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Optimization of the cardiac
delirium index by including age,
decrease in butyrylcholinesterase
actitivity, preoperative HbAlc,
and postoperative hemoglobin
levels: results of a secondary
analysis of a prospective
observational study

Thomas S. Zajonz, Fabian Edinger*, Melanie Markmann,
Katrin Grab, Michael Sander, Christian Kunzemann,
Christian Koch and Emmanuel Schneck

Department of Anaesthesiology, Operative Intensive Care Medicine and Pain Therapy, University
Hospital of Giessen, Justus-Liebig University Giessen, Giessen, Germany

Introduction: Postoperative delirium (POD) after cardiac surgery significantly
affects the perioperative morbidity and mortality. Butyrylcholinesterase (BChE)
is an enzyme primarily produced in the liver, which plays a crucial role in the
hydrolysis of acetylcholine outside of neuronal synapses, referred to as
extraneuronal hydrolysis. The integration of BChE activity into the cardiac
delirium (CARDEL) index might increase its predictive power for identifying
POD after cardiac surgery. Therefore, the primary aim of this study was to
assess the applicability of the CARDEL index and determine whether
integrating the BChE activity enables optimization of the predictive model.
Methods: This secondary analysis of a prospective observational study included
patients undergoing elective coronary artery bypass graft surgery. BChE activity
is expressed in units per liter (U/L), while the BChE drop refers to the percentage
decrease in BChE activity from pre- to postoperative levels. POD risk factors
were identified using multivariate regression analysis. The predictive power of
the CARDEL index and an optimized model including BChE was calculated
with receiver operating characteristic (ROC) analysis.

Results: Of 93 included patients, 20 (21.5%) developed POD. Elevated
preoperative HbAlc [OR 2.5 (1.2-4.8), p=0.01], a decrease in BChE activity
[%. OR 1.1 (1.0-1.2), p=0.04], age [1 (0.94-11), p=0.55], and a postoperative
hemoglobin change [OR 0.86 (0.78-0.96), p<0.001] were identified as
independent risk factors for POD. While the CARDEL index showed a
moderate prediction of POD [AUCROC of 0.74 (0.60-0.87)], the optimization
including BChE resulted in a significant prognostic improvement: AUCROC of
0.84 (0.72-0.94, p<0.001).
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Conclusion: Despite the small size of this derivation cohort, this study identified
elevated HbAlc as the strongest risk factor for the development of POD,
followed by a decrease in BChE activity, postoperative anemia, and age,
respectively. By including these parameters to the CARDEL index, its predictive
power for the identification of POD significantly improved in this derivation
cohort. Moving forward, integrating these findings into clinical practice could
enhance early risk stratification and targeted intervention for patients at high risk
of POD. Therefore, further research should evaluate these results in a larger,

biomarker, postoperative delirium, cardiac surgery, cardiac artery bypass graft surgery,

Zajonz et al.
external cohort.
KEYWORDS
cholinergic system
Introduction

Delirium represents an acute and fluctuating disturbance of
cerebral function associated with changes in consciousness and
attention (1, 2). It is classified by various features, such as
predominant motor activity (hypoactive, hyperactive, or mixed)
or etiology (hypoxia, sepsis, sedative exposure, or metabolic
dysfunction). Different phenotypes can be subdivided, with
hyper- and hypoactive symptoms or their combinations, while
some patients show an acute change in cognition that does not
meet the full
subsyndromal delirium (3).

criteria for delirium and is described as

Particularly after cardiac surgery, postoperative delirium (POD)
presents a common complication that severely impairs the
patients’ well-being and significantly increases their perioperative
morbidity and mortality as well as health care costs (4, 5).
The incidence of POD in cardiac surgical patients varies from
16% to nearly 60%, depending on age, pre-existing cerebrovascular
disease and cognitive function, procedural factors (e.g., extent of
surgical trauma, duration of extracorporeal circulation), and
anesthetic management (6-8). Although numerous underlying
pathomechanisms of POD following cardiac surgery have been
identified, most are not yet fully understood.

In addition to the neuroinflammatory hypothesis, the
neurotransmitter hypothesis represents one of the most widely
accepted pathophysiological models for cognitive disturbances. It
centers on an imbalance of neurotransmitters such as dopamine,
acetylcholine, and serotonin in the brain. Specifically,
disturbances in butyrylcholinesterase (BChE) activity can lead to
a deficiency of acetylcholine in humans, as BChE plays a key role
in regulating acetylcholine levels by hydrolyzing it in non-
neuronal tissues (9, 10). While acetylcholinesterase primarily
BChE contributes to the

breakdown of acetylcholine in peripheral tissues and plays a

functions at neuronal synapses,
modulatory role in overall cholinergic signaling (11, 12). It is
primarily expressed in the liver. In the context of POD, emerging
evidence suggests that alterations in BChE activity may influence
cholinergic  dysregulation, contributing to the cognitive
disturbances seen in delirium or other dementia-related diseases
(13-16). Alongside other studies, own data showed alterations in

the BChE activity, which were predictive of POD in cardiac
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surgical patients (17-19). However, although a recent study
(n=237) confirmed a decrease in BChE activity after cardiac
surgery, it was not an independent risk factor for POD
development (20). The authors of this study assumed that the
BChE activity resembles a surrogate parameter for the patient’s
overall condition rather than a specific diagnostic tool for POD.
Thus, it might be rational to combine the BChE activity with a
clinical tool such as the CARDEL index for distinguishing POD
after cardiac surgery.

While biomarkers of neuroinflammation are promising, they
are often compromised by the immunomodulatory effects of
cardiopulmonary bypass (CPB), and the use of clinical scores is
limited due to necessary postoperative analgesia and sedation
(3, 4, 21-23). This dilemma could be resolved by combining
biomarkers and clinical scoring tools that consider relevant
patient characteristics (e.g., age), which might optimize risk
stratification for POD, even in sedated, uncooperative, and
ventilated patients. In this context, Kotfis et al. stated that a
platelet-to-white-blood-cell ratio (PWR)
correlated well with POD after cardiac surgery (n=968).

lower preoperative
Consequently, they introduced the cardiac delirium index
(CARDEL index) including the PWR, age, and HbAlc and
demonstrated a sufficient predictive power (AUC of 0.742) for
the occurrence of POD following cardiac surgery (21). However,
the CARDEL index has not yet been reevaluated and it has not
yet been analyzed in combination with the drop of BChE activity.

The primary aim of this study is to assess the applicability of
the CARDEL index in a cohort of patients undergoing elective
on-pump cardiac surgery. Furthermore, the secondary aim is to
BChE activity enables

determine whether integrating the

optimization of the predictive model.
Methods
Study design
This study presents a secondary analysis of an observational
study including 100 cardiac surgical patients at the University

Hospital of Giessen and was registered in the German Clinical
Trials Register (trial registration: DRKS00010959). The aim of
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the primary study was to evaluate whether pre- and perioperative
changes in blood acetylcholinesterase and BChE activity were
associated with POD development in patients undergoing
isolated elective coronary artery bypass graft (CABG) surgery
(17). Local ethics committee approval was obtained (Justus Liebig
University Giessen, Giessen, Germany; approval number AZ:
30/16). Written informed consent was obtained from all patients.
The study was conducted according to the principles of the
Declaration of Helsinki (24). The methods and results are
presented according to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines (25).

Subjects

Patients were recruited between September 2016 and January
2020 and included those undergoing elective coronary artery
bypass graft (CABG) surgery and postoperative intensive care
unit (ICU) treatment. Overall, 100 patients were originally
included in the study. Three patients were excluded due to pre-
existing delirium, while four declined to participate; therefore, 93
patients were included for analysis. Inclusion criteria included
age >18 years, elective on-pump CABG surgery, and the ability
to communicate in German or English. Patients were excluded in
case of missing consent, denial of participation, pregnancy,
preoperative atrial fibrillation, severe bradycardia (<60 bpm;
types: sinus bradycardia, atrial fibrillation with low frequency,
nodal rhythm, and second- or third-degree atrioventricular
block), acute infection before surgery, pre-existing autoimmune
disease, immunomodulatory medication, left ventricular ejection
fraction <30%, and
Improving Global Outcome score >2). Further exclusion criteria

renal insufficiency (Kidney Disease

were pseudocholinesterase deficiency, preoperative delirium
[screened using the Confusion Assessment Method for the
Intensive Care Unit [CAM-ICU] and/or Intensive Care Delirium
Screening Checklist [ICDSC]], cognitive dysfunction (e.g., history
of schizophrenia, other severe psychiatric conditions, or dementia
with inability to adequately answer the CAM-ICU or ICDSC),
and recent or persistent neurological impairment (e.g., acute
cerebral infarction, intracranial bleeding, or acute meningitis in
the last three months prior to study inclusion leading to inability

to answer the CAM-ICU or ICDSC).

Identification of delirium

All patients received a standardized perioperative anesthetic
and hemodynamic treatment, which is described in detail in the
primary study publication (17). Prior to surgery, patients were
asked to perform the ICDSC and CAM-ICU tests to achieve a
baseline assessment. Postoperatively, POD development was
monitored for seven days by applying the ICDSC and CAM-ICU
daily during the observational period. One investigator
performed all examinations under the supervision of the
principal investigator and the attending intensive care physicians

to exclude investigator bias. Sedation status was examined using
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the Richmond Agitation-Sedation Scale: Patients with a score of
<-2 were excluded from testing and reevaluated after four
hours. Patients with a positive result with either score were
considered to have POD [as shown in the primary study (17)].
In the daily ICU routine, CAM-ICU and RASS were used for
detecting POD.

BChE measurements

Preoperative baseline analysis of BChE activity was performed
after the clinical examination prior to surgery, while postoperative
measurements included one analysis on each consecutive day for
seven days after surgery. Whole blood samples (10 pl) were
drawn from a peripheral intravenous catheter and analyzed using
the ChE Check Mobile System (Securetec Detektions-Systeme
AG, Neubiberg, Germany). The BChE activity was analyzed by
following the procedural steps according to the manufacturer’s
instructions [for a detailed description, see (26, 27)]. The enzyme
kinetics of BChE was determined photometrically with a
modified spectrophotometric Ellman assay (26). BChE activities
are measured at 470 nm and are normalized to 37°C. The results
of BChE activity measurements are expressed in units per liter
(U/L), while the BChE drop refers to the percentage decrease in
BChE activity from pre- to postoperative levels.

All other laboratory data originate from clinical routine
laboratory blood sampling.

Statistical analysis

Descriptive analysis included the calculation of median and
interquartile ranges. Any operative or postoperative ratios refer to
the preoperative values. Numerical values were tested for normal
distribution using the Shapiro test, and tests for statistically
significant differences between the POD- and POD+ groups were
applied accordingly with the Student’s t-test or Wilcoxon test.
Since red blood cell concentrates (RBC) can influence plasma
BChE activity, their correlation with BChE levels was analyzed
using Pearson correlation analysis (28).

The CARDEL index provided by Kotfis et al. was used with the
beta coefficients given as well as adapted by retrieving beta
coefficients for the present data set (21). It included the
following items in its formula:

CARDEL Index = 0.108 x Age + 0.341 x HBA1C — 0.049
X PWR

The CARDEL index adapted to our data was used for graphical
display and comparisons.

The predictive power of the CARDEL index was calculated by
receiver operating characteristic (ROC) and quantified with the
area under the curve (AUCROC). Confidence intervals for the
AUC were calculated with the “bootstrap” method and n = 2000.
The results of the BChE measurements were added to the
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variable set for the CARDEL index, and the AUCROC was
calculated accordingly.

Logistic regression was performed, and statistically significant
variables from this univariate analysis were additionally included
to compose other multivariable models to identify influencing
parameters for optimizing the CARDEL index. Different models
were calculated, and the statistical significance of the resulting
models was determined by comparisons with the null model.
Variables were included according to the parameter’s significance
and ease of measurement.

Subsequently, indices were calculated based on the different
models according to the respective resulting beta coefficients. The
statistical significance of the difference in indices between the
POD- and POD+ groups was determined with a t-test. Statistical
significance was assumed with p-values below 0.05.

Due to the study design, it was illogical to perform a sample
size calculation in advance, as this was a secondary analysis of a
prospective study after patient recruitment had been completed.
Thus, the number of patients could not be adjusted.

All analyses were performed using R Statistical Software
(version 4.3.2, 2023-10-31, R Core Team 21, https://www.
r-project.org/).

Results
Baseline characteristics

Table 1 shows the patient characteristics [as previously shown
in the primary study (17)]. An assessment regarding neurological
and psychiatric diseases was performed; it revealed that eight
patients (8.6%) had a history of cerebral infarction without
persistent neurological impairment, and five patients had a
history of psychiatric disorder (5.4% depression, post-traumatic
stress disorder, or obsessive-compulsive disorder). No patient

TABLE 1 Baseline characteristics of POD+ and POD- patient groups.

Characteristic POD+ p-
(n=20) value

Age (years) 71.5 (63.8-76.3) 64 (56-71) 0.003
Female sex 3 (15.0) 9 (12.3) 0.717
Caucasian (%) 20 (100) 73 (100) n.a.
Body mass index (kg/mz) 28.9 (25.7-32.4) 29.4 (27-32.1) 0.581
Atrial fibrillation 3 (15) 19 (26) 0.385
COPD 5 (25) 6 (8.2) 0.054
DM II 13 (65) 22 (30.1) 0.008
EuroSCORE 14 (1.2-1.8) 0.9 (0.7-1.2) <0.001
ASA-PSCS 0.30
11 0 7 (9.6) -
11 19 (95.0) 57 (78.1) -
v 1 (5.0) 9 (12.3) () -
Duration of ventilation (h) | 20.8 (17.0-24.2) 12.3 (9.4-16.6) <0.001
LOS-ICU (d) 2.9 (52-7.2) 1.1 (0.9-2.0) <0.001
LOS-Hospital (d) 11.0 (9.3-13.8) 10.0 (8.0-12.0) 0.125

Numerical variables are accompanied by medians and IQRs, with categorical data presented
as percentages. ASA-PSCS, American Society of Anesthesiologists—physical status
classification system; COPD, chronic obstructive pulmonary disease; DM 1I, diabetes
mellitus type II; IQR, interquartile range; POD = postoperative delirium.
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suffered from dementia and no drug or medication abuse was
reported, while 31 patients (33.3%) reported regular alcohol
consumption. As demonstrated in the original publication, liver
enzymes did not differ between patients with and without POD
(17). No patient suffered from a severe liver disease (>Child A).
No patient died during the study period.

Onset of delirium

In summary, 20 patients (21.5%) developed POD, of whom
94.6% showed consistent CAM-ICU and ICDSC results. In five
patients (5.4%), the CAM-ICU and ICDSC results differed,
leading to a clinical diagnosis based on the ICD-10 classification.
As shown in the primary paper, most patients developed POD
within the first 24 postoperative hours.

BChE activity

While preoperative BChE activity did not differ between
patients with and without POD, it demonstrated significant
differences at the postoperative time point (POD+: BChE
activity preoperative 3,158.5 [3,018.3-3,512.1] U/L vs. BChE activity
postoperative  2,189.3 [1,917.5-2,3649] U/L; POD-: BChE
activity preoperative 3,180.9 [2,822.9-3,472.1] U/L vs. BChE activity
postoperative 2,312.3 [2,093.5-2,725.3] U/L; p-value <0.001 for
intergroup difference at the postoperative time point; Figure 1).

BChE activity (U/L) showed a negative correlation with the
amount of RBC administered, although the data exhibited high
variability (correlation coefficient: —0.26, adjusted R* 0.06,
p=0.01). In summary, 10 out of 20 (50%) patients with POD
received RBCs, while 15 out of 73 (20.5%) patients without POD
were treated with them. Patients with POD received more RBC
compared to patients without POD [median of absolute amount
RBC; POD+: 450.0 [0-600] ml; POD—: 0 [0] ml].

Assessment of the CARDEL index

Overall, the original CARDEL index and the CARDEL index
adapted to our data differed significantly between the study
groups (original: POD- 8.75 [8-9.5] vs. POD+ 9.9 [9.2-10.2],
P <0.003; adapted: POD- 12.4 [10.1-14.5] vs. POD+ 15.6 [13.6-
16.6], p<0.01; in 14 of the POD- patients and two patients in
the POD+ group, the CARDEL index was not calculable due to
missing HbAlc values; Table 2, Figure 1). The CARDEL index
(both original and adapted) had moderate predictive power for
predicting POD [AUCROC original 0.74 [0.61-0.86] and adapted
0.74 [0.60-0.87]; Figure 1].

Optimization of the CARDEL index

Since the predictive performance of the CARDEL index was
only moderate, we included the decrease in BChE activity, which
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FIGURE 1

POD+

Boxplot demonstrating the differences in indices between both study groups calculated as (A) CARDEL index, (B) CARDEL index with drop in BChE
activity included, and (C) index calculated from the optimized model. Box and whisker plots indicate median, interquartile range (box), minimum
and maximum (whiskers). ***t-test p-value <0.001, **t-test p-value <0.01.

E3 pop-
E3 pop+

POD- POD+

improved the index’s performance [AUC = 0.80 [0.67-0.91], POD-
18.2 [16.0-19.9] vs. POD+ 22.7 [19.7-25.3], p < 0.001].

Univariate analysis was used to identify additional risk factors
for POD development (Figure 2, Table 2). However, with our data
set, the PWR could not be confirmed as an associated factor for the
occurrence of POD.

Instead, any decrease in red-blood-cell-related parameters
risk (Figure 2, Table 2).
Consequently, we included these parameters in a multivariable
logistic regression analysis and excluded the PWR. The most

appeared to impact the POD

potent parameters regarding POD prediction were age, HbAlc
[OR 2.5 (1.2-4.8), p=0.01], relative decrease in BChE activity [in
%, OR 1.1 (1.0-1.2), p=0.04], and the postoperative proportion
of hemoglobin [OR 0.86 (0.78-0.96), p <0.001], and these were
consequently included in the optimized model.

The formula for calculating an index according to this
optimized model is:

Idx = 0.11 x age[y] + 0.29 x pre HbAlc+ 0.26
x drop in BChE activity [%] — 0.28
x proportion of Hb post OP [%]

Table 3 shows the characteristics of the model. The comparative
ROC for the indices calculated as described shows an improved
potential for predicting POD with an AUCROC of 0.84 (0.72-
0.94, p <0.001) for the optimized index (Figure 3, Table 4). The
sensitivity and specificity of the optimized model were 0.61 and
0.93, with an accuracy of 0.86.

Frontiers in Cardiovascular Medicine

The multivariable model has been corrected for age [1 (0.94-
1.1), p=0.55] which is not an independent risk factor [AUC
without age = 0.83 (0.72-0.93)].

Discussion

This prospective study evaluated the CARDEL index in a
homogenous cohort of patients undergoing elective CABG
surgery. Despite the small study size of this derivation cohort
and the lack of an external validation the study offers two main
findings: First, it showed that the predictive power of the original
and adapted CARDEL index for detecting POD is only moderate
and can be optimized. In its original configuration, it showed
only an AUCROC of 0.74. Second, multivariate regression
analysis confirmed most parameters of the CARDEL index but
also excluded the PWR as an independent risk factor for POD
development. Instead, the inclusion of the drop in the BChE
activity in an optimized model showed an increase in the
predictive power of the score [AUCROC 0.84 (0.72-0.94)].

Our study’s focus on a homogenous cohort of low-risk CABG
patients, characterized by shorter cross-clamp times and
standardized perioperative management, likely contributed to the
relatively low POD incidence compared to studies including
higher-risk patient groups such as those undergoing valvular
surgery. As POD impacts the patient’s outcome and quality of
life, it is important to implement preventive strategies to avoid
POD and to predict POD as accurately as possible to treat it

early and effectively. Thus, the CARDEL index was designed only
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TABLE 2 Results of univariate analysis.

10.3389/fcvm.2024.1459268

Odds ratio (unadjusted) Confidence interval p-value
Age (years) 1.08 1.02-1.15 <0.01
HblAc (%) 153 1.03-2.28 <0.05
BChE activity (U/L Hb)
Preoperative BChE 1.000 0.999-1.001 0.77
Postoperative BChE 0.998 0.997-1.00 <0.05
Pre- to postoperative BChE drop (%) 1.12 1.04-1.19 <0.01
Postoperative BChE proportion (%) 0.90 0.84-0.96 <0.01
Platelets (giga/L)
Preoperative platelet count 0.99 0.99-1.00 0.12
Intraoperative platelet count 0.99 0.98-1.00 <0.05
Postoperative platelet count 0.99 0.97-1.00 <0.05
Ppostoperative proportion of platelets (%) 1.00 0.98-1.02 0.81
Hemoglobin (g/dl)
Preoperative hemoglobin 1.02 0.98-1.05 0.34
Intraoperative hemoglobin 0.95 0.92-0.99 <0.05
Postoperative hemoglobin 0.95 0.91-0.99 <0.05
Postoperative proportion of hemoglobin (%) 0.90 0.84-0.96 <0.01
Hematocrit (Vol%)
Preoperative hematocrit 1.09 0.95-1.25 0.22
Intraoperative hematocrit 0.91 0.80-1.05 0.20
Postoperative hematocrit 0.87 0.76-1.00 < 0.05
Postoperative proportion of hematocrit (%) 0.91 0.85-0.97 < 0.01
Erythrocytes count (tera/L)
Preoperative erythrocyte count 131 0.47-3.66 0.60
Intraoperative erythrocyte count 0.45 0.15-1.32 0.15
Postoperative erythrocyte count 0.28 0.09-0.89 <0.05
Postoperative proportion of erythrocytes (%) 0.91 0.85-0.97 <0.01
WBC count (giga/L)
Preoperative WBC count 1.07 0.88-1.31 0.51
Intraoperative WBC count 0.96 0.86-1.06 0.39
Postoperative WBC count 0.91 0.79-1.05 0.19
Postoperative proportion of WBC (%) 0.99 0.98-1.00 <0.05
Platelet-to-WBC ratio
Preoperative Platelet-to-WBC ratio 0.96 0.92-1.01 0.15
Intraoperative Platelet-to-WBC ratio 0.97 0.89-1.05 0.44
Postoperative Platelet-to-WBC ratio 0.97 0.94-1.01 0.13
Pre- to postoperative change of platelet-to-WBC ratio (%) 1.005 0.99-1.02 0.56

BChE, butyrylcholinesterase; WBC, white blood cells.

with parameters available prior to surgery. Even though this
approach is useful, in our study, it only achieved sufficient
prediction of POD, although the
comparable

study collectives were

regarding the performed surgery and basic
characteristics of the study collective (21). Moreover, calculating
the CARDEL index resulted in a very similar prognostic power
compared to our data (both 0.74). Recently, another study
derived from the same study group evaluated the CARDEL index
as a prognostic score but showed an AUCROC of only 0.664 for
predicting POD (29). The incidence of POD was higher in our
study [own results: 20.5%, Kotfis et al.: 13.3%, Lechowicz et al.:
14.9% (21, 29),], but most importantly, we were unable to
confirm the PWR as the strongest risk factor for POD. This may
be due to several reasons. First, the PWR represents a surrogate
for the condition rather than their

patient’s  general
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neuroinflammatory status and can vary between individuals. For
example, in contrast to our study, Kotfis et al. also included
patients with acute myocardial infarction, which can influence
blood cell ratios due to the endothelial inflammatory response
(21, 30-32). could have
influenced the PWR in the study collectives, such as other pre-

Moreover, several other factors
existing diseases or ICU treatment. Second, standardization of
PWR measurements is lacking. This affects not only the analysis
Since both

investigating the CARDEL index originate from the same

techniques but also reference ranges. studies
department, their analytics will be identical; however, they may
differ from our laboratory. Finally, whether PWR or other ratios
such as platelet-to-lymphocyte or platelet-to-neutrophil should be
used in the context of neuroinflammation remains widely
discussed because lymphocytes and neutrophils might be more
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specific for an inflammatory response (33, 34). For example, a
recent meta-analysis of 11,579 critically ill patients did not
include the PWR but only the platelet-to-lymphocyte and
platelet-to-neutrophil ratios (35). In this analysis, the platelet-to-
neutrophil ratio was prognostic for delirium, while the platelet-
to-lymphocyte ratio failed. Overall, blood cell ratios might
contribute to detecting POD but are probably insufficiently
specific for single use as a predictive biomarker.

Based on our previous study showing that a drop in BChE
activity correlated well with the onset of POD, we assumed that
this might improve the prediction of the CARDEL index and
demonstrate an increase in the AUC to 0.80. Finally, we reviewed
our data with regression analysis and identified elevated HbAlc,
a decrease in BChE activity, and a postoperative change in
hemoglobin as risk factors for POD development, which we

+ POD. HBA1C

* POD+

PWR
(pre.OP)

diabetes **

blood*
transfusion,.-

age ™

wec [%] *
(OP)

BChE [%]
(post.OP)

Hb * ’
(OP)

'platelets *
(post.OP)

B .. platelets *
(post.OP) (OP)
Hb * Hb [%] **
(post.OP) (OP)

FIGURE 2

Spiderweb plot demonstrating the comparison of parameters
resulting from univariate logistic regression analysis and those used
in the CARDEL index calculation. *p<0.05 **p<0.01. Hb,
hemoglobin; WBC, white blood cells; BChE, butyrylcholinesterase;
HbAlc, glycated hemoglobin; POD, postoperative delirium; PWR,
platelet-to-white-blood-cell ratio.
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included in our prediction model and achieved an AUC of 0.84
with a sensitivity and specificity of 0.61 and 0.93, respectively. It
is well-documented that anemia during cardiac surgery is
associated with POD development (7, 36, 37). For example, the
IPDACS study showed that the risk for POD increased more
than fourfold when patients suffered from anemia (7).
Furthermore, diabetes also presents a known risk factor for POD,
although it is not yet determined whether diabetes or
hyperglycemia contribute most to POD development (38-40).
Thus, it was unsurprising that anemia and diabetes were also
identified as risk factors for POD in our study. However, the risk
of developing POD in diabetic patients (quantified with HbAlc)
was similar to findings from a study by Kotfis et al. (n=3,178),
which reported an odds ratio of 1.269 (95% CI: 1.161-1.387,
p<0.001) (41). In contrast, a large cohort study of 25,532
Korean cardiac surgical patients revealed that acute hyperglycemia,
but not chronic hyperglycemia, increased the risk for POD (39).
The underlying reasons for these controversial findings are still
not fully understood. While acute hyperglycemia may cause
neuroinflammation, making patients more vulnerable to POD,
those with chronic hyperglycemia might have developed protective
cellular responses (42).

This is particularly relevant because all parameters were
available immediately after surgery, enabling early and accurate
prediction of POD, which may compensate for the limitation of
not having all parameters available preoperatively. BChE might
present a promising target as a prognostic biomarker for POD.
Alongside other studies, the underlying observational study of
this secondary analysis showed alterations in the BChE activity
that were predictive of POD in cardiac surgical patients (17-19).
Conversely, a recent study by Schlake et al. did not show a
relationship between the BChE activity and POD after cardiac
surgery, although this
postoperatively (20). A possible explanation might lie in the
differences between the included patients. While we included

activity ~ decreased  significantly

only patients undergoing CABG, Schlake et al. included various
types of cardiac surgical patients with and without the use of
CPB. Because CPB leads to a strong inflammatory response, it
significantly influences the onset of POD and might also impact
the drop in BChE activity. Although no difference between
patients with and without CPB was identified regarding the onset

TABLE 3 Indices and contributing parameters are given as medians and IQRs; p-values are given for two-group tests regarding the presence of POD

results from t-tests or wilcox tests accordingly.

POD+ POD - p-value 2-group-test
CARDEL index 9.9 [9.19-10.17] 8.75 [8-9.49] 0.0026
CARDEL index adapted 15.57 [13.63-16.55] 12.37 [10.13-14.45] 0.0060
Age 71.5 [63.75-76.25] 64 [56-71] 0.0033
Preoperative HbAlc 6.55 [6.03-7.3] 5.85 [5.6-6.6] 0.0046
Preoperative PWR 26.67 [22.07-34.03] 31.72 [25.52-36.67] 0.0756
Extended CARDEL index 22.67 [19.66-25.28] 18.16 [15.96-19.86] 0.0002
Decrease in BChE activity (%) 31.82 [25.05-37.42] 23.82 [17.84-30.25] 0.0018
Index for optimized model 0.41 [—4.25-1.56] —6 [—8.89-4.23] 2.8x107°
Proportion Of Post OP Hb (%) 66.44 [61.82-75.74] 73.13 [69.82-80.85] 0.0029

The CARDEL index was calculated with beta coefficients given by kotfis et al., whereas for the adapted CARDEL index, beta coefficients inferred from our data set were used for the adapted
CARDEL index. BChE, butyrylcholinesterase; POD, postoperative delirium; PWR, platelet-to-white-blood-cell ratio.
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ROC for the CARDEL index (dotted grey line), the extended CARDEL index (dotted dark grey line), and the index according to the optimized model
(solid black line). BChE, butyrylcholinesterase; CARDEL, cardiac delirium index; ROC, receiving operator curve.

CARDEL ldx
© AUC=0.74

CARDEL ldx (incl. BChE)
- AUC=0.80

Optimized model
— AUC=0.84

0.50 0.25 0.00

TABLE 4 Multivariate analysis—optimized model with AUC 0.84 [0.72-
0.94] (p<0.001).

Variables of the beta (0] p-value
optimized model coefficient

age 0.11 1 [0.94-1.1] 0.55
preoperative HbAlc 0.29 2.5 [1.2-4.8] 0.01
decrease in BChE activity (%) 0.27 1.1 [1.0-1.2] 0.03
postoperative hemoglobin —0.31 0.86 [0.78-0.96] 0.0045

proportion (%)

AUC, area under the curve.

of POD, this phenomenon is well-known (4, 22). Further, the cause
of BChE drop must be discussed. Since cardiac surgery can
influence the liver function and, therefore, also the synthesis of
BChE, dynamics of liver enzymes must be taken in account. In
this study, liver enzymes did not differ between patients with and
without patients and stayed overall in a normal range. For this
reason, it is unlikely that disturbances of the liver function
influenced the BChE activity. Another possible influencing factor
on BChE activity are RBC. Even though BChE is mainly found
in the plasma and acetylcholinesterase in red blood cells, the
activity of BChE is also strongly correlated to the amount of the
red blood cell count (28). Even though BChE is primarily found
in the plasma and acetylcholinesterase in red blood cells, the
activity of BChE is also strongly correlated to the amount of the
RBC count. It is therefore possible that RBC transfusion might
influence the BChE activity. In fact, the amount of RBC
transfusion was higher in patients with POD raising the question
how this finding might interact with the significant decrease of
BChE activity in patients with POD. Since it is known that RBC

Frontiers in Cardiovascular Medicine

transfusions modulate inflammatory reactions, and systemic
inflammation is associated with a decrease in BChE activity
(43-46), there may be a connection between RBC transfusions
and the development of POD, as has been described in previous
studies (47-49). Finally, it is notable that Schlake et al. did not
measure the drop in BChE activity in the first two days after
surgery, while our study only included measurements of the very
early stages of the BChE activity (immediately after surgery and
at day 1). Therefore, the BChE activity might already have been
regenerated in the study by Schlake et al., which would explain
the statistically non-significant differences. Moreover, two other
studies did not show a prognostic value of BChE; however, the
study designs differed from our study. While John et al. did not
include preoperative values and therefore could not show a
perioperative drop in BChE activity (18), Michels et al. used a
composite endpoint (POD, acute renal failure, pneumonia, and
arrhythmia) (50). Overall, these contradicting results underline
the need for studies with larger numbers of patients and clearly
defined target parameters (e.g., drop in BChE activity).

This study features some important limitations. First, due to its
design as a secondary analysis, we could not increase the number of
included patients. Therefore, no sample size calculations were
performed. This led to a small sample size in the derivation
to be
validation. Second, although we attempted to reduce influencing

cohort, which needs reevaluated through external
factors, it remains possible that chronic health conditions might
have influenced the BChE activity. For example, cholinesterase
deficiency syndromes, genetic variants, polymorphisms and
mutations in BChE activity represent a potential confounder in

studies on perioperative cholinergic disturbance (51). Future
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studies should include an assessment of frailty to describe the
patients’ status more thoroughly. Next, although all surgeries
were performed during the daytime, the circadian rhythm might
still Third, the
anticholinergic effects of the given drugs cannot be excluded;

have influenced BChE plasma levels.
however, these patients underwent a highly standardized surgery
and anesthesia, making them comparable with a simultaneously
very low drug-related anticholinergic burden (52). Although the
exclusion criteria (e.g., autoimmune diseases, severe psychiatric
disorders) and anesthetic management were designed to
minimize the risk of exposure to such medications, it cannot be
ruled out that some drugs may have still influenced BChE
treated  with

antidepressant medications, which may have influenced BChE

activity. For instance, five patients were
levels. Due to the secondary analysis design of the study, this
limitation could not be avoided. Finally, in 14 of the POD-
patients and two of the POD+ group, the CARDEL index was

not calculable due to missing HbAlc values.

Conclusion

In summary, this study identified an elevated HbAlc as the
strongest risk factor for the development of POD followed by the
decrease in BChE activity and postoperative anemia, respectively
age. Furthermore, the predictive power of the CARDEL index
was significantly improved by including these factors. The PWR
was not associated with the onset of POD after cardiac surgery,
while point-of-care measurement of BChE activity enhanced the
predictive quality of the CARDEL index. All parameters of the
optimized prognostic model are easily available within the first
24 h after surgery, making the score potentially useful for early
risk assessment. It could support conversations with patients and
families by providing an early, individualized risk assessment for
POD it
highlighted that this study is based on a small derivation cohort

in the postoperative period. However, must be

and did not yet undergo external validation.
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