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Abstract

Background There are similarities in hemodialysis (HD) between adults and children and also unique pediatric
aspects. In this systematic review, we evaluated the existing HD literature, including vascular access, indications,
parameters, and outcomes as a reflection on real-life HD practices.

Methods Medline, Embase, CINAHL, Web of Science, and Cochrane Library were systematically searched for
literature on HD in children (1-20 years). Two reviewers independently assessed the literature and data on indica-
tions; vascular access, outcomes, and specific parameters for HD were extracted.

Results Fifty-four studies (8751 patients) were included in this review. Studies were stratified into age groups 1-5, 6-12,
and 13-20 years based on median/mean age reported in the study, as well as era of publication (1990-2000, 2001-2010,
and 2011-2019). Across all age groups, both arteriovenous fistulas and central venous catheters were utilized for
vascular access. Congenital abnormalities and glomerulopathy were the most common HD indications. HD parameters
including HD session duration, dialysate and blood flow rates, urea reduction ratio, and ultrafiltration were characterized
for each age group, as well as common complications including catheter dysfunction and intradialytic hypotension.
Median mortality rates were 23.3% (3.3), 7.6% (14.5), and 2.0% (3.0) in ages 1-5, 612, and 13-20 years, respectively.
Median transplantation rates were 41.6% (38.3), 52.0% (32.0), and 21% (25.6) in ages 1-5, 6-12, and 13-20,
respectively.

Conclusion This comprehensive systematic review summarizes available literature on HD in children and young
adults, including best vascular access, indications, technical aspects, and outcomes, and reflects on HD practices
over the last three decades.
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Introduction

With significant advances in medical technology, hemodialy-
sis (HD) has evolved to be a critical tool for managing chil-
dren with kidney disease. HD is utilized in children with both
acute kidney injury (AKI) and kidney failure, with nearly 50%
of kidney failure patients receiving HD as a bridge to trans-
plantation [1]. In the setting of pediatric AKI, situations such
as severe electrolyte imbalance, fluid overload,
hyperammonemia, and uremic encephalopathy require dialy-
sis. Common etiologies of pediatric kidney failure requiring
dialysis include congenital anomalies of the kidney and uri-
nary tract (CAKUT) and glomerular diseases.

To choose an appropriate kidney replacement modality,
important factors such as the indication for dialysis and clin-
ical status of the patient must be considered. Although gen-
eral principles of dialysis are similar between adult and pe-
diatric populations, children have different growth, develop-
mental, and psychosocial needs that should be considered
[1]. Traditionally, older children and adolescents are more
likely to receive HD while infants and younger children
weighing < 10 kg often receive peritoneal dialysis (PD) [2].
The large size of HD extracorporeal circuits in relation to the
blood volumes of small children results in a technically dif-
ficult procedure [1]. Additionally, clinicians favor HD in
cases with contraindications to PD, such as diaphragmatic
hernia, prior intra-abdominal surgery, or malignancy [3].
The unique technical challenges of HD in children require
close monitoring to prevent potential complications with sig-
nificant morbidity and mortality.

Overall, proper HD in children requires careful manipula-
tion of the following technical parameters: vascular access,
choice and size of dialysis machine, type of dialyzer, dialysate
composition, and blood and dialysate flow rates. In addition,
patient monitoring, assessment, and management of compli-
cations such as fluid overload or hypotension play an impor-
tant role in efficient and safe hemodialysis. This systematic
review summarizes the relevant published literature regarding
the utilization of hemodialysis in children and young adults
for acute and chronic kidney disease and provides a summary
of widespread HD practices spanning over three decades. A
review of existing guidelines utilized when treating children
with HD is also provided.

Methods

Database source and search criteria

In this systematic review, we sought to summarize results of
all published literature regarding type of access, indications,

parameter, and outcomes of HD in children. This study was
registered in the International Prospective Register for

@ Springer

Systematic Reviews (#CRD42020141616). A systematic
search was conducted in the following databases: Medline,
Embase, CINAHL, Web of Science, and Cochrane Central
Trials. Keywords and search terms were developed by an
expert librarian. Online Resource 1 lists the full search criteria.
All literature was downloaded to Rayyan QCRI and reviewed
using the selection criteria. Included papers were assessed in
Mendeley (version 1.19.4).

Study selection and eligibility

Two reviewers (CY, AF) independently reviewed the titles,
abstracts, and full-text review of all citations. Any conflicts
were resolved either by consensus or a third independent re-
viewer (RC). For our review, the eligible studies included
children aged 1-20 years receiving hemodialysis for acute or
chronic indications. We further narrowed our inclusion criteria
to papers which had primary hemodialysis and vascular access
outcomes, rather than single biomarker outcomes. The origi-
nal search criteria involved children aged 1-17 years; howev-
er, given that the large percentage of studies included hemo-
dialysis in subjects aged 1-20 years, our age limitations were
extended. Studies prior to Jan 1990 or studies regarding other
modalities of dialysis (hemodiafiltration, CRRT, PD, and
SLED) were excluded. Non-English studies or those involv-
ing < 5 patients were excluded. Some studies included data on
pediatric HD which involved subjects outside the defined age
group (1-20 years) or data from mixed modalities (e.g., PD
and HD combined). If the relevant data could not be extracted,
the study was not included in the final analysis.

Data extraction and analysis

Data were extracted electronically from relevant literature by
two reviewers (CY, AF). The appropriate data on vascular
access, indications for HD, and specific parameters of HD,
including dialysate composition, dialysate flow, blood flow,
urea reduction rate, and ultrafiltration, were extracted from
each study. Data were also collected regarding medications,
anticoagulation, and blood transfusions along with outcomes
of mortality and kidney transplantation. Data were stratified
into age group (ages 1-5, 6-12, and 13-20 years) based on the
mean/median age of the children included in individual stud-
ies, as well as the decade of publication (1990-2000, 2001—
2010, and 2011-2019). Continuous data were presented as
median (IQR), unless otherwise specified in the text.

This systematic review was completed in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines
(Online Resource 2) and the enhancing transparency in
reporting the synthesis of qualitative research
(ENTREQ) statement (Online Resource 3).
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Results

The initial database search yielded 16,196 potential articles of
interest (Fig. 1). After screening titles and abstracts, 101 full-
text articles were assessed based on our inclusion criteria.
Ultimately, 54 studies with a total of 8751 children were in-
cluded, and appropriate data was collected (Tables 1 and 2,
Online Resource 4-6). Two included studies had a mean or
median age between 1 and 5 years of age (n= 100 children),
22 studies were included in the 6-12-year age group (n = 709),
and 24 studies were included in the 13-20-year age group
(n=6058). Six studies did not list a mean or median age
(n=1884) [22-27]. HD parameters stratified by patient age
and decade of publication are listed in Table 1. Figure 2 rep-
resents the gradual decrease in the age of dialysis initiation in
various eras 1990-2000, 2001-2010, and 2011-2019, in the
age groups 6—12 years and 13-20 years. There were only 2
studies in the group of 1-5 years, and thus, it is not graphically
represented.

The median duration of HD session was 240.0 min in ages
1-5, 202.5 (30.0) minutes in ages 6—12, and 222.5 (34.0)
minutes in ages 13-20. Across all age groups, median num-
ber of sessions was 3 sessions/week. Across the 3 eras from
1990 to 2019, frequency of dialysis sessions ranged from 3
to 4 times/week, and there was no clear trend in the change of

Records identified through database searching
(n =21,042)

\ 4

II Identification I

Records after duplicates removed
(n= 16, 196)

hemodialysis duration over time. Cumulative duration of HD
per patient in months was 27.7 (15.5) in ages 1-5, 25.0 (28.6)
in ages 612, and 28.0 (24.7) in ages 13-20. A subset of
studies described cumulative number of sessions/patient;
median 50.0 (36.0) in ages 6—12 and a single study from ages
13-20 reported 86 sessions/patient [19].

Recorded incidences of vascular access use varied greatly
between papers. In age 1-5, there was 1 recorded event of
arteriovenous fistula (AVF)/graft and 10 events of central ve-
nous catheter (CVC) use. In ages 612, 356 events of AVF/
graft/basilic vein transposition occurred, and a total of 512
events of CVC were reported. From age 13-20, there were
1633 total events of AVF/graft/basilic vein transposition and
3349 recorded events of CVC use. Across the majority of
studies, the internal jugular vein (IJV) was used. In eras
2001-2010 and 2011-2019, there was a predominance of
CVC use observed. Total number of AVF/graft/basilic vein
transposition use was 63 in studies from 1990 to 2000, with 18
events of CVC use. In the eras 0of2001-2010 and 2011-2019,
total events of AVF/graft/basilic vein transposition use across
all ages were 1466 and 779 respectively, while events of CVC
use were 3021 and 1172. In the 6 studies without a listed mean
or median age, one study reported a session duration of
240 min [27], and two studies reported thrice weekly dialysis
sessions [26, 27]. Cumulative duration was only listed in a

Records excluded based on review of title & abstract
(n=16,095)
o Not full-text research article
o Not human or pediatric study
o Study included n < 5 subjects

\ 4

\ 4

Screening

Records screened
(n=101)

o Non-English language study

\ 4

Full-text articles excluded for not meeting inclusion

\ 4

Full text articles assessed for eligibility
(n=154)

Eligibility

l

Studies included in qualitative synthesis
(n=54)

l

Included

Studies included in systematic review
(n=54)

criteria
(n=47)
o Study included patients outside of 1-20 years,
where data could not be extracted separately
o Study included mixed dialysis modality (e.g. PD)
where data could not be extracted separately

Fig. 1 Selection flow chart
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Table 1 (continued)

Catheter

URR Session Cumulative Vascular
access type

Blood flow

Dialysate

Mean Dialyzer

N

Author

duration/patient

composition duration and
frequency

type

age

CVL (8), AVF (12),

4h

205+ 64

Ultrapure

High-flux (Fresnius

Agbas et al.,

AVG (2)

dialysis mL/min

fluids

Cordiax),

2018 [80]

Fresnius 5008,

Gambro AK200

NR

0.78 years AVF (320) and

NR

NR NR

NR

14.2%

Boehm et al.,, 713

CVC (393)

(median)

2019 [21]

*Denotes median age in place of mean age

NR not recorded, CVC central venous catheter, AVF arteriovenous fistula, AVG arteriovenous graft, SV subclavian vein, ZJV internal jugular vein, F'V femoral vein, CVL central venous line, £JV external

jugular vein

Full list of references [1-80] in Online Resource 7

6 studies with no age reported were not included in table

single study as mean 8.6 months [25]. Recorded events of
AVF/graft/basilic vein transposition ranged from 6 to 276
and 7 to 284 events for CVC use.

Indications for hemodialysis

Most of the studies (7 =47) reported data on HD in children
with kidney failure. However, six studies assessed children
undergoing acute HD, with a combined subset of 60 patients
in total [6, 8, 9, 13, 16, 23]. Of these six studies, four were
from the age group 612, one from age 13-20, and one did not
have a recorded mean/median age. In studies of chronic he-
modialysis patients, common etiologies of kidney failure
across all ages included CAKUT, which included kidney dys-
plasia and obstructive uropathies, glomerulonephritis (GN),
focal segmental glomerulosclerosis (FSGS), polycystic kid-
ney disease, and HUS (Online Resource 4).

Hemodialysis parameters

Specific parameters of the HD prescription were recorded,
including dialyzer and tubing type, volume of priming solu-
tion, surface area, dialysate composition and temperature, di-
alysate and blood flow, urea reduction ratio (URR), and ultra-
filtration (UF) (Table 1). The two dialyzer machines reported
in ages 1-5 were Gambro AK200 and Fresnius 2008K ma-
chines, with hollow-fiber, polysulfone dialyzer membranes. In
ages 612, Fresnius (2000A, 2008H/K, 4008B/S) were used,
with hollow-fiber polysulfone or acetate membranes. A single
study mentioned the use of high-flux membranes [10]. Lastly,
in ages 13-20, Gambro (AK100, AK10, AK200S), Fresnius
(2008K, 4008H, 5008), Cobe, and Baxter machines were
used. Dialyzer membranes included hollow-fiber low-flux
polysulfone and high-flux dialyzers. In the era 1990-2000, a
single study reported the use of low-flux dialyzers, while in
the eras of 2001-2010 and 2011-2019, the use of both high-
and low-flux dialyzers was reported. In the 6 studies without a
reported mean/median age, dialyzer types listed were Gambro
AK10/AK200/AK200S and Centry 3 [22, 25], and one study
reported a range from low- to high-flux dialyzers (12-73% of
patients) [27].

Only one study across all ages described tubing type,
which was in accordance with the patient’s weight and body
surface [17]. Two studies indicated priming of the system if
extracorporeal volume exceeded 10%, one with normal saline
and one with packed red blood cells diluted to a hematocrit of
40% [4, 25], with one study stating a minimum priming vol-
ume of 58 mL [25]. Dialyzer surface area was described in a
single study (ages 6—12 years) and reported as 75-100% of
body surface area [§].

In terms of dialysate solution, studies from ages 1-5 de-
scribed using a standard dialysate solution, with one using a
standard citrate dialysate [5]. In ages 612, a bicarbonate or
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Table 2  Summary of findings—mortality and transplantation

Author N Mean Age Mortality (n) Transplantation (n)
Age 1-5 years
2001-2010 Kovalski et al., 2007 [4] 10 3.1 2
2011-2019 Youseff et al., 2013 [5] 90 5.6 24
Age 6-12 years
1990-2000 Bowen et al., 1993 [51] 7 10.6 0 5 attempted, 1 successful
Kurien et al., 1996 [6] 30 11.3 NR 12
Fischbach et al., 1998 [7] 5 11.7 NR NR
2001-2010 Hari et al., 2002 [8] 53 11.0% 8 11
Leonard et al., 2004 [52] 138 11.3 NR NR
Fischbach et al., 2006 [53] 5 8.6 NR 4
Peynircioglu et al., 2007 [9] 23 11.2 2 2
Hothi et al., 2008 [10] 10 12.8 NR NR
Hothi et al., 2009 [11] 6 12.3 NR NR
Briones et al., 2010 [54] 79 10.5 1 44
Daugirdas et al., 2010 [55] 34 11.6 NR NR
2011-2019 Eisenstein et al., 2011 [56] 18 10.0* 3 13
De Souza et al., 2011 [57] 61 12.8 NR NR
Paglialonga et al., 2012 [58] 10 9.2% NR NR
El Hatw et al., 2013 [59] 10 10.9 NR NR
Maet al., 2013 [12] 23 10.6* 0 13
Paglialonga et al., 2014 [60] 20 10.9% NR NR
Shin et al., 2015 [13] 46 9.3 AKIL: 2 AKI: 0
CKD 5: 1 CKD 5: 11
Wang et al., 2015 [61] 16 9.14 3 8
Fadel et al., 2016 [62] 55 9.69 NR NR
Kfoury et al., 2017 [63] 42 12.8 0 22
Lutkin et al., 2018 [14] 18 12.0* NR NR
Age 13-20 years
1990-2000 Wallot et al., 1996 [64] 9 14.1 NR NR
Marseni¢ et al., 2000 [15] 15 14.5 NR NR
2001-2010 Frankenfield et al., 2002 [65] 433 15.8 NR NR
Neu et al., 2003 [66] 435 15.8 NR NR
Gradman et al., 2005 [67] 47 14.6 0 8
Fadrowski et al., 2006 [68] 418 15.6 NR 54 (13%)
Frankenfield et al., 2006 [69] 433 15.8 14 Mean 17.5%
Goldstein et al., 2006 [70] 663 13.8 NR NR
Gorman et al., 2006 [71] 613 16.2 2.3% 21%
Onder et al., 2007 [72] 59 13.9 NR NR
Jennings et al., 2009 [73] 10 16 NR NR
Aoun et al., 2010 [74] 7 15.0% NR NR
Kreuzer et al., 2010 [16] 18 15.0% NR NR
Gorman et al., 2010 [75] 1534 15.9 30 NR
2011-2019 Hoppe et al., 2011 [17] 15 15.2 7
Rus et al., 2011 [18] 31 13.3 10
Oh et al., 2014 [76] 14 13.2 NR NR
Wartman et al., 2014 [77] 93 14 NR 68
Marsenic et al., 2016 [19] 5 13.4 NR NR
Ferris et al., 2016 [78] 418 15.1 <1% NR
Kim et al., 2016 [79] 47 15.7 0 20
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Table 2 (continued)

Author N Mean Age Mortality (n) Transplantation (n)
Laskin et al., 2017 [20] 6 16.7* 0 0

Agbas et al., 2018 [80] 22 13.2 NR NR

Boehm et al., 2019 [21] 713 14.2% 14 Mean 61.5%

*Denotes median age in place of mean age

NR not recorded, AKT acute kidney injury, CKD 5 stage 5 chronic kidney disease

Full list of references [1-80] in Online Resource 7

6 studies with no age reported were not included

acetate solution was used. In all solutions containing bicar-
bonate, concentration was 35 mmol/L, and calcium
1.25 mmol/L. Varying levels of glucose (ranging from glu-
cose free—11 mmol/L) and sodium (138—-148 mmol/L) were
used. In ages 13-20, a varying concentration of bicarbonate
(25-35 mmol/L) and sodium (134-140 mmol/L) was used,
with a standard calcium concentration of 1.75 mmol/L.
Temperature of the dialysate solution was only reported in
two studies across all ages as 37.5 °C [10, 11]. In the 6 studies
without a reported mean/median age, a single study reported
using a range of Na (<138, > 138 mmol/L), Ca (1.25-
1.75 mmol/L), and bicarbonate (34—-36 mmol/L) in their dial-
ysate solutions [27].

Dialysate flow (mL/min) was reported once in ages 1-5 as
a mean of 500 mL/min [4]. Median dialysate flow in age 6—
12 years was 462.5 (75.0) mL/min and 500.0 mL/min in ages
13-20, and did not vary significantly across eras. From ages
1-5 years, mean blood flow was reported in two studies as
5 mL/kg/min [4] and 300 mL/min [5]. In the latter study,
however, the age range of children (n=90) was 1-15 years
and mean age at start of HD was 5.6+ 1.4 years and mean
weight was 17.0 +2.7 kg (range 8-50). In ages 612, 3 studies
reported blood flow in mL/kg/min with a median of 5.0 (0.6),
and the remainder of studies reported a median of 142.5 (76.0)

17
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Mean/Median Age at Dialysis Initiation among children 13-20 years
15
"

13

[ 1990-2000 [ 2001-2010
[ 2011-2019

mL/min. In ages 13-20, a single study reported a mean
4.5 mL/kg/min [17], while the remainder had a median of
205.0 (100.0) mL/min. There was no specific trend noted in
median blood flow across all eras, which ranged from a lowest
value of 145.0 (38.5) mL/min in era 1990-2000 to a highest
value of 215.0 (135.2) mL/min in era 2001-2010. In the 6
studies without a reported mean/median age, dialysate flow
was listed in one study as 525 mL/min [26], and blood flow
ranged from 125 to 200 mL/min.

Lastly, URR was reported in a single study between ages 1
and 5 as a mean of 62.1%. From ages 6 to 12, median URR
was 58.5% (22.3), and from ages 13 to 20, 46.9% (26.3). In
terms of era, there were no reported URR in studies from 1990
to 2000. Median URR in studies from 2001 to 2010 was
65.1% (11.4), and in 2011-2019, it was 64.5% (30.2).
Ultrafiltration (UF) rate was reported sparsely. In studies
where UF was reported as a percentage, it was calculated by
dividing the ultrafiltration volume by the post-dialytic body
weight. In ages 6—12, one study reported a mean UF volume
of 5.4% [10], while another observed a mean UF rate of
321 mL/h [8]. In ages 13-20, one study reported a mean of
6.1 £2.6% UF rate [15]. In studies without a reported mean/
median age, URR ranged from 65.1 to 76.4%, and UF rate
was reported in one study as 9.3 mL/kg/h [27].
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Fig. 2 Changing trends in age of dialysis initiation from 1990 until 2019 for children age 612 years and 13-20 years
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The most common medications administered included
erythropoietin, iron supplementation, activated vitamin D
(i.e., Calcitriol), anti-hypertensive medications, and growth
hormone treatment (Online Resource 6). Mannitol was admin-
istered in 3 studies (one without a reported age, two studies
aged 6-12) to avoid intravascular volume depletion and pre-
vent disequilibrium syndrome and intradialytic hypotensive
episodes [10, 11, 25]. In one study, 20% albumin was used
in place of mannitol if hypoalbuminemia was present, and the
line was primed with 5% albumin or normal saline if maxi-
mum extracorporeal volume exceeded 10% [25].

Anticoagulation in ages 1-5 was reported in a single study
as heparin 10-30 U/kg/h [4]. If heparin was given in ages 6—
12, dosing was variable and ranged from 45 to 70 U/kg as an
initial bolus or an infusion with an upper limit of 0.2 units/kg/
min. A single study used low molecular weight heparin
(LMWH; dalteparin) dosed at 50 TU/kg [14]. Three studies
reported low molecular weight heparin or unfractionated hep-
arin (UFH) use but did not provide specific dosing. A single
study used nafamostat for one patient [13]. In ages 13-20,
LMWH and UFH were used in one study each for
anticoagulation, as well as a citrate solution (3—30% range)
in a single study [16]. Dosing of LMWH ranged from 33 to
110 U/kg, and heparin dose was titrated to achieve a clotting
time of 150-170 s.

In terms of blood transfusion, a single study in ages 1-5
reported that at least 8 patients (out of 10 total patients) needed
at least one transfusion to achieve Hb 11-13 g/dL, due to the
presence of anemia despite erythropoietin treatment [4]. In
ages 6—12, only one study commented on transfusion and
specified that patients with Hb under 7 g/dL received transfu-
sions during dialysis [8]. In ages 13-20, a single study report-
ed a transfusion requirement in a mean of 13.4% of patients
[20]. One study without a reported mean/median age reported
mean transfusions of 7.4 + 5.7 mL/kg/month in the first month
of dialysis, which decreased to 1.6 +2.2 mL/kg/month after
6 months of treatment [25].

For long-term patient monitoring, 4 studies across all age
ranges commented on their monitoring protocols. This includ-
ed 30 min—hourly blood pressure and heart rate monitoring, as
well as additional readings during any symptomatic event, and
regular blood work monitoring weekly and monthly. One
study monitored gross UF volume regularly [10].

Outcomes

Data regarding mortality, transplantation, and complication
rates are described in Table 2. In the age group of 1-5 years,
median mortality rate was 23.3% (3.3), while it was 7.6%
(14.5) and 2.0% (3.0) in ages 6—12 and 13-20, respectively.
Common causes were pulmonary edema, cardiovascular
events, hyperkalemia, and infection. No deaths were directly
attributed to HD therapy. Mortality in the era of 1990-2000
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was reported in a single study as zero, in years 2001-2010 as
median 3.2% (6.7) and in years 2011-2019 as median 6.5%
(15). Median transplantation rates were 41.6% (38.3), 52.0%
(32.0), and 21% (25.6) in ages 1-5, 612, and 13-20, respec-
tively. In ages 1-5, transplantation rates ranged from 3.3 to
80%. In ages 6-12 and 13-20, transplantation rates ranged
from 2 to 80% and 0 to 61.5%, respectively. In terms of era,
transplantation rate was 55.7% (15.7) in 1990-2000, 20.9%
(56.8)1in2001-2010, and 46.7% (23.1) in 2011-2019. In the 6
studies without a reported mean/median age, mortality was
only reported in one study as 7.1%, with a transplantation rate
0f 92.9% [25].

Individual dialysis complications for each study are listed
in Online Resource 5. Intradialytic hypotension was reported
in only one study between ages 1 and 5 as 60.0% [4]. Median
proportion of intradialytic hypotension in ages 6—12 was
14.6% (18.9), and in ages 13-20, the rate was 26.8% (26.8).
Catheter dysfunction was relatively common across all age
ranges. It was reported in a single study in ages 1-5 as a
dysfunction rate of 56.0% [4]. In ages 6—12, catheter dysfunc-
tion rate was median 41.0% (18.9), and in ages 13-20, the
median rate was 53.0% (14.0). Common reasons for removal
and/or replacement were catheter dislodgement or malposi-
tion, as well as obstruction, secondary to kinking or thrombo-
sis. Catheter infection rate was not reported in any studies
aged 1-5. Infection rate was observed to be a median of 1.4
(1.4) per 1000 catheter days in ages 6—12 and was only report-
ed in one study aged 13-20 as 0.9 per 1000 catheter days [18].
In terms of era, catheter infection rate was exclusively report-
ed in studies from 2011 to 2019, as a median 1.23 (0.6) events/
1000 catheter days. Overall CVC survival time in patients
aged 1-5 was reported in one study as 42.7 days [4]. For ages
6—12, catheter survival was a median of 53.8 (30.2) days, and
in ages 13-20, it was a median 303.8 (79.2) days. In studies
without a mean/median age reported, one study reported a
catheter dysfunction rate of 52% with mean 42 day CVC
survival [23].

Discussion

While the concept of HD is similar in adults, specific technical
factors must be taken into account in children, including the
choice of dialyzer, size of extracorporeal circuit, and vascular
access. In adults, HD prescription is relatively standardized
and has standard dialysis flow rates (> 500 mL/min) and blood
flow rates (>300 mL/min). In contrast, children have blood
flow rates based on body weight (5-7 mL/min/kg) [26].
Another important difference between pediatric and adult he-
modialysis is the increased risk of loss of plasma proteins,
especially in infants, when the priming volume is not returned
back due to various reasons. Early onset kidney disease also
predisposes infants and children to recurrent blood transfusion
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which sensitizes them and adversely affects their transplant
outcomes. These issues, in part, are due to lack of age-
appropriate HD equipment and tubing for younger infants
and children. More recently, HD has been increasingly used
successfully in infants and young children, due to significant
advances in extracorporeal therapy, such as smaller dialyzers
and tubing systems that allow for smaller circuit volumes [28].
Further, given the chronic nature, early onset of pediatric kid-
ney disease and high risk for malnutrition, special care in
hemodialysis prescription is required to achieve ideal nutri-
tional, growth, and psychosocial outcomes as the child ma-
tures. There is increasing evidence that more intensified HD
regimens in children can have a positive impact on cardiovas-
cular, nutritional, and growth status [29, 30]. Of note, special-
ized, multi-disciplinary care can be difficult to achieve given a
relative paucity of pediatric dialysis centers in the USA, com-
pared to adult center availability [31]. There are many gaps in
high-quality evidence to support pediatric hemodialysis
guidelines upon which current practices are based.

As of 2017, HD was the most common initiating therapy
(54.4%) for children requiring dialysis in the USA, in com-
parison to PD (29.5%) or transplantation (16.1%) [32]. A re-
cent study of Canadian children showed a decline in the use of
PD for AKI in favor of increasing HD or continuous kidney
replacement therapy use [40]. Similarly, various other national
registries have shown HD as the most common initial modal-
ity followed by PD and transplantation (Table 3) [33, 35-37].
As demonstrated in our review, median age of dialysis initia-
tion decreased from earlier years (1990-2000) to later eras
(2011-2019), in both age groups 6—12 and 13-20 years.
Advancements in technological expertise in pediatric HD
may have contributed to this trend.

Regarding vascular access, existing literature supports
AVF/AVG as the preferred pediatric vascular access [41].
There are several reported benefits of AVF in comparison to
CVCs including lower risk of infection, thrombosis and better
solute clearance [12, 24]. Due to the young age of patients at
onset of dialysis, the importance of maintaining vasculature
for future access was emphasized. Despite these guidelines,
the 2019 USRDS data reported that 87.6% of pediatric pa-
tients with kidney failure used a CVC for initial vascular ac-
cess over AVF (11.0%) and AVG (1.4%) [33], with similar
trends in NAPRTCS and ANZDATA reports (Table 3) [34,
35]. Our data observed greater CVC use across all three age
groups, and in eras 2001-2010 and 2011-2019 there was also
a predominance of CVC use observed. Unfortunately, data on
catheter type was too sparse to draw conclusions about trends.
There are several factors that may contribute to predominant
CVC use, which include technical difficulty in fistula/graft
creation in children with small vasculature, rapid onset of
kidney failure, and an expected short period of time until
transplantation [21]. The location of the access is also impor-
tant. The right IJV was reported to be most preferable, as it

allows for higher blood flow and the blood flow remains in-
significantly affected when the patient becomes mobile, in
comparison to femoral veins. It is crucial to utilize the subcla-
vian vein as a last option due to high risk of stenosis and other
complications.

The studies in this review largely focused on chronic HD;
however, a few studies did report their use of HD in acute
situations such as AKI, rapidly progressive kidney failure,
electrolyte disturbances, drug ingestions/intoxications, tumor
lysis syndrome, and HUS [42]. In terms of long-term chronic
HD, the most common indications reported in this review
included CAKUT and glomerulonephritis. This is in accor-
dance with etiologies reported by the various registries listed
in Table 3 [33-40].

Current guidelines recommend that delivered dialysis dose
be measured monthly in children and adolescents, with a min-
imum single-pool Kt/V target of 1.2 or URR > 65%. To pro-
vide optimal dialysis, various factors need to be considered
and modified based on the child’s size and availability of
resources in dialysis centers, including appropriate dialyzer
surface area, dialysate and blood flow rate, and frequency
and time of dialysis sessions. In our review, HD session fre-
quency and duration did not vary significantly over different
eras, and the majority of studies reported 3—4 sessions/week.
The surface area of dialyzer commonly correlates to approxi-
mately 75-100% of the total body surface of the child [28]. In
addition, the type of dialyzer utilized is generally tailored to
the patient’s size, solute clearance, and ultrafiltration require-
ments. In our review, not all studies reported on type and flux
of dialyzer used but there was an emerging trend of increasing
high-flux dialyzer use in the more recent eras for children aged
6—12 and 13-20 years old. Use of high-flux dialyzers has
increased as they enable improved clearance of middle mole-
cules such as -2-microglobulin and have been shown to re-
duce cardiovascular mortality in patients [43].

Furthermore, the tubing size is commonly selected
according to the patient’s size and blood flow to main-
tain the extracorporeal circuit within normal limits [2].
For patients <10 kg, neonatal tubing (25 mL) is often
used while pediatric tubing (75 mL) is often utilized for
patients weighing 10-20 kg [44, 45]. It is generally
accepted that a maximum of 10% of a patient’s blood
volume may be in the extracorporeal circuit at one time
[45]. Accordingly, several studies in this review noted
that if > 10% is noted in the circuit, the system is com-
monly primed with pRBCs and 5% albumin or a normal
saline solution to avoid hypotensive complications [4,
25]. The specific volume and content of the blood
prime are commonly dependent on the extracorporeal
volume, the patient’s perfusion status, and risk of hemo-
dynamic instability [44]. For example, the combination
of neonatal lines with a F3 dialyzer is a total of
25 mL +29 mL =54 mL. This is safe for a 7.5-kg child,
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Table 3  Incidence and prevalence of etiology, treatment modalities, and vascular access from National Registries
Registry
USRDS USRDS NAPRTCS ANZDATA ESPN/ UK Italian Belgian
(2016) (2019) [34] [35] ERA- RenalRegistry Registry Registry
[32] [33] EDTA [36] [37] [38] [39]
Age range (years) 0-21 0-21 0-20 0-19 0-17 0-15 0-19 0-19
Number of cases 7176 1319 7037 369 725 810 1197 143
Etiology
CAKUT 1574 21.9%) - 3361 (48%) 127 (34%) 210 (29.5%) 425 (53.8%) 522 (43.6%) 84 (59%)
Hypodysplasia 744 (104%) - 1907 27%) 95 (26%) - - 167 (13.9%) 66 (46%)
Obstructive uropathy 665 (9.3%) - 145421%) 32 - - - 18 (13%)
Glomerulonephritis 312 (4.3%) - 993 (14%) 108 (29%) 178 (25.0%) 146 (18.1%) 31 (2.6%) 10 (7%)
HUS 98 (1.4%) - 141 Q%) 9 2%) 273.8%) - 43 (3.6%) 9 (6%)
Hereditary 142 (2.0%) - 717 10%) - 64 (9.0%) 118 (14.6%) 45(3.8%) 27 (19%)
nephropathy
Congenital NS 127 (1.8%) - 75 (1%) 7 2%) - - 13(1.1%) 5 (3.5%)
Metabolic disease - - - - 13(1.8%) 32 (4.0%) - 5(3.5%)
Cystinosis 38 (0.5%) - 104 (1.5%) 4 (1%) - - 22 (1.8%) 2 (1.4%)
Cystic kidney disease 839 (11.7%) - 368 (5%) 25 (7%) 52(7.3%) - 60 (5.0%) 13 (9%)
Ischemic renal failure 503 (7%) - 158 (2%) 8 2%) 8 (1.1%) - - 3 (2%)
Miscellaneous 1025 (143%) - 1485 (21%) 65 (18%) 135 (18.6%) 2(0.2%) 23 (1.9%) 10 (7%)
Unknown 880 (12.3%) - 182 (3%) 16 (4%) 8 (1.1%) 10 (1.2%) 40(3.3%) -
Initial treatment modality
HD 51.5% 51.3% - 45.0% 41.4% 34.0% - -
PD 28.6% 27.8% - 39.0% 38.0% 44.0% - -
Transplant 19.9% 20.8% - 16.0% 20.5% 22.0% - -
Prevalent treatment modality(n, %)
HD 17.5% 16.6% - - - 13.1% - 13.3%
PD 10.6% 10.1% - - - 10.6% - 14.0%
Transplant 71.9% 73.3% - - - 76.3% - 25.2%
Type of vascular access used at HD initiation (n, %)
AVF 26.6% 11.0% 13.0% 12.0% 44.9% - - -
AVG 2.7% 1.4% 7.3% 15.0% - - - -
CVC 70.7% 87.6% 77.7% 73.0% 55.1% - - -

CAKUT congenital anomalies of the kidneys and/or urinary tract, HUS hemolytic uremic syndrome, NS nephrotic syndrome, HD hemodialysis, PD
peritoneal dialysis, AVF arteriovenous fistula, AVG arteriovenous graft, CVC central venous catheter

Full list of references [1-80] in Online Resource 7

(blood volume of 7.5 x 80 mL =600 mL), whose maxi-
mum allowable extracorporeal blood volume is 60 mL.
However, a child under 7.5 kg in weight cannot use this
circuit or needs to have consideration for a blood prime.

The composition of dialysate is another important compo-
nent and is commonly tailored according to the patient’s char-
acteristics. Typically, a standard bicarbonate solution is used
with a concentration of 35 mmol/L, with physiological glu-
cose and calcium concentration (1.25 mmol/L) [2, 7], and was
utilized by a majority of studies in our review. Of note, low-
ering the bicarbonate concentration to the 22—25 mmol/L
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range is often considered with citrate anticoagulation to re-
duce the risk of metabolic alkalosis [45]. Higher levels of
dialysate bicarbonate are suggested to increase cardiovascular
risk in adults; however, there is a lack of evidence to suggest
the same in children [46].

Additionally, dialysate flow is an important component of
dialysis adequacy. Standard flow rates independent of body
size typically range between 500 and 800 mL/min [26, 45]. A
flow rate of 500 mL/min is suitable for pediatric patients;
however, a flow rate of 800 mL/min may be required to
achieve optimal clearance in larger patients. In our study, the
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mean dialysate flow was found to be fairly consistent across
all eras and age groups; ages 1-5 were reported in only one
study as a mean of 500 mL/min, while median dialysate flow
in ages 6—12 years was 462.5 (75.0) mL/min and 500.0 (0)
mL/min in ages 13-20. Dialysate temperature is another com-
ponent to providing optimal dialysis. In our review, two stud-
ies (both ages 6—12) reported using a temperature of 37.5 °C
[10, 11], consistent with the standard dialysate temperature,
which typically ranges from 36 to 37.5 °C. A temperature of
37.5 °C is preferred and recommended for dialysate usage in
infants to avoid the risk of dialysis-associated hypothermia
[44]. However, in situations of intradialytic hypotension, it is
thought that patients may benefit from a cooler dialysate tem-
perature of 35 °C [47, 48].

Blood flow rate is one of the key factors in dialysis ade-
quacy. Generally, a blood flow rate of 150-200 mL/min/m? is
sufficient and based on the body weight of the child (5—7 mL/
kg/min) [26]. In our review, studies which reported blood flow
in mL/kg/min ranged from 4.0 to 5.1 mL/kg/min across all age
groups. No specific change in blood flow rate in children over
time was identified in our review. Flow rate can be slowly
increased over the first few treatments; initiating at 2-3 mL/
kg/min and then increasing by approximately 1 mL/kg/min
during the first 3 sessions [28]. There may be a limitation to
blood flow due to the catheter size/position; however, no such
instances were reported in our study.

Dialysis urea clearance is measured by URR, which is cal-
culated using the pre- and post-dialysis BUN values, and gen-
erally, the desired URR is > 65% per session [49]. In our re-
view, URR was reported in one study between ages 1 and 5 as a
mean of 62.1%. From ages 6 to 12, median URR was 58.5%
(22.3), and from ages 13 to 20, 46.9% (26.3), indicating that not
all studies were reaching the desired target, although the major-
ity of studies did achieve URR > 65%. In a few studies, it was
noted a lower urea clearance was targeted (30-40%) in the first
few sessions of dialysis and titrated up to the desired goal [44].
Overall, our data suggests that efficacy may decrease as age
increases, as indicated by URR% attained. Kt/V measurements
were not obtained in this review. Gotta et al. similarly observes
that HD efficacy varies with age and weight, and adolescents
and larger children may be at higher risk of receiving insuffi-
cient HD, based on spKt/V measurements [26]. When assessing
URR based on era, median URR% was not reported in 1990—
2000, but was 61.4% (11.4) from 2001 to 2010, and 62% (32.4)
in 2011-2019 suggesting that overall efficacy was nearing >
65% 1in later eras.

Furthermore, the dialysis sessions (duration and frequency)
are often designed to achieve a target dry weight while staying
within the acceptable limit of fluid ultrafiltration. In our re-
view, the ultrafiltration (UF) was sparsely reported, suggest-
ing a lack of consistent data exists for this parameter. While
traditionally, an ultrafiltration cut-off of 5% was considered to
be a target to avoid hypotension; one study in our review

achieved a much higher rate (up to 9.7%) which was tolerated
with interventions such as intravenous mannitol and sodium
ramping [10]. Data on fluid overload and hemodiafiltration
were not included in this study, and thus, potential trends
cannot be commented on.

Additionally, anticoagulation may be required for HD to
prevent extracorporeal circuit clotting and bleeding.
Unfractionated heparin and LMWH were both used in the stud-
ies of this review, across all age groups and in studies published
in 2001-2010 and 2011-2019. Of studies which reported hep-
arin dose, reported dosing ranged from 10 to 30 U/kg/h in ages
1-5 years, to 12 U/kg/h in ages 612 years. LMWH types and
dosing were variable across studies. The general HD practical
guidelines in children by Fischbach et al. recommended the use
of conventional heparin (continuous infusion rate of 20 to
30 IU/kg/h) or LMWH (1 mg/kg) for anticoagulation [2].
Non-heparin-based anticoagulation can be considered for pa-
tients with increased risk of bleeding [45]. Two studies in our
review used alternate anticoagulation; one used nafamostat [13]
and one used a range from 3 to 30% citrate [16].

There were also various complications of HD reported by
the studies included in this review. Catheter infection rate was
only reported in studies published from 2011 to 2019, making it
difficult to comment on trends over time. Intradialytic hypoten-
sion was reported in only one study of ages 1-5 as 60.0%, and a
median of 14.6% (18.9) in ages 6—12 and 26.8% (26.8) in ages
13-20. Techniques for prevention may include a lower dialy-
sate temperature and limiting the amount of ultrafiltration per
session. Dialysate composition, specifically bicarbonate and
potassium, has also been shown to influence cardiovascular
stability during dialysis sessions in adults, although this has
not been well studied in pediatric patients [46, 50]. If hypoten-
sion did occur, interventions included a normal saline bolus,
5% albumin, and mannitol [45]. It is also important to monitor
vital signs closely, at least every 30 min throughout the session.

Our systematic review encompassed the entire pediatric
population (ages 1-20) and followed the PRISMA checklist
for the conduct and reporting of systematic reviews. We elec-
tronically searched multiple databases with our specific search
criteria to minimize selection bias and included a wide range
of'studies in this review. One limitation is that not all studies in
this review included details regarding each relevant HD pa-
rameter. The information presented here is the most accurate
estimation of values given the data that was provided. Given
that mortality and transplantation data were variably reported
in the literature and most of the studies included in this review
did not report mortality data in relation to dialysis vintage, this
review is also limited in providing robust data on outcomes
compared to more comprehensive registries such as the North
American Pediatric Renal Trials and Collaborative Studies.
Data regarding Kt/V and fluid overload were not included in
this study. In the future, it would be helpful to assess similar
parameters in related modalities such as hemodiafiltration.
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In conclusion, HD is a commonly utilized method for kid-
ney replacement therapy in children, for both acute and chron-
ic conditions. This systematic review summarizes the various
parameters of HD included in a pediatric dialysis prescription,
and how existing practices utilize these parameters. It also
reviews current choice of vascular access and patient out-
comes in these studies. The common complications during
HD were reviewed along with existing techniques for preven-
tion. Ultimately, HD is a safe and effective treatment for pe-
diatric patients, and further studies and advancements in tech-
nology will continue to refine this process. Optimal hemodi-
alysis prescription and equipment are imperative for improv-
ing long-term clinical outcomes among infants and children.
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