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Abstract

Delirium in intensive care is the main manifestation of sepsis-associated encephalopathy. In sepsis
the brain acts as both a mediator of the immune response and as a target organ. Our aim was to
evaluate sepsis-induced changes in the brain. 

In study I, retinal arterial filling time (RAFT) was measured in septic patients. Of 31 patients,
93% were in septic shock, 71% developed delirium, and 51.6% had retinal angiopathies. Patients
with prolonged RAFT had a lower cardiac index before and during angiography, and more
frequently had retinal abnormalities. Patients with prolonged RAFT had lower C-reactive protein
and interleukin-6 levels than those with shorter RAFT.

Study II included 22 patients with septic shock, who were assessed by CAM-ICU for the
presence of delirium. Delirium was associated with an elevated protein S-100β concentration and
with more severe organ dysfunction during the ICU stay.

Study III examined adult patients deceased due to sepsis on the ICU. Patients were categorized
as having blood-brain barrier (BBB) damage if there was no expression of occludin in the
endothelium of cerebral microvessels. A damaged BBB was related to severe organ dysfunction
and systemic inflammation.

In Study IV, an overnight electroencephalogram (EEG) was recorded in ICU patients with
hyperactive delirium and receiving dexmedetomidine. Night-time slow-wave activity in an EEG
was evaluated with an offline calculation of the C-Trend® index. Both the EEG and clinical
evaluation showed that the quality and depth of night-time sleep were poor in most patients with
hyperactive delirium. 

In conclusion, retinal angiography detects disturbances in retinal blood flow and retinal
microaneurysms in septic shock patients. S-100β concentration could be used in the diagnosis of
delirium in sepsis. The blood brain barrier damage in sepsis is related to severe organ dysfunction
and systemic inflammation. Offline calculation of the C-Trend® index might offer an objective
method for sleep evaluation in patients with delirium.

Keywords: delirium, sepsis, sepsis-associated brain dysfunction
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Tiivistelmä

Delirium on tärkein sepsiksen yhteydessä tapahtuva aivojen toimintahäiriö. Aivot toimivat sekä
immuunireaktion välittäjänä että kohde-elimenä. Tutkimuksen tavoitteena oli selvittää sepsiksen
aiheuttamia muutoksia aivoissa.

Ensin selvitettiin verkkokalvon verenvirtausta määrittämällä verkkokalvon valtimon täytty-
misaika (RAFT). Sepsispotilaiden silmän sisäistä painetta, tulehdusta ja aivojen toimintaa
kuvaavia biomerkkiaineita mitattiin. Verkkokalvon valtimon täyttymisaika oli pidentynyt, jos
RAFT oli yli 8,3 sekuntia. Tutkimuksen 31 potilaasta 93 %:lla oli septinen sokki, 71 % kärsi
deliriumista ja 52 %:lla oli verkkokalvolla verisuonipoikkeavuuksia.

Jos potilailla oli pidentynyt RAFT, heillä oli alentunut sydämen minuuttivirtausindeksi. Heil-
lä oli myös useammin verkkokalvomuutoksia.

Seuraavaksi selvitettiin 22 septisestä sokista kärsivällä potilaalla deliriumin esiintymistä
CAM-ICU-luokituksella. Kun septisen sokin yhteydessä potilailla todettiin delirium, heillä oli
suurentunut proteiinin S-100β-pitoisuus (> 0,15 μg/L). Deliriumpotilailla oli myös tehohoitojak-
son aikana useammin vaikeita elintoimintojen häiriöitä kuin ei-deliriumpotilailla.

Kolmanneksi selvitettiin sepsiksen vuoksi menehtyneiden tehopotilaiden ruumiinavauksen
yhteydessä otettuja aivokudosnäytteitä immunohistokemiallisilla värjäyksillä. Jos verisuonten
seinämässä ei todettu okkludiinia, se oli merkki veri-aivoesteen vauriosta. Näillä potilailla oli
ollut vakavia elintoimintojen häiriöitä. Viimeisenä tutkittiin 15 hyperaktiivisesta deliriumista
kärsivää teho-osaston potilasta, joille annettiin deksmedetomidiinia yöunen turvaamiseksi. Hei-
dän aivosähkötoimintaansa seurattiin yön yli EEG:llä. Yönaikaista aivojen hidasaaltotoimintaa
(SWA) arvioitiin C-Trend®-indeksillä. Sekä SWA:n että kliinisen arvion perusteella hyperakuu-
tin deliriumin aikana yönaikaisen unen laatu ja syvyys olivat huonoja. Yhteenvetona voidaan
todeta, että verkkokalvon valtimon täyttymisaika toimii kajoamattomana menetelmänä keskus-
hermoston ja aivojen verenkierron arvioinnissa. S-100β:aa voidaan käyttää sepsispotilaiden deli-
riumin toteamisessa. Okkludiinin puuttuminen verisuonten endoteelista kuvastaa veri-aivoes-
teen vauriota, johon liittyi elämän aikana vaikeita elintoimintojen häiriöitä. C-Trend®-indeksin
käyttö tarjoaa objektiivisen lähestymistavan deliriumpotilaiden unen arviointiin.

Asiasanat: aivotoiminnan häiriö, delirium, sepsis
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1 Introduction  

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host 

response to an infection (Sepsis 3 definition) and is one of the most important 

causes of death in intensive care departments worldwide (Kempker & Martin, 

2016). 

Sepsis-associated brain dysfunction is prevalent in the intensive care units 

(ICU) and is a secondary reaction of the human body to infection without central 

nervous system infection or pre-existing structural abnormality (Gofton & Young, 

2012). It is common in the acute phase of sepsis and also affects patients even after 

recovering from sepsis. 

Septic brain dysfunction is called sepsis-associated (SAE) or septic 

encephalopathy (SE). The incidence of septic encephalopathy can be as high as 70% 

and it has remarkable economic consequences as the condition is associated with 

prolonged ICU length of stay (LOS) and hospital LOS, a longer duration of 

mechanical ventilation, and increased morbidity and mortality during the stay. 

(Widmann, 2014; Gofton & Young, 2012). Even so, it often remains an unnoticed 

and ununderstood problem in the ICU environment. 

 The pathophysiology of SAE is highly complex and not entirely understood, 

resulting from both inflammatory and non-inflammatory processes that affect all 

types of brain cells. It has been discussed that sepsis can cause a cascade of 

hypoperfusion, inflammation in brain tissue and uncontrollable brain dysfunction 

(Widmann, 2014). Septic patients can suffer from an intractable immune 

malfunction and collapse of neuroendocrine-immune pathways, and the brain can 

be the first organ to suffer in sepsis and symptoms may be present before the sepsis 

criteria are fulfilled (Gofton & Young, 2012).  

SAE is a clinical diagnose where other causes (for example CNS infection) 

have been excluded. The clinical manifestations are nonspecific and commonly 

recorded in critically ill patients.  On the other hand, our usual ICU sepsis treatment 

can efficiently hide the symptoms of encephalopathy (Zampieri, 2011).  

Symptoms range from fatigue and lethargy to delirium and even coma. Later, 

as a consequence of SAE, long-term cognitive impairment can be present (Heming 

et al., 2017). 

There have been studies on the pathophysiology of encephalopathy in animal 

models (Ziaja, 2012; Banks, 2010; Erbas, 2014; Flierl, 2009), the clinical 

manifestations (Widmann, 2014) and the outcome of septic encephalopathy, but 
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literature on the human pathophysiology, diagnostic measures and treatment is 

lacking.  

Delirium is the most common and evident sign of septic encephalopathy on the 

ICU. It can be present in 50–80% of ICU patients with sepsis (Girard, 

Pandharipande, & Ely, 2008) and may lead to long-lasting cognitive problems 

(Maldonado, 2017). 

The aim of the present thesis was to evaluate sepsis- associated encephalopathy 

in humans in 4 different studies to gain further knowledge on the pathophysiology 

of septic encephalopathy and delirium. 

The studies featured measurements of retinal blood flow and retinal changes 

using retinal angiography in sepsis, an evaluation of blood-brain barrier (tight 

junction protein expressions related to endothelial permeability) retrospectively in 

brain autopsy specimens in critically ill patients deceased with sepsis, and 

evaluations of diagnostics making use of neurobiomarkers in septic shock and 

delirium screening using a novel quantitative EEG approach.  
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2 Review of the literature  

2.1 General  

SAE in sepsis or critical illness is a common (Eidelman, Putterman, Putterman, & 

Sprung, 1996) and mostly reversible condition which is, however, related to poorer 

prognoses (Iacobone et al., 2009). SAE usually occurs in the acute phase of sepsis 

but can also be seen in the chronic phase of a disease. Clinical symptoms range 

from sickness behavior and delirium to coma, and from focal signs to seizures. The 

sources of sepsis and CNS symptoms are indirect, and the pathophysiology of 

sepsis-induced brain dysfunction is complex (Siami, Annane, & Sharshar, 2008). 

This pathophysiology involves different pathological processes including 

inflammation, cerebral blood flow autoregulation disruption, ischemia, 

microcirculatory dysfunction, endothelial activation, alteration of the blood-brain 

barrier, neurotransmitter imbalance and the passage of neurotoxic mediators 

(Robba, C. et al. 2018). 

In sepsis, secondary neurological injuries are also common. These include 

side-effects of medications, the impact of systemic organ failure, as well as other 

factors. 

Critically ill patients with systemic or multiple organ failure usually do not have a 

structural brain injury, but may still display neurological, cognitive, and 

neuropsychiatric impairment even months after discharge (Wolters A.E. et al., 

2013). In patients in whom no brain damage is present, the mechanisms underlying 

the long-term neurological and cognitive deficits after systemic organ failure are 

not well understood. 

There are several risk factors and contributors to SAE and its associated 

delirium including factors related to the ICU environment (e.g. noise, day/night 

cycle, isolation, immobilization, restrains), medications (e.g. benzodiazepines, 

anticholinergics, opioids), age, cognitive impairment, psychopathology, severity of 

illness, substance abuse and systemic insults (e.g. hypotension, hypoxemia, 

dysnatremia, dysglycemia, pain, fever) (Robba, Crippa, & Taccone, 2018; 

Mazeraud et al., 2020). Modifiable factors include those related to the ICU 

environment or treatment. 
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Fig. 1. Pathophysiology of sepsis associated encephalopathy 

2.2 Neuroinflammation  

Systemic inflammation activates microglia by releasing cytokines, reactive oxygen 

species, nitric oxide and glutamate, causing neural cell death (Sharshar et al., 2003), 

as well as causing neuro-inflammation through the production of cytokines such as 

IL-6 and TNF-α in the brain (Alexander, Jacob, Cunningham, Hensley, & Quigg, 

2008). Neuro-inflammation activates the hypothalamus and the adrenal axis 

resulting in behavioral alterations, fever and - in the worst-case scenario - severe 

neurological impairment, neuronal apoptosis and brain edema (Ning et al., 2017). 

Elevated circulating IL-6 and IL-10 concentrations at hospital discharge have been 
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associated with 48 months of cognitive dysfunction after discharge from an ICU 

(Maciel et al., 2019). Interestingly, cytokines including IL-1β, IL-6, IL-9, IL-17, 

IFN-γ, TNF-α, can lead to reduced TJ expression or false TJ allocation (Labus et 

al., 2018).  
It has been suggested that neuroinflammation develops in sepsis along with an 

activation of the cerebral endothelium, an increase in the permeability of the blood-

brain barrier (BBB) and a promotion of neutrophil infiltration (McGrane et al., 

2011). Subsequent septic encephalopathy is associated with a further breakdown of 

the blood-brain barrier (Davies, 2002) and manifests clinically as an altered mental 

status and disturbed consciousness, and it causes increased mortality as well as 

long-term cognitive dysfunction in survivors (Pandharipande et al., 2013). 

2.3 Cross talk between the CNS and the immune system  

The cross talk between the CNS and the immune system is bi-directional. The brain 

communicates with the immune system by both the hypothalamic–pituitary–

adrenal (HPA) axis (glucocorticoids) and sympathetic/parasympathetic pathways 

of the autonomic nervous system (ANS). Sympathetic pathway mediators are 

epinephrine and norepinephrine, and parasympathetic pathways use acetylcholine 

(ACh). Inflammatory signals are transmitted to the brain through the vagus nerve 

(Carlson, Chiu, Fiedler, & Hoffman, 2007) and circumventricular organs (Sharshar, 

Hopkinson, Orlikowski, & Annane, 2005) located in the midline ventricular system 

close to neuroendocrine structures. 

The vagus nerve is responsible for sensing visceral inflammation and 

triggering different anti-inflammatory processes (Borovikova et al., 2000). 

Responses will happen through afferent vagal nerve fibres reacting to pathogen-

associated molecular patterns and cytokines/chemokines released in infection. Less 

is known about the efferent vagus nerve function in these processes. The decreased 

availability of ACh leads to an overproduction of inflammatory cytokines (Pavlov 

et al., 2009). 

Circumventricular organs pass inflammatory mediators straight to the brain 

because anatomically there is a lack of BBB and the microvessels are more 

permeable (Wilhelm, Nyúl-Tóth, Suciu, Hermenean, & Krizbai, 2016). Circulating 

cytokines may also be shuttled across the blood-brain barrier by specialized carrier 

proteins (Pan & Kastin, 2002). Sickness behavior, the initial response to neuro-

inflammation, is caused by the proinflammatory cytokines’ (IL‐1β, IL‐1α, TNF‐α 

and IL‐6) action in the brain (Anforth et al., 1998). Sickness behavior is associated 
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with asthenia, apathy, anorexia, and social withdrawal (Dantzer, O’Connor, Freund, 

Johnson, & Kelley, 2008). 

In sepsis, circulating inflammatory mediators enter the brainstem via the area 

postrema. The brainstem is responsible for several vital functions which include 

brainstem reflexes, arousal and control of vital functions and modulation of the 

immune response. Inflammation, free radical formation, ischemia and 

excitotoxicity can all cause brainstem dysfunction which leads to the patients’ 

neurological symptoms or to the cardiovascular and immune system functioning 

abnormally. 

The hypothalamic–pituitary–adrenal (HPA) axis function during sepsis 

involves various immune and neuroendocrine interactions taking place in the 

central nervous system (CNS) and the adrenal gland. Dysregulation mechanisms of 

the HPA axis in sepsis are not yet well known. Normally, during stress-related 

situations, the HPA axis is activated quickly (Goodwin, Feng, Velazquez, & Sessa, 

2013) but for some reason, many critically ill patients display an impaired 

activation (Borstein 2009). Adrenal insufficiency may occur in as many as 10–20% 

of critically ill patients (Marik et al., 2008). Dysfunction of the hypothalamic–

pituitary–adrenal system has been found in delirious patients in various studies. It 

has been hypothesized that delirium is a reaction to the impact of hypercortisolism 

on the brain due to stress. Overactivity in the HPA axis can be seen in patients 

suffering from depression by measuring the dexamethasone suppression test 

(Carroll & Curtis, 1976). Dementia and advanced age also influence the normal 

reactions, and the system can be impaired (Raskind, Peskind, Rivard, Veith, & 

Barnes, 1982; Gottfries, Blennow, Karlsson, & Wallin, 1994). Disturbances of the 

HPA system have been found in several delirium studies. It has been shown that 

patients with delirium after elective surgery have an impaired stress regulating 

system with significantly elevated mean plasma cortisol levels compared to the 

preoperative baseline. In non-delirious patients, these levels were normal 

(McIntosh et al., 1985). Similar findings have been seen in studies with respiratory 

infection patients (O’Keeffe & Devlin, 1994) and stroke (Fassbender et al., 1994). 

2.4 BBB dysfunction  

The blood-brain barrier (BBB) is a structural and biochemical barrier that regulates 

the entry of molecules from the plasma into the brain and preserves ionic 

homeostasis within the brain (Abbott, Patabendige, Dolman, Yusof, & Begley, 

2009). BBB is a unique formation of astrocytes and capillary-endothelial structures 
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which also serves as a first line of defense protecting the brain and parenchyma 

against pathogens, as well as blood-borne leukocytes and hormones, 

neurotransmitters and proinflammatory cytokines and chemokines (Stolp & 

Dziegielewska, 2009). 

The functionally important part of the barrier is formed by tight junction (TJ) 

structures between the endothelial cells. TJs are composed of—among other 

proteins—occludin, claudin-5, and ZO-1, which are all present in human brain 

endothelial cells (Tietz & Engelhardt, 2015). Several endogenous and exogenous 

substances, such as proinflammatory cytokines, reactive oxygen species, and 

bacterial toxins increase the permeability of TJs. Most studies thus far have been 

based on animal data and in vitro cell culture methods (Taccone et al., 2010), and 

there are only a limited number of human studies on BBB dysfunction in sepsis and 

the association of the dysfunction with clinical features such as systemic level 

inflammation. Some clinical research on the pathophysiology of septic 

encephalopathy has revealed cytotoxic or vasogenic edema as the most consistently 

reported MRI change in septic encephalopathy (Stubbs, Yamamoto, & Menon, 

2013). Postmortem human studies have revealed mainly ischemic lesions and 

diffuse neuroaxonal injury (Ehler et al., 2017), and—in a limited series of three 

cases—chemokine and cytokine expression has been shown to be upregulated 

(Warford, Lamport, Kennedy, & Easton, 2017). 

2.5 Impaired cerebral blood flow  

Cerebral blood flow is normally maintained at a constant via autoregulation. An 

impairment in autoregulation has been associated with delirium (Taccone et al., 

2010). Cerebral microcirculation aims to maintain a constant blood flow for the 

brain’s normal functioning independent of systemic arterial pressure. Normally in 

humans, autoregulation occurs at mean arterial pressures between 60 and 150 

mmHg (Hall, 2016). Sepsis is known to impair brain autoregulation (Crippa et al., 

2018). In pathological situations when normal systemic arterial pressure values are 

not attainable, cerebral blood flow becomes pressure-dependent and is correlated 

linearly with cerebral perfusion pressure. Dysfunctional cerebral autoregulation has 

been shown to be associated with delirium in critical illness (Lee, Wood, Maslove, 

Muscedere, & Boyd, 2019). Thus, low mean arterial pressure leads to low cerebral 

blood flow. In experimental studies, a decrease in cerebral blood flow has been 

demonstrated in sepsis (Terborg et al., 2001).  An alteration in CBF may also be 

related to ICU treatment such as hyperventilation (vasoconstriction) or 
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hypoventilation (vasodilatation). In humans, impaired macrocirculation in the brain 

can be associated with delirium (Pfister, Strebel, & Steiner, 2008). 

Invasive cerebral blood flow monitoring is possible by using surrogates 

including brain tissue oxygen monitoring, jugular venous oximetry, laser Doppler or 

thermal diffusion flowmetry and cerebral microdialysis, (Dagal A et al. 2011; White 

H et al. 2002) The best known and most highly used noninvasive method to monitor 

CBF autoregulation is NIRS. Near-infrared light is transmitted from a source via an 

adhesive pad attached to the forehead and directed toward the frontal lobe. Also, 

newer blood oxygen level-dependent and arterial spin labeling–based functional 

MRI techniques have been used to study cerebral blood flow abnormalities in sepsis 

(Sobczyk O et al. 2014) 

2.6 Ischemia  

The adult human brain represents only 2% of the total body weight (Dekaban, 

1978). Due to high metabolic demand, cerebral blood flow in healthy adults is about 

15% of an individual’s resting cardiac output (Hall, 2016). Cerebral blood flow is 

normally inhomogeneous and increased in areas where neurons are most active 

(Paulson, 2010). Neuronal action potentials use large quantities of energy. The gray 

matter of the brain contains most of the neuronal cell bodies and has a higher 

metabolic rate than white matter (Abbott, Rönnbäck, & Hansson, 2006). Changes 

in carbon dioxide or hydrogen ion concentrations and hypoxia lead to cerebral 

vascular vasodilation or constriction and changes in cerebral blood flow (Regan, 

Fisher, & Duffin, 2014). Injuries in endothelium and high levels of NO lead to an 

even greater disruption of BBB, allowing the transport of more leucocytes and 

inflammatory cytokines to the brain and resulting in neuroinflammation 

(Papadopoulos et al., 1999). 

 In sepsis, systemic and also local microcirculatory changes induce ischemia. 

Macrocirculatory problems mostly include hypotension, decreased brain blood 

flow and impaired autoregulation. Microcirculatory problems are characterized by 

BBB disruption and coagulation cascade activation. If the macrocirculation is 

affected, different ischemic or hemorrhagic brain injuries may occur (Sharshar et 

al., 2004). During septic shock, systemic disseminated intravascular coagulopathy 

and mitochondrial dysfunction keep worsening the processes at the 

microcirculatory level of brain (Lelubre & Vincent 2018; Comim et al. 2008). Thus 

far, microcirculation dysfunction has been studied in animals (Taccone et al. 2010) 

and not a great deal of human data is available. 
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Circulatory problems add to other systemic factors, inducing metabolic stress 

such as hypoxia, hypo- or hyperglycemia leading to oxidative stress. Even under 

normal circumstances, low cerebral reserves of antioxidants make the brain 

particularly vulnerable to oxidative stress. Antioxidant reserves are consumed in 

sepsis (Voigt et al., 2002). Neuroinflammation in sepsis induces oxidative stress 

(Barichello et al., 2006), which is also responsible for brain dysfunction (d’Avila et 

al., 2018). Vascular changes may also include strokes and hemorrhage. 

2.7 Neurotransmitter dysregulation  

2.7.1 Glutamate  

Neuronal and microglial apoptosis through the rapid overload and influx of calcium 

into the cell cytoplasm during sepsis is called excitotoxicity, and this process 

usually takes place in the amygdala (Sharshar et al., 2003). The process is mediated 

by glutamate which is produced excessively after microglial activation (Spranger 

et al., 1996). Studies have shown, for example, that cerebrospinal fluid glutamate 

concentration correlates with the neurological state during bacterial meningitis 

(Spranger et al., 1996). There are also other pro-apoptotic factors such as TNF-α, 

nitric oxide, and hyperglycemia (Polito et al., 2010). Normally, astrocytes are 

responsible for regulating the concentration of neurotransmitters, such as glutamate, 

GABA, and glycine, in the synaptic space by taking up any excess neurotransmitter 

and thereby preventing their potential accumulation and harm for neurons (Seifert, 

Schilling, & Steinhäuser, 2006). 

In spite of the research done to date and the data collected, neither brain fluid 

homeostasis or the transport mechanisms between blood and the extracellular fluid 

in the brain are not fully understood. 

2.7.2 Cholinergic deficiency in delirium 

Anticholinergic activity is a known risk for delirium (Pasina et al.,2021). 

Acetylcholine (ACh) was the first identified neurotransmitter and is known to 

induce vasodilation (Furchgott, Carvalho, Khan, & Matsunaga, 1987). In an animal 

septicemia model, vagus nerve stimulation (VNS) could protect mice from lethal 

septicemia by inducing ACh production in the spleen (Borovikova et al., 2000; 

Rosas-Ballina et al., 2011). During critical illness, mechanisms for reduced ACh 
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availability include choline and acetyl (CoA) deficiency, ACh receptor inhibition 

by sedative or anticholinergic drugs and impaired ACh release by opioids (Hshieh, 

Fong, Marcantonio, & Inouye, 2008; Han et al., 2001). Impaired ACh synthesis can 

easily lead to brain dysfunction (Blass & Gibson, 1999). Other mechanisms for 

deficiency include impairment of presynaptic, synaptic, or postsynaptic functions 

of acetylcholine. Brain nicotinic receptors binding ACh are responsible for the 

modulation of cognitive functioning, learning, arousal, and memory, and different 

drugs that have been used in hospitals can cause a breakdown in this system, as can 

also happen with muscarinic receptors (Praticò, C. et al.,2005). Opiates, 

cannabinoids, ethanol, and barbiturates can cause problems with ACh. 

An important and well-known reason for ACh deficit is cerebral ischemia. 

Acute ischemia can lead to an acute surge of glutamate and acetylcholine due to 

decreased removal in the impaired circulation and is followed by a cholinergic 

deficit (Trzepacz, 2002). Causes of the cholinergic deficit can be decreased 

acetylcholine synthesis, release, or uptake, or released cytokines (Eikelenboom, 

Hoogendijk, Jonker, & van Tilburg, 2002). 

Other neurotransmitter disturbances that may be associated with delirium are 

an excess of dopamine and serotonin (Trzepacz, PT.,1999). Dopamine, 

noradrenaline and serotonin play roles in arousal and in the sleep-wake cycle 

modulated by the cholinergic pathway. Dopaminergic and cholinergic pathways 

overlap. Dopamine is an important neurotransmitter for motor function, attention 

and cognition. Intoxication with dopaminergic drugs may trigger hyperactive 

delirium (Trzepacz, PT.,2000) 

2.7.3 Disruption in melatonin release  

Melatonin (N-acetyl-5-methoxytryptamine) is synthesized and secreted by the 

pineal gland during the night under normal conditions (Cipolla-Neto & Amaral, 

2018). The secretion of melatonin is regulated by activation of the β-1-adrenergic 

receptors (Nesbitt & Dijk, 2014). Melatonin modulates rhythmic changes of body 

functions. Melatonin release is disturbed in critically ill patients with sleep 

deprivation (Lewandowska, K. et al., 2020). In sepsis, melatonin acts through many 

different pathways and in infants there is some evidence of beneficial effects of 

melatonin administration in sepsis (El-Gendy, El-Hawy, & Hassan, 2018). Potential 

beneficial effects could be an anti-inflammatory action, free-radical scavenging 

properties, a role in restoring mitochondrial function and a protection from delirium 

and brain dysfunction. In critical illness, the nocturnal peaks and daytime serum 
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levels have been reported to be severely modulated (Mundigler et al., 2002). The 

use of melatonin in adult sepsis needs to be researched further. 

2.8 Pathology according to autopsy findings  

Human studies mostly rely on neuropathological autopsy findings, but not many 

human histopathological or immunohistochemical studies have been published. 

The main areas of research are neuroinflammation, ischemia, and cellular 

metabolic stress with apoptosis. Animal models in sepsis demonstrate fast evolving 

endothelial dysfunction, microglial activation, and oxidative injury in the brain, but 

the long-term effects of these are unknown (Hannestad et al., 2012, Barichello et 

al., 2006). Neuroimaging studies in humans support the results obtained in animal 

and postmortem studies by demonstrating a number of structural abnormalities 

(Sharshar et al., 2007; Morandi et al., 2012). 

The most common brain autopsy findings reported are white matter 

hemorrhages and (hypercoagulability) thrombosis, as well as microabscesses 

(Schwenk & Gosztonyi, 1987), central pontine myelinolysis, multifocal necrotizing 

leukoencephalopathy, ischemic changes, metabolic changes and apoptosis (Bolton, 

Young, & Zochodne, 1993). Tarek Sharshar and his colleagues managed to show 

that septic shock is characterized by neuronal and glial apoptosis within cerebral 

autonomic centers (supraoptic and paraventricular nucleus, cerebral amygdala, 

locus cœruleus, and medullary autonomic nucleus) which control the 

cardiovascular system (Sharshar et al., 2003). In this postmortem human study, 

apoptosis of neurons and glial cells was not correlated with neuronal ischemia, 

suggesting an additional role of other pro-apoptotic factors. Interestingly, the study 

demonstrated increased cerebral expression of the proinflammatory mediators 

TNFα and iNOS. 

Microglial activation has also been demonstrated in sepsis (Lemstra et al., 

2007). Infection is known to induce an acute phase response accompanied by non-

specific symptoms called sickness behavior. In one study, researchers described a 

marked increase of activated microglia in the brain tissue of patients who had died 

from sepsis and these findings were similar to earlier animal experiments (Bluthé 

R.M. et al., 1992). 

The microglial activation theory is supported by a healthy volunteer study with 

a low-dose injection of an endotoxin. Increased levels in proinflammatory 

circulating cytokines affected peoples’ memory and behavior (Reichenberg et al., 

2001). 
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2.9 Diagnosis of SAE and delirium 

SAE is a clinical diagnosis in which other causes (for example CNS infection or 

hepatic failure) have been excluded. There are many challenges in establishing the 

diagnosis of SAE or even of delirium because of symptom fluctuations, difficult 

cognitive testing, and overlooking the hypoactive phenotype.  In critical care, fewer 

than half of delirium cases are recognized (van Eijk et al., 2009). Diagnostic tools 

should allow the diagnosis of delirium at the bedside even in cases in which 

mechanical ventilation makes the patient unable to communicate verbally. Even 

now, the clinical evaluation is still considered the gold standard in the diagnosis of 

delirium. 

2.9.1 Clinical subtypes of delirium 

The most common physiological reaction to infection and critical illness is sickness 

behavior (Dantzer, 2004) with nonspecific symptoms. A more serious form of 

neurological dysfunction is delirium (Ely et al., 2001) with its long-term cognitive 

impairment. Delirium can be defined as an acute complex organic syndrome 

including cognition changes or perceptual disturbances accompanied with a 

reduced ability to focus or sustain attention (American Psychiatric Association, 

2006). Delirium can be classified by motoric subtypes such as hypoactive, 

hyperactive and mixed form. In the ICU, the most common forms are mixed and 

hypoactive (Pandharipande et al., 2007), while the hyperactive one is associated 

with the worst outcome (Meagher & Trzepacz, 2000). 

2.9.2 Confusion Assessment Method for the ICU (CAM-ICU) and the 

Intensive Care Delirium Screening Checklist (ICDSC) 

The most commonly used validated tools for delirium screening in the ICU 

environment are Confusion Assessment Method for the ICU (CAM-ICU) (Ely et 

al. 2001) and the Intensive Care Delirium Screening Checklist (ICDSC) (Bergeron, 

Dubois, Dumont, Dial, & Skrobik, 2001; Barr et al., 2013). Both have high 

sensitivity, specificity and excellent clinical feasibility in the ICU. 

Confusion Assessment Method for the ICU (CAM-ICU) is a modified version 

of a gold standard CAM, encompassing brief neuropsychiatric assessments to 

determine inattention and disorganized thinking. CAM-ICU has 4 different 
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domains and is easier to use, taking approximately 2 minutes to complete. It has a 

high sensitivity of up to 72% and a specificity of up to 98.6% (Frisch et al., 2013). 

The ICDSC is a screening checklist of eight items: four focus on altered levels 

of consciousness, inattention, disorientation, hallucinations, delusions or psychosis 

and four domains are for psychomotor agitation or retardation, inappropriate 

speech or mood, sleep-wake cycle disturbances, and symptom fluctuations over the 

current and prior nursing shift. ICDSC has a high value for sensitivity, at up to 74% 

and a less high specificity, at up to 81.9% (Gusmao-Flores, Salluh, Chalhub, & 

Quarantini, 2012). ICDSC is more dependent on the clinical experience in the 

setting of mechanically ventilated patients. A score of 4 points or more equates with 

delirium. An ICDSC score between 1 and 3 (out of 8 items) corresponds to 

hypoactive delirium. 

Recently researchers have described a novel validated tool, CAM-ICU-7, 

which identifies delirium and allows an assessment of the severity of delirium 

(Khan et al., 2017). 

2.9.3 Neuroimaging 

Systematic brain imaging is not currently recommended in routine clinical practice 

in ICU patients. In septic brain dysfunction, a multimodal monitoring approach can 

be used. Cerebral imaging should always be used in cases of focal deficit or seizure 

and in cases of coma of unexplained cause. 

Brain computed tomography (CT) scan detects intra-cerebral structural lesions, 

while magnetic resonance imaging (MRI) is more specific for obtaining evidence 

of any other type of abnormalities such as microvascular injury, embolic events, 

the development of cytotoxic or vasogenic edema, or of the posterior reversible 

encephalopathy syndrome (Polito et al., 2013). 

Neuroimaging can be an effective tool in detecting some of the different 

structural and functional abnormalities associated with brain dysfunction. Imaging 

is a feasible method to measure the clinical severity of disease or identify structural 

risk factors predisposing a patient to brain dysfunction (delirium). 

In sepsis, structural abnormalities are usually found in white matter as a disease 

or atrophy, amyloid deposition or cholinergic dysfunction (Hijazi, Lange, Watson, 

& Maier, 2018; Haggstrom, Welschinger, & Caplan, 2017). Mostly findings include 

atrophy and impaired white matter integrity with white matter hyperintensities and 

ischemic lesions or edema. Edema may be seen in a breakdown of the blood-brain 

barrier or can be caused by abnormal cerebral autoregulation (Cotena & Piazza, 
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2012). Inflammation areas have also been described (Kalvas & Monroe, 2019). 

Abnormalities are usually found in the parietal or temporal lobes and frontal lobe, 

or the limbic system (Oh et al., 2019). All these changes can persist for as long as 

5 months after discharge (Morandi et al., 2012) and may be associated with long-

term cognitive impairment. 

2.9.4 Electroencephalography 

The EEG recording is extremely sensitive to systemic inflammation and septic 

brain dysfunction can be associated with many different EEG patterns. Especially 

in cases of delirium, EEG is already a well established diagnostic tool (Mulkey, 

Everhart, Kim, Olson, & Hardin, 2019). 

In SAE, EEG patterns include a wide spectrum of changes: rhythmic delta or 

theta activity, slow waves, burst suppression, periodic epileptiform discharges and 

absent reactivity or seizures (Polito et al., 2013; Hosokawa et al., 2014). None of 

the patterns is specific to sepsis only. The prevalence of patterns depends on the 

severity and phase of sepsis and on the use of sedation (Azabou et al. 2015; Oddo, 

Carrera, Claassen, Mayer, & Hirsch, 2009). Although not yet in routine use, 

continuous EEG makes the detection of periodic electrographic changes easier. In 

one study with septic patients, a generalized slowing on routine clinical EEG 

strongly correlated with delirium and could be a valuable indicator of delirium 

severity (Kimchi et al., 2019). The same study also showed a correlation between 

the slowing of EEG and length of stay, severity of the disease and a worse outcome. 

Another study has shown that delirious episodes in the ICU can be associated with 

a disappearance of high-frequency electrographic activity and an increased power 

of low-frequency activity (Nielsen et al., 2020). Unfortunately, the routine use of 

clinical EEG for screening is not yet possible due to the lack of proper tools, costs 

and the expertise required for lead placement and interpretation, and conventional 

EEG does not reliably assess the fluctuating course of brain dysfunction. 

2.9.5 Biomarkers 

Limited data exist on the diagnostic role of serum biomarkers of brain injury in 

septic patients, but several potential markers have been used to diagnose and follow 

the course of brain dysfunction in septic patients. The two most promising markers 

that have been used in sepsis and encephalopathy are the calcium-binding protein 

β (S-100β) and the neuron specific enolase (NSE). 
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NSE is a γγ isomer of the cytoplasmic glycolytic enzyme and can mostly be 

found in neurons and neuroendocrine cells (Shinozaki et al., 2009). NSE is known 

to be released into the blood and cerebrospinal fluid during brain damage (Zhou et 

al.2011). S100 β is produced by astrocytes in the central nervous system (CNS) but 

can also be expressed by chondrocytes, adipocytes, and melanocytes (Kruijff et al. 

2009). It is a calcium-binding protein which is composed of low-molecular-weight, 

multigene proteins (Peric et al.,2011). The excretion process is thought to be 

triggered by oxidative stress in neuronal tissue (Hamed et al., 2009). 

Elevated serum S-100β or NSE concentrations have been shown to be 

significantly higher in patients with brain dysfunction, and they also correlated with 

the presence of cerebral lesions in neuroimaging (Nguyen et al., 2006). These 

markers could potentially be indications for neuroimaging if needed. The presence 

of S-100β in serum indicates glial cell injury and abnormal BBB function, whereas 

the presence of NSE reflects neuronal injury (Gofton & Young, 2012). 

Another more intensely studied�potential biomarker is human β‐amyloid 42 

(HAB42), anamyloidogenic peptide, which has been found in the brain tissue of 

patients with Alzheimer's disease (Hardy JA et al.1992) and has also 

been associated with postoperative delirium in oral cancer patients (Sun L et al. 

2016). Also, Substance P (SUBP) which belongs to a group of neurokinins 

which are broadly distributed in the central and peripheral nervous tissue,  may 

initiate changes in blood‐brain barrier permeability (Corrigan F, et al., 2016)  and 

has been associated with injury severity and mortality 

in patients with severe traumatic brain injury (TBI) (Lorente L, et al., 2015) 

Although these markers are promising when it comes to diagnosing and 

monitoring patients with septic encephalopathy, their levels in plasma only reflect 

pathologic processes and not the nature of the pathology in the brain. 

2.10 Prevention and treatment of delirium 

Delirium itself has no specific treatment other than the treatment of sepsis and 

metabolic disturbances, noticing drug side effects and preventing predisposing 

factors. Non-pharmacological strategies to avoid and treat delirium are the first 

choice on the ICU (Devlin et al., 2018). Strategies include reorientation of the 

patient, early mobilization and a normalization of the sleep-wake cycle (Bannon, 

McGaughey, Clarke, McAuley, & Blackwood, 2016). Critical illness affects sleep 

patterns and disrupts the circadian rhythm. When using benzodiazepines, the result 

can easily be impaired immunity and delirium (Van Rompaey, Elseviers, Van Drom, 
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Fromont, & Jorens, 2012; Pandharipande et al., 2010). Unfortunately, critically ill 

and mechanically ventilated patients often receive oversedation and prolonged bed 

rest, resulting in delirium and critical illness polyneuropathy (Needham, 2008). A 

multicomponent management strategy aimed at reducing sedation exposure, 

improved pain treatment, reducing the duration of mechanical ventilation, 

minimizing environmental disturbances and stimuli, promoting sleep and early 

exercise as well as family engagement and multidisciplinary co-operation is 

beneficial, the most widely used strategy being the so-called ABCDEF bundle. The 

bundle includes the following components: Assess, prevent, and manage pain. Both, 

spontaneous awakening trials (SAT) and spontaneous breathing trials (SBT). 

Choice of analgesia and sedation. Delirium: assess, prevent, and manage. Early 

mobility and exercise. Family engagement and empowerment (Marra, Ely, 

Pandharipande, & Patel, 2017). The clinical practice guidelines of the Society of 

Critical Care Medicine recommend that critically ill patients receive care 

promoting early rehabilitation and mobilization (Devlin et al., 2018). In a recent 

multicenter cohort of 15,000 adult ICU patients, the use of the ABCDEF bundle 

was associated with reduced delirium and several other positive effects on patient 

centered outcomes (Pun et al., 2019). Frequent patient reorientation is an integral 

part of this strategy. 

A recent Cochrane review found no support to the use of antipsychotics, 

cholinesterase inhibitors, melatonin or other medications to prevent delirium 

(Siddiqi et al., 2016). Some medications may help to treat agitation, but they do not 

necessarily reduce the duration of delirium. Guidelines suggest reserving 

antipsychotic drugs for short-term use in patients with significant agitation (Devlin 

et al., 2018). Haloperidol is the most commonly used drug, but the evidence on its 

benefits is inconclusive (Barbateskovic et al., 2019). 

2.11 Effects on outcome and long-term cognitive function 

All processes related to critical illness in the brain can affect the patient outcomes 

and long-term cognitive function. As mentioned earlier, the most serious form of 

neurological dysfunction is delirium (Ely et al. 2001) with its possible long-term 

cognitive impairment. The length of time that the patient spends in a delirious state 

during their acute illness has been demonstrated to be a risk factor for the 

development of longer-term cognitive problems (Pandharipande, Girard & Ely, 

2014). 
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Delirium predicts strongly the length of stay on the ICU and can be associated 

with a poor clinical outcome. Increased duration of mechanical ventilation, 

increased length of hospital stay, and institutional placement are well known short-

term consequences (Milbrandt et al., 2004; Ely et al., 2004; Girard et al., 2010). 

Each day with delirium increases the risk of 6-month and 1-year mortality by 10% 

(Ely et al., 2004). It has also been shown that there is a higher risk of mortality two 

years after discharge with increased delirium severity and days of delirium or coma 

(Andrews et al., 2020). A longer duration of delirium has been shown to be an 

independent predictor of cognitive impairment in all ages of mechanically 

ventilated patients (Saczynski et al. 2012). With his team, Pandharipande showed 

that after critical illness up 1/3 of patients can have persistent deficits in global 

cognition and executive function. Changes were similar to mild Alzheimer’s 

disease and moderate traumatic brain injury one year after critical illness 

(Pandharipande et al., 2013). These effects impact a patient’s ability to live 

independently after hospital discharge, family members, caregivers and public 

health (Breitbart, Gibson, & Tremblay, 2002; Milbrandt et al., 2004). 

2.12 Key points of the literature 

– The pathophysiology of acute brain dysfunction includes brain perfusion 

abnormalities, endothelial dysfunction, increased BBB permeability, 

neuroinflammation and neurotransmitter imbalance. However, there are only 

few human studies on brain blood flow in sepsis and the role played by BBB 

disruption. 

– Patients developing delirium after admission to an intensive care unit are at 

increased risk of dying, longer stays in hospital and long-term cognitive 

impairment after discharge and place an added burden on caregivers and 

healthcare services. 

– The identification of individual risk factors for delirium and the use of 

screening tools to diagnose ICU delirium are necessary in routine ICU practice. 

However, the role of brain biomarkers in delirium detection remains scarcely 

studied. 

– An early implementation of a multicomponent management strategy to reduce 

sedation and the duration of mechanical ventilation, as well as early 

mobilization and sleep promotion with environmental modulation and patient- 

and family-centered care are important in the prevention and treatment of 
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delirium. There is a lack of understanding as to the exact role of quality and 

depth of sleep in delirium as well as sleep monitoring in critical illness. 
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3 Aims of the study 

The general aim of this study was to evaluate the pathophysiology of acute brain 

dysfunction in sepsis in human patients. This study analyzes  microdynamic retinal 

changes visualized by angiography (I), different potential biomarker findings and 

demographics (I, II) , immunohistochemical findings in clinical autopsy specimens 

(III) and quantitative monitoring of night-time EEG slow-wave activity (SWA) and 

the association with the clinical evaluation of sleep (IV).  

Specific goals 

1. To evaluate alterations in retinal blood flow visualized by angiography in septic 

patients and their relation to systemic macrohemodynamics, inflammatory 

mediators, retinal vasculatory changes and delirium. 

2. To evaluate whether delirium is associated with S-100β concentration or other 

neurospecific markers and cytokines in an ICU population. 

3. To evaluate immunohistochemical findings of TJ expression (indicative of 

BBB abnormality) in clinical human autopsy specimens in sepsis. 

4. To evaluate quantitative monitoring of night-time slow-wave activity and its 

association with the clinical evaluation of sleep in patients with hyperactive 

ICU delirium treated with dexmedetomidine. 
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4  Patients and methods 

The study population (I–II) consists of screened septic or septic shock patients 

admitted to the ICU between 1 January 2012 and 31 December 2014. Study III  

included adult patients deceased with sepsis; who had undergone postmortem 

examination between the years 2007 and 2015, and brain tissue specimens were 

available. Study IV had 15 ICU patients diagnosed with hyperactive delirium 

between October 2017 and March 2019.  All patients were treated in a 26-bed 

medical-surgical ICU in a tertiary-level university hospital in Oulu, Finland. The 

overall study population is presented in Table 1. 

Table 2. Study population.   

Study  Patients  

I During the 2012–2015 study period, a total of 667 patients with sepsis were screened for the 

study. Of those, 342 patients met the study criteria, and 309 were admitted to the ICU outside 

office hours or during times when there was no possibility for retinal angiography to be performed, 

leaving 33 patients who were included in the study. Two patients refused to participate later, 

leaving 31 patients for the final analysis. 

II Subgroup analysis from study I. Only patients for whom delirium could be assessed using the 

Confusion Assessment Method for Intensive Care (CAM-ICU) were included. 22 out of 31 patients 

with septic shock at admission were included in the study. 

III During the study period from 2007 to 2015, 105 patients deceased due to sepsis had autopsies. 

Brain tissue samples were available in 47 autopsies. 

IV Between October 2017 and March 2019, the research group screened 136 consecutive eligible 

adult patients of ages 18–85 with hyperactive delirium and not receiving mechanical ventilation by 

Intensive Care Delirium Screening Checklist (ICDSC). 15 patients met the criteria. 

4.1 Methods 

4.1.1 Study design and data collection 

The study was performed at a tertiary teaching university hospital (Oulu University 

Hospital) with a mixed medical-surgical ICU and the design was prospective, 

observational (I, II, IV) or retrospective and descriptive (III). 

All patients admitted to the ICU for sepsis or septic shock were screened for 

participation (I, II). Observation included retinal angiography, measurements of 

retinal arterial filling time (RAFT), intraocular pressure (IOP), screening for 
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delirium, and measuring blood proinflammatory and cerebral markers as well as 

hemodynamic parameters. Delirium was assessed using the Finnish version of 

CAM-ICU and the level of agitation or sedation was assessed with the Richmond 

Agitation-Sedation Scale. The Glasgow Coma Scale was used to determine the 

level of consciousness of unsedated patients during imaging. 

Patients with acute brain disease, psychiatric disorders, chronic alcoholism, or 

other types of encephalopathy, as well as those with various ophthalmological 

conditions, were excluded. 

Study II was a subgroup analysis from the first study. Only patients whose 

delirium could be assessed using the Confusion Assessment Method for Intensive 

Care (CAM-ICU) were included. 

The III study series included all adult patients deceased due to sepsis with 

available brain specimens taken at autopsy. Specimens were categorized according 

to anatomical location (cerebrum, cerebellum). The immunohistochemical 

stainings were performed for occludin, ZO-1, and claudin. Patients were 

categorized as having BBB damage if there was no expression of occludin in the 

endothelium of cerebral microvessels (Hawkins & Davis 2005; Feldman, Mullin, 

& Ryan, 2005). Sepsis was defined according to the American College of Chest 

Physicians/Society of Critical Care Medicine criteria (American College of Chest 

Physicians/Society of Critical Care Medicine Consensus Conference Definitions 

for sepsis and organ failure and guidelines for the use of innovative therapies in 

sepsis, 1992). On admission, the severity of illness was determined by the Acute 

Physiology and Chronic Health (APACHE II) score (Knaus, Draper, Wagner, & 

Zimmerman, 1985), and daily total and individual organ group sequential organ 

failure assessment score (SOFA) was used as a measure of organ dysfunction 

(Vincent et al., 1998). The Glasgow Coma Score (GCS) was used for assessing the 

impairment of the patients’ level of consciousness (Bastos, Sun, Wagner, Wu, & 

Knaus, 1993). The presence of multi-organ failure (MOF) during the ICU treatment 

was defined as more than two organs failing based on grade 3 or 4 of sequential 

organ failure assessment (Vincent et al., 1998). Data regarding age, sex, time of 

death, focus of infection, and blood culture positivity were collected. Procalcitonin 

(PCT) on admission and its highest value as well as white blood cell count were 

retrieved. 

Study IV analyzed overnight EEG recordings and the administration of 

dexmedetomidine following the ICU’s standard protocol to ensure moderate 

sedation. Night-time SWA was evaluated by a novel offline calculation of the C-

Trend® index. The parameter ranged from 0 to 100, values above 80 referring to a 
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high normal SWA and values below 50 referring to abnormal or low SWA 

(Kortelainen et al., 2021). The average index value calculated over the entire 

recording was used to indicate the average SWA. Furthermore, the percentage of 

SWA was calculated as the ratio of the duration of recordings corresponding to 

index values > 50 to the duration of the entire recording. The recordings with an 

average percentage and percentage of SWA < 50 were categorized as representing 

poor SWA. 

On the morning following the SWA-recording, the bedside nurse clinically 

evaluated sleep quality and depth using the Richards–Campbell Sleep 

Questionnaire (RCSQ). Exclusion criteria were history of dementia, condition 

preventing delirium assessment, treatment restrictions, an acute neurologic injury 

or other neurological comorbidity, contraindication for dexmedetomidine 

administration, isolation because of infection, and lack of availability of EEG 

recording equipment. 

4.1.2 Data collection 

For the first two parts of the study, macrohemodynamics were monitored by 

measuring arterial blood pressure and pulmonary arterial pressure. An ICU data 

management system (Centricity Critical Care*(8.1) SP7 (8.17.034); GE Healthcare, 

Barrington, IL, USA) was used to collect data concerning daily laboratory results, 

hemodynamic parameters, need for vasoactive or sedative agents, length of stay 

(LOS), presence of delirium, and severity-of-illness scoring (Knaus et al., 1985), 

Simplified Acute Physiology Score (Vincent et al., 1998), age, gender, cumulative 

dose of hydrocortisone, duration of mechanical ventilation, the amount of time 

concerning patient’s mobilization to standing from admission, length of stay and 

outcomes in all studies. 

Standardized retinal fluorescein angiographs and digital images were obtained 

and the arterial filling time measured and analyzed by an ophthalmologist blinded 

to the patients’ identity and any clinical data to interpret pathological findings in 

study I. The retinal arterial filling time was measured from the patient’s right eye. 

Cytokine concentrations were determined using the MILLIPLEX® MAP 

Human Cytokine/Chemokine Magnetic Bead Panel (HCYTOMAG-60 K; EMD 

Millipore, Billerica, MA, USA). The lower detection limits were 0.7 pg/ml for 

TNF-α and 0.9 pg/ml for IL-6. The intra-assay coefficients of variation (CVs) for 

TNF-α and IL-6 were 2.6% and 2.0%, respectively, and the corresponding inter-

assay CVs were 13% and 18.3%, respectively. S100 β and NSE were measured 
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using an immunochemiluminometric method (Elecsys 2010 analyzer; Roche 

Diagnostics GmbH, Mannheim, Germany) (Studies I and II). 

Surviving patients were met at the follow-up clinic 3–6 months after hospital 

discharge (I–II). 

Study III used clinical laboratory samples such as CRP, PCT, analyzed by 

commercially available laboratory methods in the hospital-accredited central 

laboratory (NordLab, Oulu University Hospital, Oulu, Finland). 

The immunohistochemical stainings were performed in accordance with the 

manufacturer’s recommendation, and a set of samples was used to optimize the 

dilution of primary antibodies. We used the following antibodies and conditions: 

(1) human occludin (rabbit polyclonal, catalog no: 711500, Invitrogen, Frederick, 

MD, USA), with pretreatment using pronase, at a dilution of 1:800, incubation at 

room temperature (RT) 60 min; (2) ZO-1 (rabbit polyclonal; Zymed, cat no: 61-

7300, Carlsbad CA, USA), pretreatment with 15 min boiling in a TRIS-EDTA 

buffer, dilution at 1:400, incubation for 60 min at RT); and (3) claudin-5 (mouse 

monoclonal, clone 4C3C2, Zymed), pretreatment with TRIS-EDTA, dilution at 

1:50, incubation for 60 min at RT. For all antibodies, the detection was performed 

with a polymer-based kit (Envision, Dako, Copenhagen, Denmark). 

Diaminobenzidine (Dako basic DAB-kit, Dako) was used as a chromogen. All 

stainings were performed with the Dako Autostainer (Dako, Copenhagen, 

Denmark). Validation of our immunohistochemical analysis was performed 

through a series of negative controls by omitting the primary antibody. Stained 

sections were digitized (Leica-Aperio AT2; Leica Biosystems, Nussloch, Germany) 

and assessed using the Aperio ImageScope program independently by two 

researchers (KE and ME), supervised by an experienced neuropathologist (HT), all 

blinded regarding the clinical and outcome data. Expression was considered 

positive if 50% or more showed a positive reaction of any degree and were negative 

in the absence of any staining or if less than 50% showed a positive reaction. 

For objective evaluation of sleep in study IV, an overnight (from 9 p.m. to 7 

a.m.) EEG recording was carried out. The measurements were performed with a 

disposable BrainStatus electrode (Bittium, Oulu, Finland) placed on the forehead 

and a wireless BrainStatus amplifier (Bittium, Oulu, Finland) providing a 10-

channel EEG recording. The SWA, used as an indicator of recovering deep sleep, 

was evaluated by offline calculation of the C-Trend® index (v. 1.0.0.0; Cerenion, 

Oulu, Finland). The index describes the activity in one parameter with values 

ranging from 0 to 100. Higher values refer to a higher SWA. The average index 

value calculated over the entire recording was used to indicate the average SWA. 
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4.1.3 Ethical issues 

The study consists of four parts (I, II, III, and IV), of which I, II and IV were 

prospective, observational studies. All studies were approved by the ethics 

committee of the Oulu University Hospital and the Northern Ostrobothnia Hospital 

District (I, II: 103/2011; III: 224/2013). After written informed consent was 

obtained from the patients or their relatives, patients were included in the study. 

Retinal angiography and measurements of intraocular pressure (IOP) were the only 

novel monitoring methods not used in clinical routine in ICU practice but also safe 

as carried out at the bedside in the ICU environment. Patients did not have any 

health-related risks or direct or indirect benefit resulting from being in the study. 

The retrospective observational cohort study (III) on brain autopsies was approved 

by the National Institute for Health and Welfare (BB-2017-1003). The data 

protection was performed using coding of the patients, so no names or social 

security numbers were used. 

4.1.4 Statistical analyses   

The statistical analyses were performed using IBM SPSS Statistics version 22 

software (IBM, Armonk, NY, USA). In study I and II, proportional data were 

expressed as rate (count) and percentage, and continuous variables were expressed 

as median and 25th and 75th percentiles. Proportional data were tested using 

Pearson’s chi-square test unless otherwise stated. Continuous variables were tested 

using a nonparametric Mann–Whitney U test and independent samples median test. 

Two-tailed P values less than 0.05 were considered statistically significant in all 

studies. 

In study II, Spearman’s correlation coefficient (rho) was calculated between 

detected markers. The odds ratio with 95% confidence intervals for the risk of 

developing delirium with S-100β > 0.15 μg/L was evaluated. 

In study III, statistical analyses were performed with SPSS for Windows (2017 

release, Version 25; IBM Corporation, Armonk, NY, USA). Data were expressed 

as the percentage of stained cells as median (25–75th percentile) in continuous 

variables. Categorical data were analyzed with Fisher’s exact test. The Mann–

Whitney U test was applied to distributions across the two groups. However, in 

study III, the level of statistical significance should be treated with caution, given 

the large number of statistical tests performed. 
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In study IV, the statistical analysis was performed with the Statistics and 

Machine Learning Toolbox of MATLAB R2018a software (Natick, MA, USA). 

The study was designed to be observational, and a convenience sample size was 

enrolled. Bivariate comparison of factors related to sleep (SWA and RCSQ 

parameters) and delirium or clinical data was performed using the Mann–Whitney 

U test. Linear regression models were fitted to the data to investigate the correlation 

between the SWA and RCSQ parameters, and R2 was used to evaluate the goodness 

of fit.  
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5 Results 

5.1 Retinal arterial blood flow (study I) 

During the 2012–2015 period, a total of 667 patients with sepsis were screened for 

study I. Of those, 342 patients (51.3%) met the study criteria, but performing a 

retinal angiography was only possible with 33 patients (9.6%). Two patients later 

refused to participate, leaving 31 patients for the final analysis. The 30-day 

mortality was 12.9% (4 of 31). The median RAFT was 8.3 (6.1–10.8) seconds. 

Patients with arterial PRAFT (> 8.3 seconds) had higher APACHE II scores (22.5 

[21.2–29.5] vs. 20 [15–21], p = 0.049), and their IOP was higher (17.8 [14.7–22.1] 

mmHg vs. 14 [12.5–15.5] mmHg, p = 0.029). Retinal abnormalities were more 

frequent in those with PRAFT (81% vs. 20%, p = 0.001). Cardiac index measured 

with a thermodilution technique using a pulmonary catheter was lower in those 

with PRAFT before angiography (2.1 [1.7–2.5] vs. 3.1 [2.5–3.2], p = 0.042) and at 

angiography (2.1 [1.7–2.4] vs. 2.6 [2.2–3.1], p = 0.039). Patients with PRAFT had 

a lower C-reactive protein (CRP) level on the day of angiography (139 [77.7–224.5] 

mg/L vs. 254 [146–366] mg/L, p = 0.011). Patients with PRAFT had significantly 

lower levels of NSE, S100 β, TNF-α, and IL-6 than patients with SRAFT (< 8.3 

seconds) (table 2). 

Table 3. Inflammatory and cerebral markers at angiography and at the intensive care 

unit follow-up clinic.  

Cerebral markers  Patients with short 

arterial filling time < 

8.28 seconds 

(n = 15)  

Patients with 

prolonged arterial 

filling time > 8.28 

seconds (n = 16) 

ICU follow-up 

clinic 

P value 

S100 β , μg/L 0.19 [0.097–0.45] 0.12 [0.06–0.22] 0.04 [0–0.05] < 0.001 

NSE, μg/L 23.5 [13.3–39.2] 22.3 [8.8–34.2] 13.4 [0.82–17.2] 0.035 

IL-6, pg/ml 101 [13.4–525.6] 39.4 [19.6–77.6] 3.7 [0.58–8.56] < 0.001 

TNF-α, pg/ml 29.5 [20.2–82.5] 28.3 [19.5–49] 13.9 [9.3–20.8] 0.002 

Abbreviations: ICU = intensive care unit, IL-6 = interleukin 6, NSE = neuron-specific enolase, S100 β  = 

calcium-binding protein B, TNF-α = tumor necrosis factor-α  

Pathological retinal findings were present in 16 patients (51.2%). The most 

common retinal abnormality was fluorescein-leaking retinal microaneurysm (56%), 

followed by vitreous hemorrhage (13%) and other retinal hemorrhages (6.5%). The 

abnormal retinal findings were present in 13 (81.3%) of 16 patients in the PRAFT 
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group and 3 (20.0%) of 15 patients in the SRAFT group (p = 0.001). In the 

surviving patients, the abnormal retinal findings were found to have resolved in a 

control angiography 3–6 months after hospital discharge. The IOP was higher in 

the prolonged RAFT group (18 mmHg vs. 14 mmHg, p = 0.031). Interestingly, 16% 

of all patients with sepsis had ocular hypertensive pressures (IOP > 21 mmHg). 

There were no differences in ICU, 30-day, or 365-day mortality rates between the 

two patient groups with different arterial filling times. In the control angiography 

of the survivors performed 3–6 months after ICU discharge, the median RAFT was 

12.56 (12.1–14.9) seconds, and there were no differences between the PRAFT and 

SRAFT groups. 

5.2 S-100β in patients with septic shock (study II) 

Study II assessed 22 patients using CAM-ICU. Delirium occurred in 10 patients 

(45%). MOF developed in 11 patients (50%) during their ICU stay. Nine patients 

had normal S-100β levels and 13 had elevated values (> 0.15 μg/L). Patients with 

delirium had elevated S-100β levels and significantly more severe organ 

dysfunction than patients without delirium, according to the median SOFA 

sampling scores (10 vs. 7, p = 0.036). The odds ratio for risk of developing delirium 

in cases of S-100β > 0.15 μg/L was 18.0 (95% CI, 1.7–196.3, p = 0.011) with a 

sensitivity of 0.90 and specificity of 0.67. Patients with delirium had higher IL-6 

levels, 138.3 [109.3-505.0] vs. 53.6 [28.0–296.7], p = 0.050. There was no 

difference in the concentrations of other biomarkers (IL-17, TNF-α, HAB42, SUBP) 

between patients with and without delirium. There was a positive correlation 

between S-100β and IL-6 levels (r = 0.489, p = 0.021). 

5.3 Brain autopsy specimens (study III) 

During the study period from 2007 to 2015 (III), 105 patients deceased due to sepsis 

underwent autopsies. Brain tissue samples were available in 47 autopsies. 

Specimens from the cerebrum were available in 47 subjects (100%), and from the 

cerebellum in 32 subjects (68%). The main macroscopic pathological findings were 

cerebral edema (8.5%), meningioma (2%), cerebral infarctions (4.2%), intracranial 

hemorrhages (4.2%), cerebral arteriosclerosis (6.3%), leukemic lesion (2%), and 

encephalitic edema (2%). The median age on admission was 63 years (56–69), and 

34% (16/47) developed multiple organ failure before death. All patients with MOF 

also had septic shock. The median ICU stay to death was 1.2 days (0.6–6.9). Of the 
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entire group of patients, 22 (47%) had a positive blood culture. The foci of 

infections were as follows: lungs 40%, abdomen 23%, soft tissue 6%, urinary 2%, 

and primary septicemia 28%. Two of the patients (4%) also had a central nervous 

system infection. There were no differences in the frequencies of the foci of 

infections between those with BBB damage and those without. A systematic 

evaluation of the tight junction protein expression in brain samples indicated that 

there was a distinct variation between the cases. Occludin expression in the 

endothelium of the cerebral microvessels was missing in 38% (18/47) of samples. 

Positive ZO-1 staining was practically absent from the endothelial cells. Claudin-5 

was similarly absent from the endothelium. Cerebrum endothelial occludin 

expression was present in 62% of cases, and in the cerebellum in 32% of cases. 

After our systematic evaluation, we assessed the relationship between tight junction 

protein expression and clinical findings. A high blood CRP (> 100 mg/L) was 

associated with an absence of occludin expression in cerebellar endothelium as 

compared to low CRP (< 100 mg/L; 69% vs. 25%; p = 0.025). 

Similarly, high blood PCT (> 10 μg/L) was associated with an absence of 

occludin expression in cerebral endothelial cells as compared to lower PCT (< 10 

μg/L; 10 [56%] vs. 8 [26%], p = 0.045). In cases with BBB damage (absent 

occludin in cerebral endothelium), the maximum SOFA score and percentage of 

patients with PCT levels above 10 μg/L were higher than in those without BBB 

damage. 

5.4 Night-time EEG slow-wave activity (study IV) 

In the fourth study, most of patients were male. One patient died during the ICU 

stay, and the remainder experienced a good neurological recovery during the 3–

month follow-up period. 

The median RASS during the dexmedetomidine infusion was −1 (−1.7–0.0). 

The median maximum dexmedetomidine dose was 0.78 µg/kg/h. Propofol was 

combined with dexmedetomidine in three cases. All patients were disturbed during 

the night by nursing activities for a median number of 10 times. The morning 

ICDSC score following dexmedetomidine infusion was < 4, not fulfilling the 

criteria for ICU delirium in 53% of the patients. The total night-time 

dexmedetomidine dose was significantly higher in those who did not have delirium 

the following morning than in those with delirium (4.7 µg/kg [4.7–7] vs. 2.9 µg/kg 

[2.9–5.2]; p = 0.041). 
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The analysis of the night-time EEG SWA revealed that individual sleep 

structures varied fundamentally among patients. Overall, the SWA was categorized 

as poor in 67% of the patients. Sleep quality was poor in 67% and sleep depth was 

poor in 60% of the patients according to RCSQ. The SWA-based classification 

aligned with the RCSQ-based sleep quality in 87% and with RCSQ-based sleep 

depth in 67% of cases. 

The study suggests that there is an overestimation of the amount of recovering 

sleep by the nurse. Average or percentage of SWA did not correlate with total 

dexmedetomidine dose, dexmedetomidine maximum dose, time in the ICU, or time 

on mechanical ventilation before the study. These values also did not correlate with 

age, treatment events disturbing sleep, or the APACHE II score at admission. 
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6 Discussion 

6.1 Main results, strength and generalizability of the study 

In the present thesis evaluating sepsis-associated encephalopathy in human patients, 

it was found that more than half of sepsis patients had signs of retinal pathology 

abnormalities, and that these were increasingly present in those with decreased 

arterial retinal blood flow. Secondly, delirium in septic shock was associated with 

elevated levels of the protein S-100β. Thirdly, in cases of fatal sepsis, a damaged 

BBB was related to severe organ dysfunction and systemic inflammation. Lastly, 

in hyperactive delirium, the quality and depth of night-time sleep were poor in most 

patients despite dexmedetomidine infusion. 

These results imply that the retinal microvascular blood flow is disturbed in 

sepsis and could be used as a surrogate indicator of intracranial perfusion (Kur, 

Newman, & Chan-Ling, 2012). This is the first study involving the measurement 

of retinal blood flow with a feasible, noninvasive method to reflect the systemic 

and microcirculation in human patients with sepsis. Others have previously shown 

that retinal blood flow changes also represent cerebral blood flow changes during 

carotid endarterectomy (Enaida et al., 2016). 

According to study II and from a diagnostic perspective, the laboratory cutoff 

value of S-100β seems to be a sensitive but less specific tool for clinical use. This 

finding supports previous literature and clarifies some controversial results. 

However, future studies should confirm whether it is a true marker of brain injury 

and not just a surrogate marker of disease severity with a larger population and 

serial measurements. 

Study III is the first study describing immunohistochemical findings of TJ 

expression in clinical human autopsy specimens in sepsis. The findings support the 

role of BBB damage involving TJs in human sepsis and bring new insights to the 

pathophysiology of sepsis-related brain dysfunction. The findings also highlight 

the occurrence of variable responses in different brain regions and different types 

of cells and levels of markers of the severity of illness. 

The findings of study IV suggesting suboptimal sleep despite 

dexmedetomidine infusion are in line with the literature. For the measurement of 

SWA, a novel disposable forehead EEG electrode and a wireless recording device 

were used in combination with offline calculation of C-Trend® index. The detailed 
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analysis of SWA may offer a target, for example, for individual drug dosing to 

improve the night-time sleep. 

Our results can be extrapolated with other adult mixed ICU populations when 

treating emergency patients. However, our results are preliminary and should be 

confirmed with larger study populations and possibly employing a multicenter 

approach.  

6.1.1 Retinal microvascular flow in sepsis 

In the current study, patients with short retinal arterial filling time had higher 

cardiac indexes and more elevated levels of inflammatory markers. This is in line 

with the hyperdynamic hemodynamic state often seen in early sepsis with a 

proinflammatory phase (Gotts & Matthay, 2016). In contrast, the relationship 

between cardiac index and microcirculatory perfusion has not been demonstrated 

by using sublingual techniques (De Backer et al., 2006; Sakr, Dubois, De Backer, 

Creteur, & Vincent, 2004). In another study with an early goal-directed fluid 

therapy and vasoactive medication protocol, however, sublingual microcirculation 

flow velocity correlated with mean arterial pressure and mixed venous oxygen 

saturation (Trzeciak et al., 2007). According to an animal model of hyperdynamic 

septic shock, arterial flow is increased in the mesenterial artery, whereas ileal 

microcirculation is decreased. Taken together, human organ blood flow distribution 

varies between different organs in patients with sepsis, and according to our results, 

it follows the changes in cardiac output. Inadequate cerebral blood flow, as assessed 

using as a pre-operative regional cerebral oxygen saturation ≤ 50%, was associated 

with increased postoperative delirium rates in elderly patients after cardiac surgery 

(Lei et al., 2017). 

In study I, prolonged retinal blood flow was related to retinal microcirculatory 

abnormalities. Microvascular changes in the retina are usually associated with 

diabetes and hypertension (MacCormick et al., 2014). In our series of septic 

patients admitted to the ICU, we found fluorescein-leaking retinal microaneurysms 

and retinal hemorrhages. In agreement with our results, intra- and periretinal 

hemorrhages were observed in a previous study of patients with severe acute 

pancreatitis (Cernea, Răsceanu, Bârjoveanu, & Berteanu, 2009). 

A novel finding in the present study is the fluorescein-leaking retinal 

microaneurysms. Transient hypoxia, for example, can increase the permeability of 

the retinal arterioles even with normal intraluminal blood pressure and may also 

later involve the venous side (Hayreh & Weingeist, 1980). These permeability 
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changes are thought to be related to changes in the vascular endothelial cells. In 

study I, inflammatory parameters measured (IL-6, CRP) at the same time as retinal 

blood flow were significantly higher in those with a shortened retinal filling time. 

The rapid retinal blood flow could thus be linked to the hyperdynamic 

hemodynamic and proinflammatory responses. A recent review concluded that 

imaging retinal blood flow during critical illness may offer a potential marker for 

cerebral microcirculatory perfusion (Courtie, Veenith, Logan, Denniston, & Blanch, 

2020). 

6.1.2 S-100 β is a sensitive but nonspecific marker for delirium in 

sepsis 

The results of study II are in line with an earlier study showing that S-100β levels 

can be more closely correlated with severe encephalopathy and with the type of 

brain lesions than NSE or the Glasgow Coma Scale in sepsis and septic shock 

(Nguyen et al., 2006). Serum S-100β is an established marker of brain injury which 

has been used to diagnose cerebral complications as well as an outcome predictor 

in various diagnostic groups such as trauma, strokes, intracranial hemorrhage, 

postcardiopulmonary bypass, and postcardiac arrest (Rosén, Rosengren, Herlitz, & 

Blomstrand, 1998). However, S-100β concentrations have been shown to be 

associated with the severity of organ dysfunction and markers of hypoperfusion 

and inflammation in critically ill and trauma patients (Routsi et al., 2006; Stamataki 

et al., 2013). 

Similar to study II, it has previously been shown that serum levels of cortisol, 

IL-6, and S-100β in an elderly non-ICU population were associated with delirium, 

and S-100β was the strongest of these markers (van Munster et al., 2010). Taken 

together, the results indicate that inflammation may play a significant role in the 

pathophysiology of delirium. 

Increased S-100β with its short half-life may indicate more acute neuronal 

injury presenting as delirium. The timing of the sampling might affect the results. 

In addition to markers of systemic inflammation, S-100β obtained at delirium onset 

was associated with a longer duration of delirium, a higher severity of delirium, 

and a higher in-hospital mortality (Khan et al., 2020). The presence of S-100β at 

delirium onset does not answer the question of whether it is a true marker of brain 

injury and not just a surrogate marker of disease severity. 
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6.1.3 BBB is damaged in fatal sepsis 

In the autopsy series (III), patients with damaged BBB defined as missing cerebral 

endothelial expression of occluding, developed more severe organ dysfunctions 

and more severe inflammation, underscoring the essential role of the damaged BBB 

in the pathogenesis of sepsis-related brain dysfunction. Occludin is a key tight 

junction protein in cerebral endothelial cells and plays an important role in 

modulating the blood-brain barrier (BBB) functions. In a pig model, septic 

encephalopathy was associated with a breakdown of the blood-brain barrier and 

cerebral edema (Davies, 2002). In study III, when the CRP level was above 

100 mg/L, the proportion of occludin-negative samples was higher in the cerebellar 

endothelium. Proinflammatory cytokines are important mediators for inducing the 

C-reactive protein response (Beringer, Thiam, Molle, Bartosch, & Miossec, 2018). 

Neuroinflammatory cascade has been strongly linked to elevated levels of 

proinflammatory cytokines leading to dysregulated BBB permeability (Rochfort, 

Collins, McLoughlin, & Cummins, 2015; Rodrigues & Granger, 2015). 

In a rat model, cerebral ischemia induced an increase of blood occludin with a 

loss of occludin from ischemic cerebral microvessels and BBB damage (Pan et al., 

2017). Furthermore, in an in vitro human cerebral endothelial cell model, the 

presence of proinflammatory cytokines and endotoxin resulted in a significant 

decrease in the expression of occludin (Ni et al., 2017). Similarly, human cerebral 

microvascular endothelial cells in vitro exposed to endotoxin decreased the levels 

of occludin and ZO-1 (Qin, Huang, Mo, Chen, & Wu, 2015).  

6.1.4 Sleep is suboptimal is hyperactive delirium 

We studied suboptimal sleep despite dexmedetomidine infusion in critically ill 

patients and our results are in line with others found in the literature (McKinley, 

Fien, Elliott, & Elliott, 2013; Alexopoulou et al., 2014; Wu et al., 2016). In addition, 

there was no correlation between dexmedetomidine dosing and sleep stage duration 

in non-intubated patients without delirium (Oto et al., 2012). Our findings and those 

in the literature imply that there is a need for an objective evaluation of sleep which 

would enable the individual adjustment of dexmedetomidine to avoid under- or 

overdosing. 

It should also be noted that the role of sleep disturbance in the development of 

ICU delirium is not undisputedly clear. The relationship between sleep and delirium 

is still poorly understood although a disturbed sleep-wake rhythm occurs 
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commonly during delirium (Trompeo et al., 2011). Despite this, there is no clear 

evidence that interventions improving sleep in the ICU are associated with 

reductions in ICU delirium (Flannery, Oyler, & Weinhouse, 2016). Studies are, 

however, biased with several confounding factors and methodological issues. 

Polysomnography studies have had contradictory results regarding the association 

of disturbed sleep and development of delirium (Romagnoli et al., 2020; Trompeo 

et al., 2011). Furthermore, there are many other pathophysiologic mechanisms 

contributing to the development of delirium which could be affected by 

dexmedetomidine (Thille et al., 2018). In addition, the reduced risk of delirium 

with dexmedetomidine may be a result of avoiding benzodiazepines (Nelson, 

Muzyk, Bucklin, Brudney, & Gagliardi, 2015). 

Furthermore, it has been shown that, in the intensive care, nurses score higher 

ratings in RCSQ than do patients, which suggests that they overestimate the quality 

of their patients’ sleep (Hsiao et al., 2018). A recent randomized controlled trial 

found that the administration of dexmedetomidine, even though it reduced the 

incidence of delirium, did not affect the patient-reported sleep quality (Kamdar et 

al., 2012). In a randomized nightly melatonin study examining hospitalized older 

adults’ night-time sleep duration and total sleep time, there was no difference 

between subjects who became delirious and those who did not, but delirious 

subjects had more sleep fragmentation (Jaiswal et al., 2018). Other studies have 

shown that the sleep of patients in intensive care is disrupted by noise, light and 

treatment events (Skrobik, Duprey, Hill, & Devlin, 2018; Meriläinen, Kyngäs, & 

Ala-Kokko, 2010; Elliott, McKinley, Cistulli, & Fien, 2013). We did not quantify 

the effect of the ICU’s environmental factors such as noise and lighting. 

6.2 Limitations of the study 

All sub-studies (I–IV) were carried out in a single center and were observational 

and descriptive in nature with either prospective study populations (I, II, IV) or a 

retrospective study population (III). These are prone to selection or 

misclassification biases. Observational studies are also vulnerable to confounding 

factors and can not confirm definite causalities.  Accordingly, results should be 

regarded as hypothesis-generating in nature and need to be confirmed in future 

(observational) studies. However, some interesting novel findings were produced, 

and previous experimental or clinical findings were supported. 

In study I, due to the complex methodology, the measurements could be 

performed only during office hours which resulted in a small sample size. 
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Furthermore, it is also true that patients were admitted to the ICU in different phases, 

depending on the severity of the disease, the type of infection, and the symptoms. 

Regardless, differences between patients with prolonged and shorter filling times 

were detected with an innovative methodology, even in this relatively small patient 

population. 

Similarly, study II is a small study with borderline P-values and wide 

confidence intervals. Additionally, the timing of laboratory sampling and the onset 

of sepsis, delirium, and blood sampling varied independently of investigators. 

Furthermore, the onset of delirium and sepsis could not be determined. However, 

the results are in accordance with an earlier study showing that S-100β levels can 

be more closely correlated with severe encephalopathy and with the type of brain 

lesions than NSE or the Glasgow Coma Scale in sepsis and septic shock. 

In study III, the collection of brain samples was not standardized as the 

autopsies were performed when clinically justified and at the time of death, the 

patients were at different stages of inflammation. Furthermore, due to the study 

design, no data on the brain function, including EEG or MRI of the brain, could be 

obtained during the ICU stay. Finally, there were no non-septic control cases. 

However, it was shown in human specimens that patients with a damaged BBB 

developed more severe organ dysfunctions and more severe inflammation, which 

is a novel finding. 

In study IV, only one night-time period in a relatively small number of patients 

without a control group was recorded. However, it was designed as a descriptive 

feasibility study. Further studies are needed to show whether night-time SWA is 

correlated with hyperactive delirium and if EEG-guided dexmedetomidine dosing 

could be used in alleviating the patients’ condition. Secondly, the SWA derived 

from C-Trend index® has not been validated by polysomnography which is the 

reference standard when studying sleep. 
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7 Clinical implications and future studies 

Better understanding of the complex processes leading to delirium in critically ill 

patients will help to develop more effective recognition, prevention and 

management strategies in the future and decrease its economical and long-term 

cognitive effects. From the observations made in this thesis, the following list could 

be drawn and suggested for the clinician treating sepsis patients at risk for delirium: 

–  Cerebral microcirculation is disturbed in sepsis and should be considered 

during the ICU treatment by considering neurocritical care principles of 

hemodynamic management supporting adequate cerebral perfusion. 

–  S-100β needs to be further studied as a possible early biomarker for sepsis-

related brain dysfunction. 

– Sepsis-related disruption of the BBB is related to more severe inflammation 

and organ dysfunctions indicating the necessity for the rapid and aggressive 

early identification and treatment of sepsis and immediate support of sepsis-

related organ dysfunctions. According to literature and the results of this thesis, 

blood occludin concentration might serve as a biomarker in human sepsis for 

the detection of BBB damage. 

–  The depth and quality of sleep are disturbed in delirium patients, and non-

pharmacological means to improve sleep should be considered during patient 

rounds. 

According to this thesis, the following subjects need to be addressed in further 

studies. At the least, the clinical consequences of retinal changes in sepsis patients 

should be evaluated, the retinal microcirculatory changes associated with septic 

encephalopathy should be assessed and the suitability of retinal angiography as a 

marker for delirium risk and as a target for treatment should be examined. In 

addition, the best cutoff and sampling time for delirium diagnostics with S-100β 

should be clarified and whether soluble occludin has any role in delirium 

diagnostics. Furthermore, the role of occludin-deficient blood brain barrier 

disruption in septic encephalopathy needs further studies, as well as the question 

whether it could be prevented. The importance of individual drug dosing in 

improving the depth and quality of sleep with objective sleep evaluation using SWA 

measurement to decrease delirium incidence needs further studies. These topics are 

in agreement with a recent statement paper where a multinational and 

interprofessional group of clinicians and researchers outlined the most 
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importanttopics for future research of delirium in critically ill patients 

(Pandharipande et al., 2017)  
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8 Conclusions 

1. Bed-side retinal angiography may be used to assess systemic macrocirculation 

and could provide a new technique for noninvasive monitoring of the central 

nervous system in septic patients. These findings generate ideas for future 

studies on the applicability of retinal blood flow as a tool for the assessment of 

microcirculation and cerebral circulation in particular. 

2. In septic patients, S-100β may indicate a more acute neuronal injury presenting 

as delirium. The main finding of this observational study was that delirium 

diagnosed with positive CAM-ICU was strongly associated with S-100β levels 

above the laboratory cutoff value (> 0.15 μg/L). In addition, we observed 

higher concentrations of IL-6 and higher SOFA scores in patients with delirium, 

and there was a positive correlation between S-100β and IL-6 levels. These 

results support other studies showing that S-100β levels can be more closely 

correlated with severe encephalopathy than NSE and S-100β may indicate a 

more acute neuronal injury presenting as delirium.  

3. A loss of TJ protein expression, indicative of an abnormal BBB, was associated 

with high organ failure scores and elevated levels of biomarkers of systemic 

inflammation. Our results provide new insights into the pathophysiology of 

sepsis-related brain dysfunction. 

4. The detailed analysis of SWA revealed poor sleep quality, but great individual 

variability, among septic patients. This finding might provide  a clear target, 

for example, for individual drug dosing to improve night-time sleep. ICU 

patients need an objective evaluation of sleep that avoids under- or overdosing 

and enables the individual adjustment of dexmedetomidine dose to achieve 

adequate sleep depth and quality. A good candidate to address this need would 

be a practical EEG-based solution. 

  



54 

 



55 

References  

Abbott N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., & Begley, D. J. (2010). 
Structure and function of the blood-brain barrier. Neurobiology of Disease, 37(1), 13–
25. Epub 2009 Aug 5. https://doi.org/10.1016/j.nbd.2009.07.030 

Abbott, N. J, Rönnbäck, L., & Hansson, E. (2006). Astrocyte-endothelial interactions at the 
blood-brain barrier. Nature Reviews. Neuroscience,7(1),41–53.https://doi.org/ 
10.1038/nrn1824. 

Alexander, J. J., Jacob, A., Cunningham, P., Hensley, L., & Quigg, R. J. (2008). TNF is a 

key mediator of septic encephalopathy acting through its receptor, TNF receptor-1. 

Neurochemistry International, 52(3), 447–456. Epub 2007 Aug 

17.  https://doi.org/10.1016/j.neuint.2007.08.006 
Alexopoulou, C., Kondili, E., Diamantaki, E., Psarologakis, C., Kokkini, S., Bolaki, M., & 

Georgopoulos, D. (2014). Effects of dexmedetomidine on sleep quality in critically ill 
patients: A pilot study. Anesthesiology, 121(4), 801–807. https://doi.org/ 
10.1097/ALN.0000000000000361. 

American College of Chest Physicians/Society of Critical Care Medicine Consensus 
Conference. (1992). Definitions for sepsis and organ failure and guidelines for the use 
of innovative therapies in sepsis. Critical Care Medicine, 20(6), 864–874. 

Andrews, P. S., Wang, S., Perkins, A. J., Gao, S., Khan, S., Lindroth, H., Boustani, M, Khan, 
B. (2020). Relationship between intensive care unit delirium severity and 2-year 
mortality and health care utilization. American Journal of Critical Care: An Official 
Publication, American Association of Critical-Care Nurses, 29(4), 311–317. 
https://doi.org/10.4037/ajcc2020498 

Anforth, H. R., Bluthe, R. M., Bristow, A., Hopkins, S., Lenczowski, M. J., Luheshi, G., 
Lundkvist, J, Michaud, B, Mistry, Y, Van Dam, A.M, Zhen, C, Rantzer, R, Poole, S, 
Rothwell, N.J,Tilder, F.J,  Wollman, E. E. (1998). Biological activity and brain actions 
of recombinant rat interleukin-1alpha and interleukin-1beta. European Cytokine 
Network, 9(3), 279–288 

Azabou, E., Magalhaes, E., Braconnier, A., Yahiaoui, L., Moneger, G., Heming, N., Annane, 
D, Mantz, J,  Chrétien, F, Durand, M, Lofaso, F, Porcher, R, Sharshar, T.; Groupe 
d’Explorations Neurologiques en Réanimation (GENER). (2015). Early standard 
electroencephalogram abnormalities predict mortality in septic intensive care unit 
patients. PloS One, 10(10), e0139969. https://doi.org/  10.1371/journal.pone.0139969. 

Banks, W. A. (2010). Mouse models of neurological disorders: A view from the blood-brain 
barrier. Biochimica et biophysica acta, 1802(10), 881–888. Epub 2009 Oct 29. 
https://doi.org/10.1016/j.bbadis.2009.10.011 

Bannon, L., McGaughey, J., Clarke, M., McAuley, D. F., & Blackwood, B. (2016). Impact 
of non-pharmacological interventions on prevention and treatment of delirium in 
critically ill patients: Protocol for a systematic review of quantitative and qualitative 
research. Systematic Reviews, 5, 75. https://doi.org/10.1186/s13643-016-0254-0 



56 

Barbateskovic, M., Krauss, S. R., Collet, M. O., Larsen, L. K., Jakobsen, J. C., Perner, A., 
& Wetterslev, J. (2019). Pharmacological interventions for prevention and management 
of delirium in intensive care patients: A systematic overview of reviews and meta-
analyses. BMJ Open, 9(2), e024562. https://doi.org/10.1136/bmjopen-2018-024562 

Barichello, T., Fortunato, J. J., Vitali, A. M., Feier, G., Reinke, A., Moreira, J. C.,  Quevedo, 
J, Dal-Pizzol, F. (2006). Oxidative variables in the rat brain after sepsis induced by cecal 
ligation and perforation. Critical Care Medicine, 34(3), 886–889. https://doi.org/  
10.1097/01.CCM.0000201880.50116.12 

Barr, J., Fraser, G. L., Puntillo, K., Ely, E. W., Gélinas, C., Dasta, J. F., Davidson, J, Devlin, 
J, Kress, J, Joffe, A, Coursin, D, Herr, D, Tung, A, Robinson, B, Fontaine, D, Ramsay, 
M, Riker, R, Sessler, C, Pun, B, Skrobik, Y,  Jaeschke, R.; American College of Critical 
Care Medicine. (2013). Clinical practice guidelines for the management of pain, 
agitation, and delirium in adult patients in the intensive care unit. Critical Care 
Medicine, 41(1), 263–306. https://doi.org/10.1097/CCM.0b013e3182783b72 

Bastos, P. G., Sun, X., Wagner, D. P., Wu, A. W., & Knaus, W. A. (1993). Glasgow Coma 
Scale score in the evaluation of outcome in the intensive care unit: Findings from the 
Acute Physiology and Chronic Health Evaluation III study. Critical Care Medicine, 
21(10), 1459–1465. https://doi.org/10.1097/00003246-199310000-00012. 

Bergeron, N., Dubois, M. J., Dumont, M., Dial, S., & Skrobik, Y. (2001). Intensive Care 
Delirium Screening Checklist: Evaluation of a new screening tool. Intensive Care 
Medicine, 27(5), 859–864. https://doi.org/10.1007/s001340100909. 

Beringer, A., Thiam, N., Molle, J., Bartosch, B., & Miossec, P. (2018). Synergistic effect of 
interleukin-17 and tumour necrosis factor-α on inflammatory response in hepatocytes 
through interleukin-6-dependent and independent pathways. Clinical and Experimental 
Immunology, 193(2), 221–233. Epub 2018 May 31. https://doi.org/ 10.1111/cei.13140 

Blass, J. P., & Gibson, G. E. (1999). Cerebrometabolic aspects of delirium in relationship to 
dementia. Dementia and Geriatric Cognitive Disorders, 10(5), 335–338. 
https://doi.org/10.1159/000017165 

Bluthé, R. M., Dantzer, R., & Kelley, K. W. (1992). Effects of interleukin-1 receptor 
antagonist on the behavioral effects of lipopolysaccharide in rat. Brain Research, 573(2), 
318–320. https://doi.org/10.1016/0006-8993(92)90779-9 

Bolton, C. F., Young, G. B., & Zochodne, D. W. (1993). The neurological complications of 
sepsis. Annals of Neurology, 33(1), 94–100. https://doi.org/10.1002/ana.410330115 

Borovikova, L. V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G. I., Watkins, L. R., Wang, 
H, Abumrad, N, Eaton, J.W, Tracey, K. J. (2000). Vagus nerve stimulation attenuates 
the systemic inflammatory response to endotoxin. Nature, 405(6785), 458–462. 
https://doi.org/10.1038/35013070 

Bornstein, S. R. (2009). Predisposing factors for adrenal insufficiency. The New England 
Journal of Medicine, 360(22), 2328–2339. https://doi.org/ 10.1056/NEJMra0804635 

Breitbart, W., Gibson, C., & Tremblay, A. (2002). The delirium experience: Delirium recall 
and delirium-related distress in hospitalized patients with cancer, their 
spouses/caregivers, and their nurses. Psychosomatics, 43(3), 183–194. 
https://doi.org/10.1176/appi.psy.43.3.183. 



57 

Carlson, D. E., Chiu, W. C., Fiedler, S. M., & Hoffman, G. E. (2007). Central neural 
distribution of immunoreactive Fos and CRH in relation to plasma ACTH and 
corticosterone during sepsis in the rat. Experimental Neurology, 205(2), 485–500. Epub 
2007 Mar 23. https://doi.org/10.1016/j.expneurol.2007.03.015 

Carroll, B. J., & Curtis, G. C. (1976). Neuroendocrine identification of depressed patients. 
The Australian and New Zealand Journal of Psychiatry, 10(1), 13–20. 
https://doi.org/10.3109/00048677609159480 

Cernea, D., Răsceanu, A., Bârjoveanu, F., & Berteanu, C. (2009). Retinopatia din pancreatita 
acută severă [Retinopathy in severe acute pancreatitis]. Oftalmologia, 53(3), 123–9. 
Romanian. 

Cipolla-Neto, J., & Amaral, F. G. D. (2018). Melatonin as a hormone: New physiological 
and clinical insights. Endocrine Reviews, 39(6), 990–1028. https://doi.org/ 
10.1210/er.2018-00084 

Comim, C. M., Rezin, G. T., Scaini, G., Di-Pietro, P. B., Cardoso, M. R., Petronilho, F. C., 
Ritter, C, Streck, E.L, Quevedo, J, Dal-Pizzol, F. (2008). Mitochondrial respiratory 
chain and creatine kinase activities in rat brain after sepsis induced by cecal ligation and 
perforation. Mitochondrion, 8(4), 313–318. Epub 2008 Jul 9. https://doi.org/ 
10.1016/j.mito.2008.07.002 

Corrigan F, Mander KA, Leonard AV, Vink R. Neurogenic inflammation after traumatic 
brain injury and its potentiation of classical 
inflammation. J Neuroinflammation. 2016;13:264 

Cotena, S., & Piazza, O. (2012). Sepsis-associated encephalopathy. Translational Medicine, 
18(2), 20–7. 
Courtie, E., Veenith, T., Logan, A., Denniston, A. K., & Blanch, R. J. (2020). Retinal blood 

flow in critical illness and systemic disease: A review. Annals of Intensive Care, 10(1), 
152. https://doi.org/10.1186/s13613-020-00768-3 

Crippa, I. A., Subirà, C., Vincent, J. L., Fernandez, R. F., Hernandez, S. C., Cavicchi, F. Z., 
Creteur, J, Taccone, F. S. (2018). Impaired cerebral autoregulation is associated with 
brain dysfunction in patients with sepsis. Critical Care (London, England), 22(1), 327. 
https://doi.org/10.1186/s13054-018-2258-8 

d’Avila, J. C., Siqueira, L. D., Mazeraud, A., Azevedo, E. P., Foguel, D., Castro-Faria-Neto, 
H. C., Sharsar, T,  Chrétien, F, Bozza, F. A. (2018). Age-related cognitive impairment 
is associated with long-term neuroinflammation and oxidative stress in a mouse model 
of episodic systemic inflammation. Journal of Neuroinflammation, 15(1), 28. 
https://doi.org/10.1186/s12974-018-1059-y 

Dagal A, Lam AM. Cerebral blood flow and the injured brain: how should we monitor 
andmanipulate it? Curr Opin Anaesthesiol. 2011;24(2):131–137. 

Dantzer, R. (2004). Cytokine-induced sickness behaviour: A neuroimmune response to 
activation of innate immunity. European Journal of Pharmacology, 500(1–3), 399–411. 
https://doi.org/10.1016/j.ejphar.2004.07.040 

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., & Kelley, K. W. (2008). From 
inflammation to sickness and depression: When the immune system subjugates the 
brain. Nature Reviews. Neuroscience, 9(1), 46–56. https://doi.org/ 10.1038/nrn2297 



58 

Davies, D. C. (2002). Blood-brain barrier breakdown in septic encephalopathy and brain 
tumours. Journal of Anatomy, 200(6), 639–646. https://doi.org/10.1046/j.1469-
7580.2002.00065.x 

De Backer, D., Verdant, C., Chierego, M., Koch, M., Gullo, A., & Vincent, J. L. (2006). 
Effects of drotrecogin alfa activated on microcirculatory alterations in patients with 
severe sepsis. Critical Care Medicine, 34(7), 1918–1924. https://doi.org/ 
10.1097/01.CCM.0000220498.48773.3C 

Dekaban, A. S. (1978). Changes in brain weights during the span of human life: Relation of 
brain weights to body heights and body weights. Annals of Neurology, 4(4), 345–356. 
https://doi.org/10.1002/ana.410040410 

Devlin, J. W., Skrobik, Y., Gélinas, C., Needham, D. M., Slooter, A. J. C., Pandharipande, 
P. P., Watson, P., Weinhouse, G.L., Nunnally, M.E., Rochwerg, B., Balas, M., van den 
Boogaard, M., Bosma, K.J., Brimmel, N.E., Chanques, G., Denehy, L., Drouot, X., 
Fraser, G.L., Harris, J.E., Joffe, A.M., Kho, M.E., Kress, J.P., Lanphere, J.A., McKinley, 
S., Neufeld, K.J., Pisani, M.A., Payen, J-F., Pun, B.T., Puntillo, K.A., Riker, R.R, 
Robinson, B.R.H., Shehabi,Y., Szumita, P.M., Winkelman, C., Centofanti, J.E., Price, 
C., Niakyin, S., Misak, C.J., Flood, P.D., Kiedrowski, K.,  Alhazzani, W. (2018). 
Clinical practice guidelines for the prevention and management of pain, 
agitation/sedation, delirium, immobility, and sleep disruption in adult patients in the 
ICU. Critical Care Medicine, 46(9), e825–e873. https://doi.org/ 
10.1097/CCM.0000000000003299 

Ehler, J., Barrett, L. K., Taylor, V., Groves, M., Scaravilli, F., Wittstock, M., Kolbaske, S., 
Grossmann, a., Henschel, J., Gloger, M., Sharshar, T., Chretien, F., Gray, F., Nöldge-
Schomburg, G., Singer, M., Sauer, M.,  Petzold, A. (2017). Translational evidence for 
two distinct patterns of neuroaxonal injury in sepsis: A longitudinal, prospective 
translational study. Critical Care (London, England), 21(1), 262. https://doi.org/ 
10.1186/s13054-017-1850-7 

Eidelman, L. A., Putterman, D., Putterman, C., & Sprung, C. L. (1996). The spectrum of 
septic encephalopathy. Definitions, etiologies, and mortalities. JAMA, 275(6), 470–473. 

Eikelenboom, P., Hoogendijk, W. J., Jonker, C., & van Tilburg, W. (2002). Immunological 
mechanisms and the spectrum of psychiatric syndromes in Alzheimer’s disease. Journal 
of Psychiatric Research, 36(5), 269–280. https://doi.org/10.1016/s0022-
3956(02)00006-7 

Elliott, R., McKinley, S., Cistulli, P., & Fien, M. (2013). Characterisation of sleep in 
intensive care using 24-hour polysomnography: An observational study. Critical Care 
(London, England), 17(2), R46. https://doi.org/ 10.1186/cc12565 

El-Gendy, F. M., El-Hawy, M. A., & Hassan, M. G. (2018). Beneficial effect of melatonin 
in the treatment of neonatal sepsis. The Journal of Maternal-Fetal & Neonatal Medicine: 
The Official Journal of the European Association of Perinatal Medicine, the Federation 
of Asia and Oceania Perinatal Societies, the International Society of Perinatal 
Obstetricians, 31(17), 2299–2303. Epub 2017 Jul 6. https://doi.org/ 
10.1080/14767058.2017.1342794 



59 

Ely, E. W., Inouye, S. K., Bernard, G. R., Gordon, S., Francis, J., May, L., Truman, B., 
Speroff, T., Gautam, S., Margolin, R., Hart, R.P.,  Dittus, R. (2001). Delirium in 
mechanically ventilated patients: Validity and reliability of the confusion assessment 
method for the intensive care unit (CAM-ICU). JAMA, 286(21), 2703–2710. 
https://doi.org/10.1001/jama.286.21.2703 

Ely, E. W., Shintani, A., Truman, B., Speroff, T., Gordon, S. M., Harrell, F. E. Jr, Inouye, 
S.K., Bernard, G.R.,  Dittus, R. S. (2004). Delirium as a predictor of mortality in 
mechanically ventilated patients in the intensive care unit. JAMA, 291(14), 1753–1762. 
https://doi.org/ 10.1001/jama.291.14.1753 

Enaida, H., Nagata, S., Takeda, A., Nakao, S., Ikeda, Y., & Ishibashi, T. (2016). Changes in 
chorioretinal blood flow velocity and cerebral blood flow after carotid endarterectomy. 
Japanese Journal of Ophthalmology, 60(6), 459–465. Epub 2016 Aug 26. 
https://doi.org/10.1007/s10384-016-0472-y 

Erbaş, O., & Taşkıran, D. (2014). Sepsis-induced changes in behavioral stereotypy in rats; 
involvement of tumor necrosis factor-alpha, oxidative stress, and dopamine turnover. 
The Journal of Surgical Research, 186(1), 262–268. Epub 2013 Aug 24. 
https://doi.org/10.1016/j.jss.2013.08.001 

Fassbender, K., Rossol, S., Kammer, T., Daffertshofer, M., Wirth, S., Dollman, M., & 
Hennerici, M. (1994). Proinflammatory cytokines in serum of patients with acute 
cerebral ischemia: Kinetics of secretion and relation to the extent of brain damage and 
outcome of disease. Journal of the Neurological Sciences, 122(2), 135–139. 
https://doi.org/10.1016/0022-510x(94)90289-5 

Feldman, G. J., Mullin, J. M., & Ryan, M. P. (2005). Occludin: Structure, function and 
regulation. Advanced Drug Delivery Reviews, 57(6), 883–917. https://doi.org/ 
10.1016/j.addr.2005.01.009 

Flannery, A. H., Oyler D. R., & Weinhouse, G. L. (2016). The impact of interventions to 
improve sleep on delirium in the ICU: A systematic review and research framework. 
Critical Care Medicine, 44(12), 2231–2240. 
https://doi.org/10.1097/CCM.0000000000001952 

Flierl, M. A., Stahel, P. F., Rittirsch, D., Huber-Lang, M., Niederbichler, A. D., Hoesel, L. 
M., Touban, B.M., Morgan, S.J., Smith, W.R., Ward, P.A.,  Ipaktchi, K. (2009). 
Inhibition of complement C5a prevents breakdown of the blood-brain barrier and 
pituitary dysfunction in experimental sepsis. Critical Care (London, England), 13(1), 
R12. Epub 2009 Feb 6. https://doi.org/10.1186/cc7710 

Frisch, A., Miller, T., Haag, A., Martin-Gill, C., Guyette, F. X., & Suffoletto, B. P. (2013). 
Diagnostic accuracy of a rapid checklist to identify delirium in older patients 
transported by EMS. Prehospital Emergency Care: Official Journal of the National 
Association of EMS Physicians and the National Association of State EMS Directors, 
17(2), 230–234. Epub 2013 Jan 2. https://doi.org/10.3109/10903127.2012.744785 

Furchgott, R. F., Carvalho, M. H., Khan, M. T., & Matsunaga, K. (1987). Evidence for 
endothelium-dependent vasodilation of resistance vessels by acetylcholine. Blood 
Vessels, 24(3), 145–149. https://doi.org/10.1159/000158689. 



60 

Girard, T. D., Pandharipande, P. P., & Ely, E. W. (2008). Delirium in the intensive care unit. 
Critical Care (London, England), 12 Suppl 3(Suppl 3), S3. Epub 2008 May 14. 
https://doi.org/10.1186/cc6149 

Girard, T. D., Pandharipande, P. P., Carson, S. S., Schmidt, G. A., Wright, P. E., Canonico, 
A. E., Pun, B.T., Thompson, J.L., Shintani, A.K., Meltzer, H.Y, Bernard, G.R., Dittus, 
R.S,   Ely, E. W.; MIND Trial Investigators. (2010). Feasibility, efficacy, and safety of 
antipsychotics for intensive care unit delirium: The MIND randomized, placebo-
controlled trial. Critical Care Medicine, 38(2), 428–437. 
https://doi.org/10.1097/ccm.0b013e3181c58715 

Gofton, T. E., & Young, G. B. (2012). Sepsis-associated encephalopathy. Nature Reviews. 
Neurology, 8(10), 557–566. Epub 2012 Sep 18. https://doi.org/ 
10.1038/nrneurol.2012.183 

Goodwin, J. E., Feng, Y., Velazquez, H., & Sessa, W. C. (2013). Endothelial glucocorticoid 
receptor is required for protection against sepsis. Proceedings of the National Academy 
of Sciences of the United States of America, 110(1), 306–311. Epub 2012 Dec 17. 
https://doi.org/10.1073/pnas.1210200110 

Gottfries, C. G., Blennow, K., Karlsson, I., & Wallin, A. (1994). The neurochemistry of 
vascular dementia. Dementia (Basel, Switzerland), 5(3–4), 163–167. 
https://doi.org/10.1159/000106715 

Gotts, J. E., & Matthay, M. A. (2016). Sepsis: Pathophysiology and clinical management. 
BMJ (Clinical Research Ed.), 353, i1585. https://doi.org/10.1136/bmj.i1585 

Gusmao-Flores, D., Salluh, J. I., Chalhub, R. Á., & Quarantini, L. C. (2012). The confusion 
assessment method for the intensive care unit (CAM-ICU) and intensive care delirium 
screening checklist (ICDSC) for the diagnosis of delirium: A systematic review and 
meta-analysis of clinical studies. Critical Care (London, England), 16(4), R115. 
https://doi.org/10.1186/cc11407 

Haggstrom, L., Welschinger, R., & Caplan, G. A. (2017). Functional neuroimaging offers 
insights into delirium pathophysiology: A systematic review. Australasian Journal on 
Ageing, 36(3), 186–192. Epub 2017 May 18. https://doi.org/10.1111/ajag.12417 

Hall, J. E. (2016). Guyton and Hall textbook of medical physiology. 13th ed. Philadelphia, 
PA: Elsevier. 

Hamed, S. A., Hamed, E. A., & Zakary, M. M. (2009). Oxidative stress and S-100B protein 
in children with bacterial meningitis. BMC Neurology, 9, 51. https://doi.org/ 
10.1186/1471-2377-9-51 

Han, L., McCusker, J., Cole, M., Abrahamowicz, M., Primeau, F., & Elie, M. (2001). Use 
of medications with anticholinergic effect predicts clinical severity of delirium 
symptoms in older medical inpatients. Archives of Internal Medicine, 161(8), 1099–
1105. https://doi.org/10.1001/archinte.161.8.1099 

Hannestad, J., Gallezot, J. D., Schafbauer, T., Lim, K., Kloczynski, T., Morris, E. D., Carson, 
R.E., Ding, Y-S., Cosgrove, K. P. (2012). Endotoxin-induced systemic inflammation 
activates microglia: [¹¹C]PBR28 positron emission tomography in nonhuman primates. 
NeuroImage, 63(1), 232–239. Epub 2012 Jul 6. 
https://doi.org/10.1016/j.neuroimage.2012.06.055 



61 

Hardy JA, Higgins GA. Alzheimer's disease: the amyloid 
cascadehypothesis.Science.1992;256:184‐185 

Hawkins, B. T., & Davis, T. P. (2005). The blood-brain barrier/neurovascular unit in health 
and disease. Pharmacological Reviews, 57(2), 173–185. https://doi.org/ 
10.1124/pr.57.2.4 

Hayreh, S. S., & Weingeist, T. A. (1980). Experimental occlusion of the central artery of the 
retina. I. Ophthalmoscopic and fluorescein fundus angiographic studies. The British 
Journal of Ophthalmology, 64(12), 896–912. https://doi.org/10.1136/bjo.64.12.896 

Heming, N., Mazeraud, A., Verdonk, F., Bozza, F. A., Chrétien, F., & Sharshar, T. (2017). 
Neuroanatomy of sepsis-associated encephalopathy. Critical Care (London, England), 
21(1), 65. https://doi.org/10.1186/s13054-017-1643-z 

Hijazi, Z., Lange, P., Watson, R., & Maier, A. B. (2018). The use of cerebral imaging for 
investigating delirium aetiology. European Journal of Internal Medicine, 52, 35–39. 
Epub 2018 Feb 13. https://doi.org/10.1016/j.ejim.2018.01.024 

Hosokawa, K., Gaspard, N., Su, F., Oddo, M., Vincent, J. L., & Taccone, F. S. (2014). 
Clinical neurophysiological assessment of sepsis-associated brain dysfunction: A 
systematic review. Critical Care (London, England), 18(6), 674. 
https://doi.org/10.1186/s13054-014-0674-y 

Hshieh, T. T., Fong, T. G., Marcantonio, E. R., & Inouye, S. K. (2008). Cholinergic 
deficiency hypothesis in delirium: A synthesis of current evidence. The Journals of 
Gerontology. Series A, Biological Sciences and Medical Sciences, 63(7), 764–772. 
https://doi.org/10.1093/gerona/63.7.764 

Hsiao, F. C., Tsai, P. J., Wu, C. W., Yang, C. M., Lane, T. J., Lee, H. C., Chen, L-C., Lee, 
W-K., Lu, L-H.,Wu, Y. Z. (2018). The neurophysiological basis of the discrepancy 
between objective and subjective sleep during the sleep onset period: An EEG-fMRI 
study. Sleep, 41(6), 10. https://doi.org/10.1093/sleep/zsy056 

Iacobone, E., Bailly-Salin, J., Polito, A., Friedman, D., Stevens, R.D., & Sharshar, T. (2009). 
Sepsis-associated encephalopathy and its differential diagnosis. Critical Care Medicine, 
37(10 Suppl), S331–S336. https://doi.org/10.1097/CCM.0b013e3181b6ed58 

Jaiswal, S. J., McCarthy, T. J., Wineinger, N. E., Kang, D. Y., Song, J., Garcia, S., van 
Niekerk, C.J., Lu, C.Y., Loeks, M., Owens, R. L. (2018). Melatonin and sleep in 
preventing hospitalized delirium: A randomized clinical trial. The American Journal of 
Medicine, 131(9), 1110–1117.e4. Epub 2018 May 3. https://doi.org/ 
10.1016/j.amjmed.2018.04.009 

Kalvas, L. B., & Monroe, T. B. (2019). Structural brain changes in delirium: An integrative 
review. Biological Research for Nursing, 21(4), 355–365. Epub 2019 May 8. 
https://doi.org/ 10.1177/1099800419849489 

Kamdar, B. B., Shah, P. A., King, L. M., Kho, M. E., Zhou, X., Colantuoni, E., Collop, N.A.,  
Needham, D. M. (2012). Patient-nurse interrater reliability and agreement of the 
Richards-Campbell sleep questionnaire. American Journal of Critical Care: An Official 
Publication, American Association of Critical-Care Nurses, 21(4), 261–269. 
https://doi.org/10.4037/ajcc2012111 



62 

Kempker, J. A., & Martin, G. S. (2016). The changing epidemiology and definitions of sepsis. 
Clinics in Chest Medicine, 37(2), 165–179. Epub 2016 Mar 23. https://doi.org/ 
10.1016/j.ccm.2016.01.002 

Khan, B. A., Perkins, A. J., Gao, S., Hui, S. L., Campbell, N. L., Farber, M. O., Chlan, L.L.,   
Boustani, M. A. (2017). The Confusion Assessment Method for the ICU-7 Delirium 
Severity Scale: A novel delirium severity instrument for use in the ICU. Critical Care 
Medicine, 45(5), 851–857. https://doi.org/10.1097/CCM.0000000000002368 

Khan, B. A., Perkins, A. J., Prasad, N. K., Shekhar, A., Campbell, N. L., Gao, S., Wang, S., 
Khan, S.K., Marcantonio, E.R.,   Twigg 3rd H.L.,  Boustani, M. A. (2020). Biomarkers 
of delirium duration and delirium severity in the ICU. Critical Care Medicine, 48(3), 
353–361. https://doi.org/10.1097/CCM.0000000000004139 

Kimchi, E. Y., Neelagiri, A., Whitt, W., Sagi, A. R., Ryan, S. L., Gadbois, G., Groothuysen, 
D.,  Westover, M. B. (2019). Clinical EEG slowing correlates with delirium severity 
and predicts poor clinical outcomes. Neurology, 93(13), e1260–e1271. Epub 2019 Aug 
29. https://doi.org/10.1212/WNL.0000000000008164 

Knaus, W. A., Draper, E. A., Wagner, D. P., & Zimmerman, J. E. (1985). APACHE II: A 
severity of disease classification system. Critical Care Medicine, 13(10), 818–829. 

Kortelainen, J., Ala-Kokko, T., Tiainen, M., Strbian, D., Rantanen, K., Laurila, J., 
Koskenkari, J., Kallio, M., Toppila, J., Väyrynen, E., Skrifvars, M.B., Hästbacka, J. 
(2021). Early recovery of frontal EEG slow wave activity during propofol sedation 
predicts outcome after cardiac arrest. Resuscitation, 165, 170–176. Epub 2021 Jun 7. 
https://doi.org/10.1016/j.resuscitation.2021.05.032 

Kruijff, S., Bastiaannet, E., Kobold, A. C., van Ginkel, R. J., Suurmeijer, A. J., & Hoekstra, 
H. J. (2009). S-100B concentrations predict disease-free survival in stage III melanoma 
patients. Annals of Surgical Oncology, 16(12), 3455–3462. https://doi.org/ 
10.1245/s10434-009-0629-8. Erratum in: Ann Surg Oncol. 2011 Dec;18 Suppl 3:S331. 

Kur, J., Newman, E. A., & Chan-Ling, T. (2012). Cellular and physiological mechanisms 
underlying blood flow regulation in the retina and choroid in health and disease. 
Progress in Retinal and Eye Research, 31(5), 377–406. 

Labus J, Woltje K, Stolte KN, et al. IL-1beta promotes transendothelial migration of PBMCs 
by upregulation of the FN/alpha5beta1 signalling pathway in immortalised human brain 
microvascular endothelial cells. Exp Cell Res. 2018;373:99-111. 

Lee, K. F., Wood, M. D., Maslove, D. M., Muscedere, J. G., & Boyd, J. G. (2019). 
Dysfunctional cerebral autoregulation is associated with delirium in critically ill adults. 
Journal of Cerebral Blood Flow and Metabolism: Official Journal of the International 
Society of Cerebral Blood Flow and Metabolism, 39(12), 2512–2520. Epub 2018 Oct 
8. https://doi.org/10.1177/0271678X18803081 

Lei, L., Katznelson, R., Fedorko, L., Carroll, J., Poonawala, H., Machina, M., Styra, R., Rao, 
V.,  Djaiani, G. (2017). Cerebral oximetry and postoperative delirium after cardiac 
surgery: A randomised, controlled trial. Anaesthesia, 72(12), 1456–1466. Epub 2017 
Sep 22. https://doi.org/10.1111/anae.14056 



63 

Lelubre, C., & Vincent, J. L. (2018). Mechanisms and treatment of organ failure in sepsis. 
Nature Reviews. Nephrology, 14(7), 417–427. https://doi.org/10.1038/s41581-018-
0005-7 

Lemstra, A. W., Groen in’t Woud, J. C., Hoozemans, J. J., van Haastert, E. S., Rozemuller, 
A. J., Eikelenboom, P., & van Gool, W. A. (2007). Microglia activation in sepsis: A 
case-control study. Journal of Neuroinflammation, 4, 4. https://doi.org/10.1186/1742-
2094-4-4 

Lewandowska, K., Małkiewicz, M. A., Siemiński, M., Cubała, W. J., Winklewski, P. J., & 
Mędrzycka-Dąbrowska, W. A. (2020). The role of melatonin and melatonin receptor 
agonist in the prevention of sleep disturbances and delirium in intensive care unit - A 
clinical review. Sleep Medicine, 69, 127–134. Epub 2020 Jan 27. 
https://doi.org/10.1016/j.sleep.2020.01.019 

Lorente L, Martin MM, Almeida T, et al. Association between serum 
substance P levels and mortality in patients with severe sepsis. J Crit 
Care. 2015;30:924‐928 

Maciel, M., Benedet, S. R., Lunardelli, E. B., Delziovo, H., Domingues, R. L., Vuolo, F., 
Tomasi, C.D., Walz, R., Ritter, C., Dal-Pizzol, F. (2019). Predicting long-term cognitive 
dysfunction in survivors of critical illness with plasma inflammatory markers: A 
retrospective cohort study. Molecular Neurobiology, 56(1), 763–767. Epub 2018 Jun 7. 
https://doi.org/10.1007/s12035-018-1166-x 

Maldonado, J. R. (2017). Acute brain failure: Pathophysiology, diagnosis, management, and 
sequelae of delirium. Critical Care Clinics, 33(3), 461–519. https://doi.org/ 
10.1016/j.ccc.2017.03.013 

Marik, P. E., Pastores, S. M., Annane, D., Meduri, G. U., Sprung, C. L., Arlt, W., Keh, D., 
Briegel, J., Beishuizen, A., Dimopoulou, I, Tsagarakis, S., Singer, M., Chrousos, G.P., 
Zaloga, G., Bokhari, F., Vogeser, M.; American College of Critical Care Medicine. 
(2008). Recommendations for the diagnosis and management of corticosteroid 
insufficiency in critically ill adult patients: Consensus statements from an international 
task force by the American College of Critical Care Medicine. Critical Care Medicine, 
36(6), 1937–1949. https://doi.org/10.1097/CCM.0b013e31817603ba 

Marra, A., Ely, E. W., Pandharipande, P. P., & Patel, M. B. (2017). The ABCDEF bundle in 
critical care. Critical Care Clinics, 33(2), 225–243. doi: 10.1016/j.ccc.2016.12.005. 

Mazeraud, A., Righy, C., Bouchereau, E., Benghanem, S., Bozza, F. A., & Sharshar, T. 
(2020). Septic-associated encephalopathy: A comprehensive review. 
Neurotherapeutics: The Journal of the American Society for Experimental 
NeuroTherapeutics, 17(2), 392–403. https://doi.org/10.1007/s13311-020-00862-1 

MacCormick, I. J., Beare, N. A., Taylor, T. E., Barrera, V., White, V. A., Hiscott, P., 
Molyneux, M.E., Dhillon, B., Harding, S. P. (2014). Cerebral malaria in children: Using 
the retina to study the brain. Brain: A Journal of Neurology, 137(Pt 8), 2119–2142. 
Epub 2014 Feb 26. https://doi.org/10.1093/brain/awu001 



64 

McGrane, S., Girard, T. D., Thompson, J. L., Shintani, A. K., Woodworth, A., Ely, E.W., & 
Pandharipande, P. P. (2011). Procalcitonin and C-reactive protein levels at admission 
as predictors of duration of acute brain dysfunction in critically ill patients. Critical 
Care (London, England), 15(2), R78. Epub 2011 Mar 2. 
https://doi.org/10.1186/cc10070 

McIntosh, T. K., Bush, H. L., Yeston, N. S., Grasberger, R., Palter, M., Aun, F., & Egdahl, 
R. H. (1985). Beta-endorphin, cortisol and postoperative delirium: A preliminary report. 
Psychoneuroendocrinology, 10(3), 303–313. https://doi.org/10.1016/0306-
4530(85)90007-1 

McKinley, S., Fien, M., Elliott, R., & Elliott, D. (2013). Sleep and psychological health 
during early recovery from critical illness: An observational study. Journal of 
Psychosomatic Research, 75(6), 539–545. Epub 2013 Oct 5. https://doi.org/ 
10.1016/j.jpsychores.2013.09.007 

Meagher, D. J., & Trzepacz, P. T. (2000). Motoric subtypes of delirium. Seminars in Clinical 
Neuropsychiatry, 5(2), 75–85. https://doi.org/10.153/SCNP00500075 

Meriläinen, M., Kyngäs, H., & Ala-Kokko, T. (2010). 24-hour intensive care: An 
observational study of an environment and events. Intensive & Critical Care Nursing, 
26(5), 246–253. Epub 2010 Jul 24. https://doi.org/10.1016/j.iccn.2010.06.003 

Milbrandt, E. B., Deppen, S., Harrison, P. L., Shintani, A. K., Speroff, T., Stiles, R. A., 
Truman, B., Bernard, G.R., Sittus, R.S.,   Ely, E. W. (2004). Costs associated with 
delirium in mechanically ventilated patients. Critical Care Medicine, 32(4), 955–962. 
https://doi.org/10.1097/01.ccm.0000119429.16055.92 

Morandi, A., Rogers, B. P., Gunther, M. L., Merkle, K., Pandharipande, P., Girard, T. D., 
Jackson, J.C., Thompson, J., Shintani, A.K., Geevarghese, S., Miller 3rd, R.R., 
Canonico, A., Cannistraci, C.J., Gore, J.C., Ely, W.,  Hopkins, R. O.; VISIONS 
Investigation, VISualizing Icu SurvivOrs Neuroradiological Sequelae. (2012). The 
relationship between delirium duration, white matter integrity, and cognitive 
impairment in intensive care unit survivors as determined by diffusion tensor imaging: 
The VISIONS prospective cohort magnetic resonance imaging study*. Critical Care 
Medicine, 40(7), 2182–2189. https://doi.org/10.1097/CCM.0b013e318250acdc 

Mulkey, M. A., Everhart, D. E., Kim, S., Olson, D. M., & Hardin, S. R. (2019). Detecting 
delirium using a physiologic monitor. Dimensions of Critical Care Nursing: DCCN, 
38(5), 241–247. https://doi.org/10.1097/DCC.0000000000000372 

Mundigler, G., Delle-Karth, G., Koreny, M., Zehetgruber, M., Steindl-Munda, P., Marktl, 
W., Ferti, L.,  Siostrzonek, P. (2002). Impaired circadian rhythm of melatonin secretion 
in sedated critically ill patients with severe sepsis. Critical Care Medicine, 30(3), 536–
540. https://doi.org/10.1097/00003246-200203000-00007 

Needham, D. M. (2008). Mobilizing patients in the intensive care unit: Improving 
neuromuscular weakness and physical function. JAMA, 300(14), 1685–1690. 
https://doi.org/ 10.1001/jama.300.14.1685 



65 

Nelson, S., Muzyk, A. J., Bucklin, M. H., Brudney, S., & Gagliardi, J. P. (2015). Defining 
the role of dexmedetomidine in the prevention of delirium in the intensive care unit. 
BioMed Research International, 2015, 635737. Epub 2015 Oct 19. 
https://doi.org/10.1155/2015/635737 

Nesbitt, A. D., & Dijk, D. J. (2014). Out of synch with society: An update on delayed sleep 
phase disorder. Current Opinion in Pulmonary Medicine, 20(6), 581–587. 
https://doi.org/10.1097/MCP.0000000000000095 

Nguyen, D. N., Spapen, H., Su, F., Schiettecatte, J., Shi, L., Hachimi-Idrissi, S., & Huyghens, 
L. (2006). Elevated serum levels of S-100beta protein and neuron-specific enolase are 
associated with brain injury in patients with severe sepsis and septic shock. Critical 
Care Medicine, 34(7), 1967–1974. https://doi.org/ 
10.1097/01.CCM.0000217218.51381.49 

Ni, Y., Teng, T., Li, R., Simonyi, A., Sun, G. Y., & Lee, J. C. (2017). TNFα alters occludin 
and cerebral endothelial permeability: Role of p38MAPK. PloS One, 12(2), e0170346. 
https://doi.org/10.1371/journal.pone.0170346 

Nielsen, R. M., Urdanibia-Centelles, O., Vedel-Larsen, E., Thomsen, K. J., Møller, K., Olsen, 
K. S., Lauritsen, A., Eddelinen, H.S., Lauritzen, M.,  Benedek, K. (2020). Continuous 
EEG monitoring in a consecutive patient cohort with sepsis and delirium. Neurocritical 
Care, 32(1), 121–130. https://doi.org/10.1007/s12028-019-00703-w 

Ning, Q., Liu, Z., Wang, X., Zhang, R., Zhang, J., Yang, M., Sun, H., Han, F., Zhao, W.,  
Zhang, X. (2017). Neurodegenerative changes and neuroapoptosis induced by systemic 
lipopolysaccharide administration are reversed by dexmedetomidine treatment in mice. 
Neurological Research, 39(4), 357–366. Epub 2017 Feb 8. https://doi.org/ 
10.1080/01616412.2017.1281197 

Oddo, M., Carrera, E., Claassen, J., Mayer, S. A., & Hirsch, L. J. (2009). Continuous 
electroencephalography in the medical intensive care unit. Critical Care Medicine, 
37(6), 2051–2056. https://doi.org/10.1097/CCM.0b013e3181a00604 

Oh, J., Shin, J. E., Yang, K. H., Kyeong, S., Lee, W. S., Chung, T. S., & Kim, J. J. (2019). 
Cortical and subcortical changes in resting-state functional connectivity before and 
during an episode of postoperative delirium. The Australian and New Zealand Journal 
of Psychiatry, 53(8), 794–806. Epub 2019 May 16. 
https://doi.org/10.1177/0004867419848826 

Oto, J., Yamamoto, K., Koike, S., Onodera, M., Imanaka, H., & Nishimura, M. (2012). Sleep 
quality of mechanically ventilated patients sedated with dexmedetomidine. Intensive 
Care Medicine, 38(12), 1982–1989. Epub 2012 Sep 8. https://doi.org/10.1007/s00134-
012-2685-y 

O’Keeffe, S. T., & Devlin, J. G. (1994). Delirium and the dexamethasone suppression test 
in the elderly. Neuropsychobiology, 30(4), 153–156. https://doi.org/ 
10.1159/000119154 

Pan, R., Yu, K., Weatherwax, T., Zheng, H., Liu, W., & Liu, K. J. (2017). Blood occludin 
level as a potential biomarker for early blood brain barrier damage following ischemic 
stroke. Scientific Reports, 7, 40331. https://doi.org/10.1038/srep40331 



66 

Pan, W., & Kastin, A. J. (2002). TNFalpha transport across the blood-brain barrier is 
abolished in receptor knockout mice. Experimental Neurology, 174(2), 193–200. 
https://doi.org/10.1006/exnr.2002.7871 

Pandharipande, P., Cotton, B. A., Shintani, A., Thompson, J., Costabile, S., Truman Pun, B., 
Dittius, R.,  Ely, E. W. (2007). Motoric subtypes of delirium in mechanically ventilated 
surgical and trauma intensive care unit patients. Intensive Care Medicine, 33(10), 1726–
1731. Epub 2007 Jun 5. https://doi.org/10.1007/s00134-007-0687-y Erratum in: 
Intensive Care Med. 2007 Oct;33(10):1860. 

Pandharipande, P. P., Ely, E. W., Arora, R. C., Balas, M. C., Boustani, M. A., La Calle, G. 
H., Cunningham, C., Devlin, J.W., Elefante, J., Han, J.H., MacLullich, A.M., 
Maldonado,  J.R., Morandi,  A., Needham, D.M., Page, V.J., Rose, L., Salluh, J.I.F., 
Sharshar, T., Shebabi, Y., Skrobik, Y., Slooter, A.J.C.,  Smith, H. A. B. (2017). The 
intensive care delirium research agenda: A multinational, interprofessional perspective. 
Intensive Care Medicine, 43(9), 1329–1339. Epub 2017 Jun 13. https://doi.org/  
10.1007/s00134-017-4860-7 

Pandharipande, P. P., Girard, T. D., & Ely, E. W. (2014). Long-term cognitive impairment 
after critical illness. The New England Journal of Medicine, 370(2), 185–186. 
https://doi.org/10.1056/NEJMc1313886 

Pandharipande, P. P., Girard, T. D., Jackson, J. C., Morandi, A., Thompson, J. L., Pun, B. 
T., Brummel, N.E., Hughes,  C.G., Vasilevskis, E.E., Shintania, A.K., Moons, K.G., 
Geevarghese ,S.K., Canonico, A., Hopkins, R.O., Bernard, G.R., Dittus, R.S., Ely, E. 
W.; BRAIN-ICU Study Investigators. (2013). Long-term cognitive impairment after 
critical illness. The New England Journal of Medicine, 369(14), 1306–1316. 
https://doi.org/10.1056/NEJMoa1301372 

Papadopoulos, M. C., Lamb, F. J., Moss, R. F., Davies, D. C., Tighe, D., & Bennett, E. D. 
(1999). Faecal peritonitis causes oedema and neuronal injury in pig cerebral cortex. 
Clinical Science (London, England: 1979), 96(5), 461–466. 

Pasina, L., Rizzi, B., Nobili, A. et al. Anticholinergic load and delirium in end-of-life 
patients. Eur J Clin Pharmacol 77, 1419–1424 (2021). https://doi-org.pc124152 

Paulson, O. B., Hasselbalch, S. G., Rostrup, E., Knudsen, G. M., & Pelligrino, D. (2010). 
Cerebral blood flow response to functional activation. Journal of Cerebral Blood Flow 
and Metabolism: Official Journal of the International Society of Cerebral Blood Flow 
and Metabolism, 30(1), 2–14. Epub 2009 Sep 9. 
https://doi.org/10.1038/jcbfm.2009.188 

Pavlov, V. A., Parrish, W. R., Rosas-Ballina, M., Ochani, M., Puerta, M., Ochani, K., Puerta, 
M., Ochani, K., Chavan, S., Al-Abed, Y., Tracey, K. J. (2009). Brain 
acetylcholinesterase activity controls systemic cytokine levels through the cholinergic 
anti-inflammatory pathway. Brain, Behavior, and Immunity, 23(1), 41–45. Epub 2008 
Jun 27. https://doi.org/10.1016/j.bbi.2008.06.011 

Peric, B., Zagar, I., Novakovic, S., Zgajnar, J., & Hocevar, M. (2011). Role of serum S100B 
and PET-CT in follow-up of patients with cutaneous melanoma. BMC Cancer, 11, 328. 
https://doi.org/10.1186/1471-2407-11-328 



67 

Pfister, D., Strebel, S. P., & Steiner, L. A. (2008). Effects of catecholamines on cerebral 
blood vessels in patients with traumatic brain injury. European Journal of 
Anaesthesiology. Supplement, 42, 98–103. https://doi.org/ 
10.1017/S0265021507003407 

Polito, A., Eischwald, F., Maho, A. L., Polito, A., Azabou, E., Annane, D., Chrétien, F., 
Stevens, R.D., Carlier, R., Sharshar, T. (2013). Pattern of brain injury in the acute 
setting of human septic shock. Critical Care (London, England), 17(5), R204. 
https://doi.org/10.1186/cc12899 

Polito, A., Lorin de la Grandmaison, G., Mansart, A., Louiset, E., Lefebvre, H., Sharshar, 
T., & Annane, D. (2010). Human and experimental septic shock are characterized by 
depletion of lipid droplets in the adrenals. Intensive Care Medicine, 36(11), 1852–1858. 
Epub 2010 Jul 28. https://doi.org/10.1007/s00134-010-1987-1 

Praticò, C., Quattrone, D., Lucanto, T., Amato, A., Penna, O., Roscitano, C., & Fodale, V. 
(2005). Drugs of anesthesia acting on central cholinergic system may cause post-
operative cognitive dysfunction and delirium. Medical Hypotheses, 65(5), 972–982. 
https://doi.org/ 10.1016/j.mehy.2005.05.037 

Pun, B. T., Balas, M. C., Barnes-Daly, M. A., Thompson, J. L., Aldrich, J. M., Barr, J., 
Byrum, D., Carson, S.S., Devlin, J.W., Engel, H.J., Esbrook, C.L., Hargett, K.D., 
Harmon, L., Hielsberg, C., Jackson, J.C., Kelly, T.L., Kumar, V., Millner, L., Morse, 
A., Perme, C.S., Posa, P.J., Puntillo, K.A., Schweikcert, W.D., Stollings, J.L., Tan, A., 
McGowan, L.D.A.,  Ely, E. W. (2019). Caring for critically ill patients with the 
ABCDEF bundle: Results of the ICU liberation collaborative in over 15,000 adults. 
Critical Care Medicine, 47(1), 3–14. https://doi.org/10.1097/CCM.0000000000003482 

Qin, L. H., Huang, W., Mo, X. A., Chen, Y. L., & Wu, X. H. (2015). LPS induces occludin 
dysregulation in cerebral microvascular endothelial cells via MAPK signaling and 
augmenting MMP-2 levels. Oxidative Medicine and Cellular Longevity, 2015, 120641. 
Epub 2015 Jul 28. https://doi.org/10.1155/2015/120641 

Raskind, M., Peskind, E., Rivard, M. F., Veith, R., & Barnes, R. (1982). Dexamethasone 
suppression test and cortisol circadian rhythm in primary degenerative dementia. The 
American Journal of Psychiatry, 139(11), 1468–1471. 
https://doi.org/10.1176/ajp.139.11.1468 

Regan, R. E., Fisher, J. A., & Duffin, J. (2014). Factors affecting the determination of 
cerebrovascular reactivity. Brain and Behavior, 4(5), 775–788. Epub 2014 Aug 26. 
https://doi.org/10.1002/brb3.275 

Reichenberg, A., Yirmiya, R., Schuld, A., Kraus, T., Haack, M., Morag, A., & Pollmächer, 
T. (2001). Cytokine-associated emotional and cognitive disturbances in humans. 
Archives of General Psychiatry, 58(5), 445–452. 
https://doi.org/10.1001/archpsyc.58.5.445 

Robba, C., Crippa, I. A., & Taccone, F. S. (2018). Septic encephalopathy. Current 
Neurology and Neuroscience Reports, 18(12), 82. https://doi.org/10.1007/s11910-018-
0895-6 



68 

Rochfort, K. D., Collins, L. E., McLoughlin, A., & Cummins, P. M. (2015). Shear-dependent 
attenuation of cellular ROS levels can suppress proinflammatory cytokine injury to 
human brain microvascular endothelial barrier properties. Journal of Cerebral Blood 
Flow and Metabolism: Official Journal of the International Society of Cerebral Blood 
Flow and Metabolism, 35(10), 1648–1656. Epub 2015 May 20. https://doi.org/ 
10.1038/jcbfm.2015.102 

Rodrigues, S. F., & Granger, D. N. (2015). Blood cells and endothelial barrier function. 
Tissue Barriers, 3(1–2), e978720. https://doi.org/ 10.4161/21688370.2014.978720 

Romagnoli, S., Villa, G., Fontanarosa, L., Tofani, L., Pinelli, F., De Gaudio, A. R, & Ricci, 
Z. (2020). Sleep duration and architecture in non-intubated intensive care unit patients: 
An observational study. Sleep Medicine, 70, 79–87. Epub 2019 Dec 18. 
https://doi.org/10.1016/j.sleep.2019.11.1265 

Rosas-Ballina, M., Olofsson, P. S., Ochani, M., Valdés-Ferrer, S. I., Levine, Y. A., Reardon, 
C., Tusche, M.W., Pavlov, V.A., Andersson, U., Chavan, S., Mak, T.W.,  Tracey, K. J. 
(2011). Acetylcholine-synthesizing T cells relay neural signals in a vagus nerve circuit. 
Science (New York, N.Y.), 334(6052), 98–101. Epub 2011 Sep 15. https://doi.org/ 
10.1126/science.1209985 

Rosén, H., Rosengren, L., Herlitz, J., & Blomstrand, C. (1998). Increased serum levels of 
the S-100 protein are associated with hypoxic brain damage after cardiac arrest. Stroke, 
29(2), 473–477. doi: 10.1161/01.str.29.2.473. 

Routsi, C., Stamataki, E., Nanas, S., Psachoulia, C., Stathopoulos, A., Koroneos, A., Zervou, 
M., Jullien, G., Roussos, C. (2006). Increased levels of serum S100B protein in 
critically ill patients without brain injury. Shock (Augusta, Ga.), 26(1), 20–24. 
https://doi.org/10.1097/01.shk.0000209546.06801.d7 

Saczynski, J. S., Marcantonio, E. R., Quach, L., Fong, T. G., Gross, A., Inouye, & S. K., 
Jones, R. N. (2012). Cognitive trajectories after postoperative delirium. The New 
England Journal of Medicine, 367(1), 30–39. https://doi.org/10.1056/NEJMoa1112923 

Sakr, Y., Dubois, M. J., De Backer, D., Creteur, J., & Vincent, J. L. (2004). Persistent 
microcirculatory alterations are associated with organ failure and death in patients with 
septic shock. Critical Care Medicine, 32(9), 1825–1831. https://doi.org/ 
10.1097/01.ccm.0000138558.16257.3f 

Schwenk, J., & Gosztonyi, G. (1987). Purpura cerebri in gram-negative septicaemia. A 
histological and immunohistochemical study. Histology and Histopathology, 2(1), 57–
66. 

Seifert, G., Schilling, K., & Steinhäuser, C. (2006). Astrocyte dysfunction in neurological 
disorders: A molecular perspective. Nature Reviews. Neuroscience, 7(3), 194–206. 
https://doi.org/10.1038/nrn1870 

Sharshar, T., Annane, D., de la Grandmaison, G. L., Brouland, J. P., Hopkinson, N. S., & 
Françoise, G. (2004). The neuropathology of septic shock. Brain Pathology (Zurich, 
Switzerland), 14(1), 21–33. https://doi.org/10.1111/j.1750-3639.2004.tb00494.x 



69 

Sharshar, T., Gray, F., Lorin de la Grandmaison, G., Hopkinson, N. S., Ross, E., Dorandeu, 
A., Orlikowski, D., Raphael, J-C., Gajdos, P.,  Annane, D. (2003). Apoptosis of neurons 
in cardiovascular autonomic centres triggered by inducible nitric oxide synthase after 
death from septic shock. Lancet (London, England), 362(9398), 1799–1805. 
https://doi.org/10.1016/s0140-6736(03)14899-4 

Sharshar, T., Hopkinson, N. S., Orlikowski, D., & Annane, D. (2005). Science review: The 
brain in sepsis--culprit and victim. Critical Care (London, England), 9(1), 37–44. Epub 
2004 Sep 8. https://doi.org/10.1186/cc2951 

Sharshar, T., Carlier, R., Bernard, F., Guidoux, C., Brouland, J. P., Nardi, O., de la 
Grandmaison, G.L., Aboab, J., Gray, F., Menon, D., Annane, D. (2007). Brain lesions 
in septic shock: A magnetic resonance imaging study. Intensive Care Medicine, 33(5), 
798–806. Epub 2007 Mar 22. https://doi.org/10.1007/s00134-007-0598-y 

Shinozaki, K., Oda, S., Sadahiro, T., Nakamura, M., Hirayama, Y., Abe, R., Tateishi, Y., 
Hattori, N., Shimada, H.,  Hirasawa, H. (2009). S-100B and neuron-specific enolase as 
predictors of neurological outcome in patients after cardiac arrest and return of 
spontaneous circulation: A systematic review. Critical Care (London, England), 13(4), 
R121. Epub 2009 Jul 22. https://doi.org/10.1186/cc7973 

Siami, S., Annane, D., & Sharshar, T. (2008). The encephalopathy in sepsis. Critical Care 
Clinics, 24(1), 67–viii. https://doi.org/10.1016/j.ccc.2007.10.001 

Siddiqi, N., Harrison, J. K., Clegg, A., Teale, E. A., Young, J., Taylor, J., & Simpkins, S. A. 
(2016). Interventions for preventing delirium in hospitalised non-ICU patients. The 
Cochrane Database of Systematic Reviews, 3, CD005563. 
https://doi.org/10.1002/14651858.CD005563.pub3 

Skrobik, Y., Duprey, M. S., Hill, N. S., & Devlin, J. W. (2018). Low-dose nocturnal 
dexmedetomidine prevents ICU delirium. A randomized, placebo-controlled trial. 
American Journal of Respiratory and Critical Care Medicine, 197(9), 1147–1156. 
https://doi.org/10.1164/rccm.201710-1995OC 

Sobczyk O, Battisti-Charbonney A, Fierstra J, et al. A conceptual model for CO2-induced 
redistribution of cerebral blood flow with experimental confirmation using BOLD MRI. 
Neuroimage. 2014; 92:56–68. 

Spranger, M., Krempien, S., Schwab, S., Maiwald, M., Bruno, K., & Hacke, W. (1996). 
Excess glutamate in the cerebrospinal fluid in bacterial meningitis. Journal of the 
Neurological Sciences, 143(1–2), 126–131. https://doi.org/10.1016/s0022-
510x(96)00197-9 

Stamataki, E., Stathopoulos, A., Garini, E., Kokkoris, S., Glynos, C., Psachoulia, C., 
Pantziou, H., Nanas, S.,  Routsi, C. (2013). Serum S100B protein is increased and 
correlates with interleukin 6, hypoperfusion indices, and outcome in patients admitted 
for surgical control of hemorrhage. Shock (Augusta, Ga.), 40(4), 274–280. 
https://doi.org/10.1097/SHK.0b013e3182a35de5 

Stolp, H. B., & Dziegielewska, K. M. (2009). Review: Role of developmental inflammation 
and blood-brain barrier dysfunction in neurodevelopmental and neurodegenerative 
diseases. Neuropathology and Applied Neurobiology, 35(2), 132–146. Epub 2008 Dec 
11. https://doi.org/10.1111/j.1365-2990.2008.01005.x 



70 

Stubbs, D. J., Yamamoto, A. K., & Menon, D. K. (2013). Imaging in sepsis-associated 
encephalopathy--insights and opportunities. Nature Reviews. Neurology, 9(10), 551–
561. Epub 2013 Sep 3. https://doi.org/10.1038/nrneurol.2013.177 

Sun L, Jia P, Zhang J,etal.Production of inflammatorycytokines,cortisol, and Abeta1‐40 in 
elderly oral cancer patients with postoperative delirium. Neuropsychiatr Dis Treat. 
2016;12:2789‐2795 

Taccone, F. S., Su, F., Pierrakos, C., He, X., James, S., Dewitte, O., Vincent, J-L.,  De Backer, 
D. (2010). Cerebral microcirculation is impaired during sepsis: An experimental study. 
Critical Care (London, England), 14(4), R140. Epub 2010 Jul 28. doi: 10.1186/cc9205. 

Terborg, C., Schummer, W., Albrecht, M., Reinhart, K., Weiller, C., & Röther, J. (2001). 
Dysfunction of vasomotor reactivity in severe sepsis and septic shock. Intensive Care 
Medicine, 27(7), 1231–1234. https://doi.org/10.1007/s001340101005 

Thille, A. W., Reynaud, F., Marie, D., Barrau, S., Rousseau, L., Rault, C., Diaz, V., Meurice, 
J-C., Coudroy, R., Frat, J-P., Robert, R., Drouot, X. (2018). Impact of sleep alterations 
on weaning duration in mechanically ventilated patients: A prospective study. The 
European Respiratory Journal, 51(4), 1702465. 
https://doi.org/10.1183/13993003.02465-2017 

Tietz, S., & Engelhardt, B. (2015). Brain barriers: Crosstalk between complex tight junctions 
and adherens junctions. The Journal of Cell Biology, 209(4), 493–506. 
https://doi.org/10.1083/jcb.201412147 

Trompeo, A. C., Vidi, Y., Locane, M. D., Braghiroli, A., Mascia, L., Bosma, K., & Ranieri, 
V. M. (2011). Sleep disturbances in the critically ill patients: Role of delirium and 
sedative agents. Minerva Anestesiologica, 77(6), 604–612. 

Trzeciak, S., Dellinger, R. P., Parrillo, J. E., Guglielmi, M., Bajaj, J., Abate, N. L., Arnold, 
R.C., Colilla, S., Zanotti, S.,  Hollenberg, S. M.; Microcirculatory Alterations in 
Resuscitation and Shock Investigators. (2007). Early microcirculatory perfusion 
derangements in patients with severe sepsis and septic shock: Relationship to 
hemodynamics, oxygen transport, and survival. Annals of Emergency Medicine, 49(1), 
88–98.e982. Epub 2006 Nov 7. https://doi.org/10.1016/j.annemergmed.2006.08.021 

Trzepacz PT. Update on the neuropathogenesis of delirium. Dement Geriatr Cogn Disord 
1999 Sep; 10(5): 330–4 

Trzepacz PT. Is there a final common neural pathway in delirium? Focus on acetylcholine 
and dopamine. Semin Clin Neuropsychiatry 2000 Apr; 5(2): 132–48 

Trzepacz, P., & van der Mast, R. (2002). The neuropathophysiology of delirium. In: J. 
Lindesay, K. Rockwood, A. Macdonald (Eds.), Delirium in old age (pp. 51–9). Oxford, 
England: Oxford University Press. 

van Eijk, M. M., van Marum, R. J., Klijn, I. A., de Wit, N., Kesecioglu, J., & Slooter, A. J. 
(2009). Comparison of delirium assessment tools in a mixed intensive care unit. Critical 
Care Medicine, 37(6), 1881–1885. https://doi.org/10.1097/CCM.0b013e3181a00118 

van Munster, B. C., Bisschop, P. H., Zwinderman, A. H., Korevaar, J. C., Endert, E., 
Wiersinga, W. J., van Oosten, H.E., Goslings, J.C.,   de Rooij, S. E. (2010). Cortisol, 
interleukins and S100B in delirium in the elderly. Brain and Cognition, 74(1), 18–23. 
Epub 2010 Jun 26. https://doi.org/10.1016/j.bandc.2010.05.010 



71 

Van Rompaey, B., Elseviers, M. M., Van Drom, W., Fromont, V., & Jorens, P. G. (2012). 
The effect of earplugs during the night on the onset of delirium and sleep perception: A 
randomized controlled trial in intensive care patients. Critical Care (London, England), 
16(3), R73. https://doi.org/10.1186/cc11330 

Vincent, J. L., de Mendonça, A., Cantraine, F., Moreno, R., Takala, J., Suter, P. M., Sprung, 
C.L., Colardyn, F., Blecher, S. (1998). Use of the SOFA score to assess the incidence 
of organ dysfunction/failure in intensive care units: Results of a multicenter, prospective 
study. Working group on “sepsis-related problems” of the European Society of 
Intensive Care Medicine. Critical Care Medicine, 26(11), 1793–1800. https://doi.org/ 
10.1097/00003246-199811000-00016 

Voigt, K., Kontush, A., Stuerenburg, H. J., Muench-Harrach, D., Hansen, H. C., & Kunze, 
K. (2002). Decreased plasma and cerebrospinal fluid ascorbate levels in patients with 
septic encephalopathy. Free Radical Research, 36(7), 735–739. https://doi.org/ 
10.1080/10715760290032557 

Warford, J., Lamport, A. C., Kennedy, B., & Easton, A. S. (2017). Human brain chemokine 
and cytokine expression in sepsis: A report of three cases. The Canadian journal of 
neurological sciences. Le journal canadien des sciences neurologiques, 44(1), 96–104. 
Epub 2016 Nov 11. https://doi.org/10.1017/cjn.2016.310 

White H, Baker A. Continuous jugular venous oximetry in the neurointensive care unit - A 
brief review. Can J Anesth. 2002;49(6):623–629. 

Widmann, C. N., & Heneka, M. T. (2014). Long-term cerebral consequences of sepsis. The 
Lancet. Neurology, 13(6), 630–636. https://doi.org/10.1016/S1474-4422(14)70017-1 

Wilhelm, I., Nyúl-Tóth, Á., Suciu, M., Hermenean, A., & Krizbai, I. A. (2016). 
Heterogeneity of the blood-brain barrier. Tissue Barriers, 4(1), e1143544. 
https://doi.org/10.1080/21688370.2016.1143544 

Wolters AE, Slooter AJ, van der Kooi AW, van Dijk D. Cognitive impairment after intensive 
care unit admission: a systematic review. Intensive Care Med. 2013 Mar;39(3):376-86. 
https://doi.org/10.1007/s00134-012-2784-9. Epub 2013 Jan 18 

Wu, X. H., Cui, F., Zhang, C., Meng, Z. T., Wang, D. X., Ma, J., Wang, G-F., Zhu, S-N.,  
Ma, D. (2016). Low-dose dexmedetomidine improves sleep quality pattern in elderly 
patients after noncardiac surgery in the intensive care unit: A pilot randomized 
controlled trial. Anesthesiology, 125(5), 979–991. https://doi.org/ 
10.1097/ALN.0000000000001325 

Zampieri, F. G., Park, M., Machado, F. S., & Azevedo, L. C. (2011). Sepsis-associated 
encephalopathy: Not just delirium. Clinics (Sao Paulo, Brazil), 66(10), 1825–1831. 
https://doi.org/10.1590/s1807-59322011001000024 

Zhou, J., Lei, L., Shi, Y., Wang, J., Jiang, H., Shen, L., & Tang, B. (2011). Serum 
concentrations of NSE and S100B in spinocerebellar ataxia type 3/Machado-Joseph 
disease. Zhong nan da xue xue bao. Yi xue ban = Journal of Central South University. 
Medical Sciences, 36(6), 504–510. https://doi.org/10.3969/j.issn.1672-
7347.2011.06.006 



72 

Ziaja, M. (2012). Sepsis and septic encephalopathy: Characteristics and experimental 
models. Folia neuropathologica, 50(3), 231–239. https://doi.org/ 
10.5114/fn.2012.30523 



73 

Original publications  

I  Erikson, K., Liisanantti, J. H., Hautala, N., Koskenkari, J., Kamakura, R., Herzig, K. H., 
Syrjälä, H., & Ala-Kokko, T. I. (2017). Retinal arterial blood flow and retinal changes 
in patients with sepsis: Preliminary study using fluorescein angiography. Critical Care, 
21(1), 86. https://doi.org/10.1186/s13054-017-1676-3  

II  Erikson, K., Ala-Kokko, T. I., Koskenkari, J., Liisanantti, J. H., Kamakura, R., Herzig, 
K. H., & Syrjälä, H. (2019). Elevated serum S-100β in patients with septic shock is 
associated with delirium. Acta Anaesthesiologica Scandinavica 63(1), 69–73. 
https://doi.org/10.1111/aas.13228 

III  Erikson, K., Tuominen, H., Vakkala, M., Liisanantti, J. H., Karttunen, T. J., Syrjälä, H., 
Ala-Kokko, T. I. (2020). Brain tight junction protein expression in sepsis in an autopsy 
series. Critical Care, 24(1), 385. https://doi.org/10.1186/s13054-020-03101-3 

IV  Ala-Kokko, T. I., Erikson, K., Koskenkari, J., Laurila, J., Kortelainen, J. (submitted). 
Monitoring of nighttime EEG slow-wave activity during dexmedetomidine infusion in 
patients with hyperactive ICU delirium: an observational pilot study. 

Reprinted with permission from John Wiley and Sons and Copyright Clearance Center (II,  

Acta Anaesthesiologica Scandinavica) and Springer Nature Group (I, III). Original 

publications are not included in the electronic version of the dissertation.  
  



74 

 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  D  M E D I C A

1648. Ketola, Juuso (2021) Image reconstruction and machine learning approaches for
enhanced medical imaging : cases in computed tomography and magnetic
resonance imaging

1649. Nortunen, Minna (2021) Carbonic anhydrases II, IX, and XII in esophageal and
duodenal diseases

1650. Lohi, Venla (2021) Hearing impairment among ageing adults in Northern Finland :
prevalence, incidence and risk factors

1651. Khatun, Masuma (2021) The endometrium in disease : studies on endometrial
stem cells, polycystic ovary syndrome, and stanniocalcin-1

1652. Hannonen, Juuli (2021) Humerus fractures in children : treatment trends and
surgical techniques

1653. Parkkila, Karri (2021) Biomarkers and clinical parameters in comprehensive
cardiovascular risk estimation

1654. Korkalainen, Noora (2022) Long-term neurologic and cardiovascular outcome in
fetal growth restriction : a longitudinal study from prenatal period to early school
age

1655. Kiiskilä, Jukka (2022) Association of mitochondrial DNA haplogroups with
endurance performance

1656. Kyrklund, Mikael (2022) Antibody response to oxidized epitopes and oral
bacteria in atherosclerosis

1657. Salin, Janne (2022) Luokkahuoneen sisäilman mikrobien ja pölyn toksisuudet
lisäävät opettajien työympäristöön liittyvien oireiden riskiä : poikkileikkaus-
tutkimus

1658. Kanavakis, Georgios (2022) Associations of facial profile and occlusion in the
Northern Finland Birth Cohort 1966

1659. Khakpour, Shahab (2022) Multi-component finite element analysis of low-energy
acetabular fracture : computational study of pelvic girdle fracture mechanism

1660. Tapio, Joona (2022) Role of HIF-P4H inhibition and hemoglobin levels in
metabolic diseases

1661. Pihlaja, Toni (2022) Varicose vein disease : postoperative care and treatment of
venous ulcers

1662. Heula, Anna-Leena (2022) Meningeal protein synthesis in chronic subdural
hemorrhagies : analysis of proteins and evaluation of their clinical significance



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3232-4 (Paperback)
ISBN 978-952-62-3233-1 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1663

A
C

TA
K

risto E
rikson

OULU 2022

D 1663

Kristo Erikson

THE BRAIN AS AN END 
ORGAN IN SEPSIS?

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE;
MEDICAL RESEARCH CENTER OULU;
OULU UNIVERSITY HOSPITAL


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original publications
	Table of contents
	1 Introduction
	2 Review of the literature
	2.1 General
	2.2 Neuroinflammation
	2.3 Cross talk between the CNS and the immune system
	2.4 BBB dysfunction
	2.5 Impaired cerebral blood flow
	2.6 Ischemia
	2.7 Neurotransmitter dysregulation
	2.7.1 Glutamate
	2.7.2 Cholinergic deficiency in delirium
	2.7.3 Disruption in melatonin release

	2.8 Pathology according to autopsy findings
	2.9 Diagnosis of SAE and delirium
	2.9.1 Clinical subtypes of delirium
	2.9.2 Confusion Assessment Method for the ICU (CAM-ICU) and the Intensive Care Delirium Screening Checklist (ICDSC)
	2.9.3 Neuroimaging
	2.9.4 Electroencephalography
	2.9.5 Biomarkers

	2.10 Prevention and treatment of delirium
	2.11 Effects on outcome and long-term cognitive function
	2.12 Key points of the literature

	3 Aims of the study
	4 Patients and methods
	4.1 Methods
	4.1.1 Study design and data collection
	4.1.2 Data collection
	4.1.3 Ethical issues
	4.1.4 Statistical analyses


	5 Results
	5.1 Retinal arterial blood flow (study I)
	5.2 S-100β in patients with septic shock (study II)
	5.3 Brain autopsy specimens (study III)
	5.4 Night-time EEG slow-wave activity (study IV)

	6 Discussion
	6.1 Main results, strength and generalizability of the study
	6.1.1 Retinal microvascular flow in sepsis
	6.1.2 S-100 β is a sensitive but nonspecific marker for delirium in sepsis
	6.1.3 BBB is damaged in fatal sepsis
	6.1.4 Sleep is suboptimal is hyperactive delirium

	6.2 Limitations of the study

	7 Clinical implications and future studies
	8 Conclusions
	References
	Original publications



