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Abstract 

It is well-known that patients undergoing cardiac surgery are at risk of developing acute, 

fluctuating (i.e. delirium), and/or long-term post-operative neurological complications. Incidence 

of neurological impairment can be as high as 60%, and has been associated with increased length 

of hospital stay, mortality, and severe cognitive impairment. While the exact etiology is unknown, 

it has been postulated that cerebral hypoperfusion may be associated with neurological deficits 

after cardiac surgery. Near-infrared spectroscopy (NIRS) is a commonly used, non-invasive 

technique that measures regional cerebral oxygen saturation (rSO2) during cardiac surgery, acting 

as a surrogate marker for cerebral perfusion. However, research has demonstrated inconsistent 

results regarding the relationship between NIRS-derived rSO2 and post-operative neurological 

impairment in cardiac surgical patients.  

The primary objective of this thesis is to investigate whether low rSO2 levels are 

associated with post-operative neurological impairment in patients undergoing cardiac surgery. A 

systematic review was undertaken to evaluate sources of variability present in this body of 

research. This research project also assessed the feasibility of using robotic technology to quantify 

neurological functioning before and after surgery. Following an analysis of 40 patients 

undergoing coronary artery bypass grafting surgery, it was determined that subtle pre-existing 

impairment, detected by robotic technology, was a stronger indicator of post-operative 

dysfunction than intraoperative rSO2. Subsequent chapters describe the expansion of the study to 

include post-operative delirium and other cardiac surgeries, as well as relating rSO2 with other 

hemodynamic variables such as mean arterial pressure to quantify the degree of disturbed cerebral 

autoregulation. Preliminary findings also suggest that patients who experienced delirium may 

perform worse on the robotic tasks prior to surgery, suggesting that subtly impaired performance 

may be a reflection of poor cognitive reserve. In addition, I performed a pilot study that quantified 

neurological impairment in higher risk patients undergoing non-invasive valve replacement.  
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The findings presented in this thesis provide evidence for the inclusion of perioperative 

neurological assessment as part of the standard of care for cardiac surgical patients. As well, it 

provides a strong framework for determining the benefits of measuring and monitoring rSO2 

during cardiac surgery. Future research will include the role of delirium and pre-existing 

functioning to determine whether low rSO2 and/or disturbed cerebral autoregulation is associated 

with post-operative neurological impairment.  
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Chapter 1: 

Introduction & Study Objectives 
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1.1 The risks and rewards of cardiac surgery 

Cardiac surgery has become a routine and effective form of treatment for 

cardiovascular disease, including the prevention of myocardial infarction and death1. 

Advances in technology and safety protocols have led to significant declines in post-

operative morbidity and mortality rates among heart surgery patients2,3. Coronary artery 

bypass grafting (CABG) and aortic valve replacement (AVR) are both invasive yet 

routinely performed procedures that can alleviate a wide variety of heart conditions. In 

Canada, over 16,000 patients per year undergo CABG to treat their coronary artery 

disease4. The goal of CABG surgery is to redirect blood around an occluded section of 

the coronary circulation by grafting healthy blood vessel(s) from the leg, arm, or chest on 

to the heart. This creates an alternate route for the blood to access the heart muscle, 

allowing for improved blood flow. Valve replacement surgery, such as AVR, is the 

recommended procedure for patients with symptomatic valve stenosis, regurgitation, or 

congenital heart disease. During this operation the surgeon opens the aorta/heart to 

remove and replace a diseased valve, improving overall cardiac output and systemic 

blood flow. Some patients valves  may also be eligible for repair rather than full 

replacement. Between 2018-2019, about 5,700 patients in Ontario underwent aortic valve 

repair/replacement surgery to alleviate symptoms of aortic valve stenosis5.  

While modern medicine has improved post-operative outcomes for patients 

undergoing cardiac surgery, there continues to be a number of associated risks due to 

patient demographics, comorbidities, and the overall invasive nature of the procedure. 

Advanced age and frailty have been shown to increase the risk of cardiac surgical 

complications. Additional factors including diabetes, obesity, chronic kidney disease, and 
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previous stoke can also lead to increased length of hospital stay, site wound infection, and 

mortality rates among cardiac surgery patients6,7. Adverse neurological outcomes after 

surgery is also quite common, with over 30% of patients and their families reporting 

changes in memory, attention, and visuospatial awareness8,9. The higher rate of 

neurological deficits presented in patients post-cardiac surgery compared to other patient 

populations may be due to a myriad of factors related to the nature of cardiac procedures 

such as use of cardiopulmonary bypass, inflammatory response, and underlying vascular 

conditions found in this patient population. Patients undergoing cardiac surgery also often 

present with multiple of the aforementioned comorbidities and demographics which must 

be managed by the surgical team before, during, and after the procedure. Particularly, the 

level of frailty, a term describing reduced function and health for older adults, in cardiac 

surgery patients has been shown to increase the risk of falls, rehospitalizations, and 

mortality10. Overall, the vulnerability of cardiac surgery patients may be far greater than 

other adult surgical patient populations, putting them at a higher risk of developing post-

operative neurological impairment11,12.  

Alternative and less invasive surgical procedures have thus been investigated over 

the years. Transcatheter Aortic Valve Implantation (TAVI) is often the recommended 

procedure for high-risk patients requiring valve replacement or repair. A catheter, along 

with the new valve, is inserted at a distal location and guided to the heart. Patients 

eligible for TAVI are often more frail, older, have had previous heart surgery, or have 

numerous comorbidities13. Patients who undergo TAVI have similar rates of mortality 

and post-surgical complications compared to those who undergo a surgical valve 

replacement14. However, TAVI patients do experience cognitive dysfunction 1-6 months 
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after surgery15. A recent retrospective study also showed that patients undergoing 

percutaneous coronary intervention, a minimally invasive alternative to CABG, 

experience similar rates of memory decline compared to those undergoing surgical 

CABG16. This suggests that patients needing any type cardiac procedural intervention are 

at risk of developing neurological complications.  

Medical advances have led to increased and more successful performance of 

cardiac surgeries, improving patients’ overall health and quality of life. Consistent 

communication and collaboration between surgeons, anesthesiologists, nurses, and 

researchers has ensured that patients receive appropriate surgical intervention with their 

risk factors in mind. Yet there is much left to learn about the risk factors involved in the 

development of post-operative neurological impairment. 
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1.2 Study Aims, Objectives, and Hypotheses 

The main objective of this thesis is to characterize post-operative neurological 

impairment in patients undergoing cardiac surgery and investigate the role of near-

infrared spectroscopy (NIRS) cerebral oximetry in post-operative delirium and post-

operative cognitive dysfunction (POCD). This clinical project particularly focused on 

patients undergoing CABG, AVR, combined CABG/AVR, and TAVI procedures. The 

objective was addressed via the following aims and hypotheses:  

 

1. Aim: To produce a comprehensive systematic review of the literature examining 

the role of NIRS cerebral oximetry and post-operative neurological impairment 

after cardiac surgery.   

2. Aim: To quantify and characterize the nature of post-operative neurological 

impairment in patients undergoing cardiac surgery using objective assessments 

derived from robotic technology.  

• Hypothesis: Patients following cardiac surgery experience poor 

neurological functioning. Robotic technology will be more sensitive in 

detecting subtle impairments in cardiac surgery patients compared to 

standard pen-and-paper assessments.  

3. Aim: To determine the role of cerebral oximetry in POCD and post-operative 

delirium in cardiac surgery patients.  

• Hypothesis: Poor intraoperative cerebral oxygen saturation, measured by 

NIRS cerebral oximetry, will be associated with increased incidence of 

POCD and/or delirium.  
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1.3 Neurological impairment after cardiac surgery 

Patients after cardiac surgery may experience various forms of neurological 

impairment. One of the earliest manifestations of post-operative neurological dysfunction 

is delirium. Delirium is an acute and fluctuating form of cognitive dysfunction 

characterized by disorganized thinking and impaired attention exhibited during the 

patient’s hospital stay17. Incidence of delirium after cardiac surgery ranges from 10-30%, 

dependent on the type of diagnostic tools used18,19. Post-operative delirium has been 

shown to predict prolonged cognitive decline and future dementia in older adult 

patients20. Longer term impairment (POCD) occurs in about 20-50% of patients after 

CABG surgery, and can persist from 30 days post-discharge to 12 months (Figure 1)8,21. 

Various studies have investigated the nature of impairment using neurocognitive testing 

batteries, suggesting declines in memory, attention, and visuospatial function. Similar to 

delirium, detection of POCD can be largely subjective and depend on the type of 

assessment tools used22. The various measures of POCD found in the literature are 

described in Chapter 2. Lastly, a small subset (1-2%) of patients experience post-

operative stroke23.  

Post-operative neurological impairment has been shown to primarily impact older 

adult and frail patients, and can lead to increased length of hospital stay and recovery 

costs, greater incidence of 1-year mortality, and overall reduced quality of life after 

surgery24. Patients and their relatives often find these changes in functioning to be very 

distressing; experiences of in-hospital delirium can even result in adverse psychological 

outcomes for all involved25. 
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In order to perform CABG or AVR, the patient’s heart must typically remain still 

and “bloodless”. Use of the cardiopulmonary bypass (CPB) machine allows for the 

surgeon to work on a non-beating heart while also maintaining systemic circulation to 

internal organs. Following the invention of CPB, mortality rates related to cardiac surgery 

have drastically declined. However, CPB may come with multiple neurological risks 

including cerebral hypoxia, which can lead to an ischemic stroke or cognitive deficits. 

Initiating CPB has also been shown to increase the risk of neurological impairment due to 

the potential formation of emboli/microemboli during the cannulation procedure26,27. 

However, the etiology of neurological impairment after cardiac surgery is likely 

multifactorial. Patients undergoing “off-pump” CABG surgeries, using a heart and tissue 

stabilizer instead of CPB, also experience similar rates of POCD28,29. Previously 

mentioned comorbidities such as diabetes, underlying vascular disease, and pre-existing 

neurological impairment have also been shown to predict incidence of POCD and 

delirium in cardiac surgery patients20,30. Finally, changes in intraoperative cerebral 

perfusion have been cited as a potential predictor of post-operative cognitive 

impairment31. All these factors combined can influence neurological outcome in patients 

undergoing cardiac surgery.  
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1.4 Perioperative Neurological Assessment Methods 

Numerous research groups have focused on understanding the nature of 

neurological impairment in patients undergoing cardiac surgery. In order to determine 

incidence and severity of this impairment, studies have made use of a variety of 

assessment methods that screen for short- and long-term perioperative neurological 

deficits.  

Post-operative delirium is screened at bedside during the patient’s hospital stay as 

they physically recover from surgery. The core feature of delirium is inattention, which 

may manifest as an inability to follow conversation, produce organized speech, or 

disorientation32. Due to its variable presentation, delirium may often go unrecognized by 

health care professionals33. Validated screening tools such as the Confusion Assessment 

Method (CAM) or the Intensive Care Delirium Screening Checklist (ICDSC) are widely 

available and have been shown to improve detection of delirium by trained health care 

professionals34,35. Post-operative delirium can also be diagnosed by a clinical psychiatrist. 

Table 1 provides a summary of other validated tools used to assess delirium. Despite this, 

several studies examining the incidence of delirium do not use appropriate assessment 

tools, reducing the comparability and overall validity of results36,37.   

A recent report by Evered et al suggests that POCD can occur between 30 days 

and 1 year after surgery21. Studies often assess post-operative cognitive changes using a 

comprehensive battery of tests. An example of a standardized testing protocol used to 

detect mild, moderate, and severe cognitive impairment is the Repeated Battery for the 

Assessment of Neuropsychological Status (RBANS)38. The RBANS assesses five 

domains of neurocognitive function: immediate memory, delayed memory, attention, 
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language, and visuospatial awareness. Performance on all five domains are also 

summarized into an overall Total Scale Score. A summary of the testing components and 

anatomical areas of the brain assessed by the RBANS can be found in Table 2.  

Other studies use short-form assessment methods such as the Mini-Mental State 

Examination (MMSE) or the Montreal Cognitive Assessment (MoCA)39,40. However, 

standard pen and paper assessments may be very subjective and inappropriate for 

detecting perioperative neurological impairment. The MMSE and MoCA are designed to 

screen for dementia or severe cognitive impairment, and therefore may not be sensitive 

enough for detecting more mild POCD41,42. Furthermore, the majority of assessments 

included in standard testing batteries look for impairment in cognitive domains such as 

memory, attention, and visuospatial skills. Other aspects of neurological function, such as 

sensory and motor domains, do not get assessed perioperatively. 

Recent advances in neuroscience has introduced a novel approach to neurological 

assessment. Robotic technology has become a valuable research tool that can quantitively 

and objectively examine neurological impairment43. The Kinarm (Kinarm, Kingston, 

Ontario, Canada) is one example of such technology that can identify sensory, motor, and 

cognitive impairments in patients after stroke or traumatic brain injury44,45. The Kinarm 

Standard Tests (KST), informed by recent advances in our understanding of brain and 

behaviour, have been developed to assess functioning across all neurological domains 

(see KST summary at www.kinarm.com). Table 3 depicts a complete summary of 

standardized tests developed, in addition to relevant anatomical brain areas for each task. 

Certain tasks quantify the ability of patients to make visually guided reaching movements 

and assess basic sensory and/or motor functions. Other tasks require coordination of all 
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sensory, motor, and cognitive domains to complete successfully. In summary, these 

robotic tasks provide a comprehensive picture of the connectivity between neurological 

domains. Moreover, the Kinarm has been shown to provide sensitive and reliable 

information about sensorimotor impairments after stroke that better predict quality of life 

compared to standard pen and paper tests46. The following thesis aims to explore the 

utility of the Kinarm in detecting neurological impairment in patients undergoing cardiac 

surgery. Quantifying performance across all three neurological domains may provide 

valuable information about each patient’s perioperative neurological functioning.  
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1.5 Measuring and monitoring cerebral perfusion during cardiac surgery 

Cerebral perfusion describes a multi-part dynamic process that involves the 

delivery of blood, the amount of oxygen available by the blood, the uptake of oxygen into 

the tissue, and the metabolic demands of the brain. These hemodynamic processes may 

be altered or interrupted during cardiac surgical procedures. The use of CPB during 

cardiac surgery can drastically reduce blood flow to the brain, leading to changes in 

cerebral perfusion, thereby increasing the risk of cerebral ischemic events47. Other 

aspects of surgical procedures may also negatively impact cerebral perfusion, including 

the use of general anesthesia and the body’s inflammatory response to the procedure48. 

With this in mind, many studies have focused on investigating the use of cerebral 

perfusion measures during cardiac surgery, with the goal of detecting desaturations and 

predicting adverse post-operative neurological outcomes.  

 Various technologies have been used to measure cerebral perfusion during cardiac 

surgery. With cerebral perfusion being a complex and dynamic process, technologies 

often only capture surrogate markers such as cerebral perfusion pressure, blood flow, or 

tissue oxygenation. In addition, direct measures of cerebral perfusion require the use of 

invasive probes that are inserted into the brain, which is often unfavourable. Table 4 

summarizes the tools that have been used perioperatively to indirectly assess cerebral 

perfusion. Transcranial doppler (TCD) ultrasound is a non-invasive technique that 

measures real-time changes in blood flow velocity at the basal arteries of the brain, 

making it optimal for use in the operating room49. TCD can also be used to detect 

microemboli formation during cardiac surgery, which have been associated with 

POCD50,51. However, continuous recording of TCD requires constant operation. As well, 
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20% of individuals do not qualify for TCD recording as they lack the acoustic window 

required for blood flow capture52. Jugular venous bulb oxygen saturation is a continuous 

measure of cerebral oxygenation involving the insertion of a fibreoptic oximeter into the 

internal jugular vein. It is able to detect global cerebral ischemia and requires careful 

placement of the catheter during surgery to record changes in oxygen saturation53. While 

past studies have examined the utility of both TCD and jugular venous bulb oxygen 

saturation, they are rarely used in the operating room as part of the patients’ standard of 

care.  

A commonly used, non-invasive, real-time, and continuous measure of cerebral 

oxygenation during cardiac surgery has been cerebral oximetry using near-infrared 

spectroscopy (NIRS). NIRS cerebral oximetry involves the placement of sensors on the 

forehead, which emit near-infrared light at wavelengths between 700-1300nm. The light 

at these wavelengths is differentially absorbed by oxygenated hemoglobin (HbO2), 

deoxygenated hemoglobin (Hb), and cytochrome c oxidase, with each molecule 

absorbing light at specific peaks (850nm, 760nm, and 810nm respectively)54. The 

absorption signals are then transmitted back to the sensor in order to determine the ratio 

of HbO2 to the total hemoglobin concentration. Computerized algorithms are also 

designed to remove cytochrome c oxidase and extracranial absorption signals55. The final 

output is a percentage value of the regional cerebral oxygen saturation (rSO2), which acts 

as a proxy measure for cerebral perfusion. Deep detecting cerebral oximetry sensors 

allow for skull penetration at a depth of 2-3 cm, capturing rSO2 values in cerebrovascular 

bed of the frontal cortex56.  
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Cerebral oximetry using NIRS is commonly used during cardiac surgery in order 

to monitor changes in oxygen saturation. Studies have shown that NIRS cerebral 

oximetry is comparable in accuracy to more invasive methods such as jugular bulb 

venous oxygen saturation57. Algorithms have been developed to monitor changes in rSO2 

measured by NIRS and prevent cerebral ischemia during surgery. The most commonly 

used algorithm, created by Denault and colleagues, involves a step-by-step protocol in 

order to correct intraoperative cerebral oxygen desaturations (Figure 2). Once recognized, 

the surgical team can proceed through the series of steps to reverse rSO2 desaturations by 

altering head position, monitoring hemodynamics, and checking for intracranial pressure 

changes or fluid build-up58.    

Despite the widespread use of NIRS in the operating room, there continues to be 

much debate surrounding its utility in predicting post-operative neurological impairment. 

While the reversal of cerebral desaturations using the Denault algorithm has been 

successful, no significant improvements in post-operative neurological outcomes have 

been reported between interventional and non-interventional groups59. A thorough 

Cochrane review in 2018 concluded that the benefits of active NIRS monitoring during 

surgery are uncertain due to the low quality of evidence and variable findings60. 

Furthermore, there have been conflicting results in observational studies examining the 

association between NIRS and neurological outcomes after cardiac surgery61–63. Yet 

others remain in support for the use of intraoperative NIRS, suggesting that low rSO2 

levels are predictive of POCD as well as extended hospital stay64,65. Randomized control 

trials investigating the effect of optimizing NIRS during surgery on POCD are difficult to 
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interpret due to their vast heterogeneity66. A complete systematic review of this literature, 

as well as a discussion of factors impacting its variability, is presented in Chapter 2.  

While NIRS has the potential to be a valuable, non-invasive measure of cerebral 

perfusion, it is also important to note its limitations of use. Firstly, as mentioned, the 

cerebral oximeter can only measure brain tissue oxygenation at a depth of 2-3 cm. Thus, 

oxy/deoxy hemoglobin ratios are mostly derived from the grey matter of the frontal 

cerebral cortex65. As such, desaturation events at deeper brain structures or other cortical 

areas are not detected. Furthermore, NIRS signals can be subject to contamination from 

extracranial and percutaneous oxygen levels. The level of contamination can greatly 

depend on the device used to measure rSO267. Cerebral oximetry readings can also be 

affected by skin melanin levels, room light, and head adjustments during the procedure68. 

Nevertheless, cerebral oximetry may be able to provide information on relative changes 

in cerebral perfusion during surgery, potentially acting as a guide for the surgical team. 

Due to the lack of standardized NIRS protocols however, the role of cerebral oximetry on 

neurological outcomes remains unclear. Robust observational research investigating the 

relationship between rSO2 and neurological functioning may be required prior to the 

development of additional monitoring/intervention strategies.  
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1.6 Clinical Implications 

This study aims to elucidate the association between rSO2 and neurological 

decline, measured using the Kinarm and RBANS, post-cardiac surgery. The findings 

from this thesis will also help refine our understanding of post-operative neurological 

impairment in this patient population. As well, the utility of robotic technology in 

perioperative neurological assessments has not been widely studied. By using the Kinarm 

robot to assess patients prior to and after cardiac surgery, I aim to provide a more 

comprehensive and objective measure of perioperative neurological recovery compared 

to standardized pen and paper assessments. A detailed understanding of impairment 

experienced by many patients undergoing cardiac surgery will help to determine the exact 

role of intraoperative rSO2. Ultimately, this project will provide an ideal framework for 

implementing strategies to prevent or reduce incidence of neurological decline after 

cardiac surgery.  
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1.7 Tables  

Table 1: Validated screening tools used to assess delirium 

Screening Tool  Description 
Confusion assessment method (CAM)– 
short/long forms* and the brief CAM 
(bCAM)17 
 

Assesses patients on the four main 
features of delirium: acute 
onset/fluctuation course, 
inattention, disorganized thinking, 
and altered level of consciousness. 
The first two features must be 
present, plus one of the other two.  

Delirium Symptom Interview (DSI) 19,69 
  

10-15 minute interview that detects 
disorientation, disturbance of 
consciousness, disruption of 
sleep/wake cycle, incoherence of 
speech, change in psychomotor 
activity, and fluctuating behaviour.  

Nursing Delirium Screening Scale 
(NuDESC)70 
 

An observational assessment using 
a five-item scale where each 
symptom is rated from 0 to 2: 
disorientation, inappropriate 
behaviour, inappropriate 
communication, 
illusions/hallucinations, and 
psychomotor retardation.  

Intensive care delirium screening checklist 
(ICDSC) 71 
 

A checklist of eight items collected 
by observation: altered 
consciousness, inattention, 
disorientation, 
hallucination/delusion/psychosis, 
psychomotor agitation/retardation, 
inappropriate speech/mood, 
sleep/wake cycle disturbance, and 
symptom fluctuation. If patient is 
either unconscious or only responds 
to intense/repeated stimulation, 
evaluation cannot be completed.  

Confusion Assessment Method for the 
Intensive Care Unit (CAM-ICU) 72 
 

Delirium is assessed in the same 
method as the CAM, but with the 
incorporation of non-verbal 
responses for ventilated patients.  

Note. Table adapted from Inouye et al32. *The CAM is used as a screening tool (short-form), and 
as a diagnostic test (long-form plus the algorithm) 
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Table 2: Description of the domains assessed in the RBANS, and relevant anatomical areas 

of the brain. 

Domain Task Components and Description Anatomical Area Assessed  

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 words 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 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. The patient is asked to 
do this 10 times with the 2 lines changing orientations.  

Parietal-Occipital Lobe 

Language 

Picture Naming: 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 
in 60 seconds.  

Frontal Lobe, Temporal 
Lobe (Dominant 

Hemisphere) 

Total Scale 
Score 

A composite summary score based on the performance 
of the patient on all the RBANS domains.  Whole Brain 

 
Note. Adapted from Claes et al 201673 and Vanderlinden 202174. 
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Table 3: Description of Kinarm tasks as well as the anatomical areas assessed 

Kinarm Task Task Components and Description Anatomical Areas Assessed 

Arm Position 
Matching (APM) 

The robot moves one of the patient’s arms, and the 
patients is then asked to mirror match this position with 
the other arm. 

Frontal Lobe, Cerebellum, 
Parietal Lobe 

Ball on Bar (BoB) 

A bar appears between the patients 2 hands with a ball 
on top of it. The patient is then asked to move the ball 
into targets that appear on the screen. This target moves 
on the screen during the task. There are three levels of 
the task which increase in difficulty. The ball goes from 
being fixed in position to being able to freely move and 
fall off the bar (depending on how level the patient 
keeps the bar). 

Frontal Lobe, Occipital Lobe, 
Cerebellum, Basal Ganglia 

Object Hit (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. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 

Object Hit and Avoid 
(OHA) 

Similar to object hit, but this time two shapes are 
shown to the patient. They are instructed to hit these 
two targets while avoiding all the other distractor 
targets. Again, as the task progresses the quantity and 
speed at which the targets fall increases. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 

Visually Guided 
Reaching (VGR) 

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. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 

Reverse Visually 
Guided Reaching 
(RVGR) 

Similar to visually guided reaching, but the light 
representing the patient’s hand now moves in the 
opposite direction of the patient’s arm movement. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 

Spatial Span (SS) 

The patient is shown a sequence in a matrix of 4x3 
boxes, and is then asked to replicate it. The length of 
the sequence depends on if the patient got the previous 
sequence correct or not. 

Frontal Lobe, Occipital Lobe, 
Temporal Lobe, Parietal Lobe, 
Cerebellum, Basal Ganglia 

Trail Making Test A 
(TMT-A) 

The patient is asked to connect the numbers 1-25 in 
order as quickly as possible. The number arrangement 
is predetermined and no connecting lines may overlap. 
A trial run is given to ensure the patient understands the 
task. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 
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Trail Making Test B 
(TMT-B) 

Similar to trails making test A, but the patient is now 
asked to alternate between numbers and letters (1-A-2-
B-3) as quickly as possible. The arrangement is 
predetermined and no connecting lines may overlap, 
and a trial run is provided like the trails making test A. 

Frontal Lobe, Occipital Lobe, 
Parietal Lobe, Cerebellum, 
Basal Ganglia 

 

Note. This table was adapted from the Kinarm Dexterit-E User Guide v3.8 and Vanderlinden 
202174. 
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Table 4: Cerebral perfusion methods used perioperatively during cardiac surgery 

Instrument Cerebral perfusion 
measure 

Surgical use Limitations 

Transcranial Doppler 
(TCD) Ultrasound 

Cerebral Blood flow Non-invasive and continuous. 
 
Can detect microemboli, which 
have been associated with 
cognitive impairment after cardiac 
surgery50.  

Requires constant operation and an appropriately sized  
acoustic window 52 

Jugular venous oxygen 
saturation 

Tissue oxygenation Jugular bulb oximetry may be 
feasible, and has been able to 
continuously detect periods of 
desaturation during 
cardiopulmonary bypass and 
rewarming periods.  

Invasive; Detects global ischemia only and requires careful 
placement of probe as it can shift during surgery53.  

Intracranial pressure 
 

Perfusion pressure Minimal use in cardiac OR.  Invasive; involves direct insertion of an external ventricular 
drain or probe into the brain to determine intracranial 
pressure75 

Near-infrared 
spectroscopy (NIRS) 
cerebral oximetry 

Tissue oxygenation Non-invasive and continuous.  
 
Regional cerebral oxygen levels 
measured by NIRS may be 
associated with 
POCD/delirium31,76.  

Due to the low quality and heterogeneity of evidence, it is 
unclear whether NIRS monitoring can improve neurological 
outcomes after surgery60.  
 
NIRS also only detects regional cerebral oxygenation at a 
depth of 2-3 cm.   

Computed 
Tomography/Magnetic 
Resonance Imaging 

Cerebral Blood flow  Non-invasive 
 
The association between post-
operative ischemic lesions and 
POCD/delirium  has not been well 
established77.   

Non-continuous; can only detect cerebral lesions and blood 
flow changes pre- and post-operation. Imaging during 
surgery is not feasible.  
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1.8 Figures 

 

 
 
 
Figure 1: Visual summary and timeline of post-operative neurological impairments 

Note. Figure adapted from Table 1 in Evered et al21. 
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Figure 2: Flow chart of the intraoperative algorithm to correct cerebral desaturations 

Note. Algorithm flow chart adapted from Denault et al58  
 

Cerebral Saturation

Bilateral reduction of 20% One-sided reduction of 20%

Verify head position

Inspect central, 
aortic, and superior 
vena cava catheters

Yes

Mean arterial pressure?

Systemic saturation?

PaCO2?

Hemoglobin?

Cardiac function and 
venous O2 saturation 

(SvO2)? 

Central O2 
consumption? 

If hypotension

If SaO2 abnormal

< 35 mmHg

< 7-8g

If SvO2 < 60%

If MAP normal

If SaO2 normal

No

If PaCO2 normal

If Hb normal or >10g 

Normal SvO2( > 65%)

Increased

Convulsions

Hyperthermia

Yes

Intracranial 

pressure

Increased

Cerebral imaging 
(CT Scan/MRI

Cerebral Edema

Reposition or 

remove 


catheter/cannula

Treat and 

find ethology

Treat and 

find ethology

Correct

hyperventilation

Consider 

red blood cell


transfusion

Hemodynamic and 

echocardiography


evaluation

Optimize 

cardiac function

Administer 

hypothermia and/or 


anti-epileptic 

medication 

Reduce intracranial 
hypertension



 

 

 

23 

Chapter 2: 

Cerebral Oximetry & Preventing Neurological Complications Post-

cardiac Surgery – A Systematic Review 
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2.1 Abstract  

Objectives: This systematic review aims to provide an up-to-date summary of the current 

literature examining the relationship between intraoperative regional cerebral oxygen 

saturation and neurological complications after cardiac surgery.  

 

Methods: Observational and interventional studies investigating the link between regional 

cerebral oxygen saturation and post-operative delirium, cognitive dysfunction, and stroke 

were included. After database searching and study screening, study characteristics and 

major findings were extracted.  

 

Results: Twenty-seven studies were identified. Of the observational studies (n=17), 8 

reported that regional cerebral oxygen desaturations were significantly associated with 

neurological complications after cardiac surgery. Of the interventional studies (n=10), 3 

provided evidence for monitoring cerebral oximetry during cardiac surgery as a means of 

reducing incidence of post-operative cognitive dysfunction or stroke. There was 

significant heterogeneity in the tools and rigor used to diagnose neurological 

complications. 

 

Conclusion: Studies to date show an inconsistent relationship between regional cerebral 

oxygen saturation and neurological outcomes after cardiac surgery, and lack of clear 

benefit of targeting cerebral oximetry to minimize neurological complications. 

Standardized assessments, definitions of impairment, and desaturation thresholds will 

help determine the benefits of cerebral oximetry monitoring during cardiac surgery. 
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2.2 Introduction  

Cardiac surgery places patients at risk for neurological complications such as 

delirium, post-operative cognitive dysfunction (POCD), and stroke, which can be 

detrimental to their quality of life32,78. Cerebral hypoperfusion during surgery may 

increase the risk of developing poor neurological outcomes31,37,79. There has been interest 

in the last few decades in using near-infrared spectroscopy (NIRS)-derived cerebral 

oximetry to monitor intraoperative levels of regional cerebral oxygen saturation (rSO2). 

The cerebral oximeter offers a non-invasive approach of measuring rSO2 during surgery, 

serving as a surrogate marker for cerebral perfusion. Despite the fact that algorithms have 

been developed to reverse cerebral desaturations detected by NIRS58, the association 

between rSO2 and post-operative neurological outcomes remains unclear.  

This review aims to provide an up-to-date assessment of observational and 

interventional studies assessing the relationship between NIRS and the spectrum of post-

operative neurological complications, including delirium, POCD, and stroke. This study 

differs from prior reviews of this subject, as I am including observational and 

interventional studies, and have limited the cohort to those undergoing cardiac surgery60. 

A secondary aim of this review is to provide a comprehensive compilation of 

neuropsychological data from NIRS monitored cardiac surgery patients to serve as a 

benchmark reference for future studies in this area. 
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2.3 Materials & Methods  

The search was performed for three databases: Ovid (MEDLINE), CENTRAL, 

and Embase80. Inclusion criteria were as follows: Adult patients undergoing cardiac 

surgery (Coronary artery bypass grafting; CABG, Aortic valve replacement; AVR, and/or 

combined) and a primary or secondary analysis determining the relationship between 

intraoperative rSO2 and delirium, POCD, and/or stroke. Observational and interventional 

studies were included. Studies were excluded if they were reviews, case reports/series, 

journal letters, or conference abstracts. The search strategy is available in Appendix A 

(Page 215). No consent or ethics approval was required for this systematic review. 

However, all included studies did require appropriate ethics approval. This systematic 

review was registered on PROSPERO: https://www.crd.york.ac.uk/prospero/ 

CRD42020177997.  

Citations were imported into Covidence (Covidence systematic review software, 

Veritas Health Innovation, Melbourne, Australia. www.covidence.org). Title, abstract, 

and full-text screenings were performed by JSS and JGB. Included manuscripts were 

divided into observational and interventional studies for extraction, then further 

subdivided into outcome: delirium, POCD, and stroke. The following data was extracted 

and synthesized into tables: total cohort and/or group size, surgery type, incidence of 

impairment, NIRS device used, assessment times, assessment method, definition of 

impairment, definition of rSO2 desaturation and/or intervention thresholds, and major 

findings. A risk of bias assessment was performed for included observational and 

interventional studies by JSS and MM. The Newcastle-Ottawa Quality Assessment Scale 

for cohort studies was used to determine risk of bias in the observational papers81. For 
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randomized control trials, the authors used the revised version of the Cochrane risk-of-

bias tool82.  
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2.4 Results  

2.4.1 Literature screening & categorization 

Based on the above search criteria, 420 studies were identified (Figure 3). 

Following screening, exclusions, and manual search by the authors, 2 additional 

manuscripts were included, for a total of 27 studies included in this review. Five studies 

reported indirect analyses between intraoperative rSO2 and post-operative neurological 

functioning, but were included in this review. As well, two retrospective studies were 

included and categorized into interventional and observational studies.  

2.4.2 Observational studies; rSO2 does not predict post-operative delirium incidence 

Four studies (n=861 patients) investigated the rates of post-operative delirium and 

the role of intraoperative rSO2 (Table 5). One study used the Confusion Assessment 

Method for the ICU (CAM-ICU)83. Hori et al. consulted progress sheets and the charge 

nurse to obtain information about presence of delirium84. Reents et al. evaluated 

incidence of delirium as defined by the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV)85. Siepe et al. defined a decrease of 10 points from baseline on the 

mini-mental state examination (MMSE), and positive assessment by a psychologist, as 

being indicative of delirium86. Assessment times also differed among studies. Two 

groups screened for delirium every 24 hours for the duration of their hospital stay83,84. 

This differed from Reents et al. who performed delirium assessments on the 1st, 3rd, and 

6th post-operative day85. Siepe et al assessed delirium once, 2 days after the procedure86.  

Specific rSO2 metrics used to predict delirium were variable. Schoen et al. 

calculated the area under the curve (AUC) when rSO2 values were below 50% or had a 

value greater than 20% decrease from patients’ baseline value83. Reents et al. recorded 
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the length of time spent at similarly predefined thresholds: absolute rSO2 values of less 

than 40%, or a greater or equal to 25% decrease from baseline85. Both Hori et al. and 

Siepe et al compared average intraoperative rSO2 values with incidence of delirium84,86. 

The overall incidence of delirium ranged from 6.5%-26.8%. Of the four studies, only 

Shoen et al reported a significant relationship between rSO2 and delirium. Specifically, 7 

out of the 12 rSO2 parameters assessed were significantly associated with post-operative 

delirium83. 

2.4.3 Observational studies; predicting POCD using short-form assessments 

 Four studies included short-form screening tools to measure POCD (Table 6)61,87–

89. Yao et al. reported that prolonged desaturation (rSO2 values of less than 40% for more 

than 10 minutes) predicted impairment in the MMSE and anti-saccadic eye movement 

(ASEM) task 4-6 days after surgery. However, patients were not excluded if they had a 

history of neurological impairment or cognitive dysfunction61. In contrast, Hong et al. did 

exclude patients with prior neurological disorders, and did not find any association 

between rSO2 desaturations and cognitive impairment 7 days after valvular surgery using 

the MMSE, Grooved Pegboard, and Trail Making Tests87.   

In addition to three other assessments, Schoen et al. used the Abbreviated Mental 

Test as a short-form screening tool to detect general cognitive impairment88. Main effects 

analysis determined that patients who experienced intraoperative rSO2 values less than 

50% performed significantly worse on the Abbreviated Mental Test88. Bhaskerrao et al. 

found that patients undergoing on-pump CABG surgery experienced reduced average 

rSO2 values and performed worse on the ASEM task than those undergoing off-pump 

surgery89.  
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2.4.4 Observational studies; predicting POCD using neurocognitive batteries 

Studies that assessed the association between intraoperative rSO2 and POCD 

using neurocognitive batteries are summarized in Table 6 (8/11 studies, 73%). They are 

categorized by the DSM-V domains in Table 7 and visualized in Figure 4. There was 

variability in the timing and frequency of testing. Of the 6 studies with 2 post-operative 

time points, four captured incidence of early and late POCD by including assessment 

testing at 4-8 days and 1-3 months after surgery62,90–92. The remaining two studies 

assessed POCD at multiple early time points 63,88. Reents et al only assessed patients at 6 

days to determine early POCD85. Semrau et al also had one follow-up time point at 3 

months93.  

Prevalence of early and late POCD observed by these studies ranged from 23%-

80.7% and 8%-43%, respectively. A significant association between POCD and 

intraoperative rSO2 was identified in 50% of studies. Short-term POCD was found to be 

associated with predefined rSO2 desaturation measures by both Fudickar et al and Schoen 

et al63,88. De Tournay-Jette et al also found that early POCD at 4-7 days was associated 

with longer durations of rSO2 values below 50% during surgery. Additionally, POCD 

incidence at 1 month was predicted by intraoperative rSO2 declines more than 30% from 

baseline values62.  

Other groups did not observe any direct associations between rSO2 and early or 

late POCD.  Reents et al and Kok et al found no association between intraoperative rSO2 

and cognitive functioning85,91. These results were echoed by Semrau et al., who used a 

robotic testing battery 3 months post-surgery, and Holmgaard et al90,93. 
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2.4.5 Observational studies; variable relationship between rSO2 and post-operative stroke  

Three studies (n=586 patients) examined the association between post-operative 

stroke and rSO2 (Table 8). Prevalence of stroke in all studies ranged from 3-5%. 

Interestingly, Ono et al. described that patients with intact cerebral autoregulation had 

significantly lower average rSO2, along with lower rates of post-operative stroke94. 

Carrier et al reported that intraoperative rSO2 and incidence of stroke were similar 

between a group of patients undergoing CABG using a cell-saving device and a control 

group95. A retrospective study by Edmonds did identify that rSO2 values in 

neurologically injured patients were significantly lower than non-injured patients. 

However, the neurological injury outcome encompassed stroke, seizures, stupor or coma 

at discharge96.  

2.4.6 Interventional studies; use of rSO2 algorithms does not prevent neurological 

complications in the majority of studies 

 A total of 10 interventional studies (Control: n=2,426; Monitored: n=1,952) were 

included for review (Table 9). The intervention protocol outlined by Denault et al was 

followed by 50% of studies58. However, the definition of rSO2 desaturation used by each 

study to initiate the algorithm ranged from 10%-30% decrease from baseline and/or 

absolute rSO2 values lower than 40%-60%.  

Two studies assessed intervention and control groups for delirium59,76. Lei and 

colleagues screened patients undergoing cardiac surgery and/or aortic arch surgery at 12-

hour intervals until discharge using the CAM-ICU and CAM, whereas Deschamps et al 

had a psychiatrist diagnose delirium. Neither group found a significant difference in rates 

of delirium between the control and monitored groups59,76.  



 

 

 

32 

 Six RCTs examined whether rSO2 monitoring could reduce the rate of POCD64,97–

101. Four out of these six studies recruited patients undergoing CABG 

specifically64,98,100,101. The other two studies included additional cardiac surgeries 

requiring bypass such as valve replacement/repair97,99. Assessment times ranged from 

early (4-7 days) to late (3-6 months). Colak et al. was the only study that did not assess at 

two post-operative time points, capturing early POCD at 7 days or discharge100. Kara et 

al. did not specify the time of post-operative assessment101. The remaining four groups 

tested patients for POCD at early and late time points. All groups excluding Kara et al 

utilized a comprehensive battery of 3 or more tests to assess for POCD. 

 Two out of six RCTs (33%) demonstrated that POCD incidence in the 

intervention group was significantly lower compared to the control group. Kara and 

colleagues determined that mean post-operative MoCA scores of patients in the control 

group were significantly lower than those in the rSO2-monitored group101. Likewise, 

Colak et al. also found a significantly higher incidence of POCD in their control group 

compared to their rSO2-monitored group using a battery of three tests100. The remaining 

4/6 (67%) studies, which used neurocognitive batteries of 5-10 tests, did not report any 

significant difference in POCD incidence between their control and intervention 

groups64,97–99.   

Two RCTs and two retrospective studies investigated incidence of post-operative 

stroke in control versus rSO2-monitored groups. Incidence of stroke was comparably low 

in both RCTs (1-3%), and neither found any significant difference in post-operative 

stroke rate between control and rSO2-monitored groups59,76. Schon et al. also did not find 

any significant difference of stroke incidence between groups102. Goldman et al. 
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performed a retrospective study comparing patients who were actively rSO2-monitored to 

those without cerebral oximetry recording and reported that significantly fewer monitored 

patients experienced a post-operative stroke compared to the unmonitored group103.  

2.4.7 Methodological Quality Assessment 

The Newcastle-Ottawa Scale was used to assess the quality of the observational 

studies (n=15; Table 10). The quality of these studies was rated highly, with 9/15 studies 

(60%) attaining a maximum score of 9 points. Studies scoring less than 7 (3/15, 20%) did 

not meet adequate comparability on the basis of study analysis, i.e. they did not control 

for confounding variables such as age or pre-existing impairment, or did not report what 

confounds were adjusted. 

Interventional studies were assessed with the Cochrane Risk of Bias tool 

(summarized in Figure 5). Overall,  5/12 (42%) studies were classified as having high 

risk of bias. With respect to specific domains, 6/12 (50%) studies did not randomize 

groups and/or administer interventions properly. As well, 3/12 (25%) studies were 

classified as having high risk of bias in measurement of the outcome and/or selection of 

the reported result, contributing to their overall risk of bias score. 
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2.5 Discussion 

This review demonstrates that cognitive impairment remains prevalent in patients 

following cardiac surgery. Additionally, 8/17 (47%) observational studies identify a 

significant association between rSO2 desaturation measured by NIRS during cardiac 

surgery and post-operative neurological complications (Figure 6). Three out of ten (30%) 

interventional studies support the use of NIRS during cardiac surgery as a means of 

reducing incidence of post-operative impairment. Overall, observational data may 

suggest an association between rSO2 and POCD, yet RCTs fail to support a role for poor 

cerebral oxygenation causing delirium, POCD, or stroke. Instead, poor cerebral 

oxygenation may be another risk factor of adverse neurological outcome, similar to pre-

existing cognitive impairment. Low rSO2 may therefore act as a surrogate marker for 

cognitive frailty or poor cerebral reserve. Particularly, patients with poor reserve prior to 

surgery may be more likely to experience cerebral oxygen desaturations and/or have 

initially low rSO2 levels.  

I identified significant variability among assessment protocols, definitions of 

impairment, and cerebral oximetry analyses among studies. These findings echo past 

reviews looking at similar topics, one of which reported a lack of compliance of 

recommendations that were made by Murkin et al in 199522,104. Due to this extensive 

heterogeneity, meta-analyses were not performed. Instead, the focus of this systematic 

review is to draw attention to the sources of variability and challenge the field to develop 

an updated consensus form that includes the entire spectrum of neurological impairment.  

The various assessment methods used to screen delirium, POCD, and stroke in 

these studies significantly reduced their comparability. Only two studies utilized the 
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CAM/CAM-ICU, a readily available and easy-to-use screening tool for delirium17. The 

MMSE and MoCA was also used to determine delirium and/or POCD in patients 

undergoing cardiac surgery. However, these short-form assessments, designed to detect 

dementia, may not be sensitive enough to measure subtle impairments that are more 

relevant to this population105. With regards to studies examining the role of rSO2 in post-

operative stroke, many failed to report specific assessment methods. Stroke is routinely 

diagnosed with clinical examination and confirmed with imaging. Using one or the other 

may lead to misdiagnosis or misattribution of the infarct to the surgical procedure. 

Combining various neurological diagnoses into one outcome also reduces the ability to 

determine an association between stroke and rSO296.  

Research groups also chose to assess participants at varying post-surgical time 

points. Particularly, studies administering neurocognitive batteries immediately post-

operation may capture incidence of delirium in their patient cohort, which can develop 

within hours to days after surgery, rather than early POCD63,88.  

There is also considerable difference in how impairment was defined and which 

neurocognitive domains were assessed among studies. Many groups define cognitive 

impairment as a decrease of 1 SD in 1-2 or more tests, while others used threshold scores 

or declines from baseline. Further, studies administering a battery of tests often captured 

the same domain more than once, leading to potential bias depending on their form of 

summary score. Determining impairment can also be difficult due to the lack of age-

matched controls. Using metrics that can account for controlled changes in performance 

and practice effects, such as the reliable change index, can help improve and standardized 

definitions of impairment21,106.  
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It is also important to note the variability of intervention thresholds found among 

the RCTs included in this review. While Denault originally defined the rSO2 desaturation 

threshold as being a 20% reduction from baseline, or an absolute decrease below 50%, 

RCTs have utilized 10%-30% reductions from baseline or 40-60% as an absolute value58. 

Differing algorithms for intervention can greatly impact the variability and comparability 

of results.  

Lastly, the validity of NIRS and variability of NIRS machines among studies must 

be discussed. Absolute values of tissue oxygenation may differ depending on the 

algorithms used to remove superficial perfusion signals. Extracranial signals, such 

melanin content and scalp perfusion levels, have also been shown to contaminate final 

cerebral oximetry readings68. Due to this, many researchers are steering away from using 

absolute values to determine hypoperfusion, and towards more relative measures such as 

cerebral autoregulation84.  

This systematic review serves as a call to action for investigators studying NIRS 

and neurological complications following cardiac surgery. Despite a quarter-century of 

research, there remains no clear answer as to whether or not we should be monitoring or 

intervening on cerebral desaturations. Understanding the current sources of variability 

can help scientists reach a consensus on the definitions of cerebral desaturation and 

cognitive impairment, thereby improving the quality research in this field. Implementing 

the following changes would increase clarity around this topic and improve the ability to 

do future meta-analyses. First, investigators should use validated tools to screen for post-

operative delirium (e.g. CAM-ICU). Second, testing batteries for POCD should 

encompass all neurocognitive domains, while ensuring that certain areas are not overly 
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weighted by multiple tests.  Third, standardized time points should be used to enhance 

study comparability. The 2018 consensus working group on nomenclature of cognitive 

change associated with anesthesia and surgery recommends that neurological impairment 

after 30 days post-operation should be considered POCD; earlier assessments could 

confound POCD with delirium21. Therefore, POCD should be assessed 1-3 months post-

operation, then preferably assessed a second time at around 12 months after surgery. 

Fourth, when assessing for post-operative stroke, impairment should be defined using a 

combination of clinical and imaging tools. By harmonizing testing and outcome data, 

researchers may finally reach a consensus on the role of cerebral oxygenation during 

cardiac surgery. 
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2.6 Tables 

Table 5: Observational Studies examining the relationship between rSO2 and post-operative delirium in cardiac surgery patients 

Study 
(year) N 

Surgery 
Type 

NIRS 
Device 
Used 

Assessment 
Times 

Assessment 
Method 

 
Definition of 
Impairment 

Definition of 
rSO2 

Desaturation 

Delirium 
Incidence 

(%) Major Findings 
Hori et al 
(2014) 

491 On-pump 
cardiac 
surgery 

INVOS q24h for 
duration of 
hospital stay 

Charge nurse 
query 

Incidence of 
delirium 

Average rSO2 9.2% Average rSO2 was 
not associated with 
delirium 

Schoen et 
al (2011) 

231 On-pump 
cardiac 
surgery 

INVOS 
5100 

q24h for first 
3 days post-
surgery 

CAM-ICUa Incidence of 
delirium 
(positive 
screening) 

12 measures: 
rSO2 < 50% or 
< 20%  ß from 
baseline 
(AUC)b; 
Baseline rSO2; 
Minimum 
rSO2; etc. 

26.8% 7/12 parameters 
were significantly 
associated with 
delirium: e.g. 
AUC < 50%, pre-
operative rSO2. 

Siepe et 
al (2011)c 

92 CABG (on-
pump) 

INVOS 2 days post-
op 

MMSE and 
assessment by 
psychologistd 

MMSE score  
< 10 and 
positive 
assessment by 
psychologist 

Average rSO2 6.5% No group 
differences in rSO2 

Reents et 
al (2002) 

47 CABG (on-
pump) 

INVOS 
4100 

Pre-op 
1st, 3rd, and 
6th day post-
surgery 

Assessment 
according to 
the DSM-IVe 

Incidence of 
delirium 

rSO2 < 40% or 
≥ 25% ß from 
baseline 

12% 
(n=50) 

Cerebral 
desaturations did 
not correlate with 
delirium after 
CABG 

Note. Studies describing an indirect relationship between rSO2 and post-operative delirium are explained below. aCAM-ICU: Confusion Assessment 
Method for the ICU. bAUC: Area under the curve. cSiepe et al. (2011): Investigated maintenance of low versus higher perfusion levels during 
cardiopulmonary bypass and its impact on delirium and early POCD. dMMSE: Mini-mental state examination. eDSM-IV: Diagnostic and Statistical 
Manual of Mental Disorders (Fourth Edition) 
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Table 6: Observational Studies examining the relationship between rSO2 and POCD in cardiac surgery patients 

Study (year) N Surgery Type 
NIRS Device 

Used Assessment Times Assessment method Definition of POCD 
Definition of rSO2 

Desaturation 
POCD Incidence 

(%) Major Findings 
Holmgaard et al. 
(2019) 

153 On-pump 
cardiac 
surgery 

INVOS 5100C Pre-op, 
8d/discharge, 3m 

Neurocognitive battery 
of 4 tests 

2/7  z-scores (tests), 
or the composite z-
score, was >1.96 

AUCa for 10% or 20% 
ß baseline, Min, 
Average rSO2 

8 days or 
discharge: 29% 
 
3m: 8% 

No significant 
relationship between 
introp rSO2 and POCD at 
either times.  

Semrau et al. 
(2019) 

40 CABG (on-
pump) 

FORESIGHT  Pre-op, 3m Robotic battery of 7 
tests, pen-and-paper 
test with 5 subdomains 

Scores >1.96 (z-
scores), 
Continuous test 
score measures 

% ß of rSO2 from min. 
to baseline, Average 
rSO2 

3m: 24.4%  No significant findings  

Kok et al. (2014) 59 CABG (off- 
and on-pump) 

INVOS 5100C Pre-op, 4d, 3m CogState brief 
computerized cognitive 
test battery  (4 tests) 

D in z-score < -2 in 2+ 
tasks, or composite 
score < -2 

AUC when rSO2 was < 
40% for 10 minutes+.  

4d: 58% 
 
3m: 39% 

No significant findings  

Anastasiadis et al. 
(2011)b 

60 CABG (on-
pump) 

Not reported Pre-op, discharge, 
3m 

Neurocognitive battery 
of 6 tests 

ß of 1 SD or more in 
1+ of the tests from 
baseline 

ß >20% of baseline, or 
absolute value below 
50% 

Discharge: 53% 
 
3m: 42% 

POCD at discharge 
correlated with at least 
one rSO2 desaturation 
episode in both groups 

de Tournay-Jette 
et al. (2011) 

61 CABG (off and 
on-pump) 

INVOS 4100 Pre-op, 4-7d, 1m Neurocognitive battery 
of 6 tests 

ß of 1 SD or more in 
2+ of the tests from 
baseline 

ß >30% of baseline, or 
absolute value < 50%; 
Baseline, mean, and 
min. values. 

4-7d: 80.7% 
 
1m: 38.3% 
 

rSO2 < 50% was 
associated with POCD at 
4-7d. rSO2ß of >30% of 
baseline was associated 
with POCD at 1 month.  

Fudickar et al. 
(2011) 

35 On-pump  
cardiac 
surgery 

NIRO 30 
Spectrometer 

Pre-op, post-
anesthesia, 5d  

Neurocognitive battery 
of 5 tests 

ß >20% of baseline in 
2+ tests.  

ß >20% of baseline, or 
absolute value  <55%; 
Min. rSO2 

Unspecified 
assessment 
time: 43% 

Min. rSO2 significantly 
correlated with severity 
of POCD  

Schoen et al. 
(2011) 

128 On-pump 
cardiac 
surgery  

INVOS 5100 Pre-op, 2d, 4d, and 
6d 

Neurocognitive battery 
of 4 tests 

AMTc score of >6 at 
any of the 3 time 
points  

rSO2 < 50% Not reported Patients with rSO2 
desaturations 
performed worse in the 
AMT, Stroop, and Trail 
making tests 

Hong et al. (2008) 100 Valvular 
surgery 

INVOS 5100 Pre-op, 7d MMSEd, TMT-Ae, and 
grooved pegboard test 

MMSE score <= 3 
points from baseline, 
or 20% increase in 
time to complete 
other 2 tests.  

ß in absolute values to 
<50%, 40%, or a 20% ß 
compared to baseline, 
for >5 minutes.  

7d: 23%  No significant findings  

Yao et al. (2004) 101 On-pump 
cardiac 
surgery 

INVOS 4100 Pre-op, 4-6d MMSE ASEM taskf MMSE: <=23 
ASEM: Scores < 30% 
of baseline 

AUC for when rSO2 

<50%, 45%, 40%, 35%, 
30%  

6d: 24% (ASEM) 
and 18% 
(MMSE) 
 

AUC for when rSO2 <40% 
predicted both MMSE 
and ASEM impairments 
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Reents et al 
(2002) 

47 CABG (on-
pump) 

INVOS 4100 Pre-op, 6d Neurocognitive battery 
of 5 tests  

ß of 1 SD or more in 
2+ tests from 
baseline 

Time spent with ß 
>25% of baseline, or 
absolute value < 40% 

6d: 34% No significant findings 

Bhaskerrao et al 
(1998)g 

322 CABG (off-and 
on-pump) 

Not reported 1d ASEM task % correct on ASEM 
test; perfect vs. 
imperfect score 

Average rSO2 1d: 61.5%  ASEM errors were 
associated with reduced 
average rSO2 

 

Note. Assessment types listed as “Neurocognitive battery of tests” are described in Table 7 and visualized in Figure 4. Studies that performed indirect analyses 
are described below. aAUC: Area under the curve. bAnastasiadis et al. 2011: investigated POCD and rSO2 desaturations in patients undergoing CABG using 
minimal versus extracorporeal circulation. cAMT: Abbreviated Mental Test. dMMSE: Mini-mental state examination. eTMT-A: Trail-making test-A. fASEM 
task: Anti-saccadic eye movement task. gBhaskerrao et al (1998): Compared neurocognitive outcomes and rSO2 in patients undergoing on-pump versus off-
pump CABG. 
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Table 7: Neurocognitive batteries used in observational and interventional studies 

Study  Year Study Category Tests administered Cognitive domain assessed 

Holmgaard et al  2019  Observational  Visual Verbal Learning Test Learning & Memory 
Concept Shifting Test Executive functioning 
Stroop colour word interference test Executive functioning 
Digit symbol substitution test Perceptual/Motor, Attention 

Semrau et al  2019  Observational 
  

Arm Position Matching Perceptual/Motor 
Spatial Span Learning & Memory 
Visually Guided Reaching Perceptual/Motor 
Reverse visually guided reaching Perceptual/Motor, Attention, Executive 

functioning  
Ball on Bar Perceptual/Motor 
Object Hit Attention 
Object Hit and Avoid Perceptual/Motor, Attention, Executive 

functioning  
Visuospatial Constructional Perceptual/Motor 
Immediate Memory Learning & Memory 
Delayed Memory Learning & Memory 
Language Language 
Attention Attention 

Uysal et al   2019  Interventional – RCT  
  

Response speed Perceptual/Motor 
Processing Speed  Executive functioning 
Attention Attention 
Memory Learning & Memory 

Sahan et al  2018  Interventional – RCT  
  

Perceptual/Motor Skills Test Perceptual/Motor 
Digit Span Learning & Memory 
Word List Generation Test Attention 
Clock drawing test Perceptual/Motor 
Wechsler's memory scale Learning & Memory 

Rogers et al  
  

2017  Interventional – RCT  
  

Trail Making Test part A and B Attention 
Rey Auditory Verbal Learning Test Learning & Memory 
Wechsler's block design test Perceptual/Motor 
Wechsler's digit span test Learning & Memory 
Oral word association test Language 
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Grooved Pegboard test Perceptual/Motor 
Colak et al  2015  Interventional – RCT  

  
MMSE General 
Color Trail test 1 Attention 
Grooved Pegboard test Perceptual/Motor 

Kok et al  2014  Observational  Detection task Perceptual/Motor 
Identification task Attention 
One card learning task  Learning & Memory 
One back task Learning & Memory 

Anastasiadis et al  
  

2011  Observational – Indirect 
effect  

Judgement of line orientation Perceptual/Motor 
Stroop colour-word condition Executive functioning 
Symbol digit modalities test Perceptual/Motor, Attention 
Digit span - forward Learning & Memory 
Digit span - backward Learning & Memory 
Fuld object memory evaluation (FOME) Learning & Memory 

de Tournay Jette et al  
  

2011  Observational  Logical Memory subtest of the Rivermead 
Battery 

Learning & Memory 

Rey Auditory Verbal Learning Test Learning & Memory 
Digit symbol substitution test Perceptual/Motor, Attention 
Trail Making Test part A and B Attention 
Stroop test Executive functioning 
Verbal Fluency Test Language 

Fudickar et al  2011  Observational  Trail Making test Attention 
Digit symbol substitution test Perceptual/Motor, Attention 
Ray's auditorial verbal learning test Learning & Memory 
Digit span test Learning & Memory 
Verbal Fluency Test Language 

Schoen et al  2011  Observational  Abbreviated Mental Test General 
Trail Making test Attention 
Stroop test Executive functioning 
Word List Learning & Memory 

Slater et al  2009  Interventional – RCT  
  

Grooved Pegboard test Perceptual/Motor 
Stroop colour-word condition Attention 
Hopkins Verbal learning test Learning & Memory 
Trail Making Test part A and B Attention 
Anti-saccadic eye movement task Executive functioning 
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MMSE General 
Hong et al  
  

2008  Observational  MMSE General 
Trail Making test part A Attention 
Grooved Pegboard test Perceptual/Motor 

Reents et al  2002  Observational  d2-letter cancellation test Attention 
Trail Making Test part  B Attention 
Benton's visual retention test Learning & Memory 
Wechsler's block design test Perceptual/Motor 
Wechsler's digit span test Learning & Memory 
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Table 8: Observational studies examining the relationship between rSO2 and stroke 

Study (year) N Surgery Type 

NIRS 
Device 
Used 

Assessment 
Times 

Assessment 
Method 

Definition of 
rSO2 

Desaturation  

Stroke 
Incidence 

(%) Major Findings 

Ono et al. 
(2012)a 

234 CABG and 
valvular 
surgery 

INVOS Post-op Clinical 
examination 
& brain 
imaging 

Average 
rSO2 

Post-op 
4.7% 

Patients with 
preserved 
autoregulation had 
significantly lower 
average rSO2, yet 
lower incidence of 
stroke  

Carrier et al. 
(2006)b 

20 CABG (on-
pump) 

INVOS 
4100 

Pre-op 
discharge 

NIH Stroke 
Scale 

ß in abs. 
value <50%, 
or 25% 
decrease 
compared to 
baseline 

Pre-op: 
15% 
Discharge: 
5%    

No association 
between rSO2 values 
and NIH stroke 
scores 

Edmonds et al. 
(2005)c 

332 CABG off- 
(30) and on-
pump (302) 

INVOS 
4100 

Not 
specified 

Not 
reported 

25% ß 
compared to 
baseline 

3% Min. levels of 
saturations by 
neurologically 
injured patients was 
significantly lower 
than non-injured 
patients. 

Note. Studies that performed indirect or retrospective analyses are described below. aOno et al. (2011): assessed cerebral autoregulation and potential 
risk associated with impaired cerebral autoregulation a measured by NIRS. bCarrier et al. (2006): Compared neurological outcomes and rSO2 in 
patients undergoing CABG using a cell-saving device for pericardial blood processing versus standard procedure. cEdmonds et al. (2005): 
Retrospective study examining incidence in neurological injury in monitored vs. non-monitored patients; within-group analysis was performed.  
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Table 9: Interventional studies for A. Delirium; B. POCD; C. Stroke 

 Study (Year) N Control, 
% 

incidence 

N 
Monitored, 

% 
incidence 

Assessment 
Times 

Assessment 
Method 

Definition of 
Impairment 

NIRS device & 
intervention 

Definition of rSO2 
Desaturation 

Major Findings 

D
E
L
I
R
I
U
M 

Lei et al. 
(2017) 

126, 24.6% 123, 24.4% Pre-op, q12h for 
7d or until 
discharge 

CAM-ICU/CAMa CAM-ICU/CAM + INVOS 5100C, 
Murkin et al 2007 

Baseline and min 
rSO2;  25% ß from 
baseline for 1 min 

NSD 

Deschamps et 
al. (2016) 

99, 15.2% 102, 11.8% Pre-op 
Post-op 
 

DSM-IVb criteria, 
determined by 
psychiatrist 

Incidence of delirium FORESIGHT, 
EQUANOX, and 
INVOS 5100C, 
Denault et al. 
2007 

10% ß from baseline 
for >15 sec 

NSD 

 
 
 
 
 
 
 
P
O
C
D 

Uysal et al. 
(2020) 

56, N/A 40, N/A Pre-op, 3m, 6m Cognitive 
Stability Index 
Headminder 
(battery of 4  
tests) 

D in test score 
(continuous measure) 

FORESIGHT,  
Denault et al. 
2007 

rSO2 >60% for 1 min NSD 

Sahan et al. 
(2018) 

21, 
45% at 1w, 
50% at 3m 

19,  
37% at 1w, 
21% at 3m 

Pre-op, 1w, 3m 
 

Neurocognitive 
battery of 5 tests 

ß of >1 SD in >2 tests 
compared to baseline   

INVOSS 5100C, 
Denault et al. 
2007 

ß >20% of baseline, 
or absolute value < 
50% 

NSD 

Rogers et al  
(2017) 

106, N/A 98, N/A Pre-op,4-7d, 3m  Neurocognitive 
battery of 6 tests 

4/6 cognitive domains 
statistically lower 
post-op 

INVOS 5000, 
Denault et al. 
2007 

ß >30% of baseline, 
or absolute value 
<50% 

Mean executive functioning 
was significantly lower in the 
control group, but did not 
meet pre-specified definition 
of POCD. 

Colak et al 
(2015) 

96, 52% 94, 28% Pre-op, 7d MMSEc, Colour 
trail test, grooved 
pegboard test 

ß >3 on MMSE, 
>1SD in >1 test 

INVOS 5100C, 
Denault et al. 
2007 

ß >20% of baseline, 
or absolute value <40-
50% 

POCD incidence was 
significantly higher in the 
control group compared to the 
monitored group. 

Kara et al. 
(2015) 

36,  
44.4% mild, 
8.3% severe 

43,  
16.3% mild, 
0% severe 

Pre-op 
Post-op 

MoCAd >25: Not impaired 
19-25: Mildly 
impaired 
<19: Severely 
impaired 

INVOS 5100C, 
Akpek et al., 2008 

ß >20% of baseline Mean MoCA scores were 
significantly lower in the 
control group compared to the 
monitored group. 

Slater et al. 
(2009) 

115, 61% 125, 58% Pre-op, 
discharge, 3m 

Neurocognitive 
battery of 6 tests 

ß >1 SD or more in  
>2 tests compared to 
baseline 

INVOS 
5100BTM, 
Intervention 
described in paper 

ß >20% of baseline,  
AUC at/below 50% 

NSD 
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S
T
R
O
K
E 

Lei et al. 
(2017) 

126, 2.4% 123, 3% Post-op Functional deficit 
>24h 

Incidence of Stroke INVOS 5100C, 
Murkin et al 2007 

Baseline and min 
rSO2, ß25% from 
baseline for >1 min 

NSD 

Deschamps et 
al. (2016) 

99, 2/99 102, 1/102 Post-op 
 

Brain imaging 
(CT or MRI) 

Incidence of Stroke FORESIGHT, 
EQUANOX, and 
INVOS 5100C, 
Denault et al. 
2007 

ß 10% for >15 sec NSD 

Schon et al. 
(2009)e 

526, 2.5% 274, 3.6% Post-op Not specified Incidence of Stroke INVOS 5100, 
Intervention not 
reported 

rSO2 <50% absolute 
value 

NSD 

Goldman et 
al. (2004)f 

1245, 2.01% 1034, 0.97% Post-op STS guidelines Incidence of Stroke INVOS 5100, 
Edmonds et al 
2002 

Not specified Significantly less stroke in the 
monitored group 

Note. Assessment types listed as “Neurocognitive battery of tests” are described in more detail in Table 7 and visualized in Figure 4. Goldman et al and Shon et al 
were retrospective studies (described below). aCAM-ICU/CAM: Confusion assessment method for the ICU/Confusion Assessment Method. bDSM-IV: Diagnostic 
and Statistical Manual of Mental Disorders (Fourth Edition). cMMSE: Mini-mental state examination. dMoCA: Montreal Cognitive Assessment. eSchon et al. 
2009: Retrospective analysis of outcomes in cardiac surgery patients, and comparison between two groups: control and monitored. fGoldman et al. (2004): 
Evaluated change in incidence of stroke before and after incorporation of cerebral oximetry (2000-2001 and 2002-2003 respectively)
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Table 10: Methodological quality of included observational studies (Newcastle-Ottawa 

Quality Assessment Scale) 

 
Note. 1, representativeness of the exposed cohort; 2, selection of the non-exposed cohort; 3, 
ascertainment of exposure; 4, demonstration that outcome of interest was not present at start of study; 
5, comparability of cohorts on the basis of the design or analysis; 6, assessment of outcome; 7, was 
follow-up long enough for outcomes to occur; 8, adequacy of follow-up of cohorts; a total score out of 
9. 
 

Author Selection Comparability Outcome Total a 

1 2 3 4 5 6 7 8  
Bhaskerrao et al. 1999 * * * * ** * * * 9 

de Tournay-Jetté et al. 2011 * * * * ** * * * 9 
Edmonds et al. 2005 * * * *   * * 6 
Fudickar et al. 2011 *  * *  * * * 6 
Goldman et al. 2004 * * * *   * * 6 

Holmgaard et al. 2019 * * * * * * * * 8 
Hong et al. 2008 * * * * ** * * * 9 
Hori et al. 2014 * * * * * * *  7 
Kok et al. 2014 * * * * * * * * 9 
Ono et al. 2012 * * * * ** * * * 9 

Reents et al. 2002 * * * *  * * * 7 
Schon et al. 2009 * * * * ** * * * 9 
Schoen et al. 2011 * * * * ** * * * 9 
Semrau et al. 2018 * * * * ** * * * 9 

Yao et al. 2004 * * * * ** * * * 9 
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2.7 Figures  

 

Figure 3: PRISMA Diagram for the systematic review process
From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-

Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097 
 

For more information, visit www.prisma-statement.org. 
 

PRISMA 2009 Flow Diagram 
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Figure 4: Domains assessed by observational & interventional studies 
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Note. Tree maps visualizing A. Observation and B. Interventional studies utilizing a battery of 4 or more tests. Each test was categorized into one 
or more domains. Domains assessed by each study was summarized as a percent of all tests administered (proportion represented by the size of the 
box). 
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Figure 5: Traffic light and weighted summary plot of the risk-of-bias assessment for RCTs 

Note. A. Risk of bias judgements for RCTs across all domains. B. Weighted summary plot 
depicting levels of bias and risk in percentage.  
  

A.Traffic light plot

B. Weighted summary plot
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Figure 6: A visual summary of studies included in this systematic review and their findings 

Note. A. Observational studies differentiated by outcome and evidence for the benefits of NIRS. B. 
Interventional studies differentiated by outcome and evidence for the benefits of NIRS. POCD: 
postoperative cognitive dysfunction; RCT: randomized control trial; rSO2: regional cerebral oxygen 
saturation.		
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Chapter 3: 

The Relationship between Cerebral Oxygenation & Quantitative Metrics 

of Neurological Function after Cardiac Surgery – A Feasibility Study 
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3.1 Abstract 

Background: It is well-known that patients undergoing coronary artery bypass grafting 

(CABG) surgery may experience neurological dysfunction following their operation. 

However, the nature of this dysfunction has not been properly quantified. Furthermore, the 

relationship between post-operative impairment and cerebral oxygen saturation during 

surgery has remained unclear. This study aims to define the feasibility of using robotic 

technology to quantify post-CABG neurocognitive function, and to correlate these 

objective metrics with intraoperative cerebral oxygen saturation. 

 

Methods: Neurological functioning was tested using robotic technology and a standardized 

questionnaire before and 3 months after surgery. In addition, frontal lobe oxygen saturation 

levels were recorded using the FORESIGHT near-infrared cerebral oximeter for the 

duration of the operation. Pre- and post-operative neurological assessment was performed 

for 24 participants. Of those 24, 20 participants had cerebral oxygen saturation levels 

recorded during their surgery.  

 

Results: The cerebral oximeter captured 97.2% of the data. Majority of patients 

experienced no significant decline in overall neurocognitive function. Abnormal post-

operative scores were most frequent in a sensorimotor task that involved additional 

cognitive load. In this reverse visually guided reaching task, post-operative scores 

significantly correlated with mean and minimum intraoperative cerebral oxygen saturation 

levels, with lower values being associated with worse performance.  
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Conclusions: It is feasible to use robotic technology as a quantitative and objective 

neurocognitive assessment method for patients undergoing CABG. The relationship 

between quantitative metrics of neurocognitive function and intraoperative cerebral 

oximetry warrants further investigation.  
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3.2 Introduction 

Coronary artery bypass grafting (CABG) surgery is the most common type of heart 

surgery performed. Over 16,000 Canadians undergo CABG each year2. While CABG can 

effectively improve myocardial perfusion, this procedure exposes patients to the risk of 

adverse neurological outcomes. Rates of post-operative cognitive impairment in CABG 

patients can vary from 20% to 50%, and can persist for months, sometimes years, after 

physical recovery8,107,108. Post-operative cognitive impairment has also been associated 

with longer hospital stays, reduced quality of life, and increased mortality78.  

While the exact cause of this post-operative cognitive impairment is still unknown, 

the etiology is most likely multifactorial. Older age, hypertension, peripheral vascular 

disease, and presence of Type II diabetes have all been implicated as risk factors for 

neurocognitive dysfunction following CABG surgery108,109. Near-infrared spectroscopy 

(NIRS) offers a simple non-invasive method to indirectly measure cerebral regional oxygen 

saturation (rSO2), and has been shown to correlate with jugular venous oxygen 

saturation110. As well, monitoring rSO2 during cardiac surgery can reduce the risk of major 

organ dysfunction and improve overall post-operative recovery rate111. Prolonged and 

significant cerebral desaturation during surgery has been correlated with early and late 

post-operative cognitive decline62,64. However, the precise relationship between cerebral 

oximetry and cognitive function has been difficult to define. Other studies have shown no 

association between rSO2 levels and cognitive outcome following surgery87,112. These 

varied results are often attributed to the lack of quantitative neuropsychological evaluations 

in clinical research and the variety of methods of defining post-operative cognitive 

impairment31,113.  
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Robotic technology offers an objective and quantitative approach to the clinical 

assessment of patients43. The Kinarm robotic system (Kinarm, Kingston, Canada) and 

associated Kinarm Standard Tests (KST) provide quantitative information about sensory, 

motor, and cognitive domains, assessing overall neurological, including neurocognitive, 

function. The Kinarm has been used to develop a comprehensive neurological phenotype in 

individuals following ischemic stroke by uncovering subtle deficits in visuospatial 

skills46,114,115. Robotic measurements of these deficits in stroke patients have been validated 

against standardized stroke assessments such as the Behavioural Inattention Test, and the 

Stroke Impairment Assessment Set46,115. Deficits detected by the Kinarm also correlated 

better with quality of life in stroke patients, compared with standardized pen and paper 

tests46. Other studies have used the Kinarm to quantify neurological deficits in patients 

with traumatic brain injury and neurodegenerative disorders45,116. In addition, assessment 

of sensorimotor and neurocognitive function using this robotic technology have good test-

retest reliability117. Therefore, I hypothesize that the Kinarm may be able quantify and 

detect neurological impairment experienced by patients recovering from CABG surgery. 

The primary objective of this study is feasibility, specifically with regards to patient 

recruitment and follow-up rates, as well as my ability to accurately capture cerebral 

oximetry data during surgery. The overall aim of the research project is to define the role of 

cerebral oximetry in post-operative neurological outcomes. The quantifiable metrics 

measured with the Kinarm robot will be used to analyze patients’ neurological function 

prior to, and three months following surgery. I will also examine the correlation between 

rSO2 and post-operative neurological function on our preliminary cohort.  
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3.3 Materials & Methods 

Patient population  

Adult patients were screened for study eligibility by trained research personnel at 

the pre-operative anaesthetic assessment clinic. Specifically, participants were included if 

they were adult (age > 17) and undergoing elective on-pump CABG. Participants were 

excluded if they had a history of cognitive impairment, stroke, and/or neurodegenerative 

disorder, or if they were unable to participate in the follow-up assessment. Informed 

consent was received by all participants. This single-center observational study was 

approved by the Queen’s University and Affiliated Hospitals Health Sciences Research 

Ethics Board (DMED-1672-14; most recent approval letter February 5, 2021).  

 

Cerebral oximetry data collection  

Cerebral tissue oxygen data was collected using the standard FORESIGHT NIRS 

Cerebral Oximeter (Caster Medical, CAN). The adult 5cm sensor probe was placed in the 

middle of the patient’s forehead prior to induction. Light at wavelengths ranging from 700-

1000mm was emitted from the probe that detects the ratio of oxygenated/deoxygenated 

hemoglobin present in the brain tissue’s vascular bed58. The infrared light penetrates the 

tissue at a depth of two to three centimeters. Any external signal from superficial tissues 

are subtracted using an algorithm to obtain regional oxygen saturation of the frontal 

cortex118. Total rSO2 is then calculated and presented as an absolute percentage value (0-

99%). rSO2 data was recorded every 2 seconds for the duration of the surgical procedure. 

The sensor was removed at the end of surgery.  

 



 

 

 

59 

Neurological Assessment  

Study participants were assessed using the Repeatable Battery for Assessment of 

Neuropsychological Status (RBANS) and the Kinarm end-point (EP) robot and associated 

KST. All participants underwent neurological assessment pre-operatively and 3 months 

following surgery. The 3 month time point to reassess was chosen to remain consistent 

with previous studies exploring cognitive dysfunction in CABG surgery patients28,119. Over 

the course of this feasibility study, we also observed that 3 months corresponded ideally for 

participants’ post-operative cardiac clinic appointment, increasing the study’s follow-up 

rate.  

The RBANS is a standardized screening tool developed to detect neurocognitive 

decline38. Questions were administered by a trained research associate blinded to patient’s 

intraoperative rSO2 data. The RBANS assesses five major cognitive domains: Immediate 

memory, Delayed memory, Visuospatial construction, Attention, and Language. Scores for 

each domain were calculated to determine an overall cognitive score. Typically, average 

unimpaired scores are 100 ± 15, representing one standard deviation38. However, to 

accurately compare RBANS scores with Kinarm data, the standard deviation was expanded 

to ±1.65 (95% confidence interval). Therefore, a score of 100 ± 24.75 is considered within 

the normal range.   

 Patients performed 7 standardized tasks on the Kinarm-EP robot to measure motor, 

sensory, and cognitive function. Study patients did not participate in any learning sessions 

prior to assessment. The participant was seated in front of the Kinarm-EP robotic system. 

The subject grasped handles attached to the end of two planar robots that permitted hand 

movement in the horizontal plane. A virtual reality system provided visual feedback of 
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spatial targets and hand position aligned with the horizontal workspace. A trained research 

associate, blinded to rSO2 data, explained and initiated each task for the subject to 

complete. A virtual/augmented reality system displayed the tasks and targets on the robot’s 

monitor. Participants used the handles to reach and complete the visually simulated tasks. 

During the assessment, direct vision of the participant’s arms was occluded. Hand position 

was represented on the monitor by either a white dot or a paddle, depending on the type of 

task performed. One practice trial was often performed to ensure that the patient 

understood the task objective. 

Each task has about 6-12 quantifiable parameters (e.g. reaction time, posture 

control speed, etc.), which characterize participants’ performance. The parameters are 

converted to a z-score, and corrected for age, sex, and handedness when required. Z-score 

parameters for each task are summarized using the Mahalanobis distance120, generating an 

overall task score. Scores near 0 denote excellent performance and a score of 1.65 denotes 

performance at the 95% confidence level for healthy subject. Scores greater than 1.65 were 

defined as outside of the normal range on the task.  

 

Kinarm Tasks 

Arm Position Matching task (APM): The robot moved one of the subjects’ arms to a 

location represented on the screen. Participants were instructed to bring their other arm to 

the mirror-matched position. Subjects used proprioception to obtain information about their 

limb position and correctly mirror-match with the other limb. Using this arm position 

matching task, the degree of position sense impairment has been quantitatively explained in 

individuals following stroke44.  
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Ball on Bar task (BonB): The task begins by generating a virtual bar between the subject’s 

hands and a virtual ball on the bar. The subject was instructed to balance the ball on the bar 

while moving to different target locations seen on the monitor. The task consists of three 

levels. At each level, balancing the virtual ball becomes more difficult as the ball becomes 

more prone to rolling off the bar. The Ball on Bar task assesses bimanual motor control121. 

Object Hit task (OH): Participants used their hands, virtually represented by paddles, to hit 

balls falling down from the top of the screen. Hitting the balls becomes more difficult as 

the task progresses; the balls begin to increase speed and fall more frequently. The Object 

Hit task quantitatively measures sensorimotor function and decision-making122. 

Object Hit and Avoid task (OHA): Similar to the Object Hit task, the object hit and avoid 

task involves an additional degree of executive function. Participants were instructed to hit 

only two target shapes using their virtual paddles while avoiding all other shapes that 

appear on the screen. In addition to quantifying sensorimotor function, the object hit and 

avoid task evaluated participants’ attention and inhibition skills123.   

Visually Guided Reaching task (VGR): For this task, the subject’s hand was represented by 

a white dot. All participants were instructed to bring the white dot “quickly and accurately” 

to the red target that appears on the screen. This simple task tests basic sensorimotor 

control and visuospatial skills46. 

Reverse Visually Guided Reaching task (RVGR): This task is similar to the Visually 

Guided Reaching task. However, virtual movement of the white dot is now reversed 

compared to actual hand movement. Participants must inhibit their automatic response to 

move towards the target, and must move away from the red target to successfully complete 

the task. This requires higher executive functioning and cognitive override124. 
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Spatial Span task (SS): The Spatial Span task begins when series of squares light up on the 

screen in a particular sequence. Participants were required to replay the sequence by 

reaching with their dominant hand to the appropriate squares. This task used virtual 

technology to quantitatively measure visuospatial working memory and is similar to the 

Corsi block-tapping task125. 

 

Statistical Analysis  

As a feasibility study, our primary outcome focused on recruitment, cognitive 

assessment, cerebral oximetry capture, and follow-up rates. Secondary goals for this study 

was to determine if the Kinarm can be used as a quantitative neurological assessment tool 

for patients recovering from CABG, and whether mean and minimum cerebral oximetry 

values correlate with Kinarm task performance. Single-factor ANOVAs were performed to 

determine any differences in neurological function measured by the Kinarm and RBANS 

before and after surgery. The relationship between cerebral oximetry and Kinarm task 

scores was analyzed using spearman correlation tests. Results were considered significant 

if p<0.05. As this analysis was considered exploratory, no correction was made for 

multiple comparisons or correlations. All statistical analyses and graphs were performed 

and generated using R Software126. 
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3.4 Results 

3.4.1 Patient Recruitment and Demographics  

From February 25 2014 to March 29th 2016, 167 patients awaiting on-pump CABG 

surgery were screened for this study (Figure 7). 41 participants were recruited at the 

cardiac surgery clinic. One patient was admitted to the operating room and could not 

complete testing prior to their surgery. With 40 participants attended pre-operative 

neurological testing, our recruitment rate was 24.5%. Overall, 24 study participants have 

undergone both pre- and post-operative testing, generating a follow-up rate of 60%. Of 

those 24, we have collected cerebral oximetry data on 20 patients, indicating an 83.3% 

cerebral oximetry recording rate. The average cerebral oximetry capture rate for the 20 

patients was 97.2%, with 2 patients having a rSO2 capture rate of less than 50% due to 

technical issues. Patients’ body temperature was maintained at 34-36°C during 

cardiopulmonary bypass. Baseline demographics for the 24 participants are shown in Table 

11. The majority of participants had common risk factors for coronary artery disease, such 

as hypertension (83.3%), diabetes (20.83%), and a previous smoking history (62.5%). One 

third of patients experienced a myocardial infarction before being referred to the cardiac 

surgery clinic. 

3.4.2 Neurological functioning – RBANS 

RBANS total scale and individual domain scores before and after CABG surgery 

are illustrated as line plots in Figure 8. Coloured lines signify patients’ average rSO2 drawn 

on a spectrum. One participant had a total scale score below average prior to their surgery, 

and greatly improved 3 months’ post-operation (Figure 7A). According to the RBANS total 

score, all except one participant had normal cognitive functioning after CABG. Line plots 
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were also generated for all five RBANS subscores, representing the five assessed domains. 

Pre- and post-operative subscores in attention for all 24 participants were within the normal 

range (Figure 7B). 1 out of 24 subjects was impaired in the language domain, yet improved 

following their operation (Figure 7C). In the visuospatial-constructional domain, the 3 

participants who were impaired prior to surgery also improved their scores (Figure 7D). 

However, 1 person scored worse post-operatively.  

Immediate memory domain scores had 3 impaired participants before CABG 

(Figure 7E). 2 out of those 3 did improve after surgery, and the remaining individual had 

no noticeable change in immediate memory. Additionally, 2 others worsened, falling below 

the normal range. In the delayed memory domain, 5 out of 24 participants scored below the 

normal range pre-operatively (Figure 7F). However, 2 individuals improved their scores 

following CABG. The greatest post-operative impairment was also observed in delayed 

memory, with 5 out of 24 scoring below the normal range. Furthermore, 3 out of the 5 

impaired scored within the normal range before surgery, representing the largest rate of 

post-operative decline compared to all other domains.  

Pre-operative RBANS scores for both patient groups who returned and did not 

return for their 3-month follow-up were compared. No significant difference was found 

between these two groups (Figure 9).  

3.4.3 Neurological functioning – Kinarm 

Figure 10 shows line plots for participants’ Kinarm task scores pre- and post-

CABG. In the Kinarm APM task, primarily assessing motor and proprioception skills, 3 

participants improved their overall task score following their operation (Figure 9A). The 

majority of the other patients remained within the normal range pre- and post-operation. 
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Figure 9B illustrates task scores for the BoB task, which tests motor function and inter-

limb coordination. The majority of participants were within the normal range, both pre- and 

post-operatively. Two of the 5 participants’ task scores improved from abnormal to normal 

after CABG, whereas the 3 individuals who were impaired post-operatively, were impaired 

pre-operatively as well. No patients worsened post-operatively on the BoB task. 

The OH task, which assesses sensorimotor function and attention, also had 2 

participants who had improved 3 months after CABG (Figure 9C). Yet 2 other participants 

performed worse, scoring above 1.65. On the more complex OHA task, all 5 out of the 24 

participants who showed impairment 3 months following their operation were not impaired 

before the procedure (Figure 9D). 

Noticeable improvements after surgery were observed on the SS working memory 

task, with 4 out the 5 impaired pre-operatively performing within the normal range 3 

months’ post-operation (Figure 9E). Only one participant who was within the normal range 

pre-operatively scored in the abnormal range post-operatively on this task.  

On the Kinarm VGR task, which assesses visuospatial and motor skills, 3 out of the 

24 participants scored outside the normal range 3 months’ post-operation (Figure 9F). 

Importantly however, 2 out of those 3 individuals were already performing poorly on this 

task prior to their surgery. When the difficulty of the task is increased by inverting the axis 

by 180 degrees (RVGR), 7 out of 24 participants had task scores outside the normal range 

(Figure 9G). Similar to VGR, 4 out of the 7 impaired post-operatively were also impaired 

pre-operatively. Interestingly, 2 participants did improve on the RVGR task after their 

surgery.  
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Overall, 14 out of the 24 patients scored outside of the normal range on one or more 

Kinarm tasks following CABG. However, 8 participants also improved on at least one task 

post-operation. In addition, pre-operative Kinarm scores for patients who did not return for 

follow-up were not significantly different from those patients who returned to complete the 

study (Figure 11).  

3.4.4 Cerebral oximetry and post-operative neurological outcome 

No significant correlation was found between post-operative RBANS scores and 

mean intraoperative rSO2 (data not shown). Correlational analyses between post-operative 

Kinarm task scores and mean intraoperative rSO2 were performed for all seven tasks 

(Figure 12). Task scores illustrated in Figures 11A-E show no significant relationship 

between mean rSO2 levels. Post-operative VGR scores were moderately, but not 

significantly, correlated with mean cerebral oximetry values  

(rho=-0.394, p=0.087, Figure 11F). However, a significant correlation was observed 

between mean rSO2 and the RVGR task (rho=-0.553, p=0.013, Figure 11G). This negative 

relationship signifies that lower mean rSO2 is associated with worse Kinarm task 

performance.  

Differences between post-operative and pre-operative task scores (delta task score) 

were calculated and correlated with mean rSO2 (Figure 13). The RVGR task showed a 

significant negative correlation between mean rSO2 levels (Figure 12G, rho=-0.454, 

p=0.0458). This relationship indicates that deteriorating performance on this task after 

CABG surgery is associated with lower mean intraoperative rSO2.  

Spearman correlations were also performed between post-operative Kinarm task 

scores and minimum intraoperative rSO2 (Figure 14). VGR task scores significantly 
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correlated with minimum rSO2 recorded during surgery (rho=-0.465, p=0.039, Figure 13F). 

RVGR task scores and minimum rSO2 were also significantly correlated, and showed a 

stronger relationship compared to the mean rSO2 analysis (rho=-0.712, p=0.0004, Figure 

13G).  
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3.5 Discussion & Conclusions 

This feasibility study was designed to explore the use of robotic technology in 

developing a quantifiable neurological phenotype for patients undergoing CABG. I also 

explored the relationship between intraoperative cerebral oxygen saturation and 

neurological function in patients following CABG surgery. Compared to the RBANS pen-

and-paper questionnaire, the Kinarm tasks identified more individuals with impairments 

prior to and following their operation. Furthermore, post-operative VGR and RVGR task 

scores in particular showed a negative correlation with cerebral oximetry data. This 

relationship suggests that worse performance in this complex visual-cognitive task may be 

associated with lower cerebral oxygen levels during surgery. Delta scores for this task and 

mean rSO2 were also significantly correlated, implying that the worsening of task 

performance 3 months following CABG is associated with lower levels of intraoperative 

cerebral oxygenation.  

Although post-operative neurological impairment was detected for a proportion of 

our cohort, average pre- and post-operative scores measured by the RBANS and Kinarm 

were not significantly different. These findings are unlike past studies, which show 

significant cognitive decline 3-6 months post-operation8,107. However, more recent studies 

have shown no significant change in cognitive function from baseline63,91. Furthermore, 

improvement in cognitive function has also been observed in the first 10 weeks following 

surgery, followed by a decline127. A meta-analysis using group-level statistics found similar 

improvement rates119. It has also been suggested that the degree of cognitive impairment 

may have been overestimated in the past due to the nature of neuropsychological 

testing119,128.  
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The RBANS has been commonly used to measure cognitive impairment in cases of 

dementia and stroke38,129. More recently, this questionnaire has also been used in assessing 

the degree of impairment in individuals with post-traumatic brain injury130. As well, the 

RBANS has been shown to detect cognitive impairment in the critically ill population131. 

The RBANS conventionally uses one standard deviation to define the normal range of 

cognitive function. Therefore, about 68% of the population fall within the normal range, 

and the remaining 32% is deemed as abnormal. In contrast, the Kinarm defines the normal 

range as having a task score 1.65 standard deviations from the mean. In this feasibility 

study, I have expanded the normal range for RBANS scores to 100±24.75, representing a 

standard deviation of 1.65. Increasing the standard deviation allows for higher stringency 

in defining impairment. Furthermore, the RBANS and Kinarm assessment scores can now 

be accurately compared to determine the degree of cognitive impairment.  

Nevertheless, both assessment methods did detect neurological impairment for a 

proportion of our preliminary cohort. According to the RBANS, the highest rate of 

cognitive decline was observed in the delayed memory domain. Poorer post-operative 

performance however, was observed in the Kinarm OHA task. As well, 29.2% (7) of 

participants were impaired post-operatively on RVGR, yet the majority (71.4%) of those 

impaired on this task were already scoring below the normal range prior to surgery. 

The relationship between Kinarm reverse VGR task scores and cerebral oximetry 

suggest that lower rSO2 values may be associated with worsening of visuospatial 

neurocognitive domain following CABG. This premise is further supported by the 

significant relationship between lower minimum intraoperative rSO2 and poor performance 

on both visuospatial tasks. The RVGR task may be exceptionally sensitive as it involves 



 

 

 

70 

inhibiting an automatic reaching response towards the spatial goal while also generating a 

cognitively driven motor action in the opposite direction. Similarly complicated tasks 

assessing a wide network of cortical regions involved in visuospatial and executive 

function have been shown to detect deficits in people at risk for Alzheimer’s Disease124. 

Further analysis into the quantifiable parameters that determine the task score may provide 

greater insight into the sensitivity of the RVGR task in CABG patients, and its relationship 

to rSO2.  

 These results illustrate the importance of considering pre-operative scores when 

discussing significant post-operative neurological dysfunction. Cognitive dysfunction prior 

to surgery, along with older age, has been shown to increase vulnerability for developing 

post-operative cognitive decline132. The risk of developing delirium immediately after 

cardiac surgery also becomes greater if there is pre-operative impairment133. However, few 

research groups have explored the relationship between intraoperative cerebral oximetry 

and pre-existing neurological problems. Although patients were excluded if they had a 

history of dementia, no formal assessment was made prior to the study to detect 

undiagnosed cognitive impairment. VGR and RVGR task scores do suggest an interaction 

between cerebral oximetry and pre-operative performance, and warrants further 

investigation.  

Interestingly, this preliminary cohort noticeably improved post-operation in both 

the RBANS and Kinarm assessment methods. Improvement following CABG surgery has 

not been well documented in research, which may be due to its infrequent occurrence, or 

the discrepancies in defining improvement. A small study performed by Bruce et al. 

observed that, although CABG patients had the poor cognitive function scores prior to their 
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surgery, many also improved above their pre-surgical baseline after the operation. 

However, their performance was still worse than the non-surgical control group134. This 

study demonstrates an even greater improvement in neurological function, with a number 

of patients returning to age- and sex-matched control levels in certain Kinarm tasks and 

RBANS domains. Practice effects of the Kinarm may contribute to the improvement 

observed in this population. However, previous studies have shown that, these effects are 

minimal and easily reversible117. These findings do show promising aspects of neurological 

improvement post-operation, while also highlighting the importance of pre-operative 

functioning in patients undergoing CABG.  

Research groups investigating cerebral desaturation as a predictor of neurological 

impairment often use a variety of testing methods to assess neuropsychological status. 

Many will generate a comprehensive neuropsychological battery by administering a 

multitude of pen-and-paper tests to assess difference cognitive domains62,64. Other studies 

will include less specific, yet commonly used, assessment methods such as the Mini-

Mental State Exam and the Montreal Cognitive Assessment Test61,100. The subjective 

nature of neuropsychological assessment is only one of the major limitations in studies 

looking at neurological outcomes post-operation. Variable and arbitrary definitions of what 

constitutes post-operative cognitive dysfunction can also lead to the variation in the rate of 

cognitive impairment following CABG113. 

The RBANS has been thoroughly validated as a standardized tool for detecting 

cognitive impairment. However, no research has been performed to compare measurement 

sensitivity between the RBANS and Kinarm assessments. Using the Kinarm as a 

quantitative assessment method of neurological function can help address a number of the 



 

 

 

72 

issues encountered in pen-and-paper testing. This robotic technology incorporates both 

sensory and motor domains during assessment, generating a more complete picture of 

neurological function. Furthermore, data received from Kinarm testing may be able to 

detect clinically relevant impairments that go unnoticed in standardized testing, as 

described in the stroke population46. A similar case may be present in this CABG patient 

group.   

This preliminary data provides a very comprehensive and quantitative description 

of neurological outcome post-CABG surgery, which may help clearly define the role of 

cerebral oximetry. In addition, I hope to explore alternate representations of the recorded 

cerebral oximetry data, such as percent decline from baseline, number of significant 

desaturation events, and the time spent below baseline rSO2 levels. Reviewing the rSO2 

data in various formats may help more accurately summarize the intraoperative rSO2 

recordings, as significant information may be lost when collapsing granular data into mean 

or minimum values. As well, other intraoperative physiological data, such as blood 

pressure and heart rate, recorded during surgery will be analysed to find potential 

determinants of rSO2.  

This feasibility study had 167 patients screened over a 2-year period. I was able to 

recruit 41 participants, representing a recruitment rate of about 1.7 patients per month 

(24.5% overall recruitment rate). Follow-up rate for this feasibility study was 60%, which 

can be considered quite low when comparing to other similar studies62–64. This may be 

attributed to improper timing for our follow-up assessments, which were inconvenient for 

our participants and involved multiple visits to the hospital. Data capture rate by the NIRS 

cerebral oximeter was on average 97.2%. Four patients were missing cerebral oximetry 
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data, due to miscommunication and/or human error. The recruitment rates for this study are 

quite acceptable, given our population and the number of competing studies happening 

within the hospital. Nevertheless, strategies have been implemented to improve recruitment 

and follow-up rates. To increase follow-up rates, 3-month assessment times are now being 

scheduled on the same day as their follow-up appointment at the cardiac surgery clinic, 

minimizing the number of hospital visits for the participants. Additionally, a strong 

communication network has been implemented to ensure rSO2 recording is obtained for all 

participants undergoing their surgery for the future of this research program.  

The loss in follow-up does generate potential limitations of this study, all of which 

are important to address. The resulting small sample size also hinders my ability to state 

definite conclusions; a larger patient cohort is necessary to further validate any results of 

this study. Patients were also not routinely screened for carotid disease prior to recruitment. 

Participants who scored poorly prior to surgery may not have returned. However, there was 

no significant difference in pre-operative performance between patients who returned and 

did not return for their follow-up assessment. Additionally, patients may have experienced 

impairment following their surgery, making it more difficult to return for their 3-month 

post-operative assessment. Limitations of cerebral oximetry and how it relates to post-

operative neurological dysfunction are also worth mentioning. As well, cerebral oximetry 

can only measure rSO2 at a depth of maximum 3 centimetres. Therefore, while NIRS 

provides accurate measurement of cerebral oxygen saturation, relevant hypoxia may also 

be occurring at deeper brain structures that was not detected.  

This study demonstrates the feasibility of using robotic technology to quantify the 

neurological function of individuals pre- and post-cardiac surgery. The correlation between 
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low rSO2 and worse performance on quantitative visuospatial/executive tasks warrants 

further investigation in a larger observational study. The quantitative data provided by this 

technology can help generate a comprehensive neurological phenotype for this patient 

population. Additionally, this data may ultimately be used to assess the effect of 

intraoperative rSO2 intervention strategies on post-operative neurological outcomes. 
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3.6 Tables 

Table 11: Participant demographics and clinical features (feasibility study) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
Patient Demographics & Clinical Features Total, n=24 (%) 

Age (mean, years) 66.08±8.79 
Female Gender (%) 0(0) 
Non-white race (%) 0(0) 
Hypertension (%) 20(83.33) 
Type II Diabetes (%) 5(20.83) 
Angina (%) 16(66.67) 
Respiratory Dysfunction (%) 5(20.83) 
Renal Disease (%) 1(4.17) 
Previous Cardiac Event – MIa (%) 8(33.33) 
Smoking history (%) 15(62.5) 
Alcohol Abuse (%) 0(0) 
a Myocardial infarction. 
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3.7 Figures 

 
Figure 7: CONSORT diagram (feasibility study)  

Patients screened & 
approached at pre-

surgical clinic

n= 167

Recruited and assessed 
for eligibility


n= 41

Baseline testing not 
performed n=1

Follow-up assessment at 
3 months n=24 

completed all testing and 
had rSO2 levels recorded 

n=20

Did not return for follow-
up testing n=16

Completed baseline 
testing using the 

RBANS and KINARM 
n=40

rSO2 sensor not applied 
during surgery n=4
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Figure 8: Pre- and post-operative RBANS domains scores for CABG patients.  

Note. A. Total score; B. Attention domain; C. Language domain; D. Visuospatial-Constructional 
domain; E. Immediate Memory domain; F. Delayed Memory domain. Coloured lines represent 
average intraoperative rSO2, and connect patients’ pre- and post-CABG scores. Grey lines represent 
patients missing cerebral oximetry data. Values below or above the dashed lines depict worse or 
better than average performance, respectively.  
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Figure 9: Pre-operative RBANS scores for patients who returned vs. did not return for their 

follow-up assessment. 

Note. Area between the dashed lines signify area of average performance (100 ± 15). Values below 
or above the dashed lines depict worse or better than average performance, respectively.   
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Figure 10: Pre- and post-operative Kinarm task scores for CABG patients.  

Note. A. Arm Position Matching; B. Ball on Bar; C. Object Hit; D. Object Hit & Avoid; E. Spatial 
Span; F. Visually Guided Reaching; G. Reverse Visually Guided Reaching. Coloured lines 
represent average intraoperative rSO2, and connect patients’ pre- and post-CABG scores. Grey lines 
represent patients missing cerebral oximetry data. Values above the dashed line represent scores 
that were outside of the normal range. 
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Figure 11: Pre-operative Kinarm scores for patients who returned vs. did not return for their 

follow-up assessment. 

Note. Area between the dashed lines signify area of average performance (<1.65). Values above 
1.65 depict worse than average performance.  
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Figure 12: Correlation scatterplots of mean intraoperative rSO2 and post-operative Kinarm 

task scores. 

Note. A. Arm Position Matching, B. Ball on Bar, C. Object Hit, D. Object Hit & Avoid, E. Spatial 
Span, F. Visually Guided Reaching, G. Reverse Visually Guided Reaching. Spearman correlational 
coefficients (rho) and respective p-values for are shown on each graph. 
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Figure 13: Correlation scatterplots of mean intraoperative rSO2 and delta task scores. 

Note. A. Arm Position Matching, B. Ball on Bar, C. Object Hit, D. Object Hit & Avoid, E. Spatial 
Span, F. Visually Guided Reaching, G. Reverse Visually Guided Reaching. Delta task scores are 
calculated by subtracting pre-operative from post-operative Kinarm scores. Spearman correlational 
coefficients (rho) and respective p-values for are shown on each graph. 
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Figure 14: Correlation scatterplots of minimum intraoperative rSO2 and post-operative 

Kinarm task scores 

Note. A. Arm Position Matching, B. Ball on Bar, C. Object Hit, D. Object Hit & Avoid, E. Spatial 
Span, F. Visually Guided Reaching, G. Reverse Visually Guided Reaching. Spearman correlational 
coefficients (rho) and respective p-values for are shown on each graph. 
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Chapter 4: 

Quantified Pre-operative Neurological Dysfunction Predicts Outcome 

after Coronary Artery Bypass Surgery 
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4.1 Abstract 

Aims: Patients undergoing coronary artery bypass grafting (CABG) surgery may 

experience neurological impairment. We examined whether intraoperative regional 

cerebral oxygen saturation (rSO2) and neurological dysfunction prior to surgery, measured 

by robotic technology, are important predictors of post-operative performance following 

coronary artery bypass grafting (CABG) surgery.  

 

Methods: Adult patients undergoing CABG surgery were recruited for this single-center 

prospective observational study. Intraoperative rSO2 was captured using the FORESIGHT 

cerebral oximeter. Neurological assessment was performed pre-operatively and 3 months 

following surgery using robotic technology and a standardized pen-and-paper assessment. 

Linear regression models were generated to determine the predictive ability of both 

intraoperative rSO2 and pre-operative performance on post-operative neurological outcome.  

 

Results: Forty patients had complete data available for analysis. Quantified pre-operative 

performance accounted for a significantly larger amount of variance in post-operative 

outcome compared to intraoperative rSO2. In particular, when controlling for pre-operative 

scoring on a cognitive visuospatial task, the model accounted for 82.2% of variance in 

post-operative performance (b=0.937, t(37)=12.98, p=1.28e-5).  

 

Discussion: Our results suggest that pre-operative performance is a stronger indicator of 

post-operative neurological outcome than intraoperative rSO2, and should be included as an 

important variable when elucidating the relationship between cerebral oxygen levels and 
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post-operative neurological impairment. Rigorous neurological assessment prior to surgery 

can provide valuable information about each individual patients’ path to recovery.  

 

Conclusion: Using robotic technology, quantified neurological impairment prior to CABG 

surgery may better predict post-operative neurological outcomes, compared to 

intraoperative rSO2 values. 

  



 

 

 

87 

4.2 Introduction 

Coronary artery bypass grafting (CABG) surgery is known to be associated with 

neurological consequences including memory loss, attention deficits, and impaired 

visuospatial skills9,108. Understanding the nature of post-operative neurological impairment 

has been particularly challenging, perhaps due to the subjective assessment methods used. 

Additionally, neurological assessments vary in comprehensiveness, definitions of 

impairment, and often do not include measurements of sensory or motor function22,113.  

Existing cognitive impairment has been shown to be a strong indicator of post-

operative delirium and future dementia20,135. Cognitive impairment can be present in 35% 

of CABG surgery patients before operation, emphasizing the importance of considering 

patients’ pre-operative functioning136. Previous studies have also associated intraoperative 

regional cerebral oxygen saturation (rSO2), derived using near-infrared spectroscopy 

(NIRS), with neurological outcomes following cardiac surgery61,62. Active  rSO2 

monitoring may prevent adverse neurological outcomes following cardiac surgery64,111. 

However, a Cochrane Library review recently indicated that there is low-level evidence 

linking intraoperative cerebral desaturations to post-operative neurological impairment60. 

Furthermore, there has been little research evaluating the impact of both rSO2 and pre-

operative functioning on post-CABG neurological outcome. 

Robotic technology such as the Kinarm system and associated Kinarm Standard 

TestsTM (KST; Kinarm, Kingston, Canada) provides quantitative information about 

sensory, motor, and cognitive domains, assessing overall neurological function. Kinarm 

tasks are able to detect visuospatial deficits in patients following ischemic stroke that 

correlate better with quality of life compared to standard clinical assessments46,115. The  
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Kinarm has also been used to generate a detailed neurological phenotype for individuals 

with transient ischemic attack and traumatic brain injury45,137. I have recently established 

the feasibility of using the Kinarm as an objective perioperative assessment tool for 

patients undergoing CABG surgery (Chapter 2)138. 

The primary objective of this present study is to characterize the relationship 

between rSO2 and quantitative metrics of post-operative neurological function, as measured 

by the Kinarm. The secondary outcome for this study is to determine the relative impact of 

pre-operative functioning on performance following CABG surgery. I tested the hypothesis 

that both intraoperative rSO2 and quantitative metrics of pre-operative neurological 

function predict patients’ post-operative neurological outcome. 
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4.3 Materials & Methods 

Patient Recruitment 

Adults aged 18 or older undergoing non-emergent on-pump CABG were recruited 

for this single-center observational study. Exclusion criteria were: history of stroke, 

cognitive impairment, and/or neurodegenerative disease. Patients were not excluded if they 

had a history of transient ischemic attack (TIA). This information was obtained from the 

patients themselves, and then validated by a thorough examination of their medical history. 

Informed consent was obtained from all individual participants included in the study, prior 

to their baseline assessment. This study protocol was approved by the Queen’s University 

and Affiliated Hospitals Health Sciences Research Ethics Board. 

 

Intraoperative data collection 

Physiological data during pre- and post-bypass periods were collected from the 

anaesthetic record. Hemodynamic data during bypass were extracted from the perfusionist 

record. Intraoperative rSO2 was collected using the FORESIGHT NIRS cerebral oximeter 

(Edwards LifeSciences, USA). An adult 5cm sensor was placed on each patient’s forehead, 

emitting NIRS light (700-1000nm) that penetrates the tissue at a depth of two to three 

centimetres56. rSO2 data was recorded every two seconds for the duration of the procedure, 

and the sensor was removed at the end of surgery.  

 

Neurological Assessment 

Participants were assessed using the Repeatable Battery for Assessment of 

Neuropsychological Status (RBANS) and the KST on the Kinarm End-Point (EP) robot. 
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Neurological assessment was performed pre-operatively and 3 months following CABG 

surgery. A 3 month follow-up time period was chosen to coincide the neurological testing 

with the clinical surgical follow-up. This time point also allows the outcome data to be 

compared to other cohorts28,119. 

The RBANS is a standardized neuropsychological assessment designed to screen 

for cognitive decline38. Questions were administered by a trained research associate 

blinded to the intraoperative rSO2 data. Five major cognitive domains are assessed using 

the RBANS: immediate memory, visuospatial construction, attention, language, and 

delayed memory. Domains are summarized to determine the total scale, defined as an 

overall cognitive score. Patients scoring below 75.25 were considered impaired, as this 

reflects a score beyond the 95% confidence interval of the normal range. This differs from 

the traditional cutoff for the RBANS, which is a score less than 85 (1 standard deviation 

below normal). Our rationale for using the 95% confidence interval was to ensure that 

impairment was defined the same on the RBANS and the Kinarm. 

 All study participants performed 7 standardized tasks on the Kinarm-EP robot as 

per our pilot study138. To perform the tasks, the patient was seated in front of the Kinarm 

robotic system and grasped handles that allowed for movement in the horizontal plane. 

During assessment, participants had no direct view of their hand and arm position; visual 

feedback of hand position and movement was provided by the robot’s virtual reality system 

aligned with the horizontal workspace. Participants moved the handles to reach and 

complete the visually simulated tasks. Overall performance scores (task scores) are 

calculated using 6-12 quantifiable parameters (e.g. reaction time, posture control speed, 

etc.) associated with each task. Parameters were adjusted for age, sex, and handedness, 
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then used to generate a standardized task score. A task scores near zero denote excellent 

performance and a score of 1.96 denotes performance at the 95% confidence level for a 

healthy subject. Task scores greater than 1.96 were defined as outside of the normal range.  

 

Statistical Analysis 

 Multiple linear regression models were performed for each task and domain to 

determine whether pre-operative functioning and intraoperative rSO2 predicts post-

operative neurological outcome. Pre-operative task or domain score and percent drop from 

baseline to minimum rSO2 (delta-rSO2) were chosen as predictors for each model. Baseline 

was calculated as an average of the first ten minutes prior to induction of anesthesia. Delta-

rSO2 was chosen as a measure of intraoperative cerebral oxygenation to capture potential 

changes in oxygen saturation during surgery. This single measure was used as a 

representative description of the changes in intraoperative cerebral oxygenation, as 

additional measures would increase the risk of model overfitting. As a coarse measure of 

sensitivity, supplementary models were run using other previously validated measures of 

intraoperative desaturation (time below threshold of 70%, and time below mean), making 

our study comparable to the heterogeneous dataset in the field of cerebral oximetry. 

The outcome variable for each model was post-operative task or domain score. 

Models were optimized to ensure best fit of the data, which included removal of high-

leverage points (Cooke’s distance of greater than 1). McNemar’s proportionality tests were 

performed to detect differences between pre- and post-operative neurological assessment 

scores. Results were considered significant if p<0.05, and a Bonferroni correction was 

performed for multiple comparisons for the linear regression analysis. Model generation, 
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model selection, and graphing were performed and generated using R software126. 

McNemar’s test was performed using SPSS software (version 24, SPSS Inc. Chicago, IL).  

Sensitivity power analysis was done using GPower139.  
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4.4 Results 

4.4.1 Patient population 

In the cardiac clinic, 71 patients out of the 203 screened were eligible and recruited 

for this study (Figure 15), representing a recruitment rate of 34.9%. Three patients were 

converted to an off-pump procedure as per the surgeon’s judgement, and were not included 

in the final analysis. For our feasibility study138, the follow-up rates were 60%. We 

implemented several new retention strategies, and improved our follow-up rates to 84.3%, 

which is comparable to similar studies62,64. The average length of hospital stay for our 

cohort of 40 patients was 5.68 ± 2.16 days. No patients had a history of cerebrovascular 

disease and/or TIA prior to surgery. Additional clinical characteristics and demographic 

profile of this cohort are summarized in Table 12. Patients’ intraoperative treatment 

parameters are shown in Table 13.  

4.4.2 Pre- and post-operative cognitive assessments 

There were no significant differences between pre- and post-operative scores for the 

RBANS and Kinarm assessments (Figure 16). The majority of pre- and post-operative 

RBANS scores fell within the normal range (Figure 15A). 10% of participants scored 

below 75.25 on 2 or more domains before their surgery, which was not significantly 

different from the proportion (7.3%) of patients scoring below normal post-operatively 

(p=1.00). The greatest impairment was observed in the delayed memory domain, but the 

scores did not significantly change post-operatively (12.5% vs.  17.1% pre- and post-

operative respectively, p=0.727). Similarly, compared to pre-operative scores, there was no 

significant change post-operatively in Immediate Memory (10% vs. 10%, p=1.00), 
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Visuospatial/constructional (12.5% vs. 9.75%, p=1.00), and Language domains (2.5% to 

0%, p=1.00). No patients were impaired on the Attention domain.  

The majority of participants also scored within the normal range on all Kinarm 

tasks (Figure 15B). Prior to surgery, 22% of participants scored outside the normal range 

on 2 or more tasks. Post-operatively, this percentage was 14.6% (p=0.508). Of all tasks, the 

reverse visually guided reaching task detected the most impairment, with 24.4% of patients 

exhibiting dysfunction pre- and post-operation. Pre- and post-operative task performance 

was similar for all other Kinarm tasks, including the Object Hit (2.5% to 14.6%, p=0.062), 

Object Hit & Avoid (0% to 7.3%, p=0.25), Arm Position Matching (12.5% to 2.4%, 

p=0.125), Ball on Bar (17.5% to 7.3%, p=0.289), Spatial Span (5% to 2.4%, p=1.00), and 

Visually Guided Reaching tasks (14.6% to 9.8%, p=0.688).  

4.4.3 Pre-operative functioning, but not rSO2, is indicative of RBANS performance 

following CABG surgery 

The purpose of this study was to examine the relationship between intraoperative 

rSO2 and post-operative neurological outcome. Multiple linear regression models are 

summarized in Table 14 (RBANS) and Table 15 (Kinarm), and illustrated in Figure 17 

(RBANS) and Figure 18 (Kinarm) as scatterplots adjusted for model predictors.  

Models accounted for large differences in variance in post-operative RBANS 

performance, ranging from minimal values in visuospatial performance (R2=0.181, 

p=0.025) to moderate variance in total scale, a composite score of all 5 subdomains 

(R2=0.535, p=7.12e-07). The pre-operative RBANS total scale significantly predicted their 

overall post-operative performance (Figure 16F b=0.707, t(37)=6.52, p=1.25e-7). 

Similarly, pre-operative performance also accounted for a significantly larger proportion of 
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the variance in post-operative scores for the following three RBANS domains: Immediate 

memory (Figure 16A b=0.619, t(37)=4.10, p=0.00131), Attention (Figure 16D, b=0.526, 

t(37)=3.83, p=0.00289), and Delayed memory (Figure 16E,  b=0.645, t(37)=4.72, p=2.01e-

04). However, intraoperative delta-rSO2 did not significantly predict post-operative domain 

scores. Additional metrics of intraoperative rSO2 (time below threshold of 70%, time 

below mean%) were assessed independently in separate linear models.  Alternative indices 

of intraoperative cerebral oxygenation (time below threshold, time below mean) did not 

significantly predict post-operative cognitive function in any cognitive domain. (See 

supplemental Table 16 and Table 17). 

4.4.4 Pre-operative functioning, but not rSO2, is indicative of Kinarm task 

performance following CABG surgery 

As measured by the Kinarm, pre-operative performance and delta-rSO2 accounted 

for a wide range of variance in post-operative outcome, from minimal values in Spatial 

Span (R2=0.145, p=0.0552), to moderately larger variances in Visually Guided Reaching 

(R2=0.469, p=6.04e-6) and Ball on Bar tasks (R2=0.603, p=6.14e-8). The greatest variance 

in post-operative performance accounted for by these two predictors was observed in the 

Reverse Visually Guided Reaching task (R2=0.822, p=1.37e-14). Specifically, patients’ 

pre-operative task score significantly predicted their performance 3 months following 

CABG surgery in five standardized tasks: Arm Position Matching (Figure 17A , b=0.350, 

t(36)=3.70, p=0.00503), Ball on Bar (Figure 17B, b=0.598, t(36)=7.33, p=1.24e-8),  Object 

Hit ( Figure 17C, b=0.727, t(36)=4.31, p=0.000861), Visually Guided Reaching (Figure 

17F b=0.675, t(38)=5.63, p=1.28e-5), and Reverse Visually Guided Reaching (Figure 17G, 

b=0.937, t(37)=12.98, p=1.28e-5). Following corrections for multiple comparisons, delta-
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rSO2 did not significantly predict post-operative Kinarm performance on any tasks. Overall 

regression results for the 7 Kinarm standardized tasks are listed in Table 15 and illustrated 

in Figure 18. Similar to the RBANS, separate models were run with alternative rSO2 

metrics which demonstrated similar results (See supplemental Table 18 and Table 19).  
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4.5 Discussion & Conclusions 

This present study was designed to assess the relationship between intraoperative 

rSO2 and post-CABG cognitive impairment, and the role of pre-existing impairment. 

Compared to intraoperative cerebral oxygenation, pre-operative impairment may be a 

better predictor of post-operative neurological impairment. Performance on robotic tasks 

prior to surgery can account for a large amount of variance in post-operative neurological 

outcome while also providing a quantitative and objective assessment approach. 

 These current findings may partially explain the variability in research analyzing 

the relationship between intraoperative rSO2 and neurological outcomes following cardiac 

surgery. Given that quantitative metrics of pre-operative neurological function account for 

a large amount of post-operative cognitive performance, it is unsurprising that previous 

studies looking at intraoperative rSO2 have found variable results31,60. The results of my 

study suggest that a robust characterization of patients’ baseline neurological impairment is 

essential in examining the impact of intraoperative rSO2 on cognitive outcomes.  

While many patients were considered unimpaired in both assessments, my models 

do suggest that the fraction of patients who were outside the normal range of function prior 

to surgery were likely to perform poorly post-operation. Linear regression analysis also 

allows for a more granular analysis of the entire spectrum of cognitive performance by 

examining continuous data. This approach may facilitate the detection of important sub-

clinical cognitive impairment that can significantly predict post-operative neurological 

outcomes.   

The majority of Kinarm tasks showing that pre-operative performance predicted 

post-operative performance were primarily sensory-motor tasks, (Arm Position Matching44, 
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Ball on Bar121, Object Hit122, and Visually Guided Reaching46) involving attention and 

precise movements to complete correctly. However, the greatest variance in post-operative 

performance was predicted by the Reverse Visually Guided Reaching task, which 

incorporates both sensory-motor and inhibitory control to assess overall neurological 

functioning. Specifically, poor post-operative performance on this task was significantly 

explained by patients’ baseline task score. 

 Existing subclinical impairment measured by the Kinarm may put these patients at 

an increased risk for developing post-operative complications. Previous research has shown 

that a significant proportion of pre-operative CABG patients exhibit pre-existing cognitive 

impairment, especially in executive functioning, which persists following surgery136,140. 

Lingehall and colleagues also indicated that pre-operative cognitive function may be 

significant predictor of future dementia in cardiac surgery patients20.  

 Performing robotic pre-operative assessment may quantify the spectrum of 

cognitive reserve in surgical patients. This type of functional assessment is analogous to 

recent imaging work identifying pre-operative structural biomarkers and white matter 

abnormalities that correlate with post-operative cognitive impairment141,142. Similarly, poor 

pre-operative scores highly predict poor performance following surgery, suggesting that 

perhaps certain individuals cannot be expected to recover to population normative values.  

There are limitations in this study that should be addressed. Due to sample size 

restrictions, I only included one rSO2 parameter to capture the degree of intraoperative 

cerebral ischemia. However, supplementary analyses using separate indices of cerebral 

oxygenation supported my findings that, compared to pre-existing impairment, rSO2 does 

not account for a significant amount of variability in post-operative neurological function,. 
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A larger cohort of surgical patients would allow for the inclusion of additional rSO2 

variables in our analysis (number of cerebral desaturation events, minimum value, time 

below a certain threshold, other hemodynamic data, etc.), and may allow for the detection 

of more minor effects of cerebral oximetry. Post-operative delirium may also be an 

important predictor of long-term impairment following surgery36, and should be included 

in future research. The cerebral oximeter itself, can only detect oxygen saturation levels of 

the frontal cortex at a depth of 2-3 centimetres56. Potentially relevant hypoxia at deeper 

structures is therefore not captured by this technology.  

In a field where subjective assessments are commonly used to assess for 

impairment, robotic technology can provide valuable information about each patient’s 

individual recovery process. In particular, these results suggest that subclinical or 

undiagnosed pre-operative impairment, rather than rSO2, may be the strongest predictor of 

neurological outcomes in patients undergoing elective CABG surgery. Despite the small 

sample size, this study is the first of its kind to demonstrate that robotic quantification of 

subclinical cognitive impairment strongly predicts post-operative neurological outcomes. 

We demonstrate the importance of determining and understanding neurological impairment 

prior to cardiac surgery, thus allowing patients, in conjunction with their surgeons, to make 

informed decisions regarding the management of their coronary artery disease.  
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4.6 Tables 

Table 12: Patient sample demographics and clinical features 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Patient Demographics & Clinical Features Total, n=40 (%) 

Age (mean, years) 66.93±8.87 

Female Gender (%) 2(4.89) 

Non-white race (%) 0(0) 

Hypertension (%) 32(78.05) 

Type II Diabetes (%) 11(26.83) 

Angina (%) 25(60.98) 

Respiratory Dysfunction (%) 8(19.51) 

Renal Disease (%) 4(9.75) 

Previous Cardiac Event – MI (%) 10(24.39) 

Previous TIA (%) 0(0) 

Smoking history (%) 24(58.54) 

Alcohol Abuse (%) 6(14.63) 
Incidence of post-operative neurologic event (stroke, 

TIA) 3(7.3) 
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Table 13: Intraoperative management and hemodynamic data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. HR: Heart rate; MAP: mean arterial pressure; pO2: partial pressure of oxygen; SaO2: arterial 

oxygen saturation; rSO2: regional cerebral oxygen saturation; SvO2: venous oxygen saturation.

 

Surgical parameter Mean (± SD) 

Pre-pump  
MAP (mmHg) 74.1 ± 4.7 
SaO2 (%) 98.4 ± 1.3 
HR (bpm) 60.0 ± 7.1 
pO2 (mmHg) 211 ± 101 
Temperature (°C) 35.5 ± 0.541 
rSO2 (%) 73.5 ± 5.23 

On-pump  
Flow rate (L/min) 4.82 ± 0.78 
Arterial pressure 
(mmHg) 61.51 ± 6.43 

SvO2 (%) 76.56 ± 4.78 

Temperature (°C) 36.15 ± 0.54 
rSO2 (%) 76.56 ± 4.78 

Post-pump  
MAP (mmHg) 69.2 ± 5.05 
SaO2 (%) 98.7 ± 1.39 
HR (bpm) 77.1 ± 6.02 
pO2 (mmHg) 235 ± 108 
Temperature (°C) 36.4 ± 0.31 
rSO2 (%) 69.1 ± 5.34 

Patients who received blood 
transfusion (n, %) 3, 7.3% 
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Table 14: Linear regression model outputs from RBANS domains and total score 

 

 

 

 

 

 

 

 

 

 

 

Note. Bonferroni correction was applied to adjust p-values for multiple comparisons. Significant values (<0.05) are depicted in bold.  

 
Domain Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard 
Error 

T-value 
(df) 

p-value 
(uncorr.) 

p-value 
(corr.) 

Immediate 
Memory 

0.318 0.000846 Pre-op score 0.619 0.151 4.10 (37) 0.000218 0.00131 
  % delta-rSO2  0.344 0.469 0.734 0.467 - 

Visuospatial 
Construction 

0.181 0.0250 Pre-op score 0.361 0.134 2.70 (37) 0.0105 0.0631 
  % delta-rSO2 -0.451 0.477 -0.945 (37) 0.351 - 

Language 0.0426 0.447 Pre-op score 0.154 0.157 0.980 0.333 - 
  % delta-rSO2  -0.301 0.297 -1.01 (37) 0.317 - 

Attention 0.286 0.00196 Pre-op score 0.526 0.137 3.83 (37) 0.000481 0.00289 
  % delta-rSO2  -0.0034 0.387 -0.009 (37) 0.993 - 

Delayed 
Memory 

0.377 0.000156 Pre-op score 0.645 0.137 4.72 (37) 3.35e-05 2.01e-04 
  % delta-rSO2  -0.147 0.458 -0.322 (37) 0.750 - 

Total Scale 0.535 7.12e-07 Pre-op score 0.707 0.108 6.52 (37) 1.25e-07 7.5e-07 
  % delta-rSO2  -0.285 0.288 -0.989 (37) 0.329 - 
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Table 15: Linear regression model outputs for the Kinarm standardized tasks 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note. Bonferroni correction was applied to adjust p-values for multiple comparisons. Significant values (<0.05) are depicted in bold.  

 
Task Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard 
Error T-value (df) p-value 

(uncorr.) 
p-value 
(corr.) 

Arm Position 
Matching 

0.322 0.000915 Pre-op score 0.350 0.0947 3.70 (36) 0.000718 0.00503 
  % delta-rSO2  0.0299 0.0142 2.10 (36) 0.0428 0.300 

Ball on Bar 0.603 6.14e-8 Pre-op score 0.598 0.0816 7.33 (36) 1.24e-8 8.68e-8 
  % delta-rSO2 0.00155 0.0158 0.098 (36) 0.9224 - 

Object Hit 0.366 0.000277 Pre-op score 0.727 0.169 4.31(36) 0.000123 0.000861 
  % delta-rSO2  -0.0240 0.0231 -1.04 (36) 0.306 - 

Object Hit & 
Avoid 

0.155 0.0483 Pre-op score 0.212 0.180 1.18 (37) 0.246 - 
  % delta-rSO2  -0.0472 0.02132 -2.21 (37) 0.0334 0.234 

Spatial Span 0.145 0.0552 Pre-op score 0.337 0.143 2.36 (37) 0.0240 0.168 
  % delta-rSO2  -0.0124 0.0165 -0.748 (37) 0.459 - 

Visually Guided 
Reaching  

0.469 6.04e-6 Pre-op score 0.675 0.120 5.63 (38) 1.83e-6 1.28e-5 
  % delta-rSO2  -0.0273 0.0232 -1.18 (38) 0.245 - 

Reverse Visually 
Guided 
Reaching 

0.822 1.37e-14 Pre-op score 0.937 0.0722 12.98 (37) 2.41e-15 1.69e-14 
  % delta-rSO2  -0.0265 0.0234 -1.13 (37) 0.265 - 
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4.7 Figures  

 

Figure 15: CONSORT diagram 
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Figure 16: Pre- and post-operative performance by CABG patient on RBANS domains and Kinarm tasks 

Note. A. RBANS domains and total scale, B. Kinarm tasks. The area between the dashed lines represents the normative range of performance at 
the 95% confidence interval for both assessments.
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Figure 17: Multiple linear regression models for each RBANS domain and total score 

Note. A. Immediate Memory; B. Visuospatial Constructional; C. Language; D. Attention; E. 
Delayed Memory; F. Total Scale. Red line represents the line of best fit adjusted for both 
predictors (pre-operative score and delta-rSO2).  
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Figure 18: Multiple linear regression models for each Kinarm task score 

Note. A. Arm Position Matching; B. Ball on Bar; C. Object Hit; D. Object Hit & Avoid; E. 
Spatial Span; F. Visually Guided Reaching; G. Reverse Visually Guided Reaching. Red line 
represents the line of best fit adjusted for both predictors (pre-operative score and delta-rSO2).  
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4.8 Supplementary Data  

Table 16: Supplemental linear regression models: RBANS 

 
 
Note. Models include an alternate rSO2 measure: time spent below an rSO2 value of 70%. Bonferroni correction was applied to adjust p-values for 
multiple comparisons. Significant values (<0.05) are depicted in bold. 
 

Domain Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard Error T-value (df) p-value 
(uncorr.) 

p-value 
(corr.) 

Immediate Memory 0.308 0.00110 Pre-op domain score 0.619 0.153 4.06(37) 0.000246 0.00148 
  Time below 70% 0.910 6.530 0.139(37) 0.890 - 

Visuospatial 
Construction 

0.162 0.0381 Pre-op domain  score 0.361 0.136 2.66(37) 0.0114 0.0684 
  Time below 70% -1.33 6.65 -0.199(37) 0.843 - 

Language 0.0162 0.738 Pre-op domain  score 0.119 0.156 0.759(37) 0.453 - 
  Time below 70% 0.411 4.08 0.101(37) 0.920 - 

Attention 0.288 0.00186 Pre-op domain score 0.536 0.140 3.83(37) 0.000473 0.00283 
  Time below 70% 1.78 5.44 0.326(37) 0.747 - 

Delayed Memory 0.384 0.000127 Pre-op domain score 0.647 0.135 4.80(37) 2.65e-5 0.000159 
  Time below 70% 4.47 6.23 0.718 0.477 - 

Total Scale 0.526 9.99e--7 Pre-op score 0.699 0.109 6.41(37) 1.76e-7 1.056e-6 
  Time below 70% 2.14 3.99 0.535(37) 0.596 - 
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Table 17: Supplemental linear regression models: RBANS 

 
Note. Models include an alternate rSO2 measure: time spent below an the patients’ mean rSO2 value. Bonferroni correction was applied to adjust p-
values for multiple comparisons. Significant values (<0.05) are depicted in bold. 
 
 

Domain Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard 
Error T-value (df) p-value 

(uncorr.) 
p-value 
(corr.) 

Immediate 
Memory 

0.327 0.000655 Pre-op domain 
score 0.582 0.154 3.78(37) 0.000551 0.00331 

  Time below 
% mean -28.1 27.31 -1.03(37) 0.310 - 

Visuospatial 
Construction 

0.165 0.0352 Pre-op domain 
score 0.345 0.140 2.47(37) 0.0183 0.110 

  Time below 
% mean -12.54 28.48 -0.440(37) 0.662 - 

Language 0.0232 0.647 Pre-op domain 
score 0.121 0.155 0.783(37) 0.439 - 

  Time below 
% mean -8.78 16.8 -0.524(37) 0.604 - 

Attention 0.286 0.00196 Pre-op domain 
score 0.526 0.137 3.84(37) 0.000459 0.00275 

  Time below 
% mean 0.932 22.05 0.042(37) 0.966 - 

Delayed Memory 0.380 0.000145 Pre-op domain 
score 0.635 0.135 4.70(37) 3.75e-05 0.000225 

  Time below 
% mean -12.97 25.87 -0.502 0.619 - 

Total Scale 0.528 9.29-07 Pre-op score 0.682 0.110 6.21(37) 3.29e-7 1.97e-6 
  Time below 

% mean -10.98 16.68 -0.658(37) 0.514 - 
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Table 18: Supplemental linear regression models: Kinarm 

 
Note. Models include an alternate rSO2 measure: time spent below an rSO2 value of 70%. Bonferroni correction was applied to adjust p-values for 
multiple comparisons. Significant values (<0.05) are depicted in bold. 
 

Task Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard 
Error T-value (df) p-value 

(uncorr.) 
p-value 
(corr.) 

Arm Position 
Matching 

0.2797 0.00273 Pre-op task score 0.334 0.0974 3.43 36) 0.00153 0.0107 
  Time below 70%  0.287 0.201 1.43 0.163 - 

Ball on Bar 0.602 6.17e-8 Pre-op task score 0.599 0.0812 7.38(36) 1.06e-8 7.42e-8 
  Time below 70% -0.0025 0.218 -0.012(36) 0.991 - 

Object Hit 0.353 0.000399 Pre-op task score 0.740 0.170 4.36(36) 0.000106 0.000742 
  Time below 70% 0.188 0.327 0.574(36) 0.569 - 

Object Hit & 
Avoid 

0.0492 0.404 Pre-op task score 0.237 0.191 1.24(36) 0.221 - 
  Time below 70% -0.188 0.319 -0.589(36) 0.559 - 

Spatial Span 0.132 0.0724 Pre-op task score 0.341 0.144 2.372(37) 0.0230 0.161 
  Time below 70% 0.0252 0.228 0.110(37) 0.9128 - 

Visually Guided 
Reaching  

0.453 1.04e-5 Pre-op task score 0.691 0.124 5.59(38) 2.1e-6 1.47e-5 
  Time below 70% 0.173 0.329 0.526(38) 0.602 - 

Reverse Visually 
Guided Reaching 

0.816 2.55e-14 Pre-op task score 0.921 0.0720 12.8(37) 3.7e-15 2.59e-14 
  Time below 70% -0.0333 0.318 -0.105(37) 0.917 - 
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Table 19: Supplemental linear regression models: Kinarm 

 
Note. Models include an alternate rSO2 measure: time spent below an the patients’ mean rSO2 value. Bonferroni correction was applied to adjust p-
values for multiple comparisons. Significant values (<0.05) are depicted in bold. 

Task Model Statistics Predictors  Predictor Statistics 

 R2 p-value  Estimate Standard 
Error T-value (df) p-value 

(uncorr.) 
p-value 
(corr.) 

Arm position 
Matching 

0.243 0.006618 Pre-op task score 0.340 0.1001 3.40(36) 0.00167 0.0117 
  Time below 

% mean  0.400 0.893 0.448(36) 0.657 - 

Ball on bar 0.604 5.67e-8 Pre-op task score 0.595 0.0814 7.32(36) 1.27e-8 8.89e-8 
  Time below 

% mean -0.370 0.899 -0.412(36) 0.683 - 

Object Hit 0.348 0.000455 Pre-op task score 0.745 0.170 4.37(36) 9.95e-5 6.96e-4 
  Time below 

% mean -0.340 1.33 -0.255(36) 0.800 - 

Object hit & avoid 0.0609 0.3225 Pre-op task score 0.278 0.196 1.42(36) 0.164 - 
  Time below 

% mean -1.19 1.33 -0.896(36) 0.376 - 

Spatial span 0.158 0.0414 Pre-op task score 0.338 0.142 2.39(37) 0.0222 0.155 
  Time below 

% mean 1.020 0.953 1.070(37) 0.292 - 

Visually Guided 
Reaching  

0.462 7.74e-6 Pre-op task score 0.706 0.124 5.70(38) 1.49e-6 1.04e-5 
  Time below 

% mean -1.29 1.37 -0.939(38) 0.353 - 

Reverse visually 
guided reaching 

0.820 1.66e-14 Pre-op task score 0.919 0.0711 12.9(37) 2.67e-15 1.87e-14 
  Time below 

% mean 1.27 1.35 0.939(37) 0.354 - 
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Chapter 5: 

The Road to Recovery – Study Protocol & Preliminary Findings 

Investigating the Role of Cerebral Oximetry on Neurological Outcomes 

After Cardiac Surgery 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reproduced from Road to recovery: a study protocol quantifying neurological outcome in cardiac 
surgery patients and the role of cerebral oximetry, Joanna S Semrau, Stephen H Scott, Andrew G 
Hamilton, Dimitri Petsikas, Darrin M Payne, Gianluigi Bisleri, Tarit Saha, and John Gordon 
Boyd, 9, e032935, 2019 with permission from BMJ Publishing Group Ltd. 
   



 

 

 

113 

5.1 Abstract 

Introduction: Patients undergoing cardiac surgery may experience both short-term and 

long-term post-operative neurological problems. However, the underlying cause of this 

impairment is unclear. Regional cerebral oxygen saturation (rSO2) levels may play a role 

in the development of acute dysfunction, known as post-operative 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 rSO2, post-operative 

delirium, and long-term neurological outcome after cardiac surgery using quantitative 

robotic technology.  

 

Methods & 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 

standardized tasks. Intraoperatively, rSO2 and other hemodynamic 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 & dissemination: This study has been approved by the Health Sciences Research 

Ethics Board at Queen’s University (DMED-1672-14) and registered on clinicaltrials.gov 

(ID NCT04081649). 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. 
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Participants wishing to know the results of this study will be contacted directly upon data 

publication.  

 

Results: In a preliminary cohort of 15 participants, patients who screened positive for 

delirium had lower baseline rSO2 values, yet also spent less time below that baseline 

during their surgery. As well, patients with at least one incidence of delirium performed 

worse on Kinarm tasks (VGR, RVGR, OH, OHA, and TMT-A/B) and RBANS domains 

(Immediate Memory, Delayed Memory, and Visuospatial-Constructional) pre- and post-

operatively compared to those without any incidence of delirium. 

 

Conclusion: This preliminary data suggest that delirium may be an important marker for 

post-operative neurological recovery after cardiac surgery. Future analyses as recruitment 

continues will help draw more definitive conclusion on the relationship between rSO2, 

delirium, and neurological impairment post-cardiac surgery.  
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5.2 Introduction 

Post-operative neurological dysfunction following cardiac surgery can be a 

devastating outcome for the patient and their family. Deficits may begin to appear early 

in the form of post-operative delirium, which has been observed to occur in 10-30% of 

cardiac surgery patients18,135. These patients may be at risk for developing future 

complications and may require more at home and/or nursing home care36. In particular, 

patients who present with delirium following cardiac surgery may also be at risk for 

developing long-term cognitive dysfunction20.   

 Neurological dysfunction following cardiac surgery can persist for months 

following physical recovery. Post-operative cognitive dysfunction (POCD) has been 

reported to occur in about 20-40% of patients weeks to months after their procedure8. 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 surgery108. 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) surgery143,144. Combined surgeries, 

often involving longer bypass times, may also increase the risk of delirium145. Procedures 

requiring entry into the heart involve increased embolic load, possibly increasing the risk 

of post-operative neurological impairment146.  

Intraoperative regional cerebral oxygen saturation (rSO2), measured by near-

infrared spectroscopy (NIRS), may also play a role in post-operative neurological 

functioning. Intraoperative rSO2 monitoring has gradually become regular practice in 
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many hospitals, yet the supporting evidence is lacking in quality31,60. A review by Yu and 

colleagues concluded that the role of rSO2 monitoring in post-operative neurological 

outcome is uncertain, and more research needs to be performed to fully understand this 

relationship60. These inconsistent findings may be due to the subjective nature of 

neurological assessments used in these studies. Standard neuropsychological testing can 

also vary in comprehensiveness, definitions of impairment, and often do not include 

measures of sensory or motor function22,31.  

Robotic technology may offer a solution to this problem by providing an objective 

and quantitative approach to neurological assessment. The Kinarm robotic platform and 

its standardized test (Kinarm, Kingston, Canada) uses upper limb movements to assess 

sensory, motor, and cognitive function. The Kinarm has been previously used to quantify 

impairment in patients following stroke and detected deficits which were not apparent in 

routine clinical testing46. The Kinarm tasks have also been able to generate a detailed 

neurological phenotype for transient ischemic attack and traumatic brain injury45,137. 

Early work recently established the feasibility of using the Kinarm as a novel 

perioperative assessment method in CABG surgery patients138.   

The overall goal of this research program is to determine quantitative predictors of 

quantitative long-term neurological functioning following different cardiac surgery 

procedures. We aim to generate a timeline of neurological function that includes pre-

existing performance, post-operative delirium, and POCD. Furthermore, we will test the 

hypothesis that intraoperative rSO2 desaturations, incidence of post-operative delirium, 

and pre-existing impairment can predict neurological dysfunction following cardiac 

surgery.   
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5.3 Materials & Methods 

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 neurodegenerative disorder or diagnosed impairment will be 

excluded. Recruited patients will not be actively involved in determining 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. A general timeline of the CONFUSE study is illustrated in Figure 

19. Recruitment for patients undergoing aortic valve replacement (AVR) started in April 

2018. We initially focused our recruitment on this group to achieve greater homogeneity 

in our sample. However, due to low recruitment rates (about 1 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 FORESIGHT Elite cerebral 

oximeter (Edwards LifeSciences, USA) following the same protocol as previous 

studies147. An adult sensor will be placed on the middle of each patient’s forehead to 

detect the ratio of deoxy/oxyhemoglobin in the vascular bed of the frontal cortex. 

Cerebral oxygen data will be recorded every two seconds for the duration of the 
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procedure. Hemodynamic data (systolic/diastolic blood pressure, heart rate, central 

venous pressure, etc.) will also be collected intraoperatively at two-second intervals. 

 

Post-operative delirium screening: 

Patients will be screened for delirium in the first 24 hours using the Confusion 

Assessment Method for the ICU (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 respectively17. Both assessment methods assess the four main features 

of delirium: altered mental status or fluctuating course, inattention, altered level of 

consciousness, and disorganized thinking. 

 

Neurological assessment:  

 Patients will undergo comprehensive neurological assessment prior to surgery, as 

well as three and twelve months post-operation. A trained research associate will perform 

the assessment. Patients will be assessed using the Kinarm End-Point (EP) lab and 

Kinarm Standard Tests™ (KST; Kinarm, Kingston, Canada), and the Repeatable Battery 

for the Assessment of Neuropsychological Status (RBANS). The RBANS is a 

standardized pen-and-paper questionnaire used to detect cognitive decline38. Five major 

cognitive domains are assessed using the RBANS: immediate memory, visuospatial 

construction, attention, language, and delayed memory. The total score is determined by 

summarizing all five domain scores. To ensure comparability at the 95% confidence 
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interval, patients scoring below 75.25 are considered impaired on the domain or total 

score.  

 The robotic design and assessment method has been described previously138. 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 workspace (Figure 20). Each patient will perform 8 

standardized tasks, assessing sensory, motor, and cognitive functioning (Figure 21). Each 

task is associated with 6-12 parameters (reaction time, posture speed, initial movement 

angle, etc.) that quantify the degree of neurological function. Parameters are adjusted for 

age, sex, and handedness then summarized into an overall task score. Task scores are 

represented as one-sided z-like scores, with zero 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 in Chapter 1, Table 3.  

5.3.1 Statistical analysis 

 

Primary outcome analysis:  

 The primary outcome measure is post-operative neurological functioning as 

measured by the Kinarm (i.e. global performance scores for each Kinarm task). Multiple 

linear regression models will be used to determine how much variance in post-operative 

neurological functioning is explained by the main predictor, rSO2. I will assume that 12-

month performance will correlate with their 3-month performance for each patient, 

reducing our analysis to one outcome. To confirm this assumption, two sets of models 
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will be performed using 3- and 12-month scores as the outcome. Provided that both sets 

of models indicate similar predictors, the primary outcome will be post-operative 

neurological functioning 12 months after surgery. Any intra-individual differences 

between pre-operative, 3-month, and 12-month post-operative functioning will be 

explored in the secondary analyses.  

Measurements of rSO2 used in the primary analysis will be mean rSO2, and time 

spent below baseline rSO2, measured as an area under the curve (AUC rSO2). Baseline 

rSO2 will be determined in the first 5 minutes prior to induction of anesthesia. My earlier 

work demonstrated that subtle and undiagnosed impairments prior to surgery detected by 

the Kinarm can highly predict post-operative neurological dysfunction93. This and other 

studies have strongly emphasized the importance of including baseline functioning, as it 

can account for a significant amount of variance in neurological outcome following 

cardiac surgery20,132. Moving forward, I aim to control for pre-operative functioning, and 

include it as a covariate in our model. Furthermore, I will include delirium as an 

additional predictor of post-operative neurological functioning. I will perform separate 

models for each Kinarm assessment, for a total of 8 models. Corrections will be made for 

multiple comparisons. For a model with four predictors (pre-operative task score,  post-

operative delirium, mean rSO2, and AUC rSO2),  and one outcome (post-operative 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 software126. Power analysis was performed using G 

Power139. 
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Secondary outcome analysis – Intra-individual changes in neurological dysfunction: 

As a secondary method of analyzing perioperative neurological performance, we 

will use multilevel modeling for repeated measures with three time points: pre-operative 

performance, 3-month, and 12-month post-operative performance. Incidence of delirium 

and rSO2 measures will be additional predictors for this model. In contrast to linear 

regression, multilevel modeling allows us to generate a longitudinal growth model, 

illustrating the trajectory of each patient’s recovery process. In addition, multilevel 

modeling 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 mitigated in our primary model. This research 

program may not be powered to detect a meaningful effect using this multilevel model 

approach and will therefore be exploratory.  

 

Secondary outcome analysis – Intraoperative hemodynamic data: 

 Preliminary correlational analysis will be performed between rSO2 and other 

hemodynamic variables (arterial blood pressure, heart rate, temperature, SaO2, and pCO2) 

will be performed using Spearman’s rho coefficients. An in-depth examination 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 patients148. This approach will allow us to detect trends in the relationship between 

these variables over time, and explore how these trends predict delirium and POCD.   
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Preliminary Data Analysis 

Data analysis using a preliminary sample will focus on incidence of delirium and 

how it relates to rSO2 measures. Analyses will represent delirium as a continuous 

(proportion of time spent delirious during hospital stay) and non-continuous (ever vs. 

never delirium incidence). Since total sample size has not yet been obtained, the data 

presented here was solely for descriptive purposes. Differences in means were compared 

to investigate the relationship between delirium incidence (ever vs. never) and mean 

rSO2, baseline rSO2, as well as time spent below baseline rSO2 (AUC rSO2) during 

surgery. Correlation coefficients (Spearman rho) were reported to demonstrate the 

strength of the relationship between proportion of time spent delirious during each 

patient’s hospital stay and rSO2.  

This preliminary assessment of the data will also help determine feasibility of 

high-frequency data capture for use in cerebral autoregulation analyses. Off-pump MAP 

values during surgery were filtered using an error-checking algorithm developed by Du 

and Tung149. As a proof of concept, time-varying correlations were performed between 

rSO2 and MAP/on-pump arterial pressure using a 30-minute moving window with a one-

minute shift148,150. The threshold of significance (i.e. the critical value) for each surgical 

patient was obtained using Monte Carlo simulations, adjusting for variable length of 

surgery. By running permutation resampling of the intraoperative data 10000 times, the 

critical value of significance at p=0.05 was found for each patient. Data analysis, 

graphical visualizations, and simulations were all performed using R software126. 
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5.3.2 Ethics and Dissemination  

 
 This study was approved by the Health Sciences Research Ethics Board at 

Queen’s University in Kingston, Ontario (DMED-1672-14, ID NCT04081649). Patients 

are recruited during the pre-surgical 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 carefully 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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5.4 Results 

5.4.1 Patient recruitment & characteristics 

A flow diagram illustrating the number of patients that were part of this 

preliminary cohort is shown in Figure 22. In total, 79 patients were screened during their 

appointment at the pre-surgical clinic between May 2018 and March 2020. Of those 79 

patients, 22 consented to participate, generating a recruitment rate of 1 patient per month. 

Due to the COVID-19 pandemic, surgical data was not collected for 5 patients. One 

patient was also excluded due to a change in their surgical procedure. The cerebral 

oximeter failed to capture intraoperative rSO2 in 1 patient, however, their delirium and 

neurological assessment data were included as part of this preliminary analysis. In 

addition, their demographics and patient history were also included in Table 20 (n=16). 

Regarding follow-up rates, 4 and 2 patients declined to return at the 3- and 12- month 

mark respectively because of the COVID-19 pandemic. In total, post-operative 

neurological data was collected for 11 patients at 3 months, and 9 patients at 12 months.  

5.4.2 Intraoperative MAP and rSO2 data 

As mentioned, cerebral oximetry was captured in 15/16 (94%) of patients 

included in this study. Of those 15 patients, 11 (73%) had high-frequency arterial 

pressure data captured that was sufficient for time-varying correlation analyses. Figure 23 

shows time series plots of MAP and rSO2 during surgery, as well as rolling correlations 

for two exemplar patients, with the on-pump period highlighted in grey. Time series plots 

for all 11 patients can found as supplementary data (Figure 27). All 11 patients 

demonstrated significant positive correlation between MAP and rSO2 at some time point 
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during their surgery. Proportion of time spent at these significant positive correlations 

during surgery (at the 95% confidence level) ranged from 9-56%. 

5.4.3 Delirium and intraoperative rSO2 measures 

All 16 patients (including 1 patient without rSO2 capture) were screened daily for 

delirium for the duration of their stay. The relationship between delirium incidence and 

three rSO2 measures was described for 15 patients. Of the 15 patients, 6 (40%) screened 

positive for delirium at least once during their hospital stay. Figure 24 shows the 

relationship between delirium (overall incidence and proportion of stay) and mean rSO2, 

baseline rSO2, as well as AUC rSO2. There was minimal difference in mean rSO2 in 

patients with or without incidence of delirium (yes: 71.6 ± 2.6 vs no: 71.3 ± 7.0), or 

proportion of time spent delirious (ρ = 0.112). As well, the baseline rSO2 was 67.2 ± 

4.2% and 73.1 ± 6.0% for patients who were delirious and not delirious respectively. 

Delirious patients spent 24.4 ± 22.5% of their surgery below their baseline rSO2, 

compared to 59.1 ± 24.3% for non-delirious patients. Baseline rSO2 was also strongly 

correlated with the proportion of time spent delirious, suggesting that greater time spent 

delirious after surgery is associated with lower rSO2 prior to surgery (ρ = -0.598). 

Incidence of delirium and proportion of time spent delirious was also associated with 

AUC rSO2. However, this relationship was opposite to the one depicted between delirium 

and baseline rSO2. That is, patients who spent more time below their baseline rSO2 levels 

were less likely to have at least one episode of delirium. Similarly, the proportion of time 

spent delirious post-operatively was strongly correlated to AUC rSO2 intraoperatively (ρ 

= -0.682).  
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5.4.4 Post-operative neurological assessment (Kinarm & RBANS) 

Pre-operative and post-operative task scores for all 8 Kinarm tasks are illustrated 

in Figure 25. Patients with baseline scores and at least one post-operative timepoint 

(n=11) were included. The majority of patients performed within the normal range at all 

three time points. All patients scored below 1.96 on the Ball on Bar (BonB), Object Hit 

(OH), and Object Hit & Avoid (OHA) tasks. One patient was subtly impaired on the 

Spatial Span (SS) task during their 3-month assessment.  

The Reverse Visually Guided Reaching (RVGR) task detected the most 

impairment prior to surgery, with 3/11 (27%) patients performing outside the normal 

range. Two out of the three patients impaired prior to surgery on this task also screened 

positive for delirium at least once during their hospital stay. Of those three patients, only 

one was identified as impaired 3 months post-operation. All three patients scored within 

the normal range during their 12-month post-operative assessment. However, one patient 

performed worse 12 months after surgery compared to their baseline and 3-month 

assessments. While only one patient was identified as impaired on the Arm Position 

Matching (APM) task, they continued to perform poorly 3 months after surgery. Three 

patients were impaired at different time points on the Visually Guided Reaching (VGR) 

task, all of whom were delirious during their hospital stay. As well, subtle impairments 

were detected by the Trailing Making Tasks A and B (TMT-A/B), but most patients 

showed improvements by 12 months.  

Pre-operative and post-operative RBANS scores are illustrated in Figure 26. 

Overall, the majority of patients scored within the normal range (100 ± 24.75) at all three 

time points on the total scale score. Pre-operatively, 2/11 (18%) patients scored below 
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75.25 in the visuospatial-constructional domain. Of these 2 patients, all improved by 3 

months, with one worsening at the 12-month timepoint. Immediate memory scores in the 

delirium group appeared to worsen over time while still remaining within the normal 

range. Patients performed within normal range in both the attention and language 

domains at all three time points. Finally, patients who were delirious at least once during 

their hospital stay showed a large range of performance 3 months after surgery in the 

delayed memory domain.  
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5.5 Discussion & Conclusion 

Post-operative delirium and cognitive dysfunction are common complications of 

cardiac surgery. Poor cerebral oxygen saturation during surgery has been thought to play 

a role in post-operative neurological impairment, but the lack of robust and quantitative 

testing has made this association difficult to demonstrate. This chapter outlines a study 

protocol that seeks to examine the relationship between rSO2, post-operative delirium, 

and perioperative neurological functioning measured using robotic technology. It also 

includes a preliminary description of patient data that has been collected to date. Time-

varying running correlations between intraoperative rSO2 and MAP values demonstrated 

variability in cerebral autoregulation among patients. rSO2 measures in delirious and 

non-delirious patients were also described.  

Post-operative neurological functioning in this patient cohort, measured by the 

Kinarm robot and RBANS questionnaire, was primarily within the normal range. Prior to 

surgery however, 27% of patients were impaired on the RVGR task, a visuospatial test 

that requires executive functioning and inhibition. This rate of impairment is quite similar 

to the rates observed in my previous study examining impairment in patients after CABG 

surgery using the Kinarm robot93. However, unlike the CABG-only group, patients in this 

preliminary cohort did improve 3 and 12 months after their procedure. On the RBANS 

questionnaire, the most pre-operative impairment was detected within the visuospatial-

constructional domain, with 18% scoring below population average. Similar to the 

RVGR task, may be overall improvement in this domain post-operation.  

Interestingly, this small cohort depicts a signal that could suggest that patients 

who experienced post-operative delirium performed worse on pre-operative assessments 
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compared to those who did not experience delirium. This trend is particularly evident on 

the RVGR, VGR, OH, OHA, and TMT-A/B, as well as the immediate memory and 

delayed memory domains. The RBANS immediate memory domain scores highlight this 

difference quite well, with delirious patients appearing to worsen in performance while 

non-delirious patients improve over time. Perhaps, due to pre-existing factors certain 

patients may not be fully equipped to neurologically recover post-operation, and are more 

likely to develop delirium151,152. Patients who experienced at least one episode of 

delirium after surgery may be less likely to improve in cognitive functioning over time, 

and perhaps more likely to develop neurological impairment. Delirium may therefore act 

as an important marker of cognitive frailty and should definitely be included in the final 

analysis of this project. 

In past studies, the association between rSO2 and post-operative neurological 

functioning (i.e. delirium, POCD, and stroke) has been difficult to determine153. 

However, similar to the preliminary findings described here, preoperative rSO2 has been 

found to be associated with delirium, again highlighting the concept of cognitive 

reserve83. Time varying measures such as cerebral autoregulation may provide a better 

indicator of relevant intraoperative changes in rSO2 compared to single-point values. This 

study protocol and preliminary analysis does however serve as an important starting point 

for developing a comprehensive model of neurological recovery following cardiac 

surgery. It is likely that baseline functioning, rSO2/cerebral autoregulation, and delirium 

all play a role in the development of post-operative impairment. Taken together, this 

project will help determine the predictive value of these variables once the appropriate 

sample size has been obtained.  
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5.6 Tables  

Table 20: Patient demographics & characteristics (preliminary findings) 

 Patients enrolled in study (n=16) 

Age, yr, mean ± SD 60.1 ± 11.4 

Male, n (%) 11 (68.8) 

Comorbidities/Patient history, n (%)  

       Hypertension 10 (62.5) 

       Angina 9 (56.3) 

       Hyperlipidemia 7 (43.8) 

       COPD/Respiratory dysfunction 3 (18.8) 

       Renal dysfunction 1 (6.3) 

       Type II diabetes 6 (37.5) 

       Previous myocardial infarction 1 (6.3) 

       Smoker 8 (50) 

      Alcohol abuse 1 (6.3) 

Surgery type, n (%)  

      Valve replacement (AVR or MVR) 10 (62.5) 

      CABG 4 (25) 

      Combined CABG/Valve replacement 2 (12.5) 

Surgery time, min, mean ± SD 234.5 ± 46.8 

On-pump time, min, mean ± SD 96.1 ± 43.2 

Hospital length of stay, days, mean ± SD 8.3 ± 6.2 

Note. COPD: Chronic obstructive pulmonary disease; AVR: aortic valve replacement; MVR: 
mitral valve replacement; CABG: coronary artery bypass grafting surgery.   
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5.7 Figures  

 

Figure 19: Data collection timeline for CONFUSE study 

Note. 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.  
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Figure 20: Photos of the Kinarm robotic system set-up. 

Note. 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 8 standardized tasks measuring cognitive, sensory, and motor function. C. and D. A trained research associate will lead the assessment 
session. Photos are used with permission.
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Figure 21: Kinarm standardized tasks for neurological assessment 

Note.  A. Arm Position Matching. B. Visually Guided Reaching. C. Reverse Visually Guided Reaching. 
D. Ball on Bar. E. Object Hit. F. Object Hit & 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. 
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Figure 22: CONSORT diagram (preliminary findings) 
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approached at pre-

surgical clinic

n= 79

Recruited and assessed 
for eligibility
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Intraoperative rSO2 capture

n=15 

Daily delirium screening 

n=15+1*

Refused to participate n=53 
Not eligible n=4

Missed surgery date due to 
COVID-19 n=5 

Excluded due to change in 
procedure n=1 

Failure to capture rSO2 
during surgery n=1 (patient 
included in delirium & 
follow-up assessment 
data*)

Intraoperative High-
frequency hemodynamic 

data captured n=11

Follow-up assessment at 
3 months n=10+1*

Loss of follow-up due to:

- COVID-19 n=4 
- No baseline data n=1

Follow-up assessment at 
12 months n=8+1*

Loss of follow-up due to:

- COVID-19 n=2
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Figure 23: Exemplar time series plots and rolling correlations for rSO2 and MAP 

Note. Regions highlighted in grey represent the period of time the patient spent on the heart-lung machine 
(on-pump). MAP data within this region is the arterial pressure maintained by the surgical team. 
Correlations are made for 30-minute windows shifted by 1 minute. Correlation coefficients above the 
dashed red line represent significant positive correlations at the 95% confidence. Correlation coefficients 
above the dotted red line represent significant positive correlations at the 99% confidence.  
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Figure 24: The relationship between rSO2 and post-operative delirium (n=15) 

Note. A. Boxplot and scatterplot depicting mean rSO2 vs. incidence of delirium (as a non-continuous and 
continuous variable, respectively) B. Boxplot and scatterplot depicting baseline rSO2 vs. incidence of 
delirium (as a non-continuous and continuous variable, respectively). C. Boxplot and scatterplot depicting 
%-time spent below baseline rSO2 (AUC rSO2) vs. incidence of delirium (as a non-continuous and 
continuous variable, respectively). 
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Figure 25: Boxplots illustrating perioperative performance in Kinarm tasks 

Note. Task scores are divided by assessment timepoint (pre-operation, 3 months post-operation, 
and 12 months post-operation) and whether the patient screened positive for post-operative 
delirium at least once during their hospital stay. Scores above 1.96 are considered impaired at the 
95% confidence interval.  
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Figure 26: Boxplots illustrating perioperative performance in RBANS domains and total 

score 

Note. Domain and total scores are divided by assessment timepoint (pre-operation, 3 months post-
operation, and 12 months post-operation) and whether the patient screened positive for post-
operative delirium at least once during their hospital stay. Scores below 75.25 are considered 
impaired at the 95% confidence interval.  
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5.8 Supplemental Data  

 
Figure 27: Intraoperative time series and rolling correlation plots for all patients 

Note. Regions highlighted in grey represent the period of time the patient spent on the heart-lung 
machine (on-pump). MAP data within this region is the arterial pressure maintained by the 
surgical team. Correlations are made for 30-minute windows shifted by 1 minute. Correlation 
coefficients above the dashed red line represent significant positive correlations at the 95% 
confidence. Correlation coefficients above the dotted red line represent significant positive 
correlations at the 99% confidence.  
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Chapter 6: 

Descriptive Analysis on Neurological Functioning and Hemodynamics in 

Patients undergoing Transcatheter Aortic Valve Implantation 
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6.1 Abstract 

Introduction: Transcatheter aortic valve implantation (TAVI) is a routine procedure that 

is often performed on older adults who are high-risk patients with severe aortic stenosis. 

Patients after TAVI may experience neurological complications such as delirium or post-

operative cognitive dysfunction (POCD). Furthermore, neurological assessments for 

patients undergoing cardiac surgery are often subjective short-form pen-and-paper tests, 

making it difficult to quantify POCD in this patient population. 

 

Study design: This study provides a descriptive overview of post-operative delirium and 

POCD in a group of 10 patients undergoing TAVI. As well, the use of robotic technology 

to quantify distinctive patterns of sensory, motor, and cognitive functioning in older adult 

patients before and 3 months after TAVI is described. 

 

Results: Ten patients were recruited for this prospective observational study. Of those ten 

patients, five experienced delirium after their TAVI procedure. Variable intraoperative 

recordings were observed in all ten patients. Robotic technology was able to detect both 

severe and subtle impairments in sensory, motor, and cognitive functioning.  

 

Conclusion: This project highlights the importance that older patients should be formally 

assessed prior to surgical procedures. It also emphasizes the value of quantitative 

methods to determine perioperative neurological functioning.  
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6.2 Introduction 

Transcatheter aortic valve implantation (TAVI) is the recommended surgical 

procedure for patients with severe aortic stenosis and/or greater risk of developing post-

operative complications due to their older age, previous cardiac surgeries, or other 

associated comorbidities13. Older, high-risk patients undergoing TAVI have similar 

mortality outcomes and rates of repeat hospital admission compared to patients 

undergoing surgical aortic valve replacement14.  

Neurological impairment can occur in patients after their TAVI procedure 

primarily in the form of post-operative delirium and post-operative cognitive dysfunction 

(POCD). Post-operative delirium is an acute, fluctuating disturbance in consciousness 

that is characterized by inattention and disorganized thinking. Delirium has been reported 

in 5-14% patients undergoing TAVI, and is associated with higher rates of 1-year 

mortality154. TAVI patients may also experience POCD 1-6 months after the procedure15. 

The cause of POCD in TAVI patients is likely multifactorial. Due to the high-risk nature 

of this patient population, pre-existing conditions such as renal dysfunction, prior stroke, 

and frailty may play a role in the development of delirium and POCD154. Intraoperative 

factors may also impact neurological outcome. Decreases in regional cerebral oxygen 

saturation (rSO2) during surgery, as measured by near-infrared spectroscopy (NIRS), may 

be a predictor of post-operative cognitive dysfunction31,60. Patients undergoing TAVI do 

show drastic decreases in rSO2, but it is unclear whether these desaturations are 

associated with post-operative neurological impairment155,156. Research groups have also 

observed impairment in cerebral autoregulation during cardiac surgery, which have been 
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associated with post-operative delirium and stroke84,94 . However, changes in cerebral 

blood flow in patients undergoing TAVI procedures have not yet been investigated.   

Existing research on neurological functioning after TAVI have used primarily 

dementia screening tools such as the MMSE or MoCA157,158. These short-form 

assessments may not be able to detect more subtle pre-existing impairment, which may 

better predict long-term outcome post-operation20. Robotic technology has emerged as a 

more sensitive and objective measure of neurological function compared to pen-and-

paper assessments43,159. An example of such technology is the Kinarm robotic platform 

(Kinarm, Kingston, Canada), which quantifies sensory, motor, and cognitive functioning 

using a standardized testing battery.  

The overall objective of this project is to quantify neurological functioning before 

and after TAVI using the Kinarm robotic platform. I also aim to provide a descriptive 

analysis of intraoperative variables that have been shown to be involved in perioperative 

cognitive decline, such as rSO2, mean arterial pressure (MAP), heart rate (HR) as well as 

administration of vasopressors.   
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6.3 Materials & Methods 

Patient Recruitment: 

Patients undergoing TAVI were recruited for this prospective observational study 

at the Kingston Health Sciences Centre, during their pre-surgical screening appointment. 

Patients were excluded if they had a diagnosis of neurological dysfunction, previous 

stroke, or neurodevelopmental disorder.  

 

Intraoperative rSO2, hemodynamics and drug administration data collection and 

visualization:  

Cerebral oxygenation data was collected using the FORESIGHT Elite NIRS 

cerebral oximeter (Edwards Life Sciences, USA). An adult sensor was applied in the 

middle of each patient’s forehead prior to general anaesthesia induction, emitting near-

infrared light penetrating at a depth of 2-3 centimetres. Intraoperative rSO2 was collected 

every 2 seconds for the duration of the operation. Other hemodynamic parameters (e.g. 

MAP, HR) and results from arterial blood gases were also recorded. Finally, data on 

intraoperative administration of vasopressors and vasodilators was also collected. Blood 

pressure data was filtered using an error-checking algorithm149. Surgical series graphs 

were created using R software126.   

 

Delirium screening: 

Study patients were screened for delirium every 24 hours during their hospital 

stay. The Confusion Assessment Method for the ICU (CAM-ICU) and the CAM-ICU-7 

score were used to determine incidence and severity of delirium during patients’ stay at 
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the cardiac intensive care unit. Following transfer to the floor, delirium screening was 

performed using the brief CAM (bCAM). All delirium assessment methods have been 

developed using the same algorithm by Inouye and colleagues17, and assess the four main 

features of delirium: altered mental status/fluctuating course, inattention, altered level of 

consciousness, and disorganized thinking. The CAM-7 score reliably detects severity of 

delirium using a 7-point scale; 0-2: no delirium, 3-5: mild to moderate delirium, and 6-7: 

severe delirium160.  

 

Neurological assessment: 

All study participants were assessed prior to their procedure to establish baseline, 

as well as three months post-operation using the Kinarm-End Point (EP) standardized 

tests. Patients performed 8 tasks to quantify motor, sensory, and cognitive functioning. 

Patients were instructed to sit in front of the robot and grasp the handles that allow for 

movement in the horizontal plane. Visual feedback of hand movement was solely 

provided by the robot’s virtual reality system. Each neurological assessment session took 

1-1.5 hours complete. The Kinarm and its standardized tasks have been previously 

described161 (see also www.kinarm.com).  

Task performance is quantified using temporal or spatial features of each patient’s 

hand motion such as initial direction error, reaction time, and hand speed. These 

parameters differ for each Kinarm task (see supplementary tables on pages 171-175). 

Parameters are transformed into Z-space and corrected for age, handedness, and sex. 

Certain parameters depict two-sided impairment, such that values greater than 1.96 or 

less than -1.96 denote impairment. Parameters of this type are shown in bold in the 



 

 

 

146 

supplementary data. For all parameters showing one-sided impairment, their 

directionality is manipulated so that positive values indicate poor performance, zero 

represents average performance, and negative values represent greater than average 

performance. At the 95% confidence level, these parameters equal to 1.64 or greater 

denotes impairment. Performance in each task is also quantified using an overall task 

score, and again, controlled for age, handedness, and sex. At the 95% confidence level, a 

task score of 1.96 or greater denotes impairment. Significant changes in task scores and 

parameters were also determined using the confidence intervals, intraclass correlation 

coefficients, and learning effects derived by Simmatis et al162. Where applicable, 

performance for each patient’s dominant hand will be discussed. Data visualizations and 

statistical analyses were performed using R software126.   
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6.4 Results 

6.4.1 Patient recruitment & characteristics 

A total of 49 adult patients undergoing TAVI were screened for this prospective 

observational study from April 2019 to March 2020 (Figure 28). After consenting to 

participate, 4 out of 17 patients did not perform baseline testing. Intraoperative data and 

delirium incidence was also not recorded for three patients due to COVID-19 restrictions. 

Three months after their operation, 8 out of 10 patients returned to repeat the neurological 

assessment. Patient demographics and characteristics are described in Table 21. The age 

range of the ten patients participating in this study was 58 to 84, with a mean (± SD) of 

75.4 ± 7.6. All patients had at least one or more of the common comorbidities such as 

hypertension, Type II diabetes, and respiratory dysfunction. Six out of the ten patients 

had undergone cardiac surgery prior to their upcoming TAVI procedure.  

 

6.4.2 Intraoperative course 

Figure 29 illustrates the intraoperative time course of 2 exemplar patients and 

depicts changes in rSO2, MAP, HR, and vasopressor/vasodilator administration over 

time. Intraoperative data for all other patients are shown in Figure 39 as supplemental 

data. Summary data for intraoperative variables are also described in Table 22, along 

with their weighted means. rSO2 values during surgery were relatively similar among 

patients, ranging from 62 to 72%. Both MAP and HR were more variable between 

patients, with MAP ranging from 65 to 85 mmHg and HR from 54 to 97 beats per minute 

(bpm). Eight out of ten (80%) patients were administered norepinephrine, with an 

average total dose of 181 ± 153µg. Other vasopressor and vasodilator medications were 
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administered less often. However, phenylephrine was administered in three out of the ten 

(30%) patients during their TAVI procedure.  

6.4.3 Post-operative neurological impairment after TAVI 

Incidence of delirium in patients after TAVI: 

Five out of ten (50%) patients experienced delirium during their hospital stay 

(Figure 30, Table 23) . Of those five patients, three screened positive of the day of 

surgery (2-4 hours after extubation) and two were delirious on the second post-operative 

day (on the day of discharge). Patients 2, 4, and 6 remained comatose for 4 or more hours 

post-operation and were unable to be screened on their surgical day. All patients except 

one (Patient 2) were discharged on post-operative day 2.  

 

Improved post-operative performance observed in simple reaching task: 

Baseline and post-operative parameter scores for the Visually Guided Reaching 

(VGR) task are illustrated in Figure 31. Six out of the ten (60%) patients exhibited 

impaired performance on the VGR Task Score prior to surgery (Figure 31B). Each 

patient depicted a unique pattern of performance based on the measured parameters. 

Three months following their TAVI procedure, one out of the eight participants (Patient 

7) was identified as impaired and showed a similar impairment pattern as their baseline. 

There was a statistically significant improvement in performance on the VGR task for 

three of the other patients assessed at 3 months as compared to their pre-operative 

performance. Patient 8 was identified as unimpaired post-TAVI, however this change 

was not significant.  
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Prior to TAVI, Patient 3 showed impairment in a variety of parameters, 

particularly in initial distance ratio (d) and speed maxima count (e). There was significant 

improvement in these parameters and others 3 months post-TAVI (Figure 31C). Patient 5 

depicted more focal impairments in max speed (i) and no movement end (j). Finally, 

Patients 6, 8, and 10 were very similar in their performance pattern, showing subtle 

impairment in reaction time (b), initial distance ratio (d), speed maxima count (e), min-

max speed difference (f), movement time (g), path length ratio (h), and max speed (i).  

Patient 7 was also identified as impaired prior to TAVI, particularly due to their 

posture speed (a) and initial movement (c,d). While there was significant improvement in 

Patient 7’s reaction time (b) three months after TAVI, this pattern persisted and resulted 

in an impaired post-operative task score.  

 

Minimal significant change in overall performance in complex reaching task: 

Figure 32 depicts baseline and post-operative parameter scores for the Reverse 

Visually Guided Reaching (RVGR) task, where 50% of patients were identified as 

impaired prior to their TAVI procedure. For this cognitively demanding task, the 

subject’s movement is now reversed (i.e. movement of the cursor to the right requires 

movement of the hand to the left). Pre-operatively, Patient 1 depicted impairment in 

speed maxima count (g), movement time (i), and max speed (k). While Patient 1 

significantly improved on reaction time (b), a similar pattern of impairment remained 

following their 3-month post-operative assessment (Figure 32C). Patient 7 was also 

identified as impaired on the RVGR task prior to and after TAVI, despite significant 

improvements in initial direction angle (c).  
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Widespread impairment was observed in Patients 2 and 5 prior to surgery. Patient 

2 was impaired in initial movement (c,d) and corrective movement (g,h) parameters, as 

well as movement time (i), path length ratio (j), and no movement end (l) parameters. 

Patient 5 also performed poorly, specifically in the “no trial” parameters: no movement 

end (l) and no initial stabilization (m). The max speed (k), movement time (i), speed 

maxima count (g), and correction time (f) were also affected.  

For their pre-operative assessment, Patient 4 had subtle impairments in posture 

speed (a), correction time (f), speed maxima count (g), path length ratio (j), and no 

movement end (l) parameters. Three months post-TAVI, Patient 4 continued to perform 

the task outside of the normal range. In contrast, Patient 10 performed within the normal 

range before and after their TAVI procedure. However, they showed significant decline 

in their performance of the task post-surgery (1.24 vs. 1.84, p<0.05).  

 

Similar patterns of performance observed in the Object Hit and Object Hit & Avoid 

Tasks:  

Baseline and post-operative scores 3 months after surgery for the Object Hit (OH) 

and Object Hit & Avoid (OHA) tasks are illustrated in Figure 33 and Figure 34 

respectively. Two patients (5 and 8) performed outside the normal range prior to TAVI in 

the Object hit task. Targets hit (a) and median error (b) parameters were particularly 

impaired in Patient 8. Following their TAVI procedure, Patient 8 performed the OH task 

within the normal range, but this change was not significant. In contrast, Patients 6 and 4 

were identified as impaired post-operation. Patient 6 demonstrated significant decrease in 

performance in the overall task, as well as task level (a,b,c) and majority of left/right 
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hand parameters (d,e,f). Patient 4 however, was subtly impaired in a number of inter-limb 

parameters (h, i, k), leading to an overall impaired task score.  

Similar rates of impairment were observed in the more cognitively demanding 

OHA task, with Patient 2 and 5 displaying impairment pre-operatively, and 4 and 6 post-

operatively. Due to their inability to attend the follow-up assessment, it is unclear 

whether Patients 2 and 5 changed following their TAVI. However, similar to the OH 

task, Patient 6 displayed widespread impairment in a number of parameters including 

miss bias (c) and inter-limb measures (h, i, k). Again, like the OH task, Patient 4 was 

depicted slight impairment in inter-limb parameters, and performed outside the normal 

range after their TAVI.  

 

Minimal impairment in tasks involving primarily sensory and/or motor function: 

Figure 35 illustrates patient performance on the Arm Position Matching (APM) 

task before and after TAVI. In this proprioceptive task, Patients 2 and 4 were identified 

as impaired prior to their TAVI procedure. Patient 2 was primarily impaired in the 

variability parameters (b,c) as well as absolute error (a). Patient 4 again depicted 

widespread subtle impairment. Post-operatively, Patient 4 remained impaired in the APM 

task and demonstrated significant decline in the contraction/expansion ratios (d,e) as well 

as the shift parameter (f). While there were also significant changes in certain parameters 

among other patients, this was not sufficient to result in an impaired score.  

Performance on the level 3 Ball on bar (BonB) task is visualized in Figure 36. 

Task score for the BonB task represents performance across all three levels. As well, 

levels 1 and 2 showed similar patterns compared to level 3. All except Patient 4 
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performed within the normal range in this task. Similar to the APM task, Patient 4 was 

identified as impaired pre- and post-operatively.  

 

Variable changes in performance in the robotic version of the Trail making tasks A & B:  

Figure 37 shows perioperative performance of the Trail making task A (TMT-A). 

Four out of the nine (44%) patients who were assessed using the TMT-A were identified 

as impaired prior to TAVI. Post-operatively, Patient 7 improved in performance, testing 

within the normal range. However, Patients 3, 6, and 10 worsened and were identified as 

impaired, totaling to 6 out of 8 (75%) patients with task scores greater than 1.96. Patients 

3 and 4 had significantly greater testing time (a) and dwell time (c), causing an overall 

significant decline in task performance (Task score > 1.96). Patient 10’s post-operative 

performance on TMT-A was also significantly worse compared to their pre-operative 

score, due to all-round impairment in testing time (a), time ratio (b), and dwell time (c). 

Finally, Patient 6 was also identified as impaired after TAVI due to subtle, non-

significant changes in parameters.  

Pre- and post-operative performance on the Trail Making Task B (TMT-B) is 

illustrated in Figure 38. Five out of nine (55%) patients were impaired during their 

baseline assessment. Of those five, four returned for their follow-up assessment after 

TAVI and continued to perform poorly. Patient 4 showed consistent impairment in both 

testing time (a) and dwell time (c) during pre- and post-operative assessments. Patient 8 

significantly improved in performance after TAVI primarily due to a reduction in the 

dwell time (c) parameter. While there were other Patients (1 and 7) which showed 
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significant changes in certain parameters such as testing time (a) and dwell time (b), this 

was not sufficient to impact overall task score or performance.  
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6.5 Discussion & Conclusion 

This descriptive analysis was undertaken to better understand the nature of 

neurological impairment as well as changes in intraoperative hemodynamics and cerebral 

oxygen saturation in older adults undergoing TAVI. As well, I highlight the preliminary 

use of robotic technology in detecting neurological impairments in this patient 

population. Patients were variable in intraoperative recordings, delirium incidence, and 

pre- and post-operative Kinarm performance.  

In this small cohort, 50% of patients experienced delirium on one of their post-

operative days. Of those patients, the majority (30%) had symptoms of delirium early 

during their hospital stay. This appears to align well with studies that suggest the use of 

general anesthesia may be associated with greater rates of post-operative delirium 

immediately after surgery163. However, this does not explain the findings that 20% of 

patients screened positive for delirium prior to their discharge. Furthermore, I report a 

greater incidence of delirium compared to other studies (50% vs. 14%)154. As this is a 

small sample, future studies will be required to accurately determine incidence and 

severity of post-operative delirium during hospital stay.  

The Kinarm robot and its standard tests identified specific movement patterns 

responsible for impairment. Patients also exhibited very similar performance patterns 

before and after TAVI. In the VGR task, three patients significantly improved in 

performance three months after their TAVI procedure. In the RVGR task, one patient 

showed significant decline after TAVI, yet remained in the normal range. Compared to 

the two reaching tasks described above, very few patients performed poorly pre- and 

post-TAVI on the OH, OHA, APM, and BonB tasks. Of note, Patients 4 and 6 were both 
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identified as impaired after their TAVI procedure in the OH and OHA tasks. Patient 4 

also remained impaired in the APM and BonB tasks. While Patient 6 was younger than 

Patient 4, they presented with 3 more comorbidities, further emphasizing the unique and 

multi-factorial nature of POCD in high-risk TAVI patients164.  Patients were also unique 

in their post-operative performance on the robotic trail making tasks, likely pointing to 

the importance of underlying factors such as pre-existing conditions on neurological 

functioning after TAVI. Similar patterns of performance was also observed before and 

after TAVI in the trail making tasks, where majority of patients who attended follow-up 

were identified as impaired.  

Despite the fact that the findings from this study were primarily descriptive, they 

suggest that neurological assessment prior to surgery can provide valuable information 

about a patient’s functioning post-operation. Early improvements in cognitive function 

have been reported after TAVI using standardized testing batteries165. However, with this 

small sample of patients, there was only substantial improvement with VGR, a simple 

motor reaching task. Other sensorimotor tasks did not detect many pre- or post-operative 

impairments. In contrast, with more cognitively demanding tasks such as RVGR, TMT-

A, and TMT-B, I observed higher rates of impairment before and after TAVI. Other 

studies have also emphasized the importance of pre-operative screening in high-risk 

patients undergoing TAVI, suggesting that baseline cognitive impairment and frailty can 

predict delirium after surgery166. Geriatric assessment tools that test for cognitive 

function and mobility have also been valuable in predicting incidence of delirium in this 

patient population167,168.  
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The main objective of this study was to explore how objective neurological 

testing can improve our understanding of perioperative impairment in high-risk/older 

populations. However, two patients who performed poorly on the tasks pre-TAVI did not 

return for their follow-up assessment due to scheduling issues, making it difficult to 

interpret overall findings and make definitive conclusions. Nevertheless, this brief report 

does highlight the benefits of quantifying perioperative neurological impairment in 

cardiac surgery patients. Including information such as incidence of delirium, 

comorbidities, and hemodynamic variables in future analyses will provide a 

comprehensive understanding of neurological functioning in patients undergoing TAVI 

procedures. Future studies will be sufficiently powered to confirm these findings and 

determine predictors of impairment. 
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6.6 Tables  

Table 21: Demographics and comorbidities for the ten patients included in this descriptive study 

 
Demographics Comorbidities/Patient History (7) 

Total 
Comorbidities 
(n, % out of 7) 

Patient 
ID 

Age Sex 
(M/F) 

Non-
white 
race 
(Y/N) 

Hyper-
tension 
(Y/N, %) 

Type II 
Diabetes 

Renal 
Dysfunction 
(Y/N, %) 

Previous 
cardiac 
surgery 
(Y/N, %) 

COPD/ 
Resp. 
dys. 
(Y/N, %) 

Smoker Alcohol 
Abuse 

 

1 82 M N N Y N N N N N 1, 14.3% 
2 77 M N Y Y N N N Y N 3, 42.9% 
3 72 F N Y Y N Y N N N 3, 42.9% 
4 73 M N Y N N Y N N N 2, 28.6% 
5 72 M Y N N N Y N Y N 2, 28.6% 
6 58 F N Y N N Y Y Y Y 5, 71.4% 
7 79 M N Y N Y Y N N N 3, 42.9% 
8 84 M N Y Y N N N N N 2, 28.6% 
9 83 F N Y N N N Y N N 2, 28.6% 
10 74 M N Y Y N Y Y N N 4, 57.1% 
Totals 
& 
Means 

75.4 ± 
7.6 
 

7/3 1/9 8/2 5/5 1/9 6/4 3/7 3/7 1/9  

Note. Y: Yes. N: No. COPD: Chronic Obstructive Pulmonary Disease.   
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Table 22: Mean intraoperative cerebral oxygen saturation, hemodynamics, and vasopressors and vasodilators administered during TAVI 

  
Hemodynamics  
(mean ± SD) Vasopressors & Vasodilators (total dose) 

Patient ID 
rSO2 
(%) 

MAP 
(mmHg) HR (bpm) 

Norepin- 
ephrine 
(µg) 

Epinephrine 
(µg) 

Hydralazine 
(µg) 

Nitro-
glycerine 
(µg) 

Ephedrine 
(µg) 

Phenyl- 
ephrine 
(µg) 

1 68 ± 2 73 ± 11 63 ± 5 112 - - - - - 

2 70 ± 4 85 ± 15 54 ± 9 60 - 20 - - - 

3 62 ± 4 79 ± 10 97 ± 8 92 - - - - 300 

4 68 ± 6 70  ± 15 64 ± 11 111 32 - - - - 

5 64 ± 2 76 ± 18 56 ± 7 - - - - - 800 

6 69 ± 5 71 ± 8 82 ± 11 - - - - - - 

7 69 ± 3 65 ± 14 70 ± 17 141 - - 20 - - 

8 72 ± 2 73 ± 16 56 ± 8 114 - - 90 40 600 

9 63 ± 4 85 ± 21 74 ± 9 302 - - - - - 

10 72 ± 2 70 ± 7 62 ± 8 514 - - - - - 
Weighted 
mean 
(± SD) 

68 ± 8 
 

74 ± 9 
 

69 ± 8 
 

181 ± 153 
 - - 

36.67  
± 5.97 
 

- 
567 
± 252 
 

Note. rSO2: regional cerebral oxygen saturation. MAP: mean arterial pressure. HR: Heart rate. Drugs amounts are written as total doses for the 
entire surgery.   



 

 

 

159 

Table 23: Immediate post-operative outcomes 

 
Immediate post-operative outcomes 

Patient ID Delirious during 
hospital stay (Y/N, %) 

Severity (CAM-ICU-
7 score, mean ± 
SD)  

Comatose post-
extubation (Y/N) 

Post-operative 
stroke (Y/N) 

Length of stay 
(days) 

1 N 0.67 N N 3 
2 N 0 Y N 4 
3 N 1.5 N N 3 
4 N 0 Y N 3 
5 Y*, 33% 1 N N 3 
6 Y*, 33% 1.5 Y N 3 
7 Y, 33% 2.5 N N 3 
8 Y, 33% 3 N N 3 
9 N 0 Y N 3 
10 Y, 33% 3 N N 3 
Totals & 
Weighted 
Means 

5/5 1.32 ± 1.2 4/6 0/10 3.1 ± 0.32 

Note. Y: Yes. N: No. CAM-ICU-7: Confusion Assessment for the ICU-7. Severity scores were averaged across the entire length of hospital stay.  
* indicates that patient was delirious on last post-operative day prior to discharge.  
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6.7 Figures 

 
Figure 28: CONSORT diagram
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Figure 29: Intraoperative time series; hemodynamics & drug administration for two patients 
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Figure 30: Number of patients delirious, comatose, or non-delirious throughout their 

hospital stay  
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Figure 31: Exemplar performance and parameter illustration of the VGR task 

Note. A. Hand paths illustrating performance of Patient 3 on the Visually Guided Reaching 
(VGR) task before and 3 months after TAVI. Radar plots illustrating B. pre-operative and C. 
post-operative parameters on VGR. The area between the dashed lines represents average 
performance. Values greater than the black dashed line (1.64) signify impairment. Values less 
than the green dashed line (-1.64) signify greater than average performance. The solid black line 
represents zero on the plotting scale. *Denotes significant change in task score. Unfilled circles 
represent significant change in parameter value.   
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Figure 32: Exemplar performance and parameter illustration of the RVGR task 

Note. A. Hand paths illustrating performance of Patient 3 on the Visually Guided Reaching 
(VGR) task before and 3 months after TAVI. Radar plots illustrating B. pre-operative and C. 
post-operative parameters on VGR. The area between the dashed lines represents average 
performance. Values greater than the black dashed line (1.64) signify impairment. Values less 
than the green dashed line (-1.64) signify greater than average performance. The solid black line 
represents zero on the plotting scale. *Denotes significant change in task score. Unfilled circles 
represent significant change in parameter value.   
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Figure 33: Parameter illustration of the OH task 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the OH task. 
The area between the dashed lines represents average performance. The black dashed line 
represents 1.96 on the plotting scale. The green dashed line represents -1.96 on the plotting scale. 
The solid black line represents zero on the plotting scale. *Denotes significant change in task 
score. Unfilled circles represent significant change in parameter value.   
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Figure 34: Parameter illustration of the OHA task 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the OHA task. 
The area between the dashed lines represents average performance. The black dashed line 
represents 1.96 on the plotting scale. The green dashed line represents -1.96 on the plotting scale. 
The solid black line represents zero on the plotting scale. *Denotes significant change in task 
score. Unfilled circles represent significant change in parameter value.   
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Figure 35: Parameter illustration of the APM task 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the APM task. 
The area between the dashed lines represents average performance. The black dashed line 
represents 1.96 on the plotting scale. The green dashed line represents -1.96 on the plotting scale. 
The solid black line represents zero on the plotting scale. *Denotes significant change in task 
score. Unfilled circles represent significant change in parameter value.   
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Figure 36: Parameter illustration of the BonB task (level 3) 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the BonB 
(level 3) task. The area between the dashed lines represents average performance. The black 
dashed line represents 1.96 on the plotting scale. The green dashed line represents -1.96 on the 
plotting scale. The solid black line represents zero on the plotting scale. *Denotes significant 
change in task score. Unfilled circles represent significant change in parameter value.   
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Figure 37: Parameter illustration of the TMT-A task 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the TMT-A 
task. The area between the dashed lines represents average performance. The black dashed line 
represents 1.64 on the plotting scale. The green dashed line represents -1.64 on the plotting scale. 
The solid black line represents zero on the plotting scale. *Denotes significant change in task 
score. Unfilled circles represent significant change in parameter value.   
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Figure 38: Parameter illustration of the TMT-B task 

Note. Radar plots illustrating A. pre-operative and B. post-operative parameters on the TMT-B 
task. The area between the dashed lines represents average performance. The black dashed line 
represents 1.64 on the plotting scale. The green dashed line represents -1.64 on the plotting scale. 
The solid black line represents zero on the plotting scale. *Denotes significant change in task 
score. Unfilled circles represent significant change in parameter value. 
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6.8 Supplemental Data 

Table 24: Parameters measured during the VGR and RVGR tasks 

MOVEMENT CATEGORY PARAMETERS DESCRIPTION 
POSTURE CONTROL Posture speed (a) Hand speed when the hand should be a rest (median for all trials). 

VISUAL REACTION Reaction time (b) Time between appearance of target and onset of hand movement (median for all trials). 

INITIAL MOVEMENT Initial direction angle (c) Angular deviation between a straight line from the hand position at movement onset to the 

hand position after initial movement and a straight line from the hand position at movement 

onset to the target (median for all trials). 

Initial distance ratio (d) Ratio of two distances travelled: 1. Distance of initial movement and 2. Distance between 

movement onset and offset (median for all trials).  

Direction errors*(RVGR: e) Number of times the subject initially moved the cursor away from the target. 

Correction time* (RVGR: f) For direction errors, this parameter is the mean time before the subject stated to move the 

cursor towards the target.  

CORRECTIVE MOVEMENT Speed maxima count  

(VGR: e; RVGR: g) 

Number of hand speed maxima between movement onset and offset (mean for all trials).  

Min-max speed difference  

(VGR: f; RVGR: h) 

The mean difference between pairs of adjacent hand speed minima and maxima, for all pairs 

between the time of max speed and movement offset (mean for all trials). 

TOTAL MOVEMENT Movement time  

(VGR: g; RVGR: i) 

Total time elapsed from movement onset to offset. 

Path length ratio  

(VGR: h; RVGR: j) 
Ratio of the distance travelled from movement onset to offset, and the straight line (direct) 

distance between them (mean for all trials).  

Max speed  

(VGR: i; RVGR: k) 
Maximum hand speed achieved between movement onset and offset.  

NO TRIAL  No movement end  

(VGR: j; RVGR: l) 

Number of trials for which movement offset is not detected before the end of trial. 

No initial stabilization  

(VGR: k; RVGR: m) 

Count of trials where the subject failed to stabilize at the starting target. 

Note. Parameters are grouped into 5 movement categories. Table adapted from the Kinarm user guide (Dexterit-E user guide version 3.8, Kinarm). 
* Indicates parameters only measured for the RVGR task.  
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Table 25: Parameters measured during the OH and OHA tasks 

MOVEMENT CATEGORY PARAMETERS DESCRIPTION 
TASK LEVEL Target hits (a) Percentage of balls hit out of total balls dropped 

Median error (b) Percentage of the way through the task when the subject made half of their errors (based on 

number of balls) 

Miss bias (c) The quantification of movement bias during misses (can be one side or the other). Calculated by 

determining the number of misses across the workspace then finding the weighted mean of 

movement distribution across the workspace.  

LEFT/RIGHT HAND Hand speed 

Left (d) 

Right (e) 

Hand speed of subject during task (mean for all trials) 

Movement area  

Left (f) 

Right (g) 

Area of space the subject used with each hand during the task. Determined by defining a convex 

hull that encompasses the subject’s complete hand path 

INTER-LIMB 
 

Hand bias hits (h) Quantifies which hand is used more often for hitting balls (hand dominance). 

Hand transition (i) Where in the workspace does the subject show preference for switching and using one hand over 

the other.  

Hand selection overlap (j) Summation of hand switches for each bin, divided by the target total hits. Captures effectiveness 

of using both hands and how often they overlap 

Hand speed bias (k) Bias in hand speed between the hands 

Movement area bias (l) Quantifies differences area where more movement occurs between hands 

OBJECT HIT & AVOID  
 
 
 

 

Distractor proportion* (m) Number of distractors hit as a percentages of the total number of objects hit (targets and 

distractors).  

Object processing rate* (n) Number of objected correctly processed per second at the time when 80% of the objects in the 

task have entered the screen.  

Note. Parameters are grouped into 3 and 4 movement categories for OH and OHA respectively. Table adapted from the Kinarm user guide 
(Dexterit-E user guide version 3.8, Kinarm). * Indicates parameters only measured for the OHA task. Parameters in bold: values greater or less 
than ± 1.64 are considered impaired.   
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Table 26: Parameters measured during the APM task 

 
 PARAMETERS DESCRIPTION 
 Absolute error XY (a) Absolute distance error (mean for all trials) 

 Variability X (b) 

 

Standard deviations of the subject’s hand position for each target in 

the X-direction (mean for all trials) 

 Variability Y (c) Standard deviations of the subject’s hand position for each target in 

the Y-direction (mean for all trials) 

 Contraction/Expansion ratio X (d) Ratio of range of movement in the X-direction. Range is calculated as 

the absolute difference between the mean positions of the left 

targets vs. the right targets.  

 Contraction/Expansion ratio Y (e) Ratio of range of movement in the Y-direction. Range is calculated as 

the absolute difference between the mean positions of the left 

targets vs. the right targets.  

 Shift X (f) 
 

Difference between the mirrored X-position of the arm moved by the 

subject and the X-position of the arm moved by the robot (mean for 

all trials; positive values are for lateral shifts, negative values are for 

medial shifts) 

 Shift Y (g) Difference between the mirrored Y-position of the arm moved by the 

subject and the Y-position of the arm moved by the robot (mean for 

all trials; positive values are for distal, negative values are for 

proximal shifts) 

 
Note. Table adapted from the Kinarm user guide (Dexterit-E user guide version 3.8, Kinarm). Parameters in bold: values greater or less than ± 1.64 
are considered impaired.   



 

 

 

174 

Table 27: Parameters measured during the BonB task 

 
MOVEMENT CATEGORY PARAMETERS DESCRIPTION 
TOTAL METRIC Targets complete (a) 

 

Number of successful targets touched by the ball and held without a ball drop 

HAND AND BALL Ball speed (b) Mean speed of the ball during the level 

BIMANUAL Bar tilt stdev (c) Standard deviation of the bar angle during the level 

Bar length variability (d) The coefficient of variation: standard deviation of bar length/mean bar length 

for the level 

INTER-LIMB Hand speed difference (e) Difference in hand speeds normalized by the mean of the hand speeds 

Hand speed peaks bias (f) Relative bias in the number of hand speed peaks; dominant vs. non-dominant 

hand.  

TOTAL METRIC  Drops/Targets (g)* Ratio of drops to targets completed (level 3 only). 

 

Note. Table adapted from the Kinarm user guide (Dexterit-E user guide version 3.8, Kinarm). Parameters are grouped into 4 movement categories. 
* Indicates parameters only measured for Level 3 of the BonB task. Parameters in bold: values greater or less than ± 1.64 are considered impaired.   
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Table 28: Parameters measured during the Trail Making tasks (A & B)  

 
 PARAMETERS DESCRIPTION 
 Total time (a) Total time from the targets being illuminated to touching the 

last target 

 Time of 2nd half/Time 1st half (b) Total time for targets 13-25/total time for targets 1-13 

 Dwell time (c) Total amount of time spent with the hand feedback dot at the 

targets 

 
Note. Table adapted from the Kinarm user guide (Dexterit-E user guide version 3.8, Kinarm) 
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Figure 39: Intraoperative time series; hemodynamics & drug administration for all patients 
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Chapter 7: 

Chapter Overview, Final Discussions & Conclusion 
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7.1 Chapter Overview  

The number of cardiac surgeries has been steadily increasing over the years, and 

has become an effective form of treatment for coronary artery disease and other cardiac 

disorders. However, patients continue to experience neurological complications after 

cardiac surgery. Decades of research have investigated the nature of this impairment, as 

well as its etiology. A lot of attention has been focused on how poor regional cerebral 

oxygen saturation during surgery can adversely impact neurological outcome. This thesis 

sought to investigate the relationship between regional cerebral oxygen saturation (rSO2), 

measured by near-infrared spectroscopy (NIRS) cerebral oximetry, and neurological 

outcome in patients undergoing cardiac surgical procedures. Using novel robotic 

technology to test perioperative neurological functioning, this project aimed to improve 

current assessment methods and provide a comprehensive overview of impairment 

experienced after cardiac surgery.  

This thesis includes an up-to-date systematic review, highlighting the 

inconsistencies in findings related to rSO2 and post-operative neurological impairment in 

the cardiac surgery population. The primary project of this paper, described in Chapters 3 

and 4, sought to characterize post-operative cognitive dysfunction (POCD) after coronary 

artery bypass (CABG) surgery using robotic technology and determine the role of 

intraoperative rSO2. This novel approach provided a wealth of information about each 

patients’ neurological functioning pre- and post-operation. In addition, subtle yet 

quantifiable pre-existing impairment was a significantly strong predictor of post-

operative neurological impairment. This project was expanded to include aortic valve 

replacement (AVR) and combined CABG-AVR surgeries, daily delirium screening, and 



 

 

 

179 

one-year follow-ups. By following patients from baseline to bedside to 1 year after 

surgery, this study will develop a comprehensive picture of perioperative neurological 

impairment in the cardiac surgery population. Moreover, preliminary findings suggest 

important interactions between pre-existing impairment, delirium, and rSO2. Finally, a 

descriptive analysis was performed in a sample of 10 patients undergoing transcatheter 

aortic valve replacement (TAVI) surgery. Data from this small cohort demonstrated that 

the Kinarm robot is able to detect unique patterns of neurological functioning that often 

persists after surgery.  

The COVID-19 pandemic impacted the patient recruitment and data collection 

for this thesis. Between April-June 2020, recruitment and follow-up appointments were 

halted for study. The project was approved to continue at the beginning of June, however 

all recruitment was performed over the phone and consent was obtained before 

undergoing baseline assessment. Follow-up appointments were allowed to be scheduled, 

however 6 patients declined to attend due to pandemic restrictions. As well, a total of 8 

patients were excluded because their surgery date was missed and/or data was unable to 

be collected. In total, there was a loss of 11 patients (50% of recruited cohort) for the 

preliminary study, and 3 patients (23% of recruited cohort) for the TAVI study. 

Recruitment rates also drastically decreased from about 1 patient per month to 1 patient 

per 3 months. The study was therefore altered to reflect the smaller sizes, focusing more 

on descriptive analyses and feasibility findings. Nevertheless, this thesis provides a 

strong foundation for this research project as recruitment rates begin to increase and 

future in-depth statistical analyses can be performed.    
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7.2 The inconsistent field of intraoperative cerebral oximetry and neurological 

outcome  

A systematic review examining the association between intraoperative rSO2 and 

neurological impairment was performed in order to evaluate the quality and consensus of 

the literature. While there have been previous reviews on this topic, this is the first review 

that has included observational and interventional studies assessing the outcomes of 

delirium, POCD and stroke as well as both observational and interventional studies. 

During the review process of this paper, the assistant editor also requested that we 

concluded the review with precise recommendations regarding strategies to improve the 

conduct of these studies in the future.  

Performing this comprehensive review unmasked the immense heterogeneity 

present in this field. Firstly, definitions and assessments of neurological impairment 

varied among studies. POCD was defined as a 20% decrease in 20% of tests included in a 

cognitive battery, a decrease in 1 standard deviation or more in at least 2 tests, or a range 

of scores depending on the assessment type (e.g. less than 19 or 19-25 for the MoCA). 

Furthermore, batteries of tests often focused on 2-3 cognitive domains, neglecting 

impairments in other areas of cognition as well as sensory and motor functioning. 

Consequentially, it becomes difficult to compare among studies and elucidate the nature 

of POCD. The use of short-form assessment tools may also be inappropriate for detecting 

POCD, as they are designed to identify more severe impairment such as dementia.  

Many of the studies included in this review also did not use appropriate delirium 

assessment tools and/or did not perform daily screening. Delirium is a fluctuating 

condition, and must be screened every at least every 24 hours for an accurate diagnosis 



 

 

 

181 

during a patient’s hospital stay. As well, majority of studies investigating the association 

between rSO2 and post-operative stroke failed to report their diagnostic procedure. A 

clinical examination and imaging assessment must be performed to ensure diagnostic 

accuracy.  

With regards to rSO2, observational and interventional studies both showed 

inconsistencies in their measures and definitions of desaturation. Observational studies 

used various summary measures to represent intraoperative cerebral oxygenation levels. 

Importantly, studies that included multiple different measures of rSO2 (%-time below 

60%, 50%, minimum/baseline rSO2, etc) often did not correct for multiple 

comparisons61,83 Majority of the interventional studies reviewed made use of the 

algorithm developed by Denault et al58. However, research groups altered the threshold of 

intervention for their study, making it difficult to conclude whether the specific algorithm 

is effective in reducing neurological complications after surgery76,98,99. In summary, 

findings from this review suggest that future studies should take extra caution to define 

neurological impairment, use appropriate screening tools, and define consistent 

desaturation measures. 
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7.3 Measuring cognitive reserve in patients undergoing cardiac surgery  

Throughout this research program, the concept of cognitive reserve in cardiac 

surgical patients was discussed. The model of cognitive reserve was developed primarily 

by Yaakov Stern in order to characterize how certain individuals process tasks more 

efficiently, allowing them to cope better than others when met with neuronal insult169. 

Within the context of cardiac surgery, certain patients may be better equipped to 

neurologically recover post-operation due to pre-existing factors such as age, 

comorbidities, cognitive function, and education level151,152. Others have also suggested 

that rSO2 may be an indicator of cognitive reserve83. However, as described, past research 

examining relationship between rSO2 and post-operative neurological impairment has 

been inconsistent in its findings. Namely, the use of short-form assessments and dementia 

screening tools may be inappropriate for detecting perioperative cognitive impairment 

and cognitive reserve. As well, pen-and-paper neuropsychological assessments can be 

subjective. This thesis sought to better understand the relationship between rSO2 and 

POCD after cardiac surgery, while also improving testing methods using the Kinarm and 

its objective and standardized tests. By using robotic technology as a novel form of 

perioperative assessment, sensory, motor, and cognitive performance in patients 

undergoing cardiac surgery can be identified. 

The use of robotic technology uncovered subtle pre-existing neurological 

impairment in patients undergoing cardiac surgery. Most importantly, linear regression 

models suggest that quantified pre-operative functioning is a stronger indicator of post-

operative performance compared to intraoperative rSO2 measures. This highlights the 

notion that pre-operative screening protocols should be implemented as part of the 
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standards of care for surgical patients. Subclinical pre-operative impairment detected by 

robotic technology may help identify at-risk patients and allow for more tailored 

discussion about the likelihood of developing delirium and POCD after surgery. 

One must also consider that performing Kinarm tasks requires activation across 

multiple brain areas involved in sensory, motor, and cognitive functioning. For example, 

the Visually Guided Reaching task can provide a wealth of information describing the 

hand movement of patients, primarily depicting aspects of the sensorimotor circuit46. 

Other cognitively demanding tasks such as Trail Making and Reverse Visually Guided 

Reaching primarily assess working memory and executive functioning, but also capture 

sensory and motor functioning during task performance170. Thus, while these findings do 

suggest that robotic technology can quantify cognitive reserve, it is perhaps more likely 

that the Kinarm is assessing the overall brain functioning of these patients. The use of 

quantitative robotic technology can therefore provide a complete picture of neurological 

status prior to surgery, better informing patients of risks of operation.  

The concept of cognitive reserve was also highlighted in the preliminary findings 

in Chapter 5. In the preliminary cohort, it was observed that patients who experienced 

delirium post-operation seemed to score worse on certain Kinarm tasks (RVGR, VGR, 

OH, OHA, and TMT-A/B) and RBANS domains (Immediate Memory and Delayed 

Memory) prior to their surgery, possibly providing further evidence of the cognitive 

reserve model. However, the role of rSO2 remains unclear. While intraoperative and/or 

baseline cerebral oxygen levels have been shown to be associated with delirium and 

POCD, it is likely to have a smaller effect compared to pre-existing conditions. This 

small effect of rSO2 could explain the inconsistencies in the research, making its 
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association with delirium and POCD difficult to demonstrate. However, the data 

presented in this thesis does suggest that subtle pre-operative impairment and delirium act 

as important markers of neurological recovery in patients undergoing cardiac surgery. 

Using robotic technology to provide an objective and quantitative assessment of 

pre-operative neurocognitive function might provide a strategy to stratify risk of post-

operative neurological impairment on the basis of cognitive reserve (Figure 40). For 

individuals with a high degree of cognitive reserve, there may be minimal to no benefit of 

rSO2 monitoring; their risk of neurological complications is initially low. At the other end 

of the spectrum, patients with severe cognitive impairment may be easier to recognize 

clinically, and may screen positive for dementia on traditional screening tools. These 

high-risk individuals with low cognitive reserve will require explicit counselling 

regarding the risk of post-operative delirium and cognitive impairment, regardless of their 

intraoperative rSO2. The individuals in the middle group, with a moderate degree of 

cognitive reserve, may have the most to lose, and the most to gain, by close monitoring of 

intraoperative rSO2. These individuals may screen negative for dementia, but have 

identifiable neurological impairment detected by robotic technology. It may be possible 

that this cohort sees improved cognition following cardiac surgery if rSO2 is carefully 

monitored and desaturations are attended to appropriately. However, given their 

vulnerability prior to surgery, impairments in cerebral oxygenation and autoregulation 

may lead to post-operative delirium and long-term cognitive impairment. In an era of 

precision medicine, with a move to provide “the right patient, with the right therapy, at 

the right time”, this thesis has highlighted the fact that robotic technology has a place in 

neurological assessments to find the right patients for the right surgery in the 21st century.  
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7.4 Cerebral autoregulation: new data from old technology 

This study focused on the use of cerebral oximetry as a surrogate marker of 

cerebral perfusion, and whether rSO2 measures could predict post-operative neurological 

functioning after cardiac surgery. However, the relationship between intraoperative rSO2 

and other hemodynamic variables can also provide information about the maintenance of 

blood flow to the brain. The process of cerebral autoregulation is an important aspect that 

ensures adequate cerebral blood flow during fluctuating physiological conditions, such as 

increases or decreases in systemic MAP171. Disturbances in cerebral autoregulation can 

lead to increased inflammation and cerebral ischemia, resulting in long-term neurological 

impairments172. Hemodynamic variables such as MAP, cardiac output, and end-tidal 

carbon dioxide levels have all been shown to be involved in cerebral autoregulation173. In 

past studies, cerebral autoregulation has been approximated in a cardiac surgical setting 

by calculating time-varying correlation coefficients between NIRS-derived rSO2 and 

systemic MAP174,175. Generally, positive correlations suggest impaired cerebral 

autoregulation, and negative or no correlation indicate intact cerebral autoregulation176. 

This approach has also been used to determine MAP targets, unique to each patient, 

during cardiac surgery that optimize cerebral blood flow and maintain autoregulation. 

Increases in MAP above the upper limit of autoregulation during cardiopulmonary bypass 

have been associated with post-operative delirium and stroke84,94. Cerebral autoregulation 

using NIRS has become a novel approach to intraoperative neurological monitoring, 

allowing for the capture of dynamic changes in cerebral versus systemic perfusion. 

Changes in cerebral autoregulation during cardiac surgery was also briefly 

explored in this thesis. Time series graphs were generated for the cardiac surgery and 
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TAVI studies to provide a preliminary look at the relationship between intraoperative 

rSO2 and MAP. In the cohort of patients undergoing cardiac surgery, I performed rolling 

30-minute window correlations, advancing at 1 minute intervals, to explore changes in 

cerebral autoregulation. All patients experienced variable periods of significant positive 

correlations between MAP and rSO2. As this was a proof of concept test, it was not 

determined whether these significant correlations were associated with incidence of 

delirium and/or POCD. However, this study allowed me to determine feasibility and 

consider the methodological aspects involved to perform more comprehensive analyses in 

the future. Firstly, high-frequency intraoperative data is required to accurately assess 

changes in cerebral autoregulation. Secondly, one must use caution when interpreting 

significance in this form of analysis due to multiple comparison issues. Many correlation 

tests for a single patient are dependent upon previous values along the same timeframe, 

quickly inflating the Type I error rate. To remedy this, analyses must include a procedure 

for correcting the effects of multiple comparisons.  

Lastly, the exact thresholds of intact cerebral autoregulation have been shown to 

vary considerably. The upper and lower limits using NIRS-derived rSO2 and MAP have 

been investigated by Brady et al (2007). In a sample of 6 piglets, it was determined that a 

correlation coefficient above 0.36 indicated impaired cerebral autoregulation177. Others 

have defined the limit of cerebral autoregulation anywhere between 0.3 and 0.5175. Using 

a resampling/statistical approach, I determined that significant coefficients between rSO2 

and MAP during are approximately greater than 0.5. Further research is needed in order 

to determine clinically relevant versus statistically significant changes between rSO2 and 

MAP.  
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Measuring cerebral autoregulation rather than rSO2 alone can help better 

determine the dynamic process of cerebral perfusion during cardiac surgery. This novel 

approach provides a solution to the limitations of interpreting rSO2 measures. By 

including changes in systemic perfusion and how it relates to rSO2 values, we are able to 

shift away from interpreting absolute values, and focus more on capturing relevant trends 

in the data. However, it is crucial that this field reaches a consensus on defining the 

threshold of cerebral autoregulation and employs appropriate statistical procedures. If 

not, it may encounter the same difficulties that were uncovered in studies examining the 

utility of cerebral oximetry during surgery. 
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7.5 Identifying neurological impairment at the individual level  

The final project included in this thesis was a descriptive analysis on pre- and 

post-operative impairments in patients undergoing non-invasive valve replacement, 

otherwise known as TAVI. This patient cohort varies considerably from the main cardiac 

surgery cohort, mainly because they are often older and have more comorbidities. It is 

also likely that, due to these factors, patients undergoing TAVI may present with 

neurological impairment before and after the procedure. As such, this study was focused 

on identifying areas of impairment as well as changes in performance using robotic 

technology.  

The Kinarm allows for an individualized and granular approach to determining 

the neurological functioning in this patient cohort. Performance on each task can be 

described quantitatively through parameters that influence that overall task score. By 

investigating changes in particular parameters, I was able to highlight why and/or how 

patients exhibited certain patterns of performance before and after surgery. As mentioned 

above, the Kinarm also measures overall neurological functioning by compiling motor, 

sensory, and cognitive performance to successfully complete certain tasks. Exploring 

changes in parameters can therefore aid in differentiating whether the impairment is 

either cognitively driven or rooted in sensorimotor functioning170.  

While the Kinarm has been an exceptionally valuable tool for research purposes, 

there may be obstacles in implementing such a thorough neurological assessment in a 

busy clinical setting. The entire battery of Kinarm Standard Tests can take between 1-1.5 

hours to complete. As well, the Kinarm robot is not easily portable, and requires a large 

space to be stored and used. The length of time and lack of maneuverability of the device 
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has made testing inaccessible for many patients attending pre-surgical screening 

appointments who were eligible for this study. However, setting up the Kinarm in an 

easily accessible location for patients greatly increased recruitment rates. Moreover, there 

is immense value for the use of in-depth neurological assessments, particularly in a field 

where nature of impairment remains unclear. As with previous studies looking at Kinarm 

performance after stroke, the goal of this study was to explore individual differences that 

can present within a patient population44,121. The nature of impairment in any clinical 

cohort can be extremely diverse and can direct the form of care they receive. Likewise, 

the perioperative neurological complications experienced by TAVI and cardiac surgery 

populations can vary greatly, suggesting that routine assessment should become a part of 

individualized care. Quantified and detailed descriptions achieved through the use of the 

Kinarm can also inform clinicians of which tasks should be performed first, and which 

tasks may not be included in the testing battery. Most importantly, the performance of a 

comprehensive neurological assessment prior to surgery can help the clinical team 

identify high-risk patients and tailor their intraoperative/post-operative practice to prevent 

further neurological impairment. 
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7.6 Conclusion 

For the past few decades, the relationship between rSO2 and neurological 

functioning after cardiac surgery has been difficult to determine. My research aimed to 

characterize this relationship using novel robotic technology and minimize possible 

sources of variability that have resulted in inconsistent findings in the past. While rSO2 

measures may play a role in neurological outcome, it may very well be that pre-existing 

impairment is a stronger predictor of POCD and delirium. Thus, perioperative assessment 

for cardiac surgery patients may be crucial for the prevention and/or reduction of 

neurological complications, allowing the surgical team, and patient, to make well-

informed decisions about the procedure. Yet the precise role of intraoperative rSO2 

remains unclear. As this research project continues, it will ensure that pre-existing 

impairment and other variables are controlled to determine if poor cerebral oxygen 

saturation during surgery is a suitable indicator of POCD and/or delirium.
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7.7 Figures 

 
Figure 40: Schematic of recovery trajectories post-cardiac surgery 
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1     (Cogniti* adj2 (deficit* or function* or dysfunction* or performance)).tw. (145223) 
2     POCD.tw. (955) 
3     brain injur*.tw. (85883) 
4     cognition disorders/ or cognitive dysfunction/ (94039) 
5     Memory Disorders/ (12098) 
6     Cognition/ (222778) 
7     exp Delirium/ (30198) 
8     or/1-7 (465192) 
9     Near-infrared spectroscop*.mp. (22039) 
10     Spectroscopy, Near-infrared/ (13701) 
11     exp Monitoring, Intraoperative/ (1623) 
12     or/9-11 (23635) 
13     (Cerebral adj3 (oxygenat* or desaturat* or oximet* or saturat*)).mp. (5769) 
14     (oxygen adj (saturat* or desaturat*)).mp. (73709) 
15     Oxygen/ (222417) 
16     Oxygen Consumption/ (112567) 
17     Cerebrovascular Circulation/ (20987) 
18     or/13-17 (394502) 
19     exp Cardiovascular Surgical Procedures/ (677914) 
20     cabg.mp. (30969) 
21     cardiac surger*.mp. (60476) 
22     bypass*.mp. (248178) 
23     or/19-22 (787725) 
24     (neurological adj2 (impair* or dysfunction* or deficit* or function*)).tw. (54023) 
25     exp Stroke/ (191455) 
26     8 or 24 or 25 (689500) 
27     12 and 18 and 23 and 26 (210) 
28     exp cognitive defect/ (457647) 
29     exp near infrared spectroscopy/ (20143) 
30     exp intraoperative monitoring/ (1623) 
31     oxygen blood level/ (4545) 
32     exp cardiovascular surgery/ (677914) 
33     exp cerebrovascular accident/ (191455) 
34     26 or 28 or 33 (973854) 
35     12 or 29 or 30 (24470) 
36     18 or 31 (397192) 
37     23 or 32 (787725) 
38     34 and 35 and 36 and 37 (217) 
39     limit 38 to child <unspecified age> (13) 
40     38 not 39 (204) 
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