=
=
>
2|
(a4

OXFORD

NEPHROLOGY DIALYSIS 17

Nephrol Dial Transplant, 2025, 40, ii18-ii27

https://doi.org/10.1093/ndt/gfae256

Cognitive impairment in chronic kidney
disease: role of brain imaging, functional imaging,
electroencephalography, cerebrospinal fluid biomarkers

and sensors

Alexandre Andrade (®)1*, Maie Bachmann?*, Mickaél Bobot
and Hong Xu

collaborators

3% Annette Bruchfeld
7%, on behalf of CONNECT Action (Cognitive Decline in Nephro-Neurology European Cooperative Target)

452 Tyvo Fridolin?#, Laila-Yasmin Mani {26+

Instituto de Biofisica e Engenharia Biomédica, Faculdade de Ciéncias da Universidade de Lisboa, Lisboa, Portugal
?Department of Health Technologies, School of Information Technologies, Tallinn University of Technology, Tallinn, Estonia
3Centre de Néphrologie et Transplantation Rénale, Hopital de la Conception, AP-HM C2VN, INSERM 1263, INRAE 1260, CERIMED, Aix-Marseille Université,

Marseille, France

“Department of Health, Medicine and Caring Sciences, Linképing University, Link6ping, Sweden

°Renal Medicine, Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Stockholm, Sweden

éDepartment of Nephrology and Hypertension, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland

’Division of Clinical Geriatrics, Department of Neurobiology, Care Sciences and Society (NVS), Karolinska Institutet, Stockholm, Sweden

Correspondence to: Alexandre Andrade; E-mail: aandrade@fc.ul.pt
*All authors contributed equally.

~
w @
3 Watch the video of this contribution at https://academic.oup.com/ndt/pages/author_videos

ABSTRACT

Chronic kidney disease is associated with cognitive impairment although the underlying mechanisms are still not fully understood.
Characterization and efficient monitoring of the cognitive impact of kidney disease and ensuing therapies are critical for the ac-
curate clinical management of patients. A vast array of imaging modalities, biomarkers, and sensors have shown relevance for the
assessment of cognitive impairment. Knowing the potential and limitations of these paraclinical techniques is a necessary condi-
tion to improve the understanding of this phenomenon and to design monitoring protocols and guidelines applicable to this clinical
population. The goal of this review is to provide an overview of current imaging modalities and biomarker sources available to the

community, for the benefit of the research and clinical community.
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INTRODUCTION

Chronic kidney disease (CKD) has been known for a long time to
be associated with cognitive impairment, but many questions re-
main about the underlying causes and how to establish assess-
ment and monitoring approaches that are robust, reproductible,
and feasible. A wide variety of imaging and physiological biomark-
ers have been considered as potentially useful for the cognitive
assessment of CKD patients, including early diagnosis of sub-
clinical cognitive effects. This review covers magnetic resonance
and isotopic imaging, electroencephalography, cerebrospinal fluid
and blood biomarkers, as well as sensor-based devices, aiming to
present a comprehensive, albeit far from exhaustive, summary of
available resources applicable to the investigation and monitoring
of CKD-related cognitive effects, as well as the relevant biomark-
ers that each modality allows to extract (Fig. 1). We strongly advo-
cate that the research and clinical community should collaborate
towards exploring the potential and complementary nature of the
described modalities.

MAGNETIC RESONANCE IMAGING

Today, magnetic resonance imaging (MRI) studies represent an es-
sential part of the diagnostic approach to neurocognitive disor-
ders (NCD) [1]. In addition to differential diagnosis, MRI biomark-
ers may detect early, subclinical changes. Advanced brain MR
techniques allow the non-invasive assessment of different as-
pects of brain physiology that can be combined in a single multi-
modal session [2, 3]. Because no administration of contrast media
is needed, these techniques are of particular interest in patients
with kidney disease. In the following, the most important modal-
ities and their application in CKD patients will be discussed.

Structural MRI

Structural brain MRI (sMRI) evaluates brain anatomy. It allows
the quantitative assessment of whole-brain or region-specific
cortical thickness by MR volumetry using high resolution T1-
weighted sequences as well as the qualitative assessment of
microbleeds and white matter hyperintensities, all of which have
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Figure 1: Graphical overview of the modalities covered in this review.

been associated with cognitive decline [4]. In CKD stage 2-5 and
kidney transplant recipients, sMRI has consistently revealed
signs of small vessel disease including silent brain infarcts, white
matter hyperintensities and microbleeds in addition to brain
atrophy. Overall, anomalies were correlated with kidney function
parameters and improved after kidney transplantation [5-22].

Diffusion MRI

Diffusion MRI relies on a sequence sensitive to the Brownian mo-
tion of water molecules. The diffusivity of water protons depends
on the adjacent tissue microstructure and may be affected by var-
ious disease processes [23]. Main clinical indications of diffusion-
MRI therefore include acute brain ischemia, evaluation of brain
tumors, and detection of white matter disease. While diffusion-
weighted imaging evaluates tissue diffusivity, diffusion tensor
imaging (DTI) additionally assesses diffusion directionality and
evaluates the integrity of white matter tracts. The main diffusion-
derived parameters include the apparent diffusion coefficient and
fractional anisotropy (FA), respectively. Similar to the general NCD
setting [24, 25], in CKD patients, DTI has shown higher diffusiv-
ity and lower FA values, which correlated with clinical cognition
markers and were improved after kidney transplantation [12, 16,
22,26-35].
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Arterial spin labeling

Arterial spin labeling (ASL) evaluates cerebral blood flow (CBF) us-
ing magnetically labelled water protons as an endogenous tracer
through generation of a subtraction image [36]. Altered perfusion
patterns may be seen in various disease states including cere-
brovascular disease, brain tumors, and epilepsy. Given the rela-
tionship between cerebral perfusion, brain metabolism, and activ-
ity, ASL-derived CBF has been evaluated as a non-invasive func-
tional cognition marker [37]. Indeed, region-specific CBF changes
have been reported in dementia subtypes and corresponding pre-
stages [38, 39]. Among patients with CKD and end-stage kidney
disease (ESKD), ASL has revealed increased CBF compared with
healthy controls and decreased CBF after dialysis start and kid-
ney transplantation. In most studies, CBF correlated with cog-
nitive performance but was, however, strongly influenced by
hemoglobin level or hematocrit [16, 35, 40-43].

Functional MRI

Functional magnetic resonance imaging (fMRI) is widely used for
the assessment of brain function through the BOLD effect (blood
oxygen level dependent). Resting-state fMRI (rs-fMRI) is particu-
larly attractive in this context, because it does not involve the ex-
ecution of tasks that may prove challenging for patients. A 2018
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review [44] highlighted the potential of rs-fMRI to probe the mech-
anisms behind cognitive deficits in Parkinson’s disease. Functional
connectivity (FC), i.e. the correlation between BOLD time-series
extracted from regions of interest, is showcased as a powerful
metric. Similar approaches have been applied to the study of other
neurodegenerative diseases, including correlation with sMRI and
diffusion MRI [45].

Regarding application to CKD, local differences between the
activation patterns of children with and without CKD perform-
ing a working memory task were demonstrated [46]. Many
studies have explored metrics such as regional homogeneity
(ReHo) and (fractional) amplitude of low-frequency fluctuations
(ALFF), which reflect local physiological effects closely related
to connectivity. Liang et al. [47] showed local ReHo changes in
ESKD patients when compared to controls, whereas Yu et al. [48]
demonstrated localized differences in ReHo and ALFF between
dialysis-dependent and non-dialysis-dependent patients. These
studies hinted at a correlation between the imaging metrics and
urea and creatinine levels. Correlation-based FC has been shown
to differ between young CKD patients and controls, suggesting
connectivity deficits in attention circuits, which may represent
an early marker of cognitive decline [49].

Two independent groups [50, 51] have shown a correlation be-
tween MoCA scores and rs-fMRI metrics in hemodialysis (HD) and
non-dialysis patients, respectively. It should be noted that both
studies resorted to sophisticated analysis strategies, including
FC between resting-state networks, dynamic FC, and structural-
functional network coupling.

ISOTOPIC IMAGING

Isotopic imaging enables the non-invasive location of molecular
and pathophysiological processes in the body, after injection of
a molecule of interest coupled with a radioactive isotope (radio-
tracer).

Disruption of the blood-brain barrier (BBB) is a complex and
important common mechanism to several neurodegenerative dis-
eases and systemic diseases associated with cognitive impair-
ment and could play a major role during cognitive impairment
associated with CKD [52]. Brain single-photon emission computed
tomography coupled with CT scanner (SPECT/CT) with *™Tc-
diethylene-triamine-penta-acetic acid (DTPA) enables the disrup-
tion of the BBB to be visualized and quantified. DTPA is a small
aminopolycarboxylic acid, which does not normally cross the in-
tact BBB, and the presence of DTPA in the brain parenchyma re-
flects BBB rupture. ™ Tc-DTPA brain SPECT/CT is the most used
isotopicimagingin pre-clinical studies to evaluate BBB permeabil-
ity [53, 54], but also in clinical studies [S55-57], notably in stroke.
Cerebral positron emission tomography (TEP) with %8Ga-EDTA has
also been used to quantify BBB disruption in patients [58].

Several models of CKD in rodents showed increased BBB per-
meability. The BBB disruption, quantified using brain *™Tc-DTPA
SPECT/CT imaging, was correlated with both cognitive impair-
ment and indoxyl sulfate levels [54]. Gupta et al. found an in-
creased BBB permeability in ESKD patients [59] compared with
control participants, using ™ Tc-DTPA SPECT/CT imaging, but as-
sociation between cognitive impairment and BBB permeability in
CKD patients is yet to be proven. The BREIN study (NCT04328415)
[60] confirmed the existence of an increased BBB permeability
in ESKD patients undergoing HD and previously undiagnosed for
cognitive impairment compared with healthy volunteers matched
in age, sex, and education, and its association with cognitive im-
pairment.

Modifications of cerebral perfusion were also described in pa-
tients with cognitive impairment using SPECT/CT imaging with
various radiotracers such as *™Tc-ethyl cysteinate dimer (ECD)
[61] or ®™Tc-hexamethyl propyleneamine oxime (HMPAO) [62]. In
ESKD patients, HD sessions were associated with a mean decrease
of 10%+15% of global and regional CBF, evaluated using *O-H,0
PET-CT imaging [63].

Brain positron emission tomography (PET) with 8F-
flurodeoxyglucose (FDG) enables the study of brain metabolism.
It has proven to be useful for early diagnosis of neurodegener-
ative diseases, and to differentiate between different subtypes
of dementia, which display distinct spatial patterns of brain
metabolism [64]. For example, patients with Alzheimer’s dis-
ease (AD) display cortical hypometabolisms, particularly in the
frontal, posterior temporal, and parietal regions [65]. It can also
help to differentiate between mild cognitive impairment and
early-stage AD [66, 67]. However, very few studies have evaluated
brain metabolism during CKD, and its association with cognitive
impairment in both pre-clinical and clinical studies. Interestingly,
patients with pre-dialysis stage 5 CKD and depressive symptoms
displayed decreased cerebral glucose metabolism in 18F-FDG PET
imaging, especially in the prefrontal cortex [68].

These imaging techniques are not routinely used in clinical
practice in CKD patients. However, we suggest that *™Tc-DTPA
SPECT/CT imaging could be used to evaluate the BBB disrup-
tion in CKD patients, notably in the context of cognitive troubles,
and the risk of neurological events. Indeed, BBB disruption could
also increase drug neurotoxicity and predisposition to stroke in
these patients [52]. Also, brain PET with FDG could help differ-
entiate CKD-induced MCI from other neurodegenerative diseases
like AD, along with MRI, in CKD patients displaying cognitive
impairment.

ELECTROENCEPHALOGRAPHY

In comparison to other imaging methods, electroencephalography
(EEG) stands out as a wearable cost-effective tool. Event-related
potentials (ERPs) are stimulus-evoked signals hidden in natural
EEG, with early peaks reflecting detection and basic processing
stages and later ones reflecting higher-level cognitive processes
such as attention, memory, and executive function. In cases of
cognitive decline, ERP features will become disrupted.

EEG has been used to study the central nervous system func-
tioning of CKD patients for decades. Marsh et al. [69] observed
abnormally high latency and low amplitude of later ERP compo-
nents in CKD patients compared with normal subjects, suggest-
ing less effective cognitive processing. Subsequent ERP studies
have revealed reduced latency and increased amplitude after the
HD treatment session [70, 71]. In a study conducted by Madan
et al. [72], ERPs were measured two hours before and after the
HD treatment and juxtaposed with data from healthy controls.
The healthy group demonstrated the lowest mean auditory P3 la-
tency, while the CKD patients exhibited a significantly prolonged
latency pre-HD, a disparity that was diminished substantially fol-
lowing the HD. While the shorter latency indicates better cogni-
tive processing, Michatowski et al. [73] observed that behavioral
and ERP data indicated action preparation deficits for dialysis pa-
tients, which were not observed in kidney transplant and healthy
controls.

These findings hint at a potential utility of ERP measures as
early markers of cognitive decline. However, integrating cognitive
testing into EEG study requires complex equipment and data pro-
cessing. A resting state EEG approach may offer a more feasible
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solution for cognitive assessment. Florea et al. [74] reported that
HD caused slowing of the EEG background activity. However, the
changes were related to younger age, recent initiation of HD ther-
apy and the level of uremia, which seem to refer to the dialysis dis-
equilibrium syndrome (DDS). The patients’ mild symptoms were
not classified as DDS, suggesting that EEG enables the detection
of even subtle changes below the threshold of DDS. The authors
suggest that EEG indicates that the dialysis induced pathomech-
anisms of CNS [74].

Lizio et al. [75] designed a study protocol to investigate the im-
pact of uremic toxins with resting-state EEG signals from four
groups: CKD patients at stages 3—4 with mild cognitive impair-
ment (MCI) (CKDMCI-3&4), representing a model of high-level ure-
mic toxins; CKD patients undergoing HD with MCI (CKDMCI-H),
representing low/medium levels of uremic toxins; MCI patients
with cerebrovascular disease (CVMCI); and healthy controls, both
without abnormal levels of uremic toxins. EEG recordings for the
HD group were performed between treatment days to avoid acute
effects of dialysis. All MCI groups indicated decreased occipital al-
pha power compared with healthy controls, with the lowest pari-
etal alpha power observed in the CKDMCI-3&4. Additionally, the
CKDMCI exhibited increased frontal, central, and parietal delta-
theta power compared with the control and CVMCIL. The authors
concluded that circulating uremic toxins affect brain activity and
EEG measures could be used to monitor brain function and the
effects of interventions.

The presented studies employed traditional linear methods for
EEG signal analysis. However, EEG signals are inherently com-
plex and nonlinear. Pdeske et al. [76] compared various linear and
nonlinear measures and recommended Higuchi’s fractal dimen-
sion (HFD) as a preferred EEG-based measure due to its ability to
capture a broad spectrum of brain disorders. As far as we know,
HFD has not been applied to EEG signals of CKD patients. Fur-
ther research is needed, given the simplicity of single-channel EEG
recording and the growing accessibility of certified portable EEG
devices.

Today clinicians require support systems providing personal-
ized information to guide treatment decisions for individual pa-
tients. Consequently, future research should emphasize longitudi-
nal studies and personalized models. The availability of wearable
devices allows EEG data collection during dialysis in the clinic and
at home.

CEREBROSPINAL FLUID AND BLOOD
BIOMARKERS

Biomarkers [77] are tools used to study MCI, AD, and other neu-
rodegenerative diseases, including: (i) Amyloid plaque markers:
Amyloid g peptides 42 (AB42) and the ratio of amyloid B peptides
42 to 40 (Ap42/AB40). Low levels of AB42 in CSF are associated with
the formation of amyloid plaques in the brain, a hallmark of AD.
(ii) Tau pathology markers: Total tau (T-tau) and phosphorylated
tau (P-tau) are markers of AD-related tau metabolism and phos-
phorylation. The three main phosphorylated tau proteins are P-
taul81, P-tau217,and P-tau231. Hyperphosphorylation causes tau
protein to accumulate in neurofibrillary tangles between neurons,
thereby disrupting synaptic communication. P-taul81 is a clas-
sic AD biomarker. (iii) Neurodegenerative markers: Neurofilament
light chain (NfL) is enriched in the axons of large-caliber neurons.
Increased concentrations of NfL are seen in multiple neurodegen-
erative diseases and are considered biomarkers of disease severity.
(iv) Glial activation markers: Glial fibrillary acidic protein (GFAP),
a marker of astrocyte activation and astrogliosis, is increased in

multiple neurodegenerative diseases. Initially, these biomarkers
could only be measured in CSF, but advances in technology now
make the entire amyloid/tau/neurodegeneration (ATN) [78] panel
of AD biomarkers and GFAP available via blood tests [77].

CKD and CSF biomarkers

Studies have shown that CKD increases the risk of MCI, AD, and
have suggested a causal direction [79]. The association between
CKD and biomarkers is an emerging area of research that is im-
portant for understanding the interaction between CKD and neu-
rological diseases, facilitating early diagnosis and tracking dis-
ease progression. However, research on the relationship between
CKD and CSF biomarkers is limited and has yielded inconsis-
tent results. For instance, two studies—one involving AD patients
[80] and the other involving cognitively normal individuals [81]—
found that CKD was associated with decreased CSF Ag and in-
creased CSF levels of T-tau. Conversely, a community-based study
from the Gothenburg H70 cohort [82] found no differences in CSF
biomarkers (AB, Tau, and NfL) between CKD and non-CKD individ-
uals. However, among participants exhibiting Ag pathology [83],
correlations were observed for CSF AB42, AB42/40, t-tau, and es-
timated glomerular filtration rate (eGFR).

CKD and blood biomarkers

Several studies have previously explored the relationship between
CKD and plasma A levels. In the Mayo Clinic Study of Aging co-
hort (MCSA) [84], CKD correlated with elevated levels of AB42,
AB40, and AB42/40 ratio. Similarly, a study performed under the
Atherosclerosis Risk in Communities Study cohort [85] revealed
a doubling of the urine albumin-to-creatinine ratio and lower
eGFR linked to increased plasma levels of AB1-40 and AB1-42.
Gronewold et al. [86] found that plasma AB accumulation corre-
sponded to CKD stage, indicating the kidney’s pivotal role in AB
elimination from plasma. Kitaguchi et al. [87] investigated plasma
tau levels in CKD patients undergoing HD. Regardless of HD, CKD
patients exhibited elevated plasma tau concentrations, with tau
observed to increase 1-hour post-dialysis. These findings suggest
that the kidneys play a role in tau degradation and excretion.
However, HD appears ineffective in removing tau from the blood.
Two studies from the MCSA cohort demonstrated that CKD cor-
relates with T-tau [84], as well as with P-taul81 and P-tau217
[88] after adjusting for age and sex. In the BALTAZAR study of
476 MCI participants, CKD or eGFR were independently associated
with plasma P-tau181 levels, which should be taken into account
when using P-taul81 [89] as a diagnostic marker for AD. Several
larger studies have previously reported an association between
NfL and CKD, including participants from the cognitively normal
ESTHER study [90] and the Mayo Clinic Study of Aging [83]. Addi-
tionally, in a cohort of cognitively normal Swedish individuals [82],
there was a statistically significant correlation between NfL and
eGFR. However, in contrast, a recent study of patients from the
French MEMENTO [91] cohort did not find any influence of CKD
and other vascular complications on the predictive value of cir-
culating NfL for the incidence of dementia during a 5-year follow-
up. These findings suggest that the relationship between NfL and
CKD may vary across different populations and study designs,
indicating the need for further research. The ESTHER study [90]
demonstrated stronger associations between eGFR and plasma
GFAP, only in men after adjusting for age and sex. GFAP levels and
kidney function have been shown to vary according to sex [92].
For many years, the diagnosis of AD was based on clinical cri-
teria. The 2024 NIA-AA criteria [93] now include blood biomarker
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testing. The future of precision medicine will likely rely more on
blood biomarkers to identify the high-risk population, diagnose
diseases, and assess the effectiveness of treatments. Future re-
search on the connection between CKD and blood biomarkers of
AD could focus on several areas. For instance, investigating the
potential mechanisms by which CKD affects the levels and clear-
ance of blood biomarkers (such as Ag42, Ag40, and tau), since
understanding these mechanisms can help refine biomarker as-
sessments in CKD patients at risk for AD and adjust relevant
cutoff points. Conducting longitudinal studies with representa-
tive cohorts to track changes in biomarker levels over time in
CKD patients and relate them to cognitive decline and AD on-
set could clarify causal links and reveal early intervention points.
In addition, exploring alternative or improved dialysis technolo-
gles that may effectively remove tau and other neurodegenerative
biomarkers from the blood, studying the variability of CKD-AD
biomarker relationships across different populations, including
ethnic and geographic differences, and investigating how CKD im-
pacts AD biomarkers differently in men and women, which could
lead to more personalized management strategies for both CKD
and AD, are viable research alternatives.

SENSORS

Sensor techniques offer an opportunity for non-invasive,
real-time measurement of cognitive impairment parameters-
biomarkers in patients with CKD. Wearable and wireless tech-
nologies would be advantageous since they allow for unobtrusive
and seamless measurements [94]. Parameters related to mon-
itoring cognitive impairment on CKD patients include cerebral
hypoperfusion [95], arterial stiffness [96], mobility performance,
and levels of uremic toxins [97]. In everyday routine, pervasive
remote tools, such as watches and trackers, may provide details
on physical activity, estimated caloric expenditure, metabolic
data, sleep quality, and vital parameters [98].

Intradialytic cerebral hypoperfusion can occur during routine
hemodialysis (HD) due to circulatory stress. Appropriate intradi-
alytic cerebral perfusion monitoring can be seen as a part of cog-
nitive decline prevention strategy. Cerebral tissue oxygenation,
measured by near-infrared spectroscopy (NIRS), is known to be
decreased in HD patients and is associated with weaker cognitive
performance [99]. The NIRS-derived HD cerebral oxygen demand
was shown to be associated with intradialytic mean arterial pres-
sure, heart rate, and volume removal in HD patients [100]. Cere-
bral regional oxygen saturation (rSO2), which can be monitored
by NIRS, is associated with cognitive function in non-HD CKD pa-
tients [101], and was shown to be affected by eGFR, serum albu-
min, and sodium concentrations in CKD patients [102]. Also, Hb
levels revealed a positive and significant association with cerebral
rSO2 and the relationship was proven to be linear [103]. However,
patient age and sensor location can affect rSO2 values [104]. Intra-
dialytic cerebral ischemia from cerebral oxygenation during HD,
but not hypotension from continuous blood pressure (BP) mea-
surements, correlated with decreased executive cognitive func-
tion [105].

The consistent evidence linking systemic arterial stiffness to
cognitive decline and dementia has been highlighted by several
studies, albeit with inconsistencies due to different study designs
(cross-sectional vs. longitudinal), heterogeneity of target popula-
tions and cognitive screening tools. In general, higher pulse wave
velocity (PWV) estimating systemic arterial stiffness, relevant also
for CKD patients [106], predicts poor cognitive performance and a
steeper cognitive decline [96].

Mobility performance, as a potential digital biomarker of
cognitive impairment among HD patients, including cumulated
posture duration (sitting, lying, standing, and walking), daily
walking performance (step and unbroken walking bout), as well
as postural-transition (daily number and average duration), can
be measured using a validated pendant-sensor for a continuous
period of 24-hour during a non-dialysis day [107]. Also, speed of
ankle rotation, monitored by a wearable sensor during a simple
intradialytic cognitive-demanding exercise, has been proposed as
a digital biomarker for screening cognitive frailty in HD patients
[108]. Motor capacity can be quantified by assessing standing
balance and gait performance [107].

Uremic toxins are known to have an impact on cerebrovascular
diseases and/or cognition [109-111]. An earlier study suggested
that disturbed purine nucleotide metabolism, resulting in hy-
peruricemia in CKD, is a risk factor for cognitive impairment
[97]. Cognitive impairment in ESKD patients in HD, assessed
as an increased BBB permeability, could be associated with
serum uremic toxins like indoxyl sulfate (NCT04328415), [112]
and indole-3-acetic acid [113]. Multicomponent, real-time, and
on-line monitoring of uremic toxins can facilitate studies of the
associations between cognitive impairment and uremic toxin
removal efficiency. A technology for multi-component uremic
toxins’ intradialytic optical monitoring of spent dialysate [114,
115] demonstrated that optical dialysis monitoring can simulta-
neously reveal intradialytic removal patterns of low molecular
weight and middle uremic retention solutes without any blood
or dialysate sampling [116-118]. The small uremic retention
solute uric acid is one of the main chromophores [114], and
protein-bound uremic retention solute indoxyl sulfate is one
of the main fluorophores [115]. Furthermore, time-averaged
concentration estimation of uremic toxins, based on intradialytic
spent dialysate measurements, has been proposed [119].

Large-scale longitudinal studies have found an association be-
tween glycemic control and cognitive decline [120]. Continuous
glucose monitoring (CGM) offers benefits in terms of detecting
hypoglycemia by measuring glucose in interstitial fluid every
few minutes and can provide more reliable method of glycemic
assessment, including asymptomatic hypoglycemia and hyper-
glycemic episodes [121]. Hyperglycemia metrics (mean glycose
value and time in range) derived from CGM are shown to be associ-
ated with cognitive functions, especially with executive function
and working memory, in older adults with type 2 diabetes [122].
However, assessing glycemic control in patients with advanced
CKD and on dialysis (G4-5) can be challenging because laboratory
biomarkers, such as glycated hemoglobin (HbA;.), may be biased
by abnormalities in blood hemoglobin, use of iron therapy and
erythropoiesis-stimulating agents, and chronic inflammation due
to uremia, etc. [121], and data are scarce in this population. Fur-
ther studies are needed to investigate in more detail how cognitive
decline might be prevented by glycemic control in CKD patients.

CONCLUSION

In this review we aimed to provide an overview of the currently
available range of biomarkers and imaging modalities that have
shown potential for the detection of cognitive impairment in CKD
patients. It is hoped that this review will contribute to collabo-
rative efforts towards the pursuit of pre-clinical and clinical re-
search on this topic and the incorporation of several modalities
and biomarkers into protocols, procedures, and guidelines for the
reproducible, precise, and clinically relevant assessment of cogni-
tive status in patients with CKD.
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