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Recent advances in the early diagnosis of fetal CAKUT with an increase in fetal surgical

interventions have led to a growing number of neonatal survivors born with severe renal

dysfunction. This, in turn, has required the development of multi-disciplinary treatment

paradigms in the individualized management of these infants with advanced stage

kidney disease from birth. Early multi-modal management includes neonatal surgical

interventions directed toward establishing adequate urine flow, respiratory support

with the assessment of pulmonary hypoplasia, and establishing metabolic control to

avoid the need for dialysis intervention. The development of specialized imaging to

assess for residual renal mass with non-invasive 3-dimensional techniques are rapidly

evolving. The use of non-radioactive imaging offers improved safety and allows for early

prognostic-based planning including anticipatory guidance for progression to end stage

renal disease (ESRD). The trajectory of kidney function during the neonatal period as

determined by peak and nadir serum creatinine (SCr) and cystatin C (CysC) during the

first months of life provides a guide toward individualized prospective management.

This is a single center experience based on a birth cohort of 42 subjects followed

prospectively from birth for an average of 6.1± 2.8 years at the University of Miami/Holtz

Children’s Hospital during the past decade. There was an 8:1 male: female ratio. The

birth cohort was divided into 3 subgroups according to CKD Stages at the current age:

CKD 1–2 (Group 1) (eGFR ≥ 60 ml/min/1.73 m2) (N = 15), CKD stage 3–5 (Group

2) (eGFR ≤ 59 ml/min/1.73 m2) (N = 12), and ESRD—Dialysis and/or Transplantation

(Group 3) (N = 15). A neonatal CysC >3.0 mg/L predicted progression to ESRD

while a nadir SCr >0.6 mg/dL predicted progression to CKD 3–5 with the highest

specificity and sensitivity by ROC-AUC analysis (P < 0.0001). Medical management
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was directed toward nutritional support with novel formula designs, early introduction of

growth hormone and strict control of mineral bone disorder. One of the central aspects of

the management was to avoid dialysis for as long as feasible with a primary goal toward

pre-emptive transplantation.

Keywords: neonatal CAKUT, nadir creatinine, peak creatinine, cystatin C, biomarkers of early CKD

INTRODUCTION

Congenital anomalies of the kidney and urinary tract (CAKUT)
are the most common cause of end stage renal disease (ESRD)
in children accounting for 50–70% of those who begin renal
replacement therapy (RRT) worldwide (1–4). The great majority
are diagnosed prenatally or within the first months of life.
Most challenging is the early management of these infants
with bilateral and severe CAKUT who have significant renal
compromise at birth (3–5). The natural history of severe
neonatal CAKUT remains incompletely understood with respect
to the demographic and biological “predictors” of progression
to chronic kidney disease (CKD). Moreover, consistent with the
developmental and physiologic renal accommodations to the
extra-uterine environment, there is a natural improvement in
glomerular filtration rate (GFR) from birth throughout the first
2 years of life (4–8). The management of infants with severe
CAKUT must consider and optimize this renal development in
hopes of preserving nephron reserve to extend the longevity of
individual renal function.

The aim of this study was to assess the natural progression and
neonatal characteristics of a unique birth cohort of infants with
severe CAKUT who were followed prospectively at our center at
the University of Miami/ Holtz Children’s Hospital during the
past decade.

A multidisciplinary team focused on early diagnosis,
conservative surgical intervention, analysis of “predictive”
markers of progression, and preservation of renal function and
growth during the first years of life with a goal toward pre-
emptive transplantation when feasible. Although a retrospective
review, this is an initial report of a birth cohort with the intent
of continued prospective observational follow-up through the
first 2 decades of life. The study was approved by the University
of Miami Institutional Review Board, and patient and family
privacy were assured under conditions of the Health Insurance
Portability and Accountability Act.

PATIENTS AND METHODS

This is a retrospective cross-sectional analysis of infants managed
at our center from January 1, 2004 through December 31, 2018
who were identified with severe CAKUT either prenatally or
within the first 3 months of life. Criteria for inclusion were a
diagnosis of “severe” CAKUT (8, 9) with either a unilateral or
bilateral renal phenotype that resulted in fetal oligohydramnios,
lower urinary tract obstruction (LUTO) and/or renal hypo-
dysplasia resulting in neonatal renal dysfunction. Only infants
who had neonatal data including birth history, birth weight,

gestational age and neonatal renal functional markers were
included in the birth cohort. Infants who died within the first
week of life were not considered in this cohort.

Neonatal Markers of Renal Function
Neonatal markers of renal function that were used as prognostic
indicators of post-natal progression of CKD included peak and
nadir serum creatinine (SCr) and cystatin C (CysC). SCr was
measured by the enzymatic method and was patterned from the
initial post-natal assay drawn during the first week of life but
after the first 48 h and sequentially until the time of discharge
from the hospital. Peak SCr was the maximum rise in SCr after
birth and the nadir SCr was the lowest level recorded during the
first 3 months of life. Serum CysC levels were assessed by the
central laboratory at the same time as the SCr with a particle-
enhanced immunonephelometric immunoassay (Dade-Behring,
Deerfield, Illinois). The neonatal CysC levels were assayed during
the first 3 months of life, usually prior to discharge from
the neonatal hospitalization and concurrent with the “nadir”
SCr. Subsequent assays of both SCr and CysC were obtained
sequentially to follow concurrent changes in the biomarkers and
to utilize these for assessment of progression of CKD. As this was
a retrospective analysis, all assays were at the discretion of the
treating neonatologist or nephrologist and did not follow a strict
protocol or timeline. However, the average time in days for the
assays was determined and compared among the groups.

Renal function was defined by estimating glomerular filtration
rate (eGFR) according to contemporary estimating equations
(10). The neonatal eGFR was calculated from the CysC as
recommended in infants and subjects with low muscle mass
(10, 11) as follows:

eGFRcys = 70.69 (CysC)−0.931

Subsequent assessment of renal function used both the single
and combined eGFR equations from the revised Schwartz/CKiD
report (10). This was the bedside Schwartz equation and the
average of the SCr and CysC equations without the urea nitrogen
or gender corrections as follows:

eGFRcr = 41.3 (height (meters))/SCr (mg/dl)

All eGFR equations are given in milliliters/min/1.73 m2

(ml/min/1.73 m2).

Classification of Renal Function by CKD
Stage
Patients were categorized into 3 subgroups according to their
stage of CKD at their age at the time of reporting. These
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were Group 1, early stage CKD (eGFR ≥60 ml/min/1.73 m2),
Group 2, intermediate and pre-dialysis stage CKD (eGFR
≤59 ml/min/1.73 m2) and Group 3, ESRD (Dialysis and/or
Transplantation). At the time of reporting, those on dialysis or
those who were post-transplant were categorized into the ESRD
category regardless of the renal allograft function. This subgroup
classification was chosen uniquely to this cohort because of their
young age and the focus in management of maintaining young
patients with advanced CKD off dialysis if their clinical condition
allowed pre-emptive transplantation without prior dialysis.

Management Paradigms
Infants with CAKUT are managed through a multidisciplinary
treatment paradigm for individualized management of their
advanced CKD from birth. This was coordinated through
a multifaceted clinical team including expert pediatric
nephrologists, nurse specialists, a renal pediatric dietician,
pediatric surgeons/ urologists, and specialized imaging services.
The complex management of the patients described in this report
was based on published guidelines (12–14) and experiential
application of evolving treatment technologies including those
related to drug development as well as dialysis and surgical
technologies (15–19). Care was focused on controlling metabolic
bone disease, hyperparathyroidism, maintaining growth, fluid
and electrolyte, acid-base balance, albuminemia and target
hemoglobin at every stage of CKD (5, 12–14).

Nutrition and Growth
Growth wasmonitored from birth with close recording of weight,
length and head circumference by standard anthropometric
techniques and tracked on standardized Center for Disease
Control (CDC) growth charts (20) including Fenton adjustments
for prematurity (21).

Nutritional management was based on published guidelines
and our pediatric renal nutrition specialist (22, 23). Nutritional
aims were to provide 100% of estimated nutrient requirements
for energy and supplemental protein as indicated for dialysis
losses. Gastrostomy (G-tube) feedings were implemented early
in the course to maintain adequate weight gain and prior
to the anticipated need for dialysis (22–24). A predominantly
whey-protein based formula was used during the first years of
life with individualized adaptations to maintain electrolyte and
nutritional balance to support growth. Transitions were made
to oral intake when the patient matured adequately to tolerate
and consume adequate nutrients bymouth. Recombinant growth
hormone (rhGH) was initiated as early as 9 months of age
for indications of substandard growth velocity or loss of linear
growth z-score (25).

Mineral Bone Disorder and
Hyperparathyroidism
The control of the mineral bone disorder with instances of
secondary hyperparathyroidism (sHPT), sometimes refractory to
conventional treatment regimens, required the development of
unconventional treatment regimens including activated vitamin
D analogs and calcimimetics (6, 7, 13–17, 26). Monitoring
included frequent calcium, phosphorus and intact parathyroid

hormone (iPTH) levels as well as bone imaging and clinical
assessment of bone pain, fractures and deformities (13, 14).

Urologic Intervention and Management
Coordination of urologic and medical management was
paramount to the successful outcomes in these complex patients.
Prenatal interventions occurred in a discrete number of the
current birth cohort; but this is not a primary focus of the current
report (27, 28). Importantly, early post-natal management in
each subject included relief of obstruction and establishment
of free urine flow. This was accomplished in each patient after
clinical imaging and urologic intervention. Subsequent surgeries
were predicated on the need to establish constant urine flow,
avoid infection and establish long-term urinary and bladder
drainage. Preparation for transplantation included bladder
augmentation when indicated and establishment of adequate
long-term urinary drainage for the renal allograft (27, 28).

Dialysis and Transplantation
With a focus on patient longevity and our personal center
experiences (4–8), we tried to avoid dialysis in our severe CAKUT
patients if they had good daily urine diuresis and could be
adequately maintained in metabolic balance with good growth.
As per current international recommendations, peritoneal
dialysis (PD) was the preferred initial dialysis treatment modality
followed by hemodialysis when necessary (4–8).

Co-morbid Conditions
Recognition of co-morbidities included pulmonary hypoplasia,
infection, concurrent syndrome/genetic diagnoses, and
malignancy. These were considered in the multiple regression
analysis of co-morbidities on mortality and the progression
of CKD.

Specialized Imaging
Specialized imaging to assess for residual renal mass with
non-invasive 3-dimensional techniques were developed. This
included the use of non-radioactive imaging for improved safety
and to allow for early prognostic-based planning. Vascular
imaging with computed tomography (CT)-angiography and
magnetic resonance (MR) urography and angiography allowed
for pre-surgical planning, including urologic reconstruction
and vascular anatomical planning for renal transplantation
(28, 29). The use of specialized contrast agents such as or
ferumoxytol (Feraheme R©) for MR angiography to avoid
gadolinium associated nephrogenic systemic fibrosis in
ESRD patients should also be considered if resources are
available (29, 30).

Statistical Analyses
All data sets were tested for normality with the D’Agostino and
Pearson omnibus normality test. Data were expressed as the
mean ± standard deviation (SD) or median with interquartile
range (IQR) as appropriate. Intergroup comparisons were tested
with ANOVA. Post-test comparisons for significance were
performed by the Kruskal-Wallis test for non-parametric data
and by the Bonferronimethod for parametric data as appropriate.
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Differences between 2 groups were analyzed by the Student t-
test. Proportional differences were tested with the Fisher exact
test with hazard ratios and 95% confidence intervals (95%CI).
The paired t-test was used to compare growth prior to and
after transplantation. Receiver operating characteristic (ROC)
and area under the curve (AUC) analyses were used to analyze
the sensitivity and specificity of the neonatal biomarkers to
predict the early progression to advanced CKD (Groups 2
and 3) and ESRD (Group 3) alone. The threshold was taken
as the value of the marker that had the highest sensitivity
at a specificity >85% with a significant likelihood ratio. The
patient and renal survival by age in years were analyzed
by Kaplan-Meier survival plots comparing curves with log-
rank and Wilcoxan-Gehan tests for trend with calculation of
hazard ratios.

Univariate correlations were performed with Pearson
correlation coefficient (r). Multivariate linear regression
analysis was used to determine the relative impact of
mineral bone disease, co-morbid diagnoses, neonatal peak
and nadir SCr, surgeries and infections on mortality and
progression of CKD. GraphPad Prism (GraphPad Software,
Inc, La Jolla, California) was used to perform the statistical
analyses and to construct the graphs. A p < 0.05 was
considered significant.

RESULTS

From a total of 52 subjects born during the study period with a
diagnosis of severe CAKUT, 42 met inclusion criteria and had
adequate neonatal data to predict progression of CKD over a
median of 5.5 years (range 7 months to 11.8 years). The 10
exclusions were for inadequate birth data and lack of follow-
up (N = 9) or lack of advanced neonatal renal dysfunction
(N = 1). No infant who died during the first week of life was
considered for inclusion. There was no infant born during this
time period that was considered for dialysis during the first
month of life. Table 1 provides the demographic characteristics
according to primary diagnosis, race/ethnicity, gender, birth
weight and gestational age, current age and CKD Stage. There
was a male predominance with an 8:1 male:female ratio with 37
males (88%) and only 5 females. The racial/ethnic distribution
was predominantly African American/Hispanic (81%) consistent
with the demographic of the urban communities served by this
university-affiliated public referral hospital in South Florida.
Fetal surgical intervention was performed in 15 males (36%)
with the predominant diagnosis of posterior urethral valves
(PUV) (N = 24) and urethral atresia with Prune Belly syndrome
(PBS) (N = 7). The primary diagnosis in the females was
VACTERL association (N = 4) (vertebral, anal, cardiac, tracheo-
esophageal fistula, renal, limb anomalies). Other diagnoses
included bilateral hypodysplasia (N = 5), bilateral ureteropelvic
junction obstruction (N = 1) and bilateral ureteroceles with
bladder outlet obstruction (N = 1).The cohort was divided into
3 groups according to their eGFR at the time of reporting at an
average age of 6.1 ± 2.8 years. They were evenly distributed into
Group 1 (N = 15); Group 2 (N = 12) and Group 3 (N = 15).

TABLE 1 | Patient demographics.

Patient demographics, N = 42

Age (years) Mean ± SD 5.8 ± 2.9

Race, N (%)

Caucasian 8 (19%)

Hispanic 9 (21%)

African 25 (60%)

Gender, N (%)

Male 37 (88%)

Female 5 (12%)

Birth weight [grams ± SD] 2,712 ± 660

Gestational Age [weeks ± SD] 36 ± 3

CKD Stage, N (%)

Group 1 15 (36%)

Group 2 12 (28%)

Group 3 15 (36%)

Primary Diagnosis, N (%)

Posterior Urethral

Valves

24 (57%)

Prune Belly Syndrome 7 (17%)

Bilateral Hypodysplasia 5 (12%)

VACTERL 4 (10%)

Bilateral UPJ 1 (2%)

Ureteroceles with BOO 1 (2%)

SD, Standard deviation; CKD, Chronic kidney disease; ESRD, End Stage Renal Disease;

VACTERL, vertebral defects, anal atresia, cardiac defects, tracheo-esophageal fistula,

renal anomalies, and limb abnormalities; UPJ, ureteropelvic junction obstruction; BOO,

Bladder outlet obstruction.

Neonatal Characteristics as Predictors of
CKD Progression
Table 2 summarizes the neonatal characteristics by gender and
current CKD stages. Current age was similar for all CKD stages.
Gestational age (34 ± 2 vs. 37 ± 3 weeks; p < 0.01) and birth
weight (2,463 ± 550 vs. 2,964 ± 680 grams; p < 0.01) were
significantly less in those who had early progression to ESRD
(Group 3) compared to those with lower stage CKD (Group
1), respectively. Those with intermediate stage CKD (Group
2) who did not require early dialysis or transplantation were
intermediate between the other 2 groups in both birth weight
and gestational age. Although there was a trend for the females,
compared to the males, to be older [current median age: 8.0 (IQR
5, 10) vs. 5.6± 2.8 years] and to have lower birth weights [median
2,150 (IQR 2,108, 2,450) vs. 2,775 ± 676 grams] and lower GA
[median 34 (IQR 32, 36) vs. 36 ± 3 weeks], the differences did
not reach significance.

Age at the time of assays of biomarkers was measured in days.
The time to peak SCr was a median of 6 (IQR 2, 7) days with a
nadir SCr at 42 ± 26 days. The neonatal cystatin C was assayed
at an average of 36± 29 days. There was no significant difference
between the groups in terms of days of the assays and all were
well within the first 3 months of life.

Peak and nadir neonatal SCr were significantly lower in the
early stage CKD (Group 1) (1.3 ± 0.9 and 0.4 ± 0.1 mg/dl,
respectively) compared to those who had early progression to
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TABLE 2 | Neonatal characteristics as predictors of progression to CKD.

Age

(Years)

GA

(Weeks)

Birth weight

(grams)

Growth

Current SDS

Peak neonatal SCr

(mg/dL)

Nadir neonatal SCr

(mg/dL)

Neonatal CysC

(mg/L)

Neonatal eGFRcys

ml/min/1.73 m2

NEONATAL CHARACTERISTICS AS PREDICTORS OF OUTCOME MEASURES

CAKUT-by CKD Category (N = 42)

Group 1 (N = 15) 6.1 ± 2.8 37 ± 3** 2,964 ± 680* 0.4 ± 1.6* 1.3 ± 0.9¶** 0.4 ± 0.1¶** 1.5 ± 0.5¶** 48 ± 9¶**

Group 2 (N = 12) 6.4 ± 3.1 36 ± 5 2,653 ± 824 −0.5 ± 1.4 3.2 ± 1.3** 1.4 ± 0.9** 2.8 ± 1.0** 31 ± 13**

Group 3 (N = 15) 6.3 ± 2.7 34 ± 2** 2,463 ± 550* −1.1 ± 1.4* 4.0 ± 1.1¶ 2.1 ± 0.8¶ 4.0 ± 0.7¶** 20 ± 3¶**

Females vs. Males

Females (N = 5) 8.0 (5,10) 34

(32,36)

2,150

(2,108, 2,450)

−1.4

(−2.4, −0.9)

3.7

(1.7, 4.0)

1.9

(0.6, 2.2)

3.7

(1.9, 3.9)

21

(20, 46)

Males (N = 37) 5.6 ± 2.8 36 ± 3 2,775 ± 676 −0.3 ± 1.6 2.7 ± 1.7 1.2 ± 1.0 2.6 ± 1.3 34 ± 15

CAKUT, Congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; GA, gestational age; SCr, serum creatinine; CysC, cystatin C; Mean± SD, Standard deviation;

median (IQR), interquartile range; mg/dL, milligrams/deciliter; mg/L, milligrams/liter; ESRD, End Stage Kidney Disease (Dialysis and/or Transplantation); eGFRcys, estimated glomerular

filtration rate by cystatin C equation; SDS, standard deviation score; Tx, transplant; PETx, pre-emptive transplant.
*p < 0.05 significantly different from the similarly marked variable.
**p < 0.01 significantly different from the similarly marked variable.
¶p < 0.001 significantly different from similarly marked variable.

CKD (Group 2) (p < 0.01) and ESRD (Group 3) (p < 0.001).
The peak and nadir SCr did not differentiate between the
more advanced stages of CKD progression. In contrast, neonatal
CysC was significantly different for each of the levels of CKD
progression by ANOVA (p < 0.001). Mean values for neonatal
CysC by progressive CKD stages were: Group 1: 1.5 ± 0.5
mg/L; Group 2: 2.8 ± 1.0 mg/L and Group 3: 4.0 ± 0.7 mg/L.
Similarly, the neonatal eGFRcys neonatal CysC differentiated the
progression to CKDwith an eGFRcys in the neonatal period of 48
± 9, 31 ± 13, and 20 ± 3 ml/min/1.73 m2 predicting CKD 1–2,
3–5, and ESRD, respectively, at the time of follow up.

Figure 1 provides the odds ratios for demographic
characteristics affecting early progression to advanced CKD
including gender, birth weight and GA, co-morbidities and fetal
surgery as well as the lowest thresholds for neonatal nadir SCr
and CysC. Importantly, male gender and fetal surgery were
not significant predictors of early progression. Preterm birth
with GA<36 weeks was a predictor of early progression; while
low birth weight <2,500 grams was not. Co-morbidities which
included lung hypoplasia and congenital anomalies involving
other organ systems were a significant predictor of progression.
The lowest thresholds for SCr (≥0.6 mg/dL) and Cystatin C
(≥2.0 mg/L) were included in the analysis and proved to be the
most significant predictors of progression to early CKD. Multiple
regression analysis using these same co-variants was highly
significant (p < 0.0001; R2 = 72.7%) with the main variants
being nadir SCr >0.6 mg/dL [p < 0.001; β coefficient: 1.38 (95%
CI: 0.9 to 1.9)] and growth (current sds) [p = 0.03; β coefficient:
−0.13 (95% CI:−0.2 to−0.1)].

For a more granular assessment of the sensitivity and
specificity of these neonatal biomarkers toward prediction of
the progression of CKD in these severe CAKUT patients, ROC-
AUC analyses were performed and are detailed in Tables 3A,B

and Figures 2A,B. The ROC-AUC for prediction of ESRD alone
is Table 3A, and Figure 2A shows that CysC had the greatest
AUC=0.93 with a sensitivity of 77% and a specificity of 92%

(p < 0.0001). The defining threshold was a CysC ≥3.0 mg/L.
Figure 2B shows the ROC-AUC analyses for early progression
to CKD 3–5 and ESRD. In these analyses, the nadir SCr had the
highest AUC= 0.96 with a threshold value of SCr≥0.6 mg/dL (p
< 0.0001). The range of nadir SCr was very narrow with a SCr
≥ 0.7 mg/dL having 100% sensitivity and 88% specificity. The
minimum CysC threshold was ≥2.0 mg/L.

Patient and Renal Survival by CKD Group
Patient and renal survival were plotted by Kaplan-Meier survival
curves according to the 3 groups of patients defined by their
level of CKD at the age of initial retrospective assessment. The 3
groups were CKD Stage 1–2 (Group 1); CKD Stage 3–5 (Group 2)
and CKD Stage 5D + Transplant (ESRD) (Group 3). The ESRD
was subdivided into those who went to early dialysis and those
who were managed conservatively to pre-emptive transplant.
Figure 3A shows the survival for the 3 groups with a significant
(p < 0.0001) difference between CKD Stages 1–5 compared to
the ESRD group with a median renal survival of 12.1 years for
early stage CKD compared to 2 years for the advanced stages
of CKD. When the ESRD group was divided into those who
required early dialysis vs. those who were managed off dialysis
until pre-emptive transplantation, the survival curves were also
significantly (p< 0.05) different (Figure 3B). For those who were
managed off dialysis, the time to pre-emptive transplantation was
a median of 3.5 years compared to 1 year for those who required
early dialysis.

Growth and Nutrition
Growth was monitored at each stage of CKD and in accordance
with control of the sHPT. The main determinants of growth
by multiple regression analysis were birth weight and CKD
stage (R2 = 33.4%; p = 0.02). Almost half (13/27 = 48%)
of those with advanced CKD (Groups 2 and 3) and 73%
(11/15) with ESRD (Group 3) had placement of a G-tube to
maintain adequate nutrition. Growth hormone was prescribed
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FIGURE 1 | Odds ratios for prediction of early progression to advanced kidney disease. ⋆p < 0.05; ⋆⋆p < 0.01; ⋆ ⋆ ⋆p < 0.001.

TABLE 3 | Receiver operating curve (ROC) and area under the curve (AUC) analyses for biomarker assessment of prediction to early progression to end stage kidney

disease (ESRD) (Group 3) (A) and advanced chronic kidney disease (CKD 3–5 + ESRD) (Groups 2 and 3) (B).

Parameter AUC Defining threshold Sensitivity (%) Specificity (%) Likelihood ratio P-value

(A) Neonatal Predictors of Progression to ESRD

Peak SCr (mg/dL) 0.87 ≥ 2.0 64 93 9.5 <0.001

Nadir SCr (mg/dL) 0.89 ≥ 0.6 64 93 9.6 <0.0001

≥1.0 80 93 12.0

Cystatin C (mg/L) 0.93 ≥ 3.0 77 92 10.1 <0.0001

(B) Neonatal Predictors of Progression to CKD 3-5 + ESRD

Peak SCr (mg/dL) 0.94 ≥ 2.0 93 96 21.4 <0.0001

Nadir SCr (mg/dL) 0.96 ≥ 0.6 93 92 11.7 <0.0001

≥ 0.7 100 88 7.8

Cystatin C (mg/L) 0.93 ≥ 2.0 85 91 9.3 <0.0001

ESRD, End Stage Renal Disease; SCr, serum creatinine; AUC, area under the curve.

for 19 of the cohort (45%) and in 87% (13/15) with advanced
stage ESRD.

Figure 4A demonstrates the growth of the subjects according
to CKD stage. The ESRD stage is divided into those on dialysis
vs. those after pre-emptive transplantation. The poorest growth
was in those patients who required dialysis; whereas, those who
underwent transplantation grew at similar rates to those with
CKD 1–2 (Group 1). Figure 4B shows the effect on growth after
transplantation with significant improvement (P < 0.01).

Mortality and Co-morbid Conditions
Two subjects died at 1 and 21 months of age, respectively. The 1
month old infant had PUV and was status post valve ablation. He
died of urosepsis with normal renal function. The other demise
was a 21 month old with PUV who was on peritoneal dialysis
from 9 months of age. He died of fungal peritonitis complicated
bymultiorgan failure with hepatic toxicity and respiratory failure.

Both of these losses were attributed primarily to infectious
complications of the primary disease.

Co-morbid Conditions
Co-morbidities were divided into genetic/syndromic and/or
fetal/developmental abnormalities such as pulmonary hypoplasia
and pulmonary hypertension related to oligohydramnios,
infectious complications related to urinary tract obstruction, and
hormonal/metabolic complications related to renal dysfunction.
Seventeen of the 42 subjects had co-morbid conditions (40.5%).
As shown in Figure 1, the presence of any co-morbidity
contributed significantly to the early progression of CKD (HR:
15.1;95% CI: 1.7–131; p= 0.006).

Fifteen of 37 males (40%) had fetal surgery for obstructive
uropathy and subsequently required urologic surgery to establish
and maintain urine flow. Recurrent urinary tract infections
was a common complication of persistent urinary obstruction
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FIGURE 2 | (A,B) Receiver operating curve (ROC) and area under the curve (AUC) for biomarker assessment of prediction to early progression to end stage kidney

disease (ESRD) (Group 3) (A) and advanced chronic kidney disease (CKD 3–5 + ESRD) Group 2 and 3 (B).

FIGURE 3 | (A,B) Patient and renal survival curves according to Stage of CKD. (A) shows the survival curves of the 3 major subgroups comparing early stage and

pre-dialysis CKD (Groups 1 and 2) vs. ESRD (Group 3). (B) shows the survival curves with the advanced CKD (Group 3) divided into the dialysis patients vs. those who

were managed conservatively without dialysis until pre-emptive transplantation (TX: transplantation).

and/or vesicoureteral reflux. Of the 5 females, 4 had VACTERL
with complex urogenital sinus anomalies. All required multiple
surgeries in preparation for transplantation. All VACTERL
subjects progressed to ESRD with prior dialysis, and all
had significant vascular anomalies requiring special imaging,
including: CT angiograms and MR angiograms. One patient had
absence of the aorta below the renal vessels such that traditional
renal transplantation would not be possible (Figure 5).

An uncommon association was the occurrence of 2
malignancies. One female with VACTERL was born with a
congenital neuroblastoma of the right adrenal, superior to the
single functioning dysplastic kidney. It was surgically removed at
9 months of age with preservation of the residual renal function.
She was managed conservatively off dialysis until 13 months
of age, and then was placed on chronic peritoneal dialysis. The
second malignancy was a hepatoblastoma which occurred in
an 18 month old male with PBS who was on peritoneal dialysis

since 7 months of age. He presented with peritoneal hemorrhage.
He had to undergo multiple rounds of chemotherapy after
being transitioned to hemodialysis. He underwent a successful
combined liver-kidney transplant at 26 months of age and has
been in remission with stable liver and renal function with a
current age of 5.5 years.

Metabolic bone disease was characterized by sHPT with
elevations in the iPTH, and control of the calcium x phosphorus
product, acid-base balance, and 25(OH) Vitamin D levels. Of the
42 subjects, elevation in the iPTH level occurred in 28 of 31 (90%)
of those investigated. In those with advanced CKD stages, the
range in iPTH varied from 79 to 2,744 pg/ml with some becoming
refractory to standard treatment with activated vitaminD analogs
(calcitriol and paricalcitol). Of those with advanced CKD, 9 of
the 27 developed refractory sHPT and were treated with the
calcimimetic, cinacalcet, which has been previously reported
elsewhere (17).
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FIGURE 4 | (A,B) Linear growth by chronic kidney disease (CKD) stage (A) and growth pre and post-transplant (B).

FIGURE 5 | Arteriogram showing early bifurcation of the aorta below the renal

vessels with absence of the aorta below the superior mesenteric artery in a

CAKUT patient with urogenital sinus anomalies.

Transplantation
During the study period, 12 patients were transplanted at a
median age of 3.3 years [IQR: 2.4, 4.7] and a median weight of
14.9 kilograms [IQR: 13.1, 16.3]. Nine (75%) received a deceased
donor transplant with one requiring a combined liver-kidney
transplant. Five patients received pre-emptive renal transplants at
a median age of 3.0 years [IQR: 2.2, 4.4]. Three of the pre-emptive
transplants were from living related donors. All have functioning
grafts at a current age of 6.8± 2.4 years.

DISCUSSION

In this single center experience of a large birth cohort with severe
CAKUT, we provide neonatal predictors of early progression
of CKD as well as management paradigms that can promote
longevity and growth. Our findings support an emerging
multifaceted approach to these complex patients. Close attention
to the early assessment of prognostic biomarkers allows better
anticipatory guidance and counseling of family and caregivers.

This also allows close coordination of surgical and medical
management with goals toward preventing infection, preserving
and promoting maximum residual renal function with pre-
emptive transplantation when feasible.

This is the first report to utilize neonatal CysC in conjunction
with peak and nadir SCr as predictive markers of early
progression to advanced stages of CKD. Cystatin C does not cross
the placental barrier and is independent of muscle mass. It is a
more accurate measure of neonatal renal function than is SCr
in both term and preterm infants (11). Cord blood CysC ≥3.0
mg/L has been proposed as a predictive measure of mortality and
early progression to ESRD in severe bilateral CAKUT (31, 32).
This is consistent with our findings in which the CysC≥3.0 mg/L
had the highest sensitivity and specificity with the greatest ROC-
AUC for prediction to early ESRD. A nadir creatinine between
0.4 and 0.85 mg/dl has been associated with early progression
to CKD in patients with PUV (33) which is also consistent with
our findings in this birth cohort in which a nadir creatinine ≥0.6
mg/dl had the highest likelihood ratio of predicting progression
to advanced CKD.

An important and previously overlooked prognostic indicator
for progression to early ESRD is preterm birth before 36
weeks’ GA. Interestingly, a low birth weight <2,500 grams was
not a prognostic factor. This emphasizes the important role
of intra-uterine nephrogenesis which continues in the human
until 36 weeks’ gestation and post-natal nephrogenesis is not
supported by the extra-uterine environment (34). In the fetus
with CAKUT, nephrogenesis is a priori altered, probably in
the very early weeks of gestation. The greatest complement of
nephrons, however, is formed during the last trimester of intra-
uterine life, making those final weeks extremely important for
achieving a maximum complement of nephrons. Our group
has recently reported that the prenatal assessment of renal
parenchymal area, as a surrogate of nephron mass, using digital
software to subtract the degree of associated hydronephrosis,
can also predict the severity of renal dysfunction after birth
in patients with LUTO who have undergone fetal intervention
(18). Hence, the anticipated impairment in nephron endowment
may be an important consideration in planning the delivery of
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infants with severe CAKUT with a focus on trying to extend the
gestation to >36 weeks if at all feasible. An additional caveat is
that lung maturation is in parallel with nephrogenesis so that
longer gestation may avoid additional respiratory complications
of preterm birth (35).

Growth is a key indicator of adequate management of infants
and children with CKD. Moreover, those with congenital
renal disease are the most vulnerable to adult stunting
and lifelong bone deformities, as well as cardiovascular
complications with a markedly curtailed life expectancy
(5–7). In this young cohort, we focused on management
paradigms that aggressively engaged the family in feeding, and
treatment regimens to maintain metabolic control and adequate
nutritional intake. There was early placement of G-tubes in the
majority of infants with advanced CKD. Growth hormone was
prescribed and maintained in 87% of subjects with improved
growth despite interruptions for treatment of the secondary
hyperparathyroidism (17). The single most important positive
determinant of growth, however, was the renal function. This
was apparent in the normal growth of those subjects with early
stage CKD and in those post-transplant, particularly those
who received pre-emptive transplants with no prior exposure
to dialysis.

Gender is an important issue in the analysis for initial
and long-term follow-up of severe CAKUT. As in this and
other cohorts worldwide, there was a predominance of males.
In our cohort the male to female ratio was 8 to 1 with the
majority of males having PUV or PBS. Importantly, there were
only 5 females, but their anomalies were extremely complex
with VACTERL association and urogenital sinus anomalies.
As in those male infants with fetal surgical interventions,
the female infants with VACTERL were more likely to
require multiple surgeries postnatally and to have multiple co-
morbidities. Nevertheless, the females had similar outcomes as
their male counterparts with severe CAKUT. An important
component of the VACTERL-associated anomalies is the high
incidence of vascular anomalies that require careful imaging

techniques and multidisciplinary planning before embarking on
renal transplantation.

The current cohort is unique in that it is a comprehensive
assessment of early and severe CAKUT. It is important to
recognize the bimodal natural history of this disease with those
patients who escape early progression to CKD often developing
advanced CKD during adolescence. This is usually related to the
development of bladder dysfunction and the natural progression
of incipient CKD (36).

The current experience with this cohort provides a platform
for considering ethical issues regarding the indications and
potential benefits of fetal surgical intervention in the treatment of
infants with severe CAKUT diagnosed prenatally. Those who had
fetal surgery showed similar progression and potential longevity
as those without. Further prospective follow-up is required,
preferably in a multi-center collaborative.
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