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BACKGROUND: Neurofilament light-chain (NfL) protein is a blood-based marker of neuroaxonal injury. We sought to (1) compare
plasma NfL levels in children with chronic kidney disease (CKD) and healthy peers, (2) characterize the relationship between NfL
level and kidney function, and (3) evaluate NfL as a predictor of abnormal brain structure in CKD.
METHODS: Sixteen children with CKD due to congenital kidney anomalies and 23 typically developing peers were included. Plasma
NfL was quantified using single-molecule array immunoassay. Participants underwent structural magnetic resonance imaging.
Multiple linear regression models were used to evaluate the association between plasma NfL levels, kidney function, and brain
structure.
RESULTS: An age × group interaction was identified whereby NfL levels increased with age in the CKD group only (estimate= 0.65;
confidence interval (CI)= 0.08–1.22; p= 0.026). Decreased kidney function was associated with higher NfL levels (estimate=−0.10;
CI=−0.16 to −0.04; p= 0.003). Lower cerebellar gray matter volume predicted increased plasma NfL levels (estimate=−0.00024;
CI=−0.00039 to 0.00009; p= 0.004) within the CKD group.
CONCLUSIONS: Children with CKD show accelerated age-related increases in NfL levels. NfL level is associated with lower kidney
function and abnormal brain structure in CKD.
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IMPACT:

● NfL is a component of the neuronal cytoskeleton providing structural axonal support. Elevated NfL has been described in
relation to gray and white matter brain volume loss. We have previously described the abnormal cerebellar gray matter in CKD.

● We explored the relationship between NfL, CKD, and brain volume.
● There is an accelerated, age-related increase in NfL level in CKD. Within the CKD sample, NfL level is associated with abnormal

kidney function and brain structure. Decreased kidney function may be linked to abnormal neuronal integrity in pediatric CKD.

INTRODUCTION
Pediatric chronic kidney disease (CKD) is most commonly due to
congenital anomalies of the kidney and urinary tract (CAKUT).
Children with CKD due to CAKUT are at risk of a lifelong disease
burden. Neurocognitive difficulties specific to attention regulation,
academic underachievement, and executive functions are com-
mon even among children with mild/moderate CKD (i.e.,
pretransplant/predialysis).1–3 Although profound cognitive impair-
ment is rare, the presence of even subtle cognitive concerns,
particularly in the domain of executive functioning, is known to
pose barriers to learning and social functioning that affect the
overall quality of life.1,4,5 We recently demonstrated that cognitive
difficulties in pediatric CKD are accompanied by volumetric
abnormalities within the regional cerebellar gray matter.6 These
findings point to potential neurobiological underpinnings of
neurocognitive deficits in CKD.
Neurofilament light-chain (NfL) protein is a component of the

neuronal cytoskeleton that provides structural support to axons.7

Axonal damage and/or neuronal degeneration results in the
release of NfL into the cerebrospinal fluid (CSF) and blood. NfL
has emerged as a sensitive marker for central nervous system
(CNS) injury in adults with neurological diseases.8,9 NfL can be
reliably detected in the blood,8 and this makes it a promising and
easily available biomarker for evaluating brain pathology early in
the course of the disease. Higher NfL levels have also been
associated with decreased gray matter volume in adults with
underlying neurological disease.10 In the context of these
previous findings as well as our own observation of abnormal
cerebellar and cerebral gray matter volumes in patients with
CKD,6 we sought to (1) identify whether plasma NfL levels are
elevated in children with mild/moderate, non-dialysis-dependent
CKD; (2) characterize the relationship between plasma NfL levels
and kidney function; and (3) examine the utility of NfL as a
predictor of abnormal brain structure in children with mild/
moderate CKD.
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METHODS
Study sample
Children aged 6–16 years who were diagnosed with CKD due to CAKUT
were recruited for a single study visit between 2015 and 2018. Children
with CKD may have normal or decreased kidney function in the presence
of abnormal kidney structure. Thus, the inclusion criteria for children with
CKD were (1) a clinical diagnosis of CKD due to CAKUT, and (2) the
presence of mild/moderate CKD as quantified using the estimated
glomerular filtration rate (eGFR) (between 30 and 90ml/min/1.73m2)
within 6 months of scheduled study participation.
The exclusion criteria for children with CKD were (1) current dialysis or a

history of dialysis in the past 6 weeks or more, (2) a history of kidney
transplant, (3) premature birth (<32 weeks), (4) a history of seizures requiring
antiepileptic medication, (5) known anatomical CNS malformations, (6)
chromosomal anomalies, (7) a history of congenital cardiac disease, (8)
diagnosis of intellectual disability, and (9) a history of traumatic brain injury.
Healthy age-matched controls, without any developmental or neurolo-

gical diagnoses and with presumed normal kidney function, were recruited
from local areas through electronic advertisements during the same
timeframe. The exclusion criteria for the control group were otherwise as
per the exclusion criteria for the CKD group.

Patient consent
This study was approved by the University of Iowa Institutional Review
Board. All participants and parents/caregivers were informed that the
study results would not be disclosed. All the participants and parents/
caregivers provided their written consent/assent on the day of study
participation.

Brain structure
The participants underwent non-sedated, non-contrast-enhanced structural
magnetic resonance imaging (sMRI) of the brain after scanner safety
screening. Participants who were assessed before June 2016 completed sMRI
on the Siemens TrioTim® 3 T scanner (N= 6). sMRI scans obtained after June
2016 were acquired using the GE Discovery® 750W 3 T scanner (N= 33). Both
machines were equipped with a 32-channel head coil. Anatomical T1-
weighted images were acquired using the following parameters for the GE
machine (parameters for the Siemens machine are provided within
parentheses): coronal brain volume imaging (magnetization-prepared rapid
gradient-echo), repetition time (TR)= 8.392 (2300)ms; echo time (TE)= 3.184
(2.82) ms; inversion time (TI)= 450 (900)ms; flip angle= 12 (10)°; field of view
(FOV)= 282 × 282 × 264mm3; and matrix= 256 × 256 × 240. The T2-
weighted images were acquired using the following parameters: coronal,
TR= 3000 (4800)ms; TE= 85.925 (430)ms; FOV= 256 × 256 × 224mm3; and
matrix= 256 × 256 × 160. A prospective motion correction sequence was
used to prospectively correct any motion artifacts.11 After the scan, all images
were processed and visually inspected by a trained neuroimaging specialist.
Scans that contained too many artifacts to produce reliable data (N= 4 and
2 scans in the CKD and control groups, respectively) were flagged and
removed before the analysis.
The sMR images were processed using the BRAINSAutoWorkup pipeline,

which optimizes tissue classification through an iterative framework,
produces robust parcellation of the brain regions, and works in a
multiscanner setting.12 BRAINSAutoWorkup labels the brain regions using
a multi-atlas, similarity-weighted, majority-vote procedure (joint label
fusion),13 using a set of expert-segmented templates adapted from the
Desikan–Killiany atlas.14 Brain regions included the cortical and subcortical
regions, separated by the hemispheres and tissue type (gray or white
matter), where appropriate. The BRAINSAutoWorkup pipeline automatically
derives the volume of different brain structures. Inter-scanner variation was
harmonized using the empirical Bayesian approach (ComBat harmoniza-
tion) as implemented by the ez.combat toolbox in RStudio.15–17 We
confirmed that the scanner did not predict the region of interest.6 All
subsequent analyses were performed using the harmonized data.

Neurofilament light chain
Plasma and serum samples can be utilized for NfL analysis, and the
measured plasma NfL levels show an excellent correlation to those
obtained from CSF samples.18 Furthermore, NfL levels remain stable
between freeze and thaw cycles.19–21 For this study, whole-blood samples
were centrifuged, and plasma was stored at −80 °C. The plasma samples
were analyzed using the single-molecule array (Simoa®) immunoassay at
Quanterix Laboratories. Previously published research has evaluated and

described the sensitivity of the Simoa® immunoassay for NfL quantifica-
tion.22 Samples were analyzed in duplicate according to the kit protocols.23

The average concentration of duplicates for each sample was computed,
and the sample was then diluted to achieve the dilution-corrected
concentration. Calibration curves and controls for dilution-corrected
concentration values were reviewed for acceptance. Any sample with
coefficient variation (CV) >20% underwent repeat measurement. Any
sample that had a retained CV >20% were discarded from the analysis (N
= 1). The dilution-corrected concentration (pg/ml) for retained samples
was utilized in data analysis.

Assessment of kidney function
Blood samples were collected on the day of study participation to
determine the eGFR (ml/min/1.73 m2) in participants from both groups.
Data were also extracted from the medical records of the patients with
CKD to collect information on serum bicarbonate level (mEq/l), hemoglo-
bin level (g/dl), and proteinuria within 6 months prior to assessment.

Statistical analysis
CKD is more common in males. In the current study, only two female
participants with CKD were recruited. Sex-based developmental differ-
ences in the brain are difficult to account for in a small- to moderate-sized
sample that includes both male and female participants.24–26 Thus, only
data from the male participants were analyzed in this study.
We used the Akaike Information Criterion (AIC) to select the statistical

models, wherein we considered the key predictor variables of interest (i.e.,
group [aim 1], kidney function [aim 2], and brain region of interest [aim 3])
in addition to the variables such as participants’ age and age × predictor
variable interactions.
We first compared the plasma NfL levels in patients with CKD and

healthy controls. Linear regression analysis was conducted using the
dilution-corrected NfL levels as the dependent variable. The predictor
variable of interest was group (CKD and control).
Thereafter, we examined the association between serum NfL level and

kidney function in the CKD group alone. Separate linear regression models
were applied within the CKD group using NfL level as the dependent
variable with eGFR (ml/min/1.73 m2), proteinuria (urine protein/creatinine
ratio [mg/mg]), serum bicarbonate level (mEq/l), systolic and diastolic
blood pressures (mmHg), and hemoglobin level (g/dl) as independent
(predictor) variables.
Lastly, we evaluated the association between serum NfL levels and

regional brain volumes. We used a hypothesis-driven approach that limits
the analysis to regions of interest previously identified as being different
among children with CKD, specifically the cerebral and cerebellar gray
matter. These brain regions of interest were included as the predictor
variables along with age.
Statistical significance tests were two-sided, with p < 0.05 set as the

threshold. Analyses were performed using R version 3.6.3.

RESULTS
Sample
The final sample included 23 healthy males (control) and 16 male
patients with CKD. All children within the final sample had
complete data for analysis. Case and control participants were
matched on chronological age. The demographic data of the
participants are summarized in Table 1. The medical variables
commonly associated with disease burden in CKD are shown in
Table 2. Among the 16 patients with CKD, six (33%) were
prescribed antihypertensive agents, two (11%) were receiving
growth hormones, and one (5.5%) required alkalinizing agent
therapy because of a history of metabolic acidosis. None of the
participants were on erythropoietin-stimulating agents or diuretics
at the time of assessment. The healthy controls did not receive
any of these medications. Given that all the patients with CKD had
disease due to CAKUT, the duration of the disease was considered
equivalent to the patients’ chronological age.

Age-related changes in intergroup plasma NfL levels
The model including the group × age interaction had the lowest
AIC (eTable 1). The group × age interaction predicted the NfL
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levels (estimate= 0.65; CI= 0.08–1.22; p= 0.026), whereby the NfL
levels remained relatively stable across age in the controls but
increased with age in the CKD group (Fig. 1).

Association between NfL levels and CKD clinical variables
The AIC identified two models wherein the inclusion of kidney
function variables (eGFR and bicarbonate level) resulted in a
better model than the one including age alone (eTables 2 and 3).
Decreased kidney function (eGFR) predicted NfL levels in the CKD
group (estimate=−0.10; SD= 0.027; t(13)=−3.65; p= 0.003;
Fig. 2a). Serum bicarbonate level was also inversely associated
with the NfL level, but the results were not statistically significant
(estimate=−0.83; SD= 0.40; p= 0.056). None of the remaining
CKD-associated variables predicted the NfL levels in the CKD
group.

Table 1. Demographic characteristics of the patients with pediatric
chronic kidney disease (CKD) and the controls.

Controls
(N= 23)

CKD
(N= 16)

Age (years)

Mean (SD) 11.9 (3.03) 12.0 (3.29)

Median [min, max] 11.8
[6.33, 16.9]

12.8
[6.25, 16.6]

Race

Multiracial 1 (4.3%) 1 (6.2%)

White 22 (95.7%) 13 (81.2%)

Asian American 0 (0%) 1 (6.2%)

Black or African American 0 (0%) 1 (6.2%)

Ethnicity

Hispanic/Latino 1 (4.3%) 3 (18.8%)

Not Hispanic/Latino 22 (95.7%) 13 (81.2%)

BMI percentile

Mean (SD) 53.4 (29.6) 69.4 (27.8)

Median [min, max] 63.7
[7.10, 96.9]

85.4
[27.4, 99.3]

Weight (kg)

Mean (SD) 45.0 (15.0) 52.1 (20.7)

Median [min, max] 42.1
[23.2, 81.6]

53.9
[17.0, 84.2]

Height (cm)

Mean (SD) 154 (18.4) 153 (24.3)

Median [min, max] 153 [126, 184] 156 [108, 182]

Parental socioeconomic status

Professional degree 3 (13.0%) 1 (6.2%)

College or advanced degree 14 (60.9%) 7 (43.8%)

White collar/semi-skilled
worker, high school education

5 (21.7%) 8 (50.0%)

Semi-skilled worker/laborer
below secondary education

1 (4.3%) 0 (0%)

Maternal education (years)

Mean (SD) 16.4 (2.31) 15.0 (2.25)

Median [min, max] 16.0
[12.0, 20.0]

14.5
[12.0, 20.0]

*P values were derived from linear models with group as the predictor
variable, except for socioeconomic status, for which a χ2 test was
performed.

Table 2. Clinical characteristics of the patients with chronic kidney
disease (CKD).

CKD (N= 16)

eGFR (ml/min/1.73m2)

Mean (SD) 75.0 (27.6)

Median [min, max] 75.7 [22.7, 116]

Serum bicarbonate (mEq/l)

Mean (SD) 24.7 (2.33)

Median [min, max] 25.0 [20.0, 31.0]

Venous pH

Mean (SD) 7.34 (0.0301)

Median [min, max] 7.34 [7.29, 7.40]

Missing 4 (25.0%)

Urine protein/creatinine ratio (mg/mg)

Mean (SD) 0.399 (0.775)

Median [min, max] 0.135 [0.0400, 3.16]

Hemoglobin (g/dl)

Mean (SD) 13.6 (1.43)

Median [min, max] 14.1 [11.1, 15.8]

Systolic blood pressure (mmHg)

Mean (SD) 114 (11.1)

Median [min, max] 118 [96.0, 138]

Diastolic blood pressure (mmHg)

Mean (SD) 62.4 (7.71)

Median [min, max] 62.0 [47.0, 80.0]

eGFR: estimated glomerular filtration rate.
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Fig. 1 Age-related changes in neurofilament light-chain (NfL)
protein levels in chronic kidney disease (CKD) and control groups.
NfL levels increase with age in the CKD group, whereas they remain
stable in the control group. The x-axis shows age in years and the y-
axis shows NfL levels. Regression lines with 95% confidence limits
for the controls (pink) and children with CKD (blue) are super-
imposed on individual observations (colored circles).
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Association with the brain structure
The model including age and cerebellar gray matter as the main
effects was selected (eTable 4). Lower cerebellar gray matter
volume predicted the NfL levels (estimate=−0.0002401; SD=
0.00007; p= 0.004; Fig. 2b). Cerebral gray matter was not
associated with NfL levels in patients with CKD (eTable 5).

DISCUSSION
Brain development in a typically developing child involves an
intricate process of dendritic pruning within the gray matter. We
have previously described decreased cerebellar gray matter
volumes in a well-characterized cohort of children with non-
dialysis-dependent CKD.6 Elevation of the neuroaxonal injury
marker NfL has also been described in relation to both gray and
white matter volume loss within the brain.9,10,19 In this study, we
provide evidence of an accelerated age-related increase in NfL
levels in children with CKD than in healthy controls. We also
demonstrated that increased NfL levels are associated with
relevant variables of kidney function and brain structure. These
results suggest that decreased kidney function may be linked to
abnormal neuronal integrity in patients with pediatric CKD.
Although NfL is often considered a marker of neurodegenera-

tive disease, Barro et al.27 noted that increased NfL levels are not
specific to neurodegenerative diseases. Rather, more common
factors such as age, cardiovascular disease, and increased body
mass index can result in increased blood NfL levels. Thus, elevated
NfL levels in young individuals may primarily reflect the under-
lying disease pathology rather than aging-related processes.
However, in older individuals, age becomes a notable contributor
to the elevated NfL levels in addition to the presence of any
underlying neurodevelopmental aberration or neurological dis-
ease.27 NfL can be released additionally from the peripheral
nervous system. Comorbidities like diabetes that are common
among individuals with adult-onset CKD may result in neuropathy.
As described earlier, these comorbidities are less common in
patients with pediatric CDK due to congenital causes. Further, the
demonstrated association between NfL and cerebellar gray matter

underscores the potential role of CNS pathology presumably
associated NfL levels in this sample.
Adult-onset acquired kidney disease is typically caused by

hypertension and diabetes mellitus, whereas pediatric CKD is
largely due to congenital causes with disease onset and
progression coinciding with crucial stages of brain development.28

The relationship between NfL levels and kidney function in adult-
onset acquired kidney disease is under debate, with some
evidence suggesting that NfL levels are related to aging and
cardiovascular disease but not to decreased kidney function.27

Contrary to this, two studies29,30 demonstrated that among adults
with kidney disease due to diabetes mellitus, decreased eGFR was
associated with higher serum NfL levels. Notably, diabetes mellitus
is associated with an increased risk of cerebrovascular disease;
thus, it is difficult to determine whether the potential association
between kidney function and NfL levels in adult samples is
reflective of diminished kidney function or small-vessel cerebro-
vascular disease as a secondary effect of diabetes. In contrast,
children with CKD in our sample did not have a history of
hypertension or other cerebrovascular risk factors, making it less
likely that our results were affected by cardiovascular comorbid-
ities. More work is needed to better understand how blood NfL
level is impacted by CKD due to CAKUT.
Compared to controls, children with CKD showed a dispropor-

tionate increase in blood NfL levels with increasing age. Given the
congenital nature of CKD in children included in the present study,
age can arguably be considered a proxy for disease duration.
Although kidney disease in this population is often considered to
be caused by “isolated congenital defects” of the kidney and
urinary tract, several genetic drivers of the kidney disease are also
linked to neurodevelopmental abnormalities.31 For example,
prenatal cerebellar development is linked to homeobox genes
such as PAX-2 and fibroblast growth factor 8.32–34 These genes
also play critical roles in early kidney development and are
associated with congenital kidney anomalies, namely, disorders of
nephron development, renal agenesis, and vesicoureteral
reflux.35–40 Considering this, we postulate a “diathesis-stress”
model, wherein the presence of CKD (i.e., diathesis) renders the
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cerebellum particularly vulnerable to systemic sequelae (i.e.,
stress) associated with advancing CKD.
Despite these strengths, our study has some limitations.

Pediatric CKD is a rare childhood disease, and this makes it
difficult to recruit a large sample at a single center. Furthermore,
CKD is often considered a silent disease with prolonged
asymptomatic progression. Therefore, the possibility exists that
we might have included controls with undiagnosed mild CKD.
Selection bias is a particular risk in case–control studies whereby
cases (or controls) are included/excluded due to a particular
characteristic related to the factor under evaluation. We have
attempted to mitigate the risk of selection bias by utilizing the
stringent inclusion/exclusion criteria at the study outset and
recruiting controls from the broad community to provide a
representative view of the typically developing child. Lastly, we
used a hypothesis-driven approach to evaluate the association
between serum NfL levels and brain structure. This approach may
be subjected to confirmation bias. We feel that our approach is
justified within the context of our previous findings and
limitations of the sample size; however, future studies should
aim to evaluate the entire brain in a larger sample of children with
CKD to confirm our findings.
Our data, nonetheless, lend support to biomarker-based

neurobiological differences that correspond with brain abnorm-
alities and decreased kidney function in children with CKD. The
findings of this study underscore that our understanding of CKD
progression and multisystem sequelae, such as neurodevelop-
ment, may be complicated by the developmental origins of CKD
itself. These results should serve as catalysts for replication in a
larger, longitudinal study including a wider age range of patients
with CKD to identify changes in NfL levels even earlier in the
disease process. Future studies should also seek to further
evaluate the relationship between modifiable CKD-associated
medical variables, such as the control of metabolic acidosis and
NfL levels. In addition, more research is warranted to understand
whether elevated NfL levels are present among children with
acquired causes of CKD, such as lupus nephritis, and whether the
elevation in NfL levels abates after transplantation. The chronic
and lifelong nature of CKD underscores the importance of
expanding our understanding of the kidney–brain relationship in
this disease.

DATA AVAILABILITY
Anonymized data are not available in a public repository; however, it will be shared
upon request from any qualified investigator.
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