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Objectives

– Describe the etiology of the anemia of CKD in children
– Understand the formulations of erythropoiesis stimulating agents 

(ESA) and dosing schemes
– Describe indications for and approach to iron supplementation
– Recognize emerging anemia therapies

• Next generation ESAs, novel iron supplementation, HIF stabilizers
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Figure 5 Cellular basis of erythropoietin deficiency in renal failure

Koury, M. J. & Haase, V. H. (2015) Anaemia in kidney disease: harnessing hypoxia responses for therapy
Nat. Rev. Nephrol. doi:10.1038/nrneph.2015.82
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• EPO dysregulation 
and deficiency

• Iron deficiency
• Inflammation-

associated iron 
restriction mediated 
by hepcidin
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Etiology of Anemia of CKD

• Erythropoietin deficiency
• Iron deficiency
• Inflammation-associated iron restriction
• Hyperparathyroidism
• “Uremic toxins”/Oxidative stress
• Other nutritional deficiencies
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http://www.kdigo.org/clinical_practice_guidelines/pdf/KDIGO-Anemia%20GL.pdf
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• Darbepoietin alfa – two additional sialic-acid-containing 
carbohydrates result in extended in vivo biologic activity



ESA for Anemia of CKD
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• Integration of a large methoxy polyethylene glycol polymer chain
• Slower association with EPO receptor 
• Extended half-life of up to 130 hours when given SC, 90 hours IV
• Allows for a monthly dosing regimen



ESA Initiation
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KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease. Kidney International 2(4): August 2012

• ESA initiation for hemoglobin >10 g/dl (90-100 g/l)

• *Children: maintain hemoglobin 11-12 g/dl (110-120 g/l)



ESA Dosing

• Goal rate of hemoglobin increase:1-2 g/dl/month
• Epoetin alfa or beta

– 20-50 IU/kg/dose three times weekly IV or SC
• Darbepoetin alfa

– 0.45 µg/kg SC or IV weekly
– 0.75 µg/kg SC or IV every 2 weeks
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Warady et al. De novo weekly and biweekly darbepoetin alfa dosing in pediatric patients with 
chronic kidney disease. Pediatric Nephrology. 2018;33:125-137.

• Darbepoetin alfa can be safely 
administered either weekly or q 2 
weeks in ESA-naïve pediatric pts to 
achieve Hgb targets of 10-12

• 116 pediatric pts aged 1-18 years



ESA Dosing

• 275-350 units/kg/week in infants
– Koshy et al. Anemia in children with CKD. Ped Neph 23: 2008

• 200-250 units/kg/week in older children
– Koshy et al. Anemia in children with CKD. Ped Neph 23: 2008

• Children and adolescents on HD may require higher 
absolute doses than adults despite lower body weight

– Bamgbola et al. Analyses of age, gender, and other risk factors for Epo resistance. Ped Neph 24:2009

• Increased drug clearance with growth? 
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ESA Dosing

• Make dose adjustments after 4 weeks of therapy
• No more often than q 2 weeks
• When a decrease in hemoglobin is necessary, 

decrease dose rather than hold therapy
• Long-acting ESAs – lower starting dose and less 

frequent adjustments
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• Phase II, open label, multicenter, multiple-dose study 
conducted at 28 sites in 10 countries

• 64 children aged 6-17 years on chronic HD received 
CERA (Mircera®) monthly

• Objective: identify a conversion factor for switching 
from previous ESAs (epoetin or darbepoetin) to 
intravenous CERA
– Safety and efficacy
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Weekly dose
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Iron Deficiency and Supplementation
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Iron Deficiency (ID)

• Correction of ID reduces severity of anemia of CKD
• Untreated ID is a frequent cause of ESA hypo-

responsiveness
• Risk factors in dialysis patients include:

– Blood loss
– Inflammation
– Poor absorption of enteral iron

3/21/23 29



Biomarkers of Iron Availability

• Ferritin (serum)
– Intracellular iron-storage protein
– by inflammation, iron overload

• Transferrin saturation (TSAT)
– Transferrin binds to iron in plasma
– Carrier protein, transports                                                               

iron from storage site to bone marrow                                                                                        
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KDIGO Iron Targets

• Iron supplementation to maintain
– Ferritin > 100 ng/mL
– TSAT > 20%

• Ferritin has limitations as a marker of 
accessible stored iron
– Hepcidin-mediated iron blockade
– Low ferritin = iron deficiency
– High ferritin does not rule out iron blockade
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KDIGO Iron Targets

• No routine iron supplementation for
– Ferritin > 500
– TSAT > 30%
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Hb grouped by concomitant serum ferritin levels. 

Dagmara Borzych-Duzalka et al. JASN 2013;24:665-676

©2013 by American Society of Nephrology



Goals of Iron Supplementation

• Avoid depletion of iron 
stores

• Prevent iron-restricted 
erythropoiesis
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Goals of Iron Supplementation

37
Ganz. Systemic Iron Homeostasis (2013) Physiol Rev 93:1721-1741.

• Avoid depletion of iron 
stores

• Prevent iron-restricted 
erythropoiesis

Hepcidin



Iron Supplementation: Route

• Oral/Enteral
– Pros: inexpensive, available, few adverse effects 
– Cons: poorly absorbed, adherence

• IV
– Pros: Shown to decrease PRBC transfusion rates and ESA 

dose requirements, adherence assured 
– Cons: anaphylaxis, oxidative stress, cost
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IV Iron: Safety
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Charytan et al. Considerations and Challenges in Defining Optimal Iron Utilization in 
Hemodialysis. J Am Soc Nephrol 26:1238-1247:2015 



IV Iron: Safety
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Charytan et al. Considerations and Challenges in Defining Optimal Iron Utilization in 
Hemodialysis. J Am Soc Nephrol 26:1238-1247:2015 



IV Iron: Safety
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Charytan et al. Considerations and Challenges in Defining Optimal Iron Utilization in 
Hemodialysis. J Am Soc Nephrol 26:1238-1247:2015 
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• Children not on an ESA and not on HD, treat with oral 
iron unless “intolerant” or target Hgb is not reached 
within 3 months

• On ESA and not on HD à trial of oral iron
• Offer IV iron to children on HD



Intradialysate Soluble Ferric Pyrophosphate Citrate (FPC) 

• Water soluble, no-carbohydrate shell, tightly 
complexed salt of Fe, electrostatically bonded 
to pyrophosphate

• Added to bicarbonate concentrate at each 
hemodialysis session

• Dialysate with 110 µg/L iron

• Crosses the dialyzer membrane and donates 
iron directly to transferrin, bypassing hepcidin
induced iron-sequestration

• Approved by U.S. FDA in 2015 for iron 
replacement and to maintain Hgb in adults on 
hemodialysis

• Also available in an IV formulation
Courtesy of Dr. Ajay Gupta 

via Dr. Brad Warady



Intradialysate Soluble Ferric Pyrophosphate Citrate (FPC)

• FPC designed as a maintenance therapy, not 
repletion

• Small doses of iron that are immediately 
bioavailable/bound to transferrin and 
rapidly delivered to iron-requiring tissue

• Different from parenteral iron products?

• No carbohydrate shell 

• Iron rapidly bound to transferrin -> bone 
marrow, may avoid storage in 
reticuloendothelial system which 
contributes to iron overload

Courtesy of Dr. Ajay Gupta 
via Dr. Brad Warady



• Study Objectives
– Evaluate pharmacokinetics and preliminary safety of FPC
– Evaluate the dose of FPC delivered via dialysate in children 

on chronic HD
– Examine the feasibility of IV administration of FPC in 

pediatric patients
• Providing a dosing option for patients in HD systems which do not 

use liquid bicarbonate concentrate
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Dialysate IV
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• Total iron exposure was 
greater after FPC 
administration via dialysate 
than after IV administration 
for all patients

• Weight-normalized amount 
of iron delivered via dialysate 
was ~ 0.06-0.10 mg/kg
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Ferric Citrate
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• Iron-based oral phosphate binder
• Approved by the U.S. FDA in 2014 for use as a 

phosphate binder in adults on dialysis
• Ferric ion dissociates in the GI tract and 

combines with dietary phosphorus and is 
excreted as ferric phosphate



Ferric Citrate
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• Some of the ferric ions dissociated from ferric 
citrate are reduced by the bowel mucosa to 
ferrous iron and absorbed through the 
duodenal brush border – ferroportin channels

• Data in adults that ferric citrate in dialysis 
patients is associated with increased transferrin 
saturation, decrease IV iron requirement, and 
decreased ESA dose



• rHuEPO revolutionized treatment of anemia of kidney 
disease
– Improved quality of life
– Reduction in transfusion, allosensitization, iron overload

• Practice patterns for ESA dosing have evolved over the 
past decades
– Safety concerns based on adult trials

• US FDA black box warning 2011, narrowing Hgb range on treatment
– Recognition of role of disordered iron metabolism
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rHuEPO- and iron-independent anemia therapy?



• HIF-PHIs
– More physiologic stimulation of erythropoietin pathway AND 

effects on iron metabolism pathway
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rHuEPO- and iron-independent anemia therapy?



Figure 2 

American Journal of Kidney Diseases 2018 71, 423-435DOI: (10.1053/j.ajkd.2017.09.026) 
Copyright © 2017 National Kidney Foundation, Inc. Terms and Conditions

Normoxia: HIF-α is rapidly 
(1/2-life 5 min) hydroxylated 
and degraded by the HIF 
prolyl hydroxylase enzymes

Hypoxia: HIF-α
translocates to nucleus, 
binds HIF-β, activates 
hypoxia response element, 
EPO transcribed

HIF-PHIs treat anemia by 
stabilizing HIF and 
stimulating endogenous 
EPO production

http://www.elsevier.com/termsandconditions
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• In addition to controlling 
erythropoietin production, HIFs 
promote transcription of several 
iron metabolism and transport 
genes



Hypoxia-inducible factor (HIF) stabilizers/prolyl 
hydroxylase inhibitors

• Administered orally in highly bioavailable preparations
– Stabilize HIF and modulate HIF-controlled gene products
– Stimulate endogenous EPO synthesis even in the setting of 

decreased renal oxygen consumption 
• Can induce production of erythropoietin by the liver

– Avoidance of injections at home!
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HIF-PHIs

• Clinical efficacy studies in adults have demonstrated 
decreases in both ferritin and hepcidin levels
– Suggesting reduction in iron-restricted erythropoiesis
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Pediatric trials?

• July 2021 – US FDA voted against roxadustat approval
– Not superior to epoetin alfa in risk of major adverse 

cardiovascular events
• March 2022 – FDA issued a complete response letter for 

vadadustat
– Concern for vascular access thrombosis in dialysis patients
– Liver injury

• Accepted new drug application for daprodustat – Feb 2023
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QUESTIONS?
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• Retrospective analysis of 11 children 4-17 years of age on dialysis 
(HD and PD) who received ferric citrate as a phosphate binder 
2015-2017 (off-label) for median treatment time 214 days
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• Study Design
– Multicenter, open-label, two-period, single dose study
– 2 week screening period followed by two sequential FPC 

treatment sessions
• Single 0.07 mg/kg dose in D5W as a continuous IV infusion 

throughout the HD session
• FPC added to dialysate to deliver a final dose of 110 µg/L 

throughout the HD session
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