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Current Advances in
Chronic Kidney Disease in

Children: Growth, Cardiovascular,
and Neurocognitive Risk Factors

Larry A. Greenbaum, MD, PhD,*
Bradley A. Warady, MD,†,‡ and Susan L. Furth, MD, PhD§

Summary: Linear growth and neurocognitive development are two of the most important
differences between adults and children, in terms of clinical issues that must be addressed in
patients with chronic kidney disease (CKD). Correction of metabolic acidosis, nutritional
deficiency, and renal osteodystrophy improve linear growth, but many children require
administration of growth hormone to achieve normal growth. A variety of neurocognitive
deficits occur in children with CKD, although there has been an improvement in outcome via
improved dialysis, correction of malnutrition, and decreased aluminum exposure. Although
growth and neurocognitive development are delayed, cardiovascular complications are ac-
celerated in children with CKD, and are reflected in a dramatic increase in cardiovascular
mortality compared with healthy children. Other early cardiovascular complications in chil-
dren with CKD include left ventricular hypertrophy, cardiac dysfunction, and vascular
calcifications.
Semin Nephrol 29:425-434 © 2009 Elsevier Inc. All rights reserved.
Keywords: Chronic kidney failure, human growth hormone, developmental disabilities,
cardiovascular diseases
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hronic kidney disease (CKD) has a neg-
ative effect on linear growth; short stat-
ure occurs in the majority of adults who

evelop CKD during childhood.1 Growth retar-
ation is especially severe during the first year
f life, and thus younger age of onset of CKD is
ssociated with a more severe height deficit.2

hildren who have congenital CKD typically
all below the third percentile during the first
5 months of life and then grow at a rate that
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llows them to parallel the growth curve, albeit
elow the third percentile.3 Growth retardation
ends to be proportional to the decrement of
FR,3 although even children with stage 3 CKD

GFR 30-59 mL/min/1.73 m2) can have a height
elow the third percentile.2 The pubertal
rowth spurt is delayed, shortened, and associ-
ted with a reduced growth velocity, contribut-
ng to the loss in adult height.4 Children receiv-
ng dialysis have more profound growth
etardation than those receiving conservative
anagement or with a renal transplant.5 Al-

hough growth velocity improves after trans-
lantation, most children do not have catch-up
rowth, so their height standard deviation score
oes not improve.1 Both decreased GFR and ste-
oid use1 may impair growth after transplantation.

Along with affecting adult height, poor growth
n children with CKD is associated with in-
reased morbidity and mortality.6-8 In a study of

hildren receiving dialysis, each one standard
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eviation score decrease in height was associated
ith a 14% increase in the risk of mortality.6

imilarly, in patients receiving dialysis or with
idney transplants, the children with moderate
r severe growth failure had an increased risk
f hospitalization and death.7 Finally, a height
elow the first percentile at dialysis initiation
as associated with an increased risk of hospi-

alization and death.8

A variety of factors cause growth retardation
n children with CKD (Table 1); some are ame-
able to treatment. Isolated metabolic acidosis,
s occurs in children with renal tubular acido-
is, causes growth retardation and can be
reated with base therapy. Sodium wasting also
ccurs as a result of renal tubular disorders in
hildren, may contribute to poor growth, and
an be treated with enteral sodium supplemen-
ation.9 Similarly, renal osteodystrophy, a po-
ential cause of poor growth and bone deformi-
ies in children with CKD,10 can be treated with
ietary phosphate restriction, phosphate bind-
rs, and activated vitamin D sterols.11 The use
f activated vitamin D sterols improves growth

n children with CKD,12 but excessive suppres-
ion of parathyroid hormone may diminish
rowth.13 Inadequate caloric intake in children
ith CKD, which may lead to malnutrition,14 is

reated with nutritional intervention; tube feed-
ng often is necessary in infants. The positive
ffect of aggressive caloric intervention on
rowth has been shown in infants, but not in
lder children.9

ROWTH HORMONE THERAPY IN CKD

rowth hormone (GH), which is secreted by

Table 1. Causes of Poor Growth in Children
With CKD

Intrauterine growth retardation
Metabolic acidosis
Malnutrition
Renal osteodystrophy
Glucocorticoid use
Salt wasting
Perturbations in the GH–IGF-I axis
he pituitary gland, is necessary for linear c
rowth during childhood; it mediates most of
ts actions by stimulating the synthesis of insu-
in-like growth factor I (IGF-I).15 Children with
KD have normal or increased levels of GH, but
H is less effective at stimulating linear growth

n the setting of impaired kidney function.
here are multiple mechanisms that explain the
ecreased efficacy of GH in children with CKD,

ncluding decreased hepatic synthesis of IGF-
,15 decreased bioavailability of IGF-I owing to
igher levels of IGF-I binding proteins,16 and
nd-organ resistance to GH.17

The resistance to GH in children with CKD
an be overcome via administration of recom-
inant human GH (rhGH). Randomized studies
f rhGH in children with predialysis CKD were
erformed after initial promising results in non-
andomized studies.18,19 In a 2-year, placebo-
ontrolled study involving 125 prepubertal
hildren, the group that received rhGH had
ignificantly better growth than the placebo
roup during both years of the study, but the
ifference was greater during the first year of
reatment.18 Children receiving dialysis respond
o rhGH, but the effect is less dramatic than in
he predialysis population.20,21

There are also a number of studies showing
he efficacy of rhGH in children who have short
tature after kidney transplantation.22,23 Along
ith short-term benefits, rhGH in children with
KD results in improved adult height.21

Before use of rhGH, children should undergo
orrection of metabolic acidosis, renal osteodys-
rophy, and nutritional deficiencies. Treatment
ith rhGH should be initiated in children who

re below the third percentile for height or
ho have linear growth below the third per-

entile. Secondary hyperparathyroidism may
orsen with rhGH20; parathyroid hormone levels

hould be monitored before and after initiating
herapy.24

Intracranial hypertension, which may present
ith headache, papilledema, visual changes, nau-

ea, or emesis, is a rare complication of rhGH
herapy in children with CKD.25 There is a ques-
ion about whether rhGH might increase the
isk of acute rejection in transplant recipients,
ut most studies have not supported this con-

ern.22,23 Despite isolated case reports, there is
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CKD in children 427
o evidence that rhGH increases the risk of
alignancy or pancreatitis.25

Despite the efficacy of rhGH in correcting
hort stature in children with CKD, the majority
f children who are eligible do not receive this
herapy.26 The requirement for daily injections
s an obvious barrier to therapy, and it is clear
hat psychosocial factors are an important
ause of low rhGH utilization.27 Nevertheless, it
ppears that rhGH is not offered to some chil-
ren without obvious contraindications; short
irls are significantly less likely to receive rhGH
han short boys.27 Insurance approval may be
n important cause of delays in patients receiv-
ng rhGH.27

ARDIOVASCULAR DISEASE

ardiovascular mortality in children and young
dults with end-stage renal disease (ESRD) is
everal orders of magnitude greater than nation-
lly reported health statistics for similar age
roups. According to the US Renal Data System
nnual Report, cardiovascular mortality among
ediatric patients with ESRD has been increas-

ng, from 17.7 deaths per 1,000 patient-years at
isk in 1991 to 23.4 in 2005.28 Deaths attributed
o cardiovascular disease (CVD) are highest
mong African American children and young
dults on dialysis. In the registry of the North
merican Renal Trials and Collaborative Stud-

es, 22.8% of 471 deaths in pediatric dialysis
atients were attributed to cardiopulmonary
auses.29 Although there is some concern that
eaths attributed to CVD in claims data or reg-

stries may be misclassified, closer inspection of
VD end points in the US Renal Data System
atabase by Chavers et al30 confirmed the high
revalence of CVD in this population, revealing
hat 31.1% of incident pediatric dialysis patients
ged 0 to 19 years experienced a cardiac-related
vent in up to 7 years of follow-up evaluation.
rrhythmias occurred at approximately 91 to
28.6 events per 1,000 patient-years at risk,
hereas cardiomyopathy was reported at rates
f 42 to 85 events per 1,000 patient-years at
isk. Valvular disease and cardiac arrest also
ere reported, but were less common than

rrhythmias and cardiomyopathy.30 Sudden
eath in the pediatric CKD and ESRD popula-

ion may be the result of fatal arrhythmias, pos- p
ibly related to dilated hypertrophic cardiomyop-
thies or acute changes in electrolyte balance.

VD RISK FACTORS IN CHILDREN

n adults, traditional and CKD-related risk fac-
ors have been associated with CVD. In adults,
raditional risk factors for CVD events include
ncreasing age, white race, male sex, hyperten-
ion, left ventricular hypertrophy (LVH), dyslip-
demia, diabetes mellitus, tobacco use, physical
nactivity, psychosocial stress, positive family
istory of CVD, and obesity.31 In children, ado-

escents are at higher risk of CV events than
ounger children, and African American race
nd female sex have been reported to be risk
actors for CVD in children and adolescents on
ialysis.30

YPERTENSION

ypertension (HTN), as measured by casual
lood pressure or ambulatory blood pressure
onitoring (ABPM), accelerates CKD progres-

ion and is exacerbated by the decline in kidney
unction.32,33 In a North American registry of
hildren with chronic renal insufficiency, chil-
ren who were hypertensive at the time of
nrollment developed ESRD or loss of glomer-
lar filtration rate (GFR) greater than 10 mL/
in/1.73 m2 significantly more often than nor-
otensive children with CKD.34 In a cross-

ectional study of North American children
ith mild to moderate CKD, HTN was quite

ommon.35 For systolic blood pressure (BP),
7% had uncontrolled HTN (BP, �95th percen-
ile) and 7% had pre-HTN (BP, 90th-95th per-
entile). The overall prevalence of systolic HTN
controlled and uncontrolled) was 53%. For di-
stolic BP, 16% had uncontrolled HTN, and 11%
ad pre-HTN. The overall prevalence of dia-
tolic HTN (controlled and uncontrolled) was
4%. After adjusting for multiple variables, male
ex (predicted risk [PR], 1.7; 95% CI, 1.0–2.6;
� .03); nephrotic-range proteinuria (PR, 1.6;

5% CI, 1.1–2.6; P � .02), and not using angio-
ensin-converting enzyme/angiotensin-receptor
locker (PR, 1.5; 95% CI, 1.0–2.3; P � .06)
ere associated with the presence of uncon-

rolled HTN. The finding that a significant pro-

ortion of children with CKD have increased
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P, although about one third of these children
ere not receiving antihypertensive medica-

ion, indicates that HTN, an important risk fac-
or for CVD in pediatric CKD, frequently is
ndertreated. More aggressively treating hyper-
ension is a clear opportunity to improve and
erhaps ameliorate the burden of CVD in chil-
ren, adolescents, and young adults with CKD.
f note, proteinuria, a putative risk factor for
KD-related CVD in adults, was a significant

isk factor for HTN in this baseline pediatric
tudy.35

ABPM recently was shown to facilitate a
ore accurate diagnosis of HTN in children and

lso to predict hypertensive target-organ dam-
ge.36,37 In small studies in children, abnormal-
ties of ABPM have been associated with target
rgan damage, including increased carotid in-
ima medial thickness (cIMT) and LVH.38,39

VH

VH has been reported as a risk factor for CVD
n adults. Mitsnefes et al40 assessed left ventric-
lar mass (LVM) in 25 children with mild-to-
oderate CKD, and found that 22% of CKD
atients had LVH or developed LVH in 2 years
f follow-up evaluation. Eccentric LVH was the
ost common geometric pattern. Regression

nalysis showed that a lower initial LVM index
nd hemoglobin level and an interval increase
n intact parathyroid hormone level and night-
ime systolic BP (SBP) load independently pre-
icted the interval increase in LVM index.

Mitsnefes et al41,42 assessed LV function in
hildren with CKD versus controls and found
hat children with CKD on chronic dialysis and
fter transplant had impaired diastolic function.
n increased LVM index was the only measured

ndependent predictor for diastolic dysfunction
n these patients.

YSLIPIDEMIA

KD and ESRD are associated with increased
irculating concentrations of triglycerides and
riglyceride-rich lipoproteins, and decreased
oncentrations of high-density lipoproteins.43,44

his pattern of dyslipidemia is atherogenic and
herefore is likely to contribute to increased

VD risk. Dyslipidemia increasingly is believed w
o facilitate the genesis and progression of
KD.45

NEMIA

n adults with CKD, observational evidence
hows an association between anemia and
VH.46 Higher hemoglobin levels have been as-
ociated with improved oxygen utilization, ex-
rcise capacity, and cardiac function. Evidence
upporting cardiac benefits associated with the
reatment of anemia in children with CKD is
imited, although some reports describe an im-
rovement in cardiac geometry.47,48 A single,
linded, cross-over trial of 11 children aged 2 to
2 years on dialysis showed an improvement in
ardiac index by 6 months and a significant
eduction in LVM by 12 months in anemic chil-
ren treated with an erythropoietin-stimulating
gent.49 Two additional observational studies of
atients with severe LVH showed that children
ith lower Hb levels had more severe LVH, and

ower left ventricular compliance.41

BNORMAL CALCIUM AND PHOSPHORUS

KD is associated with a marked prevalence of
rterial calcification in both adults and chil-
ren.50 Increased serum levels of calcium and
hosphate have been recognized as risk factors

or vascular calcification in both observational
nd interventional studies in CKD. In a number
f studies, detection of arterial calcium with
lectron beam computed tomography or ca-
otid ultrasound has been associated with CVD.
n a study of 44 pediatric patients with CKD
tages 2 to 4 and 16 patients on dialysis,
itsnefes et al51 found that an increased calcium-
hosphorus product predicted increased cIMT.
ncreased serum phosphorus and parathyroid
ormone predicted increased arterial stiffness.
hus, vascular abnormalities appear to be
resent already in children and adolescents dur-

ng early stages of CKD, and these appear to be
elated to abnormal calcium-phosphorus metab-
lism.

HRONIC INFLAMMATION

hronic inflammation is a feature of patients

ith ESRD, and increased levels of inflamma-
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CKD in children 429
ory markers have been detected in both adults
nd children at earlier stages of CKD.52,53 Cir-
ulating inflammatory cytokines have been sug-
ested as mediators in the progression of CKD
nd as an important link between CKD and
VD risk factors. Pro-inflammatory cytokines,
uch as interleukin-6 (IL-6) and tumor necrosis
actor-�, have been linked to increased athero-
enesis as well as increased morbidity and mor-
ality among adults with ESRD.54 Increased cir-
ulating levels of IL-6 have been linked to
ypertension, LVH, atherosclerosis, and cardiac
ortality among adults with ESRD.55 The bal-

nce between the proinflammatory cytokine
L-1 and the anti-inflammatory cytokine IL-1RA
lso has been shown to predict CV outcome in
dult patients. IL-10 is an anti-inflammatory cy-
okine that is known to attenuate the inflamma-
ory response, and low levels have been found
o be associated with increased CV mortality
mong adults.56

A significant number of young adults with
hildhood onset of CKD have shown systemic
ascular atherosclerosis, endothelial dysfunc-
ion, and coronary artery disease.57,58 Local
verexpression of the renin-angiotensin-aldo-
terone system, adrenergic system, and inflam-
atory cytokines may contribute to cardiac and

ascular changes in CKD.

OVEL CVD RISK FACTORS

n addition to traditional CVD risk factors in
KD, a number of novel risk factors for CVD

ecently have gained attention. An abnormal
irth history is extremely common in children
ith CKD, particularly those with underlying
rologic disease. A growing body of evidence
upports the Barker59 hypothesis, which con-
ends that low birth weight (LBW; �2,500 g)
laces patients at increased risk for develop-
ent of a variety of problems including obesity,

ype II diabetes, and CVD. Likewise, the Bren-
er hypothesis argues that LBW is associated
ith a reduction in nephron number, which

ncreases the risk for hypertension and CKD.60

LBW or prematurity has been associated with
VD risk factors in children without kidney
isease. A study by Bayrakci et al,61 in which
BPM was performed in 41 children born pre-
erm, showed the preterm group had higher u
octurnal systolic BP, increased nocturnal sys-
olic and diastolic BP loads, and blunted noctur-
al dipping. In normal children, in a study by
emachandra et al,62 infants who were small

or gestational age were not at increased risk for
igh blood pressure at 7 years of age. However,
hildren who crossed weight percentiles up-
ard during early childhood had an increased

isk. In a separate analysis of the 29,710 mother-
hild pairs from the Collaborative Perinatal
roject, there was a significant interaction be-
ween race and birth weight in predicting SBP
P � .002). LBW did not predict increased SBP
n blacks.62

Recent studies have suggested that low vita-
in D levels are highly prevalent in individuals
ith CKD, and may be an important risk factor

or CVD.63 Vitamin D deficiency is widely rec-
gnized in adults with CKD, and recently con-
rmed in children with ESRD.64 In one study,
2% of children had 25-hydroxy vitamin D de-
ciency and 36% had 1,25-dihydroxy vitamin D
1,25(OH)2D) deficiency. Vitamin D is believed
o play a role in the development of CVD by
ecreasing renin levels, controlling inflamma-
ion, and down-regulating vascular endothelial
ell proliferation.65,66 In children on dialysis,
ow vitamin 1,25(OH)2D3 levels have been as-
ociated with increased cIMT.64

EUROCOGNITIVE EFFECTS OF CKD

he cognitive development of infants and chil-
ren with CKD is an area of study that has, until
ecently, received little attention, with little dis-
rimination between those with ESRD and
hose with earlier stages of CKD.67 This is all the
ore interesting given the long-term and signif-

cant clinical manifestations that abnormalities
f cognition may have on patient outcome.
arly reports, such as those of Rotundo et al68

nd McGraw and Haka-Ikse,69 revealed findings
f profound developmental delay in 60% to 85%
f infants with severe renal insufficiency, with
elays in gross motor skills and language devel-
pment being most common.70 In the former
tudy, 20 of 23 infants showed an encephalop-
thy characterized by developmental delay, mi-
rocephaly, hypotonia, seizures, and dyskine-
ia.68 All of this occurred in the setting of a

remic milieu and during a critical period of
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rain development that persists through the
nitial 6 to 12 months of life and that typically is
ssociated with 50% of postnatal brain growth.71

ubsequent recognition of the crucial role that
luminum exposure and malnutrition played in
his scenario and the resultant introduction of
mproved dialysis water purification techniques,
he avoidance of aluminum-containing phos-
hate binders, and the aggressive use of supple-
ental feeding methods has led to improved

eurodevelopmental outcomes overall. Never-
heless, the finding of nonspecific EEG abnor-
alities, the possibility of delayed myelination

f the somatosensory cortex, and/or the in-
reased risk for central nervous system struc-
ural abnormalities (eg, atrophy and infarcts) in
ome patients remains.72-74

In one of several studies that addressed the
eneral development of young patients, Hul-
tijn-Dirkmaat et al75 compared the develop-
ent of 15 toddlers with CKD who were being
anaged conservatively with that of 16 chil-

ren who were receiving dialysis therapy. The
atients with CKD performed better than those
n dialysis as reflected by their achievement of
higher developmental index. Honda et al76

xamined the growth and development of 15
hildren younger than 2 years of age and receiv-
ng peritoneal dialysis (PD) and found that the
evelopmental quotient was normal (�80%) in
nly 2 patients, although 3 of 4 patients with
he lowest developmental quotient suffered ce-
ebral infarctions or Jeune syndrome to account
or some of the findings. In one of the larger
eports, Warady et al77 described the neurocog-
itive status of 28 infants at 1 year of age, all of
hom had initiated long-term PD and supple-
ental tube feedings during the first 3 months

f life, with no exposure to aluminum. The
eneral development of 22 (79%) of the infants
ell in the normal range and only 1 (4%) patient
as categorized as impaired; 12 patients were
ildly hypotonic. Finally, Ledermann et al78 de-

cribed the outcome of 8 children who initiated
D during infancy, and 2 (25%) of these pa-
ients showed developmental delay when eval-
ated at younger than 5 years of age. Thus, it
ppears that at least 25% of infants and toddlers
ho have severe renal insufficiency will show

evelopmental delay, whereas the impact of t
ilder forms of CKD on the neurodevelopment
f infants is unknown.

ntelligence Quotient

he availability of intelligence quotient (IQ)
ata as a measure of cognitive function in older
hildren with CKD has provided additional
aluable information.72,76-80 Honda et al76 found
hat at 5 to 6 years of age, the mean IQ of their
patients was 80.6 and 6 of the patients scored
igher than 85 (within 1 SD of normal mean
alue) and attended a normal school. Warady et
l77 found that of 19 children retested at older
han 4 years of age (mean age, 6.6 � 1.3 y), 15
79%) had a normal IQ, although only 72% and
6% of these patients scored in the average
ange on tests of verbal and nonverbal function-
ng, respectively. Almost all of these patients
ad undergone renal transplantation and of the
6 school-aged patients, 15 (94%) were attend-

ng school as full-time students in an age-appro-
riate classroom. Of 8 patients 5 years of age
nd older in the cohort followed up by Leder-
ann et al,78 2 (25%) showed general develop-
ental delay and were receiving teaching sup-
ort in a normal school setting. Brouhard et al81

escribed a significantly lower IQ in children
ith CKD when compared with their sibling

ontrols. Most recently, Madden et al79 re-
orted on the cognitive and psychosocial out-
ome of 16 infants who began PD during the
rst year of life, the majority (75%) of whom
ad a functioning transplant at the time of their
eassessment at a mean age of 5.8 years. Ten
67%) children had an IQ that was in the normal
ange, whereas 13 of 15 (87%) had an IQ score
ithin 2 standard deviations of the norm. Fi-
ally, in studies that compared the results of
ransplanted patients with those remaining on
ialysis, Lawry et al82 found that the mean IQ of
he transplanted population was higher than
hat of the dialysis group (although the results
f both groups were in the average range),
hereas Brouhard et al81 conducted a cross-

ectional study and did not find any difference
n the mean IQ of the 2 patient groups. Im-
rovement in some neurocognitive functions,
owever, have been seen after transplantation
see later).80 Thus, this information suggests

hat children with CKD tend to score lower
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CKD in children 431
han normal children on tests of general cogni-
ive functioning, although the results in many
atients can be quite good. Although recent
ork has provided preliminary support of the

oncept that an increased severity of CKD cor-
elates with a lower IQ and may help explain
ome of the differences in outcome noted ear-
ier, additional studies in this area are needed,
ith particular reference to patients who have
nly mild-moderate CKD.81-84

PECIFIC NEUROCOGNITIVE FUNCTIONS

n addition to studies focused on the general
ognitive development of children with CKD, a
umber of publications have reported on the
valuation of specific neurocognitive functions.
ennell et al85,86 conducted many of the early
nvestigations and found that children with
KD had deficits in verbal abstraction abilities
nd that verbal performance progressively wors-
ned with a greater duration of kidney failure.
hese investigators also documented that chil-
ren with CKD showed deficits in visual-motor
bilities.85 In the area of attention and executive
unction (control processes that are linked to
he integrity of the prefrontal cortical regions in
he brain and that involve abilities such as
roblem solving), Fennell et al85,86 reported

hat patients with CKD showed poorer sus-
ained attention skills compared with matched
ontrols. Mendley and Zelko80 reported im-
rovements in sustained attention and mental
rocessing speed 1 year after transplantation.
imilarly, Qvist et al72 found no group deficits in
ttention when comparing transplant recipi-
nts with a normal population, although 24% of
atients showed reduced attention spans. Gip-
on et al87 recently evaluated 20 children and
dolescents and controls and found that the
KD group was deficient in their initiation and
ustaining behaviors within the executive func-
ion domain, even when controlling for IQ and
hronologic age.

Evaluation of memory is of importance be-
ause of its critical contribution to success in
chool and employment. In addition to a prior
eport by Fennell et al86 of lower memory
cores for tasks requiring immediate recall in
KD patients versus controls, Gipson et al87
ound that children with CKD had significantly
ower memory abilities than controls with an
mphasis on short-term verbal memory, short-
erm visual memory, and new learning.

In summary, children with CKD are at risk
or impairments of overall cognitive function-
ng, the development of which may be related
o the severity and duration of renal insuffi-
iency, patient age, and associated medical dis-
rders such as hypertension.88 When cognition

s impaired, academic functioning may prove
uboptimal with particular reference to skills in
eading, writing, and mathematics. These find-
ngs emphasize the necessity of early screening
or deficits with a standardized battery of neu-
ocognitive assessments and aggressive inter-
ention when deficits are detected.83,89,90 Per-
istence of the neurocognitive impairment into
dulthood is possible and can be especially
roblematic.91 Ideally, multicenter initiatives,
uch as the Chronic Kidney Disease in Children
tudy,92 will soon provide additional valuable
nsights into the development and evolution of
eurocognition across the spectrum of renal

nsufficiency in this vulnerable population.
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