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Abstract 

Survivors of critical illness frequently exhibit acute (i.e., delirium) and chronic 

neurological complications. Intensive care unit prevalence of delirium is as high as 80% and has 

been associated with increased length of hospital stay, mortality, and long-term cognitive 

impairment. However, the underlying etiology of delirium, and long-term dysfunction, remains 

unknown but may be associated with cerebral ischemia.  

A key element of resuscitation during critical illness is guided at assessing proxies of 

perfusion to maintain adequate oxygen delivery (e.g., renal perfusion is assessed by measuring 

urine output and serum creatinine). However, there is currently no well-defined surrogate of 

cerebral perfusion used in routine clinical practice. Near-infrared spectroscopy (NIRS) is a non-

invasive technique to quantify regional cerebral oxygenation (rSO2) that has been used for 

decades in the cardiac operating theatre and resulted in targeted algorithms to optimize rSO2. 

However, these algorithms do not exist during critical illness.  

The primary objective of this thesis was to assess if low levels of rSO2 are associated 

with delirium. The subsequent chapters herein will demonstrate the feasibility of using NIRS to 

monitor rSO2 (e.g., did not interfere with patient care), which provided the infrastructure to 

conduct the CONFOCAL pilot that identified low rSO2 as an independent predictor of delirium. 

Additionally, the physiologic determinants of the rSO2 signal were assessed. This regression 

analysis accounted for a significant proportion of variance in the rSO2 signal (R2=.54), which 

was associated with age, partial pressure of carbon dioxide, hemoglobin, and heart rate. At 3- 

and 12-months, participants were primarily impaired in visuospatial/executive function, 

immediate, and delayed memory. Therefore, these findings support the hypothesis that low rSO2 

is associated with delirium and suggest that optimizing rSO2 may offer promising avenues for 
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future critical care practices to prevent delirium. However, the determinants of long-term 

impairment will need to be assessed.  
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Chapter 1 

Introduction and General Literature Review 
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1.1 Introduction 

Annually, approximately 230, 000 Canadians are cared for in intensive care units 

(ICUs).1 However, survivors of critical illness often have newly acquired impairments for which 

the underlying cause is poorly understood. An early indicator of neurological dysfunction during 

critical illness is the onset of delirium, which is defined as an “acute, fluctuating change in 

mental status, with inattention and altered levels of consciousness or disorganized thinking”.2 

Prevalence of delirium is as high as 80% in critically ill patients,3 particularly those with severe 

sepsis or septic shock.4 The presence of delirium has been associated with increased mortality, 

increased ICU length of stay, increased ventilator time,3,5 which results in delirious patients 

accumulating billions of dollars annually in healthcare related costs.6 Furthermore, the duration 

of delirium has been identified as an independent predictor of long-term cognitive impairment in 

survivors of critical illness, with increased duration of delirium leading to more severe 

impairments.7 The most common domains of cognitive impairment include: memory, executive 

function,8 attention, and language.9 Some form of cognitive impairment has been observed in 

roughly half of survivors8 and impairments are persistent, being observed up to 15 years after 

hospital discharge.10–12 Therefore, approximately 110, 000 Canadian ICU survivors may acquire 

some form of long-term cognitive impairment annually. These cognitive deficits have been 

compared to moderate traumatic brain injury or patients suffering from mild Alzheimer’s 

disease.13 These newly acquired impairments result in a drastic decrease in the quality of life 

amongst survivors,11 and negatively impact most areas of independent living.10 Despite this 

severe clinical trajectory, the pathophysiology of delirium, and the subsequent development of 

cognitive dysfunction among survivors, remains unknown. Therefore, the overall OBJECTIVE 

of my PhD dissertation is to characterize the association between poor cerebral oxygenation and 
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the development of delirium, as well the subsequent cognitive dysfunction among survivors of 

critical illness. 
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1.2 General Literature Review 

1.2.1 Critical Illness Associated Delirium 

Due to the high prevalence of delirium, it was traditionally believed that ICU acquired 

delirium was just part of the natural course of a patient’s ICU stay. However, since the presence 

of delirium is associated with worse patient-oriented outcomes, there has been recent emphasis 

on the early recognition and diagnosis of delirium. Furthermore, the Society of Critical Care 

Medicine has released a good practice statement that all ICU patients be regularly assessed for 

delirium14 using validated screening tools, such as the Intensive Care Delirium Screening 

Checklist (ICDSC)15 or the Confusion Assessment Method-ICU (CAM-ICU).16 These screening 

tools take approximately 4-10 minutes to administer and result in moderate to high pooled 

sensitivity and specificity (ICDSC: 74% and 81.9%; CAM-ICU: 80.0% and 95.9%, 

respectively).17 However, despite increased screening and the recognition of both delirium 

prevalence and its association with negative outcomes, the underlying etiology of ICU 

associated delirium remains unknown. 

 

Although the pathophysiology of delirium is poorly understood, the onset of delirium is 

believed to be associated with degree of multiorgan failure, microvascular damage, 

thrombosis,3,18–21 ischemia, altered neurotransmission, inflammation, and alterations in 

perfusion.22 In addition, many risk factors have also been identified such as nutritional 

deficiencies, trauma, age, medication use, infections, and sleep disturbances.23 Furthermore, 

there is limited evidence to suggest that altered cerebral perfusion may be related to the 

development of delirium. For example, previous research using xenon-enhanced CT to measure 

regional cerebral blood flow of patients during delirium indicated that the frontal, temporal, and 
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occipital cortex had reduced cerebral blood flow (CBF) during delirium but these areas 

recovered after delirium resolved.24 Furthermore, using single photon emission tomography, 

delirious patients demonstrated decreased CBF in multiple brain regions (i.e., frontal, temporal, 

occipital) relative to controls.25 These findings indicate that cerebral hypoperfusion, as indicated 

by decreased CBF, may be a possible underlying cause for the development of delirium. 

However, both studies were limited by single-centre design with small sample sizes, which may 

decrease the generalizability of these findings. In addition, assessing a small cohort of septic 

shock patients using near-infrared spectroscopy (NIRS), delirious patients demonstrated lower 

regional cerebral oxygenation (rSO2) relative to non-delirious patients.26 However, this finding 

was not statistically significant. Therefore, although limited evidence exists, poor cerebral 

perfusion may contribute to delirium.  
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1.2.2 Long-Term Neurological Dysfunction Among ICU Survivors 

Cognitive dysfunction among survivors of critical illness is common, and studies have 

reported up to 62% prevalence, depending on the subgroup assessed, and the tool used to define 

cognitive dysfunction.27,28  The cognitive impairment amongst survivors is likely permanent, as 

studies have demonstrated persistent dysfunction years after hospital discharge.28 The factors that 

contribute to the cognitive dysfunction are unclear, but could possibly be related to hypoxia and 

lower effective circulating volume. For example, patients with acute respiratory distress 

syndrome (ARDS) have been shown to have lower arterial content of oxygen during critical 

illness and this was associated with worse scores on tests of memory, attention, and 

concentration.29,30 In addition to hypoxia, there may be an effect of having a lower effective 

circulating volume on long-term cognitive dysfunction. In a study of a restrictive fluid strategy 

for patients with ARDS, cognitive impairment at 12 months was common, affecting over half of 

the patients enrolled.30 Factors associated with an increased likelihood of cognitive dysfunction 

included low central venous pressure, and being randomly assigned to the group that received 

restricted fluid resuscitation. Therefore, arterial blood oxygen content and volume, and thus 

oxygen delivery, are associated with cognitive dysfunction in survivors of critical illness.  

 

Furthermore, delirium has recently been identified as the most consistent risk factor that 

predicts long-term cognitive dysfunction.31 In addition, the duration of delirium has been 

identified as an independent predictor of long-term cognitive impairment among survivors of 

critical illness, with increased duration of delirium leading to more severe impairments.7 This 

cognitive impairment among ICU survivors may be related to greater brain atrophy, as measured 

by a larger ventricle-to-brain ratio, as patients with increased delirium duration had greater brain 
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atrophy (i.e., decreased superior frontal lobe & hippocampal volume),32 which may partially 

explain the frequently observed impairments in executive functioning and memory among ICU 

survivors. Due to the studies mentioned previously regarding hypoperfusion in these regions, this 

may partially explain the reduction in brain volume after hospital discharge. As neurons are 

dependent on CBF for oxygen delivery and are especially sensitive to hypoxic (i.e., reduced 

oxygen availability) and ischemic events (i.e., decreased blood supply),33 reliable continuous 

cerebral perfusion measurements during critical illness are desperately needed to continuously 

monitor cerebral oxygenation at bedside to potentially prevent long-term neurological injury. 
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1.2.3 Non-Invasive Monitoring of Cerebral Oxygenation Using Near-Infrared Spectroscopy 

A key element of critical care is directed at maintaining adequate oxygen delivery to 

tissues (i.e., perfusion). Several organ systems (e.g., renal) have surrogate markers (e.g., urine 

output and plasma creatinine levels) that can be serially monitored to ensure adequate tissue 

perfusion.34 However, there is currently no well-defined proxy of cerebral perfusion used in 

routine clinical practice, which constitutes an important gap in the understanding of critical 

illness. As a result, clinicians in the ICU rely heavily upon the neurological exam (e.g., assess 

alertness, orientation, ability to follow motor commands)35 to assess cerebral perfusion. 

However, assessing the neurological status of patients in the ICU is complex and this clinical 

examination may be unreliable in this clinical setting due to multiple confounding factors such as 

the severity of illness, mechanical ventilation, pharmacological sedation, analgesia, physical 

restraints, and muscle paralysis. Even for patients that maintain the ability to communicate with 

the clinical staff, a thorough examination of their neurological status remains complicated by 

other factors, such as delirium. As neuronal ischemia is a ubiquitous neuropathological finding 

among patients who die in the ICU,36 identifying an accurate strategy to continuously monitor 

adequate cerebral perfusion is paramount to future critical care practices. 

 

As invasive pressure monitors are generally not indicated for the direct measurement of 

cerebral perfusion in non-brain injured patients, alternative strategies are needed to monitor 

cerebral perfusion. Recently, there has been increased use of NIRS as a simple, non-invasive 

technique to continuously quantify rSO2 in real time. Cerebral oximetry using NIRS records 

changes in oxy- and deoxyhemoglobin in cerebral tissue37 by placing a noninvasive probe on the 

patient’s forehead, which typically contains a sensor and a light source that emits varying 
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wavelengths of infrared light (700-1000 nm), that pass easily through skin and bone with 

minimal absorption, into the cerebral tissue at an approximate depth of 2-3cm.38 The depth of 

this light path is related to the sensor length, with greater distance between the light source and 

the detector resulting in an increased NIRS penetration depth in tissue.38 The light that returns to 

the sensor represents the amount of spectral absorption occurring in the tissue bed (i.e., tissue 

oxygenation) with venous circulation accounting for the majority of the NIRS signal (i.e., 75-

80%).39 rSO2 is frequently quantified as an absolute value ranging from 0-99%, which tends to 

remain fairly stable over time and range from 60-80% in healthy adult humans.39 Importantly, 

NIRS correlates with other measures of cerebral perfusion, such as jugular venous bulb oxygen 

saturation, brain tissue oxygen tension, and CT perfusion.40–42 NIRS technology has 

demonstrated, in infants and children, that it can monitor and detect oxygenation decreases 

quicker than pulse oximetry,39 which is imperative when administering therapeutic interventions 

in a timely manner to avoid poor outcomes. Furthermore, NIRS does not depend on a pulsatile 

signal and can continuously measure rSO2 changes during altered states of perfusion (e.g., 

hypoperfusion, shock) to detect abnormalities to direct clinician involvement, whereas pulse 

oximetry requires pulsatile flow and adequate perfusion to report accurate oxygen saturation.43 

Therefore, NIRS offers promise as a continuous strategy to monitor cerebral oxygenation in the 

ICU. 

 

In addition, using NIRS to monitor rSO2 has already demonstrated improved outcomes in 

other clinical settings, such as the cardiac operating theatre. For example, using NIRS during 

coronary artery bypass surgery has led to successfully avoiding cerebral desaturations, which 

resulted in decreased incidences of organ dysfunction and length of ICU stay.44 Also, NIRS has 
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been used during carotid endarterectomy and accurately detected cerebral ischemia.45 Moreover, 

using NIRS to measure rSO2 has led to the development of a targeted therapy (i.e., an algorithmic 

approach) to improve cerebral oxygenation during cardiac surgery.46 These targeted algorithms 

to optimize rSO2 during cardiac surgery have successfully reversed 97% of cerebral 

desaturations.47 However, NIRS is not frequently used outside of the cardiac surgery setting and 

as a result, targeted clinical algorithms to optimize rSO2 during resuscitation do not currently 

exist during critical care. 

 

A recent systematic review of the literature describing the use of NIRS in medical-

surgical ICU patients and delirium has further highlighted this important gap in critical care 

knowledge. Out of 1410 possible articles, only 8 studies were identified and suitable for 

systematic review.48 Furthermore, only 4 assessed the relationship between NIRS and ICU 

acquired delirium, 2 of which are manuscripts that will be discussed in detail in subsequent 

chapters of this thesis. Overall, the review provides preliminary evidence that rSO2 is lower in 

critically ill patients who have experienced delirium vs non-delirious patients. However, few 

articles were available for review resulting in the inability to conduct a meta-analysis and 

respective statistical analyses, which is further complicated by small sample sizes, as well as the 

large heterogeneity observed among the NIRS devices (e.g., INVOS, FORESIGHT, NIRO), 

number of sensors (e.g., 1 or 2), and duration of recording times (e.g., discrete vs continuous) 

implemented across studies. Therefore, although NIRS monitoring of rSO2 has been well 

described and successfully implemented outside of the ICU, I am one of the only researchers 

linking early rSO2 changes (i.e., the first 24-72 hours) in critically ill patients with both acute and 
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chronic neurological function among survivors, which is an area of healthcare research that 

clearly warrants further investigation. 
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1.2.4 Potential Limitations of Near-Infrared Spectroscopy Derived Cerebral Oxygenation 

Monitoring 

Although NIRS appears to offer a promising avenue for critical care clinicians to 

continuously and non-invasively monitor cerebral oxygenation, NIRS possesses potential 

limitations which may hinder the clinical utility of monitoring rSO2 in the ICU. For example, 

NIRS-derived rSO2 appears to suffer from extracranial contamination. A cohort of healthy 

volunteers (n=12) wore a pneumatic head cuff positioned circumferentially around the forehead, 

which induced extracranial desaturation when inflated.49 During desaturation, simultaneous 

cerebral oxygenation monitoring was implemented using various cerebral oximeters (i.e., 

INVOS, EQUANOX, and FORE-SIGHT). This analysis indicated that induction of extracranial 

hypoxia-ischemia (i.e., inflation of the occlusive head cuff) demonstrated a significant decrease 

in rSO2 across all three oximeters studied.49 Despite various sensor design (e.g., emitter-to-

detector distances, number of near-infrared wave lengths emitted) and various proprietary 

algorithms being implemented, extracranial contaminants remain present in the NIRS signal. 

Furthermore, cerebral oximeter recordings may have a positive mean bias during hypoxia in 

healthy controls (i.e., substantially higher rSO2 values were observed when compared to a 

weighted average of mixed venous and arterial blood samples based on the fixed ratios reported 

by manufacturers).50 In contrast, darker skin pigment has also been shown to negatively bias 

these recordings (i.e., lower oximeter values when compared to fixed ratios of mixed venous and 

arterial blood samples).50 Taken together, the NIRS-derived rSO2 signal may not be composed 

entirely of cerebral tissue oxygenation, as induction of extracranial desaturation should not 

substantially decrease recordings. Furthermore, the fixed ratio of arterial and venous blood 

assumed by manufacturers may be inaccurate during hypoxia. These potential confounds (i.e., 

sources of signal contamination) likely alter the signal-to-noise ratio, which may impair the 
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development of algorithms to effectively optimize rSO2 to improve clinical outcomes among 

ICU survivors. Importantly, much of this previous research has only been conducted in small 

samples of healthy controls and further research in a representative cohort of critically ill patients 

is clearly warranted to assess the degree of contamination present in NIRS signal. 
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1.3 Relationship Between Regional Cerebral Oxygenation, Delirium, and Cognitive 

Outcomes Among Non-ICU Patients 

Although there is limited evidence, low rSO2 levels has been previously associated with 

delirium in other clinical settings. Among a cohort of cardiac surgery patients, low preoperative 

rSO2 was associated with post-operative delirium despite peripheral oxygen saturation values not 

differing significantly between groups.51 However, intraoperative decline in rSO2 did not 

significantly differ in patients with and without delirium after surgery.51 Of those patients that 

started with normal levels of rSO2 and developed postoperative delirium, these patients had 

larger intraoperative decreases in cerebral oxygenation.51 Low preoperative rSO2 has also been 

identified as a risk factor for the development of postoperative delirium after abdominal 

surgery,52 and cerebral desaturation during surgery has been associated with a higher incidence 

of postoperative cognitive decline (i.e., decline in Mini-Mental Status Examination score relative 

to baseline testing) and hospital stay; however, no differences were again observed in pulse 

oximetry for those patients developing intraoperative cerebral desaturations.53 This latter finding, 

that occurred in both studies mentioned above, suggests that other commonly implemented 

indirect measures of tissue oxygenation (i.e., SpO2) may be insufficient to detect decreases in 

cerebral oxygenation, a finding worth further investigation. Furthermore, the clinical relevance 

of intraoperative cerebral oxygen desaturation has also been demonstrated in cardiac surgery 

patients, as cerebral desaturations has also been shown to be associated with an increased risk of 

cognitive decline and increased length of hospital stay.54 Taken together, pre-existing low rSO2, 

or intraoperative decreases in rSO2, may result in the development of postoperative delirium and 

cognitive decline after surgery. However, although decreases in cerebral oxygenation during 

cardiac surgery have been associated with worse neurological outcomes,55,56 a systematic review 
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of the literature  suggests that there is currently only weak evidence (i.e., limited data) to link 

poor rSO2 during cardiac surgery to postoperative neurological complications.57 Although NIRS 

has been used for decades during cardiac surgery, the question as to whether 

improving/optimizing cerebral oxygenation during cardiac surgery improves neurological 

outcomes remains largely unanswered.58   
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1.3.1 Tools to Assess Neurological Function Following Critical Illness 

Due to the frequent finding of persistent cognitive dysfunction among survivors of 

critical illness, a number of screening tools and more comprehensive neuropsychological tests 

have been utilized, such as the Montreal Cognitive Assessment (MoCA), the Mini Mental Status 

Examination (MMSE), to higher level neuropsychological testing (e.g., Trail Making A & B, 

Wechsler Adult Intelligence Scale-Revised).27,28 Overall, there is much variation in the 

instruments used to assess long-term dysfunction. A review of 425 articles from the 1970s to 

2013 that assessed physical, cognitive, mental health, and health related quality of life (HRQOL) 

outcomes among critical illness survivors indicated that over 250 unique instruments were 

implemented, which substantially impedes comparison across studies.59 In addition, a review of 

cognitive impairment after critical illness indicates that the rates of cognitive dysfunction can 

range anywhere from 4%-62% depending on the administered tool.28 Importantly, 

comprehensive neuropsychological testing indicated higher rates of dysfunction when compared 

to brief screening tools.28 Taken together, these results suggest that screening tests alone may be 

insufficient to completely characterize the degree of cognitive dysfunction among survivors of 

critical illness.  

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

comprehensive neuropsychological tool that is administered in person, has alternate forms (i.e., 

A,B,C,D) to avoid practice effects, and can assess global cognition and multiple subdomains 

including: immediate and delayed memory, visuospatial/constructional, language, and 

attention.60 Performance scores are standardized based on healthy control data, lower scores 

indicate worse performance, and the assessment is completed within 20-30 minutes. The RBANS 

has been validated across several patient populations61–66 and has been used with increased 
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frequency in critical care cognitive testing due the seminal BRAIN-ICU study.13 In addition to 

being validated in various patient populations, it has been used to assess a representative cohort 

of survivors of critical illness.13 It has demonstrated adequate (i.e., ≥ .80) sensitivity and 

specificity when administered to clinical populations (e.g., Alzheimer’s disease, schizophrenia) 

with control comparators,67,68 and good internal reliability and convergent validity.69 Therefore, 

the RBANS is validated tool that can track longitudinal change, provides information about 5 

cognitive domains relevant to survivors of critical illness, as well as a global measure of 

dysfunction, which can be compared to population age-adjusted scores. 

In addition to performing conventional paper and pencil testing, I am proposing robotic 

quantification of neurological dysfunction in survivors of critical illness using the kinesiological 

instrument for normal and altered reaching movements (KINARM). The KINARM provides an 

objective and quantitative method for assessing sensory, motor, and cognitive function, using 

only the patient’s upper limbs. The KINARM Standard TestsTM battery of tasks quantifies 

sensory processing of the limb, basic motor skills, as well as a range of cognitive processes (e.g., 

executive function, working memory, and attention). These tasks activate cortical and subcortical 

(i.e., basal ganglia and cerebellar) networks,70,71 and have been reviewed by Scott, S. H. & 

Dukelow, S. P. (2011).72 These cortical pyramidal neurons, hippocampal neurons, and Purkinje 

cells of the cerebellum recruited during these tasks are neuronal populations that are highly 

vulnerable to hypoxic-ischemic injury. Furthermore, in stroke survivors, this robotic technology 

was able to identify subtle neurocognitive deficits not apparent on routine clinical testing,73 and 

has been used to describe sensory motor deficits in patients post-stroke,74,75 patients with 

traumatic brain injury76, and children with fetal alcohol syndrome,77 and has demonstrated 

moderate-to-good test-retest reliability in healthy subjects.78 Therefore, the KINARM robot may 



 

18 

 

be a reliable and accurate method for assessing neurological dysfunction among survivors of 

critical illness, as these newly acquired impairments mentioned previously among this patient 

population frequently affect both cognitive and physical domains. 
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1.4 Primary and Secondary Objectives 

1.4.1 Primary Objectives 

I am proposing that cerebral hypoperfusion plays a substantial role in the development of 

delirium in critically ill patients. Therefore, I will test the hypothesis that lower levels of rSO2, 

acting as a surrogate marker for cerebral perfusion, during critical illness will correlate with the 

subsequent development of delirium, and will further correlate with the quantitative metrics of 

cognitive function among survivors of critical illness. This association would demonstrate that 

delirium could be an early warning sign of cerebral hypoperfusion, and if not addressed 

promptly, may lead to long-term neurological dysfunction. 
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1.4.2 Secondary Objectives 

I aim to demonstrate the feasibility of using NIRS to provide long-term continuous 

measurements of cerebral oxygenation in critically ill patients with severe sepsis/septic shock. 

Additionally, I aim to define the hemodynamic and physiological determinants (e.g., heart rate, 

pH) of the NIRS-derived rSO2 in acutely critically ill patients as a preliminary step to developing 

a targeted algorithm to optimize cerebral oxygenation during critical illness. I also aim to 

demonstrate the feasibility of using an integrated multimodal data collection strategy to 

characterize cognitive impairment among survivors of critical illness using traditional 

neuropsychological testing (i.e., RBANS), as well as robotic technology using the KINARM.  
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1.5 Clinical Implications 

In summary, neurological dysfunction after critical illness is common; however, the 

factors that cause this dysfunction are unclear. This will be the first study to examine the 

relationship between NIRS recorded rSO2 with the development of delirium and quantitative 

metrics of long-term neurological dysfunction among survivors of critical illness. Should a 

relationship exist between decreased rSO2 and cognitive dysfunction, then this study would 

provide the foundation for future investigations utilizing rSO2 as a therapeutic target to improve 

neurological outcomes for survivors, as well as treat/prevent, delirium during critical illness.   
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Chapter 2 

Cerebral Oxygenation in Patients with Septic Shock: a Feasibility Study  
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2.1 Abstract 

Introduction:   

Delirium is common among critically ill patients, and its presence is associated with 

increased mortality and increased likelihood of poor cognitive function among survivors.  

However, the cause of delirium is unknown. The primary purpose of this study was to 

demonstrate the feasibility of using near-infrared spectroscopy (NIRS) to assess regional cerebral 

oxygenation (rSO2) in patients with septic shock.  

 

Materials and Methods:   

This prospective observational study was conducted in a 33-bed general medical surgical 

intensive care unit. Patients with severe sepsis or septic shock were eligible for recruitment. The 

FORESIGHT NIRS monitor was used to assess cerebral oxygenation in the frontal lobes for the 

first 72 hours of ICU admission.  Hourly physiological data were also recorded and the 

Confusion Assessment Method-ICU was used to screen for delirium. 

 

Results:  

From March 1st 2014-September 30th 2014, 10 patients with septic shock were recruited.  

The NIRS monitor captured 81% of the available data. No adverse events were recorded. 

However, cerebral oxygenation demonstrated significant intra- and inter-individual variability in 

the way it correlated with physiological parameters, such as mean arterial pressure, heart rate, 

and peripheral oxygen saturation. Mean cerebral oxygen levels were significantly lower in 

patients who were delirious for the majority of their ICU stay.   
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Conclusion:   

It is feasible to record cerebral oxygenation with NIRS in patients with septic shock.  

This study provides the infrastructure necessary for a larger prospective observational study to 

further examine the relationship between cerebral oxygenation, physiological parameters, and 

acute neurological dysfunction.    
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2.2 Introduction 

Severe sepsis and septic shock are commonly encountered by medical-surgical intensive 

care unit staff with incidence rates ranging from 3 per 1000 population.79 In spite of modern 

therapeutic interventions, in-hospital mortality rates remain relatively high ranging from 15-

20%80,81 and long-term mortality rates as high as 57%.82 Severe sepsis frequently leads to the 

onset of delirium, which is defined as an “acute, fluctuating change in mental status, with 

inattention and altered levels of consciousness”.2 Prevalence of delirium is as high as 80% in 

critically ill patients83 and infection is a major etiological factor.4 The onset of delirium is 

associated with increased mortality, increased ICU length of stay,5,83 increased ventilator time,84 

and cognitive impairments amongst survivors.7–9,13 However, despite the clinical importance of 

delirium during severe sepsis/septic shock, its underlying cause has remained elusive. 

Hypoperfusion and multi-organ dysfunction are prominent in this patient population.85,86 

Most organ systems are monitored with a combination of clinical and biochemical indices. For 

example, renal perfusion is monitored by assessing urine output as well as plasma creatinine 

levels. However, there is currently no surrogate marker for cerebral perfusion. Therefore, a real 

time measurement of cerebral oxygenation could act as this much needed proxy for cerebral 

perfusion. Near infrared spectroscopy (NIRS) provides a simple, non-invasive, localized 

assessment of cerebral oxygenation. This measurement of cerebral oxygenation is promising as 

an indirect measurement of cerebral perfusion. It already correlates with other measures of 

cerebral perfusion, such as jugular venous bulb oxygen saturation, cerebral oxygen tension, and 

CT perfusion.40–42 Furthermore, using NIRS to monitor cerebral oxygenation during coronary 

artery bypass surgery has yielded promising results. Cerebral desaturations were avoided and 

lead to significantly fewer incidences of organ dysfunction, and a shorter length of ICU stay.44 
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NIRS has also been used during carotid endarterectomy45 to monitor decreases in cerebral 

oxygen levels as a possible warning of cerebral ischemia that may require an intervention such as 

shunting.45,87 Therefore, NIRS is a feasible, non-invasive strategy to monitor cerebral 

oxygenation that may correlate with clinically relevant outcomes.   

The objective of this study was to demonstrate the feasibility of using NIRS to provide 

long-term continuous measurements of cerebral oxygenation in critically ill patients with severe 

sepsis/septic shock. The overall aim of the current study was to test the hypothesis that poor 

cerebral oxygenation (as a surrogate marker of cerebral perfusion) when patients are acutely and 

critically ill, places them at risk of developing delirium throughout their ICU stay. To assess this, 

secondary outcomes explored the correlation between cerebral oxygenation and hemodynamic 

variables, as well as whether or not cerebral oxygenation correlated with the development of 

delirium in patients with severe sepsis/septic shock. 



 

27 

 

2.3 Materials and Methods 

Study design, patient selection, and treatment: 

This prospective observational study was performed in an academic 33-bed general 

medical/surgical intensive care unit that is the regional level 1 trauma centre and tertiary referral 

centre. The local Health Sciences Research Ethics Board approved the study protocol, which 

included deferred consent for 24 hours due to the non-invasive nature of the monitoring device. 

Patients were considered eligible if they were admitted to the ICU within 24 hours of meeting the 

Society of Critical Care Medicine’s criteria for either severe sepsis or septic shock,34 and were 

adult patients over the age of 17. Eligible patients were approached by research staff to obtain 

informed consent. If the patient was unable to consent, the research staff approached the 

Substitute Decision Maker (SDM). When an SDM was not available, eligible patients were 

enrolled using deferred consent until the SDM was available. In addition, once the patient had 

regained capacity according to the medical team, the patient was approached to affirm or 

withdraw consent. Therefore, consent was received from both the patient and the SDM. 

Exclusion criteria included a life expectancy <24 hours, an underlying diagnosis of cognitive 

dysfunction (including dementia), or a reason that they may not be able to participate in follow 

up (i.e., these patients are part of a larger cohort examining the long-term neurological effects of 

critical illness). The treatment of each patient was at the discretion of the attending intensive care 

physician. The treating physicians did not have access to the NIRS-based regional cerebral 

oxygen (rSO2) levels. 

 

Data collection:   
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Enrolled patients had their hourly hemodynamic variables [e.g., systolic blood pressure 

(SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), heart rate (HR)], 

vasoactive, and sedative/analgesic medications recorded. Parameters measured from arterial 

blood gas, were recorded when ordered by the attending physician. rSO2 was measured with the 

FORESIGHT monitor (CASMED, Caster Medical, Canada) equipped with the 5 cm sensor that 

was placed on the patients’ forehead, which can report rSO2 at an approximate depth of 2-3cm.38 

The probe on the patient’s forehead emits varying wavelengths of infrared light (700-1000 nm), 

which pass through skin and bone with only minimal absorption.38 The light that returns to the 

sensor represents the amount of spectral absorption occurring in the tissue bed, venous 

circulation accounts for the majority (75-80%) of the NIRS signal.39 The sensor measures 

changes in oxy- and deoxyhemoglobin in brain tissue at the arteriole, capillary, and venule 

level.37 These changes are represented as absolute values of rSO2 that range from 0-99%, tend to 

remain fairly stable/persistent over time,39 and can be estimated during normocapnia and varying 

degrees of hypoxia.37 Scalp and skull signals are also measured from a second sensor, and 

subtracted from the overall signal using a proprietary algorithm. Recording began immediately 

after patient enrollment, and rSO2 levels were measured by the monitor every 2 seconds for the 

first 72 hours of the patients’ ICU stay.   

To screen for delirium, patients were assessed daily during their entire ICU stay with the 

Confusion Assessment Method (CAM)-ICU, a validated tool for detecting delirium in critically 

ill patients.88 One of the trained researchers performed the daily delirium screening at a time that 

was convenient for the patient, their family, and the medical team directing their care. However, 

there was not a systematic procedure to coordinate the time of day that each patient would be 

assessed.  
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Statistics: 

The primary outcome of this study was feasibility. Feasibility was defined a priori as the 

ability to perform long-term (i.e., 72-hour) continuous recordings of rSO2 levels in critically ill 

patients with severe sepsis and septic shock. Additional assessments of feasibility included: 1) 

daily screening of the nursing staff to determine if the device was interfering with nursing care, 

procedures, or imaging, 2) enrollment rates, 3) consent rates, and 4) challenges with the consent 

process. Secondary outcomes assessed were the correlations between non-invasive 

measurements of rSO2 with hemodynamic and physiological parameters (including SBP, MAP, 

HR, SpO2, and pCO2). This was performed by calculating linear correlation coefficients with 

GraphPad Prism (v6). To provide graphical representation of the correlation coefficients, a 

correlation plot was generated using the R software package.89 T-tests were used to determine if 

there were differences in physiological variables (including mean rSO2), sedative medications, 

and narcotics, between patients who were delirious for the majority of their ICU stay compared 

with patients who were not. Results of these comparisons were considered significant if p < 0.05. 

For these comparisons, the Bonferroni correction was used. 

 

Role of device manufacturer: 

Caster Medical Systems provided the FORESIGHT NIRS monitor as an in kind 

contribution. The disposable sensors were purchased for each patient and only the study 

investigators had access to the data. The device manufacturer had no role in study design, data 

collection, statistics, or manuscript preparation. 
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2.4 Results 

Patients:  

Between March 1st and September 30th 2014, 62 patients were considered eligible for the 

study (Figure 1). Fifty-two of these patients met at least one exclusion criteria. There were no 

instances of refused or withdrawn consent. Baseline demographics and clinical features are 

shown in Table 1. All patients had a diagnosis of septic shock, were mechanically ventilated, and 

on vasoactive agents at the time of enrolment. The high severity of illness of this patient cohort is 

reflected in the mortality rate of 50%. The majority of patients (90%) had an underlying 

diagnosis of hypertension (a risk factor for the development of delirium83). 

 

Recording of rSO2:   

The NIRS monitor used in this study has an internal sensor for detecting signal strength, 

and it discontinues recording data once signal strength has become compromised. All 10 patients 

had adequate signal strength at the beginning of the 72-hour recording, however, the signal 

strength universally degraded over the 72-hour period. This required repositioning of the sensors 

and often using additional adhesive, such as 3M Cavilon No Sting Barrier Film or 3M Tegaderm 

Film, to ensure good skin contact. In total, the NIRS monitor recorded 81% of the available data. 

There was variability from subject to subject, ranging from 45-98% of data captured per patient. 

The patient with the lowest number of recordings had monitoring suspended as they were taken 

out of the ICU in order to have a procedure performed. Another patient was transported out of 

the ICU with the monitor attached with backup battery power (4 hours battery life) in order to 

have a CT head performed. The NIRS sensors did not interfere with the CT imaging. According 

to the device information, patients may rarely develop a rash to the adhesive used. No adverse 
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events were documented in this patient cohort. The bedside nursing staff was contacted daily and 

neither the NIRS monitor, nor sensors, interfered with their abilities to assess, and provide care 

for, their patients.  

 

Correlation between rSO2 and patient variables: 

There was considerable intra- and inter-patient variability in the degree of correlation 

between rSO2 and hemodynamic variables measured, including SBP, DBP, MAP, and HR.  

Figure 2 shows how rSO2, HR, and MAP change over time in 4 sample patients. While one 

patient showed a direct correlation between increased heart rate and increased rSO2 (Figure 2A, 

B), another patient showed an inverse relationship (Figure 2, C, D). Throughout the recording 

period, patients would show variable relationships between rSO2 and their hemodynamic 

parameters. For example, the sample patient shown in Figure 2 (E) exhibits increases in rSO2 

with increasing (white arrows), decreasing (black arrow), and constant (gray arrow) MAP. This 

substantial variability throughout the recording period is a possible explanation for the non-

significant linear correlation seen in other patients (Figure 2F). Another sample patient 

demonstrated a weak, but statistically significant inverse correlation between MAP and rSO2 

(Figure 2G, H). The highly variable manner in which rSO2 responded to changes in 

hemodynamics in this cohort of patients with septic shock is summarized in Figure 3. This figure 

is a correlation plot designed to visually represent a high volume of data, and part of the 

feasibility of this study was also demonstrating efficient ways of representing large data series. 

Variability was also observed in the way rSO2 changed in response to pCO2, pO2, and pH (Figure 

3). The R2 values are shown in Table 2.  
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rSO2 levels are lower in patients who experience more delirium:   

Delirium screening was performed on a daily basis using the CAM-ICU. On the basis of 

this testing, each patient was assigned to one of three groups daily, comatose (RASS -4 or -5; 

unable to assess with the CAM-ICU), delirious (CAM-ICU positive), and intact (CAM-ICU 

negative). Three patients were comatose (RASS -4 or -5) during their entire ICU stay. Of the 

remaining 7 that could be assessed with the CAM-ICU, 5 were delirious for at least part of their 

ICU stay. Patients who spent more time neurologically intact (CAM-ICU negative) tended to 

have higher mean rSO2 levels (Figure 4A). When the total number of recordings across the 

spectrum of rSO2 levels (30-100%) were assessed, patients who spent the majority of their ICU 

stay CAM-ICU negative (n=4) had a higher frequency of rSO2 levels above 70% than patients 

who spent the majority of their ICU stay CAM-ICU positive (Figure 4B). The mean values of 

MAP, HR, SpO2, and rSO2 levels between patients who spent the majority (≥50%) of ICU time 

either delirious or non-delirious were compared. Only rSO2 levels were statistically different 

between the two groups (p < 0.0001), with lower levels in patients who spent the majority of 

their ICU stay delirious (Figure 4C).  Additionally, sedative and analgesic infusions provided to 

patients during the 72-hour period of rSO2 recording were documented. There were no 

significant differences in the total dose of midazolam (Figure 4D), fentanyl (Figure 4E), or 

propofol (Figure 4F) between patients that spent the majority of their ICU stay delirious, versus 

those that spent the majority of their stay neurologically intact.   

 

Relationship between rSO2 and hemoglobin concentration:   

In addition to heart rate, MAP, and peripheral oxygen saturation, the concentration of 

hemoglobin is an important determinant of oxygen delivery to tissues. Therefore, the relationship 
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between hemoglobin concentration and rSO2 was assessed. As shown in Figure 5, there was a 

trend towards having a linear correlation between increasing rSO2 levels and hemoglobin 

concentration; however, this did not reach statistical significance (p = 0.07). While this graph 

again highlights the fact that patients that spent the majority of their time non-delirious (white 

circles) tended to have a higher rSO2, there was no significant difference in the mean hemoglobin 

concentration between patients that were comatose, delirious, or intact (p > 0.05).   
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2.5 Discussion 

Feasibility and safety: 

This study screened 62 eligible patients with severe sepsis and septic shock over a 6-

month period of time. As 52 of these patients met at least one exclusion criteria, only 10 were 

recruited into the study. Thus, the recruitment rate was 1.7 patients/month. This may seem low 

given the large 33-bed medical surgical ICU, however, it is in keeping with other studies of 

critically ill patients. Recruitment rates may vary, from less than 1 patient every 2 months in 

large and complex multi-centre trials,90 to 2-3 patients per month in smaller single centre 

observational studies.26 Low rates of recruitment may be attributed to the lack of 24-hour 

availability of research coordinators, or simply reflect the challenges of recruiting patients in a 

complex critical care environment. However, in order to detect a moderate correlation (  = 0.3) 

between average rSO2 and proportion of delirium days experienced, 89 evaluable patients would 

be required to achieve 80% power at a 2-sided alpha = 0.05.  In the current pilot, approximately 

30% of patients were comatose (RASS -4 or -5) for their entire ICU stay and could not be 

screened for delirium. Therefore, future studies investigating the relationship between rSO2 and 

delirium would need recruitment of approximately 130 patients. Furthermore, in light of the fact 

that the majority of patients were excluded because they were beyond the 24-hour window, 

future studies should focus on earlier identification of patients with severe sepsis and septic 

shock, with particular emphasis on early recognition in the emergency department. 

With regards to data collection, this is the first study to demonstrate the feasibility of 

using NIRS to perform long-term continuous recording of rSO2 in patients with septic shock. The 

device captured most of the available data, did not interfere with the care of the critically ill 

patient, and no adverse events occurred. Throughout the course of the study in the ICU, some 
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factors were discovered which can interfere with NIRS recordings. These factors included: 

patient transfer for various procedures (e.g., magnetic resonance imaging), loss of battery power 

on the cerebral oximeter, and ambient light interfering with the cerebral oximeter acquiring a 

signal. However, these interferences can be quickly remedied by plugging in the oximeter during 

patient transfer to restore power, reattaching the sensor if it is disconnected for a medical 

procedure, and closing the blinds in a patient’s room to help block ambient light from degrading 

the NIRS signal. Furthermore, additional adhesives were often used to keep the sensor in place 

as the original adhesive degraded after the first 24 hours. This additional sensor upkeep was 

minor and only took a couple minutes per patient. Additional length of upkeep was minor and 

not recorded since it did not greatly impact patient care or data collection. Despite these minor 

challenges, I was able to assess the relationship between rSO2 and hemodynamic parameters, 

measurements of gas exchange (peripheral oxygenation pO2, and pCO2), as well as the 

development of delirium as an indicator of acute neurological dysfunction. 

 

Determinants of rSO2 in patients with septic shock: 

During the first 72 hours of critical illness, significant inter- and intra- individual 

variability was observed in the way rSO2 varies with hemodynamic parameters, such as SBP and 

heart rate, as well as with peripheral oxygenation and pCO2.  In some patients, there was a 

positive correlation between SBP, MAP, and HR with rSO2.  In other patients however, an 

inverse correlation was documented. The high degree of variability in the way rSO2 responds to 

changes in hemodynamics and oxygenation may significantly impair the development of 

standardized algorithms to optimize rSO2, which exist for patients undergoing cardiac surgery.91 

The variable manner in which rSO2 changes in response to fluctuations in hemodynamics may be 
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a reflection of altered cerebral autoregulation in patients with severe sepsis and septic shock.26 

Using transcranial doppler (TCD), altered cerebral vessel reactivity was documented in patients 

experiencing delirium in the context of septic shock, but not in patients that screened negative for 

delirium.26 Similarly, TCD has been used to demonstrate increased cerebrovascular resistance in 

septic patients experiencing delirium, compared to septic, non-delirious patients.92 Other studies 

using TCD and NIRS to assess cerebral autoregulation in sepsis/septic shock have documented 

intact autoregulation, with the exception of extremes of blood pressure and pCO2.
93 The authors 

of this study did not comment on whether or not the patients were delirious at the time of 

assessment. The considerable inter-individual variability in correlation between rSO2 and 

hemodynamics may also be due to changes in microvascular reactivity and endothelial 

dysfunction observed in patients with septic shock.94 However, this is beyond the resolution of 

NIRS technology. 

 

rSO2 levels and acute neurological dysfunction in patients with septic shock:   

Although the primary outcome of this study was feasibility, one of the secondary 

outcomes was to explore possible differences in hemodynamics and rSO2 among patients with 

septic shock who are experiencing acute neurological dysfunction. The finding of significantly 

lower mean rSO2 levels in patients with delirium raises the interesting possibility that poor brain 

oxygen delivery in the first 72 hours after admission for septic shock may contribute to acute 

neurological dysfunction in these patients. Others have performed one hour of NIRS monitoring 

beginning 48 hours after ICU admission to assess rSO2 in patients with septic shock.26 They did 

not find differences in values between patients experiencing delirium and patients not 

experiencing delirium. This differs from the results of the current small pilot study that 
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demonstrated a significant difference in rSO2 between delirious and non-delirious patients. The 

lack of agreement in these findings likely reflects the small sample sizes, as well as significant 

methodological differences. Nevertheless, these data provide a compelling rationale to further 

explore the relationship between rSO2 and delirium in a large prospective study. Another 

important limitation of the NIRS technology is that it is only designed to record frontal lobe 

tissue oxygenation. Given the importance of the frontal lobes in attention and executive function, 

they are likely relevant to the clinical manifestations of delirium. This is supported by the fact 

that patients who experience a greater duration of delirium in the ICU exhibit a greater degree of 

frontal lobe atrophy on MRI 3 months later.32 
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2.6 Conclusions 

Continuous, non-invasive recording of rSO2 with NIRS is feasible in patients with septic 

shock. This study will provide the protocols necessary for a larger prospective observational 

study to further examine the relationship between rSO2, physiological parameters, and acute 

neurological dysfunction.   

  



 

39 

 

2.7 Tables  
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Table 1. Clinical and demographic features of enrolled patients. 

Patient Demographics and 

Clinical Features 

Total 

(n=10) 

Age (mean, years) 71 (range 43-85) 

Male sex-no (%) 4 (40) 

Medical history-no (%) 

     Hypertension 

     Diabetes 

     Cardiac disease 

     Psychiatric illness 

     Epilepsy 

 

9 (90) 

5 (50) 

3 (30) 

2 (20) 

2 (20) 

Admitting diagnosis-no 

(%): 

     Severe sepsis 

     Septic shock 

 

 

0 (0) 

10 (100) 

Source of infection-no (%) 

     Pneumonia 

     Soft tissue 

     Urological 

     Other* 

 

 

3 (30) 

3 (30) 

2 (20) 

2 (20) 

At time of enrolment-no 

(%): 

    Mechanical ventilation 

    Vasoactive agents 

 

 

10 (100) 

10 (100) 

ICU mortality-no (%) 5 (50) 

ICU Length of Stay (mean, 

days) 

8.9 (range 2-30) 

 

Note. * other includes 1 spinal epidural abscess, and 1 patient with 3/4 SIRS criteria, with presumed 

infection because no other likely etiology. 
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Table 2. Correlation between physiological parameters and cerebral oxygenation for each individual 

patient. 

Patient # SBP DBP MAP HR SpO2  pH pO2 pCO2 

1 0.07 0.01 0.05 0.08 0.11     

2 0.02 0 0.04 0 0.01     

3 0.01 0.08 0 0 0  0.55 0.44 0.01 

4 0.08 0.09 0.13* 0.60* 0.05     

5 0.08 0.13* 0.02 0.11 0.04  0.41 0.04 0.01 

6 -0.04 -0.09 0.07 -0.36* -0.34*  -0.12 -0.22 0.83* 

7 0.03 0.04 0.07 0.08 0.43*  0.96* 0.44 -0.73* 

8 -0.03 -0.22* -0.19* 0 0.01     

9 0.01 0.14* 0.10 0.44* 0.13*  0 -0.04 0.09 

10 0.15* 0.06 0.05 0.36* 0.14  0.03 0.59* 0.01 

Median 0.03 0.05 0.05 0.08 0.05  0.22 0.24 0.01 

Min -0.04 -0.22 -0.19 -0.36 -0.34  -0.12 -0.22 -0.73 

Max 0.15 0.14 0.13 0.60 0.43  0.96 0.59 0.83 

Note.  Linear correlation coefficients (R2) values for rSO2 levels with systolic blood pressure (SBP), 

diastolic blood pressure (DBP), mean arterial pressure (MAP), heart rate (HR), peripheral oxygen 

saturation (SpO2), pH, partial pressure of oxygen (pO2), and partial pressure of carbon dioxide 

(pCO2). Grey shaded cells indicate insufficient values were available to calculate linear correlation 

coefficients. 
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2.8 Figures 
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Figure 1. CONSORT style study flow diagram. 

Note. rSO2 = regional cerebral oxygenation; NIRS = near-infrared spectroscopy; ICU = intensive care 

unit. 
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Figure 2. rSO2 levels vary inconsistently with heart rate and mean arterial pressure. 

Note. Four sample patients are shown.  Panel A shows the changes in rSO2 (indicated as Cerebral 02) and 

HR over time. In this particular patient, there was a significant linear correlation (B) between increases in 

HR and increases in rSO2. Another patient however (C) had an inverse linear correlation (D) between 
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these variables.  In another sample patient, there are obvious concurrent increases in MAP and rSO2 (E, 

white arrows), but the same patient will demonstrate increasing rSO2 in response to falling MAP (black 

arrow), or an increase in rSO2 with a constant MAP (gray arrow). Because of this variability, there is a 

weak and non-significant linear correlation between these two variables (F). In the fourth sample patient, 

rSO2 increases over time as MAP decreases (G), resulting in a significant negative linear correlation (H).  
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Figure 3. Correlation plot provides visual representation for the correlation between rSO2 and other 

hemodynamic/physiological parameters. 

Note. Each cell represents the R2 value for the correlation between rSO2 and the clinical parameter in the 

column, for the individual patient in the row. If there is no ellipse, then the correlation coefficient is zero. 

The strength and direction of correlation are dually represented. The increasing strength is represented by 

the density of the colour as well as by narrowing radius of the ellipse. The direction of the correlation 

(positive or negative) is represented by the colour of the ellipse (blue = positive correlation; red = 

negative correlation), as well as its orientation (ellipses angled up and to the right represent positive 

correlations). The asterisk indicates significant linear correlations (p < 0.05). The grey rectangles for 

patients 1, 2, 4, and 8 indicate that insufficient values were available to calculate the correlation 

coefficient. 
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Figure 4. Patients that experience more delirium have lower levels of cerebral oxygenation. 

Note. Patients were assessed daily for delirium with the CAM-ICU, and were categorized as either 

comatose (RASS -4,-5; black bars), delirious (CAM-ICU positive; grey bars), or intact (CAM-ICU 

negative; white bars). A) The number of days spent in each condition is represented as a percentage of the 

total number of days in the ICU for each individual patient arranged in order of increasing mean levels of 

rSO2 (indicated as Cerebral 02). B) Lower rSO2 values were recorded more frequently in patients who 

screened positive for delirium during the majority of their ICU stay (grey area) compared to patients who 
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were intact for the majority of their ICU stay (white area). C) rSO2 levels were significantly lower in 

patients experiencing delirium (grey bars) during the majority of their ICU stay when compared to intact 

patients (white bars). However, no differences were observed in MAP, HR, or SpO2. Additionally, there 

were no significant differences in total dose of midazolam (D), fentanyl (E), or propofol (F) between 

patients who were delirious (grey bars) or intact (white bars) for the majority of their ICU stay.   
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Figure 5. Scatter plot showing the correlation between patient hemoglobin (Hb) levels, and cerebral 

oxygenation levels. 

Note. Shading of points corresponds to neurological status, with white points representing non-delirious 

patients, grey points representing delirious patients, and black points representing comatose patients. The 

blue line represents a linear model fit to the data, with the grey shaded area corresponding to the 95% 

confidence interval. Pearson correlation coefficient for the relationship between rSO2 (indicated as 

Cerebral 02) and Hb is 0.32 (p = 0.07). 
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Chapter 3 

Low cerebral oxygenation contributes to the development of delirium in 

critically ill patients: A prospective observational study 
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3.1 Abstract 

Introduction:  

The purpose of this study was to test the hypothesis that poor regional cerebral 

oxygenation (rSO2) during the first 24 hours of critical illness correlates with the proportion of 

time spent delirious. The secondary objective was to define the physiological determinants of 

rSO2 during critical illness.     

 

Materials and Methods:  

Adult patients admitted to the ICU within the previous 24 hours were considered eligible 

for enrollment if they required mechanical ventilation, and/or vasopressor support. rSO2 was 

measured using near-infrared spectroscopy (NIRS), for 24 hours after enrollment. Hourly vital 

signs and clinically ordered arterial and central venous blood gases were collected throughout 

rSO2 monitoring. Patients were screened daily for delirium with the confusion assessment 

method for the intensive care unit (CAM-ICU). 

 

Results:   

rSO2 and the proportion of time spent delirious did not result in a significant correlation 

(p = .168). However, critically ill patients who spent the majority of their ICU stay (≥ 50%) 

delirious had significantly lower mean rSO2 compared to non-delirious patients, (p = 0.017). 

rSO2 correlated positively with central venous pO2 (p = 0.00003) and haemoglobin concentration 

(p = 0.001). Logistic regression indicated that lower rSO2, higher narcotic doses, and a history of 

alcohol abuse were independent risk factors for the development of delirium. 
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Conclusions:  

Low cerebral oxygenation during the first 24 hours of critical illness is associated with 

the development of delirium. 
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3.2 Introduction 

Delirium is common during critical illness and manifests as an acute fluctuating change 

in mental status characterized by an altered level of consciousness or disorganized thinking.83 

Delirium has been associated with increased mortality, longer intensive care unit (ICU) length of 

stay and mechanical ventilation duration,3,5 and long-term cognitive impairment.13 Although the 

underlying etiology of delirium is unknown, neuropathological studies suggest that diffuse 

neuronal ischemia is common in critically ill patients, primarily affecting brain areas susceptible 

to hypoxic-ischemic injury such as watershed areas in the frontal cortex.36 Therefore, poor 

cerebral perfusion may contribute to delirium. However, reliable cerebral perfusion 

measurements during critical illness have only recently become available. 

Near infrared spectroscopy (NIRS) is a non-invasive strategy to measure regional 

cerebral oxygenation (rSO2),
45 and has been used as a surrogate marker for cerebral perfusion 

during cardiac surgery. In this clinical setting, low rSO2 levels have been associated with worse 

post-operative cognitive outcomes.54 In addition, low rSO2 has also been associated with poor 

neurological outcomes in cardiac arrest survivors.95 NIRS derived rSO2 may also serve as a 

marker and predictor of delirium. For example, in a small cohort of septic shock patients, lower 

rSO2 was observed in delirious patients compared to non-delirious patients.26 In another small 

sample of patients with septic shock, rSO2 recordings over 72 hours were lower in patients who 

spent the majority of their ICU stay delirious, relative to non-delirious patients.96 Although poor 

perfusion may contribute to delirium, the association between rSO2 and delirium requires further 

study. 

The current study tested the hypothesis that poor cerebral oxygenation during the 

resuscitative phase (i.e., first 24-48h) of critical illness is associated with the subsequent 
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development of delirium throughout a patient’s ICU stay. Secondary objectives included the 

identification of the physiological determinants related to rSO2, such as hemodynamics and 

clinical measures of tissue oxygenation, and to assess the agreement between the traditional 

bilateral NIRS sensor with the current medial sensor placement.  
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3.3 Materials and Methods 

Study design and participant recruitment: 

The Cerebral Oxygenation and Neurological outcomes FOllowing CriticAL illness 

(CONFOCAL) study (Identifier: NCT02344043; ClinicalTrials.gov) was a single-centre 

prospective observational study. The full protocol has been previously published;97 the acute 

neurological findings in this cohort are described herein. Participant recruitment began in March 

2014. At that time, inclusion criteria required that patients meet the Society of Critical Care 

Medicine (SCCM) definition of severe sepsis/septic shock.98 However, due to the low 

recruitment rates (1.4 patients/month96), the inclusion criteria were broadened in December 2014 

to those described below. Adult patients (≥ 18 years) admitted to a 33-bed general 

medical/surgical and trauma ICU were eligible if they required mechanical ventilation with an 

expected duration >24 hours, and/or having shock of any etiology and were admitted to the ICU 

within the previous 24 hours. Shock was defined by vasopressor requirement with infusions of: 

dopamine ≥ 7.5 mcg/kg/min, dobutamine ≥ 5 mcg/kg/min, norepinephrine ≥ 5 mcg/min, 

phenylephrine ≥ 75 mcg/min, epinephrine at any dose, milrinone at any dose (only in 

conjunction with another agent), or vasopressin ≥ 0.03 u/min  in conjunction with another 

agent).13 This inclusion criterion was adapted from the BRAIN-ICU study,13 which is currently 

one of the largest studies ever conducted to analyze cognitive impairments amongst critical 

illness survivors. Participants were excluded if they had a life expectancy <24 hours, a pre-ICU 

diagnosis of cognitive dysfunction as indicated by their medical records on admission, or a 

primary central nervous system diagnosis (e.g., neurosurgical admission). Eligible patients or 

their Substitute Decision Maker (SDM) were approached by research staff to obtain informed 

consent. When an SDM was not available, deferred consent was implemented for the first 24 
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hours of the patient’s stay or until the SDM was available. Once the patient had regained 

capacity according to the medical team, the patient was approached to affirm or withdraw 

consent. Therefore, consent was received from both the patient and the SDM. The local Health 

Sciences Research Ethics Board has approved the study protocol, which includes deferred 

consent for the first 24 hours of the patient’s stay. A visual representation of the study flow is 

depicted in Figure 6. 

 

Data capture: Demographics, rSO2, medications, and vital sign recording 

At the time of enrollment, basic clinical and demographic information was collected. 

Thereafter, patients underwent rSO2 monitoring with the FORESIGHT monitor (CASMED, 

Caster Medical, Canada). This device was chosen since the 5 cm sensor allows for the greatest 

tissue penetration of all commercially available sensors. For the majority of patients, a single 5 

cm sensor was placed in the centre of the patients’ forehead and rSO2 data was captured every 2 

seconds for 24 hours. In a subset of patients (n=10), a sensor was placed bilaterally on the right 

side of the forehead, a more traditional sensor position used for patients undergoing cardiac 

surgery,99 in addition to the center sensor placement. As the center position may include an 

oxygenation signal from the superior sagittal sinus (see Figure 7), an additional sensor was 

placed in the parasagittal position to assess the agreement between sensors (see statistical 

analysis section below). The rSO2 recordings were not revealed to the treating clinicians. Hourly 

physiological variables (e.g., blood pressure) were collected concurrently. These rSO2 and hourly 

physiological variables were then converted to mean values for statistical analysis. Both 

continuous infusion doses and intermittent doses of sedative and analgesic medications 

administered during the first 24 hours of critical illness either by continuous infusion or bolus 
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doses were tallied and converted to  “fentanyl equivalents” for narcotics, and “midazolam 

equivalents” for benzodiazepine medications, as described previously.100  

 

Delirium screening: 

Patients were assessed once daily for delirium throughout their ICU stay, or up to 30 

days, using the Confusion Assessment Method (CAM)-ICU,88 which was administered by 

trained researchers. Patients were assigned to one of 3 pre-defined subgroups: 1) comatose 

(Richmond Agitation Sedation Scale; (RASS) -4 or -5) and not assessable for the ICU stay, 2) 

delirious for the majority (≥50%) of the ICU stay, or 3) non-delirious for the majority of the ICU 

stay. As comatose patients cannot be screened for delirium, the number of non-comatose days 

were used as the denominator in calculating the proportion of ICU stay spent either delirious or 

non-delirious. Coma was considered a distinct entity, rather than an extreme of cognitive 

dysfunction. For example, a patient may be admitted with respiratory failure due to pneumonia 

and is mechanically ventilated with pharmacological paralysis/heavy sedation but would 

otherwise be neurologically intact if not for the iatrogenic coma. This contrasts significantly with 

the patient who has profound shock and remains comatose for the first 24 hours despite 

aggressive resuscitation and little or no sedation. Including the number of days a patient spends 

in this highly heterogeneous state would only dilute any putative relationship between rSO2 and 

delirium and were thus excluded from the calculation. ICU discharge was documented as the day 

the discharge was ordered, as delayed discharges occur due to lack of ward beds.   

 

Data analysis:  

Sample size calculation and assessment of primary outcome:   
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The primary hypothesis tested whether there was a negative association between rSO2 

recordings, and the proportion of ICU time spent delirious (i.e., days CAM-ICU positive). The 

primary analysis used Spearman’s correlation coefficient to test the correlation between the 

average rSO2 during the first 24 hours in the ICU and the proportion of ICU days with delirium. 

Spearman’s rank correlation coefficient was used rather than Pearson’s correlation coefficient, 

because the scatterplot of rSO2 versus proportion of ICU days with delirium displayed non-

normality.  

89 patients (i.e., ≥ 1 day of CAM-ICU screening) were enrolled to achieve approximately 

80% statistical power to detect a moderate correlation (  = 0.3) using Spearman’s rank 

correlation coefficient at a 2-sided alpha = 0.05. The actual power for a given correlation 

depends on the distribution of the two variables being correlated. For example, if the variables 

were distributed bivariate normally the analysis would have about 78% power, while if the 

variables were distributed uniformly with rSO2 ranging from 50 to 80 and proportion of delirium 

days ranging from 0 to 1, this would result in 81% power (estimated using PASS software with 

200,000 simulations).101  

 

Secondary outcomes-physiological variables, medications, and sensor placement: 

A one-way between-subjects analysis of variance (ANOVA) determined if mean rSO2 

measurements differed significantly between the three neurological states described above. Post-

hoc comparisons were performed using Tukey’s HSD test. Spearman’s rank correlation 

coefficients were conducted between mean rSO2 recordings with mean 

hemodynamic/physiological parameters, that were collected during the 24 hours recording 

period, for all enrolled patients, as these parameters were not normally distributed. The Kruskal-
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Wallis rank sum test was used to determine if there were significant differences in physiological 

variables, sedative medications, and narcotics, among delirious, non-delirious, and comatose 

patients. Dunn’s Multiple Comparisons Test was used, with Bonferroni adjustment, when the 

Kruskal-Wallis rank sum test was significant. Correlations and between group differences were 

considered significant if p < 0.05. When the Bonferroni correction was applied, the corrected p-

value is stated. To quantify the level of agreement between the two NIRS sensors (i.e., bilateral 

and medial), repeated measures Bland Altman analysis was implemented.102 

 

Logistic regression:   

To determine if rSO2 is an independent predictor of delirium, logistic regression was used 

to estimate the unadjusted effect of each individual predictor on having a majority of ICU days 

delirious (after excluding comatose days). The models provide odds ratios of having a majority 

of ICU days delirious with 95% confidence intervals and corresponding p-values estimated by 

Wald’s method. A multivariable model was first fitted adjusting for the following covariates 

specified a priori,97 as they were likely to be associated with delirium83: a history of 

hypertension, a history of alcohol abuse, total sedative dose (in midazolam equivalents), and total 

narcotic dose (in fentanyl equivalents). Due to the possibility of overfitting, a reduced model 

dropping covariates with p < 0.15 by backward selection was also conducted.  Statistical analysis 

was performed using R Software version 3.3.289 and SAS version 9.4 software.   
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3.4 Results 

Patient Characteristics: 

From March 2014-September 2016, 1155 patients were assessed for eligibility, and 104 

were enrolled (Figure 8). Patients were largely excluded because they were admitted with a 

primary neurological/neurosurgical diagnosis (n=272), were >24h post-ICU admission (n=211), 

had an expected duration of mechanical ventilation <24 hours (n=206), or had a history of 

cognitive impairment (n=106). One enrolled patient was identified as having a new ischemic 

stroke after inclusion and was therefore excluded. This sample had 19 patients (18%) that spent 

the majority (≥ 50%) of their ICU delirious, while 69 patients (67%) were non-delirious for the 

majority of their ICU stay. Fifteen patients (15%) remained comatose for their entire ICU stay 

(Table 3). Most patients were intubated at enrollment (95%), and most were being treated with 

vasoactive agents (69%). The median length of ICU stay was 7 days (IQR, 4 to 13) and median 

ICU mortality was 28 (27%) (Table 3). 

 

Relationship between rSO2 and the proportion of ICU stay spent delirious: 

In order to quantify delirium, the proportion of time spent delirious as a continuous 

outcome variable was used, with mean rSO2 during the 24 hours of recording as the predictor. 

The correlation between mean rSO2 recording and the proportion of time spent delirious was 

non-significant (  = -.148, 95% CI, -0.345 to 0.063; p = .168) (Figure 9A). As collected pilot 

data demonstrated that septic shock patients spending the majority of their ICU stay delirious 

have lower values of rSO2,
96  an a priori assessment was planned for the following subgroups: 

based on whether or not patients spent the majority of their ICU stay delirious, non-delirious; or 

comatose (i.e., RASS -4 or -5) for the entirety of their ICU stay. The mean (+/- SD) rSO2 was 
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significantly higher in patients who were non-delirious, compared to delirious patients (69.4 +/- 

5.7 vs. 65.3 +/- 5.4; p = 0.008).  There was no significant difference in mean rSO2 between 

comatose and delirious patients (p = 0.784), nor comatose and non-delirious patients (p = 0.199) 

(Figure 9B).     

 

Clinical and demographic differences between delirious and non-delirious patients: 

The baseline demographics and clinical characteristics of the patients who were delirious 

or non-delirious during the majority of their ICU stay were compared (Table 3). The groups were 

similar in terms of their baseline comorbidities, admitting diagnosis, and severity of illness on 

admission. Relative to non-delirious patients, the delirious group had a higher proportion of 

patients with a history of alcohol abuse (7/19 vs. 5/69, p = 0.003) (Table 3).   

 

Sedative and analgesic medications administered during the 24h period of rSO2 recording: 

The mean total doses of fentanyl equivalents were significantly different among the three 

groups (p = 0.034). Delirious patients had significantly higher total doses of fentanyl equivalents, 

relative to non-delirious patients (p = 0.014) (Figure 9C). There was no significant difference in 

total fentanyl doses between comatose and delirious patients (p = 0.171), nor comatose and non-

delirious patients (p = 0.978) (Figure 9C). The total dose of midazolam equivalents was not 

significantly different among the three groups (p = 0.24) (Figure9D).  

 

Hemodynamic parameters across all three neurological statuses: 

The differences between mean vital sign recordings among patients who were comatose, 

delirious, or non-delirious for the majority of their ICU stay were compared. The median MAP 
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was the only variable significantly different among the three groups (p = 0.004). Comatose 

patients (69.6, IQR, 68.2 to 72.7) had significantly lower MAP relative to both non-delirious 

(75.1, IQR, 71.9 to 80.7, p = 0.002) and delirious patients (74.9, IQR, 71.4 to 81.0; p = 0.030) 

(Figure 10).  

 

NIRS sensor agreement: 

 The ten patients that underwent dual sensor placement, the right and center sensors 

recorded similar levels of rSO2 throughout the period of recording (Mean = 69.52, 69.22, 

Standard Deviation = 4.22, 5.33, respectively). The pooled correlation between the right and 

center sensor indicated a significant positive association (r = .76, p < .001). However, there was 

high variability, ranging from significant moderate to high associations, in how the right and 

center sensor correlated among individual patients (r = .34 - .91, data not shown). Overall, the 

Bland Altman analysis indicated that the mean difference (i.e., bias) between the sensors was -

0.31, which indicates that the right sensor on average records 0.31% higher than the center 

sensor. Furthermore, the lower and upper limits of agreement (-7.45% and 6.84%, respectively) 

were minor, indicating that the sensors display high agreement (Figure 11). 

 

Physiological determinants of rSO2: 

All patients were pooled together to assess the relationship between rSO2 and hourly vital 

sign recordings. The only traditional vital sign that was statistically significant was peripheral 

oxygen saturation, which displayed a significant negative association with rSO2 (ρ = -0.341, 95% 

CI, -0.501 to -0.157; p = 0.0004) (Figure 12). Furthermore, the relationship between rSO2 and 

other physiological determinants of oxygen delivery was assessed by correlating rSO2 with 
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arterial and central venous blood samples. This analysis indicated that rSO2 had a significant 

positive association with central venous pO2 (Figure 13A; 95% CI, 0.334 to 0.728; p = 0.00003), 

but not arterial pO2 (Figure 13B; 95% CI, -0.381 to 0.049, p = 0.125). There was a significant 

positive association between rSO2 and hemoglobin concentration (Figure 13C; 95% CI, 0.147 to 

0.506; p = 0.001). 

 

rSO2, history of alcohol abuse, and narcotic dose may predict the subsequent development of 

delirium: 

To determine whether or not rSO2 was an independent risk factor for spending the 

majority of a patients’ ICU stay delirious, logistic regression was performed (Table 4). The 

univariate analysis demonstrated that increasing total dose of fentanyl equivalents and a history 

of alcohol abuse increased the odds of patients spending the majority of their ICU stay delirious, 

whereas increasing rSO2 decreased these odds. Total midazolam dose and hypertension history 

did not significantly affect the odds of developing delirium. The full multivariable model 

estimates that after adjusting for fentanyl equivalents, midazolam equivalents, alcohol abuse and 

chronic hypertension, the odds of spending the majority of the ICU stay delirious is multiplied by 

0.16 (i.e., decreasing the odds of being delirious) for each 10% increase in rSO2 (95% CI, 0.05-

0.56, p = 0.004). Removal of the one outlying patient with a rSO2 value below 55 and delirium 

throughout their entire ICU stay did not meaningfully change the estimates (data not shown).  
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3.5 Discussion 

The etiology of delirium appears to be multifactorial and prior studies have suggested 

that delirium is associated with the degree of multiorgan failure, inflammatory cytokines, 

microvascular damage, thrombosis, and impaired oxidative metabolism.19–21 I propose that poor 

cerebral perfusion early in a patients’ ICU stay, indicated by low rSO2 levels, also contributes to 

the risk of developing delirium. Empirical evidence that cerebral hypoperfusion contributes to 

the development of delirium is limited. This may be related to the difficulties in measuring 

cerebral perfusion in this population. However, previous research has indicated that reduced 

regional cerebral blood flow during delirium resolved after recovery from delirium using xenon-

enhanced CT.24 The current findings provide further support their hypothesis that poor cerebral 

perfusion contributes to the development of delirium, suggesting that optimizing rSO2 may offer 

promising avenues of care during critical illness. 

As benzodiazepines and narcotics may increase the risk of ICU delirium, differences in 

the administration of these two medication classes in the patient cohort were assessed. Although 

there was no difference between the dose of midazolam equivalents administered to patients who 

spent the majority of their ICU stay delirious or non-delirious, delirious patients received an 

average narcotic dose that was almost 3-fold that of the non-delirious patients. Clinically, 

delirium may have been interpreted as pain, leading to the administration of higher doses. 

Conversely, the administration of narcotics may have led to deeper sedation, a potential 

confounder for positive CAM-ICU assessments. The underlying reason for administering higher 

narcotic doses will be pertinent metrics to analyze in future investigations.  

The current data corroborates studies3,103,104 describing alcohol abuse as an independent 

risk factor for the development of delirium. The reason for this association is unclear but may 
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extend beyond alcohol withdrawal. Alcohol abuse may place a patient at risk for nutritional 

deficiencies or be a surrogate marker for other unknown risk factors for the development of 

delirium. In the current study, many patients were delirium-free for most of their ICU stay with 

rSO2 levels below the median. Almost none of these non-delirious patients with low rSO2 had a 

history of alcohol abuse. In contrast, nearly half of the delirious patients with rSO2 below the 

median had a history of alcohol abuse. This finding raises the possibility that individuals with a 

history of alcohol abuse may not have enough cognitive reserve to tolerate poor rSO2 during 

critical illness.     

 Traditionally, cerebral oximetry using NIRS involves the placement of two sensors 

bilaterally on the forehead. However, one sensor placed in the middle of the forehead may 

produce similar measurements of the NIRS signal and substantially reduce the implementation 

costs associated with continuously measuring rSO2 during critical care. This analysis indicated 

that the right and center sensors largely agreed throughout the 24 hours period of recording in the 

ICU, which suggests that one sensor in the middle of the forehead may be adequate. However, 

further research is needed to investigate if the center placement detects focal desaturations that 

may be clinically meaningful (e.g., right-sided stroke), which may be better detected using the 

traditional bilateral placement. 

The current study also sought to characterize the underlying determinants of rSO2 during 

critical illness.  Recently, NIRS derived rSO2 was demonstrated to be correlated with peripheral 

oxygen saturation, cardiac index, and MAP in a small cohort of patients with septic shock.105 The 

current analysis resulted in no consistent relationship between rSO2 and either MAP or heart rate, 

possibly related to the more heterogeneous groups of critically ill patients in the cohort. The 

weak negative correlation between peripheral oxygen saturation and rSO2 may be related to the 
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fact that peripheral oxygen saturation is derived from pulsatile (i.e., arterial) flow, whereas 

approximately 75% of the NIRS signal is derived from venous circulation.38,39 This is further 

supported by the finding of a positive correlation between rSO2 and central venous O2 (see also 

ref. 105).   

The lack of correlation between rSO2 and hemodynamic parameters (e.g., MAP) could be 

related to the fact that the hourly vital sign recordings used for the correlations may not be 

representative of the overall signal.97,106 Alternatively, there could be considerable inter-

individual variability in the manner in which rSO2 correlates with hemodynamics. For example, 

cerebral autoregulatory reflexes ensure constant cerebral perfusion across a range of 

hemodynamic states, such that rSO2 should not correlate with hemodynamic variables. A loss of 

autoregulation results in cerebral perfusion being directly reliant on hemodynamic states, thus 

leading to significant correlations between rSO2 and hemodynamic parameters. Critically ill 

patients with severe sepsis have been shown to have impaired cerebral autoregulation during the 

first 24-48 h.107 An assessment of cerebral autoregulation will be imperative in future studies 

designed to understand the relationship between rSO2 and patient hemodynamics.   

 

Study limitations: 

The current study is limited by the single-centre design and small sample of patients who 

spent the majority of their ICU stay delirious. Furthermore, the current analysis was unable to fit 

a comprehensive model to explore the multifactorial nature of delirium, as well as adjust for 

relevant covariates. Furthermore, to further validate the logistic regression results, future models 

will need to be reconfirmed using a larger cohort of critically ill patients (e.g., multi-centre 

observational study) as this was strictly exploratory. In addition, the mean value (i.e., absolute 
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value) of rSO2 may not reflect individual variability. It is possible that a mean value (e.g., 70%) 

may be relatively ‘ischemic’ for one patient, while another patient may have adequate perfusion 

at the same mean. In addition, using data reduction techniques, such as mean/medians, may not 

be representative of the high-frequency rSO2 signal. Despite these limitations however, low rSO2 

was associated with the development of delirium.  
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3.6 Conclusions 

This study demonstrates that low rSO2 is an independent risk factor for the subsequent 

development of delirium. Although delirium in the ICU is a complex phenomenon, this finding 

raises the possibility that future studies may lead to targeted strategies to optimize cerebral 

oxygenation during critical illness to prevent delirium.  
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3.7 Tables 
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Table 3. Demographic and clinical characteristics of the total CONFOCAL patient cohort and categorized 

as per the predominant neurological status observed during the ICU stay. 

 

 

 

Characteristic 

 

 

Total cohort 

(n=103) 

Categorized by neurological status Delirious vs. 

Non-

Delirious 

(p-value)* 

Non-

Delirious 

 (n=69) 

Delirious 

(n=19) 

Comatose 

(n=15) 

Median age (yrs, [IQR]) 69 [61-77] 68 [54-77] 71 [67-76] 70 [66-74] 0.37 

Male sex (No. [%]) 66 [64] 41 [59] 15 [79] 10 [67] 0.12 

Admitting diagnosis (No. 

[%]): 

     Respiratory Failure 

     Severe sepsis/septic shock 

     Cardiac 

     Gastrointestinal 

     Vascular 

     Trauma 

     Neurological 

      Other** 

 

32 [31] 

34 [33] 

12 [12] 

8 [8] 

5 [5] 

3 [3] 

1 [1] 

8 [8] 

 

24 [34] 

22 [31] 

7 [10] 

6 [9] 

1 [1] 

2 [3] 

1 [1] 

6 [9] 

 

5 [26] 

6 [32] 

2 [11] 

1 [5] 

3 [16] 

1 [5] 

0 [0] 

1 [5] 

 

3 [20] 

6 [40] 

3 [20] 

1 [5] 

1 [5] 

0 [0] 

0 [0] 

1 [5] 

 

0.59 

1 

0.66 

1 

0.03 

0.52 

1 

n/a 

APACHE II score (median, 

IQR) 

22 [16-27] 21 [15-27] 20 [18-23] 27 [25-32] 0.97 

Co-morbidities (No. [%]): 

     Cardiac*** 

     Hypertension 

     Respiratory**** 

     Diabetes 

     Active tobacco use 

     Heavy alcohol use 

 

82 [80] 

71 [68] 

39 [37] 

35 [33] 

22 [21] 

14 [13] 

 

51 [73] 

48 [70] 

27 [39] 

21 [30] 

14 [20] 

5 [7] 

 

16 [84] 

10 [53] 

5 [26] 

7 [37] 

4 [21] 

7 [37] 

 

15 [100] 

13 [87] 

7 [47] 

7 [47] 

4 [27] 

2 [13] 

 

0.54 

0.18 

0.42 

0.59 

0.14 

0.003 

At time of enrolment (No. 

[%]): 

     Intubated 

     Vasoactive agents 

 

98 [95] 

69 [67] 

 

65 [94] 

45 [65] 

 

19 [100] 

12 [63] 

 

14 [93] 

12 [80] 

 

0.58 

0.78 

ICU LOS (median [IQR]) 7 [4-13] 7 [5-13] 13 [7-15] 5 [3-7] 0.09 

ICU mortality (No. [%]) 28 [27] 8 [12] 5 [26] 15 [100] 0.14 

 

Note. Comatose patients had a RASS of -4 or -5 for the duration of their ICU stay and could not be 

screened with the CAM-ICU. As the Bonferroni correction was used, differences were considered 

statistically significant if p < 0.003.  *Fisher’s exact test was used to compare categorical data. The 

Wilcoxon rank-sum test was used for continuous data. **Other (n=8) included: Drug overdose or 

withdrawal (3), renal failure (2), pancreatitis (1), acute myelocytic leukemia (1), pre-eclampsia (1). 

***Cardiac includes: arrhythmia, prior myocardial infarction, prior cardiac arrest, known coronary artery 

disease, congestive heart failure. ****Respiratory includes a diagnosis of asthma or COPD. 
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Table 4. Univariate, multivariate, and selected model logistic regression results. 

Predictors from patient history 

or first 24 hours in ICU 

Single predictor models Full Multivariable model Selected Multivariable model 

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

Per 10 unit increase in mean rSO2 

during first 24 hours 

0.27 (0.10 -0.74) 0.011 0.16 (0.05-0.56) 0.004 0.16 (0.05-0.55) 0.003 

Per 1000 mcg increase in 

Fentanyl equivalent received 

during the period of rSO2 

recording 

1.81 (1.17-2.82) 0.008 2.02 (1.15-3.55) 0.015 2.06 (1.23-3.44) 0.006 

Per 100 mg increase in 

Midazolam equivalent received 

during the period of rSO2 

recording 

1.07 (0.68-5.71) 0.21 0.96 (0.25-3.63) 0.952     

Alcohol abuse (yes vs no) 7.47 (2.03-27.47) 0.003 6.83 (1.36-34.2) 0.019 6.68 (1.39-32.25) 0.018 

Chronic hypertension (yes vs. no) 0.49 (0.17-1.37) 0.173 0.64 (0.17-2.34) 0.498     

Note.  

Model with rSO2 as only predictor: Hosmer-Lemeshow goodness of fit test of selected multivariable model = 0.64; C-index (a.k.a. area 

under the receiver operating characteristic curve) of single predictor model = 0.70.  

Full multivariable model based on covariates selected a-prior: Hosmer-Lemeshow goodness of fit test of selected multivariable model = 

0.1; C-index of selected model = 0.81.  

Selected multivariable model selected by backwards selection with retention criteria of p<0.15: Hosmer-Lemeshow goodness of fit test 

of selected multivariable model = 0.87; C-index of selected model = 0.83. OR-odds ratio; CI-confidence interval. 
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3.8 Figures 
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Figure 6. Study flow diagram. 

Note. CAM-ICU = Confusion assessment method-intensive care unit; NIRS= near-infrared spectroscopy. 
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Figure 7. Two near-infrared spectroscopy sensor placement on a patient’s forehead. 

Note. The two-sensor placement demonstrates that the center sensor may derive its signal from brain 

tissue and the superior sagittal sinus, whereas the traditional frontotemporal sensor placement derives its 

signal from brain tissue and avoids the sinus. The red lines represent the approximate depth (2.5 cm) and 

region that the cerebral oximeter sensor records. 
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Figure 8. CONSORT diagram demonstrating patient inclusion and exclusion during patient recruitment.   

Note. CAM-ICU = Confusion assessment method-intensive care unit; RASS = Richmond Agitation and 

Sedation Scale. 
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Figure 9. Assessing the relationship between neurological status and regional cerebral oxygenation 

(rSO2), as well as total medication dosing. 

A) The negative relationship between regional cerebral oxygenation (rSO2) and the proportion of the 

intensive care unit stay that patients were delirious. The black line represents a linear model fit to the data, 

with the grey shaded region representing the 95% confidence interval. Each dot represents individual 

participants mean rSO2. The ρ value represents the calculated Spearman’s rank correlation coefficient and 

the respective p-value. B) The association between rSO2 and neurological status during critical illness. 
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The box represents the interquartile range (IQR), with the black line inside the box representing the 

median. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -

1.5x IQR, respectively. The black circles represent individual patient mean rSO2 recordings. Note. The * 

value indicates a significant Tukey HSD value (p < 0.05). C) Fentanyl total doses across comatose, 

delirious, and non-delirious patients. The box represents the interquartile range IQR, with the black line 

inside the box representing the median. The whiskers above and below represent the upper quartile +1.5 x 

IQR or the lower quartile -1.5x IQR, respectively. The black circles represent individual patient mean 

total doses. Note. The * value indicates a significant Dunn’s Test (p < 0.05). D) Midazolam total doses 

across comatose, delirious, and non-delirious patients. The black line represents the median, as the data 

was not dispersed enough to calculate an interquartile range. The black circles represent individual patient 

mean total doses. 
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Figure 10. Hemodynamic and Physiological variables across neurological statuses. 

Note. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -1.5x 

IQR, respectively. The black circles represent individual patient mean BtO2 recordings. The * value 

indicates a significant Dunn’s Test (p < 0.05), whereas ** indicates a Dunn’s Test (p < 0.01). SBP = 

Systolic Blood Pressure; DBP = Diastolic Blood Pressure; MAP = Mean Arterial Pressure; HR = Heart 

Rate; SpO2 = Arterial Oxygen Saturation; Temp = Body Temperature; NIBP-SYS = Non-invasive Blood 

Pressure – Systolic; NIBP-Dia = Non-invasive Blood Pressure – Diastolic; NIBP-MAP = Non-invasive 

Blood Pressure-Mean Arterial Pressure. apH = arterial pH; vpH = venous pH; PaO2 = arterial partial 

pressure of oxygen; PvO2 = venous partial pressure of oxygen; PaCO2 = arterial partial pressure of carbon 

dioxide; PvCO2 = venous partial pressure of carbon dioxide; Hb = hemoglobin concentration.
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Figure 11. Bland Altman plot indicating that the pooled data across the center and right sensors display a 

narrow range of agreement. 

Note. The red dotted lines indicate the 95% limits of agreement (i.e., the two sensors mean minus 1.96 SD 

and plus 1.96 SD). The black line represents the mean (i.e., bias) of recordings across sensors. Black dots 

represent pooled recordings of regional cerebral oxygenation across 10 intensive care unit patients. 
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Figure 12. Scatter plots illustrating the various relationships between mean regional cerebral oxygenation 

(rSO2) recordings and mean levels of various hemodynamic parameters among all participants. 

Note. Black data points represent each individual patient. The blue line represents a linear model fit to the 

points, with the grey shaded region representing the confidence interval. The ρ values represent calculated 

Spearman’s Rank correlation coefficients and their respective p-values. SBP = Systolic Blood Pressure; 

DBP = Diastolic Blood Pressure; MAP = Mean Arterial Pressure; HR = Heart Rate; SpO2 = Arterial 

Oxygen Saturation; Temp = Body Temperature; NIBP-SYS = Non-invasive Blood Pressure – Systolic; 

NIBP-Dia = Non-invasive Blood Pressure – Diastolic; NIBP-MAP = Non-invasive Blood Pressure-Mean 

Arterial Pressure. 
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Figure 13. Scatter plots illustrating the various relationships between mean regional cerebral oxygenation 

(rSO2) recordings and mean levels of various determinants of oxygen delivery among all patients during 

the 24-hours of recording. 

Note. Black data points represent each individual patient. The blue line represents a linear model fit to the 

data, with the grey shaded region representing the 95% confidence interval. The ρ values represent 

calculated Spearman’s rank correlation coefficients and their respective p values. PaO2 = Partial pressure 

of arterial oxygen; PvO2 = Partial pressure of venous oxygen; Hb = Hemoglobin. 
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Chapter 4 

Robotic technology provides objective and quantifiable metrics of 

neurocognitive functioning in survivors of critical illness: a feasibility study 
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4.1 Abstract 

Introduction:   

Survivors of critical illness frequently develop newly acquired long-term motor, 

psychological, and cognitive impairments, which has been termed the post-intensive care 

syndrome (PICS). The primary objective of the current study was to assess the feasibility of 

using an integrated multimodal data collection strategy to characterize cognitive and 

sensorimotor deficits among survivors of critical illness at 3- and 12-months post-ICU discharge.   

 

Materials and Methods:  

Adult patients admitted to the ICU requiring invasive mechanical ventilation for > 24 

hours and/or requiring vasopressor support were eligible for enrollment. Cognitive and 

sensorimotor function was assessed at 3- and 12-months after ICU discharge with the Repeatable 

Battery for the Assessment of Neuropsychological Status (RBANS) and with the KINARM End-

Point robot. 

 

Results:  

At 3- and 12-months after ICU discharge, 28/70 (40%) and 22/70 (31%) returned for 

follow-up testing, respectively. Prominent reasons for declining testing at 3- and 12-months 

included: not interested (40% and 38%) and health complications (31% and 31%). The majority 

of returning participants completed all tasks (96%-100%) and 100% of available data was 

recorded. On the RBANS, 54% (3 months) and 32% (12 months) of individuals were impaired in 

visuospatial/constructional skills.  Similarly, the KINARM assessments demonstrated that 56% 
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of individuals had visuospatial/executive dysfunction at 3 months, and 40% had impairment at 

12 months. Individual scores indicated substantial variability. 

 

Conclusions:   

It is feasible to use a multimodal data collection strategy to quantify neurological 

dysfunction among participants that returned for follow-up testing. However, future 

investigations will need to implement multiple retention strategies, as this was the greatest 

barrier to feasibility.  
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4.2 Introduction  

Survivors of critical illness frequently develop newly acquired long-term motor, 

psychological, and cognitive impairments, termed the post-intensive care syndrome (PICS).108 In 

particular, the cognitive impairment typically involves memory and/or executive 

dysfunction.13,28,109–111 Many of these impairments have been characterized using brief screening 

surveys (e.g., Montreal Cognitive Assessment112), subjective rating scales (e.g., Memory 

Assessment Clinics Self-Rating Scale113), or expensive and time-consuming neuropsychiatric 

testing. Available clinical tools may assess impairment broadly and lack detail pertaining to 

specific cognitive domains. As well, many clinical tests are subjective, which introduces the 

potential for error and inconsistent findings across study modalities.  

Although current tests identify deficits among survivors of critical illness, the results 

obtained with various tools may not agree. Cognitive impairment rates can be highly variable 

(4%–62%), and incidence rates of cognitive dysfunction are higher among cohorts who had 

undergone comprehensive neuropsychological testing, rather than screening surveys alone.28 The 

higher incidence of cognitive impairment on neuropsychological tests suggests that screening 

tools alone may insufficiently characterize cognitive dysfunction. Therefore, objective, 

comprehensive, and streamlined strategies are needed to further characterize the neurocognitive 

impairment frequently observed among survivors of critical illness.   

Robotic technology, such as the KINARM, uses real-time data monitoring to generate 

objective and quantitative metrics using upper limb motion to assess sensory, motor, and 

cognitive function. In stroke survivors, this technology was able to identify and quantify subtle 

neurocognitive deficits not apparent on routine clinical assessments73 and it has been validated in 

various patient populations.74–77,114 Therefore, robotic technology offers the potential to 
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objectively characterize a broad range of sensorimotor and cognitive impairments among 

survivors of critical illness.  

The primary objective of this study was to demonstrate the feasibility of using an 

integrated multimodal data collection strategy to characterize PICS among survivors of critical 

illness using neuropsychological testing, the repeatable battery for the assessment of 

neuropsychological status (RBANS), as well as robotic technology, the KINARM End-Point 

robot.   
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4.3 Materials and Methods 

Study design: 

The Cerebral Oxygenation and Neurological outcomes FOllowing CriticAL illness 

(CONFOCAL) prospective observational study is registered on clinicaltrials.gov 

(NCT02344043) and the research protocol has been described previously.97 Briefly, patients 

were recruited at an academic 33-bed general medical/surgical ICU into a study protocol 

approved by the local Health Sciences Research Ethics Board. Adult (≥18 years old) patients 

were considered eligible if they were admitted to the ICU within 24 hours of having respiratory 

failure requiring invasive mechanical ventilation with an expected duration >24 hours, and/or 

having shock of any etiology, as defined by the need for vasopressors at the following predefined 

doses.97 These inclusion criterion were adapted from the BRAIN-ICU study,13 which is currently 

one of the largest studies conducted to analyze cognitive impairments amongst critical illness 

survivors.  Exclusion criteria included a life expectancy <24 hours, an underlying diagnosis of 

cognitive dysfunction, a primary neurological/neurosurgical admitting diagnosis, or any reason 

that the subject may not participate in the follow-up assessments (e.g., limb amputation). Eligible 

participant’s or their Substitute Decision Maker (SDM) were approached by research staff to 

obtain informed consent. When an SDM was not available, deferred consent was implemented 

for the first 24 hours or until the SDM was available. Once the participant had regained capacity 

according to the medical team, the subject was approached to affirm or withdraw consent. 

Therefore, consent was received from both the subject and the SDM. Participants, or their SDM, 

were provided details of the 3- and 12-month follow-up assessments at the time of ICU 

enrolment. 
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Data collection:  

Follow up assessments at 3- and 12-months after post-ICU discharge involved the 

administration of both the RBANS and the KINARM battery, as described below. Participants 

were administered tasks in the same succession to avoid potential bias (e.g., ordering effects) in 

the results due to varying task administration between participants. Participants could refuse to 

complete a task(s) at any time during the assessment. 3- and 12-month time points were chosen 

to increased generalizability, as large-scale studies in cognitive outcomes after critical illness 

frequently use similar assessment points. 

 

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

The RBANS was administered individually to participants by a trained researcher at 3- 

and 12-months after ICU discharge. This battery has alternate forms (i.e., A, B, C, and D) to 

avoid practice effects, assesses global cognition (i.e., total scale), as well as the following 

cognitive domains: immediate memory, visuospatial/constructional, language, attention, and 

delayed memory. These five indices have been described previously60 and the RBANS has been 

validated previously in multiple populations.61–65,115 Furthermore, this battery has a 

representative set of age-matched control data. Participant scores are converted to standardized 

values (i.e., index scores) in which the normative range is typically a mean of 100±15 (1 SD) 

(i.e., approximately 68% of values fall within 1 SD from the mean), with lower scores indicating 

worse performance. In the current analysis, more stringent criteria were used to define 

impairment (i.e., a mean of 100+/-24.75 [1.65 SD], approximately 95% of values fall within 1.65 

SD from the mean). Participants that scored >75 were not considered impaired, as these subjects 
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had performance scores within or above the normative range. The RBANS assessment required 

~20-30 minutes to complete. 

 

Robotic set-up and assessment at follow up: 

The bimanual KINARM End-Point robot (BKIN Technologies Ltd, Kingston, ON, 

Canada) (see Figure 14 A) has a comprehensive battery of behavioral tasks that quantify sensory 

processing of the limb, basic motor skills, and various cognitive processes (e.g., executive 

function and attention). The subject is seated at the device (see Figure 14 B) and grasps onto 

handles attached to the End-Point robot (see Figure 14 C). These handles permit movement of 

the hand in the horizontal plane within a virtual reality system, which projects task objects onto a 

horizontal reflective screen (see Figure 14 D). The participant’s vision of both their hands and 

arms are occluded (see Figure 14 E), and visual feedback of their hands (when provided) is 

typically represented by a white circle (0.4 cm radius) in the middle of their grasp. A trained 

operator described each task, using a standardized script, before it was performed by the 

participant. The operator then selects the respective task from the software menu and visually 

monitors participant performance in real-time to ensure that the task was completed 

appropriately (see Figure 14 F), while automated data collection and analysis software (Dexterit 

Version 3.6.2) measured and quantified performance. For each KINARM task, a task score was 

generated to provide a global performance measure. The task score is a two-sided statistic 

transformed to appear as a one-sided test (i.e., always positive, with higher values indicating 

worse performance) and sequential units are equivalent to standard deviation units away from the 

healthy control mean of 0. Therefore, performance was considered abnormal if the task score 

was outside the +1.96 range (i.e., 5th percentile). The task score has been previously described.114  
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Task Description: 

Trained researchers administered 7 tasks from the KINARM Standard TestsTM, Visually 

Guided Reaching (VGR), Reverse Visually Guided Reaching (RVGR), Arm Position Matching 

(APM), Object Hit (OH), Object Hit and Avoid (OHA), level 1 of Ball on Bar (BonB), and 

Spatial Span (SS). For tasks that only required a single limb, the dominant arm was chosen, and 

the KINARM assessment took < 1 hour to complete.  

 

Visually Guided Reaching: 

Participants grasp and move the robotic arm (represented visually by a white circle) to 

one of four target locations (i.e., red circles), and then back to the start position (i.e., middle 

target). Another target appears, the subject moves quickly and accurately to that target. This task 

broadly assesses upper limb motor function.73 Visual representation of the VGR task can be 

observed in Figure 15 A.  

 

Reverse Visually Guided Reaching: 

This task is identical to VGR, except visual feedback moves in the opposite direction of 

the hand. For example, if the subject moves the robot right, the white circle will move left on 

screen. This task requires subjects to inhibit their automatic motor responses and initiate a 

movement in the opposite direction towards a target, which assesses cognitive override.116 Visual 

representation of the RVGR task can be observed in Figure 15 B.   

 

Arm Position Matching:  
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The participant’s dominant arm is moved via the KINARM robot to a set of 

preprogrammed coordinates and the subject is instructed to move their contralateral limb to the 

mirror-image position. This is an assessment of proprioception74 and visual representation of the 

APM task can be observed in Figure 15 C. 

 

Object Hit: 

Participant’s limbs are represented on screen by green paddles and participants were 

instructed to hit away targets (red circles) that fell from the top of the screen. Targets fall more 

frequently and with increasing velocity over time, which assesses motor function.117 Visual 

representation of the OH task can be observed in Figure 15 D.   

 

Object Hit and Avoid: 

This task is similar to OH, however, the participant observes two shapes and is instructed 

to hit only these two targets (based on shape and orientation) while avoiding distractors. This 

task involves the use of aspects of executive function (e.g., attention, rapid sensorimotor control, 

and inhibition).118 Visual representation of the OH&A task can be observed in Figure 15 E.   

 

Ball on Bar: 

The participant hands are virtually connected on the screen by a white bar (with haptic 

feedback of a stiff spring connected between the hands), which has a white ball on top. 4 targets 

are presented one at a time (red target is the active target with transparent red representing 

successive targets), and the participant moves to the targets one at a time. This task assesses 
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bimanual motor coordination.119 Visual representation of the BonB task can be observed in 

Figure 15 F. 

 

Spatial Span: 

A 3x4 square grid lights up in a random sequential sequence (represented numerically) 

that the participant must retain and replicate. The task increases in difficulty with each correct 

response (e.g., the first trial begins with a 3-square sequence and increases successively in length 

up to a maximum of 12). If the trial is unsuccessful, the next sequence shortens. This task is 

similar to the Corsi Block Tapping Test120 and is an assessment of visuospatial working memory. 

Visual representation of the SS task can be observed in Figure 15 G. 

 

Feasibility 

The primary outcome is feasibility, which is defined as the ability to conduct follow-up 

testing among survivors of critical illness at 3- and 12-months after ICU discharge. Assessment 

of feasibility for this protocol included: 1) total number of subjects that returned for follow-up 

testing, 2) self-reported discomfort during the procedure, and 3) the number of tasks that were 

successfully completed and the amount of available data recorded at follow-up. Clinical and 

demographic factors that may have impeded participation in follow-up assessments were also 

addressed. Research personnel documented by telephone the reasons participants declined follow 

up assessments at 3- and/or 12-months post-ICU discharge. 

 

All graphs were generated using the ggplot2 package121 Version 2.2.1 for R software89 Version 

3.4.1.  
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4.4 Results  

Patient characteristics and follow-up rates: 

Between March 2014 and September 2016, the CONFOCAL research program enrolled 

104 patients. Two subjects were excluded after enrollment and 32 participants died either in the 

ICU or before follow-up, resulting in 70 patients eligible for follow-up testing. At 3- and 12-

months, 28/70 (40%) and 22/70 (31%) patients returned for follow-up (Figure 16), respectively. 

However, only 17/70 (24%) returned for both 3- and 12-months assessments. Prominent reasons 

for declining follow-up at 3- and 12-months included: not interested (40% and 38%), health 

complications (31% and 31%), and travel barriers (14% and 10%) (Figure 16). At 3- and 12-

months, survivors of critical illness had a median age of 64 years (IQR, 58-69.50) and 64.50 

(IQR, 58.25-68), respectively, and were mostly male (75% and 64%). The detailed demographic 

and clinical characteristics of the total, 3-month, and 12-month cohorts can be found in Table 5. 

 

Procedural discomfort and task completion rates during follow-up assessments: 

The majority of returning participants completed all administered tasks. The RBANS was 

administrated to survivors of critical illness with a 100% completion rate, whereas testing using 

the KINARM ranged from a 96%-100% completion rate. This minor decrease in task completion 

was due to a lack of understanding instructions (i.e., BonB, OHA, and APM), despite repeated 

explanations (i.e., participant 1 and 12). Participant 27 completed RBANS at both 3- and 12-

months but could not complete KINARM testing due to safety concerns regarding O2 tank use. 

There was only one self-reported case of procedural discomfort throughout the assessment 

period. In addition, 100% of available data was recorded using both the KINARM and RBANS.  
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Clinical and demographics factors among returners and non-returners: 

 Clinical characteristics and demographics for participants that returned for follow-up 

testing (i.e., either the 3- or 12-month testing, or both the 3-and 12-month assessment) and those 

participants that declined follow-up altogether were remarkably similar. For example, median 

APACHE scores for those who returned for follow-up and those who declined follow-up were 19 

[IQR, 15-27] and 20 [IQR, 15-26], respectively. Furthermore, this similarity between groups was 

observed across multiple variables (e.g., ICU length of stay, number of days delirious, intubation 

rates, age). However, those participants that declined follow-up had substantially higher rates of 

severe sepsis/septic shock when compared to those who returned (i.e., 13/37 (35%) and 8/33 

(24%), respectively).  The cohort that did not return for follow up testing generally had a higher 

proportion of chronic co-morbidities, such as hypertension, chronic respiratory disease, diabetes, 

and a history of heavy alcohol use (Table 6).  

 

Prevalence of cognitive and sensorimotor impairment amongst survivors of critical illness: 

At 3- and 12-months after ICU discharge, survivors of critical illness were assessed with 

the RBANS and the KINARM. Median RBANS values for total scale at 3- (n=28) and 12-

months (n=22) were 80.50 (IQR, 73-86.75) and 90.50 (IQR, 79.25-96.25), respectively. 

Therefore, 9/28 (32%) and 3/22 (14%) participants displayed global cognitive impairment. 

Median RBANS index scores, per cognitive domain, at 3- and 12-months were as follows: 

immediate memory 85 (IQR, 61-91) and 97 (IQR, 81-106); delayed memory 89.50 (IQR, 71-95) 

and 99 (IQR, 83.75-105.75); visuospatial/constructional skills 73.50 (IQR, 65.50-88.25) and 

82.50 (IQR, 75-95); language 92 (IQR, 86.50-97.50) and 96.50 (IQR, 92.50-101); and attention 

86.50 (IQR, 81.25-97.75) and 91 (IQR, 82-100), respectively. At 3- and 12-months, 11/28 (39%) 
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and 4/22 (18%) were impaired on immediate memory; 15/28 (54%) and 7/22 (32%) on 

visuospatial/constructional; 1/28 (4%) and 0% on language; 5/28 (18%) and 4/22 (18%) on 

attention; and 8/28 (29%) and 4/22 (18%) on delayed memory, respectively. Therefore, 

visuospatial/constructional skills were predominantly impaired, and several participants 

displayed immediate and delayed memory impairment at 3 months. In contrast, scores were 

largely within the normative range at 12 months (see Figure 17).  

 

The KINARM robot was used to further characterize cognitive and sensorimotor 

function. KINARM task scores at 3- and 12-months indicated that 8/26 (31%) and 4/20 (20%) of 

patients were impaired on the proprioceptive task APM. At 3- and 12-months various bimanual 

motor tasks were administered which indicated that 5/26(19%) and 4/20 (20%) were impaired on 

the BonB task, 7/27 (26%) and 2/20 (10%) were impaired on the VGR task, and 4/27 (15%) and 

1/20 (5%) impaired on the OH task, respectively. When more cognitively demanding tasks were 

administered at 3- and 12-months, 5/27 (19%) and 0/20 were impaired on the working memory 

task SS, whereas cognitive-motor tasks indicated that 15/27 (56%) and 8/20 (40%) were 

impaired on RVGR, and 2/26 (8%) and 0/20 were impaired on OHA. The task scores indicated 

that visuospatial/executive function was largely impaired at 3- and 12-months. Overall, many 

survivors of critical illness performed within the normative range at 12 months (see Figure 18). 

Similar overall trends of improved performance were observed among participants who 

completed both 3- and 12-month follow up RBANS (Figure 19) and KINARM (Figure 20) 

assessments. 

 

Substantial individual variability exists among RBANS and KINARM performance scores: 
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In addition to the group analysis, individual performance among the RBANS and 

KINARM scores at 3- and 12-months were examined (see Table 7 and Table 8). These data 

indicated that there was a substantial amount of inter-and intra-individual variability in the 

degree of impairment observed on both the RBANS and KINARM performance metrics. For 

example, participants had RBANS scores below or within the normative range, which was highly 

variable across cognitive domains. A similar trend of high variability was also observed for the 

KINARM scores. 
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4.5 Discussion 

This study used robotic technology to provide objective and quantifiable data regarding 

sensorimotor and neurocognitive functioning in ICU survivors. The current study demonstrated 

that capturing these data once patients return for follow up testing is feasible, however, the 

feasibility of this strategy is threatened by the low rates at which patients return for assessment. 

Future investigations will need to implement multiple retention strategies to ensure sufficient 

follow-up rates, as loss to follow-up was the greatest barrier to feasibility in the current study. 

 

Follow up rates and future retention strategies: 

As indicated previously, many participants declined follow-up at both 3- and 12-months. 

Future investigations will address this attrition by implementing retention strategies to overcome 

clinical research barriers, such as a lack of interest in returning for follow-up (e.g., provide 

research brochures, e-mail or telephone reminders of upcoming assessments), travel 

complications (e.g., cover cost of public transportation, offer transportation to and from the 

laboratory for testing), and health complications (e.g., administer paper and pencil testing at the 

participant’s residence). Therefore, effective retention strategies122–124 to increase participation 

will need to be implemented as the CONFOCAL protocol expands from a single-centre to a 

multi-centre design. 

 

Task completion rates: 

The majority of participants that returned for follow-up completed all administered tasks, 

resulting in having a comparable completion rate between RBANS and KINARM assessments 

(i.e., 96%-100%). One participant that required portable O2 use had to be excluded from 
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KINARM testing due to safety concerns. Furthermore, one participant reported discomfort post 

hoc, describing persistent discomfort from the previous assessment approximately nine months 

prior and then refused 12-month robotic testing. The reason for this discomfort is unclear. 

Overall, the protocol caused little to no procedural discomfort, task instructions were understood 

and successfully completed by most participants. 

 

Areas of impairment identified with the RBANS and KINARM: 

At 3-months after ICU discharge, RBANS assessment indicated that approximately 1/3 of 

participants exhibited dysfunction in global cognition, and immediate and delayed memory. In 

contrast, language and attention were largely within the normative range. At 3-months, robotic 

performance scores indicated that participants were primarily impaired on the VGR, RVGR, and 

APM tasks. These visuospatial (VGR/RVGR), executive (RVGR), and proprioceptive (APM) 

deficits may translate to difficulties in spatial navigation (e.g., driving or navigating a map) or 

performing complex manual tasks. These results were further validated by the finding that a 

large proportion of survivors were also impaired on the visuospatial/constructional domain of the 

RBANS. The issue of driving safety post-ICU discharge has just recently started to gain 

attention,125 but quantitative assessments of visuospatial abilities may help contribute to that 

decision. Furthermore, a recent study has indicated that approximately 70% of participants 

employed at admission experienced a substantial decrease in employment up to 1 year after 

recovering from critical illness.126 Although employment status was not measured in the current 

study, the finding that many survivors exhibit cognitive and sensorimotor dysfunction at 12-

months after ICU discharge raises the interesting possibility that these specific areas of 

impairment may limit employment and other relevant patient-oriented outcomes (e.g., ability to 
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live independently) frequently observed among survivors of critical illness. Importantly however, 

the degree of impairment was less when patients were examined at 12 months in this small 

single-centre cohort.  

Although successive administration of both the RBANS and KINARM behavioral battery 

largely provides information regarding overlapping aspects of cognitive function, there were 

minor inconsistencies observed between the RBANS and KINARM performance scores. For 

example, many participants displayed immediate memory deficits on the RBANS, which should 

be intuitively related to the SS task, but the impairment rates were substantially different. 

Perhaps, these tasks were assessing various aspects of memory (i.e., auditory vs visual), but this 

is purely speculative. However, despite these minor discrepancies, conducting the current 

protocol has the potential to further characterize PICS by assessing various cognitive domains 

and providing additional metrics of sensorimotor function using both robotic technology and 

paper and pencil testing. 

 

Variability in neurological deficits at follow-up: 

The current study observed less cognitive impairment at 12 months compared to 3 

months. However, due to the small sample size and low follow up rates, it is difficult to interpret 

this data. It is entirely possible that the cohort of individuals who did not return for follow-up 

testing had significant impairments, which would make the collected data underestimate the 

degree of cognitive dysfunction among all ICU survivors, particularly at the 12-month time 

period. The cohort that did not return had a higher proportion of individuals with chronic co-

morbidities, such as hypertension, chronic respiratory disease, and diabetes. Future investigations 

may benefit from an assessment of frailty (e.g., the Canadian Study of Health and Aging Clinical 
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Frailty Scale),127 at admission, and at follow-up assessments. Incorporating a measure of frailty 

may quantitatively address attrition, as well as variability in impairment (i.e., higher frailty may 

lead to worse performance or increase probability of declining follow-up).  

In addition to describing the pooled sample data, individual performance scores at 3- and 

12-months after ICU discharge were assessed. These data indicated that there was substantial 

inter- and intra-individual variability; many participants were impaired in specific domains (e.g., 

visuospatial/constructional), while also being largely preserved in others (e.g., language and 

attention). This variability was also observed among the KINARM task scores (e.g., frequently 

impaired on RVGR, but not SS). These individual data will need to be further explored in a 

multi-centre protocol, as increased within-subject variability on cognitive testing has been 

previously associated with frontal lobe lesions,128 as well as an increased risk of death.129 

However, the authors noted that this increased risk of death becomes non-significant after 

controlling for heart disease, which suggests that high intra-individual performance variability 

may be associated with preexisting medical conditions. Furthermore, cluster analysis can expand 

upon this variability by potentially identifying novel grouping structures (e.g., diagnostically 

and/or prognostically related groups), as well as explore clinically relevant variables (e.g., 

previous comorbidities, medication dosing, delirium, frailty) that cluster similar levels of 

participant performance together to further characterize the complex and heterogeneous clinical 

trajectories observed among survivors of critical illness.  

 

Limitations and future directions: 

Due to the complex nature of conducting longitudinal research in clinical populations, the 

current study had a small sample size. This attrition has potentially affected the statistical power, 
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bias, and generalizability of the current findings.130 To address these potential limitations, the 

current study was descriptive in nature. Future investigations will require a more representative 

sample to statistically model potential clinical determinants, covariates, and confounds (e.g., 

delirium, drug dosing, admitting diagnosis, frailty) of subsequent neurological impairment 

relevant to the complex array of critical illness survivors. These results should be interpreted 

with caution as the participants who did not return may have substantially different functional 

outcomes (e.g., increased severity of neurological dysfunction) than those who were assessed at 

follow-up. In addition, attrition may not have occurred at random (i.e., missing not at random) 

which has been shown, using simulated data, to substantially bias effects even with as little as 

20% loss to follow-up.131 Theoretically, the retention strategies mentioned previously will 

substantially increase follow-up rates in future investigations to increase power and 

generalizability while reducing selection bias. Furthermore, although experienced research 

coordinators screened participants for eligibility, a coarse measure was used to assess an 

underlying diagnosis of cognitive dysfunction (i.e., health records). Therefore, the impairment 

observed among survivors may have been due to missed pre-existing impairment and/or the 

result of the participant’s critical illness. Lastly, none of the psychological/psychiatric aspects of 

PICS (e.g., anxiety, depression, post-traumatic stress disorder)108 were assessed, which may need 

to be quantified in future investigations to further address variation in participant performance 

and attrition. Despite these limitations, I was able to quantify neurological dysfunction among 

survivors of critical illness using a novel multimodal research protocol, which identified that 

some survivors exhibit cognitive, sensorimotor, and visuospatial deficits.  
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4.6 Tables 
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Table 5. Clinical characteristics and demographics for total cohort, 3- and 12-month cohort. 

Note. 

*Other included: Drug overdose or withdrawal (n=3), renal failure (n=1), uremic encephalopathy (n=1), 

and pre-eclampsia (n=1). 

**Other included: Drug overdose or withdrawal (n=1), and renal failure (n=1). 

***Cardiac included: arrhythmia, prior myocardial infarction, prior cardiac arrest, known coronary artery 

disease, and/or congestive heart failure. 

****Respiratory includes: asthma, obstructive sleep apnea and/or COPD. 

  

Characteristic Total Cohort 

(n=70) 

3 Month (n=28) 12 Month (n=22) 

Median age (years, [IQR]) 66.50 [54.75-77] 64 [58-69.50] 64.50 [58.25-68] 

Male sex (No. [%]) 48 [69] 21 [75] 14 [64] 

Admitting diagnosis (No. [%]): 

     Respiratory Failure 

     Severe sepsis/septic shock 

     Cardiac 

     Gastrointestinal 

     Vascular 

     Trauma 

     Neurological 

      Other 

 

26 [37] 

21 [30] 

4 [6] 

5 [7] 

4 [6] 

3 [4] 

1 [1] 

6 [9]* 

 

10 [36] 

7 [25] 

2[7] 

4 [14] 

2 [7] 

0 

1 [4] 

2 [7]** 

 

6 [27] 

6 [27] 

1 [5] 

3 [14] 

2 [9] 

1 [5] 

1 [5] 

2 [9]** 

APACHE II score (median, [IQR]) 19 [15-26.75] 19 [15-26.25] 19 [15-26.75] 

Fentanyl Equivalents (median, 

[IQR]) 

1075 [6.25-

1793.75] 

1162 [450-2425] 1185 [0-2381] 

Midazolam Equivalents (median, 

[IQR]) 

0 0 0 

Co-morbidities (No. [%]): 

     Cardiac*** 

     Hypertension 

     Respiratory**** 

     Diabetes 

     History of smoking 

     Heavy alcohol use 

 

24 [34] 

46 [66] 

32 [46] 

21 [30] 

15 [21] 

11 [16] 

 

8 [30] 

17 [61] 

11 [39] 

8 [29] 

8 [29] 

4 [14] 

 

8 [36] 

11 [50] 

8 [36] 

5 [23] 

5 [23] 

1 [5] 

At ICU enrolment (No. [%]: 

     Intubated 

     Vasoactive agents 

 

67 [96] 

40 [57] 

 

27 [96] 

15 [54] 

 

21 [95] 

11 [50] 

ICU LOS (median days, [IQR]) 8 [5-13] 8.50 [6.75-13.25] 10 [7-14.75] 

Number of Days Delirious (median, 

[IQR]) 

1 [0-2] 2 [0-3] 1 [0-2] 
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Table 6. Demographics and clinical characteristics for a subset of the CONFOCAL cohort who returned 

for at least one follow up assessment and those who declined to return. 

Characteristic Returned for 

Follow up (n=33) 

Declined Follow up 

(n=37) 

Median age (years, [IQR]) 65 [58-74] 68 [53-77] 

Male sex (No. [%]) 24 [73] 24 [65] 

Admitting diagnosis (No. [%]): 

     Respiratory Failure 

     Severe sepsis/septic shock 

     Cardiac 

     Gastrointestinal 

     Vascular 

     Trauma 

     Neurological 

      Other 

 

11 [33] 

8 [24] 

2 [6] 

4 [12] 

3 [9] 

1 [3] 

1 [3] 

3 [9]* 

 

15 [41] 

13 [35] 

2 [5] 

1 [3] 

1 [3] 

2 [5] 

0 

3 [8]** 

APACHE score (median, [IQR]) 19 [15-27] 20 [15-26] 

Fentanyl Equivalents (median, 

[IQR]) 

1125 [0-2400] 1050 [100-1652] 

Midazolam Equivalents (median, 

[IQR]) 

0 0 

Co-morbidities (No. [%]): 

     Cardiac*** 

     Hypertension 

     Respiratory**** 

     Diabetes 

     History of smoking 

     Heavy alcohol use 

 

11 [33] 

19 [56] 

13 [39] 

8 [24] 

8 [24] 

4 [12] 

 

13 [35] 

27 [73] 

19 [51] 

13 [35] 

7 [19] 

7 [19] 

At ICU enrolment (No. [%]: 

     Intubated 

     Vasoactive agents 

 

32 [97] 

17 [52] 

 

35 [95] 

23 [62] 

ICU LOS (median, [IQR]) 9 [7-14] 7 [4-13] 

 

Note. 

Returned includes all participants who returned for at least one follow up assessment (i.e., either the 3- or 

12-month assessment or both of the 3- and 12-month assessments) 

*Other included: Drug overdose or withdrawal (n=1), renal failure (n=1), and uremic encephalopathy 

(n=1). 

**Other included: Drug overdose or withdrawal (n=2), and per-eclampsia (n=1). 

***Cardiac included: arrhythmia, prior myocardial infarction, prior cardiac arrest, known coronary artery 

disease, and/or congestive heart failure. 

****Respiratory includes: asthma, obstructive sleep apnea and/or COPD. 
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Table 7. RBANS scores for survivors of critical illness at 3- and 12-months after intensive care unit discharge. 

 3 Month (n=28)  12 Month (n=22) 

Participant Immediate 
Memory 

Delayed 
Memory 

Visuospatial/ 
Constructional 

Language Attention Total Scale  Immediate 
Memory 

Delayed 
Memory 

Visuospatial/ 
Constructional 

Language Attention Total 
Scale 

1 94 93 66 103 122 93  85 95 81 92 100 86 

2 100 100 112 97 88 99  73 78 112 100 91 86 
3 90 84 84 82 100 83  97 100 92 87 100 93 

4 83 81 102 97 79 84  100 101 89 99 103 97 

5 85 71 92 92 85 80  83 81 84 92 79 79 
6 85 60 96 92 94 81        

7 76 93 69 79 91 77  78 96 75 95 72 79 

8        83 68 75 96 82 76 
9 61 84 69 82 75 67        

10        106 129 100 127 106 120 

11        81 101 96 92 94 89 

12 44 60 50 82 60 52  53 64 50 96 43 53 

13 69 60 87 92 85 73        

14 61 91 72 90 97 78  97 100 72 101 91 88 

15        81 71 62 87 75 68 

16 100 88 72 110 128 99  120 110 81 107 118 109 

17        120 105 109 94 100 107 

18 69 92 72 96 68 74        
19 90 92 75 95 85 83  73 92 72 110 75 80 

20 61 68 100 94 68 73        

21 109 101 78 99 100 95  109 115 109 97 125 116 
22 85 95 87 101 94 89  97 98 87 108 82 92 

23 109 102 92 101 106 102  114 116 84 116 115 112 

24 117 102 84 101 103 101  112 106 75 85 94 92 
25 61 71 64 95 82 68        

26 49 40 58 54 68 48        

27 90 100 62 87 91 81  100 98 96 96 85 92 

28 69 60 50 85 85 62        

29 90 100 53 88 85 79        

30 53 92 60 87 79 67        

31 61 80 92 85 88 77  61 71 78 101 82 73 

32 90 81 66 104 109 86        
33 97 95 78 87 82 83  106 110 81 98 85 94 

Total (%) 

<1SD 

13 (46) 13 (46) 19 (68) 5 (18) 9 (32) 20 (71)  9 (41) 6 (27) 13 (59) 0 8 (36) 7 (32) 

Total (%) 

<1.65SD 

11 (39) 8 (29) 15 (54) 1 (4) 5 (18) 9 (32)  4 (18) 4 (18) 7 (32) 0 4 (18) 3 (14) 

Note. Bold text indicates that the index score was substantial (i.e., > 1.65 standard deviation (SD) from the mean). Grey shaded regions indicate no patient data for that assessment. RBANS standardized scores have a 

mean of 100 – 1.65SD (24.75) with lower scores indicating worse performance. 
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Table 8. KINARM task scores at 3- and 12-month assessments. 

  3 Month  12 Month 

Participant  VGR 

(N=27) 

RVGR 

(N=27) 

APM 

(N=26) 

BonB 

(N=26) 

OH 

(N=27) 

OHA 

(N=26) 

SS 

(N=27) 

 VGR 

(N=20) 

RVGR 

(N=20) 

APM 

(N=20) 

BonB 

(N=20) 

OH 

(N=20) 

OHA 

(N=20) 

SS 

(N=20) 

1  1.5368 3.8525 0.7029  2.7478  0.8045  0.7179 1.8144 0.4542 3.9271 0.6552 0.0156 0.3917 

2  0.5393 3.3296 0.4349 0.7215 0.4944 1.3419 0.3609  1.1931 3.0693 0.2225 1.3668 0.1375 0.8734 0.0748 

3  0.8265 0.2336 0.7151 0.4404 0.1452 1.5217 0.6220  0.0608 0.2642 2.0947 0.2234 0.1112 0.4689 0.7799 

4  1.4182 0.8728 2.7197 1.0356 1.3693 1.3844 1.4973  1.1492 0.7772 1.5319 0.4377 1.6778 0.9254 1.1184 

5  1.8642 1.9774 0.2439 1.1104 0.6804 0.6014 0.3874  1.1774 1.0421 0.4517 2.4357 0.8629 0.8738 0.6762 
6  2.1642 2.0846 1.1252 1.8265 1.0359 0.6677 1.2318         

7  0.8541 5.3480 1.3119 1.0862 0.7387 0.7504 0.8062  0.7337 5.4955 1.8367 1.1570 0.3362 0.9375 0.4732 

8          3.0591 7.9057 2.3194 1.5188 1.0141 0.2651 0.8754 
9  1.2587 1.5216 4.1589 2.2943 4.1610 3.1130 2.0197         

10          2.8554 1.2456 0.9664 0.0772 1.1194 0.7063 0.9472 

11          1.4196 1.8689 2.8120 1.6847 0.6257 0.9315 1.5155 

12  6.7681 5.1272  2.2268 2.2801 2.4551 3.3800         

13  3.0262 3.2441 2.6389 1.2254 0.5311 1.1993 1.2765         
14  0.3333 1.8032 1.9741 1.2055 0.8218 0.4194 1.1941  0.9638 1.4084 1.6982 1.5266 0.5831 1.7759 0.7311 

15          1.1724 2.5302 3.6318 3.0261 1.6614 1.7945 1.7694 

16  2.8790 6.2728 1.9481 0.6735 1.4518 1.2596 0.5622  0.2103 4.1946 0.8693 1.0157 1.4196 0.8452 0.4048 
17          0.7184 1.2195 0.5432 0.3259 0.0983 0.0164 0.5789 

18  1.2062 1.6038 1.0829 2.6184 2.0929 1.7204 1.9926         

19  0.7246 2.8406 1.4110 2.0418 1.8250 1.7953 0.9093  1.0415 4.2322 0.9494 1.7204 0.5087 1.0769 1.0456 
20  0.6979 1.0007 1.8049 0.3123 0.7821 0.8054 0.7525         

21  1.7990 1.8609 0.8942 1.0172 0.4267 0.8817 0.8331  1.9130 1.4762 1.7807 0.5212 0.3992 0.5925 0.6229 

22  1.9130 1.7367 0.1764 1.5749 0.1228 0.0704 0.8042  1.6693 2.0563 0.1592 1.6846 0.3185 1.0368 0.9230 
23  0.8001 0.7417 1.7262 0.1893 0.0518 0.0017 0.4863  0.0953 0.4396 1.0338 0.6694 0.0580 0.1900 0.1965 

24  0.1225 0.4511 1.7611 1.7075 1.5614 1.4685 0.5465  0.5943 2.7329 1.3545 0.5513 0.6679 1.3678 1.4108 

25  2.4784 2.7477 1.2533 1.8620 0.8953 0.6452 1.3475         

26  1.1863 3.3286 3.0300 1.9182 0.2382 0.7947 2.0738         

27                 

28  2.1073 2.7552 3.2640 1.3764 1.5023 1.7328 2.7357         

29  1.4737 2.7453 0.8958 0.0790 0.3957 1.3567 0.9919         

30  2.3867 4.9211 2.2877 2.1174 0.9780 1.8578 1.9049         
31  0.6971 0.3932 3.3206 1.3527 1.0823 1.0112 1.4087  0.8560 0.2619 1.7027 1.0961 2.3374 1.1928 1.1533 

32  0.9820 1.3278 0.8917 1.4372 0.0045 0.6548 1.3155         

33  1.5081 2.9605 1.6162 1.8958 0.2812 0.0000 0.6946  1.8756 1.4366 1.9509 2.5514 0.2840 0.0264 0.8535 

Total (%) 

>1SD 

 17 (63) 22 (81) 18 (69) 20 (77) 11 (41) 14 (54) 13 (48)  11 (55) 16 (80) 12 (60) 13 (65) 6 (30) 6 (30) 6 (30) 

Total (%) 

>1.96 SD  

 7 (26) 15(56) 8(31) 5(19) 4(15) 2(8) 5(19)  2(10) 8(40) 4(20) 4(20) 1(5) 0 0 

Note. Bold text indicates that the task score was substantial (i.e., > 1.96 standard deviations from the mean). APM= Arm Position Matching, BonB = Ball on Bar, OH = Object Hit, OHA = Object Hit and Avoid, 

RVGR = Reverse Visually Guided Reaching, SS = Spatial Span, VGR = Visually Guided Reaching. 
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4.7 Figures 
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Figure 14. Robotic set-up for neurocognitive assessment at 3- and 12-months after critical illness. 

Note. A) Front view of the KINARM End-Point robot. B) The participant is seated during the assessment. 

C) The participant grasps onto the robotic handles, which permits movement in the horizontal plane on 

the virtual reality display. D) A 2-dimensional virtual reality workstation displays the current task (e.g., 

Object Hit) to the participant. E) A vision blocker occludes the subjects’ hands and arms during each task. 

F) An operator selects each task from the Dexterit menu, instructs the participant on how to complete 

each task, and observes performance in real-time. 
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Figure 15. Visual representation of the KINARM behavioral battery administered at 3- and 12-month 

follow up. 

Note. Blue bars represent the KINARM robot that the participant grasps onto. Black arrows indicate 

either the path in which participants move to reach a target (e.g., Visually Guided Reaching, Reverse 

Visually Guided Reaching, Ball on Bar) or the black arrows indicate that the target is moving towards the 

participant (e.g., Object Hit, Object Hit and Avoid). Grey circles (not visible to participant) represent 

predefined coordinates that the robot moves a participant’s hand (i.e., Arm Position Matching). Red 

targets represent active targets with black arrows indicating the path in which participants move to reach a 

target or the path the robot moves the participant’s hand. 
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Figure 16. CONSORT diagram demonstrating patient inclusion in the intensive care unit, exclusion after 

enrollment, reasons for declining follow-up, and the subset of participants who returned at 3- and 12-

months. 
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Figure 17. Several survivors of critical illness display visuospatial/constructional impairment when 

administered the RBANS at 3- and 12-months after intensive care unit discharge. 

Note. The box represents the interquartile range (IQR), with the black line inside the box representing the 

median. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -

1.5x IQR, respectively. The solid black line represents the normative age-adjusted range (mean of 100±15 

[1 SD]), with lower scores indicating worse performance. The black dotted lines above and below the 

black lines indicate the range more comparative to KINARM scores (a mean of 100±24.75 [1.65 SD]). 
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Figure 18. Critical illness survivors frequently display cognitive-motor and proprioceptive dysfunction 

when assessed with the KINARM robot at 3- and 12-months after intensive care unit discharge. 

Note. The box represents the interquartile range (IQR), with the black line inside the box representing the 

median. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -

1.5x IQR, respectively. The black circles represent potential outliers. The black dotted lines represent the 

normative age-adjusted range cut-off (mean of 0+1.96 SD), with higher scores indicating worse 

performance. Note. VGR=Visually Guided Reaching; RVGR=Reverse Visually Guided Reaching; 

APM=Arm Position Matching; BonB=Ball on Bar; OH=Object Hit; OHA=Object Hit and Avoid; 

SS=Spatial Span. 
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Figure 19. Several survivors that returned for both RBANS assessments at 3- and 12-months after 

intensive care unit discharge display visuospatial/constructional impairment. 

Note. The box represents the interquartile range (IQR), with the black line inside the box representing the 

median. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -

1.5x IQR, respectively. The solid black line represents the normative age-adjusted range (mean of 100±15 

[1 SD]), with lower scores indicating worse performance. The black dotted lines above and below the 

black lines indicate the range more comparative to KINARM scores (a mean of 100±24.75 [1.65 SD]). 
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Figure 20. Critical illness survivors assessed at both 3- and 12-months after intensive care unit discharge 

frequently display cognitive-motor and proprioceptive dysfunction when assessed with the KINARM 

robot. 

Note. The box represents the interquartile range (IQR), with the black line inside the box representing the 

median. The whiskers above and below represent the upper quartile +1.5 x IQR or the lower quartile -

1.5x IQR, respectively. The black circles represent potential outliers. The black dotted lines represent the 

normative age-adjusted range cut-off (mean of 0+1.96 SD), with higher scores indicating worse 

performance. VGR=Visually Guided Reaching; RVGR=Reverse Visually Guided Reaching; APM=Arm 

Position Matching; BonB=Ball on Bar; OH=Object Hit; OHA=Object Hit and Avoid; SS=Spatial Span. 
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Chapter 5 

The Physiological Determinants of Near-Infrared Spectroscopy Derived 

Regional Cerebral Oxygenation in Critically Ill Adults 
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5.1 Abstract 

Introduction:  

To maintain adequate oxygen delivery and preserve organ function, resuscitation of 

critically ill patients is guided by assessing surrogate markers of tissue perfusion (e.g., renal 

perfusion is assessed by measuring urine output and serum creatinine). Currently there is no 

direct indicator of cerebral perfusion used in routine critical care. As neuronal ischemia is a 

uniform neuropathological finding among patients who die in the intensive care unit, identifying 

an accurate strategy to monitor brain perfusion is paramount. Near-infrared spectroscopy (NIRS) 

is a non-invasive technique to quantify continuous regional cerebral oxygenation (rSO2) that has 

been used for decades in the cardiac operating theatre, which has led to the development of 

targeted algorithms to optimize rSO2 during cardiac surgery. However, the physiological 

determinants of rSO2 in critically ill patients remain poorly understood and consequently, 

targeted algorithms do not currently exist to optimize rSO2 during critical care. 

 

Materials and Methods: 

The current study is an exploratory analysis of a nested cohort of patients (n=43) within 

the CONFOCAL study who received high-fidelity vital signs monitoring. Adult patients (≥18 

years) admitted < 24 hours to a medical/surgical and trauma ICU were eligible if they required 

mechanical ventilation and/or having shock. Immediately following enrolment, patients 

underwent rSO2 monitoring with the FORESIGHT monitor (CASMED, Caster Medical, Canada) 

for 24-hours. To assess the determinants of the rSO2 signal, the following high-frequency vital 

signs were concurrently recorded throughout the rSO2 recording period: heart rate (HR), arterial 

oxygen saturation (SpO2), systolic and diastolic blood pressure, and mean arterial pressure 
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(MAP). Clinically ordered arterial blood gas samples and hemoglobin concentration were also 

documented throughout this period of recording. First, simultaneous multiple linear regression 

was performed using all available predictors. Due to potential overfitting, model selection was 

implemented to generate a reduced multivariable regression model using the corrected Akaike 

Information Criterion (AIC) method. The simultaneous and the selected regression model were 

compared using AIC values. 

 

Results:  

Complementary statistical methods were used to analyze the relationship between rSO2 

and physiological data in critically ill adults. The simultaneous multiple regression model 

included: age, heart rate, arterial oxygen saturation, mean arterial pressure, pH, partial pressure 

of oxygen, partial pressure of carbon dioxide (PaCO2), and hemoglobin concentration. This 

model accounted for a significant proportion of variance in rSO2 (R
2 = .58, p < .01), and showed 

that rSO2 was significantly associated with both PaCO2 (p < .05) and hemoglobin concentration 

(p < .01). The selected regression model using corrected AIC, accounted for a significant 

proportion of variance in rSO2 (R
2 = 0.54, p < 0.01), and was significantly related to age (p < 

0.05), PaCO2 (p < 0.01), hemoglobin (p < 0.01), and heart rate (p < 0.05).  

 

Conclusions:  

Known and established physiological determinants of oxygen delivery accounted for a 

significant proportion of the NIRS-derived rSO2 signal, which provides evidence that rSO2 is a 

viable clinical modality to assess cerebral oxygenation in critically ill adult patients. Further 
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elucidation of the determinants of the rSO2 signal has the potential to develop a novel 

resuscitation algorithm during critical illness.  
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5.2 Introduction 

The resuscitation phase (i.e., first 24-48 hours) of critical illness is directed at maintaining 

adequate oxygen delivery to tissues to prevent end-organ injury. Several organ systems (e.g., 

renal) have objective surrogate markers (e.g., urine output) that can be serially monitored to 

ensure optimal end-organ perfusion.34 In contrast, there is currently no well-defined proxy of 

cerebral perfusion used in routine clinical practice. This constitutes an important gap in the 

current understanding of critical illness, as neuronal ischemia is a universal pathological finding 

in patients who die in the intensive care unit (ICU).36 In the absence of objective, quantitative 

markers, clinicians in the ICU rely upon the neurological exam (e.g., evaluating alertness, 

orientation, and ability to follow motor commands)35 to assess brain perfusion. This clinical 

exam is often confounded by sedation, analgesia, and severity of illness. Therefore, clinical 

assessments may be unreliable in this setting and an alternative strategy to accurately monitor 

cerebral perfusion is needed to prevent irreversible neuronal injury.  

Near-infrared spectroscopy (NIRS) is a simple and non-invasive technique to quantify 

regional cerebral oxygenation (rSO2). An adhesive sensor and light source are placed on the 

forehead, which emits varying wavelengths of infrared light (e.g., 700-1000 nm) that pass 

through skin and bone with minimal absorption to an approximate depth of 2-3cm of cerebral 

tissue.38 The light that returns to the sensor represents the amount of spectral absorption 

occurring in the tissue bed (i.e., changes in oxygenated- and deoxygenated-hemoglobin), with 

venous circulation accounting for the majority of the signal (75-80%),39 and is typically 

displayed as an absolute value ranging from 0-99%. The NIRS signal correlates with other 

measures of brain perfusion (e.g., jugular venous bulb oxygen saturation,40 brain tissue oxygen 
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tension,41 and CT perfusion42) and its feasibility in critical care research has already been 

demonstrated.96  

Furthermore, NIRS has been described for many years in the cardiac anesthesiology 

literature. A targeted algorithm to optimize rSO2 during cardiac surgery has been developed,46,91 

which offers the potential to detect changes in cerebral perfusion, guide clinician intervention, 

and it has been demonstrated that nearly every episode (i.e., 97%) of cerebral desaturation can be 

successfully reversed.47 However, outside of the operating room, the physiological determinants 

of cerebral oxygenation are poorly understood. As a result, targeted algorithms do not currently 

exist to optimize rSO2 in the ICU. The objective of this study was to define the hemodynamic 

and physiological determinants of the NIRS-derived rSO2 in critically ill patients.  
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5.3 Material and Methods 

Study design and recruitment: 

The Cerebral Oxygenation and Neurological outcomes FOllowing CriticAL illness 

(CONFOCAL) study (NCT02344043 clinicaltrials.gov) was a single-centre prospective 

observational study (n=103) for which the full protocol has been previously published.97 The 

current study is an exploratory analysis of a nested cohort of patients (n=43) who received high-

fidelity vital signs monitoring. Briefly, adult patients (≥18 years) admitted < 24 hours to a 33-bed 

general medical/surgical and trauma ICU were eligible if they required mechanical ventilation 

with an expected duration >24 hours and/or having shock of any etiology. Shock was defined by 

vasopressor requirement at prespecified doses.97 Participants were excluded if they had a life 

expectancy <24 hours, a pre-ICU diagnosis of cognitive dysfunction as indicated by their 

medical records, or a primary central nervous system diagnosis (e.g., traumatic brain injury).  

 

Data acquisition: rSO2, vital sign monitoring, and blood gas collection 

Immediately following enrolment, patients underwent rSO2 monitoring with the 

FORESIGHT monitor (CASMED, Caster Medical, Canada). A single 5 cm sensor was placed in 

the center of the patients’ forehead, >3cm from the superior rim of the orbit to avoid the frontal 

sinus,132 and recorded for 24 hours. The rSO2 recordings were not revealed to the treating 

clinicians. To assess the relationships among patient hemodynamics with the rSO2 recordings, 

commercially available software (Bedmaster, Excel Medical Electronics, FL, USA) was used to 

simultaneously capture the following high-frequency vital signs: heart rate (HR), arterial oxygen 

saturation (SpO2), systolic and diastolic blood pressure, and mean arterial pressure (MAP). These 

data were captured locally and stored on dedicated servers at the Queen’s University Centre for 
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Advanced Computing (www.cac.queensu.ca).  Arterial and central venous blood gases were 

documented, as well as hemoglobin concentration, when ordered clinically throughout this 24-

hour period of recording.  

 

Data cleaning: detecting and editing data abnormalities 

As databases containing high frequency vital sign recordings are known to contain 

artifacts,133 data validation and cleaning steps were implemented to minimize the inclusion of 

these in the analysis. Missing data, as well as outliers based on cutoffs determined by inspection 

of histograms (data not shown), were removed. Specifically, HR values <44 or >134, MAP >130 

or <39, SpO2 < 80, and rSO2 <50 or >85 were removed. Data that were logically inconsistent 

were removed, such as measures where the diastolic pressure was higher than the systolic or 

when values equaled 0. 

 

Data analysis:  

Determinants of the NIRS-derived rSO2 signal:   

All statistical analyses were performed using R software version 3.3.2.89 Due to the 

variability of data collection (i.e., high frequency vs clinically ordered) presented above, all 

physiological variables were condensed to a 24-hour mean prior to regression analysis in order to 

ensure that the data included were independent values rather than repeated recordings, which 

would violate the independence assumption of linear regression. The primary objective was to 

assess the hemodynamic and physiological variables (i.e., determinants of oxygen delivery) 

predicting rSO2 during the first 24 hours of critical illness. Therefore, simultaneous multiple linear 

regression was performed using HR, SpO2, MAP, arterial pH, arterial partial pressure of oxygen 
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(PaO2), arterial partial pressure of carbon dioxide (PaCO2), and hemoglobin concentration (Hb) as 

predictors. Although systolic and diastolic blood pressure were recorded, only MAP was included 

due to redundancy. As increasing age has been associated with decreases in cerebral blood flow 

(CBF),134 and potentially rSO2, age was included as a covariate. A correlation matrix illustrating 

the various relationships between the predictors of rSO2 can be observed in Figure 21. Due to 

potential overfitting, model selection was implemented to generate a reduced multiple regression 

model using the MuMIn package for R.135 This package was used to iteratively compare all 

possible models given the data, whereas other model selection techniques may drop predictors in 

a stepwise fashion (i.e., backwards or forwards)136 and only evaluate a small fraction of all possible 

subsets of the data. Due to the relatively small sample size potentially biasing the current analysis, 

the corrected AIC method (AICc)
137 was applied instead of implementing the Akaike’s information 

criterion (AIC)138 as the model criterion. The lowest AICc value represents the most parsimonious 

model accounting for a large amount of variance with as few predictors as possible, so as not to 

over- or under-fit the model while minimizing information loss. Diagnostic testing indicated that 

the residuals were normally distributed, had equal variances, and did not suggest substantial 

evidence of collinearity among predictors (data not shown).1 The regression model and individual 

predictors were considered statistically significant if p < 0.05. The simultaneous and the selected 

regression model were compared using AIC.  

                                                      

1 Another assumption of regression is linearity for which only one of the predictors violated this 

assumption, SpO2. Therefore, a version of the simultaneous model that included the linear and quadratic 

terms for SpO2 was also tested. In this model, both linear an quadratic terms for SpO2 were significant 

predictors of rSO2, b = 48.47 t(33) = 2.314, p = 0.027, b = -0.26, t(33) = -2.333, p = 0.026, respectively. 

Because the quadratic term would qualify the linear term, these results indicate that rSO2 is lower at 

moderate levels of SpO2 than at higher or lower levels of SpO2 arterial. However, complex terms like 

interactions and polynomials require larger sample sizes for stability. Consequently, these results should 

be interpreted with caution and replication of this finding is warranted with a larger sample.   
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Sensitivity power analysis: 

 A sensitivity power analysis was performed to determine the minimum effect size that the 

regression analysis, based on model selection using AICc, could have detected given the data. The 

following model parameters were included: sample size = 43, power = 0.90, number of predictors 

= 4, α = 0.05, which indicated that a minimum effect of R2 = 0.289 could have been detected. The 

sensitivity power analysis was performed using G*Power139 Version 3.1.9.2. 
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5.4 Results 

Patient Characteristics: 

From March 2014-September 2016, 1155 patients were assessed for eligibility, and 104 

were enrolled (Figure 22). Of this cohort (n=103), 56 patients (54%) underwent high-frequency 

vital sign monitoring from August 2015-September 2016, 7 of which (13%) were excluded 

because they did not have an arterial line present. Of the remaining 49 patients, 6 were excluded 

due to missing or insufficient arterial blood gas data, resulting in the inclusion of 43 subjects in 

the regression analysis. The primary admitting diagnoses were mainly respiratory failure (30%), 

followed by severe sepsis/septic shock (16%), cardiac (16%), and gastrointestinal (16%), 

whereas previous comorbidities largely included a history of hypertension (56%), cardiac 

complications (44%), and respiratory disease (33%). Most patients were intubated at the time of 

enrollment (95%) and approximately half (56%) were being treated with vasoactive agents. The 

median age was 68 years (IQR, 58.5-79), most patients were male (67%), median length of ICU 

stay was 7 days (IQR, 4 to 13), and ICU mortality was 7 (16%). Full demographics and clinical 

characteristics are shown in Table 9.  

 

Data collection and analysis: 

High frequency vital sign monitoring was recorded for a median duration of 23.95 hours 

(IQR, 23.23-24.02), yielding more than 350,000 individual vital sign measurements, including 

rSO2 recordings. Nearly 20,000 data points were removed due to missing data (5.5%), and a 

further 79 removed due to zero or negative values which were deemed erroneous. Histogram 

inspection of the distribution of each vital sign was used to identify cutoffs distinguishing true 

physiologic measures from likely artifacts. Based on these cutoffs, a further 6866 observations 
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(2%) were removed. Compared to the low amount of missing vital sign data, the physiological 

data obtained from clinically ordered central venous blood gases data were sparse and 

subsequently excluded from the analysis due to a high degree of missingness. For example, all 

43 patients arterial blood gas recordings, whereas 28 patients did not have a central venous blood 

gas sample during the first 24 hours of their ICU stay. Therefore, most of the available data was 

successfully captured for the vital sign monitoring and arterial blood gas data, but a substantial 

amount of central venous blood gas data was missing or inadequate for subsequent regression 

analysis. 

 

Physiological determinants of rSO2 during critical illness: 

Simultaneous multiple regression analysis: 

The simultaneous regression model included all available variables that could influence 

cerebral oxygen delivery (i.e., age, HR, SpO2, MAP, pH, PaO2, PaCO2, and Hb concentration). 

This model accounted for a significant proportion of variance in the NIRS-derived rSO2 signal, 

R2 = .58, F(8, 34) = 5.845, p < .01. However, PaCO2 and Hb concentration were the only 

significant predictors in the regression model, b = .165, t(34) = 2.035, p < .05, and b = .086, t(34) 

= 2.772, p < .01, respectively. Both predictors had a positive relationship with rSO2 during the 

first 24 hours of critical illness. However, several predictors were included in this model, which 

may have decreased precision of the regression coefficients. This is evidenced by the substantial 

difference observed between the overall R2 and the adjusted R2 of .48. The full regression results 

can be observed in Table 10. 
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Model selection using AICc and multiple regression: 

Model selection based on the AICc indicated that the top model (i.e., lowest AICc) 

included the following predictors: age, PaCO2, Hb, and HR. Regression analysis of this selected 

model accounted for a significant proportion of variance in the rSO2 signal, R2 = .536, F(4, 38) = 

10.95 , p < .01, and a comparable adjusted R2 of .49 was observed for this reduced model. 

Furthermore, this analysis indicated that the percentage of rSO2 increased significantly with 

increases in PaCO2, b = .208, t(38) =3.062, p <.01; Hb concentration, b = .089, t(38) = 3.357, p 

< .01; and HR, b = .079, t(38) = 2.230, p < .05 (Table 10). In contrast, the percentage of rSO2 

significantly decreased as age increased, b = - .100, t(38) = -2.329, p < .05. The unadjusted 

effects of the significant predictors on rSO2 can be observed in Figure 23. Model comparison 

using AIC indicated that the selected regression model (i.e., age, PaCO2, Hb, and HR) had a 

lower AIC when compared to the simultaneous regression model (AIC = 239.64 and 243.41, 

respectively), which is further evidenced by the minor difference in variance accounted for by 

each model, but the selected model includes substantially fewer predictors. 
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5.5 Discussion 

It has been argued that intraoperative NIRS monitoring should be the standard of care,140 

as NIRS has already demonstrated clinically relevant results when used to monitor rSO2 

throughout cardiac surgery including fewer incidences of organ dysfunction, and shorter ICU 

stays.44,45 However, it is unknown if the determinants of cerebral perfusion during cardiac 

surgery are similar among critically ill patients who may have dissimilar physiological 

derangements as part of their illness. Multivariable modelling was used to assess the 

physiological determinants of the NIRS-derived rSO2 signal during the first 24 hours of critical 

illness in adult patients. The selected regression model suggested that PaCO2, HR, and Hb 

concentration may be possible therapeutic targets to optimize cerebral oxygenation, as this model 

accounted for >50% of the variance in rSO2. As this analysis was exploratory, a sensitivity 

power analysis was conducted. Given that the analysis was powered to detect an effect 

approximately half of what was observed, there is improved confidence that the analysis was not 

biased for only detecting inflated effect sizes.141 As this study was based on a single centre, the 

current results will need to be further validated in a larger and more diverse cohort of critically ill 

patients. 

 

Relationship between known determinants of oxygen delivery and rSO2: 

As a preliminary step towards demonstrating the utility of NIRS as a surrogate marker of 

cerebral perfusion in critically ill patients, the relationship between rSO2 and other variables 

related to oxygen delivery that are monitored in routine clinical practice were assessed. It is well 

accepted that the amount of oxygen delivered to tissues is the product of arterial oxygen content 

and cardiac output. Arterial oxygen content is determined by Hb concentration, SpO2, and 
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oxygen dissolved in blood (PaO2 X 0.003 mL/mmHg O2/dL blood),142 whereas cardiac output is 

determined by HR and stroke volume.143 Of these determinants of oxygen delivery, Hb, HR, 

SpO2, and PaO2 were able to be measured.  

Red blood cell (RBC) transfusion to improve tissue oxygen delivery is a common ICU 

intervention administered to approximately 1/3 of critically ill patients.144 However, this practice 

still remains controversial due to the potential complications of transfusion (e.g., transfusion-

related acute lung injury, altered coagulation, or infections),145 as well as studies indicating that 

the restrictive vs liberal use of RBC transfusions may result in similar rates of mortality146–148 

and ischemic events.148 Importantly, neurological outcomes have not been assessed in these large 

randomized trials of transfusion thresholds. This issue is further complicated by a lack of 

understanding of the neurophysiologic effects of RBC transfusion on cerebral oxygenation. In 

patients with severe traumatic brain injury, mean pre- and post-transfusion Hb concentrations 

were significantly different, but this significant difference was not observed for pre- and post-

rSO2 recordings.149 This may have been due to the small sample size and potentially 

underpowered (n=19) analyses. The current study on critically ill, non-brain injured patients 

demonstrated a significant positive association between Hb concentration and rSO2. This 

inconsistency between studies may be partially explained by different patient populations being 

assessed, as patients with traumatic brain injury may have structural etiologies that interfere with 

the NIRS signal, such as cerebral contusions or hematomas. This finding raises the possibility 

that increasing Hb concentrations within a therapeutic window may be a component of 

developing a clinical algorithm to optimize rSO2 during critical illness. However, the effects of 

RBC transfusions on rSO2, as well as subsequent clinical outcomes, needs further analysis.  
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With regards to cardiac output, a significant positive association between HR and rSO2 

was observed. This might suggest that medications that increase heart rate (e.g., dobutamine) 

could be part of an algorithm to increase cerebral oxygenation. However, it is important to 

acknowledge that the study did not have data on stroke volume to directly calculate cardiac 

output. Future studies may wish to utilize non-invasive assessments of cardiac output in order to 

directly assess the association between cardiac output and rSO2.  

Clinicians routinely depend on data derived from pulse oximetry to monitor tissue 

oxygen saturation in critically ill patients. However, these recordings only provide information 

regarding the arterial blood content from peripheral tissues. In the study, there was a negative 

association between rSO2 and SpO2.  Furthermore, SpO2 was not identified as a significant 

predictor of rSO2 when controlling for the other determinants of oxygen delivery. This may 

suggest that pulse oximetry may inadequately assess cerebral oxygenation, which further argues 

for the need for routine monitoring of rSO2 at the bedside. Alternatively, this non-significant 

finding may simply reflect the restricted range of SpO2 levels collected among patients, as 

arterial oxygen saturation is tightly regulated within the ICU. Due to the small sample size, the 

analysis may have been underpowered to detect this effect in a multiple regression model and 

further analysis is warranted. Furthermore, as mentioned previously, the NIRS signal is mostly 

comprised of venous oxygenation.39 Therefore, rSO2 may be more related to intracranial venous 

oxygen saturation, partially explaining the negative association observed with SpO2, and may 

reflect the interplay between oxygen delivery and consumption. Although rSO2 has been shown 

to be positively correlated with central venous oxygen saturation previosuly,105 there was 

insufficient central venous oxygen saturation data to assess this relationship. 
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In the present study, a non-significant association between rSO2 and PaO2 was observed.  

Since the oxygen-hemoglobin dissociation curve becomes relatively flat when oxygen saturation 

is > 90% and PaO2 is above 80mmHg (i.e., sigmoid shape), increases in PaO2 have relatively 

little impact on saturation/content (i.e., inhaled oxygen will increase PaO2 levels but there will 

only be a minimal increase in blood oxygen content).150 The cohort had median SpO2 and PaO2 

values well above these values mentioned previously, which may partially explain the observed 

non-significant association. However, had a larger range of values been collected for PaO2 and 

SpO2, it stands to reason that a significant association(s) may have been observed with rSO2 due 

to the substantial dependence of oxygen content on PaO2, which would have also been reflected 

by subsequent changes in SpO2 levels.  

 

PaCO2 may be directly associated with rSO2 in critically ill patients: 

Respiratory gases, such as PaCO2, have substantial effects on the radius of cerebral blood 

vessels (e.g., increases in PaCO2 cause cerebral vasodilation, thus increasing CBF).151 However, 

metabolic acidosis is frequently compensated by spontaneous or controlled hyperventilation 

during the resuscitation of critically ill patients. As cerebral perfusion is not routinely monitored 

at the bedside in critically ill patients, the effects of hyperventilation, and subsequent 

hypocapnia, remain unclear. Since a significant positive association between PaCO2 and rSO2 

was observed, prolonged hyperventilation during critical illness may result in the unintended 

consequence of compromised cerebral perfusion and potentially secondary neuronal injury.  

 

Physiological parameters NOT associated with rSO2: PaO2 and MAP 
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Above, the possible explanation(s) for the non-significant association between rSO2 and 

PaO2 was described. A similar nonsignificant association between MAP and rSO2 was also 

observed, which may be related to intact cerebral autoregulation as CBF is preserved through a 

range of MAP values (i.e., 50-150 mmHg),33,152 A limitation of the current study is that integrity 

of cerebral autoregulation was not captured in this cohort.   

 

Limitations and future directions: 

Analyzing the physiological determinants of rSO2 in this cohort of patients was limited 

by the single-centre design, and by the small number of patients that underwent high-frequency 

vital sign recording. Therefore, the current findings will need to be validated among a larger 

cohort of critically ill patients. Additional measures of tissue oxygenation (e.g., SjvO2, lactate) 

would ideally be incorporated into a regression analysis. However, these lab tests were sent 

infrequently during the 24h period of NIRS recording such that the data could not be used. 

Furthermore, quantifying patient cardiac output, rather than recording only heart rate, may 

provide important information regarding the NIRS association with determinants of oxygen 

delivery. As stated previously, the NIRS signal is primarily derived from venous circulation (75-

80%).39 The analysis included only arterial blood gas data, which may partially explain why 

~50% of the variance of the NIRS signal was not accounted for by the regression model. 

Furthermore, given the small sample size, the inclusion of other potentially relevant covariates 

that might influence cerebral oxygenation, such as admitting diagnosis, medications, or medical 

history, were not included in the model. Additionally, due to the heterogeneity at which the data 

were collected (e.g., continuous recording vs clinically ordered), the data set was reduced to a 

24-hour mean per patient. Future analyses may want to systematically collect all physiological 
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data and conduct a mixed effects regression analysis to account for repeated measurements and 

potential individual variability among ICU patients. Lastly, age had a significant negative 

association with rSO2 and will need to be included in future analyses to adjust for this age-related 

decrease in cerebral perfusion. However, the exact age-related mechanism(s) associated with this 

decrease in rSO2 is unclear. Despite these limitations however, three predictors (i.e., PaCO2, HR, 

Hb) of the NIRS-derived rSO2 signal have been identified. These variables are all clinically 

established determinants of oxygen delivery, which provides evidence that NIRS may be a 

suitable marker for monitoring cerebral oxygenation during critical illness.  
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5.6 Conclusions  

This study provides evidence that the NIRS-derived rSO2 signal is a viable 

neuromonitoring modality to assess cerebral oxygenation during critical illness, as this signal 

was predicted by known and reliable clinical determinants of oxygen delivery during the first 24 

hours of critical illness. Further elucidation of the determinants of the rSO2 signal may be useful 

in developing resuscitation algorithms designed to optimize cerebral oxygenation, an important 

therapeutic target among critically ill patients. However, clinically relevant covariates will need 

to be modeled in future analyses.  
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5.7 Tables 
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Table 9. Demographics and clinical characteristics. 

Characteristic Nested Cohort (n=43) 

Median age (years, [IQR]) 68 [58.5-79] 

Male sex (No. [%]) 29 [67] 

Admitting diagnosis (No. [%]): 

     Respiratory Failure 

     Severe sepsis/septic shock 

     Cardiac 

     Gastrointestinal 

     Vascular 

     Trauma 

     Neurological 

     Other* 

 

13 [30] 

7 [16] 

7 [16] 

7 [16] 

4 [9] 

3 [7] 

0 

2 [5] 

APACHE II score (median, IQR) 20 [16-26] 

Co-morbidities (No. [%]):   

     Cardiac** 

     Hypertension 

     Respiratory*** 

     Diabetes 

     Active tobacco use 

     Heavy alcohol use 

 

19 [44] 

24 [56] 

14 [33] 

11 [26] 

11 [26] 

5 [12] 

At time of enrolment (No. [%]: 

     Intubated 

     Vasoactive agents 

 

41 [95] 

24 [56] 

ICU LOS (median [IQR]) 7 [4-13] 

ICU mortality (No. [%]) 7 [16] 

Physiological variables (median 

[IQR]): 

     MAP (mmHg) 

     HR (bpm) 

     PaCO2 (mmHg) 

     PaO2 (mmHg) 

     pH (mmHg) 

     SpO2 (%) 

     Hb (g/L) 

     rSO2 (%) 

 

 

73.77 [71.04-80.84] 

85.77 [73.82-99.79] 

40.50 [35.20-44.75] 

86.25 [79.75-94.17] 

7.37 [7.33-7.42] 

96.34 [95.23-97.52] 

102.67 [86.00-115.50] 

68.41 [64.56-72.16] 

Note. *Other included: Drug overdose/withdrawal and acute kidney injury. 

**Cardiac included: arrhythmia, prior myocardial infarction, prior cardiac arrest, known coronary artery 

disease, and/or congestive heart failure. 

***Respiratory included: asthma or COPD. 

MAP=mean arterial pressure; HR=heart rate; PaCO2=arterial partial pressure of carbon dioxide; 

PaO2=arterial partial pressure of oxygen; SpO2=arterial oxygen saturation; Hb=hemoglobin; 

rSO2=regional cerebral oxygenation. 
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Table 10. Regression models predicting the near-infrared spectroscopy regional cerebral oxygenation signal in critically ill adult patients. 

 Simultaneous Regression Model   AICc Selected Regression Model 

Predictor b β r   b β r 

Age -0.08 [-0.17, 0.01] -0.22 [-0.48, 0.03] -.32*   -0.10 [-0.19, -0.01]* -0.27 [-0.51, -0.04] -.32* 

HR  0.06 [-0.02, 0.14] 0.19 [-0.06, 0.44] .22   0.08 [0.01, 0.15]* 0.25 [0.02, 0.49] .22 

SpO2 -0.37 [-1.19, 0.44] -0.15 [-0.48, 0.18] -.42**      

MAP 0.02 [-0.16, 0.20] 0.03 [-0.23, 0.28] .22      

pH -16.44 [-38.52, 5.65] -0.19 [-0.45, 0.07] -.34*      

PaO2 0.05 [-0.05, 0.15] 0.13 [-0.14, 0.41] -.07      

PaCO2 0.16 [0.00, 0.33]* 0.30 [0.00, 0.59] .57**   0.21 [0.07, 0.34]** 0.37 [0.13, 0.62] .57** 

Hb 0.09 [0.02, 0.15]** 0.40 [0.11, 0.69] .43**   0.09 [0.04, 0.14]** 0.41 [0.16, 0.66] .43** 

Fit R2 = .579** [.22, .65]; Adjusted R2 = .480   R2 = .535 [.25, .65]**; Adjusted R2 = .487 

 

Note. * indicates p < .05; ** indicates p < .01. b represents unstandardized regression weights; β indicates the standardized regression weights; r represents 

the zero-order correlation. The [ ] indicate the lower and upper limits of the 95% confidence interval, respectively. The grey shaded region represents the 

predictors that were not retained following model selection. AICc= Corrected Akaike information criterion; HR = Heart Rate; SpO2 = Arterial oxygen 

saturation; MAP = Mean arterial pressure; PaO2 = Arterial partial pressure of oxygen; PaCO2 = Arterial partial pressure of carbon dioxide; Hb = 

Hemoglobin. 
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5.8 Figures  
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Figure 21. Correlation matrix of all predictors of regional cerebral oxygenation included in the 

simultaneous regression model.  

Note. This plot provides visual representation of the associations between the various hemodynamic and 

physiological parameters. The direction of the association is represented by the colour (blue = positive; 

red = negative), and the strength is indicated by shading (dark = strong; light = weak). Each colored 

square has corresponding text, which represents the p-value for the correlation analysis between the 

column and row parameter. The asterisks indicate significant Pearson correlations coefficients (p < 0.05). 
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Figure 22. CONSORT diagram demonstrating patient inclusion and exclusion during patient recruitment 

and subsequent data analysis.    
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Figure 23. Scatter plots illustrating the various relationships between regional mean cerebral oxygenation 

(rSO2) recordings and mean levels of various predictors of oxygen delivery (i.e., age, hemoglobin, partial 

pressure of carbon dioxide, and heart rate). 

Note. Black data points represent each individual patient with the blue line representing a linear model fit 

to the data, and the grey shaded region representing the 95% confidence interval. 
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Chapter 6 

Assessing the relationship between near-infrared spectroscopy derived 

regional cerebral oxygenation and neurological dysfunction in critically ill 

adults: a prospective multi-centre protocol 
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6.1 Abstract  

Introduction:  

Survivors of critical illness frequently exhibit acute and chronic neurological 

complications. The underlying etiology of this dysfunction remains unknown but may be 

associated with cerebral ischemia. This study will use near-infrared spectroscopy (NIRS) to non-

invasively quantify regional cerebral oxygenation (rSO2) to assess the association between poor 

rSO2 during the first 72 hours of critical illness with the development of delirium, as well as 

long-term sensorimotor and cognitive impairment among intensive care unit (ICU) survivors.   

 

Materials and Methods:   

This multi-centre prospective observational study will consider adult patients (≥ 18 years 

old) eligible for enrolment if within 24 hours of ICU admission, they require mechanical 

ventilation, and/or vasopressor support. For 72 hours, rSO2 will be continuously recorded, while 

vital signs (e.g., heart rate) and peripheral oxygenation saturation will be concurrently captured 

with data monitoring software. Arterial and central venous gases will be sampled every 12 hours 

for the 72-hour recording period and will include: pH, partial pressure of oxygen, partial pressure 

of carbon dioxide, and hemoglobin concentration. Participants will be screened daily for delirium 

with the confusion assessment method (CAM)-ICU, whereas the brief-CAM will be used on the 

ward. At 3- and 12-months post-ICU discharge, neurological function will be assessed with the 

Repeatable Battery for the Assessment of Neuropsychological Status and KINARM robot-based 

behavioral tasks.  

 



 

144 

 

Discussion:  

This multicentre observational study will offer the potential to replicate and validate 

preliminary finding of reduced rSO2 as an independent risk factor for the development of 

delirium during critical illness, as well as further characterize the physiological determinants of 

rSO2 in a representative cohort. Furthermore, this study will have the potential to identify 

pathophysiological mechanisms associated with the development of long-term neurological 

dysfunction among ICU survivors. These findings will lay the foundation for an interventional 

study designed to assess whether optimization of rSO2 can reduce delirium and improve long-

term neurological outcomes for patients. 
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6.2 Introduction 

Medical advancements in the intensive care unit (ICU) has led to a substantial reduction 

in mortality rates.153,154 However, survivors frequently experience post-intensive care syndrome 

(PICS), which is characterized by cognitive, psychiatric, and physical impairments.155 These 

complications have profound effects, including long-term cognitive impairments affecting 

between 25-75% of survivors,155 and an approximately 50% decrease in full-time 

employment.126 Therefore, modern critical care research should improve the understanding of, 

and the prevention of, long-term impairments in the growing number of ICU survivors. 

A recent systematic review identified prolonged delirium as the most consistent and 

potentially modifiable risk factor for long-term cognitive impairment.31 Patients with delirium 

experience persistent deficits in various domains, including: memory, executive function, verbal 

fluency, and attention.8,13,28 Furthermore, robotic technology has indicated that ICU survivors 

also develop visuospatial and motor deficits.156 Importantly, this population experiences chronic 

cognitive dysfunction similar to patients with moderate traumatic brain injury or mild 

Alzheimer’s disease, with a duration-dependent effect of delirium on impairments in global 

cognition and executive function.13  

Delirium is characterized by reduced awareness, emotional disturbances, restlessness, and 

incoherence with a 60-87% ICU incidence rate.22 While risk factors associated with delirium 

include mechanical ventilation, age, and frailty,22 the underlying etiology of delirium is poorly 

understood. Cerebral ischemia is thought to play a central role in delirium development; 

however, understanding this relationship presents several challenges due to the difficulty of 

continuously measuring cerebral perfusion in the ICU. 
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This issue has resulted in a limited number of studies investigating the influence of 

cerebral perfusion on delirium in critically ill patients (Reviewed in48). Near-infrared 

spectroscopy (NIRS) is a non-invasive technology that measures regional cerebral oxygenation 

(rSO2) as a surrogate marker of cerebral perfusion,41,42 as rSO2 values correlate with other 

markers of cerebral perfusion, including CT perfusion, jugular venous bulb oxygen saturation, 

and brain tissue oxygen tension.40–42 Therefore, NIRS is an ideal candidate for both ICU research 

and clinical practice.  

Feasibility and single-center prospective ICU studies have been performed with NIRS, 

discovering that low rSO2 is an independent risk factor for the development of delirium.96,157 A 

nested cohort in this study demonstrated that impaired cerebral auto-regulation (i.e., the ability to 

maintain stabilized and adequate cerebral perfusion) is also associated with the development and 

duration of delirium.26,158 While these findings were statistically significant, a multi-centre 

observational study is necessary for external validation and the study of long-term outcomes.  

The overarching hypothesis is that decreased rSO2 in the early stages of critical illness 

leads to the development of delirium, as well as long-term cognitive impairment among 

survivors. The study objectives are to further establish an association between rSO2 and delirium, 

and to identify potential risk factors associated with delirium and long-term cognitive deficits. 

Overall, elucidating the mechanisms of delirium will allow for the development of preventative 

treatments to improve outcomes among ICU survivors. 
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6.3 Materials and Methods 

Patient and Public Involvement:  

At Kingston Health Sciences Centre (KHSC), the staff includes a patient experience 

advisor who is a critical care nurse that has been previously admitted with respiratory failure and 

shock. This experience as a front-line health care professional, as well as an ICU patient, will be 

invaluable to both patient and public involvement. In addition to the scientific community, 

patients and their families will also be central to the dissemination of study findings. Participants 

that selected to be informed of the results will be mailed/e-mailed the published findings upon 

study completion.  

Study locations and participants:  

An overall visual schematic of the study design is shown in Figure 24. This prospective 

observational study will take place at 8 sites within Canada. KHSC will serve as the coordinating 

centre, as the ICU has a history of coordinating academic and industry funded studies and the 

staff are familiar with the CONFOCAL protocol, as the pilot study157 was conducted at this site. 

Patients are considered eligible if they are ≥ 18 years old, have been admitted to the ICU > 24 

hours and have respiratory failure requiring invasive mechanical ventilation with an expected 

duration >24 hours, and/or have shock of any etiology. Shock will be defined by the need for one 

of the following vasopressors/inotropes: Dopamine ≥7.5 mcg/kg/min, Dobutamine ≥5 

mcg/kg/min, Norepinephrine ≥5 mcg/min, Phenylephrine ≥75 mcg/min, Epinephrine at any dose, 

Milrinone at any dose (if used in conjunction with another agent), Vasopressin ≥0.03 u/min (if 

used in conjunction with another agent), which is adapted from the BRAIN-ICU inclusion 

criteria.6 The exclusion criteria are admission to the ICU > 24 hours, a life expectancy <24 hours, 

a primary central nervous system admitting diagnosis (e.g., traumatic brain injury, stroke, 
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subarachnoid haemorrhage), and/or any reason that the subject may not be able to participate in 

the follow up assessments (e.g., limb amputation, paresis, neuromuscular disorders). Post-cardiac 

arrest patients are also excluded from this study. Additional study sites will include the 

following: Toronto Western Hospital (Site PI Dr. Victoria McCredie), Université de Montreal 

(Montreal, QC; Site PI Dr. Michael Chasse), Victoria Hospital (London, ON; Site PI Dr. Ian 

Ball), University Hospital-London Health Sciences Center (London, ON: Site PI Dr. Marat 

Slesserev), Ottawa General Hospital (Site PI Dr. Shane English), Ottawa Civic Hospital (Site PI 

Dr. Shane English), and Vancouver General Hospital (Site PI Dr. Donald Griesdale). KHSC is 

responsible for developing and maintaining the electronic case report forms (eCRF), data 

management, and analysis. Recruitment at KHSC began on January 17, 2018.   

 

Recruitment and consent:  

The Queen’s University and Affiliated Hospitals Health Sciences Research Ethics Board 

will serve as the board of record for the streamlined research ethics review system (Clinical 

Trials Ontario) for which KHSC has gained approval; Non-Ontario sites will obtain local ethics 

approval. All patients admitted to the ICU will be screened daily for eligibility. The participant 

will be approached by a member of the research staff. If the participant is unable to provide 

consent, the research staff will approach the Substitute Decision Maker (SDM). The research 

coordinator or trained study staff will obtain informed consent and documentation of the consent 

process will be noted in the patient’s medical chart. As we are unlikely to obtain informed 

consent at the time of enrolment from patients meeting eligibility criteria due to their critical 

condition, a deferred consent model will be implemented when appropriate (e.g., SDMs may be 

too emotionally distraught to participate in an informed consent conversation immediately after 
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their loved one has been admitted to an ICU), which has already been granted local research 

ethics board approval. When an SDM is not available to approach, trained staff will enrol the 

patient and begin trial procedures until the SDM is available for a consent encounter, targeted to 

be within 72 hours of enrolment. However, a priori informed consent will be encouraged 

whenever possible. The SDM response will be used to continue all trial procedures or any further 

data collection. If the patient or substitute decision maker declines enrolment, then the patient 

will be excluded, and all data obtained using deferred consent will be confidentially destroyed. In 

addition, once the patient has regained capacity according to the medical team, the patient will be 

approached to affirm or withdraw consent. Each site will be provided with patient identification 

numbers, which will be assigned sequentially when a patient is enrolled and will be used in all 

study documentation to ensure patient confidentially and anonymity. All eligible patients will be 

recorded on a screening log, which will include their study ID, date of consent, or reason the 

patient could not be enrolled. The de-identified screening log will be forwarded to the lead 

project coordinator on a monthly basis. The individual site research coordinators and 

investigators will be responsible for ensuring the ethical conduct of this trial, screening patients, 

obtaining consent, and training of staff as needed. The principal investigators and co-

investigators will review monthly compliance with the study protocol and recruitment rates. 

Confidentiality:  

To ensure patient confidentiality, identifying information will not be collected on the 

Case Report Form. Patients will be identified to the coordinating centre only by their unique 

study identification number. The site study coordinator will maintain a participant master list 

including the participant name and linked study ID. At the end of the study, this master list will 
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be destroyed. In accordance with current requirements, the de-identified data will be stored for a 

minimum of 10 years. 

Data Collection: 

rSO2, hemodynamics, medications, and clinical characteristics:   

Patients will be enrolled within the first 24 hours of their ICU admission. Immediately 

following enrolment, the patient will undergo rSO2 monitoring. A sensor will be placed in the 

centre of the patient’s forehead, which is attached to the FORESIGHT ELITE oximeter 

(CASMED, Caster Medical, Canada). This device will provide continuous quantification of 

rSO2, every 2 seconds, for 72 hours. To assess the association between hemodynamics and rSO2 

recordings, a commercially available system (Bedmaster, Excel Medical Electronics, FL, USA; 

or site equivalent) will be used to capture the following vital signs from enrolled patients: heart 

rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure 

(MAP), and peripheral oxygen saturation (SpO2). These data are captured locally and uploaded 

to the eCRF (REDCap). Throughout this 72-hour period of recording, administered continuous 

infusion and intermittent bolus doses of vasoactive and sedative/analgesic medications will be 

documented and converted to either “fentanyl equivalents” for narcotics, or “midazolam 

equivalents” for benzodiazepine medications. These conversion formulas have been previously 

described.104 Severity of illness will be measured during the first 24 hours of ICU admission 

using the Acute Physiology and Chronic Health Evaluation II score (APACHE II).  Pre-existing 

frailty will be assessed upon enrolment using the clinical frailty scale,127 which is 9-point scale 

(e.g., 1 = very fit to 9 = terminally ill). All clinical data will be captured on the eCRF.  

Central venous and arterial blood collection:  
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Both arterial and central venous gases will be sampled every 12 hours during the 72h 

period of rSO2 recording and will include: pH, partial pressure of oxygen (pO2), partial pressure 

of carbon dioxide (pCO2), and hemoglobin concentration (Hb). These blood samples will be 

collected only if a central line (PICC, internal jugular, subclavian) and arterial line are already in 

place. 

Delirium screening:  

Patients will be assessed daily for delirium throughout their entire hospital stay (ICU and 

ward; up to day 30) using validated screening tools; the Confusion Assessment Method (CAM)-

ICU88, as well as the brief Confusion Assessment Method (bCAM)159 which will be administered 

on the ward.  From the CAM-ICU, the CAM-ICU 7 (i.e., 7-point delirium severity scale) will 

also be documented (i.e., 0-2: no delirium, 3-5: mild to moderate delirium, and 6-7: severe 

delirium).160 The ICU discharge day will be considered to be the day that the attending writes 

orders to discharge, in order to avoid the influence of delayed discharge. 

Determination of pre-existing cognitive impairment:  

Pilot study data157 excluded 10% of patients with a documented history of cognitive 

impairment in their medical chart, which may limit external validity. Importantly, individuals 

may have substantial cognitive impairment prior to enrolment but did not receive any formal 

diagnosis. To address this potential confounder, all patients will be assessed, upon enrolment, 

using the clinical dementia rating (CDR) scale.161 The CDR is a scale from 0 (Normal) to 3 

(severe dementia) that is calculated from a standardized scoring sheet completed by interviewing 

a patient or their caregiver. All staff completing the interview and scoring sheet will undergo 
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rigorous online training and pass a certification exam. A diagnosis of pre-existing cognitive 

impairment will be defined as a CDR >1. 

 

3- and 12-Month Follow Up:  

Neuropsychological assessment: Repeatable Battery for the Assessment of Neuropsychological 

Status (RBANS):   

Participants will complete a 3- and 12-month follow up assessment in which the RBANS 

will be administered by a trained researcher. The RBANS assesses global cognition, as well as 

several subdomains (i.e., immediate and delayed memory, visuospatial/constructional, language, 

and attention). These indices have been described previously,60 and survivors will be compared 

to age-matched controls. To improve follow up rates, in home/hospital testing will be performed 

for individuals not able to return for laboratory assessment. Participant scores are converted to 

standardized values in which the normative range will be considered a mean of 100+/-24.75 

(1.65 SD). Participants that score >75 will not be considered impaired, as these subjects are 

performing within or above the normative range. The RBANS assessment requires ~20-30 

minutes to complete. 

KINARM Assessment:  

Participants (from the Kingston region only) will complete a 3- and 12-month follow up 

assessment using the End-Point bimanual KINARM robot (BKIN Technologies, Kingston). With 

each hand, the seated subject grasps a handle attached to a planar robotic device that permits 

movements in the horizontal plane with an integrated virtual reality system that presents objects 

in the horizontal plane (Figure 25). Subjects will perform a behavioural battery to quantify a 
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broad range of sensorimotor, and cognitive function using their upper limbs. A trained operator 

selects a task from the software menu, reads the standardized instructions, and then monitors 

performance in real-time. Trained researcers will administer 7 tasks from the KINARM Standard 

TestsTM including: Spatial Span (SS, Figure 26A), Visually Guided Reaching (VGR, Figure 

26B), Reverse Visually Guided Reaching (RVGR, Figure 26B), Ball on Bar (BonB, Figure 26C), 

Arm Position Matching (APM, Figure 26D), Object Hit (OH, see Figure 26E), Object Hit and 

Avoid (OHA, see Figure 26F). Each task has been previously described,97 and quantifies subject 

performance using approximately 6 to 20 metrics per task. Each metric is converted into 

normalized units based on healthy subject performance, considering the influence of sex, age, 

and handedness (0 is mean performance and ±1 is a standard deviation from the mean). For each 

task, a task score will also be generated to provide a global performance measure with values 

that are equivalent to standard deviation units with zero specifying best possible performance, 

and higher values indicating worse performance. Therefore, performance will be considered 

abnormal if the task score is outside the +1.96 range (i.e., 5th percentile). The task score has been 

previously described.114 The KINARM assessment takes ~45 minutes to complete. 

 

Sample Size Calculation: 

Primary Outcome:  

The overall hypothesis is that poor cerebral perfusion contributes to delirium and long-

term cognitive impairment. For study purposes, poor cerebral perfusion is defined as the 

composite of 1) low mean rSO2, 2) duration of impaired cerebral autoregulation, and 3) time 

outside individualized optimal MAP (MAPOPT), which will be discussed in more detail in the 
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statistical plan section. Although this in an imperfect measure of cerebral perfusion, this is a 

comprehensive, continuous, and non-invasive assessment of cerebral perfusion. For the primary 

outcome (CAM-7 delirium severity score), approximately 400 patients will be assessed, to allow 

10 degrees of freedom for the 3 measures of perfusion (i.e., mean rSO2, duration of disturbed 

cerebral autoregulation, duration outside MAPOPT) and controlling for 9 covariates (see below). 

The 10 degrees of freedom will allow us to model non-linear relationships between the 3 

measures of cerebral perfusion and delirium severity. This sample size achieves 90% power to 

detect an R2 of 0.050 collectively among these measures of cerebral perfusion and using an F-test 

with a significance level of 0.050 (see Figure 27). In order to have ≥400 patients to assess, 500 

patients will be enrolled, as prior work has demonstrated that ~20% of patients remain comatose 

(RASS = -4 or -5) during their entire ICU stay,157 and cannot be assessed for delirium. 

Secondary Outcomes-Physiological determinants of rSO2 and neurological outcomes: 

For evaluating the determinants of the rSO2 signal, the association between each of the 9 

pre-specified candidate predictors of rSO2 after controlling for the 4 co-variates (see below for 

co-variates) will be assessed. Bonferroni correction (0.05/9 = 0.0056) will be used to control for 

multiple testing. With the 500 patients recruited, and a multivariate regression model that 

includes 13 independent variables, this testing strategy will provide 90% power to identify any 

predictor that explains an additional 3.2% of the variance of rSO2 after controlling for the other 

variables in the model. This sample size is sufficient to identify independent significant 

predictors that account for a small-moderate degree of variance in the overall rSO2 signal. Given 

the overall sample size of 500 recruited patients, ~350 survivors will likely return for follow up, 

assuming a 30% mortality rate observed in the pilot study, which will provide sufficient power to 

detect important predictors of long-term neurological outcomes. These have been intentionally 
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not specified a priori, as this will depend on the study findings related to cerebral perfusion and 

delirium.  

All sample size calculations were conducted using Power Analysis and Sample Size Software 

(Version 15).101  

Statistical Plan: 

Quantification of disturbed cerebral autoregulation:  

Cerebral autoregulation will be evaluated by computing customized algorithms 

(MATLAB, MathWorks, MA, USA) of the time-varying Spearman correlation coefficients 

between rSO2 and MAP (i.e., cerebral autoregulation index, COx) with a moving time window 

advanced in 1 min steps over the 72-hour period of recording. This cerebral autoregulation 

assessment has been previously described158 and a visual representation can be observed in 

Figure 28. In addition, the COx will be performed across varying window lengths to further 

assess the optimal window length of recording (e.g., 5, 10, 30, 60, 120, 240, 300-minute 

windows). Positive COx values (i.e., MAP and rSO2 move in the same direction) reflect 

dysfunctional cerebral autoregulation, whereas negative (i.e., MAP and rSO2 move in the 

opposite direction) and near zero (< 0.3) indicate intact cerebral autoregulation. However, 

cerebral autoregulation dysfunction will be defined by using a statistical significance threshold 

for positive COx correlation values (p < 0.0001). Cumulative duration of disturbed 

autoregulation will be given by the duration of time spent with a significant positive correlation 

throughout the period of neuromonitoring. Computer algorithms for COx will be developed and 

implemented blind to the neurological status of enrolled patients. 
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Estimating optimal MAP:  

To calculate the individualized MAPOPT, the computed COx values will be binned by the 

average MAP value in their respective moving windows in 5 mmHg bins.162 An alternative 

strategy will also be implemented. The MAPOPT binning procedure will be inverted by binning 

MAP values by their corresponding COx values in sequential 0.05 bins of Spearman correlation 

coefficients ranging from -1 to +1. This procedure has been previously described.158 

Assessment of primary outcome:  

Multiple linear regression will be used to characterize the association between adequate 

cerebral perfusion (as measured using duration of time (minutes) outside of MAPOPT, mean rSO2, 

and duration of disturbed cerebral autoregulation) and delirium severity throughout a patient’s 

ICU stay to determine if poor cerebral oxygenation is an independent predictor of delirium. The 

unadjusted effect of each individual predictor on delirium severity (i.e., cumulative CAM-7 

scores per patient) will first be estimated. The simultaneous multiple regression model will adjust 

for the following covariates due to their potential associations with delirium: a history of 

hypertension, a history of alcohol abuse, total sedative dose (in midazolam equivalents), total 

narcotic dose (in fentanyl equivalents), severity of illness (APACHE II scores), pre-existing 

cognitive impairment (CDR score), length of ICU stay, frailty (clinical frailty scale), and blood 

urea nitrogen. The multivariable model will provide the adjusted regression coefficients after 

controlling for all predictors included in the model. All covariates included in regression 

modeling have been chosen a priori based on clinical judgment and previous research.157,103 

Model diagnostics will be conducted to assess the underlying assumptions of linear regression 

(i.e., linearity, normally distributed residuals, equal variances, and lack of multicolinearity) for 
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all models. Multiple imputation strategies will be applied at the time of the regression modeling 

to account for any missing data and reduce bias associated with excluding patients due to 

partially collected data. 

Secondary outcomes: 

Determinants of rSO2:  

To assess the hemodynamic and physiological determinants of rSO2 at the patient level, 

multiple linear regression will be performed using the patient average of each variable over the 

72-hour data collection period. The following predictors will be included in the regression 

model: HR, SpO2, MAP, arterial, and venous blood gas data (i.e., pH, pO2, and pCO2), central 

venous oxygen saturation, and Hb concentration. In addition, the multivariate model will control 

for the following covariates associated with cerebral perfusion: age,134 as well as total sedative, 

narcotic, and vasopressor dosing. Simultaneous multiple linear regression with adjustment for all 

aforementioned covariates will be implemented. As stated for the primary outcome regression 

analysis, model diagnostics will be performed. Furthermore, the relationship between the 

determinants of the NIRS-derived rSO2 signal may vary over time (see Figure 29). Therefore, a 

repeated measures analysis will also be performed by using multilevel modeling with 6 

observations reflecting each 12-hour period during the 72-hour data collection period (with time 

coded as 0 – 5, so the intercept equals baseline/time of enrolment) nested within each subject. 

The predictors will be the same as the regression model but allowed to be time varying across the 

6 observation points. This analysis will assess if within patient changes in the predictors correlate 

with changes in rSO2, and if these associations are modified by fixed patient characteristics, such 

as age. 
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Assessing if poor cerebral perfusion during critical illness is a significant predictor of long-term 

neurological dysfunction among ICU survivors:  

Multiple linear regression analysis will be used to assess if impaired cerebral perfusion 

(i.e., time below MAPOPT, mean rSO2, and duration of disturbed cerebral autoregulation) is 

associated with RBANS global cognition scores at 3- and 12-months post-ICU discharge. The 

following clinical covariates will be used, those collected on admission (i.e., pre-existing 

cognitive impairment, age, severity of illness, frailty) and those collected within the first 72 

hours of the patients’ ICU stay (i.e., narcotic dosing and benzodiazepine dosing). All covariates 

will be adjusted for in separate regression models for the cognitive outcomes at 3- and 12-

months post-ICU discharge. If global cognition is significantly predicted by the time below 

MAPOPT, an exploratory analysis of the RBANS subdomains of cognition (i.e., delayed and 

immediate memory, language, attention, visuospatial/constructional) will be implemented 

adjusting for the aforementioned covariates to further explore specific areas of impairment 

observed among survivors of critical illness. Only patients assessed at KHSC will undergo 

KINARM testing, so this data will be assessed with descriptive statistics to avoid any potential 

bias. 
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6.4 Discussion 

This multicentre observational study will extend the preliminary findings of reduced rSO2 

as an independent risk factor for the development of delirium during critical illness. The 

proposed larger sample size will not only allow for the replication and validation of this 

completely novel finding, but will also allow for the further characterization of the physiological 

determinants of rSO2 in a representative cohort. Furthermore, this study will have the potential to 

identify novel pathophysiological mechanism associated with the development of delirium and 

long-term neurological dysfunction among ICU survivors. These findings will inform the next 

phase of the CONFOCAL research program: a proof-of-principal study, aimed at devising 

strategies to optimize rSO2. It will lay the foundation for a larger interventional study designed to 

assess whether optimization of rSO2 can reduce delirium and improve long-term neurological 

outcomes for patients. 
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6.5 Ethics and Dissemination  

Risks/Ethical Considerations:  

Ethics approval will be obtained prior to the commencement of screening and enrolment 

at each site. There are no assumed risks associated with the proposed assessment procedures, as 

this study only involves a small amount of bloodwork, which will only be collected if a central 

line and arterial line are already in place. Furthermore, results from the previous pilot study 

demonstrated that non-invasive monitoring of cerebral oxygenation, while using a deferred 

consent model, does not interfere with patient care or management.96 Research participants and 

their SDMs will be informed that enrolment in this study will not affect their care in any way, 

and that they have the right to refuse participation or withdraw at any time.  

Dissemination of results:  

The results of this study will be presented at national meetings of the Canadian Critical 

Care Trials Group. Prior to submitting any manuscript for publication, it will undergo rigorous 

internal peer review by this group of critical care experts. The KHSC study group has a long 

track record of presenting data at national and international critical care conferences. I anticipate 

that the preliminary results of this research program will also be presented at these conferences 

(e.g., American Delirium Society). The final study results will be submitted for publication to 

high impact journals. 
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6.6 Figures 
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Figure 24. A visual representation of the CONFOCAL2 study design from enrolment to 3- and 12-month 

follow up assessments. 
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Figure 25. Three-dimensional animated representation of the KINARM End-Point robotic set-up used at 

3- and 12-month follow up assessments. 
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Figure 26. Visual representation of the administered KINARM behavioral battery, where panels A-F 

represent individual tasks. 

Note. Dark blue lines represent the bimanual robotic limbs, with connected red circles indicating robotic 

joints which permit movement of the KINARM. Note. While each panel includes a view of the 

participant’s arms, subjects do not see their arms throughout task completion. Instead, they are virtually 

represented as white circles (A-D) or green paddles (E-F). A. Spatial Span (SS). Participants are 

instructed to memorize a sequence (represented as numbered blue squares) on a 3x4 grid. The task begins 

with a sequence length of 3 and participants must replicate the sequence using their dominant hand. 

Sequence length is increased/decreased by 1 unit for every correct/incorrect replication, up to a maximum 

sequence length of 12, with a total of 17 trials. This task assesses visuospatial working memory. B. 

Visually Guided and Reverse Visually Guided Reaching (VGR and RVGR). Participants are instructed to 

move the robot to one of four targets, indicated by red circles, and back to the home position (i.e., middle 

target). In VGR, participant’s movement (white arrow) is identical to visual feedback (yellow arrow). In 

RVGR, virtual feedback is mirrored/inverted (blue arrow) to the actual hand position, requiring 

participants to initiate corrective movements in the opposite direction. This task assesses visuomotor 



 

165 

 

abilities73 and cognitive override (RVGR).116 Note. Red lines visually represent participant hand paths 

throughout the entire task.  C. Ball on Bar (BonB). Participants are instructed to use both hands to balance 

a virtually represented ball on top of a vertical bar connecting both hands, while sequentially moving to 

one of four targets (red circles) as quickly and accurately as possible. This task assesses bimanual 

coordination.119 Note. Red lines represent expected hand path of participant.  D. Arm Position Matching 

(APM). The KINARM robot moves the participant’s dominant hand to one of four targets (blue circles), 

with the path to these targets represented by blue lines. Participants are instructed to mirror match the 

movement with their dominant arm, which assess using proprioception.74 Note. Red lines represent 

participant’s hand path, and red circles represent the target locations. E. Object Hit (OH). Participants 

hands are visually represented as green paddles and they are instructed to hit targets (i.e., red circles) 

away from themselves. These targets fall from the top of the screen with greater frequency and speed to 

increase difficulty over time. White arrows indicate movement of the targets toward the participant. This 

task assesses rapid decision-making, bimanual sensorimotor abilities, and visuospatial attention.117 F. 

Object Hit and Avoid (OHA). Participants are asked to remember two target shapes and instructed to hit 

these targets while also avoiding all other objects (i.e., distractors). White arrows indicate movement of 

the various objects. This task is similar to OH, with additional assessment of higher executive function.118 

Note. The participant is briefly shown the two targets at the start of the task and they do not appear on 

screen throughout task duration. 
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Figure 27. A power curve indicating the study sample size, and the respective statistical power, to assess 

the primary study outcome. 

Note. Red dots represent the sample size needed for a given statistical power. The primary sample size 

was calculated using the following multivariate regression model parameters: 10 independent variables 

tested, controlling for 9 additional covariates, power = 0.90, R2 = 0.050, α = 0.05, which would require a 

sample size of 400. 
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Figure 28. Visual representation of calculating the cerebral oximetry index for an individual patient. 

A) Simplified line graph (24 hours instead of the full 72-hour recording period) illustrating the sliding 

window correlation between mean arterial pressure and regional cerebral oxygenation for an individual 

patient over a 24 period of recording. Note. The black rectangle represents a 60-minute window that 

moves forward 1-minute at a time until the recording period is completed.  B) Scatter plot illustrating a 

time dependent positive association between mean arterial pressure and regional cerebral oxygenation. 

Note. Black dots represent data collected for an individual patient over 24 hours, with the blue line 

representing a linear model fit to the data, and the grey shaded region representing the 95% confidence 

interval.  C) Scatter plot indicating the time varying association between mean arterial pressure and 

regional cerebral oxygenation represented as the cerebral oximetry index (COx) over an individual 

patient’s 24-hour recording period. Note. A positive Cox values (>.3) represents dysfunctional cerebral 

autoregulation, with negative or near zero values indicating intact cerebral autoregulation. 
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Figure 29. Line graph of the high frequency vital sign recordings indicates the highly variable 

relationships with regional cerebral oxygenation over the 72-hour period of recording. 

Note. The figure represents a single patient’s ICU recording. rSO2 = Regional cerebral oxygenation; HR = 

Heart rate; SpO2 = Arterial oxygen saturation; artMAP= Mean arterial pressure from an arterial line. 
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Chapter 7 

General Discussion and Conclusions 
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7.1 Overview 

The body of evidence presented throughout this dissertation has demonstrated that 

continuously measuring NIRS in the ICU is feasible, as the cerebral oximeter captured the 

majority of available data, there were no documented cases of this technology interfering with 

patient care, and no adverse reactions occurred due to the adhesive used to place oximeter 

sensors on patient foreheads. Despite the small sample size (n=10), this feasibility study 

demonstrated that delirious patients have significantly lower rSO2 relative to non-delirious 

patients, and this difference was not observed across other vital signs (e.g., MAP, HR, SpO2) or 

medication dosing (i.e., midazolam, fentanyl, propofol). Assessing the determinants of rSO2 

demonstrated substantial inter- and intra-individual variability in the way that NIRS correlated 

with hemodynamics variables (e.g., positive, negative, significant, non-significant), which may 

impair the effectiveness of one-size-fits-all algorithms to optimize rSO2 during critical illness. 

Furthermore, this feasibility study provided the infrastructure to further develop a novel 

multimodal data collection platform (i.e., continuous NIRS and vital sign monitoring, clinically 

ordered arterial and venous blood gases, follow up testing comprised of traditional paper and 

pencil neuropsychological testing and robotics) implemented in the CONFOCAL research 

protocol, which was the largest single-centre prospective observational study ever conducted to 

assess the association between poor rSO2 and delirium. This single-centre observational study 

demonstrated that critically ill patients who spent the majority of their ICU stay delirious had 

significantly lower mean rSO2 compared to non-delirious patients. Using logistic regression, 

lower rSO2 was identified as an independent predictor of subsequent delirium development. In 

addition, this analysis also provided evidence that higher narcotic doses (i.e., an iatrogenic 

factor)163 and a history of alcohol abuse164,165 were independent risk factors for delirium, findings 
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consistent with previous research. In terms of the determinants of the NIRS signal, rSO2 had a 

significant positive correlation with both central venous pO2 and haemoglobin concentration. 

Furthermore, selected regression model using corrected Akaike information criterion, accounted 

for a significant proportion of variance in the NIRS-derived rSO2 signal, which was significantly 

related to age, as well as known determinants of oxygen delivery such as PaCO2, hemoglobin, 

and heart rate. Of those that returned for follow up testing at 3- and 12-months after ICU 

discharge, most participants completed all tasks and 100% of available data was recorded. The 

RBANS testing indicated that individuals were primarily impaired in visuospatial/constructional 

skills, and immediate and delayed memory. The KINARM assessments demonstrated that 

individuals primarily displayed proprioceptive and visuospatial/executive dysfunction. Although 

the individual level of impairment substantially varied, the majority of participants displayed 

improvement at 12- months. While capturing these data once patients return for follow up testing 

is feasible, future investigations will need to implement multiple retention strategies to 

substantially increase follow-up rates, as loss to follow-up was the greatest barrier to feasibility. 

Taken together, these findings further support the hypothesis that poor rSO2, as a proxy for 

cerebral perfusion, contributes to the pathophysiology of delirium. Furthermore, these data 

suggest that optimizing rSO2 may offer promising avenues for future critical care practices, such 

as the development of targeted strategies to optimize cerebral oxygenation during critical illness 

to prevent delirium. However, the determinants of long-term impairment will need to be assessed 

in a representative cohort of critical illness survivors. In the following sections, potential 

limitations and future directions in this complex area of clinical investigation will be discussed. 
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7.2 Delirium Subtypes-Moving Beyond a Homogeneous Syndrome 

Throughout this program of research, delirium was consistently treated as a homogeneous 

syndrome experienced by ICU patients. However, multiple subtypes of delirium exist. For 

example, there are three motoric subtypes of delirium that are frequently described throughout 

the scientific literature. First, hypoactive delirium is typically characterized by decreased 

responsiveness, withdrawal, and apathy, whereas hyperactive delirium is characterized by 

agitation, restlessness, and emotional liability, and mixed delirium fluctuates between hypo- and 

hyper-active states.5 In the ICU setting, hyperactive delirium has been shown to be the most rare 

(1.6%), with hypoactive (43.5%), and mixed delirium (54.9%), being more common.166 

However, the subtype prevalence  may vary across populations, settings, and studies.167 For 

example, in surgical and trauma ICU patients, hypoactive delirium was most common (~60%), 

followed by mixed and hyperactive.168 Traditionally, these subtypes are operationally defined as 

the following: hyperactive delirium is present when the Richmond Agitation and Sedation Scale 

(RASS) is persistently positive (i.e., +1 indicating restless to +4 indicating combative), 

hypoactive delirium consistently negative (i.e., -1 indicating mildly drowsy to -3 indicating very 

drowsy), whereas mixed delirium represents a fluctuations of positive and negative RASS values 

positive CAM-ICU scores.166 Therefore, delirium subtypes have traditionally been identified by 

the level of patient arousal. More recently, multiple clinical phenotypes of delirium (i.e., 

sedative-associated, hypoxic, septic, metabolic, and unclassified) have been identified, which 

fluctuate, occur concurrently, and may be the result of various underlying pathophysiological 

and/or iatrogenic mechanisms.169 In addition, these delirium phenotypes have displayed varying 

clinical trajectories in terms of long-term outcomes. For example, longer durations of hypoxic, 

septic, and sedative-associated delirium were all associated with worse RBANS global cognition 
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scores at 3- and 12-months after discharge.169 However, marked heterogeneity was observed 

among both the severity and the cognitive subdomains (e.g., memory, attention) impaired among 

survivors of critical illness.169 Although the association between poor rSO2 and long-term 

impairment, as well as other clinically relevant variables (e.g., medication dosing), was unable to 

be assessed due to participant attrition, the clinical data and sample size (~500) needed to 

potentially conduct this exploratory analysis will be collected in the CONFOCAL2 trial, for 

which my thesis was foundational. As delirium subtypes likely possess different underlying 

pathophysiological mechanisms associated with their development, shifting from a broad 

classification of ICU associated delirium to focusing on specific sub-group analysis may identify 

potential risk factors (e.g., comorbidities, admitting diagnoses, low rSO2), as well as further 

characterize long-term outcomes among subtypes. Therefore, there is still much clinical 

subgroup analysis that needs to be conducted to encompass the diverse populations of patients 

receiving routine critical care.  
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7.3 Cerebral Hypoperfusion and Delirium 

As previously stated, neuroimaging/monitoring techniques have provided limited 

evidence that altered cerebral perfusion may be related to the development of delirium. Briefly, 

using xenon-enhanced CT to measure regional CBF, patients experiencing delirium had reduced 

CBF in multiple brain regions, which returned to normal levels for each region with recovery 

from delirium.24 Using single photon emission computed tomography, delirious patients also 

demonstrated decreased CBF in multiple brain regions relative to controls.25 The current 

program of research provided evidence for the hypothesis that a precipitant factor (poor rSO2 

during the first 24 hours of critical illness) was associated with the subsequent development of 

ICU associated delirium. Future investigations may wish to address if continuous low levels of 

rSO2 occur during a delirious episode and are subsequently accompanied by a substantial 

increase in rSO2 once delirium resolves, which would further validate previous findings. In 

addition, this analysis would have the potential to provide further evidence for the association 

between cerebral hypoperfusion and delirium, as well as demonstrate the clinical importance of 

routine continuous rSO2 monitoring in the ICU. In contrast, delirious patients in a small septic 

shock cohort demonstrated lower, but not statistically significant, rSO2 relative to non-delirious 

patients.26 This nonsignificant finding may reflect methodological differences (e.g., patients were 

recruited within the first 48-hours of ICU admission compared to the first 24-hours in the current 

program of research). However, this non-significant finding may further illustrate the importance 

of rSO2 monitoring during the first 24 hours of critical care, as a potential hypoxic/ischemic 

event may have occurred and simply not been detected due to a lack of rSO2 monitoring 

throughout this period of resuscitation. Taken together, these findings indicate that cerebral 

hypoperfusion, may be associated with the development of delirium. However, further research 
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is needed to establish if cerebral hypoperfusion is simply a precipitating factor leading to the 

subsequent delirium development or if it continues to co-occur during a delirious episode. As 

delirium has a fluctuating course, continuous rSO2 monitoring may be imperative to assess if 

poor cerebral oxygenation continues to concurrently fluctuate with delirium development 

throughout a patient’s ICU stay. 
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7.4 Clinical Algorithms Designed to Optimize rSO2 

As mentioned previously, the use of NIRS to continuously monitor rSO2 has been well 

studied outside of the ICU, namely during cardiac surgery. This has resulted in a intraoperative 

clinical algorithm being developed to monitor and optimize rSO2 by reversing cerebral 

desaturations (i.e., decreases in rSO2 values >20% from baseline lasting ≥ 15 seconds) during 

cardiac surgery.91 A study using rSO2 as a continuous monitor with clinical intervention 

indicated that significantly more patients in the control group demonstrated prolonged cerebral 

desaturation during surgery and subsequently longer ICU stay when compared to the intervention 

group.44 Furthermore, significantly more control patients had major organ morbidity (e.g., stroke, 

myocardial infarction) or mortality than the intervention group.44 However, this finding of 

improved post-operative outcomes is not universal. In a prospective observational study, which 

also included a small randomized controlled study with an intervention and a control group, 

demonstrated that cerebral desaturations during cardiac surgery could be successfully reversed 

~88% of the time.46 Although the majority of cerebral desaturations could be reversed, the 

randomized control study indicated that there were no statistically significant differences 

between the control (n= 25) and intervention group (n= 23) in terms of patient outcomes assessed 

(e.g., time mechanically ventilated, hospital and ICU length of stay).46 Furthermore, in a multi-

centre randomized controlled feasibility trial, cerebral desaturations (i.e., 10% reduction from 

baseline) were successfully reversed 97% of the time in the intervention group (69/71).47 Despite 

having a 100% 30-day follow up rate in both the control and intervention group, no statistically 

significant differences were again observed among outcomes (e.g., duration of mechanical 

ventilation, ICU and hospital length of stay, readmission, mortality) between the two groups.47 In 

addition, postoperative delirium (i.e., defined by the DSM-IV criteria and diagnosed by a 
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psychiatrist) rates were not statistically different between the intervention and control groups,47 

despite previous evidence mentioned above suggesting that postoperative delirium is associated 

with low rSO2. However, the authors did not systematically screen for delirium (e.g., daily 

CAM-ICU assessments) and the presence of delirium was obtained post hoc from clinical 

records by the investigators. Interestingly, the authors noted in both studies that patients in the 

control group who had cerebral desaturations in the operating room had subsequent cerebral 

desaturations in the ICU, whereas substantially fewer patients in the intervention group had 

subsequent desaturations in the ICU. Therefore, correcting previous cerebral desaturations may 

have a protective effect from developing subsequent desaturations. Importantly, these studies 

share the major limitation that patient-oriented outcomes, such as cognitive function and quality 

of life, were not assessed. Therefore, further study is warranted to investigate if a NIRS-based 

clinical algorithm can be designed for the targeted resuscitation of critically ill patients and 

improve long-term impairments commonly described among survivors of critical illness. The 

critical care literature will need to identify a normative range of rSO2 in a representative cohort 

of participants, and a universally accepted definition of cerebral desaturation thresholds (e.g., 

absolute decrease, trend monitoring) will need to be generated to allow for comparison across 

ICU studies. However, this research may be complicated by methodological complications, such 

as the use of multiple NIRS devices (e.g., INVOS, FORESIGHT, NIRO, EQUANOX) and 

sensors across laboratories and clinical settings.  
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7.5 Conclusions 

As there is currently no well-defined proxy for cerebral perfusion routinely used in the 

ICU, my research aimed to characterize the physiological determinants of rSO2, as well as assess 

the relationship between low levels of rSO2 and delirium, as well as quantitative metrics of 

neurological dysfunction among critical illness survivors. If low rSO2 is associated with known 

physiological and hemodynamic determinants of oxygen delivery, as well as delirium and long-

term impairment, then NIRS may serve as a suitable resuscitation target during critical care. The 

CONFOCAL2 multicentre research protocol has the potential to lay the foundation for an 

interventional study in which the rSO2 signal is continuously measured and optimized by 

clinicians as a novel perfusion and resuscitation target. This intervention may mitigate the 

adverse outcomes frequently observed among critical illness survivors, such as delirium and 

long-term cognitive impairment. Although further research is needed, using NIRS-derived 

monitoring of cerebral oxygenation as a resuscitation target has the potential to revolutionize the 

treatment of the ICU patient.  
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Appendix A 

Research Ethics Approval for CONFOCAL 

Ethics approval and consent to participate:  

The Queen’s University and Affiliated Hospitals Health Sciences Research Ethics Board 

has approved this study, which includes deferred consent for 24 hours. Informed consent was 

obtained from both the patient and their proxy. Below are the official letters of ethics approval 

for the CONFOCAL protocol, with accompanying renewal applications, as well as the ethics 

approval for the CONFOCAL2 protocol. 
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