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Abstract

Background

Delirium is the most common central nervous system complication after surgery. Detection

of phosphorylated neurofilament heavy subunit in the serum reflects axonal damage within

the central cervous system and is associated with the severity of postoperative delirium.

Neuron-specific enolase and S100 calcium-binding protein β have been identified as possi-

ble serum biomarkers of postoperative delirium. This study examined the association of the

levels of these markers with incidence of postoperative delirium and detection of phosphory-

lated neurofilament heavy subunit.

Methods

This study represents a post hoc analysis of 117 patients who participated in a prospective

observational study of postoperative delirium in patients undergoing cancer surgery.

Patients were clinically assessed for development of postoperative delirium within the first

five days of surgery. Serum levels of phosphorylated neurofilament heavy subunit, neuron-

specific enolase, and S100 calcium-binding protein β levels were measured on postopera-

tive day 3.

Results

Forty-one patients (35%) were clinically diagnosed with postoperative delirium. Neuron-spe-

cific enolase level (P < 0.0001) and the proportion of patients positive for phosphorylated

neurofilament heavy subunit (P < 0.0001) were significantly higher in the group of patients
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with postoperative delirium. Neuron-specific enolase level discriminated between patients

with and without clinically diagnosed postoperative delirium with significantly high accuracy

(area under the curve [AUC], 0.87; 95% confidence interval [CI], 0.79–0.95; P < 0.0001).

Neuron-specific enolase level was associated with incidence of postoperative delirium inde-

pendently of age (adjusted odds ratio, 8.291; 95% Cl, 3.506−33.286; P < 0.0001). The AUC

for the serum neuron-specific enolase level in detecting phosphorylated neurofilament

heavy subunit was significant (AUC, 0.78; 95% CI, 0.66–0.90; P < 0.0001).

Conclusion

Elevated serum neuron-specific enolase was associated with postoperative delirium inde-

pendent of age as well as detection of phosphorylated neurofilament heavy subunit in

serum. Serum neuron-specific enolase and phosphorylated neurofilament heavy subunit

might be useful as biomarkers of postoperative delirium.

Trial registration

University Medical Information Network (UMIN) trial ID: UMIN000010329; https://

clinicaltrials.gov/.

Introduction

Delirium is the most common complication of the central nervous system (CNS) after surgery.

It usually occurs between postoperative days two and five [1]. The incidence of postoperative

delirium (POD) ranges between 26 and 52% [2]. POD is associated with increased morbidity

and mortality [3], prolonged intensive care unit (ICU) stay [4], and higher cost of hospital stay

[5]; therefore, early detection of POD is important. However, a study of delirium assessment

in the ICU showed that delirium is frequently not diagnosed when present [6]. Using delirium

as diagnosed by a psychiatrist, neurologist, or geriatrician as the standard, the Confusion

Assessment Method for the ICU (CAM-ICU) had a sensitivity of 64% and specificity of 82%;

with sensitivity and specificity of the Intensive Care Delirium Screening Checklist (ICDSC)

was 43% and specificity of 95%, respectively. The sensitivity of the ICU physician’s clinical

impression was only 29%. POD can lead to long-term cognitive impairment and brain atrophy

even in patients who recover [7,8]. Although the causal relationship between POD and ana-

tomical or functional CNS alterations has not been clarified, mechanism-based diagnostics

and measures of POD severity in the early phases are urgently needed.

Surgical and anaesthetic stresses trigger CNS inflammations via microglial activation [9].

CNS inflammation can induce the expression of neuron-specific enolase (NSE) in neurons

and S100 calcium-binding protein β (S100β) in astrocytes, which results in loss of blood-brain

barrier (BBB) integrity and neurotoxicity [10]. As a consequence, neurons are structurally

damaged, which may release phosphorylated neurofilament heavy subunit (pNF-H) into the

cerebrospinal fluid (CSF) and peripheral blood [11]. Because pNF-H is a cytoskeletal protein

specifically localized within CNS axons, it is not normally detected in the blood. Therefore,

unlike NSE, which is released during neuroinflammation regardless of neuronal damage, the

detection of serum pNF-H directly reflects structural neuronal damage. Previously, we

reported that serum pNF-H level is directly related to clinical severity of POD [12]. In that

study, serum pNF-H was detected in more than 65% of patients with POD but in less than
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10% of patients without POD. Although the utility of both NSE and S100β as diagnostic mark-

ers of POD in the ICU has been investigated, their role in POD pathogenesis remains contro-

versial [13–15]. Furthermore, the association between serum NSE and S100β levels, POD

development, and detection of serum pNF-H (i.e., axonal damage) has not been thoroughly

investigated.

This study aimed to explore the levels of potential CNS-derived biomarkers of POD in the

acute postoperative period. First, we investigated the accuracy of NSE and S100β in POD

screening; then, we evaluated the association of the levels of these markers with detection of

serum pNF-H.

Methods

Study population

This study represents a post hoc analysis of a prospective observational study conducted at the

University of Tokyo Hospital, Saitama Red Cross Hospital, and Tsukuba University Hospital

[16]. Details regarding study methodology and patient characteristics may be found in our pre-

vious report. Briefly, patients were enrolled and followed up between July 23, 2013 to February

28, 2015. Serum samples from patients who participated in the initial study were collected on

postoperative day 3 and stored for later testing. Patients scheduled to undergo cancer surgery

under general anasthesia, irrespective of the affected organ, were eligible for inclusion. Among

these we enrolled patients with an American Society of Anesthesiologists physical classification

score < 4. Exclusion criteria were as follows: (1) patients with pre-existing clinically relevant

cognitive dysfunction or neurological disorder; (2) patients who were prescribed tranquillizers

that could influence delirium [17]; (3) patients who required neurosurgery for lesions located

in the brain and/or spinal cord; and (4) patients who required cardiothoracic surgery with car-

diopulmonary bypass. These neurosurgical and cardiothoracic procedures can potentially

cause CNS ischemia and a consequent increase in serum pNF-H level. Therefore, patients

scheduled to undergo them were excluded.

Ethics

The local ethics committee of each institution approved the trial protocol. Written informed

consent was obtained from all participants. The study was registered in the University Medical

Information Network (UMIN trial ID: UMIN000010329).

Patient assessment

Patients were assessed for delirium-associated symptoms by the attending nurses at least three

times a day during regular ward rounds for the first week after surgery, as described in our pre-

vious study [16]. Suspected POD was confirmed by nurses using the CAM-ICU [18] and by

investigators using ICDSC [19]. Patients diagnosed with POD within the first five days after

surgery were included in the POD group; those not were included in the no POD group.

Measurement of biomarkers

Blood samples were collected on postoperative day 3 and stored at −20˚C. Detectio of pNF-H

in serum was used as a proxy for CNS axonal damage. Enzyme-linked immunosorbent assay

(ELISA) was performed to measure levels of serum pNF-H (Human Phosphorylated Neurofi-

lament H ELISA; BioVendor, Modrice, Czech Republic). The threshold for detection of

pNF-H (70.5 ng/mL) was determined according to manufacturer instructions. For the mea-

surement of NSE and S100β, bead-based multiplex assays were performed (Procarta
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Immunoassay kit, human by request; Panomics Inc., Fremont, CA, USA) according to manu-

facturer protocol [20,21].

Statistical analysis

Patient characteristics and biomarker levels were compared between groups using the Wil-

coxon or Pearson’s chi-square test. To eliminate the influence of age on serum biomarker lev-

els, analysis of covariance (ANCOVA) was performed between groups. To identify

independent biomarkers of POD, we conducted receiver operating characteristic (ROC) analy-

ses of serum levels of NSE and S100β in participants with and without POD. NSE and S100β
were analysed as dependent variables, with either dichotomous measures of postoperative

delirium (i.e., presence or absence) or detection of serum pNF-H as the independent variable.

Cut-off values for continuous variables were determined using the Youden index [22,23]. Sub-

sequently, multiple logistic regression was performed with direct entry of variance using a

model based on the log-transformed concentrations of the potential candidate variables. Anal-

yses were performed using JMP Pro 15 software (SAS Institute, Cary, NC, USA) and SPSS soft-

ware version 22 (IBM Corp, Armonk, NY, USA). P�0.05 was considered significant.

Results

Patient characteristics

A total of 119 patients who underwent elective cancer surgery under general anesthesia were

eligible for study inclusion, and 117 patients were analyzed (Fig 1). The baseline characteristics

of the 117 patients with and without postoperative delirium are presented in Table 1. Age was

significantly higher in the patients with POD (P < 0.0001).

Association between POD and CNS-derived biomarkers

Forty-one patients (35.0%) were clinically diagnosed with POD (Table 1). The proportion of

patients whowere positive for pNF-H (Table 1) and serum levels of pNF-H (coefficient of vari-

ation [CV]: no POD, 161.6; POD, 533.1), NSE (CV: no POD, 31.5; POD, 69.7), and S100β
(CV: no POD, 94.2; POD, 119.0) were significantly higher in the POD group (Fig 2). After per-

forming ANCOVA, using age as a covariate (S1 Table), the levels of pNF-H, NSE, and S100 β
remained significantly higher in the POD group.

Using a cut-off value of 201.2 ng/mL, the area under the curve (AUC) for serum NSE level

in predicting delirium was 0.87 (sensitivity, 0.76; specificity, 1.00; 95% confidence interval

[CI], 0.79–0.95; Fig 3). In contrast, serum S100β level exhibited lower correlation using a cut-

off value of 305 pg/mL (AUC, 0.74; sensitivity, 0.78; specificity, 0.61; 95% CI, 0.64–0.83). Mul-

tivariate logistic regression analysis showed that age (adjusted odds ratio [OR], 1.080; 95% CI,

1.8–1.172; P = 0.0269) and NSE (adjusted OR, 8.291; 95% Cl, 3.506–33.286; P< 0.0001;

Table 2) were associated with POD.

Association between the detection of pNF-H and CNS-derived biomarkers

The association between the detection of pNF-H and serum levels of NSE and S100β is shown

in Table 3. Serum NSE level was significantly higher in patients with detectable pNF-H.

Although serum S100β level was also higher in the patients with detectable pNF-H, the differ-

ence was not significant.

Using a cut-off value of 201.2 ng/mL, the AUC for serum NSE level in predicting detection

of pNF-H was 0.78 (sensitivity, 0.73; specificity, 0.90; 95% CI, 0.66–0.90; Fig 4). In contrast,
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serum S100β level exhibited a lower association (AUC, 0.61; sensitivity, 0.53; specificity, 0.69;

95% CI, 0.49–0.72) using a cut-off value of 502.0 pg/mL/.

Discussion

This study examined the clinical usefulness of serum CNS-derived biomarkers in diagnosing

POD. NSE level was significantly higher in POD patients (Fig 2), and significantly associated

with POD independent of age (Table 2). Furthermore, NSE level showed high accuracy for

diagnosing POD (Fig 3). Because NSE level was associated with POD independent of age, this

marker should be useful in elderly patients. Although both NSE and S100β in serum indicates

a loss of BBB integrity, only NSE level was significantly associated with detection of serum

Fig 1. Study flowchart.

https://doi.org/10.1371/journal.pone.0259217.g001
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pNF-H in our study (Table 3, Fig 4) [10]. S100β is mainly located in astrocytes, whose end-foot

processes interacts with the BBB [10]. The reason that serum NSE increases without an accom-

panying increase in S100β is unclear. In our previous study [16]. we reported P-selection,

which is expressed on endothelial cells and involved in recruitment of circulating leukocytes

[24], is independently associated with detection of serum pNF-H. Taken together, compared

with astrocytes, neurons might be structurally vulnerable against a loss of BBB integrity, How-

ever, anticancer agents induce oxidative stress, DNA damage, and dysregulation of neuronal

repair processes [25] and serum pNF-H increases in a cumulative dose-dependent manner in

breast cancer patients undergoing chemotherapy [26]. Considering that some patients in our

study were undergoing chemotherapy at the time of blood sampling, the toxic effect of these

drugs on neurons may have affected our results. To clarify the influence of chemotherapy-

induced neurotoxicity in future studies, baseline preoperative biomarker levels should be fur-

ther examined in addition to postoperative day 3 levels.

Serum NSE level was highly associated with POD and detection of pNF-H, which is proxy

of for CNS axonal damage, suggesting that NSE can reflect both the onset and severity of POD.

Our ROC analysis showed that the serum NSE cut-off values for the diagnosis of POD and

detection of pNF-H were same (201.2 ng/mL for both; Figs 3 and 4). These results suggest that

POD is associated with the development of inflammation-induced neuronal damage.

Table 1. Characteristics of patients grouped according to development of postoperative delirium.

PODa (n = 41) no PODa (n = 76) P value

Age; y 78 (73−81) 67 (58−74) < 0.0001

Gender; male 24 (58.5%) 40 (52.6%) 0.54

BMIb; kg/m2 22.8 (20.2−24.1) 21.8 (19.8−24.1) 0.32

pNF-Hc positive (� 70.5 pg/mL) 23 (56.1%) 7 (9.2%) < 0.0001

Values are presented as numbers (proportion) or medians (interquartile range).
aPOD, postoperative delirium;
bBMI, body mass index;
cpNF-H, phosphorylated neurofilament heavy subunit.

https://doi.org/10.1371/journal.pone.0259217.t001

Fig 2. Comparison of serum biomarker levels in patients with and without postoperative delirium.

https://doi.org/10.1371/journal.pone.0259217.g002

PLOS ONE Neuron-specific enolase and delirium

PLOS ONE | https://doi.org/10.1371/journal.pone.0259217 November 19, 2021 6 / 10

https://doi.org/10.1371/journal.pone.0259217.t001
https://doi.org/10.1371/journal.pone.0259217.g002
https://doi.org/10.1371/journal.pone.0259217


Fig 3. Receiver operating characteristic curves analysis of serum biomarker levels for the diagnosis of postoperative delirium. NSE, neuron-specific

enolase; S100β, S100 calcium-binding protein β.

https://doi.org/10.1371/journal.pone.0259217.g003

Table 2. Logistic regression analysis for prediction of postoperative delirium.

Unadjusted ORa (95% CIb) P value Adjusted ORa (95% CIb) P value

agec; y 1.139 (1.081−1.215) < 0.0001 1.080 (1.008−1.172) 0.0269

log (pNF-Hd) 1.533 (1.292−1.819) < 0.0001 1.105 (0.761−1.527) 0.567

log (NSEe) 9.972 (4.667−34.648) < 0.0001 8.291 (3.506−33.286) < 0.0001

log (S100βf) 2.042 (1.371−3.210) 0.0002 1.580 (0.842−2.997) 0.1466

aodds ratio;
bconfidential interval.
cOR for age per each additional year of age.
dphosphorylated neurofilament heavy subunit;
eneuron-specific enolase;
fS100 calcium-binding protein β.

https://doi.org/10.1371/journal.pone.0259217.t002

Table 3. Association between detection of phosphorylated neurofilament heavy subunit and candidate biomarker

levels.

pNF-Ha positive (n = 30) pNF-Ha negative (n = 87) P value

NSEb; ng/mL 529.010 (758.925−763.164) 54.164 (45.144−63.656) < 0.0001

S100 βc; pg/mL 528.8 (211.9−706.8) 304.7 (143.7−616.7) 0.0789

Values are presented as medians (interquartile range).
aphosphorylated neurofilament heavy subunit;
bNSE: Neuron-specific enolase;
cS100 calcium-binding protein β.

https://doi.org/10.1371/journal.pone.0259217.t003
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This study has several limitations. First, the biological half-lives of serum NSE and S100β
(approximately 48 hours each) are shorter than that the pNF-H half-life (approximately 96

hours) [27]. Therefore, we cannot exclude the possibility that a shorter time window may be

required to follow the severity of delirium by NSE than pNF-H. Second, this study was a post

hoc analysis of a previous prospective observational study [16]. Therefore, the causal relation-

ship between the onset and severity of POD and changes in biomarkers over time should be

further investigated in a prospective manner. Third, we excluded patients with clinically rele-

vant pre-existing cognitive dysfunction or neurological disorders because serum pNF-H level

increases in certain CNS disorders, such as spinal cord injury, Alzheimer’s disease, and febrile

convulsions [28–30], and such dysfunction or disorders may share symptoms and signs with

POD. Finally, although NSE was significantly associated with POD independent of age, multi-

ple logistic regression cannot completely control for each variable. Therefore, further investi-

gation of the association between age and levels of CNS-derived biomarkers is warranted.

Conclusion

NSE is an accurate diagnostic biomarker for POD that is highly associated with detection of

pNF-H, a proxy for CNS axonal damage. These findings indicate that the timing of neuronal

structural changes might be consistent with both neuronal changes and the onset of POD.

Diagnostic accuracy of POD might be increased with early monitoring of serum NSE level

in combination with clinical assessment.

Supporting information

S1 Table. Comparison of biomarkers using analysis of covariance with age as a covariate.

(XLSX)

Fig 4. Receiver operating characteristic curves analysis of serum biomarker levels for detection of phosphorylated neurofilament heavy subunit. NSE,

neuron-specific enolase; S100β, S100 calcium-binding protein β.

https://doi.org/10.1371/journal.pone.0259217.g004

PLOS ONE Neuron-specific enolase and delirium

PLOS ONE | https://doi.org/10.1371/journal.pone.0259217 November 19, 2021 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259217.s001
https://doi.org/10.1371/journal.pone.0259217.g004
https://doi.org/10.1371/journal.pone.0259217


Acknowledgments

We thank the patients who participated in this study and the clinical and nursing staff who

provided their care. In addition, we thank Edanz (https://jp.edanz.com/ac) for editing a draft

of this manuscript.

Author Contributions

Conceptualization: Masahiko Sumitani.

Data curation: Maiko Hasegawa-Moriyama.

Formal analysis: Maiko Hasegawa-Moriyama.

Investigation: Kazuhito Mietani, Reo Inoue, Toru Ogata, Nobutake Shimojo, Makoto

Kurano.

Writing – original draft: Maiko Hasegawa-Moriyama.

Writing – review & editing: Masahiko Sumitani, Kanji Uchida.

References

1. Jin Z, Hu J, Ma D. Postoperative delirium: perioperative assessment, risk reduction, and management.

British Journal of Anaesthesiology 2020; 125: 492–504.

2. Brown CH. Delirium in the cardiac surgical ICU. Current Opinion in Anaesthesiology 2014; 27: 117–

122. https://doi.org/10.1097/ACO.0000000000000061 PMID: 24514034

3. Inouye SK, Westendorp RG, Saczynski JS. Delirium in elderly people. Lancet 2014; 38: 911–922.

4. Ely EW, Gautam S, Margolin R, Francis J, May L, Speroff T et al. The impact of delirium in the intensive

care unit on hospital length of stay. Intensive Care Medicine 2001; 27: 1892–1900. https://doi.org/10.

1007/s00134-001-1132-2 PMID: 11797025

5. Milbrandt EB, Deppen S, Harrison PL, Shintani AK, Speroff T, Stiles RA et al. Costs associated with

delirium in mechanically ventilated patients. Critical Care Medicine 2004; 32: 955–962. https://doi.org/

10.1097/01.ccm.0000119429.16055.92 PMID: 15071384

6. van Eijk MM, van Marum RJ, Klijn IA, de Wit N, Kesecioglu J, Slooter AJ. Comparison of delirium

assessment tools in a mixed intensive care unit. Critical Care Medicine 2009; 37: 1881–1885. https://

doi.org/10.1097/CCM.0b013e3181a00118 PMID: 19384206

7. Gunther ML, Morandi A, Krauskopf E, Pandharipande P, Girard TD, Jackson JC et al.; VISIONS Investi-

gation, VISualizing Icu SurvivOrs Neuroradiological Sequelae.The association between brain volumes,

delirium duration, and cognitive outcomes in intensive care unit survivors: the VISIONS cohort magnetic

resonance imaging study. Critical Care Medicine 2012; 40: 2022–2032. https://doi.org/10.1097/CCM.

0b013e318250acc0 PMID: 22710202

8. Kline RP, Pirraglia E, Cheng H, De Santi S, Li Y, Haile M, et al.; Alzheimer’s Disease Neuroimaging Ini-

tiative.Surgery and Brain Atrophy in Cognitively Normal Elderly Subjects and Subjects Diagnosed with

Mild Cognitive Impairment. Anesthesiology 2012; 116: 603–612. https://doi.org/10.1097/ALN.

0b013e318246ec0b PMID: 22293721

9. Alam A, Hana Z, Jin Z, Suen KC, Ma D. Surgery, neuroinflammation and cognitive impairment. EBioMe-

dicine 2018; 37: 547–556. https://doi.org/10.1016/j.ebiom.2018.10.021 PMID: 30348620

10. Thelin EP, Nelson DW, Bellander BM. A review of the clinical utility of serum S100B protein levels in the

assessment of traumatic brain injury. Acta Neurochirugica (Wien) 2017; 159: 209–225. https://doi.org/

10.1007/s00701-016-3046-3 PMID: 27957604

11. Hayakawa K, Okazaki R, Ishii K, Ueno T, Izawa N, Tanaka Y et al. Phosphorylated neurofilament sub-

unit NF-H as a biomarker for evaluating the severity of spinal cord injury patients, a pilot study. Spinal

Cord 2012; 50: 493–496. https://doi.org/10.1038/sc.2011.184 PMID: 22270191

12. Inoue R, Sumitani M, Ogata T, Chikuda H, Matsubara T, Kato S et al. Direct evidence of central nervous

system axonal damage in patients with postoperative delirium: A preliminary study of pNF-H as a prom-

ising serum biomarker. Neuroscience Letter 2017; 653:39–44. https://doi.org/10.1016/j.neulet.2017.

05.023 PMID: 28504118

PLOS ONE Neuron-specific enolase and delirium

PLOS ONE | https://doi.org/10.1371/journal.pone.0259217 November 19, 2021 9 / 10

https://doi.org/10.1097/ACO.0000000000000061
http://www.ncbi.nlm.nih.gov/pubmed/24514034
https://doi.org/10.1007/s00134-001-1132-2
https://doi.org/10.1007/s00134-001-1132-2
http://www.ncbi.nlm.nih.gov/pubmed/11797025
https://doi.org/10.1097/01.ccm.0000119429.16055.92
https://doi.org/10.1097/01.ccm.0000119429.16055.92
http://www.ncbi.nlm.nih.gov/pubmed/15071384
https://doi.org/10.1097/CCM.0b013e3181a00118
https://doi.org/10.1097/CCM.0b013e3181a00118
http://www.ncbi.nlm.nih.gov/pubmed/19384206
https://doi.org/10.1097/CCM.0b013e318250acc0
https://doi.org/10.1097/CCM.0b013e318250acc0
http://www.ncbi.nlm.nih.gov/pubmed/22710202
https://doi.org/10.1097/ALN.0b013e318246ec0b
https://doi.org/10.1097/ALN.0b013e318246ec0b
http://www.ncbi.nlm.nih.gov/pubmed/22293721
https://doi.org/10.1016/j.ebiom.2018.10.021
http://www.ncbi.nlm.nih.gov/pubmed/30348620
https://doi.org/10.1007/s00701-016-3046-3
https://doi.org/10.1007/s00701-016-3046-3
http://www.ncbi.nlm.nih.gov/pubmed/27957604
https://doi.org/10.1038/sc.2011.184
http://www.ncbi.nlm.nih.gov/pubmed/22270191
https://doi.org/10.1016/j.neulet.2017.05.023
https://doi.org/10.1016/j.neulet.2017.05.023
http://www.ncbi.nlm.nih.gov/pubmed/28504118
https://doi.org/10.1371/journal.pone.0259217


13. Toft K, Tontsch J, Abdelhamid S, Steiner L, Siegemund M, Hollinger A. Serum biomarkers of delirium in

the elderly: a narrative review. Annals of Intensive Care 2019; 9: 76. https://doi.org/10.1186/s13613-

019-0548-1 PMID: 31263968

14. Rasmussen LS, Christiansen M, Rasmussen H, Kristensen PA, Moller JT. Do blood concentrations of

neurone specific enolase and S-100 beta protein reflect cognitive dysfunction after abdominal surgery?

ISPOCD Group. British Journal of Anaesthesiology 2000; 84: 242–244. https://doi.org/10.1093/

oxfordjournals.bja.a013410 PMID: 10743460

15. Herrmann M, Ebert AD, Tober D, Hann J, Huth C. A contrastive analysis of release patterns of biochem-

ical markers of brain damage after coronary artery bypass grafting and valve replacement and their

association with the neurobehavioral outcome after cardiac surgery. European Journal of Cardiotho-

racic Surgery 1999; 16: 513–518. https://doi.org/10.1016/s1010-7940(99)00245-6 PMID: 10609901

16. Mietani K, Sumitani M, Ogata T, Shimojo N, Inoue R, Abe H et al. Dysfunction of the blood-brain barrier

in postoperative delirium patients, referring to the axonal damage biomarker phosphorylated neurofila-

ment heavy subunit. PLoS One 2019; 14: e0222721. https://doi.org/10.1371/journal.pone.0222721

PMID: 31574089

17. Schrijver EJ, de Vries OJ, Verburg A, de Graaf K, Bet PM, van de Ven PM et al. Efficacy and safety of

haloperidol prophylaxis for delirium prevention in older medical and surgical at-risk patients acutely

admitted to hospital through the emergency department: study protocol of a multicenter, randomised,

double-blind, placebo-controlled clinical trial. BMC Geriatrics 2014; 14: 96. https://doi.org/10.1186/

1471-2318-14-96 PMID: 25168927

18. Ely EW, Margolin R, Francis J, May L, Truman B, Dittus R et al. Evaluation of delirium in critically ill patients:

Validation of the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). Critical Care Medi-

cine 2001; 29: 1370–1379. https://doi.org/10.1097/00003246-200107000-00012 PMID: 11445689

19. Devlin JW, Fong JJ, Schumaker G, O’Connor H, Ruthazer R, Garpestad E. Use of a validated delirium

assessment tool improves the ability of physicians to identify delirium in medical intensive care unit

patients. Critical Care Medicine 2007; 35: 2721–4. https://doi.org/10.1097/01.ccm.0000292011.93074.

82 PMID: 18074477

20. Menzenbach J, Frede S, Petras J, Guttenthaler V, Kirfel A, Neumann C et al. Perioperative Vascular

Biomarker Profiling in Elective Surgery Patients Developing Postoperative Delirium: A Prospective

Cohort Study. Biomedicines. 202; 9: 553. https://doi.org/10.3390/biomedicines9050553 PMID:

34063403

21. Zhang Y., Birru R., Di Y.P. Analysis of Clinical and Biological Samples Using Microsphere-Based Multi-

plexing Luminex System. Mol. Toxicol. Protoc. 2014; 1105: 43–57. https://doi.org/10.1007/978-1-

62703-739-6_4 PMID: 24623218

22. Lin X, Tang J, Liu C, Li X, Cao X, Wang B et al. Cerebrospinal fluid cholinergic biomarkers are associated

with postoperative delirium in elderly patients undergoing Total hip/knee replacement: a prospective cohort

study. BMC Anesthesiol 2020; 20: 246. https://doi.org/10.1186/s12871-020-01166-9 PMID: 32988381

23. Bantis LE, Nakas CT, Reiser B. Construction of confidence regions in the ROC space after the estima-

tion of the optimal Youden index-based cut-off point. Biom J 2005; 47: 458–472. https://doi.org/10.

1002/bimj.200410135 PMID: 16161804

24. Nourshargh S, Alon R. Leukocyte migration into inflamed tissues. Immunity 2014; 41: 694–707. https://

doi.org/10.1016/j.immuni.2014.10.008 PMID: 25517612

25. Ahles TA, Saykin AJ. Candidate mechanisms for chemotherapy-induced cognitive changes Nature

Review Cancer 2007; 7: 192–201. https://doi.org/10.1038/nrc2073 PMID: 17318212

26. Natori A, Ogata T, Sumitani M, Kogure T, Yamauchi T, Yamauchi H. Potential role of pNF-H, a bio-

marker of axonal damage in the central nervous system, as a predictive marker of chemotherapy-

induced cognitive impairment. Clin Cancer Res 2015; 21: 1348–52. https://doi.org/10.1158/1078-0432.

CCR-14-2775 PMID: 25589615

27. Takahashi H, Aoki Y, Nakajima A, Sonobe M, Terajima F, Saito M et al. Axonal damage is remarkable

in patients with acutely worsening symptoms of compression myelopathy: biomarkers in cerebrospinal

fluid samples. European Spine Journal 2018; 27: 1824–1830. https://doi.org/10.1007/s00586-018-

5549-5 PMID: 29557051

28. Hayakawa K, Okazaki R, Ishii K, Ueno T, Izawa N, Tanaka Y et al. Phosphorylated neurofilament sub-

unit NF-H as a biomarker for evaluating the severity of spinal cord injury patients, a pilot study. Spinal

Cord 2012; 50: 493–496. https://doi.org/10.1038/sc.2011.184 PMID: 22270191

29. kuda M, Ichiyama T. Serum neurofilament concentrations in children with prolonged febrile seizures.

Journal of Neurological Sciences 2012; 321: 39–42.

30. Hu YY, He SS, Wang XC, Duan QH, Khatoon S, Iqbal K et al. Elevated levels of phosphorylated neurofi-

lament proteins in cerebrospinal fluid of Alzheimer disease patients. Neuroscience Letter 2002; 320:

156–160. https://doi.org/10.1016/s0304-3940(02)00047-2 PMID: 11852185

PLOS ONE Neuron-specific enolase and delirium

PLOS ONE | https://doi.org/10.1371/journal.pone.0259217 November 19, 2021 10 / 10

https://doi.org/10.1186/s13613-019-0548-1
https://doi.org/10.1186/s13613-019-0548-1
http://www.ncbi.nlm.nih.gov/pubmed/31263968
https://doi.org/10.1093/oxfordjournals.bja.a013410
https://doi.org/10.1093/oxfordjournals.bja.a013410
http://www.ncbi.nlm.nih.gov/pubmed/10743460
https://doi.org/10.1016/s1010-7940(99)00245-6
http://www.ncbi.nlm.nih.gov/pubmed/10609901
https://doi.org/10.1371/journal.pone.0222721
http://www.ncbi.nlm.nih.gov/pubmed/31574089
https://doi.org/10.1186/1471-2318-14-96
https://doi.org/10.1186/1471-2318-14-96
http://www.ncbi.nlm.nih.gov/pubmed/25168927
https://doi.org/10.1097/00003246-200107000-00012
http://www.ncbi.nlm.nih.gov/pubmed/11445689
https://doi.org/10.1097/01.ccm.0000292011.93074.82
https://doi.org/10.1097/01.ccm.0000292011.93074.82
http://www.ncbi.nlm.nih.gov/pubmed/18074477
https://doi.org/10.3390/biomedicines9050553
http://www.ncbi.nlm.nih.gov/pubmed/34063403
https://doi.org/10.1007/978-1-62703-739-6_4
https://doi.org/10.1007/978-1-62703-739-6_4
http://www.ncbi.nlm.nih.gov/pubmed/24623218
https://doi.org/10.1186/s12871-020-01166-9
http://www.ncbi.nlm.nih.gov/pubmed/32988381
https://doi.org/10.1002/bimj.200410135
https://doi.org/10.1002/bimj.200410135
http://www.ncbi.nlm.nih.gov/pubmed/16161804
https://doi.org/10.1016/j.immuni.2014.10.008
https://doi.org/10.1016/j.immuni.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25517612
https://doi.org/10.1038/nrc2073
http://www.ncbi.nlm.nih.gov/pubmed/17318212
https://doi.org/10.1158/1078-0432.CCR-14-2775
https://doi.org/10.1158/1078-0432.CCR-14-2775
http://www.ncbi.nlm.nih.gov/pubmed/25589615
https://doi.org/10.1007/s00586-018-5549-5
https://doi.org/10.1007/s00586-018-5549-5
http://www.ncbi.nlm.nih.gov/pubmed/29557051
https://doi.org/10.1038/sc.2011.184
http://www.ncbi.nlm.nih.gov/pubmed/22270191
https://doi.org/10.1016/s0304-3940(02)00047-2
http://www.ncbi.nlm.nih.gov/pubmed/11852185
https://doi.org/10.1371/journal.pone.0259217

