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Abstract Neurodevelopmental deficits in pediatric and
adult survivors of childhood onset chronic kidney disease
(CKD) have been documented for many years. This paper
reviews the available literature on central nervous system
involvement incurred in childhood CKD. The studies
reviewed include recent work in neuroimaging, electro-
physiology, and neuropsychology, along with commentary
on school functioning and long-term outcomes. The paper
concludes with suggestions for monitoring the neurodevel-
opmental status and pursuing appropriate early interven-
tions for children with CKD.
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The excellent long-term survival for children with chronic
kidney disease (CKD) is a strong motivator for optimizing
neurodevelopment and educational achievement [1]. Over

the course of the past 30 years, reports of advances in CKD
therapies have decreased both morbidity and mortality
risks. Indeed the identification and elimination of aluminum
neurotoxicity and the availability of erythropoietin therapy
has eliminated two significant contributors of nervous
system dysfunction in patients with kidney failure. Despite
this success, the neurodevelopment of children with CKD
continues to be impeded by the presence of kidney disease
[2]. This review describes the current understanding of the
nervous system structure and function in children with
CKD and highlight areas where additional study is needed.

Neuroimaging

Investigations into neurodevelopmental outcomes in CKD
pediatric cohorts were sparked by seminal brain imaging
studies of the early 1980s, which found several cortical
abnormalities in this population. Researchers utilized
computed tomography (CT) scans and magnetic resonance
imaging (MRI) to verify the neuroanatomical abnormalities
such as cerebral atrophy and infarcts in children with ESRD
[3–6]. Cerebral atrophy has been documented in 12–23% of
children with ESRD [4, 5, 7]. Research has focused on
certain disease groups at greater risk for CNS dysfunction
than the general CKD population, including cohorts of
congential nephrotic syndrome, cystinosis and Lowe
syndrome. Valanne et al. [7] reported the MRI findings of
33 patients, comprised mostly of children with congenital
nephrotic syndrome between 6 and 11 years of age, who
received a kidney transplant prior to 5 years of age [7].
Results indicated that 18 of 33 (54%) patients had chronic
infarct lesions mostly within the periventricular white
matter. Comparable to previous findings, cerebral atrophy
was found in five of 33 (15%) patients [5, 7]. Evidence of
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white matter lesions in this sample of patients with
congenital nephrotic syndrome was highly correlated with
transplantation at a later age (P<0.05), longer duration of
dialysis (P<0.02), and a history of hemodynamic crisis
(P<0.03) [7]. Findings by Nichols et al. [8] on pediatric
patients with cystinosis from infancy showed that ten of 11
(91%) patients had cortical atrophy. Case studies on CNS
and renal involvement of patients with Lowe syndrome
have also suggested the presence of cerebral atrophy and
seizure disorders [9]. In summary, children with CKD are at
risk for central nervous system (CNS) structural abnormal-
ities of atrophy and infarcts. These lesions may be observed
with greater frequency in populations at risk for coagulation
disorders such as congenital nephrotic syndrome and
among those with a history of hypertensive crisis. The
overall risk for CNS structural abnormalities can only be
estimated based on currently published data for children
with ESRD. Additional research into the risks for CNS
structural abnormalities in children with less severe CKD
and a broader scope of the general CKD population will be
necessary for advances in this field.

Electrophysiology

In addition to structural abnormalities, children with CKD
have also shown deficits in cerebral and peripheral nerve
conduction. Measurement techniques in this area include
electroencephalography (EEG) measuring cortical electrical
activity; brain stem evoked responses measuring brainstem
response to stimuli in both timing and intensity; and
peripheral nerve conduction assessing peripheral nerve
function. Four reports of EEG findings have been published
since 1990 in the pediatric CKD literature. In a report on
patients with CKD from infancy, results identified unspec-
ified EEG abnormalities in six of 14 (42%) patients but no
abnormalities were found with brainstem auditory evoked
potentials [4]. Similar rates of EEG abnormalities (12 of 33,
36%) have been reported for patients after renal transplant,
all of whom had ischemic watershed zone lesions on MRI
images of the CNS [5]. Hurkx et al. [10] also evaluated 22
children with CKD. Brainstem conduction in the auditory
pathway was within normal limits and did not differ
between the peritoneal dialysis and chronic renal insuffi-
ciency (CRI) subgroups. However, results did suggest the
possibility of delayed myelination or synaptogenesis of the
somatosensory pathway in young children with CKD
regardless of renal replacement therapy [10]. This finding
was explained by deficits in cortical conduction via the
thalamus as measured by high interpeak somatosensory
evoked potential latencies, which suggests that earlier onset
of CKD pathology could hinder maturation of the myelin
sheath in the somatosensory cortex. Contemporary esti-

mates of the frequency of seizure disorders among children
with CKD are not known.

Research on adults with CKD expands our understand-
ing of the relationship between severity of kidney disease
and electrophysiology. A progressive slowing of EEG
waves is correlated with progressive elevation in serum
creatinine [11] (see Fig. 1). Additional evaluation of the
relationship between evoked potential and the severity of
anemia of CKD confirms a slow and diminished intensity
of CNS response to stimuli with anemia. This CNS function
improves with correction of anemia with erythropoietin
therapy in adults with CKD. Similar data in pediatric
patients are not available [11–15].

Assessment of peripheral nerve conduction function in
children is supported by long-standing documentation of
abnormalities in this area in adults with CKD. A single
study has measured peripheral nerve conduction using the
median nerve in ten children on hemodialysis between the
ages of 9 and 19 years. Comparing their performance to
age- and gender-matched controls, abnormal peripheral
conduction velocities were documented in three of ten
(30%) children [16].

Summary The published reports of children with CKD
have suggested non-specific EEG abnormalities, delayed
myelination of the somatosensory cortex and slower
peripheral nerve conduction velocities. The frequency,
severity and risk factors for these abnormalities among
children with mild to severe CKD are unknown and will
require research including a diverse cohort. The extreme of
EEG abnormalities may be expressed as seizure disorders
or encephalopathy. Contemporary estimates of the frequen-
cy of these abnormalities will also require additional
investigation.

Neurodevelopmental outcomes in children with CKD

In addition to the assessment of CNS structure and nerve
conduction, the functional status of the developing child is
assessed though neuropsychological testing and educational
achievement. Cross-sectional studies of children with CKD
suggested that there is increased risk for delays in neuro-
cognitive development, particularly for toddlers [17–19]
and children with end-stage renal disease (ESRD) [17–23].
Unfortunately, no large-scale, prospective neurocognitive
evaluation of this health-challenged group has been done to
allow for an accurate prediction of the incidence, preva-
lence, and magnitude of developmental problems. The
studies to date have used modestly sized cohorts to examine
general neurocognitive functions as well as more specific
neurocognitive domains, including attention, executive
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function, language, visual-spatial abilities and memory (see
Table 1).

General neurocognitive function

Developmental quotients (DQ) and intelligence quotients
(IQ) are used as markers of general developmental status in
preschool and school-age children, respectively. In children
younger than 5 years of age, neurodevelopmental testing

has revealed a number of concerns pertaining to initial
developmental trajectories. Hulstijn-Dirkmaat et al. [24]
compared the general development of 15 toddlers with
chronic renal insufficiency (CRI) receiving conservative
therapy with 16 dialysis-dependent children. These inves-
tigators found that the children with CRI had a significantly
better developmental index as a group when compared with
the dialysis-dependent children, with the dialysis-dependent
children manifesting a mean developmental index that fell

Table 1 Summary of testing used for developmental assessment in children

Neurocognitive
function

Definition

IQ A measure of an individual’s overall or general cognitive functioning. IQ scores are typically used for school-age
children to assess both verbal and non-verbal reasoning abilities. Developmental screeners are typically used for
children under 6 years. Developmental screeners are used to assess motor skills, language, and visual reception.

Attention A multi-component construct that requires selectively attending to and sustaining focus on a stimuli for a period of
time, while blocking out distractors. Attention can be assessed for both visual and auditory stimuli.

Executive function Problem-solving process consisting of several components: (1) planning, (2) initiating, (3) goal formulation, (4)
set-shifting, and (5) behavioral inhibition. Executive functions are highly correlated with attention.

Language Ability to communicate verbally (Expressive Language) and to understand spoken language (Receptive Language).
Visual-spatial
ability

The ability to accurately perceive visual information in two- and three-dimensional form. Visual-spatial tasks
require localization, orientation, integration, and construction of visual information.

Memory The process of encoding, processing, storing, and retrieving visual or verbal stimuli. Information may be stored for
short (Short-Term Memory) or long periods of time (Long-Term) memory. Working memory requires and individual
to perform a mental operation on information stored in short-term memory such as repeating a series of
verbally-presented numbers backwards.

Academic
achievement

Performance across traditional academic domains, including basic reading, reading comprehension, math
reasoning, math calculation, and written language.

Fig. 1 Plot of relationship be-
tween EEG slowing and serum
creatinine. EEG frequency is
defined as the number of slow
waves (3–7 Hz) divided by the
total waves (3–13 Hz),
expressed as percent. (Reprinted
from [11] with kind permission
from Macmillan Publishers)
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within the mild range of mental retardation. Ledermann et
al. [25] evaluated the long-term outcome of infants
requiring peritoneal dialysis, with about 25% of the sample
evidencing developmental delay. Warady et al. [26]
evaluated 28 dialysis dependent infants at 1 year of age,
with about 21% being in the low-average to impaired range
of general development. Taken together, these studies
suggest that approximately 20–25% of very young children
with ESRD show general developmental delays and neuro-
developmental impairment is greater with a greater severity
of kidney disease.

For older children with CKD, more formal measures of
intelligence, IQ, can be obtained. In general, school-age
children with CKD show an IQ distribution that is shifted
slightly downward compared with the normal population
[5, 22, 24, 27, 28]. The children with ESRD tend to have
the lowest IQ when compared with siblings or a healthy
control group in total IQ and verbal and performance IQ
subscales [23, 29]. When comparing IQ within groups of
children with CKD, variable results have been reported.
Lawry et al. [28] evaluated 13 transplanted children
compared with 11 dialysis-dependent children in a cross-
sectional study and found a higher mean IQ in the
transplant group, although both groups fell largely within
the average range. Conversely, a cross-sectional study by
Brouhard et al. [23] found no significant differences in the
intellectual functioning of their transplant versus dialysis-
dependent groups. Warady et al. [26] reported IQ within the
normal range for 79% of his sample of 6.6 year-old
transplant recipients who had ESRD from infancy. Warady
and co-workers also noted that 72% achieved average
verbal IQ, while only 56% had an average nonverbal IQ.

Summary It appears that general cognitive functioning
scores are lower than normal among children with CKD.
The available literature is inadequate to fully characterize
this effect with respect to timing of onset of CKD, degree of
kidney dysfunction, or differences between verbal and
nonverbal abilities and further research is needed in this
area.

Specific neurocognitive functions

Attention and executive functions The ability to attend to a
task or classroom environment includes the focus on the
task at hand and the suppression of distracting noises and
events. Attention has been compared in children with
severe CKD before and after transplant [22]. Improvements
in sustained attention and mental processing speed 1 year
after transplant was observed in the small sample of nine
children, comparing before and after transplant functioning.
Further, Qvist et al. [5] reported no group deficits of

attention in a renal transplant sample when compared with
the normative population; however, 24% of their sample
showed generalized attention deficits.

Although highly correlated with attention, executive
function measures higher order brain function that includes
problem solving. Using a multidimensional model of
executive functioning (i.e., Initiating, Sustaining, Set-Shift-
ing, Inhibiting), Gipson et al. [30] recently showed the
presence of significant problems in selected executive
functions in their sample of children with CKD when
compared with a typically developing comparison group.
The CKD group did not include transplant recipients. The
CKD group performed poorer than the typical group in the
Initiation and Sustaining domains, controlling for chrono-
logic age and IQ. The groups did not differ on Set-Shifting,
changing from one task to another, or Inhibition. The
present literature suggests that children with CKD have
deficits in attention in as many as 24% of transplant
recipients. The effects on children with severe CRI and
dialysis dependence appear greater compared with trans-
plant recipients. Furthermore, selected disruption in begin-
ning and sustaining a task, both of which are considered
key components of attention, has been identified.

Language Among children with CKD, the prevalence of
hearing loss is approximately 18%, and concerns are raised
that unrecognized or delayed diagnosis of hearing impair-
ment may impede language development [5, 31]. This
finding also raises additional concerns for the literature in
that children with known hearing loss may be excluded
from studies of cognitive function, thus the language
functioning of children with CKD may not be fully
represented in published documents [27]. Fennell et al.
[32] found deficits in the verbal abstraction abilities of their
children with CKD when compared with a matched control
group. In contrast, Qvist et al. [5] documented no deficits in
language in their transplanted group when compared with
the normative population, with only 6% of children having
problems on language tasks. More research is needed
within this cognitive domain to determine if language
abilities are an area of concern for children with CKD,
particularly with respect to potential delays secondary to
hearing impairment. Furthermore, the assessment of audi-
tory acuity should be a mandatory component of pediatric
CKD management to avert potential language delays that
may accompany hearing deficits.

Visual-spatial abilities The comprehension and reproduc-
tion of two- and three-dimensional objects is a fundamental
cognitive function. Fennell et al. [32] documented deficits
in visual-motor abilities in a cohort of 56 children with
CKD when compared with a matched typical sample.
Similarly, Bawden et al. [29] showed that their group of
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children with ESRD evidenced significantly lower visuo-
constructive abilities when compared with sibling controls.
In contrast, Qvist et al. [5] documented no overall group
deficits in the visuospatial abilities of their sample of
transplant recipients when compared with the normative
population; however, nearly one-quarter of their sample did
show visuospatial deficits. The current literature supports a
concern that visual-spatial abilities are diminished in
children with CKD with a greater frequency than what is
expected in the normative population.

Memory Although one study has identified no differences
in short-term memory comparing children with ESRD and
sibling controls [29], the majority of literature suggests that
children with CKD have memory deficits. In a heteroge-
neous sample of children with CKD, Fennell et al. [32]
documented lower memory abilities for children with CKD
when compared with controls, with these abilities deterio-
rating over a 1-year time span regardless of treatment
modality. Mendley et al. [22] documented improvements in
working memory in nine children after transplant when
compared with their pre-transplant findings. Qvist et al. [5]
reported that 20% of the transplant recipients displayed
generalized memory deficits. More recently, using a non-
transplant sample of children with CKD, Gipson et al. [30]
showed significantly lower memory abilities when com-
pared to healthy children. Specifically, the CKD group
demonstrated poorer short-term visual memory, short-term
verbal memory, and new learning, with specific concerns
being raised for the integrity of working memory functions.

Summary Across these specific domains of cognition, the
findings clearly point to significant concerns for the
neuropsychological integrity of children with CKD-even
following kidney transplant. While several of these
domains require more scientific inquiry (e.g., language,
visual-spatial), the findings for attention, executive function
and memory appear to point to areas for concern. More
generally, the contemporary findings to date across both the
intellectual and neurocognitive domains would suggest the
need for developmental surveillance by the pediatric
nephrologist and developmental specialists beginning be-
fore the onset of ESRD. How these neuropsychological
deficits may impact on life course, educational status, and
vocational choices remains to be determined, particularly as
such factors may impact upon socioeconomic status [33].

Academic achievement and school functioning

There are relatively few studies examining the academic
achievement and school functioning of children with

CKD. When reviewing the cognitive functions summa-
rized above, one might expect limitations in math and
reading, based on difficulties with executive functioning
and memory domains. In general, the available studies
suggest that transplant recipients outperform dialysis-
dependent patients in the broad academic areas of
reading, math, and language [30]. Brouhard et al. [23]
reported findings showing the combined ESRD group
(transplant and dialysis) had lower achievement scores
than their sibling controls in spelling, math, and reading.
In contrast, Bawden et al. [29] demonstrated that children
with ESRD showed no group differences on various
measures of basic reading, spelling, math, reading
comprehension, and phonological processing when com-
pared with their sibling controls.

The educational status of children with CKD will
typically reflect the cognitive abilities and adaptive
functioning of the student. Just as one can find means to
perform at peer level with a physical disability, the
adaptive capabilities of a child may allow school
functioning beyond the predicted level based on neuro-
psychologic testing. In North America and Europe, 79–
94% of children with CKD receive their education in
regular educational settings, while 13–15% received
special education services not related to visual or hearing
impairments [5, 26]. Findings from the cohort by Qvist
and co-workers suggested that ten of 13 (77%) patients
receiving special education services had CNS infarcts [5].
The rates of special education service provision for
children with CKD are equivalent to national rates among
the general population [34]. Given the evidence for
neuropsychological impairment across the CKD spectrum,
however, these rates may represent an underestimate of
the number of children with CKD who may actually
require special education services to perform optimally in
the school setting [18]. Further research should address
this need, while routine clinical care should include a
thorough psychoeducational screening and ongoing mon-
itoring of school performance in this population.

Long-term outcomes

Educational attainment and employment have been
examined in follow up investigations of childhood
ESRD cohorts. Neuropsychological impairment begin-
ning in children with CKD has been shown to persist
into adulthood [29, 35]. A Dutch study found adult
survivors of childhood onset ESRD have Verbal IQ,
Performance IQ, and Full Scale IQ to be 9.7, 9.2, and
10.4 points (P values <0.0001) lower than controls,
respectively [35]. In addition, the educational attainment
is also much lower for adults with childhood-onset ESRD
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compared with national population statistics [35]. A
retrospective study by Broyer et al. [36] found that only
31.2% of their transplant cohort had received a high
school diploma, and 68.8% had a junior high education or
less. With the burden of diminished cognitive function
and lower levels of education, 50–75% of adults with a
functioning transplant and 25–60% of patients on dialysis
are employed as adults [37]. Lower rates of employment
and low occupational level are associated with dialysis
rates longer than 8 years [38]. These rates vary by country,
with some countries (e.g., France) showing employment
rates similar to the general population [36].

Assessment and management

A practical approach to the assessment of CNS structure
and function may include CNS imaging when indicated
by a history of poor cranial growth, hemodynamic
instability or prolonged dialysis dependence. EEGs are
indicated with a concern for seizure disorders but are not
recommended for all patients. Early assessment of
cognitive function for all children with severe CKD and
ESRD is recommended. This assessment should include a
general assessment of cognition using DQ or IQ depend-
ing on patient age. Additional testing for specific
abnormalities in the domains of memory, attention,
executive function and visual-spatial skills will complete
the assessment for school-age children. After transplanta-
tion, a repeat evaluation may prove useful to define
remaining deficits and to restructure specific educational
plans. Furthermore, developmental intervention for pre-
school children and educational support through individual
educational plans, tutoring or special classes will likely
optimize the developmental and educational outcome for
children with CKD.

Conclusion

Across four decades, medical literature has documented
neurodevelopmental deficits in children and adult survivors
of childhood onset CKD. The vulnerability of the CNS to
atrophy, delayed conduction velocity on electrophysiology
studies, and specific cognitive deficits has been identified.
Although significant work remains, the current literature
provides a rationale for neurodevelopmental monitoring and
early intervention for children with CKD. The results of this
monitoring should be used to provide appropriate develop-
mental and educational intervention. The association be-
tween duration of dialysis and CNS infarcts and cognitive

dysfunction should at least be considered when assessing
the timing of transplantation for children with ESRD.

CME questions

(Answers appear following the reference list)

1. You have been following the medical progress of an 8-
year-old male child since his diagnosis of kidney
disease at the age of 2 years. Over the past 6 years,
the kidney disease has been worsening slowly, but the
child has responded nicely to treatment. No develop-
mental problems have been described, although the
height of the child is beginning to drop below the 10th
percentile for his chronological age and gender. On the
current medical visit the child reports no problems with
school or with his social functioning; however, his
mother notes that she is beginning to worry about his
school progress. He is not reading or spelling as well as
his classmates, and he has been playing with the first-
and second-grade children more than his peers. She
provides school records and teacher comments that
verify this concern. Which ONE of the following
procedures would be most useful for ongoing tracking
of this youngster’s progress:

a. A referral for a comprehensive neuropsychological
evaluation that includes IQ, specific cognitive
domains, academic achievement, and social-behav-
ioral assessments

b. An IQ test to rule-out mental retardation
c. A meeting with the child’s teacher
d. No procedures for follow-up, but remember to ask

about school and social functioning upon the next
medical visit

2. The special education rate for children with CKD is no
different from the national rate at this time. (True/False)

3. Based on current research, the prevalence of cerebral
atrophy from imaging results in the general pediatric
CKD population has been estimated to range between:

a. 10 – 25%
b. 30 – 45%
c. 50 – 65%
d. 70 – 85%

4. EEG abnormalities have been found to be prevalent in
the pediatric CKD population at rates ranging between:

a. 0 – 25%
b. 25 – 50%
c. 50 – 75%
d. 75 – 100%
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5. Which brain regions, structures, and pathways have
been identified as vulnerable in children with CKD?

a. Periventricular white matter
b. Internal junctional border/watershed zones
c. Somatosensory cortex
d. All of the above

6. Adult survivors of childhood onset ESRD meet
national expectations for educational achievement and
employment. (True/False)

References

1. Ferris ME, Gipson DS, Kimmel PL, Eggers PW (2006) Trends in
treatment and outcomes of survival of adolescents initiating end-
stage renal disease care in the United States of America. Pediatr
Nephrol 21:1020–1026

2. Bock GH, Conners CK, Ruley J, Samango-Sprouse CA, Conry
JA, Weiss I, Eng G, Johnson EL, David CT (1989) Disturbances
of brain maturation and neurodevelopment during chronic renal
failure in infancy. J Pediatr 114:231–238

3. Schnaper HW, Cole BR, Hodges FJ, Robson AM (1983) Cerebral
cortical atrophy in pediatric patients with end-stage renal disease.
Am J Kidney Dis 2:645–650

4. Elzouki A, Carroll J, Butinar D, Moosa A (1994) Improved
neurological outcome in children with chronic renal disease from
infancy. Pediatr Nephrol 8:205–210

5. Qvist E, Pihko H, Fagerudd P, Valanne L, Lamminranta S,
Karikoski J, Sainio K, Ronnholm K, Jalanko H, Holmberg C
(2002) Neurodevelopmental outcome in high-risk patients after
renal transplantation in early childhood. Pediatr Transplant 6:53–
62

6. Steinberg A, Efrat R, Pomeranz A, Drukker A (1985) Comput-
erized tomography of the brain in children with chronic renal
failure. Int J Pediatr Nephrol 6:121–126

7. Valanne L, Qvist E, Jalanko H, Holmberg C, Pihko H (2004)
Neuroradiologic findings in children with renal transplantation
under 5 years of age. Pediatr Transplant 8:44–51

8. Nichols SL, Press GA, Schneider JA, Trauner DA (1990) Cortical
atrophy and cognitive performance in infantile nephropathic
cystinosis. Pediatr Neurol 6:379–381

9. Pueschel SM, Brem AS, Nittoli P (1992) Central nervous system
and renal investigations in patients with Lowe syndrome. Childs
Nerv Syst 8:45–48

10. Hurkx W, Hulstijn D, Pasman J, Rotteveel J, Visco Y, Schroder C
(1995) Evoked potentials in children with chronic renal failure,
treated conservatively or by continuous ambulatory peritoneal
dialysis. Pediatr Nephrol 9:325–328

11. Teschan PE, Ginn HE, Bourne JR, Ward JW, Hamel B, Nunnally
JC, Musso M, Vaughn WK (1979) Quantitative indices of clinical
uremia. Kidney Int 15:676–697

12. Sagales T, Gimeno V, Planella MJ, Raguer N, Bartolome J (1993)
Effects of rHuEPO on Q-EEG and event-related potentials in
chronic renal failure. Kidney Int 44:1109–1115

13. Marsh JT, BrownWS,Wolcott D, Carr CR, Harper R, Schweitzer SV,
Nissenson AR (1991) rHuEPO treatment improves brain and
cognitive function of anemic dialysis patients. Kidney Int 39:155–163

14. Evers S, Tepel M, Obladen M, Suhr B, Husstedt IW, Grotemeyer
KH, Zidek W (1998) Influence of end-stage renal failure and

hemodialysis on event-related potentials. J Clin Neurophysiol
15:58–63

15. Tilki HE, Akpolat T, Tunali G, Kara A, Onar MK (2004) Effects
of haemodialysis and continuous ambulatory peritoneal dialysis
on P300 cognitive potentials in uraemic patients. Ups J Med Sci
109:43–48

16. Suppiej A, Casara G, Boniver C, Pozzan GB, Montini G,
Zacchello G, Zacchello F (1991) Somatosensory pathway dys-
function in uremic children. Brain Dev 13:238–241

17. Warady BA, Fivush BA, Alexander SR (1999) Peritoneal dialysis.
In: Barrat TM, Avner ED, Harmon WE eds. Pediatric nephrology,
4th edn. Lippincott Williams & Wilkins, Baltimore, pp 1251–1265

18. Gipson DS, Wetherington CE, Duquette PJ, Hooper SR (2004)
The nervous system and chronic kidney disease in children.
Pediatr Nephrol 19:832–839

19. Polinsky MS, Kaiser BA, Stover JB (1987) Neurologic develop-
ment of children with severe chronic renal failure from infancy.
Pediatr Nephrol 1:157–165

20. Fennell RS, Fennell EB, Carter RL, Mings EL, Klausner AB,
Hurst JR (1990) Correlations between performance on neuropsy-
chological tests in children with chronic renal failure. Child
Nephrol Urol 10:199–204

21. Fennell RS, Fennell EB, Carter RL, Mings EL, Klausner AB,
Hurst JR (1990) A longitudinal study of the cognitive function of
children with renal failure. Pediatr Nephrol 4: 11–15

22. Mendley SR, Zelko FA (1999) Improvement in specific aspects of
neurocognitive performance in children after renal transplantation.
Kidney Int 56:318–323

23. Brouhard BH, Donaldson LA, Lawry KW, McGowan KR, Drotar
D, Davis I, Rose S, Cohn RA, Tejani A (2000) Cognitive
functioning in children on dialysis and post-transplantation.
Pediatr Transplant 4:261–267

24. Hulstijn-Dirkmaat GM, Damhuis IH, Jetten ML, Koster AM,
Schroder CH (1995) The cognitive development of pre-school
children treated for chronic renal failure. Pediatr Nephrol 9:464–
469

25. Ledermann SE, Scanes ME, Fernando ON, Duffy PG, Madden SJ,
Trompeter RS (2000) Long-term outcome of peritoneal dialysis in
infants. J Pediatr 136:24–29

26. Warady BA, Belden B, Kohaut E (1999) Neurodevelopmental
outcome of children initiating peritoneal dialysis in early infancy.
Pediatr Nephrol 13:759–765

27. Madden SJ, Ledermann SE, Guerrero-Blanco M, Bruce M,
Trompeter RS (2003) Cognitive and psychosocial outcome of
infants dialysed in infancy. Child Care Health Dev 29: 55–61

28. Lawry KW, Brouhard BH, Cunningham RJ (1994) Cognitive
functioning and school performance in children with renal failure.
Pediatr Nephrol 8:326–329

29. Bawden HN, Acott P, Carter J, Lirenman D, MacDonald GW,
McAllister M, McDonnell MC, Shea S, Crocker J (2004)
Neuropsychological functioning in end-stage renal disease. Arch
Dis Child 89:644–647

30. Gipson DS, Hooper SR, Duquette PJ, Wetherington CE,
Stellwagen KK, Jenkins TL, Ferris ME (2006) Memory and
executive function in pediatric chronic kidney disease. Child
Neuropsychol 12:1–15

31. Quick CA (1976) Hearing loss in patients with dialysis and renal
transplants. Ann Otol Rhinol Laryngol 85:776–790

32. Fennell R, Fennell E, Carter R, Mings E, Klausner A (1990)
Association between renal function and cognition in childhood
chronic renal failure. Pediatr Nephrol 4:16–20

33. Shoham DA, Vupputuri S, Kshirsagar AV (2005) Chronic kidney
disease and life course socioeconomic status: a review. Adv
Chronic Kidney Dis 12:56–63

Pediatr Nephrol (2007) 22:1703–1710 1709



34. U.S.Department of Education (2004) Digest of education statis-
tics, 2003. National Center for Education Statistics, Washington,
D.C.

35. Groothoff JW, Grootenhuis M, Dommerholt A, Gruppen MP,
Offringa M, Heymans HS (2002) Impaired cognition and
schooling in adults with end stage renal disease since childhood.
Arch Dis Child 87:380–385

36. Broyer M, Le BC, Charbit M, Guest G, Tete MJ, Gagnadoux MF,
Niaudet P (2004) Long-term social outcome of children after
kidney transplantation. Transplantation 77:1033–1037

37. Bartosh SM, Leverson G, Robillard D, Sollinger HW (2003)
Long-term outcomes in pediatric renal transplant recipients who
survive into adulthood. Transplantation 76:1195–1200

38. Groothoff JW, Grootenhuis MA, Offringa M, Stronks K,
Hutten GJ, Heymans HS (2005) Social consequences in
adult life of end-stage renal disease in childhood. J Pediatr
146:512–517

CME answers

1. Answer: a
2. Answer: True
3. Answer: a
4. Answer: b
5. Answer: d
6. Answer: False

1710 Pediatr Nephrol (2007) 22:1703–1710


	The central nervous system in childhood chronic kidney disease
	Abstract
	Neuroimaging
	Electrophysiology
	Neurodevelopmental outcomes in children with CKD
	General neurocognitive function
	Specific neurocognitive functions

	Academic achievement and school functioning
	Long-term outcomes
	Assessment and management
	Conclusion
	CME questions
	(Answers appear following the reference list)

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


