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Abstract

Brain growth and development occur at peak rates in early childhood through adolescence, and
for some children this must happen in conjunction with chronic kidney disease (CKD), associated
medical conditions, and their treatment(s). This review provides an overview of key findings

to date on the topic of the brain in pediatric CKD. Here, we specifically address the topics

of neurocimaging and cognition in pediatric CKD with consideration to biomarkers of disease
progression that may impact cognition. Current cognitive data suggest that most children with
mild to moderate CKD do not exhibit significant cognitive impairments; but, rather, the presence
of somewhat lower intellectual abilities and subtle deficits in selected executive functions.
Although promising, modern neuroimaging data remain inconclusive in linking cognitive findings
to neuroimaging correlates in the pediatric CKD population. Certainly, it is important to note that
even subtle cognitive concerns can present barriers to learning, social functioning, and overall
quality of life if not appropriately recognized or addressed. Further longitudinal research utilizing
concurrent and targeted cognitive and neuroimaging evaluations is warranted to better understand
the impact of CKD progression on brain development and associated neurocognitive outcomes.
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Introduction —

For the pediatric patient, chronic kidney disease (CKD) represents a life-long process. There
may be a transition from early-stage disease to dialysis and then to subsequent transplant;
however, the CKD life-cycle begins again within the transplanted kidney, in nearly every
instance as a “new normal.” The progression of CKD is accompanied by a multitude of
multisystem effects, with an impact on cognition observed across the disease spectrum.
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Cognition and neurodevelopment exist in tandem. Normal neurodevelopment in pediatric
patients represents a purposeful, sequential process of gray and white matter deposition

and synaptic pruning in elegant juxtaposition — beginning in utero and extending into early
adulthood before arrival at the mature adult brain. Our understanding of brain development
and cognition is generally well-characterized within the context of the healthy child. As

we see increased survival into adulthood among children with advanced chronic kidney
disease, it behooves us to consider the long-term impact of CKD progression on cognition
and the developing brain and identify disease-related risk factors, particularly those that are
modifiable, that can be harnessed to mitigate cognitive risk. As such, this review provides
an overview of key, contemporary research findings examining three basic questions: (1)
What cognitive deficits are observed in pediatric CKD? (2) Are there biomarkers of disease
progression that impact cognition? (3) What are the neuroimaging findings in pediatric
CKD? Does neuroimaging data yield developmental correlates of cognitive functioning?
Available evidence addressing each of these questions should provide guidance to both

the clinician and researcher working with children with CKD and, hopefully, lay the
foundation for future work in this population. In particular, we provide a call to action for
the scientific community to examine clinical biomarkers, brain structure, brain function, and
neurocognition simultaneously in order to improve our understanding of interaction between
the kidney and the brain in CKD.

What cognitive deficits are observed in pediatric CKD?

Historically, advanced CKD in infancy was associated with high rates of developmental
delay, microcephaly, and chronic seizures. Data from the early 1990s evaluating infants and
toddlers on dialysis documented the risk of pronounced developmental delay, compared to
children with mild or no renal disease (1). Estimates from these early-era findings reported
approximately 20-25% of young children with advanced kidney disease had significant
developmental delay (1, 2) and that those with a diagnosis of end-stage kidney disease
(ESKD) from infancy were more likely to have lower intelligence (1Q) (3). Nutritional
advances, anemia control, and the avoidance of aluminum-containing compounds/binders
were likely substantial contributors to the reported improvement in cognitive outcomes
within the pediatric CKD population. These changes in care have enhanced pediatric CKD/
ESKD survival; thus, creating a unique opportunity for researchers to better understand
how CKD progression and associated comorbidities accelerate the emergence of cognitive
deficits.

Little attention has been given to the cognitive assessment of preschool age children with
CKD. Duquette et al. (4) reported the presence of cognitive and developmental differences
between a group of preschool CKD patients — including those with advanced CKD requiring
dialysis and transplant - and healthy controls. In this sample, lower cognitive scores were
directly related to disease duration. A more recent study on cognitive outcomes in a

large (N = 126) preschool sample of patients with mild to moderate CKD (estimated
glomerular filtration rate [eGFR] 30-90 ml/min/1.73m?2) evaluated developmental level/1Q,
attention regulation, and parent ratings of executive functions, social-behavior, and adaptive
behaviors (5). In general, the sample demonstrated intact cognitive and developmental
functioning. The percentage of preschoolers who met an at-risk developmental designation
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was determined within the sample based on an at-risk definition of performance at least
one standard deviation (S.D.) below the normative mean for the tasks and rating scales
administered. When examining those considered at-risk, rates of performance lower than
1 S.D. below the mean were uniformly higher than would be expected from normative
standards (approximately 16%). Specifically, within the developmental level/IQ domain,
27% of the children were deemed at risk. Within the attention regulation domain, 23% of
the children were at least one SD below the mean on errors of commission, suggesting

a heightened rate of impulsive responding in this sample. Parent ratings of executive
functioning placed approximately 30% of the students at risk for their overall executive
capabilities. Notably, approximately 40% of the sample was found to be “at-risk” on two or
more measures.

The impact of CKD on cognition is better described among school-age children and
adolescents. Intelligence (1Q) is generally within the average range for children and
adolescents with mild to moderate CKD (6). Hooper et al., (2011) found that a majority

of children in the Chronic Kidney Disease in Children (CKiD) (7) sample had average range
1Q; however, 25% of the sample had scores greater than 1 standard deviation below the
mean, indicating below average intelligence (6).

Children and adolescents across the CKD spectrum have shown neurocognitive difficulties,
notably, in the domains of attention regulation and executive function. The term executive
function (EF) represents an interrelated and overlapping set of neuropsychological
constructs that include a variety of higher-order cognitive capacities such as judgment,
planning, decision-making, response monitoring, attention, working memory, insight, and
self-regulation. Much of our understanding of executive function in pediatric CKD comes
from the CKiD Study (7). Hooper et al. (2011) sought to identify the presence of cognitive
difficulties in children with mild to moderate CKD in relationship to disease-related
variables (6). This large-scale sample provided data for 368 children ages 6-16 years at the
time of analysis. Data analyzed included parental reports of EF and attention — in addition to
a measure of 1Q. Within the sample, 40% (95% CI) of children were found to be at-risk (i.e.,
scores at least one standard deviation below the mean) for lower overall EF as per parental
report from the Behavior Rating Inventory of Executive Function (BRIEF) (8), which was
more than double the normative expectation.

Further analysis of EF data has detailed the association between duration of CKD and

level of CKD severity on EF performance (9). Data from children having mild to moderate
CKD demonstrated that a longer duration of CKD was associated with increased odds for
poor performance on the Conners Continuous Performance Test-11, a neurocognitive task
utilized to assess attention regulation as a component of EF. Participants evidenced the most
deficit in the domain “errors of commission” — a measure used to assess the inhibitory
control component of EF. Other single-center studies have also shown the presence of
poorer attention regulation in children with advanced CKD on dialysis compared to healthy,
age-matched controls (10, 11).

It is a logical extension, then, that the presence of subtle cognitive difficulties, and perhaps
deficits, may drive academic difficulties. Academic underachievement is present in slightly
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over 30% of children within the CKiD sample (12), and single-center data also reveal
an increased rate of grade retention among those with CKD (13). The risk for academic
underachievement is likely multifactorial and impacted by subtle cognitive deficits, the
higher rates of chronic school absenteeism with greater medical complexity (14), and
perhaps other key factors such as family stress and lack of school supports.

Summary.—In general, the preponderance of contemporary cognitive findings for children
with CKD demonstrate that most children with mild to moderate CKD do not exhibit
significant global cognitive impairments; but, rather, average to slightly low-average
intelligence (1Q) and related deficits in various executive functions, specifically attention
regulation (15). While significant cognitive impairment may not be present in most children
with CKD, it is important to note that even subtle cognitive concerns can provide barriers to
learning, social functioning, and overall quality of life if not appropriately recognized and
addressed. Concern for the presence of cognitive deficits should prompt early engagement
with developmental and educational specialists and a steady practice of developmental
surveillance on the part of all care providers.

Are there biomarkers of disease progression that impact cognition?

A clinical biomarker is a feature that can be objectively measured and evaluated as an
indicator of normal (or pathological) biological processes as well as the accompanying
biological responses to a therapeutic intervention (16). Research in the field of pediatric
nephrology has sought to identify clinical biomarkers of pediatric CKD progression

that may impact cognition. Table 1 summarizes currently known relationships between
clinical biomarkers and cognitive outcomes in pediatric CKD. Specific examples of clinical
biomarkers include eGFR, proteinuria, and hypertension.

Existing data support a relationship between renal function (eGFR) and cognition. For
example, data from preschool patients with CKD indicate that higher eGFR is associated
with more intact developmental level/1Q (5). Similarly, older children with mild to moderate
CKD who have higher eGFR are at lower risk for executive dysfunction (6).

Proteinuria has been identified as a clinical renal biomarker for poorer or at-risk cognitive
outcomes. Participants in the CKiD study with proteinuria were approximately 2.5 times
more likely to be at-risk for both low IQ and lower scores on measures of attention
variability than those without proteinuria (6).

The impact of hypertension (HTN) on cerebrovascular disease in adulthood also makes

this comorbidity a plausible biomarker of disease progression that can impact cognition.

In particular, hypertension may serve as one of the primary mechanisms underlying the
cognitive dysfunction in children with CKD (17-20) and as a potential modifiable risk
factor with positive treatment. Lande et al. (2011) evaluated data from children mild to
moderate CKD having elevated blood pressure (i.e., systolic or diastolic blood pressure >
90t percentile for age) (20). Children with elevated blood pressure were more likely to have
lower nonverbal 1Q than normotensive children (20). Within the analysis, it was noted that
the blood pressure index (i.e., the subject’s blood pressure divided by the 95™ percentile
blood pressure for that subject’s gender, age, and height) correlated inversely with nonverbal
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1Q, and this relationship was maintained even after controlling for demographic and disease
related variables (20).

Additional data analysis from the CKiD Study has investigated the relationship between
visit-to-visit blood pressure variability (BPV) and cognition. Visit-to-visit BPV was assessed
by two methods: 1) the standard deviation of visit BPs (BPV-SD), and 2) average real
variability (ARV), with all BPs indexed to the 95th percentile for age, gender, and height
for that subject. Lande et al. (2016) assessed blood pressure and blood pressure variability
in relationship to cognitive performance on measures of intelligence, attention, behavior,
and executive function (21). There was no effect of BPV noted on intelligence, attention, or
behavior; however, heightened visit-to-visit BPV placed hypertensive children with mild to
moderate CKD at-risk for lower performance on a measure of EF called category switching
(21). Category switching represents the ability to adjust thinking or attention in response

to changing expectations, goals, or environmental stimuli. This finding was particularly
noteworthy given previous data demonstrating that both CKD and primary hypertension in
adults are linked to performance deficits on neurocognitive measures of cognitive efficiency
and processing speed (22, 23).

Finally, do causative genomic variants that lead to development of CKD also predispose
children to higher risk of neurocognitive impairment? To answer this, genetic data

were analyzed to determine whether the subtle neurocognitive differences, as discussed
herein, could be attributed to genomic differences in addition to, or perhaps rather than,
renal impairment. Verbitsky et al. (2017) found that children with genomic disorders
scored significantly poorer on measures of 1Q, EF, and ratings of anxiety/depressive
symptoms compared to noncarriers (differences of 0.6-0.7 SD; P=1.2x1073-2.4x107%)
(24). Interestingly, the effect of genomic disorders on cognition was attenuated by level
of maternal education, which may suggest the potential for a strong positive (or negative)
inducible environmental modifier on cognition in CKD patients with genomic disorders.

Summary.—Decreased renal function, proteinuria, and hypertension are identifiable
clinical biomarkers that are associated with poorer cognitive outcomes in pediatric CKD.
Additionally, causative genomic variants for CKD are linked to worse performance on
measures of 1Q, EF and behavior. In particular, hypertension appears to be a key clinical
biomarker by which individual care can be optimized to improve cognitive outcomes in
pediatric CKD.

What are the neuroimaging findings in pediatric CKD? Are there neuroimaging correlates
to cognitive functioning?

Neuroimaging provides a noninvasive opportunity to examine brain structure and function.
Given the observed neurocognitive findings in the pediatric CKD population, research

has more recently moved to defining the neural mechanisms for cognitive dysfunction.

In seeking a deeper understanding of these cognitive problems, it is critical to ask: 1) is
there a structural or functional brain basis for the observed neurocognitive deficits in this
population; and 2) are there specific regions of the brain that are most associated with these
deficits?
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Published work in the domain of neuroimaging in CKD has largely been hypothesis
generating in nature; that is, seeking to describe and define differences in the pediatric CKD
brain compared to healthy children. Nineteen neuroimaging studies that include pediatric
CKD patients have been published in the literature between 1977 and the present (25). Of
these studies, 13 utilized CT-based neuroimaging and 6 utilized MRI. The majority of early
studies on the topic of neuroimaging in pediatric CKD used computerized tomography (CT)
scans. Within the more modern pediatric MRI subset, five have evaluated structural MRI and
only one has examined brain function through use of regional cerebral blood flow. Study
populations in the published literature vary widely in sample size, age, and primary disease
etiology.

Computerized tomography (CT).—Contemporary neuroimaging data available from
CT are available from 1997-2006. Nine of the thirteen published studies in the pediatric
CKOD literature using CT as a neuroimaging modality were case-control or prospective in
nature. The majority of these early CT-based studies focused on pediatric populations with
ESKD or post-transplantation without inclusion of less severe disease CKD phenotypes.
In general, CT data from these studies demonstrate higher risk for global cerebral

atrophy, silent white matter infarcts, and ventriculomegaly (26-28). Cerebral atrophy is
well-described in pediatric nephrology literature dating prior to 1990, with reports of up
to 60% of patients having atrophy that was not associated with type of renal disease,
hypertension severity, or corticosteroid therapy (29). Cerebral atrophy in ESRD, however,
has been correlated with age of onset of renal disease (26) and dialytic modality (30, 31).
Qualitative imaging also shows that lower cerebral density (30, 32) and ventriculomegaly
secondary to brain atrophy (33) are more often associated with requirement for and duration
of pediatric hemodialysis compared with receipt of peritoneal dialysis (31).

Magnetic resonance imaging (MRI).—The use of MRI can provide both qualitative
and quantitative opportunity to assess the brain. Quantitative MRI — commonly referred to
as structural MRI (sMRI) — provides information related to volumes within and between
regions of the brain. Additionally, if the MRI is performed in a research-based scan
sequence, it is often possible to obtain sequences that evaluate white and gray matter as
well as blood flow within the brain — the former representing SMRI and latter representing
functional MRI (fMRI).

Data from the Neurocognitive Assessment and Magnetic Resonance Imaging Analysis

of Children and Young Adults with Chronic Kidney Disease (NiCK) Study performed
volumetric brain assessment using SMRI in youth with CKD compared to normal controls
(34). Although the sample size was adequately powered to detect a statistical difference
between populations (N = 90), the CKD sample was very heterogenous with regard to
chronological age, stage of disease, disease etiology, and inclusion of dialysis/transplant
patients. Statistical analyses, including corrections for multiple comparisons and adjustments
for age and sex, did not support any specific brain regional differences between CKD
patients and controls. Furthermore, there were no CKD-related clinical predictors to link
differences in brain regions of interest to neurocognitive performance.
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SMRI also serves to inform the microstructural white matter integrity of the brain via
diffusion tensor imaging (DTI). DTI is an MRI modality that allows for examination of
white matter integrity — i.e., axonal or white matter microstructural changes that disrupt

the diffusive property of water in the axon. These microstructural changes have been

shown in diseases such as hypertension, diabetes mellitus, and atherosclerosis (35, 36).

The result of this microstructural disruption is a change in a physical diffusive property

of the axon called decreased fractional anisotropy. Matsuda-Abedini et al. (37) conducted

a quantitative white matter analysis utilizing a sample of patients with CKD (including
patients on peritoneal dialysis and post-transplant) and control patients. This demonstrated
the presence of decreased white matter integrity, specifically decreased fractional anisotropy,
within the anterior limb of the internal capsule. It is possible that the entirety of the white
matter integrity difference within the sample was not captured given the multi-site nature

of the study; specifically, MRI sequences are highly scanner dependent and statistically
significant differences can emerge (or be lost) due to differences in magnet strength or brand
of scanner utilized. Lastly, the sample did not have parallel neurocognitive data to further
inform the significance of white matter changes within the anterior limb of the internal
capsule finding. Despite this, the data underscore a critical need to understand the potential
impact of white matter injury on cognition in the pediatric CKD population. This, again,
emphasizes the vascular, multisystem impact of CKD, with need for early recognition of
non-traditional disease manifestations, such as white matter injury.

fMRI studies examine the use of oxygen within the brain or rate of arterial cerebral

blood flow with specialized scan sequences called ‘resting state’ or “arterial spin labeling,’
respectively. Additional analysis of data from the NiCK Study lends evidence for regional
cerebral blood flow abnormalities that may underlie cognitive changes in pediatric CKD
(38). In Liu et al. (2018) patients with CKD, including dialysis and transplant, showed
higher global cerebral blood flow compared to control subjects. Perhaps of most interest,
one particular area showing regional cerebral blood flow differences between patients

and control subjects included a region called the “default mode” network (Figure 1).
Neuroscience literature supports that the brain is organized into functional networks, and the
default mode network is a critical loop for attention regulation and, perhaps, EF processes
(39-42). Hematocrit-related effects explained most of the observed group differences in
cerebral blood flow. Thus, Liu et al. hypothesized that chronic anemia experienced in
pediatric CKD could be a potential cause of vascular endothelial damage due to increased
compensatory blood flow to meet demands for deficits in tissue oxygen delivery.

Summary.—Although promising, modern neuroimaging data remain somewhat
inconclusive in linking specific cognitive processes in pediatric CKD to specific brain
regions and/or networks. It may be that current findings are limited by the heterogeneity

of our patient samples within a small sample size — both by etiology and stage of disease.
For example, neuroimaging research in homogenous populations such as sickle cell disease
clearly demonstrate a vascular (white matter) effect of disease that is associated with sickle
cell disease type (e.g., SS vs SC disease) (43). Certainly, this supports the notion that a
disease with a vascular disease phenotype, such as hypertension in CKD, can manifest
robust findings on neuroimaging in a pediatric population.
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A scientific call to action —

Adult data support the concept of the “kidney-brain axis” whereby interactions between
renal impairment and brain function occur that may accentuate the risk for future cognitive
impairment (44, 45). Our understanding of the brain in parallel to pediatric CKD progression
is limited by numerous factors — sample heterogeneity within published data, small sample
sizes, and notably no studies fully integrating cognition, biomarkers, and neuroimaging

into a multifaceted assessment. There are no longitudinal (specifically, lifespan) studies

in pediatric CKD that fully characterize cognitive and neurodevelopmental outcomes over
time in parallel with CKD progression and clinical biomarkers. It is critical, then, that

our field address the concept of the pediatric kidney-brain axis through future research in

an accelerated longitudinal model. This model should prioritize systematic collection of
clinical biomarker data across the disease course, comprehensive structural and functional
neuroimaging at multiple time points, consideration to task-based functional neuroimaging,
and tandem neurocognitive assessment that focuses on measures of executive function. Such
research should utilize a healthy control model in parallel to inclusion of children with CKD
and also strongly consider ways to ally with experts across pediatric specialties to include

a focused chronic disease control group. Inclusion of a chronic disease control group may
allow our field to more clearly attribute cognitive and neuroimaging changes to the presence
of CKD, as opposed to the presence of a chronic disease in general.

Conclusion —

The cognitive deficits observed in pediatric CKD patients represent a potentially under-
recognized component of the CKD disease process in day-to-day clinical practice. This
review of key findings to date demonstrates that our pediatric CKD patients are most at risk
for cognitive dysfunction in the domain of executive functions — specifically, attention and
working memory. These cognitive difficulties emerge in early childhood and can be detected
during early CKD. This signals a need for greater attention to the developing brain in the
midst of a life-long, chronic disease process. Current data represent a limited understanding
of the medical determinants of cognitive dysfunction in CKD and an even more minimal
understanding of the genetic and epigenetic drivers of cognition in CKD. Certainly, research
efforts to understand cognition in CKD may be better served through parallel inclusion of a
chronic disease control model alongside healthy comparisons.

In parallel to this, it is critical to understand the influence of clinical biomarkers of disease
that may drive cognitive functioning in children with CKD (e.g., hypertension, proteinuria,
genomic variants, renal function). The potential for complex interactions between clinical
disease biomarkers and CKD progression creates challenges for both clinicians and
scientists working with this population. There also is significant heterogeneity within the
pediatric CKD population, and attention to the various subgroups — specifically examining
the effect of disease etiology - will require further distinction in future studies. For example,
although having the common problem of kidney disease and progression, children with
Autosomal Recessive Polycystic Kidney Disease (ARPKD) and those with Lupus Nephritis
show little in the way of cognitive impairments when compared to children having CKD
only (46, 47). This heterogeneity should be considered when examining this literature.
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Further, with respect to clinical biomarkers that may drive cognitive dysfunction, there is
some sense from the available pediatric and adult literature that the cerebrovascular system,
and potential for a hypertension as a modifiable risk factor, may be of keen interest as

one of the primary mechanisms underlying the cognitive dysfunction in children with CKD
(17-20). This will require ongoing scientific scrutiny with need for longitudinal assessment
in parallel to therapeutic intervention in those with hypertension (48).

Our field continues to push for improved CKD treatment — certainly it is easy to argue that
the neurocognitive characteristics observed now are much less pervasive than those observed
30 years ago in pediatric CKD-ESKD; however, this does not negate the need to pursue
early identification and early intervention for potential cognitive and associated learning
difficulties that may be present in a milder form. As a field, we must seek to push boundaries
in order to understand the neural mechanisms of cognition across the spectrum of pediatric
CKD, ESKD, and transplant to improve adherence to therapies, enhance quality of life, and
bolster successful transitions to adult care.
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Summary Points —
1. Children and adolescents with CKD are at-risk for cognitive dysfunction.

2. The cognitive dysfunction seems to be manifest in the form of somewhat

lower intellectual abilities, with associated problems in short-term memory, attention
regulation, and selected aspects of executive functions. Academic achievement skills and
adaptive behavior also may be of concern. These findings appear to be present in both
preschool and school-age children.

3. Underlying neurological mechanisms remain unknown, but the available neuroimaging
findings to date point to both structural and functional differences in the brain, with keen
interest in the neurovascular system.

4. Hypertension may be a modifiable CKD biomarker that directly impacts cognition.
Increased blood pressure index and heightened blood pressure variability both have been
associated with lower cognitive functioning within pediatric CKD populations.

5. There is a need to examine neuroimaging and neurocognitive functions concurrently
in the pediatric CKD population, and the field has reached a level of maturity that a
longitudinal examination of these functions is needed. This is particularly important
given the progressive processes inherent in both neurodevelopment and CKD.
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Multiple Choice Questions:

In describing the impact of pediatric CKD on cognition, which of the following
statements is false?

a. Nutritional advances, anemia control, and the avoidance of aluminum-
containing compounds/binders are thought to have been substantial
contributors to the reported improvement in cognitive outcomes within the
pediatric CKD population.

b. Early data from the 1990s suggested a risk for pronounced developmental
delay for young patients on dialysis.

C. Current data support significant differences in 1Q between pediatric CKD
patients and healthy children.

d. Evaluation of preschool patients with CKD suggests that these children may
be more at risk for executive function and adaptive behavior concerns than
healthy children.

Which of the following statements regarding executive function are true?

a. Executive function is a neurocognitive construct that include the abilities to
purposefully plan, attend to complex stimuli, attention regulation, inhibitory
control, set-shifting, working memory, and the simultaneous consideration of
both conscious and subconscious information pertinent to decision-making.

b. Longer duration of CKD may be associated with worsened attention
regulation
C. Heightened blood pressure variability is associated with worsened

performance on category switching measures of executive function
d. All of the above are true statements
Current data from neuroimaging in pediatric CKD suggests:

a. The possibility of increased white matter integrity in major white matter
tracts, specifically the anterior limb of the internal capsule.

b. Alterations in blood oxygen utilization on function brain sequences that
suggest cerebral blood flow differences in brain networks engaged in
executive function.

C. Significant differences in brain frontal lobe volume in pediatric CKD
d. Increased cortical thickness in the pediatric CKD brain
Biomarkers associated with pediatric CKD that may impact cognitive outcomes include:
a. Proteinuria
b. Hypertension

C. Copy number variants (genomic disorders)
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Figurel-
From Liu 2018 [38], reprinted with permission: demonstration of voxel-wise group

comparison of cerebral blood flow after removal of effects of hematocrit level, age, and sex.
Contrast shown here demonstrates the regions where those with CKD have greater cerebral
blood flow than controls. Of note, there were no regions in this analysis where controls had
greater regions than those with CKD. Color bar indicates #scores. x, y, z= coordinates in
Montreal Neurological Institute (MNI) space.
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Relationships between clinical biomarkers and cognitive outcomes in pediatric CKD.

Biomarker Development Intelligence (1Q) Executive Functions
Hypertension Elevated BP associated with lower Heightened blood pressure variability is
full scale and performance 1Q [20] associated with set shifting errors [21]
Anemia Anemia in preschoolers with
CKD predicts risk of lower
developmental level [5]
Proteinuria Proteinuria (UPC > 2) may be

associated with lower verbal and
full scale 1Q [6]

Duration of CKD

Poorer performance on measures of attention
(executive function) notably in those with
longer duration of CKD [9]

Renal function
(level of eGFR)

Lower eGFR is
independently associated
with at risk status for

lower developmental level in
preschoolers with CKD [5]

Better renal function predicts lesser risk of
poor performance on measures of executive
function [6]

Genomic variants

Those with copy number variants
associated with renal disease also
have significantly lower 1Q than
those without genomic variants [24]

Those with copy number variants associated
with renal disease also have significantly
worse scores on measure of executive
function those without genomic variants [24]
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