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Abstract 

There has been no previous study investigating DNA methylation profiles in patients 

with postoperative delirium (POD). In this study, we aimed to identify DNA methylation 

(DNAm) markers associated with POD using pre- and post-surgical blood samples 

obtained from patients who underwent brain resection for treatment-resistant epilepsy. 

Pre- and post-surgical blood samples were collected from 37 patients, including 10 POD 

cases. DNA samples were analyzed using the Illumina EPIC array genome-wide platform. 

We examined differences in blood DNAm profiles between patients with and without 

POD, and conducted enrichment analyses using Gene Ontology and Kyoto 

Encyclopedia of Genes and Genomes terms. When DNAm changes before and after 

surgery were examined in POD cases, enrichment analyses revealed numerous 

statistically significant signals in immune response–related pathways and inflammatory 

cytokine–related pathways, including “cellular response to cytokine stimulus,” “regulation 

of immune system process,” “regulation of cell activation,” and “regulation of cytokine 
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production.” Furthermore, after excluding the potential effects of common factors related 

to surgery and anesthesia between POD cases and non-POD controls, enrichment 

analyses demonstrated significant signals such as “immune response” and “T cell 

activation.” This genome-wide DNAm investigation of POD identified promising signals 

related to immune response, inflammatory response, and other relevant pathways 

considered to be associated with the pathophysiology of delirium. These findings support 

the hypothesis that epigenetic mechanisms play an important role in the pathophysiology 

of delirium and suggest the potential utility of an epigenetics-based biomarker for POD. 
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Introduction 

Postoperative delirium (POD) is 

delirium occurring after surgery. It is 

associated not only with short-term 

disadvantages such as increased 

accident risk post-surgery and 

corresponding healthcare staff burnout, 

but also long-term cognitive decline and 

high mortality rates.13)14)17)20)34) 

Assessing delirium risk and detecting 

and managing delirium early are crucial. 

This requires understanding of the 

pathophysiology of delirium and 

utilizing biomarkers. Previous studies 

showed elevated serum levels of 

inflammatory markers and cytokines in 

elderly delirium patients9)15)35)36); 

however, there is significant variability 

between reports, necessitating further 

elucidation of the molecular 

mechanisms. 

DNA methylation (DNAm) is a key 

epigenetic mechanism dynamically 

regulating gene expression22) and is 

known to be regulated with advancing 

age, a major risk factor for 

delirium.8)19)29) These findings suggest 

that DNAm is a promising target for 

elucidating the molecular mechanisms 

of delirium and may function as a 

biomarker for the condition.30) 

Previously, our group reported 

differences in DNAm of genes related to 

the immune response, inflammatory 

response, and cholinergic synaptic 

function,27) a decrease in DNAm of the 

inflammatory cytokine gene TNF-α with 

age,37) and an increase in DNAm of the 

neurotrophic factor gene BDNF with 

age26) in delirium patients. These 

reports suggest that DNAm contributes 

to the pathophysiology of delirium and 

may serve as a biomarker. However, 
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delirium cases in these previous studies 

were drawn from populations with 

diverse underlying medical and surgical 

conditions leading to hospitalization, 

indicating a non-uniform etiology of 

delirium. Furthermore, as these were 

cross-sectional studies, it was unclear 

whether the epigenetic signals observed 

in delirium subjects were due to 

delirium itself, the underlying disease 

causing delirium, or if they reflected a 

pre-delirium state. 

To overcome these limitations, this 

study aimed to collect blood samples 

before and after surgery from patients 

undergoing epilepsy surgery for 

treatment-resistant epilepsy, and 

identify DNAm characteristics in 

patients who developed postoperative 

delirium (POD).41) 

 

I. Methods and Results 

1. Recruitment and patient information 

acquisition 

This study was conducted with 

approval from the Human Subjects 

Research Institutional Review Board at 

the University of Iowa. Subjects 

scheduled for brain resection surgery 

for drug-resistant epilepsy at the 

University of Iowa Hospital between 

April 2015 and July 2019 were 

recruited.3)4) Written informed consent 

was received at study enrollment. 

Parental consent was obtained for 

minors. Medical history, surgical history, 

and demographic information were 

obtained from electronic health records 

and patient interviews. Detailed 

medical record reviews were conducted 

to determine whether delirium 

developed post-resection surgery. 

Patients who developed delirium by 

post-surgery day 7 or on the discharge 

date, whichever came first, were 

classified as POD cases. Individuals 

who did not develop delirium were 

classified as non-POD controls. 

Delirium was considered present when 

there were documented changes in the 

level of consciousness or mental status 

in the medical record, or a positive 

Confusion Assessment Method for the 

ICU (CAM-ICU) score. 

 

2. Blood sample collection and 

processing 

Blood samples were obtained from a 

total of 37 subjects. Whole blood was 

collected in the operating room before 

and after surgery. This was centrifuged 

to separate the blood cell components 

and plasma, then stored at -80°C. DNA 

was extracted from the blood cells, and 

500 ng of DNA from each sample was 

bisulfite-treated. Genome-wide DNA 

methylation (DNAm) was then analyzed 

using the Infinium Human Methylation 

EPIC BeadChip Kit (WG-317-1002, 

Illumina, San Diego, CA, USA). The 

array was scanned using the Illumina 

iScan platform. All statistical analyses 
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were performed using R.23) Methylation 

data were analyzed using the R 

packages ChAMP and Minfi. During 

data loading, probes were filtered out if 

they met any of the following criteria: (i) 

detection p-value > 0.01, (ii) fewer than 

3 beads in at least 5% of samples per 

probe, (iii) non-CpG, SNP-related, or 

multi-hit probes, or (iv) probes located 

on the X or Y chromosome. After 

normalizing samples using beta-

mixture quantization, differential 

methylation analysis was performed. 

Estimated cell ratios for CD8 T cells, 

CD4 T cells, natural killer cells, B cells, 

and monocytes were calculated using 

the online DNAm Age Calculator.10-12) 

Differences in DNAm at each CpG site 

were assessed using the limma method 

with RnBeads.2)24) Differences in DNAm 

between the POD cases and non-POD 

controls were examined in: (1) pre-

surgery and (2) post-surgery samples. 

Additionally, changes in DNAm post-

surgery were assessed by comparing (3) 

pre- and post-surgery samples (3a) in 

the entire cohort, (3b) in POD cases only, 

and (3c) in non-POD controls only 

(Figure). Age, sex, and cell type 

proportions were included as covariates 

in the analyses. Genome-wide 

significance was set at a p-value < 5.0E-

08. 

Enrichment analyses included Gene 

Ontology (GO) analysis and Kyoto 

Encyclopedia of Genes and Genomes 

(KEGG) analysis. Each enrichment 

analysis was performed using the 

gometh function in the R package 

missMethyl, adjusting for variation in 

the number of CpG sites tested per 

gene.21) For each comparison extracted 

by limma, the top 1,500 CpG sites with 

P < 0.05 in both GO and KEGG analyses 

were included to capture potentially 

relevant pathways. As part of the pre- 

versus post-surgery sample 

comparisons described above, we 

analyzed a set of CpG sites showing 

methylation differences specific to POD 

cases in the pre- and post-surgery 

samples. This subset of CpG sites was 

determined using the following steps: (i) 

Filtered CpG sites with P < 0.05 for both 

the POD cases and non-POD controls. 

(ii) Identified CpG sites common to two 

subsets of sites that were significant in 

each group. (iii) Excluded this common 

set of CpG sites from the set of 

significant POD case CpG sites. (iv) For 

this new set of POD-specific CpG sites, 

included the top 1,500 CpG sites to 

detect changes in GO and KEGG 

pathways. 

 

3. Results 

1) Participant backgrounds 

Blood samples were obtained from a 

total of 37 patients scheduled for 

neurosurgery and enrolled in this study. 

The mean age of patients was 32.8 years 

(SD = 15.3), 35.1% were female, and 
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97.3% were non-Hispanic white. Ten 

patients developed POD (POD cases), 

while 27 did not (non-POD controls). 

The mean age of POD cases was 41.0 

years (SD = 15.6), with 5 out of 10 

(50.0%) being female. The mean age of 

non-POD controls was 29.8 years (SD = 

14.3), with 8 out of 27 (29.6%) being 

female. A significant difference in age 

was observed between the POD cases 

and non-POD controls (Table 1). 

 

2) Comparison of POD and non-POD 

controls in epigenome-wide analysis 

No CpG sites showing significant 

differences in DNAm levels between the 

POD cases and non-POD controls were 

identified in either the pre- or post-

surgery sample comparison. Similarly, 

no CpG sites showing significant 

changes in DNAm levels between pre-

and post-surgery samples were 

identified when comparing samples 

within the entire patient cohort, POD 

cases, or non-POD controls. 

 

3) Enrichment analysis (GO and KEGG) 

No pathways showing significant 

differences between the POD cases and 

non-POD controls were identified in 

either the comparison of pre- or post-

surgery samples. Enrichment analysis 

comparing pre- and post-surgery 

samples across all patients indicated 

pathways, such as: “Response to 

lipopolysaccharide,” “Inflammatory 

response,” and “Interleukin-6 

production” in GO analysis, and “NF-κB 

signaling pathway” in KEGG analysis. 

However, none of these reached the false 

discovery rate (FDR) significance level. 

Enrichment analysis of pre- and post-

operative DNAm changes in the 10 POD 

cases alone identified pathways, 

including: “Cellular response to 

cytokine stimulation,” “Response to 

cytokines,” “Regulation of immune 

system process,” “Regulation of cell 

activation,” and “Regulation of cytokine 

production” in GO analysis, and “HIF-1 

signaling pathway,” “T cell receptor 

signaling pathway,” “Th17 cell 

differentiation,” “NF-kappa B signaling 

pathway,” and “Toll-like receptor 

signaling pathway.” These pathways 

were detected at the FDR significance 

level or showed a significant trend (P = 

0.058). (Table 2) In contrast, enrichment 

analysis comparing pre- and post-

surgery data in the non-POD controls 

showed GO pathways, such as: 

“Activation of cells involved in immune 

response,” “Neutrophil degranulation,” 

and “Neutrophil-mediated immunity,” 

and KEGG analysis showed pathways 

such as “Longevity regulation 

pathways.” However, none of these 

reached the FDR significance level. 

(Table 3) 

To compare the POD cases and non-

POD controls while excluding the 

influence of common factors related to 
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surgery or anesthesia, CpG sites that 

showed changes before and after 

surgery in either group were excluded 

from the non-POD controls as common 

signals, and CpG sites associated with 

the development of POD were extracted. 

Enrichment analysis revealed that the 

top GO pathways at the FDR 

significance level were: “immune 

response,” “immune system process,” “T 

cell activation,” and “regulation of 

immune system process.” In KEGG 

pathways, “HIF-1 signaling pathway” 

and “T cell receptor signaling pathway” 

were identified at the FDR significance 

level. (Table 4) 

 

II. Discussion: Including the 

Significance of This Study, Challenges, 

and Approaches 

This study investigated the epigenetics 

of POD using genome-wide DNA 

methylation analysis. It is the first 

study to examine changes in DNA 

methylation (DNAm) before and after 

surgery in POD patients. Our data 

revealed important evidence for 

numerous networks associated with 

POD in pre- and post-surgery samples, 

including: cytokine response, immune 

system process regulation, cell 

activation and cytokine production, and 

positive regulation of immune 

responses. Furthermore, analysis to 

capture signals associated with POD 

onset while excluding potential effects 

of surgery and anesthesia revealed 

immune responses, T cell activation, T 

cell receptor signaling pathways, and 

HIF-1 signaling pathways. Indeed, 

these top signals align with those 

identified in our previous comparison of 

delirium and non-delirium patients 

from a hospitalized cohort.27) These data 

suggest that POD involves not only 

surgery-induced processes but also 

dynamic epigenetic processes 

influencing delirium onset. 

Previous studies suggested that 

systemic and cerebral inflammation 

play important roles in the development 

of delirium.1)5)6)33) Indeed, elevated 

inflammatory markers in blood and 

cerebrospinal fluid have been 

demonstrated in POD patients.16) It is 

considered that peripherally produced 

cytokines act on the brain to cause 

abnormal behavior, as the immune-to-

brain signaling pathway leads to 

inflammatory cytokine production by 

microglia cells.7) Indeed, it has been 

shown that injecting rodents with 

peripheral lipopolysaccharides or 

performing surgical procedures such as 

laparotomy or hepatectomy increases 

inflammatory cytokines such as IL-1β, 

IL-6, and TNF-α in the brain, causing 

cognitive impairment-related 

behaviors.28) Regarding the impact of 

surgery on epigenetics, a recent report 

by Sadahiro, R. et al. demonstrated that 

various surgeries in elderly subjects 
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induce rapid changes in DNA 

methylation (DNAm) of immune system 

genes in peripheral blood mononuclear 

cells (PBMCs), consistent with the 

present data.25) This study further 

advances our understanding of delirium 

pathophysiology from an epigenetic 

perspective. The changes in DNAm 

observed in POD patients for 

inflammation- and immunity-related 

genes via enrichment analysis suggest 

involvement in peripheral 

inflammation and immunity, followed 

by neuroinflammation and delirium 

onset. 

This study has several strengths. First, 

the type of surgery was limited to 

neurosurgical procedures for treatment-

resistant epilepsy. Consequently, 

participants in this study experienced 

relatively similar invasiveness across 

the cohort. This represents a decisive 

advantage compared with our previous 

approach involving hospitalized 

patients with diverse backgrounds and 

delirium etiologies.26)27)37) Second, the 

pre-surgery sample collection design 

facilitated direct comparison of pre- and 

post-surgery samples from the same 

individuals, enabling direct 

measurement of surgery's impact on 

DNAm signals and identification of 

differences between POD and non-POD 

cases. Post-surgery blood was collected 

during the pre-onset period, 

immediately after surgery. 

Consequently, we could identify 

epigenetic state differences associated 

with POD based on pre-onset blood data. 

Such biomarkers based on blood 

collected post-surgery but before POD 

onset could potentially be used to 

identify high-risk patients before 

symptom emergence, making them 

useful for future clinical applications. 

Third, DNAm profiles obtained from 

pre-surgery samples may serve as 

predictive biomarkers for POD. 

Although no significant differences 

were observed in this dataset compared 

with pre-surgery samples, larger 

sample sizes could potentially identify 

signals useful for POD prediction. If 

such data are replicated and confirmed, 

algorithms based on pre-surgery DNAm 

profiles could help identify high-risk 

POD patients, enabling appropriate 

interventions and prevention. Overall, 

the present data are consistent with our 

hypothesis and support epigenetic 

mechanisms in the pathophysiology of 

delirium. 

 

III. Outlook: Future Challenges and 

Directions 

This study had several limitations, as 

outlined below, and overcoming them 

also presents a future challenge. (i) The 

sample size was small, totaling 37 

patients, with 10 POD cases. (ii) The 

study population consisted of patients 

undergoing brain resection, for the 
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investigation of delirium following 

direct surgical insult to the brain. 

Furthermore, the patients were 

relatively young. The ability to 

generalize these findings to delirium 

commonly seen in clinical practice, 

specifically delirium in the elderly 

caused by non-central physical 

problems, is limited. (iii) No genes or 

CpG sites showing significant 

differences at the genome-wide level 

were identified between the POD cases 

and non-POD controls. (iv) The data 

showed an association between 

epigenetic signals and POD, but do not 

indicate a causal relationship. (v) The 

study was conducted at a single 

institution, and most subjects were non-

Hispanic Caucasians. (vi) The definition 

of POD relied solely on a retrospective 

chart review of electronic health records, 

potentially leading to false-positive or -

negative cases. To overcome these 

limitations and elucidate epigenetic 

mechanisms generalizable to delirium 

commonly seen in the elderly, it is 

important to conduct epigenetic studies 

in elderly patients with hip fractures, 

malignancies, and those undergoing 

cardiovascular surgery. 

 

Conclusion 

Until now, delirium has been 

evaluated by observing symptoms and 

conducting interviews. That is, delirium 

diagnostic criteria and delirium 

screening tools have been used. At times, 

the intuition of experienced staff, such 

as: “This patient seems likely to develop 

delirium” (which is not mere guesswork 

but likely captures subtle delirium 

symptoms difficult to quantify or 

verbalize), has aided in the early 

detection of delirium. While these are 

undoubtedly important evaluation 

methods, at the same time, having 

objective indicators based on an 

understanding of biological mechanisms 

can simultaneously reduce variability in 

assessments across staff and facilities. 

The authors previously conducted 

research on delirium detection using 

small EEG devices.18)31)32)38-40) 

Combining these approaches is 

expected to enable delirium prediction 

and early detection, facilitating 

approaches such as early intervention 

for high-risk patients. 

 

Editor's Note: This paper is a Japanese 

adaptation of a recent research article41) 

published in PCN, prepared at the 

request of the editorial committee and 

written by one of the authors, with 

additional commentary on its 

significance and future directions. 
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Figure: Sample comparison 

 

In this study, pre- and post-surgery samples were collected from each participant, 

and they were divided into POD cases and non-POD controls before performing the 

following comparisons: 1) Comparison of pre-surgery samples between the POD 

cases and non-POD controls, 2) comparison of post-surgery samples between the 

POD cases and non-POD controls, 3) 3a) comparison of pre- and post-surgery 

samples for all participants in the entire cohort, 3b) comparison of pre- and post-

surgery samples for POD cases only, 3c) comparison of pre- and post-surgery samples 

for non-POD cases only. 

(Translated and quoted from Reference 41) 
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Table 1: Patient backgrounds 

Classification All 

subjects 

  

POD non—POD 

N 37 10 27 P Statistical test 

Mean age 32.8 41 29.8 0.046 t = - 2.07 

SD 15.3 15.6 14.3   

Sex, Female (n) 13 5 8 0.44 χ2 = 0.59 

％ 35.1 50 29.6   

Race, White (n) 36 10 26 >0.99 χ²<0.01 

% 97.3 100 96.3   

Alcohol consumption (n) 32.4 30 33.3   

% 12 3 9 >0.99 χ²<0.01 

Smoking (n) 15 5 10 0.74 χ² = 0.11 

% 40.5 50 37   

Mean ASA—PS 2.4 2.2 2.5 0.13 t = 1.56 

SD 0.5 0.4 0.5   

Mean BMI 29.6 29.7 29.5 0.96 t = - 0.06 

SD 10.4 8.6 11.1   

Mean anesthesia 

duration (min) 

535.9 533.8 536.7 0.93 t = 0.09 

SD 88.4 88.4 90   

Mean surgery duration 

(min) 

353.6 355.3 353 0.95 t = - 0.07 

SD 88 95.4 87   

Mean blood loss (mL) 169.3 145 178.3 0.46 t = 0.74 

SD 120.8 165.3 102.1   

 

POD: post-operative delirium, SD: standard deviation, ASA-PS: American Society of 

Anesthesiologists physical status, BMI: body mass index 

(Translated and quoted from Reference 41)
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Table 2: Results of GO and KEGG analyses (POD cases) 

Changes from pre- to post-surgery, Top 20 pathways 

 

The β cutoff was determined to capture the top 1,500 CpG sites when the P-value 

cutoff was set to P < 0.05. Underlined text indicates noteworthy pathways. 

(Translated and quoted from Reference 41) 
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Table 3: Results of GO and KEGG analyses (non-POD controls) 

Changes from pre- to post-surgery, top 20 pathways 

 

The β cutoff was determined to capture the top 1,500 CpG sites when the P-value 

cutoff was set to P < 0.05. Underlined text indicates noteworthy pathways.  

(Translated and quoted from Reference 41) 
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Table 4: Results of GO and KEGG analyses (POD cases) 

Changes from pre- to post-surgery, top 20 pathways (excluding top CpG sites 

overlapping with non-POD controls) 

 

The β cutoff was determined to capture the top 1,500 CpG sites when the P-value 

cutoff was set to P < 0.05. Underlined text indicates noteworthy pathways. 

(Translated and quoted from Reference 41)

 


