is signifi cantly 
delayed, such that the fewer mesenchymal cells 
form condensations and transform into smooth 
muscle at the proximal end of the ureter and 
smooth muscle formation is absent at the distal 
end of the ureter [ 374 ]. The effects of  Shh  on 
smooth muscle development may be dependent 
on  Bmp4  since  Bmp4  mRNA expression is lost in 
 Shh  mutants. Evidence from mouse embryonic 
organ culture studies suggests that  Bmp4  is suf-
fi cient to promote mesenchymal cell differentia-
tion into a ureter-specifi c smooth muscle 
phenotype. This was demonstrated in experi-
ments using agarose beads soaked in recombi-
nant BMP4 which were placed ectopically near 
UB-derived renal collecting ducts. These studies 
showed that BMP4 was suffi cient to induce ure-
ter smooth muscle differentiation around collect-
ing ducts, which secondarily caused renal 
collecting duct cells to express urothelial cell 
markers [ 29 ,  198 ]. 

 Other genes implicated in proximal-distal ure-
ter smooth muscle patterning include teashirt 
zinc fi nger homeobox 3 ( Tshz3 ), which belongs 
to a family of transcription factors with roles in 
anterior-posterior patterning of embryonic tis-
sues [ 91 ,  94 ].  Tshz3  function is dispensable in 
early ureter myogenesis for mesenchymal con-
densation and proliferation events but is required 
later in proximal smooth muscle differentiation 
programs [ 50 ]. During normal development, 
 Tshz3  is expressed in the mesenchyme along the 
entire length of the ureter and is shown to be 
upregulated by recombinant BMP4 in organ cul-
ture ex vivo [ 50 ]. Mice homozygous for a null 
 Tshz3  mutation exhibit nonobstructive hydroure-
ter and akinetic ureters which lack evidence of 
smooth muscle cell differentiation within the 
proximal regions of the ureter yet display normal 
ureter smooth muscle cell differentiation distally. 
The defect in  Tshz3  null mice is thought to lie 
downstream of  Shh  and  Bmp4  since  Ptc1  and 
 Bmp4  expressions are unaffected in condensed 
proximal mesenchyme and exogenous BMP4 is 
incapable of rescuing proximal ureter smooth 
muscle differentiation in  Tshz3  mutant ureter 
organ culture.   
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1.5      Development of the Bladder 

1.5.1     Normal Bladder 
Morphogenesis 

 The mature urinary bladder is comprised of an 
inner epithelial cell layer (i.e., bladder urothe-
lium) and an outer smooth muscle layer (anatom-
ically referred to as detrusor muscle). Bladder 
urothelial cells are endoderm-derived and origi-
nate from the luminal epithelial cells from the 
upper zone of the defi nitive urogenital sinus. In 
contrast, bladder smooth muscle cells are meso-
dermal derivatives arising from surrounding 
splanchnic mesenchyme. 

 Mesenchyme encompassing the primordial 
bladder is spatially organized into three morpho-
logically distinct cell layers: (1) an outer adventi-
tial layer, (2) an inner subepithelial layer (which 
lies next to the basal surface of immature urothe-
lium), and (3) an interposing subadventitial layer 
[ 46 ]. Cells within all three layers have been 
shown experimentally to be capable of differenti-
ating into smooth muscle cells [ 13 ]. However, 
only mesenchymal cells within the adventitial 
and sub-adventitial layers undergo smooth mus-
cle cell differentiation during normal bladder 
development. In contrast, cells residing within 
the subepithelial layer remain undifferentiated 
throughout development. 

 In the human fetus, bladder smooth muscle 
cell differentiation is variably reported to occur 
between 7- and 12-week gestation (E13.5 in 
mice) [ 102 ,  227 ,  314 ]. At 10 weeks, the primitive 
bladder has a distinct outer muscle layer consist-
ing of a continuous sheet of closely packed cells 
[ 102 ]. By 11 weeks, muscle fi bers of the bladder 
wall form a meshwork of interlacing smooth 
muscle bundles. With the exception of the blad-
der neck, bladder musculature in the human fetus 
consists of large smooth muscle bundles arranged 
as an intermingling network in the absence of 
distinct layers by week 12 of gestation [ 102 ]. In 
the bladder neck, smooth muscle is replaced by a 
layer of undifferentiated mesenchyme which is 
in continuity with similar cells surrounding the 
urethral wall. Between 12 and 14 weeks, a collar 
of circularly oriented smooth muscle forms 

around the bladder neck. At 18 weeks, a rela-
tively thin layer of smooth muscle is distin-
guished in the region of the trigone and extends 
into the bladder neck to merge with urethral 
smooth muscle.  

1.5.2      Molecular Mechanisms 
Involved in Bladder 
Development 

 Bladder smooth muscle cell differentiation 
occurs in response to inductive signals emanat-
ing from urothelial cells [ 13 ]. Expression studies 
implicate Sonic Hedgehog as a strong candidate 
for this role since  Shh  is expressed in developing 
bladder urothelium, and genes which are acti-
vated by Sonic Hedgehog signaling (e.g.,  Ptc1 , 
 Gli1 ,  Bmp4 ) are expressed in adjacent mesen-
chyme [ 314 ]. In organ culture experiments, 
exogenous Sonic Hedgehog was shown to be 
suffi cient to induce mesenchyme cell prolifera-
tion and smooth muscle cell differentiation in 
bladder mesenchymal explants which had been 
separated from urothelium [ 47 ]. These data are 
consistent with genetic studies in mice which 
showed dysregulated mesenchymal cell prolif-
eration and decreased bladder smooth muscle 
cell differentiation in mice by eliminating the 
function of  Gli1  and  Gli2 , which are downstream 
effectors of activated Sonic Hedgehog signaling 
[ 56 ]. The proliferative effects of  Shh  are dose 
dependent as increasing concentrations of exog-
enous Sonic Hedgehog increased bladder size 
and mesenchymal cell number ex vivo [ 47 ]. 
These data are consistent with a model in which 
mesenchymal cells closest to bladder urothelium 
are induced to proliferate in response to high 
concentrations of Shh and thus maintain a pool 
of undifferentiated smooth muscle cell progeni-
tors. However, the effect of  Shh  on smooth mus-
cle cell differentiation may be a secondary 
phenomenon since blocking Sonic Hedgehog 
signaling in bladder explants had no effect on 
the expression of smooth muscle cell terminal 
differentiation markers once smooth muscle for-
mation had already been initiated [ 314 ]. These 
data suggest that while  Shh  may be involved in 

J.R.P. dos Santos and T.D. Piscione



37

initiating smooth muscle cell differentiation, 
other  pathways are likely involved in maturation 
of bladder smooth muscle. 

 Based on expression studies, molecular cross 
talk between Sonic Hedgehog and BMP4 signal-
ing may be important for radial patterning of 
smooth muscle during bladder development. 
Expression analyses in developing mouse blad-
der are consistent with Bmp4 being a target of 
Sonic Hedgehog signaling as high levels of 
 Bmp4  mRNA are detected in subepithelial mes-
enchyme of embryonic mouse bladder and fol-
low the onset of  Gli1  and  Gli2  expression in this 
compartment by one day [ 178 ]. Conversely, 
lower levels of  Bmp4  mRNA coincide with 
reduced  Gli1  and  Gli2  mRNA levels in periph-
eral mesenchyme. It has been suggested that 
 Bmp4  opposes the mitogenic effects of Sonic 
Hedgehog signaling based on an analysis of 
embryonic bladders from  Gli2  knockout mice. 
Tissue analysis of these mutants showed ectopic 
smooth muscle formation in regions of the sub-
epithelial mesenchyme layer in which  Bmp4  
mRNA expression was lost [ 56 ]. Other factors, 
including TGF-beta and serum response factor 
(SRF), may be involved in regulating smooth 
muscle cell differentiation as their expressions 
coincide with upregulation of several smooth 
muscle cell differentiation markers, such as 
 SMAA ,  SMMHC , smooth muscle protein 22-α 
( SM22α ), and  calponin  [ 172 ].  

1.5.3     Formation of the 
Ureterovesical Junction 

 The route taken by the ureter through the smooth 
muscle layer of the bladder trigone is critical to 
forming a competent anti-refl ux mechanism 
(Fig.  1.15 ). It is designed in such a way that ret-
rograde fl ow of urine to the ureters and kidney is 
prevented by effectively compressing the intra-
mural ureter against the smooth muscle wall dur-
ing bladder contractions. A non-refl uxing 
ureterovesical junction (UVJ) necessitates the 
normal formation of a tunnel through which the 
ureter passes through the bladder wall, an appro-
priate angle of entry of the ureter into the bladder, 
a well-formed trigone, and a correctly positioned 
ureteral orifi ce within the trigone. The clinical 
condition in humans resulting from an incompe-
tent anti-refl ux mechanism is vesicoureteral 
refl ux (VUR), which is one of the most common 
urinary tract disorders in young children with a 
reported incidence as high as 1 % of live births 
(reviewed in Murawski et al. [ 217 ]).

   The traditional view of UVJ morphogenesis 
was largely based on pathological studies of 
autopsy specimens from fetuses with lower uri-
nary tract anomalies [ 327 ,  355 ,  357 ]. The model 
arising from these studies described UVJ forma-
tion as resulting from fusion of the two common 
nephric ducts with the posterior wall of the devel-
oping bladder, thus creating the transmural  tunnel 
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  Fig. 1.15    Diagrammatic representation of the trigone 
and bladder anti-refl ux mechanism. ( a ) The trigone is a 
triangular- shaped region located at the bladder base. It is 
bordered anterolaterally by bilateral ureteral orifi ces and 
posteriorly by the urethral orifi ce. ( b ) Schematic of the 
trigone and its connections with the ureters showing the 

intramural ureter segment that is normally compressed to 
prevent back-fl ow of urine to the ureters and kidneys. ( b , 
 inset ) Schematic showing compression of the intramural 
ureter (Reproduced with modifi cations from Viana et al. 
[ 346 ], with permission)       
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and the trigone [ 184 ,  357 ]. Based on this view, 
the outer muscle and inner epithelial layers of the 
bladder trigone were thought to share a similar 
mesodermal origin with the muscle and epithelial 
layers of the ureter (Fig.  1.16a ). The traditional 
model of UVJ formation has been recently chal-
lenged by recent studies on distal ureter matura-
tion in wild-type mice at multiple stages of 
embryonic development [ 16 ,  17 ,  339 ,  346 ]. 
Accordingly, a revised model of UVJ formation 
has emerged in which the trigone shares an endo-
dermal origin with smooth muscle and epithelial 
layers of the developing bladder (Fig.  1.16b ).

   The fi rst critical event in UVJ formation is 
degeneration of the common nephric duct. 
Elimination of the common nephric duct occurs 
as a result of cell apoptosis which occurs progres-
sively once ureteric bud outgrowth takes place 
[ 17 ,  339 ] (Fig.  1.17a ). As a consequence of com-
mon nephric duct degeneration, the nascent ure-
ter approximates with the dorsal surface of the 
urogenital sinus (i.e., the primitive bladder) as 
ureter extends posteriorly towards the bladder 
and as the bladder grows and expands anteriorly 
towards the ureter [ 339 ]. At this stage, the distal 
end of the nascent ureter is observed to rotate 

180° at the point where it connects to the nephric 
duct (Fig.  1.17b ), which causes the distal ureter 
to make contact tangentially with the dorsal sur-
face of the primitive bladder wall (Fig.  1.17c ). 
The mechanism of ureter rotation around the 
nephric duct at this stage is unknown, although 
the rotation process appears to be facilitated by 
expansive growth of the primitive bladder [ 17 ]. 
The section of distal ureter which lies in contact 
with the bladder subsequently undergoes a sec-
ond round of apoptosis. With that distal segment 
eliminated, the ureter becomes detached from the 
nephric duct, thus generating an open-ended tube 
which is connected to a single kidney proximally. 
The distal end of the newly formed ureter proper 
is subsequently observed to migrate towards the 
base of the bladder where it is properly oriented 
to penetrate the muscular exterior surface of the 
future trigone (Fig.  1.17d ). Concomitantly, the 
nephric duct, which becomes detached from the 
newly formed ureter, remains in the region to 
connect with the urethra.

   It is widely held that the location of ureteric 
budding along the long axis of the nephric duct 
determines the fi nal position at which the ureter 
enters the bladder and results in vesicoureteral 
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  Fig. 1.16    Traditional and revised models of ureterovesi-
cal junction (UVJ) formation. Shown are schematic repre-
sentations of the bladder, ureter, and trigone. Embryonic 
origins are illustrated by  green  (mesoderm-derived) and 
 red  (endoderm- derived) areas. ( a ) Traditional model of 
UVJ formation. The trigone forms in large part from ure-
teral fi bers that fan out across the basal surface of the 
bladder generating the interureteric ridge and Bell’s mus-

cle. In this instance, the trigone is considered to form 
independently of the bladder. ( b ) Revised model of UVJ 
formation. The trigone and smooth muscle surrounding 
the intramural ureter are derived from bladder muscle. 
Ureteral fi bers which extend into the bladder wall contrib-
ute a small amount to the intramural ureter tunnel 
(Reproduced with modifi cations from Viana et al. [ 346 ], 
with permission)       
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refl ux when budding occurs ectopically [ 184 ]. 
This principle was put forward by Mackie and 
Stevens and is based on their pathological studies 
of urinary tract specimens from fetuses with con-
genital hydronephrosis. Based on their observa-
tions, they proposed that ureters entering the 

bladder ectopically in the region of the bladder 
neck would arise as the result of UB formation at 
a position which is anterior to the usual site of 
budding. Conversely, they postulated that UB 
formation at a posterior position would lead to 
ectopic ureters entering the bladder abnormally 

Normal ureter maturation

ND

MM

UB

CND

Ur

E11 E11

E15

E15

E13

E14

dur

Bladder

Urethra

E15 E15

E11 E11

C
lo

ac
a

a

b

c

d

e’ f’ g’

e f g

Rostral budding Duplex-system Caudal budding

  Fig. 1.17    Morphological events in distal ureter matura-
tion and associated lower urinary tract malformations. 
( a )–( d ) Normal distal ureter maturation and UVJ forma-
tion. ( a ) Following invasion of the metanephric mesen-
chyme (MM) by the newly formed ureteric bud (UB), the 
common nephric duct (CND;  brown ) is eliminated by 
apoptosis. ( b ) CND elimination brings the ureter in direct 
contact with the cloaca, or primordial bladder. 
Concomitantly, the ureter rotates around the long axis of 
the nephric duct (ND). ( c ) Ureter rotation orients the dis-
tal segment of the ureter towards the developing bladder. 
The distal-most segment of the ureter (dUr) lies against 
the exterior bladder surface and is also eliminated by 
apoptosis. ( d ) A new connection point between the ureter 
and the bladder is generated. ( e ) A rostral ectopic ureter 
( blue ) forms in the absence of primary ureter. In this sce-
nario, the CND is longer than usual. This results in a 

shorter segment of distal ureter meeting the bladder once 
ureter rotation takes place, and results ( e’ ) in formation of 
an ectopic ureter that connects in the bladder neck, ure-
thra, or remains attached to nephric duct. ( f ) In duplex 
systems, a second ureter ( blue ) is induced along the neph-
ric duct, typically at a rostral position in reference to the 
primary ureter ( red ). ( f’ ) Following distal ureter matura-
tion, the rostral ectopic ureter connects below the primary 
ureter, either in the bladder neck, urethra or remains 
attached to nephric duct. ( g ) When caudal ureter budding 
occurs, the connection point between the ureter and neph-
ric duct is very close to the cloaca. In this instance, the 
length of the CND is very short. ( g’ ) The near absence of 
CND accelerates elimination of the distal ureter and posi-
tions the VUJ in an ectopic lateral position (Reproduced 
with modifi cations from Uetani and Bouchard [ 340 ]. With 
permission)       
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and closer to its apex. This model of abnormal 
UVJ formation has been validated by in vivo evi-
dence from several mouse models of VUR 
(reviewed in Murawski et al. [ 217 ]) and may be 
explained by defects in ureter separation and 
rotation as described above. For example, UB 
formation at an anterior ectopic site would result 
in a longer common nephric duct and hence a 
greater distance between the site of ureteric bud-
ding and the primitive bladder (Fig.  1.17e ). By 
increasing the distance between the UB and the 
growing primitive bladder, ureter rotation and 
separation from the nephric duct might be 
delayed and result in a low-lying insertion site 
[ 339 ] (Fig.  1.17e ’). This is best exemplifi ed in 
humans and mice with duplicated ureters which 
feature an anterior renal moiety connecting with 
a ureter that inserts ectopically into the bladder 
neck and which may be associated with hydro-
ureter and hydronephrosis [ 184 ] (Fig.  1.17f and 
f ’). Conversely, a posteriorly positioned UB site 
causes the ureter to reach the primitive bladder 
prematurely owing to a shorter common nephric 
duct and thus positions the ureter to inappropri-
ately enter the bladder at a more lateral angle 
than normal [ 340 ] (Fig.  1.17g and g ’). 

 The mechanism by which the ureter passes 
through the trigone is poorly understood. 
Traditional beliefs on bladder embryology sug-
gested that the intramural passage was generated 
from ureteral smooth muscle fi bers extending into 
the bladder and stretching across the base of the 
bladder during trigone formation [ 327 ,  357 ]. This 
theory has been refuted by a recent study involv-
ing smooth muscle cell lineage analysis in trans-
genic mice, which strongly suggests that 
ureter-derived tissue plays a minor role in forming 
the intramural passage [ 346 ]. Using two trans-
genic mouse lines that selectively labeled deriva-
tives of either ureteral mesenchyme or bladder 
mesenchyme, it was shown that the ureter contrib-
uted only a thin sheath of longitudinal smooth 
muscle fi bers to the intramural passage through 
the trigone. The same report provided evidence 
that the process involved in forming the intramu-
ral tunnel is intrinsic to the bladder and is not 
dependent on the presence of a ureter. This was 
revealed in  Pax2  mutant mice, which lack ureters 

due to agenesis of the posterior nephric duct. In 
the absence of ureters,  Pax2  mutant mice dis-
played normal bladder development and showed 
normal patterns of smooth muscle organization in 
the trigone. Moreover, the trigone of  Pax2  mutants 
exhibited gaps in smooth muscle which corre-
sponded to regions where the intramural tunnels 
would be formed. These gaps contained blood 
vessels that would normally follow the intramural 
ureter yet were devoid of ureter epithelium and 
ureter-derived smooth muscle [ 346 ]. 

1.5.3.1     Genes Implicated 
in UVJ Formation 

 Due to the variable penetrance of a number of 
gene mutations which disrupt early stages of uri-
nary tract development (e.g., nephric duct mor-
phogenesis, ureteric bud outgrowth), there exists 
the opportunity to defi ne functions for these 
genes at later stages of development, including 
UVJ formation [ 217 ]. These genes include  Foxc1 , 
 Foxc2 ,  Robo2 ,  Bmp4 , and  Spry1 . As described in 
Sect.  1.3.3.1 ,  Foxc1 ,  Foxc2 , and  Robo2  are 
involved in repressing mesenchymal  Gdnf  
expression and thereby limiting the sites where 
RET is activated in the nephric duct [ 107 ,  166 ]. 
 Bmp4  and  Spry1  exert their inhibitory roles on 
GDNF-RET signaling activity by altering the 
sensitivity of nephric duct/UB cells to GDNF 
[ 14 ,  197 ,  206 ]. Mice with loss-of-function muta-
tions in any one of these fi ve genes exhibit inap-
propriate activation of GDNF-RET signaling in 
nephric duct cells which leads to the formation of 
supernumerary UBs or anterior displacement of 
the site of UB outgrowth [ 14 ,  107 ,  166 ,  206 ]. 
Ureters arising from anterior ectopic UBs in 
these mutants are severely dilated and insert 
below the bladder neck, as predicted by Mackie 
and Stevens [ 184 ]. Although VUR has only been 
associated with  ROBO2  mutations in humans 
(OMIM: 602431) [ 180 ], evidence from genetic 
studies in mice strongly support the possibility 
that other genes involved in regulating GDNF- 
RET signaling activity may be mutated in humans 
with VUR [ 217 ]. 

 Defective regulation of  Ret  expression in the 
nephric duct has been shown to associate with 
VUJ malformation in mice. In the absence of  Ret  
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function, mouse kidney and ureter development 
is arrested and 80 % of mutants display renal and 
ureter agenesis [ 303 ,  304 ]. The remaining 20 % 
exhibited severe hydroureter and refl uxing ure-
ters that inserted abnormally below the bladder 
[ 61 ]. The defect in these  Ret  mutants is attributed 
to a failure to connect the nephric duct with the 
urogenital sinus until after the UB is formed. 
Morphologic analysis of nephric duct extension 
in  Ret  mutants revealed a defect in formation of 
cytoplasmic extensions which are thought to 
guide cells at the tip of the caudal nephric towards 
the urogenital sinus.  Ret  expression depends on 
retinoic acid signaling as revealed in  Aldh2  null 
mice, which display decreased Ret expression in 
the nephric duct and show a similar phenotype in 
nephric duct guidance [ 61 ]. In addition,  Ret  
expression also depends on the function of  Gata3 . 
When  Gata3  function is removed in nephric duct 
cells by conditional deletion, embryos exhibit the 
same delay in uniting the nephric duct with uro-
genital sinus [ 61 ,  109 ].  Gata3  expression is 
maintained in mice with mutations in genes 
involved in retinoic acid synthesis (e.g.,  Aldh2  
mutants), and  Aldh2  expression is unaffected in 
mutants [ 61 ]. Consequently, it is not known how 
Gata3 and retinoic acid signaling interact to con-
trol  Ret  expression. 

 Thirty percent of mice that carry the  Pax2   1Neu   
mutation develop VUR which is associated with 
renal hypoplasia [ 25 ]. The  Pax2   1Neu   mutation in 
mice is a nonsense mutation and is orthologous to 
the  PAX2  mutation in humans with renal colo-
boma syndrome (OMIM: 120330), which is char-
acterized by optic colobomas and a range of renal 
anomalies including VUR [ 295 ,  299 ]. Mice het-
erozygous for the  Pax2   1Neu   mutation demonstrate 
posteriorly placed UBs and ureters which pene-
trate the bladder aberrantly, resulting in a short-
ened intramural ureter [ 95 ]. The developmental 
defect in  Pax2   1Neu   heterozygous mutant mice is 
attributed to delayed separation of the ureter from 
the nephric duct which occurs independent of a 
defect in nephric duct elongation or  Ret  expres-
sion [ 25 ]. Moreover, ectopic positioning of the 
UB occurs without changes in  Gdnf  expression or 
dysregulated expression of genes which control 
the  Gdnf  expression domain, such as  Robo2 . 

Anterior budding is believed to be the primary 
cause of vesicoureteral refl ux (VUR) in humans 
and mice [ 215 ]. However, at least two mouse 
models of VUR (i.e.,  Pax2   1Neu/+   mice and the 
C3H/HeJ mouse strain [ 216 ]) have been linked 
causally to posterior UB positioning resulting in 
delayed UVJ formation. These studies suggest 
that strict adherence to the spatiotemporal rela-
tionships between ureteric budding and distal ure-
ter morphogenesis may not be universally applied 
to the pathogenesis of VUR in all instances. 

 Elimination of the common nephric duct by 
apoptosis is viewed as a key step in coordinat-
ing subsequent remodeling events during distal 
ureter morphogenesis. Studies in mice show that 
when common nephric duct degeneration is either 
delayed or blocked completely, the developing 
ureter does not establish proper spatial relation-
ships with the primitive bladder and defects in 
ureter separation and bladder insertion occur 
[ 17 ]. Vitamin A or retinoic acid signaling appears 
to be necessary to regulate apoptosis and trigger 
common nephric duct degeneration. Removing 
retinoic acid signaling genetically results in uri-
nary tract obstruction and dilated ureters which 
insert ectopically below the bladder. This pheno-
type is demonstrated in mice with homozygous 
null mutations in  Aldh2  [ 17 ] as well as in com-
pound mutant mice doubly homozygous for null 
mutations in  Rarα  and  Rarβ  [ 16 ], which encode 
retinoic acid receptors.  Aldh2  mutants showed a 
marked reduction in common nephric duct apop-
tosis [ 17 ], suggesting that retinoic acid signaling 
is necessary for elimination of the common neph-
ric duct by regulating apoptosis in this region. As 
in all retinoic acid pathway mutants, the com-
mon nephric duct persists and ureter separation is 
delayed, leading to the conclusion that the regu-
latory function of retinoic acid-dependent signals 
on common nephric duct apoptosis is critical for 
proper ureter remodeling. 

 A recent study implicated genes encoding 
members of the leukocyte antigen-related (LAR) 
family of phosphatases as strong candidates to 
activate common nephric duct cell apoptosis. 
LAR phosphatases function by dephosphorylat-
ing activated tyrosine kinase receptors [ 265 ], 
including activated RET [ 271 ]. Protein tyrosine 
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phosphatase, receptor type, F ( Ptprf ) and protein 
tyrosine phosphatase, receptor type, D ( Ptprd ) 
encode two LAR family members which are 
expressed in common nephric duct cells and are 
shown in vitro and in vivo to induce apoptosis by 
opposing RET activation [ 339 ]. In vivo analyses 
show that 52 % of mice with compound homozy-
gous inactivating mutations in both  Ptprf  and 
 Ptprd  exhibited unilateral or bilateral urinary 
tract obstruction in addition to severe craniofa-
cial abnormalities. Loss of LAR phosphatase 
function in these mutants suppressed apoptosis of 
common nephric duct cells and was associated 
with higher levels of phosphorylated RET as 
detected with specifi c antibodies. Detailed analy-
ses of distal ureter morphogenesis in these 
mutants revealed signifi cant remodeling defects 
that were associated with abnormal positioning 
of the UVJ below the bladder. In vitro studies in 
HEK cells further confi rmed the functional rela-
tionships between LAR phosphatase activity and 
RET phosphorylation in the regulation of apopto-
sis. Since the UVJ phenotype in  Ptprf/Ptprd  
 double mutants is not fully penetrant, the mecha-
nism for regulating apoptosis during ureter matu-
ration must involve other genes which remain to 
be defi ned.    

1.6     Human Urinary Tract 
Malformations and Genetic 
Associations 

 A number of urinary tract malformation syn-
dromes display familial patterns of inheritance. 
For example, heterogeneous renal malformations 
are reported in 9 % of fi rst-degree relatives of 
newborns with bilateral renal agenesis or bilat-
eral renal dysgenesis [ 280 ]. Siblings of patients 
with VUR are reported to have a higher incidence 
of refl ux than the normal population [ 57 ]. Hence, 
the occurrence of urinary tract malformations 
with familial patterns of inheritance in humans 
favors a genetic etiology. However, the majority 
of cases with isolated defects occur in patients 
without a familial pattern [ 280 ]. 

 Candidate approaches have been used to 
screen patients or stillborn fetuses with isolated 

UT malformations for mutations in genes associ-
ated with syndromic malformations. In one study, 
a large European cohort of children with chronic 
kidney disease and severe renal hypoplasia and/
or dysplasia was screened for mutations in 
 HNF1β ,  PAX2 ,  SALL1 ,  EYA1,  and  SIX1  [ 354 ]. 
These genes were selected on the basis of their 
associations with congenital syndromes that fea-
ture renal hypoplasia/dysplasia prominently. For 
instance,  HNF1β  mutations are known to cause 
renal cysts and diabetes syndrome (also known 
as MODY5; OMIM: 137920) [ 20 ,  21 ]. Human 
 PAX2  mutations are associated with renal colo-
boma syndrome, an autosomal dominant condi-
tion characterized in humans by optic nerve 
colobomas, hearing defects, and a spectrum of 
renal malformations including hypoplasia, renal 
agenesis, dysplasia, and VUR [ 295 ,  299 ].  SALL1  
mutations are found in patients with Townes- 
Brock syndrome (OMIM: 107480), which fea-
tures anal, limb, and ear anomalies as well as 
renal hypoplasia, dysplasia, and VUR [ 160 ,  292 ]. 
 EYA1  and  SIX1  mutations have been identifi ed in 
patients with branchio-oto-renal (OMIM: 
113650), which presents with branchial arch, 
otic, and renal anomalies including unilateral or 
bilateral renal agenesis, hypoplasia, dysplasia as 
well as ureteral defects such as duplication or 
absence of ureter and megaureter [ 1 ]. In the 
European cohort study,  HNF1β  and  PAX2  muta-
tions were detected in 15 % of all CKD subjects 
whereas  SALL1 ,  EYA1 , and  SIX1  mutations were 
rarely detected in patients who did not have syn-
dromic features [ 354 ]. Results from this study 
showed that mutations in  HNF1β  accounted for 
25 % of mutations in patients with renal dyspla-
sia or hypoplasia who manifest cysts, leading the 
authors to conclude that patients with cystic renal 
dysplasia should be screened for  HNF1β  muta-
tions. Another study involving a multiethnic 
North American pediatric cohort reported an 
association for  HNF1β  mutations in 10 % of chil-
dren with chronic kidney disease associated with 
unilateral renal agenesis or renal hypodysplasia 
[ 332 ]. The presence of  HNF1β  mutations has 
also been shown to exacerbate the phenotype of 
individuals with autosomal dominant polycystic 
kidney disease who carry mutations in PKD1 
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(polycystin-1) [ 19 ]. From a clinical perspective, 
it is possible that the presence of an  HNF1β  
mutation may impart a higher risk of disease pro-
gression in patients with other types of urinary 
tract malformations. 

 Attention has been given to looking for muta-
tions in genes encoding components of the 
GDNF-RET signaling cascade considering the 
strength of evidence for this pathway in normal 
urinary tract development in rodents [ 68 ]. In 
humans, heterozygous  RET  mutations cause 
Hirschsprung’s disease (intestinal aganglionosis; 
OMIM# 142623) [ 83 ] and are reported rarely in 
patients with Hirschsprung’s disease who also 
have renal hypoplasia and/or severe hydrone-
phrosis [ 254 ]. A number of studies have reported 
low detection frequencies of  GDNF ,  RET , and 
 GFRα1  mutations in cases of isolated UT malfor-
mation. In one study,  RET  mutations were 
reported in 8 of 29 stillborn fetuses (27.5 %) with 
unilateral or bilateral renal agenesis whereas no 
disease-causing mutations in  GDNF  or  GFRα1  
were found in these cases [ 318 ]. Another study 
involving 105 fetuses with bilateral renal agene-
sis or hypodysplasia identifi ed  RET  mutations in 
less than 7 % of cases and detected no  GDNF  
mutations [ 145 ]. Similarly, a low detection rate 

for  GDNF  and  RET  mutations (<5 %) has been 
reported in a study involving 122 patients with 
UT malformations other than renal agenesis [ 53 ]. 
The explanation for detecting mutations in 
GDNF-RET pathway genes with such low fre-
quency is not clear, although it is possible that 
there may be critical as-yet undefi ned differences 
between humans and mice regarding molecular 
control of UB outgrowth and branching events. 

 The pace of gene discovery in humans with 
isolated urinary tract malformations has been 
accelerated by the development of array-based 
analyses, whole exome sequencing, and genome- 
wide association studies (GWAS) [ 352 ,  353 ]. 
Despite technological advances in bioinformatics 
and high-throughput sequencing, it is estimated 
that a monogenic cause is identifi ed in less than 
20 % of patients with at least one recognizable 
urinary tract defect [ 128 ,  222 ,  289 ,  354 ]. Oligenic 
inheritance or gene modifi er effects are likely to 
account for the remaining 80+% cases of chil-
dren with isolated urinary tract malformations 
[ 354 ]. Table  1.6  lists a number of websites which 
are searchable databases for information on 
genetic associations with human disease.

   Estimating the true prevalence of gene mutations 
in humans with severe urinary tract malformations 

   Table 1.6    Web resources for genetic associations with human disease   

 OMIM (Online Mendelian Inheritance in Man) 

 Web address    http://www.ncbi.nlm.nih.gov/omim     
 Summary  Curated database cataloguing known gene-disease associations and providing clinical and 

molecular information on Mendelian disorders 
 HuGE Navigator (Human Genome Epidemiology Navigator) 
 Web address    http://hugenavigator.net/HuGENavigator/home.do     
 Summary  Updated database in human genome epidemiology including population prevalence for genetic 

variants and disease-gene associations, gene-gene and gene-environment interactions, and 
interpretation of gene testing 

 DECIPHER (Database of Chromosomal Imbalances and Phenotype in Humans using Ensembl Resources) 
 Web address    http://decipher.sanger.ac.uk/     
 Summary  Curated database cataloguing known gene-disease associations and providing clinical and 

molecular information on Mendelian disorders 
 GeneTests 
 Web address    http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTests     
 Summary  Information center for clinical genetic testing including clinical and research lab directory 
 CTD (Comparative Toxicogenomics Database) 
 Web address    http://ctdbase.org/     
 Summary  Searchable database providing information on known and predicted gene-disease and chemical-

disease associations 
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is complicated by interactions between genetic, envi-
ronmental, and nutritional factors. Environmental, 
drug, or toxin exposure, and maternal nutrition have 
all been associated with the occurrence of urinary 
tract malformation in humans and rodents [ 18 ,  85 , 
 167 ,  266 ]. The strength of genotype-phenotype cor-
relation may be further weakened by incomplete 
penetrance or variable expressivity, as reported for 
non- syndromic forms of CAKUT with autosomal 
dominant inheritance patterns [ 194 ,  352 ]. These 
factors must be taken into consideration when 
weighing the benefi ts of offering genetic testing to 
patients or relatives.     
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        Fetal renal function is inherently related to 
fetal development, and management of preterm 
infants requires knowledge of renal develop-
mental stage in conjunction with gestational 
age and/or post- menstrual age. A variety of 
factors, including maternal health and gesta-
tional medication use, may result in renal dys-
function even in term infants. Optimal prenatal 
and postnatal care in cases of suspected renal 
dysfunction is required to decrease the likeli-
hood of long-term renal disease into 
adulthood. 

2.1     Developmental Regulation 
of Renal Structure 

 Renal development is marked by a series of tran-
sitional developmental structures prior to the 
generation of a fi nal mature kidney with key pro-
cesses broadly defi ned as nephrogenesis and 
branching morphogenesis. Early renal structures 
and tubular function begin to appear at 
9–12 weeks’ gestation in humans with a full com-
plement of new nephrons formed through the 
36th week gestation; thus, in the preterm infant, 
nephrogenesis continues after birth leading to 

36 weeks post-menstrual age [ 1 ]. Early 
 regionalization within the primitive kidney 
requires a series of molecular interactions key for 
formation of the metanephros (mature kidney), of 
which developmental understanding continues to 
evolve. A stepwise series of both spatial and tem-
porally regulated gene expression is required to 
provide proteins needed for key transcription fac-
tors, growth factors, receptors, and extracellular 
matrix components in renal development [ 2 ]. An 
in-depth review of these processes can be found 
by Dressler [ 3 ]. 

 The developing kidney arises from intermedi-
ate mesoderm with demarcation of this territory 
noted by expression of two paired-box, or  PAX , 
genes –  PAX-2  and  PAX-8  [ 4 ]. The earliest renal 
precursor in mammals, the nephric duct, arises 
from intermediate mesoderm [ 5 ]. The nephric 
duct extends caudally in the fetus with primi-
tive renal tubular development demonstrated 
at approximately gestational week three with 
appearance of nonfunctional organs called the 
pronephric tubules. These primitive tubules sub-
sequently involute with resultant formation of the 
mesonephric tubules – 20 pairs of thick walled 
tubules and corresponding glomeruli. The meso-
nephros is capable of urine formation by week 5 
gestation. The mesonephros subsequently devel-
ops an outgrowth, called the ureteric bud, from 
the caudal end of the former nephric duct itself. 

 Appearance of the ureteric bud corresponds 
with degeneration of the mesonephros at weeks 
11–12 gestation. At this time, there is growth of 
the ureteric bud toward the nephrogenic  blastema, 
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an undifferentiated mesenchymal cell mass within 
the metanephric mesenchyme. Conversion of the 
metanephric mesenchyme and ureteric bud into 
the metanephros requires both spatial and tempo-
ral regulation of gene expression (as well as gene 
repression). This conversion is mediated by recip-
rocal inductive signaling between the ureteric bud 
and metanephric mesenchyme, leading to devel-
opment of the metanephros. Reciprocal induc-
tion between the ureteric bud and mesenchyme 
requires both secretion of glial- derived neuro-
trophic growth factor (GDNF) from the meta-
nephric mesenchyme and intact expression of the 
GDNF receptor,  c-ret , within the ureteric bud [ 6 ]. 

This inductive signaling event catalyzes what is 
known as the mesenchyme- to-epithelial transition 
(see Fig.  2.1 ). As part of this transition, outgrowth 
from the ureteric bud forms a renal vesicle, which 
subsequently involutes to form a second structure 
called a comma-shaped body. The comma-shaped 
body involutes a second time to form the s-shaped 
body. In conjunction, new epithelial cells within 
the s-shaped body come into contact with nearby 
invading endothelial cells to form an early glo-
merular basement membrane. This repetitive 
process is termed branching morphogenesis and 
results in formation of the renal collecting system. 
Recruitment and growth of nearby endothelial 

S-shaped body Nephron

Ureteric
bud tips

Stroma

Renal vesicleCondensed
mesenchyme

Ureteric
bud

Proximal
tubule

Collecting
duct

Thick
ascending
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glomerular
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  Fig. 2.1    Sequential steps    of nephrogenesis. Induction of 
the metanephric mesenchyme by the ureteric bud pro-
motes aggregation of the condensed mesenchyme around 
the bud tips. These aggregates become polarized as they 

undergo mesenchyme-to-epithelial ( MET ) conversion to 
generate the renal vesicle. Meanwhile, the ureteric bud 
continues to branch and induce new aggregates at the bud 
tips [ 5 ]       
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cells and mesangial  precursors yields glomerular 
capillary tufts as nephrons continue to develop 
from the innermost aspect of the fetal kidney 
toward the young renal cortex.

   Proper nephrogenesis requires several genetic 
factors be present to allow for full fi nal nephron 
complement. In the developing mammalian kid-
ney, the expression pattern of the transcription 
factor  PAX-2  plays an important functional role 
in the differentiation of the renal epithelium [ 7 ]. 
Although  PAX  expression is noted very early 
in development within the intermediate meso-
derm,  PAX-2  gene activation requires induction 
via the ureteric bud and is not an inherent prop-
erty of the metanephric mesenchyme. During a 
well-defi ned sequence of morphogenic events, 
 PAX-2  expression is observed in the ureteric 
bud, comma- shaped bodies, nuclei of condens-
ing mesenchyme, and early collecting tubule 
[ 8 ]. Expression persists in the collecting ducts, 
comma-shaped body, and in the distal two-thirds 
of the s-shaped body; however,  PAX-2  downreg-
ulation is noted in the proximal segment of the 
s-shaped body where podocyte precursors origi-
nate. Overexpression of  PAX-2  within these ini-
tial structures, as well as mature tubules, has been 
demonstrated to lead to atrophic glomeruli and 
microcystic tubular dilation [ 9 ]. 

 The Wilms’ tumor suppressor gene  WT1  is an 
early marker of metanephric mesenchyme and 
is essential in the survival of the metanephric 
mesenchyme, for regulation of GDNF expres-
sion, and the promotion of survival of uninduced 
cells [ 10 ]. WT1 expression is temporally and 
spatially regulated, and in later stages of devel-
opment,  WT1  is expressed at high levels in the 
newly formed podocyte cells of the glomerulus 
as well as the s-shaped body. The  WT1  gene is 
associated with developmental abnormalities in 
the  developing human genitourinary system, and 
 WT1  knockout mice demonstrate an absence of 
renal and genital development [ 11 ]. 

 Literature demonstrates genes such as  PAX-2  
and  WT1 , as well as the proto-oncogenes  c -myc 
and  n -myc, are involved in the development of 
specialized renal epithelial cells and may also 
impact development of other renal cell lineages. 
 C -myc is found widely within uninduced 

 mesenchyme as well as early epithelial structures 
[ 12 ]. The proto-oncogene  n -myc, in contrast, is 
not noted within uninduced mesenchyme but 
rather is upregulated in early epithelial differen-
tiation [ 13 ]. Failure of  c -myc expression to down-
regulate is associated with tubular hyperplasia 
and cyst formation [ 14 ]. 

 Multiple growth factors work synergistically 
with transcription factors such as  PAX-2  and  WT1  
in renal cell differentiation [ 15 ,  16 ]. One key 
growth factor has been previously mentioned—
GDNF. This factor is required for proper ureteric 
bud outgrowth and also provides the ligand and 
signal to the  c-ret  oncogene receptor within the 
ureteric bud [ 7 ]. Other important growth factors 
known to infl uence renal organogenesis include 
transforming growth factor-α (TGF-α) and 
TGF- β, as well as platelet-derived growth fac-
tor [ 17 – 20 ]. TGF-β has been shown to stimulate 
extracellular matrix deposition and antibodies to 
TGF-α are noted to block cell growth and differ-
entiation [ 18 ,  21 ]. Platelet-derived growth factor 
is key in development of the glomerular vascular 
stock [ 22 ]. 

 Regulation of fl uid and electrolyte balance in 
the developed kidney is dependent on both a spa-
tial and temporal relationship of gene expression 
within the developing fetus. The aforementioned 
epithelial-mesenchymal interactions and subse-
quent branching morphogenesis are essential for 
mature renal functions in order that renal hemo-
dynamics are well controlled and glomerular 
function established to allow for fl uid and elec-
trolyte balance after birth.  

2.2     Fetal Regulation of Renal 
Hemodynamics 

2.2.1     Renal Blood Flow 

 Sheep models have provided a large amount of 
the primary experimental work to date regard-
ing renal blood fl ow and hemodynamics. A high 
state of renal vascular resistance and low fi ltra-
tion fraction contribute to the difference in renal 
blood fl ow between the fetus and neonate, with 
the newborn receiving approximately 15 % of 
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cardiac output compared to ~3 % in utero [ 23 , 
 24 ]. At the time of birth in lambs, there are both 
a redistribution of blood fl ow from the inner to 
outer superfi cial renal cortex and an immediate, 
overall increase in renal blood fl ow [ 24 ,  25 ]. The 
increase in renal blood fl ow is linear in nature 
and associated with a rise in arterial blood pres-
sure and corresponding decrease in renal vascular 
resistance; however, multiple other factors con-
tribute signifi cantly to postnatal changes in renal 
hemodynamics, including the renin- angiotensin 
system, renal neurovascular adaptations, and 
small molecule infl uences such as adenosine, 
atrial natriuretic factor (ANF), and prostaglan-
dins [ 26 – 28 ]. 

 The ability to autoregulate blood fl ow despite 
alterations in perfusion pressure becomes increas-
ingly more evident after birth. The fetal kidney 
appears to have a moderate degree of autoregula-
tion capability despite low perfusion pressures in 
the fetus of 40–60 mmHg. The adult kidney’s 
ability to maintain blood fl ow with alterations in 
perfusion pressure between 80 and 150 mmHg is 
likely due to the neurovascular bundle in moder-
ating fl ow, whereas fetal adaptation may be more 
under the infl uence of small molecules such as 
arginine vasopressin (AVP) [ 29 ,  30 ].  

2.2.2     Renin-Angiotensin System 

 Several studies have demonstrated the ability of 
the renin-angiotensin system in the regulation of 
fetal blood pressure and renal blood fl ow. 
Additionally, angiotensin II (AII) has both impor-
tant properties as a growth factor and is also 
required for normal nephrogenesis. Impairment 
of the perinatal renin-angiotensin system, present 
from the developing mesonephros, has been dem-
onstrated to impair nephrogenesis as well as lead 
to a reduced perinatal mass and hypertension in 
adults [ 31 – 35 ]. The fetus is able to release renin 
into fetal circulation with generally higher fetal 
than maternal levels of renin noted [ 32 – 35 ]. 
Physiologically, AII serves to increase glomerular 
efferent tone in the fetus. Additionally, the fetus is 
able to self-generate AII with stimulation of renin 
release [ 32 ,  34 ]. AII administered  intravenously 

to the fetus leads to increases in arterial blood 
pressure. In contrast, despite decreases in renal 
blood fl ow with administration of AII in fetal 
sheep, the fetal glomerular fi ltration rate (GFR) 
remains constant [ 36 ]. Administration of losartan, 
an AII receptor blocker, as well as the angioten-
sin-converting enzyme inhibitor, captopril, in the 
third trimester of fetal sheep development results 
in decreased fetal blood pressure, a decrease in 
fetal vascular resistance, and increase in renal 
blood fl ow which all contribute to a decrease in 
GFR [ 37 ]. Histologically, manifestations of AII 
receptor blocker usage may be seen as severely 
disturbed renal architecture including tubular dys-
genesis associated with underdeveloped vasa 
recta (see Fig.  2.2 ) [ 38 ].

   The development and actions of the renin- 
angiotensin system in the fetus have signifi cant 
ramifi cations for long-term postnatal morbidity 
with abnormalities in the renin-angiotensin sys-
tem leading to abnormal glomeruli and tubular 
abnormalities. Maternal low-protein diets have 
been noted to have an impact on AII actions in 
utero, leading to a decrease in renal mass and 
adult hypertension [ 39 ]. Salient observations per-
sist regarding the use of both losartan and capto-
pril in pregnant women with harmful fetal effects 
including fetal hypotension, renal tubular dyspla-
sia, pulmonary hypoplasia, growth retardation, 
patent ductus arteriosus, as well as increased fetal 
and neonatal mortality [ 40 ,  41 ]. Additionally, the 
renin-angiotensin system plays a key role in fetal 
cardiovascular and renal responses to blood loss 
with a substantial rise in renin and angiotensin 
levels in response to rapid reduction in fetal blood 
volume [ 42 – 45 ].  

2.2.3     Renal Sympathetic Nervous 
System 

 Studies have suggested that circulating catechol-
amines and the sympathetic nervous system play 
a role in the hemodynamics of the developing 
renal system [ 30 ,  46 – 48 ]. The renal sympathetic 
nervous system (SNS) increases renal vascular 
tone in both the afferent and efferent arterioles 
and plays a vital role in fetal adaption to 
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 challenges such as fetal asphyxia. SNS responses 
develop signifi cantly in the third trimester, with a 
general consensus suggesting that the overall 
function of the sympathetic state appears to be 
increased renal vascular tone. Studies in fetal 
lambs have corroborated this with the demonstra-
tion that fetal renal vasculature seems to be more 
sensitive to α1-adrenoceptor stimulation than in 
either newborns or adult sheep [ 49 ,  50 ]. These 
data are supported by the observation that low- 
level renal nerve stimulation can produce a 

greater fall in renal blood fl ow and a subsequent 
larger rise in renal vascular resistance in fetal 
versus newborn lambs [ 48 ]. Stimulation of the 
renal sympathetic system at higher levels is asso-
ciated with greater renal vasoconstriction in new-
born lambs than fetuses. Furthermore, the renal 
vasculature appears to be less responsive to renal 
nerve stimulation in newborn piglets than it is in 
adult comparisons [ 48 ,  51 ]. With maturation of 
the renal system, and consistent with other vascu-
lar beds in the developing body, upregulation of 
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  Fig. 2.2    ( a ) Kidney section showing cortical disarray, 
absent medullary rays, and increased number of glomeruli 
(hematoxylin and eosin). ( b ) High magnifi cation of the 
same section showing ischemic glomeruli with retracted 
tuft in glomerular chamber, decreased numbers of tubules, 
poorly differentiated, and abundant Mesenchymal tissue. 
( c ) Immunoperoxidase staining (CD 15 antibody) showed 
decreased numbers of proximal tubules, very poorly dif-

ferentiated. ( d ) Immunoperoxidase staining ( EMA  anti-
body) showed decreased numbers of distal tubules, poorly 
differentiated. ( e ) Immunoperoxidase staining ( α  – 
smooth muscle actin antibody) showed hypertrophy of the 
arterial and arteriolar media cells. ( f ) Immunoperoxidase 
staining (CD 34 antibody) showed hypertrophied endo-
thelial cells of the arterioles (With kind permission from 
Springer: Daikha-Dahmane et al. [ 38 ])       
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α2-adrenoceptors is associated with concomitant 
downregulation of the ß2-adrenoceptors in the 
renal vessels.  

2.2.4     Small Molecule Mediators of 
Renal Blood Flow In Utero 

2.2.4.1     Prostaglandins 
 With the advent of selected cyclooxygenase-2 
inhibitors and a better understanding of the pros-
taglandin synthetic pathway, it has become appar-
ent that prostaglandins are inherently important 
in the regulation of renal function [ 52 – 54 ]. Past 
investigators demonstrated and suggested that 
prostaglandins, specifi cally prostaglandins E2 
and I2, produced within the fetal kidney and 
placenta were involved in renal hemodynamic 
regulation and function through promoting sys-
temic and renal    vasodilation as well as diuresis 
[ 53 ,  54 ]. Clinical support for these hypotheses 
is present, with the relatively consistently recog-
nized decreased in renal output after prostaglan-
din inhibitors, such as indomethacin, in preterm 
and term infants with patent ductus arteriosus. 
Studies in fetal sheep have demonstrated that 
inhibition of prostaglandin synthesis during fetal 
life can produce a signifi cant decrease in blood 
fl ow with a subsequent rise in renal vascular 
resistance and arterial blood pressure [ 54 ,  55 ]. 
The use of medications such as indomethacin 
to stop preterm labor has been associated with 
oligohydramnios and neonatal oliguria [ 56 ], 
and this effect is likely secondary to a decrease 
in fetal urinary output resulting from decreased 
renal fetal blood fl ow [ 54 ]. Further research 
has demonstrated that prolonged indomethacin 
therapy, such as for patent ductus arteriosus, 
can transiently reduce renal blood fl ow in the 
very low birth weight infant with symptomatic 
patent ductus arteriosus [ 57 ]. Therefore, in the 
newborn period, a reduction in renal blood fl ow 
does appear to be a direct effect of indometha-
cin. In general, it appears that the high circulat-
ing plasma levels of vasodilatory prostaglandins 
counteract with highly activated vasoconstricted 
state of the neonatal microcirculation [ 57 ]. 
Thus, the renal vasoconstrictor effect by pros-

taglandin synthesis inhibitors can  certainly be 
detrimental, especially in the immature kidney.  

2.2.4.2     Kallikrein-Kinin System 
 Bradykinin is a vasodilator and diuretic peptide 
produced by the kallikrein enzymes in the col-
lecting tubules of the kidney and thought to play 
a role in renal morphogenesis. Renal expression 
of kallikrein is initially low at birth but rapidly 
rises in the postnatal period. The excretion of bra-
dykinin in fetal urine also correlates with a rise in 
renal blood fl ow. In the adult, the intrarenal kinins 
apparently act in a paracrine fashion and infl u-
ence renal hemodynamics, along with sodium 
and water excretion in the kidney. In the devel-
oping rat kidney, kallikrein immunoreactivity is 
localized to the intracortical nephrons within the 
distal tubules [ 58 ]. The kallikrein expression fol-
lows a central fugal pattern of nephron matura-
tion. This fi nding suggests that the kinins may 
contribute to a preferential distribution of blood 
fl ow toward the inner cortex during early devel-
opment. Findings in fetal sheep as well as in rats 
and humans all support the apparent increase 
in activity of the kallikrein system after birth 
[ 58 – 60 ].  

2.2.4.3     Nitric Oxide 
 The overall relevance of nitric oxide and its role 
in different kidney function have not been fully 
elucidated [ 61 – 64 ]. Certainly, it appears that 
nitric oxide is involved in vasodilation and the 
regulation of proximal reabsorption of fl uid, salt, 
and phosphorus; however, its underlying specifi c 
functions and role under basal conditions are still 
unclear [ 65 ]. Nitric oxide defi nitely plays a role 
in regulating the renal vascular endothelium dur-
ing development [ 61 ,  62 ]. Nitric oxide does play 
an extensive role in normal renal function; 
whereby, when nitric oxide is inhibited in the 
third trimester of fetal sheep, there is an increase 
in renal vascular resistance, a decrease in GFR, 
and a decline in urinary excretion of sodium [ 61 ].  

2.2.4.4     Atrial Natriuretic Factor (ANF) 
 Atrial natriuretic factor (ANF) has potent 
diuretic, natriuretic, and vasodilatory effects. 
ANF is secreted by cardiac myocytes and can 
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increase GFR, inhibit renin and aldosterone 
release, as well as relax and increase vascular 
permeability [ 66 – 69 ]. Evidence further suggests 
that ANF plays a role in the physiologic adapta-
tion of the fetus and neonate to a changing fl uid 
environment via regulation of blood pressure, 
fl uid volume, and natriuresis [ 70 ]. Plasma ANF 
concentrations in the human are elevated in the 
fi rst days of life and decrease as maturation pro-
gresses, suggestive of a primary role in the natri-
uresis and diuresis that occur postnatally [ 70 ]. 
After this initial diuresis, the neonate develops a 
stage of positive sodium balance, which is 
required for proper somatic growth. 

 Various stimuli have been observed to increase 
ANF levels in the fetus. Circulating ANF levels 
are detectable by mid-gestation in fetal sheep and 
are normally greater in fetal versus maternal cir-
culation [ 46 ,  67 ,  71 – 74 ]. Additionally, preterm 
infants have been noted to have higher ANF lev-
els than full-term neonates [ 66 ]. Certain stimuli 
are known to increase fetal plasma ANF levels, 
including acute volume expansion and blood 
transfusion in the human fetus [ 70 ]. The renal 
effects of infused ANF are blunted in the fetus 
compared with the adult. 

 Overall, the effects of ANF in the fetus are 
similar to those in the adult in that ANF decreases 
arterial pressure and blood volume in both [ 75 ]. 
There is also an increase in fetal urinary fl ow and 
electrolyte excretion, as well as a notable vasodi-
lation in the renal splanchnic bed [ 46 ,  66 ,  75 – 77 ]. 
The effects of ANF in the renal vasculature in the 
fetus appeared to be mediated by high-affi nity 
binding sites for a membrane-bound guanylate 
cyclase with subsequent increased production of 
cyclic guanosine 3′, 5′-monophosphate [ 78 ]. 
ANF not only binds guanylate cyclase receptor, 
but it also binds to an even greater number of 
receptors that are not coupled to the guanylate 
cyclase system. These have been classifi ed as 
clearance receptors and are believed to contribute 
to the regulation of plasma ANF by removal of 
this hormone from the plasma [ 70 ].  

2.2.4.5     Endothelin 
 Endothelin is a potent vasoconstrictor active 
within the fetal circulation. There are three 

known indigenous isoforms of endothelin in 
humans, designated ETI to ETIII [ 79 ]. The 
actions of these isoforms are mediated by two 
known-receptor subtypes, ETA and ETB. In 
humans, ETA receptors are present mainly on 
vascular smooth muscle cells and are chiefl y 
responsible for muscle contraction. Endothelin 
infusions in adults increase blood pressure and 
decrease cardiac output. In addition to these phe-
nomena, endothelin stimulation may enhance the 
release of nitric oxide and/or prostaglandins [ 79 ]. 

 In addition to its vasoconstrictor effects, endo-
thelin is known to increase fetal blood pressure 
and may induce hypoxemia and acidemia consis-
tent with noted effects on the umbilical blood 
vessels [ 80 ]. Endothelin has been found in mater-
nal blood, amniotic fl uid, and fetal circulation 
[ 81 – 84 ]. In contrast to adults, endothelin 
increases urinary fl ow rates and urinary electro-
lyte excretion in the fetus [ 80 ,  85 ]. This fi nding 
suggests that fetal endothelin has minimal vaso-
constrictive effects on renal afferent arterioles, in 
contrast to its known hemodynamic effects on the 
adult [ 85 ]. Once again, there may be a blunted 
effect in the fetus overall [ 79 ].    

2.3     Glomerular and Tubular 
Function In Utero 

 The maturation of GFR during fetal life is a result 
of the combination of all the events that occur dur-
ing the change from fetal to extrauterine life. 
Many of the potential stressors that the neonate 
faces during adaptation to extrauterine life can 
have a detrimental effect on renal output    [ 86 ]. 
Certainly, neonatal adversity (such as hypoxemia) 
may change the overall renal status and alter the 
transition to extrauterine life. In general, multiple 
factors oppose and promote fi ltration in tandem, 
including changes in renal vascular resistance, 
increasing nephron mass, and modifi cation of the 
forces involved in the process of ultrafi ltration 
with subsequent development of concentration 
gradients through proper sodium and urea deposi-
tion. There is a gradual increase in GFR in the fi rst 
week of life [ 71 ,  87 ,  88 ]. The rapidity of the GFR 
rise is indicative of a  functional rather than a 
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 morphologic change occurring within the kidney. 
Current opinion is that there is enhanced glomeru-
lar perfusion, resulting in the recruitment of the 
more superfi cial cortical nephrons that make up 
the nephron masses [ 25 ,  26 ]. To complicate mat-
ters, the fetus is    exposed to various medications in 
the clinical environment that can be inhibit or 
alter the vasoactive forces at work in the subse-
quent development of GFR. 

 The adaptation of the fetus to the postnatal 
environment requires a preprogrammed change in 
the GFR of the kidneys. The GFR is known to be 
low during fetal life due to placental maintenance 
of fl uid and electrolyte balance and clearance of 
metabolic wastes; thus, GFR is low, but it increases 
progressively with gestational age [ 89 – 92 ]. The 
GFR, especially in preterm neonates, is as low as 
one-third to one-fourth of values in the neonatal 
period [ 89 – 92 ]. Glomerular fi ltration rate values 
depend on gestational age, with a direct correla-
tion between the GFR and the gestational age of 
newborn infants delivered between 27 and 
43 weeks’ gestation [ 93 ,  94 ]. After the 1st month 
of life, GFR increases progressively and reaches 
adult levels between 1 and 2 years of life. 

 Although the sequence of development of 
renal tubules is becoming better understood, 
the sentinel events that allow differentiation and 
specifi cation of the proximal versus the other 
portions of the tubules remain elusive. The role 
of the kidney in fl uid and electrolyte homeosta-
sis is especially dependent on tubular matura-
tion. In utero, the placenta assumes the task of 
fetal fl uid and electrolyte balance while renal 
tubules mature. Prior to 20 weeks’ gestation, 
fetal urine is nearly isotonic with plasma due 
to immature tubular function and during later 
increasing gestation fetal urine becomes increas-
ingly  hypotonic [ 95 ]. 

2.3.1     Factors Infl uencing Renal 
Tubular Function 

 Although the fetal kidney’s hemodynamic sta-
tus and vasculature are affected by endocrine 
factors such as AVP, aldosterone, renin, AII, 
prostaglandins, and ANF, these hormones also 

have a graded effect on tubular function in the 
developing fetus. 

2.3.1.1     Aldosterone 
 Aldosterone is a salt-retaining steroid hormone 
that is produced in the adrenal cortex. It has 
been demonstrated to cross the placenta eas-
ily from the maternal circulation into the fetus 
[ 96 ,  97 ]. Accordingly, the fetal component of 
aldosterone accounts for approximately 60 % of 
the total noted in fetal circulation in guinea pigs 
and approximately 80 % in fetal sheep [ 98 ,  99 ]. 
Additionally, there is a correlation between fetal 
plasma aldosterone levels and both plasma renin 
activity and potassium level. Renal aldosterone 
levels also correlate with the ratio of urinary 
sodium to urinary potassium; the ratio decreases 
during fetal maturation as the plasma aldoste-
rone level rises [ 100 ]. The responsiveness of 
the fetus to aldosterone occurs in the same 
order of magnitude as it does in the adult and 
is also known to decrease plasma renin activity 
[ 101 – 103 ]. Some evidence suggests that aldo-
sterone-mediated tubular sodium reabsorption 
and potassium secretion are not coupled dur-
ing development. Contrary to the antinatriuretic 
effect of aldosterone on the fetal kidney, there is 
no noted increase in potassium excretion [ 101 ]. 
These fi ndings have also been extended to the 
newborn animal. Further evidence that the fetal 
kidney is less responsive to aldosterone infusion 
is the observation that the fractional excretion of 
sodium is greater than 1 % during either long-
term or short- term aldosterone infusion in the 
fetus when compared with the adult [ 104 ]. At 
this point, it is unclear whether this is a recep-
tor-mediated effect of aldosterone in the tubules 
or whether other factors may interfere with 
aldosterone action on the fetal renal tubule.  

2.3.1.2     Renin-Angiotensin System 
 With respect to its tubular function, the renin- 
angiotensin system appears to have a similar 
effect on fetal and adult kidneys. As expected, 
there is an inverse correlation between plasma 
renin activity and urinary sodium excretion 
[ 105 ]. Furosemide administration in fetal sheep 
causes both water and salt loss, stimulates renin 
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release, and promotes a subsequent decrease in 
sodium reabsorption [ 106 ]. The factors that could 
be responsible for this result include a direct 
effect of the renin-angiotensin system on the 
renal tubular sodium absorption and the estab-
lishment of tubular feedback mechanisms from 
the macula densa on reabsorption of sodium in 
the kidney.  

2.3.1.3    Prostaglandins 
 There may be a role for prostaglandins in modu-
lating fetal and neonatal sodium homeostasis. It 
is known that urinary excretion of prostaglandins 
is increased during fetal life and subsequently 
decreases in the neonatal period [ 54 ,  107 ]. 
Prostaglandins E2 and I2 are known to be natri-
uretic in adult animals. As mentioned prior, 
cyclooxygenase inhibitors such as indomethacin 
decrease sodium excretion in the adult but are 
conversely noted to cause increased sodium and 
chloride loss when administered to fetal sheep, 
despite a noted decrease in renal blood fl ow [ 54 ]. 
Because of the complex nature of other vasoac-
tive peptides and hormones activated at the time 
of fetal development, it is diffi cult to delineate 
the specifi c role of prostaglandins in this process, 
and further investigation is required.  

2.3.1.4    Atrial Natriuretic Factor 
 It has been demonstrated that the renal respon-
siveness to ANF changes with advancing fetal 
age. Toward the end of the third trimester of ges-
tation, the fetal kidney exhibits a minimal or 
modest natriuretic response to ANF infusion 
without changes in urine volume or GFR [ 108 ]. 
However, other data suggest that ANF may be 
involved in regulation of fetal urinary sodium 
excretion and urinary fl ow rates. These data also 
indicate that ANF is involved in the maintenance 
of arterial pressure in near-term fetal sheep [ 108 ]. 
Younger fetuses in mid-third trimester exhibit 
greater diuresis and natriuresis in response to 
ANF infusions, associated with a signifi cant 
increase in GFR [ 77 ,  109 ]. The seemingly contra-
dictory results may indicate that these responses 
are not necessarily caused by lower levels of 
ANF but rather that they may depend on an 
increased proportion of ANF clearance receptors 

in older fetuses, thus providing a feedback  control 
mechanism for this renal response [ 67 ].      

2.3.2     Tubular Regulation of Fluid 
and Electrolyte Balance 

2.3.2.1    Sodium 
 The fetal excretion    of sodium is greater in fetal 
life than later in either a newborn or an adult. 
This pattern has also been observed in prema-
ture infants, with sodium reabsorption rang-
ing between 85 and 95 %, and increases with 
gestational age. In the adult, more than 99 % 
of the fi ltered sodium load is reabsorbed in the 
renal tubules, and thus the fractional excretion 
of sodium is relatively low compared with the 
fetal and neonatal periods [ 89 – 91 ]. Various fac-
tors have been thought to contribute to the high 
rate of sodium excretion by the immature kidney 
including the presence of circulating natriuretic 
factors, the relative insensitivity to tubular reab-
sorption of sodium, the large extracellular fl uid 
volume, and the relative renal tubular immaturity 
in the fetus and neonate [ 100 ,  110 – 114 ]. In addi-
tion, mechanisms that are not clearly understood 
may play a role in a differential sodium reab-
sorption between a proximal and distal portion 
of the nephron [ 115 ], and, for example, in the 
fetal sheep, a signifi cantly greater fraction of fi l-
tered sodium load is reabsorbed in the distal por-
tion of the nephron than the proximal portion; 
this is the opposite of that which occurs in the 
adult kidney (Fig.  2.3 ).

   As the renal tubular cells differentiate into 
their respective portions of the nephron, associ-
ated maturation and obligatory changes occur in 
the function and abundance of many membrane 
proteins responsible for ion transport and nutri-
ents transport in the nephron. The obligatory 
changes are based on the requirements of that 
particular portion of the tubule. Although it may 
have less of an impact in the fetus, the proximal 
tubule still retains the ability to absorb the greatest 
amount of sodium in the fetus and neonate. The 
sodium/hydrogen exchanger (NHE) likely plays 
the most important regulatory role in this process 
by mediating the electroneutral exchange of one 
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sodium for one hydrogen, and thereby playing a 
role in the acidifi cation of urine [ 116 ]. At least 
four different isoforms (NHE1-4) have been iso-
lated [ 117 – 119 ]. NHE3 is thought to be the iso-
form present at the apical (luminal) membrane 
in the kidney and is therefore likely responsible 
for the bulk of transepithelial sodium reabsorp-
tion. NHE1 has been localized along the lateral 
plasma membrane of multiple nephron segments 
and does not appear to contribute to the transepi-
thelial sodium transport [ 119 ]. The function of 
this particular transporter seems to be more con-
sistent with cell volume regulation, growth, and 
pH defense [ 120 ]. NHE4 is mainly found in the 
collecting tubules of the kidney, suggesting that 
it may play a specialized role in rectifying cell 
volume in response to extreme osmotic fl uctua-
tions that occur in this area of the kidney [ 121 ]. 

 The interdependence of various sodium 
channels has become partially clarifi ed with the 
understanding of how NHE transporters may 
affect the sodium, potassium-adenosine tri-
phosphatase (Na+,K+-ATPase) channels. These 
enzymes are responsible for active sodium trans-
port in eukaryotic cells. In the mature kidney, 
they are located in the basolateral membrane 
of renal tubular cells. The interdependence of 
Na+,K+-ATPase and NHE channels may be 
related to the increase in sodium fi ltrate asso-
ciated with renal maturation. The increase in 
sodium fi ltrate may be an important factor in 
infl uencing the postnatal rise in Na+,K+-ATPase 
activity. Studies in rats have demonstrated that 
an increase or decrease in NHE activity can 
 stimulate or inhibit Na+,K+-ATPase activity, 
respectively [ 122 ].  

*

***

***

***

**

**

***

Total

100

80

60

40

20

0

%
 F

ilt
er

ed
 N

A
* 

Lo
ad

 R
ea

bs
or

be
d

Proximal Distal

Sheep aged 112–120 days

Sheep aged 126–132 days

Sheep aged 125–137 days

Adult sheep

  Fig. 2.3    Total fractional sodium reabsorption (Total) and 
fractional reabsorption of sodium by the proximal tubules 
(Proximal) and by the distal tubules (Distal) of fetal sheep 
aged 112–120 days      and 126–132 days      and adult 
sheep      in which proximal tubular sodium reabsorption 
was determined from the fractional reabsorption of 
 lithium and a group of fetal sheep aged 125–137 days 

     in which it was measured by blocking distal tubular 
sodium reabsorption with ethacrynic acid and amiloride. 
* p  < 0.05; ** p  < 0.01; *** p  < 0.001, fetal compared with 
adult values (From Lumbers et al. [ 115 ]. © 2008 Canadian 
Science Publishing or its licensors. Reproduced with 
permission)       
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2.3.2.2    Potassium 
 Potassium secretion by    the kidney is low early in 
gestation and increases toward term, leading 
toward a positive potassium balance in the fetus 
[ 115 ]. Data suggest that the secretory pathways 
for potassium appear to mature during late fetal 
life [ 100 ,  105 ,  111 ]. In general, it appears that 
potassium balance in the fetus is impacted by 
capability for tubular reabsorption, secretion 
after fi ltration across the glomerular membrane, 
and relative fetal parathyroid insuffi ciency. It has 
been thought that the increase in potassium secre-
tion as the fetus approaches term results from a 
larger tubular surface area available for potas-
sium secretion. In addition, there may also be a 
contribution from an increase in Na+,K+-ATPase 
activity or an increase in the sensitivity of fetal 
nephron to aldosterone that enhances potassium 
excretion [ 100 ,  105 ,  111 ]. Furthermore, as uri-
nary fl ow increases through the fetal kidneys, an 
increased gradient may allow for removal of 
more potassium in the urine. As such, from a 
clinical standpoint, it is not uncommon to have 
high potassium levels in the immediate neonatal 
period, especially in preterm infants. 

   Glucose 
 Interest in the effect of maternal hypoglycemia 
on multiple organ systems has grown substan-
tially since the early 1990s. In general, the reab-
sorption capacity for glucose is quite high in the 
fetus as demonstrated with work done in guinea 
pigs, fetal sheep, and newborn puppies [ 123 –
 125 ]. In fetal sheep, compared with adult sheep, 
investigators noted that the corrected maximal 
tubule excretory capacity of the kidneys for glu-
cose is greater in the fetus than in adult sheep. 
This is also true on the renal plasma threshold 
for glucose, which is greater during fetal life 
and increases with gestational age [ 124 ]. The 
sodium- dependent glucose transport system in 
fetal rabbit proximal tubules, late in gestation, is 
stereospecifi c, electrogenic, cation specifi c, and 
pH sensitive [ 126 ].   

2.3.2.3    Acid–Base Homeostasis 
 The ability for the fetal and neonatal kidney to 
handle organic acids and bases is limited. 

Secretion of the organic acid  p -aminohippurate is 
quite low in both fetal and neonatal periods [ 127 , 
 128 ]. There is some evidence to suggest that the 
fetal kidney can secrete organic bases but to a 
signifi cantly lesser degree than adults. It is 
thought that these fi ndings refl ect immature tubu-
lar secretory pathways present during develop-
ment. These phenomena may also be explained 
by the fi nding that the juxtamedullary circulation 
shunts blood through the vasa recta, thereby 
decreasing the peritubular circulation perfusing 
the secretory cells. As the kidney matures, blood 
fl ow changes and allows for improved secretory 
capability of the kidney itself. 

 Without the presence of an appropriately func-
tioning kidney in the adult, acid-base balance is 
unattainable. The kidney itself is responsible for 
reabsorption of the entire fi ltered bicarbonate 
load in proximal portions of the nephron and is 
also responsible for secretion of hydrogen ions 
and the generation of new bicarbonate through 
the urinary buffering systems of titratable acid 
and ammonium. Without the presence of these 
homeostatic mechanisms, the other metabolic 
processes of life, including growth and devel-
opment are severely restricted. Urinary pH is 
always less than the plasma titratable acid and 
ammonium associated with the rise in acid excre-
tion [ 92 ,  129 ]. It has been demonstrated that 
80–100 % of fi ltered bicarbonate load is reab-
sorbed by the fetal sheep [ 92 ,  130 ,  131 ]. This 
bicarbonate absorption provides the driving force 
for chloride reabsorption in the mature proximal 
tubule and also requires the presence of adequate 
carbonic anhydrase activity in these same seg-
ments. Both bicarbonate and chloride reabsorp-
tion have been noted to increase with age in the 
ovine fetus. This fi nding may refl ect increasing 
carbonic anhydrase activity, because inhibition 
with acetazolamide produces signifi cant increase 
in bicarbonate excretion and also an increase in 
urinary pH [ 130 ]. Corroborating this hypothesis 
is the observation that carbonic anhydrase is 
present in human fetal kidney in the late gesta-
tional phase [ 132 ]. Although there is a blunted 
renal response in the fetus to metabolic acidosis 
compared with the adult, the qualitative response 
of increased hydrogen ion excretion is similar to 
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that found in the adult animal [ 133 ,  134 ]. In the 
presence of fetal hyperglycemia, the resulting 
metabolic acidosis has not been noted to cause 
a change in the excretion rate of urinary buffers 
or urinary pH in the fetus, a fi nding suggesting 
that the placental regulation of fetal acid–base 
balance is suffi cient and contributes a portion of 
the buffering capabilities and capacity required 
by the fetus [ 135 ].  

2.3.2.4    Phosphate 
 Fetal plasma is noted to contain a greater concen-
tration of inorganic phosphate when compared 
with maternal plasma. This is inversely related to 
gestational age. The importance of phosphorus to 
the fetus is validated by the observation that it is 
transported across the placenta from the mother 
to the fetus against a concentration gradient 
[ 136 ]. There appears to be a unique sodium- 
phosphorus cotransporter in kidneys of growing 
animals that differs from the sodium-inorganic 
phosphorus-2 transporter, which is known to be 
modulated by dietary phosphorus intake. This 
cotransporter is thought to contribute to the high 
rate of renal phosphorus reabsorption during 
renal development [ 137 ]. In fetal sheep, between 
60 and 100 % of phosphorus is reabsorbed; the 
concentration of inorganic phosphorus in fetal 
urine is quite low [ 131 ]. The fetal kidney responds 
to parathyroid hormone with an increase of uri-
nary excretion of calcium and cyclic adenosine 
monophosphate [ 138 ]. There is a blunted and 
limited effect of parathyroid hormone on the uri-
nary excretion rate of phosphorus during fetal 
life. Thus, hyperphosphatemia may result in the 
presence of relative parathyroid insuffi ciency 
during fetal life and may compound the already 
low fetal renal clearance of phosphorus.   

2.3.3     Concentration Capacity in the 
Developing Kidney 

 During the last trimester of gestation, the fetal sheep 
has a urinary fl ow rate of approximately 1,500 mL/
day or urine, which is 0.5–1 mL/min [ 27 ,  90 , 
 139 ,  140 ]. The urinary fl ow rate in human fetuses 
increases ten-fold from 0.1 mL/min at 20 weeks to 

1 mL/min at 40 weeks with a subsequent reduction 
to 0.1 mL/min in the neonate [ 141 ]. 

 Fetal urine is usually hypotonic with respect 
to fetal plasma due to a variety of factors includ-
ing low collecting duct sensitivity to AVP, struc-
tural immaturity of the loop of Henle, as well as 
an immature concentration gradient in the fetal 
renal medulla due to limited protein intake (i.e., 
a urea defi cit). The range of osmolality is 100–
250 mOsm/kg H 2 O. However, the fetal kidney 
can adapt to its environment. The fetal kidney 
is able to produce diluted or concentrated urine, 
depending on the state of hydration of the mother 
as well as the fetus. One sees a fall in urinary 
fl ow rate and a decrease in free water clearance 
when mannitol is administered to pregnant ewes 
or when the mother has been deprived of water 
[ 142 – 145 ]. Direct infusion of AVP into the fetus 
also appears to cause a decrease in fetal free water 
clearance [ 146 ,  147 ]. Free water clearance has 
been directly correlated with the transfer of fl uid 
across the placenta. Therefore, decreases in net 
fl uid transfer across the placenta from the mother 
to the fetus result in decreased fetal urine produc-
tion and may account for increased osmolality 
and decreased urine fl ow in utero in response to 
fetal stress [ 148 ,  149 ]. Although this may par-
tially explain the decrease in urine fl ow rates in 
conditions of stress, other neuroendocrine path-
ways may also play a role. The kidney is not able 
to concentrate urine to adult levels until well after 
birth. Various factors are thought to contribute to 
the inability of the fetal kidney to concentrate 
urine [ 150 ]. A decrease in sensitivity of the col-
lecting ducts to the circulating AVP appears to be 
one such factor. Thus, the actions of vasopressin 
are hindered, and the fetus has an obligatory water 
loss. There are also limitations in the movement 
of urea and the reabsorption of sodium and chlo-
ride along the ascending limb of Henle, owing to 
structural immaturity and a preferential distribu-
tion of blood fl ow through the inner cortex. These 
factors result in a high fl ow through the vasa recta 
and prevent generation of a medullary concentra-
tion gradient. In addition, the fetus, generally 
speaking, has not had a suffi ciently high protein 
intake to generate signifi cant amounts of urea for 
the initial production of a  concentration gradient 
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in the medulla. Although the fetal kidney has a 
decreased ability to concentrate urine (because 
of what appears to be decreased responsiveness 
to AVP), the fetus has the ability to synthesize 
and/or secrete AVP [ 151 ]. Both synthesis and 
secretion of AVP occur during the last trimes-
ter of gestation [ 151 ]. In fetal sheep during the 
last trimester of gestation, both the volume and 
osmolality receptors controls for AVP secretion 
are fully functional [ 152 ]. In fact, AVP levels 
increase in fetal circulation after hemorrhage, 
hypoxemia, diuretic administration, or osmotic 
stimulus. An AVP challenge administered to fetal 
animals demonstrates the increased sensitivity to 
AVP when compared with the adult nephron [ 97 , 
 153 ,  154 ]. Under these conditions, the urinary 
osmolality is approximately one-third of what an 
adult animal would obtain for the same plasma 
AVP concentration [ 29 ]. Previous studies have 
demonstrated that when the V2 receptor for AVP 
is activated, fetal water reabsorption can increase 
early in gestation [ 155 ]. Expression and activa-
tion of collecting duct- specifi c water channels 
infl uences the ability of the active V2 receptor 
to increase water reabsorption. Membrane water 
channels called aquaporins (AQP) are also impor-
tant in renal water absorption. Within the kidney, 
AQP-2, the collecting duct AQP, has been dem-
onstrated to be the AVP-regulated water channel 
[ 156 ,  157 ]. This channel has been localized to the 
apical membrane of collecting duct cells, and its 
expression is regulated directly by the V2 recep-
tor [ 158 ]. AQP-2 is expressed in the medulla of 
the rat embryo as early as day 18, and by the time 
of birth, the overall distribution of AQP-2 in the 
newborn kidney is similar to that observed in the 
adult kidney [ 159 ]. These data provide support 
for studies that have demonstrated a role for AVP 
in the regulation of water balance in the fetus.      
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 Core Messages 

     1.    During both fetal and neonatal 
 development, total body water and its 
distribution into extracellular and intra-
cellular compartments vary. With matu-
ration, total body water as a proportion 
of body weight decreases, and there is 
increasing distribution of water into the 
intracellular compartment.   

   2.    Neonates can produce dilute urine but 
they have reduced urinary concentrating 
ability due to anatomic, biochemical, 
and hormonal factors affecting the kid-
ney. These factors change with matura-
tion, allowing increased water 
reabsorption in the nephron and an 
improved ability to maintain water bal-
ance and volume homeostasis across a 
broad spectrum of clinical conditions.   

   3.    Positive sodium balance is important for 
growth of the fetus and neonate. Sodium 
balance also signifi cantly affects extra-
cellular fl uid volume and effective cir-
culating volume. Accordingly, multiple 
mechanisms that vary according to 

developmental needs and nephron 
 segment differentiation are coordinated 
to regulate sodium homeostasis.   

   4.    Positive potassium balance is also nec-
essary for fetal and neonatal growth. 
Active transport mechanisms across the 
placenta from the mother insure ade-
quate delivery of potassium to the fetus. 
After birth, maturational changes occur 
in all nephron segments to enhance 
potassium handling and allow for its 
reabsorption or excretion as clinically 
indicated.   

   5.    Calcium, magnesium, and phosphorus 
are the major divalent ions that factor 
signifi cantly in fetal and neonatal 
growth and development. Their renal 
handling is often linked to homeostatic 
mechanisms that involve bone accretion 
and turn over as well as the gastrointes-
tinal tract.     

 Case Vignette 

 A 19-year-old primigravida woman was 
admitted after premature rupture of mem-
branes at 35 weeks’ gestation. Antenatal 
history was unremarkable except for mildly 
reduced amniotic fl uid volume noted on an 
initial 18-week gestation ultrasound that 
resolved on follow-up imaging. She deliv-
ered a 3,200 g boy vaginally who did well 

mailto: michael.somers@childrens.harvard.edu


78

3.1     Introduction 

 Body fl uid distribution and composition in the 
fetus and neonate differ from what is found in 
older children and adults. In fact, during intra-
uterine and perinatal life and persisting into the 
early postnatal period, high water content char-
acterizes body composition, with signifi cant and 
dynamic changes then occurring in its distribu-
tion as the child ages and grows. Maintaining 
the appropriate body fl uid balance at different 
developmental stages is critical for cell growth 
and differentiation and for organ formation and 
function. Accordingly, a host of unique regula-
tory mechanisms determine the distribution and 
composition of body fl uids in the fetus and new-
born and contribute to ongoing volume and bio-
chemical homeostasis in early childhood. In the 
following chapter, the main aspects of fl uid and 
electrolyte physiology in the fetus and neonate 
are reviewed, with particular emphasis on mech-
anisms regulating water, sodium, potassium, and 
the divalent ions.  

3.2     Body Fluid 

3.2.1     Body Fluid Distribution 

 Water, the most abundant substance in the body, 
is distributed into two main body compart-
ments—the intracellular fl uid (ICF) and the 
extracellular fl uid (ECF)—separated by the cell 
membrane. The ECF compartment is further sub-
divided into the intravascular space (plasma) and 
the extravascular space (interstitium), anatomi-
cally separated by the capillary wall. 

 During development, the proportion of total 
body water (TBW) as well as its distribution 
between ECF and ICF compartments varies 
(Fig.  3.1 ). Fetal composition is characterized by 
an extremely high proportion of TBW and, as 
gestation progresses, TBW decreases. In early 
pregnancy, TBW accounts for up to 95 % of the 
body’s weight, decreasing to 80 % at 26 weeks’ 
gestation and 75 % at term. Similar to TBW, ECF 
volume also decreases throughout gestation. 
Two-thirds of TBW is distributed into the ECF 

in the newborn nursery with only routine 
care. The infant was discharged home with 
the breastfeeding mother after 48 h with a 
weight of 3,000 g. 

 At 1 week of age, the baby was brought to 
the pediatrician’s offi ce for routine care. The 
mother reports that he is a “good” baby who 
seems to be generally quiet and sleepy. In 
response to questions from the pediatrician, 
his mother reported poor latching when he 
breastfeeds and slow feeding. She thinks her 
milk supply is just now becoming better 
established. She also reports perhaps fewer 
wet diapers in the day prior to this visit. On 
exam, the infant was arousable but the mucus 
membranes were dry and the anterior fonta-
nel was depressed. Vital signs demonstrated 
no fever, a pulse of 150, and a respiratory 
rate of 40. Blood pressure was not per-
formed, but capillary refi ll was thought ade-
quate. Weight was decreased to 2,500 g. 

 Given the 20 % weight loss from birth 
and the clinical circumstances, the infant 
was admitted for further evaluation, hydra-
tion, and observation. As part of a diagnos-
tic evaluation on admission, an electrolyte 
panel, BUN, and creatinine were obtained, 
revealing a sodium of 146 mmol/L, potas-
sium of 5.9 mmol/L, chloride 110 mmol/L, 
carbon dioxide 19 mmol/L, blood urea 
nitrogen 25 mg/dL, and serum creatinine of 
0.5 mg/dL. After an initial bolus of 40 mL 
of 0.9 % NaCl, the baby was offered for-
mula and avidly drank nearly an ounce, and 
no further intravenous hydration was pro-
vided. A lactation consultant arrived and 
observed the mother nursing the baby. She 
worked closely with the mother to optimize 
breastfeeding technique. Over the course of 
the next 2 days, the infant demonstrated 
weight gains of nearly 30 g daily and the 
mother and the nursing staff were both sat-
isfi ed with the technical aspects of breast-
feeding. Following discharge, the baby 
continued to thrive, weighing 4 kg at the 
1-month well-child visit. 
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compartment by 20 weeks of gestation, decreas-
ing to about half by 37–40 weeks. Of note, 
plasma volume does not change, remaining con-
stant at 4–5 % of body weight, with interstitial 
fl uid volumes shifting more. As a result, the ICF 
volume actually increases during fetal develop-
ment. In early gestation, only one-third of TBW 
is distributed to the ICF but this increases to one- 
half of TBW at term [ 52 ]. These changes seem to 
refl ect increases in cell density, body mass accre-
tion, and fat deposition [ 54 ].

   In the perinatal period, changes in the intra-
vascular volume also take place. First, the 
 relative intrapartum hypoxia increases fetal cap-
illary permeability leading to redistribution of 
the intravascular fl uid to the interstitium [ 19 ]. 
Postnatally, with good oxygenation, capillary 
integrity is restored, and the interstitial fl uid 
redistributes back to the intravascular space [ 19 ]. 
Second, vasoactive hormones such as vasopres-
sin, norepinephrine, and cortisol seem to play 
a role in reducing the intravascular volume. In 
animal models, infusion of these hormones into 
the fetal circulation reduced circulating blood 
volume and plasma volume [ 20 ,  144 ,  160 ]. 
Interestingly, elevated levels of these hormones 

have been reported in human neonates following 
vaginal delivery. Third, animal studies suggest 
that fetal arterial blood pressure increases in the 
days just prior to delivery and this could serve to 
drive fl uid out of the intravascular compartment 
via transcapillary redistribution [ 32 ]. Fourth, the 
timing of cord clamping after delivery affects 
intravascular volume in the newborn during the 
fi rst days of life. If the cord is clamped immedi-
ately, blood volume remains stable. If the cord is 
clamped late, however, or the newborn is posi-
tioned at or above placental level, blood will fl ow 
from the neonate back into the placenta, leading 
to a decrease in intravascular blood volume [ 84 ]. 

 At birth, further TBW and weight loss ensue. 
Full-term neonates lose about 5–10 % of body 
weight during the fi rst week of life, while very 
low birth weight preterm infants may have weight 
losses as high as 15 % [ 30 ,  131 ]. It is largely 
accepted that neonatal weight loss is mainly 
associated with ECF contraction, although the 
mechanisms mediating this process are not com-
pletely understood [ 9 ,  68 ,  131 ]. One hypothesis 
proposes that as pulmonary vascular resistance 
decreases and left atrial venous return increases 
after birth, atria overstretch stimulates the release 
of atrial natriuretic peptide (ANP) from myocar-
dial cells [ 149 ]. Once released, ANP enters the 
circulation and enhances renal Na +  and water 
excretion [ 120 ]. In contrast, others propose that 
the fl uid lost is mainly intracellular as a result of 
Na +  translocation out of the cellular milieu medi-
ated by the effect of prolactin, though this 
requires there to be some ECF loss that then hap-
pens for actual weight loss [ 34 ].  

3.2.2     Body Fluid Composition 

 The ICF and ECF solute composition are very 
different. In the ICF, the major cations are potas-
sium (K + ) and magnesium (Mg 2+ ), while the 
major anions are organic phosphates and pro-
teins. In contrast, in the ECF, sodium (Na + ) is the 
major cation, while chloride (Cl − ) and bicarbon-
ate (HCO  3  −  ) are the major anions. This asymmet-
ric distribution of cations (especially Na +  and K + ) 
across plasma membranes is maintained by the 

26 weeks of gestation

40 weeks of gestation

Adult

TBW - 80% body weight

TBW - 75% body weight

TBW - 60% body weight
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2/3 TBW

ECF
1/2 TBW

ECF
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ICF
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ICF
2/3 TBW

ICF
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  Fig. 3.1    Proportion of total body water ( TBW ) relative to 
body weight and distribution of TBW in body fl uid com-
partments at different ages. During development, TBW 
relative to body weight decreases. The proportion of 
extracellular fl uid ( ECF ) relative to TBW decreases dur-
ing development, while the proportion of intracellular 
fl uid ( ICF ) to TBW increases       

 

3 Fluid and Electrolyte Physiology in the Fetus and Neonate   



80

activity of Na + /K +  ATPase, which uses cellular 
energy to pump 3Na +  out of the cell in exchange 
for 2K +  moving intracellularly. Changes in the 
ECF osmolality drive the net movement of water 
[ 90 ]. Thus, a tight control of the ECF osmolality 
is required to maintain the ECF volume and, 
notably, the circulatory system, as well as to con-
trol the size and osmolality of the ICF. In the 
ECF, the capillary wall separating the intravascu-
lar from the extravascular compartments is freely 
permeable to ions but not proteins. Thus, the 
interstitial fl uid and plasma are similar in ionic 
composition, but protein concentration is signifi -
cantly higher in the plasma. This difference pro-
vides the oncotic pressure required to maintain 
fl uids in the intravascular space. 

 The total body distribution of ions does vary 
as the fetus develops (Table  3.1 ). For example, 
during early gestation, the fetal body has high 
Na +  content and low K +  content. As gestation 
progresses, Na +  content decreases and K +  con-
tent increases [ 164 ]. Similarly, there are ges-
tational increases in calcium, magnesium, and 
phosphorus.

3.3         Water Balance in the Fetus 
and the Newborn 

3.3.1     Water Balance in the Fetus 

 Fetal water acquisition primarily occurs across 
the placenta through complex processes whose 
regulation is poorly understood. Water fl ux may 
occur through both paracellular and transcellu-
lar routes and may potentially be driven by 
hydrostatic and osmotic pressure differences or 
active transport mechanisms. In guinea pigs and 

sheep models, fl uctuations in water fl ux have 
been reported when the perfusion pressure on 
the fetal side is altered suggesting that water 
transfer across the placenta may be a fl ow-
dependent process [ 21 ,  127 ]. Interestingly, stud-
ies in human placentas suggest that hydrostatic 
pressures are lower in the intervillous space 
(maternal side) than the umbilical vein (fetal 
side) [ 78 ] suggesting water movement from the 
fetus to the mother that argues against hydro-
static pressure as a mechanism explaining fetal 
water acquisition. From the osmotic pressure 
perspective, fetal plasma osmolality is equal to 
or slightly greater than maternal plasma osmo-
lality [ 42 ], and this would, in theory, potentially 
drive water from the mother to the fetus. The 
principal plasma solutes contributing to plasma 
osmolality are Na +  and Cl − , however, and these 
are both permeable across the placenta and 
should not contribute to any actual osmotic 
force [ 38 ]. An active transport of Na +  across the 
placenta, creating local osmotic difference and 
infl uencing local water fl ux, has been proposed 
and such a mechanism has actually been 
described in rats [ 142 ]. Whether hydrostatic or 
osmotic pressure or some combination of both 
serves as the main determinants of net water 
fl ux during fetal development is uncertain and 
requires further research. 

 There is evidence supporting transcellular 
solute-free water fl ow through water channels 
or aquaporins (AQPs) in the placenta. AQPs 
are membrane proteins that form hydrophilic 
pores. In the placenta, four different AQPs have 
been identifi ed (AQPs 1, 3, 8, and 9). AQP 3 
is expressed in the apical membranes of the 
syncytiotrophoblasts [ 37 ] and its expression 
changes throughout gestation [ 10 ]. In mouse 

   Table 3.1    Changes in body 
ion content throughout 
gestation a    

 Gestational
age (weeks) 

 Na +  
(meq) b  

 K + 
(meq) b  

 Cl − 
(meq) b  

 Ca++
(mg) b  

 Mg++
(mg) b  

 Ph
(mg) b  

 24  9.9  4  7  621  17.8  387 
 28  9.4  4.2  6.9  610  17.4  385 
 32  9.1  4.3  6.6  640  17.8  406 
 36  8.8  4.5  6.1  726  19  460 
 40  8.7  4.6  5.7  882  21.1  551 

   a Adapted from Ziegler et al. [ 164 ] 
  b These values are referenced per 100 g fat-free weight  
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models, AQP 3 expression increases early in 
fetal life and then decreases with advancing ges-
tation [ 10 ], a pattern that is also seen in studies 
evaluating placental permeability to water [ 75 ]. 
These fi ndings suggest that AQP 3 expression 
may be an important factor regulating placental 
water fl ux. 

 On the other hand, AQP 1 is located in the 
fetal chorioamnion [ 95 ] and seems to be involved 
in the movement of water between the fetus and 
amniotic fl uid. In fact, alterations in AQP 1 
expression appear to affect amniotic fl uid vol-
ume, leading to pathologic conditions such as 
polyhydramnios. This is supported by evidence 
showing that the amniotic fl uid volumes in AQP 
1 knockout mice are signifi cantly altered [ 94 ]. 
Moreover, the expression of AQP 1 in the pla-
centa of patients with elevated amniotic fl uid vol-
umes is increased [ 93 ]. Similar to AQP 3, AQP 1 
expression varies with gestation, being the high-
est early in gestation, decreasing thereafter, and 
rising again near term [ 85 ]. Finally, although 
AQP 8 and 9 have been identifi ed in human pla-
centas, their roles in water fl ux remain to be elu-
cidated [ 37 ,  154 ].  

3.3.2     Water Balance in the Newborn 

 In the early neonatal period, the infant’s body 
composition is characterized by a TBW excess 
and this water load can generally be excreted 
over the fi rst few days [ 119 ]. In fact, neonates 
can dilute their urine as well as older children 
and adults, though their ability to excrete a 
water load is limited by their initial low GFR. 
On the other hand, during the early neonatal 
period, urinary concentrating ability remains 
immature. In the typical early postpartum 
neonate, there is no need for maximal urinary 
concentrating ability, however, given the TBW 
excess. As a neonate matures and volume bal-
ance needs better regulation, urinary concen-
trating ability increases [ 110 ]. The reduced 
urinary concentrating ability is due to an ana-
tomically shorter loop of Henle, a relatively low 
interstitial NaCl and urea concentration, and 
decreased responsiveness to ADH by principal 

cells in the distal tubule. These factors are more 
pronounced in premature neonates [ 16 ,  47 ]. 

 ADH increases water permeability across 
the collecting duct (Fig.  3.2 ). ADH is produced 
in the paraventricular and supraoptic nuclei of 
the anterior hypothalamus and stored in the 
posterior hypothalamus. Its secretion is stimu-
lated by an increase in serum osmolality 
(>285 mOsm/kg) sensed by hypothalamic 
osmoreceptors or a decrease in volume sensed 
by carotid baroreceptors. Once in the circula-
tion, ADH binds to the vasopressin receptor 
(V2R) on the basolateral membrane of the prin-
cipal cell and activates the adenylate cyclase 
second messenger system [ 62 ,  121 ]. This 
increases intracellular cAMP and activates a 
downstream protein, protein kinase A (PKA), 
which then phosphorylates the cytoplasmic car-
boxyterminal end of AQP 2, resulting in the 
incorporation of this water channel into the api-
cal membrane of the cell [ 55 ,  56 ,  103 ]. Water 
fl ux will then ensue, entering the cell via apical 
AQP 2 and leaving through AQP 3 and 4 located 
in the basolateral membrane [ 86 ].

   In the neonate, low responsiveness to ADH is 
likely secondary to an immature intracellular sec-
ond messenger system rather than low secretion 
of ADH or inadequate number of VR2. This is 
supported by data showing that the generation of 
adenylcyclase, stimulated by ADH as well as the 
cAMP response, are both markedly reduced in 
the neonatal period [ 16 – 18 ,  114 ]. Moreover, 
cAMP degradation is increased, along with an 
increase in phosphodiesterase IV and subsequent 
inhibition of cAMP production by prostaglandin 
E2 [ 113 ]. ADH levels are actually elevated at 
birth [ 65 ], and no major changes are observed in 
the fi rst weeks of life [ 116 ]. Likewise, based on 
data in rodents, V2R expression is thought to be 
present in early gestation [ 105 ], and the number 
of V2R does not change during the fi rst weeks of 
life [ 1 ]. 

 To enhance water reabsorption, a hypertonic 
medullary interstitium is needed so that water 
will move down a concentration gradient from 
the tubular lumen [ 80 ]. The neonatal interstitium 
has a low tonicity secondary to limited concen-
trations of both NaCl and urea [ 49 ]. This is due 
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to low Na +  transport across the thick ascending 
loop of Henle [ 71 ], low expression of urea trans-
porters [ 79 ], and a short loop of Henle [ 29 ,  87 ]. 
With maturation and enhancing Na + /K +  ATPase 
activity, Na +  transport across the thick ascending 
loop of Henle increases [ 165 ]. Likewise, the loop 
of Henle physically elongates and penetrates the 
medulla, forming tubulovascular units [ 137 ]. 

Also, animal studies have reported an increased 
number of urea transporters during the fi rst 
2 weeks of life to increase interstitial urea con-
centration [ 49 ,  79 ]. Temporally, all these changes 
parallel the increasing concentrating ability 
observed in the maturing neonate, suggesting 
that these mechanisms do indeed contribute to 
the increasing interstitial tonicity.   
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  Fig. 3.2    Water transport across principal cell in the  distal 
tubule and collecting duct [ 16 ]. Antidiuretic hormone 
(ADH) secretion from the hypothalamus is stimulated by 
an increase in serum osmolality sensed by hypothalamic 
osmoreceptors or a decrease in volume sensed by carotid 
baroreceptors. Once in the circulation, ADH binds to 
the vasopressin receptor (V2R) on the basolateral mem-
brane of the principal cell and activates the adenylate 
cyclase (AC) second messenger system. This increases 
intracellular cAMP and activates a downstream protein, 
protein kinase A (PKA), which then phosphorylates the 

 cytoplasmic carboxyterminal end of aquaporin (AQP) 2 
resulting in the incorporation of this water channel into 
the apical membrane of the cell. Water fl ux will then 
ensue, entering the cell via apical AQP 2 and leaving 
through AQP 3 and 4 located in the basolateral mem-
brane. A hypertonic medullary interstitium is also needed 
for water to get reabsorbed from the tubular lumen. 
During the fi rst weeks of life, an increased number of urea 
transporters (UT-A) take place which in turn increases 
the interstitial urea concentration. This mechanism also 
 contributes to water transport across principal cells       
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3.4     Sodium Balance in the Fetus 
and Neonate 

 Na +  is the main extracellular cation. In fact, more 
than 95 % of total body Na +  is in the extracellular 
compartment, with concentrations ranging from 135 
to 145 mmol/L. Conversely, the intracellular fl uid 
contains a relatively low Na +  concentration of 
~10 mmol/L. This signifi cant electrochemical Na +  
gradient across the cell membrane provides the driv-
ing force for the cotransport of other substances, 
either along with or in exchange for Na + . The Na +  
balance is an essential determinant of the ECF vol-
ume which, in turn, is crucial to sustaining the circu-
latory system and delivery of oxygen and nutrients 
to cells. Given this important role, multiple mecha-
nisms are coordinated to regulate Na +  concentration, 
varying according to specifi c developmental stages. 

3.4.1     Sodium Physiology 
in the Fetus 

 During fetal life, appropriate Na +  provision is 
required for growth. Mathematical models esti-
mate that normal human fetal growth requires 
approximately 1.8 mmol of Na + /kg/day. This Na +  
balance is primarily regulated by the placenta, 
with the fetal kidneys having a minimal role. 
Na +  is thought to be passively and bidirection-
ally transported, via paracellular diffusion across 
the placenta between the mother and the fetus. 
Fetal plasma concentration of Na +  remains simi-
lar to or slightly lower than maternal concentra-
tion between 18 and 40 weeks of gestation [ 61 ], 
supporting a passive bidirectional transport of 
Na +  (Fig.  3.1 ). Moreover, gross Na +  transfer from 
mother to fetus is 10–100 times higher than the 
Na +  actually retained by the fetus [ 48 ], again sug-
gesting bidirectional passive transport. 

 Given such passive Na +  fl ux, active transport 
of Na +  to the fetus does not seem to be necessar-
ily required for the fetus to maintain Na +  balance. 
Evidence exists, however, that there are active Na +  
transport systems in the placental syncytiotropho-
blast, including Na + /H +  exchangers [ 7 ], Na + /Pi 

exchangers [ 82 ], and Na-amino acid  cotransporters 
[ 99 ] on the maternal side and Na + /K +  ATPase [ 155 ] 
on the fetal side (Fig.  3.3 ). Interestingly, some of 
these Na +  transporters undergo changes in expres-
sion and activity during gestation. For example, the 
activity of the Na + /H +  exchanger increases as gesta-
tion progresses [ 73 ,  91 ]. At the same time, patho-
logic characteristics in the fetal milieu seem to have 
an effect on the activity of these transporters. For 
instance, the activity of the Na + /H +  exchanger and 
Na + /K +  ATPase is reduced in newborns with intra-
uterine growth retardation [ 76 ,  107 ]. These fi ndings 
suggest that the active transport mechanisms across 
the placenta do indeed factor in some aspects of 
fetal solute homeostasis although, at this point, their 
specifi c physiological relevance remains unclear.

3.4.2        Sodium Physiology 
in the Neonate 

 During infancy, a positive Na +  balance is required 
longitudinally for adequate growth [ 67 ]. Since 
neonatal Na +  intake is limited due to the low Na +  
content in breast milk or formula, the kidneys 
play a major role in allowing Na +  balance to be 
attained, and there seem to be specifi c matura-
tional changes in the nephron during the neonatal 
period that permit such a positive Na +  balance. 

 Although eventually a positive Na +  balance pre-
vails throughout infancy, in the immediate period 
after birth, neonates actually manifest a negative 
Na +  balance associated with increased urinary Na +  
excretion and high fractional excretion of Na +  
(FeNa). Notably, urinary excretion of Na +  is 
inversely related to gestational age. Premature neo-
nates <30 weeks of gestation have a FeNa near 5 % 
[ 133 ], whereas full-term neonates have a FeNa 
closer to 3 % [ 156 ]. With advancing gestational and 
postnatal age, FeNa can decrease and renal Na +  
conservation can improve [ 118 ]. With most full-
term babies, FeNa falls to values less than 1 % 
within days, whereas in premature neonates FeNa 
reaches these levels within 2 weeks [ 150 ]. 

 This high initial perinatal FeNa results, in 
part, from a physiologic natriuresis that occurs 
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as an adaptation to extrauterine life, presumably 
to eliminate excess ECW and Na + . In preterm 
infants, this process is proportionately greater 
than in term infants [ 53 ], and in all infants, 
atrial natriuretic peptide (ANP) release has been 
thought to mediate this perinatal physiologic 
natriuresis [ 149 ]. Specifi cally, pulmonary vas-
cular resistance decreases and left atrial venous 
return increases after birth; the atria overstretch 
and stimulate the release of ANP from myocar-
dial cells [ 60 ]. Once released, ANP enters the 
circulation, binds to its receptor in the basolateral 
membrane of the collecting duct principal cells, 
activates guanylate cyclase thereby increasing 
intracellular levels of cGMP, and inhibits Na +  
reabsorption by closing the amiloride-sensitive 
Na +  channels (ENaC) [ 31 ]. ANP release has also 
been implicated in other actions that may pro-
mote natriuresis including an increase in GFR, 

vasodilation, and inhibition of the renin-angio-
tensin-aldosterone [ 60 ]. As a neonate matures, 
ANP levels tend to decrease [ 14 ]. 

 In addition to the decrease in circulating lev-
els of ANP, maturational changes in the renal 
Na +  transport systems also affect FeNa in the 
neonate (Table  3.2 ). At birth, Na +  transporters 
in the kidney are relatively low in both distri-
bution and activity. As maturation progresses, 
they increase in number and also acquire 
maximal enzymatic potential, resulting in an 
increased Na +  transporting capacity along the 
renal tubule [ 138 ].

   Of particular importance is the Na + /K +  
ATPase located in the basolateral membrane of 
renal tubular cells [ 44 ]. As previously noted, 
the Na + /K +  ATPase actively exchanges 3Na +  
ions out of the cell for 2K +  ions that enter 
into the cell, resulting in an intracellular Na +  
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  Fig. 3.3    Na +  transfer 
mechanisms across the 
placenta. A passive 
bidirectional transport via 
paracellular diffusion 
accomplishes Na +  transport 
across the human placenta. 
Although active transport 
mechanisms are also present 
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physiological signifi cance is 
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 concentration one- tenth that of plasma and a 
−60 mV potential difference across the plasma 
membrane. Na + /K +  ATPase activity under-
goes developmental changes in the fetus and 
neonate. In neonates born before 35 weeks 
of gestation, red blood cells Na + /K +  ATPase 
activity is lower than that in neonates of more 
advanced gestation [ 15 ]. Likewise, in renal 
epithelial cells, animal studies have shown 
increases in Na + /K +  ATPase activity paralleling 
the increased Na +  reabsorption observed during 
kidney maturation [ 2 ,  125 ,  128 ]. By 2 weeks 
of life, Na + /K +  ATPase activity is similar in all 
neonates irrespective of gestational age [ 15 ]. 
Glucocorticoids have been posited to play an 
important role regulating these developmental 
changes. This is supported by evidence in rats 
showing that exposure to betamethasone during 
development increases Na + /K +  ATPase activity 
[ 3 ]. Thyroid hormone surge at birth may also 
enhance Na + /K +  ATPase [ 98 ]. In contrast to glu-
cocorticoids and thyroid hormone, dopamine 
seems to inhibit Na + /K +  ATPase activity, with 
animal studies suggesting that during develop-
ment, the natriuretic response to dopamine is 
decreased, in part due to a reduced inhibitory 
effect on Na + /K +  ATPase activity [ 12 ].  

3.4.3     Sodium Handling 
Sequentially in the Renal 
Tubule 

 The sequential tubular segments of the neph-
ron—proximal convoluted tubule (early and late 
segments), loop of Henle, distal tubule (early and 
late segments), and collecting ducts (cortical and 
medullary)—each play an important role in 
maintaining Na +  balance (Fig.  3.4 ). How they 
accomplish this homeostasis is a refl ection on 
their differing Na +  transport systems.

3.4.3.1       Proximal Convoluted Tubule 
 The bulk of Na +  reabsorption takes place in the 
proximal tubule (~65 % of fi ltered Na + ). These 
multiple Na +  transporter systems are mainly 
driven by the electrochemical gradient gener-
ated by the Na + /K +  ATPase. In the early segment 
of the proximal tubule, several cotransporters 
reabsorb Na +  mostly with organic solutes and 
HCO  3  −  , whereas in the late segment Na +  is pri-
marily reabsorbed with Cl − . During the neonatal 
period, the reabsorption of Na +  in the proximal 
segment increases three- to fourfold along with 
the increased activity in Na + /K +  ATPase, sodium- 
proton (Na + /H + ) exchanger,  sodium-dependent 

   Table 3.2    Summary of developmental changes in Na +  transport mechanisms   

 Nephron segment 

 Maturational changes in Na +  transport systems 

 Transporter 
 Activity of transporter
as gestation progresses 

 Mechanism regulating developmental
changes 

 Proximal tubule  Na + /H +  exchanger 3  Increases  Induced by glucocorticoids,
and angiotensin II 

 Na + /Pi  Decreases  Induced by growth hormone and IGF;
inhibited by PTH 

 Na +  glucose (or aa)  Increases  ? 
 Na + /K +  ATPase  Increases  Induced by glucocorticoids and thyroid

hormones; inhibited by dopamine 
 Loop of Henle  Na + /2Cl − /K +   Increases  ? 

 Na + /K +  ATPase  Increases; its activity is
greater in this segment
than in other segments 

 Induced by glucocorticoids and thyroid
hormones; inhibited by dopamine 

 Early distal tubule  Na + /Cl −   Increases  ? 
 Na + /K +  ATPase  Increases  Induced by glucocorticoids and thyroid

hormones; inhibited by dopamine 
 Late distal tubule
and collecting duct 

 ENaC  Increases  ?; endogenous glucocorticoids do not
induce ENaC developmental changes 

 Na + /K +  ATPase  Increases  Induced by glucocorticoids and thyroid
hormones; inhibited by dopamine 
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phosphate (Na + /Pi) cotransporter, Na + /glucose 
cotransporter, and Na + /amino acid cotransporter 
[ 28 ]. 

 The electroneutral Na + /H +  exchanger is the 
principal mediator of Na +  reabsorption in the 
proximal tubule [ 35 ,  36 ]. Of note, multiple Na + /
H +  exchanger isoforms are present in the kidney, 
and the Na + /H +  exchanger 3, located on the api-
cal side of proximal tubule epithelial cells, car-
ries Na +  into the cell in exchange for H +  secretion 
[ 13 ,  22 ]. The net product of this exchange is reab-
sorption of NaHCO 3  by mechanisms that will be 
discussed in a later chapter. Na + /H +  exchangers 1 
and 4 are isoforms found on the basolateral side 
of the proximal tubule cell [ 13 ,  22 ,  78 ]. Na + /H +  
exchanger activity as well as mRNA expression 
of some of the Na + /H +  exchangers may undergo 
maturational changes [ 132 ]. The postnatal 
maturation seems to be enhanced by glucocor-
ticoids stimulation, as demonstrated by animal 
studies showing increased Na + /H +   activity and 

 mRNA/protein expression in fetuses exposed 
to  glucocorticoids [ 11 ,  64 ]. In addition to glu-
cocorticoids, rodent models also suggest that 
angiotensin II may also be contributing to post-
natal maturation and stimulation of the Na + /H +  
exchanger [ 112 ], although these fi ndings were 
not observed in young sheep [ 64 ]. 

 In the early proximal tubule, Na +  also enters 
the epithelial cell via the Na + /Pi cotransporters. 
Various isoforms of Na + /Pi cotransporters have 
been identifi ed in the proximal tubular cell (Na + /
Pi 1–3), and Na + /Pi 2 isoform is specifi c to the 
brush border and seems to play a major role in 
Na +  dependent Pi reabsorption in this segment 
[ 24 ,  157 ]. In contrast to the Na + /H +  exchanger, 
the Na + /Pi cotransporters in newborns demon-
strate higher transport rates than that in adults, 
presumably associated with a poor ability of the 
neonate to adapt to changes in dietary Pi intake 
[ 139 ]. Contrary to other Na +  transporters, Na + /Pi 
cotransporter does not seem to be regulated by 
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glucocorticoids. Instead, growth hormone and 
insulin-like growth factor have been implicated 
as stimulators of Na + /Pi uptake [ 8 ,  66 ], whereas 
PTH has been found to inhibit proximal Na + /Pi 
cotransport [ 66 ]. 

 Na + /amino acid and Na + /glucose cotransport-
ers also contribute to net Na +  reabsorption in the 
early proximal tubule. Similar to the Na + /H +  
exchanger and Na + /K +  ATPase, the activity of 
these transporters is low at birth and increases 
with maturation. This in part explains the glucos-
uria and aminoaciduria frequently seen during 
the fi rst weeks of life [ 70 ]. The mechanisms regu-
lating developmental changes in these transport-
ers are poorly understood. 

 In the late segment of the proximal tubule, Na +  
is primarily reabsorbed with Cl −  as other solutes 
(glucose, HCO  3  −  , and amino acids) have already 
preferentially been reabsorbed. NaCl is reab-
sorbed by both cellular and paracellular path-
ways. The cellular pathway involves coupled 
function of both the Na + /H +  exchanger and the 
Cl − /formate (or oxalate) anion exchanger and 
leads to the net reabsorption of NaCl. Once inside 
the cell, Na +  moves into the blood by the Na + /K +  
ATPase, and Cl −  diffuses out via Cl −  channels [ 5 ]. 
Whether these mechanisms undergo develop-
mental changes remains a question.  

3.4.3.2     Loop of Henle 
 Approximately 20–25 % of the fi ltered Na +  load 
is reabsorbed in the loop of Henle. It is com-
posed of three segments: thin descending limb, 
thin ascending limb, and thick ascending limb. 
Na +  is passively reabsorbed in the thin segments, 
while in the thick segment Na +  is absorbed pri-
marily by active transport via a specifi c Na + /
K + /2Cl −  cotransporter [ 111 ]. The Na + /K + /2Cl −  
cotransporter is the site of action of loop diuretics 
such as furosemide. In vitro studies have shown 
variable expression of this transporter during 
nephrogenesis [ 126 ], although the physiological 
signifi cance of these fetal changes remains to be 
elucidated. Postnatally, although Na + /K +  ATPase 
activity increases in all tubular segments, studies 
in rats and rabbits demonstrate that its activity is 
greater in the loop of Henle than other tubular 
segments [ 115 ].  

3.4.3.3     Distal Tubule and 
Collecting Duct 

 The early distal tubule reabsorbs ~5 % of fi ltered 
Na + . In this segment, Na +  is reabsorbed via the 
electroneutral Na + /Cl −  cotransporter, the site 
of action of the thiazide diuretics. In the fully 
mature distal tubule, the Na + /Cl −  cotransporter 
is expressed along the entire distal tubule [ 104 ]. 
During nephrogenesis, Na + /Cl −  cotransporter 
mRNA expression in the early distal tubule is 
detected before Na + /K + /2Cl −  mRNA expression 
in the loop of Henle. As development advances, 
the Na + /Cl −  cotransporter localizes into the post-
macula segment [ 126 ], although again, the physi-
ological signifi cance or evolutionary advantage 
of this variable expression is poorly understood. 

 The late distal tubule and the collecting duct, 
anatomically and functionally similar, come 
to reabsorb only 1–3 % of fi ltered Na + . These 
segments play an important role, however, in 
determining the fi nal Na +  concentration in the 
urine, essentially fi ne-tuning overall Na +  bal-
ance. Unlike other nephron segments in which 
coupled transport mechanisms mediate Na +  
reabsorption, in these segments, Na +  is reab-
sorbed down its electrochemical gradient via the 
amiloride- sensitive Na +  channel (ENaC) located 
in the luminal membrane of principal cells [ 45 ]. 
ENaC is composed of an alpha subunit that forms 
a transmembranous channel as well as beta and 
gamma subunits that stabilize this channel and 
allow for its appropriate insertion into the mem-
brane [ 26 ]. Aldosterone directly upregulates 
ENaC expression and alters its assembly, traf-
fi cking, and degradation, ultimately resulting in 
enhanced Na +  reabsorption [ 46 ]. 

 The sodium transporting capacity of these 
segments also undergoes maturational changes. 
First, in early gestation, ENaC is located along 
the medullary collecting duct and then redistrib-
utes to the cortical collecting duct as the fetal 
kidney undergoes further maturation. Second, 
studies in animals have shown that early in life, 
the Na +  transport in this segment is limited by 
high passive permeability, low active transport 
of Na + , aldosterone unresponsiveness, and low 
density and activity of ENaC [ 151 ]. During the 
fi rst weeks of life, the passive Na +  permeability 
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decreases, followed by an increase in both Na +  
active transport capacity and mineralocorticoid 
responsiveness [ 151 ]. Although these develop-
mental changes have been described, the mech-
anisms regulating them are not well understood. 
Prenatal exposure to exogenous glucocorticoids 
does enhance the expression of the ENaC alpha 
subunit. Evidence in mice shows, however, that 
there is no difference in ENaC subunit expres-
sion in corticotropin-releasing hormone knock-
out mice compared to wild type, suggesting 
that endogenous glucocorticoids do not have 
a major role on perinatal maturation [ 101 ]. 
Inactivation of endogenous but not exogenous 
glucocorticoids by 11-beta hydrogenase type 2 
has been proposed, given evidence demonstrat-
ing an increased expression of this enzyme in 
embryonic murine kidneys [ 25 ].    

3.5     Potassium 

 Approximately 98 % of total body potassium 
(K + ) stores are intracellular, and potassium (K + ) 
is the major intracellular cation with a concen-
tration of 100–150 mmol/L. This is in contrast 
to the extracellular K +  fl uid concentration that 
ranges from 3.5 to 5 mmol/L in older children 
and adults and up to 6.7 mmol/L in neonates 
[ 88 ]. This steep K +  gradient across cell mem-
branes is important to maintain the resting 
membrane potential that determines nerve and 
muscle excitability. As a result, K +  homeostasis 
is tightly regulated by a host of mechanisms that 
undergo maturational changes during fetal and 
neonatal life. 

3.5.1     Potassium Physiology 
in the Fetus 

 Similar to what is seen with Na + , a positive 
K +  balance is necessary for fetal and neona-
tal growth. This is different from the healthy 
adult where the goal is to remain in an even K +  
balance between intake and excretion [ 162 ]. 
During fetal life, K +  is actively transported 
across the placenta from the mother to the fetus. 

This helps to explain the signifi cantly higher 
plasma K +  concentrations in the umbilical cord 
blood of newborn infants than in their moth-
ers [ 96 ]. This active transport mechanism also 
likely explains the observation in several animal 
models of stable fetal K +  concentration even 
when the pregnant female is fed a K +  defi cient 
diet and develops low plasma K +  concentration 
[ 39 ,  130 ]. In contrast, both urea and creatinine 
freely diffuse across the placenta, resulting in 
the highly correlated levels between the mother 
and neonate seen immediately after birth.  

3.5.2     Potassium Physiology 
in the Neonate 

 A sequence of maturational changes in the neo-
natal nephron allows for the net positive K +  bal-
ance required for postnatal growth (Table  3.3 ). 
Total body K +  content subsequently increases, 
with the majority attributed to increased intracel-
lular K +  concentration in myocytes as muscle 
mass is gained [ 43 ].

   Rapid regulation of the ECF K +  concentration 
is accomplished by modulating the activity of the 
basolateral Na + -K + -ATPase pump. As detailed 
earlier in this chapter, this cellular pump actively 
transports Na +  out and K +  into cells, against con-
centration gradients in a 3:2 ratio. Diminished 
activity of this pump in very premature infants 
up to 30–32 weeks’ gestation is believed to 
account for the commonly elevated plasma K +  
levels in the fi rst 24–72 h after birth [ 63 ,  89 ,  123 , 
 140 ]. In the absence of exogenous K +  intake and 
renal failure, this elevation of plasma K + , often 
to  levels >6.5 mmol/L, is referred to as non-oli-
guric hyperkalemia. Correction of this condition 
in the premature infant is hampered by a further 
limited capacity to excrete K +  due to low GFR 
and limited distal nephron K +  secretion [ 162 ]. 
Both insulin and B 2 -adrenergic stimulants such 
as albuterol, by virtue of stimulating the Na + -
K + -ATPase pump, drive K +  intracellularly from 
the ECF compartment and can be employed to 
acutely lower the plasma K +  concentration [ 92 , 
 136 ] until physiologic diuresis occurs around 
48 h of life [ 89 ]. 
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 Long-term control of total body K +  stores in the 
neonate is a balance between intake and output, 
with the kidney being the major excretory organ 
responsible for regulation of external K +  balance. 
K +  is freely fi ltered at the glomerulus and the 
majority (~65 %) is reabsorbed in the proximal 
tubule. No specifi c K +  channels have been identi-
fi ed in this segment, and the reabsorption process 
is accomplished by solvent drag in association 
with water and Na +  reabsorption. K +  reabsorption 
in the thick ascending limb loop of Henle (TALH) 
is mediated by the sodium-potassium- chloride 
(NKCC2) cotransporter. This membrane protein, 
which shuttles sodium, potassium, and two chlo-
ride ions from the tubular lumen into the cells, 
is expressed on the apical surface of TALH and 
is encoded by the SLC12A1 gene [ 134 ]. Loss 
of function genetic mutations affecting NKCC2 
activity results in an inherited salt-losing tubulop-
athy (antenatal Bartter syndrome) characterized 
by polyhydramnios, signifi cant salt wasting, and 
hypokalemia [ 108 ]. Micropuncture studies in new-
born rats have shown that up to 35 % of the fi ltered 
K +  load can traverse the TALH and reach the distal 
nephron [ 83 ]. This is signifi cantly higher than the 
10 % fi ltered K +  load that reaches the adult distal 
nephron, suggesting a maturational increase in the 
reabsorptive capacity of TALH [ 162 ]. 

 The fi nal determination of net renal K +  
 excretion is then determined by the balance of K +  
secretion and reabsorption in the late distal tubule 
and cortical collecting duct (CCD), accomplished 
by both the principal and intercalated cells that 
exist only in this segment. Maturational changes 
that occur during the neonatal period facilitate 
the net positive K +  balance required for somatic 
growth in this early period. 

 As discussed in an earlier section, Na +  reabsorp-
tion in the principal cells occurs via the amiloride-
sensitive epithelial Na +  channel (ENaC). As Na +  
is reabsorbed, K +  is secreted through renal outer 
medullary K +  (ROMK) channels under basal 
conditions [ 58 ,  106 ,  163 ] and fl ow-stimulated 
Maxi-K +  channels under conditions of high tubu-
lar fl uid rate [ 158 ,  159 ]. Animal micropuncture 
studies of the CCD have shown no signifi cant net 
K +  secretion until after the third week of postna-
tal life under basal physiological fl ow rates [ 122 ]. 
This is believed to be secondary to low expression 
of ROMK channel protein on principal cells in 
early infancy as these mRNA transcripts and pro-
teins were not detected until the second postna-
tal week in rodents [ 166 ]. Similarly, when rabbit 
CCDs were microperfused in vitro at high physio-
logical fl ow rates, net K +  secretion only increased 
in the adult animals, while no signifi cant change 

    Table 3.3    Summary of developmental changes in K +  handling   

 Nephron segment  Postnatal maturational changes in potassium handling 

 Glomerulus  K +  is freely fi ltered. The fi ltered load increases in proportion to the GFR
which doubles by 2 weeks and reaches about 50–60 mL/min/1.73 m 2  by
4 weeks in term infants 

 Proximal convoluted tubule  Up to 65 % of K +  is reabsorbed by solvent drag in association with water
and Na +  reabsorption 

 Thick ascending limb
of the loop of Henle 

 K +  reabsorption is mediated by apical NKCC2 channels. Up to an 
additional 25 % of fi ltered K +  load is reabsorbed in this segment
by the end of the neonatal period 

 Cortical collecting duct  Principal cells: 
    K +  secretion via apical ROMK channels (basal conditions) 

and Maxi-K +  channels (high tubular fl ow) 
    ROMK and Maxi-K +  mRNA transcripts and protein expression fi rst

detectable towards the end of second and fourth postnatal weeks, 
respectively 

    Functional hypoaldosteronism in the neonatal period 
 Intercalated cells: 
   K +  reabsorption coupled to active H +  secretion via H + -K + -ATPase 
    Enhanced activity detected in the neonatal period likely contributes

to net K +  retention 
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was noted in the fi rst month of postnatal life 
[ 162 ]. Maxi-K +  channel mRNA transcription and 
protein expression mirrored this fi nding and were 
only detectable after the fourth week of life [ 159 ]. 
Loss of function genetic mutations involving the 
KCNJ1 gene encoding ROMK channels explains 
the initial transient hyperkalemia noted in a sub-
set of patients with antenatal Bartter syndrome, 
which later normalizes and trends towards hypo-
kalemia when salt wasting and increased tubular 
fl uid rate activates K +  secretion through Maxi-K +  
channels beyond the neonatal period [ 108 ]. 

 Principal cells also form the primary target for 
hormonal control by aldosterone, mediated by 
intracellular mineralocorticoid receptors (MR). In 
the fully mature distal tubule, aldosterone stimu-
lates Na +  absorption through ENaC channels, and 
K +  secretion through ROMK channels follows as 
a result of the generated negative lumen poten-
tial. Aldosterone levels were found to be higher 
in umbilical cord blood of healthy newborns 
compared to their mothers [ 96 ]. Yet, the trans-
tubular potassium gradient (TTKG) is low in the 
neonatal period, particularly in premature infants 
despite the high aldosterone levels, suggesting a 
state of functional  hypoaldosteronism [ 117 ]. In 
agreement with this observation, molecular stud-
ies on mouse kidneys detected MR at day 16 
postcoitum, peaking at day 18, and then reaching 
very low levels at birth followed by a progres-
sive rise afterwards [ 97 ]. Studies on fetal, neo-
natal, and infantile kidney specimens detected a 
similar pattern of MR expression, fi rst detectable 
between 15 and 24 weeks’ gestation and then dis-
appearing below any threshold of detection from 
30 weeks’ gestation until 10 months of age [ 97 ]. 

 The intercalated cells primarily function in 
maintaining acid–base balance by actively secret-
ing hydrogen (H + ) ions into the tubular lumen via 
the apical H + -K + -ATPase pump. For every H +  ion 
secreted, a K +  ion is reabsorbed from the tubular 
lumen. It is believed that upregulation of this 
pump’s activity is particularly important for K +  
retention under conditions of chronic K +  deple-
tion. In neonates, signifi cant activity of the apical 
H + -K + -ATPase pump in intercalated cells is iden-
tifi ed by fl uorescent functional assays,  suggesting 
that the CCD has the capacity for K +  retention 

[ 33 ]. Table  3.3  summarizes the maturational 
changes observed in the various nephron seg-
ments that infl uence K +  physiology during the 
neonatal period.  

3.6     Divalent Ions 

 Calcium, magnesium, and phosphorus make up 
the three major divalent ions in the body and are 
primarily stored in bone. In plasma, they can be 
found in protein-bound forms, complexed with 
other ions, or as free ions. The free non-protein- 
bound fraction undergoes glomerular fi ltration. 
Renal handling contributes to regulation of the 
serum concentration of divalent ions in concert 
with other homeostatic mechanisms, particularly 
bone turnover and absorption from the gastroin-
testinal tract.  

3.6.1     Divalent Ion Physiology 
in the Fetus 

 The growing fetal skeleton requires significant 
calcium and phosphorus delivery [ 40 ,  100 ]. 
Ultimately at term gestation, a total of 30 g of 
calcium is accumulated in the fetus, with up to 
80 % occurring during the third trimester 
[ 102 ]. This is in contrast to the transplacental 
transfer of magnesium, which occurs through-
out pregnancy, and especially during the first 
trimester [ 4 ]. 

 The placenta actively transports calcium from 
the maternal to the fetal compartment against a 
concentration gradient [ 27 ,  141 ]. Extrusion of 
calcium from the trophoblast into the fetal blood 
is mediated by an ATP-dependent Ca 2+  pump on 
the trophoblast basal membrane [ 141 ]. The total 
calcium concentration in cord plasma increases 
with gestational age, and the term fetus is hyper-
calcemic relative to the mother [ 72 ,  81 ,  109 , 
 124 ]. This suppresses PTH release during fetal 
life [ 81 ]. 

 Phosphorus and magnesium are also trans-
ferred actively across the placenta. The uptake 
of phosphorus by human trophoblasts is highly 
dependent on Na + , while the effl ux from the 
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p lacenta to the fetus is presumably passive [ 141 ]. 
Based on animal models, it is believed that a 
Mg 2+ –Na +  exchanger is the principal mechanism 
of transfer across the trophoblast plasma mem-
brane [ 141 ].  

3.6.2     Divalent Ion Physiology 
in the Neonate 

3.6.2.1     Calcium 
 Calcium homeostasis in the postnatal period 
involves a complex interaction between the para-
thyroid glands, the kidneys, the bone compart-
ment, and the gastrointestinal tract to keep the 
ionized serum calcium concentration within a 
tight range. The following discussion will focus 
specifi cally on the renal contribution to homeo-
static calcium regulation. 

 Immediately after birth, the infant’s serum 
calcium levels fall with the abrupt termination of 
active placental transport of calcium [ 145 ]. This 
drop in serum calcium stimulates PTH release, 
mobilizing calcium from bone and stimulating 
the synthesis of 1,25 (OH) 2  vitamin D by renal 
tubular cells, which in turn enhances calcium 
absorption from the gastrointestinal tract. In term 
infants, normal serum calcium concentrations 
will typically be reached by the second week of 
life [ 153 ]. The decline in serum calcium levels 
seen immediately postpartum is exaggerated in 
premature infants and is believed to be related to 
a state of functional hypoparathyroidism and end 
organ unresponsiveness to PTH [ 40 ,  145 ,  147 ]. 
Similar mechanisms are thought to account for 
the hypocalcemia noted in infants of diabetic 
mothers [ 146 ]. 

 As is true for other divalent ions, only the 
non-protein- bound plasma calcium fraction 
(about 50 % of total calcium) is freely fi ltered 
at the glomerulus and then reabsorbed along the 
tubular segments. Approximately 70 % of fi l-
tered Ca 2+     is reabsorbed in the proximal tubule 
and 20 % in the TALH. This process is primarily 
passive and paracellular, driven by sodium reab-
sorption in those segments and a positive lumen 
potential. The fi nal 5–10 % of fi ltered Ca 2+  can 
be reabsorbed in the distal tubule in an active 

transcellular fashion. The process is mediated by 
the Ca 2+ -selective TRPV5 channel activated by 
PTH. The transcellular calcium movement then 
is mediated by calbindins, calcium-binding pro-
teins whose expression is upregulated by vitamin 
D. Calcium then gets extruded from the tubular 
cells into the blood compartment by two proteins 
on the basolateral membrane: the plasma mem-
brane Ca 2+ -ATPase (PMCA1b) and the 3Na + –
Ca 2+  exchanger [ 51 ,  59 ]. The PMCA1b activity 
is stimulated by both PTH and vitamin D [ 50 ]. 
The fi nal amount of calcium excreted in normal 
neonates is therefore determined by the balance 
of homeostatic mechanisms acting on the distal 
tubule. 

 Several extrinsic factors such as medications 
can also increase calcium excretion in preterm 
and term neonates. Loop diuretics such as furose-
mide, often used in preterm infants with lung dis-
ease or older babies with bronchopulmonary 
dysplasia or cardiac issues, are associated with 
increased urinary calcium excretion [ 6 ]. Infants 
provided loop diuretics are at increased risk of 
developing nephrocalcinosis. Also, the amino-
glycoside gentamicin, typically used for the treat-
ment of neonatal sepsis, is associated with a post 
infusion increase in the urinary calcium excre-
tion. The signifi cance of these early alterations 
on long-term calcium handling as the kidney 
develops further remains to be seen. The acute 
transient calcium losses may, however, be detri-
mental, especially in premature neonates who 
have even lower calcium stores and blood cal-
cium levels than term neonates [ 57 ].  

3.6.2.2     Phosphorus 
 Phosphate in the major divalent anion in the 
body and is particularly important during peri-
ods of rapid growth. Neonates and children have 
higher phosphate concentration than adults [ 23 ]. 
Free phosphate in the plasma exists in the forms 
HPO  4  2−   and H 2 PO  4  −   which act as a buffer pair. 
This non-protein-bound phosphate fraction is 
freely fi ltered at the glomerulus and then reab-
sorbed by the tubule. Phosphate reabsorption 
kinetics follows a transport maximum (Tm Pi ) 
model so that fi ltered phosphate in excess of the 
reabsorption threshold is excreted. The majority 

3 Fluid and Electrolyte Physiology in the Fetus and Neonate   



92

(80 %) of tubular phosphate reabsorption occurs 
in the proximal tubule by a transcellular process 
mediated by sodium-phosphate cotransporters 
on the apical brush border surface of tubular 
cells. The tubular reabsorption of phosphate 
(TRP) in older children and adults is around 
80–85 % of the fi ltered load but can be as high 
as 90–99 % in neonates in the fi rst week of life 
[ 69 ]. Those differences are mirrored by the 
expression of different sodium-phosphate trans-
porter isoforms in the proximal tubule during 
kidney development. The most important iso-
forms for inorganic phosphate reabsorption are 
two members of the type 2 family: the 2Na + -Pi 
IIa and the 2Na + -Pi IIc cotransporters. Human 
studies suggest the 2Na + -Pi IIc isoform is the 
most relevant in phosphate reabsorption [ 152 ]. 
This isoform has been found to be expressed at 
higher levels in weaning animals and has 
reduced function in adults, potentially explain-
ing the developmental changes in TRP values 
seen in humans [ 129 ]. Additionally, the response 
to parathyroid hormone (PTH) is less pro-
nounced in the fi rst few weeks of life [ 74 ]. PTH 
acts as a phosphaturic hormone promoting 
phosphate excretion by accelerating the endocy-
tosis of the cotransporters from the brush border 
membrane to the subapical compartment. FGF- 
23 acts as a phosphaturic hormone in a similar 
fashion, in addition to accelerating cotransporter 
degradation in lysosomes [ 143 ].  

3.6.2.3     Magnesium 
 Only 1 % of total body magnesium is found in the 
extracellular fl uid, while the majority is stored in 
bone and soft tissues. Total plasma magnesium 
relates inversely to postconceptional age in pre-
mature and full-term neonates [ 77 ,  148 ]. Plasma 
values of the diffusible fraction of plasma mag-
nesium (UFMg), which is not protein bound and 
is freely fi ltered, were found to be constant at dif-
ferent gestational ages, despite variation in total 
plasma magnesium [ 4 ]. 

 More than 95 % of fi ltered magnesium is 
reabsorbed along the nephron. This process is 
highly effi cient and not affected by postcon-
ceptional age in infancy, as demonstrated by a 
similar fractional excretion of magnesium in 

both preterm and term neonates [ 4 ]. In infants, 
approximately 70 % of the fi ltered magnesium 
load is reabsorbed in the proximal tubule of 
the developing kidney by paracellular trans-
port. This is in contrast to older children and 
adults where two-thirds of the fi ltered load is 
reabsorbed in the thick ascending limb of the 
loop of Henle, while the proximal tubule only 
reabsorbs about 20 % of the fi ltered load [ 41 ]. 
Absorption at these sites is mediated by passive 
paracellular transport and involves paracellin-1, 
which is important in tight junction formation. 
Maturational changes in tight junction perme-
ability contribute to the changing reabsorption 
pattern in the proximal tubule and TALH [ 135 ]. 
The remainder (~5 %) of the fi ltered magne-
sium load is actively reabsorbed in the distal 
convoluted tubule through an apical magnesium 
channel (TRPM6). The autosomal recessive 
condition termed hypomagnesemia with sec-
ondary hypocalcemia is caused by mutations in 
the TRPM6 channel and presents with severe 
hypomagnesemia in infancy [ 161 ].       
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4.1            Hyponatremia   4.1.1     Introduction 

 Hyponatremia is defi ned as a serum sodium level 
<135 mEq/L [ 1 ]. It is one of the most common 
electrolyte disorders encountered in the newborn 
in both the outpatient and inpatient setting. The 
cause is usually easily identifi ed by history, but in 
many cases, it can be elusive. Hyponatremia has 
typically been viewed as relatively benign condi-
tion, but there is increasing evidence in both chil-
dren and adults suggesting that hyponatremia is a 
serious condition [ 2 ]. Numerous studies in adults 
have revealed that even mild and asymptomatic 
hyponatremia is an independent predictor of mor-
tality [ 3 ]. Studies in neonates have revealed that 
hyponatremia is an independent predictor of poor 
neuromotor outcome and has been associated 
with impaired neonatal growth and development, 
sensorineural hearing loss, cerebral palsy, and 
intracranial hemorrhages [ 4 ,  5 ]. The most serious 
complication of hyponatremia is that of hypo-
natremic encephalopathy. Increasing evidence 
has revealed that the majority of hyponatremic 
encephalopathy in children is iatrogenic and 
related to errors in parenteral fl uid therapy [ 6 ].  

4.1.2     Pathogenesis of 
Hyponatremia 

 Under normal circumstances, the human body can 
maintain plasma sodium levels within the nor-
mal range (135–145 mEq/L [135–145 mmol/L]), 
despite wide fl uctuations in fl uid intake. The 
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 Core Messages 

•     Hyponatremia typically results from a 
combination of arginine vasopressin 
excess plus free water intake .   

•   3 % sodium chloride is the most effec-
tive therapy for treating hyponatremic 
encephalopathy.    

 Case Vignette 

 A 4-kg 2-week-old child is admitted to 
the hospital for severe bronchiolitis with 
hypoxia and tachypnea. The child is placed 
on parenteral fl uids with 0.225 % sodium 
chloride (39 mEq/L) in 5 % dextrose in water 
at a rate of 16 mL/h. Twenty-four hours fol-
lowing admission, the child suffers a gener-
alized tonic-clonic seizure. Biochemistries 
reveal serum sodium 122 mEq/L, potassium 
4 mEq/L, blood urea nitrogen 2 mg/dL, cre-
atinine 0.2 mg/dL, osmolality 238 mOsm/kg 
H 2 O, urine osmolality 400 mOsm/kg H 2 O, 
and urine sodium plus potassium concentra-
tion 90 mEq/L. 
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body’s primary defense against developing 
hyponatremia is the kidney’s ability to gener-
ate dilute urine and excrete free water. The pri-
mary reasons that children develop hyponatremia 
encompass underlying conditions that impair the 
kidney’s ability to excrete free water (Table  4.1 ). 
Hyponatremia usually occurs in the setting of 
excess water intake, with or without sodium 

losses, in the presence of impaired free water 
excretion. The most common reason for impaired 
free water excretion is due to arginine vasopressin 
(AVP) excess. There are numerous hemodynamic 
and non-hemodynamic stimuli for AVP excess 
that place virtually all hospitalized patients at risk 
for developing hyponatremia. Common causes 
of AVP production are volume depletion, pain, 
stress, nausea, vomiting, pulmonary disorders, 
the postoperative state, central nervous system 
(CNS) disorders, edematous states, and narcotic 
use. Only under the most extreme circumstances 
can excess water intake or sodium loss alone lead 
to hyponatremia in the absence of impaired free 
water excretion.

4.1.3        Diagnostic Approach 

 Before embarking on an aggressive therapeutic 
regimen, it is vital to confi rm that hyponatre-
mia is in fact associated with hypoosmolality. 
Hyponatremia can be associated with either 
a normal or an elevated serum osmolality 
(Fig.  4.1 ). The most common reasons for this 
are hyperglycemia, severe hyperproteinemia, 
or hyperlipidemia [ 7 ]. Hyperglycemia results 
in hyperosmolality with a translocation of fl uid 
from the intracellular space to the extracellu-
lar space, resulting in a 1.6 mEq/L fall in the 
serum sodium for every 100 mg/dL elevation in 
the serum glucose concentration above normal. 
Severe hyperlipidemia, hypercholesterolemia, 
hyperproteinemia, or radiocontrast can cause a 
displacement of plasma water, which will result 
in a decreased sodium concentration (pseudo-
hyponatremia) with a normal serum osmolal-
ity. Serum sodiums are currently measured by 
either direct or indirect-reading ion-selective 
electrode potentiometry. The direct method 
will not result in pseudohyponatremia, as it 
measures the activity of sodium in the aqueous 
phase of serum only. The indirect method, on 
the other hand, can result in pseudohyponatre-
mia as the specimen is diluted with a reagent 
prior to measurement. The indirect method is 
currently performed in approximately 60 % of 
chemistry labs in the United States;  therefore, 

   Table 4.1    Causes of hyponatremia in the newborn   

 1. Water intoxication: improperly mixed infant formula 
 2. Gastrointestinal losses 
  (a)  Diarrheal dehydration, congenital chloride 

diarrhea, intestinal fi stulas 
  (b) Vomiting, pyloric stenosis, nasogastric suction 
 3. Skin losses: cystic fi brosis 
 4. Renal losses 
  (a) Salt-wasting nephropathy 
     (i) Bartter syndrome/Gitelman syndrome 
     (ii) Renal tubular acidosis/Fanconi syndrome 
     (iii) Nephronophthisis diuretics 
  (b) Mineralocorticoid defi ciency 
     (i) Congenital adrenal hyperplasia 
     (ii) Bilateral adrenal hemorrhage 
  (c) Mineralocorticoid resistance 
     (i) Pseudohypoaldosteronism type 1 
     (ii) Obstructive uropathy 
     (iii) Pyelonephritis 
  (d) Diuretics 
  (e) Cerebral salt wasting 
  (f) Hyponatremic hypertensive syndrome 
  (g) Polyuric phase of acute kidney injury 
 5. Edematous states 
  (a) Heart failure 
  (b) Cirrhosis 
  (c) Nephrotic syndrome 
 6. Decrease peripheral vascular resistance 
  (a) Sepsis 
  (b) Hypothyroidism 
 7. Renal failure 
  (a) Acute 
  (b) Chronic 
 8. Non-hypovolemic states of ADH excess 
  (a) SIADH (Table  4.2 ) 
  (b) Postoperative state 
  (c) Nausea, vomiting 
  (d) Pain, stress 
  (e) Glucocorticoid defi ciency 
 9.  Nephrogenic syndrome of inappropriate antidiuresis 

(NSIAD) 
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Serum Na < 135 mEq/L

Plasma Osmolality >280 mOsm/kg H2O
Hyperglycemia
Mannitol
IV contrast
Pseudohyponatremia

Hyperlipidemia
Hyperproteinemia

<280 mOsm/kg H20

Urine Osmolality

< 100 mOsm/kg H2O
Psychogenic polydypsia
Water intoxication in infants
Reset Osmostat

> 100 mOsm/kg H2O

Effective Circulatory
Volume Depletion Yes

No

Renal Insufficiency
Hypothyroid
Glucocorticoid deficiency
Post-operative
Spinal fusion
Pain/stress/nausea
Positive pressure ventilation

No

Urine Na < 30 mEq/L, FENa < 0.5%
Extrarenal losses

Edemetous states 

Urine Na > 30 mEq/L, FENa > 0.5%, 
FE Urate <12%

Salt wasting nephropathy
Mineralocorticoid-deficiency
Diuretics
Osmotic diuresis

FE Urate >12%
Cerebral salt wasting

Urine Na >30 mEq/L, FENa > 0.5%
SIADH
Reset osmostat
NSIAD

Urine Na < 30 mEq/L, FENa < 0.5%
Repeat algorithm

  Fig. 4.1    Evaluation of hyponatremia       
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pseudohyponatremia remains an entity that 
clinicians need to be aware of. If hyponatre-
mia is associated with hypoosmolality (true 
hyponatremia) and the history does not suggest 
an obvious cause, the next step is to measure 
the urinary osmolality to determine if there 
is an impaired ability to excrete free water 
(urine Osm > 100 mOsm/kg).

   The information that is most useful in arriving 
at a correct diagnosis of hyponatremia is a 
detailed history of fl uid balance, weight changes, 
medications (especially diuretics), and underly-
ing medical illnesses. Hyponatremia is usually a 
multifactorial disorder, and a detailed history will 
identify sources of salt and water losses, free 
water ingestion, and underlying illnesses that 
cause a nonosmotic stimulus for vasopressin pro-
duction. An assessment of the volume status on 
physical examination and the urinary electrolytes 
can be extremely helpful, but both can be mis-
leading. In patients in whom hyponatremia is due 
to salt losses, such as diuretics, signs of volume 
depletion may be absent on physical examina-
tion, as the volume defi cit may be nearly cor-
rected due to oral intake of hypotonic fl uids if the 
thirst mechanism is intact. 

 In general, a urinary sodium concentration 
<30 mEq/L and a fractional excretion of sodium 
(FENa) <0.5 % in adults are consistent with 
effective circulating volume depletion, while a 
urine sodium >30 mEq/L or a FENa >0.5 % is 
consistent with renal tubular dysfunction, use of 
diuretics, adrenal insuffi ciency, the syndrome of 
inappropriate antidiuretic hormone secretion 
(SIADH), or cerebral salt wasting [ 8 ]. The plasma 
uric acid and fraction excretion of urate (FE 
urate) can be helpful in distinguishing SIADH 
from other hyponatremic states associated with 
urinary sodium loss [ 9 ,  10 ]. SIADH virtually 
always associates with increase urate clearance 
with hypourecemia (serum uric acid <4 mg/dL) 
and an elevated FE urate (>12 %). There have 
been no studies to validating if these adult param-
eters for urine chemistries can be applied to the 
newborn with hyponatremia. Numerous factors 
can affect the urine chemistries, making interpre-
tation diffi cult; therefore, the timing of the uri-
nary measurements in relation to dosages of 

diuretics, intravenous fl uid boluses, or fl uid and 
sodium restriction is also important.  

4.1.4     Prevention of Hospital- 
Acquired Hyponatremia 

 Hospital-acquired hyponatremia is of particular 
concern in the newborn as the standard of care in 
pediatrics has been to administer hypotonic fl uids 
containing 0.2 % sodium chloride (34 mEq/L) as 
maintenance fl uids [ 11 ]. The safety of this 
approach has never been established, and there 
have been numerous reports of death and perma-
nent neurologic injury from hospital-acquired 
hyponatremic encephalopathy in children receiv-
ing hypotonic fl uids [ 12 ]. Hospitalized children 
have numerous nonosmotic stimuli for vasopres-
sin production that place them at risk for devel-
oping hyponatremia. Hyponatremia is especially 
dangerous in children with underlying CNS 
injury such as encephalitis, with mild hyponatre-
mia (sodium >130 mEq/L) resulting in cerebral 
edema and even herniation [ 13 ,  14 ]. The most 
important measure that can be taken to prevent 
hyponatremia is to avoid using hypotonic fl uids 
in children who have clear risks for nonosmotic 
AVP secretion and to initially administer isotonic 
saline, 0.9 % sodium chloride, unless otherwise 
clinically indicated [ 12 ,  15 ]. The serum sodium 
should be measured daily in any patient receiving 
continuous parenteral fl uid and adjustments to 
the composition of intravenous fl uids be made 
accordingly.  

4.1.5     Syndrome of Inappropriate 
Antidiuretic Hormone 
Production (SIADH) 

 SIADH is one of the most common causes of 
hyponatremia in the hospital setting and fre-
quently leads to severe hyponatremia (plasma Na 
<120 mEq/L). It is caused by elevated AVP secre-
tion in the absence of an osmotic or hypovolemic 
stimulus. SIADH can occur due to a variety of 
illnesses but most often occurs due to central ner-
vous system disorders, pulmonary disorders, and 
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medications (Table  4.2 ) [ 16 ,  17 ]. Among the 
 latter, the chemotherapeutic drugs vincristine and 
Cytoxan and the antiepileptic drug carbamaze-
pine are especially common. SIADH is essen-
tially a diagnosis of exclusion as can be seen 
from Fig.  4.1 . Before SIADH can be diagnosed, 
diseases causing decreased effective circulating 
volume, renal impairment, adrenal insuffi ciency, 
and hypothyroidism must be excluded. Adrenal 
insuffi ciency can be diffi cult to rule out; there-
fore, cortisol level should be checked in a patient 
considered to have SIADH. The hallmarks of 
SIADH are as follows: mild volume expansion 
with low to normal plasma concentrations of cre-
atinine, urea, uric acid, and potassium; impaired 
free water excretion with normal sodium excre-
tion which refl ects sodium intake; and hyponatre-
mia which is relatively unresponsive to sodium 
administration in the absence of fl uid restriction.

   SIADH is usually of short duration and 
resolves with treatment of the underlying disor-
der and discontinuation of the offending medica-
tion. Fluid restriction is the cornerstone to 
therapy. However, fl uid restriction results in slow 
correction of hyponatremia and is frequently 
impractical in infants who receive most of their 
nutrition as liquids. All intravenous fl uids should 
be of a tonicity of at least normal saline, and if 

this does not correct the plasma sodium, 3 % 
sodium chloride may be given as needed. If a 
more rapid correction of hyponatremia is needed, 
the addition of a loop diuretic in combination 
with hypertonic saline is useful. Vasopressin 2 
antagonists are new medications that are now 
FDA approved for the treatment SIADH in adults 
[ 18 ]. These drugs may have a role for treatment 
of SIADH in children.  

4.1.6     Oral Water Intoxication 
in Infants 

 Water intoxication is one of the most common 
causes of symptomatic hyponatremia in healthy 
infants; 70 % of infants younger than 6 months of 
age who develop seizures that have no apparent 
cause are found to have hyponatremia due to 
water intoxication [ 19 ]. Most of these infants are 
living in poverty and develop water intoxication 
when caregivers either dilute formula inappropri-
ately or supplement feedings with water [ 20 ]. 
Because an infant’s caloric intake depends almost 
entirely on a liquid diet, hunger will drive the 
infant to accept a low-solute formula to the point 
of water intoxication. Infants typically present 
with generalized tonic-clonic seizures, respira-
tory insuffi ciency, and hypothermia. Affected 
infants may be managed with rapid and partial 
correction of hyponatremia via administration of 
hypertonic or normal saline [ 21 ]. The hyponatre-
mia corrects rapidly due to a free water diuresis, 
and it corrects spontaneously in many infants 
after they resume normal feeding. With appropri-
ate treatment, the prognosis generally is good 
without long-term neurologic sequelae.  

4.1.7     Diuretics 

 Diuretics are a relatively common cause of 
hyponatremia in hospitalized children, with the 
potential for causing severe and symptomatic 
hyponatremia [ 22 ]. Hyponatremia is primarily 
seen with thiazide diuretics [ 23 ]. Thiazide diuret-
ics can cause both acute and chronic hyponatre-
mia, but typically hyponatremia develops in the 

    Table 4.2    Common causes of SIADH in the newborn   

  Central nervous
system disorders  

  Malignancies  

 Infection: meningitis, 
encephalitis 

 Neuroblastoma 

 Neoplasms  Lymphomas 
 Vascular abnormalities   Medications  
 Hydrocephalus  Vincristine 
 Brain surgery  Intravenous Cytoxan 
 Head trauma  Carbamazepine 
 Intracranial hemorrhage
or thrombosis 

 Oxcarbazepine 

  Pulmonary disorders   Narcotics 
 Nonsteroidal anti- 
infl ammatory drugs 

 Pneumonia 
 Bronchiolitis 
 Asthma 
 Cystic fi brosis 
 Positive-pressure ventilation 
 Pneumothorax 
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fi rst few weeks following the initiation of therapy 
[ 24 ]. Thiazide diuretics frequently are employed 
to manage chronic lung disease or edema- 
forming states, and the effects of the diuretic are 
synergistic with other underlying disorders that 
cause hyponatremia. Excess water intake also is 
a major contributing factor to the development of 
hyponatremia among those receiving diuretics.  

4.1.8     Hyponatremic 
Encephalopathy 

 A major consequence of hyponatremia is the 
infl ux of water into the intracellular space 
resulting in cellular swelling, which can lead 
to cerebral edema and encephalopathy [ 25 ]. 
The clinical manifestations of hyponatremia 
are primarily neurologic and related to cere-
bral edema caused by hypoosmolality. The 
symptoms of hyponatremic encephalopathy 
are quite variable between individuals with the 
only consistent symptoms being headache, nau-
sea, vomiting, emesis, and weakness. As the 
cerebral edema worsens, patients then develop 
behavioral changes, and impaired response to 
verbal and tactile stimuli. Advanced symptoms 
are signs of cerebral herniation, with seizures, 
respiratory arrest, dilated pupils, and decorticate 
posturing. Headache, nausea, and vomiting are 
the most consistent symptoms of hyponatremic 
encephalopathy. 

 Newborns are at particularly high risk for 
developing hyponatremic encephalopathy due to 
their relatively larger brain to intracranial volume 
ratio as compared to adults [ 26 ]. A child’s brain 
reaches adult size by 6 years of age, whereas the 
skull does not reach adult size until 16 years of 
age. Consequently, children have less room avail-
able in their rigid skulls for brain expansion and 
are likely to develop brain herniation from hypo-
natremia at higher serum sodium concentrations 
than adults. Other risks factors for developing 
hyponatremic encephalopathy are hypoxia and 
underlying central nervous system (CNS) disease 
[ 27 ]. Hypoxia impairs brain-cell-volume regula-
tion and decreases cerebral perfusion [ 28 ]. 
Patient with underlying CNS disease are already 

at risk for intracranial hypertension and fall in 
serum sodium will exacerbate this. 

4.1.8.1     Treatment of Hyponatremic 
Encephalopathy 

 Hyponatremic encephalopathy is a medical 
emergency that requires early recognition and 
treatment. The defi nitive therapy for treating 
hyponatremic encephalopathy is the administra-
tion of hypertonic saline (3 % NaCl, 513 mEq/L) 
[ 29 ]. Fluid restriction alone has no role in the 
management of symptomatic hyponatremia; 
0.9 % NaCl is also inappropriate for the treat-
ment of hyponatremic encephalopathy as it is 
not suffi ciently hypertonic to induce the neces-
sary reduction in cerebral edema central to the 
management of this condition. Once signs of 
encephalopathy are identifi ed, prompt treatment 
is required in a monitored setting before imaging 
studies are performed. Endotracheal intubation 
and mechanical ventilation may be necessary to 
ensure appropriate gas exchange. 

 Children with suspected hyponatremic 
encephalopathy with either mild or advanced 
symptoms should receive 2 mL/kg of 3 % NaCl 
as a bolus over 10 min in order to rapidly reverse 
brain edema (Table  4.3 ). A single bolus of 3 % 
NaCl will result in at most a 2-mEq/L acute rise 

   Table 4.3    Treatment of symptomatic hyponatremia in 
the newborn   

 1. 2 cc/kg bolus of 3 % NaCl over 10 min 
 2.  Repeat bolus 1–2 times as needed until symptoms 

improve 
   Goal: 5–6 mEq/L increase in serum sodium in fi rst 

1–2 h 
 3.  Recheck serum sodium following second bolus or Q 

2 h 
 4.  Hyponatremic encephalopathy is unlikely if no 

clinical improvement following an acute rise in 
serum sodium of 5–6 mEq/L 

 5.  Stop further therapy with 3 % NaCl boluses when 
patient is either: 

  (a)  Symptom-free: awake, alert, responding to 
commands, resolution of headache and nausea 

  (b) Acute rise in sodium of 10 mEq/L in if fi rst 5 h 
 6. Correction in fi rst 48 h should: 
  (a) Not exceed 15–20 mEq/L 
  (b) Avoid normo- or hypernatremia 
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in serum sodium. This dose might need to be 
repeated once or twice until symptoms subside, 
with the goal of correction being 5–6 mEq/L 
in the fi rst 1–2 h. Children who have not had 
some neurologic response to three boluses of 
3 % NaCl most likely do not have hyponatremic 
encephalopathy. To prevent complications aris-
ing from excessive therapy, 3 % NaCl should be 
discontinued when symptoms subside. The rate 
of correction should not exceed 20 mmol/L in 
the fi rst 48 h, and correction should be to mildly 
hyponatremic values, avoiding normonatremia 
and hypernatremia in the fi rst 48 h.

4.1.9         Risk Factors for Developing 
Cerebral Demyelination 

 Cerebral demyelination is a rare condition that 
has been primarily reported in adults with severe 
chronic hyponatremia (Na <115 mEq/L, >48 h) 
who have additional risk factors such as liver dis-
ease, severe malnutrition, hypokalemia, hypoxia, 
and a correction of serum sodium >25 mEq/L in 
the fi rst 24–48 h of therapy [ 2 ]. In these high-risk 
patients, it is not clear that cerebral demyelin-
ation can be prevented even with careful correc-
tion of hyponatremia. Cerebral demyelination 
has not been reported in children with acute 
hospital- acquired hyponatremia, nor have neuro-
logic complications been associated with the use 
of 3 % NaCl to treat children with hyponatremic 
encephalopathy. Cerebral demyelination is rarely 
reported in newborns as a newborn brain is not 
fully myelinated. 

 When symptomatic cerebral demyelination 
does follow the correction of hyponatremia, 
it typically follows a biphasic pattern. There is 
initially clinical improvement of the hypona-
tremic encephalopathy associated with correc-
tion of the serum sodium, which is followed by 
neurologic deterioration 2–7 days later. Cerebral 
demyelination can be both pontine and extrapon-
tine. Classic features of pontine demyelination 
include mutism, dysarthria, spastic quadriple-
gia, pseudobulbar palsy, a pseudocoma with a 
“locked-in stare,” and ataxia. The clinical fea-
tures of extrapontine lesions are more  varied, 

including behavior changes and movement 
disorders. Radiographic features of cerebral 
demyelination typically lag behind the clinical 
symptoms. Cerebral demyelination is best diag-
nosed on MRI approximately 14 days following 
correction. The classic radiographic fi ndings on 
MRI are symmetrical lesions that are hypoin-
tense on T1-weighted images and hyperintense 
on T2-weighted images. Some data suggest that 
cerebral demyelination can be detected earlier on 
MRI with diffusion-weighted imaging.   

4.2     Hypernatremia   

 Core Messages 

•     The primary cause of hypernatremia is 
insuffi cient free water intake.  

•   Volume expansion with 0.9 % sodium 
chloride should precede the correction 
of hypernatremia if volume depletion is 
present.    

 Case Vignette 

 A 7-day-old female infant weighting 2.8 kg 
presents to the emergency department with 
a fever and lethargy. The child was born full 
term via a spontaneously vaginal delivery 
weighting 3.2 kg to a 22-year-old fi rst-time 
mother who was exclusively breastfeeding 
the child. The postnatal course was compli-
cated by neonatal jaundice which required 
2 days of home phototherapy. The child is 
described as being a slow feeder, spending 
over 30 min on each breast. The child has 
been sleepy and fussy with a high-pitched 
cry. She has had two to three bowel move-
ments a day and one diaper appeared to have 
pink urine. Biochemistries revealed a serum 
sodium 156 mEq/L, potassium 5.6 mEq/L, 
total carbon dioxide 12 mEq/L, blood urea 
nitrogen 40 mg/dL, and creatinine 0.8 mg/
dL. Urine biochemistries reveal sodium 
<5 mEq/L, potassium 20 mEq/L, and osmo-
lality 900 mOsm/kg/H 2 O. 
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4.2.1     Introduction 

 Hypernatremia is defi ned as a serum sodium 
 concentration >145 mEq/L. In both children and 
adults, hypernatremia is seen primarily in hospi-
tals and occurs in individuals who have restricted 
access to water for a variety of reasons. Typically, 
affected patients are either debilitated by an acute 
or chronic illness, have neurologic impairment, 
or are at the extremes of age. Infants, especially 
those born preterm, are at particularly high risk 
for the development of hypernatremia because of 
their relatively small mass-to-surface area ratio 
and their dependency on a caretaker to administer 
fl uids. Hypernatremia is particularly dangerous 
in the newborn as it can result in vascular compli-
cation. Diarrheal dehydration is an important 
cause of hypernatremia in the outpatient setting 
but is much less common than previously 
reported, presumably due to the advent of low- 
solute infant formulas and the increased use and 
availability of oral rehydration solutions. 

 A group at high risk for developing hypernatre-
mia in the outpatient setting is that of the breastfed 
infant [ 30 ]. Breastfeeding-associated hypernatre-
mia is on the rise. Over 15 % of mother-infant 
diads have diffi culty establishing successful lac-
tation during the fi rst week postpartum. This is 
of particular concern for the primiparous infant. 
Reasons for lactation failure are multifactorial, 
including physiological factors which require 
3–5 days for optimal breast milk production and 
mechanical factors resulting in a poor latch or 
insuffi cient time on the breast to stimulate opti-
mal milk production. Hypernatremic dehydration 
results from a combination of insuffi cient lacta-
tion and increased breast milk sodium concentra-
tion. Hypernatremic dehydration can be diffi cult 
to diagnose as hypernatremic infants will have a 
better preserved extracellular volume.  

4.2.2     Pathogenesis 
of Hypernatremia 

 The body has two defenses to protect against 
developing hypernatremia: the ability to pro-
duce a concentrated urine and a powerful thirst 

mechanism. AVP release occurs when the plasma 
 osmolality exceeds 275–280 mOsm/kg and 
results in a maximally concentrated urine when 
the plasma osmolality exceeds 290–295 mOsm/
kg. Thirst is the body’s second line of defense but 
provides the ultimate protection against hyper-
natremia. If the thirst mechanism is intact and 
there is unrestricted access to free water, it is rare 
for someone to develop sustained hypernatremia 
from either excess sodium ingestion or a renal 
concentrating defect.  

4.2.3     Diagnosis 

 Hypernatremia is usually multifactorial and a sys-
tematic approach is required to determine the con-
tributing factors (Fig.  4.2 ) [ 1 ]. A serum sodium, 
glucose, and osmolality must be evaluated. An 
elevated serum sodium is always associated 
with hyperosmolality and should be considered 
abnormal. In cases of signifi cant hyperglycemia, 
the serum sodium will be depressed due to the 
associated translocation of fl uids from the intra-
cellular to extracellular space. Once the diagnosis 
of hypernatremia is established, a detailed his-
tory and review of fl uid intake should be taken 
to determine if the patient has an intact thirst 
mechanism, has restricted access to fl uids, or is 
not being provided adequate free water in intra-
venous fl uids. If no apparent cause for hyperna-
tremia is identifi ed, then urine volume should be 
measured and compared to fl uid intake, and the 
urine osmolality and electrolytes should be deter-
mined to assess if the renal concentrating abil-
ity is appropriate and to quantify the urinary free 
water losses. A less than maximally concentrated 
urine (<800 mOsm/kg) in the face of hyperna-
tremia is a sign of a renal concentrating defect, 
as hypernatremia is a maximal stimulus for ADH 
release. In patients with hypernatremia, the fol-
lowing should be evaluated: gastrointestinal 
losses, urinary output, dermal losses from fever 
or burns, diet history (including tube feedings 
and breastfeeding), medication history (includ-
ing diuretics), and sources of exogenous sodium. 
Salt poisoning should be suspected when-
ever the severity of hypernatremia,  neurologic 
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 manifestations, or hospital course does not 
 correlate with the  history of present illness. If this 
is suspected, a gastric sodium sample should be 
obtained as soon as possible, as a gastric sodium 
concentration greater than that of plasma is virtu-
ally diagnostic of salt poisoning.

4.2.4        Clinical Manifestations 
of Hypernatremia 

 Hypernatremia results in an effl ux of fl uid from 
the intracellular space to the extracellular space 
to maintain osmotic equilibrium. This leads to 
transient cerebral dehydration with cell shrink-
age. Brain cell volume can decrease by as much 
as 10–15 % acutely but then quickly adapts. 
Within 1 h, the brain signifi cantly increases its 
intracellular content of sodium and potassium, 
amino acids, and unmeasured organic substances 
called idiogenic osmoles. Within 1 week, the 
brain regains approximately 98 % of its water 
content [ 31 ]. If severe hypernatremia develops 
acutely, the brain may not be able to increase 
its intracellular solute suffi ciently to preserve 
its volume, and the resulting cellular shrinkage 
can cause structural changes. Cerebral dehydra-
tion from hypernatremia can result in a physical 
separation of the brain from the meninges lead-
ing to a rupture of the delicate bridging veins and 
intracranial or intracerebral hemorrhages [ 32 ]. 

Venous sinus thrombosis leading to  infarction 
can also develop. Acute hypernatremia has also 
been shown to cause cerebral demyelinating 
lesions in both animals and humans [ 33 ]. Patients 
with hepatic encephalopathy are at the highest 
risk for developing demyelinating lesions. 

 Children with hypernatremia are usually agi-
tated and irritable but can progress to lethargy, 
listlessness, and coma [ 34 ]. On neurologic exami-
nation, they frequently have increased tone, nuchal 
rigidity, and brisk refl exes. Myoclonus, asterixis, 
and chorea can be present; tonic-clonic and absence 
seizures have been described. Hyperglycemia is a 
particularly common consequence of hypernatre-
mia in children. Severe hypernatremia can also 
result in rhabdomyolysis. While earlier reports 
showed that hypocalcemia was associated with 
hypernatremia, this has not been found in more 
recent literature. In adults hypernatremia primar-
ily manifests as central nervous system depres-
sion. Adults with hypernatremia are rarely alert, 
and most have confusion with abnormal speech 
and obtundation with stupor or coma. The degree 
of central nervous system depression appears to 
correlate with the severity of hypernatremia.  

4.2.5     Treatment of Hypernatremia 

 The cornerstone of the management of hyper-
natremia is providing adequate free water to 

Water Losses                                              Decreased fluid intake

Serum Na > 145 mEq/L

Central DI
Nephrogenic DI
Diuretics
Tubulopathy
Recovering acute
renal failure
Hyperglycemia
High solute feeds
Mannitol

Fever
High ambient
temperature
Exercise
Burns
Respiratory
illness

Gastroenteritis
Osmotic diarrhea
Lactulose
Charcoal-sorbitol
Colostomy/ileostomy
Malabsorption
Vomiting

Neurologic impairment
Hypothalamic disorder
Restricted access to fluids
Fluid restriction
Ineffective breast feeding

Hypertonic NaCl
NaHCO3
Normal saline, blood
products
High solute feeding
Sodium ingestion
Sodium polysterene
Improper dialysis solution

Evaluate for contributing factors

administration

Excess sodium

Renal Insensible Gastrointestinal 

  Fig. 4.2    Diagnostic approach to hypernatremia       
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correct the serum sodium. Hypernatremia is 
frequently accompanied by volume depletion. 
Fluid resuscitation with normal saline should 
be instituted to reestablish distal perfusion 
prior to any attempt to correct the free water 
defi cit. Following initial volume expansion, the 
composition of parenteral fl uid therapy largely 
depends on the etiology of the hypernatremia. 
Patients with sodium overload or a renal con-
centrating defect will require a more hypotonic 
fl uid than patients with volume depletion and 
intact renal concentrating ability. Oral hydra-
tion should be instituted as soon as it can be 
safely tolerated. Plasma electrolytes should be 
checked every 2 h until the patient is neurologi-
cally stable. 

 A simple way of estimating the minimum 
amount of fl uid necessary to correct the serum 
sodium is by the following equation: 

  

Freewaterdeficit mL

mL leanbodywt kg

desired changein ser

( )
= × ( )
×

4

uum NamEq / L[ ]    

Larger amounts of fl uid will be required depend-
ing on the fl uid composition. To correct a 300 mL 
free water defi cit, approximately 400 mL of 
0.2 % sodium chloride in water or 600 mL 
of 0.45 % sodium chloride in water would be 
required, as they contain approximately 75 and 
50 % free water, respectively. The calculated 
defi cit does not account for insensible losses 
or ongoing urinary or gastrointestinal losses. 
Maintenance fl uids, which include replacement 
of urine volume with hypotonic fl uids, are given 
in addition to the defi cit. Glucose-containing fl u-
ids should be limited as they can result in signifi -
cant hyperglycemia. 

 The rate of correction of hypernatremia is 
largely dependent on the severity of the hyper-
natremia and the etiology. Due to the brain’s 
relative inability to extrude unmeasured organic 
substances called idiogenic osmoles, rapid cor-
rection of hypernatremia can lead to cerebral 
edema. While there are no defi nitive studies that 
document the optimal rate of correction that 
can be undertaken without developing cerebral 
edema, empirical data have shown that unless 

symptoms of hypernatremic encephalopathy 
are present, a rate of correction not exceed-
ing 1 mEq/h or 15 mEq/24 h is reasonable 
[ 35 ]. In severe hypernatremia (>170 mEq/L), 
serum sodium should not be corrected to below 
150 mEq/L in the fi rst 48–72 h. Seizures occur-
ring during the correction of hypernatremia are 
not uncommon in children but may be a sign of 
cerebral edema. Hypotonic fl uid infusion should 
be ceased and hypertonic saline should be admin-
istered when signs of cerebral edema occur dur-
ing the correction of hypernatremia is suspected. 
Seizures associated with the correction of hypo-
natremia are usually self-limited and not a sign 
of long-term neurologic sequelae. Patients with 
acute hypernatremia, corrected by the oral route, 
can tolerate a more rapid rate of correction with 
a much lower incidence of seizures. The type of 
therapy is largely dependent on the etiology of 
the hypernatremia and should be tailored to the 
pathophysiologic events involved in each patient 
(Table  4.4 ).

4.2.6        Potassium Homeostasis 

 Potassium is the most abundant cation in the 
body, with 98 % of potassium residing intra-
cellular and 2 % extracellular. It is the ratio of 
intracellular to extracellular potassium concen-
tration that  determines the resting membrane 

   Table 4.4    Management of hypernatremia   

 Etiology  Treatment a  

 (A)  Sodium and water 
loss 

 0.45 % Sodium chloride
in 5 % dextrose in water 

        Gastroenteritis 
 (B) Primary water loss  0.2–0.45 % Sodium chloride 

in 5 % dextrose in water         Ineffective 
breastfeeding 

 (C)  Nephrogenic 
diabetes insipidus 

 0.1 % Sodium chloride
in 2.5 % dextrose in water 
(acute management) 

 (D)  Central diabetes 
insipidus 

 Desmopressin acetate 

 (E) Sodium overload  5 % Dextrose in water 
 Diuretics or dialysis may
be needed 

   a Avoid 5 % dextrose in water if hyperglycemia is present  
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potential; therefore, the body must maintain 
the extracellular potassium concentration in a 
fairly narrow range of 3.5–5.5 mEq/L to pre-
vent neurologic and conduction disturbances. 
Potassium can be consumed in large quanti-
ties in the diet and is absorbed rapidly in the 
gastrointestinal tract. The serum potassium 
is acutely regulated by a transcellular shift 
of potassium from extracellular to intracellu-
lar by the release of insulin and β-adrenergic 
catecholamines. The long-term regulation of 
potassium is via urinary excretion which is pri-
marily regulated by aldosterone release. The 
serum potassium does not refl ect the total body 
potassium content, as disorders in serum potas-
sium may be due to acute intracellular shift or 
more chronic potassium depletion or overload. 
Chronic perturbations in serum potassium are 
better tolerated than acute changes, as the gra-
dient in intracellular to extracellular potassium 
will be less severe. Chronic states of hyper-
kalemia generally refl ect a disorder in renal 
function or mineralocorticoid activity, and 
hypokalemia represents total body potassium 
depletion.   

4.3     Hypokalemia   

4.3.1     Clinical Effects 
of Hypokalemia 

 Hypokalemia, defi ned as a serum potassium 
<3.6 mEq/L, is a common electrolyte abnormal-
ity occurring in hospitalized patients [ 36 ]. Mild 
hypokalemia, potassium 3–3.5 mEq/L, is usually 
asymptomatic. Hypokalemia does not cause sig-
nifi cant arrhythmias, other than U waves, unless 
there is underlying cardiac disease or digoxin 
use, where even mild hypokalemia can contribute 
to arrhythmias. Serum potassium <3.0 mEq/L 
can lead to weakness, myopathy, constipation, 
and intestinal ileus, while a serum potassium 
<2.5 mEq/L can cause rhabdomyolysis and 
ascending paralysis. When hypokalemia devel-
ops, the underlying cause should be addressed 
and corrected as hypokalemia is associated with 
increased morbidity and mortality in both chil-
dren and adults.  

4.3.2     Causes of Hypokalemia 
(Table  4.5 ) 

    Hypokalemia is not particularly common in the 
newborn. One of the most common causes of 
potassium depletion is from the use of loop or 
thiazide diuretics [ 37 ]. Diuretics are frequently 
used in the neonate with respiratory distress syn-
drome or bronchopulmonary dysplasia, but there 
is little evidence to support their use [ 38 ]. Loop 
and thiazide diuretics increase sodium delivery to 
the collecting duct. This leads to maximal sodium 
reabsorption in these segments and facilitates 
potassium excretion. Chronic diuretic use may be 
associated with effective circulating volume 
depletion which further stimulates the renin-
angiotensin- aldosterone pathway, increasing uri-
nary potassium losses. Hyperchloremic metabolic 

 Core Messages 

•     Hypokalemia does not cause signifi cant 
arrhythmias unless there is signifi cant 
underlying cardiac disease or digoxin 
use.  

•   Excessive correction of hypokalemia 
can result in dangerous hyperkalemia.    

 Case Vignette 

 A 3-week-old infant is evaluated for poor 
weight gain. The child was born at 
36 weeks’ gestation with a weight of 2.6 kg 
and a history of maternal polyhydramnios. 
At approximately 20 days of age, the child 
developed frequent bowel movements, 
non-bilious emesis, and abdominal disten-

tion. Upon presentation the child weights 
2.5 kg. Serum electrolytes reveal a sodium 
of 132 mEq/L, potassium 2.6 mEq/L, chlo-
ride 94 mEq/L, and total carbon dioxide 
35 mEq/L. 
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alkalosis, which is a frequent complication of 
diuretics, contributes to hypokalemia by impair-
ing chloride-linked sodium reabsorption, thereby 
increasing distal tubule sodium reabsorption and 
potassium excretion. Hypomagnesemia, which is 
a common complication of diuretic therapy, pro-
motes urinary potassium losses by unknown 
mechanisms. The combination of loop plus thia-
zide diuretics can lead to profound hypokalemia. 

 Other disorders leading to hypokalemia are 
conditions which lead to gastrointestinal losses, 
transcellular shifts in potassium, or mineralocor-
ticoid excess. Potassium is primarily excreted in 
the stool by the colonic epithelium; therefore, 
any process that results in diarrhea can cause 
large potassium losses. Intestinal losses from 
an ileostomy or upper gastrointestinal losses 
from vomiting or nasogastric do not contain sig-
nifi cant amounts of potassium. Hyperchloremic 
alkalosis induced by emesis can cause hypoka-
lemia by increasing urinary potassium losses. 

ß 2 - adrenergics, theophylline, and insulin can 
cause hypokalemia by causing a transcellular 
shift in potassium. There are numerous medi-
cal conditions that are associated with increased 
mineralocorticoid production or activity that can 
cause hypokalemia, especially in conjunction 
with diuretics, such as seen with renovascular 
hypertension.  

4.3.3     Bartter Syndrome 

 Bartter syndrome is rare but important cause of 
hypokalemia in the newborn [ 39 ]. Bartter syn-
drome is a heterogenous disorder characterized 
by defects in distal tubular sodium and chloride 
reabsorption occurring in the thick ascending 
limb of the loop of Henle with secondary hyper-
reninemia and hyperaldosteronism. To date there 
are fi ve different types of Bartter syndrome. 
These conditions generally have clinical fea-
tures similar to that of being on a loop diuretic 
with hypercalciuria being a prominent feature. 
A severe form of Bartter syndrome that occurs 
in the newborn is referred to as antenatal Bartter 
syndrome or hyperprostaglandin E syndrome. 
Antenatal Bartter syndrome is associated with 
maternal polyhydramnios, preterm birth, intra-
uterine and postnatal polyuria, recurrent vom-
iting, failure to thrive, growth retardation, and 
severe bouts of dehydration.  

4.3.4     Treatment of Hypokalemia 

 The treatment of hypokalemia is controversial 
as excess potassium supplementation, especially 
via the intravenous route, can cause dangerous 
hyperkalemia [ 40 ]. Hypokalemia is generally 
asymptomatic, and therapy should aim for a slow 
correction over a period of days, preferably by 
the enteral route as potassium chloride in two to 
three divided doses. In cases of cardiac arrhyth-
mias, severe myopathies, paralysis, or severe 
hypokalemia (potassium <2 mEq/L), aggressive 
intravenous administration of potassium is indi-
cated. Potassium should be given as potassium 
chloride, as there is generally an accompanying 

   Table 4.5    Causes of hypokalemia   

 1. Inadequate intake 
 2. Urinary losses 
  (a) Diuretics 
  (b) Salt-wasting nephropathy 
       (i) Fanconi syndrome 
  (c) Osmotic diuresis 
      (i) Uncontrolled diabetes 
  (d) Transport disorder 
        (i) Bartter and Gitelman syndromes 
  (e) Mineralocorticoid excess 
  (f) Magnesium depletion 
     (i) Amphotericin B 
  (g) Alkalosis 
  (h) Non-reabsorbable anions (penicillins) 
 3. Extrarenal losses 
  (a) Vomiting 
  (b) Diarrhea 
  (c) Malabsorption 
  (d) Tumors 
  (e) Dialysis 
 4. Transcellular shifts 
  (a) ß 2 -Adrenergic agents 
  (b) Insulin 
  (c) Theophylline 
  (d) Hyperthyroidism 
  (e) Hypokalemic periodic paralysis 
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chloride defi cit. Potassium should not be infused 
faster than 0.5 mEq/kg/h. The infusion should be 
stopped every 2–3 h to reassess the serum potas-
sium. A parenteral fl uid potassium concentration 
>60 mEq/L should not be administered through 
a peripheral intravenous line as it can cause 
sclerosis of the vein, and potassium infi ltration 
can cause tissue necrosis. Magnesium deple-
tion should be corrected as hypomagnesemia 
promotes urinary potassium losses. Potassium- 
sparing diuretics can be helpful to curtail urinary 
potassium losses.   

4.4     Hyperkalemia   

4.4.1     Newborns at Risk 
for Hyperkalemia (Table  4.6 ) 

    Hyperkalemia is defi ned as serum potassium 
>6 mEq/L in newborns and >5 mEq/L in  children 

outside of the newborn period. The preterm 
 neonate is at particularly high risk for developing 
hyperkalemia. Hyperkalemia is common during 
the fi rst few days after birth in premature infants 

 Core Messages 

•     Hyperkalemia can result in fatal cardiac 
arrhythmias.  

•   Exchange resins are ineffective and dan-
gerous in the treatment of non-oliguric 
hyperkalemia of the premature infant.    

 Case Vignette 

 A preterm infant is admitted to the neonatal 
intensive care unit. The child was born at 
26 weeks’ gestation with a birth weight of 
900 g with an Apgar score of 5 at 5 min. The 
child is intubated and ventilated and is given 
surfactant. The child did not receive antenatal 
dexamethasone. The child is placed on intra-
venous fl uids without potassium. At 18 h of 
life, the child is noted to have peaked T waves 
on the monitor with a widening QRS. STAT 
biochemistries reveal a nonhemolyzed potas-
sium of 7.4 mEq/L with a serum sodium of 
136 mEq/L, carbon dioxide of 18 mEq/L, and 
serum creatinine of 0.8 mg/dL. Urine output 
is normal at 3 mL/kg/h. 

   Table 4.6    Causes of hyperkalemia   

 1. Factitious 
  (a) Hemolysis 
  (b) Thrombocytosis (platelets >1,000,000/mm 3 ) 
  (c)  Leukocytosis (white blood cell count >100,000/

mm 3 ) 
  (d)  Repeated fi st clenching with tourniquet in place 
 2. Non-oliguric hyperkalemia of the premature infant 
 3. Impaired potassium excretion 
  (a) Renal insuffi ciency or failure 
  (b) Mineralocorticoid defi ciency 
      (i) Hereditary enzyme defi ciencies 
      (ii) Addison’s disease 
      (iii)  Hyporeninemic hypoaldosteronism (type 4 

renal tubular acidosis) 
       (iv)  Heparin-induced inhibition of aldosterone 

synthesis 
  (c) Pseudohypoaldosteronism 
      (i) Hereditary 
      (ii) Pyelonephritis 
 4. Medications 
  (a) Potassium-sparing diuretics 
  (b) ACE inhibitors 
  (c) Angiotensin receptor blockers 
  (d) NSAIDs 
  (e) Cyclosporine/tacrolimus 
  (f) Trimethoprim 
  (g) Pentamidine 
 5. Impaired potassium entry into cells 
  (a) Insulin defi ciency or resistance 
  (b) Hyperchloremic metabolic acidosis 
  (c) Hypertonicity (uncontrolled diabetes) 
  (d) Massive tissue breakdown (rhabdomyolysis) 
  (e) Familial hyperkalemic periodic paralysis 
  (f) Medications 
      (i) Β-blockers 
       (ii) Digoxin (at toxic levels) 
      (iii) Succinylcholine 
      (iv) Arginine 
      (v) Lysine 
 6. Excess potassium administration 
  (a) Total parenteral nutrition 
  (b) Potassium supplements 
  (c) Diet or enteral feeds 
  (d) RBC transfusion 
  (e) Penicillin G potassium 
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with a gestational age <28 weeks. This  condition 
is termed non-oliguric hyperkalemia of the pre-
mature infant, which is defi ned as a serum potas-
sium >7 mEq/L during the fi rst 72 h of life in 
the presence of normal urinary output >1 mL/
kg/h [ 41 ]. Neonatal hyperkalemia can result in 
cardiac arrhythmias and has resulted in sudden 
death. Non-oliguric hyperkalemia results from a 
transcellular shift of potassium into the extracel-
lular space and spontaneously resolves after the 
fi rst few days of life. Hyperkalemia in the older 
newborn typically results from either excess 
potassium intake, decreased potassium excre-
tion, or a transcellular shift of potassium from the 
 intracellular to extracellular space. There are usu-
ally multiple factors contributing to hyperkale-
mia; therefore, a detailed evaluation of potassium 
intake, renal function, and medication history is 
mandatory. 

 Pseudohyperkalemia is a common cause of 
hyperkalemia in the newborn resulting from 
cell breakdown following venipuncture or cap-
illary sampling [ 42 ]. A common setting for 
serious hyperkalemia in the children is oligu-
ric acute renal failure, such as seen in urinary 
tract obstruction from posterior urethral valves. 
Mineralocorticoid defi ciency and resistance are 
also important causes of severe hyperkalemia in 
the newborn. Severe hyperkalemia can develop 
in infants with pyelonephritis due to transient 
pseudohypoaldosteronism with the associated 
features of hyponatremia, acidosis, and elevated 
plasma renin activity and aldosterone [ 43 ]. A 
rare but serious form of hyperkalemia in the new-
born is that of pseudohypoaldosteronism type 1 
(PHA- 1) [ 44 ]. PHA-1 results from mutations in 
the mineralocorticoid receptor. It results in severe 
hyperkalemia in the fi rst week of life with salt 
loss, acidosis, and elevated aldosterone levels. 
It requires lifelong sodium supplementation and 
dietary potassium restriction. Hyperkalemia from 
acute and chronic kidney disease or from massive 
tissue breakdown from rhabdomyolysis or tumor 
lysis syndrome is much less common in new-
born than in the older child. Hyperkalemia from 
hyperchloremic metabolic acidosis is relatively 
common in children and results from a transcel-
lular shift in potassium. Serum potassium rises on 

average 0.6 mEq/L (0.24–1.7 mEq/L) for every 
0.1 unit fall in pH. An elevated anion gap acido-
sis has little or no effect on serum potassium.  

4.4.2     Clinical Effects 
of Hyperkalemia 

 The ratio of intracellular to extracellular potas-
sium is the major determinant of the rest-
ing membrane potential [ 42 ]. Hyperkalemia 
decreases resting membrane potential facilitating 
depolarization and impairing repolarization. The 
symptoms of mild to moderate hyperkalemia are 
usually asymptomatic; however, the fi rst present-
ing symptom may be a fatal cardiac arrhythmia. 
Clinical manifestations that can result from mem-
brane potential effects in striated muscle include 
weakness, paresthesias, and ascending paralysis. 
Ascending paralysis is usually seen in patients 
with chronic renal insuffi ciency when the serum 
potassium exceeds 7.5 mEq/L. 

 The effects of potassium on cardiac conduc-
tion are the most worrisome features (Table  4.7 ). 
Hyperkalemia interferes with atrioventricular 
and intraventricular conduction pathways lead-
ing to arrhythmias. The risks of arrhythmias usu-
ally correlate with the degree of hyperkalemia, 

   Table 4.7    Electrographic manifestations of hyperkalemia   

 Serum potassium 
level 

 Expected ECG abnormality 

 Mild hyperkalemia 
5.5–6.5 mEq/L 

 Tall, tent-shaped (“peaked”) T 
waves with narrow base, best 
seen in precordial leads (lead II) 

 Moderate 
hyperkalemia 
6.5–8.0 mEq/L 

 Peaked T waves 
 Prolonged PR interval 
 Decreased amplitude of P waves 
 Widening of QRS complex 

 Severe 
hyperkalemia 
>8.0 mEq/L 

 Absence of P wave 
 Intraventricular blocks, fascicular 
blocks, bundle branch blocks, 
QRS axis shift 
 Progressive widening of the QRS 
complex resulting in bizarre QRS 
morphology 
 Eventual “sine-wave” pattern 
(sinoventricular rhythm),
ventricular fi brillation, asystole 
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but arrhythmias are more likely to occur with 
rapid increases in serum potassium then with 
gradual increases. The most consistent ECG fi nd-
ing of hyperkalemia is increased T waves fol-
lowed by widening of the QRS complex. There is 
no clear cutoff where arrhythmias will develop, 
but patients with serum potassium >6.0 mEq/L 
should be considered at risk for arrhythmias, and 
patients with levels exceeding 6.5 mEq/L or elec-
trocardiographic features should receive immedi-
ate treatment.

4.4.3        Treatment of Hyperkalemia 

 The treatment of hyperkalemia largely depends 
on both the etiology and severity of hyperkale-
mia [ 42 ]. The presence of ECG changes or serum 
potassium exceeding 6.5 mEq/L requires imme-
diate therapy (Table  4.8 ). Calcium can reverse 
cardiac conduction abnormalities and should be 
administered if ECG changes or present. Calcium 

must be administered through a properly  function 
intravenous line as extravasation can cause tis-
sue necrosis. This is of particular concern in the 
term and preterm infant where reliable vascular 
access can be diffi cult to establish. The acute 
management of hyperkalemia involves shifting 
potassium intracellularly. The administration of 
insulin and glucose is the most reliable fi rst-line 
therapy for the treatment of hyperkalemia. β 2 -
adrenergic agent such as albuterol has been used 
successfully both intravenously and nebulized 
in the treatment of hyperkalemia. These agents 
both lower serum potassium by 0.6–1 mEq/L 
within 30 min and have an additive effect when 
use together. Insulin is effective in all patients 
but has the disadvantage of potentially causing 
hypoglycemia and requiring vascular access, 
which can be diffi cult to establish in small chil-
dren. Albuterol’s main advantage is that it can 
be administered quickly and repeatedly without 
the need for vascular access with minimal side 
effects. The main disadvantage of albuterol is 
that it is ineffective in 10–20 % of patients. Both 
insulin and albuterol lower the serum potassium 
for 2–3 h, while additional therapies can be insti-
tuted to remove potassium from the body. Sodium 
bicarbonate has recently lost favor in the acute 
management of hyperkalemia as it is relatively 
ineffective in the absence of severe acidosis, has 
a delayed onset of action of 1 h, and can cause 
fl uid overload and hypernatremia.

   Following the acute lowering of serum potas-
sium by causing an intracellular shift in potas-
sium, the next objective is to remove potassium 
from the body via urine, stool, or dialytic thera-
pies. The preferred method of removing potas-
sium from the body is via urinary losses, and 
measures should be undertaken to improve uri-
nary fl ow. Prerenal causes of acute renal failure 
should be promptly treated with volume expan-
sion, obstructive causes should be corrected, and 
urinary fl ow should be optimized with diuret-
ics. When potassium removal via urinary losses 
is not possible, then an exchange transfusion or 
dialysis may be indicated. Sodium polystyrene 
(Kayexalate) is an exchange resin which has 
been used for the treatment of hyperkalemia. 
Kayexalate removes 0.5–1.0 mEq of potassium 

   Table 4.8    Emergency management of hyperkalemia   

 1. Evaluation 
  (a)  Confi rm that potassium value is venous and 

nonhemolyzed 
  (b)  Place patient on cardiac monitor (lead II) and 

obtain ECG 
 2. Conduction abnormalities 
  (a)  Calcium gluconate (10 %) 100 mg/kg/dose 

(1 mL/kg/dose) over 3–5 min. Works 
immediately with a 15–30-min duration. Can be 
repeated in 15 min 

 3. Serum potassium >6.5 mEq/L 
  (a) Move potassium into cells: 
     (i)  Regular insulin 0.1 U/kg with 25 % glucose 

2 mL/kg over 30 min. Onset is 10–20 min with 
a duration of 2–3 h 

     (ii)  Albuterol nebulization 0.5 % 0.25 mg/kg/dose 
over 10 min. Onset of action 20–30 min, 
duration 2–3 h. Can be used in conjunction 
with insulin and glucose 

      (iii)  Sodium bicarbonate 1 mEq/kg, only if 
hyperchloremic metabolic acidosis, onset of 
action is 1–3 h 

  (b) Remove potassium from body: 
      (i) Loop diuretic 
      (ii) Hemodialysis or peritoneal dialysis 
      (iii) Fludrocortisone 
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in exchange for 2–3 mEq of sodium. The primary 
site of potassium removal is the colon; therefore, 
the gastric administration of Kayexalate can take 
6 h for potassium removal, while a retention 
enema can work in hours. Kayexalate is unpal-
atable, and to quickly deliver any signifi cant 
volume to a child will likely require nasogastric 
administration or a retention enema. Kayexalate 
can have serious intestinal complications, par-
ticularly in the preterm infant [ 45 ]. There have 
been multiple reports of bowel necrosis, intesti-
nal perforation, bowel impaction, and intestinal 
bezoars. Kayexalate has not been found to be 
effective in the treatment of non-oliguric hyper-
kalemia and has been associated with a high 
mortality. Kayexalate should not be used for 
the treatment of non-oliguric hyperkalemia in 
the premature infant and is best avoided in the 
term newborn. Hemodialysis is a rapid and effec-
tive means of potassium removal when there is 
a severe renal impairment and an acutely rising 
serum potassium.      
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5Assessment of Renal Function

Aftab S. Chishti

Core Messages

 (a) Kidney and urinary tract abnormalities 
are common neonatal and congenital 
findings that warrant appropriate and 
timely assessment of structural and 
functional integrity of the kidneys.

 (b) Renal dysfunction is often subtle and 
asymptomatic requiring reliance on 
various laboratory tests to identify and 
manage underlying conditions.

 (c) Awareness of antenatal and postnatal 
laboratory evaluation methods is the 
key to timely interventions.

 (d) Ability to understand the age and 
gestation- associated variation of cer-
tain tests might avoid unnecessary 
investigations.

Case Vignette

A 6-week-old male neonate, born to a 
23-year- old healthy primigravida, was 
brought to the pediatrician’s office with 
history of reddish discoloration noticed 
in the diaper for about a week. There 
was no associated change in urine output. 
He has been feeding well on breast milk. 
Physical examination was unremarkable 
with adequate anthropometric measure-
ments (>75th percentile for weight and 
height). The pediatrician performed a dip-
stick urinalysis to asses for a possible uri-
nary tract infection, which was negative 
for blood; a CBC and renal function panel 
were normal but a renal sonogram revealed 
slightly small and mildly echogenic kid-
neys bilaterally, which can be seen in this 
age group. The patient was then referred 
to a nephrologist for further evaluation. 
At the nephrologist’s office, the diagnosis 
of uric acid crystalluria was considered as 
the possible cause, and urine was evalu-
ated for urinalysis, microscopy, and urine 
electrolytes including creatinine. Tubular 
functions were assessed which were essen-
tially normal including fractional excretion 
of sodium of 0.5 % {FeNa}, urinary uric 
acid to GFR ratio of 0.3 (<0.56 mg/dL of 
GFR), urine calcium to creatinine ratio of 

5.1  Introduction
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Renal disease is usually silent; the changes are 
usually subtle and can only be elicited if pre-
cisely sought for. Pediatricians must use the best 
of the clinical acumen and use the appropriate 
diagnostic tools, with the knowledge of the dif-
ferences in the normal ranges at various ages. 
The diagnostic tools in the assessments of renal 
function have improved over the last few decades.

5.2  Urine Analysis (UA)

UA is the oldest method of diagnostic urine testing, 
first used more than 6,000 years ago [20]. Often 
neglected by the clinicians and poorly performed by 
laboratories, it is an inexpensive, readily available, 
and easy to interpret test with or without automated 
analyzers. It is an excellent indicator of a variety of 
renal functions, and some people consider it as a 
medical “poor man’s” biopsy of the kidney.

Urinalysis has two components: (1) Dipstick 
urinalysis gives semiquantitative analysis of 
chemical and metabolic abnormalities. Most 
commercially available dipsticks can screen for 
pH, specific gravity, ketones, glucose, protein, 
bilirubin, white blood cells, red blood cells, and 
nitrites. Newer dipsticks can even detect microal-
bumin as well. (2) Wet urinalysis consists of mac-
roscopic appearances and microscopic analysis of 
the cellular elements, crystals, and bacteria in the 
urine. The urine specimen has to preferably be 
evaluated within an hour of voiding.

Macroscopic assessment of urine is useful and 
informative. Color, clarity, and odor of urine can 
give a wealth of information. Depending on con-
centration, the color of urine varies from clear to 
dark yellow. Amber to reddish brown urine sug-
gests presence of hemoglobin, myoglobin, and 
hemosiderin. Bright red color signifies fresh 
blood, urate crystals (pink diaper syndrome), 
porphyrins, food coloring, and foods like beets. 

Brown-black discoloring is seen in alkaptonuria. 
Urine normally is clear, but the presence of white 
blood cells, bacteria, amorphous phosphates, and 
urates can turn it cloudy.

Urine specific gravity is commonly measured 
by a reagent strip; it ranges from 1.001 to 1.035, 
and it is indicative of tubular function. 
 High- specific gravity is associated with volume 
depletion, syndrome of inappropriate antidiuretic 
hormone, and in glycosuria. It is rather low with 
diuretic use, in diabetes insipidus, and in impaired 
renal function [47].

Urinary pH is also assessed by the reagent 
strips, but it is not very accurate; in circumstances 
when exact pH is desirable, it should be mea-
sured using a pH meter in freshly voided urine. 
Assessment of urinary pH is useful in assessing 
acid–base status in a variety of conditions and in 
the evaluation for renal tubular acidosis as well as 
mixed respiratory and metabolic disturbances. It 
is also useful for the monitoring and treatment of 
nephrolithiasis.

Glucose is usually not present in the urine as it 
is completely reabsorbed in the proximal tubule 
after being filtered. It can be seen in significant 
hyperglycemic states (serum glucose >200 mg/
dL), isolated renal glycosuria due to altered 
SGLT −1 or GLUT 2 transport proteins and in 
proximal tubular injury due to Fanconi’s syn-
drome. The reagent strips are only sensitive to 
the presence of glucose, so other reducing sugars 
have to be tested for independently.

Ketone bodies are the product of fat metabo-
lism and consist of acetoacetic acid, beta 
hydroxybutyrate, and acetone. Reagents on the 
dipstick only detect acetoacetic acid so dipstick 
underestimates the burden of ketone bodies in the 
system. Ketones are seen in the urine in diabetic 
ketoacidosis, glycogen storage diseases, starva-
tion, high-fat diets, and in hyperthyroidism.

Urinary nitrites are produced by the conver-
sion of dietary nitrates by the action of bacteria 
and are indicative of urinary tract infection (UTI) 
[42], mostly due to gram-negative bacteria. The 
absence of nitrites does not rule out an infection, 
as the urine may not have stayed long enough 
(usually about 4 h) in the bladder for the chemical 
reaction to be completed. False-negative results 

1 (<0.8), and tubular reabsorption of phos-
phorus was 96 %. These tests were done to 
reassure the family of completely normal 
neonatal renal function.
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could be seen with excess of vitamin C in the 
urine, patients on vegan diets, and infection by 
yeast or gram- positive bacteria and especially in 
neonates in whom frequent emptying of the blad-
der may not allow the chemical reaction to be 
completed.

Crystals are seldom seen in freshly voided 
urine, but their presence can definitely suggest 
various pathologies like cystinuria and several 
others. Some are more readily seen in acidic 
urine like calcium oxalate and uric acid, while 
calcium phosphates, amorphous phosphates, and 
magnesium ammonium phosphates are readily 
visualized in alkaline samples.

White blood cells in the urine are seen with 
UTI or glomerulonephritides, which are detected 
by the leukocyte esterase, an enzyme present in 
the leukocyte granules.

Hematuria is detected by the reagent strip and 
confirmed by the presence of two-five red blood 
cells per high power field in the centrifuged urine 
under the microscope. The shape of RBCs can 
help determine the origin of these cells, as the red 
blood cells cross the glomerular filtration barrier, 
their pliable membrane gets distorted, or some 
part of it is pinched off giving the classic appear-
ance of acanthocytes, and the red blood cells 
originating in the lower tract keep their eumor-
phic appearance. In addition red blood cell casts 
confirm glomerular etiology of hematuria.

5.3  Assessment of Proteinuria

In normal states, minimal amounts of high 
molecular weight proteins are filtered through 
the glomerular filtration; low molecular weight 
proteins that are filtered are mostly reabsorbed 
by the proximal tubules. Tamm-Horsfall pro-
tein is secreted by the tubules constituting the 
major component of excreted urinary proteins. 
In a variety of disease states, proteinuria 
increases either through the glomerular barrier 
or secreted by the diseased tubules. Albumin is 
the marker of glomerular proteinuria, while 
beta-2 microglobulin, alpha-1 microglobulin, 
and retinol-binding protein are common mark-
ers of tubular proteinuria.

5.3.1  Glomerular Proteinuria

Dipstick reagents are highly sensitive for 
 albuminuria. They can give false-positive results 
due to prolonged immersion of the dipstick in the 
urine, a high urinary pH (>8.0), or in the presence 
of pyuria or bacteriuria. Dipsticks are useful for 
semiquantitative estimation of protein in the 
urine based on the color change of the strip (trace 
to 4+ suggestive of 10 mg/dL up to >500 mg/dL). 
Standard urine dipsticks are of little to no use for 
assessment of low molecular weight proteins. For 
the assessment of tubular proteinuria, sulfosali-
cylic acid precipitation test can be used but that is 
only a qualitative assessment, and urine protein 
electrophoresis will be needed for confirmation 
and quantification.

Spot urine protein to creatinine ratios are com-
monly used quick and reliable tests for protein 
excretion. The normal value varies according to 
the age and gestation; in general a ratio of <0.2 
and under is considered normal, and values  
>2 suggest nephrotic range proteinuria [23]. In 
premature babies, this ratio can be as high as 0.6.

A 24-h timed urine collection is the gold stan-
dard for estimation of urinary protein loss. It is 
always necessary to check the total amount of 
creatinine in the same collection to assess ade-
quacy of the collection. Amounts of 4 mg/m2/day 
or less are considered normal protein excretion, 
while protein of >40 mg/m2/day is confirmatory 
of nephrotic range proteinuria [23].

5.3.2  Tubular Proteinuria

Impaired proximal tubular reabsorption of fil-
tered low molecular weight proteins leads to 
tubular proteinuria. Alpha-1 microglobulin (MW 
30 kDa), retinol-binding protein (21.4 kDa), and 
beta-2 microglobulin (11.8 kDa) are the main 
markers of tubular injury. These proteins are 
much higher in diseased preterm babies in com-
parison to healthy preterm and healthy term 
babies; in addition all babies show decline in 
their urinary excretion within a few days in post-
natal life suggesting tubular maturity happens 
rather quickly [2].

5 Assessment of Renal Function
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5.4  Assessment of Glomerular 
Function

Knowledge of the glomerular filtration rate (GFR) 
is critical in the management of newborn, infants, 
and children, not only to assess the renal function 
itself but also to help with function- based dosing 
of various medications that might be necessary in 
the premature infants and neonates, assessing 
potential risk of radiocontrast materials and in 
early detection of acute kidney injury.

Glomerular filtration is the commonly used 
measure of renal function. GFR changes signifi-
cantly from early fetal life until 2 years of age 
when it reaches adult levels (Table 5.1). Neonates 
at term are born with minimal measureable GFR, 
but it is sufficient for the metabolic needs of the 
neonate. Glomerular filtration starts between 10 
and 12 weeks of gestation; after birth, the GFR in 
term infants doubles by 2 weeks, triples by 
3 months, and quadruples by 6 months of age. In 
premature babies born at 26 weeks of gestation, 
average GFR is 6 mL/min/1.732 m2. A minimal 
increase in GFR occurs by 34 weeks of gestation 
(Table 5.1).

GFR increases rather quickly in first few weeks 
of postnatal life. GFR estimation is done using 
endogenous substances like creatinine and cystatin 
C or exogenous markers like inulin and iohexol or 
radioisotopic agents like DMSA or DTPA.

5.4.1  Creatinine-Based GFR 
Estimation

Creatinine-based GFR estimation methods are 
most commonly employed as it correlates well 
with inulin clearance within normal GFR ranges 
[45]. Creatinine as a by-product of muscle break-
down, hence it is not an ideal marker of GFR as 
there is some degree of reabsorption by the renal 
tubular cells. It is also secreted in the tubules and 
therefore overestimates the GFR at higher serum 
creatinine concentrations. Nevertheless it is over-
all the easiest and most commonly used test to 
assess GFR (Table 5.2).

The Schwartz formula [46] is quick and easy, 
utilizing height or length and serum creatinine 

concentration to calculate GFR; it has been 
recently modified in 2009, now recommending a 
fixed K of 0.413:

 

GFR = 0.413 Length orHeight cm

/S. Creatinine mg/dL

× ( )
( )

 

Another commonly used formula is by 
Counahan [10] for serum creatinine measured in 
mg/dL or mmol/L, respectively:

Table 5.1 Glomerular filtration in infants and children as 
assessed by the inulin clearance

Age GFR ± SD mL/min/1.732 m2

Preterm babies

1–3 days 14+/−5
1–7 days 18.7+/−5.5
4–8 days 44+/−9.3
3–13 days 47.8+/−10.7
8–14 days 35.4+/−13.4
1.5–4 months 67.4+/−16.6
Term babies

1–3 days 20.8+/−5
3–4 days 39+/−15.1
4–14 days 36.8+/−7.2
6–14 days 54.6+/−7.6
15–19 days 46.9+/−12.5
1–3 months 60.4+/−17.4
4–6 months 87.4+/−22.3
7–12 months 96.2+/−12.2
1–2 years 105.2+/−17.3

Modified with kind permission Springer: Schwartz and 
Furth [45]

Table 5.2 Normal serum creatinine levels

Age Creatinine mg/dL {mmol/L}

<34 weeks of gestation
 <2 weeks old 0.7–1.4 {62–123}
 >2 weeks old 0.7–0.9 {62–80}
>34 weeks of gestation
 <2 weeks old 0.4–0.6 {35–53}
 >2 weeks old 0.3–0.5 {26–44}
1 month to 2 years 0.2–0.5 {18–44}

Modified from Chan et al. [8]
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GFR = 0.43 Length orHeight cm

/S.Creatinine mg/dL

× ( )
( )  

 

GFR = 0.43 Length orHeight cm

/S.Creatinine micromol/L

× ( )
( )  

Estimated GFR formulae have an intrinsic 
limitation, and they cannot be used in cases of 
severe obesity, malnutrition, and at the 
extremes of serum creatinine, where the secre-
tory component of the creatinine can result in 
overestimation of GFR. In addition these can-
not be used in critically ill patients with rapidly 
changing serum creatinine and in acute kidney 
injury.

5.4.2  Cystatin C-Based GFR 
Estimation

Cystatin C is an endogenous low molecular 
weight protein (13.4 kD) and a member of cyste-
ine protease inhibitor protein. It is produced by 
all the nucleated cells at a constant rate, com-
pletely filtered by the glomeruli, and almost 
100 % metabolized by the renal tubular cells. 
Cystatin C is not affected much by age (the serum 
level decreases from birth to age 1 year and 
remain stable thereafter), gender, body composi-
tion, inflammatory conditions, and muscle mass. 
It can be affected by steroid use, thyroid disor-
ders, and cigarette smoking. Multiple adult stud-
ies [18, 48] and a large pediatric study [14] 
suggest that cystatin C measurements correlate 
better with measured GFR and are more sensitive 
to subtle changes in GFR in comparison to creati-
nine (Table 5.3).

There are multiple cystatin C-based GFR for-
mulae without measurement of serum creatinine:

Filler 91.62 × Cystatin 
C−1.123

{mL/min/1.732 m2} 
[13]

Zappitelli 75.94 × Cystatin 
C−1.17

{mL/min/1.732 m2} 
[55]

Grubb 83.93 × Cystatin 
C−1.676

{mL/min/1.732 m2} 
[19]

Larsson 77.24 × Cystatin 
C−1.2623

{mL/min} [25]

Some calculations include the serum 
creatinine:

Zappitelli

 

507.76 e

CystC Cr 1.165

Crmmol/L and Cys

0.0003Ht

0.634 0.547 Tx

×( )

ttatin Cmg/L

43.82 1/CystC 1/ Cr 1.35

Crmg/dL

0.635 0.547 Ht

{ }
[ ] [ ] [ ]

aand Cystatin Cmg/L{ }  

Zappitelli et al. [55].
Bouvet

 

63.2 Cr/96 Cyst C/1.2

Wt/45 age/14

C

-0.35 -0.56

0.3 0.4

× ×
× ×

( ) ( )
( ) ( )
rrmmol/L and Cystatin Cmg/L{ }  

Bouvet et al. [7].

 

63.2 1.2/CystC 96/88.4 / S.Cr

Wt/45 age/1

0.56 0.35

0.3

[ ] ( ) 
( )× × 44

Crmg/dL and CystatinCmg/L

0.4( )
{ }  

Schwartz CKiDs
39.1 × (HT/S. Cr)0.516 × (1.8/Cyst C)0.294 × (30/

BUN)0.169 × (1.099)Male × (HT/1.4)0.188 (Schwartz 
et al. [46]).

Table 5.3 Normal serum cystatin C and creatinine 
levels

Age
Cystatin C 
mg/L (range)

Creatinine mmol/L 
(range)

24–28 weeks GA 1.48 
(0.65–3.37)

78 (35–136)

29–36 weeks GA 1.65 
(0.62–4.42)

75 (27–175)

0–3 months 1.37 
(0.81–2.32)

47 (23–127)

4–11 months 0.98 
(0.65–1.49)

42 (32–100)

1–3 years 0.79 (0.5–1.25) 45 (33–60)
1–17 years 0.8 (0.5–1.27) 56 (33–88)

Adapted from Finney et al. [14]. Copyright (2000) with 
permission from BMJ Publishing Group Ltd.
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5.4.3  Exogenous Substrate-Based 
GFR Estimation

Multiple substrates like inulin [1], iothalmate 
[37], iohexol [3], ethylenediaminetetraacetic acid 
{EDTA} [41], and diethylenetriaminepentaacetic 
acid {DTPA} [41] are used for GFR estimation. 
Some use radioactivity and others use plasma 
clearance/disappearance curves. The limitation 
of inulin, iohexol, and iothalmate is their avail-
ability and difficulty in collecting timed urine 
samples from neonates and infants. Tc-DTPA is a 
very useful radiotracer as it allows assessment of 
differential renal function of either kidney, but its 
limitation is the exposure to radiation. A detailed 
discussion of these methods is beyond the scope 
of this chapter.

5.5  Assessment of Tubular 
Function

Renal tubular cells along all nephron segments 
are responsible for the processing of glomerular 
filtrate until it is ready to be excreted as final 
urine. Tubular cells have a remarkable ability to 
reabsorb or secrete substances according to the 
bodily needs; their functions are measured by 
absolute values of various solutes and proteins 
excreted along with various determinants like 
fractional excretion of sodium, fractional excre-
tion of urea nitrogen, trans-tubular potassium 
gradient, and tubular reabsorption of 
phosphorus.

5.5.1  Fractional Excretion  
of Sodium and Urea (FeNa)

It is one of the most sensitive indicators of vol-
ume status and tubular integrity.

 

FeNa =
UrineNa/PlasmaNa
PlasmaCreatinine/
UrineCreatinine

×










×100

 
In older children, the FeNa usually is <1 % in 

prerenal states and >1 % in acute tubular injury, but 
in neonates, the threshold raises to 2.5–3.0 % due 

to inability to concentrate the urine [26, 50]. The 
value is dependent upon the gestational age as well; 
at 28 weeks, this could be as high as 12–15 % 
which gradually drops to 2–5 % by term and con-
tinues to fall postnatal even in premature infants 
[16]. It is also important to note that in face of 
diuretic use, FeNa cannot be used reliably due to 
increased sodium excretion caused by the diuretic. 
Under those circumstances, fractional excretion of 
urea can be substituted to assess intravascular vol-
ume or tubular integrity with a value of <35 % sug-
gesting intravascular volume depletion and >35 % 
being suggestive of acute tubular injury [12].

 

FeUrea =
UrineUrea/PlasmaUrea
PlasmaCreatinine/
UrineCreatini

×

nne
100












×

 

5.5.2  Fractional Excretion  
of Magnesium (FeMg)

Mg is primarily reabsorbed in the proximal tubule 
and thick ascending limb of the loop of Henle. 
Mg handling is assessed by FeMg, which is nor-
mally 2–4 %.

FeMg =
Urine Mg Plasma Creatinine 100/
Plasma Mg Urine Creat

× ×
× iinine 0.7×









A factor of 0.7 is used to estimate the free 
serum Mg concentration, as only the free 
unbound Mg is available to be filtered by the 
glomeruli.

5.5.3  Trans-tubular Potassium 
Gradient (TTKG)

It is an indicator of action of aldosterone on distal 
tubules and collecting ducts [43]. It is very useful 
in the differential diagnosis of hypo-/hyperkale-
mia. Its prerequisite is that the urinary osmolality 
has to be greater than the serum osmolality, or 
urinary sodium has to be >25 mmol/L as potas-
sium secretion is markedly reduced in these 
circumstances.
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TTKG =

UrinaryPotassium PlasmaOsm/
PlasmaPotassium UrineOsm

×
×{ }××100

 

In general, expected values of TTKG are <3–5 
in hypokalemic states and 6–10 in hyperkalemia. 
TTKG in preterm neonates is rather low due to 
low-potassium excretory capacity of the tubules, 
but it does increase quickly over the course of the 
first few weeks of postnatal life [34].

5.5.4  Tubular Reabsorption  
of Phosphorus (TRP)

Phosphorus excretion is mainly dependent upon 
tubular handling as 85–95 % of filtered phospho-
rus is reabsorbed via proximal tubular cells [15]. 
Tubular reabsorption of phosphorus is signifi-
cantly lower after 3 months of age [5].

 

TRP = 1-

UrinaryPhosphorus
PlasmaCreatinine
PlasmaPhosphorus
×
/
× UUrinaryCreatinine

100



































×
 

5.5.5  Random Urinary Calcium  
to Creatinine Ratio (UCa/Cr)

Urinary calcium estimation is useful in the evalua-
tion of a patient with frequency, dysuria, hematu-
ria, nephrocalcinosis, and nephrolithiasis. Random 
UCa/Cr is dependent on age ranging from 0.2 to 
0.8 and the dietary intake of calcium (Table 5.4) 
[44, 49]. It is also significantly increased with the 
use of loop diuretics. Confirmation of true calcium 
excretion is obtained by collecting 24-h urine for 
calcium (<4 mg/kg/day).

5.5.6  Urinary Uric Acid Estimation

Urinary uric acid excretion is another major indi-
cator of renal tubular function. Newborns and 
infants tend to excrete a large amount of the fil-
tered uric acid due to tubular immaturity. Adults 
excrete about 10 % of the filtered load, and this 
level is achieved at around 1 year of life. Neonates 
can excrete as much as 30–50 % of the filtered 
load. Uric acid excretion is related to weight and 
the gestational age of the newborn [40]. It can be 
assessed by using the fractional excretion of uric 
acid (FeUA):FeUA = {Urinary UA (mg/dL)/
Serum UA (mg/dL)/Urinary Creatinine (mg/dL)/
Serum Creatinine (mg/dL)/} × 100

As uric acid excretion also depends on the 
 glomerular filtration, one can assess uric acid 
excretion per deciliter glomerular filtration, 
3.3 mg/dL for children <2 years of age and 
<0.56 mg/dL for children >2 years of age [51, 52]: 
UA/GFR = {Urine UA (mg/dL) × Plasma Creatinine 
(mg/dL)/Urine Creatinine (mg/dL)}

5.6  Assessment of Fetal Renal 
Function

In the antenatal period, the placenta performs 
most of the functions that a well-developed and 
mature kidney performs. Nevertheless, the devel-
oping kidney does not stay idle either. Various 
physiologic mechanisms are underway, which 
can be assessed by various tests, even though 
some of these tests are crude and not very sensi-
tive but can predict things to come in the future. 
Fetal renal function can be assessed by
 1. Adequacy of amniotic fluid
 2. Fetal urinary biochemical marker
 3. Fetal blood sampling
 4. Fetal renal biopsy
 5. Fetal ultrasonography (see Chap. 8 for details)

Initially amniotic fluid is produced by the pla-
centa but gradually fetal urine becomes the main 
source by 20 weeks of gestation. Any reduction 
in the amniotic fluid should alert the perinatolo-
gist to potential fetal renal dysfunction which can 
hamper lung development and maturity espe-
cially before 24 weeks of gestation. Similarly 

Table 5.4 Norms for spot urinary calcium to creatinine 
ratio

Age mg/mg mmol/mmol

0–6 months <0.8 <2.24
6–18 months <0.6 <1.68
2–18 years <0.2 <0.56

5 Assessment of Renal Function
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excess of amniotic fluid can be associated with 
renal anomalies like congenital nephrosis and 
Bartter syndrome.

Fetal urine has been used to assess renal function 
for more than quarter century [17]. It is commonly 
done in cases of obstructive uropathies with dilated 
urinary tracts. Fetal urine can be assessed for 
sodium, chloride, calcium, urinary osmolarity, 
beta-2 microglobulins, and cystatin C. Of those 
markers, sodium, beta-2 microglobulins, and cys-
tatin C best correlate with postnatal renal tubular 
function rather than glomerular filtration (Table 5.5).

Fetal urine becomes progressively more dilute 
with advancing gestational age; it is isotonic by 
20 weeks of gestation. Urinary sodium concen-
trations decrease to <90 mmol/L by 30 weeks of 
gestation; higher values are indicators of poor 
renal tubular function. In a meta-analysis of fetal 
urine studies, it is suggested to use a gestation- 
specific threshold for urinary Na and beta-2 
microglobulins for better diagnostic accuracy.

Cystatin C has evolved into a relatively more 
sensitive marker of renal function in adults and 
children. It has also been evaluated in amniotic 
fluid [33], fetal urine [31, 32], and fetal blood [6] 
to assess fetal renal function. Cystatin C is a pro-
tein (molecular weight 13.8 kD), so it does not 
cross placental barrier; it is filtered by glomeruli 
and reabsorbed and metabolized by renal tubules. 
In normal circumstances, cystatin C is not 
excreted in urine unless renal tubular cells are 

injured leading to alterations in tubular cell 
 reabsorption and/or catabolism. Urinary cystatin 
C has the added advantage of being independent 
of gestational age.

Fetal blood sampling has become relatively 
safe with the development of the ultrasound- 
assisted chordocentesis. Usual clinical markers 
of renal function like urea, creatinine, and elec-
trolytes pass through the placental barrier, so they 
are not good markers of renal function in the fetal 
blood [35]. Various higher molecular weight pro-
teins like alpha-1 microglobulin (30 kD) [9, 36], 
beta-2 microglobulin (11.8 kD) [4, 11], retinol- 
binding protein (21 kD), and cystatin C (13.8 kD) 
[6] are used as markers in fetal blood sample.

Fetal renal biopsies are only in experimental 
procedure due to its invasiveness and high failure 
rate.

5.7  Future Developments

5.7.1  Novel Biomarkers and Future 
Directions

The need to identify novel biomarker to predict 
AKI has been a major area of research for 
nephrologists, neonatologists, and cardiologist in 
the last decade. Among the various promising 
biomarkers for prediction, stratification, charac-
terizations, and monitoring the course and prog-
nostication of acute kidney injury, four main 
biomarkers have been studied the most. These 
are neutrophil gelatinase-associated lipocalin 
{NGAL}, kidney injury molecule 1 {KIM-1}, 
and interleukin 18 {IL-18}.
 (I) NGAL is a 25 kD, 178 amino acid long pro-

tein that has a role in renal tubular cell pro-
tection and proliferation. In a prospective 
study of children undergoing cardiopulmo-
nary bypass, NGAL in the urine and serum 
samples predicted AKI within 2–6 h, while 
the creatinine rose 48–72 h later [27]. 
NGAL has also been found to be a predictor 
of renal dysfunction and the need for dialy-
sis in renal transplant population [28], 
hemolytic uremic syndrome [53], contrast 
nephropathy [22], critically ill children in 

Table 5.5 Predictors of poor neonatal renal function on 
the basis of fetal urinary markers

Index test Threshold

Sodium >100 mmol/L or >95th 
percentile

Chloride >90 mmol/L or >95th 
percentile

Calcium >1.2 mmol/L or >95th 
percentile

Osmolality >200 mOsm/kg
Beta-2 microglobulin >6 mg/L
Cystatin C >1 mg/L
Retinol-binding protein 32 mg/L
Alpha-1 microglobulin 47 mg/L

Cobet et al. [9], Morris et al. [30], Muller et al. [31], 
Vanderheyden et al. [54]
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pediatric ICU setting [56], and chronic kid-
ney disease (CKD) [29]. Unfortunately all 
these studies were rather small so large 
multicenter studies are warranted for this 
promising biomarker.

 (II) KIM-1 is a transmembrane protein whose 
production is upregulated primarily in isch-
emic tubular injury. It is more specific for 
ischemic [21] and nephrotoxic AKI [24], 
then other forms of AKI and CKD. It is 
detected in high concentration in urine with 
6 h of cardiopulmonary bypass in patients 
who subsequently develop AKI.

 (III) IL-18 is an inflammatory mediator, which 
can be measured in the urine in ischemic AKI 
[38] but does not rise in nephrotoxic injury, 
urinary tract infection, or in chronic renal 
injury. It can also help predict delayed graft 
function in kidney transplant population [39].

There are other novel biomarkers like proxi-
mal renal tubular epithelial antigen, adenosine 
deaminase-binding protein, N-acetyl-beta- 
glucosaminidase, and liver fatty acid-binding 
protein which are being tested to improve our 
ability to identify renal injury as early as possible 
and to change the potential course and outcomes. 
Efforts are also being devoted to use many of 
these biomarkers either sequentially or as panels 
to improve their yield and reduce the morbidity 
and hopefully the mortality.
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  6      Nutrition in the Newborn 
with Renal Disease 

              Sonal     Bhatnagar     and        Steven     J.     Wassner    

 Core Messages 

•     The neonatal period through the fi rst 
year of life is a critical growth period 
during which nutritional intake is the 
prime growth stimulant.  

•   During infancy, chronic kidney disease 
is mainly due to renal structural abnor-
malities. These infants demonstrate sig-
nifi cant renal tubular defects including 
sodium and bicarbonate losses as well 
as the inability to concentrate urine. 
Treatment in these infants must be 
adjusted to repair their excessive elec-
trolyte and water losses.  

•   Neonatal acute kidney injury is often 
 present as part of a more general picture of 
neonatal sepsis, congenital heart disease 
or hypoxic ischemic encephalopathy. 
Weighing the nutritional requirements for 
growth against the need to restrict fl uid 
and electrolyte intake requires the collab-
orative efforts of multiple subspecialists.    

 Case Vignette 

 At 28 weeks gestation, a fetal ultrasound 
reveals that there is a male singleton fetus 
present but that there is bilateral hydrone-
phrosis and an enlarge bladder. The ultra-
sound report notes that there is suffi cient 
amniotic fl uid present, and lung develop-
ment is reported to be adequate. The parents 
ask to speak to you regarding antenatal 
counseling. You note that the presence of 
adequate amniotic fl uid is a good sign but 
believe that it is highly likely that their son 
will be born with posterior urethral valves 
and will require surgical relief of his urinary 
obstruction shortly after birth. You stress 
the importance of delivery at a neonatal 
center with both pediatric urologic and 
nephrologic care providers and counsel the 
parents that their son will likely have some 
degree of chronic kidney disease but that it 
is too early to determine the severity of the 
problem. The infant is born at a regional 
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6.1              Introduction 

 The role of nutrition is to provide the essential ele-
ments necessary for maintenance and growth. This 
is accomplished through a combination of meta-
bolic adaptations as well as the kidney’s excep-
tional ability to maintain the body’s internal milieu. 
Children born with abnormal renal function are at a 
signifi cant disadvantage at either conserving or 
excreting a variety of nutrients and as a result, often 
suffer nutritional debility during their earliest, most 
vital growth period. This chapter will attempt to 
outline both the challenges faced and some of the 
solutions currently available to achieve optimal 
growth during the fi rst months of life. 

 Karlberg [ 1 ] proposed a hypothesis that 
divides growth into three distinct but overlapping 
phases. The fi rst begins in utero and continues 
until sometime during the fi rst year. The primary 
driver in this phase is nutritional not hormonal. 
The second phase begins later in the fi rst year 
when nutrition remains important, but the pri-
mary stimulant is now growth hormone. The 
third phase begins at puberty when sex hormone 
secretion provides an additional stimulant to 
ongoing growth hormone secretion. 

 Linear growth rates are highest during the fetal 
period, averaging approximately 12 cm/month in 
the third trimester [ 2 ]. While growth rates 
decrease in the neonatal period, they are still 
higher than those at later periods of life. A normal 
infant gains about 25 cm in length during the fi rst 
year of life, which is an increase of almost 50 % 
over birth length. By the end of the second year of 
life, a normal infant has completed approximately 
30 % of its total growth and has reached 50 % of 
its fi nal height [ 3 ]. At 1 year of age, the standard 
deviation (SD) for length is approximately 2.5 cm. 
This means that a growth rate as high as 80 % of 
normal (20 cm) would still leave them at a height 
of −2 SD below normal, putting it below the third 
percentile on the height chart. 

 During fetal life, it is the placenta that serves as 
the metabolic fi lter with the fetal kidney primarily 
being responsible for the production of amniotic 
fl uid. While the kidney’s role is limited, it is vital 
since infants born with oligohydramnios often die 
due to pulmonary hypoplasia. For infants born with 
structural renal disease and decreased renal func-
tion, growth failure often begins during the fetal 
period with newborn length measurements averag-
ing approximately 1 standard deviation score 
(SDS) below the mean. Growth rates are dimin-
ished throughout the fi rst several months of life, 
and infants with chronic kidney disease (CKD) 
may lose up to another SDS within the fi rst few 
months of life [ 4 ]. This can account for up to 2/3 of 
the overall reduction in height SDS occurring over 
childhood. Data from the Growth Failure in 
Children with Renal Diseases Study and the North 
American Pediatric Renal Transplant Collaborative 
Studies group (NAPRTCS) indicate that the 
younger a child is at the onset of renal disease, the 
larger height defi cits she/he has [ 5 ,  6 ]. Both height 
and weight are affected, which explains the classic 
literature description of infants with CKD as one of 
small, often cachectic individuals. The importance 
of this growth failure is magnifi ed by the fact that 
both in renal disease and in studies in otherwise 
normal children, growth lost during the fi rst year of 
life is not fully regained [ 7 ,  8 ]. 

 These fi ndings emphasize the need for early 
and aggressive intervention to maximize growth. 
By intervening early, growth velocity can be 

center and is enrolled in a  comprehensive 
chronic kidney disease program. The child 
goes on to require three hospitalizations 
within the fi rst 18 months of life for dehy-
dration secondary to infectious diarrhea/
emesis but is thereafter stable. At 7 years of 
age, chronic kidney disease has progressed 
to  Stage 4  with an estimated creatinine 
clearance of 22 mL/min/1.73 m 2 , and he is 
referred for renal transplantation. His care 
to date has required multiple medications 
and the use of nutritional supplements, but 
at the time of transplantation, his height and 
weight are both within −1 standard devia-
tion score of the mean, his head circumfer-
ence is at the mean for age, and he is 
developmentally normal. 
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improved with some degree of catch-up growth 
obtained. Current studies suggest, however, that 
for infants with CKD, average height SDS still 
hover below the mean as opposed to being nor-
mally distributed around zero [ 6 ,  9 ].  

6.2     Etiology of CKD in Infancy 

 Approximately 20 % of children diagnosed with 
CKD each year are under 2 years of age (3/4 of 
whom are diagnosed in the fi rst year of life). Of 
these, 70–75 % have a structural abnormality, 
such as obstructive uropathy, renal aplasia/hypo-
plasia/dysplasia, or refl ux nephropathy, currently 
grouped together under the acronym CAKUT, 
which stands for congenital abnormalities of the 
kidneys or urinary tract. While present, autoso-
mal recessive polycystic kidney disease forms 
only a small percentage of this group, and the 
incidence of infl ammatory/immunologic disease 
is quite small [ 6 ]. The prevalence of CAKUT is 
associated with a high incidence of tubular dys-
function, due to both a combination of tubular 
adaption to hyperfi ltration and to the tubular dys-
function present in these infants.  

6.3     Conditions with 
Decreased GFR 

6.3.1     Nutritional Intake and Growth 

 Given that multiple dietary alterations will be 
required for infants with CKD both as a function 
of their growth and their changing renal capac-
ity, it is appropriate to consider as a base diet, 
a low- electrolyte, low-osmolar formula to which 
substances can be added as necessary. The most 
effi cient infant formula known is human milk, 
and its use is to be encouraged for nutritional as 
well as psychological reasons. However, since 
the infant’s volitional intake cannot be counted 
upon and a variety of additives are likely to be 
necessary, it is unlikely that the mother will be 
able to feed her infant at the breast. We have 
attempted to have mothers express their own milk 
and feed it to their infants, adding  supplements 

as necessary. Unfortunately, this has rarely been 
a successful long-term solution, and the major-
ity of mothers switch to one of the low- osmolar, 
human-milk substitutes. Table  6.1  notes some 
of the commercial formulas that may be utilized 
during the fi rst year of life and thereafter, while 
Table  6.2  lists additional modules utilized to 
increase energy or protein intakes. The role of the 
renal dietician is crucial in assisting the mother 
in the choice of a suitable formula, in monitoring 
nutritional parameters, and in helping the family 
with the multiple formula changes required.

    Progression to dialysis will affect also the 
nutritional requirements. Prior to dialysis, rem-
nant kidney function and the requirements associ-
ated with solute clearance produce copious 
amounts of dilute urine. At end stage, urine output 
decreases and fl uid overload becomes a concern. 
Attention to dietary intake will require marked 
alteration of fl uid and nutrient intake and, where 
appropriate, will be noted in the sections below. 

 Infants with CKD do not require higher 
energy intakes than normal infants. Estimates 
of total energy requirements for normal infants 
have been calculated based on average values for 
breast-fed infants [ 10 ]. Since there are variations 
present within the normal population, it is under-
standable that infants with CKD would show at 
least the same variability. The Fluid and Nutrition 
Board has determined estimated energy require-
ments (EER) for healthy infants based on esti-
mates of total energy expenditure plus the energy 
required for growth and tissue deposition. This 
data can be presented several ways but is most 
easily seen in Table  6.3  [ 11 ]. It should be noted 
that these calculations assume normal body size/
age and were not designed for use in infants who 
were growth retarded and in whom catch-up 
growth is desired. It has been suggested that for 
these children, the appropriate choice for energy 
intake would be that of an average child of the 
same height [ 11 ]. As can be seen, moving higher 
on the table automatically increases the energy 
intake/kilogram body weight. Experimental evi-
dence suggests that intakes of 100–120 % of 
normal are appropriate and that energy intakes 
>130 % of normal are unlikely to promote linear 
growth but may lead to obesity [ 5 ,  12 ,  13 ].
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   The institution of hemodialysis does not 
appear to alter caloric requirements. However, 
for infants on peritoneal dialysis, it is important 
to take into account the energy derived from dial-

ysate glucose, which can reach 8–12 kcal/kg/day 
and make a signifi cant contribution to the total 
energy intake [ 14 ,  15 ].  

6.3.2     Protein 

 The body’s hierarchy places maintenance 
energy requirements above growth so that when 
energy requirements are not being met, amino 
acids will be broken down into their carbon 
backbones plus nitrogen, with the carbon being 
converted to energy and the nitrogen to urea. 
Thus, the fi rst step to ensuring the anabolism 
necessary for growth is the provision of ade-
quate energy. Again, in the absence of intercur-
rent illness or surgery, there is no evidence to 
suggest that infants with CKD have increased 
protein requirements. On the other hand, provi-
sion of excess protein will not lead to improve-
ment in nitrogen balance but rather the formation 
of excess urea nitrogen and subsequent azote-
mia. Attempts to delay the progression of renal 
failure by the institution of low-protein diets to 
infants and children with CKD have been unsuc-
cessful and may be associated with diminished 
growth [ 16 ,  17 ]. As renal function declines, 
however, protein restriction should be enforced 
and intake limited to currently published stan-
dards (Table  6.4 ).

    Table 6.2    Modular additions to formulas and diets   

 Module  Measure  kcal 
 Prot 
(g) 

 CHO 
(g) 

 Fat 
(g) 

 Na 
(mEq) 

 K 
(mEq) 

 Ca 
(mg) 

 Ca 
(mEq) 

 P 
(mg)  P (mmol) 

 Similac®  1 packet 
(.09 g) 

 3.5  0.3  0.5  0.09  0.16  0.40  29.3  1.5  16.8  0.5 
 Human Milk 
Fortifi er 
 Enfamil®  1 vial  7.5  0.55  <0.3  0.58  0.29  0.29  29  1.5  15.8  0.5 
 Human Milk 
Fortifi er 
 Duocal®  1 scoop (5 g)  25  0  3.6  1.12  0.0  0.0 
 Polycose®  1 teaspoon 

(2 g) 
 8  1.9  0.11  0.6  0.0  0.3  0.0 

 Polycose® Liquid  1 mL  2  0.5  0.03  0.00 
 Microlipid®  1 mL  4.5  0.5 
 MCT Oil® 
(medium-chain 
triglycerides) 

 1 Tablespoon 
(15 mL) 

 116  14 

 Beneprotein®  1 scoop (7 g)  25  6  0.7  0.9  <20 

   Table 6.3    Average energy requirements during infancy   

 Age 
(months) 

 Average 
length a  

 Average 
Wt  EER b   EER/kg 

 1  54.2  4.4  472  107 
 2  57.8  5.3  567  107 
 3  60.6  6  572  95 
 4  63.0  6.7  548  82 
 5  65.0  7.3  596  82 
 6  66.7  7.9  645  82 
 7  68.3  8.4  668  80 
 8  69.7  8.9  710  80 
 9  71.1  9.3  746  80 
 10  72.4  9.7  793  82 
 11  73.7  10  817  82 
 12  74.9  10.3  844  82 
 15  78.3  11.1  908  82 
 18  81.5  11.7  961  82 
 21  84.4  12.2  1,006  82 
 24  87.0  12.7  1,050  83 

  Adapted from [ 52 ] 
 Total energy expenditure for normal infants of both 
sexes = 0.89 × body weight (kg) − 100 
  a Average length of male and female infants 
  b EER = estimated energy requirements as the sum of total 
energy expenditure (TEE) and energy deposition  
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6.3.3        Sodium 

 Sodium is required for growth, and during the 
fi rst 6 months, infants must retain approxi-
mately 2 mEq/day to account for the increase 
in total body sodium associated with increased 
ECF [ 18 ]. Breast-fed infants consume about 
1 mEq/kg/day and are able to achieve a posi-
tive sodium balance due to the ability of normal 
renal tubules to avidly conserve sodium. In chil-
dren with CAKUT, tubular damage leads to an 
increase in the fractional sodium excretion and a 
negative sodium balance [ 19 – 21 ]. These infants 
are particularly at risk at times of intercurrent 
illness when decreased oral intake, emesis, and 
diarrhea may combine to further increase losses 
and decrease renal function. The development 
of dehydration can lead to the rapid develop-
ment of acidosis, shock, and hyperkalemia, the 
combination of which can be acutely life threat-
ening. Parents need to be counseled about the 
importance of maintaining hydration and con-
tacting their physicians at an early stage in their 
child’s illness. 

 Sodium depletion affects extracellular vol-
ume, as well as growth and nitrogen retention 
[ 22 ,  23 ]. Maintenance of a normal extracellular 
volume has been shown to be vital for muscle 
development and bone mineralization. 

 Standards for normal infant sodium intakes are 
noted in Table  6.4 , but as a rule, infants with neo-
natal CKD will require additional sodium chlo-
ride to be added to their feeds [ 24 ,  25 ]. We begin 
supplementation with 2–3 mEq sodium/kg/day 
and aim to keep serum sodium concentrations at 
or above 140 mEq/L, decreasing sodium intake in 
the presence of either hypertension or edema for-

mation. Preterm infants may require even larger 
amounts due to the decreased sodium reabsorp-
tive ability and rapid growth rates. When volume 
status is still uncertain, serum renin determina-
tions may also be helpful. Early on, the presence 
of high urinary sodium losses is generally protec-
tive against the development of hypertension [ 26 ]. 
As kidney failure progresses and GFR further 
declines, the amount of sodium intake will have to 
be adjusted to prevent volume overload.  

6.3.4     Potassium 

 For infants receiving one of the humanized milk 
formulas, potassium intakes are often accept-
able, and normal serum potassium concentra-
tions are maintained through a combination of 
limited potassium intake and augmented excre-
tion secondary to high urine fl ow rates, increased 
urine sodium loss, and hyperaldosteronism. 
Occasionally, infants with CAKUT develop 
a form of pseudohypoaldosteronism and may 
require the small doses of fl udrocortisone. More 
commonly, hyperkalemia presents in the face 
of intercurrent volume depletion and metabolic 
acidosis. 

 When serum potassium concentrations remain 
elevated in the absence of volume depletion, the 
use of a sodium-potassium polystyrene resin 
(Kayexalate®) can be added during preparation of 
the infant formula. The formula is then decanted 
and the supernatant fed to the infant [ 27 ]. This 
is effective in lowering potassium intake, but the 
exchange of potassium for sodium can lead to 
chronic sodium overload as each gram of resin 
contains 4 mEq of sodium.  

    Table 6.4    Macronutrient intakes for normal infants a    

 Infants  Protein g/kg/day  Sodium g/day  Phosphorous mg/day  Calcium mg/day  Potassium g/day 

 0–6 month  1.5  0.12  100  210  0.4 
 7–12 month  1.5 b   0.37  275  270  0.7 

  Adapted from [ 26 ,  52 ,  53 ] 
  a Values are noted as adequate intake (AI), the recommended average daily intake level based on observed or experimen-
tally determined approximations or estimates of nutrient intake by a group (or groups) of apparently healthy people that 
are assumed to be adequate—used when an DRI cannot be determined 
  b Value listed as the DRI—adequate for 97.5 % of the population [ 52 ]  
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6.3.5     Water 

 Under normal circumstances, the kidney has 
enormous capacity to excrete water with up to 
10 % of total renal water reabsorption controlled 
in the collecting duct under the action of antidi-
uretic hormone. Renal concentrating ability is 
lost early in infants with CAKUT, while the abil-
ity to excrete dilute urine is maintained. Since the 
amount of urinary osmols to be excreted is related 
to dietary intake and growth [ 28 ], the inability to 
concentrate urine requires that suffi cient free 
water be presented during feeding. These infants 
often require as much is 180–200 mL H 2 O/kg/
day. This can be achieved by diluting infant for-
mula from the standard 20 kcal/oz to approxi-
mately 17–18 kcal/oz. Since infants eat to caloric 
satiety, an average intake of 100 kcal/kg/day will 
provide suffi cient water intake. The ability to 
dilute urine is preserved until late in the course of 
CKD so that it is unlikely that fl uid intake in this 
range will lead to volume overload. One area 
often overlooked is the contribution of formula 
intake to the production of urinary osmols. This 
is designated as renal solute load (RSL). A major 
determinant of RSL is protein content so that 
appropriate formulas for this group of patients 
are those with low RSL (see Table  6.1 ).  

6.3.6     Acidosis 

 Infants with CKD develop acidosis due to both 
decreased proximal tubular bicarbonate reab-
sorption and decreased distal hydrogen ion 
 excretion. It has become increasingly clear that 
acidosis exerts a variety of adverse effects includ-
ing increased protein degradation, decreased 
bone mineralization, and possibly even accelerat-
ing the rate of GFR decline [ 29 – 34 ]. 

 The need for alkali therapy may be masked by 
volume contraction. With the use of additional 
dietary chloride (as the sodium salt) and the use 
of dilute formulas, intravascular volume is likely 
to be restored to normal. In this situation, serum 
bicarbonate concentrations will decrease and the 
addition of base, either as bicarbonate or citrate, 
is required. 

 Acid is produced both from dietary intake and 
from the calcifi cation of osteoid to bone where 
the uptake of calcium leads to the release of 
hydrogen ion. While acid production in adults is 
generally 1–2 mmol/kg/day, during periods of 
rapid growth, this may increase to as much as 
3–5 mEq/kg/day [ 26 ,  35 ]. There is, therefore, no 
absolute value for bicarbonate supplementation, 
but suffi cient alkali should be provided to main-
tain serum bicarbonate concentrations at or above 
22 mmol/L. Development of signifi cant meta-
bolic alkalosis in the face of moderate doses of 
alkali suggests chloride depletion alkalosis. The 
addition of sodium without chloride generally 
does not lead to volume overload.  

6.3.7     Calcium/Phosphorus 

 Both calcium and phosphorus are necessary 
for cellular and bone growth. Human milk 
provides limited amounts of both of these 
substances (compared with cow’s milk), and 
adequate renal mass is required to maintain an 
appropriate balance for both elements. While 
adequate calcium absorption requires the pres-
ence of the activated vitamin D metabolite 
(1,25- dihydroxcholecalciferol), gastrointestinal 
phosphate can easily be absorbed in the absence 
of vitamin D stimulation. Most infant formulas 
contain excessive quantities of both calcium 
and phosphate and are inappropriate for infants 
with CKD. Formulas appropriate for infants 
with CKD more closely resemble the calcium/
phosphate content of human milk with approxi-
mately a 2:1 ratio of calcium to phosphorus. It 
is also true that the development of rickets has 
been reported in severely premature infants both 
without evident renal disease. In these infants, 
however, the etiology is often due to absolute 
dietary calcium and/or phosphate defi ciency 
in the face of rapid growth rates [ 36 ]. While 
all individuals with CKD will at some point in 
their progression require the administration of 
1,25- dihydroxcholecalciferol, it now appears 
that there is a role for the maintenance of serum 
25-hydroxyvitamin D concentrations as well. 
While there is still debate as to the minimum 
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requirement, these infants should, at a  minimum, 
receive current recommended daily doses of cal-
ciferol or ergocalciferol [ 37 ].  

6.3.8     Supplemental Feeding 

 Approximately 40 years ago, Holliday [ 38 ] fi rst 
noted that CKD was associated with decreased 
caloric intake and that growth could be improved, 
but not normalized, by caloric supplementation. 
This has been abundantly confi rmed by others [ 6 , 
 9 ,  39 ]. Early attempts to improve intake led to the 
use of highly concentrated formulas with a high- 
osmolar load; this approach had the paradoxical 
effect of increasing renal solute load in the face 
of decreased tubular concentrating ability. The 
net effect was the worsening of azotemia, hyper-
kalemia, and, often, the premature institution of 
dialysis. 

 Poor intake may be secondary to poor appetite 
and/or frequent vomiting, both of which may be 
clinical manifestations of acidosis or uremia [ 40 ]. 
Symptoms of vomiting, irritability, and discom-
fort may also be suggestive of gastroesophageal 
refl ux in infants with CKD [ 41 ]. 

 When oral intake does not suffi ce, tube feed-
ing should be initiated to provide adequate nutri-
tion for both predialysis and dialysis-dependent 
individuals [ 40 ]. The use of enteral feeds has 
allowed physicians to tailor their nutritional ther-
apy and insure more consistent intakes. It also 
relieves parents of concerns regarding their 
inability to provide adequate nutrition when their 
infant will not drink adequate daily volumes. In a 
large study of infants with CKD who presented at 
less than 6 months of age, 80 % were tube fed and 
had a mean height SDS within normal range at 
1 year of age [ 42 ]. In another study, 12 infants 
were started on supplemental enteral feeding in 
association with PD and showed signifi cant 
improvements in height, weight, and head cir-
cumference SDS at 1 year [ 43 ]. 

 Nissen fundoplication may be required in 
severe cases of intractable vomiting and is often 
performed at the time of gastrostomy tube place-
ment. More recently, the use of gastrojejunal 
tubes has been suggested as an alternative to 

 fundoplication, but there is little published data 
on the use of this approach in children with CKD. 

 Infants who require tube feeds often develop 
oral feeding dysfunction [ 44 ] and require referral 
to feeding clinics. In our experience, this remains 
a problem throughout the pretransplant and early 
transplant period, resolving only after good renal 
function is established. 

 For infants and children with advanced renal 
disease, several formulas have been designed 
to provide adequate energy and protein intakes 
with limited fl uid and electrolyte content. The 
use of these formulas implies a signifi cant degree 
of renal insuffi ciency and the importance of 
nephrologic as well as nutritional involvement 
(Table  6.5 ).

6.3.9        Growth Hormone 

 The administration of growth hormone to infants 
is controversial. If the growth schema noted by 
Karlberg [ 1 ] is correct, then growth hormone is 
not a major growth stimulant until the later part of 
the fi rst year. The fi rst 6–9 months of life should 
therefore be devoted to aggressive attempts to 
institute and maintain appropriate oral/enteral 
nutrition and prevent the previously described 
decline in growth parameters often seen in these 
children. For those infants in whom growth rates 
are still not acceptable after adequate nutritional 
intake is assured and metabolic bone disease 
has been addressed, the use of recombinant 
human growth hormone may provide additional 
improvement in statural growth [ 45 ].   

6.4     Conditions with Normal GFR 

6.4.1     Congenital Nephrotic 
Syndrome (NS) 

 Congenital nephrotic syndrome is by defi nition 
a condition appearing either at birth or within 
the fi rst 3 months of life. Unlike CKD, GFR is 
generally normal early in life, and the main nutri-
tional concerns appear to relate to the provision 
of a high-energy, high-protein, and low-sodium 

S. Bhatnagar and S.J. Wassner



135

   Ta
b

le
 6

.5
  

  Sp
ec

ia
liz

ed
 r

en
al

 f
or

m
ul

as
   

 Fo
rm

ul
a 

na
m

e 
 kc

al
/o

z 
 kc

al
/1

00
 m

L
 

 Pr
ot

 
(g

) a   
 C

H
O

 
(g

) a   
 FA

T
 

(g
) a   

 N
a 

m
E

q a   
 K

 
m

E
q a   

 C
a 

m
g a   

 C
a 

m
E

q a   
 P 

m
g a   

 P 
m

m
ol

 a   
 M

g 
m

g a   
 M

g 
m

E
q a   

 m
O

sm
/k

g 
 R

SL
 m

O
sm

/
L

 b   

 N
ep

ro
 w

ith
 C

ar
b 

St
ea

dy
®
 c   V

an
ill

a 
 54

 
 18

0 
 8.

1 
 16

.1
 

 9.
6 

 4.
6 

 2.
7 

 10
6.

0 
 5.

3 
 72

.0
 

 2.
3 

 21
.0

 
 1.

7 
 74

5 
 55

5 

 N
ov

as
ou

rc
e 

R
en

al
®
 

(B
ri

kP
ak

) 

 60
 

 20
0 

 9.
1 

 18
.3

 
 10

.0
 

 4.
1 

 2.
4 

 84
.0

 
 4.

2 
 81

.9
 

 2.
7 

 19
.7

 
 1.

6 
 80

0 
 63

5 

 R
e/

G
en

 H
P/

H
C

®
 c   V

an
ill

a 
 58

 
 19

5 
 6.

8 
 26

.6
 

 9.
6 

 4.
4 

 0.
3 

 8.
5 

 0.
4 

 38
.4

 
 1.

2 
 1.

7 
 0.

1 
 22

5 
 77

0 

 R
en

al
ca

l®
 d   

 60
 

 20
0 

 3.
4 

 29
.0

 
 8.

2 
 0.

3 
 0.

2 
 6.

0 
 0.

3 
 10

.0
 

 0.
0 

 2.
0 

 0.
0 

 60
0 

 14
5 

 R
en

as
ta

rt
®
 e   

 30
 

 10
0 

 1.
5 

 12
.5

 
 4.

8 
 2.

1 
 0.

6 
 22

.6
 

 1.
1 

 18
.4

 
 0.

6 
 10

.6
 

 0.
9 

 22
5 

 12
5 

 Su
pl

en
a 

w
ith

 
C

ar
b 

St
ea

dy
®
 f   

V
an

ill
a 

 54
 

 18
0 

 4.
5 

 19
.6

 
 9.

6 
 3.

5 
 2.

9 
 10

5.
5 

 5.
3 

 71
.7

 
 2.

3 
 21

.5
 

 1.
8 

 60
0 

 34
4 

   a  V
al

ue
s 

pe
r 

10
0 

m
L

 o
f 

st
an

da
rd

 d
ilu

tio
n 

fo
rm

ul
a 

  b  R
en

al
 s

ol
ut

e 
lo

ad
 

  c  I
nt

en
de

d 
fr

om
 in

di
vi

du
al

s 
on

 d
ia

ly
si

s 
  d  N

ot
 a

 n
ut

ri
tio

na
lly

 c
om

pl
et

e 
fo

rm
ul

a 
  e  F

or
 b

ir
th

 th
ro

ug
h 

10
 y

ea
rs

 o
f 

ag
e 

  f  D
es

ig
ne

d 
fo

r 
pa

tie
nt

s 
w

ith
 C

K
D

 n
ot

 o
n 

di
al

ys
is

  

6 Nutrition in the Newborn with Renal Disease   



136

intake. While the best described form of congeni-
tal nephrotic syndrome is the Finnish type, noted 
for genetic defects in the Nephrin gene, there are 
a variety of other genetic causes known. In all 
cases, it is necessary to aggressively limit sodium 
intake while providing adequate energy and pro-
tein intake. These children have traditionally 
been treated with high-energy formulas, provid-
ing up to 130 kcal/kg/day [ 46 ]. Human milk or 
milk formulas may be used, with added glucose 
polymers to increase the caloric value. Rapeseed, 
sunfl ower, or fi sh oil are generally added to 
increase the ratio of monounsaturated and poly-
unsaturated fatty acids. Protein intakes as high 
as 3–4 g/kg/day are necessary [ 46 ,  47 ] and may 
be provided in the form of casein-based protein 
additives. These children may also require intra-
venous albumin infusions as an adjunct to their 
enteral feeds to maintain adequate serum albu-
min concentrations and prevent gross edema nec-
essary [ 46 ]. 

 Due to the massive protein loss in the urine, all 
of these children develop hypothyroidism and 
require early thyroxine supplementation. Vitamin 
D supplementation is required, but correction of 
25-hydroxyvitamin D concentrations is diffi cult 
due to massive urinary losses. During the fi rst 
several years of life, there is a progressive decline 
in renal function. These children all develop 
CKD and will eventually require renal transplan-
tation. The timing of nephrectomy and transplan-
tation is dependent at least to some degree upon 
the ability to maintain adequate nutrition in the 
face of nutritional debility [ 46 – 48 ].  

6.4.2     Tubular Lesions 

 Tubular lesions such as renal tubular acidosis, 
hypophosphatemic states, diabetes insipidus, 
neonatal Bartter syndrome, or rare cases of the 
Fanconi syndrome may present within the neona-
tal period with evidence of volume depletion and 
electrolyte abnormalities. While specifi c diagno-
ses may be delayed, the rapid institution of vol-
ume replacement therapies may be lifesaving. In 
the absence of a family history, the diagnoses of 
stone-forming diseases such as cystinuria or hyp-

eroxaluria are rarely made within the neonatal 
period. A full discussion of renal tubular disor-
ders is beyond the scope of this chapter and the 
reader is referred to Chap.   4     for more complete 
information.   

6.5     Neonatal Acute Kidney 
Injury (AKI) 

6.5.1     Conservative Care 

 The nutritional care of neonates and infants with 
AKI is complex, requires the care of multiple ser-
vices, and should be done only in medical centers 
with a full complement of pediatric subspecialty 
care. Children with AKI often present as part of a 
more general picture of sepsis, congenital heart 
disease, or hypoxic ischemic encephalopathy. 
After the initial period of weight/fl uid loss, the 
neonatal period is characterized by a propensity 
to anabolism, necessary to fuel cellular growth. It 
is quite diffi cult to achieve anabolism in any 
patient with AKI and perhaps even more so in 
neonates. Often the best that can be achieved is a 
limitation of tissue catabolism through the provi-
sion of a high concentration of energy delivered 
either enterally or, more often, parenterally. In 
this instance, the infant’s anabolic drive is help-
ful, and with careful control of energy, protein, 
and electrolyte intakes, it is possible to avoid 
dialysis in a signifi cant percentage of infants. 
Where possible, enteral intake is preferred and 
formulas can be adapted in a stepwise fashion to 
provide increasing amounts of energy and protein 
intake, generally by starting with human milk or 
a humanized milk formula with the addition of 
energy in the form of complex carbohydrates or 
fat, while protein intake can be adjusted upward 
through the use of protein concentrates (see 
Table  6.2 ). 

 When AKI persists, it is often necessary to 
institute dialysis in order to achieve adequate 
nutritional intake. Again, there is no data to sug-
gest that infants with AKI require larger energy 
or protein intakes than individuals receiving 
parenteral nutrition for other reasons, and 
attempts should be made to provide energy and 
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   Table 6.6    Energy and 
protein intakes for infants 
requiring dialysis   

 Predialysis  Hemodialysis  Peritoneal dialysis 

 Energy a   Protein b   Energy a   Protein b,c   Energy a,d   Protein b,e  

 0–6 months  100–110  2.2  100–110  2.6  100–110  3 
 6–12 months  95–105  1.5  95–105  2  95–105  2.4 
 1–3 years  90  1.1  90  1.6  90  2.0 

   a kcal/kg/day 
  b g/kg/day 
  c Protein intakes increased by approximately 0.4 g/kg/day to account for hemodialysis 
losses 
  d  Note : up to 10 % of the total caloric intake (10 kcal/kg/day) can be absorbed as dex-
trose via the dialysate. Obesity may become a concern for some children and adoles-
cents on peritoneal dialysis 
  e Protein requirements on peritoneal dialysis refl ect the signifi cant loss of proteins 
through the dialysis fl uid  

protein intakes based on gestational age and 
size. If possible, the use of indirect calorimetry 
can be helpful in determining true energy 
requirements [ 49 ,  50 ]. 

 Current low-solute infant formulas often con-
tain “humanized” concentrations of electrolytes. 
It is often necessary to modify these formulas to 
better control calcium, phosphate, alkali, and 
potassium intake. The addition of calcium will 
help to decrease phosphate uptake as well as 
improve serum calcium concentrations. Base can 
be adjusted by the addition of sodium bicarbon-
ate or citrate. Potassium can also be adjusted, 
most often decreased by the addition of a sodium- 
potassium polystyrene resin (Kayexalate®).  

6.5.2     Dialysis 

 Infants with CKD rarely require dialysis in the 
neonatal period as severe intrauterine renal fail-
ure and oliguria will lead to pulmonary hypopla-
sia and early neonatal demise. The nutritional 
care of infants requiring dialysis is complex, and 
adaptations will refl ect the type of dialysis ther-
apy used. Given the small size and limited vascu-
lar access, peritoneal dialysis is most often 
utilized for infants with CKD, but the use of 
hemodialysis and continuous renal replacement 
therapy (CRRT) all have been reported for this 
age group. As noted previously, infants on perito-
neal dialysis receive a daily transfer of 8–12 kcal/
kg via glucose absorbed. Infants on CRRT are 

often dialyzed using solutions containing 
 glucose. The glucose lost during hemodialysis is 
not signifi cant. Protein losses can be signifi cant 
for infants on dialysis, and it has been suggested 
that protein intakes be increased during both 
hemo- and peritoneal dialysis (Table  6.6 ). There 
is little data on the loss of amino acids for infants 
on CRRT, but what data is present suggests that 
children undergo substantial amino acid and pro-
tein losses during this procedure [ 51 ]. For infants 
undergoing peritoneal dialysis, it is important to 
consider the interaction of increased intra- 
abdominal volume/pressure and rate of nighttime 
enteral intake, the combination of which may 
lead to increased fi lling pressure, worsening gas-
troesophageal refl ux, and consequent decreased 
food intake.

        Conclusion 

 Normal kidney function gives humans the 
ability to ingest a wide range of nutritional 
intakes allowing us to both excrete excess 
and conserve as conditions demand. During 
the fi rst year of life, growth rates are high, 
and infants are primed to conserve electro-
lytes while excreting the large fl uid volumes 
present in human milk. When renal disease is 
present during infancy, it becomes more diffi -
cult to achieve these goals. Appropriate nutri-
tional care requires the cooperative efforts of 
physicians and nutritionists working with the 
family to achieve the optimal growth possible 
for these infants.     

6 Nutrition in the Newborn with Renal Disease   
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7.1            Introduction 

 With the advent of prenatal screening, a new 
 population of urological patients has been identi-
fi ed – the fetus. In fact, genitourinary tract anom-
alies are among the most common congenital 
anomalies, noted in 1:250–1:1,000 pregnancies. 
Prenatal ultrasound detects 73–82 % of these 
anomalies [ 16 ,  54 ]. Many of these patients have 
transient hydronephrosis that will resolve with-
out medical intervention either during pregnancy 
or in infancy. Others, such as those with unilat-
eral problems have correctable anomalies that do 
not warrant intervention during pregnancy as 
they can be corrected postnatally without any 
adverse consequences to the child. Consequently, 
the dilemma following prenatal identifi cation of 
a urological problem is to identify patients who 
have a clinical anomaly that is signifi cant enough 
that prenatal treatment is required and further 
still in whom the treatment will be benefi cial. 

 Patients with an enlarged bladder, megacystis, 
are those most concerning as both kidneys can be 
at risk for renal damage. Despite this, over a half 
of fetuses detected with megacystis will resolve 
spontaneously during pregnancy [ 51 ], and many 
that persist will not have evidence of bladder out-
let obstruction but may have vesicoureteric refl ux 

or idiopathic causes that do not benefi t from early 
intervention [ 56 ]. 

 Lower urinary tract obstruction (LUTO) is 
seen in 1:5,000–1:8,000 male fetuses, with the 
most common cause being posterior urethral 
valves [ 47 ]. In girls, urethral atresia accounts for 
the majority of cases [ 26 ]. These two diagnoses, 
along with prune belly syndrome, comprise the 
main diagnoses of LUTO that are evaluated for 
fetal intervention. Lower urinary tract obstruc-
tion can result in increased bladder pressure dur-
ing both the fi lling and emptying phases. This is 
known to cause (1) renal dysplasia; (2) pulmo-
nary hypoplasia, as amniotic fl uid is crucial to 
pulmonary development and amniotic fl uid vol-
ume is decreased with bladder outlet obstruction; 
and (3) permanent bladder dysfunction in the 
long run [ 20 ]. 

 Complete obstructive uropathy, caused by 
posterior urethral valves or urethral atresia, may 
be visualized as early as the fi rst trimester, pre-
senting as fi rst trimester megacystis [ 48 ]. 
Pathologic studies have shown that urethral atre-
sia is more frequently diagnosed at an earlier ges-
tational age, a diagnosis that has historically been 
considered lethal [ 27 ]. Bladder outlet obstruction 
is a fi nding that, when combined with oligohy-
dramnios, can be associated with perinatal mor-
tality as high as 95 % [ 29 ]. The high mortality 
rate is attributed to severe pulmonary hypoplasia. 
This group compares unfavorably with all con-
genital abnormalities of the kidney and urinary 
tract (CAKUT) where a recent review found an 
overall mortality rate of 24 %, ranging from 14.6 

        A.   Hou     •     D.   Wilcox ,  MD       (*)  
  The Department of Pediatric Urology , 
 Children’s Hospital Colorado ,   13123 East 16th 
Avenue ,  Box 463 ,  Aurora ,  CO   80045 ,  USA   
 e-mail: duncan.wilcox@childrenscolorado.org  

  7      Fetal Urology 

           Amy     Hou     and     Duncan     Wilcox     

mailto: duncan.wilcox@childrenscolorado.org


142

to 54 %, highest in the setting of renal agenesis 
[ 32 ]. In addition, almost one third of children 
under the age of 4 years old with ESRD have 
obstruction as the underlying cause – 93 % of 
these patients are male, the majority of which had 
posterior urethral valves [ 18 ]. 

 “Fetal diagnosis prompts the question of fetal 
surgery” [ 10 ]. Currently, the most common treat-
ment of lower urinary tract obstruction is elective 
termination of the pregnancy [ 13 ]. With the 
majority of LUTO patients being identifi ed pre-
natally, interest in fetal treatment has increased, 
to prevent or reverse the sequelae of obstruction. 
If nothing is done to intervene, the expected out-
come for fetuses with severe LUTO and oligohy-
dramnios is that 45 % will die in the fi rst 3 weeks 
of life and 25 % will have renal failure [ 37 ]. With 
prenatal intervention, the reported neonatal mor-
tality is 38 %. The majority of neonatal deaths are 
secondary to pulmonary hypoplasia. This chapter 
aims to identify patients with LUTO whom may 
benefi t from intervention, the types of interven-
tion available, and the outcomes, which currently 
are not optimistic. 

7.1.1     Embryology 

 The defi nitive kidney, the metanephros, begins 
development on day 28 of gestation, when the ure-
teric bud comes in contact with the metanephric 
mesenchyme. Through mesenchymal- epithelial 
interactions, the collecting system is formed from 
the branching ureteric bud and the nephron from 
the overlying mesenchyme. Fetal urine produc-
tion begins as early as week 8 of gestation [ 40 ]. 
By week 12, the collecting system, the ureters, 
and the bladder are formed. By the 13th week, 
the smooth muscle and autonomic innervations 
of the bladder are complete [ 17 ]. Nephrogenesis 
is complete by week 34, with maturation of the 
existing nephrons continues after birth [ 28 ]. 

 By week 16 of gestation, fetal urine main-
tains the amniotic fl uid volume. The canalicu-
lar phase of lung development takes place from 
16 to 28 weeks. Without adequate amniotic 
fl uid, which is an essential component in fetal 
lung development, bronchial development does 

not occur, resulting in pulmonary hypoplasia. 
Postnatally, death from respiratory failure would 
be expected. Animal models demonstrated that 
this process could be reversed by bypassing the 
obstructed urinary tract, providing normal amni-
otic fl uid levels and allowing for adequate alveo-
lar development [ 1 ].   

7.2     Investigations 

 With the advent of prenatal ultrasound screening 
in the early 1980s, patients were increasingly 
being identifi ed with hydronephrosis. Currently, 
in the United States and other countries, it is a 
normal practice for pregnant mothers to undergo 
an anomaly scan around 20 weeks of gestation. If 
this is abnormal then further investigations are 
arranged. The purposes of these investigations 
are to:
    1.    Identify structural anomalies   
   2.    Make an accurate diagnosis where possible   
   3.    Identify patients with associated anomalies   
   4.    Identify patients who are at risk for renal 

impairment     
 Structural anomalies are routinely investi-

gated with ultrasonography. However, ultrasound 
scans are excellent at identifying megacystis 
but are poor at diagnosing the exact problem. 
In some studies, up to two thirds of the diag-
noses are incorrect [ 48 ]. As a result, MRI is 
now frequently used to further aid in diagnosis. 
Associated anomalies can also be detected with 
prenatal ultrasound scans, and maternal and fetal 
blood sampling has been used to identify fetuses 
with chromosomal anomalies. Finally fetal urine 
sampling is being taken in an attempt to identify 
patients with or who are at risk of renal damage. 

7.2.1     Imaging 

 Defi nitive diagnosis of underlying etiology for 
LUTO is not possible with prenatal ultrasound 
[ 4 ]. Prenatal ultrasonography is essential in 
looking for the presence of other congenital 
anomalies. In the presence of oligohydramnios 
or anhydramnios, the ultrasound is limited due 
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to the lack of a fl uid window through which the 
ultrasound transduces. In such cases, amnioin-
fusion may be necessary to allow for complete 
fetal survey. 

 The shape of the bladder can be a clue to the 
underlying obstruction. Urethral atresia or com-
pletely obstructing posterior urethral valves will 
show a symmetrically thick-walled, distended, 
and round bladder. In cases of incomplete 
obstruction, either by incomplete posterior ure-
thral valves, hypoplastic urethras, urethral stric-
tures, or meatal stenosis, a “snowman” bladder 
may be seen. These bladders will have thickening 
in the trigone and lower bladder neck region, 
with minimal thickening at the dome. Dilation of 
the urethra should also be assessed. A dilated 
membranous penile urethra can sometimes be 
traced to the distal end, which has been associ-
ated with anterior urethral valves or meatal ste-
nosis [ 30 ]. A large series of prenatal ultrasounds 
found a positive predictive value of 34.6 % of the 
fi ndings of bilateral hydroureteronephrosis, a 
dilated bladder and the keyhole sign, with poste-
rior urethral valves (Fig.  7.1 ) [ 39 ].

   The presence of cortical cysts or increase in 
renal echogenicity can be indicative of renal dys-
plasia. Cortical cysts have been reported to cor-
relate with postnatal fi ndings of renal dysplasia 
with 100 % specifi city and 44 % sensitivity. 
Increased renal echogenicity correlated with 
 dysplasia, with 73 % sensitivity and 90 % 

 specifi city. The presence of  cortical cysts or 
increased echogenicity on ultrasound demon-
strated the best predictive accuracy for poor post-
natal renal outcome [ 35 ]. 

 Fast scanning MRI is a useful supplementary 
imaging tool in the setting of oligohydramnios. 
Although, one study looking at MRI as a supple-
mentary imaging modality found that there was 
no increased information to be gathered regard-
ing fetal anatomy in the setting of normal amni-
otic fl uid [ 41 ].  

7.2.2     Fetal Urinalysis 

 Fetal bladder sampling is performed in an attempt 
to identify patients at risk for current or later 
renal impairment. Serial fetal bladder sampling is 
recommended to improve its prognostic value. 
As the fetal kidneys mature, the urine becomes 
increasingly hypotonic. In the early second tri-
mester, fetal urine is almost physiologically iso-
tonic, thus making interpretation of fetal urine 
electrolytes in this time period diffi cult. Fetal 
urine sodium and ß-microglobulin decreases dur-
ing the second half of gestation, whereas urine 
calcium does not change signifi cantly [ 38 ]. 

 Decreased resorption, increased loss of ana-
lytes in fetal urine, and hypertonicity has been 
positively correlated with increased renal impair-
ment and poorer prognosis [ 46 ]. A systematic 
meta-analysis in 2007 [ 36 ] reviewing fetal uri-
nalyses found no urine analytes had clinically 
signifi cant accuracy in predicting poor renal out-
come postnatally. The two most accurate param-
eters were calcium level >95th percentile for 
gestational age and sodium level >95th percentile 
for gestational age. 

 Fetal urine electrolytes play prominently in 
patient selection, which was confi rmed in a con-
sensus of SFU members in 2000. Johnson et al. 
demonstrated that sequential fetal urine analysis 
improves the sensitivity and specifi city of the 
test. Good renal function was indicated by urine 
values falling below the threshold with repeated 
bladder aspirations. The fetuses with poor out-
comes tended to have higher initial values and 
increasing urine values over time. Urine obtained 

  Fig. 7.1    Prenatal ultrasound scan of a male patient with 
posterior urethral valves. A thick-walled bladder and 
dilated posterior urethra can be easily identifi ed       
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on the fi rst bladder aspiration has been present in 
the bladder for an unknown period of time and is 
unlikely to accurately refl ect urine currently 
being made by the kidney. The goal is to sample 
urine shortly after it has been produced by the 
fetal kidney, to get the most accurate depiction of 
renal function [ 24 ]. A variety of electrolytes have 
been used, as has beta microglobulin and their 
respective values are shown in Table  7.1 .

   The prognostic power of fetal urine electro-
lytes is debated. Wilkins et al. found no evidence 
that fetal urine electrolytes facilitate the identifi -
cation of which fetuses may benefi t from inter-
vention [ 55 ]. Elders also found a discordance 
between urinary electrolytes and postnatal renal 
dysplasia in 50 % of cases [ 22 ].  

7.2.3     Patient Selection 

 The screening of appropriate candidates for fetal 
intervention is important to avoid surgical com-
plications in fetuses that may do well without 
intervention, as well as to avoid intervention in 
those fetuses who are unlikely to survive [ 2 ]. 

 An algorithm that was proposed by Johnson 
et al. has been used as a general guideline by 
many for determining which patients will most 
benefi t from prenatal intervention [ 23 ]. A fetal 
karyotype should be obtained. Then a detailed 
sonographic evaluation to rule out structural 
anomalies is performed, as these may impact the 
fetal prognosis. Fetal intervention would not be 
recommended if another life-threatening anom-
aly were found on the fetal survey. Serial fetal 
urine evaluations were recommended to deter-
mine the extent of the underlying renal damage. 

 Today, an appropriate patient for fetal 
 intervention is a fetus with a normal karyotype, 
no other structural abnormalities, ultrasound 
fi ndings consistent with lower urinary tract 
obstruction, presence of oligohydramnios or 
anhydramnios, and “favorable” urine electrolytes 
[ 42 ]. Normal-appearing fetal kidneys, in terms of 
echogenicity and lack of cortical cysts, are also 
an inclusion criterion for fetal intervention. 

 In 1986, the International Fetal Surgery 
Registry summarized the results of fetal interven-
tion on hydronephrosis. They concluded that due 
to morbidity and mortality, in addition to errors 
of diagnosis, in utero intervention may improve 
survival and decrease morbidity, at least in the 
setting of posterior urethral valves [ 31 ]. The goal 
of fetal intervention in LUTO is to restore amni-
otic fl uid to prevent pulmonary hypoplasia and to 
decompress the urinary system, to prevent renal 
impairment.   

7.3     Fetal Intervention 

 Starting in the 1980s Harrison and colleagues in 
San Francisco have pioneered our approaches 
to fetal intervention. The aim of intervention is 
to restore amniotic fl uid in time to allow nor-
mal pulmonary development and by draining 
the bladder to decompress the upper renal tracts 
and to allow more normal renal development so 
as to minimize renal impairment in childhood. 
Initially fetal vesicostomies were performed, but 
today vesicoamniotic shunts and fetal cystoscopy 
are preferred. 

7.3.1     Open Fetal Surgery 

 Open fetal vesicostomy or ureterostomy has 
previously been performed for the treatment of 
LUTO. Crombleholme et al. published a series of 
fi ve patients who underwent open fetal surgery 
for oligohydramnios and LUTO. Their group had 
extensive preparation on fetal animal models, 
sheep and then primate, prior to performing the 
operations on human fetuses, which they recom-
mended to others who are considering performing 

   Table 7.1    Summary of fetal urine electrolyte levels   

 Good prognosis  Poor prognosis 

 Sodium  <90 mmol/L  >100 mmol/L 
 Chloride  <80 mmol/L  >90 mmol/L 
 Osmolality  <180 mOsm/L  >200 mOsm/L 
 Calcium  <7 mg/dL  >8 mg/dL 
 Total Protein  <20 mg/dL  >40 mg/dL 
 β2-Microglobulin  <6 mg/L  >10 mg/L 

  Reprinted from Mann et al. [ 30 ]. Copyright 2010, with 
permission from Elsevier  
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open fetal surgery. The preparation with animal 
models allowed them to establish a protocol of 
anesthesia, tocolytics, and surgical technique that 
greatly aided in minimizing complications dur-
ing the surgeries on human fetuses. Extrauterine 
time was 10–12 min when documented. Three 
patients were live-born. On follow-up, 1 had died 
at 9 months from septicemia related to bowel 
disease, 1 was awaiting renal transplantation, 
and 1 had normal renal function. None of them 
required pulmonary support after birth. Two 
patients died as neonates and were found to have 
pulmonary hypoplasia and bilateral renal dyspla-
sia at autopsy [ 9 ]. 

 Open fetal surgery may become preferable 
over percutaneous fetal shunting when catheter 
decompression is required for longer periods of 
time to achieve lung maturity. A vesicostomy 
achieves a more reliable long-term decompres-
sion of the urinary system, without the risks of 
shunt clogging and repeat procedures to replace 
the shunt [ 9 ]. 

 Postoperative rupture of membrane and pre-
term labor remain the Achilles’ heel of open fetal 
surgery [ 10 ]. Consequently this open procedure 
is not commonly performed expect in institutions 
involved in ongoing open fatel studies.  

7.3.2     Vesicoamniotic Shunt 

 The most common method of relieving fetal 
LUTO is ultrasound-guided vesicoamniotic 
shunting. Successful use of percutaneous vesi-
coamniotic shunts in animal models revived an 
interest in fetal intervention for LUTO. The fi rst 
clinical case of vesicoamniotic shunt performed 
in a human fetus was in 1982, at the University of 
California San Francisco [ 19 ]. 

 With the aid of ultrasound, the fetal bladder is 
visualized. Color Doppler is used to avoid enter-
ing into vascular structures. Amniotic infusion 
may be required in the setting of oligohydram-
nios or anhydramnios to create a window for 
ultrasound and also to create a space for the distal 
end of the shunt to deploy. A trochar and cannula 
is placed through the maternal abdominal wall 
and the uterine wall, into the fetal bladder. 

Percutaneous access of the fetal bladder is 
obtained, and the shunt is deployed into the fetal 
bladder and the amniotic cavity. Care is taken to 
place the shunt low in the fetal bladder, to avoid 
dislodgement of the shunt when the bladder is 
decompressed (Fig.  7.2 ). The trochar is carefully 
manipulated within the amniotic cavity to avoid 
misplacing the shunt into the maternal uterine 
wall or the fetal abdomen. The trochar can also 
be used to gently move the fetus away from the 
maternal uterine wall, if necessary [ 49 ].

   A long-term outcomes study following 20 
male patients after fetal vesicoamniotic shunting 
by Biard et al. found a fi rst year survival of 91 %. 
Their database had 31 patients who underwent 
prenatal shunting, with 23 confi rmed live-born. 
No evidence of chorioamnionitis was found at 
the time of delivery. 18 families responded to 
the long-term follow-up information requests. 
Diagnoses for the 18 patients were: 7 posterior 
urethral valves, 7 prune belly syndrome, and 4 
urethral atresia. The mean age at follow-up was 
5 years (range 1–14 years). In this group, growth 
abnormalities, with height or weight below the 
25th percentile, were seen in 50 % of patient [ 5 ]. 
The Fetal Surgery Registry, in 1984, had reported 
that 50 % of children were below the fi fth per-
centile for height and 35 % for weight [ 15 ]. The 
decreased severity of growth delays is attributed 
to increased nutritional support. 61 % (11/18) 
were spontaneously voiding, 16.5 % (3/18) 
did a combination of spontaneous voiding and 
catheterization, 16.5 % (3/18) were dependent 
on catheterization, and 6 % (1/18) had a vesi-
costomy. Fifty-fi ve percent (10/18) had normal 

  Fig. 7.2    Fetal vesicoamniotic shunt in place       
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pulmonary function, with the remainder having 
asthma, restricted physical activity, recurrent pul-
monary infections, and sleep apnea. Importantly, 
the self- perceived quality of life of the survivor 
was comparable to normals. 

 In one series, mortality was found to be 100 % 
in those patients who did not have restoration of 
amniotic fl uid [ 45 ]. In analysis of outcomes based 
on prognosis determined by urine biochemistry 
[ 8 ,  14 ], a prediction of poor renal function was 
confi rmed in 88 % (14/16 patients). In the good 
prognosis group, 85 % of survivors had normal 
renal function. If amniotic fl uid was restored, 
there was no postnatal pulmonary compromise. 
A systematic review by Clark et al. found that 
drainage of the fetal bladder had increased 
perinatal survival compared to not draining 
( p  = 0.03), but the fi nding was largely due to the 
marked improvement in the poor prognosis group 
( p  = 0.03). The poor prognosis group had a sta-
tistically signifi cant increase in postnatal survival 
(elective termination and in utero death were 
excluded) with bladder drainage ( p  = 0.02); the 
good prognosis group did not. Morbidity among 
survivors was similar, regardless of intervention 
or prognosis. The authors specifi cally note the 
lack of high quality evidence to reliably inform 
clinical practice [ 6 ]. 

 Percutaneous fetal vesicoamniotic shunt-
ing, though less invasive than open surgery, still 
comes with risks. Complications are seen in up to 
45 % of cases. There is a total perinatal loss rate 
of about 4 % per instance of shunt placement [ 42 ]. 
Shunt blockage is seen in 25 %, shunt migration 
in 20 %. The fetal limbs, with spontaneous move-
ment, can sometimes entangle the external end of 
the shunt within the amniotic fl uid and remove 
the shunt from the bladder. Shunt displacement 
can lead to urine ascites, with associated effects 
on intra- thoracoabdominal hemodynamics. 
Replacement of the vesicoamniotic shunt or even 
a fetal abdominal-amniotic shunt is sometimes 
necessary. The shunt can be deployed in inappro-
priate locations, such as limbs and other abdomi-
nal cavities. Iatrogenic gastroschisis through the 
shunt site has been reported. The Fetal Surgery 
Registry reported only 10 % of shunts were suc-
cessfully placed in the 1980s, across multiple 

medical centers. Maternal life- threatening infec-
tions associated with fetal loss was reported in 
3/159 cases. A more recent review in 2003 found 
that 206 of 210 shunts were successfully placed, 
with 9 major complications – 3 procedure related 
deaths, 4 chorioamnionitis, 1 fi stulous tract, and 
1 gastroschisis [ 6 ]. 

 Different types of shunts and methods of 
shunting have been devised to prevent the shunt 
from malfunction or migration. Quintero et al. 
described a double-disk shunt, with the disks sit-
ting on the inside of the fetal bladder and on the 
fetal abdominal skin, holding the shunt in place. 
The double-disk was an atrial septal occluder, 
used in combination with the standard vesi-
coamniotic shunt. They found the shunt could 
not be dislodged from its deployment site nor 
removed by the fetus. This new shunt does 
require a larger trocar, which may have an 
increase risk of premature rupture of mem-
branes. Stone formation on the disk inside the 
fetal bladder is also a possible risk, though not 
seen in their study [ 42 ].  

7.3.3     Fetal Cystoscopy 

 Fetal cystoscopy was fi rst introduced by Quintero 
et al. in 1995 [ 44 ]. An advantage of fetoscopic 
intervention is its ability to allow for physiologic 
drainage of the obstructed bladder via endoscopic 
diagnosis and treatment of the obstruction, par-
ticularly in the case of posterior urethral valves 
[ 43 ]. Fetal cystoscopy allowed for correct diag-
nosis of the underlying pathology in 18/19 cases 
(94.7 %). To date, there are no studies comparing 
fetoscopy and vesicoamniotic shunting directly 
[ 22 ,  50 ,  53 ]. 

 The procedure can be performed under general 
maternal and fetal anesthesia or local anesthesia. 
A trochar and curved sheath are introduced into 
the upper part of the fetal bladder, under ultraso-
nographic guidance. Once the fetoscope is inside 
the bladder, urine specimens can be collected for 
analysis. The fetoscope is then advanced towards 
to the bladder neck. The biggest challenge 
with fetal cystoscopy is entering into the poste-
rior urethra. The vesicourethral angle becomes 
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more acute with gestational age, making access 
increasingly diffi cult [ 2 ]. If posterior urethral 
valves are encountered, they can be treated at this 
time, either with hydroablation, disruption using 
a guide wire, or fulguration with a ND:YAG 
(neodymium-doped yttrium aluminum garnet) 
laser. Once the valves are ablated, the fetal blad-
der should empty, as the urine passes through 
the urethra. If a non-membrane-like structure is 
found, and it does not allow passage of fl uid, ure-
thral atresia is diagnosed and no attempts should 
be made to perforate the structure [ 49 ]. 

 Risks of this procedure would be expected to 
be similar to other fetoscopic interventions. 
Preterm rupture of membranes and extreme pre-
maturity was reported in 37 and 25 % [ 50 ]. There 
are few reports in the literature but thus far, there 
are no reports of fetal demise or peripheral blad-
der damage [ 49 ]. The biggest challenge with the 
fetoscopic approach is the instrumentation. The 
size of the patient, the size of the urethra, and the 
angle of access to the urethra necessitate specifi c 
surgical equipment, without which the procedure 
should not be performed.   

7.4     Outcomes 

    The goals of fetal intervention for LUTO are to 
improve pulmonary function to allow for both, 
successful ventilation post nattily and improve 
renal outcomes and bladder function. Prevention 
of pulmonary hypoplasia is the primary goal of 
fetal intervention in the setting of LUTO. If oli-
gohydramnios develops during the canalicular 
phase of lung development, around gestational 
week 20, the fetus will frequently have fatal pul-
monary hypoplasia [ 21 ]. 

 Relieving the obstruction is also performed 
with the goal of allowing normal nephrogenesis 
to proceed. In severe LUTO, histologically one 
fi nds early loss of the nephrogenic zone with for-
mation of cortical cysts, a decrease in glomerular 
count and dysplastic structures [ 52 ]. One postu-
late is that relieving obstruction at 20–30 weeks 
gestation, when nephrogenesis is most active, 
may halt further renal damage and allow normal 
nephrogenesis to proceed [ 9 ]. The degree of renal 

damage is dependent upon the timing and  severity 
of the obstruction. When oligohydramnios is 
found before 20 weeks gestation, the fetus would 
not be able to survive ex vivo and may warrant a 
vesicoamniotic shunt. Demonstrating fetal renal 
failure, there are cases where the vesicoamniotic 
shunt is in the correct position and yet, the urine 
output and amniotic fl uid drops off. Review of 
outcomes in a case series of posterior urethral 
valve fetuses found 65 % of their patients who 
underwent fetal intervention developed postnatal 
renal failure. Their fi ndings suggest prenatal 
intervention did not reverse the outcome of renal 
dysfunction; this may be because both the blad-
der and kidneys are primarily affected in bladder 
outlet obstruction; however, others have sug-
gested that it is due to late drainage of the blad-
der, and attempts should be made to intervene 
earlier in pregnancy [ 22 ]. 

 Similarly, bladder outcomes are relatively 
unchanged in studies comparing LUTO babies 
who underwent fetal shunting vs. postnatal man-
agement only. Urodynamic parameters in poste-
rior urethral valve bladders are known to change 
as the patient ages. Holmes et al. found similar 
fi ndings in their small series of PUV patients who 
underwent prenatal intervention [ 22 ]. Whether 
the patients have fl accid noncontractile bladders 
or thick fi brotic bladders, many ultimately require 
catheterization or reconstruction for appropriate 
urinary emptying and continence. The shunt will 
not prevent bladder wall fi brosis. An experiment 
was performed in sheep, with placement of vesi-
coamniotic shunts into fetal lambs with no evi-
dence of obstructive uropathy [ 25 ]. On histologic 
examination of the bladders, the shunted bladder 
demonstrated increases fi brosis and distortion 
of muscle layers compared to control bladders. 
They found that the shunted bladder was worse 
from a histologic point of view than a nonshunted 
obstructed bladder. When a pressure regulated 
shunt was used [ 3 ], that maintained a continu-
ous resistance between 15 and 54 mmHg, normal 
bladder development was preserved, reducing 
muscle hypertrophy and interstitial fi brosis. In 
support of Duckett’s observations that putting a 
bladder on continuous drainage is more likely to lead 
to a small contractile bladder [ 11 ], Kitagawa et al. 
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concluded that some of the changes in the bladder 
wall after shunting are iatrogenic. 

 Crombleholme et al. demonstrated an 
improved survival rate for candidates of interven-
tion in the good prognosis group (89 %) vs. the 
poor prognosis group (30 %), based on fetal urine 
electrolytes and renal cortical fi ndings on ultra-
sound [ 8 ]. Coplen et al. reported that no evidence 
exists demonstrating the benefi t of antenatal 
intervention in terms of renal function, and only 
a select number of cases will it benefi t pulmonary 
function [ 7 ], and others reported a mortality rate 
of 79 % for interventions in fetuses with oligohy-
dramnios [ 12 ]. A 2001 review of the University 
of San Francisco data suggest that fetal inter-
vention helps in getting the pregnancy closer to 
term but may not prevent the sequelae of UTO, in 
terms of renal and bladder function [ 22 ]. 

 A randomized controlled trial, Percutaneous 
Shunting in Lower Urinary Tract Obstruction 
(PLUTO), was designed to evaluate the effi -
cacy and safety of vesicoamniotic shunting for 
LUTO [ 33 ]. This is a multinational, multicenter 
randomized controlled trial embedded within 
a comprehensive cohort study. Randomization 
was to vesicoamniotic shunt or conservative 
management without a shunt. Primary outcome 
measures are perinatal mortality and serum cre-
atinine at 6 weeks of age. Secondary outcomes 
are to include renal and bladder function, ter-
mination and miscarriage rates, and resource 
usage. An update was presented in 2012. One 
hundred forty-fi ve women were recruited; 31 
were randomized. Sixteen pregnancies received 
vesicoamniotic shunt and 15 pregnancies were 
followed. 39 % of the randomized groups were 
alive at 28 days, 16 % opted for termination, 6 % 
miscarried at 24 weeks, and 36 % had neona-
tal death at less than 28 days. Analysis demon-
strated an improved odds ratio of survival with 
shunting – OR 4.00 (95 % CI 1.11–14.35) [ 34 ]. 
Unfortunately, because of diffi culty in recruiting 
patients, this study has been closed.  

    Conclusion 

 With the high morbidity and mortality associ-
ated with LUTO, fetal surgeons continue to 
strive to innovate in order to help these fetuses. 

Determining who, when, and where  intervention 
is required remains a topic of debate and is cur-
rently diffi cult to assess in an evidence-based 
manner. Given the lack of well-controlled stud-
ies supporting intervention and the signifi cant 
rate of fetal and the low but defi nite rate of 
maternal morbidity, fetal intervention should 
be restricted to centers of excellence, where 
ongoing research is being performed.     
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8.1            Introduction 

 In today’s practice of pediatric urology, imaging 
of the abnormal urinary tract usually begins in 
utero, as a result of abnormal fi ndings on a 
screening prenatal ultrasound (US) examination. 
Many abnormal fetuses are then imaged by fetal 
MRI, where available, for genetic counseling or 
in those centers where fetal surgeons can inter-
vene prenatally. In the newborn period, imaging 
is performed with as little radiation exposure as 
is reasonably achievable (ALARA). Usually, 
this is easily achieved since the mainstay of 
imaging the newborn urinary tract is US. Voiding 
cystourethrography (VCUG) and radionuclide 
renography, with or without a diuretic, are rela-
tively low-radiation-dose techniques when mod-
ifi ed for pediatric patients and are utilized for 
specifi c indications. Sometimes neonatal mag-
netic resonance imaging (MRI) can be very 
helpful to further evaluate complex urinary tract 
anomalies but is not used unless other techniques 
are insuffi cient to defi ne the abnormality or to 
evaluate extent of disease, such as in neonatal 
neoplasms.  

8.2     Imaging Techniques 

8.2.1     Ultrasound 

 Because it is noninvasive, portable, and does not 
use ionizing radiation, ultrasound is the fi rst choice 
for imaging the genitourinary tract in the newborn. 
Frequently prenatal images are also available for 
comparison. The urinary tract can be imaged from 
kidney to perineum sonographically, in supine, 
prone, or even upright position. Dynamic clips or 
sweeps through areas of pathology help document 
three-dimensional relationships, communications 
between dilated calyces in an obstructed collect-
ing system versus cystic spaces in a multicystic 
dysplastic kidney—and help demonstrate peristal-
sis and movement within the urinary tract, ureteral 
jets or changing size of distal ureters in cases of 
vesicoureteral refl ux. A range of ultrasound trans-
ducers are available to tailor the imaging exam to 
the patient size, depth of penetration needed, and 
skin surface window available. Smaller patients 
are best imaged with the highest frequency trans-
ducer that brings the area of interest into focus; 
this gives the best image detail or resolution. Small 
footprint transducers are ideal for imaging in 
between small ribs or adjacent to ostomies or 
unrepaired bladder exstrophy. Doppler techniques 
are valuable to differentiate between anechoic 
urine-fi lled spaces and blood-fi lled spaces. 
Assessment of renal perfusion, resistive indices, 
ureteral jets, and twinkle artifact are frequently 
used to answer clinical questions; these will be 
discussed in subsequent sections.  
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8.2.2     Cystography 

 Cystography in neonates is usually performed to 
evaluate patients with prenatal hydronephrosis, 
hydroureter, or both, as well as for signs of blad-
der outlet obstruction, especially in boys, or to 
evaluate intravesical mass [ 5 ,  8 ]. Radionuclide 
cystography is insuffi cient to evaluate the com-
plex anatomy that is often present in neonatal 
congenital anomalies of the bladder and uretero-
vesical junction such as duplication anomalies 
and diverticula. Cystosonography is becoming 
popular outside the United States, in Europe, and 
Canada; however, the contrast agents are not yet 
FDA approved for general use in the urinary tract 
in the United States; however, this technique is 
promising to replace the VCUG for many indi-
cations, further reducing the radiation burden to 
pediatric patients, especially neonates who are 
more susceptible to any deleterious effects of 
ionizing radiation. Typically the VCUG is per-
formed after aseptic catheterization of the blad-
der and slow instillation of iodine-based water 
soluble contrast under intermittent fl uoroscopic 
monitoring by a radiologist or other certifi ed 
fl uoroscopist. Images are obtained of the full 
bladder, the ureterovesical junction regions, 
especially if there is vesicoureteral refl ux (VUR), 
evaluating the location of ureteral insertion rela-
tive to the bladder neck denoted by the urethral 
catheter and the grade of maximal refl ux accord-
ing to the international grading system. Any 
outpouching of contrast or any fi lling defect in 
the bladder contrast is also documented as well 
as contrast within the urethra during voiding. 
The female urethra can be imaged in the fron-
tal projection with the catheter in; however, the 
male urethra should be imaged after remov-
ing the catheter, in a steep oblique projection to 
evaluate for posterior urethral valve (PUV) or 
other of the less common urethral anomalies. In 
patients with high-grade VUR, an image of the 
kidneys and ureters after voiding should docu-
ment drainage of the refl uxed contrast to evaluate 
for concomitant obstruction of the ureters at the 
ureterovesical junction which can be associated 
with high-grade vesicoureteral refl ux (refl uxing, 

obstructive megaureter). In addition, in patients 
with high-grade VUR, one should look for intra-
renal refl ux, a blush of contrast refl uxing into 
the collecting ducts, a sign that is often seen in 
patients who may go on to develop renal scarring, 
especially in those who had pyelonephritis.  

8.2.3     Radionuclide Renography 

 This nuclear medicine technique [ 14 ] is ideal to 
assess patients with hydronephrosis detected by 
US for suspected renal obstruction, especially 
after vesicoureteral refl ux has been excluded by 
cystography. In addition, it can be used to assess 
differential renal function or the presence of the 
kidneys, if an ectopic kidney is suspected by US. 
The use of a diuretic after the initial phase of 
renography can be useful to differentiate urinary 
stasis from urinary obstruction. Since introduc-
tion of technetium-99m mercaptoacetyltrigly-
cine (MAG3) in 1986, it has been the preferred 
radiopharmaceutical for assessing renal function 
because of its more effi cient renal extraction 
compared to technetium-99m diethylenetri-
aminepentaacetic acid (DTPA). After injection 
of the MAG3, the patient is imaged for 20 min, 
acquiring serial images at standard intervals. 
If there are signs of potential obstruction after 
the fi rst 20 min of baseline imaging, a diuretic 
is given IV and another 20–30 min of imag-
ing is performed, similar to the baseline imag-
ing. An automated T½ is calculated, that is, that 
time required to excrete ½ of the radiopharma-
ceutical that is present in the collecting system 
of the kidney due to the diuretic effect. Some 
centers have used MAG3 as a cortical agent as 
well, replacing technetium-99m dimercaptosuc-
cinic acid (DMSA), since MAG3 has fairly good 
extraction, rivaling the sensitivity for detecting 
foci of pyelonephritis or scarring in some stud-
ies. DMSA is an excellent cortical agent, uti-
lized to evaluate for pyelonephritis and renal 
scarring, to assess differential renal function, or 
to assess for the presence or absence of renal 
parenchyma in cases of suspected renal agenesis 
or renal ectopia [ 7 ].  
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8.2.4     MR Urography 

 This imaging technique is becoming a pre-
ferred technique because it does not expose 
the patient to potentially harmful radiation and 
can combine the advantages of cross-sectional 
imaging and functional imaging into a single 
exam. However, the technique is very sensi-
tive to motion, which degrades the images. 
In newborns, one would try to avoid seda-
tion by bundling the patient snuggly in warm 
blankets in the scanner and avoid motion by 
feeding the patient immediately prior to the 
exam hoping the patient will sleep through it. 
Contrast enhancement is required for obtain-
ing functional information; however, admin-
istering IV MR contrast in patients with renal 
insuffi ciency is relatively contraindicated. Fast, 
fl uid- sensitive MR sequences can nicely dem-
onstrate anatomic details of complex urinary 
 abnormalities, especially for preoperative plan-
ning, such as in patients with particularly com-
plex duplication anomalies.   

8.3     Normal Imaging 
Characteristics 

8.3.1     Kidney 

 Neonatal kidneys have a distinctive appearance on 
US (Fig.  8.1 ). The cortex is much more echogenic 
in the neonatal period and retains this appearance 
for several weeks to months. The pyramids are 
quite hypoechoic and can be confused for hydro-
nephrosis to the untrained eye. The kidneys should 
be of normal size, there are published standards 
available by gestational age. As a general bench-
mark, normal newborn kidneys range from 3.5 to 
5 cm in length. Newborn kidneys often retain a 
lobulated contour called fetal lobation (Fig.  8.2 ), 
which corresponds to an individual calyx, pyra-
mid, and surrounding cortex. Fetal lobation, like 
newborn echogenic cortex, may persist for months 
and some separation of lobes may persist indefi n-
ity. Kidneys on MRI (Fig.  8.3 ) are generally dark 
in signal intensity on T1 and bright on T2.

8.3.2          Bladder 

 The urinary bladder wall should be of uniform 
thickness, no greater than 5 mm thick in a decom-
pressed state and no more than 3 mm at maximal 
capacity. The fl uid within the bladder should be 
anechoic on US (Fig.  8.4 ) and of fl uid intensity 
on MRI (Fig.  8.5 ). On a VCUG (Fig.  8.6 ), the 

  Fig. 8.1    Longitudinal sonographic image of the normal 
neonatal kidney in the prone position. The cortex is typi-
cally echogenic ( white arrowhead ) and the renal pyra-
mids, hypoechoic ( white arrow ). A small amount of fl uid 
in the renal pelvis is normal on prone views ( black arrow )       

  Fig. 8.2    Longitudinal sonographic image performed 
supine demonstrating fetal lobation. The  white arrows  
represent the indentations in the renal cortex between the 
fetal lobes made up of the hypoechoic pyramid and its 
surrounding cortex. This confi guration should not be mis-
taken for renal scarring       
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bladder should be smooth, and the base of the 
bladder should be almost touching the pubic 
symphysis. There should be no fi lling defects or 
outpouchings. Sometimes the lateral bases of the 
bladder bulge laterally and caudally into the 
inguinal canal; these are called “bladder ears,” a 
normal variant appearance (Fig.  8.7 ). The normal 
bladder is usually wider than it is tall.

8.3.3           Urethra 

 The urethra is seen on US when imaged longitu-
dinally on the perineum and is not distended 
unless imaged during urination. The lumen may 
[ 12 ] be hypoechoic with a thin echogenic mucosa 
(Fig.  8.8 ). On VCUG, one should visualize the 
entire urethra fi lled with contrast, preferably 

a b

  Fig. 8.3    MR images of the normal neonatal kidney; cor-
onal T1 ( a ) shows kidneys which are of relatively dark 
signal intensity (with bright cortex and darker brighter 

medullary pyramids) compared to the axial T2 ( b ) images 
in which they are relatively brighter, with darker cortex 
and brighter medullary pyramids       

  Fig. 8.4    Transverse sonographic image of the normal, 
distended urinary bladder showing anechoic fl uid with no 
internal debris and no bladder wall thickening. Incidental 
mild dilation of the distal left ureter ( arrow ) can be seen in 
patients with VUR or UVJ narrowing       

  Fig. 8.5    Coronal T1-weighted MR image after IV con-
trast injection showing the urinary bladder full of high- 
intensity fl uid ( arrow ). Without contrast, urine is dark 
intensity on T1 and bright intensity on T2       
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without a urethral catheter within it, especially in 
boys. In girls, one can image the urethra in the 
frontal projection (Fig.  8.9 ). However, the male 

urethra should be imaged in the oblique or lateral 
projection. Several normal landmarks are seen in 
the normal neonatal male urethra including the 
verumontanum, the valvulae colliculi, the subtle 
waist at the urethral sphincter, and contrast 
trapped within the prepuce in an uncircumcised 
male (Fig.  8.10 ).

8.4           Fetal Imaging 

 Imaging of the fetal urinary tract is done routinely 
by US. It is not until about 11 weeks gestation 
that the fetal kidneys start making urine which 
then is the main source of normal amniotic fl uid. 
Therefore, it is not until 11–12 weeks gestation 
that fetal obstructive uropathy can be detected 
(Fig.  8.11 ). Once obstructive uropathy is detected, 
fetal MRI is sometimes performed to better char-
acterize the level of obstruction (Fig.  8.12 ) and to 
detect additional congenital anomalies. MRI of 
the fetus is performed in axial, coronal, and sagit-
tal planes, predominantly utilizing fl uid-weighted 
sequences, which can be performed rapidly since 
the fetus is frequently moving.

  Fig. 8.6    Frontal, PA view of the normal, well-fi lled uri-
nary bladder during a VCUG in a neonate. The patient is 
probably about to urinate as denoted by contrast disten-
tion of the bladder neck ( arrows )       

  Fig. 8.7    Frontal view of the bladder during a VCUG 
shows bladder ears, ( a ) left more than right ( arrows ) and 
( b ) unilateral right ( arrow ), a normal variant appearance 

which is transient, usually caused by Valsalva when the 
increased intra- abdominal pressure forces the lateral infe-
rior aspects of the bladder toward the inguinal canal       
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8.5         Congenital Anomalies 

8.5.1     Renal Ectopia 

 During development of the fetus, the urinary 
tract and genital tract arise from the same pri-
mordial structures in the lower abdomen/pelvis. 
During the process, the kidneys undergo relative 

ascent and rotation to their fi nal position in the 
retroperitoneum. Therefore, if one of the kid-
ney’s ascent is arrested, the location of the ecto-
pic kidney can be anywhere from the pelvis to 
the expected location [ 16 ]. Occasionally, kid-
neys migrate excessively, above the renal fossa, 
resulting in an ectopic thoracic kidney. Possible 
associated renal abnormalities include hydrone-
phrosis and vesicoureteral refl ux. Ectopic kid-
neys are also more prone to traumatic injury or 
iatrogenic injury in this age of laparoscopic 
surgery. 

8.5.1.1     Horseshoe Kidney 
 Estimated incidence is around 1 in 500 births, 
disregard changes SJK results from fusion of the 
lower poles of the kidneys during renal 
 development as they are ascending from the pel-
vis. Because the lower poles are fused, the com-
plete ascent of the kidneys to the normal expected 
position is arrested, the upper poles being some-
what more lateral than expected and the inferior 
portion of the kidneys forming a U or V shape. 
The long axis of each kidney is toward the ipsilat-
eral shoulder rather than the opposite shoulder. 
This can be seen on US (Fig.  8.13 ), MRI 
(Fig.  8.14 ), or VCUG (Fig.  8.15 ). A third of indi-
viduals with this abnormality will have at least 
one other urinary anomaly or complication 
involving the cardiovascular system or central 
nervous system.

8.5.1.2          Crossed Fused Ectopia 
 Estimated incidence is 1 in 1,000 births. 
Crossed fused ectopia results from lack of 
ascent of the involved kidney. The two presid-
ing theories for this abnormality include an 
abnormally situated umbilical artery preventing 
normal cephalic migration, or the ureteric bud 
extends to the opposite side and induces neph-
ron formation in the contralateral metanephric 
blastema. The result is a single renal mass with 
two collecting systems located on one side of 
the abdomen (Fig.  8.16 ). Lack of a kidney in 
the renal fossa of the ectopic kidney results in 
failure of development of the extraperitoneal 
fascial layer of the side not occupied by renal 
tissue; this often results in bowel occupying the 

  Fig. 8.8    Longitudinal perineal sonogram of an infant boy 
with showing the normal bladder outlet ( arrowheads ) and 
urethra ( arrows ), the transducers aligned ĉ base of bladder 
and penis       

  Fig. 8.9    Frontal view of bladder during voiding showing 
a normal appearance of the female urethra ( arrows )       
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empty renal fossa due to relaxation of 
 mesenteric supports, especially the splenic 
fl exure when the left kidney is ectopically 
located on the right (Fig.  8.17 ).

8.5.1.3         Pelvic Kidney 
 Failure of ascent of one or both kidneys, which 
may be separate or fused (pancake kidney) in the 
pelvis (Fig.  8.18 ).

8.5.1.4        Pancake Kidney 
 Form of pelvic renal ectopia in which the kidneys 
are fused in the pelvis (Fig.  8.19 ). The kidney 
may have an atypical sonographic appearance 
due to abnormal lie in the pelvis or may appear 
similar in sonographic appearance in both longi-
tudinal and transverse views, unlike the kidney in 
the usual position in the renal fossa which has a 
unique  bean-shaped appearance on each view.

a

c d

b

  Fig. 8.10    Male urethra, normal anatomic variations of 
appearance. ( a ) Normal appearance of the urethra in 
 near-AP projection showing the verumontanum en face 
( black arrows ). ( b ) Standard oblique view of the urethra 
showing normal landmarks; the verumontanum ( white 
arrowheads ) and the slight narrowing of the urethra at the 
 urethral  sphincter ( white arrows ), also called the 

 membranous urethra. ( c ) oblique view of the urethra 
showing a thin fi lling defect anteriorly ( arrowhead ) which 
represents the normal valuable  colliculi. ( d ) AP view of 
the male urethra during voiding with the catheter still in 
showing contrast trapped within the  prepuce ( black 
arrowheads ) in an uncircumcised patient       
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8.5.2         Hydronephrosis 
+/− Hydroureter 

 Hydronephrosis and hydroureter are a common 
fi nding in the fetus and neonate. There are several 
etiologies to be considered in the differential 

diagnosis [ 11 ]. The most common causes include 
vesicoureteral refl ux, ureteropelvic junction 
obstruction, ureterovesical junction obstruction, 
ureterocele/ureter duplication, posterior urethral 
valves in males, and some cases of a specifi c type 
of anorectal malformation in females, the 
cloaca. 

8.5.2.1     Vesicoureteral Refl ux 
 Vesicoureteral refl ux is the most common cause 
of hydroureteronephrosis in the neonate. It may 
be quite severe, resulting in cortical thinning, and 
can be associated with renal dysplasia in a small 
percentage of patients. Early sonography 
(Fig.  8.20 ) and VCUG (Fig.  8.21 ) can allow dif-
ferentiation of severe VUR from obstructive 
megaureter, and if obstruction is suspected, a 
nuclear medicine MAG3 diuretic renogram can 
be performed to assess for obstructive uropathy 
and assess differential renal function (Fig.  8.22 ). 
Often, one may see urothelial thickening of the 
intrarenal collecting system, renal pelvis and ure-
ter on renal ultrasound.

8.5.2.2          Ureteropelvic Junction 
Obstruction 

 Ureteropelvic junction (UPJ) obstruction is one 
of the most common causes of moderate to severe 
hydronephrosis (pelvocaliectasis) without hydro-
ureter in the neonate. Labile VUR can also cause 
moderate hydronephrosis. One may see urothe-
lial thickening of the intrarenal collecting system, 
similar to patients with refl ux (Fig.  8.23 ). Diuretic 

a b

  Fig. 8.11    Longitudinal prenatal US images of the fetal kidneys demonstrating severe hydronephrosis of the right 
( black arrows ) ( a ) and left ( black arrowheads ) ( b ) kidney.  White arrowheads  denote fetal spine       

  Fig. 8.12    Sagittal T2-weighted image from fetal MR 
shows high signal in the dilated right renal pelvis ( black 
arrows ) in this fetus with postnatal imaging which con-
fi rmed UPJ narrowing.  L  denotes the liver       
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renography is often performed following US, 
showing delayed emptying of the intrarenal col-
lecting system.

8.5.2.3        Ureterovesical Junction 
Obstruction 

 Ureterovesical junction (UVJ) obstruction is one 
of the less common causes of hydroureterone-
phrosis. It is most often due to primary megaure-
ter, seen on imaging studies as short segment 
narrowing of the distal ureter (Fig.  8.24 ). It can 
be seen associated with VUR on a VCUG and is 
often bilateral, the degree of obstruction being of 
variable degree in the opposite renal moiety. 
There may be no associated refl ux. A MAG3 
diuretic renal scan may be performed to assess 
for urinary obstruction versus urinary stasis with-
out obstruction (Figs.  8.22  and  8.25 ).

    Obstruction of the distal ureters can also occur 
in females with anorectal malformation, specifi -
cally those born with a cloaca, a single perineal 
opening as described in Sect. ( 8.5.2.6 ).  

8.5.2.4     Ureterocele/Ureteral 
Duplication 

 Multiple ureters/renal moieties result from the 
duplication or early division of the ureteral 
bud, each inducing corresponding nephrogenic 

 blastema. Two, three, or more different renal 
units may form, dependent on the number of ure-
teric buds formed. According to the Weigert-
Meyer rule, the lower pole ureter inserts 
orthotopically in the trigone and the upper pole 
ureters insert inferiorly and medially to the lower 
pole ureter. Most commonly, the ectopic ureters 
insert elsewhere in the bladder as a variation of 
normal and do not refl ux or obstruct. However, 

  Fig. 8.13    Midline abdomen 
transverse US of a neonate 
demonstrating the isthmus 
( arrowheads ) of renal paren-
chyma connecting the right 
and left renal moieties 
( arrows ) in this patient with a 
horseshoe kidney       

  Fig. 8.14    Axial T2-weighted neonatal MR showing the 
isthmus ( arrowhead ) connecting the right and left renal 
moieties ( arrows ) in patient with horseshoe kidney       
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sometimes the ectopic ureter is obstructed and 
the distal ureter dilates, prolapsing into the blad-
der as a ureterocele (Fig.  8.26 ). Sometimes the 
ureterocele can be so large that it prolapses 
toward the bladder base and can obstruct the ure-
thra during voiding (Fig.  8.27 ). This is sometimes 
called a prolapsing cecoureterocele. Ureteroceles 
are easily detected by prenatal and postnatal renal 

ultrasound and sometimes are imaged by MRI, 
either prenatally or postnatally (Fig.  8.28 ).

     The ectopic ureter can sometimes insert out-
side the bladder, into the urethra. In boys, the ure-
ter usually inserts above the urethral sphincter so 
boys are continent; however, the ureter is there-
fore obstructed, causing upper pole hydronephro-
sis and hydroureter in almost all of these patients, 

a b

  Fig. 8.15    ( a ) Frontal view of the contrast-fi lled ureters 
and single collecting systems from VCUG showing 
abnormal axis of both kidneys’ ( double-headed white 
arrows ) upper poles pointing toward the ipsilateral shoul-
ders and lower poles pointing toward each other. This is a 
characteristic appearance of VUR into both moieties of a 

horseshoe kidney. ( b ) Transverse abdomen US of the 
same patient showing an isthmus of parenchyma ( black 
arrow ) connecting the right and left lower poles of this 
horseshoe kidney.  I  inferior vena cava, 
 A  abdominal aorta       

  Fig. 8.16    Longitudinal US 
of the right renal fossa show-
ing the upper pole of the left 
kidney ( black arrows ) fused 
to the right kidney ( white 
arrows ) in this patient with 
crossed fused ectopia. There 
was no renal tissue in the left 
renal fossa       

 

 

S.J. Kraus and S.M. O’Hara



161

except when the patient is urinating, at which 
time there may be refl ux (Fig.  8.29 ). Ectopic ure-
ters in boys may also insert into other structures 

such as the vas deferens, seminal vesicles, or 
prostate. In girls, the ectopic ureter can insert into 
the urethra below the urethral sphincter, causing 
constant wetting. Similar to boys, the ectopic ure-
ter in girls can also insert outside the urinary 
tract, into the vagina, even onto the interlabial 
region or perineum, which can be detected clini-
cally by physical exam. In both males and 
females, if there is upper pole hydronephrosis 
and no ureterocele, the upper pole ureter is ecto-
pic, and either US or MRI of the urinary tract can 
usually defi ne the anatomy, following the dilated 
ureter into the pelvis (Fig.  8.30 ).

8.5.2.5         Posterior Urethral Valve (PUV) 
 Obstruction of the posterior urethra by posterior 
urethral valves, prominent plicae colliculi, is usu-
ally detectable prenatally, and with the advent of 
fetal surgery, prenatal imaging has become 
important not only for diagnosis but also for 
monitoring prenatal interventions. On US, the 
bladder wall is usually diffusely thickened, there 
may be bladder diverticula, and one may be able 
to document the dilated posterior urethra 
(Fig.  8.31 ) [ 12 ]. If there is VUR (Fig.  8.32 ), there 

  Fig. 8.17    AP radiograph of the abdomen showing 
splenic fl exure of colon occupying the region of the left 
renal fossa ( arrows ), a sign that there is absence or ectopia 
of the left kidney       

a b

  Fig. 8.18    Longitudinal US ( a ) and coronal MR image ( b ) of the pelvis of same patient as in Fig.  8.17  with congenital 
heart disease showing ectopic kidney within the pelvis ( arrows ); ( B ) bladder        
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is usually moderate to severe hydroureter and 
hydronephrosis (Fig.  8.33 ). Hydronephrosis may 
be so severe that the renal fornix may rupture, 
causing a perirenal urinoma or even urinary asci-
tes detected as a fl uid collection or ascites on US 
or MRI prenatally and/or postnatally (Fig.  8.34 ). 
In patients with little or no VUR, bladder outlet 
obstruction causes the most severe changes in the 
bladder, resulting in signifi cant muscular hyper-
trophy and poor bladder function which may be 
permanent, tending to spare injury to the kidneys 

that usually results from severe VUR. In the set-
ting of severe VUR, the bladder changes are often 
less severe, but the renal parenchyma often 
becomes thinned and/or dysplastic (Fig.  8.35 ). In 
the most severe cases, a forniceal rupture may be 
noted (Fig.  8.32c ).

8.5.2.6             Anorectal Malformation (ARM) 
 Anorectal malformations include a spectrum of 
abnormalities involving formation of the rectal 
opening, resulting in misplacement of the rectal 

a b

  Fig. 8.19    ( a ) Longitudinal and ( b ) transverse US images 
of the pelvis in a neonate show similar appearance of 
the single pelvic kidney in both views, consistent with 

fused pancake kidney. The kidney ( K ) is low, abutting the 
urinary bladder ( B ), which is decompressed at the time of 
imaging       

a b

  Fig. 8.20    Longitudinal US of the left kidney ( a ) and left UVJ ( b ) shows severe hydronephrosis associated with diffuse 
cortical thinning ( arrowheads ) and hydroureter with urothelial thickening ( arrows ). ( B ) bladder       
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opening. In some forms of imperforate anus, the 
rectal pouch is in the pelvis with or without a 
fi stulous connection to the urinary tract in boys 
or formation of a single opening on the perineum 
in girls into which the rectum, vagina, and ure-
thra open into, also called a cloaca. Patients 
with ARMs are at higher risk for genitourinary 
anomalies. The higher or more complex the 
malformation, the higher risk of associated uri-
nary anomalies. Absent kidney, VUR, and 
hydronephrosis and hydroureter are some com-
mon abnormalities; crossed fused ectopia and 
horseshoe kidney are also fairly common. One 
of the most important abnormalities in girls with 
cloaca, in which the vagina becomes obstructed 
and enlarged, is called hydrocolpos [ 6 ]. The 
enlarged vagina often causes bilateral ureteral 
obstruction at the level of the bladder trigone 
(Fig.  8.36 ), causing obstructive uropathy that is 
best treated by vaginal drainage. If vaginal 
drainage is delayed, signifi cant renal insuffi -
ciency can result, which is sometimes perma-
nent. If hydrocolpos is not  recognized as the 
cause of hydronephrosis and hydroureter, inap-
propriate and potentially  damaging procedures 

such as surgical creation of a vesicostomy, ure-
terostomy, or percutaneous nephrostomy may 
be performed; unfortunately, these costly and 
unnecessary procedures would not treat the 
cause of obstructive uropathy. Simply draining 
the vagina is typically the only procedure 
necessary.

   Therefore, in neonates with ARM, a renal and 
bladder US including detailed US of the pelvis to 
assess for genitourinary structures is necessary. 
Imaging to exclude a presacral mass, such as a 
teratoma (Fig.  8.37 ), which is sometimes associ-
ated with ARMs, is also paramount in making 
the correct and complete diagnosis during the 
neonatal period. In a patient with a scimitar, 
scooped out appearance of the distal sacrum, also 
called a hemi-sacrum, the presence of a sacral 
mass such as a teratoma or anterior meningocele 
should be suspected. The combination of a scimi-
tar sacrum, presacral mass, and ARM is called 
Currarino’s triad. If signifi cant hydronephrosis 
and hydroureter is present in the absence of 
hydrocolpos, VUR may be suspected, and a 
VCUG may be helpful in the fi rst weeks of life 
to exclude high-grade VUR and to assess for 

a b

  Fig. 8.21    Frontal spot images from VCUG in 2 patients 
with severe neonatal hydroureteronephrosis (HUN). ( a ) 
Grade 5 VUR with intrarenal refl ux ( arrowheads ). ( b ) 

Lack of VUR on cyclic VCUG suggests non-refl uxing 
primary megaureter as the etiology of patient’s HUN. 
This can be confi rmed with MAG3 diuretic renogram       
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 possible neurogenic bladder in patients with 
more complex malformations since these patients 
have a higher association with signifi cant sacral 
hypoplasia and intraspinal abnormalities such as 
tethered spinal cord.

8.5.3         Renal Cystic Disease (RCD) 

 The newest classifi cation of RCD divides them 
into genetic and nongenetic etiologies [ 1 ]. With 
the advent of genetic characterization of disease 

  Fig. 8.22    Delayed posterior image of both kidneys and 
drainage curve of the left ureter from MAG3 diuretic 
renogram showing dilation and accumulation of radio-

tracer in the left intrarenal collecting system and left ure-
ter (compared with the normal right moiety) and delayed 
fl at drainage curve of the left ureter       
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a

c

e

d

b

  Fig. 8.23    UPJ obstruction. ( a ) Severe hydronephrosis of 
the right kidney with diffuse parenchymal thinning 
( arrowheads ) and ( b ,  c ) mild to moderate hydronephrosis 
of the left kidney with moderate urothelial thickening 
( short arrows ) of the renal pelvis. ( d ) Drainage curves 
from MAG3 renogram showing delayed drainage of both 

intrarenal collecting systems (T1/2 > 20 min) consistent 
with bilateral UPJ obstruction, right more severe than left. 
( e ) Coronal T2-weighted MIP image from MR urogram  
in the sample nicely demonstrating the anatomy of the uri-
nary tract in this patient with right UPJ obstruction       
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processes, many of these inherited renal cystic 
diseases such as autosomal recessive (infantile) 
polycystic kidney disease (ARPKD), autosomal 
dominant (adult) polycystic kidney disease 
(ADPKD), nephronophthisis-medullary cystic 
dysplasia complex (NMCDC), and medullary 
cystic dysplasia associated with syndromes 
(tuberous sclerosis and Von Hippel-Lindau syn-
drome) are now distinguishable by genes that 
code for a mutation of a protein in the cilia of 
the renal epithelium. This group of diseases is 
now sometimes referred to as ciliopathies. 
The nongenetic causes of RCD are most com-
monly the obstructive uropathies, which include 

  Fig. 8.24    Longitudinal US image of the right ureterovesical 
junction showing short segment tapered narrowing of the ure-
ter ( U ) just above the ureteral insertion ( arrows ); ( B ) bladder       

  Fig. 8.25    Ureteral drainage curve of the right ureter from MAG3 diuretic renogram showing abnormal, borderline 
delayed drainage (T1/2 = 15.5 min)       
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posterior urethral valves, UVJ obstruction and 
UPJ obstruction, severe VUR, and multicystic 
 dysplastic kidney (MCDK). 

8.5.3.1     Genetic Renal Cystic Disease 
 ARPKD is the most common heritable RCD in 
infancy and childhood as compared to ADPKD 
which tends to occur in an older population. 
However, there is overlap and rarely ADPKD 
presents in the neonate with radiologic fi ndings 
indistinguishable from ARPKD. The pheno-
typic expression of the disease is widely vari-
able ranging from a severe form resulting in 
neonatal demise to a milder form which may not 
present for diagnosis until childhood or adoles-
cence. The typical presentation in the neonate is 
that of bilateral fl ank masses due to symmetric, 
bilateral massive renal enlargement. On ultra-
sound, the massively enlarged kidneys of 
ARPKD are  typically diffusely echogenic with 
poor corticomedullary differentiation, but with-
out contour-deforming masses [ 1 ] (Fig.  8.38 ). 
In addition, about 45 % of these neonates also 
have liver abnormalities including an enlarged 
liver which may or may not be mildly echo-
genic, as well as intrahepatic and sometimes 
extrahepatic biliary dilation due to the same cili-
ary mutation within the biliary epithelial cells 
(Fig.  8.39 ). In severe cases, the urinary bladder 
may be empty due to poor renal function, and 
these neonates typically have oligohydramnios 
in the late prenatal period associated with pul-
monary hypoplasia, abnormal facies, and high 
mortality (Potter’s syndrome).

a b

  Fig. 8.26    ( a ) Longitudinal US image of the right kidney 
showing asymmetric upper pole pelvocaliectasis ( arrows ) 
with echogenic fl uid ( EF ) within it. ( b ) Longitudinal US 
image of the right bladder showing a moderate-to-large-
sized right ectopic ureterocele ( arrowheads ) also with 
echogenic fl uid ( EF ) within it, which is the end of the 

obstructed right upper pole ureter, which enters the blad-
der ectopically, inferior and medial to the orthotopic 
lower pole ureteral insertion according to the Weigert-
Meyer rule of urinary duplication anomalies. Echogenic 
fl uid could be proteinaceous, hemorrhagic, or infectious       

  Fig. 8.27    Oblique spot image from the VCUG per-
formed in the patient in Fig.  8.26  showing the urethra dur-
ing voiding. There is prolapse of the ureterocele into the 
urethra ( arrows ), without overt signs of urethral obstruc-
tion such as bladder wall thickening or urethral dilation       
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    ADPKD more often presents later in child-
hood or adolescence, with numerous asymptom-
atic renal cysts incidentally discovered in one or 
both kidneys when performing an abdominal 
ultrasound for another indication.  

8.5.3.2    Renal Dysplasia 
 Renal dysplasia, defi ned as abnormal metanephric 
differentiation, has a spectrum of presentation from 
aplasia to hypoplasia to multicystic dysplastic kid-
ney (MCKD) and can be due to multiple etiologies 
including in utero drug exposure and genetic fac-
tors. Sometimes, abnormalities which affect other 
parts of the urinary tract can cause dysplasia, espe-
cially obstructive processes (Fig.  8.40 ). Specifi cally 
MCDK, a variant of renal dysplasia is one of the 
most frequently identifi ed congenital anomalies of 
the urinary tract, characterized by the presence of 
multiple noncommunicating thin-walled cysts of 
various sizes, separated by abnormal looking renal 
parenchyma, the absence of a normal pelvicalyceal 
system, and lack of detectable renal function 
(Fig.  8.41 ). MCDK is presumably due to in utero 

a b

  Fig. 8.28    Prenatal MR of patient with ectopic uretero-
cele. ( a ) Coronal T2-weighted images through the retro-
peritoneum show asymmetric dilation of the right 
collecting system ( black arrows ), the upper pole severely 
dilated compared to the lower pole, suggestive of urinary 
duplication anomaly. There may be cystic change of the 

upper pole parenchyma ( arrowhead ). ( b ) Coronal 
T2-weighted image of the pelvis shows a large ureterocele 
( arrowheads ); on this image alone, without the images of 
the kidney, it would be diffi cult to determine if this was a 
right- or left-sided ureterocele       

  Fig. 8.29    VCUG in a male patient with a duplicated 
right urinary system and right upper pole hydroureterone-
phrosis. During voiding, there was refl ux into the right 
upper pole ureter which is ectopically inserting into the 
junction of the bladder neck with the posterior urethra 
( arrow )       
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high-grade obstruction of the ureter at or distal to 
the ureteropelvic junction. Other causes of urinary 
obstruction such as UVJ obstruction, UPJ obstruc-
tion, and PUVs can result in renal dysplasia though 
this type of dyplasia has a different natural history 
and treatment  compared to MCDK. Even severe 
VUR can cause renal dysplasia (Fig.  8.42 ).

8.5.4           Renal Agenesis 

 Renal agenesis is a relatively common congenital 
anomaly, although its etiology is still unknown 
(4). It may be unilateral or bilateral. Bilateral 
renal agenesis is rare, occurring 1 in 10,000 births, 
and almost always results in fetal or  neonatal 

a b

  Fig. 8.30    ( a ) Longitudinal US of the right kidney showing 
asymmetric upper pole hydronephrosis and hydroureter 
( arrows ) suggestive of a duplex kidney. No ureterocele was 

seen in the bladder (not shown). ( b ) Sagittal T2-weighted 
MR of the pelvis shows dilated fl uid-fi lled distal ureter ( white 
arrow ) inserting into the posterior urethra ( arrowheads )       

a b

  Fig. 8.31    ( a ) Transverse US image through the body of 
the urinary bladder in a patient with PUV showing marked 
bladder wall thickening ( arrowheads ). ( b ) Longitudinal 
perineal US of a different patient with PUV showing the 

partially fi lled and mildly thickened urinary bladder ( B ) 
and the dilated, fl uid-fi lled posterior urethra ( PU ) inferior 
to the bladder base       
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demise. Unilateral renal agenesis is  usually dis-
covered incidentally, associated with compensa-
tory hypertrophy of the solitary kidney. 

 Renal agenesis is thought to result from the 
lack of induction of the metanephric blastema by 
the ureteric bud, possibly secondary to ureteric 

bud maldevelopment and/or a problem related to 
formation of the mesonephric duct. Infrequently, 
postnatal involution of an MCDK may result in a 
solitary kidney. Agenesis of a single kidney may 
be associated with ipsilateral genitourinary 
anomalies such as ipsilateral seminal vesicle 

a

c

b

  Fig. 8.32    ( a ) Oblique view of the urethra during voiding 
phase of VCUG showing the dilated posterior urethra ( PU ), 
linear lucency of prominent plicae or value ( black arrow ) 
between dilated posterior urethra and decompressed anterior 
urethra ( black arrowheads ), thickened, trabeculated urinary 
bladder ( B ) right periureteral or Hutch diverticulum ( arrows ), 

and dilated ureter ( U ) due to high-grade VUR. ( b ) Frontal 
view following voiding in same patient showing grade 5 VUR 
into bifi d right ureter ( arrow ) with blush of intrarenal refl ux 
( arrowhead ). ( c ) A forniceal rupture seen on a VCUG of a 
different patient with urinary ascites, subsequents, dignosed 
with PUV, contrast seen in the perirenal space on the right        
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hypoplasia and absence of the vas deferens or the 
VATER sequence of abnormalities. Associated 
ipsilateral adrenal agenesis is seen in 8–10 % 
of cases. 

 Imaging usually shows an empty renal fossa 
with compensatory hypertrophy of the contralat-

eral kidney and no ectopic kidney elsewhere in 
the abdomen or pelvis on renal US; on radiogra-
phy, one may see the colonic fl exure occupying 
the expected location of the renal fossa on the 
side of the absent kidney, and at radionuclide 
imaging there will be no activity on the side of 

a b

  Fig. 8.33    Longitudinal images of the right kidney and 
right ureter in same patient as Fig.  8.32  showing severe 
hydronephrosis ( HN ) with ( a ) and moderate hydroureter 

( b ). and a small cortical cyst ( white arrow ) are consistent 
with early renal dysplasia with in ( U ) this patient with 
PUV       

  Fig. 8.34    Sagittal T2-weighted MR image of a fetus with 
fi ndings of PUV including urinary ascites ( A ), a distended 
thick walled bladder ( B ); the dilated posterior urethra ( U ); 
and hydronephrotic, dysplastic kidney ( arrowheads )       

  Fig. 8.35    Longitudinal US image of the right kidney in 
patient with PUV showing hydroureteronephrosis with 
abnormal increased echogenicity, loss of normal cortico-
medullary differentiation of the renal parenchyma, and 
associated cortical cysts ( arrowheads ) consistent with 
renal dysplasia       
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agenesis (Fig.  8.43 ). As above, one may discover 
dilation of the ipsilateral ureter, hypoplasia of the 
ipsilateral seminal vesicle/uterine horn, or 
absence of the ipsilateral vas deferens. As in 
other renal abnormalities, there may be 
 vesicoureteral refl ux of the remaining solitary 
contralateral kidney; if there is hydronephrosis or 
hydroureter of the remaining renal unit, a cysto-
gram should be considered to exclude vesicoure-
teral refl ux.

8.6         Urinary Tract Infection (UTI) 

 Infection of the urinary tract can involve the 
lower urinary tract or the upper urinary tract 
[ 13 ]. Infection of the lower urinary tract usually 
involves the urethra or urinary bladder and is 

associated with dysuria, pyuria, and bacteriuria. 
Lower UTI is rarely associated with fever or 
other systemic symptoms. Conversely, infection 
of the upper urinary tract usually involves the 
renal pelvis or renal parenchyma and is associ-
ated with systemic symptoms such as fever, nau-
sea, vomiting, an increase in WBC, and back 
pain. The goal of imaging in UTI is to detect 
anatomic abnormalities which predispose a 
child to UTI. Typically, the diagnosis of pyelo-
nephritis is obvious clinically, and imaging the 
kidney to confi rm the diagnosis is not necessary. 
In some instances, when pyelonephritis is sus-
pected clinically but not confi rmed clinically, an 
imaging test such as DMSA renal scan 
(Fig.  8.44 ) or MRI (Fig.  8.45 ) can be helpful to 
guide further work- up. Color Doppler US 
(Fig.  8.46 ) can sometimes make the diagnosis, 

a

c

b

  Fig. 8.36    ( a ) Transverse pelvic US of a newborn girl 
with a single perineal opening, and abdominal distention 
shows dilated fl uid and debris fi lled hemivaginas ( HV ), 
also called hydrocolpos as well as associated bilateral 
moderate to severe pelvocaliectasis ( arrows ). 

( b ,  c ) Longitudinal US images showing bilateral hydro-
ureter which is caused by the dilated vagina compressing 
the ureters at the bladder trigone causing bilateral hydro-
ureteronephrosis. This condition is treated simply by 
draining the dilated vagina(s)       
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but is not as sensitive as DMSA or MRI. 
Sometimes, computed tomography (CT) with 
intravenous (IV) contrast is performed for other 

reasons in older children and fi ndings of pyelo-
nephritis are seen. CT with IV contrast has simi-
lar sensitivity for detecting pyelonephritis as 

a b

  Fig. 8.37    ( a ) Frontal view of the lumbosacral spine in a 
neonate with distal bowel obstruction and imperforated anus 
shows a defect of the left fi fth sacral segment ( arrow ) called 
a scimitar- or hemi-sacrum which, according to Currarino’s 
triad, is highly associated with a presacral mass  (L ) indicates 
left side of paitent. ( b ) Longitudinal midline US of the pelvis 

in the same patient shows a solid and cystic mixed echo-
genicity mass ( arrows ) which is immediately anterior to the 
last sacral segment ( S ). At the time of anoplasty for imperfo-
rate anus, a benign sacral teratoma was resected. If undis-
covered, this benign mass has the potential of becoming 
malignant later in life; ( R ) bladder dilated reatel pouch       

a b

  Fig. 8.38    ( a ,  b ) Longitudinal US images of the enlarged 
right and left kidney characterized by diffuse increased 
echogenicity, poor corticomedullary differentiation, and 
lack of contour-deforming abnormality. ( c ) Longitudinal 

US image of same kidney with higher-frequency linear 
transducer shows linear low echogenicity tubular structures 
radiating from the medulla to the cortex representing the 
dilated collecting ducts which are characteristic of ARPKD       
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DMSA and MRI but at the cost of radiation 
exposure and is not utilized specifi cally for this 
indication in neonates.

     A renal and bladder US can be performed at 
any time after the diagnosis of UTI is made and 
in most instances is normal. About 4 % of the 
time [ 3 ], an underlying anatomic renal anomaly is 

detected such as hydronephrosis (with or without 
hydroureter), a duplication anomaly with upper 
pole hydronephrosis with or without an ectopic 
ureterocele, bilateral hydronephrosis and bladder 
wall thickening in a male with posterior urethral 
valves, etc. In a female age 2 months to 2 years 
with a febrile UTI but no anatomic abnormalities 
and no fi ndings to suggest pyelonephritis or renal 
scarring, no further work-up is suggested until a 
second febrile infection occurs, according to the 
current AAP guidelines for the management of 
UTI in children [ 15 ]. This is a change from the 
previous guidelines which recommended a cys-
togram after the fi rst episode of UTI in the same 
age group [ 2 ]. A cystogram can diagnose vesico-
ureteral refl ux (VUR). There are several types of 
cystogram. Voiding cystourethrography (VCUG) 
is an excellent test for detecting VUR and, if 
present, can characterize the ureterovesical junc-
tions, the caliber of the ureters, the exact grade 
of refl ux, the presence or absence of intrarenal 
refl ux, the presence of duplication anomalies, and 
abnormalities of the urethra, anatomic details that 
are not usually detected by the direct or indirect 
radionuclide cystogram. Radionuclide cystogra-
phy is performed similarly to the VCUG but char-
acteristically shows the VUR with less anatomic 
detail but has been shown by several investigators 
to be more sensitive than VCUG in the diagnosis 

  Fig. 8.39    Transverse US image of the liver ( L ) in this 
child with ARPKD showing diffusely heterogeneous 
echogenicity of the liver, not an uncommon fi nding since 
the abnormality of ciliary function of the renal tubule is 
also expressed in the biliary tubules but usually manifests 
later, in childhood rather than in the neonatal period       

  Fig. 8.40    Longitudinal US image of a small, echogenic 
left kidney in a newborn showing moderate hydronephro-
sis and poor corticomedullary differentiation of the renal 
parenchyma consistent with renal dysplasia, probably due 
to urinary obstruction in utero       

c

Fig. 8.38 (continued)
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of VUR. Cystosonography with intravesical con-
trast agents, performed outside the United States, 
especially in Europe, is a promising modality to 
detect VUR and characterize the anatomic details 
similar to VCUG but without the radiation dose 
risks. Note that ultrasound contrast agents are not 
yet FDA approved for pediatric use in the United 
States. This modality will most likely replace 
many VCUGs in the initial detection of VUR in 
girls, follow-up VUR in boys and girls, and in 
siblings of patients with VUR who are at higher 
than normal risk (50 vs 1–2 %) of having VUR.  

8.7     Hypertension 

 Neonatal hypertension can be seen in various 
situations in the modern neonatal intensive care 
unit (NICU). It is especially common in neonates 
who have undergone umbilical artery catheteriza-
tion, due to the increased risk of thromboembo-
lism involving the aorta, the renal arteries, or 
both. However, most cases of neonatal hyperten-
sion are renal in origin, either renovascular such 
as renal vein thrombosis (RVT) or fi bromuscular 
dysplasia; or due to mechanical compression of 
the renal arteries by tumors, hydronephrosis, or 
other masses; or due to parenchymal renal dis-
ease such as autosomal dominant or recessive 
polycystic renal disease, unilateral MCDK, UPJ 
obstruction, severe acute tubular necrosis, inter-
stitial nephritis, cortical necrosis, or rarely by 
hemolytic uremic syndrome. Other causes 
include cardiac (aortic stenosis), endocrine (con-
genital adrenal hyperplasia, hyperaldosteronism, 
hyperthyroidism), and pulmonary disease. 
Neonatal hypertension is particularly common in 
premature infants with chronic lung disease of 
prematurity, patent ductus arteriosus, and intra-
ventricular hemorrhage. In addition, there is a 
direct correlation between severity of illness in 

a b

  Fig. 8.41    ( a ) Longitudinal US image of the left kidney 
shows multiple thin-walled cysts of different size that do 
not communicate without normal intervening parenchyma 

consistent with MCDK. ( b ) An MAG3 nuclear medicine 
renogram in same patient shows no activity in the left 
renal fossa, supporting the diagnosis of MCDK       

  Fig. 8.42    Longitudinal US image showing a small dys-
plastic right kidney ( arrows ) demonstrating increased 
echogenicaly and cystic change with severe hydroureter 
( U ) which was due to severe VUR discovered by VCUG 
in the neonatal period; ( U ) Ureter       
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the NICU and development of neonatal 
 hypertension; the more critically ill infants are at 
higher risk of developing hypertension. 

 Diagnosis of neonatal hypertension is made by 
blood pressure measurement. Etiologic work- up 
includes plasma renin activity and other labora-
tory evaluation. Imaging studies usually include a 
chest x-ray in patients who show signs of conges-
tive heart failure or who have a heart murmur on 
physical exam. A renal ultrasound with Doppler 
is performed on all neonates with hypertension to 
help reveal possible correctable causes of hyper-

tension such as RVT (Fig.  8.47 ), aortic or renal 
vein thrombi, congenital anatomic renal anoma-
lies, neonatal abdominal masses (Fig.  8.48 ), or 
congenital parenchymal disease resulting from 
in utero insult, often resulting in a small dysplas-
tic kidney (Fig.  8.49 ). Rarely, in neonates with 
severe blood pressure elevation, angiography via 
the umbilical artery catheter or by tradition femo-
ral approach may be required to diagnose fi bro-
muscular dysplasia that may be due to intrarenal 
renal artery branch abnormalities. CT and MR 
angiography do not offer suffi cient resolution in 

a

c d

b

  Fig. 8.43    Longitudinal US image of the left renal fossa 
( a ) shows no renal tissue adjacent to the spleen ( S ), and 
instead, echogenic bowel gas ( arrows ) from the splenic 
fl exus of the color is in its place, a known radiologic sign 
of renal agenesis. Transverse US image of the pelvis ( b ) 
shows the bladder ( B ) and  rectum ( R ), but no evidence of 

renal ectopia. ( c ) AP scout image of the abdomen from a 
VCUG shows the splenic fl exure occupying the renal 
fossa ( R ), and ( d ) NM MAG3 renal scan shows activity in 
a solitary right kidney, ruling out an ectopic position and 
confi rming agenesis of the left kidney with no activity in 
the left renal fossa ( arrow )       
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the neonate, but can be helpful in the older, larger 
infants [ 10 ]. Nuclear scanning may demonstrate 
abnormalities of renal perfusion although obtain-
ing diagnostic studies is sometimes diffi cult 
because of immature renal function.

8.8          Urinary Tract Neoplasms 

 The most common neonatal urinary tract neo-
plasm is mesoblastic nephroma, which has a 
variable behavior pattern and prognosis from 

fairly benign to malignant. The most aggres-
sive form behaves like congenital fi brosarcoma. 
Chromosomal analysis can differentiate the 
benign from the aggressive forms. On imag-
ing, these different varieties cannot be reliably 
distinguished, mandating surgical resection of 
these tumors. Other renal neoplasms that can 
present in the neonate include nephroblastoma-
tosis (persistent renal blastema or nephrogenic 
rests), the very rare neonatal Wilms’ tumor 
(especially in a patient with nephroblastoma-
tosis), and, rarely, a malignant tumor such as a 

  Fig. 8.44    Image from DMSA renal cortical scintigraphy 
shows a large defect of the upper pole and smaller wedge- 
shaped defect in the mid-pole ( arrows ) of the left kidney. 

In this patient with recent febrile UTI, this is consistent 
with focal pyelonephritis of the left kidney       
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rhabdoid tumor, ossifi ed renal tumor, or clear 
cell sarcoma of infancy [ 4 ]. 

 Prenatal or postnatal US is the fi rst line of 
imaging for renal masses. Once discovered, MRI 
is the best imaging modality to evaluate the extent 
of disease, involvement of surrounding struc-

tures, and for evaluation of spread to lymph nodes 
or solid organs of the abdomen. CT of the abdo-
men in the neonate offers less soft tissue differen-
tiation and resolution and is not preferred over 
MRI. CT of the chest is utilized to evaluate for 
metastatic disease to the lungs. 

 On US, mesoblastic nephroma typically 
appears as a large mass which often involves the 
renal sinus and usually is solid and vascular but 
may contain cystic regions and heterogeneous 
echogenicity due to areas of hemorrhage or 
necrosis (Fig.  8.50 ). The more aggressive forms 
may be larger with more cystic areas. On MRI, 
the mass appears similarly, low signal on T1, 
higher on T2, with variable enhancement 
(Fig.  8.51 ). There is often local infi ltration of the 
perinephric tissues on imaging studies.

    Nephroblastomatosis may have a variable 
appearance at imaging. On US, the fi rst-line 
imaging modality, the kidney may be enlarged 
with a thick peripheral rind of low echogenicity 
or may be diffusely hypoechoic with poor 
corticomedullary differentiation (Fig.  8.52a ). 
Alternatively, the kidney may have a num-
ber of homogeneously sized or variably sized 
hypoechoic nodules scattered in the cortex or 
medulla. On MRI, the preferred next imag-
ing test, the abnormal renal blastema usually 
appears low intensity on T1- and T2-weighted 
images (Fig.  8.52b ). If CT is performed, the 

  Fig. 8.45    Axial T1-weighted image of the left kidney 
after intravenous contrast administration with fat satura-
tion shows a focal wedge-shaped region of poor perfusion 
of the posteromedial cortex ( arrows ) extending through 
the medulla in this patient with positive urine culture, con-
sistent with a region of acute pyelonephritis       

  Fig. 8.46    Longitudinal 
color power Doppler US 
image of the left kidney 
showing a large region of 
absent perfusion involving 
most of the upper pole 
( arrows ) in a patient being 
treated for febrile UTI, con-
sistent with acute 
pyelonephritis       
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nephrogenic rests appear as low-attenuation 
nodules or diffuse attenuation rind in contrast 
to the adjacent normally enhancing renal tissue. 
The key to diagnosing nephroblastomatosis is 

the lack of enhancement on contrast-enhanced 
CT or MRI.

   Wilms’ tumor may arise in areas of nephro-
genic rests, and therefore, it is these patients with 
nephroblastomatosis that are at higher risk of 
developing Wilms’ tumor, which is a very rare 
occurrence in the neonate. Often, neonatal 
Wilms’ tumor cannot be differentiated from 
mesoblastic nephroma. However, if there are 
areas of nephroblastomatosis in the ipsilateral or 
contralateral kidney, neonatal Wilms’ tumor 
should be suspected. On US, the mass usually 
has heterogeneous echogenicity (Fig.  8.53a ), and 
examination of the renal vein and inferior vena 

  Fig. 8.47    Longitudinal color Doppler US image of the 
right kidney demonstrates heterogeneous echogenicity, 
loss of corticomedullary differentiation, and no signifi cant 
blood fl ow and measured two times the volume of the nor-
mal left kidney, in this 1-day-old patient with documented 
inferior vena cava thrombus and right renal vein 
thrombosis       

  Fig. 8.48    Longitudinal US image of the large left neuro-
blastoma ( N ) in the left suprarenal region which is dis-
placing the left kidney ( K ) inferiorly, and on other images, 
showed a stretched, compressed left renal vein, placing it 
at risk for thrombosis       

  Fig. 8.49    Longitudinal US image of the small echogenic 
right kidney ( arrows ) in a patient with history of neonatal 
insult and refractory hypertension       

  Fig. 8.50    Longitudinal US image of the left kidney 
showing a large mixed echogenicity mass ( M ) of the left 
kidney, sparing a narrow rind of normal appearing kidney 
( K ) in the upper pole       
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cava (IVC) is critical to assess for tumor exten-
sion which could alter the surgical approach. 
Wilms’ tumor has a propensity for intravascular 

extension and tumor thrombus. On MRI, not 
only can one visualize the predominantly low- 
intensity T1 and high-intensity T2 mass, but one 

a b

  Fig. 8.51    Axial T2 ( a ) and coronal T1 with IV contrast 
( b ) MR images of the same patient as Fig.  8.50  showing 
the mixed solid and cystic, heterogeneous signal intensity 
mass ( white arrowheads, a ,  black arrowheads, b ) cen-
tered in the left kidney. There is a small rind of normal 

renal signal in the upper pole ( arrows  in  b ). MR is more 
sensitive than US for detecting subtle abnormalities in the 
contralateral kidney, adenopathy, or distant metastases in 
other solid abdominal organs if they are present       

a b

  Fig. 8.52    ( a ) Longitudinal US image of the kidney 
shows a peripheral rind of low echogenicity surrounding 
the entire cortex ( arrowheads ) consistent with primitive 
renal blastema of nephroblastomatosis. ( b ) Axial 
T1-weighted MR image after IV contrast administration 
in the same patient showing similar fi ndings as the US, 
non-enhancing, low signal intensity in the peripheral 

aspect of the cortex of both kidneys ( arrowheads ) repre-
senting nephroblastomatosis. Some areas may be quite 
nodular ( n ). Wilms’ tumor has been found to develop in 
many patients with nephroblastomatosis and development 
of a larger mass-like lesion in these patients is highly sus-
picious for malignancy. Close interval follow-up imaging 
in these patients is recommended       
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can assess local infi ltration, nodal extent, renal 
vein and IVC involvement, and metastatic dis-
ease to other abdominal organs and visualized 
bones, especially with the use of IV contrast 
(Fig.  8.53b–d ). CT is sometimes utilized to 
image a renal lesion due to the rapid acquisition 
of images, the ability to image the chest for meta-
static disease at the same time, and this modality 
is usually more widely available; however, it 
exposes the neonate to ionizing radiation, and the 

resolution of soft tissues is less than an optimally 
performed MRI [ 9 ].
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  9      Neonatal Urinary Tract Infection 

           Vimal     Chadha       and     Uri     S.     Alon              

 Case Vignette 

 A 10-day-old male infant born to G1P1 
mother at 35 weeks gestation (birth weight 
1.93 kg) by cesarean section for non-reassur-
ing heart tones is transferred from an outside 
hospital for the management of suspected sep-
sis. He had been inpatient at the outside facil-
ity for the management of hyperbilirubinemia 
and issues related with feeding. On the day of 
transfer, he had developed temperature insta-
bility and abdominal distension that was ten-
der to touch. He had not been circumcised yet. 

 Initial laboratory evaluation revealed: 
hemoglobin 11.4 g/dL, WBC count 9,000, 
and platelet count 54,000/mm 3 . Serum chem-
istries revealed normal electrolytes and cre-
atinine of 0.4 mg/dL. Spinal tap resulted in 
clear CSF under normal pressure, 14 cells/
mm 3  (22 % neutrophils), and normal protein 
and glucose levels; CSF culture remained 
sterile. Urinalysis revealed 2+  leukocyte 
esterase, negative nitrite, and 50–100 WBC 
and few bacterial rods per HPF. Blood culture 
and urine culture both grew  E. coli . He was 
diagnosed with urosepsis and treated with IV 
cefepime for 21 days. 

 Imaging studies: Renal and bladder ultra-
sound revealed normal right kidney measur-
ing 4.6 cm; left kidney measured 5.6 cm and 
showed moderate left hydroureteronephrosis 
(Fig.  9.1 ). Voiding cystourethrogram (VCUG) 
showed left grade IV VUR (Fig.  9.2 ). Initial 
 99m Tc-DMSA scan revealed normal right kid-
ney and multiple photopenic areas in the left 
kidney that were consistent with acute pyelo-
nephritis (Fig.  9.3  Panel a). Four months later 
repeat  99m Tc-DMSA scan showed persistence 
of photopenic areas on the left side suggesting 
scarring of the left kidney (Fig.  9.3  Panel b).

     Following completion of his initial anti-
biotic therapy, he was prescribed continu-
ous prophylactic antibiotic therapy, initially 
cephalexin (10 mg/kg/dose twice daily) that 
was later changed to nitrofurantoin (2 mg/
kg once daily), when he was 4 months old. 
At age 11 months, he developed another epi-
sode of urosepsis and his urine and blood 
culture grew  Klebsiella  pneumonia .  The bac-
terium was resistant to both nitrofurantoin 
and sulfamethoxazole/trimethoprim. He was 
hospitalized and treated with intravenous 
ceftriaxone. 
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  Fig. 9.1    Renal ultrasound of the patient described in 
the case vignette showing moderate hydronephrosis of 
left kidney ( upper panel ) and dilated left ureter 
( arrow ) in the lower panel       

  Fig. 9.2    VCUG of the patient described in the case 
vignette showing grade IV VUR on the left side       
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  Fig. 9.3     99m Tc-DMSA scan of the patient described in 
the case vignette: (Panel  a ) at the time of admission 
showing multiple photopenic areas in left kidney consis-
tent with acute pyelonephritis, and (Panel  b ) 4 months 
later there were no changes seen in the  radiotracer 

uptake on the left side suggesting chronic renal damage 
(scarring). Split renal function was 72 % on right and 
28 % on left side. It should however be noted that the 
possibility of left renal dysplasia associated with high-
grade refl ux on that side cannot be ruled out       

LEFT POSTERIOR RIGHT POSTERIOR

LEFT POSTERIOR RIGHT POSTERIOR

a

b
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9.1     Introduction 

 Urinary tract infection (UTI) is one of the most 
common bacterial illnesses in febrile infants 
younger than 60 days of age. It usually involves 
the upper urinary tract (pyelonephritis) and delay 
in therapy can lead to permanent renal damage. 
During early infancy, UTI is more common in 
boys, and uncircumcised males have the highest 
rates of UTI. The male-to-female ratio starts 
reversing by 4–6 months of age, and by 1 year of 
age, UTI is three times more common in girls 
than in boys. In febrile young infants, the diagno-
sis of UTI is made during sepsis evaluation as 

there are no specifi c symptoms or signs of UTI at 
this age. All febrile newborns <29 days of age 
and ill appearing 29–60 days old, undergoing 
sepsis evaluation (that must include urinalysis 
and culture), are hospitalized and treated with 
intravenous antibiotics until completion of sepsis 
work-up. Those with uncomplicated UTI are 
treated for 10–14 days and part of therapy can be 
completed with oral antibiotics as outpatient. 

 Over the last decade the management of 
children with a febrile UTI has become quite 
controversial. Conventionally, all children fol-
lowing an episode of UTI were investigated 
using renal ultrasound and voiding cystourethro-
gram (VCUG), aiming to identify renal anoma-
lies, obstructive uropathy, and vesicoureteral 
refl ux (VUR). Children with VUR of any grade 
were treated with prophylactic antibiotics, and 
surgical intervention was considered in those 
cases with breakthrough infections in spite of 
prophylactic treatment. This paradigm has been 
questioned in recent years by many investiga-
tors. Firstly, the widespread application of pre-
natal ultrasonography has clearly reduced the 
prevalence of previously unsuspected obstruc-
tive uropathy in infants; accordingly the yield 
of actionable fi ndings revealed by renal-bladder 
ultrasound (RBUS) is relatively low (1–2 %) 
[ 2 ,  23 ,  25 ,  69 ]. Secondly, the most recent stud-
ies do not support the use of antimicrobial 
prophylaxis to prevent febrile recurrent UTI 
in infants without VUR or with grades I to IV 
VUR, thereby questioning the need for obtain-
ing routine VCUG after the fi rst UTI [ 10 ,  17 ,  37 , 
 42 ,  48 ]. Accordingly, the American Academy of 
Pediatrics (AAP) recently published the newly 
revised guidelines on diagnosis and manage-
ment of initial UTI in febrile infants and chil-
dren 2–24 months of age [ 9 ]. It should be noted 
that the guidelines excluded infants <2 months 
of age, because of special considerations in 
this age group that may limit  application of 
evidence derived from the studies focused on 
2- to 24-month-old children. While the informa-
tion in this chapter is mainly focused on infants 
<2 months, the material form of new AAP 
guidelines and other studies in older infants has 
been incorporated where appropriate.  

 Core Messages 

•     Initial episodes of urinary tract infection 
occur more commonly in infancy than at 
any other age, male newborns are at 
higher risk, and even more so those who 
are uncircumcised.  

•   In young infants, fever is the only con-
sistent symptom/sign of UTI and most 
of the UTIs are diagnosed during sepsis 
evaluation.  

•   Even infants with another source of 
fever may still have UTI.  

•   Urine specimen for culture should be 
obtained by either bladder catheteriza-
tion or suprapubic aspiration.  

•   Associated bacteremia is common but 
likely does not alter the outcome.  

•   Total duration of therapy is 10–14 days 
and can be completed in part with oral 
antibiotics as outpatient.  

•   Widespread application of prenatal 
ultrasonography has reduced the preva-
lence of previously unsuspected obstruc-
tive uropathy in infants.  

•   The need to obtain VCUG and the role 
of prophylactic antimicrobial therapy 
after initial febrile UTI is being increas-
ingly questioned, thus infl uencing the 
way we manage UTI, especially in 
infants older than 2 months of age.    
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9.2     Epidemiology 

 Initial episodes of urinary tract infection occur 
more commonly in infancy than at any other age 
[ 26 ,  66 ]. Infants with UTI typically present in 
the second week after birth, as UTI is an unusual 
occurrence during the fi rst 3 days after birth [ 63 ]. 
In febrile infants, the reported prevalence of UTI 
has ranged from 4.1 to 9 % [ 5 ,  11 ,  47 ,  71 ]. In a 
recent meta-analysis of 14 articles that reported 
prevalence of UTI in febrile infants <24 months 
of age, the pooled prevalence of UTI was 7.0 % 
(CI: 5.5–8.4 %) [ 54 ]. The variability in preva-
lence is likely attributable to differences among 
studies in age, sex, and race of subjects; methods 
of urine collection; and criteria for the diagnosis 
of UTI. When analyzed for effects of gender and 
age, the meta-analysis found that prevalence rates 
were highest among uncircumcised male infants 
<3 months of age and females <12 months of 
age [ 54 ]. Four studies that reported UTI preva-
lence by race found that UTI rates were higher 
among white infants at 8.0 % (CI: 5.1–11.0) than 
among black infants 4.7 % (CI: 2.1–7.3) [ 54 ]. 
Among infants aged ≤2 months undergoing sep-
sis evaluation, the 4.6 % prevalence of UTI was 
fairly similar to 5.9 % in infants aged >2 months 
in whom UTI was suspected because there was 
no other source of fever. However, febrile infants 
with no apparent source of fever were twice 
(7.5 %) as likely to have UTI compared to those 
(3.5 %) with a possible source of fever such as 
otitis media [ 22 ]. Nevertheless the important 
lesson here is that even in infants suspected or 
found to have another source of fever, UTI may 
still coexist. 

 As mentioned before, in the fi rst 6 months of 
life, more boys than girls present with UTIs and 
the incidence is greater in uncircumcised boys 
[ 68 ,  71 ]. Zorc et al. [ 71 ] reported on the clinical 
and demographic factors associated with UTI in 
febrile (≥38.0 °C) infants ≤60 days of age using 
a prospective multicenter cohort from eight pedi-
atric emergency departments during consecutive 
bronchiolitis seasons. Overall, 9 % of the 1,025 
infants were diagnosed with UTI and uncircum-
cised male infants had the highest rate (21 %), 
compared with females (5 %) and circumcised 

males (2.3 %). The odds ratio of UTI being asso-
ciated with uncircumcised state was 10.4 (95 % 
CI 4.7–31.4).  

9.3     Pathophysiology 

 UTI has multifactorial etiologies and represents 
an altered balance between the host and the 
pathogen ( vide infra ). As in many other diseases, 
biological susceptibility plays an important role 
in the cause of neonatal UTIs as, for instance, 
Lewis blood group negative children have higher 
incidence of UTI. Abnormal genitourinary anat-
omy can contribute to and complicate the clinical 
course of UTI. While hematogenous spread of 
bacteria to the urinary tract can occur, it is rare, 
and most UTIs start in the urinary bladder and 
then ascend to produce pyelonephritis. The ascent 
of infection to the upper tract can take place via 
two major mechanisms: (1) bacterial adherence 
properties that help them migrate upstream and 
(2) the presence of VUR that showers the renal 
pelvis with infected urine, thus allowing seeding 
of the renal parenchyma. If infl ammation of renal 
parenchyma is not treated promptly, it can lead to 
tissue damage resulting in renal scarring. 

9.3.1     Predisposing Host Factors 

9.3.1.1     Vesicoureteral Refl ux 
 The previously accepted concept that VUR is 
almost always the key factor in acquired renal 
injury secondary to a urinary tract infection is no 
longer accepted. This is based on the fact that less 
than half of the children who incur renal damage 
secondary to pyelonephritis have VUR; con-
versely, refl ux itself does not cause UTI as many 
children with VUR diagnosed as part of 
 evaluation of prenatally detected hydronephrosis 
never develop UTI. However, infants with VUR 
who get UTI are more likely to get pyelonephri-
tis, and in the presence of VUR, less virulent bac-
teria can gain access to the upper urinary tract 
[ 34 ]. Furthermore, the risk of renal damage in 
children with high-grade VUR (grades III to V) is 
4–6 times greater than the risk in those with grade 
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I or II VUR and 8–10 times greater than the risk 
in those without VUR [ 29 ]. The relationship of 
VUR with UTI and renal damage has become 
more complex with the realization that some kid-
neys with high-grade refl ux have elements of 
dysplasia and scarring even before any infection 
has been documented. In many of these cases, the 
parenchymal damage took place already in utero.  

9.3.1.2     Innate Immunity 
 Despite its proximity to fecal fl ora, the urinary 
tract, with the exception of urethral meatus, is 
usually sterile. The precise mechanism by which 
the urinary tract maintains sterility is not well 
understood. A recent study has shown that ribo-
nuclease 7 (RNase 7) is a novel antimicrobial 
peptide that is expressed in the human urinary 
tract and plays an important role in the innate 
immunity of the human uroepithelium [ 59 ]. 
Further studies are needed to see if alteration of 
this innate immunity plays a part in recurrence 
and severity of UTIs in certain individuals.   

9.3.2     Agent Virulence 

 The most common bacteria infecting the urinary 
tract are usually  Escherichia coli . The bacterial 
fi mbriae mediate adherence to epithelial cells of 
the urinary tract and also cause agglutination of 
P-type red blood cells. Both these properties are 
important for bacterial virulence. The red blood 
cell agglutination can be blocked by sugars like 
mannose; therefore, mannose-resistant  E. coli  are 
more virulent than those that are mannose sensi-
tive and predominate as pyelonephritogenic 
strains. Mannose resistance is mediated by 
P-fi mbriae that recognizes specifi c carbohydrate 
receptors (Gal1–4 Gal) on the uroepithelium and 
can cause ascending infection in the absence of 
VUR [ 34 ]. K antigen is a capsular polysaccharide 
covering bacteria that shields them from phago-
cytosis and exists in greater quantities in pyelo-
nephritogenic strains. Plos et al. [ 44 ] documented 
that children with UTI carry P-fi mbriated  E. coli  
in their fecal fl ora more often than healthy con-
trols both at diagnosis (86 % vs. 29 %) and  during 

infection-free intervals. The fecal carriage of 
P-fi mbriated  E. coli  was also higher in children 
who were P-1 blood group positive (88 %) than 
those with P-2 blood group (40 %).   

9.4     Microbiology 

 As in older children, the most common bacteria 
causing UTI in infants are Gram-negative bacteria 
belonging to the family Enterobacteriaceae, with 
 E. coli  being the most common pathogen. Other 
Gram-negative bacteria that are responsible for 
UTI include  Klebsiella ,  Enterobacter ,  Citrobacter , 
 Proteus ,  Pseudomonas , and  Serratia  species. 
Infection with Gram-positive organisms is less 
common and  Enterococcus  is the most common 
Gram-positive organisms isolated. Organisms 
such as  Lactobacillus  spp, micrococcus, diphthe-
roids, coagulase-negative staphylococci, and 
 Corynebacterium  spp are usually not considered 
clinically relevant isolates for otherwise healthy, 
2- to 24-month-old children. The spectrum of the 
causative bacteria is usually similar regardless of 
whether or not the child has VUR [ 40 ].  

9.5     Clinical Presentation 

 Symptoms of a febrile UTI are very nonspecifi c, 
particularly in young infants. Apart from fever, 
which is consistently present in infants with UTI, 
other nonspecifi c symptoms and signs such as 
vomiting, diarrhea, irritability, poor feeding, and 
jaundice, singly or in combination, may be pres-
ent but cannot accurately predict the presence of 
UTI. Some authors recommend that UTI should 
always be included in the differential diagnosis 
of fever during the fi rst year of life, even when a 
source of fever is unequivocal. 

9.5.1     Focal Bacterial Nephritis 

 Focal bacterial nephritis also known as acute lobar 
nephronia affects one or more of the renal lobules 
and is an uncommon presentation of UTI [ 30 ,  62 ]. 
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These patients may not have any pyuria. The diag-
nosis is suspected on imaging studies such as renal 
ultrasound (Fig.  9.4 ) and can be confi rmed by com-
puterized tomography in doubtful cases.

9.6         Diagnosis 

 Urine culture from an appropriately collected 
urine specimen is the most important diagnostic 
test to establish the diagnosis of UTI. The results 
of urinalysis (dipstick and microscopic examina-
tion) are helpful but cannot substitute urine cul-
ture to document the presence of UTI. The 
physician managing young febrile infants must 
ensure that a urine specimen is obtained for both 
culture and urinalysis before treatment with an 
antimicrobial agent is initiated. The importance 
of this cannot be overemphasized, as a study con-
ducted almost 20 years ago found that over half 
of the 1,600 pediatricians, family practitioners, 
and emergency medicine physicians surveyed 
reported that they would treat a highly febrile 
4-month-old infant with an antibiotic without 
fi rst obtaining a urine culture specimen [ 27 ]. It is 
the authors’ impression though that nowadays 
many more physicians, taking care of febrile 
infants, do obtain a urine culture before antimi-
crobial treatment is started. 

9.6.1     Urine Collection Methods 

 The most common method of urine collection in 
older children and adults “midstream clean 
catch” is not practical in young infants, and 
bagged specimens are frequently contaminated 
with very high false-positive culture rates. 
Namely, a urine specimen obtained by urine bag 
is an acceptable method to rule out an infection 
but often an inadequate one to positively diag-
nose one. Therefore, and in order not to delay the 
start of antimicrobial treatment, bladder catheter-
ization is the procedure of choice to collect urine 
for culture in febrile young infants. Less com-
monly, and especially in the newborn with ure-
thral and other anatomic abnormalities of the 
external genitalia, suprapubic aspiration is indi-
cated ( vide infra ). 

9.6.1.1     Suprapubic Aspiration 
 Suprapubic aspiration of the bladder is the most 
reliable technique to identify bacteriuria that is 
uncontaminated by perineal fl ora. The technique 
is relatively simple and safe in young infants as 
urinary bladder is an abdominal organ at this age 
and not covered by peritoneum. The procedure 
should be performed in infants who have not 
voided in at least the hour prior to procedure and 
have a full bladder as assessed by palpation or 

  Fig. 9.4    Renal abscess: 
this 3-month-old infant 
presented with high-grade 
fever of 1 day duration. 
Urinalysis was positive for 
leukocyte esterase and 
nitrites. Urine culture grew 
 Citrobacter freundii  
(>10,000 CFU per mL); 
blood culture no growth. 
Renal ultrasound performed 
2 days later revealed 
abscess in the superior pole 
of right kidney       
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percussion. One has to be very gentle during this 
examination as stimulation can initiate voiding. 
The suprapubic area is cleaned with an antiseptic 
solution, and a 1.5-inch, 22-gauge needle 
attached to a syringe is inserted perpendicular to 
the abdominal wall, approximately one centime-
ter above the pubic symphysis, and advanced 
under negative pressure until urine sample is 
obtained. The procedure can stimulate urination 
in many infants resulting in high failure rate. 
Reported success rates for obtaining urine by 
suprapubic aspiration have ranged from 23 to 
90 % [ 12 ,  32 ,  45 ], with better results when the 
procedure is performed under ultrasonographic 
guidance [ 6 ,  19 ]. 

 Despite its reported simplicity, suprapubic 
aspiration is associated with more pain than blad-
der catheterization and complications can happen 
[ 14 ,  31 ]. Minor complications such as micro-
scopic hematuria are common, while major com-
plications such as gross hematuria, intestinal 
perforation, and abdominal wall abscess are rare. 
As a result, suprapubic aspiration is rarely prac-
ticed outside the neonatal intensive care unit and 
is becoming a lost art. However, there may be no 
acceptable alternative to suprapubic aspiration in 
certain situations such as abnormalities of the 
external genitalia and urethra.  

9.6.1.2     Bladder Catheterization 
 Transurethral bladder catheterization is a safe 
and effective method for obtaining urine samples 
for culture in most infants. The procedure is per-
formed by observing all aseptic precautions. The 
infant is held with thighs in abducted (frog-leg) 
position. In uncircumcised boys the foreskin of 
the glans is retracted gently to permit complete 
visualization of the urethral meatus; the foreskin 
must be repositioned at the end of the procedure 
to prevent paraphimosis. The anterior urethra is 
cleansed thoroughly with povidone-iodine solu-
tion, and the penis is held perpendicular to the 
abdomen with the nondominant hand (which is 
henceforth considered contaminated) and gentle 
traction is applied to straighten the urethra. A 4- 
or 5-French catheter lubricated with sterile jelly 
is inserted through the urethral meatus with the 
dominant hand until urine returns. It is not 

uncommon to feel slight resistance as the cathe-
ter passes through the external bladder sphincter. 
This can be overcome by maintaining gentle 
pressure as the spasm will relax; the catheter 
should never be forced at this point. In female 
infants, the urethra may be diffi cult to visualize 
and an assistant is often needed to separate the 
labia majora. If the catheter is inadvertently 
placed in the vagina, it should be left in place to 
serve as a landmark for subsequent attempts. 

 The fi rst few drops should be allowed to fall 
outside the sterile container, because they may 
be contaminated by bacteria in the distal ure-
thra. Specimen contamination can occur in 
uncircumcised male infants and in female 
infants in whom the urethra is not well visual-
ized and several attempts are required to pass 
the catheter.  

9.6.1.3     Clean Voided Bag Specimens 
 While the noninvasiveness of this method of 
urine collection appeals to many physicians, 
nurses, and parents, this method should never be 
used for obtaining urine specimen for culture 
because of very high false-positive rates ( vide 
infra ). It should be noted that even if contamina-
tion from the perineal skin is minimized by 
cleansing, rinsing, and drying before application 
of the collection bag, there may be signifi cant 
contamination from the vagina in girls or the pre-
puce in uncircumcised boys, the two groups at 
highest risk of UTI. Therefore, a “positive” cul-
ture result from a specimen collected in a bag 
cannot be used to document a UTI, and confi rma-
tion requires culture of a specimen collected 
through catheterization or suprapubic aspiration. 
Because there may be substantial delay in obtain-
ing a second specimen, many clinicians prefer to 
obtain a defi nitive urine specimen through 
 catheterization initially. However, if the clinician 
determines that the infant does not require imme-
diate antimicrobial therapy, then often a urine 
collection bag affi xed to the perineum can be 
used to collect urine specimen to rule out diagno-
sis of UTI by checking for leukocyte esterase and 
nitrites. To minimize the possibility of contami-
nation, it is recommended that the mother checks 
on the bag every 10 min and that the bag is 
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replaced by a new one every 30 min. As afore-
mentioned, in essence a negative culture rules out 
a UTI whereas a positive one requires further 
confi rmation.   

9.6.2     Urinalysis 

 Because urine culture results are not available for 
at least 24 h, there is considerable interest in 
other urine tests that may be helpful in diagnos-
ing those children who might have UTI thus 
enabling initiation of presumptive therapy. In 
contrast to urine specimen collected for culture, 
urinalysis can be performed on any specimen, 
including one collected from a bag applied to the 
perineum. However, the specimen must be fresh 
(<1 h after voiding with maintenance at room 
temperature or <4 h after voiding with refrigera-
tion), to ensure sensitivity and specifi city of the 
urinalysis. The tests that have received the most 
attention are biochemical analyses of leukocyte 
esterase and nitrite through a dipstick method 
and urine microscopic examination for white 
blood cells (WBCs) and bacteria. 

9.6.2.1     Leukocyte Esterase 
 The test detects “esterase” (an enzyme released 
by white blood cells) and indicates presence of 
white blood cells in the urine (pyuria). Hoberman 
et al. [ 24 ] reported a sensitivity of 52.9 % in 
detecting the presence of ≥10 leukocytes/mm 3 . 
The specifi city of this test in general is low; 
therefore, positive leukocyte esterase by no 
means confi rms the diagnosis of UTI.  

9.6.2.2     Nitrites 
 Dietary nitrates are converted to nitrites by bac-
teria, and positive urinary nitrite test has very 
high specifi city (98 %) in diagnosing UTI. 
However, a nitrite test is not a sensitive marker 
of UTI in children, particularly infants, who 
empty their bladders frequently as conversion 
from nitrates to nitrites usually requires ~4 h of 
reaction time. Furthermore, only Gram-negative 
bacteria convert nitrates to nitrites; therefore, 
negative nitrite test results have little value in 
ruling out UTI [ 21 ].  

9.6.2.3     Microscopic Examination 
 The diagnostic accuracy and the interpretation of 
microscopic urinalysis are infl uenced by the 
preparation of the specimen (centrifuged vs. 
uncentrifuged) and the method of quantifying 
and reporting. Stamm [ 61 ], defi ned pyuria as the 
presence of ≥10 leukocytes/mm 3  in uncentri-
fuged urine. In young febrile children in whom 
urine specimen was obtained by catheterization, 
Hoberman et al. [ 24 ] showed that a count of <10 
leukocytes/mm 3  was almost invariably associ-
ated with a sterile culture, whereas a count of 
≥10 leukocytes/mm 3  had a sensitivity of 91 % 
and a low false-positive rate of 3.4 % in identify-
ing urine culture results of ≥50,000 colony- 
forming units (CFUs) per ml. In urinary sediment 
from a centrifuged (10 mL at 2,000 rpm for 
5 min) specimen, the usual threshold for signifi -
cant pyuria is ≥5 WBCs per high-power fi eld 
(∼25 WBCs per μL). The absence of pyuria can 
help differentiate true UTI from asymptomatic 
bacteriuria in infants with concurrent febrile 
infection from another source.   

9.6.3     Urine Culture 

 “Signifi cant” bacteriuria in urine culture has been 
the sole gold standard for the diagnosis of UTI. 
However, limitations of urine culture include 
uncertainty concerning the magnitude of a “sig-
nifi cant” bacterial colony count, and inability 
to differentiate asymptomatic bacteriuria from 
infection. Urine culture results are considered 
positive or negative on the basis of the num-
ber of CFUs that grow on the culture medium. 
Defi nition of signifi cant colony counts with 
regard to the method of collection considers that 
the distal  urethra and periurethral area are com-
monly colonized by the same bacteria that may 
cause UTI; therefore, a low colony count may 
be present in a specimen obtained through void-
ing or catheterization even when bacteria are not 
present in the bladder urine. On the other hand, 
asymptomatic bacteriuria (≥10 6  bacteria/L in 
urine specimens obtained by suprapubic aspira-
tion) has been reported in 0.9 and 2.5 % of female 
and male infants, respectively [ 65 ]. In majority 
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of these infants, the bacteriuria is spontaneously 
cleared in a few months [ 64 ]. The concept that 
>100,000 CFUs per mL indicates a UTI was 
based on morning collections of urine from adult 
women, with comparison of specimens from 
women without symptoms and women considered 
clinically to have pyelonephritis; while the for-
mer had bacterial counts <10,000 CFUs per mL, 
women with pyelonephritis had ≥100,000 CFUs 
per mL with only 1 % of the women having bac-
terial counts between 10,000 and 100,000 CFUs 
per mL [ 28 ]. It is important to realize that defi ni-
tions of positive and negative culture results are 
operational and not absolute. The time the urine 
resides in the bladder (bladder incubation time) 
is an important determinant of the magnitude of 
the colony count. Accordingly, in most instances, 
an appropriate threshold to consider bacteriuria 
“signifi cant” in infants and children is the pres-
ence of at least 50,000 CFUs per mL of a sin-
gle urinary pathogen in specimen obtained by 
catheterization [ 24 ]. For specimens collected by 
suprapubic aspiration, usually >1,000 CFU per 
mL of bacterial count is considered signifi cant. 
As mentioned before, cultures of urine specimens 
collected in a bag applied to the perineum have 
an unacceptably high false- positive rate and are 
valid only when they yield negative results. 

 For urine culture results to be reliable, urine 
specimens should be processed as expeditiously 
as possible. If the specimen is not processed 
promptly, then it should be refrigerated to pre-
vent the growth of organisms that can occur in 
urine at room temperature; for the same reason, 
specimens that require transportation to another 
site for processing should be transported on ice.  

9.6.4     Blood Culture and Spinal Tap 

 In comparison to older children, UTI in infants is 
more commonly associated with bacteremia, 
occurring in 4–22.7 % of cases. Presence of bac-
teremia is inversely related to age and is usually 
limited to those <6 months old, and these patients 
are more likely to have abnormal RBUS and 
VCUG [ 4 ,  13 ,  43 ]. While blood culture is rou-
tinely obtained in all infants <29 days old as a 

part of sepsis evaluation, it should also be 
obtained in older infants who appear ill at initial 
examination. Presence of bacteremia might 
require prolonged intravenous antibiotic therapy 
but usually there are no adverse consequences in 
terms of outcome. In infants <3 months of age, 
the risk of coexisting bacterial meningitis with 
UTI is very low (<1 %) but sterile pleocytosis can 
be seen in up to 3 % of patients [ 52 ].  

9.6.5     Miscellaneous Tests 

 The commonly obtained laboratory tests such as 
WBC count, C-reactive protein, and erythrocyte 
sedimentation rate (ESR) have not shown high 
degree of accuracy in confi rming the diagnosis of 
acute pyelonephritis in young (<2 years old) febrile 
children with UTI [ 16 ]. Therefore, other special tests 
such as urine interleukin-1β and serum procalcitonin 
have been investigated and have shown promising 
results for early detection of acute pyelonephritis but 
currently remain a research tool [ 41 ,  55 ].   

9.7     Management 

9.7.1     Antibiotic Therapy 

 The goals of treatment of acute UTI are to eradi-
cate the acute infection, to prevent complications, 
and to reduce the likelihood of renal damage. 
All febrile infants <29 days of age who usually 
undergo full sepsis evaluation (complete blood 
count with differential, blood culture, cerebro-
spinal fl uid analysis with culture, and urinalysis 
with culture) are hospitalized, and treatment is 
initiated with broad-spectrum intravenous anti-
biotics such as ampicillin along with cefotaxime. 
It should be noted that bacterial susceptibility 
to antimicrobial agents is highly variable across 
geographic areas; therefore, initial therapy should 
be guided by local sensitivity patterns [ 18 ,  70 ]. 
Once the diagnosis of UTI is confi rmed, the anti-
biotic is changed according to the culture results 
and treatment is continued for 10–14 days. 
While in the past, all newborns used to receive 
intravenous antibiotics for complete duration of 
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therapy, currently, many of them are discharged 
home with PO antibiotic (usually cefi xime) after 
variable length of inpatient intravenous ther-
apy (Personal communication with Section of 
Infectious Diseases, Children’s Mercy Hospital, 
Kansas City, MO; 2012). The majority of infants 
 without any underlying genitourinary abnormal-
ity will become afebrile within 48–72 h of therapy 
[ 3 ]. The length of intravenous therapy and hospi-
tal stay is determined by the severity of illness, 
non- E. coli  UTI (e.g.,  Pseudomonas) , presence of 
bacteremia, obstructive genitourinary anomaly, 
abnormal kidney function, response to therapy, 
and questionable parental compliance. 

 Most experimental and clinical data support 
the concept that delays in the institution of appro-
priate treatment of pyelonephritis increase the 
risk of renal damage [ 58 ,  67 ]. For these reasons, 
all infants who have sustained a febrile UTI 
should have a urine specimen obtained at the 
onset of subsequent febrile illnesses, so that a 
UTI can be diagnosed and treated promptly. 

 Older infants (1–3 months old) with UTI who 
are well appearing at initial examination, have no 
history of genitourinary abnormalities or previ-
ous UTI, are not dehydrated, have no respiratory 
distress or concomitant acute disease, were born 
at term, and do not have congenital heart, lung, or 
metabolic disease are at very low risk of adverse 
events and can be treated with brief hospitaliza-
tion or ambulatory intravenous antibiotics fol-
lowed by oral therapy [ 49 ]. 

 Whether given to neonates or older infants, 
when aminoglycosides are used, it is important to 
monitor their blood level and concomitant kidney 
function, thus avoiding or detecting in its early 
stage acute kidney injury that is not uncommon 
in this patient population.  

9.7.2     Prophylactic Antibiotic 
Therapy 

 Over the last decade, the practice of using pro-
phylactic antibiotics in patients with VUR to 
prevent recurrence of febrile UTIs has been chal-
lenged. A number of studies in recent years have 
failed to show their usefulness in children older 

than 24 months with VUR grades I to IV [ 10 , 
 17 ,  37 ,  42 ,  48 ]. The AAP subcommittee that 
worked on the 2011 Clinical Practice Guidelines 
requested the raw data on 2- to 24-month-old 
infants from six researchers and their analysis on 
this group of 1,091 infants failed to detect any 
signifi cant benefi t of prophylactic antibiotics in 
infants with grades I–IV VUR [ 9 ]. Accordingly, 
both National Institute for Health and Care 
Excellence (NICE) [ 39 ] and current American 
Academy of Pediatrics (AAP) guidelines rec-
ommend that prophylactic antibiotic treatment 
should not be routinely used. However, these 
recommendations are not applicable for infants 
<2 months of age and those with grade V refl ux. 
The results of the currently ongoing RIVUR 
(Randomized Intervention for Children with 
Vesicoureteral Refl ux) study may put an end to 
this debate. 

 Currently, due to the high risk of UTI recur-
rence at a young age ( vide infra ), it is our practice 
to keep all newborns and young infants, who had 
a UTI, with or without the presence of VUR, on 
prophylaxis for 6 months. Until age 2 months, the 
infants receive cephalexin to be replaced then by 
sulfamethoxazole/trimethoprim. Due to the high 
rate of resistance of community  E. coli  to ampi-
cillin, which in some places reaches 50 %, it is 
important to avoid using this drug as fi rst-line 
prophylaxis [ 1 ].  

9.7.3     Circumcision 

 Uncircumcised male infants <2 months old 
have one of the highest incidence of UTIs; the 
impact of uncircumcised state on risk of UTI 
decreases by 1 year of age. A meta-analysis con-
ducted by Singh-Grewal et al. [ 56 ] that included 
402,908 boys showed that circumcision was 
associated with a signifi cantly reduced risk of 
UTI (OR = 0.13, 95 % CI 0.08–0.20,  p  < 0.001). 
Because circumcision is not a benign procedure, 
these authors determined that the net clinical ben-
efi t of circumcision is likely only in boys at high 
risk of UTI such as those with posterior urethral 
valves or high-grade refl ux. However, this assess-
ment was critiqued by Schoen [ 50 ], who had 
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 earlier reported that newborn circumcision not 
only results in a 9.1-fold decrease in incidence of 
UTI during the fi rst year of life but also markedly 
lowers the UTI-related costs and rate of hospital 
admissions, thus supporting newborn circum-
cision as a valuable preventive health measure, 
particularly in the fi rst 3 months of life [ 51 ].   

9.8     Imaging Studies 

9.8.1     Ultrasound 

 The purpose of renal-bladder ultrasound (RBUS) 
is to detect anatomic abnormalities that might 
help in the management of current UTI and/or 
help plan further evaluation and long-term fol-
low- up. In addition, RBUS also provides an eval-
uation of the renal parenchyma and an assessment 
of renal size that can be used to monitor renal 
growth. The widespread application of prenatal 
ultrasonography has clearly reduced the preva-
lence of previously unsuspected obstructive 
uropathy in infants and the yield of actionable 
fi ndings is relatively low (1–2 %), thereby ques-
tioning the utility of RBUS in evaluation of the 
infant or child with a fi rst febrile UTI [ 2 ,  23 ,  25 , 
 69 ]. Furthermore, in the vast majority of those 
found to have an abnormal fi nding, no interven-
tion was required. However the above studies did 
not pinpoint on the neonate population, and due 
to the possible association of UTI at this age with 
a missed congenital anomaly, the practice is still 
to obtain an ultrasound in neonates with UTI. 
Images of urinary bladder should always be 
included so as not to miss fi ndings such as ure-
terocele or diverticulum (Fig.  9.5 ).

9.8.2        Voiding Cystourethrogram 

 The whole premise behind detecting VUR by 
VCUG is to prevent UTI recurrence (and renal 
damage) by prophylactic antibiotics or an antire-
fl ux procedure. Recent evidence has shown that 
VUR is neither necessary nor suffi cient for the 
development of renal scarring, and many cases of 

scarring do occur in children without VUR. 
Furthermore, as the role of prophylactic antimi-
crobial therapy in preventing febrile UTI (and 
renal damage) in infants with grades I to IV VUR 
has become controversial, current AAP Clinical 
Practice Guidelines do not recommend obtaining 
VCUG routinely after the fi rst UTI. The commit-
tee also concluded that the proportion of infants 
with grade V VUR among all infants with fi rst 
febrile UTI is small (1 %) and these infants will 
likely show the abnormality on RBUS, prompt-
ing obtaining VCUG. Most nephrologists will 
usually obtain VCUG if renal and bladder ultra-
sound reveals signifi cant hydronephrosis, solitary 
kidney, renal dysplasia or scarring, abnormal ure-
teral or bladder anatomy, suggestion of obstruc-
tive uropathy, and in other atypical or complex 
clinical circumstances. At the same time it is 
important to note that a normal ultrasound does 
not rule out the presence of VUR [ 57 ]. Because 
of the high prevalence of VUR in siblings 
(27.4 %) and offsprings (35.7 %) [ 57 ], VCUG 
may be indicated for infants with a family history 
of VUR. Although high-grade (IV–V) V VUR is 
less common [ 9 ,  38 ] than low-grade (I–III) VUR, 
identifi cation of the former is important as it 
places these infants in high-risk category who are 
at greater risk of UTI recurrence and renal dam-
age (Fig.  9.2 ). These infants should be closely 

  Fig. 9.5    Ureterocele: This 2-month-old female infant 
presented with fever. Urine culture grew  E. coli  (>10 5  CFU 
per mL). Renal and bladder ultrasound revealed left ure-
terocele ( arrow ) and hypoplastic left kidney (not shown). 
VCUG (not shown) revealed grade III VUR on right side       
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monitored and investigated for UTI when they 
present with febrile illness.  

9.8.3     Radionuclide Scintigraphy 

 Technetium-labeled dimercaptosuccinic acid 
( 99m Tc-DMSA) is taken up by the cells of the 
straight and convoluted parts of the proximal 
tubules and provides functional image of proxi-
mal renal tubular mass. Areas of infl ammation, 
or those damaged by scarring, or areas with 
 dysplasia are seen as focal defects associated 
with volume loss or contraction of the renal cor-
tex (Fig.  9.3 ) [ 35 ]. A  99m Tc-DMSA renal scan 
is highly sensitive in detecting the focal hypo-
perfusion and edema of acute infl ammation 
(pyelonephritis) as well as subsequent scarring 
of infl amed parenchymal areas and is considered 
a “gold standard” for diagnosing pyelonephri-
tis. This test is helpful in neonates and infants in 
whom the diagnosis is unclear based on the clini-
cal fi ndings. The fi ndings on nuclear scans rarely 
affect acute clinical management and do not 
predict risk of future scarring; therefore, nuclear 
scanning is not recommended as part of routine 
evaluation of infants with their fi rst febrile UTI. 
However, the  99m Tc-DMSA scanning is useful in 
research, because it ensures that all subjects in a 
study have confi rmed pyelonephritis to start with 
and it permits assessment of later renal scarring 
as an outcome measure.  

9.8.4     Magnetic Resonance 
Urography 

 Magnetic resonance urography (MRU) is a rela-
tively new technology that offers major advan-
tages in evaluation of genitourinary abnormalities. 
It integrates exquisite anatomical information with 
a variety of functional data and avoids ionizing 
radiation and iodinated contrast agents [ 7 ]. Using 
DMSA scan as the reference standard, a gadolin-
ium-enhanced T1 sequence MRU was found to 
have 100 % sensitivity and 78 % specifi city for the 
detection of renal scarring [ 8 ]. In addition, MRU 

can distinguish among acute pyelonephritis (area 
of compromised perfusion with interstitial edema), 
renal scarring (parenchymal defect), and renal 
dysplasia [ 20 ]. However, at this point, its cost, lim-
ited availability, and need for patient sedation limit 
its widespread application.   

9.9     Prognosis 

9.9.1     Risk of Recurrence 

 A retrospective study from Finland revealed that 
roughly one-third of boys and girls who had their 
fi rst episode of UTI under 1 year of age and were 
not receiving prophylactic antibiotics had recur-
rence of UTI over a follow-up period of 3 years; in 
86 % of the cases the fi rst recurrence occurred 
within 6 months of the primary UTI. The study 
excluded children with genitourinary abnormalities 
and none of the boys in this study were circumcised. 
It also found that the recurrence-free interval was 
shorter and recurrent UTIs occurred more often in 
children with grades III–V VUR than in those with 
grades I–II VUR (log rank test  p  = 0.0005) [ 40 ].  

9.9.2     Risk of Scarring and CKD 

 In a study conducted 25 years ago it was esti-
mated that each episode of febrile UTI can lead 
to a 5 % risk of new renal scar formation and risk 
of scarring increases with number of recurrences 
[ 26 ]. It is generally believed that the risk of renal 
parenchymal damage from UTI as manifested by 
subsequent renal scarring is strongly related to 
age at the time of UTI, being highest in infancy 
and declining markedly with age [ 46 ]. Several 
studies have reported an increased risk of scar-
ring with delayed and inadequate treatment [ 15 , 
 36 ,  67 ]. Hoberman et al. [ 23 ] reported on renal 
scan fi ndings in 309 children (1–24 months old); 
61 % of the children had fi ndings compatible 
with acute pyelonephritis and renal scarring was 
noted in 9.5 % of the 89 % children who had 
repeat scans. The degree of VUR was signifi -
cantly associated with a higher incidence of renal 
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scarring ( p  = 0.007). Similarly, Montini et al. 
[ 38 ], reported changes of pyelonephritis on initial 
DMSA scans in 54 % of 300 children ≤2 years of 
age with scarring developing in 15 % of cases on 
repeat DMSA scans. A recently published meta- 
analysis of 33 articles that included 4,891 chil-
dren (0–18 years old) revealed that 57 % (CI: 
50–64) of children with fi rst UTI had changes 
consistent with acute pyelonephritis on the acute- 
phase DMSA renal scan and 15 % (CI: 11–18) 
had evidence of renal scarring on the follow-up 
DMSA scan, 5–24 months after an initial episode 
of UTI. Children with VUR were signifi cantly 
more likely to develop pyelonephritis (RR, 1.5; 
CI, 1.1–1.9) and renal scarring (RR, 2.6; CI 1.7–
3.9) compared with children with no VUR. 
Furthermore, children with VUR grades III or 
higher were more likely to develop scarring than 
children with lower grades of VUR (RR, 2.1; CI, 
1.4–3.2) [ 53 ]. On the other hand, it has been 
shown that children who have a normal ultra-
sound at presentation continue to demonstrate 
intact anatomy on follow-up studies irrespective 
of recurrence of UTIs [ 33 ]. It is also evident that 
the vast majority, if not all those who in the past 
where diagnosed with refl ux nephropathy due to 
infection, sustained the renal parenchymal dam-
age already in utero. Several studies indeed 
showed that UTI per se is not a frequent cause of 
chronic renal failure in childhood [ 60 ].   

    Conclusion 

 Many studies regarding UTI have been con-
ducted on infants older than 30 or 60 days 
but there is only a paucity of such studies in 
the neonate. In general it seems agreeable 
by all that once appropriate urine sample is 
obtained, prompt antibiotic treatment should 
be provided, at least for several days by the 
intravenous route, and ultrasound of the uri-
nary tract performed. Common sense should 
guide the need for a VCUG especially when 
taking into consideration the fact that only 
a minority of patients may benefi t from 
long-term prophylaxis. On the other hand, a 
6-month prophylaxis in all neonates recover-
ing from acute UTI might be less invasive and 
more cost effective.     
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  10      Posterior Urethral Valves 
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 Case Study 

 A 24-year-old G2P0A1 patient presents to 
our fetal care center for multidisciplinary 
evaluation due to ultrasound fi ndings of 
oligohydramnios, bilateral hydronephrosis, 
and cystic changes of the kidneys due to 
suspected bladder outlet obstruction. At 20 
weeks of gestation a fetal MRI demon-
strated a normal central nervous system, 
normal heart, normal GI tract, and no limb 
abnormalities. She is here with her mother 
and her husband to discuss options. Her 
fi rst pregnancy was complicated with anhy-
dramnios and loss of the fetus at 14 weeks. 

 She meets with representatives from 
nephrology, fetal care, transplant surgery, 
urology, high- risk obstetrics, and social 
work. Mom states that she wants every 
measure taken to bring the fetus to term. 
Successful amniotic shunt placement and 
amnioinfusion were performed at 21 weeks. 
An amnioinfusion port was placed and the 
baby was electively delivered via C-section 
at 36 weeks. 

 The 2,100 g baby was transferred to 
the NICU after delivery and was on room 
air after delivery with Apgar’s of 8 and 
9. The birth serum creatinine (SCr) is 
3.2 mg/dL. A non-balloon catheter was 
placed in the urethra and put to drainage. 
An ultrasound performed 24 h after birth 
demonstrated markedly hydronephrotic 
dysplastic  kidneys. A voiding cystoure-
throgram confi rmed valves and high-grade 
bilateral refl ux with a small trabeculated 
bladder. The renal profi le at 24 h revealed 
a SCr of 4.1 mg/dL. The hydronephrosis 
gradually improved with drainage, but the 
cystic changes persisted. At 3 weeks the 
baby was taken to the OR and valves were 
ablated. Clean intermittent catheterization 
(CIC) was initiated and the SCr stabilized 
to 2.5 g/dL. Urine output remained brisk at 
4–5 mL/kg/h. 

 Over the course of the next few weeks, 
two episodes of UTI and sepsis occurred 
and the baby was unable to maintain 
adequate oral intake. He was taken to the 
OR at 3 months of age for placement of 
a G-tube and a peritoneal dialysis cath-
eter. He was fi nally discharged home 
at 4 months on peritoneal dialysis and 
gastrostomy-tube feeds and CIC. His dis-
charge weight is 3,200 g. The workup for 
a living-related kidney donor transplant 
was initiated. 
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10.1             Introduction 

 The above scenario seems a bit futuristic, but is 
beginning to occur more frequently in institutions 
with fetal care centers. Posterior urethral valves 
(PUVs) are the most common cause of obstruc-
tive uropathy in males and previously had a pro-
gression rate to end-stage renal disease (ESRD) 
of 50 % [ 3 ]. That paradigm may be changing. 
Improvements in neonatal intensive care, dialysis, 
and transplantation have allowed some quater-
nary centers to become comfortable with neo-
natal ESRD management in these infants. These 
resource-intense patients require a multidisci-
plinary approach to management and pose many 
new ethical and medical dilemmas. The following 
chapter will serve as an overview of posterior ure-
thral valves with a focus on the concerns of this 
growing new population of neonates. 

 The incidence of PUV is reported between 
1/4,000 and 1/8,000 live births, but the actual inci-
dence may be higher as some affl icted fetuses suf-
fer in utero demise [ 21 ]. PUV can cause renal 
dysplasia with resulting renal insuffi ciency that can 
be progressive. Often PUV is diagnosed prenatally 
due to the widespread use of prenatal ultrasound. 

 Prenatal ultrasound is the screening modal-
ity of choice for identifi cation of abnormali-
ties of the genitourinary tract [ 4 ]. Bilateral 

 hydronephrosis in a male fetus with any  evidence 
of  oligohydramnios should alert the physician 
for a possible bladder outlet obstruction [ 3 ]. 
Unfortunately the ultrasound alone is not able to 
accurately predict postnatal renal function [ 2 ]. 
Often the fetus with poor renal function either 
did not survive in utero or die shortly after birth. 
Typically these were cases of severe oligohy-
dramnios or anhydramnios. This chapter will 
focus on fetal management on PUV with special 
consideration given to the neonate with ESRD. 

10.1.1     Anatomy 

 Posterior urethral valves are defi ned as obstruct-
ing or partially obstructing tissue arising from 
the fl oor of the urethra. They are continuous 
with the verumontanum and the divide in the 
 bulbomembranous urethra just proximal to the 
urethral sphincter [ 7 ]. Typically they appear as 
“sails” at the 5 o’clock and 7 o’clock positions. 
The leafl ets can appear as an obstructing mem-
brane. The defi nitive treatment is valve ablation 
achieved with transurethral resection (Fig.  10.1 ).

   The valves are not normal tissue and cause 
obstruction of anterograde fl ow of urine from 
the bladder. The degree of obstruction tends 
to correlate with the severity of bladder and 
renal  involvement, although PUV remains a 

a b

  Fig. 10.1    ( a ) Appearance of PUV seen with a cystoscopy. ( b ) Appearance after ablation of the PUV       
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spectrum of disease without a good predictive 
model  regarding disease severity. Diligence 
of the workup and management of the neonate 
are the most effective way to prevent future 
complications. 

 The most severely affected infants with PUV 
may benefi t from evaluation in a fetal care center 
where more sophisticated imaging modalities such 
as fetal MRI and assessment of the amniotic fl uid 
can be performed [ 22 ]. A multidisciplinary team 
approach can be utilized for pre- and postnatal man-
agement as well as the formulation of a comprehen-
sive birth plan. Survival in the early postnatal period 
for these infants depends on the prenatal manage-
ment, resources of the NICU, and the birth hospital. 

 In a fetus diagnosed with PUV, evidence of 
in utero renal insuffi ciency can be detected by 
decreased amniotic fl uid and abnormal fetal urine 
electrolytes. The resulting oligohydramnios is a 
cause of pulmonary hypoplasia [ 22 ]. In the past, 
the pulmonary issues have led to poorer outcomes 
in these infants. Advances in in utero fetal treat-
ment and neonatal critical care have improved the 
outcome in affl icted infants by optimizing pul-
monary function. This has resulted in improved 
perinatal survival. Unfortunately, the interventions 
have not improved renal function, so although 
infants survive, they quickly progress to ESRD. 

 There is a defi ned rate of progression to ESRD 
observed in some children with PUV. There is no 
clear timeline for progression, and the variables 
leading to eventual renal failure are poorly 
defi ned [ 18 ,  22 ]. ESRD develops in 13–42 % of 
patients diagnosed with PUVs [ 15 ,  18 ]. The man-
agement of these infants has improved over time 
most likely due to early diagnosis. The recent 
improvement in perinatal outcomes in severely 
affl icted neonates has created a new cohort of 
infants who have ESRD from the onset of life, 
and as a result, new challenges have arisen. 

 Prenatal screening ultrasound identifi es 
hydronephrosis readily, and a prenatal consulta-
tion can be performed with just the pediatric urol-
ogist in the case where amniotic fl uid is preserved. 
The benefi t of this meeting would be to create a 
birth plan such that the infant is quickly trans-
ported to a children’s hospital for management. 
This also allows for a postnatal testing plan to be 
created expediting care after delivery.  

10.1.2     Goals of Management 

 Early valve ablation with bladder cycling and the 
stabilization of the upper tracts is the mainstay of 
therapy in uncomplicated PUV. Infants are 
treated in the fi rst few days of life and the bladder 
allowed to cycle normally once the obstructing 
leafl ets are ablated. The infants are watched care-
fully and the upper tracts followed for the devel-
opment of hydronephrosis and vesicoureteral 
refl ux (VUR). The goal of management is to pre-
vent progression of renal injury and preserve 
bladder function. 

 Renal transplantation is the treatment of 
choice for pediatric patients with ESRD and PUV 
as it promotes growth and development. 
Transplantation in these neonates presents some 
challenges. These patients have a unique set of 
anatomic and functional concerns, and the pro-
vider must create novel solutions to problems 
that we traditionally had months or even years to 
solve. Now we have an unforgiving timeline to 
adhere to in order to allow these infants to sur-
vive. Much of the ability to address these con-
cerns is dependent on the neonatal management 
of these infants.   

10.2     Neonatal Management 

 Though a birth plan is critical for both the sur-
vival and long-term care of PUV with ESRD, the 
infant with preserved renal function and PUV is 
easier to manage. Though there exist a subset of 
patients with “missed valves” which is simply 
delayed presentation, this chapter will focus on 
neonatal PUV management with a special focus 
on infants with ESRD and PUV. 

10.2.1     PUV Management in Infants 
with Normal Renal Function 

 The treatment of PUV in the neonatal period 
is relatively straightforward. Often the diag-
nosis is suspected prenatally and the child is 
transferred to a children’s hospital shortly after 
birth. A renal ultrasound should be performed 
24 h after birth to avoid the pitfall of under 
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 recognizing  hydronephrosis as the infant is 
physiologically dehydrated. A measurement of 
SCr should also be delayed as an early sample 
is more refl ective of maternal values. A non-
balloon urinary catheter is inserted to allow 
unobstructed drainage of urine. The balloon 
may irritate the bladder and trigger unwanted 
spasms which can worsen hydronephrosis 
[ 13 ]. The diagnosis of valves is confi rmed 
with a radiographic voiding cystourethrogram 
(VCUG). Care must be taken to observe the 
voiding phase to capture the valve (Fig.  10.2 ).

   Endoscopic valve ablation can be performed 
safely even in cases where the infant is less than 
2,500 g. The relative safety is due to the avail-
ability of small endoscopes. Coexisting anesthe-
sia concerns must be taken into consideration 
before ablation despite the technical ability to 
operate on the smallest of infants. If the bladder 
is not draining appropriately with the catheter, 
the infant is too small, or due to unavailability of 
appropriate endoscopes, a temporary urinary 
diversion with a vesicostomy may be performed. 
This is becoming a less frequent scenario in most 
centers, and there is controversy regarding the 
long-term bladder outcomes following diversion. 
There is literature to both support and condemn a 
diversion in PUV [ 11 ]. 

 Once the valves are ablated, practices vary 
regarding timing of removal of catheter with some 
practitioners advocating immediate voiding after-
wards. Long-term outcome data regarding stan-
dard practices for catheter removal do not exist. 

 The appropriate imaging and lab studies for 
the follow-up of treated infants are poorly docu-
mented. Signifi cant variation exists with regard 
to timing of studies and the interpretation of the 
clinical signifi cance of upper tract dilation. 
Recently Coleman et al. described a novel way to 
predict renal outcome measuring SCr velocity 
[ 5 ]. This exciting new study is perhaps a way to 
begin to standardize testing and follow-up of 
infants with PUV. The addition of a predictive 
variable may have another impact on the ability 
to standardize the interpretation of upper tract 
changes seen on imaging. 

 As mentioned previously, the progression to 
ESRD can be seen in up to 50 % of PUV patients. 
The reason is that the entire urinary tract proxi-
mal to the valves is affected. Hydronephrosis, 
vesicoureteral refl ux (VUR), or cystic changes 
to the kidneys are obvious on imaging. Subtle 
changes such as loss of bladder compliance and 
the development of high pressures in the blad-
der may portend long-term deterioration of renal 
function [ 24 ]. Long-term follow-up is critical for 
success from both a nephron-urologic standpoint.  

10.2.2     PUV Management in Infants 
with ESRD 

 The management of the PUV infant with ESRD 
is not well documented and will be the primary 
focus of this chapter as they represent a new 
group of patients presenting to the NICU. This is 
due to the impact of fetal care centers with their 
interventions increasing the number of pulmo-
nary survivors with ESRD from obstructive 
uropathy [ 23 ]. 

 Care of patients with PUV and ESRD is focused 
on supportive measures that will allow the patient 
to progress to renal transplantation. When the 
affected individual is a neonate, the timeline for 
defi nitive management becomes somewhat unfor-
giving. The infant with ESRD is subject to delays 

  Fig. 10.2    The appearance of the posterior urethral valve 
on a voiding image from a VCUG       
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in growth and development, nutritional concerns, 
need for stable dialysis access, increased risks of 
infection and hospitalization, and the technical 
limitations to transplant regarding vascular anat-
omy and abdominal domain. 

 The infant with PUV and ESRD has the added 
burden of structural and functional abnormalities 
of the genitourinary tract. This is a relatively new 
phenomenon as severely affected infants with 
ESRD and bladder outlet obstruction often did 
not survive the perinatal period. Affected infants 
often were born with enough renal function to 
allow early childhood transplant and correction 
of any structural or functional issues prior to 
transplant. Now, early identifi cation of at risk 
infants and prenatal interventions including a 
delivery plan has resulted in the observation of 
increased survival and the creation of a new 
cohort of patients. 

 After stabilization of the infant, a multidisci-
plinary approach to care with the combined input 
of the neonatology, nephrology, transplant sur-
gery, and urology is helpful for the management 
of this resource-intense group of patients. 
Dialysis is often necessary in the early prenatal 
term, and this decision needs to be carefully 
planned and coordinated with the team.   

10.3     Renal Replacement Therapy 
in PUV with ESRD 

 In infants, hemodialysis is technically chal-
lenging and is associated with high morbidity. 
A review of infant hemodialysis patients in the 
UK suggested line complications (thrombosis 
and infection), anemia with transfusion require-
ments, and inadequate dialysis as common mor-
bidities [ 32 ]. Peritoneal dialysis can be achieved 
with relative ease and is convenient for parents 
as the treatment can be administered at home. 
Associated issues impacting peritoneal dialysis 
include inguinal hernia, abdominal wall defects, 
and leaking catheters. 

 Dialysis access concerns are multiple. The infant 
obviously must not have any  intra- abdominal pro-
cess such as necrotizing enterocolitis (NEC). Patent 
processus if large should be corrected; otherwise, 

PD cycling may prove diffi cult. If a G-tube is 
 necessary, timing should coincide with the place-
ment of the dialysis catheter. If done later, a period 
where dialysis is held may be necessary. Despite 
marginal clearance, if the infant makes urine, it may 
allow for a short time frame where PD can be held. 

10.3.1     Nutritional Concerns 

 Nutrition is another diffi cult issue to address. 
Growth in the neonatal time period is rapid (1.5 cm/
month) and requires signifi cant calories [ 6 ]. Infants 
with renal failure very often are unable to consume 
the required nutrition with traditional oral feeding. 
An additional complication in this cohort of 
patients is the fi xed urine output seen in obstructive 
uropathy [ 8 ]. In some cases urine output is so high 
that the majority of intake must be water to prevent 
dehydration, which greatly impacts feeding. 

 Many infants will benefi t from a G-tube place-
ment. Often nutritional and calorie goals are not 
met, and a feeding tube is placed for management. 
It is most common that the G-tube is placed after a 
trial of nasogastric feeding. Recombinant growth 
hormone is also considered for infants that have not 
achieved adequate growth after nutritional supple-
mentation [ 28 ]. 

 Consideration should be given to placement of 
G-tube utilizing direct visualization technique. 
When needed, this can be done with laparoscopic 
placement of the peritoneal dialysis catheter. 
Visualization of the placement of the G-tube 
ensures that the arcade along the greater curva-
ture is preserved. This would allow for the con-
sideration of future gastrocystoplasty. 

 The stomach serves as a valuable segment to 
preserve for bladder reconstruction in this popu-
lation for several reasons. First is the setting of 
diminished GFR, acidosis is generally not a con-
cern with the stomach [ 29 ,  31 ]. Avoiding acidosis is 
important for growth and development. Secondly, 
the anatomic features of the stomach with its outer 
muscular layer allow for reimplantation of the 
Mitrofanoff and the ureter in both continent and 
anti-refl uxing manners [ 29 ]. This is most pertinent 
when the bladder is so  hypertrophied and thick-
ened that it is resistant to medical management to 
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improve compliance. This is not to suggest that all 
patients with ESRD and PUV undergo a gastric 
augment but rather that all reconstructive options 
be preserved in these complex patients. Placement 
of a G-tube such that the arcade on the greater cur-
vature is interrupted limits this option as a gastric 
segment will only reach the pelvis based on the 
right gastroepiploic vessel (Fig.  10.3 ).

   The important point to understand regarding 
the management of the PUV infant is the long- 
term implications of each individual intervention. 
An incorrectly placed dialysis catheter can irre-
versibly harm the vessels impacting future access 
and/or transplant. A transperitoneal approach for 
urologic reconstruction can limit PD access and 
success. Catheter placement in PUV is not a 
benign procedure and can lead to lifelong morbid-
ity (Fig.  10.4 ). A multidisciplinary team can assist 
in understanding these long-term concerns.

10.4         Anatomic Concerns 

 Structural and functional abnormalities of the GU 
tract are a signifi cant concern in the infant with 
PUV irrespective of the degree of renal injury. 

Functional abnormalities can lead to  long- term 
renal deterioration and progression of disease. 

 Hydronephrosis, VUR, and bladder diver-
ticula remain the primary anatomic concerns 
in these infants. In the past reconstructive sur-
gery was performed prior to transplant or in an 
effort to slow or stop progression of renal injury. 
Progression to ESRD though defi ned occurred 
over the course of months to years. This allowed 
for reconstruction including reimplantation, 
nephrectomy, urinary diversion, Mitrofanoff cre-
ation, and occasionally augmentation. 

 The bladder can be a signifi cant source of ongo-
ing morbidity in the patient with PUV. The primary 
problem has to do with bladder compliance. Bladder 
compliance is defi ned as the  relationship between 
the changes of the bladder pressure as volume 
increases. Poorly compliant bladders demonstrate 
increased pressure with fi lling. Histopathology con-
fi rms both detrusor hypertrophy and fi brosis of the 
bladder in infants with valves [ 9 ,  16 ]. This leads to 
lack of compliance of the bladder which may be 
permanent without aggressive management or a 
way for the bladder to relieve the pressure [ 14 ]. 

 Large bladder diverticuli can also prohibit 
effective emptying of urine and cause stasis. This 

  Fig. 10.3    Technique for gastrocystoplasty utilizing vessels along the greater curvature       
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in turn increases the risks of infection, debris, 
stones, and worsening bladder disease (Fig.  10.5 ). 
All of these functional concerns can be detected 
on radiographic imaging. As the child gets older, 
a functional assessment of the urinary tract may 
be performed with urodynamic studies. These are 
rarely helpful in the neonate.

10.4.1       Medical Management 

 PUV infants with ESRD present some unique 
challenges. Transperitoneal surgery is not feasi-

ble in the PD-dependent child, which severely 
limits reconstructive options. Early reimplanta-
tion of the massively refl uxing ureter is not only 
technically diffi cult in the infant, but the individ-
ual renal moieties may have such poor function 
that the results would not be satisfactory. Often 
the bladder has poor compliance which is a con-
cern for graft survival after transplant [ 30 ]. 

 Interventions are limited to diversion in the 
form of a vesicostomy or clean intermittent cath-
eterization (CIC) with anticholinergic use in 
these patients. The Cincinnati Children’s Urology 
algorithm is to perform CIC and titrate to the 

a b

  Fig. 10.4    ( a ) A catheter placed in an infant with ESRD 
and PUV had perforated the posterior urethra. ( b ) A fol-
low-up VCUG after 2 years, unfortunately urethral cath-

eterization is not possible without general anesthesia 
cystoscopy and guide wire placement of a catheter       
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maximally tolerated dose of oxybutynin (0.2 mg/
kg/dose). Even in the setting of high-grade VUR, 
medical management may result in positive blad-
der outcomes (Fig.  10.6 ).

   Caution must be exercised regarding this man-
agement strategy, if urine output is low. Bladder 
compliance in the setting of oliguria has not been 
observed to greatly improve suggesting a need 

for urine production to allow bladder cycling. In 
the anuric child with ESRD and neurogenic blad-
der, some have suggested bladder cycling with 
the instillation of sterile saline or water and anti-
cholinergics. This strategy may not be successful 
in the presence of high-grade VUR. 

 In the PUV infant without renal failure but 
with CKD, care must be taken to protect the kid-
neys from further damage. These infants are typi-
cally voiding after valve ablation, and imaging 
must be performed to ensure adequate drainage. 
A repeat ultrasound and labs are often necessary 
to determine adequate bladder emptying.  

10.4.2     Surgical Management 

 Surgical management of the infant is limited to 
valve ablation or diversion in the infant with pre-
served renal function and PUV. Reimplantation 
of the ureters for treatment of VUR is not advised 
as a primary management strategy in PUV. In 
some cases the medical management of the blad-
der results in resolution of the VUR, this can 
include valve ablation alone [ 12 ]. 

 Dilating VUR is of signifi cant concern in these 
patients, and native nephrectomies at the time of 
transplant can performed for this reason. Grade III 
VUR to the native kidneys or greater is  associated 

  Fig. 10.5    The typical appearance of diverticula and tra-
beculations in a noncompliant bladder in PUV       

a b

  Fig. 10.6    ( a ) The “valve bladder” with high-grade refl ux and severe renal damage. ( b ) After a trial of intermittent 
catheterization and oxybutynin       
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with risk to the graft [ 1 ,  26 ]. Planned nephrectomy 
before transplant is not advised unless hyperten-
sion, proteinuria, or infectious concerns. Very 
often ipsilateral native  nephrectomy can be per-
formed at the time of transplant. The contralateral 
side can be addressed after the child has recovered 
from transplant (Fig.  10.7 ).

   High-grade VUR in the child with preserved 
renal function must be carefully assessed. A 
functional study of the upper tracts is suggested 
with either nuclear study to assess function. 
Tc-99m diethylenetriamine pentaacetic acid 
(DTPA) is a cortical binding agent helpful for 
calculation of GFR and differential function. A 
99mTc mercaptoacetyltriglycine (Mag-3) study 
will allow for differential function as well and 
may be helpful if concomitant obstruction is sus-
pected [ 27 ]. It is critical that this test is performed 
with the bladder decompressed as high-grade 
refl ux can cause the appearance of ureteropelvic 
junction obstruction (UPJO). In general if the 
bladder is treated the degree of VUR will likely 
diminish with time. 

 Another commonly encountered phenome-
non is the so-called “pop-off” mechanism 
where the high-grade VUR will subtend a non-
functional kidney. This generally allows for the 
contralateral kidney to be relatively preserved. 
Other “pop-off” mechanisms can be a large 
bladder diverticulum, a forniceal rupture, or a 
bladder rupture. This can be a renal protective 
phenomenon but requires immediate interven-
tion except in the case associated with isolated 
VUR [ 14 ]. 

 The bladders of PUV infants with valves are 
initially noncompliant and thickened. These are 
typically the worst bladders to work with from 
a reimplantation standpoint. In order to improve 
compliance, infants can be placed on clean 
intermittent catheterization (CIC) and anticho-
linergics (oxybutynin and a dose of 0.2 mg/kg/
dose given every 8 h) [ 17 ]. Improving bladder 
 compliance also facilitates the ability to per-
form non- refl uxing ureteral anastomosis for the 
graft which may have long-term benefi t for 
graft survival [ 25 ]. 

a b

  Fig. 10.7    ( a ) The appearance of the bladder on VCUG 
before transplant. ( b ) Ipsilateral native nephrectomy and 
ureterectomy performed at time of transplant. Image 

taken 6 months post-op with patient on CIC and no left 
sided surgery       
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 Among infants where urine output and upper 
tract function are preserved, compliance will 
improve with time [ 19 ]. This natural progression 
of the bladder should not be allowed to the detri-
ment of the upper tracts. If SCr remains normal 
and the follow-up ultrasounds are stable, it is a 
reasonable strategy to follow in select cases.   

    Conclusion 

 The long-term prognosis of PUV suggests a 
spectrum of disease. There is a suggestion that 
early detection will improve long-term out-
come for children without renal failure [ 20 ]. 
Unfortunately, there is no data suggesting an 
improvement in renal outcome with prenatal 
treatment. 

 The literature regarding long-term out-
comes in ESRD with PUV is lacking. An 
excellent review by Fine et al. suggests that 
the long-term graft survival in patients with 
valves is no worse than other patients with 
ESRD [ 10 ]. Limitations of their study were 
poor urologic follow-up, no urodynamic data, 
limited radiographic data, and documentation 
of only voiding dysfunction. Curiously 
enough, they note improved graft survival in 
patients with a vesicostomy, a suggestion that 
bladder compliance and pathologic voiding 
may have a role in graft demise. 

 Further study will lead to improved renal 
survival in severely affected neonates with 
PUV. Aggressive multidisciplinary manage-
ment in the neonatal period may improve out-
comes in the future. With time and the 
development of disease registries, we may 
come closer to improved outcomes in these 
fragile resource-intense patients.     
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  11      Neonatal Obstructive Uropathy 

           Brian     A.     VanderBrink     

 Core Messages 

•     Obstructive uropathy describes a condi-
tion where renal function has been 
adversely affected by impairment of 
fl ow of urine within the collecting sys-
tem. This condition can be congenital, 
acquired, reversible, and irreversible.  

•   The majority of neonatal obstructive 
uropathy is diagnosed based upon fi nd-
ings on prenatal ultrasounds; however, 
the majority of fetuses with evidence of 
prenatal renal/ureteral dilation will not 
require any type of surgical intervention.  

•   Percutaneous nephrostomy tube is an 
effective means of decompressing the 
obstructed urinary tract in the clinically 
unstable neonate while awaiting defi ni-
tive surgical reconstruction at a later time.    

 Case Vignette 

 A 25-day-old male presents to the emer-
gency room with history of fever and repet-
itive emesis for the past 2 days. The mother 
states he has not been feeding well and his 
emesis occurs shortly after feedings. He 
was born full term via Cesarean section for 
breech presentation. His neonatal course 
has been uncomplicated. There is no family 
history of urologic problems. 

 The patient had a history of unilateral left 
sided prenatal hydronephrosis. This was 
detected at 20 weeks and was observed on 
every  ultrasound obtained throughout the 
pregnancy. The hydronephrosis increased in 
its severity with an anterior posterior renal 
pelvic diameter of 22 mm at 34 weeks. 
There was no evidence of ureteral dilation or 
bladder distension. He was lost to follow- up 
postnatally until presenting to the emer-
gency room with the above complaints. 

 His physical examination reveals a child 
that is responsive but not overly active. His 
temperature is 102 °F with a pulse of 170 bpm 
and blood pressure of 100/50. His abdomen 
reveals no any palpable mass in the right 
upper quadrant, but there is tenderness to pal-
pation and fullness to the left upper quadrant. 
He is circumcised with an orthotopic urethral 
meatus and normal penis. Both testicles are 
descended. The lumbosacral region is normal 
to inspection and palpation. 
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11.1              Introduction 

 Obstructive uropathy describes a condition 
where renal function has been adversely affected 
by impairment of fl ow of urine within the col-
lecting system. This condition can be congeni-
tal, acquired, reversible, and irreversible. Peters 
proposed a similar defi nition for congenital uri-
nary obstruction in children of “a condition of 
impaired urinary drainage which, if uncorrected, 

will limit the ultimate functional potential of a 
developing kidney” [ 33 ]. Obstructive uropathy 
is an important cause of end-stage renal disease 
in newborns and children [ 39 ]. Identifi cation 
of obstruction and relief of it can minimize its 
deleterious effect on renal function. This seems 
obvious, however current clinical criteria, in the 
form of laboratory or radiographic investiga-
tions, to recognize this category of patients is 
challenging. 

 An abdominal radiograph shows normal 
air gas pattern and no signs of intestinal 
obstruction. There is medial deviation of the 
left upper quadrant abdominal contents. An 
abdominal ultrasound was performed given 
concern over possible pyloric stenosis and 
there was no evidence of pyloric hypertrophy. 
There was severe left hydronephrosis and lay-
ering echogenic debris within the renal pelvis 
(Fig.  11.1 ). There was no left ureteral dilation. 
The right kidney and ureter were normal. The 
bladder was not distended. A catheterized 
urine specimen is sent for urinalysis and is 
without abnormality. A CBC shows a leuko-
cyte count of 20,000. Serum creatinine is 
0.3 mg/ dL.

   The diagnosis of left ureteropelvic junction 
(UPJ) obstruction with obstructive pyelone-
phritis is made. IV fl uid resuscitation is begun 

and broad-spectrum antibiotics administered. 
A percutaneous nephrostomy is placed which 
reveals high-grade UPJ obstruction and turbid 
fl uid is drained (Fig.  11.2 ). The patient defer-
vesces within 24 h of the procedure and is dis-
charged home with nephrostomy tube to 
complete a 2-week course of antibiotics. A 
diagnostic nephrostogram confi rms the initial 
fi ndings of stenosis at the UPJ. He underwent 
a dismembered pyeloplasty 4 weeks after ini-
tial presentation. His surgery was uncompli-
cated; he made a full recovery and has done 
well without any recurrent clinical problems.  

  Fig. 11.1    Ultrasound appearance of severe left 
hydronephrosis and layering echogenic debris within 
the renal pelvis in a febrile neonate       

  Fig. 11.2    Percutaneous nephrostogram performed at 
the time of urgent nephrostomy tube placement to treat 
obstructive pyelonephritis. This revealed high-grade 
UPJ obstruction that was treated with open pyelo-
plasty after successful treatment of infection       
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 Contemporary congenital cases of obstruc-
tive uropathy are diagnosed based upon the 
widespread use of prenatal ultrasonography. 
Ultrasound abnormalities of the urinary tract 
have reportedly been detected in up to 4.5 % 
of prenatal ultrasounds performed [ 11 ,  16 ]. The 
majority of these radiographic anomalies are 
hydronephrosis [ 29 ]. The severity of the hydro-
nephrosis can vary, and the Society of Fetal 
Urology (SFU) has developed a grading system 
(Table  11.1 ) [ 27 ]. Additional obstructive uropa-
thies diagnosed based upon prenatal ultrasounds, 
besides hydronephrosis secondary to ureteropel-
vic junction (UPJ) obstruction, can be megaure-
ters as a result of ureterovesical junction (UVJ) 
obstruction, ectopic ureter, or ureterocele.

   The majority of prenatally detected urinary 
tract abnormalities will not require any surgical 
intervention [ 28 ]. However, there can be cases of 
prenatally detected unilateral or bilateral severe 
urinary tract dilation that can cause concern in 
the neonatal period where any intervention aside 
from observation may be appropriate.  

11.2     Diagnosis 

11.2.1     History 

 The initial step in the evaluation of the neonate 
with potential obstructive uropathy will be 
obtaining a prenatal history. If obstructive uropa-
thy is suspected as a result of prenatal ultrasonog-
raphy, there are important data variables from the 
ultrasound to guide in diagnosis and subsequent 

management of the neonate. Specifi cally answers 
to the following questions can be critical to arriv-
ing at the correct diagnosis and subsequent 
appropriate treatment:
•    What is degree of dilation?
    Prenatal transverse anteroposterior (AP) renal 

pelvic diameter has predictive value in deter-
mining the likelihood of postnatal surgery. 
Fetuses with an AP renal pelvic diameter of 
greater than 20 mm have a greater than 90 % 
of intervention, whereas fetuses with a diam-
eter less than 10 mm have low probability [ 9 ].     

•   Are one or both kidneys hydronephrotic?
    Bilateral hydronephrosis can obviously be 

more challenging because there is no contralat-
eral “normal” kidney to perform compensatory 
renal function when a unilateral obstruction is 
present. However, bilateral hydronephrosis is 
not an absolute indication for operative inter-
vention. Close monitoring urine output and 
serum creatinine is essential in the scenario of 
severe bilateral hydronephrosis as prompt 
intervention may be necessary.     

•   Is there associated ureteral dilation?
    Ureteral dilation may signify a transient 

physiologic process as a result of diuresis, 
vesicoureteral refl ux, or obstruction. Neonatal 
ureteral obstruction is most commonly the 
result of the presence of a ureterovesical junc-
tion obstruction or ureterocele. A ureteral 
duplication can be seen and if seen usually 
associated with hydroureteronephrosis of 
the upper pole moiety as a result of a distal 
ureteral obstructive process such as ectopic 
ureter or ureterocele. However, a ureterocele 
can be observed in single or duplex collecting 
systems.  

  Knowledge of the sonographic appearance 
of the bladder is critical in interpreting the 
 pathophysiology of the dilated ureter. For 
example, a distended bladder with accompa-
nying ureteral dilation can be due to vesico-
ureteral refl ux; however, obstruction can also 
be the cause. Conversely, an empty bladder 
does not rule out refl ux to be the cause of the 
hydroureter unless the fetus voided shortly 
before image acquisition and the dilated ureter 
a result of refl uxed urine from the bladder.     

   Table 11.1    Society of fetal urology hydronephrosis 
grading system   

 SFU 
grade  Central renal complex 

 Renal parenchymal 
thickness 

 Grade 1  Slight splitting  Normal 
 Grade 2  Evident splitting, 

complex confi ned 
within renal border 

 Normal 

 Grade 3  Wide splitting pelvis 
dilated outside renal 
border, calices dilated 

 Normal 

 Grade 4  Further dilatation of 
pelvis and calices 

 Thin 
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•   What is the status of the bladder? Is it empty, 
thickened, and distended? Is an ureterocele 
identifi ed?
   As stated in the previous section, knowledge of 
the bladder is crucial to correctly interpret the 
collecting system dilation. Bilateral hydroure-
teronephrosis with a distended and thickened 
bladder in a male fetus is highly compatible 
with a diagnosis of posterior urethral valves.     

•   What is the amniotic fl uid volume? Is there 
oligohydramnios?
   Children with a history of oligohydramnios 
may have pulmonary diffi culties as a result of 
poor lung development. Respiratory assis-
tance is given as clinically indicated. A fre-
quent etiology of oligohydramnios is renal 
dysplasia, and thus oligohydramnios can be a 
predictor of poor postnatal renal function in 
addition to poor lung function.  

  A postnatal history of feeding intolerance 
may be related to severe hydronephrosis that 
can result in recurrent emesis from either 
direct compression of gastrointestinal tract or 
further distention of collecting system. In this 
uncommon neonatal scenario, a palpable mass 
is nearly universal. The neonate with an 
obstructed upper urinary tract can present 
with urinary tract infection manifested by 
fever, lethargy, and at times turbid fl uid exit-
ing the introitus of female representing 
infected urine.        

11.2.2     Physical Examination 

 Inspection of the neonate will be the fi rst portion 
of the physical examination. The infant with sig-
nifi cant renal dysfunction as a result of an 
obstructive uropathy and accompanying oligohy-
dramnios can result in labored breathing. 
Hydronephrosis can be appreciated as a palpable 
abdominal mass in severe cases as described in 
the previous section. An interlabial mass in the 
female may be a result of a prolapsed ureterocele 
(Fig.  11.3 ). Bladder outlet obstruction as a result 
of an ureterocele can result in bladder distension 
and a palpable suprapubic mass.

11.3         Imaging 

 A renal ultrasound is the preferred initial radio-
graphic imaging test of choice to assess the uri-
nary tract because of its widespread availability 
and lack of radiation. There is a physiologic 
degree of intravascular volume depletion in the 
immediate newborn period. Therefore, in certain 
cases of prenatally detected unilateral hydrone-
phrosis, it is recommended to delay the initial 
postnatal ultrasound until at least 48 h to  minimize 
false-negative fi ndings or understaging which has 
been reported to occur in up to 44 % [ 44 ]. The 
severity of neonatal hydronephrosis and the 
appearance of the renal parenchyma are easily 
assessed using ultrasound and graded using the 
SFU grading system [ 27 ]. Differentiation of 
severe hydronephrosis from cystic dysplasia can 
be challenging at times, and additional imaging 
such as nuclear scan can clarify this. As outlined 

  Fig. 11.3    Photograph of female neonate that presented 
with vomiting and interlabial mass secondary to vascular 
congested prolapsed ureterocele. The catheter is draining 
the bladder placed adjacent to the prolapsed ureterocele 
and reduction of the ureterocele with transurethral inci-
sion performed after adequate resuscitation       
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above it is essential to obtain images of the blad-
der as well as kidneys to determine if the bladder 
is distended, if a ureterocele is present, or if a 
dilated ureter is present. The neonate with an 
infected obstructed ureterocele can demonstrate 
hyperechoic debris on sonographic images of the 
bladder (Fig.  11.4 ). The ureterocele found with a 
duplex system is associated with the upper pole, 
and the renal parenchyma can have a cystic dys-
plastic appearance on ultrasound which may help 
determine if extirpative or reconstructive surgical 
approach is selected.

   A voiding cystourethrogram (VCUG) is manda-
tory in cases of megaureter to exclude the presence 
of vesicoureteral refl ux (VUR). However, there is 
the scenario of an obstructed, refl uxing megaureter 
where both processes can be present and benefi cial 
to know prior to treatment. Identifi cation of coexis-
tent VUR and excluding urethral anomalies is 
another reason to perform VCUG. 

 Nuclear imaging renogram provides valuable 
information with respect to differential function 
of the kidneys. A decision to intervene may be 
based upon decreased differential function of the 

hydronephrotic renal unit and concern that the 
hydronephrosis may be a result of signifi cant 
obstruction. Diuretic renography is an extremely 
useful imaging investigation to discern whether a 
dilated collecting system is a result of an 
obstructed or nonobstructed process. Hydrational 
status of the patient, urethral catheterization, the 
timing of diuretic, dosage of diuretic, and data 
analysis can all affect the results or interpretation 
of the renogram. Therefore, the SFU has pro-
posed the “well-tempered” renogram to standard-
ize the procedure in an attempt to minimize these 
technical variables and create a uniform [ 8 ]. 

 Due to their dependence on glomerular fi ltra-
tion, radionucleotide tracers have been deemed to 
be unreliable in the neonatal period due to imma-
ture renal function, a reduced glomerular fi ltra-
tion rate, and reduced responsiveness to a diuretic 
stimulus. Several investigators have assessed the 
reliability of a diuretic renogram in the neona-
tal period. Chung et al. found that in 17 neonates 
that underwent diuretic renal scans and followed 
clinically [ 7 ], there was no statistically signifi -
cant difference between neonatal and follow-up 
differential function and response to diuretic 
stimulation revealed no statistically signifi cant 
difference as the patients aged. Similarly the mean 
drainage times for normal non- hydronephrotic 
kidneys were similar when comparing those 
performed as neonates and at follow-up. The 
authors concluded to refute each of the criticisms 
against the use of diuretic renography to evalu-
ate neonatal hydronephrosis and demonstrate its 
reliability in neonates. While maturation of the 
glomerular fi ltration takes several weeks, delay-
ing the diuretic renogram, when clinically appro-
priate, may eliminate any confounding variables. 
However, the renogram should not be delayed 
when its results will impact the clinician’s deci-
sion to intervene based on possibly diminished 
differential function that could be ameliorated 
with relief of obstruction. 

 Percutaneous antegrade pyeloureterography 
is helpful to defi ne the anatomy, however man-
dates the use of sedation or general anesthetic 
to be safely performed. The length of stenotic 
segment can be accurately delineated prior to 

a

b

  Fig. 11.4    ( a ) Transverse and ( b ) longitudinal ultrasound 
appearances of echogenic debris within an infected 
obstructed ureterocele       
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embarking upon operative intervention with 
either retrograde ureteropyelography or ante-
grade nephrostogram.  

11.4     Treatment 

 The hydronephrotic kidney or dilated ureter is a 
radiographic fi nding that must be interpreted to 
determine whether a surgical procedure is appro-
priate. These imaging results are not absolute indi-
cations for intervention. A simple classifi cation 
scheme of collecting system dilation would be 
obstructing or nonobstructing. Unfortunately in 
the clinical setting, this classifi cation scheme is not 
this dichotomous or simplistic. The “holy grail” of 
urology is identifying the neonate with asymptom-
atic urinary tract dilation who will benefi t from 
intervention with respect to limiting, or improving, 
renal function as a result of correcting the obstruc-
tion from those patients that will not benefi t. 

 Unilateral ureteral obstruction during early 
development in the experimental setting has been 
shown to result in impaired growth and develop-
ment of the kidney [ 6 ,  35 ]. Experimentally, relief 
of the obstruction has been shown to attenuate, 
but unfortunately not reverse the observed 
decrease in number of nephrons in the affected 
renal unit [ 5 ]. Clinically a similar lack of signifi -
cant improvement in differential renal function 
following pyeloplasty has also been shown to be 
true [ 26 ,  30 ]. 

11.4.1     Nonoperative Management 
of Hydronephrosis 

 The observation of similar preoperative and post-
operative differential renal function has led many 
to advocate for an observational approach to the 
management of neonatal hydronephrosis as there 
appears to be limited “recoverable” function. 
Proponents of this surveillance strategy publish 
their experience in nonoperative treatment and 
have shown that approximately 75 % of neonates 
with history of prenatal hydronephrosis will not 
require immediate or any surgery [ 18 ,  42 ]. There 
is an essential requirement for regular follow-up 
when embarking upon an observational protocol. 

During this observational period, renal ultra-
sound and diuretic renograms are used to identify 
as early as possible of renal deterioration refl ected 
as either progression of hydronephrosis or 
decreasing differential function, respectively. 
Prompt surgical intervention is necessary for 
these signs of deterioration to prevent progressive 
deterioration and potentially restore function.  

11.4.2     Nonoperative Management 
of Hydroureteronephrosis 

 Similar principles apply to the management of 
antenatally detected dilated ureter as are applied 
to the management of hydronephrosis. Initial 
attempts at observation can be entertained when 
clinically appropriate. Several reports have 
shown that resolution of the hydroureteronephro-
sis and/or avoidance of surgery can be expected 
in up to 80 % of patients whose megaureters were 
identifi ed prenatally [ 4 ,  31 ]. According to Lee 
et al. the risk of urinary tract infection during the 
fi rst year of life is higher in cases of obstructive 
hydroureteronephrosis (47 %) compared to 
obstructive hydronephrosis (13 %) [ 25 ]. Periodic 
renal ultrasound and diuretic renograms are once 
again used to identify signs of renal deterioration 
refl ected as either progression of hydronephrosis 
or decreasing differential function, with surgical 
intervention enacted swiftly. 

 The patient who has a megaureter associ-
ated with an ureterocele is also a candidate for 
a nonoperative approach [ 10 ,  13 ]. Ureteroceles 
with nonobstructed duplex systems have better 
preservation of renal function and a high rate of 
natural resolution of hydronephrosis and refl ux. 
Ureteroceles associated with MCD or completely 
nonfunctioning upper pole moieties may never 
require surgical management.  

11.4.3     Operative Management 
of Hydronephrosis Without 
Hydroureter 

 In the neonate with severe hydronephrosis sec-
ondary to UPJ obstruction and decreased differ-
ential renal function is a clinical situation that 
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warrants serious consideration of surgical correc-
tion. Pyeloplasty can be safely performed in the 
neonatal period; however, deferring the proce-
dure may decrease the risk of general anesthesia 
as the child continues to mature from a cardio-
vascular and pulmonary perspective. Success 
rates and the incidence of complications have not 
been reported to be higher when the pyeloplasty 
has been performed in the neonatal period com-
pared to when the child is older [ 19 ,  21 ]. Hanna 
commented that frequently encountered wide 
caliber of the neonatal ureter below the UPJ may 
contribute to a technically easier pyeloplasty to 
perform relative to the older child where the ure-
teral diameter is not as wide [ 14 ]. Surgical com-
plications of urine leak, persistent/recurrent 
obstruction have been reported to be less than 
5 % of patients undergoing open pyeloplasty in 
modern series [ 2 ,  38 ]. 

 At times the differential function of the hydro-
nephrotic obstructed kidney may reveal extremely 
poor function, 10 % or less. Management of the 
kidney with UPJ obstruction and associated poor 
function in the neonate is controversial and 
options include reconstruction or removal of the 
affected kidney. Reconstruction becomes a viable 
alternative because of reports of signifi cant 
increase in differential renal function with relief 
of the obstruction [ 1 ,  12 ,  43 ]. Percutaneous neph-
rostomy tube placement is an easy and effective 
means to decompress the kidney and assessing 
the kidney’s function devoid of obstruction while 
avoiding the risks of a potentially ineffective 
pyeloplasty. Gupta et al. described their experi-
ence of placing percutaneous nephrostomy in 20 
patients who presented with UPJ obstruction and 
a split differential renal function of less than 
10 % [ 12 ]. The nephrostomy tube remained in 
situ for at least 4 weeks and renography repeated 
4 weeks after decompression. If no improvement 
in the split renal function had occurred, nephrec-
tomy was performed; otherwise, pyeloplasty was 
performed. Twelve of 17 kidneys with unilateral 
UPJO improved after PCN drainage and under-
went pyeloplasty with the split differential renal 
function increasing to 29 % from baseline where 
all kidneys were ≤10 %. 

 The scenario of infection and urinary tract 
obstruction is a potentially lethal one and merits 

emergent treatment. Decompression of the 
obstructed renal pelvis in the form of percutaneous 
nephrostomy tube is the most expeditious tech-
nique to achieve relief of the obstruction [ 23 ,  41 ]. 
Broad-spectrum intravenous antibiotics and 
aggressive intravenous resuscitation are essential 
components to proper treatment to minimize the 
systemic effects of this serious infection.  

11.4.4     Operative Management 
of Hydroureteronephrosis 

11.4.4.1     Operative Management 
of Primary Obstructed 
Megaureter in the Neonate 

 Once again similar principles apply to the clini-
cal decision-making process on whether surgery 
is necessary for cases of obstructed megaureter. 
Accepted indications for immediate intervention 
include the presence of symptoms or infection, 
whereas poor drainage and decreased renal func-
tion can reasonably be initially observed. 
Operative treatment options are more numerous 
with an isolated distal obstructive process com-
pared to obstruction at the level of the UPJ. 

 Defi nitive surgical treatment of primary 
obstructed megaureters typically involves ure-
teral reimplantation, which is technically chal-
lenging in the neonate because of the signifi cant 
size discrepancy between the dilated distal ureter, 
small bladder template, and need for ureteral tai-
loring [ 34 ]. Cutaneous ureterostomy is an effec-
tive method of alleviating the distal obstruction 
and allowing the neonate to grow to adequate 
size while awaiting defi nitive reconstruction at a 
later time. End cutaneous ureterostomy has been 
used and can minimize the need for ureteral tai-
loring in subsequent ureteral reimplantation in 
approximately 75 % of cases [ 20 ,  36 ]. Loop cuta-
neous ureterostomy is another surgical technique 
performed through a Gibson incision that does 
not disturb the distal ureteral anatomy near the 
ureterovesical junction [ 32 ]. 

 Surgical complications of ureterostomy 
include stomal stenosis and inadequate drainage. 
The incidence of stomal stenosis following end 
cutaneous ureterostomy has been reported to 
occur more frequently than loop cutaneous 
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 ureterostomy because of the division of the ureter 
from the bladder with end ureterostomy. Kaefer 
and colleagues have proposed an alternative sur-
gical treatment strategy that simultaneously 
avoids the problem of stomal stenosis while 
addressing the distal ureteral obstruction with the 
creation of an intentional refl uxing ureteral reim-
plant as an internal diversion of the primary 
obstructed megaureter [ 17 ,  24 ]. The defi nitive 
non-refl uxing ureteral reimplantation is deferred 
until after the child is older than 1 year and is 
maintained on daily antibiotic prophylaxis for 
high-grade refl ux. Kaefer described this tech-
nique in 10 children who underwent surgery at 2 
months of age with all patients demonstrating 
improved drainage postoperatively. Five patients 
have subsequently undergone uncomplicated 
ureteral reimplantation with the remainder await-
ing reconstruction.  

11.4.4.2     Operative Management 
of Primary Obstructed 
Ureterocele in the Neonate 

 Ureteroceles can be associated with either single 
or duplicated ureteral collecting system. The ure-
terocele that is obstructed and non-refl uxing can 
adversely affect the renal function of the moiety 
it is associated with. Presenting symptoms of an 
infected ureterocele can be fever, lethargy, and 
even sepsis. Emergent decompression in the form 
of transurethral incision is preferable as this 
avoids the challenges of maintaining a percutane-
ous nephrostomy tube in the neonate. A low 
transverse incision achieves decompression 
while minimizing the risk of de novo vesicoure-
teral refl ux [ 37 ,  40 ]. However, there may be tech-
nical challenges of transurethral instrumentation 
in the patient population with the smallest com-
mercially available resectoscope being too large 
for the male neonatal urethra. In this circum-
stance percutaneous drainage of the obstructed 
renal moiety is always an alternative method of 
drainage in the septic patient to eliminate causing 
iatrogenic injury to the urethra. 

 The obstructed ureterocele associated with 
ureteral duplication can be unobstructed by per-
forming ipsilateral ureteroureterostomy [ 3 ,  22 ]. 

The ureteroureterostomy can be performed either 
proximally or distally. The advantage of per-
forming an ipsilateral ureteroureterostomy is 
avoiding operating on the small bladder of the 
neonate or infant while eliminating the need for 
ureteral tailoring and its attendant operative 
risks. The ability to treat bladder pathology in the 
older through the same incision is one advantage 
of a distal, or low, ureteroureterostomy compared 
to a proximal ureteroureterostomy. Surgical 
complications include urine leak, persistent 
obstruction of the hydronephrotic upper pole 
moiety, or de novo obstruction of the lower pole 
ureter. The success rate of this type of “upper 
tract” approach as a single procedure for the suc-
cessful treatment of obstructed ureterocele has 
been reported to range from 100 to 4 % in one 
study [ 15 ]. The presence of high-grade refl ux 
into one moiety or vesicoureteral refl ux into 
more than one moiety, regardless of the grade of 
refl ux, was strongly associated with the need for 
further surgery.    

    Conclusion 

 Neonatal hydronephrosis and hydroureter is 
diverse spectrum that poses signifi cant diag-
nostic dilemma for the clinician. The over-
whelming majority of these patients are 
asymptomatic with a partial obstruction. 
Differentiating between the children who ben-
efi t from aggressive surgical intervention from 
those patients that may experience spontane-
ous resolution and observation appropriate is 
inadequate based upon current diagnostic 
imaging modalities. 

 However, when the patient has been diag-
nosed with obstructive uropathy, there should 
be no delay in seeking relief of the obstructive 
process and minimize its deleterious effects 
on kidney function regardless of the patient’s 
age. A variety of methods to decompress the 
hydronephrotic collecting system exist each 
with their advantages and disadvantages. 
Temporary urinary diversion may be indi-
cated prior to pursuing more defi nitive sur-
gical reconstruction based upon the clinical 
scenario.     
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12.1            Introduction 

 Genitourinary tract anomalies are some of the 
most common forms of congenital anomalies. 
A thorough appreciation of embryology as well 
as sexual differentiation is imperative to under-
standing these disease processes and their related 
assessment and management techniques. The 
scope of these anomalies and the manner in which 
they present is vast; therefore, we have attempted 
to present these disease processes in a concise yet 
comprehensive manner. The  underlying common 
theme is the goal of the practitioner to provide 
refunctionalization of the urinary tract and/or 
genitalia in these patients.  

12.2     Bladder Anomalies 

 Genitourinary anomalies are commonly diag-
nosed in the perinatal period, but congenital blad-
der anomalies are relatively rare. Usually these 
anomalies are caused by outlet obstruction or are 
part of a more serious syndrome. When detected 
prenatally, these anomalies are usually separated 
into dilated or nondilated anomalies. 

12.2.1     Dilated Bladder Anomalies 

 The presence of a large or dilated bladder  usually 
suggests either a functional or mechanical out-
let obstruction. Examples of obstructive causes 
of dilation include posterior urethral valves, 
urethral atresia, or other causes of extrinsic 
obstruction. Nonobstructive causes of a dilated 
bladder might be neurologic disorders in which 
the patient is unable to empty the bladder and 
congenital megacystis in which vesicoureteral 
refl ux and continuous cycling of urine between 
the upper and lower tracts causes bladder dila-
tion [ 1 ].  

12.2.2     Nondilated Bladder 
Anomalies 

 Cloacal and bladder exstrophy result in the non-
visualization of the bladder in a fetus due to 
incomplete closure of the bladder template [ 2 ]. 
This can be distinguished from bladder hypopla-
sia by the presence of normal levels of amniotic 
fl uid. Bladder hypoplasia can be due to a num-
ber of causes including bypass of urine due to 
ureteral ectopia, abnormalities of kidney devel-
opment with decreased urine production, or 
decreased bladder outlet resistance such as in 
severe epispadias. Complete bladder agenesis is 
extremely rare; there have been only 60 reported 
cases in English literature [ 3 ]. This is incom-
patible with life unless the ureters are drained 
ectopically [ 4 ].  
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12.2.3     Other Bladder Anomalies 

 Other bladder anomalies that are detected 
 postnatally are usually compatible with life and 
only detected incidentally. Congenital bladder 
diverticula are herniations of the bladder mucosa 
between defects in the smooth muscle fi bers [ 5 ]. 
They may be caused by bladder outlet obstruc-
tion or congenital defects. Most diverticula are 
asymptomatic, so the true incidence is diffi cult to 
determine [ 6 ]. However, patients with symptom-
atic diverticula and associated genitourinary dys-
function such as vesicoureteral refl ux should 
undergo surgical intervention. 

 Bladder and urethral duplication can occur as 
complete or incomplete and may be associated 
with duplications of the external genitalia and 
gastrointestinal tract [ 7 ].  

12.2.4     Urachal Anomalies 

 The urachus serves as a form of bladder drain-
age through the umbilical cord that obliterates 
prior to birth in normal development. The ura-
chus is a tubular structure that extends from the 
dome of the bladder to the anterior abdominal 
wall and is fl anked by the umbilical arteries on 
either side. When this structure fails to obliter-
ate, one of four anomalies occurs based on the 
extent of failed obliteration to include the fol-
lowing: patent urachus, umbilical-urachal sinus, 
urachal cyst, or vesicourachal diverticulum [ 8 ]. 
Males tend to outnumber females, from 1.2:1 to 
2:1 [ 9 ,  10 ]. 

 A completely patent urachus presents with 
drainage from the umbilicus, delayed cord stump 
healing, or an erythematous cord stump [ 11 ]. 
Ultrasound can support this diagnosis by iden-
tifying a fl uid-fi lled structure from the dome 
of the bladder to the level of the cord stump. 
A patent urachus may also present with infec-
tion or abscess – the most common organisms 
being  Staphylococcus aureus, Escherichia coli, 
Enterococcus, Citrobacter,  and  Proteus  [ 9 ]. 
A patent urachus should be treated with surgical 
excision with the addition of antibiotic coverage 
if it is associated with infection. 

 An umbilical-urachal sinus occurs when the 
urachus obliterates at the level of the bladder but 
remains patent at the umbilicus resulting in a 
continuously draining sinus. This must be differ-
entiated from a fully patent urachus, usually done 
with ultrasonography. The treatment is surgical 
excision [ 8 ]. 

 A urachal cyst is comprised of a portion of 
urachus that remains tubularized without con-
nection to either the bladder or the umbilicus. 
This cyst can intermittently drain into the bladder 
or the umbilicus and may present as an umbili-
cal abscess or a UTI. If left unrecognized, an 
infected urachal cyst can perforate into the peri-
toneal cavity, causing peritonitis [ 12 ]. Again, 
ultrasonography is used for diagnosis, but may 
require other imaging such as CT or MRI in older 
patients to better evaluate the extent of the dis-
ease. Traditional treatment entails initial surgical 
drainage and antibiotics with subsequent surgical 
excision of the entire urachal remnant [ 13 ]. 

 A vesicourachal diverticulum occurs when the 
urachus obliterates almost completely with the 
exception of a portion near the bladder dome. 
Typically, these lesions are asymptomatic as they 
tend to have a wide neck that prevents stone for-
mation or infection from occurring within the 
diverticulum. They are usually diagnosed inci-
dentally on radiographic imaging for other pur-
poses. There is no need for intervention for this 
particular fi nding unless the patient is symptom-
atic, such as with development of infection or 
stones within a small-necked diverticulum [ 14 ].   

12.3     Neuropathic Bladder 

12.3.1     Myelomeningocele 

 Myelomeningocele is the most common of all 
myelodysplasias or spinal dysraphisms in chil-
dren and is the most common cause of neuro-
pathic bladder dysfunction in children [ 14 ]. 
Development of the spinal canal begins on the 
18th day of gestation and closes in a caudad to 
cephalad fashion, complete by day 35. Mesoderm 
in-growth over the developing spinal cord is nec-
essary for closure of the canal; otherwise, an 
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open lesion is noted, most often in the  lumbosacral 
area with decreasing incidence in the thoracic 
and cervical regions [ 15 ]. 

 Neural injury and associated lower urinary 
tract dysfunction are related to an exposed spinal 
cord and tension on the spinal cord as the spinal 
cord comes to its fi nal location in the canal dur-
ing fetal development [ 16 ]. The conus medullaris 
is almost always involved due to the high relative 
incidence of lumbar and lumbosacral defects 
[ 15 ]; therefore, nerve roots originating from this 
area that would normally innervate the bladder 
are almost always involved and cause varying 
degrees of dysfunction. Other related features 
that may affect urologic management include the 
following: hydrocephalus, paralysis/mobility, 
and spinal deformities [ 15 ]. 

 Hydrocephalus is a typical fi nding in these 
patients, with severity directly correlated to 
the extent of spinal cord involvement. More 
pronounced intellectual disabilities tend to go 
hand-in- hand with more pronounced physi-
cal disabilities. Patients with severe disabilities 
often lack the physical capabilities and cogni-
tive skills necessary to perform clean intermittent 
catheterization (CIC) or deploy an artifi cial uri-
nary sphincter, thereby precluding these common 
interventions and introducing challenges for care-
givers. Spinal deformity such as  kyphoscoliosis 
and mobility limitations must also be taken into 
consideration for planning of long-term manage-
ment strategies. Fortunately, the trend toward 
early closure of the spinal defect has recently 
been demonstrated to decrease the incidence of 
hydrocephalus and may improve neurologic func-
tion in patients with myelomeningoceles [ 16 ]. 

12.3.1.1     Assessment 
 The bony spinal lesion is not predictive of the 
extent of the spinal cord lesion and resultant neu-
rologic and lower extremity dysfunction [ 17 ], so 
thorough neonatal assessment is imperative. 
Renal ultrasonography and measurement of post- 
void residual urine are assessed as early as pos-
sible. If the patient demonstrates inability to 
empty satisfactorily or has evidence of upper 
tract deterioration such as loss of kidney paren-
chyma, CIC should be initiated [ 18 ]. A serum 

creatinine, urinalysis, and culture should also be 
obtained [ 15 ]. 

 Urodynamic studies (UDS) and voiding cys-
tourethrogram (VCUG) are delayed until the spi-
nal defect has been closed, and it is prudent to 
transport the patient and position him or her 
appropriately for the study [ 19 ]. These studies 
provide vast amounts of information including 
radiologic appearance of the upper and lower uri-
nary tracts, identifi cation of patients at risk for 
renal impairment due to bladder dysfunction, or 
outfl ow obstruction. They also provide anatomic 
and functional baselines to which future studies 
can be compared. As high as 15–20 % of patients 
have abnormal GU tract radiologic fi ndings, usu-
ally due to spinal shock or bladder outlet obstruc-
tion [ 14 ]. UDS provide information about bladder 
and urethral sphincter function that may catego-
rize patients as having either high or low risk for 
upper tract deterioration.  

12.3.1.2     Management 
 As previously mentioned, CIC is an essential 
component of GU tract management in a sig-
nifi cant number of patients with neuropathic 
bladders. Indications include detrusor muscle-
external urethral sphincter dyssynergia, elevated 
bladder pressures, and/or grade III or higher 
vesicoureteral refl ux [ 14 ]. This intervention has 
been shown to prevent upper tract deterioration, 
provides continence in a majority of patients, and 
reduces the need for bladder augmentation [ 20 ]. 

 In patients with vesicoureteral refl ux (VUR) 
secondary to high bladder pressures from neuro-
pathic dysfunction, CIC lowers intravesical 
voiding pressures. When coupled with anticho-
linergic pharmacotherapy, this can serve to 
lower detrusor fi lling pressures and increases 
bladder compliance which may result in resolu-
tion of refl ux [ 20 ]. 

 The goal of therapy is to maintain bladder sta-
bility as well as stable renal function via adequate 
bladder capacity, a compliant detrusor muscle, 
periodic emptying at a low pressure, and conti-
nence. When this cannot be achieved by CIC and 
anticholinergic medications, a variety of surgical 
procedures are available to meet specifi c needs as 
follows:
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•    Failure to perform CIC due to body habitus, 
mobility issues, discomfort, or anatomic con-
cerns – surgical creation of a catheterizable 
channel or vesicostomy on the lower abdomen.  

•   Detrusor noncompliance or impaired/high- 
pressure bladder capacity – bladder augmen-
tation (reserved for refractory cases in older 
patients).  

•   Conduit urinary diversions are no longer 
the fi rst-line surgical in managing these 
patients and are reserved for severely debili-
tated patients or those who have failed other 
modalities.      

12.3.2     Spina Bifi da Occulta 

 Occult spinal dysraphism, or spina bifi da occulta, 
is a group of congenital defects of spinal column 
formation that do not result in an open defect. 
These make up about 10 % of all congenital spinal 
dysraphisms and include tethered cord, lipom-
eningocele, diastematomyelia, and intraspinal 
cysts [ 21 ]. A majority of these patients have a nor-
mal neurologic exam in the neonatal period, but 
may later develop signs of neurologic impairment 
such as gait abnormalities, decreased  perineal 
sensation, voiding dysfunction, or back pain dur-
ing periods of rapid growth. An underlying spinal 
cord defect is often signaled by a cutaneous lesion 
such as a dimple, tuft of hair, or abnormal gluteal 
cleft in 90 % of these patients [ 22 ]. 

 Forty to ninety percent of spina bifi da occulta 
patients have some variety of voiding dysfunc-
tion on urodynamic testing [ 14 ,  23 ]. The defect 
may be of upper or lower motor neuron origin or 
a combination of the two. Early detection with 
MRI and early intervention allow reversal or at 
least stabilization of the lesion.  

12.3.3     Sacral Agenesis 

 Sacral agenesis is defi ned as the absence of two 
or more vertebral bodies and is often associated 
with a variety of anorectal anomalies. Evaluation 
of the bony spine, and spinal cord if indicated, 
should therefore be performed in any patient with 

anorectal malformations or if clinical suspicion 
exists, e.g., patients with buttock wasting, espe-
cially in infants of diabetic mothers or mothers 
with gestational diabetes. The extent of vertebral 
deformity is not predictive of the spinal cord 
lesion or associated voiding dysfunction, and a 
reported 25 % of these children have no signs of 
neurologic dysfunction on urodynamic testing 
[ 24 ]. However, 35 and 40 % show an upper or 
lower motor neuron defi cit, respectively [ 24 ]. In 
these patients, upper tract imaging and cystogra-
phy are indicated, especially in the setting of a 
history of urinary tract infections. Management 
depends on the neurologic defi cit with goals of 
protecting renal function and achieving appropri-
ate quality of life endpoints such as continence.   

12.4     Exstrophy-Epispadias 
Complex 

 The exstrophy-epispadias complex is a spectrum 
of abnormalities thought to arise from maldevel-
opment of the lower abdominal wall during the 
early part of gestation that includes the following:
•    Bladder exstrophy – open bladder plate (always 

associated with a bifi d clitoris in females and 
an epispadic urethra in both sexes)  

•   Cloacal exstrophy – both the bladder and 
bowel are open plates on the low abdominal 
wall  

•   Primary penile epispadias – partial or com-
plete open plate of the urethra on the dorsal 
surface of the penis, comprised of three sub-
types based on location of the opening of the 
urethra without associated exstrophy:
 –    Glandular epispadias – opening is located 

distally on the glans penis.  
 –   Penile epispadias – opening is located at 

any location on the shaft of the penis.  
 –   Pubic or penopubic epispadias – opening is 

located at the junction of the base of the 
penis and the abdominal wall.       

 These are relatively rare defects, with inci-
dence of each as follows: 1 in 10,000 to 1 in 
50,000 for bladder exstrophy; 1 in 120,000 for 
primary epispadias; and 1 in 300,000 for cloacal 
exstrophy [ 25 ,  26 ]. It occurs predominantly in 
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males, with a reported male to female ratio from 
2:1 to 6:1 [ 25 ,  27 ]. This condition represents a 
challenge to pediatric urologists given its low 
incidence and complex surgery needed to correct 
bladder and genital deformities. 

 There are many hypotheses regarding the eti-
ology and embryologic defects that occurs to 
cause exstrophy. Current theories include failure 
of migration of mesoderm to the cloacal mem-
brane [ 28 ], persistence of the cloacal membrane 
[ 29 ], and failure of the lateral body wall folds to 
meet in the midline [ 30 ]. There appears to be a 
familial component as the risk of bladder exstro-
phy in the offspring of a parent with exstrophy is 
about 1 in 100 [ 31 ]. Other theories regarding the 
etiology of exstrophy such as genetic defects and 
perinatal exposure are currently being explored 
[ 32 ,  33 ]. 

 Prenatal diagnosis is possible as early as 
18 weeks’ gestation with fetal ultrasound. 
Sonographic features include inability to visu-
alize urine in the fetal bladder, a bulging blad-
der plate or an apparent lower abdominal mass, 

a foreshortened penis, widening of the pubic 
ramus, and a low-set umbilicus [ 2 ]. These defects 
can easily be confused with other abdominal wall 
defects such as omphalocele or gastroschisis, 
but the use of 3D ultrasonography and MRI has 
improved diagnostic accuracy. The importance 
of prenatal diagnosis is for parental counseling 
and possible preparation for delivery at a special-
ized exstrophy center to allow for timely surgical 
intervention. 

12.4.1     Bladder Exstrophy 

 Classic bladder exstrophy is exposure of the blad-
der plate and urethra beneath a low-set umbili-
cus. Associated maldeveloped structures include 
split rectus abdominis muscles, an open pelvic 
ring or pubic diastasis, and a foreshortened penis 
or bifi d clitoris as the corporal bodies must tra-
verse the pubic diastasis to meet in the midline 
(Fig.  12.1a, b ). In males, testes are usually in a nor-
mal scrotal position, but the anus may be located 

a b

  Fig. 12.1    ( a ) Bladder exstrophy and epispadias in a female. Note the exposed bladder plate and bifi d clitoris. ( b ) The 
same patient after exstrophy closure       
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more anteriorly due to failure of development of 
both the lower abdominal wall and pelvic ring.

   There are typically few associated anomalies 
with the exception of inguinal hernia, which 
occurs in up to 80 % of boys and 15 % of girls 
[ 34 ]. These babies are usually born full term 
without many signifi cant medical comorbidi-
ties, so emergent surgical intervention is usu-
ally not warranted. However, timing of bladder 
closure is controversial, with some advocating 
immediate closure and others advocating 
delayed closure based on fi ndings that later clo-
sure does not negatively affect overall bladder 
growth rates [ 35 ].  

12.4.2     Cloacal Exstrophy 

 Unlike classic bladder exstrophy and epispadias, 
children born with cloacal exstrophy are often 
born prematurely and may be affected by the 
following associated anomalies: sacral agenesis 
or spinal dysraphism with related neurologic 
fi ndings, cyanotic heart disease, renal agenesis 
or ectopia, orthopedic deformities of the lower 
extremities and pelvis, and small bowel defects 
such as malrotation or duodenal atresia [ 35 ]. 
Children born with cloacal exstrophy should 
have thorough evaluation to identify these pos-
sible comorbidities. Repair of life-threatening 
deformities such as cardiovascular or bowel 
defects may necessitate delay of exstrophy repair. 
In this case, the bladder and/or bowel plates are 
protected from desiccation or injury by cling 
wrap, and the umbilical stump is tied off to avoid 
trauma from clamps. 

 Severe genital deformities in males with cloa-
cal exstrophy have historically presented a diffi -
cult challenge to both parents and pediatric 
urologists. If the genitalia could not be recon-
structed to a functional and cosmetically accept-
able male form, patients were assigned to female 
gender. In this case, they would also undergo 
simultaneous bilateral orchidectomy with vagi-
noplasty at a later date. Newer surgical tech-
niques allow for better approximation of the 
corporal bodies in penile reconstruction, reduc-
ing the need for gender reassignment [ 36 ].  

12.4.3     Epispadias 

 Primary epispadias is rarely detected prenatally, 
but is usually detected at birth in males. Seventy 
percent of male epispadic patients have com-
plete epispadias and associated incontinence 
due to incompetent sphincter mechanisms [ 37 ]. 
However, the meatus may be l   ocated at any point 
along the penile shaft; the more distal the meatus, 
the less likely the patient to have associated blad-
der neck and sphincter defects with incontinence. 
Associated anomalies include dorsal chordee in 
males, pubic diastasis, inguinal hernia, and vesi-
coureteral refl ux. 

 Females may have delayed diagnosis as this 
is a rare entity and may be missed during routine 
examinations. These patients usually present later 
in life with stress incontinence or failure to com-
plete toilet training (Fig.  12.2 ). Surgical repair 
is aimed at restoring normal voiding and conti-
nence as well as providing acceptable cosmesis.

12.4.4        Treatment and Outcomes 

 Though bladder exstrophy-epispadias is not a 
lethal anomaly, it has many obvious hygiene and 
social implications for pursuing repair. On the 
other hand, some cases of untreated cloacal 
exstrophy can result in death due to dehydration, 
malnutrition, and electrolyte abnormalities [ 38 ]. 
The goals of reconstruction are closure of the 
abdominal wall defect with or without closure of 

  Fig. 12.2    Female epispadias. Note the bifi d clitoris       
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the pelvic ring, urinary continence, preservation 
of the upper tracts, functional and aesthetically 
acceptable genitalia, and low-pressure urine stor-
age. Staged reconstruction is usually required to 
obtain these outcomes in more severe cases [ 39 ]. 

 Rates of urinary continence vary by both defect 
and use of differing defi nitions of the term. Most 
authors reporting continence rates do not specify 
whether this means complete continence, conti-
nence with catheterization and/or meds, or applies 
to daytime versus nighttime continence [ 40 ]. 

 Sexual function and libido is usually pre-
served in cases of bladder exstrophy and epispa-
dias, though fertility in males with exstrophy can 
be signifi cantly reduced due to disruption of the 
ejaculatory ducts during lower tract reconstruc-
tion or retrograde ejaculation. Female fertility 
is preserved but may require surgical augmenta-
tion of the introitus to allow vaginal intercourse 
[ 41 ]. Fertility and sexual function in cloacal 
exstrophy repair is dependent on whether gender 
reassignment has occurred and whether phallic 
 reconstruction in boys is successful. Girls tend to 
have normal fertility rates; delivery by Caesarian 
section is recommended [ 41 ]. 

 Kidney damage can be detected in up to 25 % 
of patients as a result of refl ux, recurrent infec-
tions, and vesicoureteral refl ux [ 42 ]. However, 
the rate of renal insuffi ciency is estimated to be 
only about 10 % [ 37 ].   

12.5     Hypospadias 

 Hypospadias is an association of features that 
results from abnormal development of the ventral 
portion of the penis. This typically presents with 
an abnormal ventral opening of the urethral 
meatus with or without hypoplasia of the corpus 
spongiosum and urethra, ventral chordee or cur-
vature of the penis, and an incomplete, hooded 
prepuce. This incomplete penile development is 
thought to occur as a result of altered androgen 
infl uence via decreased production by the fetal 
testis, decreased androgen sensitivity in the 
developing tissues, or early cessation of andro-
gen stimulation prior to completion of genital 
development [ 43 ]. 

12.5.1     Incidence and Etiology 

 Hypospadias is a relatively common anomaly 
with a reported incidence of 0.3–0.8 %, though 
there is some variation in data reported from dif-
ferent countries [ 44 ]. The incidence appears to 
be increasing in the USA, England, Hungary, 
and Norwegian countries [ 45 ]. Proposed theo-
ries for the increasing incidence are related to the 
known effects of androgens on development of 
hypospadias. Environmental contamination with 
estrogens from insecticides, pharmaceuticals, and 
plant estrogens might explain the rising incidence 
and increasing numbers of more severe forms of 
hypospadias [ 46 ]. The familial rate of hypospa-
dias is about 4–10 %, which suggests that heredi-
tary factors may be responsible for the defect [ 47 ]. 

 There is an association between undescended 
testicles and hypospadias, with an overall inci-
dence of approximately 7 % [ 48 ]. In a large num-
ber of these patients, there is an underlying genetic 
or phenotypic sexual abnormality, so disorders of 
sexual development should be investigated. This 
is especially true in cases of severe proximal 
hypospadias and/or bilateral cryptorchidism [ 49 ].  

12.5.2     Classifi cation 

 Standard classifi cation of hypospadias is based 
on anatomic location of the urethral meatus. As 
hypospadias is the result of arrested development 
of the ventral portion of the penis, the meatus can 
be located anywhere along this surface, from the 
perineum to the glans (Fig.  12.3 ). This may also 
be associated with absence of the frenulum, incom-
plete fusion of the urethral plate and corpus spongio-
sum, as well as lack of development of the ventral 
portion of foreskin. Planning surgical intervention 
should take into account both the location of the 
urethral meatus as well as need for reconstruction 
or correction of these associated abnormal features.

12.5.3        Assessment 

 Patients tend to present with ventral chordee 
(curvature) of the penis, hooded foreskin, and 
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a stenotic ventral meatus. However, it is not 
uncommon for a patient to have incidental diag-
nosis of hypospadias at the time of circumcision 
when development of the prepuce has not been 
altered. The urethral meatus may be located in 
a variety of positions as previously mentioned, 
but 70–80 % of boys with hypospadias have 

a meatus located on the glans or distal shaft of 
the penis (Fig.  12.4 ), 20–30 % will have a mid-
shaft location, and the remainder will have more 
severe defects with proximal location such as 
scrotal or perineal [ 50 ] (Fig.  12.5 ). If a patient 
presents with severe proximal hypospadias or 
hypospadias and cryptorchidism, a karyotype 

  Fig. 12.3    Classifi cation of hypospadias from most distal 
to proximal: glanular, coronal, distal, mid shaft, proximal, 
and perineal (Illustration courtesy of David A. Hamilton, 
Jr., M.D)       

  Fig. 12.4    Distal, or coronal, hypospadias       

  Fig. 12.5    Proximal, or penoscrotal, hypospadias       
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should be obtained and evaluation for disorders 
of sexual  development (DSD) should be under-
taken as there is an association between endo-
crine  dysfunction in hypospadias and DSD [ 50 ].

12.5.4         Management 

 The optimal timing of surgical intervention 
is controversial. The American Academy of 
Pediatrics Section on Urology recommends that 
the repair be complete by age 6–12 months as 
this allows correction of the defect before aware-
ness of it causes long-term emotional or psycho-
sexual impairment [ 51 ]. 

 There are a variety of methods for hypo-
spadias repair, and the techniques have been 
evolving over the last several decades. Despite 
numerous options for approaching the repair, 
the goals of repair are urethroplasty, correction 
of chordee or ventral curvature, and manage-
ment of the foreskin either by circumcision or 
reconstruction.   

12.6     Abnormalities of the Testis 
and Scrotum 

12.6.1     Cryptorchidism 

 Cryptorchidism, or undescended testes (UDT), 
is the most common male endocrine gland dis-
order in children with reported rates from 2 to 
8 % in full-term boys and up to 30 % in pre-
term males [ 52 ]. Testicular descent occurs in 
the seventh month of fetal life and depends on 
a multitude of factors including activation of 
gene SRY, appropriate gonadal differentiation, 
development of the gubernaculum, and a variety 
of hormones including testosterone and insulin-
like hormone 3 (INSL3). Descent occurs in two 
phases, transabdominal and inguinoscrotal, and 
is usually complete by the time of birth [ 53 ]. 
Given the multitude of factors involved in testis 
development and descent, it is not surprising that 
the pathogenesis is also considered to be mul-
tifactorial with both genetic and environmental 
infl uences. 

12.6.1.1     Defi nitions 
 True cryptorchidism can be confused with other 
entities of abnormal testis position. For clarifi ca-
tion purposes, normal scrotal position is the posi-
tioning of the midpoint of the testis at or below 
the midscrotum. The following are descriptions 
of abnormal scrotal positioning:
•    Undescended testis – the absence of one or 

both testes in a normal scrotal position; may 
be a palpable or nonpalpable testis  

•   Vanishing testis – a testis that was lost due to 
vascular compromise, i.e., torsion, may occur 
in utero  

•   Agenesis – the complete absence of testis 
development  

•   Secondary/acquired cryptorchidism – testes 
that are suprascrotal after previous documen-
tation of normal position, such as after ingui-
nal hernia repair  

•   Retractile testes – testes that are easily manip-
ulated into a normal scrotal position but are 
usually located in retracted position, such as 
is seen with an increased cremaster muscle 
refl ex [ 52 ]     

12.6.1.2     Assessment and Management 
 Accurate evaluation of the scrotum and testes 
requires examination in the supine, seated, and 
upright positions. A warm environment, warm 
hands, and abduction of the thighs help to 
decrease elicitation of the cremaster refl ex, or 
testicular elevation due to contraction of the cre-
master muscle. Repeated examinations also help 
to decrease this refl ex. Seventy-fi ve to eighty per-
cent of cryptorchid testes are palpable and a 
majority of cases, reported from 60 to 70 %, are 
unilateral [ 52 ]. Palpable testes are usually present 
along the line of descent, but may be located in 
ectopic positions such as perineal, peripenile, 
lower abdominal wall, or femoral. 

 In the case of nonpalpable testes, surgi-
cal exploration is the gold standard of diagno-
sis and also allows for defi nitive management. 
Ultrasonography, CT, and MRI have been used 
for diagnosis, but the reported accuracy rates 
for identifi cation of cryptorchid testes is highest 
in the inguinal region, which is the most easily 
palpable undescended testis. Accuracy drops to 
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less than 50 % when the UDT is in an abdominal 
location. Therefore, exam under anesthesia and 
laparoscopic or open exploration provides oppor-
tunity for both diagnosis and orchidopexy if a 
viable testis is found [ 54 ].   

12.6.2     Hydroceles and Hernias 

 Development of the processus vaginalis and 
inguinal canal begins in the third trimester in 
both sexes, though more prominent development 
of the processus vaginalis is noted in males to 
allow transinguinal passage of the testis into the 
scrotum [ 55 ]. The processus becomes obliterated 
within and just distal to the inguinal canal, then 
known as the funicular process, but remains pat-
ent around the testis to become the tunica vagina-
lis. Incomplete closure of the processus vaginalis 
may result in a symptomatic hernia in 1–5 % of 
newborns or hydrocele in 2–5 % of newborn 
males [ 56 ]. The incidence of hernias and hydro-
celes is nine times greater in males than in 
females [ 57 ]. 

12.6.2.1     Hydroceles 
 Hydroceles present as a spectrum of anatomic 
varieties depending on the presence and loca-
tion of processus vaginalis obliteration. The 
spectrum includes (1) communicating hydrocele 
with complete patency of the processus vaginalis 
with passage of intraperitoneal fl uid; (2) encysted 
hydrocele with obliteration proximal to the testis, 
i.e., spermatic cord hydrocele; and (3) noncom-
municating hydroceles that usually occur later in 
life and are due to accumulation of fl uid around 
the testis with or without a patent processus vagi-
nalis (Fig.  12.6 ).

     Assessment 
 Most hydroceles present as a painless scrotal or 
inguinal swelling. Communicating hydroceles 
are usually fl uctuant and may appear larger at the 
end of the day or with increased activity. Encysted 
hydroceles of the cord may be confused with an 
incarcerated inguinal hernia as they appear to be 
“nonreducible.” Rarely is a hydrocele accompa-
nied by pain, so other causes of an acute scrotum 

must be ruled out. However, in some cases, incar-
ceration of the hydrocele sac can occur with asso-
ciated symptoms of nausea, vomiting, and fever 
just as is seen with an incarcerated hernia [ 58 ]. 

 Transillumination of the hydrocele classically 
differentiates it from a hernia, but this is not reli-
able in infants as a hernia may also transillumi-
nate in bright light. However, if a groin swelling 
fl uctuates with changes in position or stretching 
of the cord, or if there is a blue coloration to the 
swelling, this is suggestive of a hydrocele. 
Hernias are more likely to extend up toward the 
inguinal canal, are typically reducible, may have 
palpable crepitus of bowel contents, and may be 
exacerbated with Valsalva maneuvers.  

   Management 
 As most congenital hydroceles resolve spontane-
ously within the fi rst year of life, conservative 
management is recommended. Surgical interven-
tion is recommended when the hydrocele persists 
greater than 12 months or if the hydrocele pres-
ents later in childhood.   

12.6.2.2     Hernias 
 The major difference between a hydrocele and a 
hernia is the size of the opening of the proces-
sus vaginalis. If the opening is large enough to 
allow passage of abdominal viscera in addition to 

a b c

  Fig. 12.6    Classifi cation of hydroceles: ( a ) Communi-
cating hydrocele ( b ) Encysted hydrocele or spermatic 
cord hydrocele ( c ) Noncommunicating hydrocele 
(Illustration courtesy of David A. Hamilton, Jr., M.D)       
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 peritoneal fl uid, this is an indirect inguinal her-
nia. The incidence of inguinal hernias is 1–5 % 
across both sexes with a male to female ratio as 
high as 9:1 [ 55 ]. There is an increased occurrence 
of right-sided hernias and unilaterality, and these 
may occur in up to 30 % of premature infants 
[ 55 ]. Indirect inguinal hernias are the vast major-
ity of pediatric hernias, though direct and femo-
ral hernias can also occur. Indirect and direct 
inguinal hernias both present as a groin bulge 
and so must be delineated at the time of surgery. 
However, a femoral hernia usually presents as an 
upper or medial thigh bulge. It has been reported 
that up to 20 % of indirect inguinal hernias are 
associated with hydroceles [ 53 ]. 

 The risk factors for congenital inguinal her-
nias include having a fi rst-degree relative with 
history of congenital inguinal hernias, especially 
if this relative is female. There is overlap of risk 
factors with cryptorchidism that include low 
birth weight, bladder exstrophy, cystic fi brosis, 
connective tissue disorders, epididymal anoma-
lies, and posterior urethral valves [ 59 ]. Inguinal 
hernia is also a component of over 200 syn-
dromes and is more common in patients with 
ventriculoperitoneal shunts and other disorders 
causing increased intra-abdominal fl uid such as 
peritoneal dialysis [ 52 ]. 

   Assessment 
 As previously mentioned, inguinal hernias and 
hydroceles can be clinically diffi cult to distin-
guish. An inguinal hernia is typically unique 
from a hydrocele in that it may extend into and 
above the inguinal canal and can be elicited by 
maneuvers that increase intra-abdominal pres-
sure such as crying or laughing. A hernia may 
also be reducible versus ballotable or fl uctuant 
like a hydrocele. The “silk glove” sign is indica-
tive of a hernia and is elicited by palpating the 
cord over the pubis that results in a sensation 
of the layers of the hernia sac slipping over one 
another [ 60 ]. Though not routinely used, ultra-
sonography of the scrotum and inguinal canal 
can be used to differentiate inguinal hernia from 
hydrocele and allows visualization of the testis. 
Ultrasonography is also useful in determining if 
an associated condition such as  cryptorchidism 

or testis tumor with secondary hydrocele is 
present. 

 An incarcerated hernia is evident by inability 
to reduce the contents of a known hernia, whereas 
a strangulated hernia is incarcerated with com-
promised blood fl ow resulting in ischemia and 
necrosis of the hernia contents with associated 
systemic signs such as nausea, vomiting, fever, 
and even shock. Incarceration and strangulation 
are indications for urgent and emergent surgical 
intervention, respectively. Risks of delayed inter-
vention include bowel necrosis, sepsis, and even 
death.  

   Management 
 Unlike neonatal hydroceles, the rate of spontane-
ous resolution of indirect inguinal hernias is low. 
Therefore, elective repair of the defect is recom-
mended with either an open or laparoscopic 
approach. Cases of incarceration and strangula-
tion are, as previously mentioned, repaired in an 
urgent or emergent fashion. If associated ipsilat-
eral cryptorchidism is present, delay for observa-
tion of spontaneous testicular descent is not 
recommended; both entities can be surgically 
corrected in the same procedure. 

 The traditional inguinal approach for hernia/
hydrocele repair is preferred due to its high suc-
cess rate and low morbidity. There is a 0.7–1 % 
recurrence rate related to increased hernia size, 
poor surgical technique, or comorbid conditions 
that affect wound healing [ 61 ]. There is a poten-
tial need for later operation in the instance that 
a persistent or secondary hydrocele occurs with-
out spontaneous resolution. There has been an 
increase in laparoscopic hernia/hydrocele repairs 
over the last several years with reported rates 
of recurrence similar to open approaches with 
improved pain control [ 62 ]. 

 Selective exploration or repair of the contralat-
eral side in cases of unilateral inguinal hernia is a 
matter of debate as there is no consensus recom-
mendation and current practice varies widely 
among surgeons [ 63 ]. However, with use of laparo-
scopic technique, it is commonplace to visually 
inspect the contralateral inguinal ring while repair-
ing a hernia and does not add morbidity to the case 
as an open contralateral inguinal dissection could.    
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12.6.3     Varicoceles 

12.6.3.1     Etiology 
 A scrotal varicocele is an abnormal tortuosity 
and dilatation of the veins of the pampiniform 
plexus of the spermatic cord. It is a common 
fi nding in otherwise normal males but has been 
linked to subfertility. The exact effect on fertility 
is unclear as a reported 85 % of men with varico-
celes have fathered children [ 64 ], yet the inci-
dence in male partners of infertile couples is as 
high as 30 % [ 55 ]. 

 Although varicocele is considered a congeni-
tal lesion, it is rarely diagnosed before school 
age as progression of size and severity is related 
to increased Tanner stage. The reported inci-
dence in this age group is similar to that reported 
in adults, ranging from 8 to 16 % [ 61 ]. Factors 
predisposing children to varicoceles include var-
icocele in a fi rst-degree relative, an ectomorph 
body habitus, and intrinsic venous abnormalities 
[ 65 ]. Almost 90 % of varicoceles occur on the 
left side, refl ecting the differences in venous 
anatomy with the left gonadal vein draining into 
the left renal vein and the right gonadal vein 
draining directly into the inferior vena cava. 
Several patterns of intrinsic and anatomic venous 
abnormalities have been described:
•    Incompetency or absence of valves  
•   Anomalous venous drainage, i.e., between 

gonadal and retroperitoneal veins  
•   Abnormal point of entry of gonadal vein into 

the left renal vein with resultant turbulent/
decreased fl ow     

12.6.3.2     Assessment and Classifi cation 
 Varicoceles are typically detected during routine 
examination or the patient may present with scro-
tal swelling or discomfort. The typical descrip-
tion of the exam fi nding is that of a “bag of 
worms” in the scrotum. The standard grading 
system is as follows:
•    Subclinical – neither palpable nor visible but 

detectable by Doppler ultrasonography  
•   Grade I – palpable only with Valsalva 

maneuver  
•   Grade II – palpable at rest but not visible  
•   Grade III – palpable and visible at rest     

12.6.3.3     Associated Pathology 
 The presence of a varicocele is associated with an 
increase in scrotal temperature that may be 
related to altered testicular growth, spermatogen-
esis, and semen quality [ 66 ]. These relationships 
are unclear, however, as defi nite links between 
these parameters and fertility have not been 
clearly established. Some specifi cally reported 
abnormalities include testicular hypotrophy, 
abnormal tubular maturation or tubular degenera-
tion, altered Leydig cell number, exaggerated LH 
and FSH response to GnRH, and poor semen 
quality [ 63 ]. Interestingly, higher varicocele 
grade has not been defi nitively linked to inferior 
semen parameters [ 65 ].  

12.6.3.4     Management 
 Despite the unclear link between the pathologic 
fi ndings associated with varicocele in adoles-
cence and potential for later reproductive  ability, 
the current indications for surgical intervention 
are pain and signifi cant hypotrophy of one or 
both testes in infants, with the additional indica-
tion of improving fertility in teenagers and 
adults [ 65 ]. 

 There are various approaches to surgical inter-
vention including microsurgical varicocelec-
tomy, laparoscopic or open varicocelectomy, and 
sclerotherapy or embolization with the common 
goal of ligation of venous outfl ow. Laparoscopic 
and microsurgical approaches are associated with 
the lowest incidence of both recurrence and 
hydrocele, especially when employing lymphatic- 
sparing techniques [ 64 ].   

12.6.4     Testicular Torsion 

 The sudden onset of swelling, pain, and/or ten-
derness of the scrotum or scrotal contents is 
referred to as an “acute scrotum.” Testicular 
torsion accounts for 80–90 % of male patients’ 
age 13–21 presenting with an acute scrotum. 
There is a bimodal distribution of torsion with 
peaks within the fi rst year of life and in early 
adolescence with an overall incidence of 3.8 
per 100,000 [ 67 ]. An extensive differential 
diagnosis of causes of the acute scrotum exists, 
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but testicular or spermatic cord torsion is a 
 surgical emergency and requires intervention 
within 6 h of onset to avoid long-term sequelae 
related to reduction or cessation of blood fl ow 
to the testis. 

 Spermatic cord or testicular torsion occurs in 
one of two ways: intravaginal or extravaginal. 
Intravaginal spermatic cord torsion occurs when 
the testis twists within the tunica vaginalis. This 
is more common in teenage boys and is predis-
posed by the bell-clapper deformity in which the 
tunica completely or partially fails to fuse to the 
epididymis, allowing incomplete attachment of 
testis/epididymis to the scrotum. Bell-clapper 
deformity was identifi ed in 12 % of males in an 
autopsy series, but torsion occurs at a much lower 
incidence of 0.009 % [ 68 ]. The inciting event is 
unknown in most patients but may include cold 
temperature, sudden movement, trauma, or rapid 
growth of the testis at puberty. 

 Extravaginal torsion occurs most commonly 
in the perinatal period. This is due to rotation 
of the entire cord, testis, and tunica vagina-
lis before the fi xation has been established 
between the dartos and the tunica  vaginalis. 
This is more common while the patient remains 
in utero, but has also been described at several 
months of age. We will focus the further atten-
tion of this section on perinatal, or extravagi-
nal, torsion. 

12.6.4.1     Etiology and Assessment 
 Postulated risk factors include large birth weight, 
diffi cult delivery, or a family history of torsion 
[ 69 ]. Typical exam fi ndings include induration of 
the scrotal skin or testis and scrotal edema, ery-
thema, and/or discoloration. Patients may present 
with pain, but are usually asymptomatic making 
timely diagnosis diffi cult. Hydroceles may coex-
ist, further complicating accurate diagnosis. 

 Ultrasound is the imaging modality of choice 
to diagnose torsion, especially with the use of 
Doppler to detect vascular fl ow. Sensitivity and 
specifi city for accurately diagnosing torsion are 
reported as high as 100 and 95 %, respectively, in 
some series [ 70 ]. If, however, imaging is nondi-
agnostic, surgical exploration is advocated in lieu 
of delaying or avoiding treatment.  

12.6.4.2     Management 
 Most cases of extravaginal torsion are not 
 salvageable as they occur during the prenatal 
period while the fetus remains in utero. However, 
partial or complete salvage is possible in some 
cases if emergent surgery is performed; this is the 
most prudent approach to minimize loss of tes-
ticular tissue. Contralateral exploration and 
orchidopexy should be performed at the same 
time as emergent detorsion/orchidopexy.    

12.7     Disorders of Sex 
Development 

 Disorders of sex development (DSD), previously 
known as intersex disorders, are due to one of the 
following mechanisms: chromosomal defects, 
abnormal gonadal development, or defects in sex 
hormone production or sex hormone receptors. 
These infants present at birth with ambiguous 
genitalia. Associated medical conditions such as 
congenital adrenal hyperplasia and adrenal insuf-
fi ciency may also be present and require urgent 
intervention. In the cases when an urgent under-
lying medical condition is not present, disorders 
of sex development warrant a thorough investi-
gation from a multidisciplinary team including a 
pediatric endocrinologist, a pediatric urologist, 
a radiologist, and a geneticist. Support and coun-
seling for the parents should also be available, 
and assignment or registration of gender should 
be delayed until a formal diagnosis has been 
made [ 71 ]. 

12.7.1     Normal Sexual Differentiation 

 Precursors of gonads and external genitalia 
are present in an identical state in both 46XX 
and 46XY embryos until gestational week 6. 
Development down a phenotypic female path-
way occurs passively unless the presence of 
certain genes and hormones activates male differ-
entiation. In this case, the presence of  SRY  (sex-
determining region Y) on the Y chromosome 
in addition to secretion of Mullerian inhibitory 
substance (MIS) and testosterone is responsible 
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for the early development of male internal and 
external genitalia with regression of female char-
acteristics [ 72 ].  

12.7.2     Classifi cation 

 As previously mentioned, the origin of DSD can 
be chromosomal defects, abnormal gonadal 
development, or endocrine dysfunction. The 
most commonly seen forms of DSD are as fol-
lows (see Table  12.1 ):
•     46XX DSD – virilization of a 46XX fetus due 

to exposure to virilizing agents such as 
testosterone  

•   46XY DSD – incomplete virilization of a 
46XY fetus  

•   Ovotesticular DSD – both ovarian and testicu-
lar tissue are present; phenotype and genotype 
are highly variable  

•   Gonadal dysgenesis – a spectrum of gonadal 
and genital abnormalities that occurs due to 
the loss of one of a pair of sex chromosomes, 
e.g., 45X or 45X/46XY mosaicism    

12.7.2.1     46XX DSD 
 46XX DSD is composed almost entirely of 46XX 
females with normal gonads and internal genita-
lia but ambiguous external genitalia. Congenital 
adrenal hyperplasia is by far the most common 
cause of 46XX DSD and accounts for a vast 
majority of cases of ambiguous genitalia in the 
West. This disorder can result from one of three 
enzymatic defects in the pathway for adrenal pro-
duction of cortisol and aldosterone that in turn 
causes increased adrenocorticotropic hormone 
(ACTH) production with resultant  overproduction 

of androgens (see Fig.  12.7 ). The most common 
defect is 21-hydroxylase defi ciency that results 
in elevated 17α-hydroxyprogesterone and can be 
associated with life-threatening hyponatremia. 
11ß-hydroxylase defi ciency is associated with 
hypernatremia, hypokalemia, and severe viril-
ization. 3ß-hydroxysteroid dehydrogenase defi -
ciency is the least common of the three defects 
and is similar to 21-hydroxylase defi ciency but 
with less severe virilization [ 72 ,  73 ,  76 ].

   Prenatal diagnosis is possible, and suppression 
of ACTH with dexamethasone has been success-
fully reported in cases. However, if diagnosis is 
made at birth, management includes replacement 
of necessary substrates, management of elec-
trolyte imbalances, and female assignment with 
feminizing genitoplasty if indicated [ 73 – 75 ]. 

 Less common causes of 46XX DSD include 
defi ciency of estrogen synthetase that normally 
synthesizes estrogens from androgen precursors 
and exposure of the fetus to maternal androgens 
from androgen secreting tumors of the adrenals 
or ovaries.  

12.7.2.2     46XY DSD 
 Male infants with 46XY DSD exhibit vary-
ing degrees of incomplete virilization due to 
defects in androgen production and metabolism 
or defective androgen receptors. Defective tes-
tosterone production is rare, but may be due to 
testicular dysgenesis or an enzymatic defect in 
the biosynthetic pathway. Testosterone conver-
sion to its more potent form dihydrotestosterone 
(DHT) is regulated by the enzyme 5α-reductase. 
A  defi ciency in this enzyme is most common 
in consanguine communities in the Dominican 
Republic and may appear to be normal  phenotypic 

   Table 12.1    Revised nomenclature for disorders of sex development (DSD)   

 Previous nomenclature  Current nomenclature  Presentation 

 Intersex  Disorders of sex Development (DSD)  (See below) 
 Female pseudohermaphrodite  46 XX DSD  Virilization of 46XX fetus 
 Male pseudohermaphrodite  46XY DSD  Incomplete virilization of 46XY fetus 
 True Hermaphrodite  Ovotesticular DSD  Both ovary and testis present; 

variable genotype and phenotype 
 Gonadal dysgenesis  Gonadal dysgenesis (unchanged)  Loss of one pair of sex chromosomes, 

e.g., 45X or 45X/46XY; variable 
genotype and phenotype 
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females until virilization occurs at puberty with 
increased levels of testosterone that overcome the 
DHT defi ciency [ 74 ,  76 ]. 

 Androgen insensitivity syndrome is character-
ized by tissue resistance to testosterone with 
resultant female phenotypic external genitalia. 
However, the presence of MIS still drives internal 
genitalia and gonadal differentiation down a nor-
mal male pathway. This condition is usually dis-
covered when investigating causes of primary 
amenorrhea or if a testis is found during hernior-
rhaphy in a female patient. On the other hand, 
MIS defi ciency or MIS receptor insensitivity 
results in normal male external genitalia with 
persistent Mullerian structures [ 74 ].  

12.7.2.3     Gonadal Dysgenesis 
 Dysgenesis or abnormality of the development of 
the gonads can lead to a variety of genotypic and 
phenotypic presentations depending on the pres-
ence of any normal functioning gonadal tissue. 
For example, a 45XO (Turner syndrome) female 
will have normal female internal and external 
genitalia since no tissue with a Y chromosome is 
present. However, mixed gonadal dysgenesis 
with 45X/46XY mosaicism results in a broad 
spectrum of gonadal and external phenotypes due 

to the presence of both X and Y chromosomes 
with incomplete function of the dysgenetic 
gonads with an associated increase in malignancy 
risk in these gonads [ 74 ].  

12.7.2.4     Ovotesticular DSD 
 Previously known as true hermaphroditism, ovo-
testicular DSD is a variation of gonadal dysgen-
esis in which both testicular and ovarian tissue 
are present in an individual, and in some cases, 
within the same gonad. The external genitalia are 
invariably ambiguous. This is virtually a diagno-
sis of exclusion and sometimes relies on macro-
scopic or microscopic examination of the gonads. 
Gender assignment proves diffi cult in this popu-
lation and usually requires hormone supplemen-
tation and surgical reconstruction [ 75 ].   

12.7.3     Assessment 

 Evaluation of neonates with ambiguous genita-
lia should include a physical exam that focuses 
on the degree of virilization, the presence of pal-
pable gonads, and identifi cation of other con-
genital abnormalities. History should include 
details of the pregnancy as well as a thorough 
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family history with attention to any defects 
present in siblings [ 75 ]. 

 Initial laboratory evaluations should 
include karyotype, serum electrolytes, and 
17- hydorxyprogesterone levels. A more detailed 
evaluation might include a steroid assay, serum tes-
tosterone levels, MIS levels, and even DNA analy-
sis to identify specifi c gene mutations [ 77 ]. 

 Diagnostic imaging is useful for identifying 
gonads or internal genitalia via ultrasonography. 
Ultrasound is the primary modality for imaging 
internal organs. Genitograms, or contrast studies 
performed through a catheter placed into the ure-
thra, vagina, or opening of the urogenital sinus, 
are helpful to determine the presence of internal 
genitalia such as the uterus, fallopian tubes, or 
even the vasa deferentia [ 78 ]. 

 Direct visualization via surgical methods is 
sometimes indicated. Endoscopy of the lower 
genitourinary tract, such as vaginoscopy or cys-
tourethroscopy, and laparoscopy are useful mini-
mally invasive procedures. However, there is still 
an indication for laparotomy in some instances 
when identifi cation of the gonads and/or biopsy 
of gonads is not possible through less invasive 
means [ 75 ,  77 ].  

12.7.4     Management 

 After medical stabilization of the patient when 
indicated, the next most important step in man-
agement of a child with DSD is gender assign-
ment. This should be delayed until a formal 
diagnosis has been established. Each case must 
be tailored to the patient’s particular features 
including genital appearance, fertility potential, 
familial or cultural preferences, and surgical and/
or medical requirements. 

 Female assignment is almost invariably 
advised in cases of 46XX DSD as most patients 
have normal female internal genitalia and gonads. 
Female gender assignment is also often advised 
in cases of 46XY DSD with the exception of 
those patients that have a positive response to 
androgen stimulation. In mixed gonadal dysgen-
esis and ovotesticular DSD, gender assignment is 
variable but usually depends on the presence of 

functional gonadal tissue. Female assignment is 
more common for this group unless suffi cient 
androgen response and external male genitalia is 
present, though practice varies widely among 
practitioners. Orchidopexy in patients assigned 
male gender is necessary to enable examination 
of the testes, and orchiectomy in patients assigned 
female gender is advised given the increased risk 
of malignancy in these gonads [ 79 ,  80 ]. 

 Once gender assignment has been completed, 
hormonal and surgical therapy can then be pur-
sued. As previously mentioned, a multidisci-
plinary team including pediatric endocrinology, 
pediatric urology, radiology, genetics, and psy-
chiatry/counseling for the parents is often neces-
sary to address all aspects of management of 
these children.      
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  13      Urinary    Tract Malignancies 
of Infancy and Young Childhood 

           John     D’Orazio      ,     Samantha     Michaels      ,     John     Romond      , 
and        Joseph     Pulliam   

 Core Messages 

•     Urinary tract masses occur very rarely 
in neonates and young infants. When 
they do, they are more likely to be meso-
blastic nephromas rather than more 
aggressive and more malignant disor-
ders. Therefore, urinary tract masses, in 
general, are associated with a more 
favorable outcome when diagnosed in 
very young children.  

•   Very young presentation of malignancy 
can be an indication of an inherited can-
cer predisposition syndrome.  

•   Urinary tract malignancies of infancy 
may be diagnosed prenatally (e.g., ultra-
sonography) or may present clinically 
(usually in the setting of gross hematu-
ria or abdominal mass).  

•   Malignancies that involve the urinary 
tract of infants and very young children 
are embryologically distinct from the 

typical carcinomas that affect adults. 
Malignant urinary tract tumors of 
infancy and young usually respond bet-
ter to therapy than those in adults.  

•   Due to their small size, sensitive devel-
opmental stage, and metabolic charac-
teristics, there are unique challenges 
that arise when treating very young 
infants for cancer.    

 Case Vignette 

 A 3-month-old infant was taken to his 
pediatrician for evaluation of a fi rm 
abdominal mass fi rst noticed by his 
mother during his bath. His pre- and 
 postnatal histories were unremarkable, 
including normal gestational screening 
ultrasounds. He had a history of gastro-
esophageal refl ux since birth which had 
been treated with proton pump inhibitors 
and dietary interventions. The baby’s 
pediatrician confi rmed the presence of a 
large left-sided non-tender abdominal 
mass. Imaging studies revealed a 
4.7 × 5.5 × 6 cm well- defi ned mass arising 
from the anterior aspect of the left kidney 
and displacing adjacent structures with-
out obvious direct invasion (Fig.  13.1 ). 
The contralateral kidney was uninvolved, 
and there was no evidence of metastatic 
spread to the lung. The child underwent 

mailto: jdorazio@uky.edu
mailto: samantha.michaels@uky.edu
mailto: 
john.romond@uky.edu
mailto: 
john.romond@uky.edu


240

left radical nephrectomy with regional 
lymph node dissection. Pathologic examina-
tion of the mass revealed a Wilms tumor 
with favorable  histology, confi ned to the 
 kidney. Surgical margins and regional 
lymph nodes were uninvolved. Because the 
tumor was small, localized, and completely 
resected without peritoneal spillage, the 
patient’s disease was classifi ed as “Very 

Low Risk” according to the National Wilms 
Tumor Study Group (NWTSG), and he did 
not require further treatments such as radia-
tion therapy or chemotherapy. The child has 
been followed by close observation with 
interval imaging studies monitoring for local 
or metastatic relapse. He is thriving and 
without evidence of disease, now roughly 
30 months after presentation.  

a b

  Fig. 13.1    Wilms tumor in the 3-month-old male 
described in our introductory vignette. Shown are trans-
verse ( a ) and coronal ( b ) magnetic resonance ( MR ) 
images of the patient’s abdomen. Note the large, fairly 
homogeneous mass ( white triangles ) arising from the 

anterior aspect of the left kidney and compressing normal 
renal architecture ( yellow triangle ). There was no evi-
dence of either contralateral renal abnormality ( red trian-
gle ) or pulmonary metastasis (not shown)       

13.1              Introduction 

 The function of the urinary tract is to filter the 
blood of impurities, produce and eliminate 
urine from the body, and maintain electrolyte 
homeostasis. The urinary tract consists of two 
kidneys that lie retroperitoneally in the abdo-
men, each drained by a ureter that empties into 
the bladder that collects and stores urine 
before expelling urine through the urethra. 
Disorders of the development of the urinary 
tract, such as anatomic renal anomalies or pos-
terior urethral valves or faulty implantation of 

the ureters to the bladder, are relatively much 
more common than malignancies of the uri-
nary tract; however, cancers of the urinary 
system do sometimes present in infancy and 
may arise from any urinary tract structure. In 
this review, we will describe various malig-
nancies that involve the urinary tract of infants, 
consider them in the greater context of child-
hood malignancies, discuss various genetic 
syndromes that predispose to such cancers, 
and outline some of the challenges of treating 
infants and very young children with antican-
cer therapy.  
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13.2     Cancer of the Urinary Tract: 
A Comparison Between 
Adults and Children 

 In general, tumors of the urinary system correlate 
with age, with the great majority of renal and blad-
der tumors presenting in adults (Fig.  13.2 ). 
Nonetheless, urinary system malignancies do 
affect infants and young children and unlike those 
malignancies of the urinary tract diagnosed in 
adults are often highly treatable and associated 
with a good clinical outcome. One reason for the 
great discrepancy in prognosis between urinary 
tract tumors of children and adults is that those of 
adults are pathologically distinct from those affect-
ing infants and young children. Epithelial cancers 
such as bladder cancer predominate in adults, and 
their development is heavily infl uenced by envi-
ronmental risk factors, particularly cigarette 
smoke and/or chronic exposure to certain chemi-
cals such as aromatic amines, diesel fumes, and 
reagents used in the manufacture of leather, rub-
ber, and textiles. Urinary tract tumors of child-
hood, in contrast, tend not to be linked with 
environmental exposures but rather with dysregu-
lated genetic processes that control embryonic 
development of normal tissues [ 122 ]. Childhood 
urinary tract malignancies tend to be embryonal 
cancers rather than carcinomas and as such may be 
inherently less aggressive and more treatment 
responsive than those diagnosed in adults.

13.3        Cancer Among Infants 

 Although it may seem unlikely that babies would 
be at risk of cancer, malignancies of infants (typi-
cally thought of as patients under a year of age) 
account for about 10 % of the total number of 
cancers diagnosed in children under the age of 15 
years [ 59 ]. In fact, the age of peak overall cancer 
incidence is actually in the fi rst year of life 
(Fig.  13.3 ), with the cancer incidence rate of 
infants (roughly 235 per million) being over 
10 % higher than that of the next highest age 
group [ 59 ]. Most cancers of infancy present 
beyond 1 month of life; neonatal tumors (from 
birth through 1 month of life) are exceptionally 

unusual. In a 40-year retrospective analysis at a 
major cancer center, for example, only about 
15 % of children diagnosed with malignant solid 
tumors under the age of 1 year presented with 
their disease in the fi rst 30 days of life [ 150 ].

   Most tumors of very young children arise 
either from the hematopoietic system or 
from embryonic/developing tissues. The pat-
tern of cancers diagnosed in infancy is differ-
ent than that of the general pediatric population. 
Neuroblastoma, an embryonal malignancy of the 
adrenal cortex and sympathetic nervous system, is 
overrepresented among infants and accounts for 
almost a third of malignancies in this age group 
[ 59 ]. In contrast, neuroblastomas make up only 
about a tenth of cancers in the general pediatric 
population. Retinoblastoma, fi brosarcoma, and 
hepatoblastoma are other solid tumors overrep-
resented in the very young. Acute leukemias, on 
the other hand, are underrepresented in infants. 
As a group, acute leukemias are the most com-
monly diagnosed cancers of childhood; however, 
they account for less than 20 % of malignancies 
in infants (Fig.  13.4 ). Similarly, lymphomas and 
bone tumors – among the most common solid 
tumors of school-age children and adolescents – 
occur very rarely in infants. Altogether, urinary 
tract malignancies (particularly renal tumors) 
make up about 10–15 % of tumors diagnosed in 
infancy [ 59 ].

   Outcome for infants with cancer is variable 
and depends on the particular type of cancer, 
stage of disease at diagnosis, clinical factors, 
and therapeutic response. Prognosis for infants 
with cancer tends to be worse than for older 
children, even for the same diagnosis. The most 
obvious example is that of pediatric acute lym-
phoblastic leukemia (ALL). Infant ALL is much 
more diffi cult to cure than standard childhood 
ALL, in part because many cases are associ-
ated with the MLL (11q23) gene rearrangement 
that renders leukemias treatment refractory and 
prone to relapse. Similarly, many solid tumors, 
including rhabdomyosarcoma, CNS ependymo-
mas, and PNETs, are associated with a poorer 
prognosis if diagnosed in infants. It is not clear 
whether these differences related to different 
molecular mechanisms of disease in tumors of 
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  Fig. 13.4    Malignancies of infancy. ( a ) Frequency of can-
cer types diagnosed among patients less than 1 year of age 
at diagnosis. ( b ) Incidence rates (per million) of tumors in 
infants ( black bars ) compared with those for the total 
pediatric population (patients <20 years old,  gray bars ). 

Values represent combined NCI SEER data from 1976 to 
1984 and 1986 to 1994, all races, both sexes [ 59 ]. Note the 
overrepresentation of neuroblastomas, retinoblastomas, 
and renal tumors in infants       
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the very young making cure more diffi cult or to 
the increased toxicity of therapy in the young. 
Neuroblastoma, however, is the major excep-
tion to this trend. Very young age (less than 
12–18 months) at diagnosis is actually a favor-
able prognostic risk factor, correlating with 
more benign biological features and particu-
larly a normal copy number of the N-myc    onco-
gene. When the N-myc oncogene is amplifi ed, 
neuroblastomas behave much more aggres-
sively and are much more treatment refractory. 
Expansion of the N-myc gene tends to correlate 
with age at presentation, thus neuroblastomas 
in neonates and infants have a much better clin-
ical outlook and usually require less intensive 
therapy for effective management. The 5-year 
survival rate for infants with neuroblastoma is 
over 80 % but is only 40–50 % in children more 
than 12–18 months at diagnosis [ 96 ]. 

 Tumors have been described for both the 
upper (kidney, ureters) and lower (bladder, ure-
thra) urinary system in infants [ 45 ,  79 ,  82 ,  109 , 
 137 ,  141 ]. Renal tumors are the most common; 
however, like tumors in other anatomic regions, 
they can be either benign or malignant. In fact, 
the most common renal tumor in neonates 
is congenital mesoblastic nephroma which 
behaves in a benign manner and is treated 
 successfully with surgical resection alone 
[ 71 ,  73 ]. Among neonates, congenital meso-
blastic nephromas outnumber malignant kidney 
tumors by roughly a 4-to-1 margin [ 66 ,  123 ]. 
Considering malignant tumors of the infant 
kidney, Wilms tumor is the most frequent, 
accounting for about 10 % of all malignancies 
diagnosed in infants under a year of age 
(Fig.  13.4 ). Nonetheless, Wilms tumors are 
relatively unusual in neonates [ 7 ,  13 ,  16 ], 
peaking in incidence between the ages of 1 and 
4 years (Fig.  13.3 ). In one analysis of over 
3,000 children enrolled on National Wilms 
Tumor Studies, there were only four cases of 
Wilms tumor diagnosed in infants 30 days old 
or younger [ 66 ,  123 ]. Radiologic and patho-
logic diagnostic interpretations are critically 

important to differentiate benign versus 
 malignant disease since therapy is usually 
markedly different.  

13.4     Clinical Presentation 
of Urinary Tract 
Malignancies in Infants 

 With the widespread use of antenatal sonography 
and other imaging modalities, imaging of the 
fetal urinary system is feasible [ 29 ], and many 
tumors of the urinary tract are diagnosed even 
before birth (Fig.  13.5 ) [ 27 ,  47 ,  68 ,  90 ]. Some 
tumors can be easily distinguished as abnormal 
masses on ultrasound, distinct from their normal 
tissues of origin. Others appear as unilateral 
enlargement of a kidney caused either by impair-
ment of urine outfl ow by a tumor or by growth of 
a mass in the kidney itself. Nonetheless, there are 
many nonmalignant causes of unilateral renal 
enlargement, including hydronephrosis from uri-
nary outfl ow obstruction and cystic renal disease. 
Further modalities such as magnetic resonance 
imaging may be useful to distinguish between 
malignant and nonmalignant processes and to 
evaluate the contralateral kidney for premalig-
nant abnormalities such as nephroblastomatosis 
[ 72 ,  81 ]. As with solid tumors of adulthood, 
detecting tumors as rapidly as possible facilitates 
early diagnosis of tumors at lower, more treatable 
stages of disease [ 64 ]. When not identifi ed prena-
tally, most urinary tract tumors of infants and 
young children come to medical attention because 
of symptoms caused by the presence of the mass 
itself and its physical interference with normal 
structures and organ function. Many abdominal 
tumors (like the one in our clinical vignette) are 
fi rst appreciated as asymptomatic masses pal-
pated either by a caretaker or the pediatrician. 
Others may come to attention because of associ-
ated signs or symptoms such as hematuria, vom-
iting, polyuria, or hypertension [ 122 ]. Proteinuria, 
azotemia, or electrolyte disturbances can also be 
a feature of urinary tract malignancies.
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   The approach to the infant suspected of having 
a tumor of the urinary tract typically includes renal/
abdominal imaging, a urinalysis, and basic blood-
work including a complete blood count (CBC), 
serum electrolytes, BUN and creatinine, and a 
hepatic function panel [ 47 ,  67 ,  77 ,  115 ,  150 ]. If a 
mass is documented, then further studies including 
either resection or biopsy and  evaluation for meta-
static disease are indicated to complete tumor iden-
tifi cation and staging. Because workup and staging 

can have signifi cant implications for therapy and 
prognosis, it is recommended that evaluation and 
management of urinary tract masses be performed 
by experienced pediatric oncology medical, radio-
logic, and surgical teams.  

13.5     Cancer Syndromes Involving 
the Urinary Tract 

 Familial cancer syndromes are characterized by 
heritable predisposition to one or more types of 
malignancy. These conditions are caused by the 
inheritance of a genetic mutation that causes a 
person to be at increased risk of cancer. There are 
numerous examples of familial cancer syndromes, 
each caused by a defective cancer- relevant gene 
and each associated with a specifi c pattern of can-
cer risk. Individuals with inherited loss of func-
tion mutation of one allele of the p53 tumor 
suppressor gene, for example, have the 
“Li-Fraumeni syndrome” and are at risk for sarco-
mas, leukemias, brain tumors, breast cancer, and 
adrenocortical carcinoma [ 54 ,  80 ]. In contrast, 
persons with neurofi bromatosis type I have a 
defective NF1 gene and are at risk for optic path-
way gliomas, myelogenous leukemia, and malig-
nant peripheral nerve sheath tumors [ 88 ]. Each 
cancer syndrome is associated with unique cancer 
risk, and cancers of the urinary tract, especially 
Wilms tumor, feature prominently among familial 
cancer syndromes of infancy and childhood. 
Clinical “clues” to familial cancer syndromes 
(Table  13.1 ) include presentation of malignancy 
at a very young age; therefore inherited cancer 
predisposition should be considered as a possibil-
ity in any affected neonate or young infant [ 35 ].

   Table 13.1    Clinical characteristics of inherited cancer 
syndromes   

 Cancers at a young age (including infancy) 
 Multiple primary tumors of the same type over time 
 Multiple family members affected by cancer 
 Family history of similar tumor type 
 Bilateral or multiple foci of disease 
 Rare cancers in unusual anatomic locations 
 Constellation of tumors or clinical fi ndings consistent 
with a specifi c cancer syndrome 

a

b

  Fig. 13.5    Prenatal detection of a renal mass in a 22-week 
fetus by sonography ( a ) and confi rmatory MRI ( b ). ( a ) 
Large mass ( M ) in the fetal abdomen ( S  spine). ( b ) Renal 
mass ( M ) with displacement of the left kidney ( LK );  RK  
right kidney,  B  bladder,  arrow  scalp edema. The mass 
proved to be a benign congenital mesoblastic nephroma 
(Images used with permission from Chen et al. [ 27 ])       
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   There are at least fi ve distinct clinical  entities 
which predispose infants and children to 
Wilms tumor (Table  13.2 ) including Beckwith- 
Wiedemann syndrome, WAGR (Wilms tumor, 
Aniridia, Genitourinary anomalies, and mental 
Retardation) syndrome, Denys-Drash syndrome, 
Perlman syndrome, and Frasier syndrome [ 4 ,  44 , 
 50 ,  60 ,  93 ,  120 ,  142 ]. Many Wilms tumor cancer 
syndromes involve mutation or epigenetic silenc-
ing of pertinent tumor suppressor genes on chro-
mosome 11 [ 58 ,  119 ]. The fi rst gene associated 
with Wilms tumor was mapped to chromosome 
11p13 and named WT1 [ 61 ]. WT1 is a zinc fi n-
ger transcription factor involved in the regulation 
of renal cell growth, differentiation, and apopto-
sis [ 40 ]. Genetic defects in WT1 underlie WAGR 
syndrome, Frasier syndrome, and Denys-Drash 
syndrome [ 30 ,  48 ,  89 ]. WT1 function can be 
lost either by mutation, alternative splicing, or 
genomic imprinting, depending on the syndrome. 
WT2 is another Wilms tumor-associated gene 
located on chromosome 11 (at 11p15) that, when 
defective through aberrant genetic imprinting, 
causes Beckwith-Wiedemann syndrome (BWS). 
BWS is a clinical overgrowth syndrome charac-
terized by omphalocele, gigantism, macroglossia, 

 visceromegaly, and an increased risk of embryonal 
tumors including Wilms tumor and hepatoblas-
toma [ 46 ,  113 ,  129 ,  144 ]. Wilms tumors associ-
ated with cancer syndromes tend to occur earlier 
and more often than Wilms tumors in the general 
pediatric population. One study found that the 
average age of presentation of Wilms tumor was 
22 months in children with a predisposition syn-
drome compared to 39 months for sporadic cases 
[ 22 ]. Actual risk of Wilms tumor varies according 
to the cancer syndrome. Children with Beckwith-
Wiedemann syndrome, for example, have up to a 
7.5 % chance of developing Wilms tumor, whereas 
essentially 100 % of patients with WAGR will 
develop Wilms tumor by 7 years of age [ 120 ].

   Once a patient has been identifi ed with a cancer 
syndrome that predisposes him/her to development 
of Wilms tumor, then she/he should be regularly 
screened for malignancy with regular physical 
examination, urinalysis, and imaging. Wilms tumors 
can double in size each week [ 12 ]; thus early detec-
tion of tumors facilitates diagnosis of malignancy 
at earlier stage of disease, improving prognosis and 
reducing intensity of therapy [ 35 ,  107 ]. In general, 
children with identifi ed cancer syndromes should 
undergo serial screening with abdominal/renal 
ultrasound every 3 months through 7–10 years 
of age [ 41 ]. Importantly, diagnosis of a child with 
an inherited cancer syndrome carries a variety of 
implications for that child, his/her parents, and other 
members of the family. Confi rmatory genetic test-
ing, formal cancer genetic counseling, and develop-
ment of a rational cancer surveillance plan are all 
critical aspects of management [ 28 ,  63 ,  112 ].  

13.6     Tumors Involving the Infant 
Urinary System 

13.6.1     Mesoblastic Nephroma 

 Originally thought to be a Wilms tumor variant, 
mesoblastic nephroma was later described to be dis-
tinct from Wilms [ 15 ]. It is now appreciated to be an 
incompletely malignant tumor, with a low propen-
sity for metastatic spread [ 97 ]. Rather, mesoblastic 
nephromas exhibit features of benign hamartomas, 
but they can grow to massive sizes and invade local 

   Table 13.2    Cancer syndromes that predispose to Wilms 
tumor   

 WAGR  Wilms tumor, Aniridia, 
Genitourinary malformations, 
and mental Retardation 

 Denys-Drash 
syndrome 

 Intersex disorders (ambiguous 
genitalia), progressive nephropathy, 
Wilms tumor 

 Frasier 
syndrome 

 Streak gonads, ambiguous genitalia, 
renal failure, gonadoblastoma, 
Wilms tumor 

 Beckwith- 
Wiedemann 
syndrome 

 Omphalocele; macroglossia; 
gigantism; organomegaly; 
hemihypertrophy; genitourinary, 
cardiac, and/or musculoskeletal 
abnormalities; hearing loss; mild 
developmental delay; and cancer 
(Wilms tumor, hepatoblastoma, 
rhabdomyosarcoma, adrenocortical 
carcinoma) 

 Perlman 
syndrome 

 Polyhydramnios, macrosomia, 
macrocephaly, dysmorphic facies, 
visceromegaly, nephroblastomatosis, 
and Wilms tumor 
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structures. In addition, there are reports of distant 
spread and local recurrences after resection particu-
larly among the “cellular” histologic subtypes [ 11 , 
 55 ]. Mesoblastic nephroma is characteristically a 
disease of the very young infant. In fact, it is the 
most common renal tumor identifi ed in neonates 
and young infants with one study fi nding over 85 % 
being diagnosed in infants younger than 4 months 
of age [ 122 ]. Cases can be identifi ed either prena-
tally on routine sonography [ 147 ] or because of 
clinical signs/symptoms such as the presence of a 
fl ank mass, hematuria, hypertension, hyperbilirubi-
nemia, or emesis [ 73 ]. Mesoblastic nephroma 
tumors have a homogeneous rubbery fi broid-like 

character and are composed of sheets of fi brous or 
mesenchymal stroma with scattered renal tubules 
and glomeruli [ 122 ] (Fig.  13.6 ). Most cases can be 
cured by surgery alone provided that tumors can 
be completely excised [ 51 ]. In general there is no 
role for chemotherapy or radiotherapy.

13.6.2        Wilms Tumor 

 Wilms tumor is the most common malignant kid-
ney tumor in children [ 138 ]. Affecting roughly 1 
in every 100,000 children, Wilms tumor is some-
what more common in children of African 

Mesoblastic nephroma

Wilms tumor, unfavorable histology Clear cell sarcoma of the kidney

Wilms tumor, favorable histology

a

c d

b

  Fig. 13.6    Histologic characteristics of various renal 
tumors of infancy in order of increasing clinical aggres-
siveness. ( a ) Mesoblastic nephromas retain many features 
of the kidney. These proliferative tumors which behave in 
a benign manner are composed of sheets of fi brous or 
mesenchymal stroma with scattered renal tubules and 
glomeruli ( white triangles ). ( b ) “Favorable histology” 
Wilms tumors retain differentiated characteristics of the 
kidney and typically contain blastemal ( black triangle ), 
stromal ( blue triangle ), and glomerular ( white triangle ) 

elements. ( c ) “Unfavorable histology” or “anaplastic” 
Wilms tumors are less differentiated and more aggressive, 
exhibiting features of hyperdiploid mitotic fi gures ( yellow 
triangle ), nuclear enlargement, and/or hyperchromasia. 
( d ) Clear cell sarcoma of the kidney ( CCSK ) contains sar-
comatous features including the presence of spindle-
shaped tumor cells and mucopolysaccharide- rich 
cytoplasm, imparting a “clear cell” appearance to the 
cells. Note the progressive loss of renal differentiation 
with increased aggressiveness of malignancy       
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descent and less common in children of Asian 
ancestry [ 104 ]. Almost uniformly a disease of 
children, the great majority of Wilms tumors are 
diagnosed in patients under the age of fi ve with a 
median age of presentation at just over 3 years 
(Fig.  13.7 ) [ 19 ,  20 ,  34 ]. Wilms tumor is one of 
the most common tumors associated with 
pediatric- inherited cancer syndromes, and when 
it occurs in this context, it tends to occur earlier 
and has a higher likelihood of involving both kid-
neys. Thus, the mean age of presentation is 
between 36 and 42 months for unilateral disease 
and between 23 and 30 months for bilateral dis-
ease [ 18 ]. Despite the association between Wilms 
tumor and various cancer syndromes, however, 
the great majority of Wilms tumors are sporadic, 
occurring in patients without recognizable pre-
disposition. Wilms tumor can affect very young 
infants [ 53 ,  66 ,  115 ] and has even been diagnosed 
prenatally [ 7 ,  13 ,  16 ,  32 ,  37 ]. Though Wilms 
tumor can occur in infants, neonatal Wilms tumor 
is comparatively rare. One institution reported 
only 10 % of renal masses occurring in children 
less than 6 months of age with only a fraction of 
these being Wilms [ 53 ]. In a multicenter National 
Wilms Tumor Study, only 27 of 3,340 patients 
(0.8 %) with renal tumors were 30 days old or 
less, and the majority of those tumors were meso-
blastic nephromas [ 66 ]. Nonetheless, very young 
patients with Wilms tumors fare well, with one 
review of 15 neonatal cases reporting only one 
death at 31 months [ 115 ].

   Like other abdominal tumors, Wilms tumors 
usually come to medical attention through pal-
pation of a hard abdominal mass or because 
of associated symptoms. In the case of very 
young infants with Wilms tumors, some may 
be detected prenatally via ultrasonography [ 7 , 
 37 ,  47 ,  52 ,  115 ,  135 ]. Up to 40 % of unilat-
eral and nearly all bilateral Wilms tumors are 
thought to arise from precursor lesions in the 
kidney. These “nephrogenic rests” are intrare-
nal collections of  embryologic kidney cells that 
normally regress spontaneously by birth or in 
the postnatal period [ 40 ]. Presumably nephro-
genic rests represent incompletely malignant 
but clonally expanded renal cell precursors. 
In order for cancer (Wilms tumor) to develop, 
there must be acquisition of a fully malignant 
phenotype through further genetic or epigenetic 
changes in one or more cells within the neph-
rogenic rest. Before the advent of multimodal 
therapy, Wilms tumor was a uniformly fatal dis-
ease. Today, however, the long-term outlook for 
most Wilms tumor patients is optimistic due to 
a better understanding of how to combine sur-
gery, chemotherapy, and, in some cases, radia-
tion therapy. 

 In fact, the major advances in treatment and 
overall survival for Wilms tumor over the last 
several decades represent one of the greatest 
“success stories” for pediatric cancers. Therapy 
is based on risk stratifi cation of disease which is 
calculated by staging, histopathology, and genetic 
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  Fig. 13.7    Age distribution 
of Wilms tumor among 
patients enrolled on the 
National Wilms Tumor Study 
[ 19 ]. Data are shown by 
ethnic group. Note the much 
higher incidence of disease 
in the very young across 
ethnic groups       
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features. Wilms tumor staging is fairly standard-
ized, with uniformity across institutions [ 56 ]:
•    Stage I: Tumor limited to kidney, capsule 

intact, completely resected with “good mar-
gins,” no biopsy or tumor rupture/spillage, no 
involvement of vessels, renal sinuses or 
regional lymph nodes, and no evidence of 
metastatic disease.  

•   Stage II: Tumor infi ltration of the renal cap-
sule or vascular invasion.  

•   Stage III: Residual tumor present after surgery 
(regional lymph nodes, peritoneal spillage/
seeding, unresected tumor, or tumor at margin 
of resection).  

•   Stage IV: Distant organ or extraregional 
lymph node metastasis. The lung is (by far) 
the most common site of metastasis with liver, 
bone, and brain involvement possible.  

•   Stage V: Synchronous involvement of both 
kidneys.    
 In addition to stage at diagnosis, histologic 

characteristics of the disease correlate with out-
come. Wilms tumors can be classifi ed as being 
either “favorable” or “unfavorable” with respect 
to their histologic characteristics. Favorable his-
tology Wilms tumors display features of their 
renal tissue of origin. They appear to be more 
differentiated with prominent renal tubular ele-
ments and no sarcomatous features (Fig.  13.6 ). In 
contrast, unfavorable histology tumors show evi-
dence of diffuse or focal anaplasia, determined 
by the presence of hyperdiploid mitotic fi gures, 
nuclear enlargement, and/or hyperchromasia 
(Fig.  13.6 ). Anaplasia and unfavorable features 
correlate with more aggressive disease. Among 
stage III patients, for example, patients with 
favorable histology tumors had more than 90 % 
overall survival, whereas those with unfavorable 
histology tumors had survival rates of roughly 
50 % [ 39 ]. Unfavorable histology Wilms tumors 
account for more than 50 % of Wilms tumor 
deaths despite being found in only 10 % of cases 
[ 39 ]. Fortunately, favorable histology Wilms 
tumors account for more than 85 % of clinical 
isolates. 

 Wilms tumors are treated with surgery and 
chemotherapy, with or without radiotherapy. 
Intensity of therapy is determined by stage and 

histology, with higher stage and/or unfavorable 
histology disease requiring longer, more intense 
courses of therapy. Complete surgical resection, 
usually in the form of total nephrectomy, is the 
cornerstone of effective treatment for Wilms 
tumors [ 116 ,  123 ]. While some early-stage Wilms 
tumors have been treated with surgery alone [ 57 ], 
most cases of Wilms tumors are treated with adju-
vant chemotherapy post-nephrectomy to reduce 
local and metastatic recurrences. Vincristine and 
dactinomycin (actinomycin D) have been long 
been used for low-stage favorable disease, while 
anthracyclines, cyclophosphamide, and etopo-
side have been incorporated into therapeutic 
regimens for higher-stage or unfavorable disease 
[ 56 ]. Wilms tumor is radiosensitive and radiation 
therapy is useful in the setting of stage III or IV 
disease [ 56 ]. 

 Bilateral Wilms tumor, defi ned by the pres-
ence of tumors in both kidneys at diagnosis, 
accounts for approximately 5 % of cases [ 92 ]. As 
mentioned above, bilateral disease is more com-
mon in children with cancer syndromes, and such 
disorders should be considered in children with 
bilateral Wilms tumors [ 62 ]. Presumed to rep-
resent bilateral primary tumor formation rather 
than metastasis from the contralateral kidney, 
stage V Wilms is associated with higher mor-
bidity and mortality [ 45 ]. When both kidneys 
are affected, surgical management of disease is 
not straightforward. Total nephrectomy, com-
monly done for unilateral disease, is not neces-
sarily the procedure of choice since removal of 
both kidneys would leave a patient in need of 
lifelong dialysis or of renal transplantation. Thus 
nephron- sparing surgery is attempted when fea-
sible to preserve renal function in patients with 
bilateral disease [ 118 ]. Current recommendations 
for treating stage V Wilms tumor include subtotal 
nephrectomy and chemotherapy with or without 
radiation therapy [ 91 ]. However, eventual renal 
failure is not uncommon in patients treated with 
subtotal nephrectomies. Roughly 15 % of stage 
V Wilms tumor survivors develop chronic renal 
failure by age 20 years compared with 1 % of 
unilateral Wilms tumor patients [ 21 ]. Therefore 
stage V Wilms tumor patients treated with sub-
total nephrectomies should avoid nephrotoxic 
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agents and should be closely monitored over 
time for renal function, preferably with the expert 
involvement of an experienced pediatric nephrol-
ogy team.  

13.6.3     Clear Cell Sarcoma 
of the Kidney (CCSK) 

 Clear cell sarcoma of the kidney (CCSK) was ini-
tially distinguished from Wilms tumor because of 
its propensity to metastasize to the bone and 
comparatively poorer prognosis when compared 
to Wilms tumor [ 86 ,  95 ]. Because of its non- 
epithelioid, sarcomatous histologic features 
(Fig.  13.6 ), CCSK probably accounted for a sig-
nifi cant proportion of intrarenal malignancies 
with “unfavorable histology” among tumors reg-
istered in early National Wilms Tumor Study 
Group (NWTSG) clinical trials [ 14 ]. CCSK is a 
relatively rare pediatric malignancy, representing 
only a small fraction of solid tumors and less than 
5 % of renal tumors of infants and children. 
Roughly 20 cases are diagnosed annually in the 
United States [ 103 ]. The average age of diagno-
sis is between 1 and 4 years of age [ 152 ], and 
boys seem to be more at risk of disease with a 
male to female ratio of 2:1 [ 8 ]. Though less than 
10 % of cases occur in children under 1 year of 
age, there are at least three reports of CCSK diag-
nosed in neonates and infants [ 69 ,  87 ,  100 ]. 

 Even though CCSK has a tendency to metas-
tasize to the bone, less than 5 % of CCSK patients 
present with evidence of distant metastasis at 
diagnosis [ 78 ]. Rather, the majority of children 
with CCSK present with either stage II or stage 
III disease, defi ned by involvement of local or 
regional lymph nodes at diagnosis [ 8 ]. Bilateral 
stage V disease involving both kidneys is unusual 
for CCSK and has only recently been described 
[ 85 ]. In stage IV patients, the bone represents the 
most common site of distant metastasis, followed 
by the lung, abdomen, brain, and liver [ 143 ]. 
Most CCSKs are relatively large at presentation 
(average size of 11.3 cm) and tend to essentially 
replace the affected kidney. 

 In contrast to Wilms tumor, CCSK does 
not seem to be affi liated with familial cancer 

 syndromes [ 2 ], and CCSK, unlike Wilms tumor, 
does not appear to develop from nephrogenic rests 
[ 8 ]. In addition, there are no characteristic genetic 
abnormalities that defi ne CCSKs, although one 
recent study reported high expression levels of 
two tyrosine kinases – the epidermal growth 
factor receptor (EGFR) and c-Kit – in CCSK 
[ 133 ]. Clinical presentation is similar to Wilms 
tumor, either detected on radiologic imaging or 
because of a palpable abdominal mass, hyperten-
sion, or hematuria [ 128 ]. Diagnosis is confi rmed 
by pathological examination of resected tumor, 
and staging is achieved with multimodal imaging 
including CT scanning of the chest, abdomen, 
and pelvis; nuclear imaging (bone and/or PET 
scanning); and imaging of the brain [ 124 ]. 

 Because of its aggressive phenotype, effective 
management of CCSK requires more intensifi ed 
therapy than Wilms tumor. The typical treatment 
approach involves surgical resection (nephrec-
tomy), adjunct radiation, and chemotherapy for 
24 weeks with alternating cycles of vincristine/
doxorubicin/cyclophosphamide and cyclophos-
phamide/etoposide [ 23 ,  76 ,  78 ,  124 ]. Positive 
prognostic factors for CCSK include treatment 
with doxorubicin, low stage at diagnosis, age 
between 2 and 4 years at the time of diagnosis, 
and lack of tumor necrosis on histologic exami-
nation [ 101 ]. Improvements in staging as well as 
chemotherapy and medical support have resulted 
in improved outcomes.  

13.6.4     Malignant Rhabdoid 
Tumor (MRT) 

 Among the most aggressive cancers of infants 
and very young children, malignant rhabdoid 
tumors (MRTs) can arise in the kidney where 
they are also called rhabdoid tumors of the kid-
ney, in the central nervous system where they are 
termed atypical teratoid rhabdoid tumors, or in 
other places in the body as extrarenal rhabdoid 
tumors [ 83 ,  152 ]. Most MRTs, however, arise 
in the kidney, where they account for roughly 
2 % of renal tumors in infants, ranking behind 
mesoblastic nephromas and Wilms tumors [ 137 ]. 
They occur most often in infants and very young 
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 children, with 15 months being the mean age at 
diagnosis [ 132 ]. Although the majority of these 
tumors are diagnosed in the kidney, metachro-
nous or synchronous disease in more than one 
site has been observed [ 1 ,  49 ,  136 ,  149 ]. In fact, 
roughly 15 % of patients with MRTs will present 
with concurrent involvement of the kidney and 
the CNS (Fig.  13.8 ) [ 98 ]; therefore both anatomic 
sites must be assessed during a staging workup. 
Irrespective of tissue of origin, most rhabdoid 
tumors are characterized by a similar molecular 
feature – the biallelic inactivating mutation of 
the  hSNF / INI1  gene on chromosome 22q11.2 
[ 140 ,  151 ]. This molecular defect presumably 
contributes to carcinogenesis through altera-
tions in chromatin remodeling. Molecular testing 
and immunohistochemical staining for INI1 are 
available to confi rm the diagnosis of MRT [ 149 ].

   MRTs mainly metastasize to the lungs, but they 
may also spread to the bone, lymph nodes, and 
liver [ 137 ]. Due to the aggressive clinical nature 
of the tumor, vague symptoms and young age at 
presentation, most patients have advanced stages 
of disease at time of diagnosis [ 137 ]. Roughly 
60 % of children with intrarenal MRTs present 
with hematuria since most MRTs are medially 
positioned in the kidney, invading urinary col-
lecting structures as they grow (Fig.  13.8 ). In 
contrast, hematuria occurs only in about 20 % of 
cases of Wilms tumors, which tend to be laterally 
positioned in the kidney, growing away from the 

renal pelvis [ 6 ,  114 ]. Seventy percent of patients 
with intrarenal MRTs have hypertension, about 
half manifest fever, and about a quarter have 
either proteinuria or hypercalcemia. If there is 
simultaneous disease of the CNS, patients may 
also present with neurologic symptoms such as 
seizures, hemiplegia, vomiting, or focal defi cits 
[ 6 ,  42 ]. 

 Grossly, MRTs are solid tumors that often 
display extensive hemorrhage and necrosis 
(Fig.  13.8 ). Highly aggressive, MRTs tend to 
be infi ltrative rather than encapsulated [ 121 ]. 
Histologically, they are characterized by solid 
sheets of small round cells, some of which 
resemble rhabdomyoblasts (hence the name 
“rhabdoid tumor”) [ 132 ,  149 ,  151 ]. 

 Treatment of MRTs involves a combination 
of surgery, radiotherapy, and chemotherapy, with 
age, stage at diagnosis, and extent of local con-
trol all signifi cantly infl uencing outcome [ 132 , 
 152 ]. Complete nephrectomy is the preferred 
method of surgical removal of intrarenal MRTs 
[ 25 ,  136 ]. Although multiple treatment regimens 
with combined therapies including vincristine, 
cyclophosphamide, dactinomycin, etoposide, 
and anthracyclines have been used, clinical out-
comes have been poor, with many patients relaps-
ing within a year or suffering toxic events due to 
their very young age and the intensity of therapy. 
One study reported a 2-year event free survival 
of only 15 % and an overall 18-month survival of 

a b c

  Fig. 13.8    Concurrent malignant rhabdoid tumor of the 
kidney and brain in a 2-month-old infant who presented 
with vomiting, abdominal mass, and altered mental status. 
( a ) Transverse abdominal CT scan revealing a large left 
intrarenal mass with evidence of central necrosis ( white 
triangle ). ( b ) CT scan of the brain of the same patient at 

diagnosis, showing an AT/RT tumor of the right frontal 
horn with associated hydrocephalus from obstruction of 
CSF fl ow. ( c ) Photograph of the resected renal MRT. 
Shown is a cut surface of the tumor revealing extensive 
central hemorrhagic necrosis ( white triangle ) (With kind 
permission from Springer: Luo et al. [ 84 ])       
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only 20 % [ 83 ]. However, there is hope that new 
therapeutic options, such as molecularly targeted 
therapy, will become available as we learn more 
about the molecular pathways that fuel carcino-
genesis of rhabdoid cells.  

13.6.5     Renal Cell Carcinoma (RCC) 

 Mainly a disease of adults, renal cell carcinoma 
(RCC) accounts for less than 5 % of pediatric 
renal tumors. Unlike most solid tumors of infancy 
and childhood, RCC is neither a sarcoma nor an 
embryonal tumor. Rather, it is an adenocarci-
noma with renal tubular differentiation. Less than 
2 % of all RCC occurs in the pediatric population 
[ 10 ]; however, it has been described in adoles-
cents [ 42 ,  83 ,  126 ,  152 ] as well as in patients as 
young as 3 months of age [ 83 ,  126 ]. For RCC, 
younger age is a positive prognostic factor with 
overall survival rates in children ranging from 64 
to 70 %, much higher than those observed in 
adults with RCC [ 83 ,  152 ]. Distant spread is 
found in 20 % of patients at diagnosis with the 
lungs, bone, brain, and liver being the most com-
mon sites of metastasis [ 111 ]. Stage at diagnosis 
is highly predictive of outcome. One study found 
that the 5-year survival rate for children with 
RCC was 70 % for localized disease and that no 
child with metastasis at presentation survived 
beyond 26 months [ 3 ]. 

 RCCs frequently present as palpable abdomi-
nal masses without associated symptoms. The 
classic RCC triad in adults – fl ank pain, palpable 
mass, and gross hematuria – is much less com-
mon in the pediatric population [ 70 ,  126 ]. Rather, 
pediatric patients may be asymptomatic or sim-
ply manifest vague constitutional symptoms such 
as fatigue, malaise, and fever [ 130 ]. 

 RCCs are locally infi ltrative and often dis-
tort normal renal architecture, sometimes asso-
ciated with a pseudocapsule [ 83 ]. They often 
exhibit areas of calcifi cation on CT imaging [ 43 , 
 146 ]. RCC spreads by lymphatic drainage, and 
regional retroperitoneal lymph nodes are fre-
quently involved. Roughly a third of childhood 
RCCs are localized at presentation, almost half 
exhibit regional lymphatic spread, and about a 

quarter have evidence of systemic metastases at 
diagnosis [ 3 ,  139 ]. RCC may be associated with a 
history of prior malignancy, presumably because 
of the DNA-damaging nature of various chemo-
therapeutic agents [ 106 ]. RCC may also occur 
in the context of certain cancer predisposition 
syndromes, specifi cally tuberous sclerosis, von 
Hippel-Lindau syndrome, and Li-Fraumeni syn-
drome [ 5 ,  33 ,  108 ]. 

 RCC is highly resistant to chemotherapy and 
radiotherapy; therefore surgery is the mainstay 
of therapy. RCC is usually treated with radical 
nephrectomy and regional lymphadenectomy [ 9 ]. 
Some centers have reported positive outcomes 
with nephron-sparing surgery in children [ 24 ,  26 , 
 126 ]. Immunotherapy is currently being studied 
for its role in treatment.  

13.6.6     Rhabdomyosarcoma 
and Sarcoma Botryoides 

 Among the most common solid tumors of 
childhood, rhabdomyosarcomas are thought 
to originate from muscle cells or their mesen-
chymal progenitors because they express many 
features of myocytes. Most children with rhab-
domyosarcoma are diagnosed between the ages 
of 1 and 4 years, but between 5 and 10 % of 
cases occur in infants less than 1 year of age 
[ 145 ]. Rhabdomyosarcomas can occur almost 
anywhere in the body. The majority –approxi-
mately 35–40 % – arise in the head/neck region 
in parameningeal, parapharyngeal, and orbital 
sites. The genitourinary system is the second 
most frequent site of primary disease (approxi-
mately 20–25 %), with many tumors arising in 
or around the bladder, prostate, vagina, uterus, 
and paratesticular regions [ 82 ,  145 ]. Though 
rare, rhabdomyosarcoma can even originate 
in the kidney [ 110 ,  127 ]. The genitourinary 
tract is frequently the primary site of disease in 
infants and very young children [ 109 ]. Sarcoma 
botryoides is a special subtype of genitouri-
nary rhabdomyosarcoma, defi ned by anatomic 
and histologic features [ 117 ]. Derived from 
the Greek    term “botryose” meaning “bunch 
of grapes,” sarcoma botryoides grows in a 
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cluster- like fashion from the walls of  hollow, 
mucosal-lined organs such as the vagina and 
bladder, protruding into the lumen as it grows 
(Fig.  13.9 ). Genitourinary discharge, bleeding, 
and direct observation of a grape-like tumor 
mass growing out of the vaginal introitus are 
common symptoms [ 17 ]. Hematuria is common 
in bladder or renal sites, and rhabdomyosar-
coma should be considered in patients with uri-
nary tract tumors having a botryoid appearance 
on imaging studies [ 74 ,  127 ,  148 ] (Fig.  13.8 ).

   Rhabdomyosarcomas fall into two broad 
pathologic subtypes – embryonal or alveolar. 
Embryonal tumors, associated with young age 
and lower stage at diagnosis, are characterized 
histologically by a stroma-rich, spindle cell 
appearance (Fig.  13.9 ). Alveolar tumors, on 
the other hand, tend to be more densely packed 
with tumor cells deposited in a festooned linear 
pattern that resembles the pulmonary alveoli 
(Fig.  13.9 ). Alveolar histology correlates with 
older age and higher stage at diagnosis and is 

Sarcoma botryoides

Embryonal rhabdomyosarcoma Alveolar rhabdomyosarcoma

Sarcoma botryoides Sarcoma botryoides
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     Fig. 13.9    Sarcoma botryoides and rhabdomyosarcoma. 
Sarcoma botryoides, a subtype of rhabdomyosarcoma 
characteristically found in the urogenital tract of infants 
and very young children, has the appearance of a “bunch 
of grapes” on gross inspection ( a ), on imaging ( b ), and 
even on histology ( c ). ( a ) A grape-like mass protruding 
out of the vaginal introitus (This fi gure was published in 
Tersak et al. [ 134 ]), ( b ) Sagittal magnetic resonance 
image ( MRI ) showing a large mass with multiple septa-
tions ( black arrow ) protruding from the vagina ( white tri-
angle ) and with mass effect anteriorly on the urinary 
bladder ( b ) (Used with permission from Kobi et al. [ 74 ]). 

( c ) Low-power view of sarcoma botryoides showing squa-
mous-lined polypoid appearance (20× total magnifi ca-
tion). Most sarcoma botryoides and other urinary tract 
rhabdomyosarcomas of infants exhibit “embryonal” his-
tologic features. ( d ) Characteristic “embryonal” histology 
of rhabdomyosarcoma – note the abundant stroma and 
spindle cell appearance (hematoxylin & eosin staining, 
200× magnifi cation). ( e ) Alveolar histology of rhabdo-
myosarcoma – note the increased density with tumor cells 
arranged along delicate fi brovascular stalks in a pattern 
somewhat reminiscent of pulmonary alveoli (hematoxylin 
& eosin staining, 200× magnifi cation)       
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often  characterized by molecular  translocations 
involving PAX and FKHR genes [ 102 ]. In gen-
eral, genitourinary rhabdomyosarcomas in 
infants, including sarcoma botryoides, tend to 
fall into the embryonal category [ 36 ,  38 ,  131 ]. 

 Prognosis is infl uenced by pathologic sub-
type and extent of disease at diagnosis. 
Rhabdomyosarcoma metastasizes to the local and 
regional lymph nodes, lung, cortical bone, and 
bone marrow; thus staging should focus on those 
sites [ 145 ]. Treatment includes surgical resec-
tion with lymph node sampling. Postsurgical 
adjuvant chemotherapy with vincristine and 
 actinomycin and/or anthracyclines is standard. 
Rhabdomyosarcomas are fairly radiation sensi-
tive; therefore radiotherapy may be an option 
particularly with unresectable disease.  

13.6.7     Anticancer Therapy in Infants 

 Effective therapy of cancers of the urinary tract 
usually begins with surgical removal of the 
tumor. The best chance of long-term cure occurs 
when the primary tumor can be completely 
excised [ 65 ,  105 ,  115 ]. Once local control is 
achieved, then chemotherapy may be given to 
prevent local or distant recurrence and to treat 
any macroscopic or microscopic metastatic 
tumor foci. Traditional chemotherapy drugs, 
however, are indiscriminate in their effects. The 
standard chemotherapy drugs used for most 
pediatric malignancies target cells and tissues 
that are actively dividing, regardless of whether 
those tissues are benign or malignant. Therefore, 
much of the toxicity of chemotherapy occurs 
because the medications affect organs in which 
ongoing cellular proliferation is required for 
normal function. For a variety of reasons, infants 
and very young children are more sensitive to 
the toxic effects of chemotherapy than older 
children or adults (Table  13.3 ). Since their 
brains, organs, and tissues are in active states of 
development, infants are comparatively more 
affected by agents that interfere with cell divi-
sion [ 125 ]. The bone marrow is among the most 
sensitive and important sites of off-target drug 
effects. Ongoing hematopoiesis is necessary in 

order to replace the billions of red blood cells, 
platelets, and white blood cells used up each day 
by the blood and immune systems, and hemato-
poiesis depends on proliferative expansion of 
blood cell precursors in the marrow. Thus, che-
motherapeutic agents predictably induce a tem-
porary inhibition of marrow hematopoiesis and 
reductions in peripheral blood cell counts, leav-
ing cancer patients anemic and prone to bleed-
ing and infections. Infants are at particular risk 
of bone marrow suppression. Much of the 
enhanced toxicity of chemotherapy in infants is 
due to infectious complications. To begin with, 
infants’ immune systems are comparatively 
immature, making them much more vulnerable 
to infectious complications even in times of 
robust bone marrow hematopoiesis. Their infec-
tious risk skyrockets once the marrow is sup-
pressed, particularly during periods of 
neutropenia following chemotherapy adminis-
tration. Renal and hepatic metabolic function is 
also comparatively underdeveloped in the very 
young, leading to reduction in drug metabolism 
and detoxifi cation. Thus, chemotherapeutic 
agents remain active longer and at higher levels 
when administered to babies [ 94 ].

   Table 13.3    Factors contributing to enhanced chemotox-
icity in infants   

 Active developmental phase of organs and tissues 
 Altered drug absorption 
 Altered pharmacokinetics/pharmacodynamics 
 Compromised early detection of toxicity in nonverbal 
patients 
 Cutaneous sensitivity (diaper area) to chemotherapeutic 
drugs and skin-irritating metabolites in urine and stool 
 Higher comparative body surface area leading to higher 
realized doses of drugs if dosed per m 2  
 Higher relative content of fat stores in infants 
 Immature blood-brain barrier 
 Immature hepatic detoxifi cation mechanisms 
(prolonged realized dose) 
 Immature immune system, increasing risk of serious 
infectious complications (bacterial, fungal, viral) 
 Immature renal function (delayed renal clearance) 
 Limited data on drug effi cacy and adverse effects in 
infants 
 Need for more aggressive therapy for many treatment- 
resistant infant malignancies (e.g., leukemias) 
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   There have been few appropriately powered 
clinical studies to address therapeutic and adverse 
effects of many chemotherapeutic agents in very 
young patients. Many drugs are used “off-label” 
and without formal FDA regulation and approval 
[ 75 ]. Nonetheless, some national children’s oncol-
ogy trials have attempted to address issues of 
safety and effi cacy in the very young. In the sec-
ond National Wilms Tumor Study (NWTS-2), for 
example, there was a higher frequency of severe 
toxicity and toxic deaths related to chemotherapy 
among patients less than 12 months of age. The 
study then modifi ed the protocol to reduce 
(by half) doses of chemotherapy given to infants. 
Dose reductions of actinomycin D, adriamycin, 
and vincristine resulted in marked reductions in 
hematologic, pulmonary, and hepatic toxicity 
without affecting treatment outcome [ 94 ]. This 
and other studies have led to well- accepted guide-
lines for administration of modifi ed doses chemo-
therapy to the very young [ 75 ]. Chemotherapy 
dose reductions in infants have, in general, been 
effi cacious but with less toxicity [ 31 ]. It is hoped 
that with further discoveries about carcinogenic 
molecular mechanisms and the development of 
more targeted anticancer approaches, infants and 
children with cancer can be more safely treated.   

    Conclusion 

 About a tenth of cancers diagnosed in infants 
involve the urinary system. Most tumors come 
to medical attention either prenatally (e.g., 
by prenatal ultrasonography) or because of 
symptoms such as the presence of a palpable 
abdominal mass or hematuria. Many urinary 
tract tumors, particularly mesoblastic nephro-
mas of the kidney, are actually considered 
benign. Malignancies that involve the uri-
nary tract of infants and very young children 
are distinct from the typical carcinomas that 
affect adults, and they usually respond better 
to therapy than those in adults. However tox-
icity of chemotherapy and radiation therapy 
is comparatively greater in the very young 
child due to their small size, sensitive devel-
opmental stage, and metabolic characteristics. 
It is important to note that very young presen-
tation of malignancy can be an indication of 

an inherited cancer  predisposition syndrome. 
Cancer syndromes known to predispose to uri-
nary tract malignancies include von Hippel-
Lindau, Li-Fraumeni, and the Wilms tumor 
syndromes (including Beckwith-Wiedemann 
and WAGR). The evaluation and management 
of urinary tract masses is best accomplished 
by experienced oncologic, surgical, and radio-
logic clinical teams.     
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  14      Cystic Renal Disease 

           Katherine     MacRae     Dell              

 Core Messages 

•     Cystic kidney disease in neonates often 
presents with ultrasonography fi ndings 
of diffusely echogenic kidneys with 
variable degrees of kidney enlargement 
rather than discrete cysts.  

•   Autosomal recessive polycystic kidney 
disease (ARPKD), autosomal dominant 
PKD (ADPKD), and diffuse cystic dys-
plasia can present in the neonate with 
features that may be indistinguishable 
from each other.  

•   With the emergence of modern dialytic 
therapy, the major contributor to mortal-
ity in the neonate with severe cystic kid-
ney disease is respiratory failure (related 
to oligohydramnios and pulmonary 
hypoplasia) rather than complications of 
renal failure.  

•   Prognosis may be diffi cult to predict in 
cystic disease in the newborn, but the 
presence of oligohydramnios and pul-
monary hypoplasia generally is associ-
ated with poor long-term renal outcome.    

 Case Vignette 

 A male fetus was noted to have large 
echogenic kidneys on a prenatal ultra-
sound obtained at 18 weeks gestation. At 
28 weeks gestation, oligohydramnios was 
noted as well as persistence of enlarged 
kidneys. The infant was born at 38 weeks 
gestation and developed respiratory distress 
in the delivery room requiring resuscitation 
and mechanical ventilatory support. Chest 
radiograph demonstrated diffuse ground 
glass opacities within the lungs as well as 
a right pneumothorax. Physical exam was 
notable for large palpable bilateral abdomi-
nal masses. Postnatal renal ultrasonogra-
phy showed bilateral markedly echogenic 
kidneys measuring 7 cm (right) and 6.6 cm 
(left). No cysts or hydronephrosis was 
seen. Liver ultrasonography was normal. 
A chest tube was placed for management 
of the pneumothorax. The patient was ini-
tially oliguric, but urine output improved 
with initiation of furosemide. On day of 
life 3, he was extubated and weaned to 
room air by day of life 5. At 1 week of life, 
he developed hypertension, requiring treat-
ment with enalapril and continuation of 
furosemide. He was started on enteral feeds 
with maternal breast milk. Because of ris-
ing serum potassium, sodium-potassium 
polystyrene resin was added to the feeds 

mailto: katherine.dell@uhhospitals.org


264

14.1     Introduction 

 Historically, terms such as “polycystic  kidneys” 
and “infantile polycystic kidney disease” were 
used to describe a variety of disorders with 
shared features of cysts evident either radio-
graphically or by pathologic examination [ 12 ]. 
However, as our understanding of modern 
molecular genetics has continued to expand, it 
has become evident that many of these disor-
ders have distinct genetic and pathophysiologic 
features. Cystic kidney disease in neonates is 
now recognized as representing a spectrum 
of disorders from those inherited in classic 
Mendelian fashion (such as ARPKD) to those 
that occur sporadically (such as multicystic 
dysplastic kidney, MCDK). With the advent of 
modern obstetrical ultrasonography, the major-
ity of these disorders are identifi ed prenatally. 
In many cases the diagnosis of a particular 
cystic kidney disease is suspected based on the 
prenatal images. However, even with advanced 
technology, the fi ndings/diagnosis on prenatal 
ultrasonography may not be confi rmed on post-
natal imaging. 

 Many of the specifi c diseases addressed in 
detail in this chapter are uncommon. Taken 
as a whole, however, they represent impor-
tant causes of morbidity and mortality in the 
newborn. It is also important to recognize that 
even in cases of severe neonatal renal disease, 
including the more severe forms of cystic kid-
ney disease, renal supportive therapy including 
infant dialysis is often achievable. However, 
newborns with a history of severe oligohydram-
nios and resultant pulmonary hypoplasia may 
not be viable despite even the most advanced 
ventilatory support. Thus, the cause of mortal-
ity in these patients is usually respiratory, not 
renal, failure.  

14.2     Background 

14.2.1     Developmental 
Considerations 

 Developmentally, congenital cystic kidney 
 diseases result from one of two general path-
ways. With the classic polycystic kidneys 
diseases (such as ARPKD and ADPKD), 
nephrogenesis occurs normally; then, depend-
ing on the underlying genetic disorder, cysts 
develop along one or more of the nephron 
segments. In the cystic dysplastic disorders, a 
defect occurs during nephrogenesis, resulting 
in primitive nephrons with disorganized and 
poorly differentiated collecting ducts [ 45 ].  

14.2.2     Presentation of Cystic Kidney 
Diseases in the Neonate 

 Although the polycystic kidney diseases and cys-
tic dysplastic disorders have distinct clinical and 
pathophysiologic features, they typically present 
in one of two ways. As the case vignette illus-
trates, the fi rst presentation is that of diffusely 
echogenic kidneys (typically quite enlarged) evi-
dent ultrasonographically (Fig.  14.1 ). On physi-
cal exam, palpable abdominal masses are evident. 
Patients with severe bilateral disease (regardless 
of the underlying etiology) typically have a his-
tory of fetal oligohydramnios. This can result in 
the features of the oligohydramnios sequence, 
which include Potter’s facies (Fig.  14.2 ), pulmo-
nary hypoplasia, hip dislocation, extremity con-
tractures, and club feet. The second presentation 
is that of one or more discrete cysts also detected 
ultrasonographically (Fig.  14.3 ). Kidneys may be 
enlarged or normal in size. Palpable abdominal 
masses are typically not evident in these cases, 
and a history of oligohydramnios is usually 
absent. In some instances (such as ADPKD) the 
presentation can be that of either enlarged echo-
genic kidneys or discrete cysts with or without 
kidney enlargement. Similarly, there may be 
instances where a few small discrete cysts are 
evident in enlarged echogenic kidneys (e.g., dif-
fuse cystic dysplasia) or instances in which 

for potassium binding. He was discharged 
from the nursery at 3 weeks of life. Serum 
creatinine at that time was 0.65 mg/ dl. 
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 kidneys are echogenic, but are typically not 
enlarged (e.g., infantile nephronophthisis).

14.2.3          Differential Diagnosis 
of Cystic Kidney Diseases 

 Cystic kidney disorders that present in neonates 
are outlined in Table  14.1 . The typical presenta-
tion (enlarged echogenic kidneys, discrete cysts, 

or either) is indicated by the key below. However, 
presentations can be variable and considerable 
overlap can occur, which may make it diffi cult 
to determine defi nitive diagnosis in the new-
born period [ 20 ]. In one published series, of 93 
fetuses with echogenic kidneys (and confi rmed 
nephropathy postnatally), approximately 30 % 
had visible cysts [ 9 ]. In that same series, 33 % 
of the subjects had ARPKD, 30 % had ADPKD, 
12 % had Bardet-Biedl syndrome, 10 % had 

  Fig. 14.1     Enlarged echogenic kidneys . Ultrasonography 
of the right kidney from a newborn with ARPKD demon-
strates typical kidney enlargement as well as markedly 
increased echogenicity (brightness when compared to the 
surrounding liver parenchyma). Similar features were 
present on the left kidney (not shown). A few very small 
cysts are evident, which are often absent in neonates with 

this disease. This ultrasonographic appearance can also 
been seen in other congenital cystic kidney disease includ-
ing ADPKD, diffuse cystic dysplasia, and infantile neph-
ronophthisis (Courtesy of Dr. Rashini Parikh, Department 
of Radiology, University Hospitals Case Medical Center, 
Cleveland, Ohio)       

  Fig. 14.2     Potter ’ s facies . 
The photograph obtained at 
autopsy shows a fetus with 
Potter’s facies, a feature of 
the oligohydramnios 
sequence. Additional 
features of the sequence 
include pulmonary 
hypoplasia, hip dislocation, 
and club foot (Courtesy 
of Dr. Gretta Jacobs, 
Department of Pathology, 
University Hospitals 
Case Medical Center, 
Cleveland, Ohio)       
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 Meckel- Gruber syndrome, and the remaining 
15 % had a variety of other cystic kidney dis-
eases [ 9 ]. It should also be noted that congenital 
obstructive uropathies may sometimes present on 
prenatal ultrasonography as “cystic kidneys” due 
to marked dilatation of the collecting systems. 
On postnatal evaluation, however, the diagnosis 
of obstructive uropathy is usually evident (see 
Chaps.   8    ,   10    , and   11    ).

14.3         Polycystic Kidney Diseases 

 Genetics, clinical features, diagnosis, treatment, 
and prognosis for the inherited polycystic kid-
ney diseases that present in neonates, includ-
ing ARPKD, ADPKD, glomerulocystic kidney 
disease, and juvenile nephronophthisis, are dis-
cussed below. 

14.3.1     Autosomal Recessive 
Polycystic Kidney Disease 
(ARPKD) 

14.3.1.1     Genetics, Clinical Features, 
and Diagnosis 

 ARPKD is a relatively rare disorder, affecting 
1:40,000 patients. As the name suggests, it is 
inherited as an autosomal recessive trait [ 13 ]. 

Males and females are equally affected and all 
races are affected as well. ARPKD is caused by 
mutations in the  polycystic kidney and hepatic 
disease  ( pkhd1 ) gene [ 44 ]. This gene encodes 
a very large protein, fi brocystin/polyductin. 
Mutations are present throughout the gene, with 
most families having “private” mutations not 
shared by other kindreds. Genotype-phenotype 
correlations have not been well established, 
although it has been proposed that patients with 
severe mutations that result in little or no protein 
production may have a very high rate of neonatal 
mortality [ 3 ]. Although the genetics of the disease 
have been identifi ed, the mechanisms by which 
the abnormal protein induces pathology remain 
undefi ned. Emerging data suggest that alterations 
in intracellular signaling and mechanosensation 
mediated through a cellular organelle called the 
primary cilia are thought to play a major role in 
the pathophysiology of these diseases [ 21 ]. 

 ARPKD primarily affects only the kidneys 
and liver [ 13 ]. The polycystic kidney disease is 
characterized by microscopic fusiform dilatations 
affecting all of the collecting tubules (Fig.  14.4 ). 

  Fig. 14.3     Renal macrocysts . Renal ultrasonography of 
the right kidney from a neonate with ADPKD demon-
strates several macroscopic cysts (indicated with  aster-
isk ). The left kidney demonstrated 2 small cysts (not 
shown). The kidneys also show mildly increased echo-
genicity and mild enlargement bilaterally       

   Table 14.1    Cystic kidney diseases that present in the 
neonate   

 Polycystic kidney 
diseases 

 Autosomal recessive polycystic 
kidney disease (ARPKD) a  

 –  Autosomal dominant polycystic 
kidney disease (ADPKD) b  

 –  ADPKD associated with tuberous 
sclerosis c  

 –  Glomerulocystic kidney disease b  
 Juvenile nephronophthisis a  

 Cystic dysplasia  Diffuse cystic dysplasia a  
  Isolated/sporadic 
  Associated with congenital 
syndromes (e.g., Meckel-Gruber, 
Bardet-Biedl, Jeune, 
Beckwith-Wiedemann) 

 –  Multicystic dysplastic kidney c  
 Other causes 
of renal cysts 
in neonates 

 Simple renal cysts c  
 Caliceal diverticulum c  

   a Typically present with diffusely echogenic kidneys with 
varying degrees of enlargement 
  b Present with either echogenic kidneys, discrete cysts, or 
both 
  c Typically present with discrete cysts  

 

K.M. Dell

http://dx.doi.org/10.1007/978-3-642-39988-6_8
http://dx.doi.org/10.1007/978-3-642-39988-6_10
http://dx.doi.org/10.1007/978-3-642-39988-6_11


267

These “microcysts” give the radiographic appear-
ance of very enlarged and markedly echogenic 
kidneys. A few discrete cysts may still be evi-
dent in some patients, but this is less common. 
The liver disease in ARPKD (congenital hepatic 
fi brosis, CHF, also called Caroli’s disease) is a 
biliary abnormality characterized by prolifera-
tion and cystic changes in the bile ducts with 
accompanying periportal fi brosis [ 39 ]. Discrete 
liver cysts are typically absent. In neonates, the 
kidney disease predominates, and radiographic 
or laboratory evidence of hepatic involvement 
(e.g., echogenic liver) is present in only 40 % 
[ 47 ]. The other signs and symptoms associated 
with ARPKD, including pulmonary hypoplasia 
and Potter’s facies, are the sequelae of the oligo-
hydramnios sequence rather than a direct result 
of the mutated gene.

   The case vignette highlights the typical pre-
sentation of ARPKD in the neonate. Affected 
infants, particularly those with a history of oligo-
hydramnios, commonly develop respiratory dis-
tress in the delivery room and require mechanical 
ventilation. Respiratory compromise develops 
not only because of pulmonary hypoplasia but 
also because the massively enlarged kidneys may 
prevent adequate diaphragmatic excursion. Renal 
complications seen in the newborn period include 

oliguria and elevated serum creatinine (both of 
which may improve in the short term), hypona-
tremia, and hypertension [ 14 ]. 

 The diagnosis of ARPKD is usually made 
based on clinical criteria [ 19 ,  47 ]. These include 
the presence of enlarged echogenic kidneys, 
absence of cysts in the parents, and one or more 
of the following: ultrasonographic or histologic 
evidence of liver disease, parental consanguinity, 
and/or biopsy proven ARPKD in a sibling/previ-
ous pregnancy. Renal imaging of the parents is 
important in ruling out the possibility of ADPKD, 
although ADPKD cannot be defi nitively ruled 
out unless the parents are older than 30 years of 
age. Renal or liver biopsies are generally not 
undertaken for diagnosis purposes, but may be 
indicated in some patients in whom the diagnosis 
is unclear. 

 Genetic testing is generally not necessary in 
the immediate newborn period because treatment 
is the same regardless of the underlying cause of 
the kidney disease. Confi rmation of the diagnosis 
is, however, important for counseling of future 
pregnancies as well as defi ning risk (if any) to 
existing siblings. Thus, families of a child with 
suspected ARPKD should be referred for genetic 
counseling. Molecular genetic testing in the form 
of direct gene sequencing is available for ARPKD 
and has an accuracy of about 85 % in detecting 
mutations [ 3 ,  38 ]. For an updated listing of labo-
ratories performing clinical genetic testing for 
ARPKD and other inherited diseases, see   www.
geneclinics.org    . If a fetus or neonate with sus-
pected cystic kidney disease expires, autopsy 
should be encouraged in order to defi nitely estab-
lish the diagnosis for counseling of future preg-
nancies. Consultation with a geneticist should be 
undertaken in the immediate newborn period if 
the infant has evidence of syndromic features or 
extrarenal manifestations other than hepatic dis-
ease, as those patients may have diffuse cystic 
dysplasia associated with a congenital syndrome 
rather than ARPKD.  

14.3.1.2     Treatment and Prognosis 
 There are currently no disease-specifi c thera-
pies available in clinical practice. Treatment 

  Fig. 14.4     ARPKD kidney pathology . Histologic fi ndings 
in ARPKD kidney disease are shown, including radially 
oriented, diffuse fusiform dilatations of the collecting 
tubules (Courtesy Dr. Gretta Jacobs, Department of 
Pathology, University Hospitals Case Medical Center, 
Cleveland, Ohio)       
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of ARPKD in the newborn period is primarily 
focused on respiratory support, fl uid and elec-
trolyte balance, and control of hypertension. 
Consultation with a pediatric nephrologist is 
essential for the management of these issues. 
The hypertension can be severe and can occur 
within the fi rst week of life. Angiotensin convert-
ing enzyme inhibitors (ACEI) are considered the 
treatment of choice, but have not been systemati-
cally studied in patients. In addition, acute kid-
ney injury in the newborn period may limit their 
use in the initial treatment of hypertension in the 
newborn. Markedly enlarged kidneys contribute 
to signifi cant feeding intolerance, and achieving 
adequate nutrition can be very challenging in this 
population. Based on case reports, some have 
advocated performing unilateral nephrectomy 
to relieve both respiratory and feeding diffi cul-
ties [ 2 ]; however, this has not been systematically 
studied. Rapid growth of the contralateral kidney 
may eliminate any brief benefi t derived from the 
procedure (unpublished observation). 

 ARPKD was once considered a uniformly fatal 
disease for affected infants. With modern neona-
tal support, this is clearly no longer the case. 
Nevertheless, mortality in the newborn period is 
still signifi cant: approximately 30 % of affected 
infants will die in early infancy, typically from 
respiratory failure [ 4 ]. The long-term complica-
tions for infants that survive the newborn period 
include chronic lung disease, chronic kidney dis-
ease (CKD), growth failure, and hepatic compli-
cations (varices, portal hypertension, ascending 
cholangitis) [ 19 ]. Approximately 50 % of patients 
will progress to ESRD within the fi rst decade of 
life. Based on data generated from the 1950s to 
the 1990s, 10-year patient  survival is 80 % [ 33 ]. 
However, longer-term morbidity and mortality, 
particularly as it relates to complications of the 
hepatic disease, are less well defi ned. The lack of 
data is due to a number of factors including the 
more slowly progressive nature of CHF and the 
fact that many of the children who now survive 
and undergo kidney transplantation have not yet 
reached adulthood. Thus, it is likely that compli-
cations related to liver disease will become a 
greater contributor to morbidity and mortality as 
this population ages.   

14.3.2     Autosomal Dominant 
Polycystic Kidney Disease 
(ADPKD) 

14.3.2.1     Genetics, Clinical Features, 
and Diagnosis 

 ADPKD is the most common inherited kidney 
disease, with a prevalence of 1:1,000 persons 
[ 42 ]. Historically, it was considered a disorder of 
adulthood; in fact, it has been alternatively named 
“adult polycystic kidney disease,” presumably to 
distinguish it from ARPKD. While the majority 
of patients do present in adulthood, it is clear that 
the disease may present in children, infants, and, 
rarely, fetuses [ 10 ,  41 ]. ADPKD is inherited as an 
autosomal dominant trait and is caused by muta-
tions in one of two genes,  PKD1  (85 % of 
patients) or  PKD2  (15 % of patients) [ 23 ]. 
Consistent with the autosomal dominant inheri-
tance, all patients will develop renal cysts over 
time. However, there is considerable variation in 
the disease expression both between families and 
within members of the same family. Thus, par-
ents of a child with ADPKD may be asymptom-
atic and unaware that they are affected. In 
addition, in about 10–15 % of cases, there is no 
family history of ADPKD and such patients have 
a new mutation. Because the genes for tuberous 
sclerosis ( TSC2 ) and ADPKD ( PKD1 ) lie adja-
cent to each other on chromosome 16, ADPKD 
can also be inherited as part of a contiguous gene 
syndrome [ 31 ]. 

 ADPKD is a systemic disease affecting multi-
ple organs. In addition to polycystic kidneys, 
affected patients can have liver and pancreatic 
cysts as well as vascular abnormalities, including 
cerebral and aortic aneurysms and mitral valve 
prolapse. Young children, however, generally do 
not show the extrarenal manifestations of 
ADPKD, and the clinical signs and symptoms of 
ADPKD can be highly variable. Older children 
and adults with ADPKD typically present with 
symptoms such as gross hematuria or elevated 
blood pressures or are diagnosed after incidental 
identifi cation of renal cysts while undergoing 
abdominal imaging for a nonrenal indication. In 
contrast, newborns with ADPKD are usually 
identifi ed based on prenatal ultrasonographic 
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fi ndings of one or more discrete cysts (78 % in 
one series) or with diffusely echogenic kidneys 
that may be indistinguishable from ARPKD [ 20 , 
 37 ]. Clinical signs and symptoms of ADPKD in 
newborns can be variable [ 10 ]. Infants with mac-
rocysts are usually asymptomatic or may have 
hypertension or urinary tract infection. Infants 
with diffusely enlarged echogenic kidneys may 
have clinical features that mirror those of ARPKD, 
including oliguric acute kidney injury with elec-
trolyte abnormalities, respiratory  distress, hyper-
tension, and large palpable abdominal masses on 
physical exam. Infants with ADPKD as a mani-
festation of the  PKD1 / TSC2  contiguous gene syn-
drome tend to have a severe presentation and may 
be misdiagnosed as having severe early onset 
ADPKD alone or ARPKD [ 34 ,  40 ]. 

 Diagnosis of ADPKD in the newborn is gener-
ally based on family history and clinical features. 
The presence of cysts or enlarged echogenic kid-
neys in a neonate or infant with a parent with 
ADPKD is considered diagnostic [ 23 ]. As noted 
above, abdominal imaging should be considered 
in parents of infants with renal cysts or diffuse 
echogenicity in order to distinguish ADPKD 
from ARPKD or isolated diffuse cystic dyspla-
sia. However, it should be noted that ADPKD 
cannot be defi nitively excluded in parents who 
are under the age of 40. Because the incidence 
of simple cysts in children is very low, the pres-
ence of several cysts on each kidney is highly 
suggestive of ADPKD, even in the absence of 
a positive family history [ 23 ]. Genetic testing is 
available for ADPKD, but is generally not neces-
sary in patients with the classic features of bilat-
eral macroscopic renal cysts. It may be helpful 
in patients with diffusely echogenic kidneys for 
whom alternative diagnoses (notably diffuse cys-
tic dysplasia or ARPKD) are not clearly evident. 
As with ARPKD, parents of newborns with sus-
pected ADPKD should be referred for genetic 
counseling in order to understand and defi ne the 
risk for future pregnancies as well as for existing 
siblings.  

14.3.2.2     Treatment and Prognosis 
 As is the case for ARPKD, there are no disease- 
specifi c therapies for ADPKD, although clinical 

trials in adults with ADPKD are under way [ 8 ]. 
Treatment at all ages is primarily supportive and 
directed at the specifi c symptoms (if present). 
Patients with macroscopic cysts who are other-
wise asymptomatic should be monitored for the 
development of hypertension. Urinary tract 
infection or gross hematuria may develop rarely 
in young children. Infants with severe disease 
should be treated similarly to severely affected 
ARPKD neonates as outlined above. 

 Prognosis for patients with very early onset 
ADPKD (<18 months at presentation) depends, 
in large part, on the nature of their initial pre-
sentation (asymptomatic with macrocysts versus 
severe symptomatology with enlarged echogenic 
kidneys). Although it was initially thought that 
the majority of infants with early onset disease 
would have a poor prognosis, a recent study sug-
gests that over 90 % of the infants initially iden-
tifi ed by screening ultrasonography maintained 
normal to near-normal kidney function well into 
childhood [ 37 ]. In contrast, infants with ADPKD 
as part of the  TSC2 / PKD1  complex generally 
have a poorer renal prognosis [ 34 ]. Importantly, 
patients with the  TSC2 / PKD1  complex are also 
at risk for development of other TS-related 
complications, such as central nervous system 
lesions, renal angiomyolipomata, and renal cell 
 carcinoma [ 40 ].   

14.3.3     Other Inherited Cystic Kidney 
Diseases 

14.3.3.1     Juvenile Nephronophthisis 
 Juvenile nephronophthisis (JN) is an autoso-
mal recessive disorder characterized by chronic 
tubulointerstitial nephritis [ 46 ]. Although rare, 
it accounts for up to 10 % of pediatric end-
stage renal disease (ESRD). The majority of 
patients with JN present in childhood and 
progress to ESRD in later childhood or adoles-
cence. However, approximately 10 % have an 
“infantile” presentation, with most presenting 
in the fi rst year of life [ 43 ]. Infantile forms of 
JN are caused by mutations in one of two 
genes,  nphp2  and  nphp3 , which are part of a 
large family of genes that encode proteins 
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called nephrocystins [ 46 ]. However, a signifi -
cant proportion (up to 50 %) of patients with 
infantile JN will not have an identifi able muta-
tion in any of the nephronophthisis genes. 

 The clinical signs and symptoms of the infan-
tile form are variable. Kidneys may be enlarged, 
normal sized, or small, but all demonstrate 
increased echogenicity [ 25 ,  43 ]. Small cysts are 
present histologically (usually in the corticome-
dullary region) but are often not visualized by 
ultrasonography. Common symptoms at presen-
tation include anemia, polyuria, and failure to 
thrive. Unlike the childhood and adolescent 
forms, hypertension is a predominant fi nding in 
the infantile form. In addition, extrarenal mani-
festations are common, including cardiac valvu-
lar and hepatic disease. Notably congenital 
hepatic fi brosis (CHF), which is also present in 
ARPKD, is reported to be evident in 40 % of 
patients with the infantile form [ 43 ]. 

 Diagnosis is based on typical histologic fi nd-
ings on kidney biopsy. Although the presence of 
CHF may suggest the diagnosis of ARPKD, the 
majority of patients with infantile JN do not have 
enlarged kidneys. On the other hand, if the kid-
neys are small or normal sized, it may be diffi cult 
to distinguish infantile JN from cystic dysplasia, 
particularly the hypoplastic form of glomerulo-
cystic kidney disease. 

 Treatment is directed at managing the compli-
cations of chronic kidney disease (CKD). 
Unfortunately, rapid progression to ESRD by age 
3 years occurs in the vast majority of patients 
with the infantile JN [ 43 ].  

14.3.3.2     Glomerulocystic Kidney 
Disease 

 Glomerulocystic kidney disease (GCKD) is a 
descriptive term that was historically based on 
the histologic appearance cysts in the Bowman’s 
capsule [ 5 ]. It is now recognized that this fi nding 
may be a manifestation of any number of cystic 
kidney diseases [ 7 ]. These include the polycystic 
kidney diseases as well as cystic dysplastic disor-
ders associated with congenital malformation 
syndromes. Specifi c disorders that are classically 
associated with glomerular cysts include ADPKD 
in very young infants and ADPKD that occurs in 

association with tuberous sclerosis. Glomerular 
cysts are also a prominent feature of the “hypo-
plastic” form of glomerulocystic kidney disease, 
an heritable form of cystic dysplasia that is now 
known to be caused by inherited mutations in the 
 hepatocyte nuclear factor - 1 beta  ( HNF - 1β ) gene. 
Although less common, glomerular cysts may 
also be found in certain forms of JN as well as in 
cases of severe obstructive uropathy that result in 
dysplasia [ 7 ].    

14.4     Cystic Kidney Disease 
Associated with Dysplasia 

 Cystic dysplasia results from abnormal nephron 
development and is evident histologically by 
poorly formed glomeruli, primitive, disorganized 
tubules and cysts that may be present at any point 
along the nephron [ 45 ]. Cystic dysplasia encom-
passes a broad range of kidney disorders with 
variable etiologies, clinical presentations, and 
prognoses. Cystic dysplasia may be a manifesta-
tion of a primary sporadic or inherited congenital 
kidney disease or may result from secondary 
insults during prenatal development (such as 
obstructive uropathy). Cystic dysplasia may be 
focal (involving only part of the kidney) or dif-
fuse, unilateral or bilateral. The primary focus of 
this section will be diffuse cystic dysplasia and 
unilateral multicystic dysplastic kidney (MCDK). 

14.4.1     Diffuse Cystic Dysplasia 

 Diffuse cystic dysplasia typically presents on 
prenatal ultrasonography as bilateral echogenic 
kidneys without discrete cysts. Depending on the 
underlying etiology, kidneys may be small, nor-
mal, or enlarged in size. Diffuse cystic dysplasia 
occurs as a sporadic or inherited disorder or as a 
component of a well-defi ned congenital malfor-
mation syndrome. 

14.4.1.1     Isolated or Familial Diffuse 
Cystic Dysplasia 

 The incidence of diffuse cystic dysplasia (not in 
association with a known congenital syndrome) 
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is not known. In one small case series of seven 
neonates and two fetuses without syndromic fea-
tures who were diagnosed with enlarged echo-
genic kidneys in utero, one had histologic 
confi rmation of diffuse cystic dysplasia [ 20 ]. It 
should be noted, however, that histologic confi r-
mation of the diagnosis underlying diffusely 
echogenic kidneys is often not available so the 
true incidence is diffi cult to estimate. 

 Historically, many cases of isolated diffuse 
cystic dysplasia were considered sporadic, i.e., not 
associated with a known mutation in the patient 
and without a clear family history of cystic kid-
ney disease. However, recent data has suggested 
that mutations in the  HNF - 1B / TCF2  gene may 
underlie many cases of both sporadic and familial 
diffuse cystic dysplasia, including those that pres-
ent prenatally with diffusely echogenic kidneys 
[ 15 ,  24 ]. The  HNF - 1β  ( TCF2 ) gene is located on 
chromosome 17 and encodes a transcription fac-
tor that is broadly expressed in the kidney, liver, 
pancreas, and genitalia during fetal development 
[ 11 ]. As noted above, it was originally recognized 
as the cause of familial “hypoplastic” GCKD [ 6 ]. 
This rare autosomal dominant disease is charac-
terized by small echogenic kidneys on ultraso-
nography and histologic evidence of glomerular 
cysts. Mutations in HNF-1β also underlie the 
endocrine disorder, maturity-onset diabetes of the 
young (MODY), which may be associated with 
renal cysts. It is now recognized that the pheno-
type of patients who harbor mutations in HNF-1β 
is extremely variable, and a family history is often 
absent [ 15 ]. Renal manifestations, however, are 
the most common feature. Renal cystic kidney 
disease was present in 57 % of a cohort of 160 
patients with HNF-1β mutations [ 15 ]. In another 
series, a prenatal phenotype of hyperechogenic 
kidneys with normal or moderately enlarged size 
was found in 34/56 patients with known HNF-1β 
mutations for whom a prenatal ultrasound was 
available [ 24 ]. Finally, in a series of 62 pregnan-
cies characterized by echogenic fetal kidneys with 
variable degrees of enlargement, HNF-1β muta-
tions were found in 29 %. These studies suggest 
that HNF-1β mutations may be a more common 
cause of isolated diffuse cystic dysplasia than was 
previously thought. 

 Because of the variable presentation and 
 disease course of isolated or familial cases of dif-
fuse cystic dysplasia, prognosis is diffi cult to 
determine. As with other renal cystic kidney dis-
eases, such as ARPKD and ADPKD, the pres-
ence of oligohydramnios and respiratory failure 
in the newborn is likely to be associated with a 
poor renal prognosis.  

14.4.1.2     Diffuse Cystic Dysplasia 
Associated with Congenital 
Malformation Syndromes 

 Consistent with its developmental origins, dif-
fuse cystic dysplasia is a component of many 
congenital malformation syndromes. Notable 
examples include the syndromes of Meckel- 
Gruber [ 1 ], Joubert [ 32 ], and Bardet-Biedl [ 17 ] 
and overgrowth syndromes such as Beckwith- 
Wiedemann [ 30 ] and Simpson-Golabi-Behmel 
[ 18 ]. A complete discussion of these and other 
syndromes associated with cystic dysplasia is 
beyond the scope of this chapter. For up-to-date 
detailed genetic and clinical information about 
syndromes associated with cystic dysplasia (or 
“polycystic kidneys”), the reader is directed 
to the NIH-sponsored Online Mendelian 
Inheritance in Man (OMIM) website,   www.ncbi.
nlm.nih.gov/omim     .    

14.4.2     Multicystic Dysplastic 
Kidney (MCDK) 

 MCDK is a relatively common entity, occurring 
in 1:4,300 births, with a slight male gender and 
left-sided predominance [ 28 ,  35 ]. Most cases are 
sporadic, although rare familial cases of MCDK 
have been reported [ 36 ]. The genetic basis for the 
disease is not known, although MCDK has been 
reported in patients with mutations in one of sev-
eral developmental genes including EYA1, SIX1, 
PAX2, and HNF-1β [ 11 ,  22 ]. 

 MCDK is the most severe form of cystic dys-
plasia, resulting in complete disconnection 
between the nephron and the collecting system 
with no functional renal parenchyma [ 22 ]. 
Unlike many of the cystic kidney diseases 
already discussed, which may present as cysts 
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or diffusely echogenic kidneys, MCDK 
 invariably presents as numerous large cysts 
present on one kidney. Because MCDK kidneys 
are nonfunctional, bilateral disease is generally 
not consistent with viability after birth [ 35 ]. 
Abnormalities in the contralateral kidney and/or 
the genitourinary tract are common, occurring 
in 36 % of patients who are diagnosed prena-
tally [ 35 ]. The most common of these abnor-
malities is vesicoureteral refl ux (VUR), which 
occurs in 20 % of patients. Of those, 60 % have 
grade I or II (mild) VUR and 40 % have grade 
III–V (moderate–severe) VUR [ 35 ]. Other asso-
ciated abnormalities include ureteropelvic junc-
tion (UPJ) obstruction, ureterovesical junction 
(UVJ) obstruction, or a variety of genital abnor-
malities such as Gartner’s cysts, seminal cysts, 
or vaginal malformations [ 22 ]. 

 Diagnosis is made based on the typical ultra-
sonographic appearance. MCDK is distinguished 
from ADPKD (which can present with unilateral 
disease) by the numerous large cysts with no 
apparent normal parenchyma and a contralateral 
kidney that is generally without cysts, enlarge-
ment, or echogenicity. In cases where there is a 
question of whether functioning parenchyma is 
present in the MCDK kidney, a radionuclide scan 
may be helpful [ 22 ]. 

 The natural history of most MCDKs is involu-
tion over time, with 60 % involution by age 5 [ 28 ]. 
Therefore, surgical resection is generally not 
required, and medical management involves serial 
ultrasonography to confi rm involution of the 
affected kidney and appropriate compensatory 
hypertrophy of the contralateral kidney as well as 
blood pressure, serum creatinine, and urine pro-
tein measurements [ 22 ]. In the past, nephrectomy 
was advocated because of rare reports of hyper-
tension or malignancy. More recent data, how-
ever, suggest that there is no increased risk of 
these complications for patients with MCDK 
compared to the normal population [ 22 ]. 
Nephrectomy, therefore, is reserved for cases in 
which involution does not occur over time and/or 
the MCDK demonstrates rapid growth or the 
presence of a discrete mass. 

 Because MCDKs are nonfunctional, progno-
sis is determined by the status of the  contralateral 

 kidney. Those with normal-appearing  contralateral 
kidneys that show appropriate compensatory 
hypertrophy generally do quite well although an 
increased risk of proteinuria has been reported 
[ 28 ]. Although long-term data are somewhat lim-
ited, those with demonstrated abnormalities in the 
contralateral kidney appear to have an increased 
risk of chronic kidney disease and hypertension 
[ 22 ,  28 ].  

14.4.3     Other Causes of Renal 
Cysts in Neonates 

 Simple renal cysts occur rarely in childhood, 
with a reported incidence of 0.2 % [ 29 ]. Because 
of this rare occurrence, it is important to have a 
high index of suspicion for other cystic kidney 
disorders. Notably, ADPKD in infants and chil-
dren can present as an isolated renal cyst in one 
kidney. In addition, in a patient with a family his-
tory of ADPKD, the fi nding of even one cyst in 
childhood may be considered diagnostic [ 14 ]. 
Thus, a detailed family history and serial renal 
ultrasonography to monitor for the development 
of additional ipsilateral and contralateral cysts 
are imperative in the evaluation of a neonate 
found to have a renal cyst. 

 Another rare cause of a solitary or “sim-
ple” renal cyst is a caliceal diverticulum. This 
disorder is typically unilateral and solitary 
and may mimic the appearance of a cyst [ 16 , 
 27 ]. In instances where ADPKD or suspected 
isolated renal cyst are suspected, these can 
be distinguished from caliceal diverticulum 
either with magnetic resonance urography or 
computed tomography with delayed images 
[ 27 ]. In one series, 9 % of affected patients 
have contralateral VUR [ 16 ]. Complications 
of caliceal diverticulum include urinary tract 
infection and urolithiasis [ 26 ]. Management 
of confi rmed caliceal diverticulum is generally 
guided by pediatric urologists. Various surgi-
cal approaches (including percutaneous abla-
tion or marsupialization) have been undertaken 
in symptomatic patients, whereas asymptom-
atic patients are generally observed without 
 intervention [ 16 ].   

K.M. Dell



273

    Conclusion 

 Renal cystic diseases in the fetus and  newborn 
encompass a large number of disorders, some 
of which may be associated with life-threat-
ening complications. It is important to rec-
ognize that the presentation of cystic kidney 
disease in the fetus or newborn may be that 
of diffusely echogenic kidneys of variable 
size rather than the discrete cysts typically 
evident in older children or adults with cystic 
kidney diseases. The treatment of newborns 
with severe suspected cystic kidney disease 
(regardless of the cause) is directed at respira-
tory support, maintenance of fl uid and electro-
lyte balance, and treatment of hypertension. 
The diagnostic criteria and long-term progno-
sis for this heterogeneous group of disorders 
is variable and depends, in large part, on the 
nature of the underlying disorder. In general, 
however, a history of oligohydramnios and the 
development of respiratory distress from pul-
monary hypoplasia suggest a poor long-term 
renal prognosis.     
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  15      Congenital Nephrotic Syndrome 

              Latawanya     D.     Pleasant       and     Stefan     G.     Kiessling    

 Core Messages 

•     Congenital nephrotic syndrome (CNS) 
is a rare condition diagnosed within the 
fi rst 3 months of life by high-grade pro-
teinuria, hypoalbuminemia, and edema.  

•   The most common form of CNS is the 
Finnish type (CNF), but several other 
genetic and nongenetic forms do exist 
and need to be considered in the differ-
ential diagnosis.  

•   Genetic testing is available and should 
be strongly considered.  

•   At this point in time, kidney trans-
plantation is the only curative therapy 
available.  

•   The management of children with CNS 
is complex and dependent on the degree 
of protein losses.    

 Case Vignette 

 A female newborn was admitted at 
2.5 months of age with lethargy and 
edema. Her birth weight was 6 lbs 14 oz 
and her weight at the time of admission 
was close to 9 lbs. She was born at home 
as the 4th child of a Mennonite family. 
She had gained about 1 lbs since she was 
seen by her pediatrician for an early 
2-month check-up. She was exclusively 
breastfeeding. She seemed to tire much 
more quickly in the recent past. She was 
diagnosed with congenital hypothyroid-
ism and received daily Synthroid therapy. 
She became increasingly mottled, febrile, 
and fl oppy and was transferred to the 
Pediatric Intensive Care Unit at our insti-
tution. A blood culture grew Streptococcus 
pneumoniae. She was noted to have hypo-
natremia, hypokalemia, and hypoalbu-
minemia with a serum albumin of 1.2 g/
dl. A 24-h urine showed a protein excre-
tion of 650 mg/m 2 /h equivalent to about 
4 g/day. During the hospitalization, she 
received several albumin infusions and 
was started on Lasix, captopril, and 
enoxaparin. Despite extensive counseling 
and several family meetings, the parents 
did agree to neither genetic testing nor 
possible interventions including nephrec-
tomies, dialysis, or renal transplantation. 
The child passed away at the family’s 
home 6 weeks later. 
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15.1              Introduction 

    Congenital nephrotic syndrome (CNS) is a group 
of rare conditions that present with high-grade 
urine protein (albumin) losses, hypoalbumin-
emia, and edema within the fi rst 3 months of life. 
It is important to differentiate CNS from other 
presentations of nephrotic syndrome, mainly the 
infantile form (4–12 months of age) and child-
hood nephrotic syndrome (onset after the 1st year 
of life). Unless treatment is initiated, CNS is uni-
versally fatal. 

 Causes of CNS can be divided into primary 
and secondary. The most common primary form 
is CNS of the Finnish type which is inherited in 
an autosomal recessive fashion and due to muta-
tions of the NPHS1 gene. The gene is located on 
chromosome 19, and two important mutations 
have been described (Fin-major and Fin-minor) in 
over 90 % of the Finnish patients [ 1 ]. Other muta-
tions have been reported in non-Finnish patients. 
Pertinent to our introductory case presentation, 
a 1481delC mutation is common in Mennonites 
leading to a truncated form of the nephrin pro-
tein [ 2 ]. Other primary forms include mutations 
of the podocin gene (NPHS2) most often lead-
ing to focal and segmental  glomerulosclerosis 
and WT1 gene mutations among others as will be 
discussed later on. 

 Secondary causes include several infectious 
etiologies like congenital TORCH infections, hep-
atitis B and C, HIV, as well as syndrome- associated 
CNS like Denys-Drash syndrome, Lowe syn-
drome, or nail-patella syndrome among others [ 3 ]. 

 In the more recent past, signifi cant scientifi c 
advances have led to a better understanding of the 

genetics and pathophysiologic factors involved in 
the disease mechanism (involving the glomerular 
fi ltration barrier) of the proteinuric syndromes 
[ 4 ]. Even though the management of children 
with CNS remains complex and complicated, one 
certainly hopes that our improved understanding 
will open new treatment modalities and ulti-
mately translate into improved outcome.  

15.2     Pathophysiology 

 Congenital nephrotic syndrome is distinguished 
from other forms of nephrotic syndrome by the 
fact that it compromises a heterogeneous group 
of renal diseases that results in signifi cant postna-
tal glomerular permeability that ultimately leads 
to massive proteinuria and hematuria immedi-
ately or shortly after birth. 

 Each form of primary CNS is part of the large 
group of the hereditary proteinuric syndromes. 
Even though pathophysiologically similar, sec-
ondary forms of CNS do have identifi able nonge-
netic causes. 

 The glomerular fi ltration barrier is composed 
of three distinct layers: fenestrated endothelium, 
glomerular basement membrane, and the podo-
cyte layer which is a composite of distal foot 
processes and interposed slit diaphragms. The 
glomerular basement membrane functions as the 
pre-fi ltration component while the slit diaphragm 
functions as the ultrafi ltration unit of the fi ltration 
barrier. This fi ltration barrier functions to limit 
fl ux of solutes into the urine base and is charge 
and size selective. Figure  15.1  provides a diagram 
of the highly specialized fi ltration apparatus.

   The glomerular basement membrane is a pre-
cise network of proteins including but not limited 
to type IV collagen, laminin, nidogen, and pro-
teoglycans which are the proteins responsible for 
giving the glomerular basement membrane its 
negative charge. The slit diaphragm – with the 
exact molecular ultrastructure still being unclear 
as mentioned by Jalanko – consists of podocyte 
proteins that form the backbone of the slit dia-
phragm that interacts with adapter proteins [ 5 ]. 
The adapter proteins are localized in the cytosolic 
component of the podocyte and connect the slit 

 Eighteen months later, the parents had 
another child which was admitted at 
33 weeks of gestation to the NICU. The 
child was found to have nephrotic-range 
proteinuria with a serum albumin of 0.9 g/
dl. Despite extensive counseling, the par-
ents requested discharge to comfort care 
without additional interventions. 
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diaphragm with the actin cytoskeleton of the 
podocyte foot processes and play a pivotal role in 
signal transduction. Some of those adapter pro-
teins are podocin, CD2AP, and ZO-1. The inter-
action of the actin cytoskeleton with other 
surrounding proteins, including α-actinin-4, 
plays a critical role in the maintenance of the 
podocyte structure. Figure  15.2  shows a cartoon 
of some of the most important components of the 
slit diaphragm and foot processes involved in 
CNS known today. The slit diaphragm plays a 

key role in restricting protein content into the 
ultrafi ltrate reaching the Bowman space. Defects 
in either the slit diaphragms themselves or the 
structure/function of the podocyte foot processes 
are the primary reason for the high-grade protein-
uria and lipiduria seen in CNS [ 5 ,  6 ]. It is the dis-
ruption of this highly intricate and specialized 
network of proteins that results in loss of the kid-
ney fi ltration barrier located within the glomeru-
lar capillary wall which ultimately leads to CNS 
or other nephrotic disorders [ 5 ]. CNS is a result 
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  Fig. 15.1    Overview of the renal fi ltration system (Reprinted from Khoshnoodi and Tryggvason [ 6 ], Copyright 2001, 
with permission from Elsevier)       
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of excessive leakage of serum proteins into the 
urine. The exact mechanisms, even though still 
highly debated, are thought to be results of muta-
tions in genes that encode for the structural and 
regulatory proteins that form the glomerular cap-
illary wall which functions as a fi ltration barrier 
as mentioned above.

15.3        Classifi cation 

 CNS can be classifi ed as primary when due to a 
known (or yet unknown) genetic mutation or sec-
ondary when it presents in the context of other, 
often infectious, disease. The primary forms can 
be divided in mutations involving the nephrin 
(NPHS1) and podocin gene (NPHS2) mutations 
as well as other genetic forms oftentimes associ-
ated with various syndromes. At least two thirds 
of newborns and infants diagnosed with CNS 
have a mutation in one of four genes: NPHS1, 
NHPS2, WT1, and LAMB2 [ 7 ]. The most com-
mon nongenetic forms are caused by certain 
infections or systemic disease:
    1.     NPHS1 : NPHS1 refers to nephrotic syndrome 

type 1 or congenital nephrotic syndrome of the 
Finnish type which was fi rst described by 
Ahvenainen et al. in 1956 [ 8 ]. It is inherited in 
an autosomal recessive fashion occurring 
worldwide but most commonly found in the 
Finnish population. In 1994, the gene defect has 
been located on the long arm of chromosome 
19, a year later to the exact location 19q13.1 
[ 9 ,  10 ]. Affected neonates exhibit massive pro-
teinuria in utero and develop nephrosis shortly 
after birth. It is due to a mutation in the nephrin 
gene which is a podocyte protein that is respon-
sible for the slit diaphragm backbone [ 5 ]. 
Nephrin is a type 1 transmembrane protein that 
belongs in the immunoglobulin superfamily. It 
consists of eight immunoglobulin-like motifs 
followed by a fi bronectin type III domain, a 
transmembrane region followed by a cytoplas-
mic carboxy- terminal part. Nephrin is expressed 
in multiple areas of the body. In the kidney, 
nephrin is expressed in the podocytes and exclu-
sively localized in the slit diaphragm [ 6 ,  11 – 13 ]. 
NPHS1 is further divided into Fin- major and 

Fin-minor, with the most common form being 
Fin-major. Fin-major is due to a 2 base pair 
(2-bp) deletion in the stop codon on exon 2 
(Fin-minor being a nonsense mutation in exon 
26), which results in a complete loss of the slit 
diaphragms and ultimately massive nonselec-
tive proteinuria at birth [ 6 ,  14 ]. Recently, sev-
eral new mutations of NPHS1 have been 
described including missense mutations and 
deletions [ 15 ]. Classic fi ndings of NPHS1 
include intrauterine growth restriction, muscu-
lar hypotonia, cardiac hypertrophy, microscopic 
hematuria with or without normal creatinine, 
and hyperlipidemia [ 5 ]. Most infants are born 
prematurely with the placenta being signifi -
cantly enlarged accounting for more than 25 % 
of the neonate’s birth weight. Edema is present 
immediately at birth or within a few days. 
Massive proteinuria is accompanied by pro-
found hypoalbuminemia with associated hypo-
gammaglobulinemia. Renal biopsy shortly after 
birth presents with dilatations of the proximal 
tubules and microcyst formation with normal 
glomeruli. Radiographic features include 
increased cortical echogenicity, loss of cortico-
medullary differentiation, expansion of the glo-
merular mesangium, and dilatation of the 
proximal and distal tubules. Classic micro-
scopic fi ndings include interstitial fi brosis and 
infl ammatory infi ltrates, and effacement of the 
podocyte foot processes. Renal failure occurs 
most often between 3 and 8 years of age. Fin-
minor is due to a missense mutation in exon 26 
[ 14 ]. Figure  15.2  provides a diagram of the 
molecular structure of the glomerular fi ltration 
barrier and the role of nephrin.   

   2.     NPHS2 : Mutations of the NPHS2 gene – which 
encodes a protein called podocin – are respon-
sible for an autosomal recessive steroid- 
resistant nephrotic syndrome with often rapid 
progression to end-stage kidney disease. It is 
most common in children between 3 months 
and 5 years of age [ 6 ]. Several mutations have 
been described, the most common one due to a 
substitution of R138Q in the podocin gene that 
is a found on chromosome 1q25–q32. This 
mutation results in the retention of podocin in 
the endoplasmic reticulum and its inability to 
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recruit nephrin in the lipid rafts [ 14 ,  16 ]. 
Podocin is a lipid raft- associated protein at the 
fi ltration slit that is exclusively expressed in the 
podocyte foot process. It interacts with nephrin 
at the level of the lipid rafts and is responsible 
for initiating nephrin signaling [ 14 ]. Podocin 
interacts with ion channels and the cytoskele-
ton [ 6 ]. Podocin also interacts with CD2AP, an 
adapter protein that stabilized contacts between 
podocytes, thus providing structural integrity 
and function to the slit diaphragm. This detailed 
interaction provides maintenance of the glo-
merular permselectivity [ 17 ]. There is wide 
variability in the degree of proteinuria that 
occurs with NPHS2. Classical microscopic 
fi ndings include focal segmental glomerular 
sclerosis which may ultimately lead to end- 
stage renal disease. NPHS2 does not typically 
have any extrarenal manifestations primarily 
due to lack of expression of podocin in other 
areas [ 5 ]. Figure  15.2  provides a diagram of the 
molecular structure of the glomerular fi ltration 
barrier and the role of nephrin.   

   3.     Other Genetic Forms of CNS 
•    Abnormalities in the Wilms tumor suppres-

sor gene WT1 can lead to isolated nephrotic 
syndrome or nephrotic syndrome associated 
with developmental syndromes including 
Denys- Drash, Frasier, and WAGR syn-
dromes. WT1 is a transcription factor that is 
responsible for the embryonic development 
of the genitourinary system. WT1 controls 
nephrin expression. Denys-Drash syndrome 
is defi ned by the combination of nephrotic 
syndrome, diffuse mesangial sclerosis, 
Wilms tumor, and male pseudohermaphro-
ditism [ 18 ,  19 ]. The reason for associated 
gonadal anomalies is due to WT1 tumor 
gene is found on chromosome 11p13 and 
plays a vital role in the transcription of uro-
genital development. WT1 is highly 
expressed during embryonic development 
but in mature kidneys is only expressed in 
podocytes and epithelial cells of the 
Bowman’s capsule. The WT1 gene product 
results in the downregulatory effect on tran-
scription factors such as PAX2, PAX8, and 
NOVH. Mutations ultimately result in 

absence or reduction in WT1 which leads to 
overexpression of PAX2 and possible glo-
merular lesions found in some patients with 
Denys-Drash syndrome [ 6 ]. Frasier syn-
drome has also been associated with muta-
tions of the WT1 gene and is characterized 
by the association of male pseudohermaph-
roditism and progressive glomerulopathy 
usually due to FSGS. Proteinuria is usually 
detected between 2 and 6 years of age. 
Patients with Frasier syndrome typically 
have a slower progression to end-stage renal 
disease than those with Denys-Drash syn-
drome and progress to FSGS [ 14 ].  

•   Pierson syndrome is a rare autosomal 
recessive condition caused by defi ciency 
in laminin-β2 expressed in the glomeru-
lar basement membrane in which com-
bined ocular and renal abnormalities are 
found in combination [ 20 ,  21 ]. Laminin-β2 
(LAMB2) is responsible for anchoring the 
podocyte processes to the glomerular base-
ment membrane. It was recently described 
as a cause of CNS [ 13 ].  

•   Galloway-Mowat syndrome, fi rst described 
in 1968, is an autosomal recessive disorder 
that results in CNS with associated central 
nervous system abnormalities and hiatus her-
nia [ 22 ]. The gene has not been identifi ed. 
Central nervous system abnormalities result 
due to the fact that podocytes consist of simi-
lar structure proteins as neuronal cells [ 5 ].  

•   The loss-of-function mutation causing the 
autosomal dominant disease hereditary 
onycho-osteodysplasia (nail-patella syn-
drome) was fi rst described in 1998 [ 23 ]. 
LAMX1B is primary expressed by podo-
cytes within the kidney and regulates sev-
eral important proteins involved in the 
fi ltration barrier including nephrin, podo-
cin, and the adapter protein CD2AP.  

•   A new mutation involving the phospholi-
pase C epsilon 1 (PLCE1, also referred to 
as NPHS3) gene more recently reported in 
2006 [ 24 ].  

•   Mitochondrial myopathies and mutations 
in LAMB3 have also been associated with 
CNS [ 25 ,  26 ].      
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   4.     Nongenetic Forms : Congenital infections 
including HIV, CMV, toxoplasmosis, or syphi-
lis can result in congenital proteinuric syn-
dromes [ 27 ,  28 ]. Therefore, newborns with 
nephrotic-range proteinuria and evidence of 
CNS should undergo a thorough investigation 
for transmitted or acquired infections. Also, 
infantile systemic lupus erythematosus has been 
reported to be associated with CNS [ 29 ,  30 ]. To 
our knowledge, CNS has not been associated 
with neonatal lupus syndrome and it is impor-
tant to differentiate the two entities [ 31 ].    

15.4       Epidemiology 

 CNS is a rare disorder. The exact incidence and 
prevalence are unknown and most epidemiologic 
data available refer to congenital nephrotic syn-
drome of the Finnish type (CNF). With advances 
in prenatal screening, the prevalence of CNF has 
been estimated to be 4.2 per 10,000 live births. 
Due to termination of pregnancy, the incidence 
has decreased to 0.9 per 10,000 live births [ 32 ].  

15.5     Clinical Presentation 

 The majority of patients born with CNS are born 
prematurely and are small for gestational age, 
with the placenta usually weighing more than 
25 % of the newborn’s birth weight [ 6 ]. The 
patients typically have delayed ossifi cation which 
attributes to widely enlarged sutures. Generalized 
edema presents within the fi rst week of life for 
the majority of infants [ 5 ]. Typically urine analy-
sis will reveal exclusively proteinuria without 
any evidence of hematuria which helps differen-
tiate it from other possible etiologies for neonatal 
edema. The neonates also have profound hypoal-
buminemia with associated severe hypogamma-
globulinemia. Serum albumin is <10 g/l at 
presentation and urinary protein concentration is 
>20 g/l when serum albumin is corrected to 
>15 g/l [ 33 ]. These infants may present septic 
from lack of gamma globulin and possibly severe 
thromboembolic complications from excretion of 
coagulation factors. Infants may have symptoms 

typically found in hypothyroidism from urinary 
excretion of thyroxine-binding proteins. Renal 
sonography demonstrates enlarged hyperecho-
genic kidneys with lack of corticomedullary dif-
ferentiation. Elevated creatinine is typically not 
common initially in the disease process but typi-
cally presents between 3 and 8 years of age [ 5 ].  

15.6     Diagnosis 

 In CNF, high levels of α-fetoprotein (AFP) in 
the amniotic fl uid and maternal serum can be 
useful for prenatal diagnosis in selected at-risk 
families [ 34 ,  35 ]. However, increased levels of 
α-fetoprotein (AFP) are unspecifi c and genetic 
analysis is the preferred method for making the 
diagnosis [ 5 ,  36 ]. Increased levels of amniotic 
fl uid α-fetoprotein concentration may be used 
as a marker to distinguish congenital nephrotic 
syndrome Finnish type from diffuse mesangial 
sclerosis   . 

 The classic clinical fi nding of CNS is general-
ized edema from reduced serum protein content 
from renal excretion. Clinical signs may not be 
initially present during the fi rst weeks of life. 
Patients will present with urinary protein levels 
greater than 20 g per liter and serum albumin lev-
els are less than 10 g per liter. Renal function is 
typically normal with all forms of CNS initially. 
Blood pressure readings are also extremely vari-
able depending on the stage of CNS. Patient with 
renal failure will have associated hypertension 
and those with signifi cant untreated proteinuria 
or hypoalbuminemia may potentially be hypoten-
sive. Diagnostic imaging in the form of a renal 
ultrasound can be helpful. The kidneys are usu-
ally enlarged and echogenic with identifi able 
loss of corticomedullary differentiation as well 
as poor visualization of the renal pyramids [ 37 ]. 
Renal biopsy can be a useful tool to confi rm the 
diagnosis in CNS but it does not identify the etiol-
ogy of CNS due to signifi cant overlap of different 
disease entities. Specifi c immunohistochemistry 
methods to identify expression of podocin or 
nephrin can be helpful and should be obtained 
if available. The purpose of a biopsy would be 
to identify any associated sclerosis or interstitial 

L.D. Pleasant and S.G. Kiessling



281

fi brosis which may guide therapy. Genetic analy-
sis is the optimal method to identify CNS diag-
nosis. Analysis of NPHS1 and NPHS2 mutations 
is required for all CNS patients. In cases where 
NPHS1 and NPHS2 are not identifi ed, WT1 or 
LAMB2 genetic analysis should be obtained. In 
some instances NPHS1 may be identifi ed in utero 
in families with known risk for CNS by obtain-
ing alpha-fetoprotein levels in the amniotic fl uid 
prior to 20 weeks gestation [ 5 ].  

15.7     Differential Diagnosis 

 Once CNS is suspected and nephrotic-range pro-
teinuria is confi rmed on 24-h collection (urine 
protein excretion >40 mg/m 2 /day), a thorough 
differential diagnosis needs to be built as outlined 
earlier in this chapter. The maternal and neonatal 
history as well as physical exam fi ndings (pres-
ence or absence of associated syndromic fea-
tures) will determine additional serologic and 
genetic testing of mother and child and aid in 
establishing a correct diagnosis which is impor-
tant to determine the degree of necessary 
 interventions as well as the expected course of 
the disease. For children who do have pathologic 
proteinuria but do not fi t criteria for CNS, the dif-
ferential diagnosis should include genetic or non-
genetic tubular and/or glomerular disorders, and 
a comprehensive evaluation should be completed 
depending on associated fi ndings as discussed 
elsewhere in this book.  

15.8     General Aspects 
of Management 

 The management of children with CNS can be 
divided into a medical as well as a surgical com-
ponent. Both of these have the goal to optimize 
the child’s cognitive and physical growth. The 
medical component includes treatment of edema 
by the use of albumin infusions and loop diuret-
ics as well as medications. Surgical care primar-
ily includes native nephrectomy and renal 
transplantation. Licht et al. have recommended a 
“stepwise treatment approach” to the disease that 

continues to be followed by most centers [ 38 ]. 
This stepwise approach has supportive therapies 
as base, followed by use of medications (ACE 
inhibitors and Indocin), unilateral nephrectomy, 
and ultimately bilateral nephrectomy with dialy-
sis before ultimately renal transplantation. 

15.8.1     Medical Management 

15.8.1.1     Nutrition 
 Nutrition and growth defi cits are particularly 
common in patients with congenital nephrotic 
syndrome and need to be minimized under all 
circumstances [ 5 ]. High-protein and high-calorie 
diets are usually necessary to provide patients 
with suffi cient substrate for basic metabolic 
needs in addition to growth. Maintaining 
120 kcal/kg/day with high-protein diet of 3–4 g/
kg/day with a low-sodium diet has provided 
additional sources of therapy [ 33 ]. Breast milk 
and milk formulas are used fi rst line and addi-
tional protein calories are provided using casein- 
based products [ 39 ]. Typical diets should consist 
of 10–14 % protein, 40–50 % fat, and 40–50 % 
carbohydrate energy. Monounsaturated and 
polyunsaturated fatty acids may be substituted 
with 10–15 ml of rape seed oil and 2 ml of fi sh 
oil daily. Initially patients are placed on breast 
milk and milk formulas that are fortifi ed with 
additional protein [ 5 ]. Many patients may require 
nasogastric tube feeds to ensure that adequate 
nutrition is maintained to guarantee their basic 
metabolic needs. Children should receive addi-
tional supplements in magnesium and calcium 
secondary to defi cits in parathyroid hormone 
which is secondary to excretion of albumin. 
Recommended magnesium supplement includes 
50 mg/day in addition to 500–1,000 mg/day of 
calcium. Excretion of albumin and thus reduced 
levels of parathyroid hormone results require-
ment for vitamin D supplementation. All patients 
should receive 2,000 IU/day of vitamin D2 and 
2.5–3.0 mg/day of rape seed oil in the form of 
vitamin E. Patients should also receive alphacal-
cidol pulse therapy to avoid hyperparathyroidism 
and a calcium carbonate as a phosphate binder. 
Other nutritional considerations should include 
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low-salt diet and possible tube feeding or paren-
teral alimentation for provision of maximal 
growth for the ultimate goal of renal transplanta-
tion. Table  15.1  provides a list of nutritional rec-
ommendations for congenital nephrotic 
syndrome of the Finnish type during the fi rst 
year of life. 

15.8.1.2       Albumin and Diuretics 
 The basic problem in children with congenital 
nephrotic syndrome is the massive urinary loss of 
protein, 90 % of which is albumin. This loss leads 
to protein malnutrition, reduced growth, and sec-
ondary symptoms of hypoproteinemia [ 33 ]. 
Albumin infusions provide a necessary supple-
mentation for the loss of necessary serum pro-
teins that provide an osmotic gradient for 
hemodynamic stability, nutrition for growth, 
coagulation, and protection from infections in the 
form of immunoglobulin. A common method of 
substitution includes parenteral albumin infu-

sions with a 20 % albumin solution via a central 
venous catheter followed by a furosemide bolus. 
Typical dosing includes 1–5 ml/kg albumin infu-
sions divided into three infusions over 2 h. To 
guarantee normal growth, serum albumin 
 concentration of 15–20 g/l should be maintained 
[ 33 ]. Maintenance therapy typically may consist 
of a single albumin infusion of up to 20 ml/kg 
over 6 h followed by a single Lasix bolus. This 
substitution only temporarily relieves hypopro-
teinemia but does not provide complete resolu-
tion of the generalized edema [ 5 ]. High-protein 
diets have also played a key role in the medical 
management of congenital nephrotic syndrome. 
Maintaining 120 kcal/kg/day with high-protein 
diet of 3–4 g/kg/day with a low-sodium diet has 
provided additional sources of therapy [ 33 ].  

15.8.1.3    Antiproteinuric Therapies 
 In contrast to childhood nephrotic syndrome, 
immunosuppressive medications including corti-
costeroids play no role in the treatment. This cer-
tainly makes sense as the disease does not 
respond with the pathophysiologic process being 
not immune mediated [ 40 ]. The overall goal of 
therapy is to control generalized edema, main-
tain renal function, and avoid complications 
from the loss of anticoagulants and immunoglob-
ulin [ 5 ]. Angiotensin-converting enzyme (ACE) 
inhibitors, used either as monotherapy or in 
 combination with indomethacin, have been 
shown to be able to control proteinuria and main-
tain growth and health in some children with 
CNS [ 41 – 43 ]. Angiotensin-converting enzyme 
inhibitors lower intraglomerular pressure which 
ultimately results in a reduction in excretion of 
protein. Indomethacin exerts its antiproteinuric 
effects by inhibiting prostaglandin synthetase. 
With close monitoring of therapy response (as 
measured by degree of urine protein loss) and 
renal function, starting doses of 1 mg/kg/day of 
both captopril and Indocin have been recom-
mended. This dose can be increased to a maxi-
mum of about 5 mg/kg/day [ 38 ]. In our center, 
mildly lower starting doses of 0.2–0.5 mg/kg/day 
with close monitoring of the serum creatinine 
have been used in the past.  

   Table 15.1    Treatment recommendations for congenital 
nephrotic syndrome of the Finnish-type (CNF) patients 
during their 1st year of life (From Holmberg et al. [ 33 ]. 
With kind permission from Springer Science + Business 
Media)   

  Albumin substitution  
 3–4 g/kg per day i.v. with frusemide 0.5 mg/kg 
 (in four 2-h infusions during the 1st month and in one 6 
to 8-h infusion later) 
  Nutrition  
 130 kcal of energy and 4 g protein/kg per day 
(inaddition to i.v. albumin substitution) 
 (10 %–14 % protein, 40 %–50 % fat and 40 %–50 % 
carbohydrate energy) 
 15 ml rape seed oil and 2 ml fi sh oil fl uids 100–130 
mllkg per day vitamin D2 (2,000 IU/day), water-
soluble vitamins (according to RDA), magnesium 
(40–60 mg/day) and calcium (500 mg <6, 750 mg 6–12 
and 1,000 mg >12 months of age) 
  Additional medication  
 thyroxine (from birth, adjusted according to TSH) 
sodium warfarin (to keep PTT at 20 %–30 % of normal) 
 (AT III 50 IU/kg i.v.1 h before surgical or vascular 
procedures) prompt antibiotic therapy for septic 
infections 

   RDA  Recommended dietary allowance,  TSH  thyroid- 
stimulating hormone,  PTT  partial thromboplastin time, 
 At III  antithrombin III  

L.D. Pleasant and S.G. Kiessling



283

15.8.1.4    Others 
 Patients with congenital nephrotic syndrome 
should have TSH and free T4 levels regularly 
obtained due to risk for hypothyroidism. This 
seems to be explained by high urinary excretion 
of thyroid-binding globulin as well as thyroxine 
and patients may benefi t from thyroxine substitu-
tion. The hypothyroidism being a result of uri-
nary protein losses is supported by the fact that 
hypothyroidism usually reverses after bilateral 
nephrectomies [ 44 ]. On laboratory evaluation, 
serum thyroxine concentrations are always low, 
TSH may be normal initially, but increase in 
most patients during the fi rst months. 
Recommended dosing of thyroxine is typically 
6.25 μg/day that should be started from birth and 
may be adjusted accordingly [ 33 ]. 

 Immunoglobulin levels should be monitored 
due to urinary excretion of gamma globulin and 
complement factors B and D in patients with 
congenital nephrotic syndrome. Due to signifi -
cant urinary excretion of gamma globulin and 
complement factors, these patients must have a 
high suspension for signifi cant bacterial infec-
tions, specifi cally capsular organisms such as 
pneumococci. Parental antibiotics and immuno-
globulin should be promptly initiated and admit-
ted to the hospital for a thorough evaluation if at 
any time they presented with fevers or any other 
evidence of an infectious process. 

 Warfarin has been recommended by some 
centers in patients with NPHS1 [ 11 ]. This recom-
mendation is in light of the fact that these patients 
have signifi cant urinary losses of coagulation 
factors. Urinary excretion of plasminogen and 
AT III results in plasma defi ciencies, and com-
pensatory protein synthesis may result in 
increased production of macroglobulins, fi brino-
gen, thromboplastin, and factors II, V, VII, X, 
and XIII that result in a hypercoagulable state 
[ 33 ]. Some centers have recommended daily 
aspirin for all patients with congenital nephrotic 
syndrome due to this pathophysiology. Patients 
requiring any surgical procedures are recom-
mended to discontinue warfarin and initiate anti-
thrombin III 50 IU/kg to compensate for urinary 
losses prior to surgery.   

15.8.2     Surgical Management 

 The role of uni- and bilateral nephrectomies has 
been investigated in the past [ 45 ]. Both methods 
therefore provide a bridge for the overall goal of 
renal transplantation [ 5 ]. Especially for children 
with WT1 gene mutations who are progressing 
quickly toward ESRD or have reached it, bilat-
eral nephrectomy should be considered given 
the risk for development of Wilms tumor [ 46 ]. 
Some institutions routinely perform unilateral 
nephrectomies to reduce the amount of pro-
tein excretion. Unilateral nephrectomy does not 
eliminate the need for aggressive nutritional sup-
port and albumin infusions. Uremia also devel-
ops more often with unilateral nephrectomy [ 33 ]. 
In addition, other institutions perform bilateral 
nephrectomies and good outcomes have been 
reported [ 47 ]. Even though there are no guide-
lines, it is preferred to wait with nephrectomies 
until the patient reaches an acceptable weight 
and age. Following nephrectomy, the child will 
be maintained on peritoneal dialysis until renal 
transplantation becomes an option. In children 
under the age of 24 months, CNS is a common 
reason for initiation of peritoneal dialysis [ 48 ]. 
Typically following bilateral nephrectomy, hypo-
proteinemia dramatically will improve while the 
patients receive peritoneal dialysis. Most com-
mon complications that arise are peritonitis with 
staphylococci that are readily treated with intra-
peritoneal vancomycin. Bilateral nephrectomy at 
an age of 6–10 months and CCPD for 3–4 months 
provides correction of hypoproteinemia and fur-
ther improves nutritional status. Subsequently, 
successful renal transplantation by 2 years of 
age provides long-term treatment for congenital 
nephrotic syndrome of any form [ 33 ]. 

 Renal transplantation is the overall preferred 
treatment for congenital nephrotic syndrome. 
Typical age of renal transplantation is 1–2 years 
of age using an adult-size kidney if a graft is 
available [ 33 ]. Typical management of patients 
following transplantation should be maintained. 
Recurrence of nephrotic syndrome following 
graft is rare but is possible if anti-nephrin anti-
bodies developed following transplantation. 
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Typically this may be successfully managed with 
cyclophosphamide and plasmapheresis [ 5 ].   

15.9     Prognosis 

 It is important to distinguish between the differ-
ent types of nephrotic syndrome. Whereas chil-
dren with CNF invariably progress toward 
dialysis- and transplant-dependent renal failure, 
the clinical course can be different in other forms 
even with reported spontaneous remission [ 49 ]. 
Several cases of recurrence of proteinuria, 
nephrotic syndrome, and high risk for graft loss 
after renal transplantation have been described in 
patients with CNSF [ 50 ,  51 ]. The pathophysio-
logic process is thought to be secondary to circu-
lating anti-glomerular and anti-nephrin 
antibodies. Following transplantation, any patient 
can potentially develop an immune response to 
nephrin expressed in the graft which functions as 
a new antigen, and the anti-nephrin antibodies 
neutralize the action of nephrin. If proteinuria 
develops, it is typically observed 2–48 months 
after the initial transplantation. Several treat-
ments for the recurrent proteinuria have been 
described, including cyclophosphamide, plasma-
pheresis, and most recently the anti-CD20 anti-
body rituximab [ 52 – 54 ]. FSGS has also been 
found on biopsy of patients with reoccurrence of 
proteinuria but has been more commonly found 
in patients who originally had heterozygous 
mutations in NPHS2. The overall prognosis of 
congenital nephrotic syndrome is signifi cantly 
improved if successful renal transplantation is 
achieved. Reported patient survival in a study 
including a large number of children with CNF is 
greater than 90 % at 5 years posttransplant [ 55 ]. 
However, chronic allograft nephropathy is a 
long-term complication following transplanta-
tion that typically results in the need for a second 
renal transplant [ 5 ].  

    Conclusion 

 CNS is a rare but extraordinarily complex dis-
ease depending on etiology and degree of 
urine protein losses as well as its high poten-
tial for  possible complications. Despite our 

markedly improved understanding of the 
genetics, pathophysiology, and pathology of 
the disease, the treatment options are limited 
and the prognosis remains overall guarded.  

15.10     Take-Home Pearls 

•     Congenital Nephrotic Syndrome (CNS) is 
defi ned as nephrotic syndrome presenting 
within the fi rst 3 months of life. The most 
common form is the Finnish type (CNF) 
which usually progresses rapidly toward end- 
stage renal disease.  

•   The management is focused on protein substi-
tution and management of edema, optimal 
nutrition and provision of medications (anti-
coagulation, thyroxine, antiproteinurics), dial-
ysis, and renal transplantation.  

•   Recent advances in our understanding of the 
genetics and associated pathophysiology 
might at some point improve phenotype rec-
ognition, lead to new treatment options, and 
ultimately translate into improved outcome.  

•   Careful guidance and education of the families 
during this process is of extreme importance.        
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16Acute Kidney Injury 
in the Newborn

Jennifer G. Jetton and David Askenazi

Core Messages

• Acute kidney injury is a common occur-
rence in neonatal intensive care units 
with important implications for thera-
peutic decisions and patient outcomes.

• Acute kidney injury occurs as the result 
of many different processes that can be 
categorized as prerenal intrinsic renal, 
and postrenal (obstructive). Early recog-
nition is key to ameliorating the effects 
of these processes.

• Care of the neonate with AKI is sup-
portive as there are no proven pharma-
cologic therapies for treatment or 
prevention of acute kidney injury. Close 
attention to assure adequate renal perfu-
sion, prevention of fluid overload, proper  
dosing (or avoidance) of nephrotoxic 
medications, and consideration for early 
initiation of renal replacement therapy 
will minimize the potential harm and 
maximize renal support during an acute 
kidney injury episode.
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16.1  Introduction

Acute kidney injury (AKI) is characterized by a 
sudden impairment in kidney function that 
results in the inability to maintain adequate fluid, 
electrolyte, and waste product homeostasis. It is 
increasingly recognized as a common and sig-
nificant event for newborns cared for in the neo-
natal intensive care unit, with important 
implications for treatment decisions and clinical 
outcomes. Indeed, AKI is associated with mor-
tality in critically ill children [2, 87] and adults 
[14, 25, 52, 66, 79], even after controlling for 
medical comorbidities, severity of illness scores, 
and patient demographics. Emerging data sug-
gest a similar association in the neonatal popula-
tion as well [32, 47, 48], such that kidney injury 
can no longer be viewed as an incidental finding 
but rather an important determinant of patient 
outcomes.

Case Vignette

A 1-month-old 3 kilogram (kg), former 
36-week preterm infant with repaired gas-
troschisis was preparing for hospital dis-
charge in the nursery when he suddenly 
became ill with respiratory distress, mot-
tling, and lethargy. He was transferred 
emergently to the neonatal intensive care 
unit where he was intubated. He had ongo-
ing hypotension with mean arterial pressure 
~20 mmHg. He received fluid resuscitation 
with crystalloids and blood products. He 
was also begun on continuous infusions of 
norepinephrine and dopamine. He received 
empiric antibiotic coverage with vancomy-
cin and gentamicin. Laparotomy showed a 
very edematous bowel but no frank areas 
of necrosis. Within 24 h the blood culture 
was positive for Group B streptococcus. 
Within 48 h the infant had received net 
positive 2.5 liters (L) of fluids. He required 
conversion to the high-frequency oscilla-
tor. He became oligoanuric within 48 h, 
with only 11 milliliters (ml) of urine output 
per day. Serum creatinine (SCr) rose from 
0.3 milligrams per deciliter (mg/dl) prior to 
acute decompensation to 0.7 mg/dl within 
24 h to 1.1 mg/dl within 48 h. Electrolytes 
were acceptable with serum sodium (Na) 
136 milliequivalents per deciliter (mEq/dl) 
and potassium (K) 2.9 mEq/dl. Following 
consultation with the Nephrology Service, 
the infant underwent placement of an 8 
French double-lumen right femoral tem-
porary dialysis catheter at the bedside, 
and continuous venovenous hemodiafiltra-
tion (CVVHDF) was initiated. During the 
first few days while he remained hypoten-
sive, fluid removal rate was set to keep his 
fluid balance even each day. Scheduled 
vancomycin and gentamicin were discon-
tinued, and doses were given when his 
trough levels dropped to <15.0 mg/dl and 
<2.0 mg/dl respectively. Once his blood 
pressure improved, fluid removal rate was 
increased to achieve a net daily negative 

fluid balance as tolerated. After several 
days of fluid removal, his respiratory status 
improved, and his ventilator settings were 
decreased. He was subsequently converted 
to a conventional ventilator. His urine out-
put started to improve about 10 days into 
his illness. Two days later, it was deter-
mined that his urine output was sufficient 
to maintain euvolemia with adequate nutri-
tional support, and CVVHDF was discon-
tinued. His urine output, renal function, 
and electrolytes were closely monitored 
for abnormalities and signs of intravascu-
lar volume depletion secondary to exces-
sive urine output and overdiuresis in the 
recovery period. Once his infection was 
treated and his anasarca had resolved, he 
was able to undergo closure of his abdomi-
nal wall defect again. He was discharged 
home from the NICU 1 month later with 
SCr 0.5 mg/dl, with an appointment sched-
uled in the Nephrology clinic for kidney 
function evaluation following this severe 
AKI event.

J.G. Jetton and D. Askenazi
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To highlight the importance for early recogni-
tion of this dynamic and evolving process, the old 
description acute renal failure has largely been 
supplanted by the new term acute kidney injury 
by both the Nephrology and Critical Care com-
munities. With this new terminology, the empha-
sis is on early recognition of the event at the time 
of injury rather than waiting until complete organ 
failure has occurred [55].

The purpose of this chapter is to describe the 
epidemiology, common etiologies of, and diag-
nostic and therapeutic approaches to AKI in the 
neonate in order to guide the clinician in the early 
identification of this important process as well as 
clinical decision making.

16.2  Background

16.2.1  Definition of AKI

As stated above, acute kidney injury is a sudden 
impairment in kidney function that occurs not 
infrequently in critically ill patients. This com-
plex and clinically heterogeneous disorder occurs 
with varying degrees of severity in many differ-
ent clinical situations. The exact incidence of 
neonatal AKI is difficult to quantify, and reported 
rates vary widely depending on the patient popu-
lation evaluated and the AKI definition used (see 
Table 16.1). In addition, there is great heteroge-
neity in clinical presentation: patients with AKI 
may be oliguric or nonoliguric, have few or many 
electrolyte abnormalities, may be best managed 
by watchful waiting, or may require initiation of 
renal replacement therapy. Moreover, we lack a 
standardized AKI definition for use both at the 
bedside and in research trials; reported AKI defi-
nitions range from oliguria to rise in SCr by 
0.3 mg/dl to an arbitrary cutoff of 1.5 mg/dl to 
need for renal replacement therapy.

Traditionally, AKI has been defined as either 
a rise in SCr, often in conjunction with a rise in 
blood urea nitrogen (BUN), or fall in urine out-
put (oliguria, <0.5 ml/kg/h). Each of these – SCr, 
BUN, and urine output – has limitations in terms 
of its use as an AKI biomarker, and awareness of 
these limitations is important when evaluating the 

neonate who is at risk. For example, many infants 
have nonoliguric AKI, so urine output cannot be 
relied upon solely as a marker of AKI. Assessed 
urine output also depends on accurate urine 
collection and documentation. BUN levels are 
affected by a number of factors that are not sec-
ondary to an AKI event. These include increases 
in dietary protein intake (as with changes in the 
amount of protein in parenteral or enteral feeds), 
hypercatabolic states, absorption of blood from 
the gastrointestinal tract as with gastrointestinal 
bleeds, and use of steroids. SCr too has a number 
of limitations, even though it is the most widely 
used and measured biomarker of AKI. One of the 
most important of these is that SCr rises late in 
the course of AKI, lagging as much as 24–48 h 
behind the initial injury. In addition, SCr does 
not differentiate the nature (e.g., prerenal, neph-
rotoxic medication exposure, or ischemic acute 
tubular necrosis) or timing of the kidney insult. 
SCr is also readily cleared by dialysis such that, 
once a patient is receiving renal replacement 
therapy, it can no longer be used as a marker for 
either further renal injury or renal recovery.

When interpreting SCr levels (and changes in 
levels) in neonates, several other factors need to 
be considered. First, after birth, SCr in the new-
born reflects maternal creatinine levels. Rather 
than maintaining a steady state, SCr then declines 
at varying rates over days to weeks, depending 
on gestational age, such that changes (or lack of 
change) in SCr may be difficult to interpret when 
evaluating for AKI. Second, normal nephrogen-
esis is complete at 34 weeks’ gestation. Preterm 
infants with wide variation in gestational age will 
have different rates of maturity in kidney func-
tion at the time of birth, leading to different 
ranges of “normal” or appropriate SCr for a par-
ticular patient. Third, depending on laboratory 
technique used, SCr levels will be affected by 
hyperbilirubinemia and certain medications (e.g., 
cephalosporins). Finally, SCr is not always mea-
sured on a routine basis in neonates due to con-
cerns about blood loss with frequent lab draws. 
This is important as the trend in SCr levels in the 
appropriate clinical context provides the best 
information about whether AKI has occurred 
given all of the limitations described above.

16 Acute Kidney Injury in the Newborn
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Table 16.1 Epidemiology of AKI in the neonate: selected articles

Author Patients AKI definition Findings

Asphyxiated infants

Karlowicz and 
Adelman [44]

33 infants ≥ 36 weeks GA, 5 min 
Apgar ≤ 6 with severe asphyxia 
scores vs. 33 infants with 
moderate asphyxia scores

SCr ≥ 1.5 mg/dl AKI incidence:

Severe asphyxia – 61 %
Moderate asphyxia – 0 %
Nonoliguric AKI – 60 %
Oliguric AKI – 5 %
Anuric AKI – 15 %
**Asphyxia morbidity score 
predicted AKI 100 % sensitivity, 
72 % specificity

Gupta et al. [36] 70 infants, 5 min Apgar ≤ 6 vs. 
28 healthy controls

UOP < 0.5 ml/kg/h, 
blood urea > 40 mg/dl, 
SCr > 1 mg/dl, 
presence of significant 
hematuria/proteinuria

AKI incidence:
Cases – 47.1 % (78 % 
nonoliguric)
Controls – 0 %
Mortality:
Overall mortality – 14.1 %
Oliguric AKI – 42.8 %
Nonoliguric AKI – 7.7 %

Aggarwal et al. [1] 25 infants ≥ 34 weeks GA, 5 min 
Apgar ≤ 6 vs. 25 matched infants 
with no asphyxia

SCr > 1.5 mg/dl AKI incidence:
Cases – 56 %
Controls – 4 %

Infants with sepsis

Mathur et al. [54] 52 infants with sepsis + AKI vs. 
146 infants with sepsis + no AKI

BUN > 20 on 2 
separate occasions, at 
least 24 h apart

AKI incidence:
Entire cohort – 26 %
Nonoliguric AKI – 85 %
Mortality:
AKI – 70.2 %
No AKI – 25 %

Very low birth weight infants (VLBW ≤ 1,500 g)
Askenazi et al. [8] 68 VLBW infants who did not 

survive to hospital discharge vs. 
127 matched infants (GA, birth 
weight)

AKIN definition: 
Stage 1: SCr rise 
0.3 mg/dl or rise 
to ≥ 150–200 % 
baseline value; Stage 
2:SCr rise ≥ 200–
300 % baseline; Stage 
3:SCr ≥ 300 % 
baseline

AKI independently associated 
with mortality:
1 mg/dl increase in SCr 
associated with 3.5-fold increase 
in odds of death after adjusting 
for other significant comorbidities

Koralkar et al. [47] 229 VLBW infants prospectively 
followed from birth until 36 
weeks post-menstrual age or 
hospital discharge

Modified AKIN 
definition (see 
Askenazi [8] above)

AKI incidence:
Overall – 18 %
Stage 1–4 %
Stage 2–4 %
Stage 3–9 %
**AKI was associated with 
mortality with a crude HR of 9.3 
(95 % CI, 4.1–21.0). After 
adjusting for potential 
confounders, the adjusted HR for 
AKI was 2.4 (95 % CI 0.95–6.04)

(continued)
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Author Patients AKI definition Findings

Infants who received support with extracorporeal membrane oxygenation (ECMO)
Askenazi et al. [6, 
10]

7,941 infants listed in the 
Extracorporeal Life Support 
Organization registry

SCr ≥1.5 mg/dl AKI incidence:
Non-survivors – 19 %
Survivors – 3.9 %
Mortality:
Overall – 27.4 %
**Neonates on ECMO with AKI 
had 3.2 higher odds of death than 
those without AKI after adjusting 
for numerous confounders

Gadepalli et al. [32] 68 infants with congenital 
diaphragmatic hernia requiring 
ECMO

RIFLE criteria: AKI incidence:
risk:1.5x rise in SCr 
from baseline

Overall – 71 %

injury: 2x rise AKI “injury” – 22 %
failure:3x rise AKI “failure” – 49 %

Mortality:
AKI “failure” – 62.7 %
Non-AKI – 20 %
**Patients with AKI failure had 
increased time on ECMO, 
decreased ventilator free days

Infants with congenital heart disease

Krawczeski et al. 
[48]

35 neonates (total sample 374 
infants > 37 weeks GA) with 
CHD undergoing CPB

0.3 mg/dl increase in 
SCr from preoperative 
baseline within 48 h of 
surgery

AKI incidence:
Neonates – 23 %
Mortality:
No difference between neonates 
with and without AKI
**Both plasma and urine NGAL 
were significant predictors of the 
development of AKI, rising within 
2 h after CPB

Blinder et al. [19] 430 infants (<90 days age) with 
CHD undergoing CPB

AKIN definition (as 
per Askenazi 2009 
above + UOP/oliguria)

AKI incidence:
Overall – 52 %
Stage 1–31 %
Stage 2–14 %
Stage 3–7 %
Mortality:
AKI – 12 %
No AKI – 3 %
**Risk of death increased with 
AKI severity: stage 2 OR 5.1 and 
stage 3 OR 9.5

AKI acute kidney injury, GA gestational age, SCr serum creatinine, VLBW very low birth weight, AKIN Acute Kidney 
Injury Network, ECMO extracorporeal membrane oxygenation, CHD congenital heart disease, CPB cardiopulmonary 
bypass, UOP urine output

Table 16.1 (continued)
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Regardless of these limitations, SCr remains the 
most studied and widely used clinical biomarker 
for measuring kidney function in patient groups 
of all ages. How SCr is used to define AKI has 
evolved in the adult and pediatric literature with 
the development of standardized, categorical AKI 
classification systems such as the RIFLE (Risk, 
Injury, Failure, Loss, and End-Stage renal disease) 
classification [18] and the AKIN (Acute Kidney 
Injury Network) definition [55] (see Table 16.2). 
A modification of the RIFLE classification has 
been proposed for use in the pediatric popula-
tion (pRIFLE) [2] (see Table 16.3). Similarly, a 
modification of the AKIN staging system has 

been proposed for use in the neonatal population 
(see Table 16.4). Because they do not rely on arbi-
trary, binary cutoffs (e.g., SCr ≥ 1.5 mg/dl), these 
modern frameworks allow for improved diagnosis 
and staging of AKI by severity. Research utiliz-
ing these definitions in adult and pediatric popula-
tions has demonstrated that AKI severity predicts 
clinical outcomes such as death and disability, but 
even changes in SCr as small as 0.3 mg/dl have an 
independent impact on survival [22, 46]. Similar 
findings are starting to emerge in the neonatal 
population as well [6, 10, 19, 32, 47].

The use of an AKI staging system is of some-
what greater importance when it comes to our 

Table 16.2 Published acute kidney injury definitions/classification systems for adults

AKIN RIFLE

Stage Urine output (same for 
both definitions)

Class SCr or GFR change

I ↑ SCr ≥ 0.3 mg/dl or ↑ SCr ≥ 150–
200 % from baseline

<0.5 ml/kg per hour 
for 6 h

Risk ↑ SCr by 150 % or GFR 
decrease by 25 %

II ↑ SCr ≥ 200–300 % from baseline <0.5 ml/kg per hour 
for >12 h

Injury ↑ SCr by 200 % ≥ or GFR 
decrease by 50 %

III ↑ SCr > 300 % from baseline or 
SCr ≥ 4 mg/dl with an acute rise of 
≥0.5 mg/dl or receipt of dialysis

<0.3 ml/kg per hour 
for >24 h or anuria 
>12 h

Failure ↑ SCr by 300 % or SCr > 4 mg/
dl with an acute rise of 
≥0.5 mg/dl or GFR decrease 
by 75 %

Loss Failure > 4 weeks
ESRD Failure > 3 months

Adapted from Bellomo et al. [18] and Mehta et al. [55]
AKIN Acute Kidney Injury Network, RIFLE Risk, Injury, Failure, Loss, and End Stage, SCr serum creatinine, GFR 
glomerular filtration rate1854

Table 16.3 Published acute kidney injury definitions/
classification systems for children

pRIFLE

Class eCCl by original 
Schwartz equation

Urine output

Risk eCCl decrease by 
25 %

<0.5 ml/kg per hour 
for 8 h

Injury eCCl decrease by 
50 %

<0.5 ml/kg per hour 
for 16 h

Failure eCCl decrease by 
75 % or eCCl < 35 ml/
min per 1.73 m2

<0.3 ml/kg per hour 
for 24 h or anuria 
for 12 h

Loss Failure > 4 weeks
ESRD Failure > 3 months

Adapted from Akcan-Arikan et al. [2]
pRIFLE pediatric Risk, Injury, Failure, Loss, and End 
Stage, eCCl estimated creatinine clearance2

Table 16.4 Published acute kidney injury definitions/
classification systems for neonates

Stage SCr change Urine output

0 No change or 
rise < 0.3 mg/dl

<1 ml/kg per hour 
(over previous 24 h)

1 ↑ SCr > 0.3 mg/dl or 
↑ SCr > 150–199 % 
from baselinea

> 0.5 ml/kg per hour 
but ≤1 ml/kg per hour 
(over previous 24 h)

2 ↑ SCr > 200–299 % 
from baseline

> 0.1 ml/kg per hour 
but ≤0.5 ml/kg per 
hour (over previous 24 
h)

3 ↑ SCr > 300 % from 
baseline or SCr ≥ 
2.5 mg/dl or receipt 
of dialysis

< 0.1 ml/kg per hour 
(over previous 24 h)

aBaseline SCr will be defined as the lowest previous SCr 
value. SCr serum creatinine
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ability to pool and compare data across research 
studies. The take-home points for the clinician at 
the bedside are:
 1. Early recognition of and ongoing surveil-

lance for AKI risk factors (described below) 
is an important part of care as our current 
biomarkers are late indicators of kidney 
injury.

 2. The trend in SCr levels is important, and SCr 
should be monitored routinely in at-risk 
infants.

 3. Small changes in serum creatinine (or lack of 
appropriate downward trend in a newborn) 
suggest AKI has occurred and should be taken 
seriously.

16.2.2  Who Is at Risk?

Advancements in intensive care unit technolo-
gies and therapies for complex medical condi-
tions have led to a shift in pediatric AKI 
epidemiology, such that kidney injury secondary 
to systemic illnesses and/or their treatments (car-
diopulmonary bypass, nephrotoxic medications) 
surpasses primary renal disease as the leading 
cause of AKI in hospitalized children [41, 81, 84]. 
In the NICU, while acute or chronic kidney dis-
ease may occur in infants with congenital anom-
alies of the kidney and urinary tract (CAKUT), 
infants with critical illness and complex nonre-
nal medical conditions represent a far more prev-
alent group of AKI sufferers. Certain groups of 
newborns are recognized as being at increased 
risk for acute kidney injury. These include the 
following: infants with perinatal hypoxia [1, 36, 
44, 45]; premature and very low birth weight 
(VLBW) infants [8, 47]; infants with congenital 
heart disease, especially those requiring cardio-
pulmonary bypass [19, 48, 63, 76]; infants 
requiring extracorporeal membrane oxygenation 
(ECMO) [6, 10, 21, 56, 71, 75, 83]; and infants 
with sepsis Mathur [55]. These infants warrant 
close monitoring of kidney function with fre-
quent measurement of SCr, close monitoring of 
intake/output, and attention to modifiable risk 
factors such as nephrotoxic medications (see 
Table 16.5).

16.3  Etiology

The traditional framework of classifying AKI eti-
ologies as prerenal azotemia, intrinsic AKI, and 
postrenal/obstruction is simple and widely used 
(see Table 16.5). Because of limitations in cur-
rent AKI definitions and biomarkers, it is impor-
tant to identify the conditions listed in Table 16.5 
early as AKI risk factors and work to correct 
those that are modifiable before kidney injury 
(and certainly before kidney failure) occurs. 
Moreover, AKI in a newborn in the NICU is fre-
quently multifactorial (e.g., hypotension, nephro-
toxic medication exposure, prerenal injury due to 
large chest tube output), and the risk of AKI 
increases as the number of prevalent risk factors 
increases [3, 44, 58]. Finally, newborns may have 
underlying congenital kidney anomalies not pre-
viously identified at the time of presentation. 
Obviously these infants are at increased risk for 
kidney injury with additional insults or if their 
underlying condition is not recognized in a timely 
fashion and corrected to the extent possible.

16.3.1  Prerenal Azotemia

Prerenal azotemia (increase in BUN concentra-
tion, little or no change in SCr) represents an 
appropriate physiologic response to decreased 
renal blood flow. A number of autoregulatory 
mechanisms preserve GFR when conditions of 
poor renal perfusion occur, with activation of the 
renin-angiotensin-aldosterone system being one 
of the most important. Renal hypoperfusion leads 
to increased sodium and water reabsorption in the 
renal tubules, stimulated by both angiotensin II 
and aldosterone [4]. However, newborns, espe-
cially premature infants, have relatively imma-
ture tubular function and may not be able to 
conserve sodium and water to the same extent 
older children and adults do. Thus, oliguria may 
be less pronounced in these patients, even when 
they are relatively intravascularly depleted. 
Correction of the underlying problem with resto-
ration of adequate renal blood flow often results 
in rapid normalization of renal function and 
improvement in urine output. However, if renal 

16 Acute Kidney Injury in the Newborn
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Table 16.5 Etiologies of (risk factors for) AKI in the neonate

Prerenal azotemia Classically increased BUN, little or no change in SCr

Secondary to loss of either true or effective circulating blood volume

Fluid responsive

Dehydration Increased insensible losses (radiant warmers, phototherapy, and fever)
Poor oral intake
Diarrhea
Large gastric or chest tube output
Excessive diuretic use
Underlying renal disease with concentrating defect/salt and water wasting

Capillary leak Sepsis/systemic inflammatory response
Low oncotic pressure/hypoalbuminemia
Hydrops

Increased abdominal pressure Necrotizing enterocolitis
Ascites from liver disease, chylous drainage/leaks, or low serum albumin
Gastroschisis repair or reduction
Omphalocele
Hepatosplenomegaly or masses

Decreased cardiac output Congestive heart failure
Coarctation of the aorta
Very high mean airway pressures

Blood loss Perinatal blood loss
Hemorrhage for any reason
Twin-twin transfusion

Medications ACE I, NSAIDs
Intrinsic AKI Increased BUN and SCr, not easily reversible

Parenchymal damage though with varying mechanisms depending on 
underlying etiology

Requires judicious fluid management with frequent reassessment

Ischemia/reperfusion Any of the above “prerenal” causes if prolonged
Perinatal asphyxia

Nephrotoxic medications Aminoglycosides, cephalosporins, amphotericin, vancomycin, intravenous 
contrast media – direct tubular injury

ACE I, NSAIDs (indomethacin), diuretics – decreased renal perfusion

Acyclovir – tubular obstruction

Endogenous nephrotoxins Myoglobin
Hemoglobin
Uric acid

Sepsis and other infections Decreased renal blood flow from shock
Increased renal blood flow from shock (disease of the microcirculation)
Pyelonephritis
Bacterial endocarditis
Congenital infections

Vascular lesions Renal vein and artery thrombosis
Postrenal/obstruction Requires obstruction of both kidneys; may be a unilateral process if 

solitary kidney

Usually correctable with restoration of urinary outflow

May not be reversible if prolonged or associated with kidney parenchymal 
abnormalities

(continued)
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hypoperfusion is severe or prolonged, kidney 
parenchymal damage (specifically acute tubular 
necrosis, ATN) may ensue, so prompt recogni-
tion is essential.

Causes of prerenal azotemia in neonates 
include loss of effective circulating blood volume 
(perinatal blood loss, hemorrhage), dehydration 
(diarrhea, transepidermal free water losses as 
with radiant warmers or phototherapy for hyper-
bilirubinemia, poor intake, gastric or chest tube 
losses, underlying renal disease with salt and 
water wasting), capillary leak (hydrops, infec-
tion, or hypoalbuminemia), increased abdominal 
pressure (necrotizing enterocolitis, ascites, repair 
or reduction of gastroschisis, omphalocele), or 
decreased cardiac output (congestive heart fail-
ure, aortic coarctation). Certain medications, 
most importantly nonsteroidal anti-inflammatory 
drugs (NSAIDs) such as indomethacin and 
angiotensin-converting enzyme inhibitors (ACE 
I) such as captopril, can decrease renal blood 
flow, leading to a state of renal hypoperfusion 
because of their effects on prostaglandins and 
angiotensin II, respectively. If given when a prer-
enal state already exists, these medications have 
the potential to cause severe ischemic injury as 
well (see Table 16.5).

16.3.2  Intrinsic Acute Kidney Injury

Causes of intrinsic AKI in the newborn include 
hypoxic-ischemic injury, nephrotoxic exposures 
(both exogenous medications and endogenous 

toxins such as myoglobin and hemoglobin), and 
infection-/sepsis-associated AKI. Infants, more 
so than older children and adults, are also prone 
to vascular insults such as renal vein and artery 
thrombosis. This type of event occurs either 
before or just after birth and is often associated 
with a history of perinatal asphyxia, dehydration, 
infection, prematurity and maternal diabetes, and 
possibly an underlying hypercoagulable state in 
the infant [20]. The classic triad for renal vein 
thrombosis includes microscopic or gross hema-
turia, palpable flank mass, and thrombocytope-
nia. Newborns are also more susceptible to 
cortical necrosis and irreversible kidney injury, 
with the outcome in some cases being end-stage 
renal disease and need for lifelong renal replace-
ment therapy (dialysis or transplant).

Of note, it is important to remember that not all 
AKI etiologies within this intrinsic AKI category 
are the result of the same underlying mechanisms. 
Hypoxic-ischemic AKI, nephrotoxic medication 
exposure, and sepsis all have distinct pathophysi-
ologic pathways with different potential therapeu-
tic targets and potentially different outcomes. 
New insights into sepsis-associated AKI suggest 
that this condition is not just due to renal hypoper-
fusion but from dysfunction of the microcircula-
tion as well. These distinctions will become more 
important in the future once specific goal-directed 
AKI therapies become available.

Because they are two of the most common cat-
egories of AKI in the neonate, hypoxic- ischemic 
AKI and nephrotoxin-related AKI are described 
in further detail here.

Congenital malformations Posterior urethral valves
Prune-belly syndrome
Imperforate prepuce
Urethral stricture
Neurogenic bladder

Extrinsic compression Hematocolpos
Sacrococcygeal teratoma

Intrinsic obstruction Kidney stones
Fungal balls

Other Occluded or malpositioned Foley catheter
Medication-related urinary retention (e.g., morphine)

AKI acute kidney injury, BUN blood urea nitrogen, SCr serum creatinine, ACE I angiotensin-converting enzyme inhibi-
tors, NSAIDs nonsteroidal anti-inflammatory drugs

Table 16.5 (continued)
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16.3.2.1  Ischemic AKI (Ischemia/
Reperfusion Injury)

As said before, any of the processes described in 
the “prerenal AKI” section, if prolonged or 
severe, can result in ischemic parenchymal dam-
age. In contrast to prerenal azotemia, renal func-
tion abnormalities in intrinsic AKI are not 
immediately reversible once damage to the renal 
tubules occurs. Intrinsic AKI may range from 
mild tubular dysfunction to renal infarction and 
irreversible cortical necrosis [27].

The course of ischemic AKI may be subdi-
vided into the prerenal, initiation, extension, 
maintenance, and recovery phases [50, 78]. It is 
important to recognize that the kidney is vulner-
able to additional injury throughout this process, 
so ongoing vigilance is essential. If renal blood 
flow is adequately restored during the prerenal 
phase, then renal function may return quickly to 
normal. However, if the insult is prolonged, tubu-
lar injury with resulting dysfunction ensues 
(maintenance phase). The duration of the mainte-
nance phase depends, at least in part, on the 
severity and duration of the initial insult. The 
recovery phase is characterized by the gradual 
restoration of GFR and tubular functions which 
can take days to months to occur. Again, prevent-
ing additional kidney insults and maintaining 
adequate renal perfusion during this process will 
shorten time to recovery of kidney function.

Hypoxic-ischemic injury results in endothelial 
as well as tubular cell damage. Endothelial and 
tubular cell damage leads to not only dysfunction 
within the kidney but to a systemic inflammatory 
response as well that may trigger distant organ 
dysfunction. This inflammatory dysregulation is 
due (at least in part) to dysfunctional immune, 
inflammatory, and soluble mediator metabolism 
[50]. Thus, AKI can lead not only to renal dys-
function but to pulmonary inflammation (inde-
pendent of fluid overload), brain injury, and 
cardiac dysfunction [12, 76], with distant organ 
effects having important implications for overall 
outcomes including survival.

16.3.2.2  Nephrotoxic Acute Kidney 
Injury

Pharmacologic agents are among the most com-
mon causes of AKI in neonates and therefore 

deserve special mention here. Endogenous sub-
stances (hemoglobin, myoglobin, and uric acid) 
may also be toxic to the kidney but are much less 
common. Nephrotoxic medications can cause 
neonatal AKI by decreasing renal perfusion 
(NSAIDs, diuretics, ACE inhibitors), causing 
direct tubular injury (aminoglycosides, cephalo-
sporins, amphotericin B, vancomycin, NSAIDs, 
contrast media, myoglobin/hemoglobin), trig-
gering an episode of interstitial nephritis (rare), 
or causing tubular obstruction (acyclovir). 
Below is a description of the mechanisms of 
some of the more commonly used nephrotoxins 
in the NICU.

Indomethacin, a prostaglandin inhibitor used 
to treat patent ductus arteriosus in premature 
infants, can cause severe, although usually tran-
sient, nephrotoxicity. Because neonatal renal 
function is more dependent on local prostaglan-
din production than that of the older patients 
(especially in the context of intravascular vol-
ume depletion as with fluid restriction, increased 
capillary leak, and transepidermal water losses 
in the preterm infant with patent ductus arterio-
sus), indomethacin administration is commonly 
associated with elevated SCr concentrations, 
decreased urine output, and hyponatremia [23].

Amphotericin B has a direct effect on tubular 
function, resulting in renal tubular acidosis and 
increased urinary potassium excretion. Although 
these nephrotoxic effects are most often revers-
ible, cases of fatal neonatal renal failure due to 
amphotericin B toxicity have been reported [15]. 
Amphotericin B lipid complex, with its higher 
affinity to fungal rather than mammalian struc-
tures, may be a safer alternative than traditional 
amphotericin [11], though close monitoring of 
kidney function is still warranted.

Gentamicin, an aminoglycoside, is one of the 
most commonly used medications for the treat-
ment of suspected or proven neonatal sepsis. 
Aminoglycosides lead primarily to proximal 
tubular cell damage [34]. Aminoglycosides 
should be used with caution in any patient with 
renal dysfunction, concomitant nephrotoxic med-
ication use, or poor renal perfusion (e.g., with 
volume depletion, hypoalbuminuria, heart fail-
ure). Because aminoglycoside toxicity is usually 
nonoliguric, serial monitoring of SCr values and 
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gentamicin levels is necessary, especially during 
prolonged administration of this medication.

Acyclovir is an antiviral agent that is renally 
excreted though nearly insoluble in the urine. 
Intravenous high-dose acyclovir treatment may 
lead to crystal precipitation and tubular obstruc-
tion. Acyclovir-related nephrotoxicity can be 
limited by avoiding its use in those with renal 
insufficiency or intravascular volume depletion, 
infusing the drug slowly (over several hours), 
and by assuring adequate hydration to maintain 
high urinary flow rate [42].

Finally, use of certain medications such as 
NSAIDs or ACE inhibitors in the pregnant 
mother may cause combined ischemic and neph-
rotoxic renal injury in the fetus, resulting in the 
clinical presentation of AKI after birth. NSAIDs 
prescribed for tocolysis – both nonselective and 
selective cyclooxygenase inhibitors such as indo-
methacin or ketoprofen [16, 62] – may lead to 
severe AKI in the newborn. ACE inhibitors, 
when taken during the first and second trimesters, 
may cause catastrophic kidney injury by their 
effects on the renin-angiotensin-aldosterone sys-
tem that is critical for maintaining GFR in the 
fetal kidney.

16.3.3  Postrenal/Obstruction

Kidney injury from urinary tract obstruction 
requires obstruction of both kidneys, though a 
unilateral process like a ureteral stone may cause 
similar injury if the patient has a solitary kidney. 
The most common causes for obstructive 
nephropathy in the newborn are congenital mal-
formations including imperforate prepuce, ure-
thral stricture, prune-belly syndrome, and 
posterior urethral valves. Other causes of acute 
obstruction include neurogenic bladder, extrinsic 
compression (e.g., hematocolpos, sacrococcy-
geal teratoma), and intrinsic obstruction from 
renal calculi or fungal balls. Occluded or malpo-
sitioned Foley catheters as well as morphine- 
related urinary retention may also be culprits. 
Prompt recognition and restoration of urinary 
flow, either by Foley catheter or nephrostomy 
tube placement, is critical for normalization of 
kidney function. Obstruction that occurs early in 

fetal development (e.g., posterior urethral valves) 
or that has been severe and prolonged may not 
completely reverse. Obstructive uropathy is cov-
ered in Chaps. 10 and 11.

16.4  Diagnostic Evaluation

16.4.1  History and Risk Factors

A careful history should include a search for any 
of the events described in the preceding sections, 
with attention to the fact that often more than one 
of these conditions will exist in the same patient. 
Evaluate for important prenatal findings and 
events including any documentation of abnormal 
urinary tract anatomy on prenatal ultrasound, 
amniotic fluid levels (especially oligohydram-
nios), maternal medication use (ACE I, illicit 
drugs), perinatal complications including non- 
reassuring fetal status, placental abruption, twin- 
twin transfusion, and the type of resuscitation 
received. The need for chest compressions, vaso-
active medications, and nephrotoxic medication 
exposure suggest that the infant may be at risk for 
AKI going forward.

16.4.2  Physical Examination

A primary focus of the physical examination is 
assessment of volume status in order to determine 
whether a condition of renal hypoperfusion exists 
so that fluid management strategies may be opti-
mized. Vital signs provide important clues: tachy-
cardia and hypotension suggest intravascular 
volume depletion, whereas tachypnea and worsen-
ing oxygenation status may suggest fluid overload 
and the development of pulmonary edema. 
Physical examination findings suggestive of dehy-
dration include sunken fontanel, sunken eyes, or 
dry mucous membranes. Findings suggestive of 
fluid overload include clinical edema (chest wall, 
dependent areas such as the posterior scalp, scro-
tum, and labia), tachypnea, escalating oxygen 
requirements, or escalation of ventilatory support.

The cumulative fluid balance based on 
recorded intake/output in conjunction with the 
daily weight trend (if available) is critical for 
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quantifying the degree of either volume depletion 
or fluid overload, as estimates based on the phys-
ical examination alone may be difficult to make. 
Ensure that all inputs are recorded (flushes, inter-
mittently dosed medications) as these seemingly 
small volumes may add up to significant input for 
the smallest of infants. Similarly, ensure that all 
losses are accounted for, such as chest tube out-
put and silo drainage from an infant with gastros-
chisis. Infants receiving phototherapy have large 
insensible losses that will not be accounted for in 
the I/O totals but should be considered when 
assessing the patient.

Finally, assessment should be made of the 
quantity of urine output as well as trend in urine 
output volume over the last several hours and 
days. Determine whether the amount of daily 
urine output is sufficient given the amount of 
fluid the baby is receiving. For example, if a 3 kg 
infant is receiving ~150 ml/kg/day (total 450 ml/
day), 2 ml/kg/h of urine output (total 144 ml/day) 
may not be sufficient for preventing fluid accu-
mulation even though the baby does not appear to 
be “oliguric.” With this I/O, over the course of 5 
days, the baby will have received 2,250 ml fluid, 
with only 720 ml urine out. Accounting for insen-
sible losses of 40 cm3/kg/day, this infant would 
have a positive total fluid balance positive of 1.2 l 
(or 40 % fluid overload). To lend perspective, 
40 % fluid overload in a 70 kg adult would equal 
28 l of fluid. A growing number of studies sug-
gest that even 10 % fluid overload is an indepen-
dent risk factor for mortality in critically ill 
children and adults [5, 31, 38, 39, 59, 70, 80]. 
Similar studies in neonates have yet to be 
performed.

16.4.3  Laboratory and Radiology 
Findings

Laboratory values to be monitored in the infant 
with AKI include serum sodium, potassium, 
chloride, bicarbonate, calcium, phosphorus, 
magnesium, urea, creatinine, albumin, uric acid, 
glucose, blood gases, hemoglobin, and platelets. 
Remember that SCr often does not rise immedi-
ately after an injury; thus, monitoring these 

 values for several days after the inciting event is 
necessary to determine if AKI has occurred and 
whether the process is resolving, remaining sta-
ble, or worsening over time.

If urine is available, a urinalysis, urine culture, 
and a spot urine sample for sodium, creatinine, 
and osmolality should be sent and may be helpful 
in differentiating prerenal azotemia from intrin-
sic AKI. When hypoperfused, the kidney will 
avidly retain sodium and water to preserve appro-
priate intravascular volume status. Thus, the frac-
tional excretion of sodium (FENa) should be low 
in a prerenal state. Normal FENa in a term new-
born is <2 % in prerenal states and >3 % with 
ATN or intrinsic kidney dysfunction. However, 
preservation of urine sodium and water depends 
on the integrity and maturity of tubular dysfunc-
tion. FENa is difficult to interpret in preterm 
newborns who have varying degrees of tubular 
immaturity. Normal FENa in preterm infants 
born at less than 32 weeks of gestation is usually 
higher than 3 % [26]. Moreover, FENa is not 
valid when an infant is receiving diuretics.

A renal and bladder ultrasound should be per-
formed immediately if an obstructive process is 
suspected and to determine if congenital renal 
abnormalities are present. If hematuria or hyper-
tension (or both) is present, the possibility of 
renal vascular insult should also be considered, 
and Doppler ultrasound of the renal vessels 
should be performed.

16.5  Medical Management of AKI 
in the Neonate

There are currently no specific medical therapies 
for the treatment or prevention of AKI, such that 
our management of kidney injury in neonates (as 
with all other patient groups) remains supportive. 
Keys to managing the infant with AKI include 
identifying and correcting any modifiable risk 
factors/AKI etiologies (e.g., replacement of large 
chest tube fluid losses) and minimizing additional 
kidney insults going forward (e.g., substituting 
potentially nephrotoxic medications with a suit-
able, less nephrotoxic alternative if one exists). 
Determination of AKI etiology is based on 
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 clinical interpretation of history, physical exami-
nation, laboratory, and radiology findings. As 
mentioned before, SCr does not provide informa-
tion about the nature or exact timing of the kid-
ney insult.

If obstruction of the urinary outflow is discov-
ered, interventions to establish urinary drainage, 
via either the urethra or percutaneous nephros-
tomy tubes, should be undertaken immediately. 
In addition, plans for definitive surgical correc-
tion should be discussed with a pediatric urolo-
gist. Polyuria with electrolyte losses may occur 
following the relief of the obstruction. Thus, 
close monitoring of serum electrolytes (espe-
cially sodium, potassium, and bicarbonate) is 
necessary – every 2–4 h in some cases – with 
replacement of these as needed.

If the suspicion for renal hypoperfusion is 
high, an appropriate fluid challenge with 
10–20 ml/kg of isotonic fluids (usually normal 
saline) should be given. Several boluses may be 
necessary, with careful prescription of fluid vol-
ume for the next 24 h. Large chest tube and gas-
trointestinal tract losses may need to be replaced 
using an appropriate fluid determined by the 
electrolyte composition of the losses. Ensure ade-
quate oncotic pressure by measuring serum albu-
min levels, with target minimum serum albumin 
>2.0 mg/dl and preferably >2.5 mg/dl. Be sure to 
consider whether the infant has congestive heart 
failure or a urinary outlet obstruction prior to giv-
ing multiple fluid boluses. Frequent reassessment 
of the patient is key to achieving appropriate res-
toration of intravascular volume and avoiding 
excessive fluid administration that may lead to 
volume overload.

Fluid management in the critically ill neonate 
with AKI can be very difficult, especially when 
the infant is oliguric. These infants may require 
large volumes of fluid to maintain adequate nutri-
tion and hematologic indices and for pharmaco-
logic treatment of their underlying condition. In 
an oliguric/anuric child, these fluids can be detri-
mental and lead to congestive heart failure, chest 
wall edema, and pulmonary failure. Severe fluid 
restriction limiting intake to insensible, gastroin-
testinal, and renal losses is sometimes required 
but at a heavy price in the form of inadequate 

nutrition. At this point (or as soon as this situa-
tion is anticipated), renal replacement therapy 
should be considered.

16.5.1  Electrolyte and Mineral 
Homeostasis

Electrolyte abnormalities can vary depending on 
the cause of AKI, and infants with AKI may have 
no, few, or many of these. For example, severe 
oliguric/anuric AKI may lead to marked hypona-
tremia, hyperkalemia, hyperphosphatemia, and 
hypocalcemia, whereas nonoliguric AKI and 
proximal tubular dysfunction as occuring with 
aminoglycoside toxicity may result in hypokale-
mia and hypomagnesemia. The key to medical 
management of electrolyte disorders includes 
attention to electrolyte intake during initial 
course of AKI (e.g., review the electrolyte con-
tent of all IV fluids and parenteral nutrition pre-
scription), with frequent reevalution and 
adjustment of fluids as necessary.

Hyponatremia may occur during the course of 
AKI and is more often the result of total body 
volume overload rather than total body sodium 
depletion. Attention to fluid status is critical 
when determining the cause and proper treatment 
of hyponatremia. In cases of non-symptomatic 
hypervolemic hyponatremia (serum sodium con-
centrations usually between 120 and 130 mEq/l), 
restriction of free water intake is recommended. 
If hyponatremia at this level results in clinical 
signs and symptoms (lethargy, seizures) or serum 
sodium concentration falls below 120 mEq/l, use 
of NS or 3 % sodium chloride according to the 
following formula should be considered:

 

Na mEq Na Na

bodyweight

required
desired actual

+ + +( ) =   −  ( )
× kkg( )×0 8.  

Potential complications of hypertonic saline 
administration include congestive heart failure, 
pulmonary edema, hypertension, intraventricular 
hemorrhage, and periventricular leukomalacia. 
Care should be taken not to increase serum sodium 
concentration more rapidly than 0.5 mEq/h [7, 9].
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Severe hyperkalemia is a life-threatening 
medical emergency. Frequent review of the elec-
trolyte composition of all fluids being given is 
critical for preventing this situation. If an infant 
becomes anuric, then potassium should be 
removed from all intravenous fluids. Enteral for-
mulas as well should be reviewed for their potas-
sium content. Options available for the treatment 
of hyperkalemia include measures to remove 
potassium from the body, such as oral or rectal 
sodium polystyrene (Kayexalate®), loop diuretics 
to enhance urinary potassium excretion (if not 
anuric), and dialysis. Other options include 
maneuvers to shift potassium from the extracel-
lular to the intracellular compartment including 
albuterol inhalation, sodium bicarbonate, and 
insulin/glucose. Adequate ionized calcium levels 
for cardioprotection should be ensured.

Hyperkalemia unresponsive to medical man-
agement is one of the most common indications 
for renal replacement therapy in the newborn 
[24, 43].

Hyperphosphatemia is common in AKI due to 
impaired renal excretion of phosphorus, and 
serum phosphate levels should be monitored reg-
ularly. The dietary prescription should be evalu-
ated for phosphorus intake and adjusted 
accordingly. Enteral feeding options low in phos-
phorus (as well as potassium) relative to other 
infant formulas include breast milk, Similac® 
60/40 and Nestle® Good Start. Calcium carbon-
ate may be used as a phosphate-binding agent in 
those whose phosphorous intake exceed excre-
tion in spite of dietary adjustments. Formula or 
breast milk may also be pretreated with 
phosphate- binding agents such as sevelamer 
hydrochloride prior to being given to the infant 
[28]. In some rare but severe cases, removal by 
hemodialysis may be required. Significant eleva-
tions in serum phosphate may promote the devel-
opment of extraskeletal calcifications of the 
heart, blood vessels, and kidneys in the newborn, 
especially when the calcium-phosphorus product 
exceeds 70 [71]. Close follow-up with a NICU 
and/or renal dietician is an important part of care 
for these patients.

Hypocalcemia may develop in neonates with 
severe and prolonged AKI, especially in those with 

impaired ability to convert 25- hydroxyvitamin 
D to 1,25- dihydroxyvitamin D. Ionized calcium 
should be measured in those with low total cal-
cium levels as concurrent  hypoalbuminemia 
can affect total calcium levels. Calcium may be 
replaced by either enteral or IV routes depending 
on the clinical situation. Infants with prolonged 
severe AKI may also require treatment with cal-
citriol to supplement deficient 1,25-dihydroxyvi-
tamin D levels. In these infants, serum levels 
of intact parathyroid hormone should also be 
monitored.

16.5.2  Acid-Base Homeostasis

Non-anion gap metabolic acidosis is a common 
finding in infants with AKI as normal acid-base 
homeostasis depends on the kidneys’ ability to 
reabsorb bicarbonate. Base supplementation with 
either bicarbonate or acetate is indicated in those 
with AKI and metabolic acidosis. In infants with 
severe respiratory failure, large doses of bicar-
bonate should be avoided as they can culminate 
in increased carbon dioxide retention. Metabolic 
acidosis should be treated aggresively in those 
with severe pulmonary hypertension, as an acidic 
environment can worsen this condition.

16.5.3  Nutrition

Nutritional goals in infants with AKI are similar 
to those of infants without AKI, with adjust-
ments needed most commonly for potassium, 
sodium, and phosphorus content. The total vol-
ume required to deliver adequate nutrition is 
often of concern, especially in oliguric/anuric 
patients. Commonly, parental nutrition and/or 
enteral feeds will need to be concentrated to 
avoid excessive fluid gains. If nutritional goals 
are unable to be achieved due to oliguria/ongo-
ing fluid overload, then initiation of renal 
replacement therapy should be considered tak-
ing into account the potential risks associated 
with dialysis therapy compared with those asso-
ciated with prolonged, inadequate caloric and 
protein intake.
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16.5.4  Therapeutics

Several therapies including dopamine, diuretics, 
and fenoldopam are used in the management of 
the patient with AKI in spite of the fact that little 
evidence is available to support their use in this 
regard. Dopamine has been studied and is widely 
used in the neonatal population for support of 
systemic blood pressure in both preterm and term 
infants [72–74]. In terms of low-dose or “renal- 
dose” dopamine as a therapy for AKI prevention, 
however, well-powered randomized controlled 
studies [17] and several meta-analyses [30, 40, 53] 
in adults with AKI have shown that low-dose 
dopamine does not improve survival, shorten hos-
pital stay, or limit dialysis use when compared to 
placebo. These studies have not been performed 
in children or neonates.

Diuretics are commonly used to augment 
urine output in critically ill neonates, especially 
given the technical difficulties associated with 
providing renal replacement therapy to very 
small infants. However, no studies in neonates, 
children, or adults have shown that diuretics are 
effective in preventing AKI or improving out-
comes once AKI occurs [13, 17]. Nonetheless, 
loop diuretics may be used in oliguric neonates in 
an attempt to improve urine output. In these 
cases, continuous intravenous infusion of furose-
mide may be superior to larger intermittent doses, 
with smaller total quantities of medication deliv-
ered [51]. The potential toxicity of long-term and 
aggressive furosemide therapy, including ototox-
icity, interstitial nephritis, osteopenia, nephrocal-
cinosis, hypotension, and persistence of patent 
ductus arteriosus, should be taken into consider-
ation, especially in the preterm newborns [43].

Fenoldopam is a selective dopamine-1 recep-
tor agonist whose effects include vasodilation of 
renal and splanchnic vasculature, increased renal 
blood flow, and increased GFR. It is approved for 
the treatment of severe hypertension in adults but 
is not clinically approved for the treatment of 
AKI. Nonetheless, its use in neonates with AKI 
has been explored in several single-center analy-
ses, with some data suggesting that urine output 
is increased with this medication in a select group 
of neonates [57, 85]. Its use has been explored in 

two prospective studies of infants undergoing 
cardiopulmonary bypass, with no benefit seen in 
terms of AKI incidence, fluid balance, or time to 
sternal closure using low-dose fenoldopam 
(0.1 mcg/kg/min) [68] and some modest benefit 
seen with high-dose fenoldopam (1 mcg/kg/min) 
[67]. Currently there is not enough data to sup-
port the routine use of fenoldopam as a treatment 
or prevention strategy for neonates with AKI.

16.5.5  Other Medications

In a neonate with AKI, careful assessment of 
medication dosing is imperative. Because many 
drugs are excreted in the urine, impaired metabo-
lism or clearance from the kidneys can cause 
drug accumulation and adverse side effects. 
Consultation with pharmacists and nephrologists 
familiar with drug dosing in renal failure is essen-
tial when caring for the infant with AKI. 
Medication lists should be reviewed frequently to 
ensure correct dosing has been prescribed based 
on the level of renal failure. In addition, consider-
ation should be given for stopping potentially 
nephrotoxic medications and substituting with a 
suitable, less nephrotoxic alternative if one exists.

16.5.6  Dialysis

Indications for the initiation of renal replacement 
therapy are the same as for other patients (e.g., 
severe hyperkalemia). However, it is important to 
remember that these indications are based on our 
experience in patients with end-stage renal dis-
ease. Waiting for these late indicators of severe 
renal dysfunction to occur is likely not appropri-
ate for the infant with AKI, and thus consider-
ation for renal replacement therapy should occur 
earlier in the course of illness [82]. For example, 
marked edema creates significant technical diffi-
culties for dialysis access placement and makes 
support of the infant much more difficult. Data 
on fluid overload in pediatric and adult patients 
show that those with higher fluid overload at the 
time of dialysis initiation have worse survival 
even when controlling for severity of illness 
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scores [29, 33, 35, 77]. These data suggest that 
prevention of fluid overload and/or early initia-
tion of renal support therapy with dialysis could 
improve outcomes in those with AKI. See 
Chapter 17 for a complete discussion of the pro-
vision of renal replacement therapies for infants.

16.6  Novel Biomarkers

As discussed previously, SCr-based AKI defini-
tions have multiple shortcomings, especially in 
the neonatal population. Of the most important, 
SCr estimates glomerular function, not damage, 
and takes days to rise after an injury has occurred. 
Thus, the focus has been to find better AKI bio-
markers to diagnose this process earlier in the 
course, allow for the development of interven-
tions, and ultimately improve outcomes. Urinary 
biomarkers show great promise in this regard. 
Studies in VLBW infants [6, 10, 49], infants 
who undergo cardiopulmonary bypass surgery 
[37, 48, 60, 61, 64, 86][65], and other sick new-
borns admitted to a neonatal intensive care unit 
[7, 9] suggest that these biomarkers can detect 
those infants who will later have a rise in SCr and 
may also predict hard clinical endpoints such as 
mortality. Currently, bedside tests for serum and 
urine neutrophil-gelatinase-associated lipocalin 
and kidney injury biomarker-1 (KIM-1) are 
available in Europe and are undergoing rigorous 
testing and are under review by the FDA.

In premature infants, it is very important to 
recognize that normal levels of these urine bio-
markers will differ by gestational age, probably 
due to different degrees of tubular immaturity. 
Controlling for this important variable is critical 
as we aim to identify better AKI biomarkers.

16.7  Future Directions

Over the last few years, our understanding of 
neonatal AKI has grown and we now have clear 
data that suggest that AKI is common and is 
associated with mortality. However, better under-
standing of risk factors, preventive strategies, and 
management strategies are greatly needed. 
In addition, technologic advances have been 

made such that dialysis machines made specific 
for neonates have been made and are undergoing 
testing [69]. Maximizing the efficiency and 
safety of renal support therapies with these 
machines could change our approach to the neo-
nate with AKI.

In order for us to improve outcomes of infants 
with AKI, neonatologists and nephrologists must 
work together to develop better definitions of 
AKI using newer biomarkers, perhaps in con-
junction with SCr, urine output, and clinical cri-
teria. In order to accomplish this task, large-scale 
observational multicenter studies in which these 
biomarkers are tested against hard clinical end-
points (such as need for dialysis provision, mor-
tality, lengths of stay, and long-term evidence of 
chronic kidney disease) must be performed. In 
addition, AKI prevention studies that use novel 
biomarkers to define AKI are needed. If an inter-
vention is shown to reduce AKI incidence or 
severity (as defined by AKI biomarkers), it would 
lend support to that biomarker’s clinical utility. 
More importantly, studies are needed in which 
AKI biomarkers are used to identify AKI early in 
the disease process, and once AKI is identified, 
randomized interventions can be tested.

 Conclusion

Acute kidney injury is a common and com-
plex process with important outcome implica-
tions for critically ill neonates. It is associated 
with an increased risk in morbidity and mor-
tality for these patients. Our current AKI defi-
nitions and biomarkers are limited and have 
limited advancements in treatment strategies. 
For now, anticipating who may be at risk is an 
important part of management. Early identifi-
cation of AKI risk factors, close monitoring of 
serum creatinine levels, attention to fluid bal-
ance (for signs of both renal hypoperfusion 
and fluid overload), avoidance of additional 
nephrotoxic exposures whenever possible, 
and frequent reassessment are all critical 
aspects in the care of these patients. Early con-
sultation with a pediatric nephrologist is often 
warranted. Advancements in the care of these 
patients and improvement in survival will 
depend on close collaboration between the 
Neonatology and Nephrology communities.
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           Megan     M.     Lo           and     Timothy E.     Bunchman       

 Core Messages 

•     Renal replacement therapy through vas-
cular means in neonates is signifi cantly 
more complicated than in older patients. 
A higher level of vigilance and attention 
to detail with staff familiar with neo-
nates and neonatal  hemodialysis are 
necessary.  

•   Vascular access is one of the most 
important components of hemodialysis 
and continuous renal replacement ther-
apy success. Placement in the right 
internal jugular vein is preferred for 
fl ow and recirculation concerns.  

•   Because most of the equipment and 
 supplies have been developed for larger 
patients, clearance, anticoagulation, 
ultrafi ltration, and blood fl ow are differ-
ent for neonates.  

•   Data on neonatal vascular renal replace-
ment therapy remains limited, and out-
comes remain guarded for these smallest 
of patients who need to start dialysis at 
such an early age.    

 Case Vignette 

 You are called to the NICU for a 32-week, 
1.7-kg premature male who had oligohy-
dramnios and was receiving amnioinfusion 
therapy in utero. The baby is intubated and 
respiratory status is stabilized on low venti-
lation settings. However, he is anuric and 
renal ultrasound shows bilateral renal 
agenesis. The family would like to proceed 
with all possible courses of action to save 
their baby. Despite his small size, perito-
neal dialysis is initiated and proceeds with 
multiple complications. After 2 months, he 
has peritoneal membrane failure and is 
changed to hemodialysis. A temporary 
7-French left subclavian catheter is used 
emergently due to the presence of a tun-
neled right internal jugular Broviac. Blood 
primes are used with frequent monitoring 
of vital signs with dopamine needed to 
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 support blood pressure. Dialysis is only 
used for the fi rst hour of each session with 
ultrafi ltration only for the remainder due to 
the high clearance rates on a small baby. 
Ativan boluses are used to improve fl uid 
removal. Flow and clotting complications 
occur with his subclavian catheter, and his 
Broviac is exchanged for a tunneled 
8-French hemodialysis catheter. Chronic 
hemodialysis proceeds until the patient is 
transplanted with a kidney from his mother. 

17.1              Introduction 

 Neonatal hemodialysis (HD) for acute or chronic 
renal failure is a rare but important component of 
pediatric nephrological care. The needs for dialy-
sis in infants are usually related to three different 
indications. Cause can be related to end-stage 
renal disease (ESRD), acute kidney injury (AKI), 
and fi nally inborn error of metabolism [ 2 ]. In 
larger children and rarely in infants, the other 
indication for renal replacement therapy is intox-
ication [ 9 ]. Because of the rarity of this cause in 
neonates, it will not be addressed in this chapter. 

 Data from the North American Pediatric 
Renal Trials and Collaborative Studies database 
(NAPRTCS) estimates the incidence of dialysis- 
treated (all modalities) neonatal ESRD as 0.32 
cases per 100,000 live births [ 13 ]. This number 
probably underestimates the total, however, as 
NAPRTCS is a voluntary reporting system and 
patients in smaller centers have been missed. 
Alternatively, larger centers may be too busy to 
report on all incidences. The general trend over 
time has been to move to peritoneal dialysis (PD) 
due to access and feasibility concerns. However, 
certain situations still require the use of hemodi-
alysis such as the presence of a hostile abdomen 
or the need for rapid clearance. These smallest of 
patients suffer from a lack of appropriately sized 
equipment (partially dictated by physics) as well 
as increased risk of complications. Their man-
agement, therefore, is different from that of a 
general pediatric dialysis patient. This chapter 

will not focus on peritoneal dialysis, for it is dis-
cussed in another chapter, but will address the 
use of extracorporeal therapies including hemo-
dialysis and the use of continuous renal replace-
ment therapy (CRRT).  

17.2     Indications 

 Very few neonatal series exist regarding dialysis 
at all and hemodialysis specifi cally. However, the 
therapy has been used in this age group at least as 
far back as the 1970s. Initial indications were 
mostly for acute kidney injury. All fi ve patients 
under 1 month of age had “medical ATN” (acute 
tubular necrosis) as the indication for hemodialy-
sis in a single-center analysis from 1978 [ 25 ]. 
Out of ten patients dialyzed starting at age 
13 weeks at the oldest, six patients had indica-
tions of “acute renal failure,” mostly from sepsis 
and one for posttransplantation [ 26 ]. 

 In more recent reports, indications for starting 
dialysis varied by study, at least partially a conse-
quence of variable practice preferences and type of 
referral center. Infants were more likely to have 
dysplasia/hypoplasia (7/20 patients) compared to 
older children (up to age 36 months at the start of 
dialysis) who tended to have diffuse mesangial 
sclerosis (7/14 patients). Infants were more likely 
to start with PD (16/20 versus 4/14 patients age 
13–36 months). Nine of those 16 transitioned to 
HD due to PD failure [ 20 ]. The preference for non-
HD in this age group was supported by NAPRTCS 
data. Hemodialysis was less likely to be the chosen 
modality, occurring in 2.1 % of patients compared 
to 9.5 % of patients up to 24 months of age. The 
most likely indication for neonatal dialysis of any 
modality was dysplasia (37 %) [ 13 ]. 

 In contrast, in a series of 33 patients between 
1980 and 1991, 18 were dialyzed for acute kidney 
injury, seven had primary renal disease, and eight 
had hyperammonemia. AKI was associated with 
the need for extracorporeal membrane oxygen-
ation therapy (11 patients) or with hemodynamic 
compromise from other causes [ 35 ]. Other studies 
have also shown that as much as 25 % of infants 
will have some degree of AKI in the neonatal 
intensive care unit [ 1 ]. AKI in this  population is 
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often related to a catastrophic  illness of sepsis or 
hypoxia-ischemia. Most of these infants do not 
need to undergo renal replacement therapy. 

 In terms of ESRD, the etiology in infants is 
often related to congenital renal abnormalities. 
This can run the gamut of obstructive uropathy, 
polycystic kidney disease, (either recessive or 
dominant), or the rarer forms of nephrotic syn-
drome. Furthermore, children who suffer cata-
strophic illness in the fi rst few days of life from 
hypoxia-ischemia can develop cortical necrosis 
and loss of kidney function, resulting in AKI- 
induced need for chronic dialysis. 

 Hyperammonemia is a defi nitive indication 
for hemodialysis as this modality has been shown 
to be more rapidly effective in inborn errors of 
metabolism [ 16 ,  37 ]. Additional steps include 
starting a glucose infusion while planning man-
agement with genetics. These are classically 
infants who show up between day two and fi ve of 
life who have cardiovascular collapse associated 
with a signifi cant metabolic acidosis, Kussmaul 
ventilation, and evidence of signifi cantly high 
and lethal levels of ammonia. Time is of the 
essence as prolonged exposure to high ammo-
nium levels leads to prolonged neurological dam-
age [ 31 ]. Therefore, hemodialysis and CRRT by 
CVVHD or CAVHD are fi rst-line modalities 
unless limited by surgical or dialysis nursing 
expertise locally. If HD is not available immedi-
ately, PD is a reasonable alternative while further 
medical interventions are proceeding to decrease 
ammonium production. 

 Another case report included a 1,220-g ex-28- 
week-gestational-age infant successfully treated 
with hemodialysis for theophylline toxicity at 
8 days of life. The patient had seizures with a 
serum level of 82 mg/L at the start of dialysis and 
decreased to 11.8 mg/L after 2 h, with resolution 
of seizure activity 15 min after starting [ 22 ].  

17.3     Location of Therapy 

 Initiation and performance of hemodialysis or 
CRRT must occur where the physician, hemodi-
alysis nurses, and support staff have the experi-
ence and expertise to safely manage these 

patients. Rapid interventions such as fl uid 
boluses, code drugs, and accessibility of the pedi-
atric nephrologist, critical care physician, anes-
thesia, and ancillary staff at bedside are critical. 
Regardless of the location chosen to perform the 
procedures, consistency is vital to progressive 
success. Many programs treat less than 10–15 
children per year on CRRT. Therefore, the lack of 
ongoing experience makes this a relatively higher 
risk and higher anxiety-producing maneuver. 
With these considerations, although the patients 
are neonates, due to the infrequent nature of these 
procedures, the pediatric (rather than neonatal) 
intensive care unit may be the better choice dialy-
sis/CRRT site to concentrate incidences. 
Wherever the chosen venue, all neonatal sessions 
should be performed there, with the patients 
taken care of by a core group of intensive care 
and dialysis/CRRT nurses. This will allow the 
core group of caregivers to develop adequate 
experience with these patients and situations that 
are relatively few and far between.  

17.4     Vascular Access 

 Access is one of the most important factors to 
dialysis success. If the initial catheter location 
fails, then that major blood vessel may become 
unusable for future access attempts. Therefore, it 
is very important to obtain the highest blood fl ow 
possible, lest the attempt be wasted. Given that 
fl ow is proportional to radius to the 4th power, an 
8-French double-lumen catheter would have a 
per-lumen fl ow rate approximately three times 
higher than a 6-French double lumen of the same 
length. In a study of CRRT patients, 5-French 
catheters had signifi cantly decreased survival 
times compared to any other catheter. Although 
not specifi ed, these were presumably double- 
lumen catheters for CRRT. Internal jugular place-
ment conferred a signifi cant advantage [ 23 ]. 
Catheter tips ending in the right atrium tended 
to demonstrate more consistent blood fl ow 
rates [ 35 ]. Care must be taken to avoid place-
ments which are too deep and risk arrhythmias. 
Therefore, the patient should start with a 7- to 
8-French catheter at a minimum, placed in the 
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right internal jugular vein, and end just inside the 
atrium for the best chance at long-term success. 
Femoral catheters should be avoided if possible 
due to decreased longevity [ 23 ] and to prevent 
the risk to future transplant vascular access sites. 

 Uncuffed catheters may be used in the acute 
setting; however the duration of therapy is not 
always immediately obvious. Neonates pose a 
particular challenge with their relatively short 
necks and frequent manipulations in an intensive 
care setting. Therefore, a cuffed catheter may be 
the correct choice even for what appears to be an 
AKI. In a review of patients who were dialyzed 
(by HD alone or with PD) for at least 6 months, 
cuffed catheters lasted 5.7 ± 2.2 months versus 
only 1.3 ± 0.8 months for uncuffed catheters [ 20 ]. 
Medcomp (Harleysville, PA) and Cook Critical 
Care (Bloomington, IN) both make 7-French 
10-cm uncuffed catheters. This catheter is still 
longer than these patients need, but shorter cath-
eters are not commonly available. Medcomp also 
makes 8-French 12- and 18-cm catheters that 
could be used in children as small as 2.5–3 k as a 
source of chronic vascular access. Table  17.1  
summarizes the catheters which are currently 
available.

   The size of neonatal vessels relative to 
that of the cannulas, in conjunction with low 
blood fl ows, makes recirculation more likely. 
Mechanistically, using a double-lumen catheter 
with a distal end-hole return and a proximal 
side- hole arterial draw would appear to reduce 

this problem. Single-lumen access (using a 
Y-connector near the access point) has been pro-
posed as an option to increase the available fl ow 
rate. A variable amount of recirculation (depend-
ing on the design of the tubing) will occur distal 
to the Y-connector. Limitations of this method 
include the need for a machine compatible with 
single-needle dialysis. 

 Two separate 5-French catheters in the umbili-
cal veins have been used previously but have 
shown a higher complication rate, most likely 
due to the pliability of the catheters (personal 
experience). 

 Shunts and fi stulas are not an option for a vari-
ety of reasons, but there was a report on three 
infants, with a maximum longevity of 60 days [ 26 ]. 

 Lastly, there is no established cutoff on mini-
mal size criteria for initiating HD, this decision 
depending more upon the patient’s comorbidi-
ties, available surgical expertise, and familiarity 
of the dialysis staff. Babies as small as 1.6 kg 
have been reported although not with good out-
comes [ 26 ]. 

 Between treatments, the catheter should be 
closed with heparin (1,000 units/mL), 4 % 
sodium citrate, or tissue plasminogen activator 
(TPA, 1 mg/mL) to maintain patency [ 30 ]. Our 
practice is to reserve TPA for signs of catheter 
malfunction. The volume of the solutions is equal 
to the priming volume of each catheter lumen, 
which is often written on the hub. Only experi-
enced dialysis personnel who know to withdraw 

   Table 17.1    Possible hemodialy-
sis catheters for neonates    Company 

 Size 
(Fr) 

 Length 
(cm)  Cuffed  Design  Material 

 Medcomp: Soft-Line  7  7, 10  No  Coaxial  Polyurethane 
  Soft-Line  9  12, 15  No  Coaxial  Polyurethane 
  Hemo-Cath ST  8  12  No  Coaxial  Silicone 
  DuoFlow  9  12, 15  No  Coaxial  Polyurethane 
  Hemo-Cath LT  8  18  Yes  End ports  Silicone 
  Pediatric Split Cath  10  15  Yes  Split offset  Polyurethane 
 Mahurkar  8  9, 12, 

15 
 No  Double-D  Polyurethane 

 Arrow  8  11  No  Coaxial  Polyurethane 

  Not all catheters may be available in all areas. In general a catheter at least 8Fr in 
size will provide better fl ow. Shorter lengths also reduce resistance as long as tip 
reaches superior vena cava-atrial junction at least. Cuff presence may be deter-
mined by expected length of treatment needed, although cuffed catheters may 
provide improved line survival (See text)  
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the packing solution fi rst, rather than fl ush the 
lines as other central lines are treated, should 
access these dialysis catheters under sterile con-
ditions. Pushing these solutions into a neonate 
could have severe consequences. Some programs 
suggest “overfi lling” the lumens by adding an 
additional 0.1–0.2 mL of the packing solution. 
However, we do not recommend this practice as 
this procedure could result in delivery of a sig-
nifi cant drug dose unintentionally. 

 The dialysis catheter should not be used for 
any purposes other than dialysis to minimize 
infection or clotting complications that could 
impair proper blood fl ow. Only dialysis nurses or 
nephrologists familiar with these lines should 
access them.  

17.5     Specifi cs of Hemodialysis 

17.5.1     Dialysis Filters and Machines 

 A dialysis machine that accounts for the special 
needs of small infant patients is preferable and 
would include features such as proper pump 
speeds for small circuit lines and very tight toler-
ances on ultrafi ltration errors. The latter concern 
can be a difference of as much as 50 mL/h, lead-
ing to possibly 150 mL over a 3-h treatment [ 6 ]. 
For a 3-kg infant, this would be 5 % difference 
and even larger in smaller patients. Volumetric 
ultrafi ltration monitoring systems (which contin-
uously monitor the actual volume removed rather 
than relying on calculated or expected volumes) 
reduce this error. All sources of fl uid input (par-
enteral nutrition, intravenous fl uids, gastric feeds, 
medications, etc.) and output (urine, nasogastric 
suction, diarrhea if very watery, surgical drains, 
blood draws, etc.) must be taken into account. 
The patient must be weighed using the same 
scale with as little external equipment, bedding, 
and clothing as possible just before and after each 
dialysis session. One must keep in mind that even 
“minimum UF” can be 100 ml/h, a signifi cant 
amount for a baby. 

 The smallest artifi cial kidney currently avail-
able is the Gambro Polyfl ux 2H and has a  priming 
volume of 17 mL and 0.2-m 2  triple-layer polymer 

surface; this product is not approved in the USA, 
however. The smallest one available in the USA 
is the Fresenius F3 and has a 24-mL priming vol-
ume with 0.4-m 2  surface area for contact using 
polysulfone fi bers. These small- volume dialyzers 
are not high fl ux and rightly should not be, as the 
small ultrafi ltration rates could lead to backfl ow 
of dialysate. The lowest priming volume for tub-
ing is still 32 mL giving a total volume of 56 mL. 
At 80-mL/kg blood volume and a maximum of 
10 % of this blood in the extracorporeal space, 
this means that the smallest patient on hemodial-
ysis who would not need a blood prime would be 
7 kg, which is well outside of the neonatal range. 
Therefore, to minimize antigen exposure from 
the blood primes, 1 unit of donor blood should be 
split and leukoreduced. The blood should be 
diluted from the baseline hematocrit of about 
70–35 %. Depending on the storage time of the 
blood, signifi cant amounts of potassium may be 
contained as well. Unless the patient needs to be 
transfused, the patient should not receive a 
“blood return” at the end of dialysis as this would 
give the patient the excess volume and red cells. 
If the transfusion is desired, it must be returned 
slowly (5–10 mL/min maximum) with close 
monitoring of hemodynamic changes from a 
rapid volume infusion. Development of a gallop 
rhythm warrants immediate cessation of blood 
fl ow and possibly removal of the excess 
 volume [ 15 ]. The saline used to fl ush the blood 
out of the line can also constitute a large volume 
relative to the patient which must be accounted 
for in the ultrafi ltration target. An air return, with 
a slow blood pump rate drawing in air instead of 
saline, would decrease the volume infusion, but 
extreme care must be taken to prevent air emboli. 

 Other considerations in neonates include set-
tings on machines which are not adapted for low 
body weight patients. For example, until recently, 
the neonatal lines on the Gambro dialysis 
machine required a blood fl ow rate setting of four 
times the desired speed (i.e., setting the rate at 
160 mL/min to achieve a true fl ow rate of 40 mL/
min – this has since been remedied with a soft-
ware upgrade). Heat loss is also of special con-
cern due to the large proportion of extracorporeal 
volume and suboptimal thermoregulation in 
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small infants. The dialysate temperature can be 
increased to compensate, but alternative methods 
must be used if the patient is running in ultrafi l-
tration only mode. 

 A manual system that used two syringes to 
shift blood back and forth through the fi lter until 
adequate ultrafi ltration was achieved was 
described in three infants under 1,000 g. However, 
all three infants died of comorbidities within 
4 months [ 14 ]. The last report from this group 
was from 2007, at which time seven patients had 
been treated with this system for clearance needs 
as well [ 18 ,  19 ]. However, as of this writing there 
appear to be no further updates, and this mecha-
nism has not been approved for use in the USA.  

17.5.2     Water Supply 

 Regardless of the brand of dialysis equipment 
used for chronic or portable HD, the dialysate 
water supply must conform to standards set by 
the Association for the Advancement of Medical 
Instrumentation (AAMI). The details of these 
requirements are beyond the scope of this chap-
ter, but the latest update from 2012 can be found 
and purchased on the AAMI website.  

17.5.3     Prescriptions 

 The frequency of dialysis will be determined by 
the patient’s needs. Polyuric renal failure may 
require less frequent dialysis (3–4 times a week 
for 3 h per session) for clearance rather than fl uid 
removal. Anuric renal failure will likely require 
at least 4–5 sessions per week with longer runs 
each time. Determination of frequency and length 
of therapy should be based on solute clearance 
and fl uid removal in the acute patient and proper 
growth in the chronic patient. Nutrition should 
never be decreased or withheld due to inadequate 
dialysis, but rather dialysis must be increased to 
meet nutritional demands. 

 Frequent if not constant vital signs monitoring 
in the form of temperature, heart rate, blood pres-
sure, and pulse oximetry is essential. Neonates 
can suffer rapid heat loss from the extracorporeal 

volume. Supportive measures such as oxygen, 
ventilatory equipment, pressor agents, and iso-
tonic or colloid fl uids must be readily at hand to 
respond to hemodynamic changes. This gener-
ally means the procedure must be carried out in 
an intensive care setting. Staff familiar with neo-
natal signs of distress (heart rate changes, irrita-
bility, color changes, emesis) is needed.  

17.5.4     Blood and Dialysate 
Flow Rates 

 Blood fl ow rates used have been reported at as high 
as 25–50 mL/min [ 35 ]. A blood fl ow rate of 20 mL/
min was suffi cient to achieve the targeted 15 mL/
min of BUN clearance using older parallel- plate 
dialyzers [ 26 ]. A general guideline of at least 
3–5 mL/kg/min blood fl ow rate can be used; how-
ever, a minimum of 20 mL/min may be needed to 
maintain circuit patency. Dialysate fl ow rates should 
be kept as low as possible (generally 500 mL/min) 
as this provides high clearance relative to the blood 
fl ow rates. Electrolyte composition will be deter-
mined by patient needs. Phosphorus may need to be 
added due to the blood fl ow/dialysate fl ow mis-
match, and more frequent sessions are often needed.  

17.5.5     Anticoagulation 

 Heparin can be of special concern in the premature 
population due to the risk of cerebral hemorrhage. 
Although the slow fl ow rates increase the risk of 
circuit clots, attempts can be made initially to run 
the dialysis using saline fl ushes only. When hepa-
rin is used, the dosing is 10–20 units/kg to load 
and then a maintenance dose of 10–20 units/kg/h 
depending on patient response on the circuit and 
bleeding risk factors. If heparin is contraindicated, 
regional anticoagulation with citrate, calcium-free 
dialysate, and a separate intravenous calcium infu-
sion has also been used [ 27 ]. Target circuit post-
fi lter ionized calcium levels have been reported to 
be less than 0.3 mM [ 27 ]. However, higher levels 
up to 0.5mM are used successfully in continuous 
veno-venous hemofi ltration, which requires longer 
anticoagulation times and hence greater risk of 
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 circuit loss [ 5 ]. Therefore, if citrate is to be used, 
we recommend tolerating the higher target levels 
to decrease the risk of complications. Patient’s ion-
ized calcium levels should be kept in the 1.1- to 
1.3-mM range. Certain centers have also rarely 
used calcium-free dialysate without citrate, as the 
latter is not always available. For any of these 
methods involving calcium manipulation, imme-
diate ionized calcium level results must be avail-
able throughout the dialysis run to prevent 
dangerous systemic hypocalcemia. Lastly, antico-
agulation is not always necessary; we have had 
success with chronic hemodialysis using only 
saline fl ushes (accounting for this volume in the 
UF) and a blood fl ow rate of 40 mL/min in a 4-kg 
patient.  

17.5.6     Complications of Therapy 

17.5.6.1     Clotting/Blood Loss 
 Despite the use of anticoagulation, blood volume 
can still be lost in clotted circuits. The frequency is 
not well reported. Given that most neonates require 
blood primes on circuits available at this time, this 
does not translate into worsening anemia necessar-
ily but does increase antigen exposure and the pos-
sibility of catheter malfunction. Blood loss due to 
other aspects of HD care was estimated in chronic 
HD patients up to 1 year of age. The estimated 
residual blood volume in the circuit was 15.7 mL/
kg/month. Higher heparin doses can decrease this 
residual. An additional 12.1 ± 5.9 mL/kg/month 
was lost due to blood draws. This led to an average 
transfusion rate of 25 ± 17 mL/kg/month in the fi rst 
3 months of therapy. These volumes decreased as 
patients grew and generally stabilized [ 20 ]. The 
use of erythropoiesis-stimulating agents has also 
decreased transformation needs. 

 Blood priming is of special concern for anti-
gen exposure and dialysis management (see 
above in    Dialysis Filters and Machines).  

17.5.6.2     Disequilibrium 
and Hypotension 

 As for all dialysis patients, disequilibrium syn-
drome can be of concern, especially in the face of 
a small infant patient dialyzed against a fi lter and 

dialysate fl ow rate with a large (relative to the 
patient) clearance. Signs can include agitation, 
irritability, vomiting, or skin discoloration. 
A high-glucose (up to 700 mg/dL for BUN levels 
over 100 mg/dL) dialysate bath with a mannitol 
infusion (1 g/kg) was used to help prevent dis-
equilibrium, and no apparent episodes were noted 
with this plan. Additionally, clearance was lim-
ited to 2–3 mL/min/kg of BUN to prevent rapid 
shifts [ 26 ]. 

 Approximately 60–70 % of patients can have 
an episode of hypotension during a hemodialysis 
session [ 35 ]. Intradialytic hypotension may occur 
if the volume to be removed is greater than 5 % 
of the patient’s weight. This risk can be reduced 
with the use of sodium modeling (increasing 
dialysate sodium concentration to as high as 
150 mEq/L by the end of therapy) or the infusion 
of colloid such as mannitol (no more than once 
weekly) or albumin (remembering to account for 
these excess volumes in the targeted ultrafi ltra-
tion). These measures can also help with disequi-
librium [ 15 ].  

17.5.6.3     Electrolytes 
 As with HD on any size patient, electrolyte 
abnormalities are a risk if there is a mistake or 
machine error in the dialysate bath. Contrary to 
older patients who generally need to be more 
severely restricted, infants often require higher 
levels of potassium, calcium, and phosphorus 
for growth. Renal dietary formulas tend to be 
low in these components. Phosphorus levels 
(obtained pre-dialysis), specifi cally were very 
dependent on food intake and binder use. 
A dialysate bath containing phosphorus has 
been recommended [ 26 ].   

17.5.7     Outcomes 

 The outcome of infants initiating dialysis early 
in life is generally dismal and has not improved 
signifi cantly over time. All nine patients in a 
series from 1973 died, of which only two were 
able to discontinue dialysis before dying of 
other causes. None of the deaths were attrib-
uted to the dialysis procedure; however, one 
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patient died at the end of the fi rst session, and 
intracranial hemorrhage (“of many days dura-
tion”) was found on autopsy. Another died at 
the second session, no reason given. The three 
patients dialyzed for chronic kidney disease 
died after transplantation [ 26 ]. All fi ve infants 
who were started on hemodialysis due to 
“medical ATN” from meconium aspiration, 
pneumonia, RSD, or cardiac abnormalities 
died in a 1978 case review [ 25 ]. 

 When compared to patients who started dial-
ysis at age 1–24 months in the self-reported 
NAPRTCS database, those who started dialysis 
under 1 month of age were slightly more likely 
to die (11 versus 8 %), less likely to be trans-
planted (46.5 versus 57.7 %), and more likely 
to recover native kidney function (15 versus 
4 %). There was no difference in the hazard 
ratio for death or transplant when comparing 
patients from 1992 to1998 versus 1999 to 2005; 
there was a trend for patients of the more recent 
cohort to go to transplant slightly sooner, but 
the difference was not signifi cant [ 13 ]. Again, 
these numbers do not give the complete picture 
due to the nature of the database, but 193 neo-
nates were included in this review. In a much 
smaller series, during a follow- up of 3 years, 
only one of eight patients who initiated any 
dialysis in the fi rst month of life received a kid-
ney transplant but subsequently died. Five out 
of the eight patients died during a follow-up of 
3 years. This was not signifi cantly different 
from patients who initiated dialysis before 
1 year of life [ 20 ].  

17.5.8     Growth 

 Studies in older children have suggested that 
growth on PD is better than growth on HD [ 33 ]. 
However, long-term studies on patients initiating 
dialysis in infancy have not been done. No differ-
ence was observed in height and weight SDS 
changes between PD and HD in 6 months of fol-
low- up [ 20 ]. Two out of nine patients in a prior 
series had dialysis long enough to study their 
growth and development. Both made gains but at 
signifi cantly decreased rates from expected [ 26 ].   

17.6     Specifi cs of Continuous 
Renal Replacement Therapy 
(CRRT) 

17.6.1     CRRT Machines 

 CRRT is used in an ICU setting for critically ill 
infants. These machines can offer either convec-
tive clearance in CVVH mode (continuous veno- 
venous hemofi ltration) or diffusive clearance in 
CVVHD mode (continuous veno-venous hemo-
dialysis). Additionally, one can undergo both 
convective and diffusive clearance using 
CVVHDF, which is continuous veno-venous 
hemodiafi ltration. The question of whether con-
vective or diffuse clearance is better is an ongo-
ing question. Work by Maxvold and colleagues in 
2000 identifi ed that clearance of small molecular 
weight proteins such as urea or citrate is identical 
whether one is in a convective or a diffusive 
mode [ 28 ]. High molecular weight or high- 
protein binding solutes have preferential clear-
ance in convective versus diffusive mode. Studies 
by Flores and colleagues showed that in highly 
catabolic stem cell transplant patients, survival is 
improved with the use of convective clearance 
[ 21 ]. In unpublished studies by our group, we 
identifi ed improved solute clearance of cytokines 
in convective versus diffusive mode. 

 Often the decision of convection or diffusion 
is made by available local solutions. Physiologic 
solutions have been bicarbonate based since 2000 
in North America and have been used earlier 
throughout the world. In the USA, the Food and 
Drug Administration (FDA) identifi es any medi-
cation that goes in the vascular space as a drug. 
Therefore, those solutions that are used in a con-
vective mode whether it is pre-fi lter or post-fi lter 
are considered a drug. The FDA has then identi-
fi ed any medication that goes outside the vascu-
lar space as a device. Therefore, those solutions 
that are used as dialysate solutions are considered 
device. Experience has identifi ed that the compa-
nies that make both convective and diffusive 
solutions have similar products with different 
labels. Both of these solutions are sterile and 
have physiologic levels of solute. Further, in the 
solutions that are used in the diffusive mode, one 
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has to know there is some degree of back fi ltra-
tion at the level of the membrane; therefore, dif-
fusive solutions will still enter the vascular space. 
Going back to the question of which is better, 
convection or diffusion, it may not only be based 
on the metabolic needs of the patient but also 
may be based on the clinical indication and local 
availability of solutions. Specifi cally in septic or 
otherwise highly catabolic patients, there is an 
advantage based on data mentioned above in the 
use of convective solutions. In patients with 
inborn errors of metabolism, no studies to date 
have identifi ed whether diffusion or convection 
is superior to one or the other. Personal experi-
ence has identifi ed that each of these are equal 
and therefore the modality does not matter.  

17.6.2     Solutions Used for CRRT 

 As mentioned, since the year 2000, solutions are 
now available in the USA that are bicarbonate 
based. Historically, many programs used solu-
tions mixed through in-house pharmacies instead 
of using industry-made solutions. Work by 
Barletta et al identifi ed catastrophic complica-
tions including death using pharmacy-made solu-
tions for CRRT [ 3 ]. Suspected causes may 
include repeated compounding in the pharmacy 
rather than batch processing from industry 
sources, increasing the number of possible 
chances for error. Given the immediate need of 
pharmacy solutions when ordered, there is also 
no confi rmation testing of the products prior to 
use. Therefore, since the advent of industry-made 
solutions, pharmacy-made solutions should no 
longer be considered. 

 Many companies make both a convective and 
diffusive solution. Often the choice of the solu-
tion will be based on what type of anticoagulation 
is done. In patients receiving systemic heparin-
ization, a normal physiologic calcium solution 
is reasonable. In patients receiving citrate anti-
coagulation, a zero-calcium solution is needed 
to avoid clotting of the circuit. As metabolic 
alkalosis is a possible complication of citrate 
use, a lower bicarbonate solution is preferable. 
Otherwise these solutions essentially contain a 

normal physiologic level of sodium, chloride, 
and magnesium, with bicarbonate levels ranging 
between 22 and 40 mEq/L. Specifi c composi-
tions of the numerous solutions available can be 
obtained from each manufacturer. 

 The amount of potassium in the solution is 
based on the needs of the patient. In patients with 
intoxication or inborn error of metabolism, these 
patients need to have a normal physiologic potas-
sium level. In patients with AKI, perhaps starting 
with a lower potassium bath initially and then 
adjusting up to normal physiologic potassium 
concentrations would be in order. 

 Presently, in the USA as well as many other 
parts of the world, phosphorus is not commonly 
placed in solutions by industry. Phosphorus over 
time is cleared very easily by CRRT; therefore 
replacing phosphorus either enterally, intrave-
nously, or through the convective or diffusive 
mode is important. Personal experience for over 
a decade shows that one can place a potassium 
phosphate in a calcium-free bath either in a dif-
fusive or convective mode in order to maintain 
physiologic levels of phosphorus and avoid 
hypophosphatemia.  

17.6.3     Anticoagulation 

 Anticoagulation choices between heparin and 
citrate differ across programs. What is clear is 
that the smaller the child is, the smaller the vas-
cular access becomes. The smaller vascular 
access is associated with slower blood fl ows; this 
in turn is associated with a higher incidence of 
clotting, and so maintaining proper anticoagula-
tion becomes very important. 

 Heparin-based protocols have commonly 
been used for the last two decades. Heparin dos-
ing has targeted an activated clotting time (ACT) 
of about 200 s on HD which is a common proto-
col also used in extracorporeal membrane oxy-
genation [ 8 ]. This requires a bolus of heparin 
typically at 20 units/kg per dose and a continuous 
infusion of heparin anywhere between 10 and 
40 units/kg/h in order to target the same level of 
ACT. The benefi t of heparin-based anticoagula-
tion is the ease of its use. The risk is systemic 
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heparinization to the patient. Historical adult- 
based protocols have used protamine post-fi lter 
pre-patient in order to rescue the patient from the 
anticoagulation. This not only resulted in no 
improvement of circuit life but also rebound 
hypercoagulability or hypocoagulability in the 
patient, causing more complications. 

 Since the early 2000s, these authors as well as 
others have developed the use of citrate anticoag-
ulation used in infants and children [ 10 ]. Citrate 
protocols are based on giving citrate to chelate 
ionized calcium in the circuit, preventing the 
coagulation cascade. The target ionized calcium 
in the circuit is one-third of the normal physio-
logic level. Then calcium, preferably in the form 
of calcium chloride, is infused back to the patient 
separate from the dialysis catheter. The calcium is 
titrated back to the patient for physiologic normal 
levels. Table  17.2  provides a suggested titration 
protocol. The recommended starting rate for 
citrate is 1.5 times the blood fl ow rate but in mL 
per hour, e.g., for a blood fl ow rate of 100 mL/
min, the initial citrate rate is 150 mL/h. Initiation 
of calcium chloride is 40 % the citrate rate; hence, 
for the current example, the calcium chloride 
would start at 0.4 × 150 mL/h which is 60 mL/h. 
Monitoring schedules vary but it is reasonable to 
check an initial ionized calcium within half an 
hour of starting the circuit to ensure that the 
patient is not becoming hypocalcemic. Further 
checks can then be spaced out to as far as every 
4–6 h, depending on patient stability and whether 
any infusion rate adjustments have been needed.

   This is now a common practice in up to 70 % 
of programs throughout North America. Younger 
patients often metabolize citrate poorly, leading 
to a higher risk of citrate accumulation. This may 
result in high physiologic levels of total calcium 
(“citrate lock”) with rebound hypercalcemia as 
one discontinues CRRT, the citrate is broken 
down, and the calcium is released. Therefore, 
even in experienced hands, the use of citrate anti-
coagulation in premature infants, small infants, 
or those with liver dysfunction is very diffi cult 
requiring signifi cant attention to detail. The addi-
tive advantage of citrate anticoagulation is the 
attention to maintaining an adequate ionized cal-
cium to children, especially if they have some 

degree of cardiac compromise or sepsis. Calcium 
is a reasonable inotrope and can improve cardiac 
output. 

 Studies by Brophy et al identifi ed that citrate 
and heparin result in identical CRRT circuit life 
in older children [ 5 ]. There have been very lim-
ited experience and clearly no direct study using 
heparin versus citrate as a source of anticoagula-
tion in infants to date. Therefore, each program 
will have to decide the best use of anticoagula-
tion for the child.  

17.6.4     CRRT Prescription 

 A prescription for CRRT for AKI is based on 
local standard of practice. Work by Maxvold and 
colleagues has suggested that a blood fl ow rate of 
roughly about 4 mL to 5 mL/kg/min along with 

   Table 17.2    Citrate and calcium titration protocols   

  Titrate the citrate infusion according to the citrate 
sliding scale below : 
 Prisma ionized Ca++ 
(mmol/L) 

 Citrate infusion adjustment 
 >20 kg  <20 kg 

 <0.35  ↓ rate by 
10 ml/h 

 ↓ rate by 
5 ml/h 

 0.35–0.5 (optimum 
range) 

 No adjustment 

 0.5–0.6  ↑ rate by 
10 ml/h 

 ↑ rate by 
5 ml/h 

 >0.6  ↑ rate by 
20 ml/h 

 ↑ rate by 
10 ml/h 

 Notify MD if citrate infusion rate >200 ml/h 
  Titrate the calcium infusion according to the calcium 
sliding scale below:  
 Patient ionized Ca++ 
(mmol/L) 

 Calcium infusion adjustment 
 >20 kg  <20 kg 

 >1.3  ↓ rate by 
10 ml/h 

 ↓ rate by 5 
ml/h 

 1.1–1.3 (optimum 
range) 

 No adjustment 

 0.9–1.1  ↑ rate by 
10 ml/h 

 ↑ rate by 
5 ml/h 

 <0.9  ↑ rate by 
20 ml/h 

 ↑ rate by 
10 ml/h 

 Notify MD if calcium infusion rate >200 ml/h 

   Source : Pediatric Continuous Renal Replacement Therapy 
website (  www.pCRRT.com    ). Used with permission  
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either a diffusive or convective clearance at 
2,000 mL/1.73 m 2 /h would result in roughly about 
30 % urea clearance [ 28 ].    Work by Ronco and 
colleagues in adults identifi ed that 40 mL/kg/h of 
convective clearance results in improved survival 
in adults with AKI [ 34 ]. The 40 m/kg/h equates to 
roughly about 2,500 to 3,000 mL/1.73 m 2 /h of 
either convective or diffusive clearance. 

 In reality, the optimal prescription is based on:
    1.    The blood fl ow. The blood fl ow is maximized 

based on the vascular access. The higher the 
blood fl ow, the less the likelihood of clotting. 
The higher blood fl ow will not result in hemo-
dynamic compromise.   

   2.    Whether one is using convective or diffusive 
clearance, one should target based on the cata-
bolic needs of the patient. Thus, using 2,000 
to 3,000 mL/1.73 m 2 /h would be a reasonable 
starting point, and then one would titrate the 
solution exposure upward or downward based 
on the needs of the patient.     
 Net ultrafi ltration rates are based on the hemo-

dynamics of the patient. Classically, urine output 
is 0.5–2 mL/kg/h. If one uses that as the standard, 
then that may be a target that may be best obtained 
in the patient. This author’s experience has sug-
gested that for the fi rst 6–12 if not 24 h of initia-
tion of CRRT, the net ultrafi ltration should be 
zero unless there is pulmonary compromise. This 
means that the ultrafi ltration rate set should equal 
to the patient’s hourly intake from medications 
and nutrition. This will allow for a maximal sol-
ute clearance and then slowly begin fl uid removal 
as tolerated. Vasopressor agents may need to be 
increased or decreased based on the ultrafi ltration 
needs of the patient. Therefore, many programs 
will increase the direct use of vasopressor agents 
as a way to support hemodialysis in order to “dry 
out” the patient.  

17.6.5     Complications 

 Complications of CRRT in infants are similar to 
those in older children. This includes hypotension 
associated with the extracorporeal membrane. The 
hypotension can be associated with a large extra-
corporeal volume compared to the intravascular 

blood volume of the patient. Historically, in chronic 
hemodialysis, one was always taught not to have 
more than 10 % of blood extracorporeal to the 
patient. This data, which is no longer valid in the 
outpatient chronic hemodialysis world, has been 
extrapolated to the inpatient CRRT world. This 
comparison is not valid because one is comparing 
hemodynamically stable outpatients to hemody-
namically unstable inpatients. 

 What is known is that the larger extracorporeal 
volume at the initiation of CRRT, the more chance 
of causing some degree of hypotension. Therefore, 
the use of blood priming may be necessary if one 
has 5, 10, 15, or even 20 % of blood volume extra-
corporeal. The use of blood priming is primarily 
based on the hemodynamics of the patient. The 
risks of blood priming are twofold. One is related 
to the acidotic, hypocalcemic, and hyperkalemic 
composition of the blood itself, and the second is 
the potential of a signifi cant membrane reaction 
associated with the AN-69 membrane which is 
made by Gambro. A study by Brophy and col-
leagues identifi ed that the acidotic milieu (pH of 
6.2), elevated potassium (up to 40 mEq/L), and 
low ionized calcium (down to 0.02 mM due to the 
citrate to prevent clotting) of banked blood can 
interact with the AN-69 membrane and cause ana-
phylaxis when post-fi lter blood returns to the 
patient [ 4 ]. This is related to a pH-dependent bra-
dykinin reaction. Studies by Brophy as well as 
Hackbarth have identifi ed methods to avoid this 
reaction [ 24 ]. Other membranes such as polysul-
fone are not associated with these problems. 

 Other complications in children are related to 
thermic instability. Because of the large extracor-
poreal blood volume and the relatively slow 
blood fl ow rate, blood may be extracorporeal to 
the patient for 3–4 min. This allows for signifi -
cant cooling and puts the child at risk for hypo-
thermia and masking fevers. 

 The other two major complications of CRRT in 
infants are related to nutritional losses, as well as 
drug dosing. Maxvold and colleagues identifi ed 
that roughly 15–35 % of parenteral TPN amino 
acids may be lost through CRRT [ 28 ]. Therefore, 
many programs including this author will titrate the 
protein load to keep the patient at a BUN of roughly 
40–60 mg/dL. Experiences show that some infants 
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require 8–9 g/kg/day of TPN protein in order to 
have a BUN of 20–30 mg/dL for adequate protein 
load. Work by Zappitelli and colleagues have iden-
tifi ed that standard practice still usually orders 
about 2.5 g/kg/day, which is usually insuffi cient for 
children and even more so for infants on CRRT [ 38 ]. 
Further work by Zappitelli and colleagues has 
identifi ed trace elements as well as vitamins being 
removed by CRRT system [ 39 ]. Therefore, overall 
attention to detail with nephrology input is very 
important to compensate for the nutritional stealing 
that occurs on the CRRT machine. 

 Medication dosing in children on CRRT is very 
diffi cult. Smaller molecular weight and less-protein- 
bound drugs have higher levels of clearance. Given 
the continuous nature of CRRT, however, many 
medications which do not fi t that profi le are still sig-
nifi cantly cleared over time. To determine relative 
clearance on CRRT, vasopressor agent use and lev-
els of antibiotics such as aminoglycosides or vanco-
mycin can help. Vancomycin is about 1,500 Da and 
about 75 % protein bound. It is not unusual that 
infants or children on CRRT require normal dosing 
of vancomycin with normal kinetics. This experi-
ence with vancomycin then can allow one to iden-
tify how to dose other medications in general. 
   Vasopressor agents such as epinephrine, norepi-
nephrine, and dopamine have small molecular 
weight and are poorly protein bound. Therefore, it 
is imperative to know that at the initiation of CRRT, 
these medications are cleared quite rapidly and 
doses may need to be increased over time to give 
adequate hemodynamic control. 

 Lastly, the placement of vascular access in 
these children is important in relation to other 
points of access. If the tip of another central 
venous line delivering vasopressor agents is in 
immediate proximity to the CRRT dialysis cath-
eter (as they often are due to the nature of these 
medications), there may be an immediate loss of 
these medications at the initiation of CRRT.  

17.6.6     Tandem Therapies 

 Patients with inborn errors of metabolism can 
undergo hemodialysis or CRRT. Work by Picca and 
others has identifi ed that optimally, hemodialysis 

and CRRT are superior to peritoneal dialysis for 
removal of ammonia [ 32 ]. Recent work by our 
group has identifi ed the use of sequential hemodi-
alysis followed by CRRT as the optimal way to 
take care of infants with inborn errors of metabo-
lism [ 7 ]. Furthermore, a recent paper by Eding 
and colleague has identifi ed the use of transition-
ing blood from the hemodialysis machine to the 
CRRT machine not only to avoid membrane reac-
tions associated with AN-69 fi lters but also to 
avoid extra blood exposure to that patient [ 17 ]. In 
contrast to the dialysate used in AKI which may 
be low in phosphorus, and potassium, the bath 
used in inborn errors of metabolism needs to be 
physiologic. 

 Like intoxications, the duration for hemodialy-
sis or CRRT in inborn error of metabolism would 
be targeted based on the clearance of ammonia. 
Recent studies identifi ed that the “cocktail” that is 
used in the treatment of hyperammonemia is 
cleared easily on CRRT. Work done by McBryde 
and colleagues has shown that arginine is easily 
cleared [ 29 ]. Phenylacetate and benzoate are eas-
ily cleared on CRRT but not at the compromise of 
improving ammonia in the patient [ 7 ].  

17.6.7     Outcome 

 There is a paucity of data on the outcome of 
infants on CRRT. Most studies combined modali-
ties as well as patient ages, involving both pediat-
ric and infant groups together [ 11 ,  12 ]. In a 
multicenter retrospective database study looking 
at survival in children less than 10 kg, there was 
an overall survival of 40 %. In those less than 
3 kg, the mortality was roughly 25 %, pointing 
out that even in experienced hands, this is a very 
diffi cult population to effectively dialyze [ 36 ]. 

 In essence, CRRT is a commonly used therapy 
in children with AKI and intoxications and less 
commonly used in infants. The typical diffi culties 
are usually around the issues of vascular access 
and the complications related to a large extracor-
poreal circuit. Developments out of Europe iden-
tifi ed smaller and smaller extracorporeal therapies 
for CRRT in infants perhaps making this an easier 
therapy to use in this population.   
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17.7     Social Supports 

 The importance of supporting the family during 
this time cannot be stressed enough. Caregivers 
must be careful not to impose their value system 
on families while at the same time guiding parents 
in what, for them, is an extraordinary situation 
that they have likely never prepared for. Given the 
complications and unsure outcomes discussed 
above, some families may choose never to start 
renal replacement therapy in the fi rst place, and 
caregivers must be prepared to discuss and possi-
bly accept these decisions with the family.  

    Conclusion 

 Neonatal renal replacement therapy using HD 
or CRRT has many indications and may need 
to be modality of choice for some ESRD 
patients. The prognosis remains grim for 
many of these patients, and much work 
remains to be done to improve their outcome. 
In the meantime, careful attention to detail 
regarding vascular access, location of therapy, 
core staff members, access placement, vigilant 
monitoring during each session, preparation 
ahead of time for possible complications, and 
the care and management of non-dialysis fac-
tors such as nutrition and family support are 
vital to increasing the chances of success for 
these vulnerable patients.     
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  18      Peritoneal    Dialysis in the Newborn 

              Joshua     J.     Zaritsky     and     Bradley     A.     Warady     

 Core Messages 

•     Peritoneal dialysis (PD) has long been 
considered an effective treatment 
modality for neonates with severe acute 
kidney injury (AKI) and is the modality 
of choice when treating neonates with 
end-stage renal disease (ESRD) need-
ing chronic renal replacement therapy. 
Its popularity and success largely derive 
from its simplicity and effectiveness in 
even the smallest patients.  

 Case Vignette 

 A 38-week male infant is born and quickly 
intubated due to severe respiratory distress. 
The prenatal history is notable for oligohy-
dramnios. On exam, the baby is noted to 
have a distended abdomen with absent 
abdominal musculature and undescended 

•   A clear advantage of prompt PD initia-
tion in cases of severe AKI and ESRD is 
the ability to help meet the nutritional 
demands of the neonate through the 
effective removal of solute and fl uid. 
The substantial nutritional demands of 
this patient population are intended to 
address the marked increases in height, 
weight, and brain development that the 
neonate/young infant is experiencing in 
the setting of impaired kidney function.  

•   Historically, the morbidity and mortal-
ity rate of neonates treated with chronic 
PD has been quite poor, with the pres-
ence of nonrenal  disease being the most 
important predictor of mortality. Over 
the last decade, however, there has been 
steady improvement in the quality and 
rate of patient survival with recent stud-
ies showing no differences in mortality 
rates between PD patients who initiated 
dialysis at less than 1 month old versus 
2–24 months of age.    
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18.1              Introduction 

 Peritoneal dialysis (PD) has long been consid-
ered an effective treatment modality for neonates 
with severe acute kidney injury (AKI) and is the 
modality of choice when treating neonates with 
end-stage renal disease (ESRD) needing chronic 
renal replacement therapy. Its popularity and suc-
cess largely derive from its simplicity and effec-
tiveness as a means of removing solute and fl uid 
in even the smallest patients. In its most basic 
terms, the removal of plasma solutes (solute 
clearance) is achieved by diffusion of the solute 
down a concentration gradient between dialysate 
and blood and across the semipermeable perito-
neal membrane. Fluid removal (ultrafi ltration) is 
achieved by the osmolarity of the dialysate creat-
ing an osmotic gradient along which fl uid moves 
across the membrane and is drained from the 
patient. Access for PD can be achieved easily and 
even emergently in the unstable patient with AKI 
at the bedside, and the continuous and gradual 

provision of both solute clearance and ultrafi ltra-
tion aims to mimic the function of the native 
kidney.  

18.2     The Acute Setting: 
Acute Kidney Injury 

18.2.1     Etiology and Incidence of AKI 
and the Need for Acute 
Peritoneal Dialysis 

 There is limited literature documenting the etiol-
ogy of AKI that results in the need for acute PD 
in the neonatal population. However, some gen-
eralizations can be made. In most cases, 
 congenital malformations such as renal dysplasia 
or posterior urethral valves do not compromise 
kidney function so severely that dialysis is 
required in the newborn period. Instead, acquired 
renal disorders, usually related to perinatal 
asphyxia, hypoxia, sepsis, or hypovolemia, make 
up the majority of insults that mandate acute 
replacement therapy [ 1 ,  2 ]. Very rarely, acute 
vascular events such as renal artery or renal vein 
thrombosis are to blame but usually have to affect 
both kidneys to result in AKI requiring dialysis. 

 It its estimated that AKI severe enough to 
require dialysis occurs in less than 1 % of admis-
sions to neonatal intensive care units [ 2 ,  3 ]. A ret-
rospective, single-center study from Turkey 
found that 20 of 4,036 neonates (0.5 %) received 
PD [ 4 ]. Since the indication for PD in half of the 
cases was an inborn error of metabolism, the 
actual incidence of AKI resulting in PD was sig-
nifi cantly lower. An older study from the same 
center found that 45 out 1,311 (3.4 %) neonates 
were diagnosed with AKI, with only 10 (0.7 %) 
requiring dialysis [ 5 ]. 

 It is important to recognize that there will be 
variations in the etiology and incidence of AKI 
based on the institution, with more specialized 
centers likely seeing higher AKI rates and pre-
sumably higher utilization of dialysis due to sur-
gical complications of extremely ill neonates. 
This is particularly evident in centers in which 
complex cardiac surgery is performed. One recent 
single-center retrospective study documented 

testes. An abdominal ultrasound reveals 
highly echogenic and small kidneys, char-
acteristic of renal dysplasia, along with 
dilated ureters and a dilated bladder with a 
thickened wall. 

 Over the next 7 days, ventilatory sup-
port is able to be progressively decreased, 
but the infant is noted to develop progres-
sive fl uid overload despite the aggressive 
use of diuretics. Although nutrition has 
been limited due to fl uid restriction, the 
infant is mildly hyperkalemic and hyper-
phosphatemic. The serum creatinine has 
been steadily rising and is currently 
4.2 mg/dL. After consultation with the 
attending neonatologist and nephrologist, 
along with several members of the neona-
tal multidisciplinary team, the family 
agrees with plans to place a peritoneal 
dialysis catheter along with a gastrostomy 
tube and to initiate peritoneal dialysis. 
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that 95 of 1,510 neonates (6.5 %) undergoing car-
diac surgery had AKI that required PD [ 6 ]. In 
some centers, routine care of complex cardiac sur-
gery cases includes the placement of a PD cathe-
ter in case dialysis is needed [ 7 ].  

18.2.2     Indications for the 
Initiation of Acute PD 

 In general, most of the indications for acute PD in 
the neonatal period mirror that seen in older chil-
dren (Table  18.1 ). Although the majority of cases 
of AKI can be managed conservatively, severe 
metabolic disturbances, particularly hyperkale-
mia that is not responsive to medical manage-
ment, mandate prompt initiation of dialysis. 
Additionally, inborn errors of metabolism, which 
usually are not accompanied by AKI, can require 
dialysis for optimal management (see below). 
There is accumulating evidence that fl uid over-
load in the setting of AKI is associated with 
adverse outcomes, particularly in the pediatric 
population [ 8 – 12 ]. A multicenter, prospective 
study of children demonstrated that the percent 
fl uid accumulation prior to starting continuous 
renal replacement therapy (CRRT) was signifi -
cantly lower in survivors versus non-survivors 
[ 11 ]. Although this has not been examined pro-
spectively in the neonatal population, fl uid over-
load in the neonate takes on special signifi cance 
in the face of an often precarious respiratory sta-
tus and may benefi t from the early initiation 
of PD.

18.2.3        Peritoneal Dialysis as a Renal 
Replacement Modality for AKI 

 Peritoneal dialysis has long been considered an 
effective dialysis modality in the setting of AKI. 
Despite the growing popularity of CRRT, survey 
results of pediatric nephrologists provide evi-
dence that PD remains the predominant dialysis 
modality for children <2 years of age [ 7 ,  13 ]. As 
mentioned above, access can be placed emer-
gently at the bedside in patients who are too 
unstable to undergo a surgical procedure [ 6 ,  14 ]. 

Additionally, PD can typically be performed 
safely and effectively in patients with cardiovas-
cular instability as a result of the inherent gradual 
and continuous provision of both ultrafi ltration 
and solute clearance characteristic of the 
procedure. 

 The shift in older children away from PD and 
toward CRRT is likely the result of improved 
CRRT techniques and technology [ 13 ,  15 ]. 
However, the small blood volume of neonates can 
present a challenge, despite the use of current day 
CRRT devices. The use of a blood prime of the 
extracorporeal circuit is regularly required to ini-
tiate therapy, and maintenance of a complication- 
free central venous access can be problematic. 
Additionally, outcomes associated with the use 
of CRRT in this age group, although consistent 
over the past decade, remain signifi cantly lower 
than in older children with patients <3 kg tend-
ing to have a particularly poor survival [ 16 ,  17 ]. 
Finally, PD offers the additional advantage of not 
requiring systemic anticoagulation, in contrast to 
hemodialysis (HD) and CRRT . 

 Despite these technical challenges, CRRT and 
HD are viable alternative acute renal replacement 
therapy options and in most situations, provide 
superior clearance of metabolic toxins such as 
ammonia in neonates with inborn errors of 
metabolism [ 18 ,  19 ]. Additionally, there are rare 
absolute contradictions to PD in neonates such as 
omphalocele, diaphragmatic hernia, or gastros-
chisis, all scenarios in which there is essentially 
the lack of a functional peritoneal cavity. Relative 
contraindications to PD include the presence of 
severe pulmonary disease since the increased 
intra-abdominal pressure associated with PD 
could further compromise pulmonary function 
[ 20 ] or a history of extensive abdominal surgery 
because of the possibility of adhesions and 

   Table 18.1    Indications for dialysis in neonates   

 Volume overload 
 Hyperkalemia, hyperphosphatemia 
 Severe metabolic acidosis 
 Inborn errors of metabolism (hyperammonemia) 
 Uremia with encephalopathy or bleeding 
 Improved nutritional support 
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a compromised peritoneal cavity. The presence 
of a vesicostomy or colostomy or the diagnosis of 
polycystic kidney disease is not a contraindica-
tion [ 21 ]. With these issues in mind and given the 
lack of prospective trials comparing the out-
comes of neonates with AKI stratifi ed by dialysis 
modality, the decision regarding dialysis modal-
ity selection always needs to factor in local 
resources and expertise along with the patient’s 
clinical status.  

18.2.4     Peritoneal Dialysis 
Access in AKI 

 The two most commonly placed accesses for 
acute PD are the percutaneously placed Cook 
catheter and the surgically placed Tenckhoff 
catheter (Figs.  18.1  and  18.2 ). The Cook catheter 
offers the advantage of bedside placement by a 
nephrologist or intensivist via the Seldinger tech-
nique. Since only local anesthesia is required, it 
can be placed promptly, even in an unstable 
patient [ 14 ,  22 ]. However, its use is hampered by 
a very high rate of complications such as leakage 
of dialysis fl uid from the catheter entry site on the 
abdominal wall and obstruction. Chadha et al. 
[ 23 ], in a single-center retrospective study of 
infants and young children with AKI, found that 
by day 6 of dialysis, only 46 % of Cook catheters 
were functioning without complications. In com-
parison, they found that over 90 % of surgically 

placed Tenckhoff catheters were free of compli-
cations at the same time point. Thus, the authors 
suggested that if dialysis is expected to be 
required for more than 5 days, either a Tenckhoff 
catheter should be placed initially or elective 
replacement of the Cook catheter with a 
Tenckhoff catheter be performed in a timely 
manner. Recently, a multipurpose percutaneous 
catheter (Cook Mac-Loc multipurpose drainage 
catheter) showed promising results in a small 
cohort of infants with AKI with a mean 
complication- free survival of approximately 
11 days [ 22 ]. It continues to be used with good 
success at one of the author’s centers; additional 
data on this experience is forthcoming.

    Methods to decrease the risk of dialysate 
leakage are particularly important when dialysis 
is to be initiated emergently, soon after place-
ment of the access. There is preliminary evi-
dence that the application of fi brin sealant (glue) 
at the peritoneum can be used to treat leaks that 
occur soon after placement of a Tenckhoff cath-
eter and the implementation of PD. Rushoven 
et al. demonstrated in eight infants, ages 0.8–
57 months, that fi brin glue applied to part of the 
subcutaneous catheter tunnel through the exit 
site, as close to the cuff as possible, was able to 
successfully treat leaks that occurred within 48 h 
of starting therapy while using a single-cuff 
straight Tenckhoff catheter [ 24 ]. Additionally, 
Sojo et al. were able to show in an open-label, 
prospective randomized study that application of 
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  Fig. 18.1    A Cook catheter 
   set for PD, inserted by the 
Seldinger (guidewire) 
technique. ( A ) Needle for 
insertion of the guidewire. 
( B ) Flange for securing the 
catheter to the abdominal 
wall. ( C ) Catheter. ( D ) Tube 
for attaching the catheter to 
the dialysis set. ( E ) 
Guidewire (Reprinted from 
Haycock [ 2 ], Copyright 
2003, with permission from 
Elsevier)       
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fi brin glue to the peritoneal cuff suture at time of 
implantation reduced the incidence of leakage in 
the early postoperative period [ 25 ]. Dialysate 
leakage only occurred in 9 % of the fi brin glue 
group versus 57 % of the control group. 

 The most important consideration for the 
 successful placement and function of a Tenckhoff 
catheter in the neonate is the experience of the 
surgeon [ 26 ]. This can be particularly problem-
atic at centers caring for a small number of 
patients overall, where the need to provide dialy-
sis to a very young infant may be a rare event. 
Because of the importance of the access and the 
desire for the outcome of placement to be 
complication- free, the surgical placement should 
be limited to only a few surgeons per center, and 
on rare occasion, it may be preferable to refer the 
patient to another, more experienced center for 
access placement, in a manner similar to what 
has been recommended for vascular access [ 27 ]. 

 There are a variety of confi gurations of 
neonatal- sized Tenckhoff catheters available 
from several manufactures (Baxter, USA; 
Medionics, Canada; Covidien, USA). Although 
there is limited data available to permit determi-
nation of the “best” confi guration, data from the 
North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS) pertaining to 
chronic PD suggests that a dual-cuffed, swan- 
neck (allows for downward facing exit site) cath-
eter is associated with a reduction in infectious 
complications compared to other catheter con-
fi gurations (see below) [ 28 ].  

18.2.5     Prescription Considerations 
for AKI 

 In the acute setting, the prescription of PD is 
guided by the need for low dialysate exchange 
volumes to prevent dialysate leakage and to keep 
the intraperitoneal pressures as low as possible to 
avoid any respiratory embarrassment [ 20 ]. 
Typically, initial dialysis exchange volumes 
should be 10–20 mL/kg body weight (300–
600 mL/m 2 ) and are increased as clinically war-
ranted and tolerated. Because these low volumes 
result in a rapidly diminished osmotic gradient 
and resultant limited ultrafi ltration, dwell times 
of one hour or less are frequently utilized. Dwell 
times as short at 20 min have also been used in 
neonates when rapid removal of small solutes is 
desired [ 29 ]. Despite the ineffi ciency introduced 
by using low dialysate volumes, adequate solute 
clearance and ultrafi ltration rates can be achieved 
if exchanges are performed around the clock. 
Golej et al. [ 30 ] reported a case series of 116 neo-
natal and pediatric patients who underwent low- 
volume PD in whom the mean ultrafi ltration rate 
was 2.8 mL/kg/h. A negative fl uid balance was 
accomplished in 53 % of patients, despite the 
presence of hemodynamic instability in a major-
ity of the subjects. Several patients with hyperka-
lemia and metabolic acidosis did require the use 
of higher dwell volumes to adequately control 
the biochemical abnormalities. 

 In extreme cases of hyperphosphatemia or 
hyperammonemia, continuous-fl ow PD (CFPD) 
has been employed [ 31 ,  32 ]. CFPD requires 
placement of two intraperitoneal catheters, with 
one catheter used for infl ux and another for effl ux 
of dialysate. In this manner, the transport poten-
tial of the peritoneal membrane is maximized by 
maintaining the highest possible solute concen-
tration gradient. Dialysate fl ow rates of up to 
300 mL/h in patients as small as 3 kg have been 
described using this technique [ 31 ]. 

 The lower dialysate dwell volume employed 
in the neonate generally necessitates the use 
of manual exchanges early in the course of 
PD in contrast to an automated cycling device. 
Advantages of manual exchanges include the low 
expense and technical simplicity. Neonatal or 

  Fig. 18.2    Tenckhoff catheters       
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PICU nurses can be trained rapidly to perform 
manual exchanges which avoids the need for a 
dialysis nurse to continuously supervise therapy. 
Indeed, the combination of simplicity, low cost, 
and effi cacy makes PD with the use of manual 
exchanges in the neonatal setting an attrac-
tive option for centers with limited resources. 
There are several commercially available man-
ual exchange sets (Baxter, USA; Fresenius, 
USA; Gesco International, USA; Medionics 
International, CA; Utah Medical Products, USA) 
which minimize the risk of contamination and 
allow for the warming of dialysate before it is 
instilled into the patient. 

 In contrast to manual exchanges, there are 
automated cyclers that permit the accurate deliv-
ery of an exchange volume as low as 60 mL with 
low-fl ow drainage modes to avoid unnecessary 
alarms (Home Choice Pro, Baxter). Practically, 
automated peritoneal dialysis (APD) can be per-
formed using the cycling device without a sub-
stantial recirculation volume in the dialysis 
tubing when the exchange volume is more than 
100 mL. The volume of tubing to the patient 
using a “low-volume” set is approximately 19 ml. 

 Standard commercially available dialysate 
solutions are employed in the acute setting with 
the choice of dextrose concentration [1.5, 2.5, or 
4.25] driven by the need for ultrafi ltration. The 
choice of PD solutions is also largely dependent 
upon their availability in different regions of the 
world. In the United States, only lactate-buffered 
solutions are available, whereas bicarbonate- 
buffered solutions, which are presumably more 
biocompatible, are available in Europe and other 
geographic regions. Lactate-based solutions 
should be avoided in neonates with severe acide-
mia as lactate needs to be converted by the liver 
to the effective base. Thus, if PD is to be used in 
a neonate with severe acidosis in the USA, the 
local hospital pharmacy will often provide a cus-
tom dialysate solution which is bicarbonate 
based. Vigilance with respect to monitoring the 
accuracy of the electrolyte content of pharmacy- 
made solutions is mandatory if severe distur-
bances (e.g., hypo- or hypernatremia) are to be 
prevented. 

 In the acute setting, there are no defi nitive 
parameters for determining the “adequacy of dial-
ysis” in terms of solute or fl uid removal. Given 
that these patients are rarely in a steady state and 
tend to be hypercatabolic, the utility of urea 
kinetic modeling (Kt/V) is questionable and has 
not been validated. Since there are no consensus 
recommendations on what levels of solute (e.g., 
urea, creatinine) removal are adequate or optimal 
when treating patients with AKI, there has been a 
tendency to fall back on recommendations for 
patients on chronic PD in some centers [ 33 ,  34 ]. 
However, adequacy in the acute setting is primar-
ily based upon the ability to achieve fl uid and 
electrolyte balance while ideally having the 
capacity to provide the patient with their required 
medications and nutrition. Whether or not the 
fl uid targets recently recognized to be associated 
with improved outcomes in the treatment of AKI 
in older children are applicable to the neonatal 
population will require further study [ 8 – 10 ].  

18.2.6     PD Complications and 
Outcome in AKI 

 Despite signifi cant advances in care, morbidity 
remains high in neonates receiving acute PD. 
Most complications seen early in the course of 
dialysis are technical in nature, such as catheter 
malfunction and/or dialysate leakage which pre-
disposes the patient to infectious complications 
such as catheter-related infections and peritonitis. 
As mentioned above, the complication rate is 
highest with temporary catheters, effectively lim-
iting their use to no more than a 6-day period. 
Other less frequent surgical complications can 
include bowel perforation, hemoperitoneum, or 
hydrothorax [ 6 ]. Rarely but more commonly in 
the neonate versus older children, metabolic 
complications such as hyperglycemia (due to the 
use of dextrose as the osmotic agent in the dialy-
sate), hypokalemia, and hyponatremia can occur 
and require early correction. 

 Published data describing outcomes in neo-
nates receiving PD for treatment of AKI is sparse 
and is limited to single-center reports. Given the 
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considerable variation in patient characteristics, 
etiology of renal disease, indications for dialysis, 
and dialysis methodology, it is not surprising that 
reported outcomes describe a wide range of mor-
tality rates from 35 to 73 % [ 30 ,  35 ]. There is 
recent evidence which suggests that the timing of 
PD initiation may affect outcome. In a single- 
center report, Bojan et al. found that the initiation 
of PD within 1-day post-cardiac surgery in 
infants (including 1,510 neonates) with AKI was 
associated with a 40 % decrease in mortality 
when compared to the outcome of patients who 
initiated PD later [ 6 ]. Finally, there have not been 
any prospective trials comparing outcomes with 
different dialysis modalities in neonates or older 
children with severe AKI.   

18.3     The Chronic Setting: ESRD 

18.3.1     Incidence and Etiology of 
ESRD in Neonates/Infants 

 Despite an increased awareness of the capacity to 
care for neonates with end-stage renal disease 
(ESRD), the need for long-term renal replace-
ment therapy (RRT) in this age group, which con-
sists almost universally of chronic peritoneal 
dialysis, remains rare. Actual neonatal incidence 
data regarding the use of PD is limited with much 
of the published data examining the management 
of ESRD patients in the broader age range of birth 
to 24 months. Carey et al. [ 36 ] using data from the 
dialysis registry of the NAPTRCS estimated an 
incidence of only 0.045 cases of dialysis- treated 
neonates with ESRD per million population per 
year or 0.32 cases per 100,000 live births. This is 
substantially lower than the overall incidence of 
ESRD during the fi rst 4 years of life as the United 
States Renal Data System (USRDS) reported an 
incidence of approximately ten cases per million 
population in the 0–4-year age group over the last 
decade [ 37 ]. This difference likely refl ects the 
fact that the most common cause of chronic kid-
ney disease in the neonatal period (see below), 
congenital renal dysplasia, does not typically 
compromise kidney function so severely that 

 dialysis is required in the newborn period. The 
incidence of ESRD resulting in chronic dialysis 
in the neonatal age group also appears to vary 
regionally with a recent report of the International 
Pediatric Peritoneal Dialysis Network (IPPN) 
suggesting that centers in low- income countries 
(gross national income <$12,000) offer PD to 
fewer young patients, with only 8 % of their dial-
ysis patients being <3 years old [ 38 ]. 

 The list of disorders that result in kidney dis-
ease requiring chronic dialysis in the neonatal 
period is short. In the cohort of neonatal patients 
( n  = 193) examined by Carey et. al., the most fre-
quent renal disorders resulting in the need for 
chronic dialysis were congenital renal  hypoplasia/
dysplasia and obstructive uropathy (e.g., poste-
rior urethral valves) [ 28 ,  36 ] (Table  18.2 ). 
Similarly, Warady and Martz reviewed the causes 
of ESRD in 85 neonates who were entered into 
the NAPRTCS database from 2000 to 2010 and 
found the same two diagnoses predominant [ 39 ]. 
These and other structural abnormalities of the 
urinary tract account for nearly 60.0 % of cases 
of neonatal dialysis, with the next most common 
diagnosis being polycystic kidney disease. 
Compared to relatively older infants and children 
(1–24 months of age at dialysis initiation), Carey 
et al. found a reduced incidence of congenital 
nephrotic syndrome (1.5 % vs. 10.7 %) in the 
group of neonates who received dialysis.

18.3.2        Ethical Considerations 

 Clearly, one of the most diffi cult issues that fami-
lies and pediatric nephrology teams are con-
fronted with is the decision regarding when and if 

   Table 18.2    Diagnosis of neonates with ESRD   

 Diagnosis   n  (%) 

 Renal dysplasia  72 (37.3) 
 Obstructive uropathy  39 (20.2) 
 ARPKD  23 (11.9) 
 Congenital nephrotic syndrome  3 (1.5) 
 Other  56 (29) 

  Adapted from Carey et al. [ 36 ]  
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chronic dialysis therapy should be initiated for 
the neonate with ESRD. Despite advances in 
dialysis technology and clinical expertise that 
now makes it possible to provide dialysis to this 
patient population safely and effectively, the con-
cept of proceeding with a lifetime of ESRD care 
is unavoidably complex. Comorbidities such as 
neurocognitive delay, growth delay, and the 
almost universal need for supplemental tube 
feeding and multiple hospitalizations contribute 
to the ethical dilemma experienced by many. 
Often complicating the situation is the presence 
of signifi cant nonrenal abnormalities, such as 
pulmonary hypoplasia, which are present in up to 
one-third of infants with ESRD and which are 
associated with an increased risk for mortality 
[ 40 ]. In fact, the mortality rate of the youngest 
infants (0–2 years) who have received chronic 
dialysis has historically been quite poor, with 
2-year mortality rates as high as 30 %; however, 
more recent data has revealed signifi cantly better 
outcomes (see below) [ 36 ,  41 ]. 

 In adult patients, the four principles of medical 
ethics, autonomy, benefi cence, non- malefi cence, 
and justice, are characteristically applied to deci-
sions on whether to withhold or withdraw dialysis 
[ 42 ]. However, in the case of infants, the wishes 
of the parents, who are entitled to make decisions 
on the medical care their children receive, must 
also be taken into consideration. This ethical 
dilemma is not all that uncommon in the neonatal 
intensive care unit and occurs in other situations, 
such as in the case of the neonate with hypoplas-
tic left heart syndrome [ 43 ,  44 ]. Ideally, the deci-
sion of whether to provide or withhold dialysis 
represents a consensus opinion of the parents, 
nephrologist, neonatologist, and other members 
of a multidisciplinary team, determined only after 
a thorough review of the patient’s status and the 
family’s status is conducted, along with a review 
of the limited data that exists within the medi-
cal literature on the outcome of young infants 
with ESRD. Despite the best efforts to this end, 
there remains substantial potential for disagree-
ment regarding the best course of action to take 
because of the multiple patient and social factors 
that often exist, along with the different prior 
experiences of health-care team members with 

similar patient scenarios. All of this can result in 
an emotionally charged environment. It is, none-
theless, most desirable for all nephrology team 
members that are involved in the patient’s care to 
have the opportunity to weigh in on the decision 
process. Whereas the nephrology team and fam-
ily members most often come to a conclusion that 
is agreeable to all, on occasion, a hospital ethics 
committee may be consulted for their opinion. 

 More than a decade ago, Geary and colleagues 
surveyed the opinions of pediatric caregivers 
from around the globe regarding the decision 
process surrounding the initiation of chronic 
dialysis in infants <1 year of age [ 45 ]. In that 
survey, a substantial percentage (50 %) of phy-
sicians responded that it was usually acceptable 
for parents to refuse dialysis for children less 
than 1 month of age in contrast to the situation 
when children were 1–12 months of age at pre-
sentation, at which time dialysis refusal was less 
acceptable. Factors felt to be most infl uential 
by the physicians with respect to their opinions 
regarding withholding dialysis were the presence 
of “coexistent serious medical abnormalities” 
and the “anticipated morbidity for the child.” As 
a follow-up to that survey, Teh et al. and many 
of the same authors recently reported on the 
results of a similar multination survey of both 
nephrologists and nurses on this topic to deter-
mine if the perspectives of health-care providers 
had changed over the subsequent decade in asso-
ciation with the advances in care that had taken 
place and additional personal and published expe-
riences [ 46 ]. Of note, only thirty percent (30 %) 
of the 270 nephrologists indicated that they offer 
chronic dialysis therapy to all children less than 
1 month of age and 50 % to all children aged 
1–12 months. The fi gure of 30 % was decreased 
from the fi gure of 41 % reported in the prior 
survey. Ninety-eight percent of physicians who 
responded to the recent survey stated they would 
offer dialysis to some infants less than 1 month of 
age compared to 93 % 10 years ago. In the recent 
assessment, a minority of physicians (27 %) 
believed that the parents should not be given 
the option to refuse dialysis for infants less than 
1 month of age, a fi gure which increased to 50 % 
for children aged 1–12 months. Not  surprisingly 
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and as was reported in the initial survey, the most 
infl uential factor on the decision to not offer 
dialysis was the presence of a coexisting nonre-
nal abnormality. One additional and potentially 
troubling fi nding in terms of generating the all 
important consensus within the health-care team 
was the presence of signifi cant differences in the 
responses of physicians and nurses with respect 
to dialysis initiation in the neonate. Specifi cally, 
nurses were more likely to consider the presence 
of oliguria or anuria as a contraindication to initi-
ating dialysis, and they placed more emphasis on 
the parent’s right to decide. 

 The topic of ethics is undoubtedly in need of 
additional study, supported by the accumulation 
of data from clinicians and affected family mem-
bers. The infl uence of advances in dialysis care, 
more recent data on short- and long-term patient 
outcomes, and cultural differences must be con-
sidered in any future analysis.  

18.3.3     Peritoneal Dialysis as a Renal 
Replacement Modality 
for ESRD 

 Many of the same considerations that favor PD as 
a renal replacement modality for AKI apply in 
the setting where long-term dialysis is needed. 
The high rates of both infectious and mechanical 
complications of HD when provided to the 
youngest infants make its use over long periods 
of time impractical in most situations. For 
patients receiving HD for extended periods, 
access revision rates for young infants are esti-
mated at 40 % [ 47 ].    Couple these issues with rec-
ognition that long-term HD access in a neonate 
consists of a central venous catheter, a practice 
that is accompanied by a signifi cant potential for 
stenosis of central veins and the resultant inabil-
ity to create a fi stula in the future for patients who 
face a lifetime of ESRD care, one can fully 
understand the preferential selection of PD as the 
chronic dialysis modality for neonates/infants. 

 Chronic PD is particularly advantageous com-
pared to HD for the neonatal patient for reasons 
other than access. Meeting the nutritional needs 
of neonates can be challenging, especially with 

the severely oliguric/anuric patient who must 
receive formula volumes as high as 150 mL per 
kg of body weight per day. The relative ease with 
which the fl uid status can be managed with PD 
on a daily basis precludes the fl uctuations of 
body volume and potentially, blood pressure 
inherent to intermittent HD. Multiple studies 
have also suggested that better growth rates can 
be achieved in patients on PD compared to HD 
[ 48 – 50 ]. Current NAPRTCS data does show 
improvements in height SDS scores at 24 month 
follow-up of patients who initiated PD at less 
than 1 year of age, while SDS scores remain 
unchanged for those on HD [ 51 ]. Finally, PD pro-
motes gradual expansion of the abdominal cavity 
in preparation for successful renal transplanta-
tion. This takes on added importance when one 
considers that although transplantation is the 
ideal renal replacement therapy for children, 
technical aspects limit the feasibility of the pro-
cedure in the fi rst year of life. Thus, dialysis is 
used as a bridge to successful early transplanta-
tion with PD the modality of choice.  

18.3.4     Peritoneal Dialysis Access 
for ESRD 

 Long-term PD mandates the surgical placement 
of a Tenckhoff catheter. As with AKI, the most 
important consideration for its successful place-
ment and function in the neonate is the experi-
ence of the surgeon [ 26 ]. If complications such as 
dialysate leakage are to be avoided, placement of 
the catheter 2–3 weeks before its eventual use is 
ideal. The provision of fi brin sealant at the perito-
neum as a means of achieving a tight closure 
when a delay in PD initiation is not possible has 
been practiced, as discussed above. Additional 
considerations in the chronic setting are the ori-
entation of the subcutaneous tunnel of the cathe-
ter, the exit-site orientation and location, the 
potential need for an omentectomy, and the tim-
ing of placement with respect to concurrent or 
future placement of a gastrostomy tube (G-tube). 

 Observational data from the NAPRTCS sug-
gests that Tenckhoff catheters with a downward 
pointed exit site are associated with the best 
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 peritonitis rates, a characteristic (along with the 
possible preference for two cuffs) that should be 
considered for all PD catheters placed in infants 
and young children because of their increased 
rates of peritonitis compared to older children 
[ 28 ,  52 ]. The catheter exit site should also be 
placed outside of the diaper area and away from 
any potential ostomy site with the superfi cial cuff 
located approximately 2 cm from the skin surface 
[ 28 ,  52 ]. Occasionally, this necessitates place-
ment of the exit site in the chest wall [ 53 ]. Given 
the small size of the neonatal/infant patient, these 
requirements can be diffi cult to accommodate 
and, as noted above, require a very skilled and 
experienced surgeon. 

 One somewhat controversial aspect of 
Tenckhoff catheter placement is the decision of 
whether to routinely perform an omentectomy. 
A survey of pediatric surgeons indicated that an 
omentectomy is performed routinely in 53 % 
of pediatric centers at the time of PD catheter 
placement [ 54 ]. The basis for its performance 
in children is that catheter obstruction (usually 
due to the presence of omentum in the holes of 
the dialysis catheter) is second only to peritoni-
tis in terms of major catheter complications in 
this age group [ 55 ]. Ironically, although children 
appear to be at higher risk for omental obstruc-
tion compared to adults, most of the data in 
support of omentectomy comes from the adult 
literature [ 56 ]. There are no well-designed stud-
ies in neonates/infants/children addressing this 
topic. One retrospective study of children by 
Cribs et al. did demonstrate a decrease risk of 
early catheter failure in patients who underwent 
an omentectomy at the time of catheter place-
ment, and Rinaldi et al. noted improved catheter 
survival (especially in children <2 years) in asso-
ciation with a higher frequency of omentectomy 
based on data collected by the Italian Registry 
of Pediatric Chronic Peritoneal Dialysis [ 57 ,  58 ]. 
Additionally, in a retrospective study of 92 pedi-
atric patients (mean age 5 years), Conlin et al. 
demonstrated that the rate of outfl ow obstruction 
was 5 % in patients who received an omentec-
tomy versus 10 % in patients who did not [ 59 ]. In 
contrast, however, Lewis et al. calculated that 11 

omentectomies would be required to prevent two 
omental PD catheter obstructions [ 60 ]. 

 As suggested above, one additional unique 
consideration in the neonatal age group is the 
timing and location of catheter placement relative 
to G-tube placement in order to accommodate 
nutritional requirements (see below). The cathe-
ter exit site should ideally be placed at a distance 
(often the contralateral side) from the site of a 
current or potential gastrostomy to decrease the 
risk of contamination and possible peritonitis 
(Fig.  18.3 ). Likewise, it is recommended that 
when possible, the PD catheter be placed either 
simultaneously with or after placement of a 
G-tube to avoid contamination of the peritoneum 
from gastric contents concurrent with the use of 
dextrose containing dialysate [ 52 ,  61 ]. When the 
catheter placement precedes G-tube placement, 
the latter procedure should take place under pro-
phylactic antibiotic and antifungal therapy.

  Fig. 18.3    Ideal placement of a PD catheter with G-tube 
on contralateral side       

 

J.J. Zaritsky and B.A. Warady



331

18.3.5        Prescription Considerations 
in ESRD 

 Historically, the prescription of PD in infants 
was based on the perception that the pediatric 
peritoneal membrane, especially in infants, had 
different solute transport properties than that of 
an adult. This was in large part based on the 
results of early studies in which dialysis exchange 
volumes were based on body weight. When 
scaled to body weight, the surface area of the 
infant peritoneal membrane is almost twice that 
of a 70 kg adult. Thus, the use of weight-based 
volumes results in a relatively low fi ll volume 
which, in turn, results in more rapid solute equi-
librium and the inaccurate perception of an 
inherent increased solute transport capacity. In 
contrast, the provision of an exchange volume in 
young children scaled to body surface area 
(BSA) takes into consideration the age indepen-
dent relationship of BSA to peritoneal surface 
area and makes possible the accurate assessment 
of membrane transport capacity. Indeed, when 
Warady et al. based fi ll volumes on BSA, perito-
neal membrane transport capacity in children 
was similar across the pediatric age range and to 
adults [ 62 ]. 

 Thus, the prescribed exchange volume for the 
neonate on PD should be scaled to BSA rather 
than weight in order to avoid the use of a small 
volume which could lead to rapid solute equili-
bration and resultant inadequate ultrafi ltration. 
Equally important is the need not to provide too 
large a volume that may lead to an excessive 
increase in intraperitoneal pressure (IPP) 
(>18 cm H 2 O) [ 63 ]. The latter development can 
result in reduced dialysis effi ciency due to 
enhanced lymphatic uptake, in addition to poor 
tolerance by the patient [ 64 – 66 ]. Accordingly, 
the recommended maintenance exchange volume 
for patients below the age of 2 years is limited by 
patient tolerance and is generally 600–800 mL/
m 2  [ 67 ]. This is in contrast to a volume of approx-
imately 1,200 mL/m 2  that is recommended for 
older children and adolescents [ 67 ]. As men-
tioned earlier, a smaller, manually delivered vol-
ume is typically used when the neonate is started 

on dialysis and is progressively increased to the 
limits noted above. 

 In the chronic setting, an initial empiric dwell 
time of 1 h is often used in infants, although con-
sideration has to be made for clearance of larger 
molecules which would be favored by longer 
dwell times. Phosphate removal is less of a con-
sideration in these patients compared to older 
children, as neonates characteristically receive 
formula with a low phosphorus content or breast 
milk and may actually require supplemental 
phosphorus. As in older children and adults, the 
fi nal determination of dwell time should take into 
account the characteristics of the individual’s 
peritoneal membrane via standardized testing of 
solute transport capacity (peritoneal equilibration 
testing), as well as clinical and laboratory mea-
sures of dialysis adequacy [ 68 ]. 

 As in the acute setting, the choice of PD solu-
tions is largely dependent upon their availability. 
Despite the lack of fi rm data, there is a concern 
that the standard lactate-buffered solutions with 
glucose may have negative consequences on 
long-term membrane performance due to their 
low pH and the presence of glucose degradation 
products (GDPs). Given that these patients have 
many years of ESRD therapy in their future, 
the use of the new, more biocompatible dialysis 
solutions may prove to be particularly benefi cial 
to the pediatric patient population [ 69 ]. Data 
in neonates and young children on the subject 
is very limited (see Canepa et al. for a recent 
review [ 70 ]). 

 Icodextrin (Extraneal ® ), a colloidal osmotic 
agent that is employed in place of dextrose, is 
available in the USA in contrast to other new 
solutions but is rarely used in infants. Whereas 
Boer et al. showed that in 11 children (median 
age 10.3 years) a 12-h exchange with 7.5 % ico-
dextrin produced ultrafi ltration comparable to a 
3.86 % dextrose solution [ 71 ], Dart et al. reported 
poor ultrafi ltration in very young children 
(median age 2.8 years) with its use [ 72 ]. This 
poor effi cacy was due to enhanced absorption of 
icodextrin across the peritoneal membrane with 
half of the patients showing substantial absorp-
tion even when dwell times were reduced from 
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10 to 6 h. Van Hoeck also noted that the use of a 
long exchange with icodextrin could place a child 
into a negative amino acid balance [ 73 ]. 

 As in the acute setting, it can be diffi cult to 
precisely determine the effi ciency or “adequacy” 
of dialysis with chronic PD. Although small mol-
ecule clearance measurements in the form of urea 
kinetic modeling (Kt/V urea ) are widely used, it 
must be emphasized that the current National 
Kidney Foundation K/DOQI guidelines on PD 
adequacy which recommend a total Kt/V urea  of 
≥1.8 for children are largely opinion based. 
Because a large, prospective study correlating 
solute removal and clinical outcome in pediatric 
patients treated with PD has not been conducted 
[ 67 ], care must always be taken to individualize 
therapy, even in cases of “adequate” or even high 
urea clearance. This is particularly true for the 
neonatal/infant patient population. Parameters 
that should be taken into consideration include 
linear growth and weight gain, increase in head 
circumference, and neurocognitive/psychomotor 
development. Additional qualitative targets of 
dialysis adequacy are the avoidance of hypovole-
mia and sodium depletion (see below), because 
of their signifi cant infl uence on growth [ 74 ].  

18.3.6     Nutrition in the Neonate 
with ESRD 

 In the setting of ESRD, the provision of adequate 
nutrition takes on particular importance because 
the neonatal period is typically characterized by 
accelerated brain growth and a very high linear 
growth rate of nearly 25 cm/year. Remarkably, ½ 
of postnatal brain growth takes place in the 1st 
year of life, and 1/3 of the normal fi nal adult 
height is achieved during the initial 2 years of life 
[ 75 ,  76 ]. 

 Infants with ESRD can lose more than 2 SD of 
height and forever impact their fi nal height if 
their clinical status is compromised by subopti-
mal care and/or complications of their disorder 
[ 77 ,  78 ]. One single-center retrospective study by 
Karlberg et al. of 71 children with early-onset 
ESRD found that one-third of the reduction 
in height occurred during the fi rst postnatal 
months [ 78 ]. There is also data linking poor 

growth with mortality in children with ESRD. 
Both Wong et al. and Furth et al. demonstrated an 
independent association between a decrease in 
height standard deviation score and an increased 
risk of death, with impaired growth likely serving 
as a surrogate of overall well-being [ 79 ,  80 ]. 

 Most noteworthy is the fact that this early 
period of growth is primarily dependent upon the 
provision of optimal nutrition, with the growth 
hormone/insulin-like growth factor (IGF) axis 
having less importance when compared to later in 
life. Updated KDOQI pediatric nutrition guide-
lines have recently been published that provide 
recommendations for the monitoring of growth 
and nutritional status in infants/young children 
with CKD (Table  18.3 ) and recommend that 
patients with ESRD receive 100 % of the esti-
mated energy requirements (EER) for chrono-
logical age, with adjustments based on changes 
in either weight or linear growth [ 74 ,  81 ].

   There are several additional nutritional con-
siderations that need to be addressed when PD is 
conducted. Specifi cally, neonates and infants can 
experience excessive losses of protein via PD 
with studies demonstrating average losses of 
250 mg of protein per Kg of body weight or 
almost twice the peritoneal protein losses seen in 
older children [ 82 ]. In order to avoid the negative 
consequences of protein depletion, current guide-
lines recommend an allowance for protein of 
1.8 g/kg/day for the fi rst 6 months of life, taking 
into account the dietary reference intakes (DRI) 
and peritoneal losses [ 74 ]. Of note, protein losses 

   Table 18.3    Recommended parameters and frequency of 
nutritional assessment for neonates and infants with 
ESRD   

 Measure  Minimal interval 
(months) 

 Dietary intake  0.5–2 
 Height or length velocity-for-age 
percentile or SDS 

 0.5–1 

 Height or length-for-age percentile or 
SDS 

 0.5–1 

 Estimated dry weight and weight for 
age 

 0.25–1 

 BMI-for-height-age    percentile or SDS  0. 5–1 
 Head circumference-for-age percentile 
or SDS 

 0.5–1 

  Adapted from KDOQI Work Group [ 74 ]  
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can be higher with the use of alternative PD regi-
mens such tidal PD [ 34 ]. 

 Infants receiving PD also experience exces-
sive sodium losses across the peritoneal mem-
brane due to the need for high ultrafi ltration rates 
in relation to body weight. Both breast milk and 
standard formulas contain 7–8 mmol of sodium 
per liter which is inadequate for replacement of 
ongoing losses. Without adequate supplementa-
tion (~3–5 mEq/kg/day), the consequences of the 
resultant hyponatremia and low intravascular 
volume can be catastrophic and include both 
blindness due to anterior ischemic optic neuropa-
thy and cerebral edema [ 83 ,  84 ]. 

 In most cases, the nutritional targets defi ned 
by the guidelines for neonates on PD are not 
achievable without the implementation of either 
nasogastric (NG) or gastrostomy tube feeding. 
Children with ESRD suffer from poor appetite 
and early satiety that may be, in part, due to 
elevated circulating cytokines [ 85 ,  86 ]. No 
doubt, the generation of increased intraperito-
neal pressure secondary to the presence of dial-
ysis fl uid also plays a role. Compounding the 
problem is a high rate of poor gastrointestinal 
motility and gastroesophageal refl ux which can 
lead to the loss of up to 1/3 of feedings via eme-
sis [ 47 ,  86 – 88 ]. In turn, the provision of noctur-
nal feedings by slow, continuous drip per tube 
along with intermittent bolus feedings during 
the day is very often required to meet the nutri-
tional goals (Table  18.4 ).

   Data from single-center studies have repeat-
edly shown that tube feeding facilitates both 
weight gain and growth. Ramage et al. demon-
strated that the use of enteral feedings in eight 
infants receiving PD arrested the decline in 
height SDS traditionally reported [ 89 ]. Similarly, 
Ledermann et al. demonstrated that enteral 
 feeding resulted in signifi cant improvements in 
weight, height, and head circumference SDS at 
both 1 and 2 years of age in 12 infants receiving 

PD [ 49 ]. Kari et al., in a review of 81 tube-fed 
infants with a GFR less than 20 mL/min/1.73 m 2  
during the fi rst 6 months of life or placed on 
dialysis during the fi rst 2 years of life, found 
that 81 % achieved a normal height SDS after 
1 year of follow-up [ 77 ]. Subsequent evaluation 
of this same population 10 years later revealed 
that the intensive feeding regimen combined with 
early transplantation resulted in a normal mean 
adult height in those patients without comorbidi-
ties [ 90 ]. Data from the International Pediatric 
Peritoneal Dialysis Network (IPPN) have 
recently provided further evidence of the benefi t 
of supplemental tube feedings in terms of height 
and weight gain in children <2 years and on PD, 
with marked global variation in the use of tube 
feedings during infancy [ 91 ]. 

 Historically, NG tubes were preferentially 
used because of the simplicity of placement 
(although not necessarily simple from the 
 perspective of the parent and patient) and with no 
disruption of any ongoing PD. However, fre-
quently associated complications of this approach 
to therapy, in addition to the unsightly appear-
ance, include recurrent emesis, nasal trauma 
associated with tube replacement, and inhibition 
of the normal development of oral motor skills 
[ 92 – 94 ]. The latter problem needs to be addressed 
with oral and occupational therapy. On the other 
hand, gastrostomy tubes/buttons, which were 
championed early on by Watson and Coleman, 
are not as frequently associated with the develop-
ment of altered oral motor skills, are not regu-
larly associated with emesis, and are not visible. 
They also offer the advantage of being available 
for prolonged use into the post-renal trans-
plant period where they can be essential to 
ensure proper hydration and enhance medication 
administration in the young infant [ 95 ]. It is for 
these reasons that gastrostomy tubes/buttons 
have supplanted NG tubes as the preferred route 
of enteral tube support in many centers. 

   Table 18.4    Suggested rates for initiating and advancing tube feedings for neonates and infants with ESRD   

 Method  Initial hourly infusion  Daily increases  Goal 

 Continuous feedings  1–2 mL/kg/h  1 mL/kg/h  6 mL/kg/h 
 Bolus feedings  10–15 mL/kg/feed  20–40 mL q 4 h  20–30 mL/kg/feed 

  Adapted from KDOQI Work Group [ 74 ]  
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 As mentioned above, a G-tube should ide-
ally be placed prior to or simultaneously with 
placement of the PD catheter. Ideally, percu-
taneous placement while on PD should not be 
performed due to the high risk of infection and 
mechanical failure [ 96 ]. Placement via an open 
Stamm gastrostomy procedure in the patient 
already on PD is, however, possible if suffi -
cient precautions are taken, specifi cally the use 
of prophylactic antibiotic and antifungal ther-
apy. Conversely, PD catheter placement is pos-
sible in the setting of a well-established G-tube 
with no increased risk of bacterial or fungal 
peritonitis [ 49 ,  97 ,  98 ].  

18.3.7     Complications and Outcome 
in ESRD 

 Even with surgically placed Tenckhoff catheters, 
chronic catheter survival remains suboptimal. 
Data from the Italian PD registry reported a 50 % 
1-year catheter survival rate in patients less than 
6 months of age versus an 83.7 % 1-year catheter 
survival rate for those 6–24 months of age [ 58 ]. 
Infectious complications including exit-site 
infections and peritonitis also occur at a higher 
rate in neonates. While peritonitis rates for 
patients 0–2 years of age have improved from an 
annualized rate of 1–0.79 over the last decade, 

they remain higher than the rate of 0.6 seen in 
older children [ 28 ,  99 ,  100 ]. 

 Much of the limited data on the outcome of 
neonates with ESRD treated with dialysis comes 
from the analysis of the NAPRTCS database by 
Carey et al. of 193 infants who initiated dialy-
sis at <1 month of age [ 36 ]. As noted above, the 
vast majority of these infants were treated with 
PD (98 %). The most frequent cause of dialysis 
termination in this cohort was renal transplanta-
tion (46 %). Termination due to death or recovery 
of renal function accounted for 10.8 and 14.6 % 
of patients, respectively. A more recent report of 
NAPRTCS data from 2000 to 2010 identifi ed 85 
neonates who initiated dialysis at <30 days of 
life. In comparison to Carey et al., there were a 
similar percentage of patients who terminated 
dialysis due to transplant (45 %), but termination 
due to death or recovery of renal function was 
4.7 and 8.2 %, respectively [ 39 ]. Infant (0–1 year 
at dialysis initiation) survival during their initial 
course of dialysis was signifi cantly improved 
compared to historical data with a 3-year patient 
survival of 86.6 % (personal communication, K. 
Martz). Neonatal patient survival during the ini-
tial course of dialysis was >90 % at 3 years and 
signifi cantly greater than the experience a decade 
earlier ( p  > 0.002) (Fig.  18.4 ). Finally, two recent 
studies have shown no differences in mortality 
rates between PD patients who initiated dialysis 
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at less than 1 month old versus 2–24 months of 
age [ 36 ,  101 ] (Fig.  18.5 ). Importantly, this data 
is complemented by the fact that the transplant 
outcome of our young patients is the best among 
the pediatric population with a 10-year survival 
of 86.5 and 80.6 % for those transplanted at ages 
<1 or 1–5 years, respectively [ 102 ]. What per-
sists, however, is the fi nding that the most impor-
tant predictor of mortality in this PD patient age 
group remains the presence of nonrenal disease 
[ 77 ,  103 – 105 ]. Wood et al. clearly showed that 
comorbidities such as anuria, pulmonary hypo-
plasia, and severe development delay were 
associated with the greatest risk of mortality in 
infants undergoing dialysis [ 103 ]. A recent publi-
cation of the IPPN examining 1,830 patients aged 
0–19 years found that the presence of at least 
one comorbidity was associated with a 4-year 
 survival of 73 % versus 90 % survival in those 
without a comorbidity ( p  < 0.001) [ 40 ]. Data 
on the infl uence of comorbidities on survival is 
likely impacted by regional difference as coun-
tries with a lower gross national income appear to 
be more restrictive in terms of making PD avail-
able to very young patients and those with sig-
nifi cant extrarenal complications [ 38 ].

         Conclusion 

 The last two decades have witnessed tremen-
dous advances in the care of the neonate 
requiring renal replacement therapy. Peritoneal 

dialysis, due to its simplicity and effectiveness, 
remains a popular modality for neonates with 
severe AKI and is the dialytic modality of 
choice when treating neonates with ESRD. 
There have been notable improvements in 
patient survival, although complications 
remain high, especially in those infants with 
comorbidities. Thus, dialysis initiation must 
also factor in ethical considerations. All of 
these issues highlight the need for a multifac-
eted approach to care to minimize or prevent 
complications and in turn promote growth, 
development, and readiness for transplant.     

   References 

    1.    Gouyon JB, Guignard JP (2000) Management of 
acute renal failure in newborns. Pediatr Nephrol 
14(10–11):1037–1044  

      2.    Haycock GB (2003) Management of acute and 
chronic renal failure in the newborn. Semin Neonatol 
8(4):325–334  

    3.       Askenazi DJ, Ambalavanan N, Hamilton K, Cutter 
G, Laney D, Kaslow R, Georgeson K, Barnhart DC, 
Dimmitt RA (2011) Acute kidney injury and renal 
replacement therapy independently predict mortality 
in neonatal and pediatric noncardiac patients on 
extracorporeal membrane oxygenation. Pediatr Crit 
Care Med 12(1):e1–e6  

    4.       Unal S, Bilgin L, Gunduz M, Uncu N, Azili MN, 
Tiryaki T (2012) The implementation of neonatal 
peritoneal dialysis in a clinical setting. J Matern 
Fetal and Neonatal Med 25(10):2111–2114  

100

P
er

ce
nt

 s
ur

vi
vi

ng

80

60

40

20

0

0 10 20 30

Months

40 50 60

≤ 1 month

>1-24 month

  Fig. 18.5    Kaplan-Meier 
survival curve for neonates 
versus older children. Both 
groups had similar survival 
within 5 years of dialysis 
initiation (Carey et al. [ 36 ], 
Copyright 2007 by the AAP)       

 

18 Peritoneal    Dialysis in the Newborn



336

    5.    Agras PI, Tarcan A, Baskin E, Cengiz N, Gurakan B, 
Saatci U (2004) Acute renal failure in the neonatal 
period. Ren Fail 26(3):305–309  

       6.    Bojan M, Gioanni S, Vouhe PR, Journois D, Pouard 
P (2012) Early initiation of peritoneal dialysis in 
neonates and infants with acute kidney injury fol-
lowing cardiac surgery is associated with a signifi -
cant decrease in mortality. Kidney Int 82:474–481  

     7.   Kidney Disease: Improving Global Outcomes 
(KDIGO) Acute Kidney Injury Work Group (2012) 
KDIGO clinical practice guideline for acute kidney 
injury. Kidney Int 2(Suppl. 2012):1–138  

     8.    Arikan AA, Zappitelli M, Goldstein SL, Naipaul A, 
Jefferson LS, Loftis LL (2011) Fluid overload is 
associated with impaired oxygenation and morbidity 
in critically ill children. Pediatr Crit Care Med 
13(3):253–258  

   9.    Goldstein SL (2009) Overview of pediatric renal 
replacement therapy in acute kidney injury. Semin 
Dial 22(2):180–184  

    10.    Goldstein SL, Devarajan P (2012) Pediatrics: acute 
kidney injury leads to pediatric patient mortality. Nat 
Rev Nephrol 6(7):393–394  

    11.    Sutherland SM, Zappitelli M, Alexander SR, Chua 
AN, Brophy PD, Bunchman TE, Hackbarth R, 
Somers MJ, Baum M, Symons JM, Flores FX, 
Benfi eld M, Askenazi D, Chand D, Fortenberry JD, 
Mahan JD, McBryde K, Blowey D, Goldstein SL 
(2011) Fluid overload and mortality in children 
receiving continuous renal replacement therapy: the 
prospective pediatric continuous renal replacement 
therapy registry. Am J Kidney Dis 55(2):316–325  

    12.    Payen D, de Pont AC, Sakr Y, Spies C, Reinhart K, 
Vincent JL (2008) A positive fl uid balance is associ-
ated with a worse outcome in patients with acute 
renal failure. Crit Care 12(3):R74  

     13.    Warady BA, Bunchman T (2000) Dialysis therapy 
for children with acute renal failure: survey results. 
Pediatr Nephrol 15(1–2):11–13  

     14.    Bunchman TE (1996) Acute peritoneal dialysis 
access in infant renal failure. Perit Dial Int 16(Suppl 
1):S509–S511  

    15.    Goldstein SL (2011) Continuous renal replacement 
therapy: mechanism of clearance, fl uid removal, indica-
tions and outcomes. Curr Opin Pediatr 23(2):181–185  

    16.    Zobel G, Ring E, Kuttnig M, Grubbauer HM (1991) 
Five years experience with continuous extracorpo-
real renal support in paediatric intensive care. 
Intensive Care Med 17(6):315–319  

    17.    Symons JM, Brophy PD, Gregory MJ, McAfee N, 
Somers MJ, Bunchman TE, Goldstein SL (2003) 
Continuous renal replacement therapy in children up 
to 10 kg. Am J Kidney Dis 41(5):984–989  

    18.    Picca S, Dionisi-Vici C, Abeni D, Pastore A, Rizzo 
C, Orzalesi M, Sabetta G, Rizzoni G, Bartuli A 
(2001) Extracorporeal dialysis in neonatal hyperam-
monemia: modalities and prognostic indicators. 
Pediatr Nephrol 16(11):862–867  

    19.    Wong KY, Wong SN, Lam SY, Tam S, Tsoi NS 
(1998) Ammonia clearance by peritoneal dialysis 

and continuous arteriovenous hemodiafi ltration. 
Pediatr Nephrol 12(7):589–591  

     20.    Bunchman TE, Meldrum MK, Meliones JE, Sedman 
AB, Walters MB, Kershaw DB (1992) Pulmonary 
function variation in ventilator dependent critically 
ill infants on peritoneal dialysis. Adv Perit Dial 
8:75–78  

    21.   Geary DF, Schaefer F (2008) Comprehensive pediat-
ric nephrology. Mosby/Elsevier, Philadelphia, xvii, 
1099 p  

     22.    Auron A, Warady BA, Simon S, Blowey DL, 
Srivastava T, Musharaf G, Alon US (2007) Use of 
the multipurpose drainage catheter for the provision 
of acute peritoneal dialysis in infants and children. 
Am J Kidney Dis 49(5):650–655  

    23.    Chadha V, Warady BA, Blowey DL, Simckes AM, 
Alon US (2000) Tenckhoff catheters prove superior 
to cook catheters in pediatric acute peritoneal dialy-
sis. Am J Kidney Dis 35(6):1111–1116  

    24.    Rusthoven E, van de Kar NA, Monnens LA, 
Schroder CH (2004) Fibrin glue used successfully in 
peritoneal dialysis catheter leakage in children. Perit 
Dial Int 24(3):287–289  

    25.    Sojo ET, Grosman MD, Monteverde ML, Bailez 
MM, Delgado N (2004) Fibrin glue is useful in pre-
venting early dialysate leakage in children on chronic 
peritoneal dialysis. Perit Dial Int 24(2):186–190  

     26.    Watson AR, Gartland C (2001) Guidelines by an Ad 
Hoc European Committee for elective chronic peri-
toneal dialysis in pediatric patients. Perit Dial Int 
21(3):240–244  

    27.   NKF-K/DOQI Clinical Practice Guidelines for 
Vascular Access: update 2000. Am J Kidney Dis, 
2001. 37(1 Suppl 1):S137–S181  

        28.   Annual Report of the North American Pediatric 
Renal Trials and Collaborative Studies (NAPRTCS) 
(2008) [cited 7/9/2010]. Available from   https://web.
emmes.com/study/ped/annlrept/Annual%20
Report%20-2008.pdf      

    29.    Alarabi AA, Petersson T, Danielson BG, Wikstrom 
B (1994) Continuous peritoneal dialysis in children 
with acute renal failure. Adv Perit Dial 10:289–293  

     30.    Golej J, Kitzmueller E, Hermon M, Boigner H, 
Burda G, Trittenwein G (2002) Low-volume perito-
neal dialysis in 116 neonatal and paediatric critical 
care patients. Eur J Pediatr 161(7):385–389  

     31.    Kostic D, Rodrigues AB, Leal A, Metran C, 
Nagaiassu M, Watanabe A, Ceccon ME, Tannuri U, 
Koch VH (2010) Flow-through peritoneal dialysis in 
neonatal enema-induced hyperphosphatemia. 
Pediatr Nephrol 25(10):2183–2186  

    32.    Arbeiter AK, Kranz B, Wingen AM, Bonzel KE, 
Dohna-Schwake C, Hanssler L, Neudorf U, Hoyer 
PF, Buscher R (2010) Continuous venovenous hae-
modialysis (CVVHD) and continuous peritoneal 
dialysis (CPD) in the acute management of 21 chil-
dren with inborn errors of metabolism. Nephrol Dial 
Transplant 25(4):1257–1265  

    33.    McNiece KL, Ellis EE, Drummond-Webb JJ, 
Fontenot EE, O’Grady CM, Blaszak RT (2005) 

J.J. Zaritsky and B.A. Warady

https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf
https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf
https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf


337

Adequacy of peritoneal dialysis in children follow-
ing cardiopulmonary bypass surgery. Pediatr 
Nephrol 20(7):972–976  

     34.    Chitalia VC, Almeida AF, Rai H, Bapat M, Chitalia 
KV, Acharya VN, Khanna R (2002) Is peritoneal 
dialysis adequate for hypercatabolic acute renal fail-
ure in developing countries? Kidney Int 
61(2):747–757  

    35.    Flynn JT (2002) Choice of dialysis modality for 
management of pediatric acute renal failure. Pediatr 
Nephrol 17(1):61–69  

          36.    Carey WA, Talley LI, Sehring SA, Jaskula JM, 
Mathias RS (2007) Outcomes of dialysis initiated 
during the neonatal period for treatment of end-stage 
renal disease: a North American Pediatric Renal 
Trials and Collaborative Studies special analysis. 
Pediatrics 119(2):e468–e473  

    37.   Atlas of ESRD: United States Renal Data System 
(USRDS) (2010) [cited 7/8/2010]. Available from 
  http://www.usrds.org/2010/pdf/v2_08.pdf      

     38.    Schaefer F, Borzych D, Azocar M, Munarriz RL, 
Sever L, Aksu N, Barbosa LS, Galan YS, Xu H, 
Cocia PA, Szabo A, Wong W, Salim R, Vidal E, 
Pottoore S, Warady BA (2012) Impact of global eco-
nomic disparities on practices and outcomes of 
chronic PD in children: insights from the 
International Pediatric Peritoneal Dialysis Network 
(IPPN) Registry. Perit Dial Int 32:399–409  

      39.   Warady BA, Martz K (2011) Providing or withhold-
ing dialysis for neonates: a report of the NAPRTCS. 
Presented at the Pediatric Academic Societies annual 
meeting, Denver  

     40.    Neu AM, Sander A, Borzych-Dużałkac D, Watson 
AR, Vallése PG, Ha IS, Patel H, Askenazi D, Bałasz- 
Chmielewskac I, Lauroneni J, Groothoffj JW, Feber 
J, Schaefer F, Warady BA (2012) Co-morbidities in 
chronic pediatric peritoneal dialysis patients: a 
report of the International Pediatric Peritoneal 
Dialysis Network (IPPN). Perit Dial Int 32:410–418  

    41.    Brunner FP, Fassbinder W, Broyer M, Oules R, 
Brynger H, Rizzoni G, Challah S, Selwood NH, 
Dykes SR, Wing AJ (1988) Survival on renal 
replacement therapy: data from the EDTA Registry. 
Nephrol Dial Transplant 3(2):109–122  

    42.   Beauchamp TL, Childress JF (2001) Principles of 
biomedical ethics, 5th edn. Oxford University Press, 
Oxford/New York, xi, 454 p  

    43.    Mavroudis C, Mavroudis CD, Farrell RM, Jacobs 
ML, Jacobs JP, Kodish ED (2011) Informed consent, 
bioethical equipoise, and hypoplastic left heart syn-
drome. Cardiol Young 21(Suppl 2):133–140  

    44.    Zeigler VL (2003) Ethical principles and parental 
choice: treatment options for neonates with hypo-
plastic left heart syndrome. Pediatr Nurs 
29(1):65–69  

    45.    Geary DF (1998) Attitudes of pediatric  nephrologists 
to management of end-stage renal disease in infants. 
J Pediatr 133(1):154–156  

    46.       Teh JC, Frieling ML, Sienna JL, Geary DF (2011) 
Caregivers’ attitude to management of end-stage 

renal disease in infacbrsnts. Perit Dial Int 
31:459–465  

     47.    Rees L (2007) Long-term peritoneal dialysis in 
infants. Perit Dial Int 27(Suppl 2):S180–S184  

    48.    Kaiser BA, Polinsky MS, Stover J, Morgenstern BZ, 
Baluarte HJ (1994) Growth of children following the 
initiation of dialysis: a comparison of three dialysis 
modalities. Pediatr Nephrol 8(6):733–738  

     49.    Ledermann SE, Spitz L, Moloney J, Rees L, 
Trompeter RS (2002) Gastrostomy feeding in infants 
and children on peritoneal dialysis. Pediatr Nephrol 
17(4):246–250  

    50.    Shroff R, Wright E, Ledermann S, Hutchinson C, 
Rees L (2003) Chronic hemodialysis in infants and 
children under 2 years of age. Pediatr Nephrol 
18(4):378–383  

    51.   Annual Report of the North American Pediatric 
Renal Trials and Collaborative Studies (NAPRTCS) 
(2011) [cited 6/20/2012]. Available from   https://
web.emmes.com/study/ped/annlrept/Annual%20
Report%20-2008.pdf      

      52.    Warady BA, Bakkaloglu S, Newland J, Cantwell M, 
Verrina E, Neu AM, Chadha V, Yap H, Schaefer F 
(2012) Consensus guidelines for the prevention and 
treatment of catheter-related infections and peritoni-
tis in pediatric patients receiving peritoneal dialysis: 
2012 update. Perit Dial Int 32:S32–S86  

    53.    Chadha V, Jones LL, Ramirez ZD, Warady BA 
(2000) Chest wall peritoneal dialysis catheter place-
ment in infants with a colostomy. Adv Perit Dial 
16:318–320  

    54.    Neu AM, Kohaut EC, Warady BA (1995) Current 
approach to peritoneal access in North American 
children: a report of the Pediatric Peritoneal Dialysis 
Study Consortium. Adv Perit Dial 11:289–292  

    55.    White CT, Gowrishankar M, Feber J, Yiu V (2006) 
Clinical practice guidelines for pediatric peritoneal 
dialysis. Pediatr Nephrol 21(8):1059–1066  

    56.    Nicholson ML, Burton PR, Donnelly PK, Veitch PS, 
Walls J (1991) The role of omentectomy in continu-
ous ambulatory peritoneal dialysis. Perit Dial Int 
11(4):330–332  

    57.    Cribbs RK, Greenbaum LA, Heiss KF (2010) Risk 
factors for early peritoneal dialysis catheter failure 
in children. J Pediatr Surg 45(3):585–589  

     58.    Rinaldi S, Sera F, Verrina E, Edefonti A, Gianoglio 
B, Perfumo F, Sorino P, Zacchello G, Cutaia I, 
Lavoratti G, Leozappa G, Pecoraro C, Rizzoni G 
(2004) Chronic peritoneal dialysis catheters in chil-
dren: a fi fteen-year experience of the Italian Registry 
of Pediatric Chronic Peritoneal Dialysis. Perit Dial 
Int 24(5):481–486  

    59.    Conlin MJ, Tank ES (1995) Minimizing surgical 
problems of peritoneal dialysis in children. J Urol 
154(2 Pt 2):917–919  

    60.    Lewis MA, Smith T, Postlethwaite RJ, Webb NJ 
(1997) A comparison of double-cuffed with single- 
cuffed Tenckhoff catheters in the prevention of 
infection in pediatric patients. Adv Perit Dial 
13:274–276  

18 Peritoneal    Dialysis in the Newborn

http://www.usrds.org/2010/pdf/v2_08.pdf
https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf
https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf
https://web.emmes.com/study/ped/annlrept/Annual Report -2008.pdf


338

    61.    Rees L, Brandt ML (2010) Tube feeding in children 
with chronic kidney disease: technical and practical 
issues. Pediatr Nephrol 25(4):699–704  

    62.    Warady BA, Alexander SR, Hossli S, Vonesh E, 
Geary D, Watkins S, Salusky IB, Kohaut EC (1996) 
Peritoneal membrane transport function in children 
receiving long-term dialysis. J Am Soc Nephrol 
7(11):2385–2391  

    63.    Fischbach M, Desprez P, Terzic J, Lahlou A, Mengus 
L, Geisert J (1996) Use of intraperitoneal pressure, 
ultrafi ltration and purifi cation dwell times for indi-
vidual peritoneal dialysis prescription in children. 
Clin Nephrol 46(1):14–16  

    64.    Durand PY (2000) Optimization of fi ll volumes in 
automated peritoneal dialysis. Perit Dial Int 
20(6):601–602  

   65.    Fischbach M, Terzic J, Menouer S, Bergere V, 
Ferjani L, Haraldsson B (2000) Impact of fi ll volume 
changes on peritoneal dialysis tolerance and effec-
tiveness in children. Adv Perit Dial 16:321–323  

    66.    Fischbach M, Terzic J, Menouer S, Haraldsson B 
(2000) Optimal volume prescription for children on 
peritoneal dialysis. Perit Dial Int 20(6):603–606  

      67.   Clinical practice recommendations for peritoneal 
dialysis adequacy. Am J Kidney Dis, 2006. 48(Suppl 
1):S130–S158  

    68.    Golper TA (2001) A summary of the 2000 update of 
the NKF-K/DOQI clinical practice guidelines on 
peritoneal dialysis adequacy. Perit Dial Int 
21(5):438–440  

    69.    Fischbach M, Warady BA (2009) Peritoneal dialysis 
prescription in children: bedside principles for opti-
mal practice. Pediatr Nephrol 24(9):1633–1642; 
quiz 1640, 1642  

    70.    Canepa A, Verrina E, Perfumo F (2008) Use of new 
peritoneal dialysis solutions in children. Kidney Int 
Suppl 108:S137–S144  

    71.    de Boer AW, Schroder CH, van Vliet R, Willems JL, 
Monnens LA (2000) Clinical experience with ico-
dextrin in children: ultrafi ltration profi les and metab-
olism. Pediatr Nephrol 15(1–2):21–24  

    72.    Dart A, Feber J, Wong H, Filler G (2005) Icodextrin 
re-absorption varies with age in children on auto-
mated peritoneal dialysis. Pediatr Nephrol 20(5):
683–685  

    73.    van Hoeck KJ, Rusthoven E, Vermeylen L, 
Vandesompel A, Marescau B, Lilien M, Schroder 
CH (2003) Nutritional effects of increasing dialysis 
dose by adding an icodextrin daytime dwell to 
Nocturnal Intermittent Peritoneal Dialysis (NIPD) in 
children. Nephrol Dial Transplant 18(7):1383–1387  

        74.       KDOQI Work Group (2009) KDOQI Clinical 
Practice Guideline for Nutrition in Children with 
CKD: 2008 update. Executive summary. Am J 
Kidney Dis 53(3 Suppl 2):S11–104  

    75.    Reed RB, Stuart HC (1959) Patterns of growth in 
height and weight from birth to eighteen years of 
age. Pediatrics 24:904–921  

    76.    Lowrey G (1978) Growth and development of chil-
dren, 7th edn. Year Book Medical Publishers, Chicago  

      77.    Kari JA, Gonzalez C, Ledermann SE, Shaw V, Rees 
L (2000) Outcome and growth of infants with severe 
chronic renal failure. Kidney Int 57(4):1681–1687  

     78.    Karlberg J, Schaefer F, Hennicke M, Wingen AM, 
Rigden S, Mehls O (1996) Early age-dependent 
growth impairment in chronic renal failure. 
European Study Group for Nutritional Treatment of 
Chronic Renal Failure in Childhood. Pediatr Nephrol 
10(3):283–287  

    79.    Furth SL, Stablein D, Fine RN, Powe NR, Fivush 
BA (2002) Adverse clinical outcomes associated 
with short stature at dialysis initiation: a report of the 
North American Pediatric Renal Transplant 
Cooperative Study. Pediatrics 109(5):909–913  

    80.    Wong CS, Hingorani S, Gillen DL, Sherrard DJ, 
Watkins SL, Brandt JR, Ball A, Stehman-Breen CO 
(2002) Hypoalbuminemia and risk of death in pedi-
atric patients with end-stage renal disease. Kidney 
Int 61(2):630–637  

    81.      Food and Nutrition Board (2002) Dietary reference 
intakes for energy, carbohydrate, fi ber, fat, fatty 
acids, cholesterol, protein, and amino acids (macro-
nutrients). National Academies, Food and Nutrition 
Board Washington, DC  

    82.    Quan A, Baum M (1996) Protein losses in children 
on continuous cycler peritoneal dialysis. Pediatr 
Nephrol 10(6):728–731  

    83.    Lapeyraque AL, Haddad E, Andre JL, Bremond- 
Gignac D, Taylor CM, Rianthavorn P, Salusky IB, 
Loirat C (2003) Sudden blindness caused by anterior 
ischemic optic neuropathy in 5 children on continuous 
peritoneal dialysis. Am J Kidney Dis 42(5):E3–E9  

    84.    Bunchman TE (1995) Chronic dialysis in the infant 
less than 1 year of age. Pediatr Nephrol 9(Suppl):
S18–S22  

    85.    Bellisle F, Dartois AM, Kleinknecht C, Broyer M 
(1995) Alteration of the taste for sugar in renal insuf-
fi ciency: study in the child. Nephrologie 16(2):
203–208  

     86.    Mak RH, Cheung W, Cone RD, Marks DL (2006) 
Leptin and infl ammation-associated cachexia in 
chronic kidney disease. Kidney Int 69(5):794–797  

   87.    Daschner M, Tonshoff B, Blum WF, Englaro P, 
Wingen AM, Schaefer F, Wuhl E, Rascher W, Mehls 
O (1998) Inappropriate elevation of serum leptin 
levels in children with chronic renal failure. 
European Study Group for Nutritional Treatment of 
Chronic Renal Failure in Childhood. J Am Soc 
Nephrol 9(6):1074–1079  

    88.    Ruley EJ, Bock GH, Kerzner B, Abbott AW, Majd 
M, Chatoor I (1989) Feeding disorders and gastro-
esophageal refl ux in infants with chronic renal fail-
ure. Pediatr Nephrol 3(4):424–429  

    89.    Ramage IJ, Geary DF, Harvey E, Secker DJ, Balfe 
JA, Balfe JW (1999) Effi cacy of gastrostomy feed-
ing in infants and older children receiving chronic 
peritoneal dialysis. Perit Dial Int 19(3):231–236  

    90.    Mekahli D, Shaw V, Ledermann SE, Rees L (2010) 
Long-term outcome of infants with severe chronic 
kidney disease. Clin J Am Soc Nephrol 5(1):10–17  

J.J. Zaritsky and B.A. Warady



339

    91.    Rees L, Azocar M, Borzych D, Watson AR, Buscher 
A, Edefonti A, Bilge I, Askenazi D, Leozappa G, 
Gonzales C, van Hoeck K, Secker D, Zurowska 
A, Ronnholm K, Bouts AH, Stewart H, Ariceta 
G, Ranchin B, Warady BA, Schaefer F (2011) 
Growth in very young children undergoing chronic 
peritoneal dialysis. J Am Soc Nephrol 22(12):
2303–2312  

    92.    Dello Strologo L, Principato F, Sinibaldi D, Appiani 
AC, Terzi F, Dartois AM, Rizzoni G (1997) Feeding 
dysfunction in infants with severe chronic renal fail-
ure after long-term nasogastric tube feeding. Pediatr 
Nephrol 11(1):84–86  

   93.    Warady BA, Kriley M, Belden B, Hellerstein S, Alan 
U (1990) Nutritional and behavioural aspects of 
nasogastric tube feeding in infants receiving chronic 
peritoneal dialysis. Adv Perit Dial 6:265–268  

    94.    Warady BA, Weis L, Johnson L (1996) Nasogastric 
tube feeding in infants on peritoneal dialysis. Perit 
Dial Int 16(Suppl 1):S521–S525  

    95.    Wong H, Mylrea K, Cameron A, Manion I, Bass J, 
Feber J, Filler G (2005) Caregiver attitudes towards 
gastrostomy removal after renal transplantation. 
Pediatr Transplant 9(5):574–578  

    96.    von Schnakenburg C, Feneberg R, Plank C, 
Zimmering M, Arbeiter K, Bald M, Fehrenbach H, 
Griebel M, Licht C, Konrad M, Timmermann K, 
Kemper MJ (2006) Percutaneous endoscopic gas-
trostomy in children on peritoneal dialysis. Perit 
Dial Int 26(1):69–77  

    97.    Ramage IJ, Harvey E, Geary DF, Hebert D, Balfe JA, 
Balfe JW (1999) Complications of gastrostomy 
feeding in children receiving peritoneal dialysis. 
Pediatr Nephrol 13(3):249–252  

    98.    Warady BA, Bashir M, Donaldson LA (2000) Fungal 
peritonitis in children receiving peritoneal dialysis: 

a report of the NAPRTCS. Kidney Int 58(1):
384–389  

    99.    Neu AM, Ho PL, McDonald RA, Warady BA (2001) 
Chronic dialysis in children and adolescents. The 
2001 NAPRTCS annual report. Pediatr Nephrol 
17(8):656–663  

    100.   Annual Report of the North American Pediatric 
Renal Trials and Collaborative Studies (NAPRTCS) 
(2011) [cited 6/30/2011]. Available from   https://
web.emmes.com/study/ped/annlrept/annual-
rept2011.pdf      

    101.    Wedekin M, Ehrich JH, Offner G, Pape L (2010) 
Renal replacement therapy in infants with chronic 
renal failure in the fi rst year of life. Clin J Am Soc 
Nephrol 5(1):18–23  

    102.   Annual Report of the U.S. Organ Procurement and 
Transplantation Network and the Scientifi c Registry 
of Transplant Recipients: Transplant Data 1994–
2009. Department of Health and Human Services, 
Health Resources and Services Administration, 
Healthcare Systems Bureau, Division of 
Transplantation, Rockville; United Network for 
Organ Sharing, Richmond; University Renal 
Research and Education Association, Ann Arbor, 
2010  

     103.    Wood EG, Hand M, Briscoe DM, Donaldson LA, 
Yiu V, Harley FL, Warady BA, Ellis EN (2001) Risk 
factors for mortality in infants and young children on 
dialysis. Am J Kidney Dis 37(3):573–579  

   104.    Ledermann SE, Scanes ME, Fernando ON, Duffy 
PG, Madden SJ, Trompeter RS (2000) Long-term 
outcome of peritoneal dialysis in infants. J Pediatr 
136(1):24–29  

    105.    Shroff R, Rees L, Trompeter R, Hutchinson C, 
Ledermann S (2006) Long-term outcome of chronic 
dialysis in children. Pediatr Nephrol 21(2):257–264      

18 Peritoneal    Dialysis in the Newborn

https://web.emmes.com/study/ped/annlrept/annualrept2011.pdf
https://web.emmes.com/study/ped/annlrept/annualrept2011.pdf
https://web.emmes.com/study/ped/annlrept/annualrept2011.pdf


341A.S. Chishti et al. (eds.), Kidney and Urinary Tract Diseases in the Newborn, 
DOI 10.1007/978-3-642-39988-6_19, © Springer-Verlag Berlin Heidelberg 2014

        A.   Williams ,  MD      
              Department of Paediatric Urology , 
 Queen’s Medical Centre ,   E Floor , 
 Nottingham   NG7 2UH ,  UK   
 e-mail: alunrwilliams@mac.com  

  19      Transplant Considerations 
in the Newborn 

           Alun     Williams     

 Core Messages 
•     Established renal failure in newborns is 

uncommon, and uropathies are com-
moner in children than adults with 
established renal failure.  

•   Early attention to growth and nutrition 
is important.  

•   Dialysis access in infants is tenuous.  
•   Vascular and urological workup in prep-

aration for transplant is vital.  
•   A transplant is the gold standard treat-

ment of established renal failure.    

 Case Vignette 
 A baby boy was born after spontaneous 
labor at 32 weeks’ gestation with antena-
tally detected bilateral hydroureterone-
phrosis and worsening oligohydramnios. 
He had a palpable bladder, and in view of 
the antenatal history, had a suprapubic 

tube placed on the neonatal intensive care 
unit. After his diuresis had settled, an ante-
grade cystourethrogram showed posterior 
urethral valves. He underwent transure-
thral resection at term  corrected gesta-
tional age. 

 His growth was slow, augmented with 
nasogastric feeds and recombinant growth 
hormone. By 2 years of age, his creatinine 
and urea were climbing, and he had wors-
ening lassitude and growth failure. 

 In preparation for transplant, he under-
went videourodynamics which showed a 
very small bladder (<30 mL capacity), high 
fi lling pressures (>40 cm H 2 O) with leak-
age of urine, overactive contractions, and 
refl ux into very dilated ureters bilaterally. 
An ultrasound scan showed bilateral small 
kidneys, and DMSA scan showed nonfunc-
tion of the right kidney. He underwent a 
right nephrectomy, ureterocystoplasty 
using the massively dilated right ureter, and 
an appendiceal Mitrofanoff. 

 Doppler imaging of the abdominal ves-
sels showed patent iliocaval veins and a 
normal abdominal aorta. 

 At 3 years of age at a weight of 14 kg, he 
underwent a preemptive intra-abdominal 
(because of his previous major abdominal 
surgery) living-related kidney transplant, 
his father being the donor. He had immedi-
ate graft function. 
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19.1              Introduction 

 Established renal failure (ERF) in newborns and 
infants is uncommon. In the most recent report of 
the UK Renal Registry, the prevalence of chil-
dren undergoing renal replacement therapy 
(RRT) in the United Kingdom was 65 per million 
age-related population (pmarp), with an inci-
dence of 9.3 pmarp. Although incidence and 
prevalence data for the newborn population are 
not recorded for this discrete group, the preva-
lence of RRT in the under-twos is 21.6 pmarp. 
Six percent of children receiving RRT are born 
prematurely [ 1 ]. 

 The commonest cause of ERF remains renal 
dysplasia, including associated vesicoureteric 
refl ux (VUR), making up 34 % of prevalent 
cases. Glomerular diseases (about 17 % of the 
prevalent population) and obstructive uropathies 
(16 %) complete the top three causes of ERF in 
childhood. Obstructive uropathies continue to 
feature much more prominently in the major 
causes of ERF in childhood compared with the 
adult population, making urological assessment 
and management of this group all the more 
important. 

 Almost all children will be potential trans-
plant recipients at some stage. This is in contrast 
to the dialysis population as a whole including 
adults where far fewer (perhaps only a third over-
all) will be suitable for activation on the trans-
plant waiting list usually as a result of general 
fi tness. 

 Transplantation as a modality of RRT remains 
very uncommon under the age of 2 years how-
ever. In the UK review, only one of 497 children 
had a transplant under the age of 2 years. There 
have been reported cases of successful kidney 
transplantation in infancy, and a recent review 
suggests that outcomes are good in small chil-
dren [ 2 ,  3 ] although the children transplanted 
within the fi rst year of life remain in a minority 
within this already very small group. 

 There is inevitably a period of time required 
for adequate workup of a potential transplant 
recipient. A thorough cardiorespiratory assess-
ment is required, and cardiorespiratory status 
needs to be maximized. The UK review [ 1 ] 

 confi rms that increasingly children undergoing 
RRT have signifi cant comorbidity, and it is logi-
cal to maximize the potential for long-term graft 
survival by maximizing the recipient’s fi tness for 
a transplant. Likewise vaccinations against infec-
tious disease are needed in anticipation of  lifelong 
immunosuppression. Crucially also, establish-
ment of growth and nutrition is a prerequisite, 
and this is discussed in more detail below. The 
preponderance of uropathies needs to be consid-
ered, and some intervention (operative or other-
wise) may be needed in the workup to 
transplantation. Finally there are physical con-
straints on the actual placement of an allograft: 
recipient size may not be felt to be as important 
as before in light of the above case series, but 
there still needs to be adequate space to place the 
organ and adequate recipient blood vessels to 
provide infl ow and outfl ow for the graft. 

 A major rate limiting step in kidney trans-
plantation is the availability of a donor organ. 
The counsel of perfection is a preemptive trans-
plant. This avoids dialysis access and the com-
plications of access and those of dialysis. It has 
been proposed that avoiding dialysis may con-
fer a survival advantage to the transplant [ 4 ,  5 ]. 
At present, on average between 20 and 30 % of 
children receive a preemptive kidney transplant 
[ 6 ]. The median wait for a deceased donor 
transplant for children in the UK for registra-
tions up to the end of 2006 was 277 days [ 7 ]. In 
the USA in 2003, the median wait for ages 
1–5 years was 360 days [ 8 ]. A living donor 
transplant may be more expedient but still 
requires a period of intensive workup for the 
prospective donor. 

 The availability of dialysis removes the imme-
diate urgency of transplantation, and we know 
that peritoneal dialysis (PD) and hemodialysis 
(HD) are feasible and effective even in very small 
newborns [ 9 – 11 ]. There are also the sometimes 
poorly evidenced psychosocial aspects of ERF. 
New parents can fi nd that their baby born with a 
congenital abnormality is diffi cult to care for. 
This is compounded by the prospect of a chronic 
condition needing complex treatment. We know 
that children can achieve good psychosocial, 
developmental, and cognitive outcomes and that 
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we are doing better than we were, but there 
remain signifi cant challenges [ 12 ]. 

 The following outline does not attempt to con-
sider the minutiae of medical workup of the 
potential kidney transplant recipient. Rather it 
considers the issues arising in the newborn and 
infant periods during workup to transplantation.  

19.2     Nutrition and Growth 

 It has been recognized for many years that growth 
in children with chronic kidney disease (CKD) is 
poor. This is compounded by the metabolic dis-
turbances with evolving kidney failure and fur-
ther compounded with commencement of 
dialysis. 

 A recent multicenter analysis (involving 18 
countries) reported 153 children starting perito-
neal dialysis under the age of 2 years [ 13 ]. 
Growth slowed starting dialysis but improved 
with augmentation of nutrition. Particularly 
important is that demand feeding was associated 
with a decrease in age-related body mass index 
(BMI), but nasogastric or gastrostomy feeds 
increased the BMI. Clearly appetite is suppressed 
signifi cantly with ERF. Nearly all of the 
gastrostomy- fed children were accounted for by 
the cohorts from North America and the UK. 
Children fed by gastrostomy had high length 
measurements over time. There was also signifi -
cant regional variation in the nutritional status of 
children. The study reported that 50 % of Turkish 
children were malnourished at last observation 
compared with the 26 % of North American chil-
dren who were reported as obese. 

 Recombinant human growth hormone (rhGH) 
is also associated with an increase in linear 
growth in both the CKD population in general 
[ 14 ] and in those on dialysis [ 13 ]. A recent 
Cochrane review shows an appreciable increase 
in height velocity above untreated children with 
CKD. Concerns about possible adverse effects on 
individual patients or on their subsequent trans-
plants as a result of rhGH have not been borne 
out in the short term. However, the studies are too 
short in timescale to extrapolate these results 
until the cohort of patients can be followed. 

 We know gastrostomy feeding is  advantageous 
as it avoids the complications of nasogastric 
feeds and removes the diffi culty in persisting 
with oral feeds when they are tolerated poorly by 
uremic infants and children. At the author’s unit, 
we have advocated early gastrostomy feeds [ 15 ] 
especially in the population approaching ERF 
requiring dialysis. The timing of placement of 
peritoneal dialysis tubes and gastrostomies is 
more debatable however. One review recognized 
an increased peritonitis rate if percutaneous 
endoscopic gastrostomies (PEG) were placed in 
children already on PD [ 16 ] and documented the 
course of children who also frequently required 
fundoplication for gastroesophageal refl ux. 

 At the author’s unit, we have routinely placed 
gastrostomy tubes synchronously with peritoneal 
dialysis catheters, initially with open surgery and 
latterly using laparoscopic assistance [ 17 ]. 
Withholding PD early in the postoperative recov-
ery seems to have circumvented problems with 
leak and infection. If elective intraperitoneal sur-
gery is required on PD, a useful strategy is to 
place a temporary hemodialysis catheter and sus-
pend PD. It is usually possible to restart PD 
within a few days of surgery.  

19.3     Dialysis Access 

 Establishing and maintaining dialysis access in 
newborn babies and infants is a formidable chal-
lenge [ 9 ]. PD is a convenient modality for dialy-
sis in children of all ages (as well as in adults). It 
allows preservation of vessels in the fi rst instance, 
crucial as the majority of pediatric recipients will 
become adults in need of retransplantation or fur-
ther dialysis access in the form of peripheral arte-
riovenous fi stula. It avoids rapid hemodynamic 
changes which can go with hemodialysis (HD). 
In newborns and small infants, their low intravas-
cular volume is an important consideration for 
dead space volume in HD circuits where a very 
signifi cant volume is extracorporeal. PD is also 
more usually amenable to home dialysis (which 
can be overnight) which allows a more normal 
existence for the child compared with trips on a 
frequent basis to a dialysis unit. 
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 HD is possible even in very tiny babies 
although there are particular mechanical chal-
lenges [ 11 ]. Whether on PD or HD, catheter 
problems are frequent. We have found that cath-
eter longevity is better in the PD population than 
in the HD population [ 10 ] but mortality is low. 
Parents need to be made aware of this. 

 It is important to avoid the lower body circula-
tion for vascular access as far as possible. This 
will inevitably be the site of allograft implanta-
tion and technically easier into vessels not previ-
ously manipulated, narrowed, or lost to catheter 
thrombosis. 

 A useful principle in redo vascular access is to 
reutilize vessels as far as possible. Improvements 
in interventional radiological techniques have 
made this a viable proposition, with steerable 
guidewires and the ability to access central veins 
via small tributaries (e.g., the azygos system) and 
the ability to recanalize or dilate stenotic veins.  

19.4     Blood Vessel Imaging 

 Imaging of vessels is important in revision dialy-
sis access, and the section above outlines some of 
the techniques which can be used by interven-
tional radiologists. However, in preparation for 
transplantation, blood vessel imaging is impor-
tant, especially in small children, or if the lower 
body vessels have been instrumented or mobilized 
(for vascular access or during abdominopelvic 
surgery, e.g., nephrectomy or urological surgery) 
or if there has been previous abdominal surgery. 

 At the author’s unit, we have found Doppler 
ultrasound to be reliable for demonstrating the 
aortoiliac and iliocaval systems, but when techni-
cal reasons dictate or there is uncertainty about 
the confi guration of vessels, the imaging modal-
ity of choice is a magnetic resonance angiogram. 
Direct angiography is used less and less, partly as 
a consequence of improved magnetic resonance 
images, and partly as this usually involves instru-
menting the vessels directly. 

 Children with anorectal malformations in par-
ticular require detailed assessment of their 
abdominopelvic vessels. Arterial and venous 
anatomy can be highly abnormal in these patients 

[ 18 ] and a “road map” is mandatory before plan-
ning transplantation.  

19.5     Pretransplant Management 
of the Urinary Tract 

 An abnormal urinary tract’s effect on native kid-
neys is well documented: Maguire’s seminal work 
on native urinary tracts, spinal dysraphism, and 
hydronephrosis remains a reference point [ 19 ]. A 
urethral leak point pressure of greater than 40 cm 
H 2 O represents a lower tract considered to be 
“unsafe.” There is a suggestion that in children, a 
“safe” pressure may be 30 cm H 2 O or less [ 20 ]. 

 Pretransplant urodynamics are mandatory in 
children born with a uropathy. In the author’s 
unit, we extend the indications for urodynamics 
to include those children with lower urinary tract 
symptoms, known vesicoureteric refl ux, and 
recurrent urinary infections, although invasive 
formal urodynamics are always preceded by non-
invasive studies to demonstrate bladder capacity, 
fl ow rate and effi ciency, and emptying to 
completion. 

 The commonest single condition in the uro-
pathic ERF population is posterior urethral valves 
(PUV). A paradoxical situation in managing the 
newborn with PUV is that urodynamics change 
and probably evolve over time [ 21 ]. Thus, it is 
more appropriate to undertake urodynamic stud-
ies in the immediate time before listing for trans-
plantation rather than early in the newborn 
period. 

 With the urodynamic fi ndings in mind, appro-
priate measures can be implemented to lower 
pressures, correct refl ux if necessary, and provide 
capacity and drainage (by means of augmenta-
tion cystoplasty with or without Mitrofanoff 
drainage or by diversion). 

 Several studies have demonstrated that trans-
plantation into an abnormal urinary tract is safe 
with good outcomes, so long as appropriate fol-
low- up is in place. Likewise, transplantation into 
a reconstructed urinary tract is safe [ 22 – 28 ]. It is 
generally appreciated that reconstructive surgery 
is more conveniently and safely and logically 
done before transplantation [ 29 ] and that this 
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then obviates the anxiety about reconstructive 
urinary tract surgery in the face of immunosup-
pression. Some authors have, however, com-
mented that the so-called dry augment can be 
problematic [ 30 ], and care should be exercised 
in reconstructing the urinary tract of an anuric 
patient. The decision to undertake major recon-
struction early in life of course also needs to 
depend on the support for teaching and learning 
intermittent catheterization and bladder irriga-
tion and vigilance for complications such as 
stones. 

 Transplantation into an enteric diversion is 
safe [ 31 ], and there is always the prospect of a 
growing child or adolescent opting for an undi-
version in time. Anecdotally, we have implanted 
an allograft ureter onto a bladder diverted by ure-
terostomy or suprapubic cystostomy with good 
outcome in the short term, mindful of the pros-
pects for reconstruction at a later date. 

 VUR is a risk factor for urinary tract infection 
(UTI). UTI is the single commonest infectious 
complication to follow a kidney transplant and is 
commoner still in children with an underlying 
uropathy [ 32 ]. If recurrent UTI is a problem, this 
is a valid reason for considering an antirefl ux 
procedure in the workup for transplantation. It is 
crucial to consider the effects of VUR on the 
overall capacity of the urinary tract however: a 
signifi cant contribution to overall capacity might 
be made by dilated ureters. This can, of course, 
be turned to the surgeon’s advantage (as in the 
vignette) by using dilated ureters as a means of 
augmentation cystoplasty. 

 In boys with recurrent UTI, circumcision 
alone [ 33 ] may lower the subsequent risk or may 
be combined with another procedure. In the 
author’s practice, the merits of circumcision at 
the time of PUV ablation, for example, are dis-
cussed with patients’ families. 

 Pretransplant native nephrectomy is indicated 
for a number of reasons, including malignancy, 
refractory hypertension, and refractory protein 
loss. Recurrent infection, stones, and high-grade 
VUR have also been included among the indica-
tions, but a recent review of the author’s center’s 
cumulative practice has identifi ed a trend towards 
more conservative management of the native 

 kidneys [ 34 ]. The arguments for preservation of 
the native upper tracts include more straightfor-
ward fl uid management of patients with ERF, 
preservation of native biochemical and endocrine 
function, as well as avoiding surgery in the 
workup to transplantation.  

19.6     The Transplant 

 The choice of incision and approach for the trans-
plant is largely a matter of surgeon choice and 
experience. In small children, traditionally the 
transperitoneal route to the aorta and inferior 
vena cava has been used. A recent report (admit-
tedly not referring to recipients in the newborn or 
early infant period) does suggest that the extra-
peritoneal route if possible is reasonable and may 
even be preferable for graft outcome [ 35 ]. 
Closure of the abdomen, irrespective of the route 
to the large vessels, can be challenging. It is cer-
tainly reasonable to leave the abdomen open and 
return for a secondary closure, although experi-
ence is reported with prosthetics to achieve pri-
mary closure [ 36 ,  37 ]. 

 Graft survival post-transplant has improved 
over the years [ 8 ]. For a living donor transplant, 
it is reasonable to quote graft survivals of 95, 90, 
and 85 % at 1, 3, and 5 years post-transplant, 
respectively. There is a suggestion that pediatric 
recipients may benefi t from transplantation from 
a pediatric donor [ 38 ]. However, it is a virtual 
certainty that a pediatric recipient will inevitably 
require a retransplant (and possibly further trans-
plants) over the course of a lifetime. This makes 
a more compelling case for as rigorous a pre-
transplant workup as possible. 

 Transplant outcomes and in particular compli-
cations [ 39 ] are dealt with more comprehensively 
elsewhere, but worthwhile is a mention of trans-
plant thrombosis.  

19.7     Vascular Thrombosis 

 One review summarizes recent literature [ 40 ] where 
the highest incidences of venous (up to 7 %) and 
arterial thromboses (up to 7.5 %) occur in pediatric 
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recipients. There are donor and recipient factors, 
although the literature remains divided and undoubt-
edly is evolving. Traditionally, kidneys from very 
small donors have been considered to be at higher 
risk of thrombosis, although a recent paper describ-
ing a single center’s experience of en bloc trans-
plants from mean 11.4 kg donors may challenge 
this [ 41 ]. These would not be grafts suitable for 
implantation into very small recipients however. 
Donor age above 60 years may also increase the risk 
of thrombosis, although this may refl ect atheroscle-
rosis, itself a risk factor for thrombosis. 

 Recipient risk factors are diffi cult to tease out 
but may include small age (or size) per se, a pre-
vious thrombotic tendency, technical problems 
with the anastomosis, and perioperative hemody-
namic instability. The latter are crucially impor-
tant for very small recipients.  

    Conclusion 

 Established renal failure in newborns is 
uncommon, but attention to detail around the 
general condition, growth, nutrition and devel-
opment of the baby is vital to promoting an 
ideal environment for a transplant. The value 
of a transplant done very early is debatable, 
and cases of kidney transplantation within the 
fi rst few months of life are still rare. 
Nonetheless renal replacement therapy in the 
run up to transplantation can be very morbid 
itself. Sometimes, the need for a successful 
transplant can override the need to optimize 
factors like reconstruction of the urinary tract, 
if dialysis access becomes very tenuous or end 
stage. Fortunately the need for an urgent kid-
ney transplant is still rare at this stage of life 
and the months of infancy can be spent opti-
mizing the workup for transplantation while 
maximizing growth, somatic, cognitive, and 
psychosocial development of the baby.     
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  20      Neonatal Hypertension 

           René     G.     VanDeVoorde     and     Mark     M.     Mitsnefes     

 Core Messages 
•     Healthy, full-term neonates rarely have 

hypertension. Preterm and ill newborns 
are at increased risk of developing 
hypertension, especially if they have 
chronic lung disease, patent ductus arte-
riosus, intracranial bleeding, need for 
ECMO, umbilical artery catheter place-
ment, or coexistent renal disease.  

•   The etiology of neonatal hypertension is 
best evaluated by a thorough history, 
including prenatal, perinatal, and post-
natal fi ndings. The highest-yield labora-
tory and radiologic studies are a renal 
panel, urinalysis, and renal ultrasound 
which aid in determining the presence 
of renovascular and renal parenchymal 
diseases.  

•   Treatment options for neonatal hyper-
tension should start with treating any 
reversible causes. Pharmacotherapy 
options are varied and none have been 
systematically studied in this 
population.    

 Case Vignette 
 A former premature (27 weeks gestational 
age) male infant is scheduled for NICU dis-
charge in the coming week and the parents 
have questions about his home care. At 
6 weeks of age, he was noted to have blood 
pressure readings of 115/70 for three con-
secutive days. Shortly after birth, he was 
intubated for 2 weeks and currently requires 
oxygen by nasal cannula which has been 
diffi cult to wean over the last 2 weeks. He 
has no other comorbidities noted during 
this admission, and there was no history of 
umbilical catheters being placed. His initial 
evaluation for hypertension included a nor-
mal electrolyte panel, normal serum creati-
nine, normal appearing kidneys on 
ultrasound, and normal echocardiogram. 
To control his blood pressure, he was 
started on chlorothiazide and has had good 
blood pressure readings over the ensuing 
3 weeks. While on the same dose of chloro-
thiazide, he has been appropriately gaining 
weight with stable electrolytes. His parents 
are wondering about his expected course of 
hypertension, including his long-term need 
for medication and what it means for his 
long-term health. 
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20.1              Introduction 

 Since its fi rst cited description in the 1970s [ 2 ], 
there has been a greater awareness of neonatal 
hypertension amongst neonatologists and pedi-
atric nephrologists. Advances have been made 
in the ability to accurately assess blood pressure 
(BP) in neonates as well as increased knowledge 
of normal BP values and trends in newborns 
with lower birth weights and shorter gestational 
age, thus allowing better identifi cation of neo-
nates who are at risk for hypertension. Despite 
progress in these areas, there are others (patho-
genesis, threshold for treatment, comparative 
trials of therapies) that have advanced much 
more slowly. Fortunately, overall outcomes in 
neonates with hypertension remain very good.  

20.2     Blood Pressure 
Measurement in Neonates 

20.2.1     Proper Measurement of Blood 
Pressure in Neonates 

 The criterion standard for measurement of blood 
pressure in neonates has long been intra-arterial 
analysis via arterial catheter and pressure trans-
ducer of the pulse pressure waveform. Studies 
have shown good correlation of measurements in 
neonates with either central (umbilical) or 
 peripheral artery catheters [ 11 ], unlike in older 
children. However, the inherent risks (thrombo-
sis, perforation, arteritis, compromised periph-
eral perfusion, …) with arterial catheters should 
restrict their use for blood pressure measurement 
to those neonates who have other issues of car-
diorespiratory compromise necessitating their 
use, as they should not be used solely to monitor 
blood pressure. Unlike in children, measuring 
blood pressure by auscultation in neonates is 
generally not recommended, as hearing 
Korotkoff sounds in the brachial artery is very 
diffi cult, especially in the NICU setting, so as to 
make this method impractical. Likewise, accu-
rate palpation of a brachial or radial systolic 
pulse pressure is also diffi cult, and thus 

 impractical, in small neonates. Ultrasonic 
Doppler assessment had long been used as an 
accurate noninvasive means to measure blood 
pressure [ 17 ]. However, it can be slightly more 
labor-intensive to perform as it requires proper 
positioning of the probe throughout the measure-
ment [ 20 ] and has largely been replaced in most 
nurseries and NICUs. 

 Automated oscillometric methods of blood 
pressure measurement are the most widely used 
technique in neonates currently. They measure 
the mean arterial pressure and, through algo-
rithms unique to each machine manufacturer, cal-
culate the systolic and diastolic blood pressure. 
Studies have shown a good correlation between 
this technique and intra-arterial and Doppler 
measurements [ 20 ,  42 ], while others have noted 
some overestimations of blood pressure, espe-
cially in the face of hypotension, using this tech-
nique [ 33 ,  44 ]. However, this technique does not 
appear to underestimate blood pressure readings 
and therefore is reasonable to use when screening 
for hypertension in newborns. Oscillometric 
devices are practical to use, giving rapid and 
reproducible measures, and allow for following 
BP readings over time. However, the initial read-
ings by the device when fi rst turned on may be 
less accurate, as the cuff may initially infl ate to 
higher preset values and defl ate by greater inter-
vals [ 15 ]. 

 There are several variables that may affect the 
accuracy of blood pressure measurement in new-
borns. Like in older children, cuff size can affect 
readings, as too large a cuff may underestimate 
blood pressure, while smaller cuffs may overesti-
mate readings [ 27 ]. It is recommended that the 
cuff bladder should cover at least 2/3 of the upper 
arm or thigh and encircle 80–100 % of the cir-
cumference of the extremity. Also, measurements 
are most accurate when the cuff width to circum-
ference ratio is 0.44–0.55 [ 27 ,  40 ]. Unlike in 
older children, studies have shown that lower 
extremity blood pressure values are not necessar-
ily elevated compared to upper extremity read-
ings [ 36 ]. 

 The neonate’s state of alertness and calm-
ness can also have great effect on its blood 
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pressure. Studies have shown elevation in 
blood pressure readings when newborns are 
crying or agitated, feeding or sucking, have 
their head elevated, or even when their abdo-
men is being compressed [ 4 ,  15 ]. It has even 
been noted that blood pressure is elevated 
in newborns in the supine versus the prone 
 position [ 32 ] though this may not be clini-
cally relevant. A study evaluating a standard-
ized protocol for blood pressure management 
in neonates <2,500 g compared to “routine” 
nursing measurement of vital signs showed 
that the protocol gave significantly lower BP 
measurements with significantly less variation 
in their results [ 32 ]. The authors also noted 
that first BP measurements were significantly 
higher than subsequent measures, similar to 
decreases seen in older children, though they 
did not feel this difference was clinically 
significant. This protocol, as highlighted in 
Table  20.1 , has been  recommended as a rea-
sonable nursing standard for blood pressure 
measurement in NICUs [ 15 ], though the need 
for repeated measures and averaging of values 
is debatable from a practicality standpoint.

20.2.2        Normative Values of Blood 
Pressure in Neonates 

 Defi ning of normal blood pressure in newborns is 
a complicated matter and uniform values cannot 

be easily applied across the board to all neonates. 
The predominant variables that may affect BP 
include gestational age, postnatal age, and birth 
weight. 

 Normal values for full-term neonates have 
been investigated by different groups and there 
seems to be little variation in values based off of 
gestational age [ 21 ,  25 ]. Values fi rst reported by 
the Brompton study from 1980 [ 14 ] were incor-
porated by the pediatric task force on blood pres-
sure control in children. This longitudinal study 
of 1,800 term newborns measured BP with the 
Doppler technique and found that mean BP 
increases 1–2 mmHg per day during the fi rst 
week of life, then rises only 1–2 mmHg per week 
over the subsequent several weeks [ 13 ]. A similar 
pattern, with slowing of the rise in BP after the 
fi rst several days of life, was noted using oscil-
lometric measurements as well [ 21 ]. Term infants 
that are small for gestational age have been 
shown to have a slightly higher increase in BP 
over the fi rst weeks of life [ 28 ], such that all term 
infants seem to have a similar BP pattern by 
1 month of life. 

 Large-scale data on preterm infants, similar 
to that of term infants, had been lacking for a 
long period of time. A study of >300 infants 
admitted on their initial day of life to several 
NICUs measured BP serially by the oscillomet-
ric method and were able to defi ne mean as well 
as upper and lower confi dence limits in this var-
ied population [ 46 ]. This analysis showed a 
clear correlation of higher normal BP values 
with increased gestational age and birth weight 
which has been confi rmed in subsequent studies 
[ 35 ]. Similar to term infants, preterm infants 
have a more rapid increase in systolic and dia-
stolic blood pressure over the fi rst few days of 
life with subsequent slowing of the rate of 
increase in the following weeks [ 35 ,  46 ]. Despite 
the complexities of differing baseline blood 
pressure and rates of increase based off of gesta-
tion, neonatal BP measures have been shown to 
correlate to postconceptual age [ 46 ]. This allows 
for the longitudinal evaluation of blood pressure 
for all neonates, irrespective of their gestational 
age. Recently, a reference table of 95th and 99th 

   Table 20.1    Features of a standard protocol for blood 
pressure measurement in the newborn [ 32 ]   

 1. Oscillometric measurement 
 2.  Appropriately sized cuff – smallest cuff size that 

covered at least two-thirds of the upper arm and 
encircled the entire arm 

 3. Measured in the right upper arm 
 4. Infant lying prone or supine 
 5.  Measured at least 90 min following their last feeding 

or any medical intervention 
 6.  After cuff placement, the infants is left undisturbed 

for at least 15 min 
 7. Infant is sleeping or quietly awake 
 8. Three successive readings done 2 min apart 
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BP percentiles for all neonates [ 16 ] has been 
published, as shown in Table  20.2 . This table is 
to be applied for newborns after 2 weeks of age 
and encompasses data from the published 

 studies to date, accounting for the variables of 
gestational age and appropriateness of size for 
gestation.

20.3         Prevalence of Hypertension 
in Neonates 

 With a lack of consistent normative data, the 
defi nition of hypertension in neonates has varied 
over time. An early, and often cited, defi nition 
was BP greater than 90/60 for term newborns or 
greater than 80/50 in preterm infants [ 2 ], while 
others have used a single measure, systolic blood 
pressure (>113 mmHg) [ 19 ] or mean arterial 
pressure (>70 mmHg) [ 39 ], as standards. 
Currently, with better normative data, hyperten-
sion is often defi ned by three readings above the 
95th percentile for gestational age and birth 
weight [ 37 ]. 

 The prevalence of hypertension is considered 
to be very rare in healthy full-term neonates, as 
low as 0.2 %, such that routine blood pressure 
screening is not recommended for this group [ 6 ]. 
However, newborns that require monitoring in 
the intensive care unit have been shown to have a 
higher incidence of hypertension throughout the 
years. This prevalence has varied, with differing 
defi nitions of hypertension, from 0.81 to 3.2 % 
[ 10 ,  38 ,  39 ]. More recent prevalence studies, cit-
ing the 95th percentile standards, have reported 
rates of 1.0–1.3 % [ 9 ,  37 ]. 

 Several risk factors for neonatal hypertension 
have been identifi ed through these cohort studies. 
The prevalence of hypertension was as high as 
9 % in infants with bronchopulmonary dysplasia 
(BPD), patent ductus arteriosus (PDA), intraven-
tricular hemorrhage, or with umbilical artery 
catheter usage in one study [ 38 ]. Other risk fac-
tors for increased prevalence include antenatal 
steroid use, use of ECMO, and coexistent renal 
disease [ 9 ,  37 ]. A recent multivariate analysis of 
a large national pediatric hospital database found 
the odds ratio for hypertension to be highest in 
patients with greater severity of illness, defi ned 
by the All-Patient Refi ned Diagnosis Related 
Groups subclass. It is apparent that the most ill of 
neonates are indeed at the highest risk for 
hypertension.  

   Table 20.2    Neonatal blood pressure parameters for 
postconceptual age   

 Postconceptual 
age 

 50th 
percentile 

 95th 
percentile 

 99th 
percentile 

  44 weeks  
 SBP  88  105  110 
 DBP  50  68  73 
 MAP  63  80  85 
  42 weeks  
 SBP  85  98  102 
 DBP  50  65  70 
 MAP  62  76  81 
  40 weeks  
 SBP  80  95  100 
 DBP  50  65  70 
 MAP  60  75  80 
  38 weeks  
 SBP  77  92  97 
 DBP  50  65  70 
 MAP  59  74  79 
  36 weeks  
 SBP  72  87  92 
 DBP  50  65  70 
 MAP  57  72  77 
  34 weeks  
 SBP  70  85  90 
 DBP  40  55  60 
 MAP  50  65  70 
  32 weeks  
 SBP  68  83  88 
 DBP  40  55  60 
 MAP  49  64  69 
  30 weeks  
 SBP  65  80  85 
 DBP  40  55  60 
 MAP  48  63  68 
  28 weeks  
 SBP  60  75  80 
 DBP  38  50  54 
 MAP  45  58  63 
  26 weeks  
 SBP  55  72  77 
 DBP  30  50  56 
 MAP  38  57  63 

  From Dionne et al. [ 15 ]. With kind permission from 
Springer Science + Business Media  
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20.4     Etiologies of Neonatal 
Hypertension 

 There are numerous potential causes of hyperten-
sion in the neonate, as cited in Table  20.3 . 
However, a clear etiology may be ascertained in 
less than half of all hypertensive newborns 
[ 10 ,  19 ]. The pathophysiology of hypertension in 
neonates is typically secondary to common path-
ways with elevations in renin-angiotensin-aldo-
sterone, catecholamines, and/or sodium and fl uid. 
The more common causes, as listed in Table  20.3 , 
are disorders of the renovasculature, renal paren-
chyma, aortic coarctation, and bronchopulmo-
nary dysplasia.

   Early studies cited renovascular disease as the 
most common cause of hypertension [ 4 ,  10 ,  38 ], 
though this may not be as true with current neo-
natal practices. This high incidence was attribut-
able to the use of umbilical artery catheters 
(UACs), as they were associated with a high rate 
of thrombus formation. It is thought that disrup-
tion of the vascular endothelium of the umbilical 
artery, likely at time of UAC placement, leads to 
thrombus formation and risk of embolism to the 
renal arteries, local infarction, and release of 
renin. A Cochrane review showed that there was 
no difference in hypertension rates comparing 
“high” versus “low” placed catheters [ 8 ], so it is 
the presence of the catheter altogether, not 
its location, which places patients at risk. In 
patients with prothrombotic risk, renal vein throm-
bosis may also lead to hypertension, but it is often 
a later fi nding. However, with less regular use of 
UACs, the incidence of renovascular etiologies of 
hypertension may be decreasing altogether. 

 Outside of thrombosis, other renovascular 
causes of hypertension are still common. Renal 
artery stenosis from congenital narrowing may 
often occur, with stenoses often present in distal 
branched vessels and not as easily identifi ed on 
ultrasound. Mechanical compression of the renal 
artery can occur with renal tumors, perirenal hema-
tomas, or massive hydronephrosis. Rarely, there 
may be infi ltration of the vessel wall from either 
hematoma, calcifi cation, or oligosaccharides. 

 Congenital renal parenchymal disorders are 
often cited as the second most common cause of 
neonatal hypertension. Autosomal recessive 

     Table 20.3    Different etiologies of neonatal hypertension   

 Renovascular 
   Renal artery thrombosis (secondary to umbilical 

artery catheterization) 
  Renal artery stenosis 
    Congenital (fi bromuscular dysplasia, congenital 

rubella) 
   Intramural hematoma 
    Secondary to external compression (tumor, 

perirenal hematoma) 
  Renal vein thrombosis 
   Invasive vascular disease (idiopathic arterial 

calcifi cation, galactosialidosis) 
 Renal parenchymal disease 
   Polycystic kidney disease (autosomal recessive or 

dominant) 
  Renal hypoplasia/dysplasia 
  Unilateral multicystic dysplasia kidney (MCDK) 
  Renal outfl ow obstruction 
    Anatomic (ureteropelvic or ureterovesical 

junction, bladder outlet) 
   Acquired (stones, tumor) 
  Acute tubular or cortical necrosis 
  Acute interstitial nephritis 
  Hemolytic uremic syndrome 
 Cardiopulmonary 
  Coarctation of the aorta 
  Bronchopulmonary dysplasia 
  Extracorporeal membrane oxygenation (ECMO) 
 Endocrine 
  Congenital adrenal hyperplasia 
   11-β hydroxylase defi ciency 
   17-α hydroxylase defi ciency 
  Hyperaldosteronism 
  Hyperthyroidism 
   Monogenic disorders behaving like 

hyperaldosteronism 
   Liddle syndrome 
   Glucocorticoid-remedial aldosteronism 
    Pseudohypoaldosteronism type 2 (Gordon 

syndrome) 
 Neoplastic 
  Wilms tumor 
  Mesoblastic nephroma 
  Neuroblastoma 
  Pheochromocytoma 
 Neurologic 
  Pain 
  Neonatal withdrawal syndrome 
  Intracranial hypertension 
  Seizures 
  Familial dysautonomia 

(continued)
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polycystic kidney disease often manifests with 
early onset hypertension, at a mean of 16 days of 
life [ 23 ], which can be quite pronounced and dif-
fi cult to control. Alternatively, autosomal domi-
nant disease typically manifests in adulthood but 
has been associated with hypertension in the 
newborn period. Renal dysplasia is a much more 
prevalent parenchymal disorder; however, hyper-
tension is not ubiquitous in dysplasia. The tubu-
lar wasting of salt and fl uids in dysplasia 
typically does not allow for blood pressure ele-
vation, but renin-induced hypertension can be 
seen. This is also thought to be the mechanism of 
hypertension in unilateral multicystic dysplastic 
kidney, as abnormalities may often be present in 
the contralateral kidney. Urologic abnormalities, 
such as renal outfl ow obstruction, have also been 
associated with hypertension, with prevalence 
rates as high as 19 % [ 26 ]. The mechanism is again 
thought to be alteration of the renin-angiotensin 
system, as correction of the obstruction does 
not always lead to resolution of the hyperten-
sion. Lastly, acquired renal parenchymal disor-
ders, such as tubular necrosis, interstitial 
nephritis, and hemolytic uremic syndrome, are 
very uncommon but have been seen in neo-
nates, with accompanying hypertension likely 
from sodium and volume overload along with 
hyperreninism. 

 Aortic coarctation causes BP elevation in the 
upper extremities primarily by renin induction 
from inadequately perfused kidneys. It was 

 commonly cited in many early cohort studies [ 10 , 
 38 ] and often presented with congestive heart 
failure, following closure of a patent ductus. 
Hypertension has been known to persist even 
after surgical correction of the coarctation [ 34 ] 
though not always readily apparent in the neona-
tal period. Bronchopulmonary dysplasia has been 
associated with increasing risk of hypertension, 
with rates reported from 12 to 45 % and correla-
tion seen with more severe pulmonary disease [ 1 , 
 5 ]. Although this association has been noted for 
over 30 years, little is known as to the pathophys-
iologic cause of the hypertension. Some of the 
medications used in chronic lung disease, like 
steroids and bronchodilators, may contribute to 
BP elevation. It has been speculated that hypox-
emia may modify either plasma renin activity or 
catecholamine secretion. However, the develop-
ment of hypertension in chronic lung disease 
often occurs later, months after delivery and 
sometimes noted even after discharge from the 
NICU [ 38 ]. Conversely, patients requiring 
ECMO often become hypertensive within weeks 
of discontinuation of therapy. The pathophysiol-
ogy is again unclear but may be related to altered 
sodium and fl uid handling by the kidneys or 
derangement to the atrial baroreceptors that con-
trol volume status. 

 Endocrinologic causes of hypertension are 
rare to begin with, and the more common etiolo-
gies (congenital adrenal hyperplasia and hyper-
thyroidism) may fi rst be identifi ed by neonatal 
screening before manifesting with hypertension. 
Extremely rare are the monogenic disorders 
which may cause hypertension. Liddle syndrome 
is caused by a mutation to the β or γ subunits of 
the aldosterone-responsive sodium channel 
(ENaC), causing the channels to be constitutively 
activated and increased sodium resorption. 
Glucocorticoid-remedial aldosteronism occurs 
when the adrenal gland produces a protein with 
aldosterone synthase activity, such that aldoste-
rone secretion becomes linked to cortisol secre-
tion. Gordon syndrome is secondary to increased 
expression of the WNK kinases distally, which 
causes increased activity of the thiazide-sensitive 
co-transporter. There is increased sodium resorp-
tion in the distal tubule but also an inability to 

 Medications 
  Dexamethasone 
  Methylxanthines (caffeine, theophylline) 
  Adrenergic agents (bronchodilators, vasopressors) 
  Pancuronium 
  Phenylephrine ophthalmic drops 
  Vitamin A or D intoxication 
  Maternal cocaine or heroin use 
 Miscellaneous 
  Closure of abdominal wall defects 
  Bladder exstrophy repair 
  Iatrogenic overload of fl uid or sodium 
  Hypercalcemia 
  Adrenal hemorrhage 

Table 20.3 (continued)
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excrete potassium and acid in the collecting duct. 
These three rare autosomal dominant disorders 
are associated with suppressed renin levels. 

 Congenital renal tumors, such as mesoblastic 
nephroma and Wilms tumor, have been shown to 
cause increased renin production, though it is 
unclear if this is purely secondary to renal vessel 
displacement or from aberrant production by the 
tumor tissue. Neuroblastoma may produce vaso-
active catecholamines, while there are case 
reports of pheochromocytomas diagnosed in the 
newborn period. Similarly, centrally mediated 
hypertension may be seen with pain, neonatal 
withdrawal, or seizures. Intracranial hyperten-
sion may be seen with subdural hematomas or 
other causes of intracranial bleeding. Familial 
dysautonomia is a rare disorder, more commonly 
seen among Ashkenazi Jews, with episodic 
hypertension or hypotension along with tempera-
ture dysregulation. 

 Numerous medications given to neonates have 
been associated with hypertension. Antenatal ste-
roids and bronchodilators used to treat chronic 
lung disease have both been associated with 
hypertension in newborns. Stimulants like caf-
feine or aminophylline, to treat for apnea of new-
borns, may also have undesired effects on blood 
pressure, while phenylephrine eye drops have 
been associated with systemic symptoms. 
Prolonged use of pancuronium can cause cate-
cholamine release. Also, the ordered fl uid and 
electrolyte solutions given to newborns could 
cause iatrogenic hypertension from volume over-
load or hypercalcemia. 

 Lastly, there have been reports of hyperten-
sion seen following certain types of surgery 
which are unique to newborns, with the hyper-
tension seeming to be independent of pain. 
Repair of abdominal wall defects, omphaloceles 
more so than gastroschisis, has been associated 
with hypertension, possibly from increased 
intra- abdominal pressure and its effect on renal 
perfusion. However, the associated hyperten-
sion is often very transient and seems not to 
require any intervention [ 12 ]. Hypertension has 
also been seen with bladder exstrophy repairs 
and is thought to be related to traction on the 
nerves [ 24 ].  

20.5     Diagnostic Evaluation 

20.5.1     Signs, Symptoms, 
and Physical Exam Findings 

 Most neonates with hypertension are completely 
asymptomatic, and the hypertension is detected 
because of routine monitoring. There are no clas-
sic symptoms of neonatal hypertension but non-
specifi c fi ndings such as feeding diffi culties, 
lethargy, irritability, tachypnea, and apnea may 
be seen. More severe hypertension may cause 
encephalopathy (vomiting and seizures), while 
long-standing hypertension may result in conges-
tive heart failure (weight gain, pulmonary edema, 
hepatomegaly), though these presentations are 
uncommon. Additionally, because hypertension 
is often asymptomatic, it is also important to 
determine if the patient truly has persistent BP 
elevation and not just normal variation because of 
pain or agitation from other sources. 

 The fi rst steps in evaluating neonatal hyper-
tension is a detailed medical history, including 
the obstetrical history, delivery events, and sub-
sequent medical history, as well as a thorough list 
of medications being given to the newborn. The 
prenatal history should include any abnormal 
results from routine care as well as any maternal 
drug exposures, both of prescribed and illicit 
medications. Maternal ACE inhibitor use in the 
fi rst trimester is associated with abnormal fetal 
renal development, while recent cocaine expo-
sure or heroin withdrawal may also cause hyper-
tension in the newborn. Birth asphyxiation at the 
time of delivery can lead to acute kidney injury 
and hypertension, while chronic lung disease, 
need for ECMO, cerebral hemorrhage, placement 
of UAC, and other surgeries following delivery 
have all been associated with hypertension (See 
Table  20.3 ). Newborn medication history should 
include any corticosteroids, stimulants, vasopres-
sors, and intravenous fl uids, as well as any opioid 
exposure that could lead to withdrawal. Family 
history tends to have less pertinence in neonates, 
though inquiring specifi cally about polycystic 
kidney disease or prior infants with hypertension 
may assist with some of the less common etiolo-
gies of hypertension. 
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 The physical exam should focus on identify-
ing any associated fi ndings that may elucidate the 
etiology of the hypertension, as listed in 
Table  20.4 . Blood pressure should be checked in 
all four extremities to rule out coarctation of the 
aorta and the abdomen should be thoroughly pal-
pated for any masses. The cardiac exam should 
mainly focus on any signs of heart failure, rather 
than the etiology of the hypertension, though sig-
nifi cant tachycardia in the face of hypertension 
may call into question whether excess catechol-
amines or other stimulants are present.

20.5.2        Laboratory and Radiologic 
Evaluation 

 In many instances, the laboratory and radiologic 
studies needed to evaluate is fairly limited, as the 
etiology may be suggested by the patient’s history. 
However, there should not be a delay in the evalua-
tion for hypertension as the opportunity to properly 
identify the etiology may be reduced as time passes, 
as thromboses may resolve radiographically. 

 A list of generally recommended studies and 
other studies to consider obtaining is given in 
Table  20.5 .

   Those studies which are generally recom-
mended are able to give high yields of informa-
tion about various etiologies. Serum electrolytes, 
BUN, and creatinine can give a sense of overall 
renal function and assist with determining 
whether there is renal parenchymal injury. 
Additionally, elevated serum sodium and 
decreased serum potassium levels may suggest 
whether hyperaldosteronism is present and other 
investigation is needed. Urinalysis fi ndings of 
hematuria or proteinuria may also assist with 
determining if renal parenchymal injury is pres-
ent. Serum calcium levels are also easily checked, 
often with the serum electrolytes, to help rule out 
hypercalcemia as an etiology. Renal ultrasound 
with Doppler can help evaluate for renal paren-
chymal injury, anatomical abnormalities of the 
genitourinary tract, arterial and venous thrombo-
sis, renal tumors, and sometimes renal artery nar-
rowing. Additionally, a thorough ultrasonographer 
may also look at the adrenal glands and other sur-
rounding structures to pick up on potential evi-
dence of adrenal hemorrhage or other abdominal 
tumors. Lastly, a chest X-ray will be limited in 
determining the etiology of the hypertension but 
may be helpful in determining whether there is 
evidence of heart failure secondary to the 
hypertension. 

   Table 20.4    Pertinent physical exam fi ndings in the 
hypertensive infant   

 Finding  Possible etiology of hypertension 

 Edema, fl uid 
overload 

 Acute Kidney Injury (Acute tubular 
necrosis, interstitial nephritis, 
HUS); iatrogenic excess of fl uid or 
sodium 

 Bulging 
fontanelle 

 Intracranial hypertension 
(hemorrhage, hydrocephalus) 

 Tachycardia  Pain; withdrawal; catecholamine 
excess (neuroblastoma, 
pheochromocytoma); 
hyperthyroidism 

 Abdominal bruit  Renal artery stenosis 
 Flank Mass 
  Bilateral  Polycystic kidney disease 
  Unilateral  Renal vein thrombosis; UPJ 

obstruction; tumor (mesoblastic 
nephroma, Wilms tumor, 
neuroblastoma) 

 Hepatomegaly  Neuroblastoma 
 Diminished 
femoral pulses 

 Coarctation of the aorta 

 Ambiguous 
genitalia 

 Congenital adrenal hyperplasia 

   Table 20.5    Laboratory and radiologic testing of neona-
tal hypertension   

 Generally recommended  Useful in selected situations 

 Serum electrolytes  Plasma renin activity 
 BUN, serum creatinine  Aldosterone 
 Urinalysis  Urine sodium, potassium, 

and creatinine 
 Serum calcium  Thyroid studies 
 Renal ultrasound with 
Doppler 

 Cortisol 

 Chest X-ray  Urine VMA/HVA 
 Urine steroid metabolites 
 Head ultrasound or CT scan 
 Renal angiography 

   BUN  blood urea nitrogen,  CT  computed tomography, 
 HVA  homovanillic acid,  VMA  vanillylmandelic acid  
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 Plasma renin activity levels have been recom-
mended by others as part of the standard work-up 
in the hypertensive newborn, but the diffi culties 
with this testing limit its general utility. There is 
limited data on normal values of plasma renin in 
infants, especially in premature infants [ 41 ]. 
Plasma renin levels can be elevated in hypovole-
mia, respiratory distress, and with the use of 
methylxanthines. They may also be altered by the 
use of some antihypertensive medications, so lev-
els need to be obtained prior to treatment of the 
hypertension for greatest validity. Lastly, the test 
also has limited sensitivity as it is not always 
elevated peripherally in verifi ed conditions of 
hyperreninism, such as renal artery stenosis or 
thrombosis. Its use should be considered in 
patients with severe hypertension without other 
etiologies or those patients with hypernatremia or 
hypokalemia to suggest alteration in the renin-
angiotensin- aldosterone axis. 

 Other serum and urine studies that may be 
useful in selected situations include evaluation 
for excess catecholamines or endocrinopathies. 
Imaging of the brain, by ultrasound or computed 
tomography, should be considered in patients at 
risk for central hypertension. Renal angiography, 
to look for distal arterial stenosis, may be consid-
ered in the newborn with severe hypertension but 
the risks of the procedure in someone that small 
must be weighed against the true benefi ts of posi-
tive fi ndings. Unfortunately, noninvasive angiog-
raphy (CT or MR) is limited from identifying 
branch stenoses in smaller renal vessels.   

20.6     Treatment 

 The initial step for treatment of neonatal hyper-
tension is correction of any reversible causes of 
elevated blood pressure. This would include 
treating seizures, pain, or withdrawal; correcting 
any endocrinopathies or hypercalcemia; removal 
of umbilical artery catheters; discontinuing any 
causative medications that is feasible; and limit-
ing fl uid and sodium in iatrogenic overload. If the 
primary cause of hypertension is not as easily 
identifi able or treated, one must then question at 
what level of BP elevation should be treated. The 

answer is not as straightforward in other age 
groups, as no antihypertensive medications have 
been routinely tested in neonates. 

 In the absence of overt fi ndings of end-organ 
injury (heart failure, encephalopathy), it has been 
recommended to consider treatment if the blood 
pressure remains above the 99th percentile for 
adjusted age [ 15 ,  18 ]. This threshold certainly 
seems reasonable, given the lack of long-term 
outcome data in this age group. A review of a 
national database of children’s hospitals showed 
that only 58 % of NICU patients diagnosed with 
hypertension were given antihypertensives, 
excluding diuretics [ 9 ], supporting this concept 
that not all hypertension needs to be treated. 

 Newborns with severe hypertension or criti-
cally ill with hypertension are best treated with 
intravenous continuous infusions of antihyper-
tensive medication to allow for rapid changes in 
dosing depending on clinical needs. The goal 
would be to lower blood pressure gradually while 
avoiding too rapid of a correction, as this may 
place the already susceptible infant at risk for 
cerebral and renal ischemia. A list of commonly 
used antihypertensive agents, both intravenous 
and oral forms, is given in Table  20.6 . For con-
tinuous infusion, nicardipine use has been most 
recently reported on as an effective agent used in 
neonates, including premature newborns [ 22 ,  29 ]. 
Nitroprusside use may be limited to less than 
72 h, or shorter periods if renal insuffi ciency, 
because of the risk of thiocyanate toxicity. For 
patients with renal failure or volume overload, 
the total volume of continuously infused medica-
tion may be a limitation. Intermittently dosed 
intravenous medications should also be consid-
ered [ 43 ] as their use is not limited by oral toler-
ability or variation in absorption.

   Certain medications deserve special mention, 
either because of their associated risks or bene-
fi ts. Diuretics are often very effective agents for 
treating hypertension related to volume overload 
or associated with chronic lung disease. Loop 
diuretics are especially effi cacious; however, 
they also cause increased urinary calcium excre-
tion, putting newborns at risk for nephrocalcino-
sis. Therefore, their use should ideally be 
intermittent or closely monitored. Thiazide 

20 Neonatal Hypertension



358

diuretics are effective chronic therapy, as they do 
not have the calciuric effect of loop diuretics. 
However, because of their mechanism of action 
and the immaturity of tubular function in neo-
nates, they do put the patient at risk for hypona-
tremia, hypokalemia, and metabolic alkalosis so 
serum electrolytes should be monitored. Using 
salt and fl uid restriction in combination with 
diuretics may limit the risk of hyponatremia. 
Also, the potassium-sparing effects of spirono-
lactone allows for its combined use with other 
diuretics to minimize the risk of hypokalemia 
while maintaining diuresis. 

 Angiotensin-converting enzyme (ACE) inhib-
itor use has been shown to be effective in lower-
ing blood pressure in neonates [ 45 ] and should be 
considered a fi rst-line agent for renovascular 
hypertension. However, renal hemodynamics are 
especially dependent on the renin-angiotensin 
system during the perinatal and early postnatal 
period. Nephrogenesis continues until about 
36 weeks gestation, even occurring after birth in 
premature or low birth weight infants [ 30 ]. 
Therefore, ACE inhibitors should be avoided 
altogether until at least 36 weeks postconceptual 
age or possibly even later. Also, newborns may 
be particularly susceptible to ACE inhibitor 
effects so even low doses may have signifi cant 
effects. Therefore, it is recommended to start 

   Table 20.6    Neonatal antihypertensive agents (grouped 
by class of agent)   

 Drug  Dosing/comments 

  ACE inhibitors:  
 Captopril  Oral: 0.01–0.65 mg/kg/dose 

given tid 
 Enalapril  Bolus: 5–15 mcg/kg/dose given 

daily to tid 
 Oral: 0.08–0.6 mg/kg/day 
divided daily or bid 

 Lisinopril  Oral: 0.07–0.6 mg/kg/day given 
once daily 

  Beta-blockers:  
 Carvedilol  Oral: 0.1–0.5 mg/kg/dose given 

bid (also α-antagonist) 
 Esmolol  Cont: 100–500 mcg/kg/min 
 Labetalol  Bolus: 0.2–1 mg/kg/dose every 

4–6 h (also α-antagonist) 
 Cont: 0.25–3 mg/kg/h 
 Oral: 0.5–5 mg/kg/dose given 
bid 

 Propranolol  Oral: 0.5–3.3 mg/kg/dose given 
tid 

  Calcium channel blockers (vasodilators):  
 Amlodipine  Oral: 0.05–0.6 mg/kg/day 

divided daily or bid 
 Isradipine  Oral: 0.05–0.2 mg/kg/dose 

given qid 
 Nicardipine  Cont: 0.5–4 mcg/kg/min 
 Nifedipine  Oral: 0.25–0.5 mg/kg/dose 

every 4–6 h 
  Diuretics:  
 Chlorothiazide  Bolus: 5–10 mg/kg/dose given 

bid 
 Oral: 5–10 mg/kg/dose given 
bid 

 Furosemide  Bolus: 0.5–2 mg/kg/dose given 
bid to qid 
 Oral: 0.5–6 mg/kg/dose given 
daily to qid 
 (may give high doses once daily 
to see if responds in oliguria, 
but would not dose regularly 
because of ototoxicity risk) 

 Hydrochlorothiazide  Oral: 1–3 mg/kg/day divided 
daily or bid 

 Metolazone  Oral: 0.2–0.4 mg/kg/day 
divided daily or bid 

 Spironolactone  Oral: 1–3 mg/kg/day divided 
daily or bid (potassium sparing) 

  Vasodilators:  
 Diazoxide  Bolus: 2–5 mg/kg/dose (rapid 

injection) 

 Drug  Dosing/comments 

 Hydralazine  Bolus: 0.2–1 mg/kg/dose given 
every 4 h 
 Cont: 0.75–5 mcg/kg/min 
 Oral: 0.25–1.8 mg/kg/dose 
given tid–qid 

 Minoxidil  Oral: 0.1–0.2 mg/kg/dose given 
daily to bid 

 Nitroprusside  Cont: 0.2–10 mcg/kg/min (risk 
of thiocyanate toxicity) 

  Miscellaneous:  
 Clonidine  Oral: 5–25 mcg/kg/day divided 

bid or tid (α-agonist with 
central action, may cause 
sedation) 

   Bolus  intermittent intravenous dosing,  Cont  continuous 
intravenous infusion rate  

Table 20.6 (continued)
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dosing lower than normal in patients while rou-
tinely monitoring urine output, serum potassium, 
and creatinine levels when fi rst dosing. 

 Beta-blockers may be particularly effective 
because of an increased sensitivity to catechol-
amines in the neonatal kidney [ 30 ], but their use 
may be contraindicated in patients with chronic 
lung disease. Vasodilators, including calcium 
channel blockers, can cause tachycardia and fl uid 
retention. Diazoxide is a historically used intra-
venous vasodilator that could be given by rapid 
injection; however, its variation in duration has 
made it a less desirable option. Clonidine is an 
α-agonist that may be especially effective in cen-
trally mediated hypertension; however, it can 
cause rebound hypertension if its use is abruptly 
discontinued. 

 Some general recommendations regarding the 
choice of antihypertensive are to fi rst choose an 
agent that may directly address the primary etiol-
ogy of the hypertension. Dosing should start at 
the lowest dosage and then be gradually increased 
until the desired antihypertensive effect. 
Therefore, it may be desirable to maximize dos-
ing of a single agent before adding another, 
though one may consider using agents in combi-
nation which may cancel out the others’ side 
effects, such as a beta-blocker with a vasodilator 
to negate effects on heart rate. In the national 
hospital database review, 45 % of all treated 
hypertensive neonates received two or more 
medications [ 9 ] though this did not include 
diuretics. Developing experience with just one or 
two agents in each antihypertensive class will 
allow the fl exibility to treating multiple different 
etiologies while permitting familiarity with the 
potential pitfalls of each medication. 

 Lastly, surgical correction may be necessary 
in certain etiologies. Surgery may be the primary 
treatment for aortic coarctation, obstructions of 
the urinary tract, and abdominal or renal tumors. 
However, surgery should not be the primary 
approach to correct hypertension from renal 
artery thrombosis, arterial stenosis, or multicystic 
dysplastic kidney as medical management is pre-
ferred. Autosomal recessive polycystic kidney 
disease also may require surgical correction 

(bilateral nephrectomy) if the hypertension is 
refractory to medications.  

20.7     Outcomes 

 Initial reports of outcomes of neonatal hyperten-
sion in the 1970s were quite grim with one-third of 
patients dying either of severe uncontrolled hyper-
tension or associated problems [ 4 ]. However, with 
improved recognition and treatment amongst neo-
natologists, the overall morbidity and mortality of 
neonatal hypertension has improved signifi cantly. 
Renovascular hypertension secondary to UAC use 
typically resolves over time, such that antihyper-
tensive medications are not needed after a few 
months [ 3 ], but growth impairment of the involved 
kidney may be seen in nearly half of all patients. 
Hypertension associated with chronic lung disease 
also tends to resolve with time, with antihyperten-
sive needs often mirroring the need for supple-
mental oxygen [ 7 ]. However, hypertension 
secondary to neurologic or renal parenchymal dis-
ease seems less likely to spontaneously resolve. 
Hypertension has been known to recur after surgi-
cal correction in patients with aortic coarctation 
and congenital renal artery stenosis, so that contin-
ued monitoring is needed outside of the neonatal 
period. Likewise, de novo development of hyper-
tension for high-risk neonates outside of the NICU 
has been reported at a fairly high prevalence of 
2.6 % in an early report [ 19 ]. There has not been 
replication of these results but it is recommended 
that BP monitoring be done in routine follow-up 
for all former NICU patients [ 31 ]. 

 A more recent study with short-term NICU 
follow-up found only 41 % of infants that devel-
oped hypertension needed treatment upon hospi-
tal discharge and 15 % still needing treatment at 
3–6 months of age [ 37 ]. A large-scale review of 
NICU antihypertensive prescribing practices 
showed that the median duration of exposure was 
just 10 days [ 9 ] so that long-term therapy is typi-
cally not indicated. There are currently no large- 
scale, long-term follow-up studies of neonates 
with hypertension to see about more remote out-
comes in patients.     

20 Neonatal Hypertension
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   Antibiotic therapy, UTI 
 bacterial susceptibility, antimicrobial agents , 192  
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 human neonates , 79  
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 clinical presentation , 280  
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 epidemiology , 280  
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 energy and protein intakes, infants , 137  
 intrauterine renal failure and oliguria , 

137  
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 stimulatory renal branching morphogenesis  
 ( see  Stimulatory renal branching) 

 terminal differentiation , 23–24  
 ureteric bud branching , 17  

   Dysplasia, renal 
 hydronephrosis , 168, 174  
 MAG3 , 169, 175  
 MCDK , 168, 175  
 VCUG , 169, 175  
 VUR , 169, 175  

    E 
  Early urinary tract embryology 

 embryonic time table, nephrogenesis , 3, 4  
 nephric duct and urogenital sinus , 3  
 post-gastrulation embryo , 3  

   ECF.    See  Extracellular fl uid (ECF) 
   Echogenic fl uid (EF) , 160, 167  
   EF.    See  Echogenic fl uid (EF) 
   Electrolyte disorders, newborn 

 hyperkalemia , 111–114  
 hypernatremia   ( see  Hypernatremia) 
 hypokalemia , 109–111  
 hyponatremia   ( see  Hyponatremia) 

   Embryology, kidney 
 development, collecting system   ( see  Duct collection 

system) 
 induction , MM, 14–15  
 morphogenesis , 7–8  
 nephron development   ( see  Nephron development) 
 UB outgrowth   ( see  Ureteric bud (UB) outgrowth) 

   End-stage renal disease (ESRD) 
 chronic setting , 329  
 comorbidities , 328  
 complications , 334  
 dialysis care advancement , 329  
 families and pediatric nephrology , 327–328  
 health-care providers , 328  
 ideal placement, PD catheter , 330  
 incidence and etiology, neonates/infants , 327  
 Kaplan-Meier survival curve , 335  
 long-term PD , 329  
 neonatal management, infants , 200  
 nonrenal abnormalities , 328  
 nutrition in neonates 

 assessments , 332  
 initiation and advancement tube feedings , 333  
 IPPN , 333  
 negative consequences, protein depletion , 332  
 neonatal patient survival , 334  
 NG/gastrostomy tube feeding , 333  
 oral and occupational therapy , 333  
 postnatal brain growth , 332  
 post-renal transplant period , 333  
 Stamm gastrostomy procedure , 334  
 suboptimal care and/or complications , 332  

 pediatric caregivers , 328, 330  
 prescriptions 

 BSA , 331  

 Icodextrin , 331  
 lactate-buffered solutions, glucose , 331  
 pediatric peritoneal membrane , 331  
 phosphate removal , 331  
 qualitative targets, dialysis adequacy , 332  
 urea kinetic modeling (Kt/V urea ) , 332  

 presence, oliguria/anuria , 329  
 PUV management, infants with , 202–203  
 renal replacement modality , 329  
 renal transplantation , 201  
 RRT and PUV , 203–204  
 Tenckhoff catheters , 329–330  
 withhold/withdraw dialysis , 328  

   Enlarged echogenic kidneys , 264, 265  
   ERF.    See  Established renal failure (ERF) 
   ESRD.    See  End-stage renal disease (ESRD) 
   Established renal failure (ERF) 

 cardiorespiratory assessment , 342  
 PD and HD , 342  
 preemptive kidney transplantation , 342  
 renal dysplasia , 342  
 RRT , 342  
 vaccinations against infectious disease , 342  

   Etiologies, neonatal hypertension 
 antenatal steroids and bronchodilators , 355  
 aortic coarctation , 354  
 autosomal recessive polycystic kidney , 353–354  
 bronchopulmonary dysplasia , 354  
 causes , 353–354  
 congenital renal parenchymal disorders , 353  
 congenital renal tumors , 355  
 endocrinologic causes , 354  
 Gordon syndrome , 354–355  
 “high”  vs.  “low” placed catheters , 353  
 Liddle syndrome , 354  
 renal artery stenosis , 353  
 renovascular disease , 353  
 surgeries , 355  
 urologic abnormalities , 354  

   Exstrophy-epispadias complex 
 bladder exstrophy   ( see  Bladder exstrophy) 
 cloacal exstrophy , 226  
 defects , 224–225  
 dehydration, malnutrition and electrolyte 

abnormalities , 226  
 etiology, exstrophy , 225  
 female epispadias , 226  
 fertility and sexual function , 227  
 kidney damage , 227  
 maldevelopment, lower abdominal wall , 224  
 prenatal diagnosis , 225  
 sexual function and libido , 227  
 staged reconstruction, closures , 227  
 urinary continence , 227  

   Extracellular fl uid (ECF) 
 cell membrane , 78  
 gestation , 78  
 neonatal weight loss , 79  

   Extraneal ®  , 331  
   Extravaginal torsion , 233  
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    F 
  Female epispadias , 226  
   FeMg.    See  Fractional excretion of magnesium (FeMg) 
   FeNa.    See  Fractional excretion of sodium and urea (FeNa) 
   Fetal renal function 

 assessment , 123–124  
 fl uid and electrolyte balance , 61  
 GDNF , 60  
 glomerular and tubular function in utero , 65–71  
 hemodynamics 

 blood fl ow , 61–62  
 renin-angiotensin system , 62  
 small molecule mediators in utero , 64–65  
 SNS , 62–64  

 morphogenesis , 60  
 pronephric tubules , 59  
 proper nephrogenesis , 61  
 proto-oncogene  n -myc , 61  
 sequential steps, nephrogenesis , 60  
 transitional developmental structures , 59  

   Fetal urology 
 bladder outlet obstruction , 141  
 conservative management , 148  
 cortical cysts , 143  
 cystoscopy , 146–147  
 embryology , 142  
 fast scanning MRI , 143  
 imaging , 142–143  
 megacystis , 141  
 normal nephrogenesis , 147  
 obstructive uropathy , 147  
 oligohydramnios , 147  
 open fetal vesicostomy , 144–145  
 patient selection , 144  
 prenatal ultrasound scan, male patient , 143  
 prenatal ultrasound screening , 142  
 prognostic power , 144  
 pulmonary hypoplasia , 142  
 randomization , 148  
 renal outcomes and bladder function , 147  
 treatment, lower urinary tract obstruction , 142  
 urinalysis , 143  
 urine electrolyte levels , 144  
 vesicoamniotic shunt , 145–146  

   Fetal water acquisition 
 active transport mechanisms , 80  
 aquaporins (AQPs) , 80–81  
 polyhydramnios , 81  
 water fl ux , 80  
 water movement , 80  

   α-Fetoprotein (AFP) , 280  
   Fluid and electrolyte balance, tubular regulation 

 acid-base homeostasis , 69–70  
 phosphate , 70  
 potassium 

 glucose , 69  
 secretory pathways , 69  

 sodium 
 gestational age , 67  
 natriuretic factors , 67  

 total fractional reabsorption , 67, 68  
 transport, eukaryotic cells , 68  

   Fluid and electrolyte physiology 
 cell growth and differentiation , 78  
 distribution and composition , 78–80  
 divalent ions , 90–92  
 intrauterine and perinatal life , 78  
 organ formation and function , 78  
 potassium , 88–90  
 sodium balance , 82–88  
 water balance , 80–82  

   Focal bacterial nephritis 
 acute lobar nephronia , 188  
 renal abscess , 189  

   Fractional excretion of magnesium (FeMg) , 122  
   Fractional excretion of sodium and urea (FeNa) , 122  

    G 
  Galloway-Mowat syndrome , 279  
   GCKD.    See  Glomerulocystic kidney disease (GCKD) 
   Genitourinary tract anomalies , 221  
   GFR.    See  Glomerular fi ltration rate (GFR) 
   Glial-derived neurotrophic factor (GDNF) 

 UB outgrowth , 61  
 ureteric bud and mesenchyme , 60  

   Glomerular and tubular function in utero 
 concentration capacity, kidney development , 

70–71  
 development, renal tubules , 66  
 fl uid and electrolyte balance , 67–70  
 kidney, fl uid and electrolyte homeostasis , 66  
 neonatal adversity , 65  
 postnatal environment , 66  
 renal tubular function , 66–67  
 vasoactive forces , 66  

   Glomerular fi ltration rate (GFR) 
 conditions with decreased 

 acidosis , 133  
 calcium/phosphorus , 133–134  
 growth hormone , 134  
 nutritional intake and growth , 129–131  
 potassium , 132  
 protein , 131–132  
 sodium , 132  
 supplemental feeding , 134, 135  
 water , 133  

 conditions with normal 
 congenital NS , 134–136  
 tubular lesions , 136  

 creatinine-based , 120–121  
 cystatin C , 121  
 description , 120  
 estimation , 120  
 exogenous substrate-based , 122  
 function-based dosing , 120  
 infants and children , 120  

   Glomerular proteinuria , 119  
   Glomerulocystic kidney disease (GCKD) 

 and ADPKD , 270  
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 cysts appearance, Bowman’s capsule , 270  
  HNF-1β gene  , 270  

   Gonadal dysgenesis, DSD , 235  
   Gordon syndrome , 354–355  

    H 
  HD.    See  Hemodialysis (HD) 
   Hemodialysis (HD) 

 anticoagulation   ( see  Anticoagulation) 
 blood fl ow rates , 312  
 catheter longevity , 344  
 clotting/blood loss , 313  
 congenital renal abnormalities , 309  
 CVVHD/CAVHD , 309  
 dialysate fl ow rates , 312  
 dialysis fi lters and machines , 311–312  
 disequilibrium and hypotension , 313  
 dysplasia , 308  
 electrolytes , 313  
 extracorporeal membrane oxygenation therapy , 308  
 growth , 314  
 hemodynamic changes , 343  
 hyperammonemia , 309  
 infants initiating dialysis , 313  
 location of therapy , 309  
 “medical ATN” , 308, 314  
 NAPRTCS , 308  
 and PD , 308, 342  
 pediatric nephrological care , 308  
 prescriptions , 312  
 self-reported NAPRTCS database , 314  
 theophylline toxicity , 309  
 vascular access   ( see  Vascular access) 
 water supply , 312  

   Hernias 
 assessment , 231  
 indirect inguinal hernias , 231  
 management , 231  
 processus vaginalis , 230  
 risk factors, congenital inguinal , 231  

   Horseshoe kidney 
 neonatal MR , 156, 159  
 renal parenchyma , 156, 159  
 VCUG , 156, 160  
 VUR , 156, 160  

   HUN.    See  Hydroureteronephrosis (HUN) 
   Hydroceles 

 assessment , 230  
 classifi cation , 230  
 description , 230  
 management , 230  
 spectrum, anatomic varieties , 230  

   Hydronephrosis 
 ARM , 162–164  
 differential diagnosis , 158  
 fetus and neonate , 158  
 nonoperative management 

 preoperative and postoperative differential renal 
function , 216  

 renal ultrasound and diuretic renograms , 216  
 surgical intervention , 216  

 operative management, without hydroureter 
 infection and urinary tract obstruction , 217  
 intravenous antibiotics and resuscitation , 217  
 percutaneous nephrostomy tube placement , 217  
 pyeloplasty , 217  
 UPJ obstruction and differential renal function , 

216–217  
 PUV , 161–162  
 UPJO , 158–159  
 ureterocele/ureteral 

 bladder , 161, 168  
 ectopic ureters , 159–161  
 EF , 160, 167  
 fl uid-fi lled distal ureter , 161, 169  
 longitudinal US , 160, 167–169  
 pelvis , 160, 168, 169  
 renal moieties , 159  
 retroperitoneum , 160, 168  
 VCUG , 160, 167, 168  

 VUR , 158  
   Hydroureteronephrosis (HUN) 

 nonoperative management 
 description , 216  
 renal ultrasound and diuretic renograms , 216  
 ureteroceles with nonobstructed duplex systems , 216  

 operative management 
 primary obstructed megaureter , 217–218  
 primary obstructed ureterocele , 218  

   Hyperkalemia 
 causes , 111  
 clinical effects 

 cardiac conduction , 112  
 electrocardiographic features , 112, 113  

 defi nition , 111  
 neonatal , 112  
 pseudohyperkalemia , 112  
 serum potassium , 112  
 treatment 

 emergency management , 113  
 non-oliguric , 114  
 sodium polystyrene , 113  

   Hypernatremia 
 breastfeeding-associated , 106  
 clinical manifestations , 107  
 defi nition , 106  
 diagnosis , 106–107  
 diarrheal dehydration , 106  
 pathogenesis , 106  
 potassium homeostasis , 108–109  
 treatment 

 etiology , 108  
 fl uid resuscitation , 108  
 hypotonic fl uid infusion , 108  
 idiogenic osmoles , 108  
 long-term neurologic sequelae , 108  
 management , 107, 108  
 symptoms, hypernatremic encephalopathy , 108  
 volume depletion , 108  
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   Hypokalemia 
 Bartter syndrome , 110  
 causes , 109, 110  
 clinical effects , 109  
 defi nition , 109  
 treatment , 110–111  

   Hyponatremia 
 cerebral demyelination , 105  
 defi nition , 99  
 diuretics , 103–104  
 encephalopathy 

 cellular swelling , 104  
 clinical manifestations , 104  
 hypoxia , 104  
 symptomatic, treatment , 104, 105  

 evaluation , 100, 101  
 hospital-acquired hyponatremia , 102  
 hyponatremic encephalopathy , 104–105  
 impaired neonatal growth and development , 99  
 multifactorial disorder , 102  
 oral water intoxication , 103  
 parenteral fl uid therapy , 99  
 pathogenesis , 99–100  
 prevention, hospital-acquired , 102  
 SIADH , 102–103  

   Hypospadias 
 classifi cation , 227, 228  
 description , 227  
 distal/coronal, hypospadias , 228  
 DSD , 228–229  
 incidence and etiology , 227  
 management , 229  
 proximal/penoscrotal, hypospadias , 228  
 urethral meatus , 228  

    I 
  ICF.    See  Intracellular fl uid (ICF) 
   Infant urinary system 

 anticancer therapy, infants , 255–256  
 CCSK , 251  
 mesoblastic nephroma , 247–248  
 MRT   ( see  Malignant rhabdoid tumor (MRT)) 
 RCC , 253  
 rhabdomyosarcoma and sarcoma botryoides , 

253–255  
 Wilms tumor   ( see  Wilms tumor) 

   Inherited cystic kidney diseases 
 GCKD , 270  
 JN , 269–270  

   Innate immunity, UTI , 188  
   Intracellular fl uid (ICF) 

 fetal development , 79  
 osmolality , 80  

   Intravaginal spermatic cord torsion , 233  
   Intrinsic AKI 

 causes, newborn , 295  
 hypoxic-ischemic and nephrotoxin-related , 295  
 ischemic , 296  
 nephrotoxic , 296–297  

 pathophysiologic pathways , 295  
 renal vein thrombosis , 295  

   Ischemia/reperfusion injury , 296  
   Ischemic AKI , 296  
   Isolated/familial diffuse cystic dysplasia 

 ARPKD and ADPKD , 271  
 histologic confi rmation, diagnosis , 270–271  
  HNF-1B/TCF2  gene , 271  
 “hypoplastic” GCKD , 271  

    J 
  JN.    See  Juvenile nephronophthisis (JN) 
   Juvenile nephronophthisis (JN) 

 clinical signs and symptoms , 270  
 description , 269  
 diagnosis , 270  
 “infantile” presentation , 269–270  
 treatment , 270  

    K 
  Kallikrein-Kinin system , 64  
   Kayexalate ®  , 132  

    L 
  Leukocyte esterase , 191  
   Liddle syndrome , 354  
   Li-Fraumeni syndrome , 246  
   Lower urinary tract obstruction (LUTO) , 141  
   LUTO.    See  Lower urinary tract obstruction (LUTO) 

    M 
  Machines, CRRT 

 catabolic stem cell transplant patients , 314  
 CVVH and CVVHD modes , 314  
 FDA , 314  
 inborn errors, metabolism , 315  

   MAG3.    See  Mercaptoacetyltriglycine (MAG3) 
   Magnetic resonance imaging (MRI) 

 fetal , 151, 155  
 fl uid intensity , 153  
 renal ultrasound , 160  

   Magnetic resonance urography (MRU) , 195  
   Malignant rhabdoid tumor (MRT) 

 aggressive clinical nature , 252  
 description , 251  
 hSNF/INI1 gene, 22q11.2 chromosome , 252  
 kidney and brain, 2-month-old infant , 252  
 treatment regimens, combined therapies , 252–253  

   MCDK.    See  Multicystic dysplastic kidney (MCDK) 
   Medical management 

 AKI 
 acid-base homeostasis , 300  
 complications, hypertonic saline administration , 299  
 description , 298  
 dialysis , 301–302  
 electrolyte abnormalities , 299  
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 etiology , 298–299  
 fl uid management , 299  
 hyperkalemia , 300  
 hyperphosphatemia , 300  
 hypocalcemia , 300  
 hyponatremia , 299  
 medications , 301  
 nutrition , 300  
 therapeutics , 301  
 urine outfl ow , 299  

 CNS 
 albumin and diuretics , 282  
 antiproteinuric therapies , 282  
 immunoglobulin levels , 283  
 nutrition and growth defi cits , 281–282  
 risk, hypothyroidism , 283  
 thyroxine dosing , 283  
 warfarin , 283  

 PUVs 
 adequate bladder emptying , 206  
 Cincinnati Children’s Urology algorithm , 

205–206  
 infants with ESRD , 205  
 poor bladder compliance , 205  
 positive bladder outcomes , 206  

   Mercaptoacetyltriglycine (MAG3) 
 diuretic renogram , 158, 163–166  
 and DMSA , 152  
 nuclear medicine renogram , 175  
 renal scan , 159, 176  

   Mesenchymal-to-epithelial transformation (MET) 
 beta-catenin , 28  
 cell-autonomous fashion , 28  
 epithelialization defects , 28  
 morphogenetic sequence , 29  
 nephron epithelial cell progenitors , 30  
 Notch receptor signaling , 29  
 podocyte terminal differentiation , 30  
 primary glomerulogenesis defect , 30  
 segmentation, nephron , 29  
 S-shaped stage , 31  
 tubular development , 30  
 VEGF , 31  

   Mesoblastic nephroma 
 benign hamartomas , 247–248  
 clinical signs/symptoms , 248  
 histologic characteristics, renal tumors , 248  
 homogeneous rubbery fi broid-like character , 248  
 young infant , 248  

   Metanephric mesenchyme (MM) 
 canonical Wnt signaling , 15  
 cell survival and cell-cell adhesion , 16  
 characteristics , 14  
 epithelial cell differentiation , 16  
 epithelial diverticulum , 4  
 induction, UB outgrowth , 8  
 mesenchymal cell fate , 14  
 multipotent epithelial progenitors , 14  
 nephron progenitor cells , 15  
 positive feedback mechanism , 14  

 reciprocal inductive interactions , 4  
 signaling peptides , 13  
 survival genes , 16  

   MIS.    See  Mullerian inhibitory substance (MIS) 
   Mitochondrial myopathies and mutations, 

LAMB3 , 279  
   MRI.    See  Magnetic resonance imaging (MRI) 
   MRT.    See  Malignant rhabdoid tumor (MRT) 
   MRU.    See  Magnetic resonance urography (MRU) 
    99m Tc-DMSA.    See  Technetium-labeled 

dimercaptosuccinic acid ( 99m Tc-DMSA) 
   Mullerian inhibitory substance (MIS) 

 initial laboratory evaluations , 236  
 internal genitalia and gonadal differentiation , 235  
 and testosterone , 233–234  

   Multicystic dysplastic kidney (MCDK) 
 contralateral kidneys , 272  
 cystic dysplasia , 271  
 developmental genes , 271  
 diagnosis , 272  
 hypertension , 175  
 nephrectomy , 272  
 renal dysplasia , 168  
 and VUR , 272  

   Myelomeningocele 
 assessment , 223  
 hydrocephalus , 223  
 management , 223–224  
 mesoderm in-growth, spinal cord , 222–223  
 neural injury and lower urinary tract dysfunction , 223  
 neuropathic bladder dysfunction, children , 222  
 spinal deformity , 223  

    N 
  Nail-patella syndrome , 279  
   NAPRTCS.    See  North American Pediatric Renal 

Transplant Collaborative Studies (NAPRTCS) 
   NEC.    See  Necrotizing enterocolitis (NEC) 
   Necrotizing enterocolitis (NEC) , 203  
   Neonatal AKI 

 conservative care , 136–137  
 dialysis , 137  

   Neonatal hypertension 
 blood pressure measurement   ( see  Blood pressure 

measurement, neonates) 
 case vignette , 349  
 with chronic lung disease , 359  
 de novo development , 359  
 diagnostic evaluation 

 catecholamines/endocrinopathies , 357  
 chest X-ray determination , 356  
 etiologies , 353–355  
 evaluation, medical history , 355  
 laboratory and radiologic testing , 356  
 noninvasive angiography , 357  
 pertinent physical exam fi ndings , 356  
 plasma renin activity levels , 357  
 serum electrolytes, BUN and creatinine , 356  
 symptoms , 355  
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 Neonatal hypertension (cont.) 
 etiologies   ( see  Etiologies, neonatal hypertension) 
 morbidity and mortality , 359  
 neonatologists and pediatric nephrologists , 350  
 prevalence , 352  
 short-term NICU follow-up , 359  
 treatment 

 ACE inhibitors , 358–359  
 antihypertensive effects , 357–359  
 ARPKD , 359  
 beta-blockers , 359  
 diuretics , 357–358  
 end-organ injury , 357  
 reversible causes, blood pressure , 357  

   Neonatal intensive care unit (NICU) , 175  
   Neonatal management, PUVs 

 description , 201  
 in infants with ESRD 

 care of patients , 202  
 dialysis , 203  
 fetal care centers , 202  
 genitourinary tract , 203  

 in infants with normal renal function 
 clinical signifi cance, upper tract 

dilation , 202  
 endoscopic valve ablation , 202  
 measurement, SCr , 202  
 progression to ESRD , 202  
 renal ultrasound , 201–202  
 treatment , 201  

   Neonatal obstructive uropathy 
 case vignette , 211–212  
 description , 212  
 ESRD, newborns and children , 212  
 history 

 associated ureteral dilation , 213  
 degree of dilation , 213  
 hydronephrotic kidneys , 213  
 oligohydramnios , 214  
 prenatal ultrasonography , 213  
 sonographic appearance, bladder , 213  
 ureterocele identifi cation , 214  

 imaging 
 cystic dysplasia , 214  
 echogenic debris , 215  
 nuclear imaging renogram , 215  
 percutaneous antegrade pyeloureterography , 

215–216  
 radionucleotide tracers , 215  
 renal ultrasound , 214  
 VCUG , 215  

 physical examination , 214  
 SFU, grading system , 213  
 treatment 

 hydronephrosis   ( see  Hydronephrosis) 
 hydroureteronephrosis   ( see  

Hydroureteronephrosis) 
 radiographic fi nding , 216  
 unilateral ureteral obstruction , 216  

 UPJ and UVJ , 213  

   Neonatal UTI.    See  Urinary tract infection (UTI) 
   Neonates, cystic kidney disease 

 enlarged echogenic kidneys , 264, 265  
 palpable abdominal masses , 264  
 Potter’s facies , 264, 265  
 renal macrocysts , 264, 266  

   Neoplasms, imaging 
 axial T2 and coronal T1 , 178, 180  
 chromosomal analysis , 177  
 coronal MR images , 179, 181  
 echogenicity mass , 178, 179, 181  
 mesoblastic nephroma , 177, 179  
 MRI , 178  
 nephroblastomatosis , 177–180  
 tumor , 178, 180  

   Nephric duct morphogenesis 
 formation, nephrogenic primordia , 4, 5  
 kidney and ureter morphogenesis , 4  
 mesoderm-derived ancestors , 4  
 mesonephric degeneration , 4  
 molecular pathways 

 BMP4 , 5  
 genetic studies, mice , 5  
 Hox genes , 6  
  Osr1  , 6  
 urinary tract development , 6  

 urogenital sinus , 6–7  
   Nephrin (NPHS1) mutation 

 components, glomerular fi ltration barrier , 277, 278  
 description , 278  
 Fin-major and Fin-minor , 278  
 massive proteinuria , 278  

   Nephron development 
 actin-based cytoplasmic extensions , 27  
 angiogenesis , 27  
 cessation, nephrogenesis , 31  
 endothelial and mesangial cells , 26  
 epithelialization , 25  
 fi rst functioning nephrons , 24  
 glomerular fi ltration barrier , 28  
 glomerulogenesis , 26  
 Henle loop , 25  
 hypertension and renal disease , 24  
 and MET , 28–31  
 nephron segmentation , 25  
 pre-tubular aggregation , 24  
 stereotypic sequence , 24, 25  
 tubular domains and glomerular , 25  

   Nephrotoxic AKI 
 acyclovir , 297  
 amphotericin B , 296  
 gentamicin , 296–297  
 indomethacin , 296  
 medications , 296  
 NSAIDs/ACE inhibitors , 297  
 pharmacologic agents , 296  

   Neuropathic bladder 
 myelomeningocele   ( see  Myelomeningocele) 
 sacral agenesis , 224  
 spina bifi da occulta , 224  
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   NICU.    See  Neonatal intensive care unit (NICU) 
   Nissen fundoplication , 134  
   Nondilated bladder anomalies , 221  
   Nonsteroidal anti-infl ammatory drugs (NSAIDs) 

 indomethacin and ACE I , 295  
 nephrotoxic medications , 296  
 tocolysis , 297  

   Normal sexual differentiation 
 gonads and external genitalia , 233  
 MIS and testosterone , 233–234  

   North American Pediatric Renal Transplant Collaborative 
Studies (NAPRTCS) 

 chronic PD , 325  
 description , 308  
 height SDS scores , 329  
 Tenckhoff catheters , 329–330  

   Novel biomarkers, AKI , 302  
   NPHS1.    See  Nephrin (NPHS1) mutation 
   NPHS2.    See  Podocin gene (NPHS2) mutations 
   NSAIDs.    See  Nonsteroidal anti-infl ammatory drugs 

(NSAIDs) 
   Nutritional intake and growth, GFR 

 average energy requirements, infancy , 
129, 131  

 common neonatal and infant formula , 
129, 130  

 dialysis progression , 129  
 human milk , 129  
 modular additions, formulas and diets , 129, 131  
 peritoneal dialysis , 131  

   Nutrition, newborn with renal disease 
 case vignette , 127–128  
 etiology, CKD in infancy , 129  
 GFR   ( see  Glomerular fi ltration rate (GFR)) 
 growth velocity , 128–129  
 linear growth rates , 128  
 maintenance and growth , 128  
 NAPRTCS , 128  
 neonatal AKI   ( see  Neonatal AKI) 
 overlapping phases , 128  
 SDS , 128  

    O 
  Ovotesticular DSD , 235  

    P 
  PD.    See  Peritoneal dialysis (PD) 
   Percutaneous shunting in lower urinary tract obstruction 

(PLUTO) , 148  
   Peritoneal dialysis (PD) 

 AKI   ( see  Acute kidney injury (AKI)) 
 dialysis, children , 343  
 ESRD   ( see  End-stage renal disease (ESRD)) 
 fl uid removal , 322  
 and HD , 342  
 PEG, children , 343  
 postoperative recovery , 343  
 treatment modality, neonates , 322  

   Phospholipase C epsilon 1 (PLCE1) , 279  
   Physical examination, AKI 

 cumulative fl uid balance , 297–298  
 dehydration , 297  
 infants phototherapy , 298  
 urine output , 298  
 vital signs , 297  

   Pierson syndrome , 279  
   PLCE1.    See  Phospholipase C epsilon 1 (PLCE1) 
   PLUTO.    See  Percutaneous shunting in lower urinary 

tract obstruction (PLUTO) 
   Podocin gene (NPHS2) mutations 

 components, glomerular fi ltration barrier , 
277, 279  

 description , 278  
 lipid raft-associated protein , 279  
 microscopic fi ndings , 279  

   Polycystic kidney diseases 
 ADPKD   ( see  Autosomal dominant polycystic kidney 

disease (ADPKD)) 
 ARPKD   ( see  Autosomal recessive polycystic kidney 

disease (ARPKD)) 
 description , 266  

   Posterior urethral valves (PUVs) 
 and   ( see  Renal replacement therapy (RRT)) 
 anatomy , 200–201  
 bladder compliance , 204  
 bladder cycling and upper tracts stabilization , 201  
 fetal surgery , 161  
 hydronephrosis and hydroureter , 162, 171  
 medical management   ( see  Medical management, 

PUVs) 
 neonatal ESRD management , 200  
 neonatal management   ( see  Neonatal management, 

PUVs) 
 noncompliant bladder , 205, 206  
 obstructive uropathy, males , 200  
 paradoxical situation, newborn , 344  
 prenatal imaging , 161  
 prenatal ultrasound , 200  
 renal dysplasia , 200  
 renal parenchyma , 162, 171  
 renal transplantation , 201  
 sagittal T2-weighted , 162, 171  
 structural and functional abnormalities, 

GU tract , 204  
 surgical management   ( see  Surgical management, 

PUVs) 
 transverse and longitudinal US , 161, 169  
 uropathic ERF population , 344  
 and VCUG , 161, 162, 170  
 VUR and bladder diverticula , 204  
 24-year-old G2P0A1 patient , 199  

   Potassium 
 fetus , 88  
 homeostasis, hypernatremia 

 chronic perturbations , 109  
 extracellular potassium concentration , 109  
 gastrointestinal tract , 109  
 urinary excretion , 109  
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 Potassium (cont.) 
 neonate 

 antenatal Bartter syndrome , 89  
 basal physiological fl ow rate , 89  
 CCD , 89  
 developmental changes , 89, 90  
 loss of function genetic mutations , 90  
 non-oliguric hyperkalemia , 88  
 postnatal growth , 88, 89  
 TALH , 89  

   Potter’s facies , 264, 265  
   Predisposing host factors, UTI 

 innate immunity , 188  
 VUR   ( see  Vesicoureteral refl ux (VUR)) 

   Prerenal azotemia 
 causes , 295  
 in newborns , 293  
 NSAIDs , 295  
 renal blood fl ow , 293  

   Pretransplant urodynamics 
 dry augment , 345  
 native nephrectomy , 345  
 non-invasive studies , 344  
 PUV , 344  
 safe and unsafe , 344  
 VUR , 345  

   Prophylactic antibiotic therapy, UTI , 193  
   Protein, GFR 

 energy requirements , 131  
 macronutrient intakes, normal infants , 131, 132  
 nitrogen balance , 131  

   Proteinuria 
 albumin , 119  
 glomerular , 119  
 tubular , 119  

   Pseudohyperkalemia , 112  
   Pseudohypoaldosteronism type 1 (PHA-1) , 112  
   PUVs.    See  Posterior urethral valves (PUVs) 

    R 
  Radionuclide renography 

 DMSA , 152  
 MAG3 , 152  

   Radionuclide scintigraphy , 195  
   RBUS.    See  Renal-bladder ultrasound (RBUS) 
   RCCs.    See  Renal cell carcinomas (RCCs) 
   RCD.    See  Renal cystic disease (RCD) 
   Recombinant human growth hormone (rhGH) , 343  
   Renal-bladder ultrasound (RBUS) 

 description , 186  
 detection, anatomic abnormalities , 194  
 renal parenchyma , 194  
 ureterocele , 194  
 and VCUG , 192  

   Renal cell carcinomas (RCCs) 
 cancer predisposition syndromes , 253  
 chemotherapy and radiotherapy , 253  
 infancy and childhood , 253  
 palpable abdominal masses , 253  

   Renal cystic disease (RCD) 
 ciliopathies , 166  
 cystogram , 172  
 dysplasia , 168–169  
 echogenicity , 167, 173  
 etiologies , 164  
 ipsilateral genitourinary anomalies , 170–171  
 longitudinal US images , 167, 173  
 MAG3 scan , 172, 176  
 MCDK , 170  
 metanephric blastema , 170  
 nongenetic causes , 166  
 renal fossa , 171  
 unilateral and bilateral , 169–170  
 VCUG , 172, 176  

   Renal ectopia 
 AP radiograph , 157, 161  
 contralateral metanephric blastema , 156  
 fetus development , 156  
 horseshoe kidney , 156  
 pancake kidney , 157, 162  
 pelvic kidney , 157, 161  
 renal fossa , 156, 160  
 retroperitoneum , 156  

   Renal function 
 biomarkers , 124–125  
 case vignette , 117–118  
 fetal   ( see  Fetal renal function) 
 GFR   ( see  Glomerular fi ltration rate (GFR)) 
 proteinuria , 119  
 tubular function , 122–123  
 UA   ( see  Urine analysis (UA)) 

   Renal macrocysts , 264, 266  
   Renal replacement modality 

 AKI 
 dialysis selection , 324  
 metabolic toxins , 323  
 patients with cardiovascular instability , 323  
 PD and CRRT , 323  
 pediatric nephrologists , 323  
 relative contraindications, PD , 323  

 ESRD 
 chronic PD , 329  
 infectious and mechanical complications, 

HD , 329  
 long-term HD access, neonate , 329  
 NAPRTCS data , 329  

   Renal replacement therapy (RRT) 
 comorbidity , 342  
 and ERF , 342  
 PUVs 

 acidosis, stomach , 203  
 catheter placement, PUVs , 204, 205  
 gastrocystoplasty vessels, greater curvature , 204  
 G-tube placement , 203  
 infant hemodialysis patients , 203  
 mitrofanoff and ureter , 203  
 NEC , 203  
 neonatal time period growth , 203  
 peritoneal dialysis , 203  
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   Renal tubular function 
 aldosterone , 66  
 ANF , 67  
 prostaglandins , 67  
 renin-angiotensin system , 66–67  

   Renal vein thrombosis (RVT) , 175  
   Rhabdomyosarcoma 

 alveolar histology , 254–255  
 description , 254  
 embryonal tumors , 254  
 genitourinary system , 253  
 head/neck region , 253  
 mesenchymal progenitors , 253  
 postsurgical adjuvant chemotherapy , 255  

   rhGH.    See  Recombinant human growth hormone (rhGH) 
   RRT.    See  Renal replacement therapy (RRT) 
   RVT.    See  Renal vein thrombosis (RVT) 

    S 
  Sacral agenesis 

 defi ned , 224  
 neurologic defi cit , 224  
 vertebral deformity , 224  

   Sarcoma botryoides 
 description , 254  
 genitourinary rhabdomyosarcoma , 253  
 hematuria , 254  

   SDS.    See  Standard deviation score (SDS) 
   Sequential tubular segments 

 distal and collecting duct , 87–88  
 Henle loop , 87  
 proximal convoluted 

 cellular pathway , 87  
 electroneutral Na + /H +  exchanger , 86  
 mRNA/protein expression , 86  
 sodium and potassium transport , 85, 86  

   SFU.    See  Society of fetal urology (SFU) 
   SIADH.    See  Syndrome of inappropriate antidiuretic 

hormone production (SIADH) 
   Small molecule mediators, renal blood fl ow in utero 

 ANF , 64–65  
 endothelin , 65  
 Kallikrein-Kinin system , 64  
 nitric oxide , 64  
 prostaglandins , 64  

   SNS.    See  Sympathetic nervous system (SNS) 
   Society of fetal urology (SFU) 

 hydronephrosis grading system , 213  
 neonatal hydronephrosis and renal parenchyma , 214  
 “well-tempered” renogram , 215  

   Sodium physiology 
 fetus , 83, 84  
 neonate 

 ANP , 84  
 developmental changes, transport mechanisms , 

84, 85  
 gestational age , 83  
 physiologic natriuresis , 83–84  
 positive balance , 83  

 renal epithelial cells , 85  
 thyroid hormone , 85  

 renal tubules , 85–88  
   Spina bifi da occulta , 224  
   Standard deviation score (SDS) 

 infants with CKD , 129  
 newborn length measurements , 128  
 supplemental enteral feeding , 134  

   Stimulatory renal branching 
 cell movements , 20  
 FGF family members , 20  
 GDNF-RET signaling , 19  
 HGF , 20  
 high-resolution imaging systems , 20  
 inhibitory pathways 

 ALKs , 21  
 bone morphogenetic proteins , 21  
 branch formation , 20–21  
 dysplastic kidneys , 21  
 embryonic mice , 21  
 Gli activator , 22  
 renal hypoplasia , 22  
 Sonic Hedgehog signaling , 21  

 sprouty genes , 19  
 stimulatory and inhibitory signals , 19, 20  
 UB cell proliferation , 19  

   Suprapubic aspiration 
 bladder , 189  
 minor complications , 190  
 reported success rates , 190  

   Surgical management 
 CNS 

 cyclophosphamide and plasmapheresis , 284  
 peritoneal dialysis , 283  
 recurrence, nephrotic syndrome , 283  
 renal transplantation , 283  
 uni-and bilateral nephrectomies , 283  

 PUVs 
 bladder appearance, VCUG before transplant , 207  
 CIC and anticholinergics , 207  
 dilating VUR , 206  
 DTPA and UPJO , 207  
 ipsilateral native nephrectomy and ureterectomy , 207  
 “pop-off” mechanism , 207  
 reimplantation, ureters , 206  
 urine output and upper tract function , 208  

   Sympathetic nervous system (SNS) 
 α2-adrenoceptors , 63–64  
 β2-adrenoceptors , 63–64  
 catecholamines , 62  
 fetal adaption , 62–63  
 fetal renal vasculature , 63  
 renal stimulation , 63  

   Syndrome of inappropriate antidiuretic hormone 
production (SIADH) 

 adrenal insuffi ciency , 103  
 causes , 102, 103  
 chemotherapeutic drugs , 103  
 fl uid restriction , 103  
 treatment, vasopressin 2 antagonists , 103  
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    T 
  TBW.    See  Total body water (TBW) 
   Technetium-labeled dimercaptosuccinic acid 

( 99m  Tc- DMSA) , 195  
   Testicular torsion 

 “acute scrotum” , 232–233  
 etiology and assessment , 233  
 extravaginal torsion , 233  
 intravaginal spermatic cord torsion , 233  
 management , 233  

   Testis and scrotum abnormalities 
 cryptorchidism   ( see  Cryptorchidism) 
 hernias   ( see  Hernias) 
 hydroceles   ( see  Hydroceles) 
 testicular torsion   ( see  Testicular torsion) 
 varicoceles   ( see  Varicoceles) 

   Thick ascending limb loop of Henle (TALH) 
 apical surface , 89  
 K +  reabsorption , 89  
 reabsorptive capacity , 89  

   Total body water (TBW) , 78, 79  
   Townes-Brock syndrome , 15  
   Transplantations, newborn 

 blood vessel imaging , 344  
 case vignette , 341  
 CKD , 343  
 complications , 345  
 description , 345  
 dialysis access   ( see  Dialysis) 
 ERF   ( see  Established renal failure (ERF)) 
 graft survival post-transplant , 345  
 pretransplant management, urinary tract   ( see  

Pretransplant urodynamics) 
 vascular thrombosis   ( see  Vascular thrombosis) 

   Trans-tubular potassium gradient (TTKG) , 122–123  
   Transurethral bladder catheterization , 190  
   TRP.    See  Tubular reabsorption of phosphorus (TRP) 
   TTKG.    See  Trans-tubular potassium gradient (TTKG) 
   Tubular function 

 FeMg , 122  
 FeNa , 122  
 TRP , 123  
 TTKG , 122–123  
 UCa/Cr , 123  

   Tubular lesions, GFR , 136  
   Tubular proteinuria , 119  
   Tubular reabsorption of phosphorus (TRP) , 123  

    U 
  UA.    See  Urine analysis (UA) 
   UCa/Cr.    See  Urinary calcium to creatinine (UCa/Cr) 

ratio 
   Ultrasound (US).    See  Urological imaging 
   Undescended testes (UDT).    See  Cryptorchidism 
   UPJO.    See  Ureteropelvic junction obstruction (UPJO) 
   Urachal anomalies 

 bladder drainage , 222  
 cyst , 222  
 infection/abscess, organisms , 222  

 ultrasound , 222  
 umbilical-urachal sinus , 222  
 vesicourachal diverticulum , 222  

   Ureter development 
 Cajal-like cells , 34  
 differentiated smooth muscle cells , 33  
 HCN3 , 34  
 Hedgehog signaling , 34  
 molecular control , 34–35  
 normal and abnormal ureter morphogenesis , 32  
 Pallister-Hall syndrome , 34  
 smooth muscle cell differentiation , 33  
 stages , 32, 33  
 structure , 31, 32  
 UPJ , 33  
 urine fl ow , 33  

   Ureteric bud (UB) outgrowth 
 cellular basis , 8  
 cellular rearrangements , 8  
 kidney development , 8  
 negative control 

  Bmp4  , 13  
  Grem1-defi cient  mouse embryos , 14  
 inhibitory molecular mechanisms , 13  
 kidney organ culture studies , 13–14  
 ligand-receptor interactions , 12  
 renal agenesis , 13  
 sprouty proteins , 12  
 ureteric bud formation and branching , 11–12  

 positive control 
 cell lineage , 11  
 DNA-binding properties , 10  
  Etv4  and  Etv5 , gene network , 9  
 Gata-binding protein 3  (Gata3)  , 10  
 GDNF-Ret signaling , 8, 10  
 gene mutations , 9  
 mouse models, renal agenesis , 9, 11  
 nephric duct extension , 10  
 normal kidney development , 9  
 promoting/suppressing signals , 9, 10  
 RTK signaling , 9, 11  
 stages , 11, 12  
 Wnt-mediated signals , 10  

   Ureteropelvic junction obstruction (UPJO) 
 bladder decompression , 207  
 diuretic renography , 158–159  
 MAG3 renogram , 158, 165  
 management, kidney , 217  
 megaureters , 213  
 pelvocaliectasis , 158  
 percutaneous nephrostogram , 212  
 and VUR , 158  

   Ureterovesical junction (UVJ) 
 distal ureters , 159  
 longitudinal US , 159, 166  
 MAG3 diuretic renogram , 159, 166  
 obstruction , 213  

   Urethra imaging 
 AP projection , 155, 157  
 perineal sonogram , 154, 156  
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 US , 154  
 VCUG , 154, 156  
 verumontanum , 155, 157  

   Urinalysis , 191  
   Urinary calcium to creatinine (UCa/Cr) ratio , 123  
   Urinary tract infection (UTI) 

 AAP guidelines , 186  
 antibiotic therapy , 192–193  
 bacterial illnesses, febrile young infants , 186  
 blood culture and spinal tap , 192  
 case vignette, patient 

  99m Tc-DMSA scan , 183, 185  
 renal ultrasound , 183, 184  
 VCUG , 183, 184  

 circumcision , 193–194  
 color doppler US , 172, 178  
 cortical scintigraphy , 172, 177  
 and CT , 173  
 cystosonography , 175  
 diagnosis, specimen culture , 189  
 DMSA renal scan , 172  
 epidemiology , 187  
 focal bacterial nephritis , 188–189  
 imaging studies 

 MRU , 195  
 radionuclide scintigraphy , 195  
 ultrasound, RBUS , 194  
 VCUG   ( see  Voiding cystourethrogram (VCUG)) 

 laboratory tests , 192  
 microbiology , 188  
 pathophysiology 

 agent virulence , 188  
 biological susceptibility , 187  
 mechanisms, infection to upper tract , 187  
 predisposing host factors   ( see  Predisposing host 

factors, UTI) 
 posteromedial cortex , 172, 178  
 prognosis 

 risk of recurrence , 195  
 scarring and CKD , 195–196  

 prophylactic antibiotic therapy , 193  
 pyelonephritis , 172, 178  
 and RBUS , 186  
 renal pelvis , 172  
 “signifi cant” bacteriuria, urine culture , 191–192  
 symptoms, young infants , 188  
 urinalysis , 191  
 urine collection methods   ( see  Urine collection 

methods) 
 urine interleukin-1β and serum procalcitonin , 192  
 and VCUG , 174, 186  
 and VUR , 174–175, 186  

   Urinary tract malformation syndromes 
 autosomal dominant 

 inheritance patterns , 44  
 polycystic kidney disease , 42–43  

 gene discovery, humans , 43  
 gene mutations , 43  
 genetic testing , 44  
 GWAS , 43  

 inheritance , 42  
 syndromic malformations , 42  
 web resources, genetic associations with human 

disease , 43  
   Urinary tract malignancies 

 adults  vs.  children , 241, 242  
 cancer among infants 

 diagnosis , 241, 244, 245  
 infant ALL , 241  
 neuroblastoma , 241, 245  
  N-myc  oncogene , 245  
 pediatric cancers and renal tumors , 241, 243  
 radiologic and pathologic diagnostic 

interpretations , 245  
 renal tumors , 245  
 retinoblastoma, fi brosarcoma and hepatoblastoma , 

241  
 solid tumors , 241, 245  

 cancer syndromes   ( see  Cancer syndromes) 
 case vignette 

 baby’s pediatrician , 239  
 NWTSG , 240  
 pathologic examination , 240  
 Wilms tumor, 3-month-old male , 239, 240  

 clinical presentation, in infants 
 abdominal tumors , 245  
 BUN and creatinine , 246  
 implications , 246  
 magnetic resonance imaging , 245  
 prenatal detection, renal mass , 245, 246  

 disorders , 240  
 function , 240  
 tumors, infant urinary system   ( see  Infant urinary 

system) 
   Urine analysis (UA) 

 blood cells , 119  
 components types , 118  
 crystals , 119  
 description , 118  
 hematuria , 119  
 ketone bodies , 118  
 macroscopic assessment , 118  
 nitrites , 118  
 pH and glucose , 118  
 reagent strip , 118  

   Urine collection methods 
 clean voided bag specimens , 190–191  
 description , 189  
 suprapubic aspiration , 189–190  
 transurethral bladder catheterization , 190  

   Urological imaging 
 abnormalities , 151  
 bladder , 153–154  
 congenital anomalies   ( see  Congenital anomalies) 
 cystography , 152  
 fetal imaging , 155–156, 158  
 hypertension 

 chronic lung disease , 175  
 diagnosis , 176  
 echogenicity , 176, 179  
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 Urological imaging (cont.) 
 neonatal , 175  
 NICU , 175  
 and refractory , 176, 179  
 RVT , 175  
 thrombosis , 176, 179  

 kidney , 153, 154  
 MRI , 151  
 MR urography , 153  
 neoplasms   ( see  Neoplasms, imaging) 
 radionuclide renography , 152  
 urethra , 154–155  
 US , 151  
 UTI , 172–175  

   UTI.    See  Urinary tract infection (UTI) 
   UVJ.    See  Ureterovesical junction (UVJ) 

    V 
  Varicoceles 

 assessment and classifi cation , 232  
 associated pathology , 232  
 etiology , 232  
 management , 232  

   Vascular access 
 catheter tips , 309–310  
 CRRT patients , 309  
 dialysis , 309  
 femoral catheters , 310  
 5-French catheters , 310  
 hemodialysis catheters, neonates , 310  
 impair proper blood fl ow , 311  
 single-lumen access , 310  
 TPA , 310  
 uncuffed catheters , 310  

   Vascular thrombosis 
 pediatric recipients , 345–346  
 recipient risk factors , 346  

   VCUG.    See  Voiding cystourethrogram (VCUG) 
   Vesicoureteral refl ux (VUR) 

 acquired renal injury , 187  
 cystogram , 174  
 distal ureters , 151  
 and ERF , 342  
 hydronephrosis , 158  
 intrarenal refl ux , 163  
 longitudinal US , 158, 162  
 MAG3 diuretic renogram , 158, 163, 164  
 mannose resistance, P-fi mbriae , 188  
 prophylactic antibiotics, patients , 193  
 pyelonephritis , 187  
 recurrent infection, stones and high-grade , 345  
 renal damage, children , 187–188  
 renal dysplasia , 169  
 and UTI , 345  
 and UVJ , 152  
 and VCUG , 158, 163  
 VCUG, patient , 183, 184  

   Voiding cystourethrogram (VCUG) 
 abnormal axis , 156, 160  

 and abnormal RBUS , 192  
 bladder ears , 154, 155  
 febrile illness , 194–195  
 high-grade (IV–V) V VUR , 194  
 HUN , 158, 163  
 patient , 183, 184  
 posterior urethra , 161, 170  
 prevention, UTI recurrence , 194  
 prophylactic antimicrobial therapy , 194  
 PUV , 161, 170  
 splenic fl exure , 176  
 and VUR , 158, 174  

   VUR.    See  Vesicoureteral refl ux (VUR) 

    W 
  Water balance 

 in fetus , 80–81  
 in newborn , 81–82  

   Wilms tumor 
 age distribution , 249  
 defi ned, bilateral , 250  
 Denys-Drash syndrome , 15  
 favorable histology , 250  
 malignant kidney tumor, children , 248  
 medical attention , 249  
 “nephrogenic rests” , 249  
 pediatric-inherited cancer syndromes , 249  
 staging , 250  
 surgery and chemotherapy , 250  
 therapy , 249–250  
 treatment, stage V , 250–251  
 unfavorable histology , 250  
 vincristine and dactinomycin , 250  

   Wilms tumor suppressor gene (WT1) , 279  
   WT1.    See  Wilms tumor suppressor 

gene (WT1) 

    X 
  46XX DSD 

 ACTH production , 234  
 congenital adrenal hyperplasia , 234  
 defi ciency, estrogen synthetase , 234  
 enzyme defi ciency, congenital adrenal hyperplasia , 

234, 235  
 prenatal diagnosis , 234  

   46XY DSD 
 androgen insensitivity syndrome , 235  
 DHT defi ciency , 234–235  
 male infants , 234  
 testosterone conversion , 234  

    Y 
  Y-connector, single-lumen access , 310  

    Z 
  Zellweger syndrome , 2         
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