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Abstract

Delirium is a common and severe neuropsychiatric syndrome with 
lasting cognitive consequences, yet its pathophysiology remains poorly 
understood. We hypothesize that impaired glymphatic flow represents 
a central mechanism by which delirium evolves. This hypothesis builds 
on recent evidence showing that major delirium risk factors, such 
as ageing, dementia, cardiovascular disease and renal failure, are all 
associated with reduced glymphatic clearance. Similarly, common 
delirium triggers, including infection, surgery and sleep deprivation, 
have been shown to impair glymphatic function. In addition, standard 
intensive care interventions linked to delirium, such as sedation, opioid 
administration and noradrenaline, are known to suppress glymphatic 
clearance. Collectively, these effects could lead to the accumulation of 
neurotoxic metabolites and pro-inflammatory cytokines, disrupting 
neural network activity and precipitating delirium. Recognizing 
glymphatic impairment as a causal contributor to delirium could 
open new research and therapeutic avenues aimed at preserving brain 
fluid clearance in critically ill patients.
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In this Perspective, we present a unifying theory of delirium and 
post-delirium cognitive impairment by proposing that the condition 
comprises an acute abrogation of fluid flow and waste clearance from 
the brain. We focus on the role of the glymphatic system, which is a 
brain-wide homeostatic and waste clearance system that removes 
extracellular metabolic waste from the brain15–17 (Fig. 1). These wastes 
include neurotoxic proteins such as amyloid-β (Aβ), tau and cytokines, 
known to negatively impact brain circuit function15. Glymphatic func-
tion is most active during sleep18 (Fig. 2), and a broad variety of both 
premorbid conditions and active diseases impair glymphatic clearance. 
We posit that the suppression of brain clearance leads to the accumula-
tion of neurotoxic compounds and cytokines, which disrupt synaptic 
function, impulse synchronization and circuit integrity, ultimately 
causing the delirium syndrome (Fig. 3).

Delirium — definition, diagnosis and prevalence
According to the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5)19, delirium is an acute syndrome characterized by inattention, 
a lack of environmental awareness and cognitive disturbance. Delirium 
develops rapidly and can fluctuate in intensity; it results from an underly-
ing medical condition, and is not explained by pre-existing neurodegen-
erative disease or another acute neurological disorder. The prevalence 
of delirium varies depending on the cohort studied and screening meth-
ods used3. The condition has been estimated to affect approximately 23% 
of inpatients on medical wards20, 20% of high-risk surgical patients6,21, 
25% of patients with acute stroke22,23 and 31% of patients in the ICU24, 
with the latter rising to 50–70% in individuals requiring mechanical 
ventilation3,11,24–26. Despite being the most prevalent neuropsychi-
atric syndrome, delirium remains substantially underdiagnosed,  
owing to the under-implementation of screening protocols3.

Delirium in the intensive care setting has been an area of intense 
research for the past 20 years, owing to its high prevalence and severe 

Introduction
Changes in mental status are among the most common inpatient con-
sults in neurology1. These inpatient changes in mentation and arousal 
are most associated with the intensive care unit (ICU) and postopera-
tive settings but are also frequently noted on general neurological and 
medical-surgical services. Regardless of its site of presentation, delirium 
and its associated cognitive impairment present a major challenge, 
impacting patient comfort and management, length of stay and outcome2. 
Despite considerable advances in delirium screening and treatment,  
the underlying pathophysiology of delirium remains unclear3–5.

As the most common in-hospital neuropsychiatric syndrome, 
delirium extends beyond the ICU, affecting nearly a quarter of hospital-
ized medical and high-risk surgical patients3,6. Delirium in perioperative 
and general medical settings resembles the syndrome seen in individu-
als in the ICU, sharing similar risk factors and precipitating triggers, 
as well as linkage to long-term cognitive impairment and increased 
mortality3,6–8. The limited efficacy of antipsychotics in the treatment 
of delirium suggests that its underlying mechanisms differ fundamen-
tally from those of psychosis9,10 and points to the need for alternative 
therapeutic approaches that target the unique pathophysiology of 
delirium. The need for such approaches is highlighted by the increased 
mortality11 and long-term morbidity associated with delirium: half of 
ICU survivors who experienced delirium suffer from cognitive impair-
ments comparable to moderate traumatic brain injury (TBI) or worse, 
with approximately 25% exhibiting deficits akin to mild Alzheimer 
disease9,12,13. Furthermore, symptoms are worse in individuals with sus-
tained in-hospital delirium11. An episode of delirium is associated with 
30% mortality, compared with 12% in patients in the ICU without delir-
ium, with mortality risk strongly related to delirium duration11,14. Higher 
disease severity increases the risk for both delirium and mortality, so 
the pure effect of delirium has been difficult to isolate. The consensus 
is that delirium is an independent risk factor for death11,14.
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Fig. 1 | The glymphatic system. Brain fluid 
transport as described by the glymphatic model. 
Cerebrospinal fluid (CSF) from the subarachnoid 
space enters the brain along periarterial spaces, 
which are formed by astrocytic endfeet that 
envelop blood vessels throughout the CNS. Arterial 
pulsatility drives CSF influx, and the process is 
facilitated by the high expression of water channel 
aquaporin 4 (AQP4) in the astrocytic endfeet. Within 
the brain parenchyma, CSF mixes with interstitial 
fluid and exits along perivenous pathways, as well 
as along cranial and spinal nerves (not shown). 
These perivenous outflow routes are connected to 
meningeal and cervical lymphatic vessels, which 
return fluid and solutes, including metabolic 
waste products such as amyloid-β, to the systemic 
circulation for clearance by the liver. Glymphatic 
flow is driven by brain pulsation generated by the 
cardiac cycle and respiratory and vasomotor activity. 
Initially characterized in rodents, key glymphatic 
features, including periarterial-to-perivenous 
flow, sleep–wake dependency and AQP4-mediated 
protein clearance, have since been confirmed 
in humans62,117,188,199. Impaired glymphatic flow is 
implicated in numerous neurological and systemic 
diseases.
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consequences. In this hypothesis-driven Perspective, we will discuss 
delirium in ICU, medical, surgical and aftercare settings, as well as its 
association with compromise of the glymphatic system. Perioperative 

delirium and emergence delirium — a delirious or confusional state 
that develops after awakening from general anaesthesia — might 
also be related to glymphatic failure27. However, additional direct 
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Fig. 2 | Delirium risk factors suppress glymphatic fluid transport. 
a, The glymphatic system is most active during sleep and suppressed during 
wakefulness. This sleep–wake regulation of brain fluid transport is partly owing 
to an expansion of the extracellular space during sleep, which lowers tissue 
resistance to cerebrospinal fluid (CSF) inflow and facilitates the clearance of 
metabolic waste. b, Illustrated here is how delirium risk factors converge to 
impair glymphatic function. Predisposing factors such as ageing and frailty, 
precipitating events such as acute infections or surgery, and intensive care unit 

(ICU)-related intervention including noradrenaline administration and sleep 
disruption diminish CSF inflow by reducing arterial pulsatility and infra-slow 
vasomotion during sleep. These factors also promote neuroinflammation and 
loss of perivascular polarization of aquaporin 4 (AQP4), resulting in impaired 
glymphatic transport and accumulation of cytokines and potentially neurotoxic 
waste, including amyloid-β. Elevated noradrenaline levels, sedation and various 
drugs impair the slow coordinated vasomotion during sleep. Positive-pressure 
ventilation impairs CSF efflux and compresses perivascular spaces.
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pharmacological mechanisms, which we do not incorporate into our 
model, might also be involved, as suggested by the association of delir-
ium with high doses of anaesthetics28,29. Delirium in paediatric patients 
in the ICU shares similar characteristics with the adult condition, but 
is beyond the scope of this article. For dedicated reviews on paediatric 
ICU delirium and emergence delirium, please see refs. 30–34.

Delirium presentation
Delirium is characterized by a highly variable combination of distur-
bances in attention, awareness, memory and sleep, as well as by the level 
of arousal of an individual, which might vary from obtunded to severely 
agitated. The phenotype can range from subsyndromal delirium, with 
mild episodic memory and attention disturbance, to hypoactive and 
mixed subtypes, and more rarely a hyperactive form2,24,35. The hypoac-
tive form is the most prevalent24,36 and is often mistaken for depression, 
fatigue, sedation or dementia-associated confusion. In the hyperactive 
form, patients can become restless, anxious and usually fearful; for 
example, they might pull out lines and tubes, attempt to leave the bed, 
or become combative. Relatives are often unrecognized, and affected 
individuals can misinterpret their surroundings and experience hal-
lucinations. The duration is variable, lasting a few days in most indi-
viduals, but can extend to weeks or months3. In all its forms, delirium 
is frequently associated with short-term memory loss, and often with 
vivid, realistic delusions, which can be of threatening or frightening 
character. Individuals usually remember their delusions in detail for 
years thereafter, which might contribute to PTSD-like symptoms in 
the aftermath of intensive care35,37,38.

The transition into delirium typically requires both a predisposi-
tion and a trigger. The greater the number and severity of predisposing 
risk factors, including the degree of frailty, the lower the threshold for 
delirium onset7,39. However, sufficiently severe triggers can induce 
delirium even in the absence of predisposing factors.

Delirium risk factors are numerous40 and include advanced 
age6,29,41–47, pre-existing cognitive impairment6,7,41–43,45,46,48–51, frailty7,46, 
neurodegenerative diseases48, coexisting medical conditions (for 
example, chronic heart, liver, kidney or vascular disease)7,41,42, 
depression42,52, alcohol abuse7,41,47,50, malnutrition and impaired vision 
or hearing7,45,53. Additionally, structural brain abnormalities seen on MRI 
or CT, including cerebral atrophy, white matter lesions or sequela from 
stroke and TBI, also increase vulnerability to delirium3,42,54 (Table 1).

Precipitating factors span a wide range of insults, including acute 
medical illness, trauma, surgery, neurological injury, dehydration 
and psychological stress40. Often more than one trigger is present, 
presenting multifactorial aetiologies (Table 1). Certain medications, 
particularly benzodiazepines, opioids and dihydropyridines — a class of 
calcium channel blockers — are also associated with increased risk29,55,56.

In the ICU setting, acute events such as infections, sepsis, hypoxia, 
respiratory failure, cardiovascular instability, hypotension, heart fail-
ure or metabolic disturbances are the most common triggers. Support-
ive measures such as opioids, sedation25,26,50,57, mechanical ventilation, 
vasopressors58 and immobilization are also associated with higher risk 
for delirium3,40,41.

The glymphatic system
The glymphatic system is a brain-wide fluid transport mechanism that 
facilitates the clearance of metabolic waste products from the brain 
interstitium, including not only small-molecule metabolites but also 
larger neurotoxic proteins, such as Aβ and phosphorylated tau, which 
are implicated in Alzheimer disease15,59 (Fig. 1). Before the first descrip-
tion of the glymphatic system in 2012, the brain — lacking lymphatic  
vessels — was thought to rely solely on intracellular degradation pro-
cesses, such as ubiquitination and autophagy, for protein waste clear-
ance. However, since then, a central role has been established for the 
glymphatic system in both transporting and eliminating neurotoxic waste 
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Fig. 3 | Hypothesized model for how stagnation of 
glymphatic fluid transport leads to delirium. The 
proposed model is based on the substantial overlap 
between known risk factors for delirium and factors 
that suppress glymphatic flow (see Table 1). In this 
three-hit framework, individuals at increased risk, 
such as older adults with comorbidities, experience 
an acute insult, such as an infection, cardiac event or 
traumatic injury, leading to hospitalization. During 
treatment, factors such as surgical anaesthesia, 
immobility and sleep disruption further suppress 
glymphatic transport. In addition, critically ill 
patients in the intensive care unit (ICU) are often 
sedated and mechanically ventilated, and may 
require noradrenaline for pressor support, all 
of which can impair glymphatic transport. This 
stagnation of glymphatic flow results in the 
accumulation of pro-inflammatory cytokines and 
metabolic waste. The resulting neuroinflammatory 
environment disrupts neural circuit function, 
leading to impaired cognition, confusion and the 
hallmark symptoms of delirium. TBI, traumatic 
brain injury.
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Table 1 | Delirium risk factors and glymphatic dysfunction: clinical and preclinical evidence

Factors Delirium-related clinical effects Glymphatic effect

Clinical data (human studies) Preclinical data (animal studies)

Delirium risk factors

Ageing Strong independent risk factor for delirium in ICU, 
perioperative and medical patients, rising with 
advancing age6,29,41–47

Reduced as a function  
of ageing85,185–188

85% reduction in 18-month-old mice75,189

Cognitive impairment, 
neurodegeneration, 
frailty and dementia

Strong risk factors in ICU, perioperative and 
medical settings
Light impairment doubles the risk
With diagnosed dementia, the OR rises to 6 
(refs. 6,7,41–43,45,46,48–51)

Reduced in all neurodegenerative 
diseases studied, including AD, PD,  
HD and ALS91–94,190–197

20–80% reduction in mouse models of 
neurodegenerative disease, including AD, 
PD, HD and ALS77–82,87,198,199

Functional impairment Risk factor in medical and perioperative patients7,46 Not studied Not studied

Structural CNS lesions Previous stroke increases the risk of perioperative 
delirium in patients with CABG
Neuroimaging: no clear association between 
lesions and delirium42,54

Reduced after stroke, slow 
recovery104; reduced in normal 
pressure hydrocephalus200

Reduced in a multiple sclerosis mouse 
model101,105,201

Chronic sleep 
disorders

For patients with obstructive sleep apnoea, OR for 
postoperative delirium is 4.75 (ref. 202)

Reduced glymphatic clearance in 
poor sleepers, obstructive sleep 
apnoea and REM sleep behaviour 
disorder203–207

20–80% reduction in chronic sleep 
fragmentation in mice74

Impairs AQP4-dependent glymphatic 
clearance and accelerates AD-like 
pathology in mice74,208

Psychiatric diseases Depression is a risk factor
Limited studies on other psychiatric conditions42,52

Moderate to severe reduction noted 
in schizophrenia, psychosis spectrum 
disorders and depression209–212

60–70% reduction in a depression mouse 
model213,214

Substance abuse Nicotine use (smoking) associated with increased 
delirium risk in patients in the ICU50

Alcohol abuse: increased risk in ICU, perioperative 
and medical patients7,41,47,50

Methadone treatment in individuals 
with heroin addiction promotes 
glymphatic function215

30–35% reduction by acute and chronic 
alcohol intake in mice216,217

Reduction after cocaine intake in mice218

Visual and hearing 
impairment

Risk factors in medical and perioperative 
patients7,45,53

Not studied Not studied

Comorbidities: 
cardiovascular, liver 
and kidney diseases

Hypertension, kidney disease, peripheral vascular 
disease and liver disease are risk factors in ICU, 
medical and perioperative patients7,41,42

Reduction in heart failure, small  
vessel disease, liver failure and  
kidney disease219–226

Disturbance in a heart failure rat model; 
reduction in hypertension in mice and rats; 
reduction in liver failure in rats; kidney 
diseases not studied227–230

Pain Association to delirium231 Reduction in cancer pain; reduction  
in migraine232,233

Reduction in a migraine mouse model234

Precipitating factors

Systemic infection and 
inflammation

The major precipitating factors: increased risk in 
infections, sepsis, acute surgery, perioperative 
infections, duration of surgery and time on 
cardiopulmonary bypass21,25,41,43,110,235

Not studied Reduction by acute LPS in a mouse 
model108,109,236

Severity of illness Higher illness-severity scores in ICU and medical 
patients are associated with increased delirium risk 
across cohorts and meta-analysis41,45,50

Not studied Not studied

Hypoxaemia Increased risk25 Not studied Not studied

Liver disease Increased ICU delirium risk235 Disrupted glymphatic function225 Reduction by liver failure in rats230

Acute kidney injury Increased risk in patients in the ICU: 60% 
prevalence237,238

Not studied Not studied

Acute sleep 
deprivation

72 h of sleep deprivation causes delirium-like 
syndrome
Patients in the ICU are sleep-deprived
Co-occurrence of sleep deprivation and 
delirium119–121,124,125,173

Reduced clearance in poor sleepers, 
obstructive sleep apnoea and REM 
sleep behaviour disorder73

20–80% reduction in chronic sleep 
fragmentation in mice74

Stroke, TBI and SAH Stroke: 12–23% delirium rates22,23

TBI: high incidences >50%106,107

Reduced in subacute stroke100

Partial recovery noted post-stroke104

Reduced 5 months after TBI99,239,240

Ischaemic stroke in rodents: acute 
oedema98,241, subsequent reduction103,242,243;
60% reduction 1 month after TBI in mice97,174

SAH mouse model: acute reduction244,245
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products and cytokines, via a riverine network of perivascular channels 
that converge to leave the brain via its major surface vessels15,17,18,60,61.

Numerous pre-existing and concurrent disease states hinder the 
efficiency of glymphatic clearance17,62–65 (Fig. 2). Ageing reduces the effi-
ciency of glymphatic clearance, with neurodegenerative disorders such 

as Alzheimer disease further exacerbating its dysfunction66–68. Addi-
tionally, subacute and chronic pathology after stroke, TBI and multiple 
sclerosis have all been shown to disrupt glymphatic flow67,69. Systemic 
factors and triggers routinely experienced by patients in the ICU, includ-
ing prolonged wakefulness and sleep deprivation, anaesthesia and 

Factors Delirium-related clinical effects Glymphatic effect

Clinical data (human studies) Preclinical data (animal studies)

Precipitating factors (continued)

General anaesthesia Same delirium risk as local or spinal anaesthesia6 Not studied 30–80% reduction in inhalation anaesthesia 
in rodents132,133,246

Medication Benzodiazepines, opioids and dihydropyridines 
associated with delirium55

Reduced in benzodiazepine-use 
disorders247

Not studied

ICU interventions

ICU sedation and 
mechanical ventilation

Highest prevalence of delirium25,26,50,57 Not studied Carbon dioxide levels and anaesthesia 
agents affect glymphatic flow in rats165

Propofol Associated with increased risk127,248 Not studied Glymphatic flow reduction  
(M.N., unpublished data)

Benzodiazepines Increased risk and duration — across cohorts and 
meta-analysis7,26,28,29,41,129,130

Reduced in benzodiazepine-use 
disorders247

Zolpidem reduces glymphatic flow 
in mice115

Opioids Increased risk and duration — in patients  
in the ICU41,55,129,135

Not studied Not studied

Noradrenaline infusion Associated with delirium risk in perioperative and 
ICU patients
Elevated endogenous noradrenaline levels are 
associated with ICU delirium58,160

Not studied Glymphatic flow is reduced by adrenergic 
agonists and increased by antagonists
Reduced by endogenous noradrenaline  
in mice97,115,162

Interventions against delirium

Haloperidol No effect on duration or incidence in ICU, 
perioperative or medical patients
No effect on cognitive decline9,10,12,249–252

Not studied Not studied

Dexmedetomidine Reduced ICU-delirium risk compared with other 
sedatives143,147,148,248

Reduced perioperative incidence6,145

Not superior when used as primary sedative 
for mechanical ventilation or for postoperative 
delirium prevention in cardiac surgery6,139,146

Not studied Glymphatic flow enhancement by 
dexmedetomidine in mice132,141

Ameliorates consequences of sleep 
deprivation by restoring glymphatic 
clearance in mice142

Ketamine infusion Reduced delirium in patients in the ICU149 and 
in on-pump cardiac surgery253

No effect in other perioperative settings254–256

Not studied Glymphatic flow enhancement comparable 
to natural sleep in mice132

Melatonin Reduced perioperative risk
Might reduce the prevalence of ICU delirium6,127,257

Not studied Enhance glymphatic flow and restore 
glymphatic flow in cerebral haemorrhage 
and ageing in mice157–159

Exercise or 
occupational therapy

Occupational therapy shortens delirium in medical 
patients
Can shorten delirium in patients in the ICU258,259

Long-term exercise increases 
glymphatic flow180

Immediate inhibition but delayed increase 
in glymphatic activity in mice179

Long-term risk after delirium insult

Cognitive decline Delirium poses an increased risk of cognitive 
decline in ICU, perioperative and medical 
patients9,12,13,26,260–262

Reduced glymphatic clearance leads 
to an increase in the risk of cognitive 
decline185,263

Not studied

Dementia Increased dementia risk after delirium14 Glymphatic failure involved in 
prediction of AD190

Not studied

Increased mortality Two to three times increased mortality in medical, 
ICU and perioperative patients and patients 
affected by stroke6,7,11,14,264

Not studied Not studied

AD, Alzheimer disease; ALS, amyotrophic lateral sclerosis; AQP4, aquaporin 4; CABG, coronary artery bypass graft; HD, Huntington disease; ICU, intensive care unit; LPS, lipopolysaccharide; 
OR, odds ratio; PD, Parkinson disease; REM, rapid eye movement; SAH, subarachnoid haemorrhage; TBI, traumatic brain injury.

Table 1 (continued) | Delirium risk factors and glymphatic dysfunction: clinical and preclinical evidence
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infections, further suppress glymphatic activity18,27,70–74, highlighting 
the vulnerability of the system to physiological stressors.

Delirium as glymphatic failure
The multifactorial nature of delirium, combined with its variable clinical 
presentation, has led to a broad variety of hypotheses to describe its 
pathogenesis3,4. These hypotheses are based on both the precipitants 
and the downstream effects of delirium3. These theories have included 
inflammation, metabolic failure, sleep and circadian dysregulation, 
neurotransmitter imbalance and, perhaps as a final common pathway, 
network dysconnectivity3. However, none of the theories have served 
to adequately provide any unifying theory of pathophysiology. We 
hypothesize here that the various concomitants and precipitants to 
delirium converge on a single final common pathway of central glym-
phatic failure (Box 1); our premise is that accumulation of metabolite 
waste and cytokines may be both necessary and sufficient for the onset 
of a delirium syndrome. We propose that glymphatic dysfunction con-
tributes to brain network dysconnectivity by positing that glymphatic 
failure leads to the accumulation of neurotoxic waste products that 
impair neural circuits. In the following section, we outline how major 
delirium risk factors effect glymphatic function and then consider how 
ICU practices can alter glymphatic transport.

Effects of delirium risk factors on glymphatic activity
Ageing and neurodegenerative diseases. Impaired glymphatic func-
tion in ageing has been well documented in mice75, with studies showing 
an 85% reduction in cerebrospinal fluid (CSF) inflow of larger tracers in 
aged mice compared with young mice independent of sex75,76. However, 
glymphatic flow is even more markedly suppressed in mice models 
of Alzheimer disease68,77, and multiple models of amyotrophic lateral 
sclerosis (ALS)78,79 and Huntington disease80. Experimental suppres-
sion of glymphatic function, achieved either by blocking meningeal or 
cervical lymphatic vessels or by deleting astrocytic aquaporin 4 (AQP4) 

water channels, exacerbates Aβ, tau or α-synuclein pathology81–87. 
The age-related decline in glymphatic flow might help explain how 
impaired clearance drives protein aggregation68 — the central pathol-
ogy in degenerative brain disorders — and why ageing is the greatest risk 
factor for neurodegenerative diseases. For detailed reviews, we refer 
readers to refs. 88–90 that highlight the contributions of AQP4 depo-
larization, low-grade neuroinflammation and reduced CSF production 
to glymphatic dysfunction during ageing and neurodegeneration. 
In human MRI studies, reduced glymphatic flow has been reported 
in Alzheimer disease91, ALS92, age-associated dementia93 and Parkin-
son disease94. The rapidly growing body of literature demonstrates 
a strong association among ageing, neurodegenerative diseases and 
suppression of glymphatic flow67,75 (Table 1).

In the clinic, even young children can experience delirium when 
exposed to a sufficient trigger34, but the risk increases markedly with 
age from 3% in individuals under 65 years to 14% in individuals aged 
65–74 years, and up to 36% in individuals over 75 years with medi-
cal illness43. Age is, thus, a consistent risk factor across all patient 
populations6,29,41,42,46. Dementia is identified as the strongest risk fac-
tor, with an estimated odds ratio for delirium of 6.5 (ref. 45). Even mild 
impairment of higher cognitive functions predicts postoperative 
delirium, with subtle preoperative attention deficits increasing the 
risk by 4–5-fold49, consistent with broader evidence that mild cognitive 
impairment predicts delirium7,42,48,50 (Table 1).

We propose that glymphatic dysfunction associated with ageing 
and neurodegeneration underlies susceptibility to delirium: greater 
chronic impairment lowers the threshold for acute suppression, pre-
cipitating glymphatic failure and delirium. In turn, substantial evi-
dence links delirium to an increased risk of subsequent dementia95, a 
relationship that might also be mediated by glymphatic dysfunction96. 
If delirium reflects episodes of acutely suppressed glymphatic flow, 
such suppression could, in some cases, leave longer-lasting deficits 
that impair the clearance of Aβ and tau and amplify neuroinflammatory 

Box 1 | From research to real-world benefits
 

Delirium comprises the final common pathway of a variety of 
triggers. Converging lines of evidence now suggest that delirium 
is the manifestation of disrupted fluid efflux from the brain. In 
particular, the clearance of interstitial fluid from the brain is needed 
to remove waste metabolites and proteins, the accumulation of 
which might lead to the disordered thought and behaviour that 
typify delirium. Such fluid clearance occurs largely through the 
perivascular channels that comprise the glymphatic system of 
the brain. The patency — and hence clearance function — of 
this system is negatively regulated by the noradrenergic tone 
that characterizes the awake state. As a result, the glymphatic 
system is phasically active, with most fluid clearance occurring 
during sleep. Sleep is thus revealed as critically important in brain 
homeostasis: it is required for fluid and waste clearance from the 
brain, without which toxic metabolites as varied as the excitatory 
amino acids, prostaglandins, and tau and amyloid isoforms will 
inexorably accumulate. In turn, this accumulation can disrupt 
neuronal signalling and synchronization, yielding the cognitive and 
behavioural deterioration that characterize delirium.

Delirium may therefore be best viewed as a pathological 
state of arousal, permitted and exacerbated by age, disease, 

pharmacological intervention and sleep deprivation. As such, the 
genesis of delirium — regardless of its proximal trigger — can be 
mechanistically linked to sleep state and the latter’s control of 
brain fluid clearance; delirium is thus not an inherent or inevitable 
consequence of illness or hospitalization.

Clinically, the sleep deprivation, sedation and sustained 
adrenergic activation of the typical intensive care unit (ICU) setting 
may then be viewed as iatrogenic co-contributors to the genesis 
of delirium in hospitalized patients, including individuals who are 
acutely ill as well as those recovering postoperatively. Each of these 
variables — sleep interruption for the assessment of vital signs and 
neurological function, postoperative sedation, mechanical ventilation 
and noradrenergic dosing for pressor support — should be minimized 
to the extent compatible with systemic health and recovery. In 
particular, the standard practice of awakening patients for vital signs 
and nursing checks at frequent intervals needs to be reconsidered. 
Thus, minor changes in standard operating procedures in the ICU 
could promise real benefits in inpatient length of stay and outcomes. 
More broadly, recognizing that the preservation of glymphatic 
function is critical to brain health could present new strategies for 
mitigating — if not preventing — delirium in critically ill individuals.
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signalling. Repeated or prolonged episodes might, therefore, lead 
to cumulative clearance failure, setting the stage for progressive 
neurodegeneration and accelerated cognitive decline.

Stroke, TBI and multiple sclerosis. Preclinical and clinical studies 
demonstrate that sequela from common neurological conditions, 
including stroke, TBI and multiple sclerosis, all impair glymphatic 
flow97–105. Contributing pathological factors include neuroinflamma-
tion, reactive gliosis, loss of AQP4 vascular polarization, and scar forma-
tion, all of which can progressively compromise the waste clearance 
capacity of the brain68.

In the clinical setting, stroke leads to delirium in 25% of patients22,23, 
with risk depending on stroke size, location and aetiology. In people 
with TBI referred to the ICU, approximately half experience delirium 
during their admission, a figure that rises to 75% in individuals >50 years 
of age106,107.

Impaired glymphatic function in inflammation. Acute bacterial men-
ingitis and systemic inflammation almost completely block glymphatic 
flow108,109, and chronic neuroinflammation from various diseases also 
suppresses flow (reviewed by Mogensen et al.109). So far, no human 
studies have examined glymphatic function in inflammation.

Overall, systemic infections and inflammation are the most com-
mon triggers of delirium, the theory being that pro-inflammatory 
cytokines, such as IL-6, IL-8 and TNF, have an impact on neural networks 
involved in attention and cognition110. Sepsis and acute surgery carry 
high risks of delirium6. In open cardiac surgery, the risk of delirium is 
high, and highly variable, with reported incidences from 3% to 61%. 
It is widely thought that inflammation and oxidative stress might be 
triggers, with anaesthesia duration and depth further influencing 
the risk21.

Sleep–wake regulation of glymphatic flow. The glymphatic system is 
strongly regulated by the sleep–wake cycle111. In rodents, wakefulness 
reduces the influx of CSF into periarterial spaces and the brain paren-
chyma by 50–90% compared with natural sleep or ketamine–xylazine 
anaesthesia18,112. The enhanced influx during sleep coincides with an 
increase in brain extracellular volume from 13–15% in wakefulness to 
22–24% during sleep18, lowering the resistance to CSF flow. Concur-
rently, Aβ CSF concentration falls113 and clearance doubles during 
sleep18,114.

The sleep-associated increase in glymphatic activity is enabled by 
reduced noradrenaline levels, which promote vasodilation, and by pul-
satile noradrenaline-mediated infra-slow vasomotion, which facilitates 
CSF influx and waste removal115. Conversely, the high level of noradrena-
line during wakefulness suppresses slow vasomotion and glymphatic 
function, leading to the accumulation of neurotoxic metabolites. 
Fragmented sleep impairs glymphatic clearance probably by raising 
baseline noradrenaline74. Human studies using contrast-enhanced 
MRI confirm that sleep enhances glymphatic clearance73. Brain pulsa-
tions from respiratory and slow vasomotion are both major drivers of 
glymphatic flow and increase during non-rapid eye movement (NREM) 
sleep116. CSF flow in the fourth ventricle — another MRI indicator for 
glymphatic flow — is driven by this slow vasomotor activity117.

For people in the ICU, sleep deprivation is one of the most distress-
ing experiences, contributing to anxiety, heightened pain sensitivity, 
depression, cognitive impairment, respiratory dysfunction, elevated 
sympathetic activity and immune dysregulation118. Polysomnography 
studies in patients in the ICU reveal profound sleep fragmentation, 

marked by frequent arousals, reduced slow-wave sleep and REM 
deprivation119. In patients who are moderately ill or have delirium, 
EEG markers of wakefulness often disappear, replaced by a persistent 
pathological slow-wave pattern across wakefulness and sleep, termed 
‘atypical sleep’ or ‘pathologic wakefulness’, which is linked to increased 
mortality118,120–122.

Sleep deprivation strongly correlates with delirium, both as a pre-
disposing risk factor and as a direct precipitating trigger118,123,124. Nota-
bly, experimental studies in humans show that 72 h of sleep deprivation 
reliably induces marked alterations in mental state, including complex 
hallucinations, disordered thinking and delusions, which can progress 
to a condition characterized by psychotic symptoms, persistent hal-
lucinations and aggression125. This state, which shares core features 
with hyperactive delirium, is reversed by a period of natural sleep125.

Although delirium recovery is widely observed to be associated 
with a period of sleep, this concept remains unproven as polysom-
nography cannot reliably quantify sleep in patients with delirium120. 
Clinical quantification of sleep time is shown to be inaccurate in ICU 
and trauma patients, as sleep cannot be distinguished from peaceful 
rest, sedation or severe hypoactive delirium119.

Clinical practice in the ICU and its effect 
on glymphatic transport
Sedation and supportive measures
The primary goal of delirium treatment in the ICU is to ensure patient 
comfort and safety. In patients in the ICU who are unstable or have 
agitation, securing tracheal tubes and venous lines is critical, some-
times necessitating deep sedation. However, increasing evidence 
links sedation to delirium and higher mortality, underscoring the 
need to minimize sedation41,57. Clinical studies support maintenance 
of light sedation or allowing individuals to remain awake whenever 
possible41,126,127. When patients are awake, delirium management shifts 
to address anxiety, agitation, delusions, pain, insomnia and discom-
fort, especially in individuals with an endotracheal tube. Generally 
accepted evidence-based recommendations to guide this process 
are available41,127,128. Despite these guidelines, agitation and insomnia 
remain challenging in the daily clinic, and effective medical treatments, 
with evidence for positive effect on outcome, are lacking.

Sedatives
GABAA agonists, for example, propofol, midazolam and lorazepam, 
are widely used as sedatives in the ICU, even though sedation depth, 
sedation time and benzodiazepines are strong risk factors for delir-
ium and are associated with increased mortality7,25,26,28,29,41,50,57,129,130. 
Moreover, GABAA agonists reduce slow-wave and REM sleep118,131. 
Preclinical studies in rodents show that the inhalation anaesthetics 
isoflurane and sevoflurane and the intravenous anaesthetics pentobar-
bital and propofol potently inhibit glymphatic flow132–134, as does the 
benzodiazepine-like sleep aid zolpidem115. Similar effects on glymphatic 
function are expected for lorazepam and midazolam based on their 
similar mechanism of action115.

Opioids
Opioids are frequent adjuncts in ICU sedation, particularly for tolerat-
ing endotracheal tubes, but their use considerably increases delirium 
risk135. In medical patients, a systematic review estimates a delirium 
odds ratio of 2.5 with opioid use55. Opioids also suppress slow-wave 
and REM sleep compared with placebo136. Emerging data reveal that 
morphine reduces glymphatic flow in mice137.
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Alternative sedation strategies and the role  
of dexmedetomidine
Given the deliriogenic aspects of benzodiazepines and GABAergic 
sedatives, alternative sedation strategies such as ‘non-sedation’ or 
‘light sedation’ have been explored. Evidence demonstrates that these 
strategies are associated with shorter ventilation duration and ICU 
and hospital stays41.

Dexmedetomidine. Dexmedetomidine, an α2 agonist, has been widely 
studied for light-to-moderate sedation: compared with benzodiaz-
epines or propofol, dexmedetomidine reduces delirium, shortens 
the duration of deep sedation (unarousable state), and facilitates 
extubation in patients with delirium and agitation138. An updated 
evidence synthesis and guideline suggest using dexmedetomidine 
over propofol for light sedation in mechanically ventilated adult 
patients in the ICU, with evidence for a 15% reduction in delirium127,139. 
The delirium-reducing effect was also found in a meta-analysis of 
perioperative delirium (relative risk 0.59, low certainty of evidence)6, 
even though one of the sub-studies, a large randomized clinical trial 
on patients who underwent ‘on-pump cardiac surgery’, has found a 
higher incidence of delirium in patients receiving dexmedetomidine 
compared with placebo140.

In preclinical glymphatic studies, α2-adrenergic agonists dexme-
detomidine and xylazine, often combined with ketamine, preserve 
glymphatic clearance to levels comparable to those during NREM 
sleep133,141. Dexmedetomidine facilitates CSF-mediated drug delivery 
in the CNS while also inducing sleep-like EEG patterns98. In a 2025 study 
on sleep deprivation in mice treated with dexmedetomidine for 5 days, 
the negative effects of sleep deprivation were reduced. Furthermore, 
positive effects were observed on sleep architecture, alongside higher 
glymphatic influx, improved AQP4 expression, and less neuroinflam-
mation and behavioural symptoms142. These findings might explain the 
positive effects of dexmedetomidine in intensive care, highlighting its 
potential in delirium treatment127,138,143–148.

Ketamine
Ketamine has been studied as an adjunct to reduce opioid require-
ments. In an ICU study, ketamine infusion (2 mg/kg/h) did not lower 
remifentanil use but reduced delirium incidence from 37% to 21% 
and shortened delirium duration from 5.3 to 2.8 days (ref. 149). The 
impact on long-term cognitive impairment was not studied and remains 
unknown.

Antipsychotics
Antipsychotics are commonly used to manage psychotic features in 
delirium, such as hallucinations and delusions associated with extreme 
distress, but they have not been shown to reduce the incidence or 
duration of delirium9. Haloperidol, the most frequently used antip-
sychotic in this setting, is generally considered safe. A large multi-
centre trial has found that haloperidol provides a significant survival 
benefit in patients in the ICU who have delirium but does not reduce 
delirium duration or post-ICU cognitive impairment10,12. Similarly, 
second-generation antipsychotics have not shown efficacy in modify-
ing these outcomes9,150. The effects of antipsychotics on glymphatic 
function remain unexplored.

Melatonin
The latest updated review151 on patients in the ICU has reported that 
melatonin administered to promote sleep might modestly reduce the 

prevalence of delirium — although not the delirium duration — and 
might slightly reduce the ICU length of stay, although the evidence 
remains limited and inconclusive. While subjective sleep quality can 
improve, objective sleep duration is often unchanged127. Studies on 
perioperative patients provide stronger evidence that melatonin 
reduces the incidence of postoperative delirium6.

Melatonin is in part released from the pineal gland directly into 
CSF, resulting in higher concentrations in the third ventricle com-
pared with plasma152,153. Experimental studies154–156 demonstrate 
that melatonin acts as an antioxidant and anti-inflammatory agent 
and facilitates the clearance of neurotoxic proteins, including Aβ. 
Melatonin levels decline markedly with age157. In mice, melatonin 
was found to alleviate glymphatic system dysfunction by regulating 
circadian rhythms and the polarization of AQP4, thereby improv-
ing sleep structure and reducing depressive-like behaviours158.  
In models of intracerebral haemorrhage, melatonin restored glym-
phatic transport, facilitated haematoma and oedema clearance, 
reduced blood–brain barrier disruption, and improved cognitive and  
behavioural outcomes159.

Noradrenaline infusion and suppression  
of glymphatic transport
Intravenous noradrenaline is routinely used in the ICU and operat-
ing room to maintain arterial blood pressure, particularly in septic 
shock and sedation-induced hypotension. Acute sympathetic acti-
vation in trauma, inflammation and sepsis elevates noradrenergic 
and adrenergic activity via both primary sympathetic efferents and 
the hypothalamic–pituitary–adrenal axis response. Postoperative 
increases in blood noradrenaline and cortisol have been linked to 
delirium160. Regarding sleep, adrenergic catecholamines trigger sup-
pression of REM and slow-wave sleep118, consistent with their role in 
promoting arousal and vigilance.

The relationship between adrenergic signalling and glymphatic 
flow is well established161. An early study has shown that cortical appli-
cation of α1-antagonists, α2-antagonists and β-receptor antagonists in 
combination induced sleep-like slow-wave EEG activity and enhanced 
CSF tracer influx in awake mice18.

In people with TBI, noradrenaline levels remain elevated for days 
and weeks after the inciting trauma162–164. In a mouse model of TBI, 
noradrenaline levels were also elevated, and glymphatic clearance 
was severely reduced. Notably, systemic pan-adrenergic blockade 
restored glymphatic flow, reduced brain oedema and improved out-
comes, underscoring the role of noradrenaline as a potent glymphatic 
inhibitor97. Furthermore, a 2025 study has revealed that endogenous 
infra-slow noradrenaline oscillations, released from the locus coeruleus 
in 20–50-s cycles, drive oscillations in cerebrovascular blood flow, 
facilitating glymphatic bulk flow during NREM sleep115. The exogenous 
noradrenaline infusions, given to patients with neurotrauma to sup-
port cerebral perfusion pressure and stabilize the general circulation, 
probably disrupt this process by inducing sustained vasoconstriction 
and suppressing endogenous infra-slow oscillations, thereby impairing 
glymphatic clearance.

Mechanical ventilation
Negative pressure during natural breathing facilitates CSF efflux, 
similar to venous blood flow through the jugular vein61. By contrast, 
positive-pressure ventilation increases intrathoracic pressure, reduces 
venous return and elevates intracranial pressure (ICP), compress-
ing perivascular spaces and impairing CSF circulation and waste 
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clearance165. Mechanical ventilation might then be expected to disrupt 
glymphatic transport.

A 2025 mouse study has reported that positive-pressure mechani-
cal ventilation under isoflurane anaesthesia with opioid sedation 
suppressed glymphatic transport, promoted brain cytokine accu-
mulation and triggered delirium-like behavioural deficits137. By 
contrast, controls that had isoflurane supplied by a nose cone while 
being treated with the same opioid doses did not develop glymphatic 
impairment or delirium-like phenotypes137. Notably, mechanical venti-
lation also caused a rise in ICP compared with nose-cone isoflurane137. 
These findings imply a mechanistic link between positive-pressure 
ventilation and impaired CSF–interstitial fluid exchange: by blunt-
ing respiration-driven intrathoracic pressure swings and/or elevat-
ing mean intrathoracic pressure, mechanical ventilation could 
alter venous outflow dynamics and downstream perivascular CSF 
circulation166.

Translationally, these preclinical observations raise the ques-
tion of whether positive-pressure ventilation itself contributes to 
delirium risk in humans. In patients in the ICU on mechanical ventila-
tion, delirium affects as many as 60% overall, but further work is needed 
to confirm whether this association stems from positive-pressure 
ventilation itself or confounding factors such as respiratory failure, 
systemic inflammation or sedatives required for intubation25,26. Addi-
tionally, ventilator-induced systemic inflammation and oxidative stress 
will exacerbate neuroinflammation, further suppressing glymphatic 
transport167–170.

Discussion
This Perspective aims to (re)introduce the glymphatic system to 
clinicians and researchers working with delirium, to incorporate an 
understanding of this system — its neuroanatomy, physiology and 
pathophysiology — into delirium research. We hypothesize that glym-
phatic failure could be a unifying mechanism underlying delirium and 
post-delirium cognitive impairment (Figs. 2 and 3). Our argument is 
based on the striking findings that multiple risk factors, precipitating 
events and treatments associated with delirium have now been shown 
to suppress glymphatic transport (Table 1).

The pathophysiology of delirium remains poorly understood. 
Yet as noted above, the prevailing theories converge on processes 
that interfere with glymphatic function, suggesting that glymphatic 
failure may represent a unifying mechanism precipitating the delirium 
syndrome. As such, we are proposing that glymphatic dysfunction 
contributes to the brain network dysconnectivity that characterizes 
the delirious state3,4,171. The novelty of this hypothesis is that it iden-
tifies glymphatic failure as an upstream causal event leading to the 
accumulation of neurotoxic waste products that disrupt neural circuit 
function. Strong support for this concept comes from experimental 
sleep deprivation, which suppresses glymphatic activity71, increases 
cytokine accumulation172 and reliably induces a delirium-like mental 
state in otherwise healthy individuals125,173. The glymphatic dysfunc-
tion hypothesis and its dependence on sleep also provide a framework 
for understanding why delirium, as a reversible syndrome of variable 
duration, can resolve with complete remission in some individuals, yet 
lead to persistent cognitive impairment in others, in light of the role 
of glymphatic failure in multiple neurodegenerative diseases15,174–176.

As glymphatic activity is suppressed across a broad swathe of 
neurological diseases67, an obvious question is the degree to which 
glymphatic failure specifically predicts delirium. Specificity with 
respect to delirium lies in the acute and reversible suppression of 

glymphatic clearance that probably occurs during common hospital 
exposures, such as systemic infection or mechanical ventilation and 
sedation, particularly in individuals with pre-existing vulnerability 
owing to already reduced baseline glymphatic function. In this con-
text, the abrupt accumulation of pro-inflammatory cytokines and 
neuroactive metabolic waste products, including Aβ, is proposed to 
transiently disrupt large-scale neural network integrity, impair synaptic 
signalling, and alter arousal and attentional state regulation. These 
rapid, state-dependent disturbances in neural network function are 
characteristic of delirium and distinguish it from chronic neurodegen-
erative or structural brain disorders, in which glymphatic impairment 
might contribute to longer-term disease progression rather than acute 
cognitive–behavioural fluctuations.

Are we inducing glymphatic failure in the ICU?
In the ICU, respiratory and circulatory failure are routinely managed 
with oral intubation, positive-pressure ventilation, opioid analgesia 
and sedation with agents such as propofol, midazolam or dexmedeto-
midine. In septic shock or hypotension, noradrenaline infusion and 
intravenous fluids are standard therapies. Sleep deprivation is nearly 
universal. However, emerging preclinical evidence suggests that these 
life-saving interventions might unintentionally harm brain function, 
compromising glymphatic clearance, the primary waste removal sys-
tem of the brain72,170. This raises the unsettling possibility that standard 
ICU therapies can trigger, exacerbate or sustain glymphatic dysfunc-
tion, potentially contributing to ICU delirium and post-ICU cognitive 
impairment.

Limitations of the proposed hypothesis
The hypothesis linking glymphatic dysfunction to delirium is necessar-
ily limited by the current lack of direct human evidence demonstrating 
a causal relationship between impaired glymphatic flow and delirium 
onset, severity or resolution. Moreover, glymphatic impairment is 
increasingly recognized as a non-specific feature shared across a broad 
range of neurological and systemic conditions, including ageing, neuro-
degenerative disease, stroke, TBI, infection-related encephalopathy and 
generalized sickness behaviour. Accordingly, the present framework 
does not propose glymphatic failure as a delirium-exclusive mecha-
nism, but rather as a shared vulnerability pathway that could be acutely 
and reversibly engaged under specific clinical circumstances.

A key limitation is the incomplete delineation of why transient 
glymphatic suppression would preferentially manifest as delirium 
rather than other encephalopathic syndromes. We posit that delirium 
reflects a state-dependent disruption of large-scale neural network 
function driven by rapid accumulation of neuroactive metabolites 
and cytokines, as documented in the above-mentioned experimental 
study on isoflurane anaesthesia and positive-pressure ventilation (see 
the section ‘Mechanical ventilation’)137. Finally, the absence of vali-
dated delirium-specific or glymphatic-related biomarkers of delirium 
limits mechanistic resolution. However, one experimental study has 
shown that clinically relevant manipulation of glymphatic flow, includ-
ing sleep deprivation and CSF sampling, suppressed or eliminated 
TBI-induced increases in blood biomarkers, including S100, GFAP 
and neuron-specific enolase177. Translationally, these studies suggest 
searching for a reduction in serum markers during delirium, with a 
transition to elevated levels following effective treatment modalities 
or delirium resolution.

Nevertheless, the hypothesis should be viewed as explanatory 
and hypothesis-generating, providing a framework to guide future 
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experimental and clinical studies rather than a definitive mechanistic 
account.

Preserving glymphatic flow in the ICU
Glymphatic principles might already be applicable in intensive care. 
Optimization of the ICU environment and the choice of medications 
to support sleep, tailoring mechanical ventilation strategies and mini-
mizing opioid and sedation use, are already known to enhance patient 
outcomes. Although these interventions align with current ICU best 
practices, their link to glymphatic health remains unrecognized; reali-
zation of their impact on glymphatic function could further inform 
clinical practice and research. This paradigm shift in viewing glym-
phatic support as part of organ protection could open new therapeutic 
avenues for preserving neurological function in delirious and critically 
ill patients.

Interventions to prevent delirium, including promoting awake, 
spontaneously breathing and mobile patients with focus on pain 
relief, sleep support and lighter sedation, have been grouped into a 
process of care named the ‘A2F-bundle’, being the best documented 
anti-delirium strategy in clinical use128. Although preliminary, the 
preclinical and clinical research on the glymphatic system presented 
here would be consistent with the positive effects of the A2F-bundle, 
as the interventions included are theoretically expected to preserve 
glymphatic function: reducing the use of sedatives that suppress glym-
phatic activity, shifting to α2-agonists and promoting physical exercise 
have all been documented to enhance glymphatic clearance133,141,178–180. 
In addition, analgesic and non-pharmacological interventions that 
lower noradrenergic tone are expected to further support glymphatic  
function (Table 1).

Dexmedetomidine and melatonin are proven to be clinically fea-
sible. They have positive effects on the glymphatic system and are now 
recommended in clinical use127, but in clinical cases wherein deeper 
sedation is needed, for example, owing to agitation41,181, they are often 
not sufficient on their own. For this purpose, ketamine sedation, pre-
clinically shown to spare glymphatic clearance132, might be promis-
ing and should be tested clinically. To address the negative effects of 
opioids, prolonged endotracheal local analgesia should be tested as a 
sedation-sparing intervention.

Advancing strategies to address glymphatic failure in the ICU
Research is urgently needed to determine which and to what extent 
ICU interventions induce glymphatic failure, and how to mitigate 
this process to preserve cognitive function and improve outcomes. 
Identification of patients with impaired glymphatic flow requires 
a fast, low-cost and reliable diagnostic test. Although MRI-based 
methods are available, they remain largely restricted to research 
settings182. Several wireless devices for monitoring glymphatic func-
tion have been developed, based on either mapping dynamic changes 
in brain infrared signals or measuring brain electrical resistance; 
however, these approaches have not yet been validated for clini-
cal research183,184. The refining and validation of such bedside tools 
should therefore be a priority, both to advance research on glym-
phatic function in disease and to enable the design of therapeutic 
strategies. Further research is particularly important to establish 
when and how glymphatic inhibition occurs in critically ill patients, 
especially in the psotoperative and intensive care settings, and to 
clarify its role in delirium.

Equally important is the development of experimental mod-
els that faithfully replicate clinical delirium. For instance, as noted 

previously, an ICU-relevant murine paradigm has established that 
mechanical ventilation under anaesthesia is sufficient to induce 
delirium-like behaviour, accompanied by  acute glymphatic 
dysfunction137; such studies  provide compelling  platforms for 
further mechanistic and therapeutic studies.
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