
EDUCATIONAL REVIEW

Anemia in chronic kidney disease

Meredith A. Atkinson1
& Bradley A. Warady2

Received: 17 February 2017 /Revised: 22 March 2017 /Accepted: 24 March 2017 /Published online: 15 April 2017
# IPNA 2017

Abstract Anemia is common and associated with adverse
outcomes in children with chronic kidney disease (CKD).
Many factors contribute to declining hemoglobin as CKD
progresses, but impaired production of erythropoietin by fail-
ing kidneys is a central cause. Hepcidin-mediated iron restric-
tion also contributes to anemia by downregulating both intes-
tinal iron absorption and release of stored iron for erythropoi-
esis. The core components of anemia management remain
erythropoiesis-stimulating agents (ESA) and iron supplemen-
tation, but despite these therapies, a substantial number of
children remain anemic. Although escalating ESA dose to
target higher hemoglobin has been associated with adverse
outcomes in adults, no trials have investigated this association
in children, and maintaining hemoglobin levels in a narrow
range with conservative ESA dosing is challenging. Judicious
use of iron supplementation can enhance the response to
ESAs, but the iron storage markers most commonly used in
clinical practice have limitations in distinguishing which pa-
tients will benefit most from additional iron. Several novel
anemia therapies, including hypoxia-inducible factor stabi-
lizers, prolyl hydroxylase inhibitors, and dialysate-delivered
iron supplements, have been developed and may offer options
for alternative anemia management. However, the safety and
efficacy of these agents in children with CKD has yet to be
assessed.
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Introduction

Among the many comorbidities associated with chronic kid-
ney disease (CKD) in children, anemia and its management
remains a challenging endeavor for clinicians. The emergence
of recombinant human erythropoietin (rHuEPO) >30 years
ago revolutionized the treatment of anemia for CKD patients,
but since that time, the mainstays of therapy have remained
erythropoiesis-stimulating agents (ESA) and iron supplemen-
tation, with a significant number of patients demonstrating
persistent anemia despite these interventions. Scientific ad-
vances in the understanding molecular regulation of EPO pro-
duction and the role of the iron-regulatory protein hepcidin in
iron metabolism have opened the door for the development of
novel ESAs and renal anemia therapies. We review definition,
risk factors for, and pathophysiology of anemia in children
with CKD with specific attention to current therapeutic strat-
egies, insights into mechanisms of novel therapies, and ongo-
ing challenges in patient management.

Epidemiology, risk factors, and adverse associations

Anemia is one of the most common and clinically significant
complications of CKD in children and is associated with a
variety of adverse clinical consequences, including an in-
creased risk for hospitalization and mortality, and the devel-
opment and progression of cardiovascular disease (CD) risk
factors, including left ventricular hypertrophy (LVH) [1–3].
The severity of CKD is a primary risk factor for the develop-
ment of anemia in this population of patients. Data from the
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North American Pediatric Renal Trials and Collaborative
Studies (NAPRTCS) cohort has consistently shown that the
risk for anemia increases as CKD stage advances, with a prev-
alence of 73% at stage 3, 87% at stage 4, and >93% at stage 5
[4, 5]. Furthermore, of children prescribed an ESA, >20% at
stage 4 and >40% at stage 5 CKD demonstrate persistently
low hemoglobin (Hb) levels [4]. Within the Chronic Kidney
Disease in Children (CKiD) cohort study, the median Hb de-
clined as the measured glomerular filtration rate (GFR) de-
creased to <43 ml/min/1.73m2 [6, 7]. A variety of other risk
factors for anemia have been identified, including the use of
angiotensin-converting enzyme (ACE) inhibitors, which may
predispose to anemia via inhibition of erythropoiesis [8]. In
the International Pediatric Peritoneal Dialysis Network (IPPN)
registry, low serum albumin, increased parathyroid hormone
(PTH) levels, high serum ferritin, and the use of
bioincompatible dialysate were associated with low Hb levels
[9]. The inverse relationship between Hb and ferritin may
reflect its limited utility as a marker of available stored iron,
in contrast to its capacity to reflect active inflammation.
Patients with less residual urine output and clinically judged
as having fluid overloaded also demonstrated lower Hb levels,
suggesting that some portion of treatment-resistant anemia
may in fact be due to the dilution of the red cell mass in an
expanded extracellular volume [9]. Race is also a recognized
risk factor for anemia. Among children enrolled in the CKiD
study, African Americans have consistently demonstrated
lower levels than white children, even after adjusting for the
level of kidney function [10]. Normal Hb levels also vary in
healthy children by race, and whereas differences in the prev-
alence of hemoglobinopathy traits, iron deficiency, or socio-
economic status do not fully explain this disparity, genetic
polymorphisms may contribute to these differences [11].
Current anemia management guidelines do not recommend
varying Hb targets or the approach to treatment by race [11].

Among children on dialysis, a low Hb value is a strong and
independent predictor of mortality and is associated with an
increased frequency of hospitalization [1, 9, 12]. Even in the
predialysis population, anemia is an independent risk factor
for accelerated decline in GFR compared with those without
anemia and is associated with an almost 40% increased risk
for all-cause hospitalization in children with stage 2–5 CKD
[5]. Anemia is also an important cardiovascular risk factor in
children, increasing the risk for the development of LVH in-
dependent of an elevation in blood pressure, even in the set-
ting of mild to moderate CKD [2, 13, 14]. Parents or care-
givers of anemic adolescents with CKD report greater limita-
tions in physical functioning, exercise capacity, schoolwork,
and activities with friends and family than caregivers of their
peers who do not have anemia—all of which may adversely
impact patient quality of life (QoL) in patients [15]. Finally,
patients with treatment-resistant anemia are more likely to
require escalation of ESA dosing, with its attendant risks,

and red blood cell (RBC) transfusions, which are associated
with an increased risk for the development of human leuko-
cyte antigen (HLA) antibodies. Leukoreduction of blood
products is an ineffective means to decrease HLA sensitiza-
tion, and RBC transfusions lead to clinically significant in-
creases in HLA antibody strength and breadth, which is a
barrier to future transplantation and may adversely affect graft
outcomes [16, 17].

Definition of anemia and hemoglobin monitoring

The application of adult normative Hb thresholds substantially
underestimates the prevalence of anemia in CKD patients un-
der the age of 18 years, as normal Hb levels vary by age and
sex [10, 18–20]. For this reason, Kidney Disease: Improving
Global Outcomes (KDIGO) clinical practice guidelines for
anemia uses World Health Organization (WHO) age-specific
Hb values to define the level at which an evaluation for the
cause of anemia in patients with CKD should be initiated
(Table 1) [21]. An alternative source for normative Hb thresh-
olds in children aged 1–19 years is the National Health and
Nutrition Examination Survey (NHANES) III data from 1988
to 1994, which reports age- and sex-specific fifth percentile
values (Table 2) [18]. KDIGO also recommends that for chil-
dren with CKD but without an established diagnosis of ane-
mia, Hb should be measured at least annually in those with
stage 3 CKD, at least twice annually in those with stage 4–5
CKD, at least every 3 months in those on dialysis. It should be
measured more frequently for clinical indications and in pa-
tients already determined to be anemic [21].

Etiology/pathophysiology

Erythropoietin deficiency and dysregulation

Although a complex interaction of factors is responsible for
the decrease in Hb seen with progressive CKD (Table 3), im-
paired EPO production by failing kidneys is a decisive cause.
EPO, the product of the EPO gene on chromosome 7, is a
glycoprotein hormone that serves as a signaling molecule for
erythrocyte precursors and is unique among hematopoietic

Table 1 World Health
Organization age-
specific hemoglobin
thresholds for defining
anemia in children [21]

Age (years) Hemoglobin (g/dl)

0.5–5 < 11.0

5–12 < 11.5

12–15 < 12.0

> 15 Male < 13.0

> 15 Female < 12.0
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growth factors in being produced outside the bone marrow
[22–24]. Prenatally, the liver is the primary site of EPO pro-
duction, but this shifts to the kidney after birth, with a small
additional amount continually produced in the liver [23].
Circulating EPO binds to specific transmembrane receptors
on erythroblasts to regulate erythroid proliferation and surviv-
al via an antiapoptotic mechanism and serves as a growth
factor to enhance RBC maturation [23]. EPO is synthesized
by interstitial cells in the peritubular capillary bed of the renal
cortex, but under conditions of injury, these cells
transdifferentiate into myofibroblasts that synthesize collagen
and lose their ability to produce EPO [23].

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor
regulating EPO production through its binding to the hypoxia
response element on the EPO gene [22]. In the absence of
hypoxia, the oxygen-sensitive HIF-1α subunit is hydroxylat-
ed by prolyl hydroxylase, targeting it for rapid degradation in
the proteasome and preventing its binding to the EPO gene
[22, 25]. Hypoxic stress associated with anemia reduces the
activity of prolyl hydroxylase, which stabilizes HIF-1 and

leads to upregulation of EPO gene transcription [22, 25]. In
CKD, diminished oxygen consumption by renal tissue leads
to dysregulation of EPO production by increasing tissue oxy-
gen pressure, which subsequently leads to decreased HIF sta-
bility and transcriptional activity, independent of damage to
EPO-producing cells [24]. EPO levels in CKD patients may,
in turn, be normal to slightly increased overall but are inap-
propriately low for the degree of anemia and are 10–100×
lower than in anemic patients with normal renal function [23].

Iron restriction

Iron availability is a rate-limiting step in the maturation of
RBCs, which requires incorporation of iron into erythroblasts
in the bone marrow. Hb consists of four heme groups, each of
which requires incorporation of one Fe2+ ion for oxygen bind-
ing [26]. Each mature RBC contains ∼300 million Hb mole-
cules, and two thirds of total body iron is located in the ery-
throid compartment [26]. Iron transported into the circulation
bound to transferrin is released to erythroblasts via the inter-
action of transferrin with the transferrin receptor and receptor-
mediated endocytosis [27]. Concurrent with EPO dysregula-
tion, deficiency of accessible iron stores can exacerbate the
degree of anemia and reduce responsiveness to ESA therapy
[23]. Thus, iron-restricted erythropoiesis is also a critical con-
tributor to anemia in CKD. Iron restriction may be secondary
to absolute iron deficiency, to functional iron deficiency in
which accessible iron stores are depleted by an ESA-
stimulated bone marrow, or to impaired iron trafficking in
the setting of inflammation [28]. Children with CKD are at
risk for absolute iron deficiency due to multiple factors, in-
cluding decreased nutritional intake, poor enteral absorption,
blood loss via the gastrointestinal (GI) tract, menstruation,
frequent phlebotomy, and hemodialysis [29, 30].

Hepcidin as a mediator of iron blockade

The iron-regulatory protein, hepcidin, a 25-amino acid anti-
microbial peptide encoded by the HAMP gene and produced
by hepatocytes, has emerged as the key mediator of iron-
restricted erythropoiesis in the setting of inflammation and in
CKD [31]. Hepcidin regulates both intestinal iron absorption
and bodily iron distribution via posttranslational suppression
of cell-membrane expression of ferroportin, which is the sole
cellular iron exporter. Hepcidin binding to ferroportin causes
internalization and lysosomal degradation of ferroportin,
which results in downregulation of dietary iron absorption
via intestinal enterocytes and inhibits the release of stored iron
from reticuloendothelial cells (Fig. 1) [32]. In this way,
hepcidin prevents the use of absorbed or stored iron for eryth-
ropoiesis by the bone marrow, a process that in the short term
may serve as a host-defense mechanism intended to sequester
iron from invading pathogens or malignant cells [33].

Table 3 Etiology of the anemia of chronic kidney disease in children

• Erythropoietin deficiency and/or dysregulation

• Iron-restricted erythropoiesis
◦ Absolute iron deficiency
◦ Functional iron deficiency
◦ Impaired iron trafficking

• Inflammation and hepcidin up-regulation

• Chronic blood loss
◦ Frequent phlebotomy
◦ Hemodialysis circuit losses
◦ Gastrointestinal losses
◦ Menstrual losses

• Uremia and oxidative stress

• Hyperparathyroidism and myelofibrosis

• Nutritional deficiencies
◦ B12, folate, carnitine, vitamin C

• Medications
◦ ACE inhibitors
◦ Nonadherence with anemia therapies
◦ Drug toxicity
◦ Pure red-cell aplasia associated with ESA

Table 2 Age- and sex-
specific fifth percentile
hemoglobin values for
children 1–19 years of
age derived from
population-based data in
the National Health and
Nutrition Examination
Survey 1988–1994 [18]

Age (years) Hemoglobin (g/dl)

Male Female

1–2 10.7 10.8

3–5 11.2 11.1

6–8 11.5 11.5

9–11 12.0 11.9

12–14 12.4 11.7

15–19 13.5 11.5
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A number of pathways regulate hepcidin (HAMP) gene
expression via mechanisms involving iron status, erythropoi-
esis, and inflammation. Iron loading increases production of
hepcidin, and hepcidin expression is modulated based on cir-
culating levels of transferrin-bound iron via a bone morpho-
logic protein (BMP)/mothers against DPP homolog 1
(SMAD) signaling pathway [23, 26]. Erythropoietin-
stimulated erythroblasts produce erythroferrone, a hormone
that acts directly on hepatocytes to suppressHAMPmessenger
RNA (mRNA) and decrease hepcidin production, with a re-
sultant increased iron acquisition from absorption and storage
sites [23, 26, 27]. In CKD, reduction in erythroblast number
resulting from EPO deficiency diminishes the production of
erythroferrone and prevents it from checking hepcidin produc-
tion [23]. Finally, hepcidin expression is induced by inflam-
mation in general and in particular by the inflammatory cyto-
kine interleukin (IL)-6 and is cleared from circulation by glo-
merular filtration, leading to increased levels in the setting of
decreased renal function [34]. Hepcidin is elevated in adults
and children with CKD and those on dialysis, and levels are
positively correlated with serum ferritin levels [35, 36]. A
study in the CKiD cohort found that in children with mild to
moderate CKD, higher hepcidin levels were associated with
lower Hb values and an increased risk for incident anemia
[34]. The potential role of nutritional vitamin D supplementa-
tion in reducing hepcidin production is under active investi-
gation, and vitamin D decreases hepcidin mRNA expression
in vitro [37]. A study in healthy adults showed that a single
dose of vitamin D orally decreased circulating hepcidin levels
within 24 h [37], but a small trial in children with early-stage
CKD did not demonstrate a significant change over 3 months
with daily cholecalciferol supplementation [38].

Other mechanisms of anemia in CKD

Accumulated uremic toxins and associated oxidative stress
can induce changes in erythrocyte cell membranes and cyto-
skeletons that promote hemolysis and shorten cell lifespan,
with RBC survival time decreased by as much as 50% com-
pared with healthy controls [39]. Hyperparathyroidism can
also contribute to anemia and ESA hyporesponsiveness due
to decreased bone marrow production of RBCs in the setting
of myelofibrosis [40–42]. Beyond iron deficiency, nutritional
deficiencies of B12, folate, carnitine, vitamin C, and copper
may also contribute to anemia in CKD. Folate is required for
DNA synthesis during erythropoiesis; when a deficiency in
folate was corrected in 15 children on dialysis, their mean
Hb level increased by 8% and ESA dose requirements de-
creased [30, 43, 44]. CKD, and especially chronic hemodial-
ysis, is a leading cause of secondary carnitine deficiency due
to its ready dialyzability [45]. Some studies suggested that L-
carnitine supplementation can prolong RBC lifespan and stim-
ulate erythropoiesis by inhibiting apoptosis, but there have
been no large-scale randomized clinical trials evaluating
whether supplementation is effective as an adjunctive treat-
ment [45]. Vitamin C enhances absorption of dietary iron,
contributes to mobilization of intracellular stored iron, and
increases carnitine synthesis, but no clinical trial has assessed
effects of vitamin C supplementation on anemia in dialysis
patients [46]. Caution should also be used, as excessive vita-
min C ingestion can be associated with renal oxalate deposi-
tion and acute kidney injury [47]. Copper deficiency is rela-
tively rare but can arise from excessive zinc intake and be
associated with a microcytic anemia resembling iron deficien-
cy and leukopenia; it is correctable with supplementation [48].

Fig. 1 In renal anemia, the kidney’s ability to produce EPO is impaired.
Inflammatory cytokines suppress erythropoiesis in the bone marrow and
EPO production in the kidney and stimulates hepcidin production in the
liver, which negatively affects iron absorption andmobilization. Hepcidin
is also maintained at higher levels by decreased erythroferrone
production, which is secondary to reduction in erythroblast numbers
due to EPO deficiency. In patients with advanced CKD, the liver

contributes significantly to plasma EPO levels. The contribution of
uremic toxins to the pathogenesis of renal anemia is only poorly
understood. Uremic toxins have been shown to suppress erythroid
colony formation in vitro as well as EPO transcription in hepatoma
cells, the latter indicating possible suppressive effects on hepatic and
renal EPO production in vivo [23]. CKD chronic kidney disease; EPO,
erythropoietin; Fe, iron. With permission [23]
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Because anemia in children with CKD, particularly those
with mildly impaired function, may not be associated solely
with EPO deficiency, incident anemia should prompt an initial
laboratory evaluation to include assessment of RBC indices
and iron stores and other correctable nutritional deficiencies,
such as B12 and folate [21]. Anemia with concurrent lympho-
penia or thrombocytopenia should prompt evaluation for ma-
lignancy, autoimmune disease, or drug toxicity.

Treatment strategies

Erythropoiesis-stimulating agents (ESA)

The human EPO gene was isolated in 1985, with commercial
production of rHuEPO beginning soon thereafter. In 1987, a
seminal paper was published in the New England Journal of
Medicine reporting that rHuEPO was effective in raising Hb
and eliminating the need for chronic transfusions in 25 adult
patients on hemodialysis [49]. Epogen was subsequently ap-
proved by the US Food and Drug Administration (FDA) for
treating anemia in CKD in 1989 and remains a cornerstone for
management to this day. The development and widespread use
of rHuEPO in adults and children eliminated dependence on
RBC transfusions, which was complicated by transfusion-
associated viral infections, iron overload, and allosensitization.
However, treatment with an ESA alone is usually not sufficient;
as noted above, up to 40% of children with advanced CKD
demonstrate persistently lowHb levels while being treated with
an ESA [4]. Contributing factors for persistent anemia despite
ESA therapy include iron deficiency/restriction, inadequate
ESA dosing, and chronic inflammation.

Agents and dosing schemes

Prior to initiating treatment with an ESA in patients with CKD,
other correctable (e.g., iron deficiency), non-CKD-specific
causes of anemia should be ruled out. Once the need for an
ESA is established, there are several types of both short- and
long-acting ESAs available worldwide, and new formulations
continue to emerge requiring ongoing attention to the relative
safety and efficacy in children compared with adults. There is
currently no definitive evidence of superiority in patient out-
comes for any particular ESA brand [21]. Among rHuEPO
types, epoetin alfa is commonly used in the US, with epoetin
beta more commonly used in Europe [50]. Short-acting epoetin
formulations generally achieve maximum efficacy when dosed
1–3 times weekly and are more effective when given SC (SC)
(half-life 19–24 h) rather than IV (half-life 6–8 h) [51].

Darbepoetin alfa, an EPO analog with two additional sialic-
acid-containing carbohydrates resulting in extended in vivo bi-
ological activity, shows equivalent efficacy as rHuEPO for
maintaining Hb when dosed weekly or every other week [21,

30, 51, 52]. Darbepoetin alfa may be administered IV or SC,
and while drug clearance, half-life, and bioavailability are sim-
ilar in adults and children regardless administration route, in
children, absorption when given SC may be more rapid [53].
The longer dosing interval inherent to treatment with
darbepoetin comparedwith rHuEPO has made darbepoetin alfa
SC an attractive alternative in younger children, with the po-
tential for improving adherence because if less frequent admin-
istration. A randomized clinical trial in children with CKD
stages 4 and 5 demonstrated it is as safe and effective as
rHuEPO for correcting anemia [52]. A recent longitudinal
European registry study similarly demonstrated no increased
rates of adverse events, such as infection or severe hypertension
[54]. A potential limitation is the reported discomfort associat-
ed with injection. One blinded randomized controlled trial
demonstrated higher levels of postinjection pain on the visual
analog scale (VAS) compared with those receiving epoetin be-
ta, consistent with an increased impression of pain as reported
by their parents and nurses [55]. A potential explanation is the
greater physiological pH of the buffer in epoetin beta prepara-
tion [49]. Other pediatric studies did not report pain to be more
frequent or severe in patients receiving darbepoetin [52].

Alternative ESAs continue to emerge, and rHuEPO
biosimilar agents show only minor differences in clinically
inactive components to those of licensed products. Over the
last 10+ years, several have been approved in Europe, and the
FDA has developed a process for approving these agents,
which will likely result in their wider entry into the USmarket
[56]. Immunogenicity is a potential safety concern regarding
biosimilar agents, and additional studies are required to exam-
ine safety and efficacy in children. In 2012, the FDA approved
peginesatide, a synthetic pegylated peptide with no structural
similarity to rHuEPO, for use in adults on dialysis. However,
the agent was subsequently recalled after reports of fatal ana-
phylactic reactions [56]. An additional EPO analog is the con-
tinuous EPO receptor activator (CERA) that integrates a large
methoxy polyethylene glycol polymer chain into the EPO
molecule, resulting in a higher molecular weight and extended
circulating half-life of up to 130 h [57]. A study in children on
peritoneal dialysis (PD) demonstrated that CERA safely and
effectively maintained Hb levels when dosed once or twice
monthly, although doses required to meet goal Hb levels were
higher than those required in published adult studies [57].

The KDIGO clinical practice guideline for anemia recom-
mends that Hb concentration at which to begin ESA therapy
must consider the benefits and risks for the individual patient.
KDIGO recommends that ESA initiation in adults be consid-
ered for Hb levels persistently <10 g/dl and that Hb levels
<9 g/dl in dialysis patients should be avoided [21]. A specific
Hb level to trigger ESA initiation in children is not provided,
as the guideline recommends considering the potential bene-
fits vs. harms of starting the therapy. However, in clinical
practice, the 10-g/dl threshold is often applied to children as
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well [21]. The goal after ESA initiation is for a rate of increase
in Hb concentration of no more than 1–2 g/dl per month [21].
In children on ESA therapy, the target Hb level should be 11–
12 g/dl, largely based on results of observational data demon-
strating a relationship between lower Hb values and poorer
patient outcomes [1, 21, 58]. The starting dose for epoetin alfa
or beta is generally 20–50 IU/kg three times weekly (SC or
IV), whereas the initial recommended darbepoetin alfa dose is
0.45μg/kg IVor SC once weekly or 0.75μg/kg every 2 weeks
SC [21]. The dosing requirements of rHuEPO may differ sub-
stantially between children and adults. Based on registry data,
young children require higher weight-related rHuEPO doses
than adults, ranging from 275 to 350 U/kg/week for infants to
200–250 U/kg/week for older children [40]. Children and ad-
olescents on chronic hemodialysis also require higher absolute
doses than adults to maintain target Hb levels despite lower
body weight [59, 60]. In contrast to typical drug dosing in
children, which is based on body size to account for a de-
creased volume of distribution, rHuEPO dose requirements
appear to be independent of weight [60, 61]. The potential
mechanisms for increased dose requirement in children are
not clear but may include increased presence of
nonhematopoietic EPO binding sites (e.g., endothelial, kid-
ney, brain, skeletal muscle cells) resulting in increased drug
clearance, or increased EPO demand during periods of accel-
erated body growth [40, 61]. Data from the IPPN showed that
the weekly ESA dose scaled to body weight was inversely
correlated with age, but when normalized to body surface area
(BSA), dose was independent of age, with a median [inter-
quartile range (IQR)] weekly ESA dose of 4208 (2582–6863)
U/m2 [9]. An absolute rHuEPO dose of 1000 U given IV to
both adults and children can increase Hb by 0.4 g/dl, suggest-
ing that dosing schemes based onHb deficit rather thanweight
may be useful [61]. Finally, studies in adults with nondialysis
CKD have shown epoetin alfa administered SC at higher
doses but extended intervals (20,000–80,000 U every 2 or
4 weeks) to be as effective as weekly dosing regimens [62,
63]. This could be an attractive option for allowing less fre-
quent ESA dosing in regions where darbepoetin alfa is not
readily available, although extended-interval epoetin alfa dos-
ing has not yet been systematically assessed in children.

ESA dose adjustments after treatment initiation should
generally be done after the first 4 weeks of therapy and no
more often than every 2 weeks—in the outpatient setting—as
the effects of therapy are not likely to be seen after shorter
intervals [21]. Decisions on dosing adjustments should be
made based on the rate of Hb increase after initiation and the
stability of Hb during maintenance therapy [21]. When a de-
crease in Hb is necessary, ESA dose should be decreased but
not necessarily held, as a pattern of holding and reinitiating
ESA therapy can lead to Hb cycling around the desired target
range [64]. Long-acting ESAs like darbepoetin alfa, with its
increased half-life and lower binding affinity for the EPO

receptor, stimulate erythropoiesis for longer periods and thus
may increase Hb levels higher than intended. This can be
avoided by using lower starting doses and making less fre-
quent dose adjustments than in children treated with short-
acting ESAs [51].

Safety of ESA therapy

Although ESA use is associated with multiple benefits, in-
cluding a decreased need for RBC transfusions in patients
with CKD and end-stage renal disease (ESRD), clinical trials
conducted in adults have raised concerns about the safety of
using escalating ESA doses to normalize Hb levels. The
Correction of Anemia with Epoetin Alfa in Chronic Kidney
Disease (CHOIR) trial, for example, performed in adults with
nondialysis CKD, found that treatment with epoetin alfa to a
target Hb 13.5 g/dl vs. 11.3 g/dl was associated with an in-
creased risk for the composite primary outcome of death,
myocardial infarction, stroke, or hospitalization for congestive
heart failure [65]. In 2009, results of the Trial to Reduce
Cardiovascular Events With Aranesp Therapy (TREAT) were
published in which >4000 adults with diabetes and CKDwere
randomized to receive either darbepoetin alfa to achieve Hb
levels >13 g/dl or placebo; the treatment demonstrated an
increased risk for stroke [66]. Based on evidence from these
and other trials, the US FDA changed the ESA product label-
ing in 2011 to recommend use of the lowest possible ESA
dose to prevent transfusions in contrast to attaining any target
Hb level and that the dose should be reduced or interrupted for
Hb levels >11 g/dl [67]. The label change did not distinguish
between pediatric and adult CKD patients. No clinical trials in
adults have clarified whether a higher Hb level or a higher
ESA dose specifically contributes to adverse outcomes, al-
though it is interesting that a prospective study in adults on
hemodialysis found that patients with naturally occurring
higher Hb levels (>12 g/dl) were not at increased risk for
mortality [68, 69]. The precise mechanisms for the adverse
cardiovascular outcomes observed with ESA use have not
been defined but may include trophic effects on vascular en-
dothelial or smooth muscle cells [70].

Observational studies in pediatric dialysis patients have
demonstrated associations between higher ESA doses and an
increased risk for all-cause mortality. In the IPPN registry,
patient survival was inversely correlated with ESA dose, and
survival was significantly decreased in patients receiving cu-
mulative weekly ESA doses >6000 IU/m2 compared with
those receiving less [9]. In another analysis performed in
829 prevalent pediatric US chronic dialysis patients, including
patients on both hemodialysis and peritoneal dialysis
<18 years, those receiving rHuEPO doses ≥350 U/kg/week
or darbepoetin ≥1.5 U/kg week had more than a three times
higher risk for mortality over 18 months compared with those
receiving lower doses [71]. In both studies, the link between
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higher ESA doses and mortality was independent of achieved
Hb level, which could be taken to suggest that higher ESA
doses may carry increased risks even in young patients with-
out pre-existing cardiovascular disease. However, no random-
ized controlled trials examining the effects of ESA adminis-
tration or achieved Hb level on clinical outcomes, including
mortality, have been performed in children with CKD; given
results from adult trials, this is unlikely to occur. Thus, current
recommendations regarding safe target Hb levels in children
treated with ESA are extrapolated from adult trials.

ESA-induced pure RBC aplasia (PRCA) is an increasingly
rare hematologic disorder first described in the late 1990s.
PRCA is characterized by severe and progressive normocytic
anemia, reticulocytopenia, and almost complete absence of
erythroid precursors in bone marrow, with affected patients
becoming transfusion dependent [72]. ESA-induced PRCA
is secondary to the development of neutralizing antibodies,
which block the interaction between an ESA (including
epoetin alfa or beta, darbepoetin alfa, anf endogenous EPO)
and its receptor [72]. Most initial cases of ESA-induced
PRCAwere seen in countries in which epoetin alfa formulated
with a polysorbate 80 stabilizer was administered to CKD
patients SC, and regulatory advisories have subsequently dis-
couraged this practice [73].

Iron therapy

Assessment of iron stores (challenges)

In clinical practice, the most commonly used biomarkers of
stored iron are ferritin, serum iron, and transferrin saturation
(TSAT). Distinguishing hepcidin-mediated impaired iron traf-
ficking from absolute iron deficiency anemia can present a
clinical challenge, as both disorders can be characterized by
anemia that may be microcytic, with low reticulocyte counts,
decreased serum iron concentration, and low transferrin satu-
ration. Serum ferritin levels can be helpful in distinguishing
the disorders; absolute iron deficiency is associated with a low
ferritin concentration, while impaired trafficking is character-
ized by normal or elevated serum ferritin, reflecting iron se-
questration in the reticuloendothelial system. In contrast, in
patients with functional iron deficiency on ESA therapy, the
rate of enteral iron absorption or release from reticuloendothe-
lial cells is inadequate to meet the demands for erythropoiesis;
these patients often have low TSAT values with normal or
high levels of ferritin, and selected patients may benefit from
IV iron administration [28, 74]. The limitations of serum fer-
ritin as a marker of accessible stored iron are, however, well
established in the literature, including higher ferritin levels
being associated with lower Hb values and ferritin serving as
an acute-phase reactant [9, 75]. Although we measure ferritin
in serum, its function is as an intracellular iron-storage protein,
and though we assume that serum concentrations reflect some

steady-state Bleakage^ of intracellular ferritin, the process by
which ferritin enters the circulation is not well understood
[76]. TSAT has recognized limitations also, including diurnal
fluctuations, and reduction in the setting of malnutrition and
chronic disease [77]. There is, in turn, a need for diagnostic
tests that could more accurately predict the need for or re-
sponse to iron therapy. A recent study in pediatric dialysis
patients found that the reticulocyte hemoglobin content (Ret-
He), which is not an acute-phase reactant and reflects iron
availability for incorporation into reticulocytes over the previ-
ous 2–4 days, performed better than either ferritin or TSAT to
distinguish between iron deficiency and suboptimal ESA dos-
ing [77]. Thus, Ret-He may be an attractive alternative indi-
cator of iron status in clinical practice.

Iron supplementation

Iron can be supplemented enterally or IV. The usual dosing
range for iron orally is 3–6mg/kg day of elemental iron divided
into two daily doses; coadministration of iron supplements with
phosphate binders or antacids can limit absorption due to
changes in gastric pH [43]. While enteral iron supplementation
is relatively inexpensive, highly available, safe, and is effica-
cious in many children with CKD, those with more advanced
disease or especially those on hemodialysis often benefit from
iron preparations administered IV due to poor enteral absorp-
tion or poor tolerance for the oral administration. There in an
increasing number of available choices for clinicians opting for
IV therapy (Table 4). Early compounds were formulated as
inorganic iron oxyhydroxide complexes, which could result
in the release of labile iron directly into plasma and formation
of highly reactive free radicals associated with potentially se-
vere toxicity, including hypotension. Currently available for-
mulations surround the iron oxyhydroxide core with carbohy-
drate shells of different sizes and polysaccharide branch char-
acteristics [78]. The shell characteristics determine how long
the iron remains circulating, with larger molecular weight for-
mulations such as iron dextran resulting in longer residence in
plasma [79]. IV treatment can be delivered as a loading phase,
using consecutive doses to replace a patient’s iron stores, or as
smaller maintenance doses given weekly.

Safety of iron supplementation

Given trial evidence in adults that higher ESA doses are asso-
ciated with adverse cardiovascular outcomes, using iron ad-
ministered IV to reduce ESA dose requirements is an attrac-
tive treatment option. However, there is a shortage of clinical
studies to evaluate the effect of differences in formulation and
pharmacokinetics of such agents and to determine whether
repeated induction of oxidative stress has longer-term sequel-
ae in terms of inflammation and cellular and tissue iron depo-
sition. A study in adults with CKD found an increased
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incidence of anaphylactoid reactions in those treated with iron
dextran IV compared with those receiving sodium ferric glu-
conate complex or iron sucrose, but this has not been evalu-
ated in children [79]. In clinical practice, administration of
iron therapy IV is often avoided during acute infections due
to concern that it may increase patient risk. There is biologic
plausibility for this practice, as iron may impair neutrophil and
T-cell function and serve as a growth factor for pathogens
[80]. However, few studies have tested this association. One
retrospective cohort study based on data from 23,000 adult
hemodialysis patients in the US Renal Data System registry
and who had been hospitalized for bacterial infections and
received iron therapy IV prior to admission, found that con-
tinuation of after admission was not associated with longer
length of stay, readmission or death related to infection within
30 days, or increased risk for all-cause mortality compared
with those who were discontinued [80]. Although fewer stud-
ies have been conducted in children than in adults, short-term
clinical trials in children demonstrate the safety and efficacy of
iron therapy IVwhen used to increase ferritin and TSAT levels
(as biomarkers of iron status) and Hb and thus reduce the
required ESA dose [81–83].

Emerging therapies

Given the limitations of ESAs and conventional iron supplemen-
tation for treating CKD-related anemia, a number of novel ther-
apies are in varying stages of development. Small-molecule HIF
stabilizers/prolyl hydroxylase domain inhibitors modulate HIF-
controlled gene products, including EPO, and are capable of
inducing endogenous EPO production [84]. Inhibitors of HIF
prolyl hydroxylases can be administered orally via highly bio-
available preparations and have been shown in clinical trials
conducted in adults to increase endogenous EPO production,
increase Hb, and decrease hepcidin [84–86]. Investigational

strategies for direct hepcidin modulation include monoclonal
antibodies aimed directly at hepcidin or at the inflammatory
stimuli that induce its production, including IL-6 [86]. Fully
human antihepcidin antibodies have been successfully devel-
oped and applied in animal models [87]. Also under investiga-
tion are other bioavailable iron preparations delivered IV or in
dialysate. Ferric pyrophosphate citrate, a novel, carbohydrate-
free, water-soluble, complex iron salt that can be administered
via the dialysate was approved by the FDA in 2015 and has
shown good efficacy and safety in adults on hemodialysis [88].
This mode of iron delivery provides smaller amounts of iron
over hours compared with supplementation IV, which may help
avoid oxidative toxicity [88]. Ferric citrate is a novel phosphate
binder available orally that also supplies elemental iron and has
the potential benefit of providing therapy for at least two CKD
comorbidities in a single agent—a potentially adherence-
enhancing strategy. The ferric ion in ferric citrate combines with
dietary phosphorus in the GI tract, but excess ferric ions are
reduced by the bowel mucosa to ferrous iron and absorbed into
the systemic circulation [89]. Although ferric pyrophosphate cit-
rate and ferric citrate orally are approved for adults, their safety
and efficacy have yet to be systematically assessed in children.

Treatment-resistant anemia/ESA
hyporesponsiveness

There are patients who, despite iron supplementation com-
bined with escalating ESA therapy, do not reach even a min-
imum Hb goal. KDIGO defines initial ESA hyporesponsive-
ness as no increase in Hb concentration from baseline after the
first month of appropriate weight-based dosing and acquired
ESA hyporesponsiveness as a requirement for two increases
in ESA doses up to 50% beyond the dose at which they had
previously remained stable to maintain a stable Hb

Table 4 Physiochemical characteristics and pharmacokinetics of iron formulations for intravenous administration

Properties Ferumoxytol Ferric carboxy
maltose

Iron dextran Iron sucrose Ferric gluconate

Molecular mass (D) 731,000 150,000 410,000 252,000 200,000

Carbohydrate shell Polyglucose sorbitol
carboxymethylether

Carboxymaltose Dextran
polysaccha-
ride

Sucrose Gluconate, loosely
associated sucrose

Median shell/particle diameter (nm) 26.3 23.1 12.2 8.3 8.6

Relative catalytic iron release + + ++ +++ +++

Relative stability of elemental iron within
the carbohydrate shell

High High High Medium Low

Relative osmolality Isotonic Isotonic Isotonic Hypertonic Hypertonic

Administration (IV push) rates 30 mg/s Bolus push 50 mg
(1 ml)/min

∼20 mg/min 12.5 mg/min

t1/2 (h) ∼15 7–12 5–20 6 ∼1

With permission [76]
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concentration [21]. An alternative definition is a persistent Hb
deficit after 3 months of high-dose ESA treatment (rHuEPO
>400 U/kg weekly or darbepoetin alfa >1 μg/kg weekly [90,
91]). In the IPPN registry, ESA resistance and escalated ESA
dosing was associated with inflammation, fluid retention, and
hyperparathyroidism [9]. The observational association be-
tween higher ESA doses and mortality in pediatric patients
may, in turn, reflect the impact of chronic inflammatory pro-
cesses that negatively impact patient survival, rather than a
direct ESA effect on the risk for death. While ESA hypore-
sponsiveness may be chronic, it can also be seen in the context
of shorter-term clinical events, such as infections or surgical
procedures, which may negatively impact response to ESA
therapy. Thus, the potential risks and benefits of escalation
in ESA dose vs. iv administration of iron vs. RBC transfusion
in this setting must be assessed for individual patients [21].

Posttransplant anemia

Although the endogenous production of EPO increases after
successful renal transplantation, posttransplant anemia (PTA)
remains an active clinical problem for many children. Anemia
in the early period (< 3 months) can be secondary to surgical
blood loss and associated iron deficiency, treatment-resistant
anemia pretransplant, delayed graft function, OR high-
intensity immunosuppression [92, 93]. Estimates of the prev-
alence of late PTA, occurring ≥3–6 months following trans-
plant, vary but have been reported in as many as 50–70% of
children [93, 94]. Late PTA has been associated with impaired
graft function, iron deficiency, and drug-site effects [93].
Transplant patients may be more susceptible to the effects of
ACE inhibitors when on RBC synthesis, and immunosuppres-
sive drugs also contribute to the risk for anemia [93].
Mycophenolate mofetil (MMF) has direct antiproliferative ef-
fects on the bone marrow and its use has specifically been
associated with an increased risk for PTA. The wide variabil-
ity in reported rates of PTA may be due in part to variations is
dosing [93, 94]. Genetic factors may also play a role in MMF-
related anemia; single-nucleotide polymorphisms (SNPs) in
the genes producing IL-12A and cytochrome P450 (CYP)
2C8 are associated with increased risk after kidney transplant
[94]. Given that anemic transplant recipients are at risk for
adverse consequences in terms of QoL, cardiovascular mor-
bidity, and, by some reports, graft survival, their anemia
should be evaluated and treated [93].

Key summary points

1. The primary causes of the anemia in CKD are impaired
erythropoietin production and hepcidin-mediated iron-re-
stricted erythropoiesis.

2. Current therapeutic challenges include dosing ESAs con-
servatively to maintain Hb levels in the narrow range of
11–12 g/dl and the limitations of using serum ferritin and
TSAT as accurate indicators of accessible stored iron.

3. HIF stabilizers, antihepcidin monoclonal antibodies,
and dialysate-based iron supplements are under in-
vestigation and may provide future therapeutic
alternatives.

4. Anemia resistant to ESA treatment is common, and the
risks and benefits of ESA dose escalation vs. iron IV vs.
RBC transfusion must be determined based on the indi-
vidual patient’s needs.

Multiple choice questions (answers are provided
following the reference list)

1. The primary site of endogenous EPO production in chil-
dren is:

a. Hepatocytes
b. Peritubular interstitial cells
c. Renal tubular epithelial cells
d. Bone marrow erythroid progenitors

2. HIF-1 regulates EPO production by binding to:

a. HAMP mRNA
b. Ferroportin channels
c. Hypoxia response element on the EPO gene
d. BMP-SMAD

3. Iron-restricted erythropoiesis includes:

a. Absolute iron deficiency
b. Depletion of iron stores by ESA-stimulated bone

marrow
c. Impaired iron trafficking with inflammation
d. All of the above

4. Short-acting rHuEPO formulations have longer half-lives
and are more effective when administered:

a. SC
b. IV
c. Enterally
d. In dialysate

5. Which is NOT associated with anemia after renal
transplant?

a. Iron deficiency
b. Immunosuppressive medications
c. Persistent acidosis
d. Surgical blood loss
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2. c
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5. c

238 Pediatr Nephrol (2018) 33:227–238


	Anemia in chronic kidney disease
	Abstract
	Introduction
	Epidemiology, risk factors, and adverse associations
	Definition of anemia and hemoglobin monitoring
	Etiology/pathophysiology
	Erythropoietin deficiency and dysregulation
	Iron restriction
	Hepcidin as a mediator of iron blockade
	Other mechanisms of anemia in CKD

	Treatment strategies
	Erythropoiesis-stimulating agents (ESA)
	Agents and dosing schemes
	Safety of ESA therapy

	Iron therapy
	Assessment of iron stores (challenges)
	Iron supplementation
	Safety of iron supplementation

	Emerging therapies

	Treatment-resistant anemia/ESA hyporesponsiveness
	Posttransplant anemia
	Key summary points
	Multiple choice questions (answers are provided following the reference list)
	References


