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Introduction

Congenital abnormalities of the kidney and urinary tract 
(CAKUT) tract complicate 1–4 per 1,000 pregnancies and 
represent up to 20% of prenatally diagnosed congenital 
anomalies (1,2). Morbidity and mortality of diseases in 
this group depends on the severity of oligohydramnios 
secondary to impaired or absent renal function. Urine 
produced by the fetal kidneys constitutes 90% of amniotic 
fluid by 16 weeks GA, so urine output is necessary for 
maintaining amniotic fluid volume. When this cycle is 
disrupted, its effects can be disastrous for the fetus and 
therefore treatment is crucial. In addition to preservation of 
amniotic fluid volume, early intervention can be important 

in maintaining adequate renal function, to prevent the need 
for renal replacement therapy (RRT) in the neonatal period.

Sufficient pulmonary development relies on amniotic 
fluid, since amniotic fluid maintains tracheobronchial 
essential airway pressure dynamics in the fetal lung. When 
amniotic fluid is low or absent, lung fluid escapes out of 
the airway and pulmonary development decreases or may 
cease altogether. Pregnancies complicated by anhydramnios 
secondary to severe CAKUT prior to 22 weeks GA 
constitute early pregnancy renal anhydramnios (EPRA) (3). 
The main etiologies of EPRA are congenital bilateral renal 
agenesis (CoBRA), cystic kidney disease (CKD), and severe 
lower urinary tract obstruction (LUTO) (4-6). EPRA is 
considered universally fatal due to pulmonary insufficiency 
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at birth. Benign genitourinary (GU) anomalies (including 
unilateral renal agenesis, mild urinary tract dilation, pelvic 
kidneys, and horseshoe kidneys) are common and typically 
do not cause renal failure, oligo- or anhydramnios and as 
such are not the focus of this review. 

Although peri- and postnatal intervention has improved 
for treating renal anomalies, fetal intervention may be 
considered for a subset of patients to preserve renal 
function or restore amniotic fluid volume in order to rescue 
pulmonary development. Untreated, these conditions cause 
irreparable harm and therefore may warrant consideration 
of fetal intervention.

Diagnosis

A complete ultrasound is critical in the diagnosis of 
CAKUT to allow any additional fetal anatomical variations 
to be identified. As its use has become more commonplace, 
the prenatal diagnosis of these conditions has allowed 
for earlier intervention (7). Ultrasound diagnosis can 
be followed by invasive testing such as amniocentesis, 
chorionic villous sampling or vesicocentesis. In the setting 
of LUTO, vesicocentesis, which involves percutaneous 
drainage of the fetal bladder under ultrasound guidance (8),  
can be used to assess bladder filling as well as measure 
electrolytes and beta2microglobulin, both of which can be 
used for prognostication (9). Poor bladder filling in these 
situations suggests that the fetus is a poor candidate for 
LUTO-specific renal preserving interventions. Further 
information in CAKUT can also be ascertained from a 
diagnostic amnioinfusion (10) which can be used to confirm 
intact membranes (as premature preterm rupture of 
membranes can be a cause of oligohydramnios at this GA), 
as well as allow for a more detailed sonographic evaluation, 
both for the absence/presence of renal tissue as well as other 
anomalies. The presence of other significant fetal anomalies 
outside of the urinary tract may indicate a syndromic 
etiology of disease.

Lower urinary tract obstruction (LUTO)

Obstructive uropathies are the most common type of 
CAKUT. The three levels of obstruction can be categorized 
as upper (ureteropelvic junction), middle (ureterovesical 
junction) or lower (urethral) (11,12). Upper and mid-level 
obstructions are more commonly unilateral and therefore 
associated with less severe consequences. However, bilateral 
or lower level obstruction can lead to a poor prognosis. 

Fetal urinary obstruction can lead to renal dysfunction, 
which can be associated with a 30% lifetime risk of renal 
failure (13). In addition, a third of children who progress 
beyond the neonatal period will have bladder dysfunction 
(urinary retention, incontinence or both) due to inadequate 
bladder cycling as a fetus (14). At the most extreme end of 
the disease, severe disease can lead to anhydramnios which 
can be ultimately fatal due to pulmonary hypoplasia.

LUTO, also referred to as bladder outlet obstruction, 
develops secondary to a mechanical obstruction at the 
level of the urethra. The most common causes of this 
are posterior urethral valves (PUV) and urethral stenosis 
or atresia (UA) (15). PUV is the most common cause of 
LUTO in males, while UA is the most common cause 
in females (16); as PUV is a more common etiology the 
incidence of LUTO is higher in males overall (17). The 
outcomes of untreated LUTO are poor, with mortality 
up to 90%. Of the survivors, renal failure is common, 
with up to half the patients requiring eventual dialysis or 
transplantation (12,18). 

Prenatal ultrasonography is a preferred initial test for 
the diagnosis of LUTO with excellent sensitivity (95%) and 
specificity (80%) (15). The common ultrasound findings are 
a dilated bladder with a thick wall, bilateral hydroureters, 
and hydronephrosis, often associated with oligohydramnios 
or anyhydramnios. Severe LUTO can present as first-
trimester megacystis (defined by a longitudinal bladder 
diameter of >7 mm), with the most severe form (diameter 
>15 mm) associated with a high (10%) incidence of 
chromosomal abnormalities (19). The characteristic 
‘keyhole sign’ (Figure 1) is commonly seen and represents 
a dilated posterior urethra, though this does not further 
delineate the underlying etiology of LUTO (20). Fetal MRI 
may be considered in addition to ultrasonography when 
severe oligohydramnios is present. Whereas MRI may 
provide more detailed information regarding the urethral 
obstruction and other anomalies, it is also generally not 
capable of elucidating the underlying LUTO etiology (21).

Although there have been reports of spontaneous 
resolution of LUTO and normalization of amniotic 
fluid volumes (22), the majority of patients (90%) do not 
experience this course. Therefore, the need for intervention 
is still vital in improving outcomes. Current treatment 
options for moderate LUTO include: vesicocentesis, vescio-
amniotic shunting, and fetal cystoscopy (12). The purpose 
of these interventions is both to preserve amniotic fluid 
volume and to maintain renal function. As with all surgical 
interventions, patient selection is critical. While minimally 
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invasive in-utero procedures carry less morbidity than open 
interventions, there are still risks to both the pregnant woman 
and her fetus, including fetal demise, preterm labor, preterm 
rupture of the membranes (PROM) and infections (12).  
Therefore, well-established criterion should be discussed 
prior to intervention.

Criterion that may determine suitability for intervention 
in LUTO are (12): (I) fetus with normal karyotype without 
any other associated anomaly; (II) ultrasound findings of 
bladder obstruction; (III) the presence of oligohydramnios 
or anyhydramnios; (IV) ‘favorable’ urine analysis [defined as 
urinary sodium <100 mEq/L, chloride <90 mEq/L, osmolarity 
<200 mOsm/L and β2-microglobulin <6 mg/L (23)].  
The process and efficacy of these therapeutic options will 
be discussed in more detail in the following section.

Therapeutic options

The rationale for in-utero therapy for LUTO is to 
decompress the renal tract to prevent renal impairment 
necessitating dialysis and/or transplantation. In cases 
where anhydramnios is present, it allows the restoration 
of amniotic fluid volume to prevent lung hypoplasia (12). 
In addition, in very severe forms of LUTO, there may be 
no bladder filling (anuria), so these fetuses would not be 
candidates for any of the below therapies and in the past 
have only been offered palliative care and termination 
of pregnancy. But, these fetuses may benefit from serial 
amnioinfusions as are being done in the RAFT (Renal 
Anhydramnios Fetal Therapy) trial (24). 

Vesicocentesis
This is the simplest of the procedures and involves 
percutaneous access of the bladder with a needle and 
aspiration of urine. Some studies show vesicocentesis 

can be effective in relieving urethral obstruction (25,26) 
though other studies have refuted this finding (19,27,28). 
In addition, in order to obtain sufficient decompression, 
vesicocentesis must be performed several times per week, 
which significantly increases the risks of intervention. At 
present, vesicocentesis is primarily used as a diagnostic tool. 
It should be noted that at least three vesicocenteses are 
recommended to adequately analyze renal function since 
initial samples may only represent stagnant urine that has 
been stuck in the fetal bladder. 

Vesico-amniotic shunting
The use of a vesico-amniotic shunt is the most common 
method used to relieve urinary tract obstruction. This 
method involves the placement of a pigtail catheter under 
ultrasound guidance, with the proximal end inside the fetal 
bladder (ideally in the distal portion to prevent dislodgment 
during decompression) and the distal end in the amniotic 
cavity. This procedure can be very difficult in cases of 
severe oligohydramnios and therefore may require a pre-
procedural amnioinfusion.

The evidence on the efficacy of vesico-amniotic shunting 
is unclear (29) though one systematic review showed that 
prenatal bladder drainage appears to improve survival in 
cases of LUTO, with continued risk of poor postnatal renal 
function (30). In the absence of high-quality data, the multi-
centered PLUTO trial (31) was launched to determine the 
role of fetal vesicoamniotic shunting in moderate/severe 
LUTO. Unfortunately, the trial was stopped early due 
to poor recruitment (20%) (32). The results of the trial 
showed that shunted fetuses had a higher chance of neonatal 
survival than non-shunted fetuses (9/15 vs. 3/16; RR 3·20, 
P=0.03). All deaths in the early neonatal period were caused 
by pulmonary hypoplasia. It is also important to note that 
only two patients in the shunted group had normal renal 
function at 2 years. Therefore the authors concluded that 
while the survival was higher in shunted fetuses, the chance 
of progressing with normal renal function was very low 
irrespective of shunting (33). However, the trial’s inclusion 
criteria, which included the physician being uncertain 
of the optimum management and its early conclusion, 
make its findings difficult to interpret and potentially not 
representative of the entire LUTO population.

Fetal cystoscopy
Fetal cystoscopy can also be used for diagnosis and 
potential treatment of the underlying etiology of LUTO. 
This procedure is generally performed under maternal 

Figure 1 Ultrasound of fetal bladder with classic “keyhole sign” (8).
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epidural anesthesia with fetal anesthesia involving direct 
injection into the umbilical vein or into the subcutaneous 
space. Under US guidance, a curved 2.2 mm trochar is 
inserted into the upper portion of the fetal bladder through 
the maternal abdomen, uterine wall, and amniotic cavity 
taking care to avoid the placenta. A 1.0 or 1.3 mm fetoscope 
is passed through the sheath and the bladder mucosa 
examined. The scope is then advanced towards the bladder 
neck and if a membrane-like obstruction of the urethral 
lumen is seen (which can be confirmed by saline injection 
through the membrane), then diagnosis of PUV can be 
made and intervention can be undertaken (22). There are 
several methods to perforate PUV, including hydroablation, 
guide-wire perforation or laser fulguration. Following the 
disruption of the valves, urine is able to flow through the 
patent urethra. This can be confirmed by power Doppler 
showing passage of fluid through the patent urethra into 
the amniotic cavity. However, if the obstruction is non-
membranous then it likely due to UA and intervention 
should not be undertaken (22). The complications of fetal 
cystoscopy are similar to other procedures that involve 
penetration of the uterine cavity including premature 
rupture of membranes, preterm labor, placental abruption, 
chorioamnionitis, and uterine rupture (24), however a risk 
specific to fetal cystoscopy is the development of urinary 
ascites (which may require prenatal aspiration) (34).  
Ablation of valves in utero can also result in a fistulae 
between the urinary tract and the GI tract and skin (22). 

The diagnostic sensitivity of fetal cystoscopy is 
excellent, detecting the etiology of LUTO in >90% of 
cases (22,34-36). The data for interventional outcomes 

with this method for PUV is limited, with the largest 
study showing modest long-term survival (54%) but with 
adequate preserved normal renal function in two thirds 
of the infants (36). When compared to vesico-amniotic 
shunting, both showed improved 6-month survival, 
however fetal cystoscopy was shown to be more effective 
at preventing renal impairment (17).

Early pregnancy renal anhydramnios (EPRA)

EPRA encompasses the most severe form of CAKUT 
that  re su l t s  in  f e ta l  anhydramnios  by  22  weeks  
gestation (3). EPRA is thought to be universally fatal 
secondary to pulmonary hypoplasia and affects 1 in 2000 
pregnancies. The main etiologies are congenital bilateral 
renal agenesis (CoBRA), cystic kidney disease (CKD), 
and severe LUTO (4-6). In these patients, it is crucial to 
evaluate the entire genitourinary (GU) tract, including the 
urethra, bladder, ureters and kidneys, to identify or rule out 
a specific anomalies that may have renal, urologic or genetic 
significance (3).

Congenital bilateral renal agenesis (CoBRA)

CoBRA, or the absence of both kidneys, is thought to be 
universally fatal if untreated due to anhydramnios since no 
fetal urine is produced. CoBRA is suspected when neither 
kidney is visualised on ultrasound. A classic ultrasound 
finding is known as the “lying down adrenal sign” (Figure 2).  
In typical anatomy, the normal adrenals appear as a 
“Y-shape” on ultrasound, but in the absence of the kidney 
the adrenal gland will appear linear (38).

Prior to a case report in 2014, there were no documented 
survivors with bilateral renal agenesis beyond the neonatal 
period. In 1994, there was a case report that utilised serial 
amnioinfusions in a patient with CoBRA who was born 
with no pulmonary hypoplasia. The patient was placed 
on peritoneal dialysis for RRT, but this was unsuccessful 
and the patient died at the age of 23 days (37). Due to this 
prognosis, aggressive obstetric or neonatal management was 
not offered to these patients as the pulmonary hypoplasia 
and available RRT was not compatible with prolonged 
extrauterine life (39). Current treatment options for CoBRA 
patients will be discussed in the amnioinfusions section.

Cystic kidney disease (CKD)

CKD comprises a group of renal parenchymal disorders 

Figure 2 Coronal View color doppler showing left sided renal 
agenesis with a “lying down” left adrenal gland (arrow) (37).
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which include autosomal recessive polycystic kidney 
disease (ARPKD), autosomal dominant polycystic kidney 
disease (ADPKD), and multicystic dysplastic kidney disease 
(MCDK). ADPKD most commonly manifests in adulthood 
with enlarged cystic kidneys and will not be discussed in this 
review.

MCDK consists of multiple noncommunicating cysts 
of various sizes separated by dysplastic renal parenchyma. 
Primitive urine filled nephrons are the basis of the multiple 
cysts, which are seen initially at the periphery of the kidney. 
The affected kidney is non-functional and frequently 
undergoes involution when the cysts shrink from absence 
of urine production. Ultrasound is used for diagnosis and 
shows multiple anechoic cysts of variable sizes replacing 
the normal renal parenchyma. This disease can present 
unilaterally or bilaterally with the unilateral form having a 
far superior prognosis (40) as demonstrated by a study that 
showed that no patients with bilateral MCDK and oligo/
anhydramnios survived beyond the neonatal period (4).

ARPKD is characterized by nonobstructive dilatation 
or ectasia of the collecting tubules located in the renal 
medulla. The severity of the renal disease is proportional 
to the percentage of nephrons affected by cysts (41). The 
cysts can be discrete and sometimes too small to visualize. 
The presence of macrocysts (>10 cm) is used to differentiate 
MCDK from ARPKD. In patients with ARPKD, the 
lungs may appear proportionally small due to abdominal 
distention and pulmonary hypoplasia. However, in non-
EPRA patients, the large kidney size may lead to severe 
respiratory compromise even without pulmonary hypoplasia 
from anhydramnios (42). 

Fetal lung development

The major cause of mortality in EPRA is lung hypoplasia, 
the mechanism of which is compromise of intra-uterine and 
tracheobronchial fluid dynamics. The importance of lung 
liquid volume in the normal development of fetal lungs has 
been demonstrated in several animal models (43). In sheep 
models it was shown that this lung liquid was produced by 
the pulmonary epithelium (as opposed to entirely swallowed 
amniotic fluid as was once perceived) and maintenance 
of this volume and pressure in the intrapulmonary space 
impacts lung growth (43,44). The lung fluid is thought 
to act as an “internal splint” that is kept in place by a 
closed glottis. Increasing the volume/pressure in the 
tracheobronchial tree causes increased lung growth, 
whereas a decrease in lung fluid volume/pressure (through 

external drainage) leads to pulmonary hypoplasia (45,46). 
The upper airway is the key regulator of this fluid 

dynamic, controlling the movement of lung fluid from 
intrapulmonary to intraamniotic. Alteration in the upper 
airway can lead to an alteration in fluid shifts, shown by 
disruption of the recurrent laryngeal nerve leading to an 
increased efflux of lung fluid (47). In a patient with EPRA 
and a normal upper airway, lung fluid is allowed to escape 
the tracheobronchial tree into the amniotic sac during fetal 
glottis opening due to pressure changes. This results in 
depressurization of the fetal tracheobronchial tree and loss 
of lung liquid which limits fetal lung growth (48,49).

The importance of upper airway regulation has been 
demonstrated in cases where intrauterine airway occlusion 
has resulted in non-hypoplastic lungs despite the presence 
of other anatomic abnormalities that would normally have 
led to pulmonary hypoplasia. A case of an infant with 
bilateral renal agenesis and concurrent laryngeal atresia 
was found to have enlarged lungs (50). Another case 
demonstrated an infant with congenital diaphragmatic 
hernia (CDH) and a sequestered left lower accessory lobe. 
The normal lung was hypoplastic as expected in CDH but 
the sequestered lobe was expanded and fluid filled (51). 
With these cases and the evidence of several animal studies 
showing the effects of tracheal ligation on increasing lung 
growth (45,52-54), tracheal occlusion has been pursued as 
a treatment option to improve pulmonary hypoplasia. The 
efficacy of this is currently under investigation in CDH (55). 
The details of this therapy and trial are outside the scope of 
this review.

Anhydramnios and amnioinfusions

The regulation of lung fluid is controlled by the upper 
airway; however, the direction of flow is related to amniotic 
fluid volumes. In oligo- or anhydramniotic patients, the 
pressure changes between intrapulmonary and intraamniotic 
allows fluid to escape when the glottis is open. With no 
production of amniotic fluid in patients with EPRA, this 
cycle continues, and lung hypoplasia occurs. Along with 
pulmonary hypoplasia, anhydramnios is also associated with 
increased risks of other potentially devastating complications 
including acute umbilical cord compression, fetal asphyxia 
and severe skeletal structural abnormalities (56).

The causative link of amniotic fluid levels and functional 
lung growth has been demonstrated by a set of discordant 
monoamniotic twin fetuses. One fetus had CoBRA (and 
therefore no urine production), but shared a normal 
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amniotic sac with his cotwin; he subsequently had normal 
respiratory function at birth (57). This link has driven 
investigators to attempt serial amnioinfusions to increase 
amniotic fluid volume in the management of patients with 
EPRA associated disease to prevent this lung fluid loss and 
the subsequent development of pulmonary hypoplasia (58).  
Some case reports have been published utilizing serial 
amnioinfusions in cases of EPRA and have shown improved 
pulmonary function in these patients post-delivery (58,59). 
Patients with isolated CoBRA may be eligible for inclusion 
in the RAFT trial, with one of the study groups in the trial 
focusing exclusively on patients with this etiology of EPRA.

Patients with bilateral multicystic dysplastic kidney 
(MCDK) and early severe LUTO may also fall under 
the umbrella of EPRA and suffer its lethal complications. 
Therefore, this subset of patients is eligible for screening 
as a second independent group in the RAFT trial (24). As 
is hypothesized for CoBRA patients, serial amnioinfusions 
may enable sufficient pulmonary development, to allow 
survival beyond the neonatal period. Amnioinfusion for 
autosomal recessive polycysic kidney disease (ARPKD) is 
controversial at present as ARPKD can cause pulmonary 
hypoplasia through various etiologies. Some patients with 
ARPKD may present with EPRA and secondary pulmonary 
hypoplasia. However, a subset of (non-EPRA) ARPKD 
patients can also present with respiratory compromise, due 
to compressive effects of the large kidney. Patients with 
classic ARPKD detected on ultrasound are not currently 
eligible for therapy in the RAFT trial (3,24). 

Renal replacement therapy (RRT)

If pulmonary development is restored by amnioinfusions, 
postnatal RRT will be necessary to treat the patient’s end 
stage renal disease (ESRD). Over the past two decades, 
there has been an expansion and improvement in neonatal 
RRT (especially with respect to automated peritoneal 
dialysis) with a 80% 5-year survival rate (60). Patients who 
initiate dialysis as a neonate are significantly more likely to 
undergo peritoneal dialysis (as opposed to hemodialysis). 
While there remains significant concern about RRT in 
neonates, there has been evidence to show that neonatal 
dialysis is fairly successful therapy. Early dialysis initiation 
(within the 1st month of life compared to 1–24 months) does 
not statistically impact patient mortality or the likelihood 
of termination of dialysis (reasons for which include renal 
transplant or change of dialysis modality or recovery) (60). 
In patients with CAKUT requiring amnioinfusions, the 

likelihood of recovery is zero and the role of dialysis is to 
act as a bridge to transplantation which is the optimal RRT 
modality, as it reduces long-term morbidity and mortality 
and optimizes growth and development in a child with 
ESRD (60,61). The aim is to transplant the patient when 
he or she reaches 2 years of age or 10 kilograms with 80% 
of neonatal dialysis patients able to make the transition 
by the age of 5 (58,60,62). In CoBRA patients, complete 
reconstructive surgery of the urinary tract may be necessary 
since there are likely to be significant defects in the 
urinary tract. However, there is no data for transplantation 
outcomes in these patients as historically this disease was 
lethal, and patients did not survive to RRT.

Amnioinfusion trials

In addition to EPRA, other human diseases can result in 
oligohydramnios and subsequent pulmonary hypoplasia, 
such as preterm premature rupture of membranes 
(PPROM). The use of serial amnioinfusions to restore 
pulmonary development in such cases has also been 
investigated. A systematic review showed an improvement in 
outcomes following serial amnioinfusions in observational 
studies, though this was not replicated in the included 
randomised control trials (RCTs) (63). A criticism was that 
RCTs were carried out in women who were between 24 and 
36 weeks gestational age (GA) and that the critical time for 
lung development (and therefore requirement for adequate 
amniotic fluid) is between 16 and 24 weeks GA (64). A pilot 
study on serial amnioinfusions in PPROM between 16- 
and 24-week GA suggested that amnioinfusions may lead 
to better outcomes in these patients. Of the patients in the 
amnioinfusion group, 14% were healthy at age 2, compared 
to 0% of the expectant group. Whilst these results were 
promising, the study was small and underpowered and 
statistically significant conclusions cannot be made; this is 
acknowledged in the study and the need for a high powered 
RCT is stressed.

The RAFT trial

The experience from successful case reports led to 
a hypothesis that 25% of patients who receive serial 
amnioinfusions will develop functional neonatal lungs that 
permit survival (65). With no current management options 
for these patients and a 100% mortality, the RAFT Trial 
was developed (24). This is an ongoing multicentre R01 
funded (R01HD100540) trial designed to prospectively 
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evaluate serial amnioinfusions for EPRA. There was a 
need to thoroughly investigate this intervention early in 
its development, as its routine use could have led to the 
same issues that led to the early closure of the PLUTO 
trial. Due to the nature of the condition, a national ethics 
symposium was convened to navigate the complex issues 
that surrounded this trial to provide an ethically sound 
protocol. The issues included but were not limited to: 
autonomy, medical futility, informed consent, financial 
risk and societal cost (66). It was also universally agreed, 
both by the ethical symposium and an NIH workshop 
focused on similar issues (56,66), that serial amnioinfusions 
should not be offered as a treatment modality outside of 
an IRB approved research study. In this background the 
primary aims of the RAFT trial are to determine the safety, 
feasibility and preliminary efficacy of serial amnioinfusions. 
Participants in the trial will not be randomised because 
there is no realistic hope of neonatal survival in the setting 
of expectant management (24). Nonetheless patients who 
do not opt for termination and are willing to be followed at 
a RAFT center but do not wish to undergo amnioinfusions 
are still offered participation in the trial. Recruitment in 
this group may be very challenging and the trial is therefore 
powered based of the intervention group. Nonetheless the 
expectant management may provide critical insights into 
the relatively understudied in utero and possibly postnatal 
natural history of EPRA. 

A multi-disciplinary approach is utilised when evaluating 
patients for the RAFT trial with involvement of specialists 
from maternal fetal medicine, pediatric surgery, genetic 
counseling, nephrology, neonatology, and social work (66). 
Serial amnioinfusions are not without risk and patients 
must be appropriately counselled and consented. These 
risks include premature rupture of membranes, preterm 
labor, placental abruption, chorioamnionitis, and uterine  
rupture (24) as well as post-natal challenges including the 
need for dialysis or renal transplant and the complications 
that are associated with these interventions (3). 

Further innovation in fetal therapies

The design and execution of fetal renal treatment trials can 
present with many obstacles and challenges, as was shown 
in the PLUTO trial. Fetal renal disorders that may benefit 
from fetal interventions are rare. Moreover, many of these 
cases may go undetected prenatally (67). Recruitment 
may also be challenging since, historically, some of these 
conditions such as EPRA were considered universally  

lethal (32).
When a new therapy enters clinical practice without 

prospective assessment, it allows clinicians to develop their 
own biases, often on the basis of small observational studies. 
This leads to a loss of clinical equipoise which can in turn 
lead to poor recruitment in prospective trials, as was the 
case in the PLUTO trial. While the trial investigators 
attempted to circumnavigate this, by allowing treatment 
outside of the trial and only including patients in whom the 
physician was uncertain of optimum management, it led to 
further recruitment issues and the potential for a selection 
bias. As serial amnioinfusions have not yet found use outside 
of clinical trials, the hope is that the RAFT trial will not run 
into this pitfall and its results and recruitment will be free 
from these biases.

A third challenge in the creation of a successful fetal 
therapy trial is the need for long-term follow-up data. This 
can be labor-intensive and costly, though necessary to truly 
inform parents about the risks and benefits of these fetal 
procedures. The PLUTO trial followed its patients for two 
years, though some would argue that these children should 
have be followed as far as school-age to truly assess long-
term renal function and neurodevelopment (32). The RAFT 
trial has partnered with NAPRTCS (North American 
Pediatric Renal Trials and Collaborative Studies) registry 
to ensure long-term outcomes of surviving patients and 
their families are evaluated. This registry captures nearly all 
pediatric patients on dialysis and encompasses nearly 100 
centers around the United States. 

Innovations in renal disease

With respect to innovation in patients with CAKUT, the 
results of the RAFT trial are eagerly awaited to assess if 
these patients can survive beyond the neonatal period. 
Should there be a proven benefit to amnioinfusions, the 
modality with which to deliver the treatment will be an 
important consideration. Currently, amnioinfusions are 
given intermittently through a transabdominal approach. 
In studies in PPROM this approach was found to be 
insufficient (68) and continuous amnioinfusion therapies 
were developed for this patient group. There have been 
reports of implantation of a subcutaneous port with an 
intraamniotic catheter to infuse fluid (69) or use of an 
indwelling epidural catheter in the amniotic space (70) in 
patients with PPROM. The use of a subcutaneous amniotic 
port (amnioport) has also been studied in EPRA patients 
with promising outcomes (71). It is hoped that the use 
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of indwelling devices for amnioinfusions reduces the risk 
associated with repeated puncture which include premature 
rupture of membranes, preterm labor, placental abruption, 
chorioamnionitis, and uterine rupture (24). However, the 
use of these devices in clinical practice still has some hurdles 
to clear. Firstly, the successful use of amnioinfusions has 
to be determined by the RAFT trial. Following this, the 
safety and efficacy of the amnioport has to be appropriately 
studied; both in animals and then progressing into 
controlled IRB-approved FDA approved human trials. The 
amnioport approach may increase ease of amnioinfusions 
and improve fetal outcomes but this has to be weighed 
against increased maternal risks of more invasive fetal 
surgery.

Although transplantation is the ideal form of RRT 
for neonates, it comes with its own set of risks including 
immunosuppression, rejection and graft failure. There 
continues to be progress made with graft matching 
and minimization of immunosuppression. While there 
have been cases of patients with long term survival and 
graft function following kidney transplants without 
immunosuppression (72), the risks of graft loss and 
dysfunction are thought to be very high with this approach. 
However, in order to broach the potential for organ 
transplantation without immunosuppression, the concept 
of induced immune tolerance has been increasingly 
studied (73). This phenomenon, provoked through mixed 
chimerism, is when the lymphohematopoietic system of 
the recipient comprises a mixture of host and donor cells. 
This has been achieved through bone marrow (BM) or 
mobilized peripheral blood stem cell transplantation (74). 
In combination with total lymphoid irradiation and thymic 
suppression, it has led to successful transplants without the 
use of immunosuppression (75,76). 

This concept can be translated to fetal interventions in 
the form of in-utero hematopoetic stem cell transplants 
(IUHCT). As this is done before the complete development 
of fetal T-cells, these stem cells are processed as “self” 
which in turn leads to tolerance of the donor antigen (77). 
The main barrier to the success of this therapy is successful 
engraftment of the stem cells; in humans, IUHCT has 
only been successful in the management of X-linked 
Severe Combined Immunodeficiency (78,79). The main 
limitation of its use in this disease is the survival advantage 
of donor cells and the outcomes are similar to post-
natal transplantation (80). As our understanding of this 
treatment has improved (fetal microenvironment, barriers 
to engraftment, appropriate donor cell sources and optimal 

injection timing and technique), there is renewed hope that 
the use of IUHCT can be progressed into several disease 
states (81). For allograft organ transplantation, this has the 
potential to create an immunologically matched donor for 
each fetus (most likely a parent). This chimerism would 
then allow allograft function without the need for post-natal 
myeloablation, stem cell transplantation and long-term 
immunosuppression (81). 

Outside of allograft transplants, an attempt at growing 
new kidneys from reprogrammed pluripotent stem cells 
(PSCs) has been made (82). There has been some progress 
at forcing these PSCs to differentiate into renal cell types 
as well as kidney organoids with glomerular and tubular 
components. However, there are many hurdles that need 
to be overcome including safety, technical manufacturing 
and complete renal anatomic organisation. Subsequently, 
the reality of this entering clinical practice will require 
significant more innovation and therefore time (82).

The advancement of bioengineering has brought the 
development of the renal assist device (RAD) (83). This 
is a hollow-fiber standard hemofilter seeded with tubule 
renal cells that was used in addition to continuous RRT 
in the support of renal function. From this platform, the 
implantable RAD (iRAD) was developed, which is a small 
(0.1 m2) device designed to act as an artificial kidney (84). 
This device consists of two chambers; the first of which acts 
as a hemofilter to remove toxins, excess water, and salts. 
The second chamber is seeded with renal tubule cells and 
will selectively reabsorb water and salts, also allowing the 
excretion of toxins (85,86). This device was scheduled to 
enter clinical trials in 2017 and the results from this are 
awaited. 

These technologies are still under development but hold 
excitement for the future of renal replacement. It is hoped 
that with successful implementation of these innovations, 
patients with a disease thought to be lethal have a chance at 
living a full life. 

Conclusions

Interventions such as vesico-amniotic shunting and fetal 
cystoscopy have been available for patients with LUTO 
with oligo- or anhydramnios with some success. However, 
the data on these is sparse, and the PLUTO trial was 
not able to provide definitive answers. The prognosis 
for patients with EPRA has been poor with all dying 
in the neonatal period without fetal therapy. Fatality is 
primarily due to severe pulmonary hypoplasia secondary to 
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anhydramnios before 22 weeks GA caused by severe renal 
anomalies that either inhibit urine production or block 
urine output. The current RAFT trial focuses on the use 
of serial amnioinfusions to restore amniotic fluid volume 
and rescue lung development to reduce the incidence of 
pulmonary hypoplasia in these patients. The hope is to 
allow them to progress beyond the neonatal period and 
utilise RRT for their ESRD.

The field is advancing and there is optimism that 
outcomes may be improved in conditions that were 
thought to be fatal. The difficulties in performing high-
quality trials in fetal interventions remain, and it is hoped 
that through collaboration we can advance evidence-based 
treatment of this incredibly vulnerable patient population. 
As technology develops, we hope there will be introduction 
of further therapies that can be used in this population to 
allow their prognosis to advance beyond neonatal survival 
with a realistic hope of kidney transplant to patients with 
essentially normal lungs and kidney function without 
immunosuppression.
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