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Abstract

Introduction: Delirium is associated with new onset dementia and accelerated cog-
nitive decline; however, its pathophysiology remains unknown. Cerebral glucose
metabolism previously seen in delirium may have been attributable to acute ill-
ness and/or dementia. We aimed to statistically map cerebral glucose metabolism
attributable to delirium.

Methods: We assessed cerebral glucose metabolism using '8F-fluorodeoxyglucose
positron emission tomography (FDG-PET) in sick, older patients with and without delir-
ium, all without clinical dementia (N = 20). Strict exclusion criteria were adopted to
minimize the effect of established confounders on FDG-PET.

Results: Patients with delirium demonstrated hypometabolism in the bilateral thalami
and right superior frontal, right posterior cingulate, right infero-lateral anterior tempo-
ral, and left superior parietal cortices. Regional hypometabolism correlated with delir-
ium severity and performance on neuropsychological testing.

Discussion: In patients with acute illness but without clinical dementia, delirium
is accompanied by regional cerebral hypometabolism. While some hypometabolic
regions may represent preclinical Alzheimer’s disease (AD), thalamic hypometabolism
is atypical of AD and consistent with the clinical features that are unique to delirium.

KEYWORDS
cerebral glucose metabolism, delirium, dementia, *8F-fluorodeoxyglucose positron emission
tomography, neuroimaging

Although delirium indicates vulnerability to dementia, evidence of neu-

roaxonal injury during delirium supports the possibility of a causal rela-

Delirium affects up to 40% of hospitalized patients over the age of 65
and is associated with a 3-fold increase in the odds of mortality,® yet
the neural mechanisms leading to delirium remain unknown.

Delirium and dementia are distinct but interconnected causes of
cognitive impairment. Dementia is a strong risk factor for delirium.?
Delirium independently predicts new-onset dementia, and increased

exposure to delirium is associated with poor cognitive outcomes.3*

tionship between delirium and dementia.”> Therefore, investigating the
neurobiology of delirium and identifying therapeutic targets has poten-
tial to not only improve outcomes for patients with delirium but also
reduce global dementia burden.®

Due to the epidemiological and clinical overlap between delirium
and dementia, examining their shared pathophysiological mechanisms

makes clinical sense. However, histopathological studies demonstrate
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that cognitive decline after delirium results from mechanistically
unique pathways, rather than those classically associated with
dementia such as amyloid plaques, neurofibrillary tangles, and vas-
cular damage.” Furthermore, clinical trials of pharmaceutical agents
targeting these traditional dementia pathologies have failed to alter
the trajectory of dementia,® so alternative avenues in both delirium
and dementia research must be explored.

Cerebral glucose hypometabolism is a core feature of dementia.
The pattern of hypometabolism on 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET) can assist with diagnosing demen-
tia and predicting progression from baseline cognition to mild cogni-
tive impairment (MCI) and from MCI to Alzheimer’s disease (AD).? The
uptake of FDG, which is a glucose analog, is a surrogate measurement
of glucose metabolism.° The rate of FDG uptake is a reliable indicator
of neural and synaptic activity.'©

Cerebral glucose hypometabolism, as well as being a biomarker,
plays animportant role in the pathophysiology of AD.1%12 Clinical trials
targeting cerebral bioenergetic pathways in humans have shown some
promising early results.?

Cerebral hypometabolism is also a feature of delirium. The cere-
brospinal fluid (CSF) of older patients with delirium has increased lev-
els of lactate and altered levels of key carbohydrate enzymes, sug-
gesting suppressed aerobic metabolism.1314 Because regional cere-
bral perfusion is coupled with glucose utilization,'° neuroimaging stud-
ies also indicate altered metabolism by demonstrating reversible cere-
bral hypoperfusion, decreased cerebral oxygenation, and dysfunctional
autoregulation during delirium.*®

Two studies used FDG-PET to assess glucose metabolism dur-
ing delirium and both found cortical hypometabolism.1%” However,
dementia and acute illness were likely significant confounders in both
studies.'®

In this exploratory study, we sought to determine whether any com-
ponent of cerebral glucose hypometabolism is primarily attributable to
delirium rather than acute illness or dementia. We used FDG-PET to
compare unwell patients with delirium but without dementia diagnoses
nor symptoms to acutely unwell controls without delirium and similarly
without dementia. Statistical analysis was used to assess the relation-
ship between regional hypometabolism and clinical features and out-
comes of delirium.

2 | METHODS

2.1 | Setting and recruitment

This single-center exploratory study was conducted at a tertiary hos-
pital in Sydney, Australia. Our target population was acutely ill in-
patients aged > 65 years. Two groups of patients were recruited:
a delirium group and a control group. The delirium group included
patients with ongoing delirium formally diagnosed by an experi-
enced geriatrician and documented by a positive Confusion Assess-
ment Method (CAM).1? Patients had no prior diagnosis of dementia
and an Informant Questionnaire on Cognitive Decline in the Elderly
(IQCODE)?° score of < 3.44, as an IQCODE score of > 3.44 has high

RESEARCH IN CONTEXT

1. Systematic Review: We reviewed the literature using
traditional biomedical databases. Human and animal
model neuroimaging and cerebrospinal fluid (CSF) stud-
ies exploring cerebral metabolism in delirium and demen-
tia are discussed and appropriately cited in the paper.

2. Interpretation: Cerebral glucose hypometabolism is
a feature of delirium and links the pathophysiology
of delirium and dementia. Cortical and subcortical
hypometabolism accompanies delirium in a pattern that
overlaps with, but is atypical of, Alzheimer’s disease.

3. Future Directions: The article highlights opportunities
for future hypothesis-driven research. This includes: (a)
understanding the precise mechanism of altered cerebral
glucose metabolism using CSF and neuroimaging modali-
ties, (b) examining shared metabolic pathways in delirium
and dementia, (c) determining whether hypometabolism
can be therapeutically targeted to improve clinical out-
comes in delirium, and (d) exploring the relationship
between cerebral glucose metabolism and delirium in

other populations.

sensitivity and specificity in identifying undiagnosed dementia.?! The
eligibility criteria for enrolment in the control group were: age > 65,
negative CAM, no history of delirium or dementia, Mini-Mental State
Examination (MMSE) score > 26, IQCODE score < 3.44, and acutely ill
and hospitalized.

Patients were excluded if they had a history of stroke, traumatic
brain injury, or other organic brain pathology that would impact FDG-
PET scan findings. Patients suffering from major depression; patients
using regular benzodiazepines, antipsychotics, and anticonvulsants;
and patients with poor glycemic control were also excluded due to
altered cerebral metabolism on FDG-PET.22 We excluded cases of
delirium tremens and hepatic encephalopathy as these conditions have

distinct clinical features and etiologies.

2.2 | Consent and patient assessment

Written informed consent for study participation was obtained from
all patients without delirium. For patients with delirium and diminished
capacity, proxy consent was sought from the person responsible
according to the New South Wales Guardianship Act (1987). Upon
enrolment, baseline demographic data, including age, sex, and hand-
edness, were recorded. On the day of the scan, an experienced
geriatrician confirmed the presence or absence of delirium. Three
trained researchers conducted all neuropsychological assessments
including the CAM. We have assessed inter-rater reliability of the CAM
in our research team and found it to be high (kappa = 1.0, based on
10 patient reviews). Neuropsychological tests included the Wechsler
Adult Intelligence Scale (WAIS-IV) Digit Span test?3 of attention
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and working memory; Trail Making Tests A and B%* to measure psy-
chomotor speed, information processing speed, higher-level divided
attention, and visual scanning; Wechsler Memory Scale (WMS-III)
Mental Control?® task of sequencing, working memory, and basic
multitasking; clock-drawing task to assess visuospatial organizational
ability; and verbal fluency tasks.2¢ The CAM confirmed active delirium
at the time of the scan. Delirium severity was assessed using the
Delirium Index,?” an instrument based on the symptom domains of
the CAM, scored from O to 21 (higher scores reflect greater severity).
The MMSE assessed the severity of cognitive dysfunction.?8 Delirious
patients were classified as hyperactive, hypoactive, or mixed according
to expert geriatric assessment and the extended version of the CAM
and Delirium Index. The Acute Physiology and Chronic Health Eval-
uation 11l (APACHE I11)2? was used to quantify acute illness severity,
and the Charlson Comorbidity Index3° was used to assess the burden
of chronic disease. The Barthel Index3! and Instrumental Activities of
Daily Living (IADL) index32 were used to assess functional status prior
to acute illness; for patients with delirium, the person responsible or

caregiver provided this information.

2.3 | FDG-PET imaging

After comprehensive assessment, all patients underwent an FDG-PET
scan. Each patient was accompanied by a family member or caregiver to
provide reassurance and comfort. After a 6-hour fast and a 10-minute
rest in a dark, quiet room, patients received an intravenous dose of 3.5
MBaq/kg of 18F-FDG, followed by a 60-minute uptake period. All scans
were performed using a Philips Ingenuity TF128 PET/CT scanner at
midday. Image acquisition was conducted at the resting state, with the
patient in a supine position, arms by their side. Each patient’s head was
stabilized using a foam brace with Velcro chin and forehead straps to
minimize movement.

A helical low-dose head computed tomography (CT) scan was
acquired (64 x 0.625 mm slice thickness, 50 mA, 0.602s rotation speed,
0.828 pitch, 120 kVP), followed by a single bed-position (18 cm axial
field of view) PET acquisition for 10 minutes in a 256 x 256 image
matrix. CT images were reconstructed using Philips Standard Iterative
method, with an iDose factor of 3 and a standard brain filter. Recon-
struction of the PET images was performed using Phillips Astonish TF,
a list mode, fully 3D iterative ordered subset expectation maximiza-
tion algorithm with “Blob” basis function (three iterations, three sub-
sets, kernel width = 18.1 cm, relaxation parameter = 1). PET data
were corrected for: decay, random coincidences using the delayed win-
dow method, scatter using the single scatter simulation approxima-
tion method, and point spread function effects using the Philips point
spread function correction with one iteration and a regularization fac-

tor of 6. PET data were reconstructed into 90 x 2 mm slices.

2.4 | Semiquantitative analysis of FDG-PET scans

All FDG-PET scans were analyzed semiquantitatively using Syn-
termed’s NeuroQ version 3.0 (Philips Medicals Systems) under the
supervision of two experienced nuclear medicine physicists. FDG-PET
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scans were first processed and reformatted. We assessed metabolism
in cortical and subcortical regions. NeuroQ has standardized regions
of interest (ROI). Several ROl make up a cluster; there are 47 “clus-
ters” across the brain. For each cluster of ROls, NeuroQ computes the
normalized regional value (NRV), a semiquantitative index that repre-
sents the average number of counts per second per pixel in each ROI,
which is then normalized to the number of counts in the cerebellum.
The cerebellum was chosen as the reference region for normalization
as it is thought to be relatively unaffected in delirium (see Appendix B
in supporting information). The NRV reflects cerebral metabolic activ-

ity in these regions.

2.5 | Statistical analysis

Statistical analysis was performed using IBM SPSS version 26, and non-
parametric statistics were used due to the small sample size. Differ-
ences in baseline characteristics and assessment results between the
two groups were compared using the Mann-Whitney U test for con-
tinuous data and Fisher’s exact test for categorical data. Differences
in the NRV of anatomical regions between groups were assessed with
the Mann-Whitney U test. Depending on the variability of measure-
ments within individual brain regions, this study was powered to detect
NRV group mean differences between 0.02 and 0.2, with an alpha of
0.05 and power of 80%. Differences of this magnitude were found in a
similar study assessing FDG-PET scans in delirium.'® No correction for
multiple comparisons was made.

The relationship between hypometabolic regions and clinical fea-
tures of delirium was analyzed using Spearman’s rho. All statistical
tests were two-tailed, with a significance level of 0.05. For descriptive
statistics, continuous data were presented as medians and interquar-
tile range, while categorical data were presented as proportions.

3 | RESULTS

3.1 | Recruitment and patient characteristics

There were 20 patients recruited with a mean age of 83 years and
55% were male. Baseline characteristics are presented in Table 1. The
groups were well matched on age, sex, and acute illness severity. Deliri-
ous patients showed lower IADL scores, suggesting greater baseline
functional impairment.

The delirium assessment and neuropsychological tests are outlined
in Table 2. All delirious patients were CAM-positive at the time of scan-
ning, while all control patients were CAM-negative. As expected, neu-
ropsychological tests demonstrated significant differences between

groups.

3.2 | Comparison of FDG-PET scans

Semiquantitative analyses of the cluster NRVs are summarized in
Figures 1 and 2, and Appendix A and B in supporting information.
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TABLE 1 Demographics and baseline data

Age inyears (IQR)

Female (%)

Right-handed (%)

History of delirium (%)

Duration of delirium at time of scan (days, IQR)
IQCODE?/5 (IQR)

APACHE?/299 (IQR)

Charlson comorbidity score?/35 (IQR)
Accommodation type

Home n (%)

Nursing home n (%)

Barthel index”/20 (IQR)

iADL index"/12 (IQR)

Blood sugar level prior to scan in mmol/L (IQR)

NITCHINGHAM ET AL.

Delirium (n = 10) Controls (n = 10) Pvalue
84.0(80.8-88.3) 81.5(78.8-88.5) 631
6 (60) 3(30) .370
8(80) 9(90) 1
2(20) 0(0) -
4(2.75-9.75) - -
3.2(3.1-3.4) 3.1(3.0-3.2) .052
34.5(29.5-41.0) 34.0(23.5-40.3) .684
5(4-7) 5(3.8-6.5) .853
9(90) 9(90)

1(10) 1(10)

19.5(17.3-20.0) 20.0(20-20) 315
8.5(4.3-10.5) 12(11-12) 029
5.9 (5.2-6.6) 5.1(4.6-6.8) 218

Note: continuous data are presented in median and interquartile range, while categorical data are presented in percentages. Differences between the two
groups were compared using the Mann-Whitney U test for continuous data and Fisher’s exact test for categorical data.

Abbreviations: APACHE I, Acute Physiology and Chronic Health Evaluation II1;iADL, Instrumental Activities of Daily Living; IQCODE, Informant Question-
naire on Cognitive Decline in the Elderly (a score of > 3.44 is suggestive of dementia); IQR, interquartile range.

aHigher score indicates worse performance.
bHigher score indicates better performance.
*P <.05.

Patients with delirium demonstrated lower NRV in the right superior
frontal cortex (rSFC; NRV [interquartile range] delirium versus control:
1.07 [1.04-1.09] vs. 1.10 [1.06-1.11], P = .04), right posterior cingu-
late cortex (rPCC; 1.24[1.17-1.27] vs. 1.29[1.24-1.36], P=.035), right
inferolateral anterior temporal cortex (riLAT; 0.96 [0.94-0.98] vs. 0.99
[0.98-1.01], P=.015), left superior parietal cortex (IsPL; 0.971[0.958-
0.981]vs.0.993[0.979-1.00], P =.015) and bilateral thalami (right 1.07
[1.04-1.09]vs. 1.11[1.09-1.13], P = .003; left 1.04[1.02-1.09] vs. 1.11
[1.10-1.13], P=.001). No difference was demonstrated in the left fron-
totemporal regions, left PCC, or right parietal regions. There were no
differences in the caudate and lentiform nuclei.

3.3 | Relationship between regional cerebral
glucose hypometabolism and clinical features of
delirium

To assess whether regional cerebral glucose hypometabolism was
related to patient characteristics and clinical features of delirium, cor-
relation analysis was performed in significantly hypometabolic regions.
Correlations between clinical variables and NRVs are presented in
Table 3. Delirium Index correlated with hypometabolism in the bilat-
eral thalami (right p = -0.701, P = .001; left p = -0.705, P = .001)
and rPCC (p = -0.469, P = .037 p = -0.701, P = .001), indicating
that increased delirium severity was associated with more pronounced
hypometabolism. Specific neuropsychological tests were chosen for

correlation analysis depending on the cognitive function of individual

regions. Most regions, but not all, demonstrated moderate-strong cor-
relation; better performance correlated with greater metabolism (tha-
lamus and Trail Making Rest B: right p = -0.510, P = .031; left p = -
0.517, P = .028 and rPCC and WMS IIl mental control p = -0.566,
P =.009).

4 | DISCUSSION

This is the first study to use FDG-PET to compare delirious and
non-delirious hospitalized patients aged > 65 while controlling for
acute illness and dementia. Patients with delirium demonstrated
hypometabolism in both cortical and subcortical regions compared to
controls. The degree of hypometabolism correlated with both delir-
ium severity and performance on neuropsychological tests, mean-
ing patients with more pronounced hypometabolism had increased
severity of symptoms and decreased cognitive function. While some
of the identified hypometabolic regions overlap with AD, thalamic
hypometabolism is atypical of preclinical AD and consistent with clin-
ical features that distinguish delirium from dementia.

This research adds important new information implicating glu-
cose metabolic disruption in the pathophysiology of delirium. Glu-
cose is the most crucial metabolic substrate of the brain, with base-
line synaptic activity accounting for 75% of resting glucose uptake.3?
It has long been hypothesized that delirium results from inadequate
glucose and oxygen supply ultimately leading to “cerebral metabolic

insufficiency.”* Studies linking cerebral hypoperfusion and reduced
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TABLE 2 Delirium and neuropsychological assessment prior to FDG-PET scan

Delirium only

N=10
CAM positive n (%) 10 (100)
Predominant etiology of delirium or acute illness ® 6(60)
Sepsis n (%) 2(20)
Musculoskeletal n (%) 2(20)
Others n (%)
Delirium subtypes 7 (70)
Mixed n (%) 1(10)
Hyperactive n (%) 2(20)
Hypoactive n (%)
MMSE®/30 20.5
(18-24)
Delirium index”/21 7.5
(5.8-10.3)
WAIS-IV Digit Span Forwards®/16 7.5
(4-8.5)
WAIS-1V Digit Span 35
Backwards®/14 (3-4.3)
WMS |1l Mental Control“/40 9.5
(8.8-14)
Clock Drawing test /5 15
(1-3)
Trail Making Test A°/seconds 60
(45-180)
Trail Making Test B”/seconds 300
(283-300)

Controls
N=10

0(0)

9(90)
1(10)

Pvalue

.

28 P <.001
(28-29)

0 P<.001"
(0-1)

110 P=.019
(7.8-13)

6.0 P=.002"
(5-7)

225 P <.001
(21-25)

5.0 P=.001"
(3-5)

18 P<.001"
(16-21)

61 P=.01
(39-83)

.

*

Note: Patients with delirium performed worse on neuropsychological assessment representing cognitive dysfunction during delirium. Continuous data are
presented in median and interquartile range, while categorical data are presented in percentages.

Abbreviations: CAM, Confusion Assessment Method; FDG-PET, 18F-fluorodeoxyglucose positron emission tomography; MMSE, Mini-Mental State Examina-
tion; WAIS-1V, Wechsler Adult Intelligence Scale IV; WMS-I1l, Wechsler Memory Scale-IIl.

2Most patients had more than one cause of delirium or acute illness.
bHigher scores indicate worse performance.

“Higher scores indicate better performance.

*P <.05.

cerebral oxygenation to delirium are supportive of this.'®> Furthermore,
severe hypoglycemia rapidly decompensates brain function, which clin-
ically manifests as delirium, loss of consciousness, seizures, and coma—
and these are usually reversible when euglycemia is restored.3> How-
ever, in this study patients were normoglycemic with no difference
from controls. Similarly, CSF glucose levels of delirium and control

patients have demonstrated no differences.'314

This suggests that
blood glucose level does not drive cerebral hypometabolism in delir-
ium, rather there is a central nervous system defect such as com-
promised glucose transport across the blood-brain barrier or cellu-
lar membranes, impaired neuronal glucose metabolism, or impaired
insulin signalling, including brain insulin resistance.

Patients with AD demonstrate reduced glucose transporter (GLUT)
1 and GLUT 3 expression and brain insulin resistance.'%-123¢ This may
confer a baseline vulnerability to acute metabolic changes, explaining
why patients with pre-existing dementia are at greatest risk of delir-

ium. However, as the metabolic abnormalities in delirium are yet to

be defined, it remains uncertain whether dementia and delirium result
from shared pathophysiological pathways.

It should also be noted that cerebral glucose hypometabolism during
delirium may simply be a marker of a diseased brain, reflecting reduced
neural and synaptic activity due to acute insults.©

The finding of cerebral hypometabolism does not exclude a role
for other putative aspects of delirium pathology but rather is com-
plementary. Recent studies of delirium in mouse models demon-
strate that acute systemic inflammation leads to abnormal energy
metabolism, which drives neurocognitive outcomes.'* Psychotropics,
opioids, and anticholinergics, which are hypothesized to induce delir-
ium via effects on neurotransmitter pathways, are also associated with
cerebral hypometabolism on FDG-PET.3” Functional network dyscon-
nectivity has been demonstrated during delirium?® and functional con-
nectivity is closely linked to glucose metabolism.3? Patients in our
study, with delirium resulting from various precipitants, demonstrate

a relationship between regional cerebral glucose metabolism and
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1.1 Left cerebral hemisphere - lateral view

1.2 Right cerebral hemisphere - medial view

anterior

posterior

1.3 Subcortical regions

anterior

posterior

anterior

posterior

1.4 Right cerebral hemisphere - lateral view

anterior

posterior

FIGURE 1 Hypometabolic regions during delirium. Diagrammatic representation of hypometabolic regions in delirious patients compared to
control. A, Left superior parietal cortex, (B) right superior frontal cortex, (C) right posterior cingulate cortex, (D) right infero-lateral anterior

temporal lobe, (E) bilateral thalami. Images generated using BrainPainter>®

severity of delirium, suggesting that disturbed metabolism is a feature
of delirium irrespective of the cause, possibly a final common pathway.

The neuroanatomical localization of hypometabolism during an
episode of delirium has implications for understanding delirium symp-
tomatology.

The most striking finding in our study was bilateral thalamic
hypometabolism. Growing evidence implicates thalamic abnormali-
ties in delirium pathophysiology. Patients with thalamic white mat-
ter tract abnormalities more frequently develop delirium after cardiac
surgery.*© Reversible thalamic hypoperfusion and impaired functional
connectivity between the thalamus and subcortical structures have
also been observed during delirium.384! In animal models, cognitively
intact mice with thalamic synaptic loss were more susceptible to acute
and fluctuating cognitive dysfunction during acute illness than mice
with hippocampal atrophy alone or normal controls.** As underlying
thalamic pathology advanced, the risk of cognitive dysfunction during
acute illness progressively increased.

The thalamus is a critical node with extensive cortical and subcorti-
cal connections whose primary function is to filter cortical inputs and
render outputs to enable selective attention on a specific task.*2 In
addition, the thalamus receives projections from the ascending retic-
ular activating system. Thalamic intralaminar nuclei and the mesen-

cephalic tegmental nuclei regulate sleep-wake transitions and arousal,

and therefore thalamic dysfunction may explain the altered and fluctu-
ating levels of consciousness typical of delirium.*3

Consistent with the results of previous FDG-PET and magnetic
resonance imaging studies,’>138 our results also implicate the PCC.
The PCC, a highly connected and metabolic region in the posterome-
dial cortex, is responsible for arousal, awareness, internally directed
thought, and attention3® —cognitive processes that are typically dis-
turbed during an episode of delirium. In our study, reduced metabolism
in the right PCC correlated with increased delirium severity and
impaired attention, a cardinal feature of delirium.

The PCC also plays a central role within the default mode net-
work (DMN), being activated at rest and deactivated during exter-
nally directed attentional tasks.®® Abnormal functional connectivity of
the DMN may also account for the cognitive fluctuations and sleep—
wake cycle disturbances that occur in delirium.*> Older patients with
postoperative neurocognitive disorder (pNCD, previously referred to
as postoperative cognitive dysfunction),*¢ a syndrome with many sim-
ilarities to postoperative delirium, also demonstrate functional net-
work dysconnectivity in the DMN.#748 Specifically, perioperative rest-
ing state connectivity changes in the PCC and SFC, both of which
were hypometabolic in our study, were associated with pNCD.*& These
findings suggest delirium and pNCD share common neuroanatomical

substrates.
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Control

~t 1'\,

Delirium

FIGURE 2 18F-fluorodeoxyglucose positron emission tomography
(FDG-PET) images. FDG-PET during delirium compared to control.
Top: axial; middle: sagittal; bottom: coronal slices. The delirium scan is
an 89-year-old female with delirium but no dementia with acute
gastroenteritis. The control scan is a cognitively intact 80-year-old
male with pneumonia and acute kidney injury. Darker colors indicate
lower metabolism. There is relative hypometabolism in the thalamus
bilaterally (arrows) and also throughout the cerebral cortex in the
delirious patient compared to cognitively intact control. During
delirium, relative preservation of cerebellar FDG uptake is noted. See
Appendix B in supporting information for further images

The dorsolateral SFC is a key component of the executive net-
work (EN), whose functions include attention, working memory, and
reasoning.*’ Reduced metabolism in the rSFC may manifest as impul-
sivity and impaired goal-directed behaviors, including self-removing
medical equipment and wandering, which can occur during delirium
and also dementia.

Correlation between riLAT glucose metabolism and semantic flu-
ency may account for receptive and expressive communication errors,
altered object recognition, and misperception of faces and emotions
observed during delirium.>®

The superior parietal cortex is not only responsible for sensorimotor
integration (engagement in visual and tactile stimuli) but is also of crit-
ical importance in working memory.”! Impairments within this region
could affect visual perception and motor control accounting for hallu-
cinations and increased falls during delirium.

Our findings of predominant right-sided cortical hypometabolism
are consistent with longitudinal studies demonstrating that delirium
is associated with greater right-sided new abnormalities in the frontal

and temporal white matter.52 Similarly, pre-operative right-sided white
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matter abnormalities correlate with the severity of postoperative
delirium.>® Sustained attention involves predominant activation of
right hemispheric regions.>* Correlations between metabolic activity
and neuropsychological tests may also suggest impaired neuroplastic-
ity in delirious patients in which the brain cannot functionally adapt or

reorganize in response to stress or trauma.

5 | LIMITATIONS

Our study has several limitations. First, the generalizability is lim-
ited due to strict eligibility criteria for FDG-PET. Conditions com-
monly affecting hospitalized older patients, including cortical infarcts,
impaired glycemic control, and use of certain centrally acting medica-
tions led to a high exclusion rate. Additionally, we were only able to
scan patients on 4 days of the week because of PET availability, fur-
ther hindering recruitment. As a result, our sample size was small, mak-
ing the study underpowered and at risk of type Il error. As this is an
exploratory study, we did not correct for multiple statistical compar-
isons and this study is also at risk of a type | error. However, we hope
that this work will generate future hypothesis-driven research. The
relationship between regional metabolic deficits and delirium should
be more definitively examined in larger appropriately powered studies.

Patients in the delirium group demonstrated greater IADL deficits
than controls, the 98% negative predictive value of the IQCODE
for dementia (cutoff >3.4) suggests non-cognitive conditions may
be driving these differences.”>®> Although we rigorously confirmed
that patients in the delirium group had no clinical dementia through
IQCODE assessment and comprehensive history and medical record
review, we cannot exclude the possibility that some may have had undi-
agnosed MCI. Furthermore, patients in both groups may have had clin-
ically silent dementia neuropathology, such as amyloid, tau, TAR DNA-
binding protein 43 (TDP-43), and vascular pathology, which can be
present in cognitively normal older people.”® This is important because
common FDG-PET abnormalities in MCI and preclinical AD involve
hypometabolism of the parieto-temporal lobes and PCC.?57 Compar-
ing FDG-PET scans of older patients with delirium but without demen-
tia to scans of older patients with established dementia subtypes (AD,
vascular dementia, and dementia with Lewy bodies) may help ascertain
whether thalamic hypometabolism is specific to delirium.

Semi-quantitatively analyzing the scans was challenging as there
is no consensus on the optimal reference region for normalization in
delirium. After a comprehensive literature review and consultation
with experienced nuclear medicine specialists, we chose the cerebel-
lum as the reference region as it is relatively preserved in delirium
and has low inter-individual variability (see Figure 2 and Appendix B).
Whole-brain normalization may be less suitable as delirium is associ-
ated with global hypometabolism. ¢

We acquired FDG-PET images at a single time point. In the absence
of longitudinal scans, we cannot determine whether the FDG-PET find-
ings are transient and due to delirium rather than a pre-existing vul-
nerability. Our previous work suggests that cortical hypometabolism is

at least partially reversible,'® but the long-term effects of acute illness
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TABLE 3 Correlation of delirium severity and relevant neuropsychological tests with normalized regional value in significantly hypometabolic

regions
Region Cognitive functions
Thalamus Enables selective attention.
Regulates arousal, consciousness, motor
control, impulse inhibition.
rPCC Attention, working memory, awareness,
episodic memory retrieval.
Critical part of the default mode
network and limbic system.
rSFC Executive function. Cognitive and motor
impulse control. Self-awareness
(including orientation).
riLAT Semantic knowledge; word, object, and
facial recognition.
IsPL Sensorimotor integration. Selective

attention to visual and tactile stimuli.
Working memory.

Assessment Correlation
Delirium index
Right p=-0.701,P=.001"
Left o=-0.705,P=.001"
WMS 1l Mental control
Right p=-0.375,P=.104
Left p=-0553,P=.011"
Trail Making Test B
Right p=-0.510,P=.031"
Left p=-0.517,P= 028"

Delirium index

WMS Il Mental control

WAIS-IV Digit Span
Forwards

p=-0469,P=.037"
p=-0.566,P=.009"
p=-0412,P=.071

Delirium index
WMS 1l Mental control
MMSE orientation score

p=-0441,P=.051
p=-0.598,P=.005"
p=-0.320,P=.168
p=-0.390,P =089
p=-0532,P=.016"
p=-0.430,P =058
0=0.379,P=.099

p=-0251,P=.316

Delirium index
Verbal fluency

Delirium index
WMS 11 Mental control
Trail making test B

Note: Correlation analysis was performed using Spearman’s rank correlation coefficient.
Abbreviations: IsPL, left superior parietal cortex; MMSE, Mini-Mental State Examination; rPCC, right posterior cingulate cortex; rSFC, right superior frontal
cortex; riLAT, right infero-lateral anterior temporal cortex; WMS Ill, Wechsler Memory Scale IlI; WAIS-IV, Wechsler Adult Intelligence Scale.

*P <.05.

on cerebral metabolism remain unclear. Should the metabolic abnor-
malities observed during delirium be only partially reversible, this may
account for the new cognitive impairment or accelerated dementia that
can occur after an episode of delirium.

6 | FUTURE RESEARCH DIRECTIONS

Larger studies are required to further characterize the observed
metabolic disturbance. Insulin signaling pathways, glycolytic metabo-
lites, and glucose transporter proteins could be measured in the CSF
of delirious patients. Proton magnetic spectroscopy would allow non-
invasive measurement of key metabolites. Investigating whether other
potential energy sources such as ketone bodies and lactate are prefer-
entially used during delirium may also be beneficial. Studies comparing
groups with delirium, dementia, and delirium superimposed on demen-
tia may help identify shared pathophysiological pathways. Finally, as
has been explored in dementia, hypometabolism can be targeted ther-
apeutically to determine whether enhanced cerebral metabolism can

lead to improved clinical outcomes for patients with delirium.

7 | CONCLUSION

In this exploratory study, delirium was associated with cortical and

subcortical regional hypometabolism, and the identified regions cor-

relate with clinical markers of delirium. Larger studies are required
to confirm these findings. Future research should explore whether
regional hypometabolism is dynamic, due to preclinical neuropathol-
ogy, or a combination of the two. Understanding the precise mecha-
nism of altered cerebral glucose metabolism may identify potentially
targetable therapeutic pathways that could prevent progression to

dementia.
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