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Chronic kidney disease (CKD) affects more than 37 million American adults. Adult-onset
CKD is typically attributed to acquired comorbidities such as aging, type Il diabetes,
and cardiovascular disease. Conversely, congenital abnormalities of the kidney and
urinary tract are the most common cause of CKD in children. Both adult and pediatric
patients with CKD are at risk for neurocognitive dysfunction, particularly in the domain
of executive function. The exact mechanism for neurocognitive dysfunction in CKD is
not known; however, it is conceivable that the multisystemic effects of CKD—including
hypertension, acidosis, anemia, proteinuria, and uremic milieu—exert a detrimental effect
on the brain. Quantitative neuroimaging modalities, such as magnetic resonance imaging
(MRI), provide a non-invasive way to understand the neurobiological underpinnings of
cognitive dysfunction in CKD. Adult patients with CKD show differences in brain structure;
however, much less is known about the impact of CKD on neurodevelopment in pediatric
patients. Herein, this review will summarize current evidence of the impact of CKD on
brain structure and function and will identify the critical areas for future research that are
needed to better understand the modifiable risk factors for abnormal brain structure and
function across both pediatric and adult CKD populations.

Keywords: chronic kidney disease, magnetic resonance imaging (MRI), pediatric chronic kidney disease,
neurocognition and behavior, brain structural abnormalities, neuroimaging, disease and development

INTRODUCTION

Neurocognitive deficits have been well-described in both the adult and pediatric chronic
kidney disease (CKD) and end-stage kidney disease (ESKD) populations (1, 2). These deficits
are associated with longer duration of kidney disease (1, 3, 4), metabolic acidosis (5, 6),
proteinuria/microalbuminuria (1, 7, 8), anemia (1, 9, 10), and hypertension (11, 12). Even subtle
neurocognitive deficits have broad impacts on quality of life, as they contribute to poorer high
school graduation rates and long-term underemployment in the adult CKD population (13).
The cognitive complications of CKD may be linked to an aberrant “kidney-brain axis” whereby
decreases in kidney function, CKD-associated sequelae (including cardiovascular disease), and
concomitant inflammatory milieu all negatively impact the brain, leading to increased risk of
cognitive impairment in parallel with CKD progression (14-16).

Unfortunately, our understanding of the neurobiology of cognition in CKD is limited
because of a lack of concurrent neuroimaging and neurocognitive assessment. Neurodevelopment
is a dynamic process occurring throughout the human lifespan, with the most rapid
neurodevelopmental changes occurring in childhood and adolescence (17)—specifically,
reductions in cortical gray matter (e.g., dendritic pruning) and concomitant white matter (myelin)
deposition (18). Our understanding of normal developmental processes in the context of chronic
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disease is limited. Use of magnetic resonance imaging (MRI)
provides an opportunity to examine the brain structure, as it
relates to CKD, in a noninvasive manner.

To reduce the burden of neurocognitive deficits within the
CKD population, there is an urgent need for new approaches
to patient care applied across CKD lifespan. Such approaches
require understanding the effects of CKD progression and
severity on both the adult and pediatric brain. In this review we
will 1) address existing literature specific to the impact of CKD
on brain structure and function and 2) discuss potential CKD-
associated risk factors for abnormal brain structure and function
in both pediatric and adult populations.

HOW DOES CKD IMPACT BRAIN
STRUCTURE AND FUNCTION?

Neuroimaging in Adult CKD

More than 37 million adults in the United States are living with
CKD and millions more are living with either undiagnosed CKD
or with an increased lifetime risk of developing CKD. Diabetes
and hypertension are the leading causes of CKD in adults,
contributing to almost 66% of CKD cases in the United States
(19). Cardiovascular disease remains the major cause of death for
individuals with CKD.

Structural brain findings of adult patients with CKD-not
receiving renal replacement therapy-have demonstrated the
presence of cerebral atrophy, as well as decreased cerebral
density in both white and gray matter. Poor kidney function
has been associated with glomerular small vessel disease, and in
the 2008 study by Ikram et al. (20) hemodynamic similarities
were investigated between the kidneys and vascular beds of the
brain by MRI. Here, impaired kidney function was associated
with smaller brain volume, smaller deep white matter volume,
and more white matter lesions (20). Other randomized trials,
including the Systolic blood PRessure INterventional Trial
(SPRINT), examined the effects of hypertension treatment on the
structure of the brain in patients with and without CKD, with
cognitive endpoints noted (21). The SPRINT study found that
CKD patients who were on standard blood pressure treatments
had increased risks of mortality and major cardiovascular events,
demonstrated mild cognitive impairment, and showed small
vessel ischemic disease (white matter lesions) by MRIL

White matter hyperintensities are noted more frequently
within the adult CKD/ESKD population. These hyperintensities
are often associated with increased cerebrovascular risk and may
predict risk of stroke and dementia (22). Diffusion tensor imaging
(DTI) is an MRI technique used to provide detailed images of the
brain. MRI-DTI measures the rate at which water moves through
the brain’s white matter (23). While macrostructural MRI
markers, such as white matter hyperintensities, correlate with
reduced kidney function, loss of white matter microstructural
integrity may be a more sensitive measure of white matter
disease (24). White matter degeneration and white matter
abnormalities may be attributed to several causes. First, the
kidneys and brain share several perfusion pathways in which
cardiovascular and hemodynamic deviances may damage both

organs simultaneously. Other factors, including the hypertension
seen in many CKD patients, may also play a role in the association
between kidney function and white matter integrity (25). Finally,
impaired kidney function can lead to increased circulating
inflammatory factors. Proinflammatory factors decrease serum
nitric oxide in the brain vasculature, and this could contribute to
cerebral hypoperfusion, which, in turn, could lead to white matter
damage as well (25).

Cerebral  hypoperfusion has been implicated in
neurodevelopmental disorders. Hemodynamic disturbances
during CKD may play a role in the regulation of cerebral blood
flow (26), potentially linking CDK to cognitive problems. An
analysis based on the Rotterdam Study (27) found that lower
estimated glomerular filtration rate (eGFR) is independently
associated with lower cerebral blood flow (27). More recently,
Lepping et al. (28) used arterial spin labeling to assess cerebral
blood flow in a cohort of EKSD patients and age-matched
controls. The authors’ goal was identify kidney-associated
brain changes following kidney transplantation. Here, after
kidney transplant, cerebral blood decreased in ESKD patients
to values comparable to controls. White matter integrity, as
measured by fractional anisotropy and by mean diffusivity
with MRI-DTI, also increased and decreased, respectively,
post-kidney transplant (28). These measurements of white
matter integrity taken after kidney transplant were comparable
to controls. Taken together, these data suggest that proper kidney
function is essential for regulation of blood flow to the brain and
hemodynamic homeostasis.

Neuroimaging in Pediatric CKD

In contrast to adult CKD, congenital anomalies of the kidney
and urinary tract are the leading causes of CKD among children
ages birth to 4 years, whereas systemic diseases, infection, and
glomerular disease (e.g., focal segmental glomerular sclerosis)
become the leading causes of kidney failure in the older pediatric
population (29). Up to half of all children with congenital CKD
will experience a decline in kidney function so severe as to require
dialysis and eventually, a kidney transplant (30). Thus, children
with congenital anomalies of the kidney and urinary tract are
faced with a lifetime of CKD and of potential detrimental impacts
on the developing brain.

Neuroimaging studies in the pediatric population have
focused mainly on children with moderate to severe CKD
(including dialysis and transplant populations). The effect of
kidney disease in these children introduces many confounding
factors that affect brain function, such as uremia. Another
limitation of imaging studies in older children is that these studies
cannot provide direct information about the key stages of brain
development that occur from birth to 4 years of age. These issues
signal a critical gap in our understanding of the kidney-brain axis
during periods of peak neurodevelopment.

Cystic kidney diseases are some of the leading causes
of early-onset inherited kidney disorders. These diseases are
often characterized by enlarged kidneys with multiple cysts
and progressive kidney impairment. Autosomal dominant and
autosomal recessive polycystic kidney disease, as well as Meckel’s
syndrome, are a few examples of renal ciliopathies seen in the
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pediatric population. Cysts develop due to uncontrolled epithelial
cell proliferation, growth, and altered cell polarity—events
that occur downstream of abnormal cilia-dependent signaling.
Due to the early onset of renal ciliopathy-induced CKD and
concomitant development of severe hypertension, it is thought
that ciliopathies are a risk factor for neurocognitive dysfunction
secondary to CKD (31). The spectrum of neurocognitive
deficits ranges from relatively benign (akin to that seen in
polycystic kidney diseases) to more progressive deficits in
neurocognition (such as that seen in Joubert syndrome). One
cross-sectional, control-matched analysis, which involved the
Chronic Kidney Disease in Children (CKiD) cohort, compared
a group of autosomal recessive polycystic kidney disease
patients with mild-to-moderate CKD patients with respect
to intellectual functioning, academic achievement, attention
regulation, executive functioning, and behavior (31). No
differences were observed between these two disease cohorts;
however, further investigation into the potential effects of
renal ciliopathies on neurocognition in the pediatric population
is needed.

The majority of published pediatric CKD studies evaluating
volumetric brain structure have used computerized tomography
(CT) imaging data obtained in a clinical setting, rather than
quantitative MRI data obtained as a part of a specific research
focus (19). Brain atrophy is well-described in the early pediatric
nephrology literature (prior to 1990): up to 60% of patients had
atrophy that was not clearly related to etiology of disease or
CKD-associated sequelae such as hypertension (32). Qualitative
CT imaging also provides evidence for global cerebral atrophy,
silent white matter infarcts, and ventriculomegaly in advanced
pediatric CKD (19). In other studies, lower cerebral density (33,
34) and ventriculomegaly secondary to brain atrophy (35) were
found to be associated with the need for pediatric hemodialysis
(especially duration), but not with peritoneal dialysis (36).

To date, there are only four published studies that have
utilized quantitative, research-based MRI sequences to evaluate
the brain in CKD (26, 37-40). Hartung and colleagues (41)
used MRI to examine brain structure in 85 patients aged 8-
25 with CKD, encompassing a mix of pre- and post-transplant
patients (37). The authors reported subtle, cortical gray matter
abnormalities; however, their findings were significant only in
unadjusted models and did not persist in models adjusted for age
and gender. In this study, observed volumetric brain differences
were more prominent among the kidney transplant recipients
compared to those with pre-transplant CKD. More recently, our
group has observed significant reductions in overall cerebellar
gray matter volume and unexpectedly, an increase in cortical
(cerebral) gray matter volume among children ages 6-16 years
old with early-stage CKD, relative to controls (39). The degree
of cerebellar volume reduction was associated with estimated
glomerular filtration rate (Figure 1). Volumetric reduction in
the cerebellar gray matter was also associated with poorer
performance in tests of executive function. The volumetric
increase in the cerebral gray matter was associated with poorer
mathematics performance (Figure 2).

CKD is a known risk factor for cerebrovascular disease, with
white matter being particularly susceptible to the effects of altered

vascular tone. Matsuda et al. (38) evaluated the impact of CKD
on brain white matter within a cohort of 49 children, including
29 children with CKD of varying stages, ranging from pre-
to post-transplantation. Diffusion tensor imaging was used to
compare white matter microstructure in CKD patients compared
to controls.

Patients with CKD were found to have abnormal white
matter microstructure (specifically, within the anterior limb of
the internal capsule), as reflected by decreased white matter
fractional anisotropy and increased mean diffusivity and radial
diffusivity. Within the sample, 21% of CKD participants had
evidence of focal and multifocal white matter injuries compared
to healthy controls. No neurocognitive data were obtained in this
study; thus, the clinical significance of these white matter findings
remains unclear.

Recently, our group identified global abnormalities in white
matter microstructural integrity in CKD patients compared
to controls. The global decrease in white matter fractional
anisotropy was driven by regional reductions within the body
of the corpus callosum, cerebral, cingulum (hippocampus), and
posterior limb of the internal capsule (Figure 3). Despite these
significant differences in white matter integrity, we found no
significant association between the neurocognitive abilities of
CKD patients and white matter fractional anisotropy. Likewise,
there were no CKD-associated medical variables that emerged as
predictors for decreased white matter integrity.

Cerebral blood flow, which is a reliable measure of
cerebrovascular integrity, can be quantified using arterial spin
labeling MRI. Based on data from the Neurocognitive Assessment
and Magnetic Resonance Imaging Analysis of Children and
Young Adults with Chronic Kidney Disease (NiCK) study cohort
(41), Liu et al. (26) found, unexpectedly, that global cerebral
blood flow is higher in children with CKD compared to healthy
controls (41). These findings are in line with adult data showing
increased global cerebral blood flow, again as determined using
arterial spin labeling sequences (42). Since increases in cerebral
blood flow are associated with reduced hematocrit level in
children with CKD (26), it has been hypothesized that the higher
cerebral blood flow reflects a physiological compensation for the
chronic anemia typically associated with advanced CKD.

DISEASE OR DEVELOPMENT:
DELINEATING RISK FACTORS FOR BRAIN
ABNORMALITIES IN THE SETTING OF CKD

Cognitive deficit in CKD has been linked to a variety
of mechanisms associated with decreased kidney function,
including concomitant uremia, proteinuria, anemia, metabolic
acidosis, and cardiovascular disease (43). These CKD-associated
medical sequelae become more prominent in CKD stage 3
and beyond (eGFR < 60 ml/min/1.73 m?). Elevated blood
urea nitrogen (uremia) is a CKD-associated comorbidity that
often appears together with cognitive problems. Neurons, such
as the noradrenergic and serotonergic neurons responsible
for sleep/wake cycles and motor control, as well as the
acetylcholinergic neurons responsible for memory, may be
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FIGURE 1 | Neuroanatomical differences between controls and patients with pediatric chronic kidney disease CKD. (A) Shows the standardized group estimates
(x-axis) and 95% confidence limits of the estimates for each of the regions of interest (ROI) included in the analysis (y-axis). Estimates are adjusted for age,
socioeconomic status (SES) and maternal education. The red (vertical) line marks 0, or no significant effect of group on ROI. Red circles mark significant group
estimates. (B) Shows the relationship between estimated glomerular filtration rate, eGFR, (x-axis) and standardized cerebellum gray matter volume (y-axis) in the CKD
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particularly sensitive to high levels of uremic milieu (44).
Alterations in the monoaminergic neurons may contribute to the
transient development of cognitive impairment that is seen in
patients with advanced CKD requiring dialysis (44). Although
uremia is commonly invoked as a primary etiology for cognitive
deficit in CKD, a clear neuroimaging correlate to link changes
in the brain with symptomatic uremia is lacking. One recent
case series evaluated MRI scans from patients with clinically
documented uremic encephalopathy and showed bilateral basal
ganglia lesions in the majority of images (45). However, since
no neurocognitive phenotype was described in this study, no
inference can be drawn as to whether the lesions noted were
associated with cognitive deficit.

Metabolic acidosis may play a direct role in cognitive
impairment in adults with CKD. Animal data suggest that
metabolic acidosis perpetuates neuronal dysfunction by
upregulation of excitatory synapses on gaba-aminobutyric
acid-ergic neurons (44, 46). The SPRINT-MIND [Systolic
Blood Pressure Intervention Trial Memory and Cognition
IN Decreased Hypertension (21)] cohort assesses adults with

hypertension and includes adults with CKD. Data from
this study showed that decreases in serum bicarbonate were
independently associated with lower performance on tests
of executive function (5). Harshman et al. (6) evaluated the
impact of metabolic acidosis in relationship to blood pressure
variability in pediatric CKD patients using the CKiD cohort.
The researchers found that the effect of increased blood pressure
variability on executive function was attenuated in the setting of
higher serum bicarbonate levels.

Hypertension (HTN), a CKD-associated comorbidity, can
affect the severity and course of cerebrovascular disease.
Consequently, HTN is a potentially modifiable risk factor for
cognitive defects in both pediatric and adult CKD populations.
As noted previously, the SPRINT study is the largest intervention
study to date looking at the effect of intensive blood pressure
control on cardiovascular outcomes among persons at high risk
for cardiovascular disease. The SPRINT trial demonstrated a role
for intensive systolic blood pressure control (goal of <120 mm
Hg) in the reduction of probable dementia within an adult
CKD subgroup (21). Importantly, data from the SPRINT-MIND
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FIGURE 2 | Structure-function relationships in the pediatric chronic kidney disease (CKD) group. Significant associations are illustrated for cerebellum gray matter and
category fluency (A) and cerebrum gray matter and arithmetic (B). Results were adjusted for age, parental SES and maternal education. Reproduced with permission
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sub-analysis found no detrimental effect of intensive lowering
of systolic blood pressure on brain perfusion or volumetric
structure (47).

The neurocognitive deficits in the adult CKD population
exacerbate comorbidities and contribute to a lower quality of
life. The most frequently impaired cognitive domains in the
adult CKD population include executive function, orientation,
and attention (48). Multiple studies have reported increases in
cognitive impairment with increasing age; however, even the
younger kidney transplant candidate in the adult population has
a relatively high burden of cognitive impairments compared to
the average adult. The conclusions from Chu et al. (48) suggest
that transplant centers consider screening kidney disease patients
for global cognitive impairment throughout their clinical care
regardless of age (48).

The association between hypertension, CKD, and cognition
has received a significant amount of focus within the prospective
CKiD cohort study. Lande et al. (12) evaluated data from children
with mild to moderate CKD who have elevated blood pressure
[ie., systolic or diastolic blood pressure > 90th percentile for
age (49)]. Children with elevated blood pressure were more likely
to have lower nonverbal IQ than normotensive children. Within
the analysis, it was also noted that the blood pressure index
(i.e., the subject’s blood pressure divided by the 95th percentile
blood pressure for that subject’s gender, age, and height)

correlated inversely with nonverbal IQ, and this relationship was
maintained even after controlling for demographic and disease
related variables.

The neurocognitive deficits in the pediatric CKD population
have also been assessed through batteries such as the Penn
Computerized Neurocognitive Battery (50). This test revealed
that children and young adults with CKD have lower accuracy in
tests of complex cognition compared to their age-matched peers,
as well as deficits in verbal reasoning, nonverbal reasoning, and
spatial processing. Patients with CKD also had lower accuracy for
attention but were found to have faster response times, possibly
indicating greater impulsivity.

While unlikely to be the underlying cause of adult cognitive
impairment, genetic factors may influence the pathogenesis of
cognitive dysfunction in pediatric CKD patients. Both single-
gene variants and copy number variants have been implicated
as potential factors influencing cognitive deficit in pediatric
CKD. Genomic differences associated with pediatric CKD were
analyzed as part of the CKiD study (51); the aim was to determine
whether genetic factors (in addition to, or perhaps rather than,
renal impairment) were responsible for the subtle neurocognitive
differences seen in pediatric CKD. Children with CKD-associated
genomic disorders were found to score significantly poorer on
all measures of intelligence and executive function compared to
noncarriers (52).
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FIGURE 3 | Group differences in global and regional white matter fractional anisotropy. Patient group (case or control) is shown on the x-axis and white matter
fractional anisotropy on the y-axis. Individual observations are represented by small, gray circles. Means and 95% confidence limits of the means are shown for each
group. (A) Shows the global fractional anisotropy, and (B=G) show white matter fractional anisotropy for the corpus callosum, cerebral peduncle, posterior limb of the
internal capsule, retrolenticular internal capsule, external capsule, and cingulum hippocampus, respectively.

Variation in the klotho gene has been associated with both
an accelerated aging phenotype as well as development and
progression of CKD (53, 54). Klotho is expressed in the
brain, with high levels of mRNA expression in the choroid
plexus, hippocampus, and cerebellar Purkinje cells (55, 56).
The klotho gene is also highly expressed in the kidney, where
Klotho acts as a coreceptor for fibroblast growth factor 23
(FGF23) in regulating calcium and phosphorus homeostasis

(57). Homozygous klotho knockout mice and CKD subjects
have similar phenotypes, suggesting that klotho dysfunction may
contribute to CKD progression (54, 58). Additionally, Klotho-
deficient mice demonstrate an accelerated aging phenotype
characterized by neurodegeneration and cognitive deficits (59,
60). In both CKD patients and in mice lacking Klotho function,
plasma FGF23 levels increase (61). Limited preclinical suggests
that elevation of FGF23 is associated with abnormalities of
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hippocampal neural networks. While previous studies evaluating
the effect of FGF23 on cognition have been equivocal in adults,
data from the CKiD cohort suggests that a higher plasma FGF23
level is associated with higher cognitive impairment and lower
performance in tests of executive function (55, 62).

Recent evidence suggests that there is crosstalk between
the kidney and brain, and that this “kidney-brain axis” is
sensitive to cellular oxidative stress and chronic inflammatory
processes (14). The crosstalk, mediated by reactive oxygen
species and inflammatory markers, may contribute to the
high prevalence of cognitive impairment observed during
the progression of CKD. Emerging data suggests that the
metabolic interactions of the “kidney-brain axis” are likely
mediated—at least in part-by the activities of hormetic
processes and a phenomenon dependent on the severity of
disease (63, 64). Oxidant-induced inflammatory pathways
could be promising therapeutic targets for the protection
of neurocognitive function in developing children who
have CKD.

NEUROIMAGING IN CKD: WHERE DO WE
GO FROM HERE?

In contrast to adult CKD populations, there is a paucity of
systematic, quantitative neuroimaging studies in young children
with CKD. The reasons for this are multiple. Certainly, there
are clear challenges to obtaining quality images from non-
sedated, young children. Furthermore, published pediatric CKD
neuroimaging studies have relied on patient samples with
heterogenous disease stage and etiology, making it difficult
to pinpoint mechanisms of neurocognitive deficits across the
lifespan. Additionally, there has been a stark lack of attention to
the impact of CKD on early brain development: to date, only one
neuroimaging study has been published that evaluated the brain
in very young CKD patients (children younger than 8 years of
age) (39).

The value of incorporating neuroscience-oriented analyses
into pediatric CKD research is that this combined approach
provides the clinical-translational tools needed to identify
potential neurobiological mechanisms that bring about
neurocognitive deficits in CKD children. This means moving
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beyond the use of clinical scans to describe brain structure in
pediatric CKD; by their nature, these scans can highlight only
a limited range of the potential neurobiological mechanisms.
Multisite collaborations are necessary to address limitations
related to small sample sizes and heterogeneity of neuroimaging
research in pediatric CKD. And for these multisite neuroimaging
initiatives to be effective, collaboration between nephrologists
and neuroscientists is essential as well.

Neuroimaging research in the field of CKD requires tandem
assessment of cognition and kidney disease sequelae, in order
to identify patients who are at risk for neurocognitive deficits
and also to learn how early brain changes relate to CKD
progression. In comparison to the pediatric literature, the adult
CKD-brain literature is robust and incorporates a comprehensive
approach to the study of the brain. This should serve as an
example for the field of pediatric nephrology to embrace when
designing future CKD-brain studies. Neurocognitive difficulties
emerge in early childhood, during early CKD, and signal
a need for a greater understanding of how the developing
brain is affected by this life-long, chronic disease process.
Thus, longitudinal neurological assessment into adulthood
is essential, and must continue through the period when
CKD progresses to the point of requiring dialysis and/or
kidney transplant. Future neuroimaging research is necessary to
elucidate the neurobiological underpinnings of cognitive deficits
in CKD.

AUTHOR CONTRIBUTIONS

The original manuscript, Impact of Chronic Kidney Disease on
Brain Structure and Function, was ES and LH. Both authors
had equal contribution to manuscript research, writing, and
editing. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by RO1IDK128835 - active National
Institutes of Health/NIDDK “Brain anatomical imaging and
neurocognition in pediatric kidney disease (BRAIN KID)”
(to LH).

adolescents, and young adults with chronic kidney disease. J Dev
Behav  Pediatr.  (2015) 36:734-42. doi:  10.1097/DBP.00000000000
00221

5. Dobre M, Gaussoin SA, Bates JT, Chonchol MB, Cohen DL, Hostetter TH,
et al. Serum bicarbonate concentration and cognitive function in hypertensive
adults. Clin J] Am Soc Nephrol. (2018) 13:596-603. doi: 10.2215/CJN.070
50717

6. Harshman LA, Kogon AJ, Matheson MB, Johnson RJ, Shinnar §,
Gerson AC, et al. Bicarbonate blood pressure, and executive function
in pediatric CKD-is there a link? Pediatr Nephrol. (2020) 35:1323-
30. doi: 10.1007/s00467-020-04507-5

7. Stern RA, Alosco ML. The Oxford Handbook of Adult Cognitive Disorders.
New York, NY: Oxford University Press (2019).

8. Kurella Tamura M, Muntner P, Wadley V, Cushman M, Zakai
NA, Bradbury BD, et al. Albuminuria, kidney function, and the
incidence of cognitive impairment among adults in the United States.

Frontiers in Neurology | www.frontiersin.org

February 2022 | Volume 13 | Article 797503


https://doi.org/10.2215/CJN.09751110
https://doi.org/10.2215/CJN.09650917
https://doi.org/10.1097/DBP.0000000000000267
https://doi.org/10.1097/DBP.0000000000000221
https://doi.org/10.2215/CJN.07050717
https://doi.org/10.1007/s00467-020-04507-5
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Steinbach and Harshman

CKD Brain Structure and Function

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Am ] Kidney Dis. doi:

05.027

(2011)  58:756-63. 10.1053/j.ajkd.2011.

. Kurella Tamura M, Xie D, Yaffe K, Cohen DL, Teal V, Kasner SE, et al. Vascular

risk factors and cognitive impairment in chronic kidney disease: the Chronic
Renal Insufficiency Cohort (CRIC) study. Clin ] Am Soc Nephrol. (2011)
6:248-56. doi: 10.2215/CJN.02660310

Kurella Tamura M, Vittinghoff E, Yang J, Go AS, Seliger SL, Kusek JW,
et al. Anemia and risk for cognitive decline in chronic kidney disease. BMC
Nephrol. (2016) 17:13. doi: 10.1186/s12882-016-0226-6

Lande MB, Mendley SR, Matheson MB, Shinnar S, Gerson AC, Samuels
JA, et al. Association of blood pressure variability and neurocognition in
children with chronic kidney disease. Pediatr Nephrol. (2016) 31:2137-
44. doi: 10.1007/500467-016-3425-2

Lande MB, Gerson AC, Hooper SR, Cox C, Matheson M, Mendley SR, et al.
Casual blood pressure and neurocognitive function in children with chronic
kidney disease: a report of the children with chronic kidney disease cohort
study. Clin ] Am Soc Nephrol. (2011) 6:1831-7. doi: 10.2215/CJN.00810111
Rosenkranz J, Bonzel KE, Bulla M, Michalk D, Offner G, Reichwald-Klugger E,
et al. Psychosocial adaptation of children and adolescents with chronic renal
failure. Pediatr Nephrol. (1992) 6:459-63. doi: 10.1007/BF00874014

Miranda AS, Cordeiro TM, Dos Santos Lacerda Soares TM, Ferreira RN,
Simoes ESAC. Kidney-brain axis inflammatory cross-talk: from bench to
bedside. Clin Sci (Lond). (2017) 131:1093-105. doi: 10.1042/CS20160927
Bugnicourt JM, Godefroy O, Chillon JM, Choukroun G, Massy ZA. Cognitive
disorders and dementia in CKD: the neglected kidney-brain axis. ] Am Soc
Nephrol. (2013) 24:353-63. doi: 10.1681/ASN.2012050536

Kurella Tamura M, Tam K, Vittinghoff E, Raj D, Sozio SM, Rosas
SE, et al. Inflammatory markers and risk for cognitive decline in
chronic kidney disease: the CRIC study. Kidney Int Rep. (2017) 2:192-
200. doi: 10.1016/j.ekir.2016.10.007

Pomponio R, Erus G, Habes M, Doshi J, Srinivasan D, Mamourian
E, et al. Harmonization of large MRI datasets for the analysis of
brain imaging patterns throughout the lifespan. Neuroimage. (2020)
208:116450. doi: 10.1016/j.neuroimage.2019.116450

Giedd JN, Blumenthal ], Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, et al.
Brain development during childhood and adolescence: a longitudinal MRI
study. Nat Neurosci. (1999) 2:861-3. doi: 10.1038/13158

Moodalbail DG, Reiser KA, Detre JA, Schultz RT, Herrington JD, Davatzikos
C, et al. Systematic review of structural functional neuroimaging findings
in children adults with CKD. Clin ] Am Soc Nephrol. (2013) 8:1429-
48. doi: 10.2215/CJN.11601112

Ikram MA, Vernooij MW, Hofman A, Niessen W], van der Lugt A, Breteler
MM. Kidney function is related to cerebral small vessel disease. Stroke. (2008)
39:55-61. doi: 10.1161/STROKEAHA.107.493494

Group SMIftSR, Williamson JD, Pajewski NM, Auchus AP, Bryan RN,
Chelune G, et al. Effect of intensive vs standard blood pressure control
on probable dementia: a randomized clinical trial. JAMA. (2019) 321:553—
61. doi: 10.1001/jama.2018.21442

Khatri M, Wright CB, Nickolas TL, Yoshita M, Paik MC, Kranwinkel G,
et al. Chronic kidney disease is associated with white matter hyperintensity
volume: the Northern Manhattan Study (NOMAS). Stroke. (2007) 38:3121-
6. doi: 10.1161/STROKEAHA.107.493593

Debette S, Markus HS. The clinical importance of white matter
hyperintensities on brain magnetic resonance imaging: systematic review and
meta-analysis. Bmj. (2010) 341:c3666. doi: 10.1136/bmj.c3666

Sedaghat S, Cremers LG, de Groot M, Hoorn EJ, Hofman A, van der
Lugt A, et al. Kidney function and microstructural integrity of brain
white matter. Neurology. (2015) 85:154-61. doi: 10.1212/WNL.00000000000
01741

Makin SD, Cook FA, Dennis MS, Wardlaw JM. Cerebral small vessel disease
and renal function: systematic review and meta-analysis. Cerebrovasc Dis.
(2015) 39:39-52. doi: 10.1159/000369777

Liu HS, Hartung EA, Jawad AE, Ware JB, Laney N, Port AM, et al. Regional
cerebral blood flow in children and young adults with chronic kidney disease.
Radiology. (2018) 288:849-58. doi: 10.1148/radiol.2018171339

Sedaghat S, Vernooij MW, Loehrer E, Mattace-Raso FU, Hofman A, van der
Lugt A, et al. Kidney function and cerebral blood flow: the rotterdam study. J
Am Soc Nephrol. (2016) 27:715-21. doi: 10.1681/ASN.2014111118

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Lepping RJ, Montgomery RN, Sharma P, Mahnken JD, Vidoni ED, Choi IY,
et al. Normalization of cerebral blood flow, neurochemicals, and white matter
integrity after kidney transplantation. ] Am Soc Nephrol. (2021) 32:177-
87. doi: 10.1681/ASN.2020050584

McEnery PT, Stablein DM, Arbus G, Tejani A. Renal transplantation
in children: A report of the North American Pediatric Renal
Transplant Cooperative Study. New England ] Med. (1992) 326:1727-32.
doi: 10.1056/NEJM199206253262602

Seikaly MG, Ho PL, Emmett L, Fine RN, Tejani A. Chronic renal insufficiency
in children: the 2001 Annual Report of the NAPRTCS. Pediatr Nephrol. (2003)
18:796-804. doi: 10.1007/s00467-003-1158-5

Hartung EA, Matheson M, Lande MB, Dell KM, Guay-Woodford LM, Gerson
AC, et al. Neurocognition in children with autosomal recessive polycystic
kidney disease in the CKiD cohort study. Pediatr Nephrol. (2014) 29:1957-
65. doi: 10.1007/s00467-014-2816-5

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

Schnaper HW, Cole BR, Hodges FJ, Robson AM. Cerebral cortical atrophy
in pediatric patients with end-stage renal disease. Am ] Kidney Dis. (1983)
2:645-50. doi: 10.1016/S0272-6386(83)80046-8

Dettori P, La Greca G, Biasioli S, Chiaramonte S, Fabris A, Feriani M,
et al. Changes of cerebral density in dialyzed patients. Neuroradiology. (1982)
23:95-9. doi: 10.1007/BF00367245

Kretzschmar K, Nix W, Zschiedrich H, Philipp T. Morphologic cerebral
changes in patients undergoing dialysis for renal failure. AJNR Am ]
Neuroradiol. (1983) 4:439-41.

La Greca G, Biasioli S, Chiaramonte S, Dettori P, Fabris A, Feriani M, et al.
Studies on brain density in hemodialysis and peritoneal dialysis. Nephron.
(1982) 31:146-50. doi: 10.1159/000182634

Hartung EA, Erus G, Jawad AFE, Laney N, Doshi JJ, Hooper SR, et al. Brain
magnetic resonance imaging findings in children and young adults with CKD.
Am ] Kidney Dis. (2018) 72:349-59. doi: 10.1053/j.ajkd.2017.11.024

Matsuda-Abedini M, Fitzpatrick K, Harrell WR, Gipson DS,
Hooper SR, Beiger A, et al. Brain abnormalities in children
and adolescents with chronic kidney disease. Pediatr Res. (2018)

84:387-92. doi: 10.1038/s41390-018-0037-5

Solomon MA, van der Plas E, Langbehn KE, Novak M, Schultz JL,
Koscik TR, et al. Early pediatric chronic kidney disease is associated with
brain volumetric gray matter abnormalities. Pediatr Res. (2021) 89:526-
32. doi: 10.1038/541390-020-01203-w

van der Plas E, Lullmann O, Hopkins L, Schultz JL, Nopoulos PC,
Harshman LA. Associations between neurofilament light-chain protein,
brain structure, and chronic kidney disease. Pediatric Res. (2021).
doi: 10.1038/s41390-021-01649-6. [Epub ahead of print].

Hartung EA, Laney N, Kim JY, Ruebner RL, Detre JA, Liu HS, et al. Design
and methods of the NiCK study: neurocognitive assessment and magnetic
resonance imaging analysis of children and young adults with chronic kidney
disease. BMC Nephrol. (2015) 16:66. doi: 10.1186/s12882-015-0061-1

Jiang XL, Wen JQ, Zhang L], Zheng G, Li X, Zhang Z, et al. Cerebral
blood flow changes in hemodialysis and peritoneal dialysis patients:
an arterial-spin labeling MR imaging. Metab Brain Dis. (2016) 31:929-
36. doi: 10.1007/s11011-016-9829-7

Gerson AC, Butler R, Moxey-Mims M, Wentz A, Shinnar S, Lande MB, et al.
Neurocognitive outcomes in children with chronic kidney disease: current
findings and contemporary endeavors. Ment Retard Dev Disabil Res Rev.
(2006) 12:208-15. doi: 10.1002/mrdd.20116

Li E Liu X, Su Z, Sun R. Acidosis leads to brain dysfunctions through
impairing cortical GABAergic neurons. Biochem Biophys Res Commun. (2011)
410:775-9. doi: 10.1016/j.bbrc.2011.06.053

Kim DM, Lee IH, Song CJ. Uremic encephalopathy: MR imaging
findings and clinical correlation. AJNR Am ] Neuroradiol. (2016) 37:1604-
9. doi: 10.3174/ajnr.A4776

SongR, Zhang L, Yang Z, Tian X. Acidosis and alkalosis impair brain functions
through weakening spike encoding at cortical GABAergic neurons. J Neurol
Sci. (2011) 304:122-6. doi: 10.1016/.jns.2011.01.024

Weiner DE, Gaussoin SA, Nord J, Auchus AP, Chelune GJ, Chonchol M, et al.
Cognitive function and kidney disease: Baseline data from the systolic blood

Frontiers in Neurology | www.frontiersin.org

February 2022 | Volume 13 | Article 797503


https://doi.org/10.1053/j.ajkd.2011.05.027
https://doi.org/10.2215/CJN.02660310
https://doi.org/10.1186/s12882-016-0226-6
https://doi.org/10.1007/s00467-016-3425-2
https://doi.org/10.2215/CJN.00810111
https://doi.org/10.1007/BF00874014
https://doi.org/10.1042/CS20160927
https://doi.org/10.1681/ASN.2012050536
https://doi.org/10.1016/j.ekir.2016.10.007
https://doi.org/10.1016/j.neuroimage.2019.116450
https://doi.org/10.1038/13158
https://doi.org/10.2215/CJN.11601112
https://doi.org/10.1161/STROKEAHA.107.493494
https://doi.org/10.1001/jama.2018.21442
https://doi.org/10.1161/STROKEAHA.107.493593
https://doi.org/10.1136/bmj.c3666
https://doi.org/10.1212/WNL.0000000000001741
https://doi.org/10.1159/000369777
https://doi.org/10.1148/radiol.2018171339
https://doi.org/10.1681/ASN.2014111118
https://doi.org/10.1681/ASN.2020050584
https://doi.org/10.1056/NEJM199206253262602
https://doi.org/10.1007/s00467-003-1158-5
https://doi.org/10.1007/s00467-014-2816-5
https://doi.org/10.1016/S0272-6386(83)80046-8
https://doi.org/10.1007/BF00367245
https://doi.org/10.1159/000182634
https://doi.org/10.1053/j.ajkd.2017.11.024
https://doi.org/10.1038/s41390-018-0037-5
https://doi.org/10.1038/s41390-020-01203-w
https://doi.org/10.1038/s41390-021-01649-6
https://doi.org/10.1186/s12882-015-0061-1
https://doi.org/10.1007/s11011-016-9829-7
https://doi.org/10.1002/mrdd.20116
https://doi.org/10.1016/j.bbrc.2011.06.053
https://doi.org/10.3174/ajnr.A4776
https://doi.org/10.1016/j.jns.2011.01.024
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Steinbach and Harshman

CKD Brain Structure and Function

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

pressure intervention trial (SPRINT). Am ] Kidney Dis. (2017) 70:357-67.
doi: 10.1053/j.ajkd.2017.04.021

Chu NM, Chen X, Gross AL, Carlson MC, Garonzik-Wang JM, Norman
SP, et al. Cognitive impairment burden in older and younger adults
across the kidney transplant care continuum. Clin Transplant. (2021)
35:€14425. doi: 10.1111/ctr.14425

Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels
SR, et al. Clinical practice guideline for screening and management
of high blood pressure in children and adolescents. Pediatrics. (2017)
140:€20171904. doi: 10.1542/peds.2017-1904

Hartung EA, Kim JY, Laney N, Hooper SR, Radcliffe ], Port AM,
et al. Evaluation of neurocognition in youth with CKD using a novel
computerized neurocognitive battery. Clin ] Am Soc Nephrol. (2016) 11:39-
46. doi: 10.2215/CJN.02110215

Verbitsky M, Sanna-Cherchi S, Fasel DA, Levy B, Kiryluk K, Wuttke M, et al.
Genomic imbalances in pediatric patients with chronic kidney disease. J Clin
Invest. (2015) 125:2171-8. doi: 10.1172/JCI80877

Verbitsky M, Kogon AJ, Matheson M, Hooper SR, Wong CS, Warady BA,
et al. Genomic disorders and neurocognitive impairment in pediatric CKD. J
Am Soc Nephrol. (2017) 28:2303-9. doi: 10.1681/ASN.2016101108

Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, et al.
Mutation of the mouse klotho gene leads to a syndrome resembling ageing.
Nature. (1997) 390:45-51. doi: 10.1038/36285

Hu MC, Kuro-o M, Moe OW. Klotho and chronic kidney disease. Contrib
Nephrol. (2013) 180:47-63. doi: 10.1159/000346778

Clinton SM, Glover ME, Maltare A, Laszczyk AM, Mehi SJ, Simmons RK,
et al. Expression of klotho mRNA and protein in rat brain parenchyma
from early postnatal development into adulthood. Brain Res. (2013) 1527:1-
14. doi: 10.1016/j.brainres.2013.06.044

German DC, Khobahy I, Pastor J, Kuro OM, Liu X. Nuclear localization
of Klotho in brain: an anti-aging protein. Neurobiol Aging. (2012) 33:1483
€25-30. doi: 10.1016/j.neurobiolaging.2011.12.018

Kuro-o M. Klotho in health and disease. Curr Opin Nephrol Hypertens. (2012)
21:362-8. doi: 10.1097/MNH.0b013e32835422ad

Hu MC, Shi M, Zhang J, Quinones H, Griffith C, Kuro-o M, et al. Klotho
deficiency causes vascular calcification in chronic kidney disease. ] Am Soc
Nephrol. (2011) 22:124-36. doi: 10.1681/ASN.2009121311

59. Deary IJ, Harris SE, Fox HC, Hayward C, Wright AE Starr JM, et al.
KLOTHO genotype and cognitive ability in childhood and old age in the same
individuals. Neurosci Lett. (2005) 378:22-7. doi: 10.1016/j.neulet.2004.12.005

60. Dubal DB, Yokoyama JS, Zhu L, Broestl L, Worden K, Wang D, et al.
Life extension factor klotho enhances cognition. Cell Rep. (2014) 7:1065-
76. doi: 10.1016/j.celrep.2014.03.076

61. Portale AA, Wolf MS, Messinger S, Perwad F, Jiippner H, Warady BA, et al.
Fibroblast growth factor 23 and risk of CKD progression in children. Clin J
Am Soc Nephrol. (2016) 11:1989-98. doi: 10.2215/CJN.02110216

62. Komaba H. [CKD-MBD (chronic kidney disease-mineral and bone disorder).
Role of FGF23-Klotho axis in CKD-MBD)]. Clin Calcium. (2010) 20:1028-36.

63. Kovaltikova A, Gyurdszova M, Vavrincova-Yaghi D, Vavrinec P, T6thova L,
Boor P, et al. Oxidative stress in the brain caused by acute kidney injury. Metab
Brain Dis. (2018) 33:961-7. doi: 10.1007/s11011-018-0204-8

64. Calabrese V, Scuto M, Salinaro AT, Dionisio G, Modafferi S, Ontario
ML, et al. Hydrogen sulfide and carnosine: modulation of oxidative stress
and inflammation in kidney and brain axis. Antioxidants (Basel). (2020)
9:1303. doi: 10.3390/antiox9121303

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022  Steinbach and Harshman. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

February 2022 | Volume 13 | Article 797503


https://doi.org/10.1053/j.ajkd.2017.04.021
https://doi.org/10.1111/ctr.14425
https://doi.org/10.1542/peds.2017-1904
https://doi.org/10.2215/CJN.02110215
https://doi.org/10.1172/JCI80877
https://doi.org/10.1681/ASN.2016101108
https://doi.org/10.1038/36285
https://doi.org/10.1159/000346778
https://doi.org/10.1016/j.brainres.2013.06.044
https://doi.org/10.1016/j.neurobiolaging.2011.12.018
https://doi.org/10.1097/MNH.0b013e32835422ad
https://doi.org/10.1681/ASN.2009121311
https://doi.org/10.1016/j.neulet.2004.12.005
https://doi.org/10.1016/j.celrep.2014.03.076
https://doi.org/10.2215/CJN.02110216
https://doi.org/10.1007/s11011-018-0204-8
https://doi.org/10.3390/antiox9121303~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Impact of Chronic Kidney Disease on Brain Structure and Function
	Introduction
	How Does CKD Impact Brain Structure and Function?
	Neuroimaging in Adult CKD
	Neuroimaging in Pediatric CKD

	Disease or Development: Delineating Risk Factors for Brain Abnormalities in the Setting of CKD
	Neuroimaging in CKD: Where Do We Go From Here?
	Author Contributions
	Funding
	References


