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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. | 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.

| 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, | 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



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, | 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



1.1 Introduction

Chronic kidney disease (CKD) has an estimated worldwide prevalence of 13%!?,
that increases with age and is particularly prevalent in the elderly?. Recent estimates
determined that roughly 4 million Canadians are affected by CKD?. Due to the complex
nature of CKD, patients with CKD create a high burden on the health care system?*, with
recent estimates showing that the health care costs for patients with CKD in Canada
exceeds 40 billion per year®.

CKD is defined by the National Kidney Foundation as having structural damage or
decreased kidney function for 3 or more consecutive months*. Specifically, CKD can be
divided into 5 stages according to the glomerular filtration rate (GFR), which is influenced
by age, sex, and ethnicity*. Notably, CKD is considered when the GFR remains constantly
below 60 mI/min/1.73m?%. When the GFR reaches <15 ml/min/1.73m?, this is classified as
stage 5 kidney disease and is also known as kidney failure*. 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 state®.

CKD is associated with an increased risk of mortality, particularly due to
cardiovascular events®. Along with cardiovascular disease, comorbidities such as diabetes
and hypertension commonly co-occur in patients with CKD’. Increased hospitalization
rates, neurocognitive impairment, and decreased quality of life! have also been
demonstrated in those with CKD. Finally, CKD is known to increase the risk of patients
having an acute kidney injury (AKI)®®, which in turn is known to accelerate or induce

CKD®.



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 output®. AKI is highly prevalent in patients who are critically ill (1-67%)*
and those that have undergone cardiac surgery (1-30%)2. Additionally, AKI is estimated
to affect 1 in 5 hospitalized adults®®. Similar to CKD, AKI confers an increased risk of

morbidity and mortality, regardless of the cause*.



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 performance?®.
Specifically, patients who experience moderate to severe renal failure demonstrate a least
a five times elevated risk of developing some degree of neurocognitive impairment?®,
Prevalence estimates of neurocognitive impairment in individuals with renal failure are
also three times higher than age-matched controlst’. Additionally, up to 80% of patients
that are receiving HD as their form of RRT have been noted to have some form of
neurocognitive impairment®®, 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 controls®®, but have either similar?
or less neurocognitive impairments when compared to HD patients?!. Most of these
impairments are seen in the domains of attention, memory, and executive function??%, and

are traditionally assessed by screening tools?*.

The etiology of the impairments seen in CKD and those receiving dialysis remain
unknown. However, it has been postulated that it is multifactorial in nature®. 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 CKD? and neurocognitive impairment?. Diabetes is known to be the
27

leading cause of CKD?', and is associated with an increased rate of Alzheimer’s disease

that is double than the risk to the general public?. The risk of neurocognitive impairment
4



has been found to be up to 143% higher in those with CKD even after accounting for
traditional vascular risk factors?®. 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 dialysis®®3. 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 population®2. 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 impairment??,



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 dementia®*3*. The other showed that long-term neurocognitive
impairment was associated with AKI in children with severe malaria®. 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 surgery*?3¢. 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 permeability®’.



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 skull®. NIRS is ideal for this thesis as it provides a real time live
capture of the oxygenation status of the cerebral tissue*®, and works on the principle that
the absorption of light will change depending on the oxygen status of hemoglobin®, and is
relatively inexpensive, portable, and requires little training in comparison to magnetic
resonance imaging*. Importantly, NIRS has also been shown to correlate with other
measure of cerebral perfusion such as CT perfusion scans*?, and has been extensively used

during cardiac surgery*.

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%
respectively*t444¢_ Furthermore, it has been demonstrated that limb tissue ischemia occurs
during dialysis*’, and that there is a negative association between rSO2, diabetes, and blood
pH with HD duration®8. 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



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 deficits*®. Additionally cerebral blood flow declines have
been discovered in those receiving HD, which also correlated with neurocognitive
impairment®™. Table 1 illustrates the different techniques in which one could measure

cerebral oxygenation along with each techniques strengths and weaknesses*!.



Table 1: Summary of Techniques used to Monitor Cerebral Oxygenation in Kidney Disease

Patients
Method Mechanism of Action Advantage Limitation
Transcranial Ultrasound waves are used Non-invasive Limited to larges
Doppler to determine the mean Can be used cerebral arteries
cerebral blood flow in the during HD Requires training-

cerebral vasculature. Mean
blood flow is determined by
the difference in frequency
of the ultrasound waved
emitted and received.

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

Causes a difference in

Dye is not used,

Cannot be done in

oxygen status of hemoglobin
by using a shallow and deep
sensor.

Less expensive
than other imaging
techniques

Non-invasive

Can be used
during HD

Imaging hydrogen proton frequencies | therefore not the dialysis unit
in the brain when compared | radiation exposure | gypensive
to resting state. This i
: 9 - Whole brain can | patient movement
difference is used to image be monitored at
ian51 . affects results
the brian**. one time
Training required
to operate
NIRS Near-infrared waves of light | Portable Only detects
pass through the skull, Continuous oxygenation status
allowing insight into the monitoring of the frontal lobe

and not subcortical
areas

Majority of the
signal is venous




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 article*™.
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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.

e 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.

e Hypothesis: Repetitive cerebral hypoperfusion during hemodialysis is
contributing to the accelerated neurocognitive impairment seen in

individuals with end-stage renal failure undergoing HD.

11



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 improvement®?: The Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS), and a robotic assessment that
quantifies sensory, motor, and cognitive performance of the upper limbs>: Kinarm
Endpoint Lab (Kinarm)®*. 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 adults® and children®. 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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A composite summary score based on the

Total Scale | nerformance of the patient on all the Whole Brain
Score RBANS domains.
The robot moves one of the patient’s Frontal Lobe
Arm Position | arms, and the patients is then asked to ;
> . . " - Cerebellum, Parietal
Matching mirror match this position with the other Lobe
arm.
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 Frontal Lobe,
moves on the screen during the task. .
Occipital Lobe,
Ball on Bar | There are also three levels of the task
S AR Cerebellum, Basal
which increase in difficulty. The ball Ganalia
goes from being fixed in position to being g
able to freely move and fall off the bar
(depending on how level the patient
keeps the bar).
Paddles appear at the p_atlents hands and Frontal Lobe,
they are instructed to hit as many balls .
. Occipital Lobe,
. . (which fall from the top of the screen) .
Object Hit . Parietal Lobe,
away as possible. As the task progresses
. ; Cerebellum, Basal
the quantity and speed at which the balls .
1 Ganglia
fall increases.
Similar to object hit, but this time two
shapes are shown to the patient. They are Frontal Lobe,
Obiect Hit instructed to hit these two targets while Occipital Lobe,
an dJ Avoid avoiding all the other distractor targets. Parietal Lobe,
Kinarm Again, as the task progresses the quantity Cerebellum, Basal
and speed at which the targets fall Ganglia
increases.
A target appears on the screen and the
. patient is asked to move the dot that Fro_nt_al Lobe,
Visually . . Occipital Lobe,
. represents their hand into the target as .
Guided . - . Parietal Lobe,
; quickly and accurately as possible. This
Reaching Cerebellum, Basal
target moves around the screen as the ;
Ganglia
task progresses.
Reverse Similar to visually guided reaching, but Frontal Lobe,
Visuall the light representing the patient’s hand Occipital Lobe,
Gui dedy now moves in the opposite direction of Parietal Lobe,
Reachin the patient’s arm movement. Cerebellum, Basal
g Ganglia
The patient is shown a sequence in a Frontal Lobe,
matrix of 4x3 boxes, and is then asked to Occipital Lobe,
Spatial Span replicate it. The length of the sequence Temporal Lobe,
P P depends on if the patient got the previous Parietal Lobe,
sequence correct or not. Cerebellum, Basal
Ganglia
The patient is asked to connect the
- ; Frontal Lobe,
numbers 1-25 in order as quickly as .
. . ) . Occipital Lobe,
Trail Making | possible. The number arrangement is -
. L Parietal Lobe,
Test A predetermined and no connecting lines

may overlap. A trial run is given to
ensure the patient understands the task.

Cerebellum, Basal
Ganglia
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Similar to trails making test A, but the

patient is now asked to alternate between Frontal Lobe,
. . numbers and letters (1-A-2-B-3) as Occipital Lobe,

Trail Making - . . .

quickly as possible. The arrangement is Parietal Lobe,
Test B . -

predetermined and no connecting lines Cerebellum, Basal

may overlap, and a trial run is provided Ganglia

like the trails making test A.

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., 2016°’, and the Kinarm user manual®e.
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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

Copyright Statement: ‘Material used with permission from; Vanderlinden, J. A., et. al,
Quantifying cognitive dysfunction across the spectrum of end-stage kidney disease: A
systematic review and meta-analysis. Nephrology, published [2019], [publisher- John
Wiley & Sons, Inc.]’
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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
worldwide®, that increases in prevalence with age?, creating a high burden on the health
care system*. 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 increasing* particularly in the elderly,
recognizing and understanding neurocognitive dysfunction in patients with CKD has
become a research priority®®. 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 CKD®!. 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 dialysis®?. Patients with CKD not requiring RRT, have also
shown unique neurocognitive deficits when compared to other neurological and medical
psychiatric patients®®, 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 impairment®y. 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 abilities?. 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 similar?! or
better neurocognitive outcomes®, but still perform worse than non-CKD controls®®. 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 function®, agreeing with previous findings?*®®. 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 searches®”%. 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 9" 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)®, 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.”.
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 median?°.
If the sample size was lower than 70 the equation used was: [(a+2m+b)/4] + [(a-
2m+b)/4n]™ . 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 range’®.

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 m?) 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 Cogpnitive 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 >24't. 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 administer’®. This brief
assessment looks to determine mild neurocognitive impairment, which is determined if the
score is below 26 out of a possible 30 points’®. 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 possible™. 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 analysis’. 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 shifting’. 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.’®. 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 progresses’’. 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 respectively’8. 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 seconds’.
A cut off of 598 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 dementia®-®, 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 shifting”. 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 TMT™. 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 TMT’®. Importantly it is
worth nothing that the TMT is not only a measure of attention and executive function’®, 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 | 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
ilinesses. 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

Betweasn
patient WSS unadjusted o Adjusted  Estimated Comected “;'t:‘:“ Study
Population Studies Mean Mean SE P -Value - Varlance
Square Root
Pre-Dialysis IMs 10 10557 E9.80 9.28 B9.ER 1.29 LGS0 1.0000 5.722 2.392
HD Jhts ] 1360 26,08 .68 87.93 1.10 0LIz10 1.0000 1.473 1.214
D 3Ms 4 984 E8.51 7.51 B84 1.46 0.I660 1.0000 3530 1379
Cambined T N/R MR MR MR MR N/R MR MR N/ N/
Transplant £ 1 8 £2.90 15.60 &2.9 MfA HfA Hfa 0000 0,000
Controls 3hs 3 I EH.70 737 83,14 3.06 Compariscn  Comparisgn 36,337 5033
Digit Span-
Pre-Dialysis  Baclowards 8 659 418 150 4.15 0.37 0.0520 0,500 [ I £ 0.856
Digit Span-
HD Backowards -] Fi] 497 1.51 4.5% Dal 04310 1.0000 1.003 1.001
Digit Span-
] Backwards k] 8 4.59 157 4.38 0.55 02750 1.0000 0367 0,506
Digit Span-
Combined Backowards 1 0 515 142 515 MSA M MN/A, D00 0000
Digit Span-
Transplant Backwards 3 106 578 1.73 5.75 0.74 06550 1.0000 1.433 1.157
Digit Span-
Controls Backwards B 1415 5.36 1.56 5.34 0.3% Comparison  Comparison D959 0.are
Digit Spas-
Pre-Dialysis Forwards B 659 7.04 1.58 T.01 0.56 0.AT20 1.0000 1.512 1.230
Digit Span-
HD Forsards 5 244 6.99 1.68 6.99 0.7% 04560 1.0000 3856 1966
Digit Span-
k] Fanaards 1 -3 5.83 147 5.83 0.82 [iXipdlil 0.7300 (il il il i
Digit Span-
Cambined Forwards 1 il 5.80 140 580 M T Mfa [+Ei ] LX)
Dight Span-
Transplant Forwards 3 106 7.42 176 T4l 1.39 08240 1.0000 4.530 .18
Digit $pan-
Controls Forwards 8 1451 .81 153 7.78 063 Comgparison  Comparison 1006 1.003
Digit Span-
Pre-Diabysis Unspecified 4 857 11.51 1.B1 11.80 .27 0.6170 10000 15.037 3.878
Digit Span-
HD Unspecified 13 534 9.75 273 9.87 DA 0.1550 0.9540 21L.629 4651
Digit span-
PO Unspecified 1 51 16,70 3.50 16,70 Nfa LY LY 0000 0.000
Digit Span-
Combirsed Unspecified  N/R MR MR H/R M/R N/R N/R N/R HfR MR
Digit Span-
Transplant Unspecified 2 61 B.BS 200 BS54 114 0.0840 0.5040 2.338 1529
Digit Span-
Controls Unipecified 6 265 1337 3.33 13,309 200  Comparison Comparison 26,840 5181
Digit
Pre-Diakbysis  Symbol 12 3348 40,01 11.76 33,14 591 0.1320 1.0000 1568.600 35,606
Digit
HD Symibol 16 1316 33.0% 10.24 34,37 S22 0.0240 0.3600 141,180 11882
Digit
PD Symibal 3 75 49,67 14,00 50.54 4.84 05640 1.0000 40,590 6371
Diigit
Combined Symibol 4 a4 439,50 5.57 43,94 4.93 05950 1.0000 91,147 9.547
Dight
Transplant Symbol 2 33 42,10 9.78 4177 5.59 0.3060 10000 535615 TA5E
Digit
Controds Symibol 16 1453 50.21 11.28 50.56 4.51 Comgparison Comparison  575.050 23980
Pre-Dialysis  MMSE 5 17073 25.13 278 26,08 0.39 00001 0.0015 3.582 1.893
HD MAMSE 50 3314 26. 7% 184 26.31 0.28 00001 0.0015 3.634 1.906
PD MMSE 7 330 27.37 223 27.36 0.58 0.2260 1.0000 5.458 2345
Combined BAMSE 1] 358 26,63 LT7 5,71 1.1 0.2150 1.0000 1349 1.396
Transplant MMSE 5 147 28.36 1.66 28.%9 0.47 0.7560 1.0000 1.618 1272
Controls BAMSE i 5236 2830 142 iR d | 033 Comparison  Comparison 3634 1908
Pre-Diabysis MAoCa 3 1% 22,03 .95 12,03 1.66 03810 10000 11,588 3404
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HD MoCA 9 489 23.42 3.49 23.41 0.41 0.5830 1.0000 0.922 0.960

PD MoCA 2 139 23.76 3.15 23.84 0.76 0.6830 1.0000 1.023 1.011
Combined MoCA N/R N/R N/R N/R N/R N/R N/R N/R N/R N/R

Transplant MoCA N/R N/R N/R N/R N/R N/R N/R N/R N/R N/R

Controls MoCA 3 2338 25.00 3.20 24,95 2.43 Comparison Comparison  22.686 4,763
Pre-Dialysis TMT-A 16 2975 61.19 27.98 59.7 6.31 0.0040 0.0600 860.230 29.330
HD TMT-A 41 2344 58.18 26.40 56.04 3.03 0.0001 0.0015 1590.540 13.804
PD TMT-A 9 859 60.90 21.06 58.01 4.73 0.0020 0.0300 43.300 6.580
Combined TMT-A 5 158 43.75 10.24 43.67 4.83 0.3050 1.0000 233.290 15.274
Transplant TMT-A 4 117 47.67 17.28 42.40 5.69 0.4750 1.0000 45.823 6.769
Controls TMT-A 23 4809 38.77 15.10 37.62 2.39 Comparison Comparison 104,360 10.240
Pre-Dialysis TMT-B 16 7163 164.23 65.88 155.53 22.36 0.0350 0.3500 21459.600 46.364
HD TMT-B 36 3348 140.55 659.30 135.60 10.22 0.0210 0.2100 3607.800 60.065
PD TMT-B 7 545 130.96 42.69 127.12 14.09 0.1440 1.0000 579.410 24.071
Combined TMT-B 1 20 112.45 51.99 112.45 N/A N/A N/A 0.000 0.000
Transplant TMT-B 4 156 103.53 3931 103.05 11.39 0.7410 1.0000 787.600 28.064
Controls TMT-B 14 4481 106.15 46.74 97.06 13.55 Comparison Comparison 1373.500 37.061

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

Cut Impaired  Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Freedman® 193 3Ms 84.70 9.00 78.00% N Global
Murea® 478 3Ms 90.60 7.10  78.00% N Global
Murray®’ 554 3Ms 94.14 540  78.00% N Global
Palmer® 91 3Ms 83.75 9.32  78.00% N Global
Pi 30 3Ms 92.60 6.20  78.00% N Global
Slinin® 4179 3Ms 94.10 5.00  78.00% N Global
Kurella® 80 3Ms 90.50 8.90  78.00% N Global
Tamura® 3591 3Ms 92.00 8.00  78.00% N Global
Y affe*92 813 3Ms 91.60 19.60 78.00%° N Global
Yaffe® 588 3Ms 84.00 1430 78.00%° N Global
Boston
*94 95
Lee 240 Naming Test 10.30 290 13.30 Y Language
. Boston
96 95
Martini 80 Naming Test 7.60 250 13.30 Y Language
Boston
97 95
Torres 146 Naming Test 34.50 2.70 13.30 N Language
Boston
98 95
Yaffe 273 Naming Test 14.20 160 13.30 N Language
Murray®’ 554 COWAT 36.60 1190 37.50% Y Language
Torres® 146 COWAT 36.00 11.10 37.50% Y Language
Yeh1 230 COWAT 3124 886 37.50% Y Language
Post!0 23 COFVXQT' 3030 1210 37.50% Y Language
Szerlip®? 437 COF'VXQT' 2400 10.40 37.50% Y Language
CVLT-
Post10! 23 Delayed 6.70 2.80 10.38'% Y Memory
Recall
CVLT-
Kruella® 80 Delayed 5.50 220 10.38'%3 Y Memory
Recall
CVLT-
Kruella® 80 Immediate 5.80 1.60  8.60'% Y Memory
Recall
Digit Span-
104 78
Chang 39 Backwards 5.80 2.60 4.35 N Memory
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Cut Impaired  Cognitive
Author (N) Test Mean SD Off (Y/N) Domain

Hart1%s 18 g;‘i‘;ﬁgfg‘s 410 080  4.357 Y Memory
Kayald 6 ggmg?& 433 150 435" Y Memory
Lee*% 240 g;‘i‘;ﬁgfg‘s 350 110  4.35% Y Memory
Paraizol 72 ggmg?& 321 112 4357 Y Memory
Seidel™o® 84 g;‘i‘i\ﬁg?gg 550 190  4.35% N Memory
Torres” 146 g;‘i‘;ﬁg?& 480 140  4.357 N Memory
Tsai® 64 g;‘i‘i\igﬁ‘é‘s 300 240  4.35% Y Memory
Chang'® 39 DF'g'rfNi‘;gg 910 220 573" N Memory
Hart10s 18 DF'g'rfNS;r’gg 600 130 573" N Memory
Kayalos 6 DF'g'rfNiFr’gg 650 083 573" N Memory
Leexss 240 DF'g'rfNS;r’gg 660 135 573" N Memory
Paraizo'%’ 72 D;g:/\/i?gg 4.69 094 573" Y Memory
Seidel® g4 D9SN g0 g70 s N Memory
Torres®” 146 DF'g'rfNiFr’gg 690 140 5737 N Memory
Tsaif® 64 DINSPI 960 200 573" N Memory
Murray®” 554 Br'ggeifﬁgd 990 280 5.73% N Memory
Nasser® 50 Brzggeif’f?;‘d 690 140 573" N Memory
Post®! 23 Br'ggeifﬁgd 12.90 240 5737 N Memory
Yehto 230 Br'ggeif’f?gd 1753 463 573" N Memory
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Cut Impaired  Cognitive

Author (N) Test Mean SD Off (Y/N) Domain

Diait Memory +

Chen?t® 26 g 5200 1210 59.00% Y Processing
Symbol Speed

Diait Memory +

Freedman® 188 Symgbol 4730 1690 59.00% Y Processing
Speed

Diait Memory +

Hart% 18 g 40.80 1220 59.00%° Y Processing
Symbol Speed

Digit Memory +

Jiang'! 32 Syn?bol 51.00 14.00 59.00% Y Processing
Speed

Diait Memory +

Lin*12 2431 g 69.79  7.05 59.00%° N Processing
Symbol Speed

Digit Memory +

Luo!®3 60 Syn?bol 58.00 22.00 59.00% Y Processing
Speed

Diait Memory +

Nasseri® 50 Syn?bol 690 090  59.00% Y Processing
Speed

Digit Memory +

Palmer8® 91 g 4422 1591 59.00% Y Processing
Symbol Speed

Diait Memory +

Pulignano 52 Syn?bol 1590  7.80  59.00% Y Processing
Speed

Digit Memory +

Souheaver®® 24 Syrr?bol 3.29 146  59.00%° Y Processing
Speed

Diait Memory +

Torres” 146 Syn?bol 4620 1240  59.0% Y Processing
Speed

Digit Memory +

Yeh!® 230 g 4476  18.45 59.00%° Y Processing
Symbol Speed
Chentt® 06 LNETICING 5940 2100 54501 v Psycho-

Test motor Speed
Jianghit gp LneTracing  og40 1909 sasous v Psycho-

Test motor Speed
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Author (N) Test Mean SD gl]ﬂ;[ : rr(m\p;?ll\lr)ed ngg‘;z\f
Luotts 6o NI 5700 1800 5450 m;f3¥cg§ée |
Afsar'1e 109  MMSE 2630 190 24.00" N Global
Afsar't? 247  MMSE 2590 230 24.00" N Global
Bai*!18 284 MMSE 2175 075  24.00™ Y Global
Chang*® 39 MMSE 25.00 4.20 24.00™ N Global
Driessen!*® 11 MMSE 26.60 220  24.00" N Global
Freedmand 187 MMSE 26.10 3.00 24.00" N Global
Helmer'® 7839 MMSE 27.40 1.90 24.00" N Global
Hobson!* 112 MMSE 25.10 4.40 24.00 N Global
[to'?? 497 MMSE 26.70 2.00 24.00" N Global
Lee*% 1437 MMSE 24.55 3.25 24.00™ N Global
Lee*!? 1032 MMSE 25.80 2.68 24.00™ N Global
Madan**24 479 MMSE 28.22 1.26 24.00™ N Global
Miwa'?® 600 MMSE 28.00 1.90 24.00™ N Global
Nasser'® 50 MMSE 23.90 2.10 24.00" Y Global
Post!0t 24 MMSE 28.90 1.20 24.00" N Global
Pulignano** 52 MMSE 23.30 5.00 24.00" Y Global
Szerlip®2 437 MMSE 25.50 4.00 24.00™ N Global
Wang'? 113 MMSE 13.00 7.50 24.00 Y Global
Wang*? 59 MMSE 16.10 5.60 24.00™ Y Global
Wang*128 1243 MMSE 28.75 0.50 24.00™ N Global
Wang'?° 71 MMSE 23.05 4.05 24.00™ Y Global
Weng*13%0 958 MMSE 26.33 2.10 24.00™ N Global
Yao*!3! 403 MMSE 27.75 0.50 24.00" N Global
Yao®*? 560 MMSE 26.70 290 24.00™ N Global
Yeh'® 230 MMSE 27.53 2.21 24.00" N Global
lyasere!33 36 MoCA 25.00 1.00 26.00™ Y Global
Palmer® 90 MoCA 19.27 3.73 26.00™ Y Global
Paraizo'%’ 72 MoCA 21.83 4.16 26.00™ Y Global

Attention+
Chentt0 26 NCT-A 4570 1270 40.007 Y Processing
Speed
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Cut Impaired  Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Attention+
Jiang*! 32 NCT-A 42,00 12.00 40.007 Y Processing
Speed
Attention+
Luo!®3 60 NCT-A 50.00 17.00 40.00 Y Processing
Speed
RAVLT-
Freedman® 189 Delayed 6.50 230  8.80'* Y Memory
Recall
RAVLT-
Palmer® 89 Delayed 5.43 3.02 8.80'* Y Memory
Recall
RAVLT-
Tsai® 64 Delayed 10.10 270  8.80'* N Memory
Recall
Kayal% 6 IEeAa\r/nIIrTg 10.67 3.14  44.0084 Y Memory
Murea® 478 ﬁ':;\r/nﬁr-:-g 4160 10.20 44.00%% Y Memory
Tsai® 64 fg\r/nﬂg 4950  9.60 44.00% N Memory
Kayal% 6 R'ﬁ‘¥'\|‘/IT' 10.50 2.07  8.80'* N Memory
Seidel® 84 RCFT 30.40 500 24.50%% N Attention
Kayal% 6 RCFT-LTM  16.50 8.24  19.75'% Y Memory
Serial Psycho-
110 158
Chen 26 Dotting Test 56.40 17.80 70.00 N motor Speed
. Serial Psycho-
111 115
Jiang 32 Dotting Test 51.00 18.00 70.00 N motor Speed
Serial Psycho-
113 115
Luo 60 Dotting Test 42.00 8.00 70.00 N motor Speed
SHIop= Executive
Post?t 22 Color 45.80 8.10  96.74%% Y Function
Reading
Freedman® 186 , >U°%" 3600 1660 46.49% Y Executive
Interferences Function
Seidel!o® ga  SUOOD- 15180 3010 4649 N Ercalinve
Interferences Function
Postl! 23 Stroop- 7810 1350 43.49'% N Executive
Naming Function
Attention+
Hart% 18 TMT-A 46.80 2150 40.007® Y Processing
Speed
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Author

(N)

Test

Mean

SD

Cut
Off

Impaired
(Y/N)

Cognitive
Domain

KayalOG

Lee*94

Lee*lzs

Pi*89

Post10t

Ryan®

Seidel®

Szerlip®2

Tsai®

Tsuruya®

Yaffe®

YethO

Hart!%

Kayal

240

1025

30

24

16

84

437

64

95

588

230

18

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-B

TMT-B

58.17

84.55

23.85

46.29

59.50

143.23

47.80

63.60

81.60

41.00

77.00

68.02

146.70

105.00

43

33.05

50.90

8.80

4.83

24.20

73.00

22.80

32.40

56.60

20.00

13.10

44.82

74.50

29.29

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

94.007

94.00"

Y

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Cognitive
Flexibility
Cognitive
Flexibility



Cut Impaired  Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Lee*% 240  TMT-B 21910 77.60 94.007 Y ﬁ‘éi?éfl.vfy
| ee*123 1024  TMT-B 4875 1930 94.007 N Fﬁgg:‘gﬂ:@
Nasseri®® 50  TMT-B 41300 79.90 94.007 Y ggg[‘gm’&
pj*89 30 TMT-B 12996 10.75 94.007 Y Fﬁgg:‘gﬂ:@
POt 22 TMT-B 15750 56.80 94.007 Y ﬁggmm’é
Ryan® 16 TMT-B 38344 21625 94.007 Y Fclggﬂ;m’t‘;
Seidelo8 84 TMT-B 127.80 63.80 94.007 Y ﬁgf’(ﬂ;ﬂ:’t‘;
Slinin® 4179 TMT-B 12670 5290 94.007 Y Fclggﬂ;m’t‘;
Szerlip®> 437  TMT-B 16130 79.00 94.007 Y ﬁggmm’é
Kruella® 80  TMT-B 15880 7410 94007 Y Igg?(?t;m{[;
Tsai® 64  TMT-B 12480 7520 94007 Y ﬁ‘éﬂ?ﬁfl.vfy
Tsuruya™ 95  TMT-B 10600 67.00 9400° Y Fﬁ‘;g:‘gﬂ:’&
Yaffe® 588  TMT-B 10800 1850 94.007 Y gggmm@
Yehio 230 TMT-B 11078 5920 94007 Y ggg:‘gﬂ:’t‘;
Verbal
Palmer®® 91 Fluency- 15.31 455 18.10# Y Language
Animal
Verbal
Paraizo”’ 72 Fluency- 13.90 4.07 18.10%# Y Language
Animal
Verbal
Yaffe® 273 Fluency- 18.70 496  46.901% Y Language
Category
Verbal
Chang!%* 39  Fluency-Not  11.70 3.20 28.60™# Y Language
Specified
Verbal
Kayal% 6  Fluency-Not  7.83 1.47  28.60'%® Y Language
Specified
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Cut Impaired  Cognitive

Author (N) Test Mean SD Off (Y/N) Domain
Verbal
Pulignano!** 52 Fluency- 16.40 7.60  28.60%%® Y Language
Phonemic

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

Cut Impaired Cognitive

Author (N) Test Mean SD Off (Y/N) Domain
Dixon** 18 3Ms 88.10 570  78.00% N Global
Kalirao'4 338  3Ms 88.30 860 78.00% N Global
McAdams- a5
DeMarcot 323 3Ms 89.80 7.60  78.00 N Global
Pi® 30 3Ms 87.80 10.30 78.00% N Global
Shavit!4 56 3Ms 73.20 23.00 78.00% Y Global
Tamura*'43 383 3Ms 89.25 1.83  78.00% N Global
Kruella® 80 3Ms 83.70 12.40 78.00% N Global
Tamura# 332 3Ms 88.50 8.00  78.00% N Global

Boston
Jassal'#® 14 Naming 5460 410 13.30% N Language
Test
Tiffin- Boston
; o 41 Naming 1400 9.00 13.30% N Language
Richards
Test
BVMT-R -
Kalirao'# 338 Delayed 4.70 3.00 8.9516 Y Memory
Recall
BVMT-R-
Murray4’ 28 Delayed 4.70 0.63  8.95%¢ Y Memory
Recall
Brown48 14 COWAT 4510 15,50 37.50% N Language
Jassal'#® 14 COWAT 3890 15.60 37.50% N Language
Kalirao*° 338 COWAT 26.40 11.10 37.50% Y Language
Marsh!4® 18 COWAT 40.50 15.60 37.50%° N Language
Murray*#’ 28 COWAT 2350 1.63  37.50% Y Language
Oaksford!*® 11 COWAT 3446 1221 37.50% Y Language
Pliskin®®! 16 COWAT 36.80 7.60  37.50% Y Language
Sarnak?®®? 167 COWAT 3590 11.10 37.50% Y Language
Tamura®? 116  COWAT 3410 13,50 37.50% Y Language
Wolfgram?®®* 39 COWAT 43.10 10.10 37.50% N Language
Drew!® 117 COWAT- 4620 600 16.90% Y Language
Animals
Post10! 27 COF'VXQT' 2540 9.90 37.50% Y Language
George'® 35 COF'VXQT' 36.00 15.00 37.50% Y Language
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Cut Impaired Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
CVLT-
Post?t 27 Delayed 6.60 3.30 10.38'% Y Memory
Recall
Tiffin- CVLT-
. o 41 Delayed 11.00 6.00 10.383 N Memory
Richards Recall
CVLT-
Kruella® 80 Delayed 4.60 230 10.38'% Y Memory
Recall
CVLT-
Kruella® 80  Immediate 5.20 1.30 8.60'%® Y Memory
Recall
Tiffin- CVLT-
Richards®! 41  Immediate 9.00 6.00  8.60'% N Memory
Recall
Drew!s 116 g;ﬂigfg‘s 580 250 4357 N Memory
156 Dlglt Span' 78
George 35 Backwards 4.00 1.00 4.35 Y Memory
Hart1os gq DIOILSPAN-—— o0 g0 435 N Memory
Backwards ' ' '
Digit Span-
106 78
Kaya 28 Backwards 3.64 0.73 4.35 Y Memory
. Digit Span-
108 78
Seidel 35 Backwards 5.70 1.70 4.35 N Memory
Tiffin- Digit Span- 28
Richards® 41 Backwards 6.00 2.00 4.35 N Memory
Drew!® 116 DFltg)Ir':NSaFr)gg 9.90 240 573 N Memory
Hart!os o4 DIGLSPAN-gon 00 573 N Memory
Forwards
Kayal® og DlOILSpan-  gae 09 573w Y Memory
Forwards
Seidel'®® g5 DigitSpan- gqy 199 573 N Memory
Forwards
Tiffin- Digit Span- 78
Richardse! 41 Forwards 7.00 2.00 5.73 N Memory
Anwar'®’ 50 DigitSpan- 44, 150  5.73% Y Memory
Unspecified
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Cut Impaired Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Gallai’®® 20 Br:%geiﬂ?gd 690 150 573" N Memory
Jassallés 14 Br']‘ggeif’f?gd 1030 290 5737 N Memory
Kalirao'0 338 Béggeiﬂ?gd 1480 370 5.73® N Memory
Nasser'©® 51 Brlggei?f?gd 820 210 573" N Memory
Oaksford!s 11 Béggescﬂ?gd 1118 309 573 N Memory
O'Conner's® 73 Brlgge?:?f?gd 1073 313 573%™ N Memory
Pliskin?st 16 Béggescf}‘:‘gd 770 200 573% N Memory

Digit Span-
101 78
Post 27 Unepecified 1240 330 573 N Memory
Ranter'? 20 Béggescﬂ?gd 670 150 5.73% N Memory
Sarnak!s? 165 Sr']?sgeif’f?gd 1520 390 573 N Memory
Digit Span-
161 78

Umans 10 Unspecified 10.60 4.20 5.73 N Memory
Wolfgram®>* 39 Br:?sge?:f)f?gd 8.10 270 573 N Memory

Diait Memory +

Chen!® 32 g 4860 1510 59.00% Y  Processing
Symbol Speed

Digit Memory +

Chen?®? 25 g 59.60 10.80 59.00% N Processing
Symbol Speed

Diait Memory +

Drew!s 282 g 4010 17.00 59.00% Y Processing
Symbol Speed

Digit Memory +

George®®® 32 Syrr?bol 37.00 16.30 59.00% Y Processing
Speed

Diait Memory +

Giang!®® 282 g 40.10 17.00 59.00%° Y Processing
Symbol Speed
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Cut Impaired Cognitive

Author (N) Test Mean SD Off (Y/N) Domain

Digit Memory +

Hart1%s 24 n?bol 4700 890  59.00% Y Processing
y Speed

Digit Memory +

Jassal# 14 S mgbol 9.80 2.80  59.00%° Y Processing
y Speed

Digit Memory +

Jiang'! 33 S rr?bol 57.00 14.00 59.00% Y Processing
y Speed

Digit Memory +

Kong?®4 80 S n?bol 5470  13.90 59.00%° Y Processing
y Speed

Diait Memory +

Nasser®® 51 S rr?bol 7.80 190 59.00% Y Processing
y Speed

Digit Memory +

Pereiral®® 25 S n?bol 7.70 3.10  59.00%° Y Processing
y Speed

Diait Memory +

Pliskin?5! 6 n?bol 660 200 59.00% Y Processing
y Speed

Diait Memory +

Ranter' 20 S n?bol 7.40 1.90 59.00% Y Processing
y Speed

Diait Memory +

Tamura®®® 59 S rr?bol 49.10 19.00 59.00% Y Processing
y Speed

Digit Memory +

Tamura?®® 141 s rr?bol 49.90 1750 59.00%° Y Processing
y Speed

Diait Memory +

Weiner'®’ 200 n?bol 700 260 59.00% Y Processing
y Speed

Line Psycho-
Chen?t0 32 Tracing 61.80 22.60 54.50' Y motor
Test Speed

Line Psycho-
Chen?6? 25 Tracing 5420 15.10 54.50' N motor
Test Speed

Line Psycho-
Jiang! 33 Tracing 47.00 13.00 5450 N motor
Test Speed
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Cut Impaired Cognitive

Author (N) Test Mean SD Off (Y/N) Domain
Anwar®’ 50 MMSE 28.40 7.00 24.00" N Global
Asfarlee 135 MMSE 22.00 510 24.00" Y Global
Asfart6? 65 MMSE 25.00 292  24.00" N Global
Badzek™® 142 MMSE 24.13 439 24.00" N Global
Baet’ 15 MMSE 28.70 1.10 24.00™ N Global
Bossolal’2 110 MMSE 23.40 3.60 24.00" Y Global
Bossolal’ 100 MMSE 25.60  3.40 24.00" N Global
Chai'™ 42 MMSE 28.00 2.10 24.00™ N Global
Chiut™ 162 MMSE 24.60 3.80 24.00" N Global
Costa'’® 47 MMSE 27.40 460 24.00" N Global
Cukor*™ 25 MMSE 27.40 1.70  24.00™ N Global
da Silva'’® 75 MMSE 24.16 449  24.00" N Global
Dahbour!’® 54 MMSE 26.50 2.70  24.00™ N Global
Dixit® 30 MMSE 25.80 2.20  24.00™ N Global
Drew'® 292 MMSE 26.70 2.80  24.00™ N Global
Driessen!*® 28 MMSE 2650 170 24.00" N Global
Fadili‘t! 108 MMSE 25.58 558  24.00" N Global
Fazeka'®? 30 MMSE 22.90 400 24.00" Y Global
Gallai®s® 20 MMSE 25.80 2.10  24.00™ N Global
Gencoz'® 45 MMSE 26.89 2.48  24.00™ N Global
Grimm?& 15 MMSE 27.60 2.20  24.00™ N Global
Harciarek!® 23 MMSE 2891  1.04 24.00" N Global
Hsieh?8® 27 MMSE 26.40 3.60 24.00™ N Global
C;’eecrct)?ﬁ; 35  MMSE 2648 530 24.00™ N Global
Jones!®® 3  MMSE 2730 230 2400" N Global
Jung?®® 29 MMSE 2610 310 24.00" N Global
Kim?° 95  MMSE 2700 260 24.00" N Global
Kitaguchi*** 30 ~ MMSE 2725 235 2400 N Global
Kobayashi*!2 61 ~ MMSE 2367 525 2400 Y Global
Kramer!® 15 MMSE 28.50 2.00 24.00™ N Global
Li C.1% 20 MMSE 29.20 0.80 24.00™ N Global
Lux®®® 12 MMSE 29.10 1.00 24.00™ N Global
Maugeri? 39 MMSE 2350 1.80 24.00" Y Global
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Author (N) Test Mean SD gl]ﬂ;[ : rr(m\p;?ll\lr)ed ng;';:\r/]e
Murray4’ 28 MMSE 26.60 0.51  24.00" N Global
Nasser%® 50 MMSE 26.50 150 24.00™" N Global
O'Conner* 73 MMSE 29.44 0.80 24.00™ N Global
Pereiral®® 25 MMSE 27.50 2.30 24.00" N Global
Post?t 27 MMSE 28.10 1.80 24.00™ N Global
Prelevict® 93 MMSE 21.60 470 24.00" Y Global
Sarnak®®? 314 MMSE 26.70 2.80 24.00" N Global
Sithinamsuwan 65 \MSE 2673 243 24.007 N Global
Sorensen'® 168 MMSE 26.40 280 24.00 N Global
Soysal'®® 121 MMSE 2050 447  24.00" Y Global
Tasmoc?® 72 MMSE 25.13 3.47  24.00" N Global
Tholen?® 26 MMSE 27.27 1.85  24.00™" N Global
Tholen?% 26 MMSE 27.27 1.85 24.00™" N Global
;Ilt:ffllgr 461 43 MMSE  29.00 2.00  24.00™ N Global
Tilki?® 25 MMSE 26.00 150 24.00™ N Global
Weiner®®’ 125 MMSE 26.90 2.70  24.00" N Global
Zhang?* 26 MMSE 26.61 3.58 24.00" N Global
Angermann® 151 MoCA 2409 393  26.00 Y Global
Costal’® 40 MoCA 23.90 460 26.00™ Y Global
Dasgupta?®® 100 MoCA 21.00 480 26.00 Y Global
lyasere®3 41 MoCA 2326 175 26.00 Y Global
LiP. 207 25 MoCA 23.90 250  26.00 Y Global
Tholen®! 26 MoCA 23.88 321 26.00 Y Global
Tholen?%2 26 MoCA 24.96 2.84  26.007 Y Global
E‘;‘lgr 461 41 MoCA 2400 400 26.00™ Y Global
Wolfgram®* 39 MoCA 21.80 3.80 26.00 Y Global

Attention+

Brown48 14 NCT-A 91.80 34.10 40.007 Y Processing
Speed

Attention+

Chen?t0 32 NCT-A 55.60  15.70  40.007° Y Processing
Speed
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Cut Impaired Cognitive

Author (N) Test Mean SD Off (Y/N) Domain

Attention+

Chen?62 25 NCT-A 3480 890  40.007 N Processing

Speed

Attention+

Gallai* 20 NCT-A 79.10 29.00 40.007 Y Processing

Speed

Attention+

Jiang'! 33 NCT-A 42.00 14.00 40.007 Y Processing

Speed

Attention+

Kong?®4 80 NCT-A 4250 17.10 40.007 Y Processing

Speed

Attention+

Smith2%8 29 NCT-A 80.65 44.60 40.007 Y Processing

Speed

Attention+

Wolcott® 14 NCT-A 115.20 47,50 40.007 Y Processing

Speed

Oaksford*° 11  RAVLT-1 7.45 2.81  8.80% Y Memory

Wolcott!® 14  RAVLT-1 5.10 2.60 8.80 Y Memory
RAVLT-

Musolino?®® 16 Delayed 3550 3.00 8.80™* N Memory
Recall
RAVLT-

Tamura®3 126 Delayed 8.50 370 8.80 Y Memory
Recall
RAVLT-

Temple?? 9 Delayed 6.90 2.90 8.801%4 Y Memory
Recall
RAVLT-

Temple?!! 8 Delayed 7.80 3.60  8.80% Y Memory
Recall

Brown4® 14 RAVLT- 4470 1530 4400 N Memory
Learning

Griva®*? 77 RAVLT- " 5936  11.94 4400 Y Memory
Learning

Kayal®® 28 RAVLT- 4036 189 4400 Y Memory
Learning

Lux2s 12 RAVLT- 5510 1030 4400% N Memory
Learning

Lux2s 12 EAV'TT' 4900 7.00 4400% N Memory
earning
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Cut Impaired Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Marsh14 18 ﬁeAa\r/anrTg 4320 14.70 44.002 Y Memory
Tamura®>® 126 FEeAaYnITrTg 40.60 11.00 44.00% Y Memory
RAVLT-
211 134
Temple 8 Learning 5.00 1.30 44.00 Y Memory
Kayal® 28 VLT ges 216 880 Y Memory
Seidel*® 35 RCFT 29.60 5.10 24.50%% N Attention
Kayal% 28 RCFT-LTM 15.63 6.68 19.75%35 Y Memory
Oaksford*° 11 I?I'g;:k-i 18.95 7.47 2450 Y Attention
Serial Psycho-
Chen1t0 32 . 51.80 10.50 70.00%° N motor
Dotting Test
Speed
Serial Psycho-
Chen?62 25 . 4920 10.60 70.00%° N motor
Dotting Test
Speed
) Serial Psycho-
Jiang'! 33 ; 52.00 19.00 70.00 N motor
Dotting Test Speed
Stroop- Executive
Post1! 26 Color 4990 11.60 96.74% N X
Reading Function
e Stroop- .
Ul 41 Color 3500 1400 96.74'% N v
Richards Reading Function
Stroop- Executive
Umans?6? 10 Color 47.80 1850 96.74%3 N X
Reading Function
Kalirao0 338 SUOOP- 44640 4320 46agre  y  EXxecutive
Interference Function
Seidel 108 g5 SUOOP- o500 9500 apague  y  CXeoutive
Interference Function
Tiffin- Stroop- 136 Executive
Richards® “L Interference 96,00 49.00 4649 i Function
Post! g7 SWOOD- po iy 1170 434985 v Executive
Naming Function
Tiffin- Stroop- 136 Executive
Richards®* 4l Naming Sl LY Aeiak Y Function
Umans1! 10 ,f’lt“".’p' 6300 12.60 43491  y  Executive
aming Function
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Author

(N)

Test

Mean

SD

Cut
Off

Impaired Cognitive

(Y/N)

Domain

Anwar>’

Brown4®

Costal’®

Drew!®

Grimm?184

Griva?t?

Hart%

Jassal'#

Kayaloﬁ

Kramer!®

LUX195

McAdams-
DeMarco'*

Pi*89

50

14

40

292

15

77

24

14

28

15

12

320

30

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

97.00

51.60

60.30

61.30

55.00

53.73

31.20

21.30

72.39

34.00

34.70

55.40

64.76

54

41.00

40.90

38.30

39.00

39.00

37.32

10.10

7.20

31.38

10.00

13.20

29.00

7.97

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

Y

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed



Author

(N)

Test

Mean

SD

Cut
Off

Impaired Cognitive

(Y/N)

Domain

Pliskin®>!

Post!%

Radi¢?®®

Ranter'®

Ryan*®

Sarnak?%?

Schneider?4

Seidel*®

Shavit!42

Sorensen’®

Tamura®®?

Tasmoc?®

Temple*2t

27

65

20

16

293

28

35

56

146

120

72

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

63.62

64.70

53.54

53.40

59.50

61.30

38.89

41.10

79.00

63.00

46.70

103.77

60.50

55

30.02

24.80

25.50

18.50

21.00

39.60

5.94

14.60

19.00

44.00

22.50

53.13

24.54

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

40.007

Y

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed



Author

(N)

Test

Mean

SD

Cut
Off

Impaired Cognitive

(Y/N)

Domain

Tiffin-
Richards®

Umans?6?

Weiner1®”

Wolcott®

Wolcott?!®

Wolfgram?®®

Zhang®®*

Anwar®®’
Brickman?®
Brown!®
Costal’®
Drew?!
Griva?*?
Hart0
Jassal'#

Kayal®

43

10

125

14

15

39

26

50

380

14

40

292

77

24

14

28

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

51.00

68.50

49.50

57.90

51.50

40.60

42.83

194.00

120.10

109.10

141.30

136.90

97.92

92.80

57.70

142.46

56

38.00

48.10

26.60

28.70

N/A

10.90

521

72.00

64.80

56.90

90.90

64.70

51.72

47.40

17.00

49.61

40.007

40.007

40.007

40.007

40.007

40.007

40.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

Y

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Attention+
Processing
Speed

Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility



Author (N) Test Mean SD gl# I rr(m\p;?[i\lr)ed ng;i;:\r/]e
Luxios 12 TMT-B 8580 2590 9400 N gggﬂ'}ﬂ:{;
Marsh14? 24  TMT-B 11440 57.50 94.007 Y gg%mﬁl
I'\D’mgfggf;l 314 TMT-B 16100 8300 9400 Y gggﬂ'}ﬂ:{;
Nasserl®? 50  TMT-B 31600 5130 94.007 Y gggmm’é
Neumann?- 163  TMT-B 10150 25.60 94.007 Y ggf‘({gt::@
O'Conner's® 73 TMT-B 3521 1574 94.007 N ﬁﬂiﬂlﬂ.v@
Pi*89 30 TMT-B  189.54 18.00 94.007 Y ggg:‘gm@
Pliskin?st 8 TMT-B  237.00 209.78 94.007 Y ﬁﬂi.”éfi.vt‘;
Postio! 27  TMT-B  169.60 93.60 94.007 Y ggg:‘gm@
Ryan*s 16 TMT-B 16555 6950 9400 Y gg%ﬂ:’&
Sarnak'®2 289  TMT-B  136.90 6470 94.007 Y ﬁgg?&::@
Schneider?4 28 TMT-B 3879 759 9400° N gg%ﬂ:@
Seidel!°® 35  TMT-B 11540 4810 9400 Y ﬁgg?&::@
Sorensent®® 114 TMTB 13600 6300 9400 Y Elgg?t')m’t;
Tamura*142 383  TMT-B 17700 4833 9400 Y Elgg?t:m@
Kurella® 80 TMT-B 21840 8390 9400 Y Fclgg?t')m’t‘;
Tamura!s® 118  TMT-B 12720 6880 94.00° Y Elgg?t:m@
Tamuratee 180 TMT-B 16240 97.20 94.00° Y Fclgg?k;fm;
Tamural®® 141 TMT-B 13080 69.80 9400® Y ﬁggﬂ;ﬂﬁ;
Tasmoc2® 72 TMT-B 21493 11225 9400° Y Fclggf‘t')m’ti
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Cut Impaired Cognitive
Author (N) Test Mean SD Off (Y/N) Domain
Tiffin- 5 Cognitive
Richards® 43 TMT-B 110.50 96.00 94.00 Y Flexibility
Cognitive
161 _ 76
Umans 10 TMT-B 313.00 318.00 94.00 Y Flexibility
. Cognitive
167 B 76
Weiner 125 TMT-B 12250 62.70 94.00 Y Flexibility
Cognitive
19 _ 76
Wolcott 14 TMT-B 163.50 94.00 94.00 Y Flexibility
Cognitive
215 B 76
Wolcott 15 TMT-B 108.90 N/A  94.00 Y Flexibility
Cognitive
154 _ 76
Wolfgram 39 TMT-B 39.50 1140 94.00 N Flexibility
Cognitive
204 B 76
Zhang 26 TMT-B 76.17 14.84 94.00 N Flexibility
Verbal
Wolfgram*> 39 Fluency- 46.40 9.70 18.10%*® N Language
Animal
Verbal
Lux1® 9 Fluency- 53.00 8.40 46.90'*® N Language
Category
Verbal
Kayal® 28 F'“Negfy' 6.64 166 28.601% Y Language
Specified

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

Impaired Cognitive

Author (N) Test Mean SD  Cut Off (Y/N) Domain
Dong?8 458 3Ms 86.70 11.40 78.00% N Global
Kalirao!#° 51 3Ms 93.00 6.70 78.00% N Global
LiY.*218 445 3Ms 87.25 3.25 78.00% N Global
Pi 30 3Ms 87.10 8.70  78.00% N Global

BVMT-R
Kalirao'4 51 Delayed 6.40 3.60 8.9546 Y Memory
Recall
Kalirao4° 51 COWAT 28.80 11.70 37.50% Y Language
George'® 22 COF'VXQT' 3250 15,50 37.50% Y Language
Digit Span-
156 78
George 22 Backwards 4.00 130 435 Y Memory
Kayal® 6 DoitSpan- 5.0 4 g3 4a5m N Memory
Backwards ’ ' '
Kayal® g DoitSpan- oa 447 573 N Memory
Forwards ' ' '
Kalirao'* 51 DigitSpan- .00 g5 573m N Memory
Unspecified ' ' '
Diagit Memory +
George'® 19 g 40.00 19.00 59.00% Y Processing
Symbol Speed
Diagit Memory +
Jiang'! 32 g 57.00 11.00 59.00% Y Processing
Symbol Speed
Digit Memory +
Luo!®3 24 g 52.00 12.00 59.00% Y Processing
Symbol Speed
Line Psycho-
Jiang! 32 Tracing 55.00 24.00 54.50'° Y motor
Test Speed
Line Psycho-
Luo!® 24 Tracing 58.00 22.00 54.50'%° Y motor
Test Speed
Cukort™” 6 MMSE 28.12 120 24.00" N Global
Isshiki?? 18 MMSE 28.00 3.00 24.00™ N Global
Jung?® 27 MMSE 27.80 290 24.00™ N Global
Li J*22 81 MMSE 2425 2.00 24.00™ N Global
Shea??? 151 MMSE 27.00 4.00 24.00" N Global
Sithinamsuwan 5, \iMSE 2740 218 24.007 N Global
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Author

(N) Test

Mean

SD

Cut Off

Impaired Cognitive

(Y/N) Domain
Tilki?® 17 MMSE 29.00 030 24.00™ N Global
lyasere!® 25 MoCA 2452 1.00 26.00 N Global
Shea??? 114 MoCA 23.00 530 26.00™ Y Global
Attention +
Jiang*! 32 NCT-A 40.00 11.00 40.007 N Processing
Speed
Attention +
Luo'® 24 NCT-A 41.00 14.00 40.00 Y Processing
Speed
Attention +
Wolcott® 17 NCT-A 83.50 28.00 40.007 Y Processing
Speed
Kaya'® 6 RAVITT_ 13.17 1.60 44.00% Y Memory
Learning
Kayal® 6 R'ﬁ‘¥h|7|T' 10.67 151 8.80 N Memory
Kaya'® 6 RL(.:I.F,\-; i 2467 450 19.75'% N Memory
Serial Psycho-
Jiang'* 32 Dotting 48.00 13.00 70.00'%° N motor
Test Speed
Serial Psycho-
Luo™®3 24 Dotting 51.00 16.00 70.00'° N motor
Test Speed
Kalirao™® 51 SUOOP- g4a0 2770 4649 Y Executive
Interference Function
Attention +
Dong?'® 220 TMT-A 64.25 6.50 40.00® Y Processing
Speed
Attention +
Griva?'2 68 TMT-A 50.49 25.98 40.007 Y Processing
Speed
Attention +
Kaya'® 6 TMT-A 80.83 54.84 40.00™ Y Processing
Speed
Attention +
LiY.* 219 445 TMT-A 67.25 11.53 40.00™ Y Processing
Speed
Attention +
Pi*8° 30 TMT-A 67.80 6.67 40.007 Y Processing
Speed
Attention +
Wolcott!® 17 TMT-A 53.00 31.00 40.00™ Y Processing
Speed
Dong*?18 220 TMT-B 145.00 19.67 94.00® Y Cognitive
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Impaired Cognitive

Author (N) Test Mean SD  Cut Off (Y/N) Domain
Flexibility
Griva?i2 68  TMT-B 9932 4474 94007 Y Cognitive
Flexibility
118.9 Cognitive
106 3 76
Kaya 6 TMT-B  167.33 ~,°  94.00 Y Flexibility
LiY.* 219 445  TMT-B 15950 31.00 94.007 Y Cognitive
Flexibility
Neumann?'? 163  TMT-B 8360 4000 94.007 N Cognitive
Flexibility
pj*89 30 TMT-B  169.66 12.17 94.00° Y Cognitive
Flexibility
Wolcott® 17 TMT-B 9230 3230 94.007 N Cognitive
Flexibility
Verbal
Wolcott® 17 Fluency- 6.50 150 18.10'%® Y Language
Animal
Verbal
Kayal® 6 F'“Negtcy' 817 194 28.60'® Y Language
Specified

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

Impairec  Cognitive
Author (N) Test Mean SD  Cut Off (Y/N) Domain
BVMT-R-
Harciarek®>® 20 Delayed 9.05 2.37  8.951¢ N Memory
Recall
Harciarek?® 20 ~ DIOILSpan-— o 0y 45 435w N Memory
Backwards ' ' '
Harciarek?? 20 ~ DI9ItSPan- 5oy 149 573m Y Memory
Forwards
Memory +
Harciarek?®® 20  Digit Symbol 3520 9.51  59.00% Y Processing
Speed
Memory +
Liang??* 17  Digit Symbol 5240 10.38 59.00%° Y Processing
Speed
Memory +
Ni22 24  Digit Symbol  57.00 8.67  59.00% Y Processing
Speed
Memory +
Zhang?? 33 DigitSymbol 5500 9.71  59.00% Y Processing
Speed
Liang? 17 LineTracing  go45 9639 sasous  y  Psycho-motor
Test Speed
Ni22% g4 LineTracing  gao7 1649 s45us N Feycho-motor
Test Speed
Zhang?2® g3 LineTracing 5,0, 1597 54501 N Psycho-motor
Test Speed
Asfar??’ 174 MMSE 26.00 2.18 24.00™ N Global
Frasnelli??® 64 MMSE 28.40 030  24.00" N Global
Harciarek?® 49 MMSE 28,57 098  24.00" N Global
Lee?® 60 MMSE 27.32 2.39 24.00™ N Global
Tyrrell#! 51 MMSE 22.98 3.00 24.00™ Y Global
Attention+
Liang®** 17 NCT-A 37.80 9.78  40.007 N Processing
Speed
Attention+
Ni2%° 24 NCT-A 36.00 6.87 40.00% N Processing
Speed
Attention+
Zhang?® 33 NCT-A 35.00 835  40.00% N Processing
Speed
RAVLT-
Harciarek??® 20 Delayed 9.65 2.66  8.80% N Memory
Recall
Harciarek??® 20 RAVLT- 4730 6.63 44.0084 N Memory
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Impairec  Cognitive
Author (N) Test Mean SD Cut Off (Y/N) Domain
Learning
Harciarek?® 20 RCFT 3480 150 2450 N Memory
RCFT-
Harciarek?® 20 Delayed 19.42 473  19.75%% Y Memory
Recall
Liang?* g7 SerialDotting o 0p o508 7000us N Fsycho-motor
Test Speed
Nj225 24 Serial Dotting 5336 1508 70.00.5 N Psycho-motor
Test ' ' ' Speed
Zhang??s 33 Serial Dotting 5533 1705 700045 N Psycho-motor
Test Speed
Attention+
Frasnelli?® 64 TMT-A 59.30 4.80  40.00™ Y Processing
Speed
Attention+
Harciarek®® 20 TMT-A 50.63 21.38 40.007 Y Processing
Speed
Harciarek® 20 TMT-B 112.45 51.99  94.007 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

Cut Impaired Cognitive
Author (N) Test Mean SD Off (YIN) Domain
Dixon™* 28 3Ms 82.90 15.60 78.00% N Global
BVMT-R-
Harciarek??® 22 Delayed 8.68 2.26  8.95 Y Memory
Recall
Sharma?* 44 COWAT 36.20 1290 37.50% Y Language
Harciarek® 22 DIOILSpan- o059 435w N Memory
Backwards
Digit Span-
*106 78
Kaya 40 Backwards 4.72 1.11 435 N Memory
Sharma?® a4 DIOIESPAN- g5 o5y 435 N Memory
Backwards
Harciarek?? 22 DIOItSpan- g5 175 573m N Memory
Forwards
Kaya*1% g0 DlotSpan- g 00 403 573 N Memory
Forwards
Sharma?* 44 DigitSpan- 1559 550 5737 N Memory
Forwards
Anwars’ 50  DlgtsSpan- o5 g5 573w N Memory
Unspecified
Digit Span-
233 78
Gupta 11 Unspecified 9.80 250 5.73 N Memory
Memory +
Gupta?® 11  Digit Symbol  47.70  10.90 59.00% Y Processing
Speed
Memory +
Harciarek??® 22  DigitSymbol 3650 8.66 59.00%° Y Processing
Speed
Anwar®®’ 50 MMSE 30.00 1.30 24.00™ N Global
Driessen'?® 20 MMSE 2720 1.20 24.00™ N Global
Gupta®? 11 MMSE 28.20 2.60 24.00™ N Global
Harciarek?? 22 MMSE 28.41 1.18 24.00™ N Global
Sharma?®? 44 MMSE 28.00 2.00 24.00™ N Global
RAVLT-
Harciarek?®? 22 Delayed 9.41 228 8.80™ N Memory
Recall
Harciarek?? 22 RAVLT- 47.41 831 44.00* N Memory
Learning
RAVLT-
*106 134
Kaya 40 Learning 13.31 149 44.00 Y Memory
Kaya*1% 40 RAVLT- 11.49 159 8.80%% N Memory
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Cut Impaired Cognitive
Author (N) Test Mean SD Off (YIN) Domain
LTM
Harciarek?? 22 RCFT 3525 135 2450 N Memory
Sharma?®? 44 RCFT 3220 420 2450 N Memory
RCFT-
Harciarek?? 22 Delayed 20.75 579 19.75'% N Memory
Recall
Kaya*106 40 RCFT-LTM 24.18 540 19.75'% N Memory
Sharma?®? 44 RCFT-LTM 17.00 7.80 19.75'% Y Memory
Gupta?® 11 SUWOOP- 9835 590 46.49'% Executive
Interferences Function
Attention
Anwar's’ 50 TMT-A 3370 800 40.00 N Proc;ssing
Speed
Attention
Gupta®? 11 TMT-A 50.50 22.30 40.007 Y Proc;ssing
Speed
Attention
Harciarek’® 22 TMT-A 4582 1015 40.00 Y Proc;’ssing
Speed
Attention
Kaya*1% 40 TMT-A 63.43 34.58 40.007 Y Proc;ssing
Speed
Attention
Sharma*?% 44 TMT-A 30.92 2.08 40.00™ N Proc;ssing
Speed
Anwars’ 50 TMT-B 11000 28.60 94.007 Y gzg:‘gm‘;
Harciarek?® 22 TMT-B 11082 6266 9400 Y gggﬂ;ﬂ:’t‘;
Kaya*106 40 TMT-B 12316 ©58.83 94.00% Y gggrgm‘;
Sharma*?2 44 TMT-B 7176 7.3 94.007 N ,?.22.”;}:.“{;
Verbal
Gupta®? 11 Fluency- 17.60 450 46.90'® Y Language
Category
Verbal
Kaya*106 40  Fluency-Not  7.89 1.82 28.60™® Y Language
Specified
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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

Impaired Cognitive
Author (N) Test Mean SD Cut Off (YIN) Domain
Dixon* 31 3Ms 8520 7.60  78.00% N Global
Murray? 101 3Ms 94.30 5.70 78.00% N Global
Palmer® 172 3Ms 85.10 8.80  78.00%® N Global
Boston
Lee¥ 286 Naming 1090 260  13.30% Y Language
Test
Boston
Martini® 60 Naming 9.70 1.10  13.30% Y Language
Test
Tiffin- Boston
Richards®! 42 Naming 21.00 10.00 13.30% N Language
Test
Boston
Torres® 752 Naming 3500 170 13.30% N Language
Test
Harciarek 30 Y '\Igeg 990 186 89540 N Memory
Kalirao® 101 B[\)/e'\lgég' 680 280  8.9540 Y Memory
Kalirao 101 COWAT 4390 15.80 37.50% N Language
Pliskin®®! 12 COWAT  33.80 10.70  37.50% Y Language
Torres® 752  COWAT  40.10 11.70 37.50% N Language
Yeh!® 92  COWAT 3793 917  37.50% N Language
Richards®! 42 Delayed 1250 4.00 10.38 N Language
Richards® 42 Immediate 1250 6.00 8.60 N Language
Digit Span-
104 78
Chang 39 Backwards 7.00 2.10 4.35 N Memory
Harciarek?® 30 g;%'fqigfé‘s 540 138 4357 N Memory
Digit Span-
105 78
Hart 20 Backwards 4.60 1.20 4.35 N Memory
L 94 Diglt Span' 78
ee 286 Backwards 3.70 1.20 4.35 Y Memory
. Digit Span-
108 78
Seidel 54 Backwards 6.20 1.60 4.35 N Memory
Tiffin- Digit Span- 78
Richardse! 42 Backwards 6.00 1.00 4.35 N Memory
Torres” 752 gfc'li\f/gfgs 510 150 4357 N Memory
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Impaired Cognitive

Author (N) Test Mean SD Cut Off (YIN) Domain
Tsai®® 192 ggliv?/g?(?s 490 250  4.35% N Memory
Chang'® 39 DF'g'rfN??gQ 11.00 210  4.35™ N Memory
Harciarek?® 30 DF'g'rfNiFr’g: 610 140 573 N Memory
Hart1%s 20 DF'g'rfN??gQ 590 140  573% N Memory
Lee% 286 DF'g'rfNiFr’g: 670 140 573%™ N Memory
Seidel™o® 54 OISR 790 160 5737 N Memory
Tiffin- Digit Span- 78
Richargst! 4 LI OPT 800 400 573 N Memory
Torres” 752 DF'g'rfNi‘;gg 714 120 573 N Memory
Tsai® 192 DF'g'rfNiFr’g: 970 2.80  5.73™ N Memory
Anwar?® 30 DigitSpan- oo, 54, 5.73™ N Memory

Unspecified
Kalirao® 101 Br'ggeifﬁ‘gd 1820 420 573" N Memory
Nasser'©® o9 DigitSpan- .25 550 573w N Memory
Unspecified
Pliskin?s! 1p DigtsSpan-— oo, 500 573 N Memory
Unspecified
Umanste! 10 DioitSpan- 4545 410 573 N Memory
Unspecified
Yehi gp DIOtSPAN 4979 419 573 N Memory
Unspecified
Diait Memory +
Chen!® 32 S rr?bol 62.30 13.00  59.00% N Processing
y Speed
Diait Memory +
Chen?6? 26 s rr?bol 62.20 1420  59.00% N Processing
y Speed
Diait Memory +
Harciarek®? 30 S rr?bol 48.03 11.09  59.00% Y Processing
y Speed
Diait Memory +
Hart% 20 S rr?bol 4870 1050  59.00%° Y Processing
y Speed
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Impaired Cognitive

Author (N) Test Mean SD Cut Off (YIN) Domain

Digit Memory +

Jiang!! 31 Syn?bol 65.00 14.00 59.00%° Y Processing
Speed

Diait Memory +

Kong?'¢4 80 Syrr?bol 64.40 1520  59.00% N Processing
Speed

Digit Memory +

Liang® 20 Syrr?bol 63.22 1154  59.00%° N Processing
Speed

Diait Memory +

Luo'® 24 Syrr?bol 64.00 11.00 59.00% N Processing
Speed

Diait Memory +

Nasser®® 20 Syrr?bol 1200 0.70  59.00% Y Processing
Speed

Diagit Memory +

Ni22° 23 Syrr?bol 62.00 11.82 59.00% N Processing
Speed

Diait Memory +

Palmer® 171 Syn?bol 50.20 15.60  59.00%° N Processing
Speed

Diait Memory +

Pliskin®®! 12 Syn?bol 7.60 1.90  59.00% Y Processing
Speed

Diait Memory +

Pulignano** 138 Syrr?bol 19.90 830  59.00% Y Processing
Speed

Diait Memory +

Torres®’ 752 Symgbol 54,10 1290 59.00%° Y Processing
Speed

Diait Memory +

Yehto 92 Symgbol 5778 16.04  59.00% N Processing
Speed

Diait Memory +

Zhang??® 22 S rr?bol 62.00 11.82 59.00% N Processing
y Speed

Line Psycho-
Chen?t0 32 Tracing 4750 1490 5450 N motor
Test Speed

Line Psycho-
Chen?6? 26 Tracing 55.30 17.60 54.50'% Y motor
Test Speed

Line Psycho-
Jiang'*! 31 Tracing 53.00 18.00 54.50'% N motor
Test Speed

Line Psycho-
Liang® 20 Tracing 4656 12.15 54.50'° N motor
Test Speed
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Impaired Cognitive

Author (N) Test Mean SD Cut Off (YIN) Domain

Line Psycho-
Luo'® 24 Tracing 4500 13.00 54.50'® N motor
Test Speed

Line Psycho-
Ni225 23 Tracing 4650 11.44 5450 N motor
Test Speed

Anwar®’ 30 MMSE 30.00 0.00 24.00™ N Global
Chait™ 41 MMSE 29.70  0.50 24.00™ N Global
Chang*® 39 MMSE 28.40 1.40 24.00™ N Global
Fazekas!®? 30 MMSE 27.90 1.40 24.00™ N Global
Frasnelli??® 15 MMSE 29.20 0.30 24.00™ N Global
Grimm?84 50 MMSE 29.60 0.60 24.00™ N Global
Harciarek?? 30 MMSE 29.00 0.87  24.00" N Global
Harciarek' 25 MMSE 29.24 0.93 24.00™ N Global
Hsieh'®® 27 MMSE 29.20 0.70 24.00™ N Global
Isshiki??® 60 MMSE 28.50 1.40 24.00™ N Global
Jones!® 36 MMSE 28.70 0.90 24.00™ N Global
Kramer!® 45 MMSE 29.50 0.80 24.00™ N Global
Lee® 286 MMSE 25.20 3.00 24.00™ N Global
Lee'?® ¥ MMSE 2640 242 24.007 N Global
Lee?0 65 MMSE 27.70 1.75 24.00™ N Global
Li C.1% 20 MMSE 29.50 0.80 24.00™ N Global
Li J.*22 66 MMSE 27.18 1.06 24.00™ N Global
Lux1® 12 MMSE 29.50 0.90 24.00™ N Global
Madan'?* 15 MMSE 29.00 0.85 24.00™ N Global
Maugeri® 35 MMSE 2350 0.70  24.00" Y Global
Nasser% 20 MMSE 29.30 0.90  24.00" N Global
Pulignano** 138 MMSE 26.30 3.90 24.00" N Global
Soysal*® 270 MMSE 23.90 4.70 24.00™ Y Global
FTz:]:;fr:Zr eot. 42  MMSE 2900 200 24.00™ N Global
Tilki?% 25 MMSE 30.00 0.20 24.00™ N Global
Wang'?® 654 MMSE 13.40 7.10 24.00™ Y Global
Wang*? 336 MMSE 17.80 6.00 24.00™ Y Global
Wang'?° 30 MMSE 2710 3.90 24.00" N Global
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Impaired Cognitive

Author (N) Test Mean SD Cut Off (YIN) Domain
Yeh!® 92 MMSE 28.59 1.67 24.00™ N Global
Zhang?* 28 MMSE 28,57 1.10  24.00" N Global
Li P. 207 25 MoCA 26.80 2.70 26.007 N Global
Palmer8® 171 MoCA 20.20 390  26.00™ Y Global
Tiffin- 42 MoCA 2800 3.00  26.00™ N Global
Richards
Attention
Chen?t? 32 NCT-A 34.90 9.80 40.007 N Procgssing
Speed
Attention
Chen?6? 26 NCT-A 37.00 12.90  40.007 N Proc;ssing
Speed
Attention
Jiang! 31 NCT-A 33.00 12.00 40.007 N Proc;rssing
Speed
Attention
Kong?®4 80 NCT-A 36.80 15.10  40.007 N Proc;ssing
Speed
Attention
Liang®* 20 NCT-A 32.28 8.93 40.007® N Proc;ssing
Speed
Attention
Luot3 24 NCT-A 3100 800  40.00 N Proc;sing
Speed
Attention
N 23 NCT-A 3400 1048 40.00" N Pmc;sing
Speed
RAVLT-
Harciarek??® 30 Delayed 11.13  1.96 8.801% N Memory
Recall
RAVLT-
Lux! 12 Delayed 50.50 9.30  8.80™* N Memory
Recall
RAVLT-
Musolino?®® 10 Delayed 46,70  3.00 8.801% N Memory
Recall
RAVLT-
Palmer®® 170 Delayed 540 320  8.80™* Y Memory
Recall
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Impaired Cognitive

Author (N) Test Mean SD Cut Off (YIN) Domain
RAVLT-

Tsai®® 192 Delayed 11.30 250  8.80* N Memory
Recall

Harciarek?® 30 IEAVITT' 52.33  6.03  44.00%* N Memory
earning

Lux'%s 12 RAVLT" 5790 420 4400 N Memory
Learning

Tsai®® 192 FAVLT- 4790 950  44.00% Memory
Learning

Harciarek?? 30 RCFT 3510 1.35 2450 N Attention

Seidel® 54 RCFT 32.70 2.40 24.50% N Attention
RCFT-

Harciarek?? 30 Delayed 2462 2.86  19.75%% N Memory
Recall

Serial Psycho-

Chen?t? 32 Dotting 4490 14.00 70.00%%8 N motor

Test Speed

Serial Psycho-

Chen?®? 26 Dotting 5330 17.10 70.00%8 N motor

Test Speed

Serial Psycho-

Jiang'! 31 Dotting 48.00 15.00 70.00 N motor

Test Speed

Serial Psycho-

Liang®* 20 Dotting 4513 9.87  70.00' N motor

Test Speed

Serial Psycho-

Luo!®® 24 Dotting 3500 9.00 70.00'% N motor

Test Speed

Serial Psycho-

Ni22° 23 Dotting 4511 958  70.00'5 N motor

Test Speed

e Stroop- .

Tiffin- 45 Color 3200 600 96.741% N Excalinve

Richards - Function
Reading

Stroop- Executive

Umans?? 10 Color 5750 1570 96.74%% N .

; Function
Reading

Kalirao® 101 SUOOP~ 7150 2380  46.49%% Y 2.CEE

Interference Function

Seidel'® 54  SWOOP- 9400 1750  46.49% Y Executive

Interference Function

Tiffin- Stroop- 136 Executive

Richards® = Interference SHY AR GEes i Function

Tiffin- Stroop- 136 Executive

Richards®* 42 Naming 4700 12.00 4349 Y Function
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Author

(N)

Test

Mean

SD

Cut Off

Impaired Cognitive

(YIN)

Domain

Umans?6?

Anwar®’

Frasnelli?®®

Grimm?8

Harciarek??

Hart10s

Krameri

Lee*

Lee123

LuleS

Schneider?

Seidel108

10

30

15

50

30

20

45

286

364

12

20

54

Stroop-
Naming

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

76.10

34.70

31.10

27.00

32.90

35.30

28.00

72.90

20.90

25.00

50.45

38.90

19.00

9.00

1.70

8.00

11.54

13.10

9.00

46.30

6.60

4.50

8.00

16.20
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43.49%%

40.00®

40.007

40.007

40.007

40.007

40.00®

40.007

40.00®

40.007

40.007

40.007

Y

Executive
Function
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed



Author

(N)

Test

Mean

SD

Cut Off

Impaired Cognitive
(YIN)

Domain

Tiffin-
Richards®

Tsai

Umans?6?

YethO

Zhang?*

Anwar®’
Harciarek??
Hart10s
Lee®

Leel23
LUX195
Nasserl0?
Schneider?#

Seidel108

Tiffin-
Richards®

Tsait®

Umans?6?

42

192

10

92

28

30

30

20

286

364

12

20

20

54

42

192

10

TMT-A

TMT-A

TMT-A

TMT-A

TMT-A

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

TMT-B

32.50

69.30

67.40

48.73

37.61

107.00

78.93

81.90

206.50

42.60

62.00

171.00

49.35

92.40

73.50

119.10

251.00

15.00

36.80

57.40

20,51

6.51

26.00

23.08

22.90

82.10

17.50

20.20

15.20

9.52

35.80

37.00

56.00

252.00
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40.007

40.007

40.007

40.007

40.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

94.007

N

Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Attention
+
Processing
Speed
Cognitive
Flexibility

Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility
Cognitive
Flexibility



Impaired Cognitive
Author (N) Test Mean SD Cut Off (YIN) Domain
Yehto 92 TMT-B 9206 5054 94.007 N Cognitive
Flexibility
Zhang™ 28 TMT-B 5872 646 9400 N Cognitive
Flexibility
Verbal
Palmer®® 171  Fluency- 1590 4.60  18.10%# Y Language
Animal
Verbal
Tsai% 192  Fluency-  14.80 4.00 18.10%# Y Language
Animal
Verbal
Lux!®® 12 Fluency- 63.60 6.10 46.90'%® N Language
Category
Verbal
Chang!® 39 F'“Negfy' 10.80 310  28.60' Y Language
Specified
Verbal
Pulignano'4 138  Fluency-  19.20 7.20  28.60'% Y Language
Phonemic

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.

75



2.7 Figures

Identification }

[

)

Eligibility Screening

Included

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.

searching

(Inception till May 9" 2018)
(n =1.969)

Records identified through database

l

Records screened
(n=1.711)

l

Full-text articles assessed
for eligibility
(n=320)

Duplicate Articles
(n=258)

Excluded Screened Articles (n=1391)
Opinion
Case Reports

Not CKD focused

|

Studies included in
qualitative synthesis
(n=198)

Full-text articles excluded
(n=122)

Mo Raw Data
Assessments Not Considered
Same Study Population
Biases

Other

|

Studies included in
quantitative synthesis
(meta-analysis)
(n=148)

\J

v

Excluded from meta-analysis (n=50)
Test reported not used in analysis
Assessments Not Considered
Same Study Population

Other

Patient Population Articles  Participants
Pre-Dialysis 51 31.186
HD 93 7.117

PD 19 1668
Combined Maodalities 9 492
Transplant 7 215
Controls 52 8.034
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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).
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Chapter 3

Robotic Technology Quantifies Novel Perceptual-Motor Impairments in
Patients with Chronic Kidney Disease

Copyright Statement: 'Material used with permission from; Vanderlinden, J.A., et. al,
Robotic Technology Quantifies Novel Perceptual-Motor Impairments in Patients with
Chronic Kidney Disease, Journal of Nephrology, published [2021], [publisher- Springer
Nature Switzerland AG]’
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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 enroliment. 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 reported®®. The diagnostic and statistical manual (DSM)-V defines 6
neurocognitive domains: complex attention, executive function, learning and memory,
language, perceptual-motor function, and social cognition?®. Of these domains, the most
commonly affected in patients with CKD are executive function, complex attention, and
memory?2. 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 cells?®’.

The majority of recent studies assessing patients with CKD for neurocognitive
impairment have relied on dementia screening tools?#2%, Using these tools, the prevalence
of neurocognitive impairment has been found to vary across the stages of CKD?*. 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)?*, which lacks sensitivity in detecting mild neurocognitive
impairment?3, and does not measure executive function®. As such, the use of the MMSE

alone is not intended for the assessment of mild neurocognitive impairment?*.,
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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 primates®*? and humans?*3, 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 injury®. Kinarm has quantified impairments in many disorders including: stroke?#,
critical illness?*, traumatic brain injury?*, amyotrophic lateral sclerosis?*’, and post-
cardiac surgery®*®, 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.

88



3.3 Material and Methods

Study Design, Location, Participants, and Data Acquisition

This single-centre cross-sectional study recruited patients from a multidisciplinary
CKOD 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/1.73m?, 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/1.73m?, 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 range®. 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 guide®®. 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
movement®®2° 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 68" and 95"
percentile, respectively, for the healthy cohort. These equations are implemented in the
software used to run the Kinarm tasks (Dexterit-E, version 3.8°) 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 95" 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 comparisons??,

92



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:
age®™?, sex®2, education®?, history of cardiovascular disease®, diabetes®™3, and
hypertension?2, Regarding education, a dichotomy of having an education of < grade 12
was used based on previous data?®*. 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 Studio®®.
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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/1.73m? 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/1.73m?) (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 lIdentifies 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%)
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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 (R?=0.42, F=4.92, p=0.0072), along
with the following RBANS subdomains: immediate memory (R?=0.46, F=5.49, p=0.0004),
visuospatial (R?=0.31, F=3.03, p=0.015), language (R?=0.43, F=5.09, p=0.0006), and
attention (R?=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 (R?=0.34, F=3.20, p=0.012), OH+A (R?=0.38,
F=3.87, p=0.004), OH (R?=0.30, F=2.75, p=0.03), SS (R?=0.33, F=3.02, p=0.017), and
TMTB (R?=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 CKD?® this impairment is typically described using screening tools?*, 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 CKD?*®. The authors concluded that GFR predicted time to
complete the task in the non-dominant hand with eyes open?®, but the reported time was
within published limits?®’. 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)?%8, 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 needed®®. It was noted that roughly 1/3 of patients with
CKD are involved in a motor vehicle collision within 1 year of initiating dialysis®°. 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 literature®®. These inconsistencies may be explained by how the task is
performed. SS was modeled after the Corsi block-tapping task®®, 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

260

an effect on self-efficacy”®”, which in turn affects motivation. Furthermore, low self-
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efficacy caused by negative feedback may decrease cognitive resources and ultimately lead
to poor performance?!. 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.
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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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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.

Trail Making TMT-A The patient is asked to connect the Perceptual-Motor,
Test A numbers 1-25 in order as quickly as Complex Attention
possible. The number arrangement is
predetermined and no connecting lines
may overlap. A measure of visuomotor
and attention.
Trail Making TMT-B Similar to TMT-A, but the patient is now Perceptual-Motor,
Test B asked to alternate between number and 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 manual®®. 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 32 (65.3)
Female 17 (34.7)
Handedness (N, %)

Right 44 (89.8)
Left 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 1(2.0)
Chinese 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)
Cardiovascular? 10 (20.4)
Polycystic Kidney Disease 6 (12.2)
Focal Segmental Glomerulosclerosis (FSG) 3(6.1)
Other® 9 (18.4)
Co-morbidities (N, % of Total N)

Diabetes 33 (67.3)
Hypertension 34 (69.4)
Cardiovascular® 34 (69.4)
Sleep Apnea 18 (36.7)
Other® 34 (69.4)
Stage Of CKD (N, %)

mL/min/1.73 m?2

Stage 4 (eGFR 15-29 mL/min/1.73 m?) 10 (20.4)
Stage 5 (eGFR <15 mL/min/1.73 m?) 39 (79.6)
eGFR (Mean, Range) mL/min/1.73 m? 12.6 (5-29)

Creatinine (Mean, Range) umol/L

421 (180-786)

Urea ( Mean, Range)® mmol/L

24.6 (11.9-47.1)

104




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.
4Cardiovascular 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).

‘Cardiovascular 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).

*Urea values were unavailable for 2 patients.
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Table 12: Linear Regression RBANS: Chronic Kidney Disease

RBANS

Total Scale Score Standard Error = tvalue = Pr(>Jt)) RSE DOF R F-Statistic ~ p-value
Age 0.20 1.09 0.284

Sex (Male) 428  -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 ~ tvalue = Pr(>[t]) RSE DOF R 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 1351 38 0.46 5.49 0.0004
|
Visuospatial Standard Error ~ tvalue = Pr(>Jt]) RSE DOF R® F-Statistic = p-value
Age 027 -0.74 0.47

Sex (Male) 574  -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) 544  -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 ~ tvalue = Pr(>|t]) RSE DOF R’ F-Statistic ~ p-value
Age 013 -0.71 0.48

Sex (Male) 249  -354 0.0010

Diabetes (Yes) 2.75 -0.12 0.91

Hypertension (Yes) 2.75 0.25 0.80

Education (Grade 12 and Lower) 238 -355 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 ~ tvalue  Pr(>|t]) RSE DOF R F-Statistic ~ p-value
Age 0.23 041 0.686

Sex (Male) 487 -163 0.111

Diabetes (Yes) 5.44 0.23 0.82

Hypertension (Yes) 5.46 -091 0371

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 ~ tvalue  Pr(>|t]) RSE DOF R F-Statistic ~ p-value
Age 0.25 0.02 0.99

Sex (Male) 485  -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 ~ tvalue Pr(>t)  RSE DOF R F-Statistic p-value
Age 0.01 0.83 041

Sex (Male) 0.24 1.42 0.16

Diabetes (Yes) 0.29 1.22 0.23

Hypertension (Yes) 026 -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 0.19 151 0.20
|
Ball on Bar Standard Error ~ tvalue = Pr(>[t]) RSE DOF R? F-Statistic  p-value
Age 0.011337 1.75 0.09

Sex (Male) 022 -310 0.004

Diabetes (Yes) 0.28 167 0.104

Hypertension (Yes) 0.26 0.58 0.57

Education (Grade 12 and Lower) 0.20 2.58 0.01

Cardiovascular (Yes) 021 -0.03 0.97

Final Model N/A N/A N/A 0.61 37 0.34 320 0.012
|
Object Hit and Avoid Standard Error = tvalue Pr(>[t)  RSE DOF R F-Statistic p-value
Age 0.01777 -1.57 0124

Sex (Male) 0.30983 250 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 ~ tvalue Pr(>[t)  RSE DOF R?  F-Statistic p-value
Age 0.01581  -1.40 0.170

Sex (Male) 0.28249 181 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 ~ tvalue Pr(>t)  RSE DOF R? F-Statistic  p-value
Age 0.01616 181 0.08

Sex (Male) 0.34 0.22 0.83

Diabetes (Yes) 0.38 1.75 0.09

Hypertension (Yes) 038 -047 0.64

Education (Grade 12 and Lower) 0.32 2.16 0.04

Cardiovascular (Yes) 035 -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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Visually Guided Reaching Standard Error = tvalue = Pr(>[t]) RSE DOF R? F-Statistic  p-value

Age 0.0145 191  0.064

Sex (Male) 029 -0.34 0.74

Diabetes (Yes) 0.34 239  0.021

Hypertension (Yes) 032 -144 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 =~ tvalue Pr(>|t)  RSE DOF R F-Statistic p-value
Age 001 -1.94 0.060

Sex (Male) 0.16 247  0.019

Diabetes (Yes) 021 -0.14 0.89

Hypertension (Yes) 020 -0.94 0.35

Education (Grade 12 and Lower) 0.15 190 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 0017
|
Trails Making Test A Standard Error = tvalue Pr(>t)  RSE DOF R®  F-Statistic p-value
Age 0.02 -0.35 0.73

Sex (Male) 043 171 0.09

Diabetes (Yes) 054 -0.18 0.86

Hypertension (Yes) 050  -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 0.19 151 0.20
|
Trails Making Test B Standard Error ~ tvalue = Pr(>[t]) RSE DOF R? 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) 028 -0.01 0.99

Final Model N/A N/A N/A 0.80 37 0.45 495  0.001

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.
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3.8 Figures

Q & KINARM
. KINARM

o R

_ %
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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Total Patients Screened
N= 264

Not Eligible (N=75)
*  Stroke (N=9)
*  Vision’ Lmb loss (N=7)
*  Neurodegenerative disease (N=4)
* NotEligible (Other) (N=55)
*  Satelite dialysis unt (N=33)
*  Dialysis starting with no time to perform assessment
(N=18)
*  Nurses deemed patient unsuitable for study (N=4)

v

Eligible Patients

N=189
Not Interested (N=60)
* Notinterested in being in aresearch study (N=38)
* Too busy (N=11)
* Transplant work up mitiated (N=7)
> * Needs transportation to appointments (N=4)
Undecided (N=53)
* Asked to be approached again (N=43)
* Not seen due to clinic timing (N=10)
A4
Consented To Study
N=176

Incomplete Assessment (N=22)

» Started emergency dialysis without assessment (N=16)
* Nolonger interested in performing assessment (N=4)
* Transferred to satellite chnic (N=2)

Excluded From Analysis (N=5)
* Documented stroke found in chart review (N=3)
v * ¢GRF was above 30 mL/min/1.73 m® (N=2)

Completed Assessment
N=49

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.

113



‘isuospatial
Language
Attertion
Delayed Memary
APM

BorB

OH.A

OH

RVGR

VGR

ss

TMT A

TMT B

Immediate.Memory

Visuospatial . .
Attention .
Delayed Memory .

Total Scale

. Immediate Memory

. 900000 -

= . .
THT.B .
-1

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

Copyright Statement: Submitted and under review at time of writing.
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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 adults'®. AKI is particularly
prevalent in patients who undergo cardiovascular surgery** or who are critically ill'%.
Regardless of the cause of AKI, patients who experience an episode of AKI have an
increased risk of morbidity and mortality'1214,

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
dysfunction??. 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 AKI®". 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 dementia®*3*. More recently, AKI has
been shown to be associated with long-term neurocognitive impairment in children with
severe malaria®. 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 function?%. We also recently demonstrated that robotic technology
can precisely quantify impairments in visuomotor function in patients with CKD?*. 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 Clinic?®,
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/1.73m?. 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 AK1259),
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
surgery®*®27 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 surgery?68,
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 improvement®”: The Repeatable Battery for the
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Assessment of Neuropsychological Status (RBANS), and a robotic assessment that
quantifies sensory, motor, and cognitive performance®®: Kinarm Endpoint Lab (Kinarm)>.
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 CKD?%,

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 impaired?*. The mean and
standard deviation for the RBANS normative population is derived from healthy, age-
matched control individuals®®.

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
movement®®2%°_ 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 O reflect best performance and values of 1 and 1.96 reflect performance at
the 68" and 95™ 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 95" 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
adults® and children®, although there is some learning effect for the reverse visual guided
reaching task?®®. 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 software?®.
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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 m?) respectively. For the second assessment
the average Cr and eGFR was 152 umol/L (SD 58 umol/L) and 41 mL/min/1.73 m? (SD 18
mL/min/1.73 m?).

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 disease®®, 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 CKD?4, 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 limited®°, 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 activation?’t. 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)?’2. This however this
is not reflective of the general AKI population?®, 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 Active Control P value
(N=21) (N=21)

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 7 (33.3%) 9 (42.9%) >0.05

College or University 13 (61.9%) 8 (38.1%)

Masters 1 (4.8%) 3 (14.3%)

Unknown 0 (0%) 1 (4.8%)

Co-morbhidities (N)

Diabetes 9 5 >0.05

Hypertension 8 12 >0.05

Cardiovascular @ 21 21

Cancer ¢ 7 2

Other d¢ 26 22

Cause of AKI (N, % of Total N)

Cardiovascular f 4 (19.0%)

Infection 9 6 (28.6%)

ATN 3 (14.3%)

Rhabdomyolysis 4 (19.0%)

Obstruction 3 (14.3%)

Other 8 (38.1%)

KDIGO AKI Stage (N, %)

Stage 1 1 (4.8%)

Stage 2 2 (9.5%)

Stage 3 18 (85.7%)

Recovered <25% of Kidney Function (N, %)

Yes 9 (42.9%)

No 12 (57.1%)

Baseline Parameters Before Incident AKI

Baseline Creatinine (Mean, Range) umol/L* 104.1 (67-198)

Existing Renal Disease (N, %)

Yes 6 (28.6%) 0 (0%) <0.01

No 14 (66.6%) 21 (100%))

Unknown 1 (4.8%) 0 (0%)

Hospital AKI Data

Highest Hospital Creatinine (Mean, Range)
umol/L

7155 (271-1762)

Required Dialysis

Range)

Yes 12 (57.1%)
No 9 (42.9%)
First cognitive testing (N=21)

Months Between AKI incident and Test 1 (Mean, 6.8 (2-15)

Range)*

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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Creatinine (Mean, Range) umol/L 139.2 (68-361) 81.3 (65-111) <0.001
eGFR (Mean, Range) mL/min/1.73 m? 47.7 (10-98) 84.9 (59-104) <0.0001
Second cognitive testing (N=16)

Months Between Test 1 and Test 2 (Mean, 4.6 (4-14)




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.

& 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).

¢ 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).

®Cardiac 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).
fCardiovascular causes of AKI: cardiac surgery (N=3), and heart failure (N=1).

9 Infection causes of AKI: sepsis (N=4), viral gastritis (N=1), and infection unspecified
(N=1).

h"Obstruction cause of AKI: obstructive neuropathy (N=1), bladder obstruction (N=1), and
obstruction unspecified (N=1).

'Other 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

Neurocognitive | TazkDomain | Task Components/ Tazk Deseription Domain AKT Teat 1 AKIN AKT Test AKIN Active

Test Aszsezzed N Completed I Completed | Control (N
impaired, Test1 impaired, Teat 2 impaired,
) (Max %) (Max i)
N=I1) N=16)
RBANS Attention Digit Span, Svmbol Coding Attention 2(10.0%) 20 0 {07%) 16 0{0%)
Iomediate Lizt Learming, Story Memory Memory 1(4.8%) 21 0 {07%) 16 1 (4.8%)
Memory
Delayed Lizt Recall, List Recognition, Story Memory 2 (10.0%) 20 1(6.3%) 16 1 (4.8%)
Iemory Fecall, Fizurs Recall
Visuospatial | Figure Copy, Line Orientation Visuospatial 3(15.0%) 20 2(12.3%) 16 2(9.5%)
Lanzuage Picture Naming, Semantic Fluency Languaze 0 (0%a) 20 0 (%) 16 0{0%3)
Total Bcale A summary seore based on the Composite 1(5.0%) 20 0(0%%) 16 01{0%)
Scors performance on all the RBANS Parformance
domains, reprezentatrva of global Score
performance on the REANE.
Kinarm Arm Position | Patients are asked to mirror mateh the Propriccaption, 1(5.6%) 18 1(7.T%) 13 1 (4.8%)
hatching ann position the robot has moved one Somatosensory
arm to with their other zm.
BallonBar | A'bar comnects the patients 2 anms with Visucmoter 3(15.0%) 13 2016.7%) 12 2(10%) *
aball on top of it. Patients are than skall, Maotor
instructad to place this ball m vanons Fange and
targets on the screen. As the tazk Coordination
prograsses, the ball becomes lass fixed
to the bar mereasmg tha tazks
Object Hit The patient’s hands become paddles Attertion, 4(25.0%) 16 4(30.8%) 13 1 (4.8%)
and they are instructed fo hit 25 many Visnomotor

fallmgz balls away from them as

pozzible. As the task progreszes the

quantity and speed at which the ballz

fall increases.

Object Hit and | Simnilar to OH, but this time the patients Attertion, 4(25.3%) 17 3(25.0%) 12 1 (4.8%)
Avaid mmust only hit 2 specific shapes while Visnomoter

avoiding all other shapes. As the tazk and Executive

progreszes the quantity and speed at Funrtion
which the targets fall mcreases asinthe
OH task.
Visually The patients hand iz represented by 2 Visuomotor 10 (47.6%) 21 3(31.3%) 16 2(9.5%)

Guidad dot. Thay are then mstructed to move
Feaching this dot 25 quickly and accurately as

pozzible into vanous targets on the
SCIeen.
Reverze Similar to VER, but the light Visuomator, 11 (52.4%) 21 8 (50.0%) 16 5(23.8%)
Vizually representing tha hand now moves in the Exscutrva
Guidad opposite dirachion of the arm Funrtion
Reachinz movemant.
Spatial Span | Patients are showm a sequence in a 3x4 Working 1 (6.7%) 15 0 {0%) 12 1 (4.8%)
box matree and asked to replicate i Memory

The length of the sequence dapends on

1f previons response was ecrrect or not.

Trail Making | The patient is acked to comnmect tha Attertion, 10 (50.0%) 20 6 (40.0%) 15 2(9.5%)
Test A mumberz 1-25 in order 2z quickly as Visuomotor
poszible.
Trail Making | Simular to TMT-A, but tha patient 1= Attertion, 3(25.0%) 20 6 (40.0%) 15 1 (4.8%)
TestB now azked to altemate betwean muombear | Visuomator,
and letters (1-4-2-B-1) as quickly a= Executrve
pozzible. Function
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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

Cardiac Cohort ” Acute Kidney Injury Cohort
v v
Total Patients Screened Total Patients Screened
N=280 N=94
Not Eligible (N=30)
Not Eligible (N=8) +  Not Returning to Clinic (N=17)
Uninterested/Too Busy (N=46) [* *| + Not Suitable (N=7)
Unknown (N=135) «  Cognitive Impairment (N-4)
«  Stroke (N=1)
Vision Impairment (N=1)
Lligible and Consented Eligible Patients
Paticnts N=91 N= 64
Not Interested (N=11)
s o + Not interested in being in a research study
Missed Prc-Opciratl\c le i (N=9)
Assessment (N=3) « “Too busy (N=2)
Undecided (N=10)
+ Asked to be approached again (N=8)
il + Not seen due to clinic timing (N=2)
Baseline Testing Completed Consented To Study
N=88 N=43
Incomplete Assessment (N=20)
* No testing due to COVID (N=15)
« Only performed 1 assessment (N=5)
e —
Removed Consent (N=4)
v
. , . Not Coming Back To Clinic (N=3)
Convenience Sample Selected || Completed Full A

N=21 N=16

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 95" 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.
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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 95" 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 95™ 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 95" 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 95" 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

Copyright Statement: ‘Material used with permission from; Vanderlinden, J. A., et. al,
Cerebral Perfusion In Hemodialysis Patients - A Feasibility Study. Canadian Journal of
Kidney Health and Disease, accepted [2021], [publisher- SAGE Publishing]’
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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 performed?”®. When examined, patients demonstrate global
neurocognitive impairment?’3-2> with particular deficits in the domains of executive
function?’*27® memory?’®, and attention?’®. 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 stroke?’’, cause systemic circulatory stress by affecting vulnerable
perfusion-dependent vascular beds?’8, and produce significant shifts in acid/base
balance?’®. Decreases in white matter integrity?®*, along with an increased incidence of
silent infarcts?® 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
surgery*?, and has been shown to linearly correlate with CT perfusion®%2, 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 hemoglobin®'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% respectively*144-4_In addition, lower rSO2 levels have been
measured in the frontal lobe and extremities during HD, suggesting that tissue ischemia
may be occurring®®. Finally, rSO2 levels have also been negatively correlated with blood
pH, diabetes, and the duration of time the patient has been on HD?®, 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 damage®. Additionally, positron emission tomography-—
computed tomography determined that global cerebral blood flow decreased by 10+/-15%
by the end of a dialysis session?4, and Doppler studies have confirmed this decline and
further added that cerebral blood flow declines were related to intradialytic neurocognitive
impairment®®,

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 2°,
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 Lab® (Kinarm). This battery has recently been
proven feasible in quantifying neurocognitive impairment in those with CKD?%*, 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 limbs®. 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 testing®®*. 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 95" percentile for neurologically healthy
performance. RBANS scores are normalized by age only. We defined impairment as scores
beyond the 95" 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. 2020%%°. 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 work?® 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 Studio®®. 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 centre®,

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).

156



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 nephrology?®’. 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% participated?®,

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 HD?14:289-299
that contextualize our findings. Of the studies that provided study durations, the calculated

enrollment rates ranged from 2.4 to 40 patients/month?90291.29%5-2% Consent rates ranged
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from 29 to 72%, with a study completion rate range from 70 to 100%?142%0:291.293,296-299
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 disease®®. 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 deficits?®. 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
performance?'4. 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 pooled®®*. 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 studies®®2%2. 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
battery?®*. 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 motormovements®®®. 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 cm?® 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 disease3043%,
Secondly, we did not screen our patients for mood disorders, such as depression, which is
known to be confounding variable for neurocognitive performance!®®, 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 Domain/Task Task Components and Description
Test
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 The robot moves one of the patient’s arms. Patients are then

Matching 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

Patient Whole Cohort 1 2 3 4 5 6

r p-value T p-value r p-value r p-value r p-value r p-value r p-value
Mean
Auterial 0.16 |=0001| 045 |<0001| 0.19 |<0.001| 020 |<0.001| 020 |=0.001| 029 |<0.001| 025 | =0.001
Pressure
(mmHg)

Pulse (BPM) | 042 | <0.001| 023 |<0.001| -028 [<0.001| 044 [<0.001]| 012 | <0.01 | 021 |=0.001| -0.27 | =0.001
Total Fluid 0052 | =0.01 | -043 |=0.001| 0.091 | <0.05 [ 0.063| NS | -046 |=<0001| -029 | <0.001| -038 | <0.001
Removed (L)

(Tg;“pcr‘"‘“”e 0023 | NS |-00014| NS |-0076| NS [0062| NS | -0050| NS | -012|=<0001|-0010| NS
Ultrafiltration
Rate 00007 NS | 043 | <005 | 025
(mL/HrKg)

Average 022 |=0.001| -0.68 |<0.001| 0.89 |<0.001|-0.61|<0.001| -035 | <0.05 | 0.79 |=0.001| 0.74 | <0.001
1502/ Week

[
LA

NS 0.08 NS -033 | =0.05 | -0.11 NS -0.08 NS

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 5 (83.33)
Female 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 @ 4 (66.67)
Sleep Apnea 3 (50)
Other ° 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.
4Cardiovascular 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

Total Approached
N= 255

|

Eligible Patients

Not Eligible (N=197)
Stroke (N=8)

Neurodegenerative disease (N=3)
Vision/ Limb loss (N=2)

Not Eligible (Other) (N=184)

+ Pentoneal dialysis selected (N=139)
Satellite dialysis vt (N=16)
Emergency dialysis required (N=13)
Home hemodialysis selected (N=10)

- - - -

N=58 Other (N=6)
Not Interested (N=21)
.| Undecided (N=18)
* Asked to be approached again (N=12)
+ Modality not set (N=6)
Consented
N=19

Completed Study
N=6

+ No longer interested (N=9)

+ Started emergency dialysis without
assessment (N=3)

» Modality switched to home HD (N=1)

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:
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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 95" 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 Canadians®, and 1 billion individuals
worldwide? are living with CKD?. Due to high prevalence rates, it is becoming increasingly
recognized that patients with CKD may have neurocognitive impairments2423°:3%,
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 HD?,

176



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 MMSE?*. Although the MMSE is quick, it lacks the sensitivity to
detect mild neurocognitive impairment?3°. Despite the common use of screening tools in
research studies, they are not designed to assess mild neurocognitive impairment alone?*.
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
them®?,

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 disease®*’31°, and the importance of
mental health in neurocognitive functioning, specifically depression?831:312 There is also
a trend to encourage early screening of neurocognitive impairment in this population that

is desperately needed®2,
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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 initiated3!“,
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 cohort®®. 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 HD?8.
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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. | 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 MAPSs 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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Research ethics boards approved this study before any consent was obtained from the
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that the registration information is accurate and complete
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Queens

QUEEN'S UNIVERSITY HEALTH SCTENCES & AFFILIATED TEACHING HOSPITALS RESEARCH
ETHICS BOARD

The membership of this Eesearch Ethies Board complies with the membership requirements for Research Ethies
Boards and operates in conpliance with the Tr-Counecil Policy Statement; Part C Division 3 of the Food and Drug
Regulations, OHEP, and U.S DHHS Code of Federal Regulations Title 43, Part 46 and carries out its fimctions m a
manner consistent with Good Climieal Practices.

Federalwide Assurance Number; £FWAQMO004184, #IRBOO1LTI

Current 2015 membership of the Queen's University Health Sciences & Affiliated Teaching Hospitals
Research Ethics Board:

Dn. AF. Clark, Emenitus Professor, Department of Biomedical and Molecular Sciences, Cueen's University (Chair)
D H. Abdollah, Professer, Department of Medicine, Queen's University

Dr. B. Brison, Professor, Department of Emergency Medicine, Chueen's University

Dr. D Groll, Assistant Professor, Department of Psychiatry, Queen’s University

M. J. Hudacin, Compmmity Member

Mr. D. McNaughton, Commumity Member

AL 5. Rohland, Privacy Officer, ICES-Cueen's Health Services Research Facility, Fesearch Asseciate, Division of
Cancer Care and Epidemiology, Queen's Cancer Research Institute

Dr. M Sawhney, Assistant Professor, School of Nursing, Chueen's University
M. J. Sheldrick, Commmmity Member
Dr. A. Singh, Professor, Department of Psychiatry, Queen's University

Dr. J. Thorpe, Clmical Fesearch Associate, Department of Anesthesiology and Penoperative Medicme, Cueen's
University

M. K Weishaum, 1T B. and Adpmet Instructor, Department of Famuly Medicne (Bioethies)
Dr. J. Whitelev, Commmmity MMember
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH ETHICS BOARD (HSREB)
HSREB Renewal of Ethics Clearance
April 17, 2020

Dr. ). Gordon Boyd
Department of Medicine
Queen’s University

TRAQ #: 6015214

Department Code: DMED-1784-15

Study Title: "DMED-1784-15 Cerebral hypo perfusion during hemodialysis contributes to long-term neurological
dysfunction in patients with end-stage renal disease™

Review Type: Delegated

Date Ethics Clearance Effective: April 17, 2020

Ethics Clearance Expiry Date: April 17, 2021

Dear Dr. Boyd:

The Queen's University Health Sciences & Affilieted Teaching Hospitals Research Ethics Board (HSREE) has reviewed
the application. This study, including all currently approved documentation has been granted ethical dearance until
the expiry date noted above.

Prior to the expiration of your ethics clearance, you will be reminded to submit your renewal report through TRACQ.
Any lapses in ethical clearance will be documented below.

Lapse in Ethics Clearance: 2017 /05/01 — 2017/05/10

MOTE: In-person contact should be eliminated due to COVID-19. If you wish to continue data collection for your
research that currently involves in-person contact, submit an amendment event form to outline methods for
remote data collection, including all privacy and security considerations. There are human participant research
policies, in relation to hospital and non-hospital based research, that are being continually updated. Many
restrictions are now in place with respect to in-person research. For the most current information on the COVID-19
impact on research, please visit https:/ fwww_queensu.ca/vpr/covid-19. For information directly related to
GREB/HSREB please visit the Research Ethics FAQs.

Regards,

(b # Clak.

Albert F. Clark, PhD
Chair, Queen's University Health Sciences and Affiliated Teaching Hospitals Ethics Board

The HSREE operates in compliance with, and is constituted in accordance with, the requirements of the Tri-Council



Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the international Conference on
Harmonisation Good Clinical Practice Consolidated Guideline {ICH GCP); Part C, Division 5 of the Food and Drug
Regulations; Part 4 of the Natural Health Product Regulations; Part 3 of the Medical Devices Regulations, and the
provisions of the Ontario Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The
HSREE is qualified through the CTO REE Qualification Program and is registered with the U.S. Department of Health
and Human Services (DHHS) Office for Human Research Protection (OHRP). Federalwide Assurance Mumber: FWAS:
00004124, IRB&: 00001173

HSREB members involved in the research project do not participate in the review, discussion or decision.
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