
THE QUANTIFICATION OF NEUROCOGNITIVE IMPAIRMENT 

ACROSS THE SPECTRUM OF KIDNEY DISEASE  

 

 

 

 
by 

 

 

Jessica A. Vanderlinden 

 

 

 

 

 

 

 

 
A thesis submitted to the Graduate Program in Neuroscience Studies  

in conformity with the requirements for the 

Degree of Doctor of Philosophy 

 

 

 

 

 

 
Queen’s University 

 Kingston, Ontario, Canada 

March, 2021 

 

Copyright ©Jessica A. Vanderlinden, 2021



ii  

Dedication 

 

I dedicate this thesis to my parents, 

James and Shelly. 

Thank you for your unconditional love and support. You 

allowed me to reach for the stars and taught me that 

nothing in life worth having comes easy. 

 

 

 
 

 

 

 



iii  

Abstract 

 
Over the last decade, it has become evident that patients with chronic kidney 

disease (CKD) are at high risk of developing neurocognitive impairment, which may 

influence medication/dietary adherence and quality of life. I therefore initiated a program 

of research that used cutting-edge robotic technology (Kinarm) to precisely and objectively 

quantify neurocognitive impairments in patients with CKD. To contextualize my work, a 

systematic review and meta-analysis was performed. Of the one-hundred and forty-eight 

studies identified, the vast majority used dementia screening tools to identify impairments 

in patients with CKD. It also demonstrated that patients who were pre-dialysis and dialysis-

dependent CKD performed significantly worse than non-CKD controls.  

I then performed a prospective observational study that quantified neurocognitive 

impairment in a cohort of patients with CKD. Forty-nine patients were recruited and 

assessed with the Kinarm and a traditional neurocognitive screening tool. Although, little 

impairment was detected by the neurocognitive screening tool, Kinarm detected 

impairments in up to ~50% of the cohort (task dependent). Additionally, this is the first 

study to demonstrate that perceptual-motor impairments are common in patients with CKD 

in addition to attention and executive function impairments.  

Next, I characterized neurocognitive impairment in an understudied cohort: patients 

who experience acute kidney injury (AKI). Twenty-one patients with AKI were compared 

to healthy controls, and 21 active control patients matched for cardiovascular risk factors. 

Patients with AKI performed worse than healthy controls on attention, visuomotor, and 

executive function tasks. Additionally, patients with AKI performed significantly worse on 

attention and visuomotor domains when compared to active controls. This was the first 
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study to prospectively investigate neurocognitive impairments after AKI. 

Finally, to investigate a potential mechanism of accelerated neurocognitive 

impairment in patients with end-stage renal disease, I used near-infrared spectroscopy to 

serially measure cerebral oxygenation during hemodialysis sessions for 1 year. Ultimately, 

low recruitment rates deemed the study unfeasible, but interesting relationships between 

cerebral oxygenation, mean arterial pressure, and fluid removal rates were observed. In 

summary, neurocognitive impairments are common in patients with kidney disease, 

particularly in perceptual-motor, attention, and executive function domains. Future studies 

will need to address how these impairments affect quality of life. 
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Chapter 1 

 

Introduction and Study Objectives 
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1.1 Introduction 

 

 Chronic kidney disease (CKD) has an estimated worldwide prevalence of 13%1, 

that increases with age and is particularly prevalent in the elderly2. Recent estimates 

determined that roughly 4 million Canadians are affected by CKD3. Due to the complex 

nature of CKD, patients with CKD create a high burden on the health care system4, with 

recent estimates showing that the health care costs for patients with CKD in Canada 

exceeds 40 billion per year3.  

CKD is defined by the National Kidney Foundation as having structural damage or 

decreased kidney function for 3 or more consecutive months4. Specifically, CKD can be 

divided into 5 stages according to the glomerular filtration rate (GFR), which is influenced 

by age, sex, and ethnicity4. Notably, CKD is considered when the GFR remains constantly 

below 60 ml/min/1.73m2 4. When the GFR reaches <15 ml/min/1.73m2, this is classified as 

stage 5 kidney disease and is also known as kidney failure4. Once stage 5 is reached, renal 

replacement therapy (RRT) in the form of hemodialysis (HD) or peritoneal dialysis (PD) 

is needed, or a kidney transplantation. RRT becomes essential as it reverses the deleterious 

effects and symptoms caused by being in a chronic uremic state5.  

 CKD is associated with an increased risk of mortality, particularly due to 

cardiovascular events6. Along with cardiovascular disease, comorbidities such as diabetes 

and hypertension commonly co-occur in patients with CKD7. Increased hospitalization 

rates, neurocognitive impairment, and decreased quality of life1 have also been 

demonstrated in those with CKD. Finally, CKD is known to increase the risk of patients 

having an acute kidney injury (AKI)8,9, which in turn is known to accelerate or induce 

CKD9.  
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 Regardless of the cause of AKI, the Kidney Disease Improving Global Outcomes 

(KDIGO) is the gold standard for classifying AKI. Specifically, KDIGO states that AKI is 

diagnosed when there is one of the following: a minimum increase in serum creatinine by 

0.3mg/dL in 48 hours, a 1.5 times increase of serum creatinine from baseline, or a decrease 

in urine volume output10. AKI is highly prevalent in patients who are critically ill (1-67%)11 

and those that have undergone cardiac surgery (1-30%)12. Additionally, AKI is estimated 

to affect 1 in 5 hospitalized adults13. Similar to CKD, AKI confers an increased risk of 

morbidity and mortality, regardless of the cause14.  
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1.2 Neurocognitive Impairment In Kidney Disease 

1.2.1 Chronic Kidney Disease 

 Neurocognitive impairment has been extensively studied in patients with CKD 

and those requiring RRT. It has been determined that as patients progress through the 

different stages of CKD, there is a proportional decrease in neurocognitive performance15. 

Specifically, patients who experience moderate to severe renal failure demonstrate a least 

a five times elevated risk of developing some degree of neurocognitive impairment16. 

Prevalence estimates of neurocognitive impairment in individuals with renal failure are 

also three times higher than age-matched controls17. Additionally, up to 80% of patients 

that are receiving HD as their form of RRT have been noted to have some form of 

neurocognitive impairment18. There is however variation in the literature regarding RRT 

and neurocognitive performance. For example, patients undergoing PD have been shown 

to have more neurocognitive impairment than healthy controls19, but have either similar20 

or less neurocognitive impairments when compared to HD patients21. Most of these 

impairments are seen in the domains of attention, memory, and executive function22,23, and 

are traditionally assessed by screening tools24.     

 The etiology of the impairments seen in CKD and those receiving dialysis remain 

unknown. However, it has been postulated that it is multifactorial in nature25. Many of the 

risk factors associated with CKD (age, diabetes, and cardiovascular disease) may be 

involved in the neurocognitive deficits described. In particular, age is known to be 

associated with both CKD2 and neurocognitive impairment26. Diabetes is known to be the 

leading cause of CKD27, and is associated with an increased rate of Alzheimer’s disease27 

that is double than the risk to the general public28. The risk of neurocognitive impairment 
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has been found to be up to 143% higher in those with CKD even after accounting for 

traditional vascular risk factors29. Furthermore, cardiovascular disease along with all of its 

related complications (e.g. cerebral ischemia and cerebrovascular disease) are thought to 

be a driving force in the cause of neurocognitive impairment in patients with CKD 

undergoing dialysis30,31. For example, intracerebral hemorrhage is twice as likely to occur 

in those with CKD receiving HD, and are 7.4 times more likely to experience vascular 

neurocognitive impairment than the general population32. Additionally, cerebral atrophy is 

common in patients with end stage renal failure, which is thought to be caused by the 

effects of atherosclerosis, and may lead to neurocognitive impairment32.  
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1.2.2 Acute Kidney Injury  

 Although the neurocognitive implications of CKD have been extensively studied, 

the neurocognitive implications of AKI are largely unknown. Only three studies to date 

have examined the neurocognitive outcomes of AKI. Of these studies, two were 

retrospective and used administrative data which demonstrated that AKI was an 

independent risk factor for dementia33,34. The other showed that long-term neurocognitive 

impairment was associated with AKI in children with severe malaria35. The neurocognitive 

domains that are affected and to what extent in survivors of AKI is currently unknown. 

 Again like CKD, risk factors such as age, diabetes, hypertension, and 

cardiovascular disease are common in individuals who develop AKI in the intensive care 

unit or during cardiovascular surgery12,36. Therefore as mentioned above, these baseline 

risk factors may too play a role in the development of neurocognitive impairment in 

patients with AKI. Finally, other potential mechanisms that may be involved in the 

development of neurocognitive impairment in survivors of AKI include: inflammation, 

uremia, and alterations in blood brain barrier permeability37. 
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1.3 Cerebral Hypoperfusion As A Potential Cause of Neurocognitive 

Impairment In Patients With End Stage Renal Disease 

Although the cause of the neurocognitive impairment in patients receiving HD is 

thought to be multifactorial in nature, repetitive cerebral hypoperfusion could contribute to 

the accelerated neurocognitive impairment observed in patients with end-stage renal 

disease. Strategies to monitor cerebral perfusion during HD could include near-infrared 

spectroscopy (NIRS) which measures the regional saturation of cerebral oxygenation 

(rSO2), a surrogate marker of cerebral perfusion. This is done by a sensor typically applied 

to the forehead which emits wavelengths of infrared light (700-1000nm) that pass 2-3 cm 

through the dermis and skull38. NIRS is ideal for this thesis as it provides a real time live 

capture of the oxygenation status of the cerebral tissue39, and works on the principle that 

the absorption of light will change depending on the oxygen status of hemoglobin40, and is 

relatively inexpensive, portable, and requires little training in comparison to magnetic 

resonance imaging41. Importantly, NIRS has also been shown to correlate with other 

measure of cerebral perfusion such as CT perfusion scans42, and has been extensively used 

during cardiac surgery43.    

Previous cross sectional studies investigating rSO2 in patients undergoing HD 

show these patients as having lower rSO2 levels than controls, even before they initiated 

the dialysis session, with HD and control patient values being 40-55% and 70% 

respectively41,44–46. Furthermore, it has been demonstrated that limb tissue ischemia occurs 

during dialysis47, and that there is a negative association between rSO2, diabetes, and blood 

pH with HD duration48. All of the above mentioned studies were cross sectional in nature, 

indicating there is no longitudinal data on the rSO2 levels of patients undergoing HD. This 
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represents a major knowledge gap in the understanding of the long-term changes in cerebral 

oxygenation in patients undergoing HD, and how these changes relate to neurocognitive 

impairment.  

It is important to note that in addition to NIRS there have been, various other 

imaging modalities that are used to investigate the negative impacts of HD on the brain. 

The studies demonstrate that there are deficits in the white matter structure integrity, which 

correlated with neurocognitive deficits49. Additionally cerebral blood flow declines have 

been discovered in those receiving HD, which also correlated with neurocognitive 

impairment50. Table 1 illustrates the different techniques in which one could measure 

cerebral oxygenation along with each techniques strengths and weaknesses41. 
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Table 1: Summary of Techniques used to Monitor Cerebral Oxygenation in Kidney Disease  

Patients 

 

Method Mechanism of Action Advantage Limitation 

Transcranial 

Doppler 

Ultrasound waves are used 

to determine the mean 

cerebral blood flow in the 

cerebral vasculature. Mean 

blood flow is determined by 

the difference in frequency 

of the ultrasound waved 

emitted and received. 

Non-invasive 

Can be used 

during HD 

Limited to larges 

cerebral arteries 

Requires training- 

operator error is a 

factor 

Continuous 

monitoring is 

challenging  

Positron Emission 

Tomography 

Computed 

Tomography Scan 

Intravenous dye that 

contains oxygen labeled 

water molecules gives 

insight into brain areas that 

are active. Higher active 

regions show as red 

indicating a higher uptake of 

the dye, which is a measure 

of cerebral blood flow. 

Can calculate 

more than cerebral 

blood flow 

(example: cerebral 

blood volume and 

metabolic rate) 

Whole brain can 

be monitored at 

one time 

Cannot be done in 

the dialysis unit 

Expensive 

Patient movement 

affects results 

Training required 

to operate 

Radiation 

exposure 

Magnetic Resonance 

Imaging 

Causes a difference in 

hydrogen proton frequencies 

in the brain when compared 

to resting state. This 

difference is used to image 

the brian51.   

Dye is not used, 

therefore not 

radiation exposure 

Whole brain can 

be monitored at 

one time 

Cannot be done in 

the dialysis unit 

Expensive 

Patient movement 

affects results 

Training required 

to operate 

NIRS Near-infrared waves of light 

pass through the skull, 

allowing insight into the 

oxygen status of hemoglobin 

by using a shallow and deep 

sensor. 

Portable  

Continuous 

monitoring 

Less expensive 

than other imaging 

techniques 

Non-invasive 

Can be used 

during HD 

Only detects 

oxygenation status 

of the frontal lobe 

and not subcortical 

areas 

Majority of the 

signal is venous  
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Table 1: Summary of techniques used to monitor cerebral oxygenation in kidney disease 

patients, along with a description of the mechanism of action, advantages and 

disadvantages. This table is predominantly reproduced from the information in Wolfgram’s 

2019 article41. 
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1.4  Thesis Components  

 

1.4.1 Thesis Objectives, Aims, and Hypotheses 

 

 The main objective of this thesis was to characterize the neurocognitive 

functioning in patients with kidney disease, with a particular focus on patients with CKD 

and those who recently experience an episode of AKI. To address this objective, this thesis 

has the following aims and hypotheses:  

1. Aim: To provide an up-to-date systematic review and meta-analysis on the 

neurocognitive assessments used to describe neurocognitive impairment across the 

spectrum of kidney disease. 

2. Aim: To use cutting-edge robotic technology to provide objective and quantifiable 

data describing neurocognitive impairments in patients with CKD and after an 

episode of AKI. 

 Hypothesis: Impairment will be dictated by the severity of kidney disease, 

in that worse neurocognitive performance will be demonstrated by those 

with worse renal function. Additionally, robotic technology will provide 

insight into neurocognitive domains that are not typically measured on 

traditional clinical assessments.  

3. Aim: To assess the feasibility of serially recording rSO2 in patients undergoing 

hemodialysis. 

 Hypothesis: Repetitive cerebral hypoperfusion during hemodialysis is 

contributing to the accelerated neurocognitive impairment seen in 

individuals with end-stage renal failure undergoing HD.  
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1.4.2 Neurocognitive Assessments Conducted Throughout The Thesis  
 

 Throughout this thesis the neuropsychological battery performed by the various 

kidney disease cohorts consisted of a standardized dementia screening tool that is proven 

to measures both cognitive decline and improvement52: The Repeatable Battery for the 

Assessment of Neuropsychological Status (RBANS), and a robotic assessment that 

quantifies sensory, motor, and cognitive performance of the upper limbs53: Kinarm 

Endpoint Lab (Kinarm)54. This neuropsychological assessment took on average 1 hour and 

20 minutes to perform, with the RBANS assessment taking 30 minutes, and the Kinarm 

robotic assessment taking 50 minutes. The assessments were conducted by an individual 

who was trained to perform this neuropsychological battery. 

 Regarding the RBANS specifically, it is composed of multiple tasks which are 

divided into 5 neurocognitive domains: attention, immediate memory, delayed memory, 

visuospatial, and language. These 5 domains are then complied into a composite score 

(Total Scale Score), which reflects how the patient performed on the assessment as a whole. 

The RBANS is standardized by age. The Kinarm in comparison is made up of 9 tasks that 

measure distinct yet overlapping sensory, motor, and cognitive domains. Each task on the 

Kinarm is made up of multiple parameters which take into account the movement and 

accuracy of the patient, and are then compiled into a summary score (Task Score). The 

Kinarm is standardized by age, sex, and handedness.  

 Throughout this thesis on both assessments, the 95% confidence interval was 

selected as the cut-off for impairment. This corresponds to a cut off score of < 75.25 (1.65 

standard deviations (SD) below the mean of 100) on the RBANS, and >1.96 on the Kinarm. 

This 95% cut-off ensured that when impairment was detected in comparison to health age-
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matched control data, there was greater certainty that neurocognitive impairment as 

present. Additionally, some cohorts were asked to perform multiple assessments of this 

neuropsychological battery. In order to minimize learning effects, each subsequent 

assessment was performed generally 3 months after the previous one. Furthermore, at each 

subsequent assessment different RBANS versions were used, along with different 

variations of some Kinarm tasks (if applicable). Also notably, the Kinarm has been 

previously shown to have good retest reliability along with minimal practice effects for 

most tasks in both adults55 and children56. Table 2 describes all the RBANS and Kinarm 

task components and descriptions, along with hypothesized anatomical areas thought to be 

involved with regards to the task. 
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Table 2: RBANS and Kinarm Task Components, Descriptions, and Anatomical Areas 

Neurocognitive 

Test 

Domain/Task Task Components and Description Anatomical Area 

Assessed  

RBANS 

Attention 

Digit Span: Patient is asked to repeat a 

sequence of numbers. The sequence 

length increases with the previous correct 

response, up to a max of 9 numbers. 

Symbol Coding: Numbers 1-9 are 

represented by a symbol. The patient is 

asked to fill in as many numbers with 

their corresponding symbols in 90 

seconds. A trial run is performed to 

ensure the patient understands the task 

and is matching the correct number to its 

symbol. 

Frontal Lobe 

Immediate 

Memory 

List Learning: A list of 10 unrelated 

words are given to the patient to recall 

immediately after the list is given. Four 

trials of the same word list is performed. 

Story Memory: A 12 item short story is 

read to the patient. The patient is asked to 

immediately recall as much as the story 

as possible. This story is read 2 times. 

Temporal Lobe 

Delayed 

Memory 

List Recall: The patient is asked to recall 

as many of the 10 words from the list as 

possible, after they have completed the 

other domain sections. 

List Recognition: The patient is give the 

10 words from the list along with 10 non-

list words and are asked if the word was 

on the list or not. 

Story Recall: Patient is asked to recall as 

much as the story as possible. 

Figure Recall: The patient is asked to 

recall as much of the figure as possible. 

They are instructed that if they can’t 

remember where a shape goes to place it 

in the figure to receive part marks. 

Temporal Lobe 

Visuospatial 

Figure Copy: The patient is asked to copy 

a geometric figure. The figure is available 

to the patient to view when drawing.  

Line Orientation: The patient is shown 

two lines which correspond to 2 of the 13 

lines that originate from a single point 

across 180 degrees figure. The patient is 

asked to do this 10 times with the 2 lines 

changing orientations.  

Parietal-Occipital 

Lobe 

Language 

Picture Naming: The patient is shown 10 

pictures and asked to name them. 

Semantic Fluency: The patient is given 

60 seconds to name as many items related 

to the prompt as possible. Example: name 

all the animals you would find in a zoo.  

Frontal Lobe, 

Temporal Lobe 

(Dominant 

Hemisphere) 
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Total Scale 

Score 

A composite summary score based on the 

performance of the patient on all the 

RBANS domains.  
Whole Brain 

Kinarm 

Arm Position 

Matching 

The robot moves one of the patient’s 

arms, and the patients is then asked to 

mirror match this position with the other 

arm.  

Frontal Lobe, 

Cerebellum, Parietal 

Lobe 

Ball on Bar 

A bar appears between the patients 2 

hands with a ball on top of it. The patient 

is then asked to move the ball into targets 

that appear on the screen. This target 

moves on the screen during the task. 

There are also three levels of the task 

which increase in difficulty. The ball 

goes from being fixed in position to being 

able to freely move and fall off the bar 

(depending on how level the patient 

keeps the bar).  

Frontal Lobe, 

Occipital Lobe, 

Cerebellum, Basal 

Ganglia 

Object Hit 

Paddles appear at the patients hands and 

they are instructed to hit as many balls 

(which fall from the top of the screen) 

away as possible. As the task progresses 

the quantity and speed at which the balls 

fall increases.  

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

Object Hit 

and Avoid 

Similar to object hit, but this time two 

shapes are shown to the patient. They are 

instructed to hit these two targets while 

avoiding all the other distractor targets. 

Again, as the task progresses the quantity 

and speed at which the targets fall 

increases.  

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

Visually 

Guided 

Reaching 

A target appears on the screen and the 

patient is asked to move the dot that 

represents their hand into the target as 

quickly and accurately as possible. This 

target moves around the screen as the 

task progresses.  

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

Reverse 

Visually 

Guided 

Reaching 

Similar to visually guided reaching, but 

the light representing the patient’s hand 

now moves in the opposite direction of 

the patient’s arm movement.   

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

Spatial Span 

The patient is shown a sequence in a 

matrix of 4x3 boxes, and is then asked to 

replicate it. The length of the sequence 

depends on if the patient got the previous 

sequence correct or not.  

Frontal Lobe, 

Occipital Lobe, 

Temporal Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

Trail Making 

Test A 

The patient is asked to connect the 

numbers 1-25 in order as quickly as 

possible. The number arrangement is 

predetermined and no connecting lines 

may overlap. A trial run is given to 

ensure the patient understands the task. 

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 
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Trail Making 

Test B 

Similar to trails making test A, but the 

patient is now asked to alternate between 

numbers and letters (1-A-2-B-3) as 

quickly as possible. The arrangement is 

predetermined and no connecting lines 

may overlap, and a trial run is provided 

like the trails making test A. 

Frontal Lobe, 

Occipital Lobe, 

Parietal Lobe, 

Cerebellum, Basal 

Ganglia 

 

Table 2: RBANS and Kinarm task components, descriptions, and hypothesized anatomical 

areas that are assessed by each task. RBANS task descriptions were reproduced from Claes 

et al., 201657, and the Kinarm user manual58.  
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1.5  Clinical Implications 
 

 In summary, neurocognitive impairment is commonly described in patients with 

CKD and those who are receiving HD, but is unknown in patients who survive an episode 

of AKI. Additionally, the etiology of this impairment in all cohorts remains unknown. The 

novelty of this research program is highlighted by the fact that it is the first to 1) quantify 

neurocognitive impairment using robotic technology in patients with CKD, 2) 

prospectively assess neurocognitive impairment in adult patients who survive an episode 

of AKI, and 3) serially monitor rSO2 for an entire year for patients initiating HD. This 

work is essential to determining the magnitude and scope of the impairment experienced 

by individuals with either CKD or AKI. It may also assist physicians in devising tailored 

treatment strategies, in particular how they discuss medication and dietary adherence, along 

with deciding who may be eligible for at home RRT. 
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Chapter 2 

 

Literature Review - Quantifying Cognitive Dysfunction Across the 

Spectrum of End Stage Renal Disease – A Systematic Review and Meta-

Analysis 
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2.1  Abstract 

 

Importance: Neurocognitive dysfunction is reportedly highly prevalent among patients 

with chronic kidney disease (CKD). A variety of screening tools and neuropsychiatric 

batteries have been utilized to quantify the magnitude and nature of this dysfunction in 

patients with CKD. 

Objective: To summarize the neurocognitive testing used and determine what degree 

neurocognitive dysfunction is reported in patients with CKD.  

Methods: Articles published in English containing consenting age of majority participants 

who were either: pre-dialysis, undergoing hemodialysis (HD) or peritoneal dialysis (PD), 

or renal transplant recipients were considered. If comparative non-CKD control 

participants were reported, this data was also collected. All study designs were included. 

The search period encompassed articles from 1980 until May 2018. This review was 

registered with PROSPERO (CRD42018096568). 

Results: Of the 1,711 articles screened, 148 articles were relevant and used in the meta-

analysis. Commonly used assessments were: The Mini–Mental State Examination 

(MMSE), The Modified Mini–Mental State Examination (3MS), the Trails Making Tests 

(TMT) forms A and B, and components of the Wechsler Adult Intelligence Scale: Digit 

Span and Digit Symbol. The means for all assessments were adjusted using a random 

effects model to account for the differences in variance. Adjusted mean MMSE scores were 

significantly lower for both patients who were pre-dialysis (26.08, n=17,073) and receiving 

HD (26.31, n=3,314) when compared to non-CKD controls (28.21, n=5,226). Patients 

receiving either PD (58.01 seconds, n=859) or HD (56.04 seconds, n=2,344) also took 

significantly longer to complete the TMT-A than non-CKD controls (37.62 seconds, 
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n=4,809).  

Conclusions: Patients with CKD, especially pre-dialysis and those requiring dialysis, are 

likely to exhibit impairments in cognition that can be identified with specific screening 

neuropsychological assessments.   
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2.2  Introduction 

Chronic kidney disease (CKD) affects approximately 9% of the population 

worldwide59, that increases in prevalence with age2, creating a high burden on the health 

care system4. Neurocognitive dysfunction is widely believed to occur frequently in patient 

with CKD, yet the prevalence and nature of this neurocognitive dysfunction is poorly 

understood. Given that the incidence of CKD is increasing4 particularly in the elderly, 

recognizing and understanding neurocognitive dysfunction in patients with CKD has 

become a research priority60. In that characterizing the degree of neurocognitive 

dysfunction is important for patient-centered care, as neurocognitive impairment may 

impact an individual’s ability to make informed health decisions with regards to the 

complex fluid and dietary restrictions imposed upon those with CKD61. Furthermore, 

understanding the neurocognitive domains that are predominantly affected by CKD may 

also be important. For example, impairments in language and executive function may limit 

a patient’s ability to meaningfully participate in complex discussions regarding initiating 

or ceasing renal replacement therapy (RRT).  

Controversy exists regarding the prevalence and magnitude of neurocognitive 

dysfunction across the CKD spectrum. Declining estimated glomerular filtration rate 

(eGFR) has been associated with worse neurocognitive dysfunction in individuals with 

CKD who do not yet require dialysis62. Patients with CKD not requiring RRT, have also 

shown unique neurocognitive deficits when compared to other neurological and medical 

psychiatric patients63, suggesting that there is a distinct CKD neurocognitive endotype. In 

studies of patients undergoing hemodialysis (HD), it has been estimated that 30-80 % of 

these individuals may have some degree of neurocognitive impairment61. In contrast 
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however, it has also been reported that when comparing elderly patients undergoing HD to 

age-matched healthy non-CKD controls, there is no significant difference in their 

neurocognitive abilities20. Further controversy exists with respect to the impact of dialysis 

modality (i.e. HD vs. peritoneal dialysis (PD)) on neurocognitive performance. Compared 

to patients undergoing HD, patients receiving PD have been shown to have similar21 or 

better neurocognitive outcomes64, but still perform worse than non-CKD controls19. These 

studies are limited by the variability in the description of neurocognitive dysfunction, types 

of neuropsychological assessments used, and whether or not screening tests or more 

detailed neurocognitive assessments were performed.  

A recent meta-analysis has suggested that patients undergoing HD show deficits in 

attention and executive function65, agreeing with previous findings22,66. The aim of this 

study was to complete a comprehensive systematic review and meta-analysis on studies 

measuring neurocognitive performance by various neuropsychological measures across the 

CKD spectrum. This in turn will allow us to define the degree of neurocognitive 

dysfunction across the different CKD populations (patients who were either: pre-dialysis 

CKD, receiving RRT (HD and PD), transplant recipients, or non-CKD controls).  
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2.3  Material and Methods 

 

Literature Strategy Search 

A three-step search strategy was utilized for this review, based on both the Joanna 

Briggs and Institute of Medicine standards for systematic review searches67,68. An initial 

limited search of MEDLINE® was undertaken to develop the strategy. This was followed 

by an analysis of text words and index terms used to describe articles meeting the inclusion 

criteria to refine the search strategy to ensure a more complete recall. The inclusion criteria 

was very broad in that it encompassed any article that cited neurocognitive impairment or 

dysfunction in any age of majority CKD population. Articles were excluded if they 

predated the 1980s, due to the primary focus of these articles being the interaction between 

aluminum and dialysis encephalopathy. All study designs were included to ensure the 

majority of eligible studies were considered for the analysis. A second search using all 

identified keywords and index terms from the primary search was then undertaken across 

all included databases. The databases searched included: MEDLINE®, Embase, and 

PsycInfo, which were chosen for their broad coverage in both the areas of nephrology, 

neurology, and related disciplines. Index terms that were used in the strategy were: Renal 

Dialysis; Kidneys, Artificial; Renal Insufficiency, Chronic; Delirium, Dementia, 

Amnestic, Cognitive Disorders; Mental Status Schedule; Cognition; Neuropsychological 

Tests and related narrower terms. Thirdly, the reference lists of all identified reports and 

articles were searched for additional studies. This review only included studies published 

in English, but there was no language restriction on the neurocognitive assessments. Once 

all articles were compiled the abstracts were subsequently reviewed independently by at 

least two reviewers, who ensured the articles used in the systematic review met the 
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specified inclusion criteria. Any discrepancies between the two reviewers were then 

resolved by discussion until a consensus was reached in determining if the article was 

relevant. The literature search encompasses articles up until May 9th 2018, and was 

registered with PROSPERO (CRD42018096568).  

Systematic Review  

 Once the final list was compiled the articles were read, reviewed, and relevant 

information pertaining to the meta-analysis was abstracted. Relevant information entailed: 

author, year of study, funding, study design, country of origin, study population, 

neurocognitive assessment used, neurocognitive scores, concluding remarks, and study 

reference. During this process articles were removed if they were a repeat of an article 

already reviewed, if there was no raw data reported, the article was a review of other 

studies, if particular populations were excluded (e.g. if they had a score lower than 23 on 

The Mini–Mental State Examination (MMSE)), or if the neurocognitive assessment used 

was not in-person (i.e. phone assessments) were not considered in this analysis. In some 

cases authors were contacted if there was uncertainty regarding the study population being 

comprised of the same populations in different publications, or if the data was only reported 

for some of the neuropsychological assessments. If the authors did not reply to our 

inquiries, our discretion was used, and these articles were removed, or if there was some 

reported data that was relevant to the meta-analysis only this data was used. As the number 

connection test (NCT-A), is equivalent to the Trails Making Task A (TMT-A)69, the data 

from these tasks were grouped together. Due to the fact the majority of the studies were 

observational in nature and not clinical trials and used subjective measurement tools, a 

specific risk of bias assessment for the individual studies was not conducted. At least a 
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moderate degree of bias was assumed for all studies.  

Meta-Analysis and Statistical Analysis 

 Once data abstraction was complete, all studies were sorted by neuropsychological 

assessment. If the data was subdivided by another factor such as depressive symptoms, 

only participants that were as close to control sample were used (i.e. the non-depressed 

group scores). For prospective studies, only baseline scores were used. If there were any 

studies that reported their score as a median and interquartile range the data was 

transformed to a mean and standard deviation (SD) using the equations from Wan et al.70. 

If the study had a large sample size (N>70) the equation used to calculate the means was: 

(a+2m+b)/4, where a is the minimum value, b is the maximum value, and m is the median70. 

If the sample size was lower than 70 the equation used was: [(a+2m+b)/4] + [(a-

2m+b)/4n]70 . For calculating the standard deviation of the studies with a large sample size 

(N>70) the equation was: (b-a)/6, if the sample size was between 15 and 70 (b-a)/4 was 

used, and if the sample size was below 15 (b-a)/ square root 12, with a and b again 

corresponding to the range70.  

Assumptions of normality and variance were both considered to ensure that the 

correct analysis was performed. These assumptions were investigated by not only graphing 

the distributions and residuals, but by also performing the Shapiro Wilk Test and the 

Levene’s Test. Once completed, the weighting of the means was taken into account. As the 

between study variance of the reported means was usually much larger than the within 

study variance of the mean estimates, a random effects approach was chosen as it accounted 

for both within and between study variance and treated the study means as the independent 

units of analysis. The between study variance was estimated by the Dersimonian and Laird 
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method. The between group mean differences, their confidence intervals, and p-values 

(compared to a null of no difference) were estimated by applying Welch’s two-sample t-

test for unequal variance between means to the study level means weighted by the inverse 

of the studies variance from the random effects model. The degrees of freedom were 

estimated by a weighted Satterthwaite's approximation as implemented by the T-TEST 

procedure of SAS (SAS Institute Inc., Cary, NC, USA). We report nominal p-values 

without adjustment for multiplicity of testing, along with adjusted values using the 

Bonferroni correction for the number of pairwise comparisons per outcome, to ensure that 

the type 1 error rate was controlled for (Table 3). Throughout the analysis the reported 

results from non-CKD controls (eGFR>60 mL/min/1.73 m2) were used as the reference 

point to which all other patient populations were compared too. All findings were 

considered significant if the p-value was <0.05 after applying the correction factor and post 

hoc testing (Table 3). Heterogeneity was assessed by taking the between study variance 

and square rooting this estimate in order to obtain Tau (Table 3).  
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2.4  Results 

Study Identification and Commonly Used Cognitive Screening Tests   

After screening 1,711 potential article abstracts, 320 were deemed relevant and 

subsequently read and their content assessed. Of the 320, there were 198 articles whose 

full content was abstracted, of these 148 articles were relevant for the meta-analysis (Figure 

1). Of the 148 articles that were retained, the majority pertained to patients who were either 

pre-dialysis or receiving HD with: 51 articles assessed patients who were pre-dialysis 

(n=31,186), 93 assessed patients receiving HD (n=7,117), 19 assessed patients receiving 

PD (n=1,668), 9 assessed combined modalities (HD and PD not separated) (n=492), 7 

assessed transplant recipients (n=215), and 52 had non-CKD controls (n=8,034). The 

extracted data is summarized in Tables 4-9.  

The most commonly used neuropsychological assessments were: The Mini–Mental 

State Examination (MMSE), The Modified Mini–Mental State Examination (3MS), the 

Trails Making Tests (TMT) forms A and B, and Digit Span forwards and backwards along 

with Digit Symbol, which are sub sections of the Wechsler Adult Intelligence Scale 

(WAIS) (Tables 4-9). Commonly used neuropsychological tests were dictated by which 

tests had the most study participants or was the most commonly performed (Table 3).  

The MMSE is a dementia screening tool that has a maximum score of 30, with 

normal neurocognitive functioning defined as >2471. Across all patients with CKD, the 

majority of mean MMSE scores were above the traditional cut off of 24 for neurocognitive 

impairment. However, the studies that had mean MMSE scores below normal were 

reported for patients receiving HD (n=6), along with pre-dialysis (n=4), combined (n=1), 

and control populations (n=2) (Figure 2A). Pooled together it was determined that both 
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patients receiving HD (adjusted mean=26.31, n=3,314, p =0.0015), and who were pre-

dialysis (adjusted mean=26.08 n=17,073, p =0.0015) were significantly lower than non-

CKD controls (adjusted mean=28.21, n=5,226) (Table 3). Figure 2B illustrates the pooled 

data with the adjusted means along with the lower and upper confidence levels.  

The 3MS is an extended version of the MMSE that is also used to screen for 

dementia, however unlike the MMSE the 3MS is scored out of 100 instead of 3072. The cut 

off score generally used to identify individuals with neurocognitive impairment is below 

7873. Only one study reported a 3MS mean score below this cut off of 78, which was for 

the HD population (Figure 2C). Pooled data with adjusted means and confidence levels are 

shown in Figure 2D. The mean 3MS scores were not statistically different between the 

different groups of patients with CKD and non-CKD controls (Table 3).  

The Montreal Cognitive Assessment (MoCA) was reported for a few studies 

(n=17), but was included in the meta-analysis due to its increased use over the past decade. 

The MoCA is another screening tool that was designed to assess the global neurocognitive 

function of individuals, and takes approximately 10 minutes to administer74. This brief 

assessment looks to determine mild neurocognitive impairment, which is determined if the 

score is below 26 out of a possible 30 points74. The majority of studies that used the MoCA 

were with patients receiving HD (n=9), followed by patients who were pre-dialysis (n=3), 

PD (n=2) and non-CKD controls (n=3) (Table 3). Interestingly to note that all but two 

studies (non-CKD controls) reported scores below the normative cut off of 26 (Figure 2E). 

This corresponded to the adjusted mean scores not being significantly different between 

the CKD populations and non-CKD controls (Table 3). The pooled estimated means for 

the MoCA along with confidence intervals are shown in Figure 2F.  
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The TMT-A assesses visuomotor tracking and scanning by asking the patient to 

connect a sequence of numbers from 1 to 25 in order as quickly as possible75. Due to 

lacking agreement on cut off completion times for the TMT, a study of 911 individuals 

assessing the TMT across all ages and years of education was averaged to produce the 40-

second mean time of completion used in this analysis76. As a test of the face validity of the 

use of the 40-second cut-off for TMT-A completion, the majority of studies that included 

non-CKD controls documented a mean test duration of less than 40 seconds (Figure 3A 

and B).  In comparison, the majority of the CKD populations were above the average line, 

indicating worse performance (Figure 3A). Both dialysis groups, patients receiving HD 

(adjusted mean=58.18, n=2,344, p=0.0015), and PD (adjusted mean=60.90, n=859, 

p=0.03) took significantly longer to complete the TMT-A than non-CKD controls (adjusted 

mean=38.77, n=4,809) (Table 3).  

 In comparison to the TMT-A, the TMT-B is a more cognitive demanding task, 

because the patient is asked to connect numbers and letters in alternating order (example 

1-A-2-B-3-C etc.) which requires thinking flexibility and mental shifting75. The mean cut-

off time for completion used in this analysis was 94 seconds, again obtained from the 

population means generated by Tombaugh et al.76. The majority of the studies cluster 

around the blue average line (94 seconds) for all populations completing the TMT-B 

(Figure 3B). Surprisingly even though the TMT-B is reportedly more cognitively 

demanding than the TMT-A, there was no significant difference found between the CKD 

populations and the non-CKD controls. Patients who were pre-dialysis (adjusted 

mean=164.23, n=7,163, p=0.035), and receiving HD (adjusted mean=135.6, n=3,348, 

p=0.031) took slightly longer to complete the TMT-B tasks compared to non-CKD controls 
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(adjusted mean= 97.06, n=4,481). However, these values were not significantly different 

after controlling for multiple comparisons (Figure 3). 

Finally, the subtests of the Wechsler Adult Intelligence Scale (WAIS) Digit Span 

and Digit Symbol, were also frequently used in the neuropsychological batteries reported. 

Digit Span is a memory and attention test that requires the participant to repeat back a series 

of numbers either in the same order (Digit Span forwards) or in reverse order (Digit Span 

backwards), which increases in length as the test progresses77. A normative data study was 

used in order to determine the cut off values for impairment for this analysis; which 

corresponded to 5.73 and 4.35 for Digit Span forwards and backwards respectively78. The 

cut off of 5.73 was used for all studies that did not specify which Digit Span test was 

performed. Figure 4A-F depicts the pooled data and adjusted means and confidence 

intervals for both Digit Span forwards and backwards, along with all the studies not 

specifying which Digit Span was performed. The adjusted means demonstrated there were 

no significant differences with regards to performance on either forwards or backwards 

tests between the CKD populations and non-CKD controls (Table 3).  

In contrast, Digit Symbol is a test of processing speed in which participants are 

presented with a series of symbols which corresponds to a number legend. They are then 

asked to fill in as many of the symbols in order without skipping ahead in 120 seconds79. 

A cut off of 5980 was used for Digit Symbol to indicate impaired performance. Figure 5A 

demonstrates that the majority of CKD populations (excluding one study of patients who 

were pre-dialysis) were below the cut off of 59, along with half of the non-CKD controls. 

Patients undergoing HD (adjusted mean=34.37, n=1,316, p=0.024) may have performed 

worse than non-CKD controls, but this did not reach significance after controlling for 
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multiple comparisons.  

All other assessments that were considered in this meta-analysis are summarized in 

Tables 4-9. The majority of these studies assessed the domains of language and memory. 

There was no significant difference found for any of these neuropsychological assessments 

when comparing any of the CKD populations to non-CKD controls when pooled together. 

Interestingly however, when looking at mean cut off values that are reported for the various 

neuropsychological assessments, there is reported impairment at an individual study level 

for all populations (Tables 4-9). Therefore, there appears to be a disconnect regarding the 

pooled data and the neurocognitive impairment reported at an individual study level.  
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2.5  Discussion 

This systematic review and meta-analysis provides an up to date and 

comprehensive description of the neuropsychological testing performed across the 

spectrum of CKD populations. This included highlighting the commonly used 

neuropsychological assessments, along with determining and quantifying the neurological 

consequences of CKD. Screening assessments for dementia such as the MMSE (pre-

dialysis and HD) along with the TMT-A (PD and HD) were able to detect significant 

differences between these cohorts and non-CKD controls. Pre-dialysis and dialysis 

populations showed the most significant deviation from non-CKD controls subjects, with 

deficits noted in global functioning, attention, and processing speed.  

Regarding the MMSE, it is interesting to note that even though there was a 

significant difference between control populations and both pre-dialysis and HD 

populations, their adjusted mean values (25.13 and 26.31, respectively) are still above the 

traditional cut-off for neurocognitive impairment (a score <24). This finding is important, 

as the MMSE may not capture mild neurocognitive impairments in these populations. 

There is a general consensus that with progression of CKD, there is an increased risk for 

the development of neurocognitive impairment and dementia81–83. Cut off scores on 

dementia screening tools such as the 3MS and MMSE may not be sensitive enough to 

detect impairment in these populations. The few studies that performed the MoCA did 

show promise in detecting impairment in patients with CKD, however non-CKD controls 

also performed below the traditional cut off for mild neurocognitive impairment. More 

studies are needed using the MoCA before any conclusions can be made in its ability to 

detect impairment in CKD populations. Furthermore, these measures were not designed to 
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investigate impairment specifically in CKD populations. The ability to detect the mild 

neurocognitive impairment in this population could translate to better monitoring of the 

progression of this impairment, along with implementing adequate measures to their 

treatment plans to ensure proper care.  

 Compared to the TMT-A, the TMT-B adds additional executive neurocognitive 

load via mental shifting75. Given the additional complexity of this task, it was surprising 

that only the TMT-A took longer to complete for patients receiving RRT (PD and HD) 

when compared to non-CKD controls. This may suggest that these cohorts may have more 

broad impairment such as processing speed or visual searching which are known to be 

tested by the TMT75. Cut off values for the TMT are lacking in consensus, and this is 

problematic for defining impairment. In our analysis, the study cited had a substantial 

normative data set of 911 participants ranging from ages 18-89, which took into account 

both age and education, since these impact performance on the TMT76. Importantly it is 

worth nothing that the TMT is not only a measure of attention and executive function75, it 

also involves a complex integration of motor capabilities and visual acuity of the 

participants.  

 Although this systematic review provides a comprehensive summary of the 

spectrum of neuropsychological testing across the spectrum of CKD populations there are 

several key limitations that need to be addressed. The main concern with this analysis was 

that it was not a typical meta-analysis; in that the studies that were pooled together did not 

all have control data. This required a novel statistical approach. In order to deal with the 

unique circumstances of the analysis, it was determined that a mixed effects model would 

be best, for after testing there was more variance between studies then within studies, 
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making a fixed effects model not appropriate. It was determined that adjusting and 

weighting the reported means by the variance was the best course of action (instead of 

sample size). In doing this we took the most conservative steps in order to retain valid 

estimates. There was also the issue of having high heterogeneity due to the number of 

neuropsychological assessments used in the CKD population, along with the majority of 

the studies having small, uneven sample sizes, and the majority of studies used only had 

one CKD group and no non-CKD controls. Due to these small sample sizes, subsequent 

analysis after the commonly used neuropsychological assessments contained few 

comparisons between the various CKD populations and non-CKD controls. Robust 

statistical analyses were used to correct for the uneven sample sizes along with 

implementing a correction factor to decrease the type I error rate. Notably there were 

significantly fewer transplant and PD studies, thereby limiting the power to detect 

significant differences between these patient populations. Finally, a barrier to interpreting 

the degree of neurocognitive impairment among patients with CKD, is the lack of well-

defined cut-off scores in appropriate control populations. Although the interpretation of 

our data may be limited by the absence of these hard criteria, our study highlights the need 

for future studies to include control groups that are matched for age, sex, and co-morbid 

illnesses. For example, the majority of neurocognitive testing included in our meta-analysis 

reports impairments in patients compared to that specific test’s intrinsic criteria (likely 

based on normative data from healthy volunteers), yet our pooled analysis shows no 

significant neurocognitive impairment.   
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In summary, our up-to-date and comprehensive meta-analysis of the most 

commonly used neuropsychological assessments across the spectrum of CKD patients 

determined that dementia screening tools such as the MMSE and TMT-A may be used 

identify differences in neurocognitive function between patients with CKD and non-CKD 

controls. This information may lend itself to the development of a neuropsychological 

assessment specifically for the CKD population. Higher order neuropsychological testing 

may demonstrate that patients with CKD perform worse than healthy control individuals, 

but our findings suggest that future studies will need to address the contribution of other 

co-morbid illnesses (e.g. hypertension, diabetes) in the development of this neurocognitive 

impairment.  
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2.6  Tables 

Table 3: Compiled Data for All Patient Populations for the Most Commonly Used             

Assessments: Meta-Analysis 
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Table 3: Compiled data for all patient populations for the most commonly used 

assessments, with adjusted means via random effects model, taking into account study 

variance. Abbreviations used: The Modified Mini–Mental State Examination (3MS), The 

Mini–Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), 

Trails Making Tests (TMT) forms A and B, N/R: no tests reported for that population, N/A: 

not enough values to perform statistical analysis. Corrected p-value were determined by a 

Bonferroni correction between patient populations and controls (used as the comparison 

group). The square root of between study variance corresponds to the heterogeneity 

estimate (Tau).   
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Table 4: Meta-Analysis Pre-Dialysis Studies  

 

Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Freedman84 193 3Ms 84.70 9.00 78.0085 N Global 

Murea86 478 3Ms 90.60 7.10 78.0085 N Global 

Murray87 554 3Ms 94.14 5.40 78.0085 N Global 

Palmer88 91 3Ms 83.75 9.32 78.0085 N Global 

Pi89 30 3Ms 92.60 6.20 78.0085 N Global 

Slinin90 4179 3Ms 94.10 5.00 78.0085 N Global 

Kurella91 80 3Ms 90.50 8.90 78.0085 N Global 

Tamura15 3591 3Ms 92.00 8.00 78.0085 N Global 

Yaffe*92 813 3Ms 91.60 19.60 78.0085 N Global 

Yaffe93 588 3Ms 84.00 14.30 78.0085 N Global 

Lee*94 240 
Boston 

Naming Test 
10.30 2.90 13.3095 Y Language 

Martini96 80 
Boston 

Naming Test 
7.60 2.50 13.3095 Y Language 

Torres97 146 
Boston 

Naming Test 
34.50 2.70 13.3095 N Language 

Yaffe98 273 
Boston 

Naming Test 
14.20 1.60 13.3095 N Language 

Murray87 554 COWAT 36.60 11.90 37.5099 Y Language 

Torres97 146 COWAT 36.00 11.10 37.5099 Y Language 

Yeh100 230 COWAT 31.24 8.86 37.5099 Y Language 

Post101 23 
COWAT-

FAS 
30.30 12.10 37.5099 Y Language 

Szerlip102 437 
COWAT-

FAS 
24.00 10.40 37.5099 Y Language 

Post101 23 

CVLT-

Delayed 

Recall 

6.70 2.80 10.38103 Y Memory 

Kruella91 80 

CVLT-

Delayed 

Recall 

5.50 2.20 10.38103 Y Memory 

Kruella91 80 

CVLT-

Immediate 

Recall 

5.80 1.60 8.60103 Y Memory 

Chang104 39 
Digit Span-

Backwards 
5.80 2.60 4.3578 N Memory 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Hart105 18 
Digit Span-

Backwards 
4.10 0.80 4.3578 Y Memory 

Kaya106 6 
Digit Span-

Backwards 
4.33 1.50 4.3578 Y Memory 

Lee*94 240 
Digit Span-

Backwards 
3.50 1.10 4.3578 Y Memory 

Paraizo107 72 
Digit Span-

Backwards 
3.21 1.12 4.3578 Y Memory 

Seidel108 84 
Digit Span-

Backwards 
5.50 1.90 4.3578 N Memory 

Torres97 146 
Digit Span-

Backwards 
4.80 1.40 4.3578 N Memory 

Tsai66 64 
Digit Span-

Backwards 
3.00 2.40 4.3578 Y Memory 

Chang104 39 
Digit Span-

Forwards 
9.10 2.20 5.7378 N Memory 

Hart105 18 
Digit Span-

Forwards 
6.00 1.30 5.7378 N Memory 

Kaya106 6 
Digit Span-

Forwards 
6.50 0.83 5.7378 N Memory 

Lee*94 240 
Digit Span-

Forwards 
6.60 1.35 5.7378 N Memory 

Paraizo107 72 
Digit Span-

Forwards 
4.69 0.94 5.7378 Y Memory 

Seidel108 84 
Digit Span-

Forwards 
6.90 1.70 5.7378 N Memory 

Torres97 146 
Digit Span-

Forwards 
6.90 1.40 5.7378 N Memory 

Tsai66 64 
Digit Span-

Forwards 
9.60 2.90 5.7378 N Memory 

Murray87 554 
Digit Span-

Unspecified  
9.90 2.80 5.7378 N Memory 

Nasser109 50 
Digit Span-

Unspecified  
6.90 1.40 5.7378 N Memory 

Post101 23 
Digit Span-

Unspecified  
12.90 2.40 5.7378 N Memory 

Yeh100 230 
Digit Span-

Unspecified  
17.53 4.63 5.7378 N Memory 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Chen110 26 
Digit 

Symbol 
52.00 12.10 59.0080 Y 

Memory + 

Processing 

Speed 

Freedman84 188 
Digit 

Symbol 
47.30 16.90 59.0080 Y 

Memory + 

Processing 

Speed 

Hart105 18 
Digit 

Symbol 
40.80 12.20 59.0080 Y 

Memory + 

Processing 

Speed 

Jiang111 32 
Digit 

Symbol 
51.00 14.00 59.0080 Y 

Memory + 

Processing 

Speed 

Lin*112 2431 
Digit 

Symbol 
69.79 7.05 59.0080 N 

Memory + 

Processing 

Speed 

Luo113 60 
Digit 

Symbol 
58.00 22.00 59.0080 Y 

Memory + 

Processing 

Speed 

Nasser109 50 
Digit 

Symbol 
6.90 0.90 59.0080 Y 

Memory + 

Processing 

Speed 

Palmer88 91 
Digit 

Symbol 
44.22 15.91 59.0080 Y 

Memory + 

Processing 

Speed 

Pulignano114 52 
Digit 

Symbol 
15.90 7.80 59.0080 Y 

Memory + 

Processing 

Speed 

Souheaver63 24 
Digit 

Symbol 
3.29 1.46 59.0080 Y 

Memory + 

Processing 

Speed 

Torres97 146 
Digit 

Symbol 
46.20 12.40 59.080 Y 

Memory + 

Processing 

Speed 

Yeh100 230 
Digit 

Symbol 
44.76 18.45 59.0080 Y 

Memory + 

Processing 

Speed 

Chen110 26 
Line Tracing 

Test 
59.00 21.00 54.50115 Y 

Psycho-

motor Speed 

Jiang111 32 
Line Tracing 

Test 
58.00 19.00 54.50115 Y 

Psycho-

motor Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Luo113 60 
Line Tracing 

Test 
57.00 18.00 54.50115 Y 

Psycho-

motor Speed 

Afsar116 109 MMSE 26.30 1.90 24.0071 N Global 

Afsar117 247 MMSE 25.90 2.30 24.0071 N Global 

Bai*118 284 MMSE 21.75 0.75 24.0071 Y Global 

Chang104 39 MMSE 25.00 4.20 24.0071 N Global 

Driessen119 11 MMSE 26.60 2.20 24.0071 N Global 

Freedman84 187 MMSE 26.10 3.00 24.0071 N Global 

Helmer120 7839 MMSE 27.40 1.90 24.0071 N Global 

Hobson121 112 MMSE 25.10 4.40 24.0071 N Global 

Ito122 497 MMSE 26.70 2.00 24.0071 N Global 

Lee*94 1437 MMSE 24.55 3.25 24.0071 N Global 

Lee*123 1032 MMSE 25.80 2.68 24.0071 N Global 

Madan*124 479 MMSE 28.22 1.26 24.0071 N Global 

Miwa125 600 MMSE 28.00 1.90 24.0071 N Global 

Nasser109 50 MMSE 23.90 2.10 24.0071 Y Global 

Post101 24 MMSE 28.90 1.20 24.0071 N Global 

Pulignano114 52 MMSE 23.30 5.00 24.0071 Y Global 

Szerlip102 437 MMSE 25.50 4.00 24.0071 N Global 

Wang126 113 MMSE 13.00 7.50 24.0071 Y Global 

Wang127 59 MMSE 16.10 5.60 24.0071 Y Global 

Wang*128 1243 MMSE 28.75 0.50 24.0071 N Global 

Wang129 71 MMSE 23.05 4.05 24.0071 Y Global 

Weng*130 958 MMSE 26.33 2.10 24.0071 N Global 

Yao*131 403 MMSE 27.75 0.50 24.0071 N Global 

Yao132 560 MMSE 26.70 2.90 24.0071 N Global 

Yeh100 230 MMSE 27.53 2.21 24.0071 N Global 

Iyasere133 36 MoCA 25.00 1.00 26.0074 Y Global 

Palmer88 90 MoCA 19.27 3.73 26.0074 Y Global 

Paraizo107 72 MoCA 21.83 4.16 26.0074 Y Global 

Chen110 26 NCT-A 45.70 12.70 40.0076 Y 

Attention+ 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Jiang111 32 NCT-A 42.00 12.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Luo113 60 NCT-A 50.00 17.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Freedman84 189 

RAVLT-

Delayed 

Recall 

6.50 2.30 8.80134 Y Memory 

Palmer88 89 

RAVLT-

Delayed 

Recall 

5.43 3.02 8.80134 Y Memory 

Tsai66 64 

RAVLT-

Delayed 

Recall 

10.10 2.70 8.80134 N Memory 

Kaya106 6 
RAVLT-

Learning 
10.67 3.14 44.00134 Y Memory 

Murea86 478 
RAVLT-

Learning 
41.60 10.20 44.00134 Y Memory 

Tsai66 64 
RAVLT-

Learning 
49.50 9.60 44.00134 N Memory 

Kaya106 6 
RAVLT-

LTM 
10.50 2.07 8.80134 N Memory 

Seidel108 84 RCFT 30.40 5.00 24.50135 N Attention 

Kaya106 6 RCFT-LTM 16.50 8.24 19.75135 Y Memory  

Chen110 26 
Serial 

Dotting Test 
56.40 17.80 70.00158 N 

Psycho-

motor Speed 

Jiang111 32 
Serial 

Dotting Test 
51.00 18.00 70.00115 N 

Psycho-

motor Speed 

Luo113 60 
Serial 

Dotting Test 
42.00 8.00 70.00115 N 

Psycho-

motor Speed 

Post101 22 

Stroop-

Color 

Reading 

45.80 8.10 96.74136 Y 
Executive 

Function 

Freedman84 186 
Stroop-

Interferences 
36.00 16.60 46.49136 Y 

Executive 

Function 

Seidel108 84 
Stroop-

Interferences 
101.80 30.10 46.49136 N 

Executive 

Function 

Post101 23 
Stroop-

Naming 
78.10 13.50 43.49136 N 

Executive 

Function 

Hart105 18 TMT-A 46.80 21.50 40.0076 Y 

Attention+ 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Kaya106 6 TMT-A 58.17 33.05 40.0076 Y 

Attention+ 

Processing 

Speed 

Lee*94 240 TMT-A 84.55 50.90 40.0076 Y 

Attention+ 

Processing 

Speed 

Lee*123 1025 TMT-A 23.85 8.80 40.0076 N 

Attention+ 

Processing 

Speed 

Pi*89 30 TMT-A 46.29 4.83 40.0076 Y 

Attention+ 

Processing 

Speed 

Post101 24 TMT-A 59.50 24.20 40.0076 Y 

Attention+ 

Processing 

Speed 

Ryan5 16 TMT-A 143.23 73.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Seidel108 84 TMT-A 47.80 22.80 40.0076 Y 

Attention+ 

Processing 

Speed 

Szerlip102 437 TMT-A 63.60 32.40 40.0076 Y 

Attention+ 

Processing 

Speed 

Tsai66 64 TMT-A 81.60 56.60 40.0076 Y 

Attention+ 

Processing 

Speed 

Tsuruya137 95 TMT-A 41.00 20.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Yaffe93 588 TMT-A 77.00 13.10 40.0076 Y 

Attention+ 

Processing 

Speed 

Yeh100 230 TMT-A 68.02 44.82 40.0076 Y 

Attention+ 

Processing 

Speed 

Hart105 18 TMT-B 146.70 74.50 94.0076 Y 
Cognitive 

Flexibility 

Kaya106 6 TMT-B 105.00 29.29 94.0076 Y 
Cognitive 

Flexibility 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Lee*94 240 TMT-B 219.10 77.60 94.0076 Y 
Cognitive 

Flexibility 

Lee*123 1024 TMT-B 48.75 19.30 94.0076 N 
Cognitive 

Flexibility 

Nasser109 50 TMT-B 413.00 79.90 94.0076 Y 
Cognitive 

Flexibility 

Pi*89 30 TMT-B 129.96 10.75 94.0076 Y 
Cognitive 

Flexibility 

Post101 22 TMT-B 157.50 56.80 94.0076 Y 
Cognitive 

Flexibility 

Ryan5 16 TMT-B 383.44 216.25 94.0076 Y 
Cognitive 

Flexibility 

Seidel108 84 TMT-B 127.80 63.80 94.0076 Y 
Cognitive 

Flexibility 

Slinin90 4179 TMT-B 126.70 52.90 94.0076 Y 
Cognitive 

Flexibility 

Szerlip102 437 TMT-B 161.30 79.00 94.0076 Y 
Cognitive 

Flexibility 

Kruella91 80 TMT-B 158.80 74.10 94.0076 Y 
Cognitive 

Flexibility 

Tsai66 64 TMT-B 124.80 75.20 94.0076 Y 
Cognitive 

Flexibility 

Tsuruya137 95 TMT-B 106.00 67.00 94.0076 Y 
Cognitive 

Flexibility 

Yaffe93 588 TMT-B 108.00 18.50 94.0076 Y 
Cognitive 

Flexibility 

Yeh100 230 TMT-B 110.78 59.20 94.0076 Y 
Cognitive 

Flexibility 

Palmer88 91 

Verbal 

Fluency-

Animal 

15.31 4.55 18.10138 Y Language 

Paraizo107 72 

Verbal 

Fluency-

Animal 

13.90 4.07 18.10138 Y Language 

Yaffe98 273 

Verbal 

Fluency-

Category 

18.70 4.96 46.90138 Y Language 

Chang104 39 

Verbal 

Fluency-Not 

Specified 

11.70 3.20 28.60138 Y Language 

Kaya106 6 

Verbal 

Fluency-Not 

Specified 

7.83 1.47 28.60138 Y Language 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Pulignano114 52 

Verbal 

Fluency-

Phonemic 

16.40 7.60 28.60138 Y Language 

 

Table 4: All scores for patients who were Pre-Dialysis. * denotes data manipulation 

(median transformed to mean, range to SD). Abbreviations that appear in the table: The 

Modified Mini–Mental State Examination (3MS), Controlled Oral Word Associations Test 

(COWAT), California Verbal Learning Test (CVLT), The Mini–Mental State Examination 

(MMSE), Montreal Cognitive Assessment (MoCA), Number Connection Test- A (NCT-

A), Rey Auditory Verbal Learning Test (RAVLT), Rey–Osterrieth Complex Figure Test 

(RCFT), and Trails Making Tests (TMT) forms A and B. Impairment (Y/N) based off the 

mean cut off value reported in literature indicated in the cut-off column. Impairment (Y/N) 

is at an individual study level. 
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Table 5: Meta-Analysis Hemodialysis (HD) Studies  

 

Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Dixon139 18 3Ms 88.10 5.70 78.0085 N Global 

Kalirao140 338 3Ms 88.30 8.60 78.0085 N Global 

McAdams-

DeMarco141 
323 3Ms 89.80 7.60 78.0085 N Global 

Pi89 30 3Ms 87.80 10.30 78.0085 N Global 

Shavit142 56 3Ms 73.20 23.00 78.0085 Y Global 

Tamura*143 383 3Ms 89.25 1.83 78.0085 N Global 

Kruella91 80 3Ms 83.70 12.40 78.0085 N Global 

Tamura144 332 3Ms 88.50 8.00 78.0085 N Global 

Jassal145 14 

Boston 

Naming 

Test 

54.60 4.10 13.3095 N Language  

Tiffin-

Richards61 
41 

Boston 

Naming 

Test 

14.00 9.00 13.3095 N Language  

Kalirao140 338 

BVMT-R -

Delayed 

Recall 

4.70 3.00 8.95146 Y Memory 

Murray147 28 

BVMT-R- 

Delayed 

Recall 

4.70 0.63 8.95146 Y Memory 

Brown148 14 COWAT 45.10 15.50 37.5099 N Language  

Jassal145 14 COWAT 38.90 15.60 37.5099 N Language  

Kalirao140 338 COWAT 26.40 11.10 37.5099 Y Language  

Marsh149 18 COWAT 40.50 15.60 37.5099 N Language  

Murray147 28 COWAT 23.50 1.63 37.5099 Y Language  

Oaksford150 11 COWAT 34.46 12.21 37.5099 Y Language  

Pliskin151 16 COWAT 36.80 7.60 37.5099 Y Language  

Sarnak152 167 COWAT 35.90 11.10 37.5099 Y Language  

Tamura153 116 COWAT 34.10 13.50 37.5099 Y Language  

Wolfgram154 39 COWAT 43.10 10.10 37.5099 N Language  

Drew155 117 
COWAT-

Animals 
16.20 6.00 16.9099 Y Language  

Post101 27 
COWAT-

FAS 
25.40 9.90 37.5099 Y Language  

George156 35 
COWAT-

FAS  
36.00 15.00 37.5099 Y Language  
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Post101 27 

CVLT-

Delayed 

Recall 

6.60 3.30 10.38103 Y Memory 

Tiffin-

Richards61 
41 

CVLT-

Delayed 

Recall 

11.00 6.00 10.38103 N Memory 

Kruella91 80 

CVLT-

Delayed 

Recall  

4.60 2.30 10.38103 Y Memory 

Kruella91 80 

CVLT-

Immediate 

Recall  

5.20 1.30 8.60103 Y Memory 

Tiffin-

Richards61 
41 

CVLT-

Immediate 

Recall  

9.00 6.00 8.60103 N Memory 

Drew155 116 
Digit Span-

Backwards 
5.80 2.50 4.3578 N Memory 

George156 35 
Digit Span-

Backwards 
4.00 1.00 4.3578 Y Memory 

Hart105 24 
Digit Span-

Backwards 
4.70 1.10 4.3578 N Memory 

Kaya106 28 
Digit Span-

Backwards 
3.64 0.73 4.3578 Y Memory 

Seidel108 35 
Digit Span-

Backwards 
5.70 1.70 4.3578 N Memory 

Tiffin-

Richards61 
41 

Digit Span-

Backwards 
6.00 2.00 4.3578 N Memory 

Drew155 116 
Digit Span-

Forwards 
9.90 2.40 5.7378 N Memory 

Hart105 24 
Digit Span-

Forwards 
5.80 1.00 5.7378 N Memory 

Kaya106 28 
Digit Span-

Forwards 
5.36 1.09 5.7378 Y Memory 

Seidel108 35 
Digit Span-

Forwards 
6.90 1.90 5.7378 N Memory 

Tiffin-

Richards61 
41 

Digit Span-

Forwards 
7.00 2.00 5.7378 N Memory 

Anwar157 50 
Digit Span-

Unspecified  
3.90 1.50 5.7378 Y Memory 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Gallai158 20 
Digit Span-

Unspecified  
6.90 1.50 5.7378 N Memory 

Jassal145 14 
Digit Span-

Unspecified  
10.30 2.90 5.7378 N Memory 

Kalirao140 338 
Digit Span-

Unspecified  
14.80 3.70 5.7378 N Memory 

Nasser109 51 
Digit Span-

Unspecified  
8.20 2.10 5.7378 N Memory 

Oaksford150 11 
Digit Span-

Unspecified  
11.18 3.09 5.7378 N Memory 

O'Conner159 73 
Digit Span-

Unspecified  
10.73 3.13 5.7378 N Memory 

Pliskin151 16 
Digit Span-

Unspecified  
7.70 2.00 5.7378 N Memory 

Post101 27 
Digit Span-

Unspecified  
12.40 3.30 5.7378 N Memory 

Ranter160 20 
Digit Span-

Unspecified  
6.70 1.50 5.7378 N Memory 

Sarnak152 165 
Digit Span-

Unspecified  
15.20 3.90 5.7378 N Memory 

Umans161 10 
Digit Span-

Unspecified  
10.60 4.20 5.7378 N Memory 

Wolfgram154 39 
Digit Span-

Unspecified  
8.10 2.70 5.7378 N Memory 

Chen110 32 
Digit 

Symbol 
48.60 15.10 59.0080 Y 

Memory + 

Processing 

Speed 

Chen162 25 
Digit 

Symbol 
59.60 10.80 59.0080 N 

Memory + 

Processing 

Speed 

Drew155 282 
Digit 

Symbol 
40.10 17.00 59.0080 Y 

Memory + 

Processing 

Speed 

George156 32 
Digit 

Symbol 
37.00 16.30 59.0080 Y 

Memory + 

Processing 

Speed 

Giang163 282 
Digit 

Symbol 
40.10 17.00 59.0080 Y 

Memory + 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Hart105 24 
Digit 

Symbol 
47.00 8.90 59.0080 Y 

Memory + 

Processing 

Speed 

Jassal145 14 
Digit 

Symbol 
9.80 2.80 59.0080 Y 

Memory + 

Processing 

Speed 

Jiang111 33 
Digit 

Symbol 
57.00 14.00 59.0080 Y 

Memory + 

Processing 

Speed 

Kong164 80 
Digit 

Symbol 
54.70 13.90 59.0080 Y 

Memory + 

Processing 

Speed 

Nasser109 51 
Digit 

Symbol 
7.80 1.90 59.0080 Y 

Memory + 

Processing 

Speed 

Pereira165 25 
Digit 

Symbol 
7.70 3.10 59.0080 Y 

Memory + 

Processing 

Speed 

Pliskin151 16 
Digit 

Symbol 
6.60 2.00 59.0080 Y 

Memory + 

Processing 

Speed 

Ranter160 20 
Digit 

Symbol 
7.40 1.90 59.0080 Y 

Memory + 

Processing 

Speed 

Tamura166 59 
Digit 

Symbol 
49.10 19.00 59.0080 Y 

Memory + 

Processing 

Speed 

Tamura166 141 
Digit 

Symbol 
49.90 17.50 59.0080 Y 

Memory + 

Processing 

Speed 

Weiner167 200 
Digit 

Symbol 
7.00 2.60 59.0080 Y 

Memory + 

Processing 

Speed 

Chen110 32 

Line 

Tracing 

Test 

61.80 22.60 54.50115 Y 

Psycho-

motor 

Speed 

Chen162 25 

Line 

Tracing 

Test 

54.20 15.10 54.50115 N 

Psycho-

motor 

Speed 

Jiang111 33 

Line 

Tracing 

Test 

47.00 13.00 54.50115 N 

Psycho-

motor 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Anwar157 50 MMSE 28.40 7.00 24.0071 N Global 

Asfar168 135 MMSE 22.00 5.10 24.0071 Y Global 

Asfar169 65 MMSE 25.00 2.92 24.0071 N Global 

Badzek170 142 MMSE 24.13 4.39 24.0071 N Global 

Bae171 15 MMSE 28.70 1.10 24.0071 N Global 

Bossola172 110 MMSE 23.40 3.60 24.0071 Y Global 

Bossola173 100 MMSE 25.60 3.40 24.0071 N Global 

Chai174 42 MMSE 28.00 2.10 24.0071 N Global 

Chiu175 162 MMSE 24.60 3.80 24.0071 N Global 

Costa176 47 MMSE 27.40 4.60 24.0071 N Global 

Cukor177 25 MMSE 27.40 1.70 24.0071 N Global 

da Silva178 75 MMSE 24.16 4.49 24.0071 N Global 

Dahbour179 54 MMSE 26.50 2.70 24.0071 N Global 

Dixit180 30 MMSE 25.80 2.20 24.0071 N Global 

Drew155 292 MMSE 26.70 2.80 24.0071 N Global 

Driessen119 28 MMSE 26.50 1.70 24.0071 N Global 

Fadili181 108 MMSE 25.58 5.58 24.0071 N Global 

Fazeka182 30 MMSE 22.90 4.00 24.0071 Y Global 

Gallai158 20 MMSE 25.80 2.10 24.0071 N Global 

Gencoz183 45 MMSE 26.89 2.48 24.0071 N Global 

Grimm184 15 MMSE 27.60 2.20 24.0071 N Global 

Harciarek185 23 MMSE 28.91 1.04 24.0071 N Global 

Hsieh186 27 MMSE 26.40 3.60 24.0071 N Global 

Huertas-

Vieco187 
35 MMSE 26.48 5.30 24.0071 N Global 

Jones188 36 MMSE 27.30 2.30 24.0071 N Global 

Jung189 29 MMSE 26.10 3.10 24.0071 N Global 

Kim190 95 MMSE 27.00 2.60 24.0071 N Global 

Kitaguchi*191 30 MMSE 27.25 2.35 24.0071 N Global 

Kobayashi*192 61 MMSE 23.67 5.25 24.0071 Y Global 

Kramer193 15 MMSE 28.50 2.00 24.0071 N Global 

Li C.194 20 MMSE 29.20 0.80 24.0071 N Global 

Lux195 12 MMSE 29.10 1.00 24.0071 N Global 

Maugeri20 39 MMSE 23.50 1.80 24.0071 Y Global 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Murray147 28 MMSE 26.60 0.51 24.0071 N Global 

Nasser109 50 MMSE 26.50 1.50 24.0071 N Global 

O'Conner159 73 MMSE 29.44 0.80 24.0071 N Global 

Pereira165 25 MMSE 27.50 2.30 24.0071 N Global 

Post101 27 MMSE 28.10 1.80 24.0071 N Global 

Prelevic196 93 MMSE 21.60 4.70 24.0071 Y Global 

Sarnak152 314 MMSE 26.70 2.80 24.0071 N Global 

Sithinamsuwan
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60 MMSE 26.73 2.43 24.0071 N Global 

Sorensen198 168 MMSE 26.40 2.80 24.0071 N Global 

Soysal199 121 MMSE 20.50 4.47 24.0071 Y Global 

Tasmoc200 72 MMSE 25.13 3.47 24.0071 N Global 

Tholen201 26 MMSE 27.27 1.85 24.0071 N Global 

Tholen202 26 MMSE 27.27 1.85 24.0071 N Global 

Tiffin-

Richards61 
43 MMSE 29.00 2.00 24.0071 N Global 

Tilki203 25 MMSE 26.00 1.50 24.0071 N Global 

Weiner167 125 MMSE 26.90 2.70 24.0071 N Global 

Zhang204 26 MMSE 26.61 3.58 24.0071 N Global 

Angermann205 151 MoCA 24.09 3.93 26.0074 Y Global 

Costa176 40 MoCA 23.90 4.60 26.0074 Y Global 

Dasgupta206 100 MoCA 21.00 4.80 26.0074 Y Global 

Iyasere133 41 MoCA 23.26 1.75 26.0074 Y Global 

Li P. 207 25 MoCA 23.90 2.50 26.0074 Y Global 

Tholen201 26 MoCA 23.88 3.21 26.0074 Y Global 

Tholen202 26 MoCA 24.96 2.84 26.0074 Y Global 

Tiffin-

Richards61 
41 MoCA 24.00 4.00 26.0074 Y Global 

Wolfgram154 39 MoCA 21.80 3.80 26.0074 Y Global 

Brown148 14 NCT-A 91.80 34.10 40.0076 Y 

Attention+ 

Processing 

Speed 

Chen110 32 NCT-A 55.60 15.70 40.0076 Y 

Attention+ 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Chen162 25 NCT-A 34.80 8.90 40.0076 N 

Attention+ 

Processing 

Speed 

Gallai158 20 NCT-A 79.10 29.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Jiang111 33 NCT-A 42.00 14.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Kong164 80 NCT-A 42.50 17.10 40.0076 Y 

Attention+ 

Processing 

Speed 

Smith208 29 NCT-A 80.65 44.60 40.0076 Y 

Attention+ 

Processing 

Speed 

Wolcott19 14 NCT-A 115.20 47.50 40.0076 Y 

Attention+ 

Processing 

Speed 

Oaksford150 11 RAVLT-1 7.45 2.81 8.80134 Y Memory 

Wolcott19 14 RAVLT-1 5.10 2.60 8.80134 Y Memory 

Musolino209 16 

RAVLT-

Delayed 

Recall 

35.50 3.00 8.80134 N Memory 

Tamura153 126 

RAVLT-

Delayed 

Recall 

8.50 3.70 8.80134 Y Memory 

Temple210 9 

RAVLT-

Delayed 

Recall 

6.90 2.90 8.80134 Y Memory 

Temple211 8 

RAVLT-

Delayed 

Recall 

7.80 3.60 8.80134 Y Memory 

Brown148 14 
RAVLT-

Learning 
44.70 15.30 44.00134 N Memory 

Griva212 77 
RAVLT-

Learning 
39.36 11.94 44.00134 Y Memory 

Kaya106 28 
RAVLT-

Learning 
10.36 1.89 44.00134 Y Memory 

Lux195 12 
RAVLT-

Learning 
50.10 10.30 44.00134 N Memory 

Lux195 12 
RAVLT-

Learning 
49.00 7.00 44.00134 N Memory 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Marsh149 18 
RAVLT-

Learning 
43.20 14.70 44.00134 Y Memory 

Tamura153 126 
RAVLT-

Learning 
40.60 11.00 44.00134 Y Memory 

Temple211 8 
RAVLT-

Learning 
5.00 1.30 44.00134 Y Memory 

Kaya106 28 
RAVLT-

LTM 
8.68 2.16 8.80134 Y Memory 

Seidel108 35 RCFT 29.60 5.10 24.50135 N Attention 

Kaya106 28 RCFT-LTM 15.63 6.68 19.75135 Y Memory 

Oaksford150 11 
RCFT-

Task1 
18.95 7.47 24.50135 Y Attention 

Chen110 32 
Serial 

Dotting Test 
51.80 10.50 70.00115 N 

Psycho-

motor 

Speed 

Chen162 25 
Serial 

Dotting Test 
49.20 10.60 70.00115 N 

Psycho-

motor 

Speed 

Jiang111 33 
Serial 

Dotting Test 
52.00 19.00 70.00115 N 

Psycho-

motor 

Speed 

Post101 26 

Stroop-

Color 

Reading 

49.90 11.60 96.74136 N 
Executive 

Function 

Tiffin-

Richards61 
41 

Stroop-

Color 

Reading 

35.00 14.00 96.74136 N 
Executive 

Function 

Umans161 10 

Stroop-

Color 

Reading 

47.80 18.50 96.74136 N 
Executive 

Function 

Kalirao140 338 
Stroop-

Interference 
110.40 43.20 46.49136 Y 

Executive 

Function 

Seidel108 35 
Stroop-

Interference 
95.70 25.20 46.49136 Y 

Executive 

Function 

Tiffin-

Richards61 
41 

Stroop-

Interference 
96.00 49.00 46.49136 Y 

Executive 

Function 

Post101 27 
Stroop-

Naming 
68.40 11.70 43.49136 Y 

Executive 

Function 

Tiffin-

Richards61 
41 

Stroop-

Naming 
54.00 17.00 43.49136 Y 

Executive 

Function 

Umans161 10 
Stroop-

Naming 
63.00 12.60 43.49136 Y 

Executive 

Function 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Anwar157 50 TMT-A 97.00 41.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Brown148 14 TMT-A 51.60 40.90 40.0076 Y 

Attention+ 

Processing 

Speed 

Costa176 40 TMT-A 60.30 38.30 40.0076 Y 

Attention+ 

Processing 

Speed 

Drew155 292 TMT-A 61.30 39.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Grimm184 15 TMT-A 55.00 39.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Griva212 77 TMT-A 53.73 37.32 40.0076 Y 

Attention+ 

Processing 

Speed 

Hart105 24 TMT-A 31.20 10.10 40.0076 N 

Attention+ 

Processing 

Speed 

Jassal145 14 TMT-A 21.30 7.20 40.0076 N 

Attention+ 

Processing 

Speed 

Kaya106 28 TMT-A 72.39 31.38 40.0076 Y 

Attention+ 

Processing 

Speed 

Kramer193 15 TMT-A 34.00 10.00 40.0076 N 

Attention+ 

Processing 

Speed 

Lux195 12 TMT-A 34.70 13.20 40.0076 N 

Attention+ 

Processing 

Speed 

McAdams-

DeMarco141 
320 TMT-A 55.40 29.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Pi*89 30 TMT-A 64.76 7.97 40.0076 Y 

Attention+ 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Pliskin151 8 TMT-A 63.62 30.02 40.0076 Y 

Attention+ 

Processing 

Speed 

Post101 27 TMT-A 64.70 24.80 40.0076 Y 

Attention+ 

Processing 

Speed 

Radić213 65 TMT-A 53.54 25.50 40.0076 Y 

Attention+ 

Processing 

Speed 

Ranter160 20 TMT-A 53.40 18.50 40.0076 Y 

Attention+ 

Processing 

Speed 

Ryan*5 16 TMT-A 59.50 21.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Sarnak152 293 TMT-A 61.30 39.60 40.0076 Y 

Attention+ 

Processing 

Speed 

Schneider214 28 TMT-A 38.89 5.94 40.0076 Y 

Attention+ 

Processing 

Speed 

Seidel108 35 TMT-A 41.10 14.60 40.0076 Y 

Attention+ 

Processing 

Speed 

Shavit142 56 TMT-A 79.00 19.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Sorensen198 146 TMT-A 63.00 44.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Tamura153 120 TMT-A 46.70 22.50 40.0076 Y 

Attention+ 

Processing 

Speed 

Tasmoc200 72 TMT-A 103.77 53.13 40.0076 Y 

Attention+ 

Processing 

Speed 

Temple*211 8 TMT-A 60.50 24.54 40.0076 Y 

Attention+ 

Processing 

Speed 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Tiffin-

Richards61 
43 TMT-A 51.00 38.00 40.0076 Y 

Attention+ 

Processing 

Speed 

Umans161 10 TMT-A 68.50 48.10 40.0076 Y 

Attention+ 

Processing 

Speed 

Weiner167 125 TMT-A 49.50 26.60 40.0076 Y 

Attention+ 

Processing 

Speed 

Wolcott19 14 TMT-A 57.90 28.70 40.0076 Y 

Attention+ 

Processing 

Speed 

Wolcott215 15 TMT-A 51.50 N/A 40.0076 Y 

Attention+ 

Processing 

Speed 

Wolfgram154 39 TMT-A 40.60 10.90 40.0076 Y 

Attention+ 

Processing 

Speed 

Zhang204 26 TMT-A 42.83 5.21 40.0076 Y 

Attention+ 

Processing 

Speed 

Anwar157 50 TMT-B 194.00 72.00 94.0076 Y 
Cognitive 

Flexibility 

Brickman216 380 TMT-B 120.10 64.80 94.0076 Y 
Cognitive 

Flexibility 

Brown148 14 TMT-B 109.10 56.90 94.0076 Y 
Cognitive 

Flexibility 

Costa176 40 TMT-B 141.30 90.90 94.0076 Y 
Cognitive 

Flexibility 

Drew155 292 TMT-B 136.90 64.70 94.0076 Y 
Cognitive 

Flexibility 

Griva212 77 TMT-B 97.92 51.72 94.0076 Y 
Cognitive 

Flexibility 

Hart105 24 TMT-B 92.80 47.40 94.0076 N 
Cognitive 

Flexibility 

Jassal145 14 TMT-B 57.70 17.00 94.0076 N 
Cognitive 

Flexibility 

Kaya106 28 TMT-B 142.46 49.61 94.0076 Y 
Cognitive 

Flexibility 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Lux195 12 TMT-B 85.80 25.90 94.0076 N 
Cognitive 

Flexibility 

Marsh149 24 TMT-B 114.40 57.50 94.0076 Y 
Cognitive 

Flexibility 

McAdams-

DeMarco141 
314 TMT-B 161.00 83.00 94.0076 Y 

Cognitive 

Flexibility 

Nasser109 50 TMT-B 316.00 51.30 94.0076 Y 
Cognitive 

Flexibility 

Neumann217 163 TMT-B 101.50 25.60 94.0076 Y 
Cognitive 

Flexibility 

O'Conner159 73 TMT-B 35.21 15.74 94.0076 N 
Cognitive 

Flexibility 

Pi*89 30 TMT-B 189.54 18.00 94.0076 Y 
Cognitive 

Flexibility 

Pliskin151 8 TMT-B 237.00 209.78 94.0076 Y 
Cognitive 

Flexibility 

Post101 27 TMT-B 169.60 93.60 94.0076 Y 
Cognitive 

Flexibility 

Ryan*5 16 TMT-B 165.55 69.50 94.0076 Y 
Cognitive 

Flexibility 

Sarnak152 289 TMT-B 136.90 64.70 94.0076 Y 
Cognitive 

Flexibility 

Schneider214 28 TMT-B 38.79 7.59 94.0076 N 
Cognitive 

Flexibility 

Seidel108 35 TMT-B 115.40 48.10 94.0076 Y 
Cognitive 

Flexibility 

Sorensen198 114 TMT-B 136.00 63.00 94.0076 Y 
Cognitive 

Flexibility 

Tamura*143 383 TMT-B 177.00 48.33 94.0076 Y 
Cognitive 

Flexibility 

Kurella91 80 TMT-B 218.40 83.90 94.0076 Y 
Cognitive 

Flexibility 

Tamura153 118 TMT-B 127.20 68.80 94.0076 Y 
Cognitive 

Flexibility 

Tamura166 180 TMT-B 162.40 97.20 94.0076 Y 
Cognitive 

Flexibility 

Tamura166 141 TMT-B 130.80 69.80 94.0076 Y 
Cognitive 

Flexibility 

Tasmoc200 72 TMT-B 214.93 112.25 94.0076 Y 
Cognitive 

Flexibility 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Tiffin-

Richards61 
43 TMT-B 110.50 96.00 94.0076 Y 

Cognitive 

Flexibility 

Umans161 10 TMT-B 313.00 318.00 94.0076 Y 
Cognitive 

Flexibility 

Weiner167 125 TMT-B 122.50 62.70 94.0076 Y 
Cognitive 

Flexibility 

Wolcott19 14 TMT-B 163.50 94.00 94.0076 Y 
Cognitive 

Flexibility 

Wolcott215 15 TMT-B 108.90 N/A 94.0076 Y 
Cognitive 

Flexibility 

Wolfgram154 39 TMT-B 39.50 11.40 94.0076 N 
Cognitive 

Flexibility 

Zhang204 26 TMT-B 76.17 14.84 94.0076 N 
Cognitive 

Flexibility 

Wolfgram154 39 

Verbal 

Fluency-

Animal 

46.40 9.70 18.10138 N Language 

Lux195 9 

Verbal 

Fluency-

Category 

53.00 8.40 46.90138 N Language 

Kaya106 28 

Verbal 

Fluency-

Not 

Specified  

6.64 1.66 28.60138 Y Language 

 

Table 5: All scores for patients receiving HD. * denotes data manipulation (median 

transformed to mean, range to SD). Abbreviations that appear in the table: The Modified 

Mini–Mental State Examination (3MS), Brief Visuospatial Memory Test-Revised 

(BVMT-R), Controlled Oral Word Associations Test (COWAT), California Verbal 

Learning Test (CVLT), The Mini–Mental State Examination (MMSE), Montreal Cognitive 

Assessment (MoCA), Number Connection Test- A (NCT-A), Rey Auditory Verbal 

Learning Test (RAVLT), Rey–Osterrieth Complex Figure Test (RCFT), and Trails Making 

Tests (TMT) forms A and B.  Impairment (Y/N) based off the mean cut off value reported 

in literature indicated in the cut-off column. Impairment (Y/N) is at an individual study 

level.  
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Table 6: Meta-Analysis Peritoneal Dialysis (PD) Studies  

Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Dong218 458 3Ms 86.70 11.40 78.0085 N Global 

Kalirao140 51 3Ms 93.00 6.70 78.0085 N Global 

Li Y.*219 445 3Ms 87.25 3.25 78.0085 N Global 

Pi89 30 3Ms 87.10 8.70 78.0085 N Global 

Kalirao140 51 

BVMT-R 

Delayed 

Recall 

6.40 3.60 8.95146 Y Memory 

Kalirao140 51 COWAT 28.80 11.70 37.5099 Y Language  

George156 22 
COWAT-

FAS  
32.50 15.50 37.5099 Y Language  

George156 22 
Digit Span-

Backwards 
4.00 1.30 4.3578 Y Memory 

Kaya106 6 
Digit Span-

Backwards 
5.17 1.83 4.3578 N Memory 

Kaya106 6 
Digit Span-

Forwards 
5.83 1.47 5.7378 N Memory 

Kalirao140 51 
Digit Span-

Unspecified  
16.70 3.50 5.7378 N Memory 

George156 19 
Digit 

Symbol 
40.00 19.00 59.0080 Y 

Memory + 

Processing 

Speed 

Jiang111 32 
Digit 

Symbol 
57.00 11.00 59.0080 Y 

Memory + 

Processing 

Speed 

Luo113 24 
Digit 

Symbol 
52.00 12.00 59.0080 Y 

Memory + 

Processing 

Speed 

Jiang111 32 

Line 

Tracing 

Test 

55.00 24.00 54.50115 Y 

Psycho-

motor 

Speed 

Luo113 24 

Line 

Tracing 

Test 

58.00 22.00 54.50115 Y 

Psycho-

motor 

Speed 

Cukor177 6 MMSE 28.12 1.20 24.0071 N Global 

Isshiki220 18 MMSE 28.00 3.00 24.0071 N Global 

Jung189 27 MMSE 27.80 2.90 24.0071 N Global 

Li J*221 81 MMSE 24.25 2.00 24.0071 N Global 

Shea222 151 MMSE 27.00 4.00 24.0071 N Global 

Sithinamsuwan
197 

30 MMSE 27.40 2.18 24.0071 N Global 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Tilki203 17 MMSE 29.00 0.30 24.0071 N Global 

Iyasere133 25 MoCA 24.52 1.00 26.0074 N Global 

Shea222 114 MoCA 23.00 5.30 26.0074 Y Global 

Jiang111 32 NCT-A 40.00 11.00 40.0076 N 

Attention + 

Processing 

Speed 

Luo113 24 NCT-A 41.00 14.00 40.0076 Y 

Attention + 

Processing 

Speed 

Wolcott19 17 NCT-A 83.50 28.00 40.0076 Y 

Attention + 

Processing 

Speed 

Kaya106 6 
RAVLT-

Learning 
13.17 1.60 44.00134 Y Memory 

Kaya106 6 
RAVLT-

LTM 
10.67 1.51 8.80134 N Memory 

Kaya106 6 
RCFT-

LTM 
24.67 4.50 19.75135 N Memory 

Jiang111 32 

Serial 

Dotting 

Test 

48.00 13.00 70.00115 N 

Psycho-

motor 

Speed 

Luo113 24 

Serial 

Dotting 

Test 

51.00 16.00 70.00115 N 

Psycho-

motor 

Speed 

Kalirao140 51 
Stroop-

Interference 
84.40 27.70 46.49136 Y 

Executive 

Function 

Dong218 220 TMT-A 64.25 6.50 40.0076 Y 

Attention + 

Processing 

Speed 

Griva212 68 TMT-A 50.49 25.98 40.0076 Y 

Attention + 

Processing 

Speed 

Kaya106 6 TMT-A 80.83 54.84 40.0076 Y 

Attention + 

Processing 

Speed 

Li Y.* 219 445 TMT-A 67.25 11.53 40.0076 Y 

Attention + 

Processing 

Speed 

Pi*89 30 TMT-A 67.80 6.67 40.0076 Y 

Attention + 

Processing 

Speed 

Wolcott19 17 TMT-A 53.00 31.00 40.0076 Y 

Attention + 

Processing 

Speed 

Dong*218 220 TMT-B 145.00 19.67 94.0076 Y Cognitive 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Flexibility 

Griva212 68 TMT-B 99.32 44.74 94.0076 Y 
Cognitive 

Flexibility 

Kaya106 6 TMT-B 167.33 
118.9

4 
94.0076 Y 

Cognitive 

Flexibility 

Li Y.* 219 445 TMT-B 159.50 31.00 94.0076 Y 
Cognitive 

Flexibility 

Neumann217 163 TMT-B 83.60 40.00 94.0076 N 
Cognitive 

Flexibility 

Pi*89 30 TMT-B 169.66 12.17 94.0076 Y 
Cognitive 

Flexibility 

Wolcott19 17 TMT-B 92.30 32.30 94.0076 N 
Cognitive 

Flexibility 

Wolcott19 17 

Verbal 

Fluency-

Animal 

6.50 1.50 18.10138 Y Language  

Kaya106 6 

Verbal 

Fluency-

Not 

Specified  

8.17 1.94 28.60138 Y Language  

 

Table 6: All scores for patients receiving PD. * denotes data manipulation (median 

transformed to mean, range to SD). Abbreviations that appear in the table: The Modified 

Mini–Mental State Examination (3MS), Brief Visuospatial Memory Test-Revised 

(BVMT-R), Controlled Oral Word Associations Test (COWAT), The Mini–Mental State 

Examination (MMSE), Montreal Cognitive Assessment (MoCA), Number Connection 

Test- A (NCT-A), Rey Auditory Verbal Learning Test (RAVLT), Rey–Osterrieth Complex 

Figure Test (RCFT), and Trails Making Tests (TMT) forms A and B. Impairment (Y/N) 

based off the mean cut off value reported in literature indicated in the cut-off column. 

Impairment (Y/N) is at an individual study level. 
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Table 7: Meta-Analysis Combined Modalities (HD and PD Not Separated) Studies 
 

Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Harciarek223 20 

BVMT-R-

Delayed 

Recall 

9.05 2.37 8.95146 N Memory 

Harciarek223 20 
Digit Span-

Backwards 
5.15 1.42 4.3578 N Memory 

Harciarek223 20 
Digit Span-

Forwards 
5.80 1.40 5.7378 Y Memory 

Harciarek223 20 Digit Symbol  35.20 9.51 59.0080 Y 

Memory + 

Processing 

Speed 

Liang224 17 Digit Symbol  52.40 10.38 59.0080 Y 

Memory + 

Processing 

Speed 

Ni225 24 Digit Symbol  57.00 8.67 59.0080 Y 

Memory + 

Processing 

Speed 

Zhang226 33 Digit Symbol  55.00 9.71 59.0080 Y 

Memory + 

Processing 

Speed 

Liang224 17 
Line Tracing 

Test 
68.43 26.30 54.50115 Y 

Psycho-motor 

Speed 

Ni225 24 
Line Tracing 

Test 
53.37 16.49 54.50115 N 

Psycho-motor 

Speed 

Zhang226 33 
Line Tracing 

Test 
52.82 18.92 54.50115 N 

Psycho-motor 

Speed 

Asfar227 174 MMSE 26.00 2.18 24.0071 N Global 

Frasnelli228 64 MMSE 28.40 0.30 24.0071 N Global 

Harciarek229 49 MMSE 28.57 0.98 24.0071 N Global 

Lee230 60 MMSE 27.32 2.39 24.0071 N Global 

Tyrrell231 51 MMSE 22.98 3.00 24.0071 Y Global 

Liang224 17 NCT-A 37.80 9.78 40.0076 N 

Attention+ 

Processing 

Speed 

Ni225 24 NCT-A 36.00 6.87 40.0076 N 

Attention+ 

Processing 

Speed 

Zhang226 33 NCT-A 35.00 8.35 40.0076 N 

Attention+ 

Processing 

Speed 

Harciarek223 20 

RAVLT-

Delayed 

Recall 

9.65 2.66 8.80134 N Memory 

Harciarek223 20 RAVLT- 47.30 6.63 44.00134 N Memory 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Learning 

Harciarek223 20 RCFT 34.80 1.50 24.50135 N Memory 

Harciarek223 20 

RCFT-

Delayed 

Recall 

19.42 4.73 19.75135 Y Memory 

Liang224 17 
Serial Dotting 

Test 
60.86 25.08 70.00115 N 

Psycho-motor 

Speed 

Ni225 24 
Serial Dotting 

Test 
53.36 15.08 70.00115 N 

Psycho-motor 

Speed 

Zhang226 33 
Serial Dotting 

Test 
55.33 17.05 70.00115 N 

Psycho-motor 

Speed 

Frasnelli228 64 TMT-A 59.30 4.80 40.0076 Y 

Attention+ 

Processing 

Speed 

Harciarek223 20 TMT-A 50.63 21.38 40.0076 Y 

Attention+ 

Processing 

Speed 

Harciarek223 20 TMT-B 112.45 51.99 94.0076 Y 
Cognitive 

Flexibility 

 

Table 7: All scores for combined modalities. Combined modalities indicates the study did 

not distinguish between PD and HD. Abbreviations that appear in the table: Brief 

Visuospatial Memory Test-Revised (BVMT-R), The Mini–Mental State Examination 

(MMSE), Number Connection Test- A (NCT-A), Rey Auditory Verbal Learning Test 

(RAVLT), Rey–Osterrieth Complex Figure Test (RCFT), and Trails Making Tests (TMT) 

forms A and B. Impairment (Y/N) based off the mean cut off value reported in literature 

indicated in the cut-off column. Impairment (Y/N) is at an individual study level. 
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Table 8: Meta-Analysis Transplant Studies  
 

Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

Dixon139 28 3Ms 82.90 15.60 78.0085 N Global 

Harciarek223 22 

BVMT-R-

Delayed 

Recall 

8.68 2.26 8.95146 Y Memory 

Sharma232 44 COWAT 36.20 12.90 37.5099 Y Language 

Harciarek223 22 
Digit Span-

Backwards 
5.41 1.59 4.3578 N Memory 

Kaya*106 40 
Digit Span-

Backwards 
4.72 1.11 4.3578 N Memory 

Sharma232 44 
Digit Span-

Backwards 
7.20 2.50 4.3578 N Memory 

Harciarek223 22 
Digit Span-

Forwards 
6.00 1.75 5.7378 N Memory 

Kaya*106 40 
Digit Span-

Forwards 
6.07 1.03 5.7378 N Memory 

Sharma232 44 
Digit Span-

Forwards 
10.20 2.50 5.7378 N Memory 

Anwar157 50 
Digit Span-

Unspecified  
7.50 1.50 5.7378 N Memory 

Gupta233 11 
Digit Span-

Unspecified  
9.80 2.50 5.7378 N Memory 

Gupta233 11 Digit Symbol 47.70 10.90 59.0080 Y 

Memory + 

Processing 

Speed 

Harciarek223 22 Digit Symbol 36.50 8.66 59.0080 Y 

Memory + 

Processing 

Speed 

Anwar157 50 MMSE 30.00 1.30 24.0071 N Global 

Driessen119 20 MMSE 27.20 1.20 24.0071 N Global 

Gupta233 11 MMSE 28.20 2.60 24.0071 N Global 

Harciarek223 22 MMSE 28.41 1.18 24.0071 N Global 

Sharma232 44 MMSE 28.00 2.00 24.0071 N Global 

Harciarek223 22 

RAVLT-

Delayed 

Recall 

9.41 2.28 8.80134 N Memory 

Harciarek223 22 
RAVLT-

Learning 
47.41 8.31 44.00134 N Memory 

Kaya*106 40 
RAVLT-

Learning 
13.31 1.49 44.00134 Y Memory 

Kaya*106 40 RAVLT- 11.49 1.59 8.80134 N Memory 
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Author (N)  Test Mean  SD 
Cut 

Off 

Impaired 

(Y/N) 

Cognitive 

Domain 

LTM 

Harciarek223 22 RCFT 35.25 1.35 24.50135 N Memory 

Sharma232 44 RCFT 32.20 4.20 24.50135 N Memory 

Harciarek223 22 

RCFT-

Delayed 

Recall 

20.75 5.79 19.75135 N Memory 

Kaya*106 40 RCFT-LTM 24.18 5.40 19.75135 N Memory 

Sharma232 44 RCFT-LTM 17.00 7.80 19.75135 Y Memory 

Gupta233 11 
Stroop-

Interferences 
38.30 5.90 46.49136 Y 

Executive 

Function 

Anwar157 50 TMT-A 33.70 8.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Gupta233 11 TMT-A 50.50 22.30 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Harciarek223 22 TMT-A 45.82 10.15 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Kaya*106 40 TMT-A 63.43 34.58 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Sharma*232 44 TMT-A 30.92 2.08 40.0076 N 

Attention 

+ 

Processing 

Speed 

Anwar157 50 TMT-B 110.00 28.60 94.0076 Y 
Cognitive 

Flexibility 

Harciarek223 22 TMT-B 110.82 62.66 94.0076 Y 
Cognitive 

Flexibility 

Kaya*106 40 TMT-B 123.16 58.83 94.0076 Y 
Cognitive 

Flexibility 

Sharma*232 44 TMT-B 71.76 7.13 94.0076 N 
Cognitive 

Flexibility 

Gupta233 11 

Verbal 

Fluency-

Category 

17.60 4.50 46.90138 Y Language 

Kaya*106 40 

Verbal 

Fluency-Not 

Specified 

7.89 1.82 28.60138 Y Language  
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Table 8: All scores for patients who received a transplant. * denotes data manipulation 

(median transformed to mean, range to SD). Abbreviations that appear in the table: The 

Modified Mini–Mental State Examination (3MS), Brief Visuospatial Memory Test-

Revised (BVMT-R), The Mini–Mental State Examination (MMSE), Rey Auditory Verbal 

Learning Test (RAVLT), Rey–Osterrieth Complex Figure Test (RCFT), and Trails Making 

Tests (TMT) forms A and B. Impairment (Y/N) based off the mean cut off value reported 

in literature indicated in the cut-off column. Impairment (Y/N) is at an individual study 

level. 
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Table 9: Meta-Analysis Non-Chronic Kidney Disease Control Studies 
 

Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Dixon139 31 3Ms 85.20 7.60 78.0085 N Global 

Murray234 101 3Ms 94.30 5.70 78.0085 N Global 

Palmer88 172 3Ms 85.10 8.80 78.0085 N Global 

Lee94 286 

Boston 

Naming 

Test 

10.90 2.60 13.3095 Y Language  

Martini96 60 

Boston 

Naming 

Test 

9.70 1.10 13.3095 Y Language  

Tiffin-

Richards61 
42 

Boston 

Naming 

Test 

21.00 10.00 13.3095 N Language  

Torres97 752 

Boston 

Naming 

Test 

35.00 1.70 13.3095 N Language  

Harciarek223 30 
BVMT-R-

Delayed 
9.90 1.86 8.95146 N Memory 

Kalirao140 101 
BVMT-R-

Delayed 
6.80 2.80 8.95146 Y Memory 

Kalirao140 101 COWAT 43.90 15.80 37.5099 N Language  

Pliskin151 12 COWAT 33.80 10.70 37.5099 Y Language  

Torres97 752 COWAT 40.10 11.70 37.5099 N Language  

Yeh100 92 COWAT 37.93 9.17 37.5099 N Language  

Tiffin-

Richards61 
42 

CVLT-

Delayed 
12.50 4.00 10.38103 N Language  

Tiffin-

Richards61 
42 

CVLT-

Immediate 
12.50 6.00 8.60103 N Language  

Chang104 39 
Digit Span-

Backwards 
7.00 2.10 4.3578 N Memory 

Harciarek223 30 
Digit Span-

Backwards 
5.40 1.38 4.3578 N Memory 

Hart105 20 
Digit Span-

Backwards 
4.60 1.20 4.3578 N Memory 

Lee94 286 
Digit Span-

Backwards 
3.70 1.20 4.3578 Y Memory 

Seidel108 54 
Digit Span-

Backwards 
6.20 1.60 4.3578 N Memory 

Tiffin-

Richards61 
42 

Digit Span-

Backwards 
6.00 1.00 4.3578 N Memory 

Torres97 752 
Digit Span-

Backwards 
5.10 1.50 4.3578 N Memory 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Tsai66 192 
Digit Span-

Backwards 
4.90 2.50 4.3578 N Memory 

Chang104 39 
Digit Span-

Forwards 
11.00 2.10 4.3578 N Memory 

Harciarek223 30 
Digit Span-

Forwards 
6.10 1.40 5.7378 N Memory 

Hart105 20 
Digit Span-

Forwards 
5.90 1.40 5.7378 N Memory 

Lee94 286 
Digit Span-

Forwards 
6.70 1.40 5.7378 N Memory 

Seidel108 54 
Digit Span-

Forwards 
7.90 1.60 5.7378 N Memory 

Tiffin-

Richards61 
42 

Digit Span-

Forwards 
8.00 4.00 5.7378 N Memory 

Torres97 752 
Digit Span-

Forwards 
7.14 1.20 5.7378 N Memory 

Tsai66 192 
Digit Span-

Forwards 
9.70 2.80 5.7378 N Memory 

Anwar157 30 
Digit Span-

Unspecified  
7.90 3.10 5.7378 N Memory 

Kalirao140 101 
Digit Span-

Unspecified  
18.20 4.20 5.7378 N Memory 

Nasser109 20 
Digit Span-

Unspecified  
13.70 2.20 5.7378 N Memory 

Pliskin151 12 
Digit Span-

Unspecified  
8.30 2.20 5.7378 N Memory 

Umans161 10 
Digit Span-

Unspecified  
12.30 4.10 5.7378 N Memory 

Yeh100 92 
Digit Span-

Unspecified  
19.79 4.19 5.7378 N Memory 

Chen110 32 
Digit 

Symbol 
62.30 13.00 59.0080 N 

Memory + 

Processing 

Speed 

Chen162 26 
Digit 

Symbol 
62.20 14.20 59.0080 N 

Memory + 

Processing 

Speed 

Harciarek223 30 
Digit 

Symbol 
48.03 11.09 59.0080 Y 

Memory + 

Processing 

Speed 

Hart105 20 
Digit 

Symbol 
48.70 10.50 59.0080 Y 

Memory + 

Processing 

Speed 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Jiang111 31 
Digit 

Symbol 
65.00 14.00 59.0080 Y 

Memory + 

Processing 

Speed 

Kong164 80 
Digit 

Symbol 
64.40 15.20 59.0080 N 

Memory + 

Processing 

Speed 

Liang224 20 
Digit 

Symbol 
63.22 11.54 59.0080 N 

Memory + 

Processing 

Speed 

Luo113 24 
Digit 

Symbol 
64.00 11.00 59.0080 N 

Memory + 

Processing 

Speed 

Nasser109 20 
Digit 

Symbol 
12.00 0.70 59.0080 Y 

Memory + 

Processing 

Speed 

Ni225 23 
Digit 

Symbol 
62.00 11.82 59.0080 N 

Memory + 

Processing 

Speed 

Palmer88 171 
Digit 

Symbol 
50.20 15.60 59.0080 N 

Memory + 

Processing 

Speed 

Pliskin151 12 
Digit 

Symbol 
7.60 1.90 59.0080 Y 

Memory + 

Processing 

Speed 

Pulignano114 138 
Digit 

Symbol 
19.90 8.30 59.0080 Y 

Memory + 

Processing 

Speed 

Torres97 752 
Digit 

Symbol 
54.10 12.90 59.0080 Y 

Memory + 

Processing 

Speed 

Yeh100 92 
Digit 

Symbol 
57.78 16.04 59.0080 N 

Memory + 

Processing 

Speed 

Zhang226 22 
Digit 

Symbol 
62.00 11.82 59.0080 N 

Memory + 

Processing 

Speed 

Chen110 32 

Line 

Tracing 

Test 

47.50 14.90 54.50115 N 

Psycho-

motor 

Speed 

Chen162 26 

Line 

Tracing 

Test 

55.30 17.60 54.50115 Y 

Psycho-

motor 

Speed 

Jiang111 31 

Line 

Tracing 

Test 

53.00 18.00 54.50115 N 

Psycho-

motor 

Speed 

Liang224 20 

Line 

Tracing 

Test 

46.56 12.15 54.50115 N 

Psycho-

motor 

Speed 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Luo113 24 

Line 

Tracing 

Test 

45.00 13.00 54.50115 N 

Psycho-

motor 

Speed 

Ni225 23 

Line 

Tracing 

Test 

46.50 11.44 54.50115 N 

Psycho-

motor 

Speed 

Anwar157 30 MMSE 30.00 0.00 24.0071 N Global 

Chai174 41 MMSE 29.70 0.50 24.0071 N Global 

Chang104 39 MMSE 28.40 1.40 24.0071 N Global 

Fazekas182 30 MMSE 27.90 1.40 24.0071 N Global 

Frasnelli228 15 MMSE 29.20 0.30 24.0071 N Global 

Grimm184 50 MMSE 29.60 0.60 24.0071 N Global 

Harciarek223 30 MMSE 29.00 0.87 24.0071 N Global 

Harciarek185 25 MMSE 29.24 0.93 24.0071 N Global 

Hsieh186 27 MMSE 29.20 0.70 24.0071 N Global 

Isshiki220 60 MMSE 28.50 1.40 24.0071 N Global 

Jones188 36 MMSE 28.70 0.90 24.0071 N Global 

Kramer193 45 MMSE 29.50 0.80 24.0071 N Global 

Lee94 286 MMSE 25.20 3.00 24.0071 N Global 

Lee123 
365

4 
MMSE 26.40 2.42 24.0071 N Global 

Lee230 65 MMSE 27.70 1.75 24.0071 N Global 

Li C.194 20 MMSE 29.50 0.80 24.0071 N Global 

Li J.*221 66 MMSE 27.18 1.06 24.0071 N Global 

Lux195 12 MMSE 29.50 0.90 24.0071 N Global 

Madan124 15 MMSE 29.00 0.85 24.0071 N Global 

Maugeri20 35 MMSE 23.50 0.70 24.0071 Y Global 

Nasser109 20 MMSE 29.30 0.90 24.0071 N Global 

Pulignano114 138 MMSE 26.30 3.90 24.0071 N Global 

Soysal199 270 MMSE 23.90 4.70 24.0071 Y Global 

Tiffin-

Richards61 
42 MMSE 29.00 2.00 24.0071 N Global 

Tilki203 25 MMSE 30.00 0.20 24.0071 N Global 

Wang126 654 MMSE 13.40 7.10 24.0071 Y Global 

Wang127 336 MMSE 17.80 6.00 24.0071 Y Global 

Wang129 30 MMSE 27.10 3.90 24.0071 N Global 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Yeh100 92 MMSE 28.59 1.67 24.0071 N Global 

Zhang204 28 MMSE 28.57 1.10 24.0071 N Global 

Li P. 207 25 MoCA 26.80 2.70 26.0074 N Global 

Palmer88 171 MoCA 20.20 3.90 26.0074 Y Global 

Tiffin-

Richards61 
42 MoCA 28.00 3.00 26.0074 N Global 

Chen110 32 NCT-A 34.90 9.80 40.0076 N 

Attention 

+ 

Processing 

Speed 

Chen162 26 NCT-A 37.00 12.90 40.0076 N 

Attention 

+ 

Processing 

Speed 

Jiang111 31 NCT-A 33.00 12.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Kong164 80 NCT-A 36.80 15.10 40.0076 N 

Attention 

+ 

Processing 

Speed 

Liang224 20 NCT-A 32.28 8.93 40.0076 N 

Attention 

+ 

Processing 

Speed 

Luo113 24 NCT-A 31.00 8.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Ni225 23 NCT-A 34.00 10.48 40.0076 N 

Attention 

+ 

Processing 

Speed 

Harciarek223 30 

RAVLT-

Delayed 

Recall 

11.13 1.96 8.80134 N Memory 

Lux195 12 

RAVLT-

Delayed 

Recall 

50.50 9.30 8.80134 N Memory 

Musolino209 10 

RAVLT-

Delayed 

Recall 

46.70 3.00 8.80134 N Memory 

Palmer88 170 

RAVLT-

Delayed 

Recall 

5.40 3.20 8.80134 Y Memory 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Tsai66 192 

RAVLT-

Delayed 

Recall 

11.30 2.50 8.80134 N Memory 

Harciarek223 30 
RAVLT-

Learning 
52.33 6.03 44.00134 N Memory 

Lux195 12 
RAVLT-

Learning 
57.90 4.20 44.00134 N Memory 

Tsai66 192 
RAVLT-

Learning 
47.90 9.50 44.00134 N Memory 

Harciarek223 30 RCFT 35.10 1.35 24.50135 N Attention 

Seidel108 54 RCFT 32.70 2.40 24.50135 N Attention 

Harciarek223 30 

RCFT-

Delayed 

Recall 

24.62 2.86 19.75135 N Memory 

Chen110 32 

Serial 

Dotting 

Test 

44.90 14.00 70.00158 N 

Psycho-

motor 

Speed 

Chen162 26 

Serial 

Dotting 

Test 

53.30 17.10 70.00158 N 

Psycho-

motor 

Speed 

Jiang111 31 

Serial 

Dotting 

Test 

48.00 15.00 70.00115 N 

Psycho-

motor 

Speed 

Liang224 20 

Serial 

Dotting 

Test 

45.13 9.87 70.00115 N 

Psycho-

motor 

Speed 

Luo113 24 

Serial 

Dotting 

Test 

35.00 9.00 70.00115 N 

Psycho-

motor 

Speed 

Ni225 23 

Serial 

Dotting 

Test 

45.11 9.58 70.00115 N 

Psycho-

motor 

Speed 

Tiffin-

Richards61 
42 

Stroop-

Color 

Reading 

32.00 6.00 96.74136 N 
Executive 

Function 

Umans161 10 

Stroop-

Color 

Reading 

57.50 15.70 96.74136 N 
Executive 

Function 

Kalirao140 101 
Stroop-

Interference 
71.20 23.80 46.49136 Y 

Executive 

Function 

Seidel108 54 
Stroop-

Interference 
90.00 17.50 46.49136 Y 

Executive 

Function 

Tiffin-

Richards61 
42 

Stroop-

Interference 
86.00 28.00 46.49136 Y 

Executive 

Function 

Tiffin-

Richards61 
42 

Stroop-

Naming 
47.00 12.00 43.49136 Y 

Executive 

Function 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Umans161 10 
Stroop-

Naming 
76.10 19.00 43.49136 Y 

Executive 

Function 

Anwar157 30 TMT-A 34.70 9.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Frasnelli228 15 TMT-A 31.10 1.70 40.0076 N 

Attention 

+ 

Processing 

Speed 

Grimm184 50 TMT-A 27.00 8.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Harciarek223 30 TMT-A 32.90 11.54 40.0076 N 

Attention 

+ 

Processing 

Speed 

Hart105 20 TMT-A 35.30 13.10 40.0076 N 

Attention 

+ 

Processing 

Speed 

Kramer193 45 TMT-A 28.00 9.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Lee94 286 TMT-A 72.90 46.30 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Lee123 
364

7 
TMT-A 20.90 6.60 40.0076 N 

Attention 

+ 

Processing 

Speed 

Lux195 12 TMT-A 25.00 4.50 40.0076 N 

Attention 

+ 

Processing 

Speed 

Schneider214 20 TMT-A 50.45 8.00 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Seidel108 54 TMT-A 38.90 16.20 40.0076 N 

Attention 

+ 

Processing 

Speed 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Tiffin-

Richards61 
42 TMT-A 32.50 15.00 40.0076 N 

Attention 

+ 

Processing 

Speed 

Tsai66 192 TMT-A 69.30 36.80 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Umans161 10 TMT-A 67.40 57.40 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Yeh100 92 TMT-A 48.73 20.51 40.0076 Y 

Attention 

+ 

Processing 

Speed 

Zhang204 28 TMT-A 37.61 6.51 40.0076 N 

Attention 

+ 

Processing 

Speed 

Anwar157 30 TMT-B 107.00 26.00 94.0076 Y 
Cognitive 

Flexibility 

Harciarek223 30 TMT-B 78.93 23.08 94.0076 N 
Cognitive 

Flexibility 

Hart105 20 TMT-B 81.90 22.90 94.0076 N 
Cognitive 

Flexibility 

Lee94 286 TMT-B 206.50 82.10 94.0076 Y 
Cognitive 

Flexibility 

Lee123 
364

5 
TMT-B 42.60 17.50 94.0076 N 

Cognitive 

Flexibility 

Lux195 12 TMT-B 62.00 20.20 94.0076 N 
Cognitive 

Flexibility 

Nasser109 20 TMT-B 171.00 15.20 94.0076 Y 
Cognitive 

Flexibility 

Schneider214 20 TMT-B 49.35 9.52 94.0076 N 
Cognitive 

Flexibility 

Seidel108 54 TMT-B 92.40 35.80 94.0076 N 
Cognitive 

Flexibility 

Tiffin-

Richards61 
42 TMT-B 73.50 37.00 94.0076 N 

Cognitive 

Flexibility 

Tsai66 192 TMT-B 119.10 56.00 94.0076 Y 
Cognitive 

Flexibility 

Umans161 10 TMT-B 251.00 252.00 94.0076 Y 
Cognitive 

Flexibility 
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Author (N)  Test Mean  SD Cut Off 
Impaired 

(Y/N) 

Cognitive 

Domain 

Yeh100 92 TMT-B 92.06 50.54 94.0076 N 
Cognitive 

Flexibility 

Zhang204 28 TMT-B 58.72 6.46 94.0076 N 
Cognitive 

Flexibility 

Palmer88 171 

Verbal 

Fluency-

Animal 

15.90 4.60 18.10138 Y Language  

Tsai66 192 

Verbal 

Fluency-

Animal 

14.80 4.00 18.10138 Y Language  

Lux195 12 

Verbal 

Fluency-

Category 

63.60 6.10 46.90138 N Language  

Chang104 39 

Verbal 

Fluency-

Not 

Specified 

10.80 3.10 28.60138 Y Language 

Pulignano114 138 

Verbal 

Fluency-

Phonemic  

19.20 7.20 28.60138 Y Language  

 

Table 9: All scores for healthy non-CKD controls. * denotes data manipulation (median 

transformed to mean, range to SD). Abbreviations that appear in the table: The Modified 

Mini–Mental State Examination (3MS), Brief Visuospatial Memory Test-Revised 

(BVMT-R), Controlled Oral Word Associations Test (COWAT), California Verbal 

Learning Test (CVLT), The Mini–Mental State Examination (MMSE), Montreal Cognitive 

Assessment (MoCA), Number Connection Test- A (NCT-A), Rey Auditory Verbal 

Learning Test (RAVLT), Rey–Osterrieth Complex Figure Test (RCFT), and Trails Making 

Tests (TMT) forms A and B.  Impairment (Y/N) based off the mean cut off value reported 

in literature indicated in the cut-off column. Impairment (Y/N) is at an individual study 

level. 
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2.7 Figures 

 
 

Figure 1: Systematic review process: Meta-Analysis. Note: Full-text articles excluded 

encompasses mainly articles that had biases (e.g. looked at participants with only dementia 

or only used individuals that were above cut off scores on the MMSE). Assessments not 

considered consisted of telephone surveys. Other indicates the articles that where not CKD 

focused, case studies, or were a review articles. The table summarizes the number of 

participants and articles that reported at least one test used in the meta-analysis.  
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Figure 2: Dementia Screening Test Scores: Meta-Analysis. Figure 2A: All articles 

reporting The Mini–Mental State Examination (MMSE) scores for all patient populations. 

Red line indicates the cut off value of 24, anything below indicates impairment. * denotes 

significantly different from non-CKD controls after Bonferroni correction. Figure 2B: 

Summary data of MMSE with adjusted means via a random effects model with lower and 

upper confidence levels. Vertical line indicates the cut off value (24). Figure 2C: All 

articles reporting The Modified Mini–Mental State Examination (3MS) scores for all 

patient populations. Red line indicates the cut off value of 78, anything below indicates 

impairment. Figure 2D: Summary data of 3Ms with adjusted means via a random effects 

model with lower and upper confidence levels. Vertical line indicates the cut off value (78). 

Figure 2E: All articles reporting MOCA scores for all patient populations. Red line 

indicates the cut off value of 26, anything below indicates impairment. Figure 2F: 

Summary data of MOCA with adjusted means via a random effects model with lower and 

upper confidence levels. Vertical line indicates the cut off value (26). 
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Figure 3: Trails Making Tests and Number Connection Test Scores: Meta-Analysis. Figure 

3A: All articles reporting Trails Making Tests (TMT-A) and Number Connection Test 

(NCT-A) scores for all patient populations. Blue line indicates the average time to complete 

TMT-A (40 seconds), anything above this line indicates impairment. * denotes 

significantly different from non-CKD controls after Bonferroni correction. Figure 3B: 

Summary data of TMT-A with adjusted means via a random effects model with lower and 

upper confidence levels. Vertical line indicates average time of completion (40 seconds). 

Figure 3C: All articles reporting TMT-B scores for all patient populations. Blue line 

indicates the average time to complete the TMT-B (94 seconds), anything above this line 
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indicates impairment. Figure 3D: Summary data of TMT-B with adjusted means via a 

random effects model with lower and upper confidence levels. Vertical line indicates 

average time of completion (94 seconds). 
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Figure 4: Digit Span Forwards and Backwards Scores: Meta-Analysis. Figure 4A: All 

articles reporting Digit Span Forwards (DSF) scores (part of the WAIS) for all patient 

populations. Red line indicates the cut off value of 5.73, anything below this line indicates 

impairment. Figure 4B: Summary data of DSF with adjusted means via a random effects 

model with lower and upper confidence levels. Vertical line indicates the cut off value 

(5.73). Figure 2C: All articles reporting Digit Span Backwards (DSB) scores (part of the 

WAIS) for all patient populations. Red line indicates the cut off value of 4.35, anything 

below this line indicates impairment. Figure 4D: Summary data of DSB with adjusted 

means via a random effects model with lower and upper confidence levels. Vertical line 

indicates the cut off value (4.35). Figure 4E: All articles reporting Digit Span Unspecified 

(DSU) scores (part of the WAIS) for all patient populations. Red line indicates the cut off 

value of 5.73, anything below this line indicates impairment. Figure 5F: Summary data of 

DSU with adjusted means via a random effects model with lower and upper confidence 

levels. Vertical line indicates the cut off value (5.73). 
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Figure 5: Digit Symbol Scores: Meta-Analysis. Figure 5A: All articles reporting Digit 

Symbol scores (part of the WAIS) for all patient populations. Red line indicates the cut off 

value of 59, anything below this line indicates impairment. Figure 5B: Summary data of 

Digit Symbol with adjusted means via a random effects model with lower and upper 

confidence levels. Vertical line indicates the cut off value (59). 

 

 

 

 

 

 

 

 

 

 

 



 

84 
 
 

Chapter 3 

 

Robotic Technology Quantifies Novel Perceptual-Motor Impairments in 

Patients with Chronic Kidney Disease 
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3.1 Abstract 

 

Background: Neurocognitive impairment is commonly reported in patients with chronic 

kidney disease (CKD). The precise nature of this impairment is unclear, due to the lack of 

objective and quantitative assessment tools used. The feasibility of using robotic 

technology to precisely quantify neurocognitive impairment in patients with CKD is 

unknown. 

Methods: Patients with stage 4 and 5 CKD with no previous history of stroke or 

neurodegenerative disease were eligible for study enrollment. Feasibility was defined as 

successful study enrollment, high data capture rates (>90%), and assessment tolerability.  

Our assessment included a traditional assessment: The Repeatable Battery for the 

Assessment of Neuropsychological Status (RBANS), and a robot-based assessment: 

Kinarm.   

Results: Our enrollment rate was 1.6 patients/month. All patients completed the RBANS 

portion of the assessment, with a 97.8% (range 92%-100%) completion rate on Kinarm. 

Missing data on Kinarm was mainly due to time constraints. Data from 49 CKD patients’ 

was analyzed. Kinarm defined more individuals as impaired, compared to RBANS, 

particularly in the domains of perceptual-motor function (17-49% impairment), complex 

attention (22-49% impairment), and executive function (29-37.5% impairment). 

Demographic features (sex and education) predicted performance on some, but not all 

neurocognitive tasks.  

Conclusions: It is feasible to quantify neurocognitive impairments in patients with CKD 

using robotic technology. Kinarm characterized more patients with CKD as impaired, and 
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importantly identified novel perceptual-motor impairments in these patients, when 

compared to a traditional assessment.  
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3.2 Introduction 

 

Neurocognitive impairment in patients with chronic kidney disease (CKD) is 

frequently reported235. The diagnostic and statistical manual (DSM)-V defines 6 

neurocognitive domains: complex attention, executive function, learning and memory, 

language, perceptual-motor function, and social cognition236. Of these domains, the most 

commonly affected in patients with CKD are executive function, complex attention, and 

memory22. The perceptual-motor domain has not routinely been assessed in this cohort, but 

reflects a broad category related to sensory perception and motor function. The 

neuropathological mechanisms underlying these neurological impairments is likely 

multifactorial, and may include the effects of uremic toxins on neurons and neural 

progenitor cells237.  

The majority of recent studies assessing patients with CKD for neurocognitive 

impairment have relied on dementia screening tools24,238. Using these tools, the prevalence 

of neurocognitive impairment has been found to vary across the stages of CKD24. Although 

these tools are fast and easy-to-use, they are limited by their lack of objectivity and 

granularity required to completely define the impairment experienced by patients with 

CKD. For example, the most commonly used assessment was the Mini-Mental State 

Examination (MMSE)24, which lacks sensitivity in detecting mild neurocognitive 

impairment239, and does not measure executive function240. As such, the use of the MMSE 

alone is not intended for the assessment of mild neurocognitive impairment241. 
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 The present study explores the use of robotic technology (Kinarm) to quantify 

neurocognitive impairments in patients with CKD. The Kinarm robotic platform was 

initially developed to quantify detailed information on arm sensorimotor control and motor 

learning in non-human primates242 and humans243. More recently this technology platform 

is being used to provide a robust, objective, and quantifiable approach to assess a broad 

range of sensory, motor, and neurocognitive functions associated with neurological disease 

and injury54. Kinarm has quantified impairments in many disorders including: stroke244, 

critical illness245, traumatic brain injury246, amyotrophic lateral sclerosis247, and post-

cardiac surgery248. It has never been used to quantify impairment in patients with CKD. 

The primary objective of this study is to assess the feasibility of using Kinarm to quantify 

neurocognitive functioning in patients with CKD. Feasibility was defined as successful 

study enrollment, safety, tolerability, and data capture rates >90%. Secondary objectives 

were exploratory in nature and included: 1) comparing impairment identified by Kinarm 

against a traditional screening tool, and 2) exploring the relationship between patient 

demographics, clinical characteristics, and neurocognitive impairment. We hypothesized 

that it is feasible to quantify impairment using Kinarm, and that patients will also exhibit 

subtle, but measureable neurocognitive deficits.   
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3.3 Material and Methods 

 

Study Design, Location, Participants, and Data Acquisition  

This single-centre cross-sectional study recruited patients from a multidisciplinary 

CKD clinic at an academic hospital. Patients were considered eligible if they: 1) were >17 

years old, 2) had an estimated glomerular filtration rate (eGFR) <30 mL/min/1.73m2, and 

3) had no documented history of stroke or neurodegenerative disease. Patients provided 

informed consent prior to assessment. Patient data was obtained from the hospital 

information management system. Demographics, cause of CKD, and co-morbidities were 

abstracted from the clinic chart. Laboratory values were taken from the closest visit at the 

time of the patients’ neurocognitive assessment. If the eGFR was reported as <15 

ml/min/1.73m2, the CKD-EPI equation was used. Data regarding the patients’ highest 

education and ethnicity were collected at the time of testing. The clinical staff involved in 

the day-to-day management of these patients were blinded to the results of the 

neuropsychological testing. The study was approved by Queen’s University and Affiliated 

Hospitals Health Sciences Research Ethics Board. 

Neurocognitive Testing  

The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) 

 The RBANS is an effective screening tool used across a wide age range249. It 

measures five domains: immediate memory, delayed memory, attention, visuospatial, and 

language. It also produces a composite Total Scale Score, indicative of global performance. 

All final RBANS scores are standardized by age. Table 10 provides a list of the RBANS 

subdomains, the tasks involved in each subdomain, and corresponding DSM-V 
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neurocognitive domains. Traditionally, the RBANS has a normative range of 100 +/- 15 

points (with scores <85 indicating impairment). This represents 1 standard deviation (SD) 

and categorizes ~17% of the population as impaired. We have chosen a more stringent 

criteria for defining impairment as <1.65 SD (95% below the population norm, equating to 

a score of <75.25). This allows for a direct comparison between Kinarm and RBANS, and 

ensures a higher degree of certainty that scores represent true impairment in our cohort.  

Kinarm Task Description and Performance Scoring 

Kinarm task descriptions, abbreviations, and corresponding DSM-V 

neurocognitive domains are provided in Table 10, along with a picture of the Kinarm 

(Figure 6). Specifically, detailed Kinarm task descriptions are below and were adapted 

from the user guide58. Also notably during the assessment the patient was not able to see 

their arms or hands. 

1) Arm Position Matching (APM): Kinarm moves one of the patient’s hands to a designated 

location, then the patient must mirror match this position with their other limb. This is 

repeated multiple times with Kinarm moving the patients arm to different locations.  

2) Ball on Bar (BonB): Patients will observe a bar connecting both their hands with a ball 

on top of it. They must then move the ball into targets that appear on the screen. There are 

3 levels in the task, with each lasting one minute in length. During each level, the friction 

coefficient between the ball and the bar decreases, such that the ball moves more freely 

and is more difficult to keep the ball on the bar as the levels increase.  

3) Object Hit (OH): Paddles appear at the patient’s hands and they must use them to hit 

away as many balls falling from the top of the screen as possible. As time progresses the 

amount and speed at which the balls fall increases.  
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4) Object Hit and Avoid (OH+A): This task is very similar to OH, but now the patient is 

shown 2 objects in which they must hit away while avoiding all other distractor objects. 

Again the rate and quantity of the objects that fall increases as time progresses.  

5) Visually Guided Reaching (VGR): Patients are instructed to place their hand represented 

by a dot into a target. This target then moves around the screen. Patients are instructed to 

reach the target as quickly and accurately as possible when it moves locations.  

6) Reverse Visually Guided Reaching (RVGR): Similar to VGR however, now the dot that 

represents their hand moves in the opposite direction of hand movement.  

7) Spatial Span (SS): Patients are instructed to place their hand in a box at the bottom of 

the screen. They are then shown a light up sequence in a matrix of 3x4 boxes above their 

hand box. The box in which they place their hand restricts the patients from moving their 

hand while the sequence is being shown. Once the sequence is complete, the patient may 

then move their hand and duplicate the sequence. The sequences length is determined if 

the patients got the previous response correct or not.  

8) Trails Making Test A (TMTA): The patient is shown a practice trial consisting of the 

numbers 1 through 5. They are instructed to connect them as quickly as possible. When the 

patient completes this, they then move onto the full trial. In the full trial they are asked to 

connect 1-25 as quickly as possible. The order is predetermined and no lines can intersect.  

9) Trails Making Test B (TMTB): Much like TMTA, the TMTB adds complexity by having 

the patient connect alternating number and letters (ex 1-A-2-B-3. Again, patients receive a 

trial run followed by the full trial, in which the order is predetermined and no lines can 

intersect.  
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Regarding performance on each Kinarm task, a summary score is represented by a 

task score, which incorporates parameters related to spatial and temporal aspects of 

movement58,250. The task score provides a normalized measure of performance that is 

generated from a large cohort of healthy individuals (n range = 94 to 494, task dependent). 

Values for the task parameters from this healthy cohort are used to create a Box-Cox 

transformations that convert this distribution into a standard normal distribution (mean = 

0, standard deviation = 1, distribution symmetric) including regression models to factor out 

the influence of age, sex, and handedness on performance. These normalized parameters 

are then aggregated together and transformed into a task score where 0 reflects best 

performance in the task and values of 1 and 1.96 reflect performance at the 68th and 95th 

percentile, respectively, for the healthy cohort. These equations are implemented in the 

software used to run the Kinarm tasks (Dexterit-E, version 3.858) generating a normalized 

measure of performance for each individual with CKD considering their age, sex, and 

handedness. Impairments were defined as a task score >1.96, which corresponds to 

performance beyond the 95th percentile of the healthy cohort. 

Data Analysis and Statistical Plan 

 Descriptive statistics were used to quantify impairment on the RBANS and Kinarm. 

In order to assess whether the Kinarm and RBANS were measuring similar neurocognitive 

domains, Pearson correlation plots were created using the p-values with a 95% confidence 

level. The false discovery rate correction was used, as it is a recommended alternative to 

the Bonferroni correction for multiple comparisons251.  
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 To assess the relationship between neurocognitive tasks and clinical variables, 

multiple linear models were created. Predictor variables were chosen a priori, based on 

their relevance to neurocognitive functioning in patients with CKD. These variables were: 

age252, sex252, education252, history of cardiovascular disease30, diabetes253, and 

hypertension253. Regarding education, a dichotomy of having an education of ≤ grade 12 

was used based on previous data254. Once the models were created, residuals were plotted, 

inspected, and normality was tested. The Cook’s Distance was also graphed, in order to 

determine if there were any influential points (Cook’s Distance>0.1). The original model 

and outlier free model were then compared to determine which model was subsequently 

used. All analyses and graphs were conducted and produced in R Studio255.  
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3.4 Results 

 

Feasibility 

 The study consort diagram is located in Figure 7. Study recruitment was from 

August 2015-September 2019. Two hundred and sixty-two patients were screened for the 

study. Of those, 189 were deemed eligible and 76 provided consent. Of those 76 patients: 

16 started emergency dialysis before completing their assessment, 4 withdrew consent, and 

2 transferred to a satellite clinic. Thus, 54 patients completed the assessment. However, 5 

patients were removed from the analysis as 3 were found to have a documented stroke, and 

2 had an eGFR >30 ml/min/1.73m2 at the time of testing.  Thus 49 patients were assessed, 

at an enrolment rate of 1.6 patients/month.  

 Feasibility was also defined by assessment completion and tolerability. Testing 

took one hour and twenty minutes to complete, with the RBANS portion taking roughly 30 

minutes to complete, and 50 minutes for the Kinarm assessment. All patients completed 

the RBANS portion of the assessment. However, data capture rates on Kinarm ranged from 

92-100% (task dependent). Kinarm tasks that were missing data were: OH+A (N=1), 

TMTB (N=1), APM (N=2), BonB (N=2), and SS (N=4). Reasons for missing data were 

fatigue (OH+A) and poor comprehension (TMTB). For APM, BonB, and SS, they were 

the first tasks to be eliminated in the event the patient could not stay for the full assessment. 

Importantly, no adverse events were noted, and patients tolerated the testing procedure 

well.   
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Patient Characteristics  

 All participant characteristics are shown in Table 11. The majority of the patients 

enrolled were Caucasian (43/49, 87.8%) and English was their primary language (47/49, 

95.9%). Patient’s highest level of education was predominantly grade 12 or above (42/49, 

85.7%). The majority were classified with stage 5 CKD (eGFR<15 ml/min/1.73m2) (39/49, 

79.6%), with the primary cause of CKD being attributed by diabetes (25/49, 51%) and/or 

hypertension (18/49, 36.7%). Cardiovascular disease and sleep apnea were also common 

co-morbidities.  

Kinarm Identifies Novel Neurocognitive Impairments in the DSM-V Perceptual-Motor 

Domain 

Neurocognitive functioning was commonly impaired in our cohort, as a large 

number of individuals were impaired in both sub-sections of the Trail Making Task 

(TMTA: 24/49, 49%, and TMTB: 18/48, 37.5%), which measures perceptual motor, 

complex attention, and executive function neurocognitive domains (Figure 8). RVGR, a 

variant of the VGR task, requires an individual to move the arm in the opposite direction 

of the spatial goal, identified a substantive proportion of the cohort as impaired (18/49, 

37%). OH+A which requires additional cognitive skills to select objects to hit while 

avoiding others also identified individuals as impaired (14/48, 29%) (Figure 8). A 

substantial number of individuals in our cohort also exhibited motor impairments. 

Particularly, 31% (15/49) of our cohort was impaired on VGR, which is a simple reaching 

task (Figure 8). Several individuals were also impaired in the other motor skills including 

rapid motor actions measured by OH (11/49, 22%) and a bimanual range of motion task 

BonB (8/47, 17%) (Figure 8). Perceptual impairments were also identified in 7/47 (15%) 



 

96 
 
 

of our cohort via the APM task. Finally, it was surprising to find only a few individuals 

were impaired on the working memory task SS (2/45, 4%) (Figure 8). 

RBANS Categorizes Few Patients with Global Cognitive Impairment  

 Eight out of 49 (16%) scored below the 95% cut-off (a score of <75.25) on the Total 

Scale Score, the composite measure on the RBANS (Figure 9). There was a moderate 

degree of impairment across the subdomains (visuospatial (13/49, 26.5%), attention (12/49, 

24.5%), immediate memory (11/49, 22.5%), and delayed memory (9/49, 18%)) (Figure 9). 

Only one patient (2%) was impaired on the language subdomain (Figure 9).  

Kinarm and RBANS May Assess both Unique and Overlapping Neurocognitive Domains  

A correlation matrix assessed the relationship between Kinarm tasks and the 

RBANS (Figure 10). The correlations were inversely related, which was expected as lower 

scores on the RBANS indicate worse performance, where the opposite is true for Kinarm. 

All RBANS subdomains were highly correlated with the RBANS composite score (Total 

Scale Score). Again, this high degree of correlation was expected, as the RBANS 

composite score is calculated from the subdomain scores. Performance on Kinarm tasks of 

TMTA, TMTB, and SS significantly correlated with all RBANS subdomains and the 

composite score. Performance on Kinarm task OH+A significantly correlated with the 

RBANS composite score and attention subdomain. Kinarm tasks of RVGR and BonB 

significantly correlated with only the visuospatial subdomain of the RBANS. Finally, 

APM, OH, and VGR did not significantly correlate with the RBANS composite score or 

subdomains. 
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Education and Sex May Predict Neurocognitive Performance  

Although the primary outcome of this study was feasibility, an exploratory analysis 

was conducted to assess the relationship between clinical and demographic characteristics 

and neurocognitive performance. These characteristics predicted neurocognitive 

performance on the composite score on the RBANS (R2=0.42, F=4.92, p=0.0072), along 

with the following RBANS subdomains: immediate memory (R2=0.46, F=5.49, p=0.0004), 

visuospatial (R2=0.31, F=3.03, p=0.015), language (R2=0.43, F=5.09, p=0.0006), and 

attention (R2=0.29, F=2.73, p=0.025) (Table 12). Delayed memory was not predicted by 

these clinical characteristics. When assessing which individual characteristic accounted for 

the greatest degree of variance in the model, education was a significant predictor for the 

composite score, along with 3 subdomains (Total Scale Score p=0.0001, immediate 

memory p=0.0057, visuospatial p=0.0004, language p=0.001, and attention p=0.006) 

(Table 12). The only other unique predictor was being of male sex for language (p=0.001) 

(Table 12).   

 These clinical/demographic characteristics were associated with performance on 5 

Kinarm tasks. These tasks were: BonB (R2=0.34, F=3.20, p=0.012), OH+A (R2=0.38, 

F=3.87, p=0.004), OH (R2=0.30, F=2.75, p=0.03), SS (R2=0.33, F=3.02, p=0.017), and 

TMTB (R2=0.45, F=4.95, p=0.001) (Table 13). Like the RBANS, performance on Kinarm 

tasks were predicted by both education (BonB p=0.01 and TMTB p=0.001) and being of 

male sex (BonB p=0.004, OH+A p=0.017 and SS p=0.019). Although the overall model 

for the task of OH was significant, there were no significant independent predictors (Table 

13).   
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3.5 Discussion 

Although it is well known that neurocognitive impairment is prevalent in patients 

with CKD235 this impairment is typically described using screening tools24, which may be 

limited in their sensitivity. This study was designed to test the feasibility of using Kinarm 

to provide objective and quantifiable data across multiple neurocognitive domains in 

patients with CKD. We demonstrated that it was feasible to recruit, enroll, and assess 

patients with Kinarm and maintain high data capture rates with no issues with safety or 

tolerability. In comparison to the RBANS, Kinarm assessed both distinct and overlapping 

domains. Importantly however, it consistently demonstrated perceptual-motor 

impairments, a domain not previously assessed rigorously in patients with CKD.   

Regarding perceptual-motor impairments in patients with CKD, a recent study 

examined the related concept of hand dexterity with the Moberg’s picking-up test in 

patients with moderate-severe CKD256. The authors concluded that GFR predicted time to 

complete the task in the non-dominant hand with eyes open256, but the reported time was 

within published limits257. In our study, Kinarm tasks including APM, BonB, VGR, and 

OH primarily assessed the perceptual-motor domain, and demonstrated frequent and often 

profound impairments, with some individuals performing at least 6SD away from 

normative controls. Only one of these tasks (BonB) correlated with the visuospatial domain 

from the RBANS. Since the majority of the tasks were unrelated to the RBANS, it 

highlights that existing neurocognitive tools may not adequately capture impairments 

associated with sensory, perceptual, and motor function. The prevalence and severity of 

these perceptual-motor impairments may be important considerations for patients with 
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CKD who may otherwise be eligible for home-base renal replacement therapy, as they may 

not have the capacity to manage the complexities of home dialysis without assistance.   

Visuospatial impairments have only recently been described in patients with CKD, 

using the Montreal Cognitive Assessment (MoCA)258. This screening tool dedicates 5/30 

points to the visuospatial and executive domains. Participant scores on many of Kinarm 

tasks (TMTA/B, SS, BonB, and RVGR) significantly correlated with the visuospatial 

subdomain of the RBANS. In particular, Kinarm tasks of TMTB and RVGR identified 

roughly the same amount of impairment (37%). These tasks assessed the neurocognitive 

domains of perceptual-motor, complex attention, and executive function. Quantifying 

perceptual and visuospatial deficits in patients with CKD may be clinically relevant, 

particularly in discussing driving safety. A recent review determined that a better 

understanding of the relationship between neurocognitive impairments and their effects on 

driving in patients with CKD is needed259. It was noted that roughly 1/3 of patients with 

CKD are involved in a motor vehicle collision within 1 year of initiating dialysis259. There 

is little data however regarding driving safety in earlier CKD stages.  

Intriguingly, only two patients scored outside the normative range on the Kinarm 

memory task (SS). Lack of memory impairment is inconsistent with the RBANS findings 

and previous literature239. These inconsistencies may be explained by how the task is 

performed. SS was modeled after the Corsi block-tapping task58, where patients must 

repeat a block sequence in the correct order. After they complete the sequence they receive 

feedback if they correctly reproduced the sequence. It is known that negative feedback has 

an effect on self-efficacy260, which in turn affects motivation. Furthermore, low self-



 

100 
 
 

efficacy caused by negative feedback may decrease cognitive resources and ultimately lead 

to poor performance261. Therefore, this task may not truly represent the memory 

impairment in this population and may need to be redesigned. 

In our severe CKD cohort, we found that male sex and lower education were 

associated with worse performance on some, but not all assessments. Particularly, we found 

that having a lower education predicted worse performance on all but one subdomain 

(delayed memory) of the RBANS. In contrast, only 2/9 Kinarm tasks were predicted by 

level of education (BonB and TMTB). This may be related to the fact that many of Kinarm 

tasks are more heavily weighted towards attention and perceptual-motor domains, which 

may be less dependent on level of education.  

This study has the following limitations. First, its relatively small sample size and 

single-centre design limits external generalizability. As there are now dozens of Kinarm 

labs worldwide, future multi-centre studies will be possible using this technology. Second, 

this study only assessed predominantly patients with stage 5 CKD. This narrow range of 

kidney dysfunction precluded our ability to assess whether eGFR was a predictor of 

neurocognitive performance. Third, our study did not include any imaging or physiological 

recordings (e.g., functional near-infrared spectroscopy), limiting our ability to draw any 

conclusions regarding the underlying anatomical or pathophysiological changes that might 

be responsible for the perceptual motor and visuospatial impairments quantified in our 

cohort. Fourth, is the lack of a gold-standard neuropsychological assessment as a 

comparator. Although we did compare Kinarm to a traditional assessment (RBANS), it is 

not a substitute for a full neuropsychological assessment battery.  
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 In summary, it is feasible to use Kinarm to precisely characterize neurocognitive 

impairment in patients with CKD. Most subjects demonstrated perceptual-motor 

impairments, along with difficulties in complex attention and executive function, 

indicating that CKD affects motor domains along with neurocognitive domains. Future 

studies using a multi-centre design and larger sample sizes are needed to explore key risk 

factors for neurocognitive impairment in patients with CKD, as well as a more in-depth 

understanding of how these impairments affect patient-oriented outcomes such as driving, 

quality of life, and daily management of CKD.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 
 
 

3.7 Tables 

 

Table 10: Neurocognitive Battery Tasks, Abbreviations, DSM-V Domains: Chronic 

Kidney Disease 
Neurocognitive 

Test 

Task/Domain Abbreviation Task Components/ Task Description Related DSM-V 

Neurocognitive Domain 

RBANS Attention N/A Digit Span, Symbol Coding  Complex Attention 

Immediate 
Memory 

N/A List Learning, Story Memory Learning and Memory  

Delayed 

Memory 

N/A List Recall, List Recognition, Story 

Recall, Figure Recall 

Learning and Memory 

Visuospatial N/A Figure Copy, Line Orientation Perceptual-Motor, 

Complex Attention 

Language  N/A Picture Naming, Semantic Fluency Language 

Total Scale 

Score  

N/A A summary score based on the 

performance on all the RBANS domains. 
Representative of global performance on 

the RBANS. 

Complex Attention, 

Learning and Memory, 
Perceptual-Motor, 

Language  

Kinarm Arm Position 
Matching  

APM The robot moves one of the patient’s 
arms. Patients are then asked to mirror 

match this position with the other arm. A 

measure of proprioception and 
somatosensory. 

Perceptual-Motor 

Ball on Bar BonB A bar appears between the patients 2 arms 

with a ball on top of it. The patient is then 
asked to move this ball into a target. 

There are three levels with increasing 

difficulty, where the ball goes from being 

fixed in position to being able to freely 

move and fall off the bar (depending on 

how level the patient keeps the bar). A 
measure of visuomotor skill and motor 

range and coordination. 

Perceptual-Motor 

Object Hit OH Paddles appear at the patients hands and 

they are instructed to hit as many balls 
(which fall from the top of the screen) 

away as possible. As the task progresses 

the quantity and speed at which the balls 
fall increases. A measure of attention and 

visuomotor. 

Perceptual-Motor, 

Complex Attention 

Object Hit and 
Avoid 

OH+A Similar to OH, but this time patients are 
shown 2 shapes which they must hit away 

while avoiding all the other distractor 

targets. Again, as the task progresses the 

quantity and speed at which the targets 

fall increases. A measure of attention, 

visuomotor, and executive function. 

Perceptual-Motor, 
Complex Attention, 

Executive Function 

Visually 
Guided 

Reaching  

VGR A target appears on the screen and the 
patient is asked to move the dot that 

represents their hand into the appeared 
target as quickly and accurately as 

possible. A measure of visuomotor 

capabilities. 

Perceptual-Motor 

Reverse 
Visually 

Guided 

Reaching 

RVGR Similar to VGR, but the light representing 
the hand now moves in the opposite 

direction of the arm movement. A 

measure of visuomotor and executive 
function.  

Perceptual-Motor, 
Complex Attention, 

Executive Function 

Spatial Span SS The patient is shown a sequence and is 

then asked to replicate it. The length of 

the sequence depends on if the patient got 

the previous sequence correct or not. A 

measure of working memory. 

Learning and Memory  
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Trail Making 

Test A 

TMT-A The patient is asked to connect the 

numbers 1-25 in order as quickly as 
possible. The number arrangement is 

predetermined and no connecting lines 

may overlap. A measure of visuomotor 
and attention. 

Perceptual-Motor, 

Complex Attention 

Trail Making 

Test B 

TMT-B Similar to TMT-A, but the patient is now 

asked to alternate between number and 

letters (1-A-2-B-3) as quickly as possible. 
The arrangement again is predetermined 

and no connecting lines may overlap. A 

measure of visuomotor, attention, and 
executive function. 

Perceptual-Motor, 

Complex Attention, 

Executive Function 

 

Table 10: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) domains assessed, along with the tasks that make up each domain on the 

assessment. Additionally, it includes Kinarm task descriptions and abbreviations used 

throughout the manuscript. Task descriptions were obtained from Kinarm manual58. All 

domains and tasks are related to their corresponding DSM-V neurocognitive domain. N/A 

is no abbreviation was used in the manuscript for these domains.  
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Table 11: Patient Characteristics: Chronic Kidney Disease 

 
Patient Characteristic 

 
Total Cohort 

N= 49 

Age (Mean, Range) 64.9 (35-86) 

Sex (N, %)  

Male 

Female 

32 (65.3) 

17 (34.7) 

Handedness (N, %)  

Right 

Left 

44 (89.8) 

5 (10.2) 

English As A Second Language (N, %)   

No 47 (95.9) 

Yes 2 (4.1) 

Ethnicity (N, %)  

Caucasian  43 (87.8) 

Indigenous  3 (6.1) 

Caucasian and Indigenous 

Chinese 

1 (2.0) 

1 (2.0) 

Not Reported 1 (2.0) 

Highest Reported Education (N, %)  

Grade 8-11 7 (14.3) 

Grade 12 12 (24.5) 

College 9 (18.4) 

University  16 (32.7) 

Masters 4 (8.2) 

PhD 1 (2.0) 

Cause Of CKD (N, % of Total N)  

Diabetic Nephropathy  25 (51.0) 

Hypertension  18 (36.7) 

Cardiovasculara 10 (20.4) 

Polycystic Kidney Disease  6 (12.2) 

Focal Segmental Glomerulosclerosis (FSG) 3 (6.1) 

Otherb 9 (18.4) 

Co-morbidities (N, % of Total N)  

Diabetes 33 (67.3) 

Hypertension 34 (69.4) 

Cardiovascularc 34 (69.4) 

Sleep Apnea 18 (36.7) 

Otherd 34 (69.4) 

Stage Of CKD (N, %) 

mL/min/1.73 m² 

 

Stage 4 (eGFR 15-29 mL/min/1.73 m²) 10 (20.4) 

Stage 5 (eGFR <15 mL/min/1.73 m²) 39 (79.6) 

eGFR (Mean, Range) mL/min/1.73 m² 12.6 (5-29) 

Creatinine (Mean, Range) umol/L 421 (180-786) 

Urea ( Mean, Range)e mmol/L 24.6 (11.9-47.1) 
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Table 11: Summary of patient clinical and demographic variables. Abbreviations: CKD - 

Chronic kidney disease. eGFR - estimated glomerular filtration rate. Note: cause of CKD 

was multifactorial for the majority of patients, therefore if the cause of CKD was 

determined to be both diabetes and hypertension it was accounted for in both sections.  

aCardiovascular causes of CKD: cardio-renal syndrome (N=4), Vasculitis (N=2), 

peripheral vascular disease (N=2), and ischemic cardiac disease (N=2).  

bOther causes of CKD: IgA nephropathy (N=2), Lithium use (N=1), Nephrotic Syndrome 

(N=1), obstructive uropathy (N=1), and unknown (N=4).  

cCardiovascular co-morbidities: coronary heart disease (N=17), peripheral vascular disease 

(N=7), congestive heart failure (N=4), atrial fibrillation (N=3), myocardial infraction 

(N=1), pacemaker (N=1), pseudo-aneurysm in coronary artery (N=1).  

dOther co-morbidities: hyperlipidemia (N=15), gout (N=9), hypothyroidism (N=6), 

hyperthyroidism (N=4).  

eUrea values were unavailable for 2 patients.  
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Table 12: Linear Regression RBANS: Chronic Kidney Disease 

 

 

Table 4. Linear regression models for each neurocognitive task of the RBANS. Models 

were exploratory in nature containing both clinical and demographic variables. Significant 

findings are represented in bold. Abbreviations in the table: RSE= residual standard error 

and DOF= degrees of freedom, N/A= not applicable, eGFR= estimated glomerular 

filtration rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4: Linear regression models for the Kinarm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

RBANS 

Total Scale Score Standard Error t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.20 1.09 0.284

Sex (Male) 4.28 -1.37 0.18

Diabetes (Yes) 4.81 -0.56 0.58

Hypertension (Yes) 4.98 -0.47 0.64

Education (Grade 12 and Lower) 4.02 -4.22 0.0001

Cardiovascular (Yes) 4.40 -1.05 0.30

Final Model N/A N/A N/A 12.96 41 0.42 4.92 0.0072

Immediate Memory Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.25 0.94 0.36

Sex (Male) 5.05 0.11 0.91

Diabetes (Yes) 5.89 -1.80 0.080

Hypertension (Yes) 5.44 0.32 0.75

Education (Grade 12 and Lower) 4.36 -2.93 0.0057

Cardiovascular (Yes) 4.78 -2.79 0.01

Final Model N/A N/A N/A 13.51 38 0.46 5.49 0.0004

Visuospatial Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.27 -0.74 0.47

Sex (Male) 5.74 -0.19 0.85

Diabetes (Yes) 6.42 0.11 0.91

Hypertension (Yes) 6.44 -1.08 0.29

Education (Grade 12 and Lower) 5.44 -3.86 0.0004

Cardiovascular (Yes) 5.85 -0.13 0.90

Final Model N/A N/A N/A 17.44 41 0.31 3.03 0.015

Language Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.13 -0.71 0.48

Sex (Male) 2.49 -3.54 0.0010

Diabetes (Yes) 2.75 -0.12 0.91

Hypertension (Yes) 2.75 0.25 0.80

Education (Grade 12 and Lower) 2.38 -3.55 0.001

Cardiovascular (Yes) 2.52 0.19 0.85

Final Model N/A N/A N/A 7.37 40 0.43 5.09 0.0006

Attention Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.23 0.41 0.686

Sex (Male) 4.87 -1.63 0.111

Diabetes (Yes) 5.44 0.23 0.82

Hypertension (Yes) 5.46 -0.91 0.371

Education (Grade 12 and Lower) 4.61 -2.89 0.006

Cardiovascular (Yes) 4.96 -1.06 0.29

Final Model N/A N/A N/A 14.78 41 0.29 2.73 0.025

Delayed Memory Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.25 0.02 0.99

Sex (Male) 4.85 -0.88 0.39

Diabetes (Yes) 5.74 -0.91 0.37

Hypertension (Yes) 5.78 0.92 0.36

Education (Grade 12 and Lower) 4.35 -2.67 0.011

Cardiovascular (Yes) 4.62 -1.17 0.25

Final Model N/A N/A N/A 13.60 39 0.26 2.24 0.06
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Table 12: Linear regression models for each neurocognitive task of the RBANS. Models 

were exploratory in nature containing both clinical and demographic variables. Significant 

findings are represented in bold. Abbreviations in the table: RSE= residual standard error 

and DOF= degrees of freedom, N/A= not applicable, eGFR= estimated glomerular 

filtration rate. 
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Table 13: Linear Regression Kinarm: Chronic Kidney Disease 
 

 

KINARM

Arm Position Matching Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.01 0.83 0.41

Sex (Male) 0.24 1.42 0.16

Diabetes (Yes) 0.29 1.22 0.23

Hypertension (Yes) 0.26 -1.50 0.14

Education (Grade 12 and Lower) 0.21 1.41 0.17

Cardiovascular (Yes) 0.23 -0.90 0.38

Final Model N/A N/A N/A 0.67 39 0.19 1.51 0.20

Ball on Bar Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.011337 1.75 0.09

Sex (Male) 0.22 -3.10 0.004

Diabetes (Yes) 0.28 1.67 0.104

Hypertension (Yes) 0.26 0.58 0.57

Education (Grade 12 and Lower) 0.20 2.58 0.01

Cardiovascular (Yes) 0.21 -0.03 0.97

Final Model N/A N/A N/A 0.61 37 0.34 3.20 0.012

Object Hit and Avoid Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.01777 -1.57 0.124

Sex (Male) 0.30983 2.50 0.017

Diabetes (Yes) 0.37847 0.80 0.43

Hypertension (Yes) 0.37618 1.50 0.14

Education (Grade 12 and Lower) 0.26423 0.42 0.68

Cardiovascular (Yes) 0.29 1.50 0.14

Final Model N/A N/A N/A 0.81 38 0.38 3.87 0.004

Object Hit Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.01581 -1.40 0.170

Sex (Male) 0.28249 1.81 0.079

Diabetes (Yes) 0.32924 1.44 0.16

Hypertension (Yes) 0.31281 -0.25 0.801

Education (Grade 12 and Lower) 0.24939 0.96 0.34

Cardiovascular (Yes) 0.2634 0.34 0.74

Final Model N/A N/A N/A 0.78 39 0.30 2.75 0.03

Reverse Visually Guided 

Reaching Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.01616 1.81 0.08

Sex (Male) 0.34 0.22 0.83

Diabetes (Yes) 0.38 1.75 0.09

Hypertension (Yes) 0.38 -0.47 0.64

Education (Grade 12 and Lower) 0.32 2.16 0.04

Cardiovascular (Yes) 0.35 -0.49 0.63

Final Model N/A N/A N/A 1.00 40 0.21 1.72 0.14
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Table 13: Linear regression models for each neurocognitive task of the Kinarm. Models 

were exploratory in nature containing both clinical and demographic variables. Significant 

findings are represented in bold. Abbreviations in the table: RSE= residual standard error 

and DOF= degrees of freedom, N/A= not applicable, eGFR= estimated glomerular 

filtration rate.    

Visually Guided Reaching Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.0145 1.91 0.064

Sex (Male) 0.29 -0.34 0.74

Diabetes (Yes) 0.34 2.39 0.021

Hypertension (Yes) 0.32 -1.44 0.16

Education (Grade 12 and Lower) 0.25 1.90 0.06

Cardiovascular (Yes) 0.28 -0.04 0.97

Final Model N/A N/A N/A 0.82 41 0.22 1.96 0.09

Spatial Span Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.01 -1.94 0.060

Sex (Male) 0.16 2.47 0.019

Diabetes (Yes) 0.21 -0.14 0.89

Hypertension (Yes) 0.20 -0.94 0.35

Education (Grade 12 and Lower) 0.15 1.90 0.065

Cardiovascular (Yes) 0.15 0.36 0.72

Final Model N/A N/A N/A 0.44 36 0.33 3.02 0.017

Trails Making Test A Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.02 -0.35 0.73

Sex (Male) 0.43 1.71 0.09

Diabetes (Yes) 0.54 -0.18 0.86

Hypertension (Yes) 0.50 -0.03 0.98

Education (Grade 12 and Lower) 0.35 1.47 0.15

Cardiovascular (Yes) 0.40 1.24 0.22

Final Model N/A N/A N/A 1.14 39 0.19 1.51 0.20

Trails Making Test B Standard Error  t value Pr(>|t|) RSE DOF R
2

F-Statistic p-value

Age 0.02 0.43 0.67

Sex (Male) 0.29 2.00 0.05

Diabetes (Yes) 0.36 0.26 0.80

Hypertension (Yes) 0.33 -0.331 0.74

Education (Grade 12 and Lower) 0.26 4.40 0.0001

Cardiovascular (Yes) 0.28 -0.01 0.99

Final Model N/A N/A N/A 0.80 37 0.45 4.95 0.001
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3.8 Figures 
 

 
 

Figure 6: Picture of the Kinarm robot used by patients. Patients place their forehead on the 

cushioned rest at the top of the machine while seated in a chair (not pictured). Then they 

are asked to grasp the robotic handles and look at the screen inside. Once seated 

comfortably, the shield is placed around their neck, so they are unable to see their arms. 
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Figure 7: Consort Diagram: Chronic Kidney Disease. For the “not interested” category, 

any patient that did not specify why they were uninterested in the study was grouped into 

the “not interested in being in a research study” category. Any patient that was not seen 

due to clinic timing, or who asked to be approached again were grouped in the undecided 

approach again category.   
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Figure 8: Kinarm Scores: Chronic Kidney Disease. The red line represents the 1.96 SD cut-

off. Anything above the red line indicates impairment. Kinarm Task abbreviations are 

located in Table 10. The red numbers on the top of the graph correspond to the number of 

patients impaired with respect to the 1.96 SD. Five tasks (APM, OH+A, BonB, TMTB, 

and SS) had missing data points (N=1 to 4, task dependent) mainly due to testing time 

constraints. 
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Figure 9: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) Scores: Chronic Kidney Disease. The red line represents the 1.65 SD cut-off. 

Anything below the red line (a score of 75.25) indicates impairment. The red numbers on 

the top of the graph correspond to the number of patients impaired with respect to the 1.65 

SD cut-off. 
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Figure 10: Correlations between RBANS, Kinarm, and linear model predictors: Chronic 

Kidney Disease. Only the associations that remained significant after the application of the 

False Discovery Rate for multiple comparisons are shown. Blue represents a positive 

correlations, whereas red represents a negative one. The color intensity and size of the 

circle indicates the strength of the association. 
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Chapter 4 

 

Acute Kidney Injury Is Associated With Subtle But Quantifiable 

Neurocognitive Impairments 
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4.1 Abstract 

 

Background: Acute kidney injury (AKI) is associated with long-term morbidity and 

mortality. The effects of AKI on neurocognitive functioning remain unknown. Our 

objective was to quantify neurocognitive impairment after an episode of AKI. 

Methods: Survivors of AKI were compared to age-matched controls, as well as a 

convenience sample of patients matched for cardiovascular risk factors with normal kidney 

function (active control group). Patients with AKI completed two assessments, while the 

active control group completed one assessment. The assessment included a standardized 

test: The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), 

and a robotic assessment: Kinarm.  

Results: The cohort consisted of 21 patients with AKI, 16 of whom completed both 

assessments, and 21 active control patients. The majority of patients with AKI had Kidney 

Disease Improving Global Outcomes stage 3 AKI (86%), 57% received dialysis, and 43% 

recovered to ≤25% of their baseline serum creatinine by their first assessment. Compared 

to the RBANS which detected little impairment, the Kinarm categorized patients as 

impaired in visuomotor (10/21, 48%), attention (10/20, 50%), and executive tasks (11/21, 

52%) compared to healthy controls. Additionally, patients with AKI performed 

significantly worse in attention and visuomotor domains when compared to the active 

controls. Neurocognitive performance was generally not impacted by the need for dialysis 

or whether kidney function recovered.   

Conclusion: Robotic technology identified quantifiable neurocognitive impairment in 

survivors of AKI. Deficits were noted particularly in attention, visuomotor, and executive 

domains. Further investigation into the downstream health consequences of these 
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neurocognitive impairments is warranted.    
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4.2  Introduction 

 

Acute kidney injury (AKI) defined by the Kidney Disease Improving Global 

Outcomes (KDIGO) criteria affects 1 in 5 hospitalized adults13. AKI is particularly 

prevalent in patients who undergo cardiovascular surgery14 or who are critically ill11. 

Regardless of the cause of AKI, patients who experience an episode of AKI have an 

increased risk of morbidity and mortality11,12,14.  

AKI often occurs in the context of multi-organ dysfunction, either due to the 

inciting injury affecting multiple organs simultaneously, or as an indirect result of kidney 

dysfunction262. The brain may be particularly vulnerable to dysfunction in the context of 

AKI. It has been hypothesized that inflammation, uremia, cytotoxicity, osmolality 

disturbances, and alterations in blood brain barrier permeability are possible mechanisms 

underlying cerebral dysfunction in patients with AKI37. These pathophysiological 

processes may lead to impaired neurocognitive performance in individuals with AKI.  

The neurocognitive outcomes for survivors of AKI have not been extensively 

studied. Using administrative data, two retrospective studies have demonstrated that a 

diagnosis of AKI was an independent risk factor for dementia33,34. More recently, AKI has 

been shown to be associated with long-term neurocognitive impairment in children with 

severe malaria35. In patients with chronic kidney disease (CKD), the high burden of 

neurocognitive impairment is well-described, and affects the domains of attention, 

memory, and executive function263. We also recently demonstrated that robotic technology 

can precisely quantify impairments in visuomotor function in patients with CKD264. In 

contrast, there is no prospective data on adult neurocognitive impairment after AKI.  
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The objective of this prospective observational study was to use robotic technology 

(Kinarm) to quantify neurocognitive impairment in patients who recently experienced an 

episode of AKI. In this study, neurocognitive performance was compared to both healthy 

controls, as well as an active control group: patients matched for cardiovascular risk factors 

(but without any history of kidney disease). We hypothesize that Kinarm will be able to 

identify impairments in patients with AKI that are not detected using a traditional clinical 

assessment tool, and that patients with AKI will perform worse than patients without 

kidney disease.  
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4.3  Material and Methods 

 

Study Design, Location, Participants, and Data Acquisition  

This prospective observational study was performed at a tertiary academic teaching 

hospital, where eligible patients were recruited from a specialized AKI Follow-up Clinic265. 

Adult (>17 years) patients were eligible if their AKI event occurred recently (< 1 year), 

and had KDIGO stage 2-3 AKI. Patients who were diagnosed as KDIGO stage 1 AKI, were 

eligible for the AKI Follow-up Clinic if they had KDIGO stage 1 AKI with pre-existing 

CKD and/or incomplete kidney recovery at hospital discharge (serum creatinine (Cr) ≥ 

25% of pre-AKI baseline). Patients were excluded if they had any documented history of 

stroke, neurodegenerative disease, neurocognitive impairment, psychiatric diagnosis (e.g. 

schizophrenia), vison loss that was not corrected, were kidney transplant recipients, or had 

a baseline estimated glomerular filtration rate (eGFR) <15mL/min/1.73m2. Informed 

consent was provided before any neuropsychological assessments were performed or 

clinical data was abstracted. The cause of AKI (nephrologist-adjudicated), co-morbidities, 

baseline Cr (defined as the closest value that was 7-365 days prior to the episode of AKI266), 

highest hospital Cr, serum Cr, and eGFR values at both neurocognitive test times, along 

with the AKI KDIGO stages were abstracted from the clinic reports. Demographic 

variables such as ethnicity, handedness, and highest education were collected at the first 

neuropsychological assessment. The study was approved by the Queen’s University and 

Affiliated Hospitals Health Sciences Research Ethics Board and was performed in 

accordance with the Declaration of Helsinki. 
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Healthy Control and Active Control Groups 

For this study, patients recovering from AKI were compared to both a healthy 

control population (RBANS normalizes scores to age, and Kinarm normalizes scores to 

age, sex, and handedness), as well as an active control group that was matched for 

cardiovascular risk factors, such as hypertension and diabetes mellitus which may 

independently affect neurocognitive performance not captured by healthy controls. This 

active cohort was selected from a convenience sample of patients awaiting cardiac 

surgery248,267. These patients were selected on the basis of normal pre-operative kidney 

function and lack of documented neurocognitive impairment and neurocognitive disease. 

By having a clinical control group that was matched for these cardiovascular risk factors, 

it allowed for greater certainty that impairment detected was due to the episode of AKI, 

and not these co-morbidities. Although the mean age of the active control group was 

younger than the cohort of patients with AKI (Table 14), the Kinarm and RBANS 

assessments are normalized to age allowing direct comparisons between groups. We only 

used the pre-operative scores as post-operative neurocognitive impairment may be caused 

by cardiac surgery268.   

Neurocognitive Assessment 

 The neurocognitive assessment was performed two times during the study. The first 

assessment was performed either on the day of consent, or the next clinic appointment. The 

second assessment was then completed on the patient’s next clinic appointment following 

their previous assessment. The mean time between the AKI event and assessments is shown 

in Table 14. The neurocognitive assessment consisted of a standardized clinical assessment 

for measuring cognitive decline or improvement52: The Repeatable Battery for the 
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Assessment of Neuropsychological Status (RBANS), and a robotic assessment that 

quantifies sensory, motor, and cognitive performance53: Kinarm Endpoint Lab (Kinarm)54. 

The assessment took on average one hour and twenty minutes to complete, and was 

administered by trained research staff. We recently demonstrated the feasibility of this 

assessment battery on patients with CKD264. 

The RBANS domains and components, Kinarm task descriptions, and affiliated 

neurocognitive domains are shown in Table 15. Specifically, the RBANS measures 5 

domains: immediate memory, delayed memory, attention, visuospatial, and language. 

These 5 domains are summarized by a composite score, the Total Scale Score. The final 

scores of the RBANS were standardized by age. A score that is < 75.25 (1.65 standard 

deviations (SD) below the mean of 100) was considered impaired264. The mean and 

standard deviation for the RBANS normative population is derived from healthy, age-

matched control individuals16. 

In comparison, Kinarm quantifies performance in the sensory, motor, and cognitive 

domains to produce a summarized performance score known as the task score. This task 

score is based on task parameters, along with spatial and temporal aspects of 

movement58,269. Additionally, the task score is a normalized measure of performance that 

is generated from a large cohort of healthy individuals (range = 94 to 494, depending on 

the task). This healthy cohort provides the values for each task parameter that are used to 

create a Box-Cox transformations, which converts this data into a standard normal 

distribution (mean = 0, standard deviation = 1, distribution symmetric) including regression 

models to factor out the influence of age, sex, and handedness on performance. These 

normalized parameters are then aggregated together and transformed into z-task scores 
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(standard normal distribution) before a final transformation to a positive value such that 

task scores near 0 reflect best performance and values of 1 and 1.96 reflect performance at 

the 68th and 95th percentile respectively, for the healthy cohort. These equations are 

implemented in the software used to run the Kinarm tasks (Dexterit-E, version 3.9) 

generating a normalized measure of performance for each participant in the present study. 

Impairments were defined as a task score >1.96, which corresponds to performance below 

the 95th percentile of the healthy cohort. 

To minimize learning effects on the subsequent assessment, different RBANS 

versions were used for each assessment. For Kinarm, previous research has found that there 

was good retest reliability along with minimal practice effects for most tasks in both 

adults55 and children56, although there is some learning effect for the reverse visual guided 

reaching task269. The Kinarm also uses different variations of the tasks for trails making 

test forms A and B, along with different targets for the task of object hit and avoid. 

Data Analysis  

Descriptive statistics were used to describe the patients’ neurocognitive 

performance. To determine whether there were any significant clinical or demographic 

differences between the AKI cohort and the active controls, a T-test or Fisher’s exact test 

was performed as appropriate, with a p-value <0.05 being deemed significant. Z-task scores 

were used for statistical comparisons between groups regrading Kinarm data. An analysis 

of variance (ANOVA) followed by a Tukey’s HSD post hoc test was used to determine if 

there were any significant differences in performance between the two cohorts at either 

testing time, while accounting for multiple comparisons when investigating if AKI severity 

impacted performance. All graphs and analyses were preformed using R software255. 
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4.4  Results 

 

Enrollment  

Participants with AKI were enrolled from May 2018 through March 2020 (Figure 

11). During this time, 94 patients were screened, 64 were considered eligible, and 43 

consented. Most ineligible patients were discharged from the clinic or were deemed 

unsuitable by the physician due to a psychiatric diagnosis. Of the eligible patients, 11 were 

not interested and 10 were undecided at the time they were approached. Of the 43 patients 

that consented, 15 were not able to undergo any testing due to COVID-19 pandemic 

restrictions, 5 underwent 1 assessment only, 4 withdrew consent, and 3 no longer wished 

to return to clinic. Thus, 16 participants underwent both assessments. The active control 

group was obtained from patients participating in a separate study examining the 

neurocognitive consequences of cardiac surgery. Patients in this group were enrolled 

between April 2014 and December 2019 (Figure 11). During this time, there were 272 

eligible patients of which 91 consented to take part in the study. Of those that consented to 

the study, 88 performed their assessment prior to their cardiac surgery. From this cohort, a 

convenience sample of 21 patients was selected based on their lack of pre-existing kidney 

disease. 

Patient Characteristics  

Clinical and demographic variables for the AKI cohort and the active controls are 

summarized in Table 14. When comparing these groups, demographics such as ethnicity, 

handedness, co-morbidities of diabetes and hypertension, and highest reported education 

were not significantly different (Table 14). Since our active control group was selected on 

the basis of absent pre-existing kidney disease, unsurprisingly there was significant 
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differences with regards to creatinine and eGFR at the time of the first assessment (Table 

14). The active control group was also younger than the AKI cohort. However, both 

RBANS and Kinarm assessments are normalized to age facilitating direct comparison 

between the two groups.  

Demographics specific to the patients with AKI are as follows: 6 (29%) had pre-

existing kidney disease, with an average baseline Cr of 104 umol/L (standard deviation 

(SD) 31 umol/L). During their episode of AKI, 12 patients (57%) required dialysis and had 

a mean highest Cr of 716 umol/L (SD 438 umol/L). 86% (18/21) had KIDGO stage 3 AKI, 

with the remaining 3 patients having either Stage 2 (2/21, 10%) or Stage 1 (1/21, 5%). The 

primary cause of AKI consisted of: sepsis (4/21, 19%), rhabdomyolysis (4/21, 19%), 

cardiovascular related (4/21, 19%), pneumonia (4/21, 19%), and obstruction (3/21, 14%). 

By the first assessment, 9 patients (43%) had recovered to ≤25% of their baseline serum 

Cr.  During the first assessment, the mean Cr and eGFR was 139 umol/L (SD 60 umol/L) 

and 48.3 mL/min/1.73 m² (SD 19 mL/min/1.73 m²) respectively. For the second assessment 

the average Cr and eGFR was 152 umol/L (SD 58 umol/L) and 41 mL/min/1.73 m² (SD 18 

mL/min/1.73 m²). 

Kinarm Quantifies More Impairment Than RBANS In Patients With AKI 

 The mean time in between the episode of AKI and first assessment was 6.8 months, 

and the mean time between the first and second assessments was 4.6 months (Table 14). 

Regarding the neuropsychological battery, little impairment was detected using the 

standardized clinical assessment (RBANS) at both assessments for the patients with AKI 

when compared to healthy control data (Table 15, Figure 12A). At the first assessment, one 

AKI participant was defined as having global impairment using the composite Total Scale 
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Score. At the second assessment, no participants were defined as impaired on the Total 

Scale Score. With regards to the individual domains, participant performance is 

summarized in Table 15. Specifically, at the first assessment few participants were defined 

as impaired in the domains of: visuospatial (3/20), delayed memory (3/20), attention (2/20), 

and immediate memory (1/20). At the second assessment, impaired performance was 

detected in the domains of visuospatial (2/16) and delayed memory (1/16) only (Table 15).  

When comparing patients with AKI to our active control group, there was no 

difference in mean scores for the Total Scale Score (Figure 12A). The only difference noted 

in RBANS performance was in the domain of immediate memory (p-value <0.05), where 

the performance on the second assessment by the AKI cohort was significantly better than 

their performance at baseline (Figure 12A).   

 In comparison to the RBANS, the Kinarm categorized a higher proportion of 

patients with AKI as impaired at both assessments using aged matched healthy controls 

(Table 15, Figure 12B).  At the first assessment, reverse visually guided reaching (11/21), 

visually guided reaching (10/21), and trails making test form A (10/20) categorized the 

highest proportion of patients with AKI as impaired (scores >1.96) (Table 15). These tasks 

specifically measure attention, visuomotor, and executive function (Table 15). The other 

Kinarm tasks: trails making test form B (5/20,  attention, visuomotor and executive 

function), object hit (4/16, attention and visuomotor), object hit and avoid (4/17, attention, 

visuomotor and executive function), ball on bar (3/13, visuomotor and motor range and 

coordination), arm position matching (1/18, proprioception), and spatial span (1/15, 

working memory) demonstrated varying degrees of impairment at the first assessment 

(Table 15). The number of patients that were classified as impaired decreased at the second 
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assessment, however impairments were still detected on 8/9 tasks when compared to the 

healthy age-matched controls. These tasks included: reverse visually guided reaching 

(8/16), trails making test forms A+B (6/15), visually guided reaching (5/16), object hit 

(4/13), object hit and avoid (3/12), ball on bar (2/12), and arm position matching (1/13) 

(Table 15). Spatial span was the only task that did not categorize any patients with AKI as 

impaired on the second assessment (Table 15).  

When comparing Kinarm performance between the patients with AKI and the 

active control group, significant performance differences were also detected on 4/9 tasks 

(Figure 12B). Performance differences between the two groups at the first assessment were 

seen on the tasks of: arm position matching (p-value <0.05), reverse visually guided 

reaching (p-value <0.05), visually guided reaching (p-value <0.01), and trails making test 

form A (p-value <0.001) (Figure 12B). During the second assessment, only one task (object 

hit) was significantly different (p-value <0.05) between the active control group and the 

patients with AKI (Figure 12B). 

Neurocognitive Performance Mirrors Severity of AKI in Kinarm Tasks Measuring 

Visuomotor and Attention 

The above data suggests that, at least for some Kinarm tasks, patients with AKI are 

more impaired at their first assessment but recover some neurocognitive function upon 

repeat testing. To determine whether or not neurocognitive performance mirrored the 

recovery of renal function, the cohort was subdivided on the basis of whether or not they 

recovered to ≤25% of their baseline serum Cr by the time of their first assessment. When 

compared to the active control group, there were no differences in RBANS scores (either 

Total Score or any of the subdomains) for patients that either recovered or did not recover 
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kidney function at either assessment time point (Figure 13A). In contrast, performance on 

the Kinarm tasks of visually guided reaching (visuomotor) and trails making test form A 

(visuomotor, attention) were significantly worse for patients with AKI who had not 

recovered kidney function, compared to active controls (Figure 13B). This significant 

difference was seen at the first assessment only (Figure 13B). For patients that had 

recovered their kidney function, performance on the Kinarm tasks were similar to the active 

control group, with the exception of trails making test form A where they performed 

significantly worse than the active controls, but again at the first assessment only (Figure 

13B).   

 The need for dialysis was also used as an indicator for the severity of AKI. There 

was no significant difference in performance between the active control participants and 

the participants with AKI regardless of the need for dialysis on any of the sections of the 

RBANS (Figure 14A). When comparing performance on the Kinarm assessment, only the 

task of trails making test form A demonstrated significant differences between the groups 

(Figure 14B). Patients with AKI performed worse than the active control patients at the 

first assessment, regardless of the need for dialysis (Figure 14B). This difference did not 

persist at the second assessment. 
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4.5  Discussion 

 

Although neurocognitive impairment is highly prevalent in patients with chronic 

kidney disease235, the impacts of AKI on the brain are largely unknown. This is the first 

prospective study to quantify neurocognitive functioning in patients who experience a 

single episode of AKI. We demonstrated that robotic technology was able to quantify 

subtle impairments in patients who experience an episode of AKI, which were not detected 

by a traditional assessment (RBANS). Particularly, impairment were seen in the domains 

of attention, visuomotor, and executive function when compared to healthy controls. When 

compared to a control group matched for cardiovascular risk factors (but with no history 

of kidney disease), patients with AKI on average performed worse and had significantly 

different scores in the domains of attention, visuomotor, and executive function. In 

addition, performance on tasks was generally not affected by whether or not renal recovery 

had occurred or if dialysis was required, although the numbers for subgroup analyses were 

low, thus limiting our ability to draw causal inferences about the association between AKI 

and neurocognitive performance.  

 For the majority of our cohort of patients with AKI, no impairment was detected 

using a common neuropsychological screening battery for neurocognitive impairment. 

Robotic technology however, was able to quantify robust and often profound impairments 

in several neurocognitive domains (5-52% impairment, Kinarm task dependent). This is 

similar to what we have demonstrated in patients with CKD264, although the impairments 

in patients with AKI were not as severe. These impairments were detected in approximately 

25% of the AKI cohort who were impaired at both initial and follow up assessments, when 

compared to healthy aged, sex matched controls. Subtle impairments in attention, executive 
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function, and visuomotor abilities may lead patients to have a lower quality of life, and 

experience difficulties in everyday tasks. Presently however, follow-up data regarding 

maintenance and quality of life for patients with AKI post-hospitalization is limited270, and 

will need to be addressed in future research. 

Interestingly, patients who experience an episode of AKI on average performed 

worse when compared to an active control group on tasks that measured attention, 

visuomotor, and executive function. Also notable, worse performance was detected on a 

task that measured attention and visuomotor capabilities regardless of the severity of AKI. 

The mechanisms underlying this impairment are not clear. However, an animal model of 

acute kidney injury demonstrated that mice developed acute locomotor dysfunction, 

presumably related to high levels of circulating inflammatory cytokines in addition to 

astrocyte and microglial activation271. Future studies should aim to characterize the 

relationship between neurocognitive, kidney recovery, systemic inflammatory markers, 

and imaging evidence brain pathology. Additionally, further investigation and stratification 

via cause of AKI may prove insightful.  

 This is the first prospective observational study to demonstrate quantitative deficits 

in neurocognitive function in individuals after a single episode of AKI.  However, our study 

has several limitations. First, the follow-up rate was lower than anticipated. The main 

reason for this was the COVID-19 pandemic, as many of the patients that were recruited 

were done so in the months immediately preceding the pandemic. Our hospital also 

transitioned primarily to virtual visits, which precluded neurocognitive follow-up for a 

large proportion of our cohort. Secondly, our single-centre design limits external 

generalizability, as our study only included Caucasian individuals, which reflects our local 
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demographics (only 5% of our region identified as a visible minority)272. This however this 

is not reflective of the general AKI population13. Thirdly, we compared Kinarm to RBANS, 

which although comprehensive, is not a substitute for a full neuropsychological battery 

administered by a trained neuropsychologist. Finally, to discern if AKI is the sole cause of 

the neurocognitive impairment, a larger cohort is needed to untangle the independent 

effects of AKI from other important covariates, such as underlying precipitant, severity of 

disease, and co-morbid illnesses.  

 Despite these limitations, this study has the following strengths. Importantly, this 

study has a well-defined AKI survivor population that was collected from a specialized 

AKI referral clinic within a year of the event. Secondly, we used novel robotic technology 

that provides robust, objective, and quantifiable data on neurocognitive performance, 

allowing for detection of subtle impairments. Thirdly, we used both healthy control data 

that was matched to age and sex, along with a matched active control group to quantify the 

neurocognitive impairment experienced in patients with AKI. Lastly, we are the first 

investigators to longitudinally investigate the neurocognitive performance after an episode 

of AKI, demonstrating that impairments are common (and can be severe), which 

emphasises the need to perform neurocognitive assessments (or at least screening) early in 

the care of these patients. This study will help guide future research regarding the 

quantification of neurocognitive impairments experienced by those that survive an episode 

of AKI.  
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In summary, this is the first study to quantify impairment in individuals after a 

recent episode of AKI. By using robotic technology we were able to quantify subtle 

impairments in attention, executive function, and visuomotor function that were not 

detected by a routine clinical assessment. Patients with AKI performed worse than 

individuals matched for age, sex, and handedness, as well patients matched for 

cardiovascular risk factors. Further studies are needed to discern the true extent of this 

impairment and how it affects the patients’ quality of life, including implications for how 

the cognitive health of survivors of should be assessed and managed. 
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4.6  Tables 

Table 14: Patient Characteristics: Acute Kidney Injury and Cardiac 
Patient Characteristic 

 
AKI 

(N= 21) 

Active Control 

(N=21) 

P value 

Age (Mean, Range) 71.4 (57-84) 63.9 (53-79) <0.01 

Sex (N, %)    

Male 16 (76.2%) 19 (90.5%) >0.05 

Handedness (N, %)    

Right 20 (95.2%) 20 (95.2%) >0.05 

Ethnicity (N, %)    

Caucasian  21 (100%) 21 (100%) >0.05 

Highest Reported Education (N, %)    

High School 

College or University 

Masters 

Unknown 

7 (33.3%) 

13 (61.9%) 

1 (4.8%) 

0 (0%) 

9 (42.9%) 

8 (38.1%) 

3 (14.3%) 

1 (4.8%) 

>0.05 

Co-morbidities (N)    

Diabetes 

Hypertension 

Cardiovascular a 

Cancer b,c 

Other d,e 

9 

8 

21 

7 

26 

5 

12 

21 

2 

22 

>0.05 

>0.05 

Cause of AKI (N, % of Total N)    

Cardiovascular f 

Infection g 

ATN 

Rhabdomyolysis 

Obstruction h 

Other i 

4 (19.0%) 

6 (28.6%) 

3 (14.3%) 

4 (19.0%) 

3 (14.3%) 

8 (38.1%) 

  

KDIGO AKI Stage (N, %)    

Stage 1  

Stage 2 

Stage 3 

1 (4.8%) 

2 (9.5%) 

18 (85.7%) 

  

Recovered ≤25% of Kidney Function (N, %)    

Yes 

No 

9 (42.9%) 

12 (57.1%) 

  

Baseline Parameters Before Incident AKI     

Baseline Creatinine (Mean, Range) umol/L* 104.1 (67-198)   

Existing Renal Disease (N, %) 

Yes 

No 

Unknown 

 

6 (28.6%) 

14 (66.6%) 

1 (4.8%) 

 

0 (0%) 

21 (100%) 

0 (0%) 

 

<0.01 

Hospital AKI Data    

Highest Hospital Creatinine (Mean, Range) 

umol/L 

715.5 (271-1762)   

Required Dialysis  

Yes 

No 

 

12 (57.1%) 

9 (42.9%) 

  

First cognitive testing (N=21)    

Months Between AKI incident and Test 1 (Mean, 

Range) 

6.8 (2-15)   

Creatinine (Mean, Range) umol/L 139.2 (68-361) 81.3 (65-111) <0.001 

eGFR (Mean, Range) mL/min/1.73 m² 47.7 (10-98) 84.9 (59-104) <0.0001 

Second cognitive testing  (N=16)    

Months Between Test 1 and Test 2 (Mean, 

Range)* 

4.6 (4-14)   

Creatinine (Mean, Range) umol/L* 151.5 (76-338)   

eGFR (Mean, Range) mL/min/1.73 m²* 41.4 (11-93)   
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Table 14: Summary of baseline characteristics for the AKI and Cardiac Cohorts. 

Abbreviations: AKI - Acute Kidney Injury, ATN - Acute Tubular Necrosis, eGFR - 

estimated glomerular filtration rate, KDIGO - Kidney Disease Improving Global 

Outcomes. * Indicates excluded values that were unknown or not available at the time of 

assessment, as one patient’s pre-AKI creatinine was unknown at the time of the AKI 

incident and 5 patients did not complete their second assessment. Significant differences 

between the AKI and cardiac cohort are bolded.  

Note: the cause of AKI and patient co-morbidities were multifactorial for the majority of 

patients. Therefore if AKI was caused by more than one attribute (ex. infection and 

obstruction), or the patient had more than one co-morbidity in each section (ex. 

dyslipidemia and gout) it was accounted for in both sections or in the same section 

depending on the classification.  

a AKI cardiovascular co-morbidities: coronary artery disease (N=7), atrial fibrillation 

(N=4), peripheral vascular disease (N=3), pacemaker (N=2), heart failure (N=2), deep vein 

thrombosis (N=1), transcatheter aortic valve implantation (N=1), and aortic valve 

replacement (N=1). 

b AKI cancer co-morbidities: ovarian (N=2), prostate (N=2), colon (N=2), gastric (N=1), 

and lung (N=1). 

c Cardiac cancer: ovarian (N=1), and prostate (N=1).  

dAKI other co-morbidities: sleep apnea (N=6), dyslipidemia (N=4), chronic obstructive 

lung disease (N=4), gout (N=3), hypothyroidism (N=3), osteoarthritis (N=3), 

gastroesophageal reflux disease (N=2), and achondroplasia (N=1).  

eCardiac other: dyslipidemia (N=7), hypothyroidism (N=3), sleep apnea (N=3), 
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osteoarthritis (N=3), gastroesophageal reflux disease (N=2), chronic obstructive 

pulmonary disease (N=2), kidney stones (N=1), and Gilbert Syndrome (N=1). 

f Cardiovascular causes of AKI: cardiac surgery (N=3), and heart failure (N=1).  

g Infection causes of AKI: sepsis (N=4), viral gastritis (N=1), and infection unspecified 

(N=1).  

hObstruction cause of AKI: obstructive neuropathy (N=1), bladder obstruction (N=1), and 

obstruction unspecified (N=1).  

iOther cause of AKI: pneumonia (N=4), contracted induced (N=2), hepatorenal (N=1), and 

hyperkalemia (N=1).  
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Table 15: Neurocognitive Battery Tasks, Task Components and Descriptions, Domains 

Assessed, and Test Performance For Acute Kidney Injury and Cardiac Patients  
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Table 15: The neurocognitive battery performed by patients. The battery is comprised of: 

The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) and 

Kinarm. The table also depicts the domains assessed and tasks that make up these domains 

for the RBANS, and the Kinarm’s task descriptions. Test performance and number of 

patients who completed the task at each time point are also included, along with the active 

control group. Patients with AKI did not complete tasks mainly due to time constraints. 

The number of impaired was determined by a score outside the 95% cut off (RBANS: 

<75.25, Kinarm: >1.96). * One patient did not complete the ball on bar task in the active 

control group, making the N value for that task 20. All other tasks for the active control 

group had an N value of 21. 
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4.7  Figures 

 

 
 

Figure 11: Consort diagrams for AKI and Cardiac Cohorts. AKI recruitment was from May 

2018 to March 2020. Note: for the patients with AKI that were deemed unsuitable, this was 

determined by the physician due their psychiatric diagnosis. The cardiac patients were 

selected from a group of patients who were awaiting cardiac surgery between April 2014 

and December 2019.  
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Figure 12: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) and Kinarm assessments for both cohorts. Figure 12A: depicts the performance 

on the RBANS. Figure 12B: depicts performance on the Kinarm using Z-scores. In both 

graphs the dashed red line represents the 95th percentile cut off for normative performance 

(RBANS: <75.25, Kinarm: >1.96). In Figure 12A performance below the red line indicates 

impairment, whereas in Figure 12B anything above the line indicated impairment. * 

indicates performance was significantly different by <0.05, ** indicates significantly 

different by <0.01, and *** indicates significance <0.001.   

B

  C 
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Figure 13: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) and Kinarm assessments for both cohorts with regards to if the patients with 

AKI recovered ≤25% of their kidney function or not by their first assessment. Figure 13A: 

Performance on the Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS). Note: the red dashed line at 75.25 represents the 95th percentile cut off and 

anything below the line indicates impaired neurocognitive performance. Figure 13B: 

Performance on the Kinarm. Note: the red dashed line at 1.96 represents the 95th percentile 

cut off and anything above this line indicates impaired neurocognitive performance. * 

denotes a significant difference in score with a p-value<0.05, ** indicates a p-value <0.01.  
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Figure 14: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) and Kinarm assessments for both cohorts with regards to if the patients with 

AKI required dialysis or not during their hospitalization. Figure 14A: Performance on the 

Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). Note: the 

red dashed line at 75.25 represents the 95th percentile cut off and anything below the line 

indicates impaired neurocognitive performance. Figure 14B: Performance on the Kinarm.  

Note: the red dashed line at 1.96 represents the 95th percentile cut off and anything above 

this line indicates impaired neurocognitive performance. * denotes a significant difference 

in score with a p-value<0.05, ** indicates a p-value <0.01.  
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Chapter 5 

 

Cerebral Oxygenation In Hemodialysis Patients - A Feasibility Study 
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5.1  Abstract 

 

Background: Patients on hemodialysis (HD) are known to exhibit low values of regional 

cerebral oxygenation (rSO2) and impaired neurocognitive functioning. The etiology of 

both is currently unknown.    

Objective: To determine the feasibility of serially monitoring rSO2 in patients initiating 

HD. Additionally, we sought to investigate how rSO2 is related to hemodynamic and 

dialysis parameters.   

Design: Prospective observational study. 

Setting: Single-centre tertiary academic teaching hospital in Ontario, Canada. 

Participants: Six patients initiating HD were enrolled in the study.  

Methods: Feasibility was defined as successful study enrollment (>1 patient/month), 

successful consent rate (>70%), high data capture rates (>90%), and assessment 

tolerability. rSO2 monitoring was performed 1 time/week for the first year of dialysis. A 

neuropsychological battery was performed three times during the study: before dialysis 

initiation, 3 months, and 1 year post dialysis initiation. The neuropsychological battery 

included a traditional screening tool: The Repeatable Battery for the Assessment of 

Neuropsychological Status, and a robot-based assessment: Kinarm. 

Results: Our overall consent rate was 33% and our enrollment rate was 0.4 

patients/month. In total 243 rSO2 sessions were recorded, with a data capture rate of 

91.4% (222/243) across the 6 patients. Throughout the study no adverse interactions were 

reported. Correlations between rSO2 with hemodynamic and dialysis parameters showed 

individual patient variability. However at the individual level, all patients demonstrated 

positive correlations between mean arterial pressure and rSO2. Patients that had more than 
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3 liters of fluid showed significant negative correlations with rSO2. Less neurocognitive 

impairment was detected after initiating dialysis. 

Limitation: This small cohort limits conclusions that can be made between rSO2 and 

hemodynamic and dialysis parameters.  

Conclusions: Prospectively monitoring rSO2 in patients was unfeasible in a single 

dialysis unit, due to low consent and enrollment rates. However, rSO2 monitoring may 

provide unique insights into the effects of HD on cerebral oxygenation that should be 

further investigated.  

Trial Registration: Due to the feasibility nature of this study, no trial registration was 

performed. 
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5.2  Introduction 

 

Patients with end stage kidney disease undergoing hemodialysis (HD) are known 

to have moderate to severe neurocognitive impairments, which may go undiagnosed unless 

formal testing is performed273. When examined, patients demonstrate global 

neurocognitive impairment273–275, with particular deficits in the domains of executive 

function274,276, memory276, and attention276. Despite the high prevalence of neurocognitive 

impairment in patients undergoing HD, the underlying cause is unknown.   

Although the causes of neurocognitive impairment are multi-factorial, it is possible 

that the process of HD causes detrimental effects to the brain. Particularly, HD may 

increase the incidence of stroke277, cause systemic circulatory stress by affecting vulnerable 

perfusion-dependent vascular beds278, and produce significant shifts in acid/base 

balance279. Decreases in white matter integrity204, along with an increased incidence of 

silent infarcts280 have also been documented. Prospective serial monitoring of cerebral 

perfusion has not been performed in patients initiating HD.  

Regional cerebral oxygenation (rSO2) is a surrogate marker for cerebral perfusion, 

and may provide insight into the deleterious cerebral effects of HD. rSO2 can be measured 

using near-infrared spectroscopy (NIRS), which has been extensively used in cardiac 

surgery43, and has been shown to linearly correlate with CT perfusion281,42. NIRS was 

selected for this study as it relatively inexpensive in comparison to magnetic resonance 

imaging, is portable and requires little training in order to setup, is non-invasive, and allows 

for continuous monitoring while producing a real-time assessment of the oxygenation 

status of hemoglobin41,282. Studies comparing rSO2 before dialysis initiation to control 

subjects demonstrated that dialysis patients had lower rSO2 levels than controls, with 
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values being 40-55% and 70% respectively41,44–46. In addition, lower rSO2 levels have been 

measured in the frontal lobe and extremities during HD, suggesting that tissue ischemia 

may be occurring46. Finally, rSO2 levels have also been negatively correlated with blood 

pH, diabetes, and the duration of time the patient has been on HD283. In addition to NIRS, 

studies using other imaging modalities have investigated the impact of dialysis on the brain. 

In particular, a study using diffuser tensor imaging was able to investigate the structural 

integrity of patients receiving HD and determined that neurocognitive deficits were 

correlated with white matter damage49. Additionally, positron emission tomography–

computed tomography determined that global cerebral blood flow decreased by 10+/-15% 

by the end of a dialysis session284, and Doppler studies have confirmed this decline and 

further added that cerebral blood flow declines were related to intradialytic neurocognitive 

impairment50.  

Our overall hypothesis is that repetitive cerebral hypoperfusion during HD 

contributes to the neurocognitive impairment reported in patients undergoing HD. 

However, the feasibility of prospectively monitoring rSO2 in patients initiating HD 

however is unknown. Therefore, the primary objective of the study was to assess the 

feasibility of serially monitoring rSO2 weekly for one year after HD initiation. Secondly, 

relationships between rSO2 with hemodynamic and dialysis parameters were examined, 

along with changes in patient neurocognitive performance after the initiation of dialysis. 
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5.3  Material and Methods 

 

Study Design, Location, Participants, and Data Acquisition  

This prospective observational study was performed at an academic teaching 

hospital. Eligible patients were recruited from a multidisciplinary chronic kidney disease 

(CKD) clinic if they were >17 years old and had chosen in-centre HD as their kidney 

replacement therapy. Patients were excluded if they had any documented history of stroke 

or neurodegenerative disease. Patients who also chose home based kidney replacement 

therapy (home HD or peritoneal dialysis (PD)) were also excluded. All patients provided 

informed consent before any monitoring or neuropsychological testing was performed. The 

cause of CKD and co-morbidities were abstracted from clinic reports. Ethnicity, primary 

language, handedness, and highest education were collected at the first neurocognitive 

assessment. All hemodynamic and dialysis parameters were collected by Cordiax 5008 

dialysis machine in 15 minute intervals during the dialysis sessions. These parameters 

included: heart rate, blood pressure, total fluid removed, ultrafiltration rate, dialysate 

temperature, and pre and post dialysis weight. The study was approved by Queen’s 

University and Affiliated Hospitals Health Sciences Research Ethics Board. 

Feasibility Definition  

 Feasibility was defined as: 1) successful patient enrollment (defined as >1 

patient/month), 2) successful informed consent (defined as >70%), 3) high rSO2 data 

capture rates (>90%), and 4) rSO2 sensor monitoring tolerability. 
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rSO2 Monitoring  

 The CASMED Foresight cerebral oximeter was used to capture rSO2 during HD. 

rSO2 monitoring occurred on the first dialysis day of the week (Monday or Tuesday 

dialysis schedule dependant) for the patients’ first year of dialysis. The CASMED oximeter 

captures and displays the patient’s rSO2 level every 2 seconds for the 4 hours they receive 

their dialysis treatment. Each sensor is 5 centimeters (cm) in length and is placed directly 

on the forehead, allowing near-infrared light to penetrate roughly 2.5 cm into the frontal 

cortex 285. 

Neurocognitive Assessment 

 Neurocognitive assessments were performed at three time points: prior to initiation 

of HD, 3 months, and 1 year after HD initiation. The assessment included the Repeatable 

Battery for the Assessment of Neuropsychological Status (RBANS), and a robotic 

assessment using the Kinarm Endpoint Lab54 (Kinarm). This battery has recently been 

proven feasible in quantifying neurocognitive impairment in those with CKD264, and took 

approximately one hour and twenty minutes to complete. 

The RBANS and Kinarm task components and descriptions are itemized in Table 

16. The RBANS tests 5 domains: immediate memory, delayed memory, attention, 

visuospatial, and language, and is summarized with a composite score (Total Scale Score). 

Kinarm Standard Tests were used to quantify sensory, motor, and cognitive functions 

associated with the upper limbs53. This robotic assessment provides objective and 

quantitative measures of neurocognitive performance, and has been shown to detect more 

impairment in patients with CKD, compared to traditional testing264. Kinarm Task Scores 

are a composite summary score characterizing patient performance by incorporating a 
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number of spatial and temporal parameters. These Task Scores are corrected for age, sex, 

and handedness, that is then transformed into a positive score, where 0 denotes best 

performance possible and 1.96 denotes the 95th percentile for neurologically healthy 

performance. RBANS scores are normalized by age only. We defined impairment as scores 

beyond the 95th percentile, as it allows for greater certainty of true impairment. Therefore, 

a score of <75.25 (1.65 standard deviation (SD)) on the RBANS, and a score >1.96 on 

Kinarm were considered impaired.  

Data Analysis  

We used descriptive statistics to describe neurocognitive performance. 

Additionally, significant change in performance on Kinarm were calculated using 

significant change thresholds and confidence intervals, which is described in Simmatis, et 

al. 2020269. To determine if hemodynamic and dialysis parameters were related to rSO2, 

Pearson correlation plots were created using the p-values with a 95% confidence level. We 

acknowledge that due to the vast amount of data available to analyze for each individual 

patient, spurious associations may be identified. Therefore we will characterize the 

associations based on Cohen’s work286 as either small association (questionable clinical 

significance; r<0.2), moderate association (r=0.3-0.4), and strong association (r>0.5). All 

analyses were performed using R Studio255.  For completeness, both the Pearson correlation 

coefficients (r-value) and p-values are included for both the cohort as a whole and per 

individual patient (Table 17). 
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5.4  Results 

 

Feasibility 

Participants were enrolled from June 2015 till March 2019. During that time 255 

patients were assessed, and 58 were considered eligible (Figure 15). The majority of 

patients were not eligible due to their renal replacement therapy of choice being PD (Figure 

15). Of the 58 patients: 21 were not interested, 12 asked to be approached again, 6 had not 

decided on their dialysis modality when approached, and 19 (33%) consented (Figure 15). 

Of those 19, 9 withdrew from the study, 3 required unexpected emergency dialysis before 

completing their neuropsychological assessment, and 1 switched to home HD (Figure 15). 

Thus, 6 patients completed the study in its entirety (Figure 15). Therefore, roughly 1/3 of 

the eligible population was enrolled (19/58), and of those enrolled roughly 1/3 completed 

the study (6/19). The overall recruitment rate was 0.40 patients/month. 

When examining the data capture rates of rSO2 between the six patients there was 

a total of 243 rSO2 data sessions recorded. Five patients completed a year of rSO2 

monitoring, while one had 8 months of monitoring due to the need to transfer to a satellite 

dialysis clinic. Of the 243 sessions, it was determined that 91.4% (222/243) were 

successful. A successful data capture session was defined as any session that had less than 

5 minutes of rSO2 data missing, equating to approximately 2% of the data session missing. 

The main reason for missing data was due to the sensor lifting from the forehead causing 

ambient light to interfere with the rSO2 reading. Lastly, during each dialysis session the 

patient was monitored to ensure that there were no adverse reactions from the sensors 

adhesive. Throughout the study no reactions were detected.  
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Patient Characteristics  

Patient demographics are located in Table 18. The mean age of the participants was 

68.5, all spoke primarily English, and were right hand dominant (Table 18). Five out of the 

six patients were male and had a highest education of grade 12 and above (Table 18). 

Diabetic nephropathy was the primary cause of CKD (5/6), along with hypertension (1/6), 

and focal segmental glomerulosclerosis (1/6) (Table 18). Diabetes (5/6), hypertension 

(5/6), and cardiovascular disease (4/6) were all common co-morbidities in the cohort (Table 

18). This cohort’s baseline characteristics were comparable with regards to age, education 

level, history of diabetes or hypertension when compared to our published data of patients 

with stage 5 CKD from the same centre264.  

All Patients Showed Consistent Positive Correlations Between rSO2 and Mean Arterial 

Pressure.  

 The relationship between the hemodynamic parameters of mean arterial pressure 

(MAP) and heart rate with rSO2 were investigated. rSO2 and MAP were positively 

correlated for all study patients (r range= 0.19 to 0.45) (Figure 16A). Although there were 

individual patient variability regarding heart rate (pulse) and rSO2, all six patients showed 

a significant correlations (both positive and negative, r range= -0.28 to 0.44) (Figure 16B). 

All individual and group correlation r and p-values are summarized in Table 17 along with 

a summary figure of the combined groups’ performance (Figure 17).   

Total Fluid Removed Showed a Moderate Correlation With rSO2 

 The dialysis parameters of total fluid removed, dialysate temperature, and 

ultrafiltration rate were investigated with relation to rSO2. Negative associations were 

found between total fluid removed and rSO2. These correlations were only present in the 
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four patients who on average, had more than 3L of fluid removed (r range= -0.43 to -0.29) 

(Figure 18A). Both dialysate temperature and ultrafiltration rate showed few correlations 

with and rSO2 at the patient level. Regarding ultrafiltration rate, only 2 patients exhibited 

moderate negative correlations (r= -.43, -0.33) the rest showed no association (Figure 18B). 

Dialysate temperature was not associated with rSO2 in 5/6 patients in our cohort (Figure 

18C).  

Dialysis Vintage Was Strongly Correlated With rSO2 

The effects of dialysis vintage on rSO2 was also assessed. Although there was 

individual patient variability, all 6 patients demonstrated strong correlations (r range= -

0.68 to 0.89) (Figure 19).  

Neurocognitive Outcomes  

 All patients completed the RBANS (standardized assessment) and Kinarm (robotic 

assessment) at the baseline (stage 5 CKD) and 3 month assessment intervals. However, 

two patients did not complete the 1 year follow up assessment, as one patient transferred 

to a satellite clinic and the other expired. No impairment was detected for any patient at 

any of the time intervals for the total scale score on the RBANS, which is indicative of 

global performance (Figure 20A). Regarding the attention domain two patients were 

impaired at baseline. The domains of visuospatial, immediate memory, and delayed 

memory demonstrated 1 patient as impaired at baseline (Figure 20A). After 3 months of 

dialysis, performance was almost identical with the exception of the immediate memory 

domain, in which no patient was impaired on (Figure 20A). At the one year follow up, only 

the domains of attention and immediate memory had 1 patient as impaired (Figure 20A).  
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The Kinarm assessment identified more impairment at baseline, with 8/9 tasks 

categorizing at least one patient as impaired (Figure 20B). The task of visually guided 

reaching which measures visuomotor capabilities showed the most impairment at baseline 

with 4/6 patients scoring outside the normative range (Figure 20B). Tasks measuring 

proprioception, visuomotor, attention, memory, and/or executive function showed 1 to 3 

out of the 6 patients as impaired (Figure 20B). Once dialysis was initiated, improvement 

was seen on all but 3 tasks (arm position matching (1/6), object hit and avoid (1/6), and 

Trails Making Test B (3/6)) (Figure 20B). One task (ball on bar) which measures motor 

range and visuomotor capabilities was impaired at 3 months for one patient but not at 

baseline (Figure 20B). All tasks except reverse visually guided reaching (1/4) demonstrated 

no clinical impairment in the four individuals who completed the 1-year testing (Figure 

20B). When investigating individual significant change in performance across the time 

intervals for the Kinarm, it was determined that the tasks of: visually guided reaching (3/6 

at 3 months, 2/6 at 1 year), and trails making test A (2/6 at 3 months, 1/6 at 1 year) and B 

(3/6 at 3 months, 2/6 at 1 year) demonstrated the most improvement after dialysis initiation. 

Arm position matching also demonstrated that 2/6 patient’s performance significant 

improved, along with 1/6 patients on object hit and object hit and avoid after 3 months of 

dialysis (Figure 20B). 
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5.5  Discussion 

 

The mechanisms that contribute to the neurocognitive impairment in patients 

undergoing HD are poorly understood. This study investigated whether repetitive cerebral 

hypoperfusion contributed to neurocognitive impairment in patients initiating HD, by 

determining the feasibility of serially monitoring rSO2 for a patients’ first year of HD. 

Although our data capture rate was 91.4%, the low enrollment and consent rates at a single-

centre were identified as the main impediments to the feasibility of this study. Individual 

patient variability was present throughout the study with regards to neurocognitive 

performance, hemodynamic and dialysis parameters, and rSO2.  

This study was ultimately unfeasible due to the low consent (33%) and recruitment 

(0.4 patients/month) rates at a single-centre level. Notably however, of 255 eligible 

patients, 197 were ineligible due to a previous neurological disease or selection of at home 

HD or PD, which drastically limited our potential study pool. Interestingly however, poor 

patient enrollment has already been highlighted as a factor that limits the extent of clinical 

and transitional research in nephrology287. A survey on medical research participation in 

individuals without CKD determined that although the majority of participants reported 

they were willing to participate in research (59-86%), only 11% participated288. 

The average consent and enrollment rates for patients undergoing HD to participate 

in research is scarce, but would be important to identify, as it would provide benchmarks 

for future feasibility studies. To understand our feasibility metrics, we have identified a 

convenience sample of 12 feasibility studies regarding patients undergoing HD214,289–299 

that contextualize our findings. Of the studies that provided study durations, the calculated 

enrollment rates ranged from 2.4 to 40 patients/month290,291,295–299. Consent rates ranged 
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from 29 to 72%, with a study completion rate range from 70 to 100%214,290,291,293,296–299. 

Therefore, our enrollment rate was lower than these studies at 0.4 patients/month, but our 

consent (33%) rate was comparable.  

Since low enrollment and consent rates were the major factors affecting the 

feasibility of our study, strategies to improve these metrics are important to identify. 

Firstly, 10 patients were considered ineligible because they had selected home HD. Home 

rSO2 monitoring could be considered to account for patients who choose to dialyze at 

home, which could increase the enrollment rate and generalizability, as both HD and PD 

patients could be enrolled. Secondly, 3 consented participants were considered ineligible 

because they required emergent HD prior to completing baseline neurocognitive 

assessment. Determining when a patient will require dialysis is difficult due to the 

complexity of the disease300. Therefore, a strategy to improve enrollment of these 

individuals could be to implement screening measures such as the mini-mental state exam 

(MMSE) at the time of consent. However, a caveat with screening tools such as the MMSE, 

is they may not be sensitive enough to detect subtle cognitive deficits239.  For instance, the 

RBANS did not detect any global impairment in our cohort, whereas the majority of 

patients demonstrated objective and quantifiable impairment with the robotic testing. 

Another way to include patients who require emergency dialysis, would be to recruit 

patients who have been on dialysis for less than a month. However the challenge with this, 

is that it has been determined that a single episode of dialysis may impact cognitive 

performance214. Lastly, challenges regarding recruitment may be in part remedied by the 

patient’s radius to the dialysis unit and centre. Our centre receives patients from a vast 

geographic area and includes multiple satellite units. More urban centres may have more 
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eligible patients available to them as patients are closer to the treatment centre, and these 

dialysis units may have a larger capacity.  

Our study focused on individual data versus group data with regards to determining 

the associations between rSO2 and related variables. We have previously demonstrated 

significant inter-individual variability in the association between rSO2 and the 

hemodynamic variables of MAP and HR in critically ill patients, which may be lost when 

group data is pooled301. The present study would suggest that patients undergoing HD have 

similar inter-individual variability. Should cerebral hypoperfusion be identified as a risk 

factor for neurocognitive impairment in individuals undergoing HD, the high inter-

individual variability would limit any “one-size fits all” approach to optimizing cerebral 

perfusion during dialysis.   

Surprisingly, the quantitative deficits identified with Kinarm improved after the 

initiation of dialysis in our cohort. This is not consistent with prior studies60,302. However, 

the impairments that were detected (visuomotor, attention, and executive function) were 

similar to what we discovered in our CKD population using the same neurocognitive 

battery264. Given the small sample size of our study, it is difficult to speculate as to why 

our data differs, or if this trend would remain with a larger sample. Neurocognitive 

improvement in this cohort may be due in part to the fact that this robotic tool is assessing 

neurocognitive domains not previously studied extensively in patients with CKD receiving 

HD. Additionally, it has been postulated that the complex nature of the Kinarm tasks 

measure both cortical and subcortical brain areas through the use of the sensorimotor 

circuits which involve subcortical structures such as the basal ganglia and cerebellum, 

along with cortical areas such as the frontalparital cortex known to be involved in skilled 
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goal directed motormovements303. However, imagining would be needed in order to 

determine the precise cortical areas of activation per Kinarm task.  

In addition to the small sample size, this study has several limitations.  First, a major 

limitation of using NIRS is that the sensor only penetrates 2.5 cm285 through the skull into 

the frontal lobe. While this technology can determine the oxygenation status of cortical 

tissue and its immediately adjacent subcortical white matter, it likely does not assess the 

deeper subcortical tissues known to be affected in patients with kidney disease304,305.  

Secondly, we did not screen our patients for mood disorders, such as depression, which is 

known to be confounding variable for neurocognitive performance189, and such 

information would be important to obtain in future work. 

 In summary, serially capturing rSO2 data during a patients’ first year of dialysis 

was unfeasible in a single dialysis unit given the low consent and enrollment rates. 

However, data capture rates were >90% and interesting associations with respect to MAP, 

total fluid removed, and dialysis vintage with rSO2 were identified at the individual patient 

level. Future studies are needed to determine the true extent of impairments caused by HD, 

and how this process affects the patient’s rSO2 levels, cognition, quality of life, and 

mortality.  
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 Tables 

 

Table 16: Neurocognitive Battery Tests with Task Components and Descriptions: 

Feasibility 

 
Neurocognitive 

Test 

Domain/Task Task Components and Description 

RBANS Attention Digit Span, Symbol Coding  

Immediate Memory List Learning, Story Memory 

Delayed Memory List Recall, List Recognition, Story Recall, Figure Recall 

Visuospatial Figure Copy, Line Orientation 

Language  Picture Naming, Semantic Fluency 

Total Scale Score  A summary score based on the performance on all the 

RBANS domains. It is a represents the global performance 

on the RBANS assessment. 

Kinarm Arm Position 

Matching  

The robot moves one of the patient’s arms. Patients are then 

asked to mirror match this position with the other arm. This 

task measures proprioception and somatosensory. 

Ball on Bar A bar appears between the patients 2 hands with a ball on 

top of it. The patient is then asked to move the ball into 

targets that appear on the screen. There are three levels with 

increasing difficulty, where the ball goes from being fixed 

in position to being able to freely move and fall off the bar 

(depending on how level the patient keeps the bar). This 

measurers visuomotor skill, motor range, and coordination. 

Object Hit Paddles appear at the patients hands and they are instructed 

to hit as many balls (which fall from the top of the screen) 

away as possible. As the task progresses the quantity and 

speed at which the balls fall increases. Measures attention 

and visuomotor capabilities. 

Object Hit and Avoid Similar to object hit, but this time 2 shapes are shown to the 

patient which they are instructed to hit while avoiding all 

the other distractor targets. Again, as the task progresses the 

quantity and speed at which the targets fall increases. 

Measures attention, visuomotor, and executive function. 

Visually Guided 

Reaching  

A target appears on the screen and the patient is asked to 

move the dot that represents their hand into the target as 

quickly and accurately as possible. A measure of 

visuomotor capabilities. 

Reverse Visually 

Guided Reaching 

Similar to visually guided reaching, but the light 

representing their hand now moves in the opposite direction 

of the arm movement. Measures visuomotor capabilities 

and executive function.  

Spatial Span The patient is shown a sequence and is then asked to 

replicate it. The length of the sequence depends on if the 

patient got the previous sequence correct or not. A measure 

of working memory. 

Trail Making Test A The patient is asked to connect the numbers 1 to 25 in order 

as quickly as possible. The number arrangement is 

predetermined and no connecting lines may overlap. 

Measures visuomotor and attention. 
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Trail Making Test B Similar to TMT-A, but the patient is now asked to alternate 

between number and letters (1-A-2-B-3) as quickly as 

possible. Like TMT-A the arrangement is predetermined 

and no connecting lines may overlap. A measure of 

visuomotor, attention, and executive function. 

 

Table 16: The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS) and Kinarm domains and tasks assessed, with task components, and 

descriptions. 
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Table 17: Correlations Between rSO2 and Dialysis Parameters 

 

 
 

Table 17: Cohort and individual patient correlations between regional cerebral oxygenation 

saturation (rSO2), hemodyanmaic, and dialysis paramerters. Abbreviations: mmHg= 

millimetre of mercury, BPM= beats per minute, C= celcius, L= litre, mL= millalitre, Hr= 

hour, Kg= kilogram, and NS= not significant. 
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Table 18: Patient Characteristics: Feasibility 

 
Patient Characteristic 

 
Total Cohort 

N= 6 

Age (Mean, Range)  68.5 (51-88) 

Sex (N, %)  

Male 

Female 

5 (83.33) 

1 (16.67) 

Handedness (N, %)  

Right 6 (100) 

English As A Second Language (N, %)   

No 6 (100) 

Ethnicity (N, %)  

Caucasian  6 (100) 

Highest Reported Education (N, %)  

Grade 8-11 1 (16.67) 

Grade 12 3 (16.67) 

University  1 (16.67) 

Masters 1 (16.67) 

Cause Of CKD (N, % of Total N)  

Diabetic Nephropathy  5 (83.33) 

Hypertension  1 (16.67) 

Focal Segmental Glomerulosclerosis (FSG) 1 (16.67) 

Co-morbidities (N, % of Total N)  

Diabetes 5 (83.33) 

Hypertension 5 (83.33) 

Cardiovascular a 4 (66.67) 

Sleep Apnea 3 (50) 

Other b 8 

 

Table 18: Summary of patient clinical and demographic variables. Note: cause of CKD 

was multifactorial for the majority of patients, therefore if the cause of CKD was 

determined to be both diabetes and hypertension it was accounted for in both sections.  

aCardiovascular co-morbidities: coronary heart disease (N=3), peripheral vascular disease 

(N=1).  

bOther co-morbidities: dyslipidemia (N=2), hyperthyroidism (N=2), hyperlipidemia (N=1), 

proteinuria (N=1), albuminuria (N=1), left nephrectomy (N=1).  
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5.6  Figures 

 

 
 

Figure 15: Feasibility consort diagram, from June 2015 till March 2019.  
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Figure 16: Correlations between regional cerebral oxygenation saturation (rSO2) and 

hemodynamic parameters for all patients. Figure 16A: depicts the correlations between 

rSO2 and mean arterial pressure (MAP). MAP was calculated by: 1/3 systolic blood 

pressure + 2/3 diastolic blood pressure. Figure 16B: depicts the correlations between rSO2 

and pulse. On all graphs the blue line represents the line of best fit, with the grey shaded 

area depicting the 95% confidence interval. Abbreviations: pt= patient, rSO2= reginal 

cerebral oxygen saturation, MAP= mean arterial pressure. BPM: beats per minute, and 

mmHg: millimeter of mercury.  
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Figure 17: Correlations between rSO2, hemodynamic, and dialysis parameters of the entire 

cohort. Abbreviations: mmHg= millimetre of mercury, BPM= beats per minute, C= 

celcius, L= litre, mL= millalitre, Hr= hour, and Kg= kilogram. 
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Figure 18: Correlations between regional cerebral oxygenation saturation (rSO2) and 

dialysis parameters. Figure 18A: depicts the relationship between rSO2 and the total fluid 

removed, whereas Figure 18B shows the correlations between rSO2 and the ultrafiltration 

rate taking into account the patient’s body weight (mL/Hr/Kg). Finally, Figure 18C: depicts 

the correlations between rSo2 and dialysate temperature. The blue line represents the line 

of best fit, with the grey shaded area depicting the 95% confidence interval. Abbreviations: 

pt= patient, rSO2= reginal cerebral oxygen saturation, L= litre, mL= millilitre, Hr= hour, 

Kg=kilograms, Temp= Dialysate Temperature, and C=degrees Celsius. 
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Figure 19: Correlations between the average weekly regional cerebral oxygenation 

saturation (rSO2) and dialysis vintage. Note: that patient 1 only received roughly 8 months 

on rSo2 monitoring before switching to a satellite dialysis clinic. Abbreviations: pt= patient 

and rSO2= reginal cerebral oxygen saturation. 
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Figure 20: Neuropsychological assessment: feasibility. Each line represents a patient’s 

performance across the testing time points: before dialysis (stage 5 chronic kidney disease 

(CKD)), 3 months, and 1 year post dialysis initiation. Note: patient 1 and 5 did not complete 

their 1 year assessments, as one patient transferred to a satellite dialysis clinic, and the other 

expired before the assessment could be completed. Figure 20A: The Repeatable Battery 

for the Assessment of Neuropsychological Status (RBANS) Scores. The dashed red line 

represents the 1.65 SD cut-off. Anything below the red dotted line (a score of 75.25) 

indicates impairment. Each patient’s performance is denoted by a different color. Figure 

20B: robotic Kinarm assessment. The dashed red line represents the impairment cut off of 

1.96 (the 95th percentile of healthy performance cut-off). Anything above the dashed red 

line indicates impairment. Each patient’s performance is labelled by their patient number. 

Significant difference in performance is denoted by the blue line between test points. A red 

line indicated no significant change in performance.  
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Chapter 6 

 

General Discussion, Chapter Overviews, and Conclusions 
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6.1 General Discussion 

 
 Currently, it is estimated that 4 million Canadians3, and 1 billion individuals 

worldwide1 are living with CKD3. Due to high prevalence rates, it is becoming increasingly 

recognized that patients with CKD may have neurocognitive impairments24,235,306. 

Understanding the neurocognitive consequences of CKD has become a research priority 

for nephrologists, neurologists, and neuroscientists. This thesis had three main objectives: 

1. To summarize the reported neurocognitive impairment across the spectrum of 

kidney disease by performing a comprehensive systematic review and meta-

analysis. The objective of the systematic review was to determine which 

neuropsychological assessments are typically used to quantify neurocognitive 

impairments in those who were CKD non-dialysis dependent, CKD dialysis 

dependent, kidney transplant recipients, and non-CKD controls. The objective of 

the meta-analysis was to determine if there were significant differences regarding 

performance between the kidney disease populations and non-CKD controls on 

the neurocognitive assessments.  

2. To use novel objective robotic technology (Kinarm) to quantify neurocognitive 

impairment in those with kidney disease. In particular, patient cohorts of interest 

were: CKD non-dialysis dependent, CKD dialysis dependent, and those who had 

recently survived an episode of AKI. This technology was used concurrently with 

a standardized traditional screening tool (RBANS) to compare neurocognitive 

outcomes. 
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3. To investigate the feasibility of serially monitoring rSO2 weekly during the 

patients first year of HD. This objective would provide insight into a potential 

mechanism of neurocognitive impairment, since the literature demonstrates that 

there is a particularly high prevalence of neurocognitive impairment in 

individuals undergoing HD18. 
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6.2 Systematic Review and Meta-Analysis Demonstrates That Better 

Tools Are Needed To Quantify Subtle Neurocognitive Impairments 

in Patients with Kidney Disease  

 
 In order to contextualize the impairments typically seen in those with CKD, a 

systematic review and meta-analysis was performed. This review demonstrated that the 

majority of neurocognitive impairment described in the literature used traditional screening 

measures such as the MMSE24. Although the MMSE is quick, it lacks the sensitivity to 

detect mild neurocognitive impairment239. Despite the common use of screening tools in 

research studies, they are not designed to assess mild neurocognitive impairment alone241. 

Thus, screening tools used to quantify impairment in this population may miss subtle 

neurocognitive impairments. For example, this review demonstrated that patients who were 

dialysis-dependent and pre-dialysis CKD scored significantly worse on the MMSE 

compared to non-CKD controls. However, the mean values for the patients with CKD 

(dialysis and non-dialysis) were still above the traditional cut-off for dementia, suggesting 

subtle neurocognitive impairment may be present.  

  This systematic review and meta-analysis highlights the fact that over-reliance on 

dementia screening tools may underestimate the magnitude of neurocognitive dysfunction 

in patients with kidney disease. Therefore, using tools designed to detect and quantify 

subtle neurocognitive impairment are ideal to study this population of patients. By truly 

understanding the impairment experienced by patients with kidney disease, health care 

professionals will be better equipped to monitor the progression of the impairment 

experienced by these patients. It may also dictate who is eligible for home RRT, raise 

ethical concerns regarding ability to provide informed consent for treatments and 

procedures, and will ensure that adequate measures are instituted so that these patients can 
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understand and maintain the complex fluid, dietary, and medication regimes required of 

them61.  

 Since the systemic review and meta-analysis was conducted almost three years 

prior to this thesis write up, an updated search of the literature was conducted. Although 

this search was not as in depth as the systematic review and meta-analysis, it did highlight 

some notable findings. Firstly like our previous findings, there is still an over reliance on 

dementia screening tools, in particular the MMSE. Additionally, neurocognitive 

impairment is commonly reported in those experiencing kidney disease. New research 

however is beginning to shift its investigation into biomarkers which may be related to 

neurocognitive impairment in those with kidney disease307–310, and the importance of 

mental health in neurocognitive functioning, specifically depression238,311,312. There is also 

a trend to encourage early screening of neurocognitive impairment in this population that 

is desperately needed313.  
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6.3 Attention, Executive Function, and Perceptual-Motor/Visuomotor 

Impairments are Common in Patients with Kidney Disease 

 
Novel state of the art robotic technology (Kinarm) was used to characterize 

neurocognitive impairment across the spectrum of kidney disease. In order to determine 

the efficacy of the use of Kinarm in patients with CKD, its performance was compared to 

a traditional screening tool (RBANS). Although Kinarm is not a substitute for a trained 

neuropsychological assessment, it was able to quantify more impairment than the RBANS 

in the domains of attention and executive function. It also demonstrated that a high 

proportion of individuals were impaired on the visuomotor/perceptual-motor domain, 

which has not been previously described in this population.  

These findings indicate that impairments in attention, executive function, and 

visuomotor frequently occur in patients with CKD. Impairments in these specific domains 

may influence if patients are able to complete their treatments at home when RRT is 

needed, along with significant implications on quality of life. Previous research has 

described that patients with CKD have subjectively rated their quality of life as being worse 

than non-CKD controls, and that this rating drops further once dialysis is initiated314. 

Additional research is needed to assess the relationship between neurocognitive 

impairment and quality of life in patients with CKD.  

Additionally, Kinarm was used to quantify impairments in patients who recently 

experienced an episode of AKI. Like patients with CKD, attention, executive function, and 

visuomotor impairments were described when performance was compared to healthy 

controls. Furthermore, the AKI population also performed significantly worse on attention 

and visuomotor domains when compared to patients who were matched for cardiovascular 

risk factors. Notably, this was the first prospective study to actively measure the 
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neurocognitive status of patients who have had an episode of AKI. While generating a 

novel hypothesis regarding the neurocognitive consequences of AKI, this study was limited 

by its low sample size due to difficulties in recruiting during the COVID-19 pandemic. 

Although the true extent of the neurocognitive outcomes of AKI remains unclear, this study 

provides a solid foundation for which assessments may prove useful and what domains 

should be a priority when assessing those who experience AKI.  
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6.4 Longitudinal rSO2 Values Are Associated with Hemodynamic and 

Dialysis Dependent Parameters in Patients Undergoing Hemodialysis 

 
NIRS (a tool that measures rSO2) was used to investigate the feasibility of serially 

monitoring rSO2 once a week for a patient’s first year of HD. This schedule was selected 

in order to assess whether repetitive hypoperfusion was related to the accelerated 

neurocognitive decline described in this cohort18. As such, relationships between rSO2, 

dialysis, and hemodynamic parameters were investigated. Although the study was deemed 

unfeasible due to low recruitment rates, interesting findings were suggested with regards 

to specific hemodynamic and dialysis parameters and rSO2. For instance, positive 

correlations were apparent in all the patients between rSO2 and MAP. This may indicate 

that cerebral autoregulation may be impacted by either CKD or the process of dialysis 

itself. Additionally, there were significant correlations between rSO2 and dialysis vintage, 

as well as between rSO2 and fluid removal.  

Although low recruitment rates limited a more rigorous analysis of this data, this 

work was the first to serially monitor rSO2 during a patient’s first year of HD. It lays the 

foundation for future studies to investigate this process, as the study protocol itself was 

feasible (high data capture rates were obtained, and no adverse events were reported), but 

larger sample sizes are needed. With larger sample sizes, analyses can be performed to 

determine if repetitive hypoperfusion contributes to the accelerated neurocognitive decline 

described in those undergoing HD18.  
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6.5 Conclusions 

 
 This thesis has created the foundation for a completely novel program of research 

aimed at characterizing neurocognitive impairments in patients with all stages of kidney 

disease. I have demonstrated that 1) there is currently no gold standard for the assessment 

of neurocognitive impairment in patients with kidney disease, 2) the use of dementia 

screening tools may provide an unreliable description of the magnitude and scope of the 

neurocognitive impairment found in those with kidney disease, and 3) that objective robotic 

technology identifies novel visuospatial and perceptual-motor impairments in patients with 

kidney disease. Furthermore, this thesis also indicates that NIRS is suitable for measuring 

rSO2 during dialysis. rSO2 was also identified as a potentially useful target for determining 

dialysis limits for fluid removal and optimal MAPs during these sessions. However, further 

research is needed in order to determine the exact influence of HD on rSO2 and how it 

relates to dialysis and treatment outcomes and neurocognitive performance.  
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