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Abstract

Background: Delirium (an acute change in cognition) is a common, morbid, and costly syndrome seen primarily in aging adults. Despite
increasing knowledge of its epidemiology, delirium remains a clinical diagnosis with no established biomarkers to guide diagnosis or
management. Advances in proteomics now provide opportunities to identify novel markers of risk and disease progression for postoperative
delirium and its associated long-term consequences (eg, long-term cognitive decline and Alzheimer’s disease [AD]).

Methods: In a nested matched case—control study (18 delirium/no-delirium pairs) within the Successful Aging after Elective Surgery study
(N = 556), we evaluated the association of 1305 plasma proteins preoperatively [PREOP] and on postoperative day 2 [POD2]) with delirium
using SOMAscan. Generalized linear models were applied to enzyme-linked immunosorbant assay (ELISA) validation data of one protein across
the full cohort. Multi-protein modeling included delirium biomarkers identified in prior work (C-reactive protein, interleukin-6 [IL6]).

Results: We identified chitinase-3-like-protein-1 (CHI3L1/YKL-40) as the sole delirium-associated protein in both a PREOP and a POD2
predictor model, a finding confirmed by ELISA. Multi-protein modeling found high PREOP CHI3L1/YKL-40 and POD2 IL6 increased the risk
of delirium (relative risk [95% confidence interval] Quartile [Q]4 vs Q1: 2.4[1.2-5.0] and 2.1[1.1-4.1], respectively).

Conclusions: Our identification of CHI3L1/YKL-40 in postoperative delirium parallels reports of CHI3L1/YKL-40 and its association
with aging, mortality, and age-related conditions including AD onset and progression. This highlights the type 2 innate immune response,
involving CHI3L1/YKL-40, as an underlying mechanism of postoperative delirium, a common, morbid, and costly syndrome that threatens
the independence of older adults.
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Delirium affects 25% of older adults undergoing major elective sur-
gery and is associated with greater nosocomial complications (1),
longer hospitalizations (2), higher rates of discharge to nursing homes
(3), increased risk of long-term cognitive and functional decline (4-
6), incident dementia (7), and mortality (8,9). In Alzheimer’s disease
(AD) patients, delirium is associated with accelerated cognitive de-
cline (10-12). Annual U.S. health care costs attributable to delirium
are $182 billion (13). Despite increasing knowledge of its epidemi-
ology, delirium pathophysiology and etiopathogenesis remain poorly
understood due to its multifactorial and heterogeneous etiology.

Among proposed pathophysiologies (14), recent work has
supported an inflammatory model of postoperative delirium.
Specifically, a systemic low-grade preinflammatory state is linked
to an increased risk of developing delirium (15,16), which aligns
with the literature on inflammation and immune activation in AD
(17). Specifically, we found: (i) interleukin (IL)-6 levels measured
on postoperative day 2 (POD2) were elevated in delirium cases
relative to matched no-delirium controls using a Luminex cyto-
kine panel (18), and (ii) C-reactive protein (CRP) was the strongest
delirium-associated protein preoperatively (PREOP) and at POD2
using unbiased proteomics (Isobaric tags for relative and absolute
quantitation [iTRAQ]-based relative quantitation mass spectrom-
etry) followed by enzyme-linked immunosorbant assay (ELISA)
validation (15). Hence, there is emerging evidence that blood-based
protein biomarkers for delirium might play a role in elucidating
pathophysiological mechanisms and laying the foundation for
noninvasive, cost-effective immunoassays to guide prediction, diag-
nosis, and monitoring of delirium.

Our prior Luminex and mass spectrometry-based approaches were
limited to a restricted set of measurable plasma proteins. Advances
in proteomics platforms now provide opportunities to further iden-
tify new biological pathways of delirium through measurement of
exponentially more proteins with minimal sample volume: from ap-
proximately 100 proteins using mass spectrometry based-iTRAQ to
now 13035 proteins measured across the entire dynamic range using
aptamer-based SOMAscan (SOMALogic). We hypothesize that a more
comprehensive analysis of the proteome using this innovative prote-
omics platform may enhance understanding of delirium pathophysi-
ology. Therefore, using banked samples from the well-characterized
Successful Aging after Elective Surgery (SAGES) cohort, we: (i) ana-
lyzed the plasma proteome at PREOP and POD2 using SOMAscan to
discover markers of postoperative delirium in a nested matched case—
control study (18 delirium/no delirium pairs), (ii) conducted ELISA val-
idation of one identified delirium-associated protein in the full SAGES
cohort (PREOP N = 553, POD2 N = 556), and (iii) used multi-protein
modeling to examine the independent associations of the SOMAscan-
identified and ELISA-validated protein with previously discovered
plasma markers for delirium (CRP and IL6) (15,16,18,19).

Method

Study Population

The SAGES study, designed to understand novel risk factors and
long-term outcomes of delirium, enrolled 560 patients >70 years
old scheduled for major noncardiac surgery. Study details, including
major inclusion and exclusion criteria have been previously pub-
lished (20,21). Notably, patients underwent a detailed screening
process to exclude dementia based on patient or family report of
dementia diagnosis, medical record review, capacity assessment, and
cognitive testing using the Modified Mini-Mental State Examination

(22) and detailed neuropsychological battery that enabled calcula-
tion of a General Cognitive Performance (GCP) measure (23).
Informed consent for study participation was obtained from all
subjects according to procedures approved by institutional review
boards at Beth Israel Deaconess Medical Center and Brigham and
Women’s Hospital, the 2 surgical sites, and Hebrew SeniorLife, the
study coordinating center, all located in Boston, Massachusetts.

Specimen Collection

Patients underwent phlebotomy at PREOP, post-anesthesia care unit,
POD2, and 1 month post-surgery. Based on previous findings, this
study focused on the PREOP and POD2 time points due to their
paramount importance for identifying risk markers (PREOP) and
disease markers (POD2) of delirium, respectively (18). Details about
quality control measures, blood processing, and storage have been
published (15,18).

Delirium and Delirium Severity

Postoperative delirium was determined from daily interviews during
hospitalization, supplemented with a validated chart review method,
used to maximize sensitivity (24). The presence of delirium was de-
termined by the Confusion Assessment Method (CAM) diagnostic
algorithm (25). Patients were considered delirious if delirium was
present on either the CAM or the chart review method on any
postoperative day.

Delirium severity was quantified using the CAM-Severity long
form (CAM-S LF) score (24). The CAM-S LF includes severity ratings
of 10 CAM features (range 0-19, 19 most severe); each scored as
0 (absent), 1 (present, mild), and 2 (present, marked)—except for
fluctuating course, which is scored 0 (absent) and 1 (present). Our
primary outcome for delirium severity was defined as the sum of
CAM-S scores (sum CAM-S) across all postoperative days until hos-
pital discharge, which considers both intensity and duration and
thus reflects the total “burden” of delirium features across the entire
hospitalization. We previously described sum CAM-S and found it
to be the delirium feature severity measure most strongly associated
with clinical outcomes (26). For analysis, we categorized the sum
CAMS-S into 3 groups: no delirium (regardless of CAM-S score), mild
delirium (sum CAM-S <17, the median sum CAM-S value among pa-
tients with delirium), and severe delirium (sum CAM-S >17).

Selection of the Nested Matched Case—Control

Sample for SOMAscan Discovery and ELISA

Validation

For biomarker discovery, we created a nested, matched case—con-
trol sample from the full SAGES cohort. Delirium cases were defined
as participants with either: (i) delirium on POD2; or (ii) delirium
on POD1 and subsyndromal delirium on POD2 or POD3 (see
Supplementary Material for details). No-delirium controls were
defined as patients without delirium or without subsyndromal de-
lirium on any postoperative day. Cases and controls were matched
on: age within 5 years; baseline GCP score within 5 points [0-100
scale]; and an exact match for sex, surgery type, presence of vascular
comorbidity, and Apolipoprotein E €4 status (see Supplementary
Materials for description of variables). Details on the inclusion/
exclusion criteria and matching methods have been described
(15,18,27). Plasma samples from 18 matched case—control pairs at
PREOP and POD2 were considered in the SOMAscan biomarker
discovery phase (Aim 1). ELISA validation was performed on the
entire SAGES cohort with plasma available (N = 556).
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SOMAscan Assay

Heparin plasma samples (50 pL) were analyzed using the SOMAscan
Assay Kit for human serum 1.3k (cat. #900-00012), which meas-
ures expression of 1305 human proteins using highly selective
single-stranded modified Slow Off-rate Modified DNA Aptamers
(SOMAmer) according to the manufacturer’s standard protocol
(SomaLogic; Boulder, CO). See Supplementary Materials for details.
Data quality control, calibration, and normalization were done ac-
cording to the manufacturer’s protocol as previously described (28).

Sample Processing and Statistical Analysis
Figure 1 illustrates the overall methodologic steps that are described
in detail below.

Step 1: SOMAscan proteomics discovery, systems biology, and
development of delirium predictor models

Identification of a proteomic signature of postoperative delirium.—
Differential expression analysis compared delirium (DEL) and
control (CNT) samples at PREOP and POD2 using paired ¢ tests.
A protein was considered to be differentially expressed if it was sig-

Stage 1: SOMAscan Proteomics Discovery (N=36)
- Identification of proteins associated with Delirium at
PREOP and POD2 (among 1305 measured)

- Assessment of clustering and classification
performance

Systems Biology Frequency Analysis

(analysis of enriched

functional categories,

upstream regulators
and networks)

Predictor
Development

Stage 2: ELISA Validation (N=554)

Stage 3: Statistics, Multivariable analysis and
modeling of ELISA data

Figure 1. Overall workflow and methodologic steps for protein identification
of delirium protein expression profiles and ELISA validation of proteins.
Proteins significantly differentially expressed in delirium samples at PREOP
and POD2 were used for hierarchical clustering and PCA to investigate their
potential to distinguish the 2 classes of samples. Both PREOP and POD2
delirium-specific protein sets were used for System Biology Analysis to
identify their biological implications using Ingenuity Pathway Analysis. Ten
thousand subsamples of the data at both PREOP and POD2 were generated
to calculate the frequency with which a protein remains delirium-specific.
Proteins with high-frequency and fold change, i.e. robust differential
expression, were evaluated as predictors of delirium using all possible
combinations. For each combination, 1000 4-fold cross-validations were
performed to identify predictor performance using support vector machines.
ELISA validation of CHI3L1/YKL-40 as the sole delirium-associated protein in
both a PREOP and a POD2 predictor model was confirmed by ELISA in a larger
cohort of 554 samples. CHI3L1/YKL-40 and markers previously associated with
Delirium (CRP [PREOP, POD2] and IL6 [POD2]) were analyzed in a combined
model. CHI3L1/YKL-40 = Chitinase-3-like protein 1; CRP = C-reactive protein;
ELISA = Enzyme-linked immunosorbent assay; PCA = Principal component
analysis; POD2 = Postoperative day 2; PREOP = Preoperative; SVM = Support
vector machine.

nificantly dysregulated (p < .05). Fold change (FC) of protein ex-
pression was calculated by applying the one-step Tukey’s biweight
algorithm on the FC values (DEL/CNT) for each paired sample (tFC)
(29). This provides a robust estimation of the FC for each individual
protein that is unaffected by outliers. Discriminatory power of the
protein expression was established using hierarchical clustering and
principal components analysis (PCA) (30). Sample classification was
completed using support vector machines (SVM) (31) on the PCA
results using Gaussian, polynomial (degree = 2, 3, 4), and linear ker-
nels. See Supplementary Materials for additional details.

Systems biology analysis.—To acquire new insights into potential
pathophysiological pathways underlying delirium-specific plasma
protein signatures at PREOP and POD2 and to better understand
the interactions between the differentially expressed proteins and
candidate upstream regulators, we performed functional category,
canonical pathway, interactive network, upstream regulator, and
regulator effect analyses of all dysregulated proteins with a p < .05
using the Ingenuity Pathway Analysis (IPA) software tool (QIAGEN,
Redwood City, CA). IPA is a repository of biological interactions
and functions created from millions of individually modeled rela-
tionships ranging from molecular (proteins, genes) to organism (dis-
eases) level (31).

Machine learning to develop diagnostic classifiers using support
vector machines (SVM).—To assess the robustness in differential ex-
pression, 10 000 subsampled data sets were obtained at each time
point. In each subsampled data set, 75% of the delirium and control
samples were retained and differential expression analysis was per-
formed. The frequency of occurrence in the differentially expressed
protein list (p < .05) for each protein was calculated. Twelve proteins
each that were differentially expressed in at least 50% of the sub-
sampled data sets and that were linked to delirium were selected as
candidate predictors at PREOP and POD2 based on the frequency
count (top one-half) and p-value (p < .05). All combinations (1-12)
of the 12 proteins were evaluated as predictor sets, resulting in
212-1 = 4095 candidate predictor protein sets.

To develop risk predictor models, we developed classifiers with
a minimal number of proteins that could serve as risk and disease
biomarkers of delirium. For each candidate predictor set, 1000 splits
based on 4-fold cross-validation was performed to assess the per-
formance of the predictor set by assessing its accuracy, sensitivity,
and specificity in each split. Prediction was performed by applying
SVM-based machine learning to the samples projected on the PCA
bases to develop high accuracy delirium risk and disease predictors.
In contrast to the average prediction accuracies for the individual
proteins, combinations of multiple proteins significantly increased
average accuracy, sensitivity, and specificity.

Step 2: ELISA validation

ELISA validation of proteomic data.—We selected one of the pro-
teins included in predictors at both PREOP and POD2 for validation
across the entire SAGES cohort. Expression levels of this protein
were determined by ELISA (R&D Systems, Minneapolis, MN) ac-
cording to the manufacturer’s protocol (PREOP, N = 553; POD2,
N = 556). All samples were run in duplicate. Each 96-well plate con-
tained the standard curve and 19 participant samples at 2 timepoints
(PREOP and POD2). Duplicate coefficient of variations (CVs) were
typically <5%, and samples with more than 10% CVs were repeated.
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Two internal samples were run on every 96-well ELISA plate for
calibration. Inter-plate variation ranged from 5% to 10% based on
the internal calibration value. ELISA plates were read using a BioTek
MX plate reader at optical density = 450 nm. A 4-parameter logistic
curve was used for optimizing the best-fit model.

Step 3: Multivariable analysis and modeling of ELISA data
For validation (PREOP N = 553; POD2 N = 556), we used ELISA
measurement of the SOMAscan-identified protein to determine the
association between the protein and postoperative delirium using
generalized linear models with a log-link and binomial error term
(relative risks [RR]). Using multinomial logistic regression models,
we determined the association between the protein and the 3-cat-
egory delirium severity measure (no delirium, mild delirium, severe
delirium). All models adjusted for age, sex, baseline GCP, surgery
type, Charlson comorbidity index, and medical complications.
Using generalized linear models, we conducted multi-protein
modeling to determine the independent association of the SOMAscan-
identified protein, along with plasma markers previously associated
with delirium (CRP at PREOP and POD2, IL6 at POD2 only). Using
multinomial logistic regression, we conducted multi-protein modeling
to determine the association of each protein with delirium severity.
All models adjusted for age, sex, baseline GCP, surgery type, Charlson
comorbidity index, and medical complications. Statistical analyses for
Steps 2 and 3 were performed using SAS, Version 9.4.

Results

Sample Characteristics

Supplementary Table S1 shows the sample characteristics of the
SOMAscan sample (7 = 36; 18 matched pairs) and the ELISA

validation sample of the SAGES cohort (N = 556). No substan-
tial differences between the 2 samples were observed for age and
sex, though the SOMAscan sample included a greater propor-
tion of patients undergoing orthopedic surgery, having a Charlson
comorbidity score >2, having higher vascular comorbidity, and
developing postoperative delirium (50% given the matched case—
control study design).

SOMAscan proteomics for delirium biomarker
discovery

Paired ¢ tests identified 85 proteins at PREOP (Table 1 showing
the top 20 up- and downregulated out of 85 proteins, based on
tFC) and 128 proteins at POD2 (Table 2 showing the top 20 up-
and downregulated out of 128 proteins, based on tFC) that were
significantly differentially expressed between delirium cases and
matched no-delirium controls (p < .05). Forty-four of these pro-
teins were dysregulated at both timepoints. These results indicated
that a portion of the proteins linked to delirium presence are
dysregulated prior to surgery, enhancing the risk for postoperative
delirium. See Supplementary Table S2A and S2B for a complete
list of differentially expressed proteins at PREOP and POD2
(respectively).

Figure 2A shows hierarchical clustering analysis of the top 17
proteins with the most significant differential expression (p <.01) be-
tween cases and controls at PREOP: 11 proteins were increased and
6 proteins were decreased in patients with postoperative delirium.
There was excellent discrimination between the delirium cases and
controls, except for 1 of 18 delirium cases that clustered with the
no-delirium controls and 2 of 18 controls that clustered with the de-
lirium cases. Similarly, at POD2, hierarchical clustering of the most
significantly differentially expressed 37 proteins (p < .01) separated

Table 1. Top 10 Up-Regulated and Down-Regulated Proteins Between Delirium Cases and Controls at PREOP?

Entrez
Protein Name Gene ID Entrez Gene Symbol p Value tFC (DEL/CNT)
Up-Regulated/Increased in Delirium
Chitinase-3-like protein 1 1116 CHI3L1 .0045 1.99
Platelet factor 4 5196 PF4 .0088 1.83
MHC class I polypeptide-related sequence A 4276 MICA .0082 1.69
Pituitary adenylate cyclase-activating polypeptide 27 116 ADCYAP1 .0090 1.66
Resistin 56729 RETN .0388 1.64
CMRF35-like molecule 6 10871 CD300C .0059 1.61
Programmed cell death 1 ligand 1 29126 CD274 .0251 1.53
Low affinity immunoglobulin gamma Fc region receptor III-B 2215 FCGR3B .0312 1.51
Pappalysin-1 5069 PAPPA .0036 1.48
Tumor necrosis factor receptor superfamily member 1A 7132 TNFRSF1A .0013 1.48
Down-Regulated/Decreased in Delirium
N-acylethanolamine-hydrolyzing acid amidase 27163 NAAA .0458 -1.34
Acidic leucine-rich nuclear phosphoprotein 32 family member B 10541 ANP32B .0140 -1.34
Plasma kallikrein 3818 KLKB1 .0423 -1.35
Bone morphogenetic protein 1 649 BMP1 .0106 -1.37
Complement C4b 720 721 C4A C4B .0315 -1.40
C-C motif chemokine 27 10850 CCL27 .0157 -1.42
Cathepsin L2 1515 CTSV .0259 -1.43
Tumor necrosis factor ligand superfamily member 9 8744 TNFSF9 .0066 -1.44
Eotaxin 6356 CCL11 .0420 -1.59
Interleukin-25 64806 IL25 .0169 -1.60

Note: CNT = No delirium control; DEL = Delirium case; tFC = Tukey’s fold change.

“Top proteins selected based on fold change.
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Table 2. Top 10 Up-Regulated and Down-Regulated Proteins Between Delirium Cases and Controls at POD2?

Entrez
Protein Name Gene ID Entrez Gene Symbol p Value tFC (DEL/CNT)
Up-Regulated/Increased in Delirium
Phospholipase A2; membrane associated 5320 PLA2G2A .0450 1.94
Interleukin-6 3569 IL6 .0047 1.90
MHC class I polypeptide-related sequence A 4276 MICA .0128 1.79
Metalloproteinase inhibitor 1 7076 TIMP1 .0031 1.74
Thrombospondin-1 7057 THBS1 .0220 1.69
CD177 antigen 57126 CD177 .0092 1.68
Pituitary adenylate cyclase-activating polypeptide 27 116 ADCYAP1 .0142 1.63
Chitinase-3-like protein 1 1116 CHI3L1 .0049 1.60
Creatine kinase M-type 1158 CKM .0448 1.54
CMRF35-like molecule 6 10871 CD300C .0183 1.53
Down-Regulated/Decreased in Delirium
Protein amnionless 81693 AMN .0364 -1.33
Syntaxin-1A 6804 STX1A .0455 -1.33
C-C motif chemokine 16 6360 CCL16 .0450 -1.34
Choline/ethanolamine kinase 1120 CHKB .0328 -1.34
Plasma protease C1 inhibitor 710 SERPING1 .0033 -1.35
Melanoma-derived growth regulatory protein 8190 MIA .0190 -1.37
C-C motif chemokine 27 10850 CCL27 .0366 -1.38
Cadherin-1 999 CDH1 .0047 -1.39
Angiostatin 5340 PLG .0043 -1.39
Leucine-rich repeats and immunoglobulin-like domains protein 3 121227 LRIG3 .0024 -1.39

Note: CNT = No delirium control; DEL = Delirium case, tFC = Tukey’s fold change.

“Top proteins selected based on Tukey’s fold change.

delirium cases from no delirium controls, with 3 of 18 delirium
cases clustering with the controls, and no controls clustering with
the delirium cases (Figure 2B). Among these 37 proteins, 9 proteins
were increased and 28 proteins were decreased in patients who de-
veloped delirium compared to their matched no-delirium controls.
Excellent discrimination at PREOP and POD2 was observed when
performing PCA using these sets of proteins as visualized by the
SVM classification decision line (Supplementary Figure S1A and
S1B, respectively).

Functional Annotation and Systems Biology

Analysis

We performed IPA using the 85 PREOP and 128 POD2 proteins
(p < .05 threshold for both). Modeling the links between delirium-
associated proteins and their established associations with upstream
regulatory proteins was particularly informative. The predicted up-
stream regulators with highest statistical significance converged on
activation of pro-inflammatory cytokines (IFNG, TNF, IL1B, IL15,
IL17A, CCL2, and IL2) and the NF-xB pathway (NFKB, RELA, and
IKBKB) at PREOP (Figure 3A) and on a similar set of cytokines (IL6,
IL1B, IFNG, and OSM) at POD2 (Figure 3B).

The pro-inflammatory cytokines common to both PREOP and
POD?2 are IL1B and IFNG (Figure 3A and B). Twenty-four of the 85
PREOP proteins (Figure 3C) and 29 of the 128 POD2 proteins were
predicted to be regulated by IL1B (Figure 3D). Among the proteins
downstream of IL1B is chitinase-3-like protein 1 (CHI3L1/YKL-
40). This was of particular interest given its association with AD
(32). At POD2, but not PREOP, IL6 was elevated in delirium and
was the most significant upstream regulator of 28 proteins. STAT3,
which is activated by IL6, is another significant upstream regulator

at POD2. Complement CS5 is predicted to be active and upstream
of a set of proteins linked to delirium at PREOP (Supplementary
Figure S2A).

Among the significantly enriched disease and biological functions
at PREOP, the immune regulatory pathways were most prominently
represented (Figure 3E). This included pathways related to migra-
tion, movement, and activation of immune cells, the inflammatory
response, and vasculogenesis. Figure 3F highlights in detail the 23
proteins linked to a predicted enhancement in movement, recruit-
ment, and infiltration of neutrophils among the 85 PREOP proteins.
This pathway analysis underscores a preinflammatory state in pa-
tients who develop postoperative delirium.

Inflammatory processes are also prominently represented in the
significantly enriched disease and biological functions at POD2
(Figure 3G). The 51 proteins linked to the inflammatory response,
including CHI3L1/YKL-40 and IL6, are highlighted in Figure 3H
(Supplementary Figure S2B). Additional relevant pathways are
linked to cell death, vascular function, and neurological functions
(Figure 3G), including proteins involved in vascular function down-
stream of platelet activating factor (PAF) such as ANGPT2, THBS1,
TIMP1, and TIMP2 (Supplementary Figure S2C). PAF has been
demonstrated to induce transient blood—brain barrier dysfunction.

Risk Predictor Models

At PREOP, a 7-protein delirium risk predictor was identified with
86.9% average accuracy (95% confidence interval [CI): [86.1,
87.6]), 89.0% average sensitivity (95% CI: [88.0, 90.0]), and 84.7%
average specificity (95% CI: [83.5, 85.9]) and an area under the
curve (AUC) of 0.94 (Supplementary Figure S3). This 7-protein de-
lirium risk predictor model comprised 4 proteins that were increased
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Figure 2. Hierarchical clustering of top proteins differentially expressed
between delirium cases and matched controls at PREOP and POD2. (A)
Hierarchical clustering of delirium cases and matched non-delirium controls
using the top 17 plasma proteins at PREOP (p < .01), reflecting relative
minimum and maximum expression levels for each protein as quantified
by SOMAscan. (B) Hierarchical clustering of delirium cases and matched
non-delirium controls using the top 37 plasma proteins at POD2 (p < .01). In
the hierarchical clustering colormap, red denotes relatively higher level and
green denotes relatively lower level. CHI3L1/YKL-40 = Chitinase 3-like protein
1; IL6 = Interleukin-6; POD2 = Postoperative day 2; PREOP = Preoperative.
Full color version is available within the online issue.

(CHI3L1/YKL-40, MAP2K3, IL22RA2, and CD300C) and 3 pro-
teins that were decreased (CCL27, CD207, and FN1) in patients
with delirium. PCA using this 7-protein panel separated the delirium
cases from the controls into 2 clusters as seen by 2D visualization of
the SVM classification line (Figure 4A).

At POD2, a 4-protein delirium disease predictor was identified
with a 4-fold-cross-validation of 83.4% average accuracy (95% CI:
[82.6, 84.1]), 76.0% average sensitivity (95% CI: [74.7, 77.2), and
90.8% average specificity (95% CI: [89.9, 91.7]) and AUC of 0.94

(Supplementary Figure S4). This 4-protein predictor was comprised
of 1 protein that was increased (CHI3L1/YKL-40) and 3 proteins
that were decreased (SERPINC1, IL25, and ECE1) in patients with
delirium. PCA using this 4-protein panel effectively separated the
delirium cases from the controls into 2 clusters as seen by 2D visual-
ization of the SVM classification line (Figure 4B). See Supplementary
Figures S5 and S6 for box and whisker plots showing the distribu-
tion of SOMAscan expression levels for each of these 7 PREOP and
4 POD2 proteins, respectively.

ELISA Validation

CHI3L1/YKL-40 is among the proteins significantly increased in de-
lirium cases at both PREOP and POD2 and is the only one shared by
the predictor models for both timepoints. Given this and its known
link to AD and neuroinflammation, we selected CHI3L1/YKL-40 for
independent ELISA validation in the entire SAGES cohort (N = 556).
As visualized in Supplementary Figure S7, median CHI3L1/YKL-40
levels were significantly higher in patients with delirium relative to
patients without delirium at PREOP and POD2 (p < 10~ for both).

Multivariable Analysis
Table 3 reports the adjusted RR of postoperative delirium for each
sample-based quartile of CHI3L1/YKL-40 (PREOP, POD2) along
with markers previously associated with delirium (CRP [PREOP,
POD2] and IL6 [POD2]). These are considered in separate, in-
dividual analytic models (Models 1) and in a single multi-protein
model (Model 2). Although each of the markers was associated with
postoperative delirium in the individual models (Models 1), when
all proteins were considered together only CHI3L1/YKL-40 PREOP
and IL6 POD2 remained significant. At PREOP, patients in quartiles
3 and 4 (Q3, Q4) of CHI3L1/YKL-40 had more than a 2-fold in-
creased risk of postoperative delirium (RR [95% CIJ: 2.2[1.1, 4.3]
and 2.4[1.2, 5.0], respectively) compared to those in Q1. At POD2,
those in Q4 of IL6 had over a 2-fold increased risk of delirium com-
pared to those in Q1 (RR [95% CI]: 2.1 [1.1-4.1], respectively).
Supplementary Table 3 reports the adjusted odds ratios (OR) of
delirium severity for each sample-based quartile of CHI3L1/YKL-
40, CRP, and IL6 considered in separate, individual analytic models
(Model 1) and a single multi-protein model (Model 2). A strong as-
sociation was observed for delirium severity and CHI3L1/YKL-4
(PREOP and POD2) and IL6 POD2. Relative to patients in Q1 of
CHI3L1/YKL-40 at PREOP, patients in Q2, Q3, and Q4 had an in-
creased odds of having severe delirium as opposed to no delirium
(OR [95% CIJ; Model 1): 3.7 [1.3-9.9], 3.2 [1.1-8.8], and 5.7 [2.1—
15.6]), respectively. Relative to patients in Q1 of CHI3L1/YKL-40
at POD2, patients in Q3 and Q4 had an increased odds of having
severe delirium as opposed to no delirium (OR [95% CI]; Model 1):
2.9 [1.2-7.3] and 3.8 [1.6-9.5], respectively. When all proteins were
considered together (Model 2), CHI3L1/YKL-40 PREOP and IL-6
POD2 remained significant: relative to patients in Q1 of CHI3L1/
YKL-40 PREODP, patients in Q2, Q3, and Q4 had an increased odds
of having severe delirium compared to no delirium (OR [95% CI)):
3.2 [1.1-9.1], 2.5 [0.8-7.6], and 4.2[1.3-13.5], respectively).

Conclusions

Using SOMAscan proteomics for discovery followed by ELISA val-
idation, we identified a novel, potentially clinically relevant delirium
risk and disease plasma biomarker: CHI3L1/YKL-40. The following
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Figure 3. (A) PREOP Upstream regulators (ie, a protein/gene that can affect
the expression of another protein/gene) with highest statistical significance
that best explain the observed expression changes in the input 85 protein list
as their targets. The x-axis indicates the -log p-values. (B) POD2 Upstream
regulators (ie, a protein/gene that can affect the expression of another
protein/gene) with highest statistical significance that best explain the
observed expression changes in the input 128 protein list as their targets. The
x-axis indicates the -log p-values. (C) PREOP Downstream targets of IL1B (ie,
proteins whose expression is affected by IL1B) from among the 85-protein
list. Red indicates upregulation and green denotes downregulation in
delirium. Proteins are coded by shape; square: cytokine, vertical rhombus:
enzyme, horizontal rhombus: peptidase, trapezoid: transporter, ellipse:
transmembrane receptor, circle: other. Links are color-coded as red: leads to
activation, blue: leads to inhibition, yellow: findings inconsistent with state
of downstream protein, black: effect not predicted. (D) POD2 Downstream
targets of IL1B (ie, proteins whose expression is affected by IL1B) from
among the 128-protein list. The color, shape, and link coding are the same
as part C. (E) PREOP Biological functions that are significantly enriched (ie,
statistically relative high number of proteins dysregulated in cases versus
controls) by the 85-input protein list. The x-axis indicates the -log p-values.
(F) PREOP proteins among the input list that are linked to immune cell
movement. The color, shape, and link coding are the same as part C. (G)
POD2 Biological functions that are significantly enriched by the 128-input
protein list. The x-axis indicates the -log p-values. (H) POD2 proteins among
the input list that are linked to the “Inflammatory Response” biological

evidence provides support for the involvement of CHI3L1/YKL-
40 in delirium: (i) strong and consistent associations of elevated
CHI3L1/YKL-40 at PREOP and POD2 in the SOMAscan prote-
omics discovery phase; (ii) the only protein in common to PREOP
and POD2 delirium predictor models; (iii) independent ELISA val-
idation across the full SAGES cohort with significant adjusted RR
in individual models at PREOP and POD2, and in a PREOP multi-
protein model. Taken together, these findings indicate the potential
value of CHI3L1/YKL-40 as a risk marker of delirium (ie, elevated
before onset of delirium) and as a disease marker on POD2 (ie, rises
with delirium onset, and may fall with delirium recovery).

Our study contributes important new information to the pre-
vious literature on inflammation and delirium by more specific-
ally highlighting the involvement of the type 2 immune response.
CHI3L1/YKL-40, a member of the glycosylhydrolase family, drives
type 2 immunity by eliciting lymphocytic and eosinophilic in-
flammatory responses, spurring alternative macrophage responses
(M2 response), shutting down innate immunity, and driving repair
(33,34). Elevated blood levels of CHI3L1/YKL-40 have been as-
sociated with chronological age (35), multiple inflammatory con-
ditions (eg, diseases associated with tissue remodeling, stroke, and
traumatic brain injury) (36), AD (37), and all-cause mortality in
octogenerarians (38).

CHI3L1/YKL-40 is expressed by different cell types, including
macrophages, neutrophils, vascular smooth muscle cells, and chon-
drocytes, and plays a critical role in the type 2 immune response (39).
Specifically, CHI3L1/YKL-40 mediates the differentiation of mature
macrophages from monocytes, suggesting that the dysregulated
levels of CHI3L1/YKL-40 expression are actively involved in chronic
inflammation and immune disorders (40) and that CHI3L1/YKL40
is involved in diseases that are characterized by tissue remodeling
and/or inflammation. CHI3L1/YKL-40 is a central regulator of
adaptive and anti-pathogen T helper 2 (Th2) cell responses (33,39).
Independently, infusions of both Th1 and Th2 mediating T cells
have reported benefits in brain diseases, which include fewer plaque-
related microglia in the hippocampus and restoration of near normal
working memory in mice with the human transgenes for both the
APP Swedish mutation and Presenilin 1 mutation (41). Taken to-
gether, our findings shed new light on the potential role of the type 2
immune activation in delirium pathophysiology.

Our identification of CHI3L1/YKL-40 in delirium pathophysi-
ology aligns well with prior work demonstrating that CHI3L1/YKL-
40, among several other proteins, increases post-surgery and that its
relative abundance fold change (as opposed to absolute levels) is as-
sociated with postoperative outcomes (medical complications, longer
length of stay, and discharge to a nursing home) (42). In contrast, our
current study is the first, to our knowledge, to show that elevated ab-
solute levels of plasma CHI3L1/YKL-40 are associated with risk and
presence of postoperative delirium, as well as delirium severity. Our
CHI3L1/YKL-40 finding is particularly interesting given the known
epidemiologic links between delirium and AD (3,7,11,43,44). As the
search for potential pathophysiologic mechanisms linking delirium
and AD continues, our identification of CHI3L1/YKL-40 in delirium

functions. The color, shape, and link coding are the same as part B. In parts
B and D, proteins that are validated by ELISA are indicated by a red arrow.
The orange color of the target upstream regulator and biological function
shown in the center implies “activation,” and the shade of the color implies
confidence in activation with darker shades implying more confidence
in the prediction. See text for more details. ELISA = enzyme-linked
immunosorbent assay, POD2 = postoperative day 2, PREOP = preoperative.
Full color version is available within the online issue.
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Figure 4. PCA plot using the 7 proteins from the PREOP Delirium Classifier
(A) and the 4 proteins from the POD2 Delirium Classifier (B) demonstrates
discrimination between delirium cases and non-delirium controls with the
Support Vector Machines separating line based on a linear kernel. Blue circles,
delirium [D]; Red circles, no-delirium controls [C]. POD2 = Postoperative day 2;
PREOP = Preoperative. Full color version is available within the online issue.

incidence and severity highlights a potential promising new avenue
for investigation on delirium and its relationship with AD.

Our study has several notable strengths. First, the use of SOMAscan
deep proteomics enabled measurement of over 1300 proteins for
detecting and conducting high-dimensional functional characterization
of pathophysiological correlates of delirium—a platform that has been
used to identify proteins associated with additional outcomes (eg, bil-
iary atresia (45)). Functional enrichment analysis using IPA highlighted
key upstream regulators and biological functions that appear to be as-
sociated with delirium. This includes inflammation and other immune
pathways (eg, migration, adhesion, and activation of immune cells) at
PREOP and POD2, and vascular functions at POD2.

We acknowledge some limitations of our study. First, for the
discovery proteomics phase, we used a subsample of 18 matched
delirium/no-delirium pairs, which may not be representative of the
full SAGES cohort. Despite this, our CHI3L1/YKL-40 findings were
validated in the full cohort. This finding supports the feasibility and
efficiency of using the matched case—control design for the initial
biomarker discovery phase. Second, the SOMAscan cohort is a

Table 3. Modeling of CHI3L1/YKL-40 With and Without IL-6 and CRP
(a comparison of models) and Their Association With Delirium

Models 1: Model 2: Single
Individual Models Multivariable Model
Marker RR (95% CI) RR (95% CI)
PREOP:
YKL-40
Q1 Reference Reference
Q2 2.0 (1.1-3.9) 1.9 (1.0°-3.6)
Q3 2.5 (1.4-4.7) 2.2 (1.1-4.3)
Q4 2.9 (1.6-5.5) 2.4 (1.2-5.0)
p-for trend <.01 .03
CRP
Q1 Reference Reference
Q2 1.2 (0.7-2.2) 1.3 (0.7-2.3)
Q3 1.6 (1.0>-2.8) 1.5 (0.8-2.6)
Q4 1.8 (1.0--3.0) 1.4 (0.8-2.4)
p-for trend .02 23
POD2:
YKL-40
Q1 Reference Reference
Q2 1.2 (0.7-2.2) 0.9 (0.5-1.7)
Q3 1.8 (1.09-3.1) 1.2 (0.6-2.1)
Q4 2.0 (1.1-3.4) 1.1 (0.5-2.1)
p-for trend <.01 .66
CRP
Q1 Reference Reference
Q2 1.1 (0.7-2.0) 1.0 (0.6-1.8)
Q3 1.5 (0.9-2.5) 1.2 (0.7-2.0)
Q4 1.5 (0.9-2.5) 1.0 (0.6-1.7)
p-for trend .06 .99
IL-6
Q1 Reference Reference
Q2 1.5 (0.8-2.8) 1.5 (0.8-2.7)
Q3 2.0 (1.1-3.5) 1.8 (0.9-3.3)
Q4 2.3 (1.3-4.1) 2.1 (1.1-4.1)
p-for trend <.01 .02

Notes: All models adjusted for age, sex, surgery type, Charlson comorbidity
index, medical complications, and baseline general cognitive performance.

Bold indicates significant at p < .05.

CHI3L1/YKL-40 (ng/l): PREOP - Q1 <38.97, Q2 38.98-70.80, Q3 70.81-
122.69, Q4 2122.70; POD2 - Q1 <286.74, Q2 286.75-542.84, Q3 54.85-
1040.66, Q4 >1040.67.

CRP (mg/l): POD2 - Q1 <127.53, Q2 127.54-177.05, Q3 177.06-235.73,
Q4 2235.74.

IL-6 (mg/l): POD2 - Q1 <110.12, Q2 110.13-127.53, Q3 127.54-169.22,
Q4 2265.4.

Model 1: CHI3L1/YKL-40 PREOP (N = 553), CHI3L1/YKL-40 POD2
(N = 556), CRP PREOP (N = 553), CRP POD2 (N = 556), IL6 POD2
(N = 555).

Model 2: N = 547.

CHI3L1/YKL-40 = Chitinase-3-like protein 1; CI = Confidence interval;
CRP = C-reactive protein; IL6 = Interleukin-6; POD2 = Postoperative day 2;
PREOP = Preoperative; RR = Relative risk.

Actual values: %0.97,0.96, <1.04, 41.02.

subset of the ELISA validation cohort, thus, the validation set is not
entirely independent, although the overlap is small (36 out of 554).
Third, our cohort included only patients undergoing major elective
surgery, mostly orthopedic, in a relatively healthy, older population
without dementia. Thus, our results may not be generalizable to pa-
tients undergoing other types of surgeries, delirium in nonsurgical
settings (eg, ICU), or to older adults with dementia.



492

Journals of Gerontology: MEDICAL SCIENCES, 2022,Vol. 77, No. 3

In summary, the identification of CHI3L1/YKL-40 using
SOMAscan combined with ELISA validation and multi-protein
modeling places CHI3L1/YKL-40 on a growing list of prom-
ising delirium biomarkers. CHI3L1/YKL-40 is unique in its
specific role in immune activation and in its links to aging and
AD (33,34,37,38). The emergence of CHI3L1/YKL-40 from a
comprehensive proteomic analysis points to a potential link to
etiopathogenic mechanisms of delirium. Although clinical utility
of plasma CHI3L1/YKL-40 concentration as a stand-alone bio-
marker for delirium requires further investigation in additional,
more diverse populations, our data reveal a robust peripheral sig-
nature of this highly specific, immune activating protein in de-
lirium pathophysiology and potentially provides a link between
delirium, aging, and AD.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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