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Strengths and limitations of this study

►► This is a properly powered single-centre study that 
includes a statistical plan with both primary and 
secondary analyses.

►► While our study provides a novel and quantitative 
approach to neurological assessment, no statisti-
cal comparisons between quantified and pen-and-
paper assessments will be performed due to the 
varying nature of these tests.

►► This will be the first study that will include both delir-
ium and cerebral oxygen saturation as predictors of 
quantified long-term neurological function.

Abstract
Introduction  Patients undergoing cardiac surgery may 
experience both short-term and long-term postoperative 
neurological problems. However, the underlying cause 
of this impairment is unclear. Regional cerebral oxygen 
saturation (rSO

2) levels may play a role in the development 
of acute dysfunction, known as postoperative delirium, in 
addition to longer term outcomes after cardiac surgery. 
Yet the degree of impairment has been difficult to define, 
partly due to subjective methods of assessments. This 
study aims to fill this knowledge gap by determining the 
relationship between rSO

2, postoperative delirium and 
long-term neurological outcome after cardiac surgery 
using quantitative robotic technology.
Methods and analysis  95 patients scheduled for elective 
cardiac surgery will be recruited for this single-centre 
prospective observational study. Patients will be assessed 
before as well as 3 and 12 months after their surgery 
using the Kinarm End-Point Lab and standardised tasks. 
Intraoperatively, rSO

2 and other haemodynamic data will 
be collected for the duration of the procedure. Following 
their operation, patients will also be screened daily for 
delirium during their hospital stay.
Ethics and dissemination  This study has been approved 
by the Health Sciences Research Ethics Board at Queen’s 
University (DMED-1672–14). The results of this study will 
be published in a peer-review journal and presented at 
international and/or national conferences as poster or oral 
presentations. Participants wishing to know the results of 
this study will be contacted directly on data publication.
Trial registration number  NCT04081649

Introduction
Postoperative neurological dysfunction 
following cardiac surgery can be a devas-
tating outcome for the patient and their 
family. Deficits may begin to appear early in 
the form of postoperative delirium, which 
has been observed to occur in 10% to 30% 
of cardiac surgery patients.1 2 These patients 
may be at risk for developing future compli-
cations and may require more at home and/
or nursing home care.3 In particular, patients 

who present with delirium following cardiac 
surgery may also be at risk for developing 
long-term cognitive dysfunction.4

Neurological dysfunction following cardiac 
surgery can persist for months following phys-
ical recovery. Postoperative cognitive impair-
ment has been reported to occur in about 
20% to 40% of patients weeks to months 
after their procedure.5 The cause, however, 
is most likely multifactorial. Prior stroke, 
diabetes, age and severity of cardiovascular 
disease have all been shown to contribute 
to poor neurological function after cardiac 
surgery.6 Certain procedures may also be 
associated with greater risks of neurological 
dysfunction. Research groups have shown 
that patients after valve replacement surgery 
have significantly worse cognitive functioning 
than patients following coronary artery 
bypass grafting (CABG) surgery.7 8 Combined 
surgeries, often involving longer bypass 
times, may also increase the risk of delirium.9 
Procedures requiring entry into the heart 
involve increased embolic load, generating 
the possibility of postoperative neurological 
impairment.10
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Figure 1  Data collection timeline for the CONFUSE study. 
bCAM, brief confusion assessment method;CAM-ICU, 
Confusion Assessment Method for the ICU; CONFUSE, 
Cerebral Oxygenation and Neurological FUnctioning after 
cardiac SurgEry; ICU, intensive care unit; RBANS, Repeatable 
Battery for the Assessment of Neuropsychological Status; 
rSO2,regional cerebral oxygen saturation.

Intraoperative regional cerebral oxygen saturation 
(rSO2), measured by near-infrared spectroscopy, may also 
play a role in postoperative neurological functioning. 
Prolonged desaturations in the brain have been associ-
ated with poor neurological outcome, as well as delirium, 
and active monitoring to prevent significant drops in rSO2 
may prevent these complications.11 12 Intraoperative rSO2 
monitoring has gradually become regular practice in 
many hospitals, yet the supporting evidence is lacking in 
quality.13 14 A review by Yu and colleagues concluded that 
the role of rSO2 monitoring in postoperative neurolog-
ical outcome is uncertain, and more research needs to be 
performed to fully understand this relationship.14 These 
inconsistent findings may be due to the subjective nature 
of neurological assessments used in these studies. Stan-
dard neuropsychological testing can also vary in compre-
hensiveness, definitions of impairment and often do not 
include measures of sensory or motor function.13 15

Robotic technology may offer a solution to this problem 
by providing a quantitative approach to neurological 
assessment. The Kinarm robotic platform (Kinarm, 
Kingston, Canada) provides an objective approach to 
assess upper limb sensory, motor and cognitive function. 
The Kinarm has been previously used to quantify impair-
ment in patients following stroke and detected deficits 
which were not apparent in routine clinical testing.16 The 
Kinarm tasks have also been able to generate a detailed 
neurological phenotype for transient ischaemic attack 
and traumatic brain injury.17 18 Our early work recently 
established the feasibility of using the Kinarm as a novel 
perioperative assessment method in CABG surgery 
patients.19

The overall goal of this research programme is to 
determine quantitative predictors of quantitative long-
term neurological functioning following different 
cardiac surgery procedures. We aim to generate a time-
line of neurological function that includes pre-existing 
performance, postoperative delirium and neurological 
outcome. Furthermore, we will test the hypothesis that 
intraoperative rSO2 desaturations, incidence of postoper-
ative delirium and pre-existing impairment can predict 
neurological dysfunction following cardiac surgery.

Methods and analysis
Patient involvement
Adult patients (aged 18 years or older) undergoing cardiac 
surgery (CABG, valve or combined) will be recruited for 
the Cerebral Oxygenation and Neurological FUnctioning 
after cardiac SurgEry (CONFUSE) study at Kingston 
Health Sciences. Patients with a history of neurodegener-
ative disorder or diagnosed impairment will be excluded. 
Recruited patients will not be actively involved in deter-
mining the design, recruitment or outcome measures for 
this study.

This study has been approved by the Health Sciences 
Research Ethics Board at Queen’s University. The study 
timeline for the CONFUSE study is illustrated in figure 1. 

Recruitment for patients undergoing aortic valve replace-
ment started in April 2018. We initially focused our recruit-
ment on this group to achieve greater homogeneity in 
our sample. However, due to low recruitment rates (about 
one patient every 2 months), inclusion criteria was altered 
to include a variety of different cardiac procedures. Due 
to the expected increase of heterogeneity in this study, 
our statistical analysis will account for any possible group 
differences.

Intraoperative data collection
During surgery, rSO2 will be collected using the FORE-
SIGHT cerebral oximeter (CAS medical systems, Bran-
ford, CT, USA) following the same protocol as previous 
studies.20 An adult sensor will be placed on the middle 
of each patient’s forehead to detect the ratio of deoxy-
haemoglobin/oxyhaemoglobin in the vascular bed of 
the frontal cortex. Cerebral oxygen data will be recorded 
every 2 s for the duration of the procedure. Haemody-
namic data (systolic/diastolic blood pressure, heart rate, 
central venous pressure, etc) will also be collected intra-
operatively at 2 s intervals.

Postoperative delirium screening
Patients will be screened for delirium in the first 24 hours 
using the Confusion Assessment Method for the inten-
sive care unit (CAM-ICU) during their stay in the cardiac 
ICU. Following transfer to the floor, patients will be 
screened daily for delirium using the brief confusion 
assessment method (bCAM) for the duration of their stay 
at the hospital. The bCAM and CAM-ICU were developed 
from the same algorithm to detect delirium on the floor 
and the ICU, respectively.21 Both assessment methods 
assess the four main features of delirium: altered mental 
status or fluctuating course, inattention, altered level of 
consciousness and disorganised thinking.
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Figure 2  Photos of the Kinarm robotic system set-up. (A) 
Patient will be seated in front of the robot so that they are 
able to view the horizontal screen. (B) Using the robot’s 
handles, patients will complete eight standardised tasks 
measuring cognitive, sensory and motor function. (C) and 
(D) A trained research associate will lead the assessment 
session. Photos are used with permission.

Figure 3  Kinarm standardised tasks for neurological 
assessment. (A) Arm position matching. (B) Visually-guided 
reaching. (C) Reverse visually-guided reaching. (D) Ball on 
bar. (E) Object hit. (F) Object hit and avoid. (G) Spatial span. 
(H) Trail making test. Arms and hand paths shown in purple 
(left hand) and red (right hand) are for illustrative purposes 
only and are not visible to the participant.

Neurological assessment
Patients will undergo comprehensive neurological assess-
ment prior to surgery, as well as 3 and 12 months post-
operation. A trained research associate will perform the 
assessment. Patients will be assessed using the Kinarm 
End-Point Lab (Kinarm, Kingston, Canada), and the 
Repeatable Battery for the Assessment of Neuropsycho-
logical Status (RBANS). The RBANS is a standardised 
pen-and-paper questionnaire used to detect cognitive 
decline.22 Five major cognitive domains are assessed 
using the RBANS: immediate memory, visuospatial 
construction, attention, language and delayed memory. 
The total scale is determined by summarising all five 
domain scores.

The robotic design and assessment method has been 
described previously.19 To perform the tasks, patients will 
be seated in front of the robot positioned to grasp the 
handles that permit movement in the horizontal plane. 
Participants will have no view of their hand and arm 
position; all visual feedback will be through the robot’s 
virtual reality system aligned with the horizontal work-
space (figure  2). Each patient will perform eight stan-
dardised tasks, assessing sensory, motor and cognitive 
functioning (figure 3). Each task is associated with six to 
twelve parameters (reaction time, posture speed, initial 
movement angle, etc) that quantify the degree of neuro-
logical function. Parameters are adjusted for age, sex and 
handedness then summarised into an overall task score. 
Task scores are represented as one-sided z-like scores, 
with 0 denoting best performance and any score above 
1.96 denoting performance worse than 95% of healthy 
controls (here defined as impaired). The robotic tasks 
are described below.

Kinarm tasks
Arm position matching
Patients are instructed to mirror-match the movement 
and final position of the robot-controlled arm. This task 
is performed twice to obtain data on both arms. Patients 
will require intact proprioceptive functioning to process 
information on where their limb is in the horizontal 
space. This arm position matching task has been shown 
to determine the degree of position sense impairment in 
subjects following stroke (figure 3A).23

Visually-guided reaching
This centre-out reaching task assesses basic visuospatial 
skills and sensorimotor control.16 The subject’s hand is 
represented by a white dot. Each subject is then instructed 
to bring the white dot quickly and accurately to the red 
target as they appear on the screen (figure 3B).

Reverse visually-guided reaching
This task is presented similarly to the visual-guided 
reaching task. However, the movement of the white dot 
is now reversed compared with the movement of the 
patient’s hand. To successfully complete the task, patients 
must move their hand away from the target, thereby 
reaching the red target with the white dot. This is a more 
complex reaching task, requiring inhibitory control to not 
automatically reach towards the red target and a cognitive 
rule to move the white cursor by moving in the opposite 
direction. Visuomotor impairments of this nature have 
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been described in individuals at risk of developing Alzhei-
mer’s disease (figure 3C).24

Ball on bar
Patients are instructed to use a virtual bar, generated 
between their hands, to balance a virtual ball as it appears 
on the screen. The subject must then bring the balanced 
ball on bar to different target locations in virtual space. 
This task consists of three levels: (1) ball fixed to bar, 
(2) ball moves along bar based on bar orientation, (3) 
ball can roll freely along bar. This task assesses bimanual 
motor control (figure 3D).25

Object hit
In this task, the participants’ hands are represented by 
paddles. Subjects are instructed to hit balls falling down 
from the top of the screen towards them. As the task 
progresses, the balls begin to fall more frequently and 
increase in speed, making the task gradually more diffi-
cult. This simple task measures sensorimotor function 
and decision-making (figure 3E).26

Object hit and avoid
This task is similar to the object hit task, where patients 
use the robot’s handles to hit objects falling from the top 
of the screen towards them. In this task however, patients 
are instructed to only hit two target shapes while avoiding 
all other shapes (ie, distractors). The object hit and avoid 
task therefore requires additional cognitive functions 
related to attention to identify each shape and inhibitory 
control to avoid the distractors (figure 3F).27

Spatial span
A series of squares light up on the screen in a particular 
sequence. Within a 3-by-4 grid of squares, patients are 
required to replay the sequence by reaching with their 
dominant hand to the correct squares. This task assesses 
visuospatial working memory, and is similar to the Corsi 
block-tapping task (figure 3G).28

Trail making
This task is a quantitative version of the standard pen-
and-paper neuropsychological test.29 In trailing making 
part A, patients are instructed to connect the numbers 1 
through 25. The trail making part B task requires subjects 
to connect the dots by alternating numbers and letters 
(1-A-2-B-3-C, etc). This task assesses executive function 
related to task switching (figure 3H).

Statistical analysis
Primary outcome analysis
Our primary outcome measure is postoperative neurolog-
ical functioning as measured by the Kinarm (ie, global 
performance scores for each Kinarm task). Multiple 
linear regression modelling will be used to determine how 
much variance in postoperative neurological functioning 
is explained by our main predictor, rSO2. We assume that 
12 month performance will correlate with their 3 month 
performance for each patient, reducing our analysis to 

one outcome. To confirm our assumption, two sets of 
models will be performed using 3 and 12 month scores as 
our outcome. Provided that both sets of models indicate 
similar predictors, our primary outcome will be postoper-
ative neurological functioning 12 months after surgery. 
Any intraindividual differences between preoperative, 
3 month and 12 month postoperative functioning will be 
explored in our secondary analyses.

Measurements of rSO2 used in our primary analysis 
will be mean rSO2, and time spent below baseline rSO2, 
measured as an area under the curve (AUC). Base-
line rSO2 will be determined in the first 5 min prior 
to induction of anaesthesia. Our earlier work demon-
strated that subtle and undiagnosed impairments 
prior to surgery detected by the Kinarm can highly 
predict postoperative neurological dysfunction.30 
This and other studies have strongly emphasised the 
importance of including baseline functioning, as it 
can account for a significant amount of variance in 
neurological outcome following cardiac surgery.4 31 
Moving forward, we aim to control for preoperative 
functioning, and include it as a covariate in our 
model. Furthermore, we will include delirium as an 
additional predictor of postoperative neurological 
functioning. We will perform separate models for 
each Kinarm assessment, for a total of seven models. 
Corrections will be made for multiple comparisons. 
For a model with four predictors (preoperative task 
score, postoperative delirium, mean rSO2 and AUC 
rSO2), and one outcome (postoperative task score), 
and assessing for a small effect size (Cohen’s d=0.15), 
a sample size of 95 will be required to achieve 85% 
power at alpha=0.05. All statistical analysis and figure 
generation will be performed using R software.32 
Power analysis was performed using G Power.33

Secondary outcome analysis — Intraindividual changes in 
neurological dysfunction
As a secondary method of analysing perioperative neuro-
logical performance, we will use multilevel modelling 
for repeated measures with three time points: preopera-
tive performance, 3 month and 12 month postoperative 
performance. Incidence of delirium and rSO2 measures 
will be additional predictors for this model. In contrast 
to linear regression, multilevel modelling allows us to 
generate a longitudinal growth model, illustrating the 
trajectory of each patient’s recovery process. In addition, 
multilevel modelling allows for missing values, allowing 
data to be used when patients are lost to follow-up. This 
analysis method will highlight any variability occurring 
between or within patients; effects that may have been 
span style=‘font-family:‘Times New Roman’’>mitigated 
in our primary model. This research programme may 
not be powered to detect a meaningful effect using 
this multilevel model approach and will therefore be 
exploratory.
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Secondary outcome analysis — Intraoperative haemodynamic 
data
Preliminary correlational analysis will be performed 
between rSO2 and other haemodynamic variables (arte-
rial blood pressure, heart rate, temperature, peripheral 
oxygen saturation and blood gases) will be performed 
using Spearman’s rho coefficients. An in-depth exam-
ination of intraoperative variables will involve time series 
analysis. In particular, we are interested in determining 
predictors of rSO2 over time as a measure of patients’ 
cerebral autoregulation. A study performed by Lee et al. 
determined that time-varying cerebral autoregulation has 
been shown to correlate with the duration of delirium 
among critically ill patients.34 This approach will allow us 
to detect trends in the relationship between these vari-
ables over time, and explore how these trends predict 
delirium and postoperative neurological functioning.

Ethics and dissemination
Patients are recruited during the presurgical screening 
appointment by a research associate/research nurse. This 
research protocol does not interfere with standard of care 
at the Kingston Health Sciences Centre. Patients are care-
fully monitored during assessment times for any signs of 
discomfort, and assessment can be stopped at any time by 
the trained research associate. Confidential information 
will be safely stored.

Following data collection and analysis, results of the 
study will be published in a peer-reviewed journal. Data 
will also be presented at international and national 
conferences. Study participants who expressed interest in 
receiving the results of this study will be contacted directly 
and sent results in the form of publications, abstracts 
and/or poster presentations.
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