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Abstract
Background Peritoneal dialysis is the preferred mode of renal
replacement therapy in infants with end-stage renal disease
(ESRD). Hemodialysis (HD) is seldom used in neonates and
infants due to the risk of major complications in the very
young.
Methods Demographic, clinical, laboratory, and imaging data
on all infants younger than 12 months with ESRD who re-
ceived HD in our Pediatric Dialysis Unit between January
1997 and June 2013 were analyzed.
Results Eighteen infants (n = 6male) with ESRD (median age
3 months; median weight 4.06 kg) received HD through a
central venous catheter (CVC) for a total of 543 months (me-
dian duration per infant 16 months). Seven of the infants
(39 %) were neonates, and five (28 %) had serious comorbid-
ities. There were five episodes of CVC infection, which is a
rate of 0.3/1000 CVC days. Median catheter survival time was
320 days. Most infants had good oral intake, and only four
(22 %) required a gastric tube; 14 (78 %) infants displayed
normal growth. Fourteen (78 %) infants had hypertension, of
whom four (22 %) had severe cardiac complications; eight
(44 %) showed delayed psychomotor development. Eleven
(61 %) of the infants, including six (86 %) of the neonates,
survived. Five (28 %) infants underwent renal transplantation;
10-year graft survival was 80 %.

Conclusions Based on these results, long-term HD in neo-
nates and infants with ESRD is technically feasible, can be
implemented without major complications, carries a very
low rate of CVC infection and malfunction, and results in
adequate nutrition, good growth, as well as good kidney
graft and patient survivals. Future efforts should aim to
prevent hypertension and its cardiac sequelae, improve
neurodevelopmental outcome, and lower mortality rate in
these infants.
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Introduction

The care for infants with end-stage renal disease (ESRD)
poses one of the most challenging tasks in pediatric nephrol-
ogy. The need tomaintain fluid balance and metabolic homeo-
stasis, to enable adequate growth, and to promote cognitive
development at early age in the face of uremia make this small
but unique group of children extremely difficult to treat [1–4].
In particular, renal replacement therapy (RRT) in these infants,
which is their mainstay of therapy while awaiting sufficient
growth for renal transplantation, is a very demanding and
complex procedure to perform.

Traditionally, peritoneal dialysis (PD) has been the pre-
ferred mode of RRT in infants with ESRD [3–11]. The
2011 annual data report of the U.S. Renal Data System
[12] reports that of the children with ESRD who were less
than 2 years of age in 2011, 92.5 % were receiving PD
compared with 7.5 % who were receiving hemodialysis
(HD). There has been reluctance to use HD in infants be-
cause of the technical diff icult ies and the major
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complications potentially associated with this procedure in
the very young patient. These include difficulties related to
vascular access, HD catheter infections, hemodynamic in-
stability, rapid fluctuations in infant’s volume status, bleed-
ing episodes, the need for blood priming of circuits
resulting in potential sensitization against potential donors
for transplantation, and other complications [13, 14].
However, HD has several advantages over PD, including
a fast and very efficient correction of fluid and metabolic
abnormalities and avoidance of potential PD-related ab-
dominal fullness and satiety.

These factors along with the significant improvement in
HD equipment and technology offered to small children and
infants have led to a recent increase in the use of HD in very
young patients [1, 12]. Nevertheless, data on the use and out-
come of HD in infants are scarce. The few studies on small
numbers of infants treated with this mode of RRT describe a
successfully implemented procedure albeit with major HD-
related complications and relatively high mortality rate [13,
15–18] (Table 1).

The aim of the present study was to retrospectively sum-
marize our experience with long-term HD in infants under the
age of 12 months with ESRD in a pediatric dialysis unit in
northern Israel, and to describe the care and outcome of these
infants.

Methods

The data of all infants younger than 12 months of age with
ESRDwho received HD therapy in the Pediatric Dialysis Unit
at Ruth Rappaport Children’s Hospital in Haifa between
January 1997 and June 2013 were analyzed. This tertiary care
hospital serves a population of approximately half a million
children of various ethnic groups in northern Israel.
Demographic, clinical, laboratory, and imaging data on all
infants who were under the age of 12 months at the initiation
of RRTwere obtained and analyzed. We analyzed all patients
grouped together and infants who initiated RRT at less than
1 month of age or at age 1–12 months separately.

Long-term HD was performed through tunneled, double-
cuffed central venous catheters (CVC) (Medcomp, 8 F, 12-cm
length; Medical Components, Inc., Harleysville, PA) inserted
by the angiographic route by an invasive radiologist or by the
surgical route. HD was performed by highly qualified pediat-
ric dialysis nursing staff under the supervision of experienced
pediatric nephrologists. The procedure was carried out with
AK200s® dialysis machines (Gambro, Lund, Sweden).
Between 2004–2006 we used Fresenius polysulfone® F3 di-
alysis filters (surface area 0.4 m2; Fresenius SE & Co., Bad
Homburg, Germany), and from 2007 onward we used
FXPaed® filters (surface area 0.2 m2; Fresenius). We used

Table 1 Clinical data on long-term hemodialysis in infants with end-stage renal disease reported in the literaturea

Clinical variables Reference

Shroff et al.
2003 [13]

Feinstein
et al. 2008
[15]

Kovalski
et al. 2007
[16]

Al-Hermi
et al. 1999
[17]

Quinlan
et al. 2013
[18]

Our study

Years of study 1986–2002 1993–2004 1995–2005 1983–1997 2001–2011 1997–2013

Number of infants 18 11 11 10 9 18

Duration of study (years) 16 11 10 14 10 16

Median age at the start of RRT therapy (months) 12 NR 34b 13b 9 3

Cumulative duration of HD (months) 119 169 124 NR 245 543

CVC infection rate (per 1000 CVC days) 10 NR 1.3 NR 0.52 0.30

Median CVC survival time (days) 21 171 64b 114b 390 320

Number of infants with growth retardation at the
end of the study (Wt/Ht< −2 SDS)

NR NR NR 9 (90 %)c 3 (33 %)c 2 (11 %)/4 (22 %)

Number of infants with psychomotor retardation 5 (45 %) NR NR 5 (50 %) 1 (11 %) 8 (44 %)

Hospitalization days (% of RRT days) 1566 (44 %) NR 435 (11 %) 1520 (59 %) NR 1890 (9.7 %)

Number of transplanted infants 16 (89 %) 8 (72 %) 9 (82 %) 4 (40 %) 6 (67 %) 5 (28 %)

Number of deaths 4 (22 %) 10 (50 %) 2 (18 %) 3 (30 %) 0 7 (39 %)

RRT, Renal replacement therapy; HD, hemodialysis; CVC, central venous catheter; Wt, weight; Ht, height; SDS, standard deviation score; NR, not
reported
a Age and body weight of the children in the reported studies varied as follows. The studies of Shroff et al. [13] and our study included children aged less
than 2 years and less than 1 year, respectively. The studies of Feinstein et al. [15] and Kovalski et al. [16] included children with a bodyweight of <15 kg;
the studies of Al-Hermi et al. [17] and Quinlan et al. [18] included children with a body weight <10 kg
bMean value
cWeight data
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infant HD tubes (Fresenius) with a total extracorporeal vol-
ume (filter+tubing) of 58 ml when F3 filters were used, and
48 ml for dialysis with FXPaed. G-204 Acidic Component
solutions (Teva Medical, Petach Tikva, Israel) with low calci-
um concentration (1.25 mmol/L) were used. When the extra-
corporeal volume was >10 % of the infant’s blood volume
(80 ml/kg body weight), the system was primed with packed
red blood cells. HD was performed 5–6 times per week for 3–
4 h per treatment (total weekly dialysis time 18–24 h) under
close monitoring of clinical status, heart rate, and blood pres-
sure. The effectiveness of HD was assessed in all infants by
determining urea reduction rate and Kt/V; the target values
were >65 % and >1.3, respectively.

Our hospital charges the third party payers the sum of $458
per HD treatment performed in the Pediatric Dialysis Unit per
child (or, with a monthly average of 22 treatments per child
$10,076 per month per child).

Our routine management of HD-CVCs is described in a
previous publication [19]. Briefly, it includes a strictly sterile
use and care of catheters performed on a daily basis: in the
hospital on dialysis days by the nursing staff and at home by
all appropriately trained parents. Our meticulous care of HD
catheters makes no use of prophylactic (topical, catheter lock,
or systemic) antibiotic therapy. Between dialysis sessions,
both CVC lumens are filled with a concentrated (5000 u/ml)
heparin solution [19].

The ESRD therapeutic regimen included, in addition to
the intensive HD therapy, appropriate nutrition, vitamin
supplements, correction of acid–base and electrolyte ab-
normalities, control of mineral balance, treatment of bone
disease, control of blood pressure, correction of anemia,
and promotion of cognitive development, according to
established standards [20].

All infants received physiotherapy and occupational thera-
py on a regular basis, and parents were instructed to provide
these therapies also in the home setting. Hearing test
[brainstem evoked response audiometry (BERA)] was per-
formed on all infants before the age of 12 months or when
indicated.

Results

Patients

During the 16-year study period, 18 infants younger than
12 months with ESRD received long-term HD therapy
(Tables 1 and 2). Of these 18 infants, seven (39 %) (group
1) started RRT before the age of 1 month and 11 (61%) (group
2) between 1 and 12months of age (Table 2). Six (33%) of the
patients started PD therapy which was subsequently (1–
3 months later) changed to HD (see below). The median age
and weight of patients at insertion of the first RRT catheter

were 3 months and 4.06 kg, respectively. The median individ-
ual duration of RRT for the 18 infants in the study was
12 months (PD 4 months, HD 16 months) (Table 2). The
cumulative duration of RRT in all infants was 645 months,
with PD accounting for 102 (16 %) months and HD account-
ing for 543 (84%) months (Tables 1 and 2). Twelve infants
were girls, and six were boys; all were of Caucasian origin.
Six (33 %) of the infants were born to consanguineous par-
ents. The etiologies of ESRD included primary hyperoxaluria
(6 infants), congenital anomalies of the kidney and urinary
tract (CAKUT; 4 infants), congenital nephrotic syndrome (3
infants), autosomal recessive polycystic kidney disease
(ARPKD; 2 infants), acute kidney injury resulting in irre-
versible cortical necrosis (2 infants, 1 of whom also had
tuberous sclerosis), and atypical hemolytic uremic syn-
drome (1 infant).

Five (28 %) of the infants had serious comorbidities
(Table 2), including brain damage secondary to tuberous
sclerosis, hepatic fibrosis due to ARPKD, hemolytic ane-
mia due to neonatal autoimmune antibodies, hypothyroid-
ism due to congenital nephrotic syndrome, and VACTERL
association.

HD catheters

In total, 38 CVCs were inserted in these 18 infants during the
16-year study period (Table 2). Four (10 %) of these were
inserted by the surgical route into the subclavian vein (all of
them before January 2005), and 34 (90 %) were inserted by
the angiographic route into the internal jugular vein by the
invasive radiology team.Median age and weight of the infants
in group 1 at insertion of the HD catheter was 3 days and 3.1
kg, respectively; in the infants in group 2, these were 137 days
and 5.3 kg, respectively (Table 2).

During the study period, there were five episodes of cath-
eter infection (Tables 1 and 2). CVC infection rate for all HD
catheters was 0.3/1000 CVC days or one infection per 9 CVC
years. The infection rates for the infants in groups 1 and 2
were 0.56/1000 and 0.1/1000 CVC days, respectively
(Table 2).

CVC survival times during the study period are given in
Tables 1 and 2. Of the 38 catheters inserted, 19 (50 %) were
removed because of malfunction, including obstruction, cath-
eter tear, and (in 4 infants) extrusion of the catheter at the exit
site due to the infant’s growth. No catheter was removed due
to infection. In 12 (32 %) of the CVCs, a properly functioning
catheter was removed because of successful transplantation (5
infants) or patient death (7 infants). Seven (18 %) of the cath-
eters inserted were in place at the end of the study. Themedian
CVC survival time for the whole group of infants during the
study period was 320 days (group 1 infants 391 days; group 2
infants 283 days).
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Initiation of RRT

In six of the patients (4 in group 1, 2 in group 2), PD was
selected as the initial mode of RRT. For this purpose, a
Tenckhoff PD catheter was inserted surgically into the abdo-
men at an age ranging from 1 day to 2 months. Major PD-
related complications necessitated PD catheter removal within
1–3 months from start of PD and the change to HD therapy in
all six infants.

In 12 of the patients, HD was the initial mode of RRT. HD
was selected as the initial mode in all infants with hereditary
hyperoxaluria not only to treat the ESRD but also to use the
well-known superiority of HD over PD in removing oxalate
loads from the circulation [21]. Severe malnutrition/
hypoalbuminemia (2 infants), severe volume overload (3 in-
fants), and inadequate family/home environment for PD (2
infants) served as other indications for initiating HD.

In eight of the 18 patients in the study, HD was initiated
using an acute HD catheter that was subsequently (4 days to
7 months later) replaced by the angiographic route to a per-
manent HD-CVC.

Hypertension

Of the 18 infants, 14 (78 %) had long-standing hyperten-
sion {systolic and/or diastolic blood pressure values above
2 standard deviations (SD) of the mean for height [22]}
during the time period of HD therapy (Table 2). The hy-
pertension was treated with volume removal by HD, die-
tary salt restriction, and treatment with various combina-
tions of antihypertensive drugs. Four (22 %) of all infants
received two drugs, three (16.6 %) received three drugs,
and five (31.2 %) received four or more drugs to treat their
hypertension.

Echocardiograms showed different degrees of left ventric-
ular hypertrophy in all infants with hypertension. Two of these
infants also had left ventricular dilatation associated with poor
contraction of the ventricular wall caused by the hypertension.
Two infants developed hypertension-induced aneurysms of
the ascending aorta which have remained stable during ag-
gressive antihypertensive therapy.

Overall, although renal transplantation has resulted in a
marked decrease in blood pressure values, most transplanted

Table 2 Clinical data on neonates and infants with end-stage renal disease receiving long-term hemodialysis therapy during the 16-year study period

Clinical data Group 1 (RRT initiated
<1 month of age)

Group 2 (RRT initiated
1–12 months of age)

Total

Number of Infants 7 (39 %) 11 (61 %) 18 (100 %)

Median individual/cumulative duration of RRT (months)

PD 3/13 3/89 4/102

HD 29/238 13/305 16/543

Total 13/251 11/394 12/645

Age at insertion of first RRT catheter (days)a 3 (1–30) 137 (76–360) 94 (1–360)

Body weight at insertion of first RRT catheter (kg)a 3.1 (2.5–4.5) 5.3 (3.25–10.5) 4.1 (2.5–10.5)

Number of catheters inserted

By surgical route 4 0 4 (10 %)

By angiographic route 11 23 34 (90 %)

Total 15 23 38 (100 %)

CVC infection rate (per 1000 CVC days) 0.56 0.1 0.30

CVC survival time (days)a 391 (51–1269) 283 (27–1247) 320 (27–1269)

Number of infants with serious comorbidities 3 2 5 (28 %)

Number of infants with hypertension 6 8 14 (78 %)

Number of infants with growth retardation (Wt/Ht< −2 SDS)
at the end of the study

0/3 2/1 2 (11 %)/4 (22 %)

Number of transplanted infants 2 3 5 (28 %)

Number of infants who died

On HD 1 5 6

Post transplantation 1 1

Total 1 6 7 (39 %)

PD, Peritoneal dialysis; HD, hemodialysis; RRT, Renal replacement therapy; CVC, central venous catheter
a These values are presented as the median with the range in parenthesis
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patients have continued to show mild to moderate hyperten-
sion necessitating drug therapy.

Nutrition and growth

Median weight SD score (SDS) for all infants at initiation of
their RRT was −2.9 (Fig. 1); the body weight of ten of all
infants (55.5 %) was below −2SDS. The median height SDS
for all infants at initiation of RRTwas −1.9 SDS; the height of
three infants (17 %) was below −2SDS.

We observed a markedly better appetite and oral food in-
take in infants receiving HD therapy compared with infants
receiving PD. This improvement may be attributable to HD
not being associated with the appetite-suppressing effect of
abdominal fullness and glucose absorption into the circulation
which is typical of PD. As a result, only four (22 %) of the
infants in our study required gastrostomy tube placement for
proper feeding and nighttime supplemental nutrition. One in-
fant received growth hormone therapy.

As depicted in Fig. 1, median weight and height SDS for all
infants at the end of their study period were −0.8 and −.65
SDS, respectively. Median change (Δ) of the SDS in the whole
group of infants at the end of their study when compared with
its beginning was +2.0 for weight and +0.25 for height. As
indicated in Tables 1 and 2, at the end of the study, the SDS for
weight and height was below −2 for only two (11 %) and four
(22 %) of the infants, with the latter group of 4 infants includ-
ing the former two infants.

Psychomotor development

Of the 18 infants, eight (44 %; 5 in group 1, 3 in group 2)
displayed various degrees of delay in psychomotor develop-
ment as assessed by Alberta Infant Motor Scale (AIMS) [23]
(Tables 1 and 2). Four of these infants also had recurrent
seizure episodes (including the patient with tuberous sclerosis,

2 infants who required resuscitation in the neonatal period,
and 1 infant who had prenatal sonographic undefined brain
lesions). Three of the infants (who received a variety of oto-
toxic drugs during the course of their kidney disease) had
sensorineural deafness demonstrated by abnormal BERA;
two subsequently underwent cochlear implants which resulted
in a marked improvement in hearing.

Outcome of patients

Transplantation

Five of the 18 infants (28 %) underwent renal transplantation
at a median age of 4 (range 3–4.9) years and a median weight
14.8 (range 14–19) kg (Tables 1 and 2). All but one of the
infants transplanted received a deceased donor kidney. Two
patients with primary hyperoxaluria were transplanted; one
underwent sequential deceased donor liver/living-related kid-
ney transplantation, and one had liver transplantation only.
Four (80 %) of the infants who underwent kidney transplan-
tation had a properly functioning kidney 12 years following
transplantation. One transplanted patient died 4.5 years fol-
lowing transplantation as a result of noncompliance with im-
munosuppressive therapy.

Patient survival

The 5- and 10-year patient survival for the whole group of
infants was 66 and 61 %, respectively (Fig. 2). Whereas the
infants in group 2 had 5- and 10-year survival rates of 64 and
55%, respectively, it is remarkable that those in group 1 had 5-
and 9-year survival rates of 85 % (Fig. 2).

Fig. 1 Median standard deviation scores (SDS) for weight and height
during the 16-year study period

Fig. 2 Long-term patient survival during the 16-year study period. The
table lists the number of patients at each time point in the different infant
groups.Group 1 Infants who initiated renal replacement therapy (RRT) at
less than1 month of age, group 2 infants who initiated RRT at age 1–
12 months
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Of the 18 infants, seven (39 %) died (1 in group 1, 6 in
group 2) (Tables 1 and 2). The median age of death was
2.9 years (range 6 months to 8 years). Six infants who
succumbed to their disease died while receiving HD therapy,
and one died after receiving kidney transplantation. The
causes of death in those infants on HD therapy were uncon-
trolled infection (2 two infants: fungal sepsis), uncontrolled
hemorrhage post nephrectomy (1 infant), surgical complica-
tions following liver transplantation (1 infant), and unknown
cause (death at home; 2 infants. The one infant who died after
undergoing a kidney transplant suffered a cardiac arrest.

Eleven (61 %) of the infants were alive at the end of the
study (median age 4 years, range: two months to 8.5 years).
Seven of these were receiving HD therapy, and four had a
functioning kidney graft (see above).

Discussion

Whereas ample data exists on outcome of infants treated with
long-term PD [3–11, 24, 25], very little is known about the
outcome of infants receiving HD therapy. The present study,
which summarize 543 months of HD therapy in infants, is to
the best of our knowledge the largest and the most compre-
hensive study on the use of long-term HD in infants in general
and in neonates in particular (Table 1).

Our Division of Pediatric Nephrology serves a large multi-
ethnic population characterized by a high rate of parental con-
sanguinity and genetic/hereditary diseases, deeply rooted reli-
gious and cultural traditions, and a low rate of pregnancy
terminations even in the face of a fetal disease diagnosed in
utero. These social and medical circumstances have contrib-
uted to the establishment of several unique features of our
pediatric ESRD program:

1. The proportion of neonates and infants to the total number
of children receiving chronic dialysis in our program is
exceptionally high (40–45 %).

2. There is a very high rate (60–70 %) of genetic/hereditary
diseases (most with systemic involvement) leading to
ESRD in early life, with hyperoxaluria leading the list.

3. There is a high rate of serious comorbidities accompany-
ing the ESRD in infants.

4. The vast majority of infants and children with ESRD,
even in those with severe/life-threatening comorbidities,
are given RRT. Motivated by religious/cultural consider-
ations, parents almost always reject the option that is thor-
oughly discussed with and offered to them—that of with-
holding dialysis, when indicated [26–28].

5. Social/familial circumstances and considerations as well
as the high rate of hyperoxaluria in our ESRD patient
population dictate the use of HD rather than PD in most
infants and children with ESRD in our program.

6, There is a low rate of both living related and cadaver
kidney transplantations (see discussion in subsequent
text).

Whereas HD-CVCs are efficient in delivering adequate
dialysis in infants, accumulating data have shown a high rate
of catheter- related blood stream infections and short survival
times for these catheters [13, 15–18, 29] (Table 1). In contrast
to these data, our findings (Tables 1 and 2) show a markedly
low CVC infection rate (0.3/1000 catheter days) and
prolonged catheter survival time (median 320 days) in the
population of infants included in the study. Of note is the
higher median catheter survival time (391 days) in the very
young infants (group 1) when compared with the catheter
survival time (283 days) in the older infants (group 2)
(Table 2). We believe that it is our routine, meticulous, and
very strict care of HD catheters (as outlined in [19]) which
results in our remarkably low catheter infection rates and
prolonged catheter survival times.

Of the 18 infants in our study, 14 (78 %) had long-standing
hypertension, including six of the seven neonates (group 1)
(Table 2). Hypertension (mainly due to fluid overload) is a
well-known complication in children receiving long-term di-
alysis therapy and may be present in up to 80 % of patients
[11, 30–32]. Risk factors for uncontrolled hypertension in-
clude, among others, HD therapy and young age (at which
fluid restriction is limited by the dependence of the young
on formula feeding) [11, 30, 31].

Cardiovascular disease is increasingly recognized as a sig-
nificant health problem in young patients with kidney disease
in general and in children receiving dialysis therapy in partic-
ular [4, 20, 33, 34]. Arrhythmias, valvular disease, cardiomy-
opathy, and death from cardiac arrest have been reported in
pediatric dialysis patients [4, 20, 33]. Noteworthy in this re-
gard are the hypertension- induced echocardiographic find-
ings in all hypertensive infants in our study and the severe
cardiac complications in four of them (2 infants with left
ventricular dilatation, 2 infants with aneurysms of the
ascending aorta; see Results). These findings highlight the
importance of careful monitoring and aggressive management
of hypertension in infants receiving HD therapy, including
dietary salt restriction, more frequent HD therapies, more ag-
gressive fluid removal during dialysis, the development of
reliable techniques to monitor extracellular/intravascular vol-
ume duringHD, and full compliancewith the appropriate drug
therapy.

Promoting adequate growth is one of the major challenges
faced by the medical staff caring for infants with ESRD.
While several studies have reported that an early and more
intensive approach to feeding improves weight and height
SDS in infants receiving PD [4, 6, 7, 35, 36], a recent multi-
continental study demonstrated growth retardation in 63 % of
neonates with ESRD, 2 years after the start of PD therapy [11].
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Al Hermi et al. [17] and Quinlan et al. [18] reported that 90
and 33 %, respectively, of the infants receiving long-term HD
in their studies were growth-retarded at the end of their studies
(Table 1). In contrast, the infants in our study displayed im-
proved growth SDS, in particular for weight, during the study
period (Fig. 1). There was a very limited use of growth hor-
mone in the infants in our study. It is possible that a more
widespread provision of growth hormone to these infants
could have resulted in even more favorable growth rates.

Infants and children with ESRD receiving dialysis therapy
are at risk for neurocognitive and neurodevelopmental delay
[4, 14, 20]. Whereas some studies [37, 38] have reported rel-
atively mild neurocognitive delays in infants receiving long-
term PD or transplanted in early childhood, other studies
[39–41] have found impaired cognitive and educational attain-
ments in patients with ESRD since infancy. Among our 18
infants who received HD, eight (44 %) demonstrated psycho-
motor retardation and four (22 %) had seizures; these values
are in line with the data cited above [39–41] as well as with
previous studies on infants receiving HD demonstrating psy-
chomotor impairments in 45 % [13] and 50 % [17] of these
infants (Table 1).

The relative roles of very young age, perinatal events, pres-
ence of comorbidities and, finally, the use of HD, in the path-
ogenesis of these neurocognitive impairments should be ex-
plored on larger numbers of infants. It is plausible, however,
that the modern, significantly upgraded HD equipment and
the continuously improving RRT methods in infants [42] will
minimize the potential adverse effects of HD-induced hemo-
dynamic fluctuations on brain structure and development.

During the study period, five (28 %) of the infants received
kidney transplantation at a median age of 4 years. These are
relatively low transplantation rates and late transplantation
times when compared with data reported in previous studies
showing 39–80 % of the infants treated with PD receiving a
kidney transplantation [7, 8, 10] and 20–80 % of neonates
treated with PD being transplanted at the age of 1–3 years
[8, 9, 11]. Transplantation rates varying between 40 and
89 % have been reported in infants receiving HD [13,
15–18] (Table 1).

Several factors contributed to the low transplantation
rate and late transplantation time in our study. These in-
clude the high rate of infants with primary hyperoxaluria
under our care (mandating a liver transplantation prior to
kidney transplantation), the cultural/ religious objections to
living-related kidney transplantation within the population
we serve, and, finally, the national shortage of organs for
transplantation. The high graft survival rate of 80 % in the
small number of infants in our study, which was achieved
despite the relatively long time these infants needed to be
maintained on dialysis, should not be interpreted as en-
dorsing long-term dialysis for infants. Early transplanta-
tion is the goal in infants with ESRD.

One of the main challenges of the care of infants with
ESRD is to improve their relatively low survival rate.
Overall, reported mortality rates in infants treated with PD
have varied between 9.5 and 48 %, with some studies
reporting risk of death in these infants to be three- to fourfold
higher than those in older children [2, 3, 7, 10, 43, 44]. In
addition, 5- to 10-year infant survival rates in infants have
varied between 50 and 76 % [2, 9–11], which are markedly
lower than those in older children. The three main factors that
have been found to be the best predictors of poor outcome in
these studies include very young age at dialysis initiation, the
presence of comorbidities, and the absence of a renal trans-
plant. Of note, however, are the findings from recent studies
demonstrating no difference in mortality rates between neo-
nates receiving PD therapy and older infants [5, 8] and 5- to
10-year survival rates in infants undergoing PD of around
80 % [6]. The reported mortality rates in infants receiving
HD have varied between 18 and 50 % [13, 15–18] (Table 1).

The overall survival rate of the whole group of infants in
our study was 61 % (Tables 1 and 2), with 5- and 10-year
survival rates of 66 and 61 %, respectively (Fig. 2). These
survival rates, which are in agreement with the data in most
of the studies cited above, have been achieved despite the
presence of serious comorbidities in a large proportion of
our infants, as well as the relatively low rate and late age of
kidney transplantation. The very high overall survival rate of
86 % (Table 1) and the 5- and 9-year survival rates of 85 %
(Fig. 2) in the seven neonates in our study, which stand in
contrast to reports of the adverse effect of very young age on
the survival of dialyzed infants [2, 3, 7–10, 15, 44], may be
secondary to the small cohort. These findings should be the
subject of future studies on larger numbers of infants.

Our study is limited by it being a single-center study in
which a relatively small number of patients were enrolled. In
addition, the study period was relatively long (16 years), and
dialysis techniques in the young evolved during this time.
These limitations, however, stem from the nature of this study,
the subject of which is a very challenging, and the relative
newness of the therapeutic options offered to this very small
and specific group of patients in selected pediatric dialysis
centers.

In conclusion, long-term HD in neonates and infants with
ESRD, when performed by skilled and experienced personnel
in the appropriate setting, is technically feasible and can be
implemented without major complications. HD therapy in ne-
onates and infants, even in the most challenging cases, carries
a very low rate of CVC infection and malfunction and results
in adequate nutrition, good growth, as well as good kidney
graft and patient survivals. As such, it represents a valid alter-
native to PD. Future efforts should aim to prevent hyperten-
sion and its cardiac sequelae, improve neurodevelopmental
outcome, and lower mortality rate in infants receiving HD
therapy.
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