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Abstract: Background: Postoperative delirium is associated with an increased number of
different complications, such as prolonged hospital stay, long-term cognitive impairment,
and increased mortality. Therefore, early prediction of delirium after percutaneous coronary
intervention (PCI) is necessary, but currently, there is still a lack of reliable and effective
prediction models for such patients. Methods: All data used in this study were derived
from the MIMIC-IV database. Multivariable Cox regression was employed to analyze
the data, and the performance of the newly developed nomogram was evaluated based
on the area under the receiver operating characteristic curve (AUC). The clinical value of
the prediction model was tested using decision curve analysis (DCA). Results: A total of
313 PCI patients in the intensive care unit (ICU) were included in the analysis, comprising
219 in the training cohort and 94 in the testing cohort. Twenty variables were selected
for model development. Multivariable Cox regression revealed that benzodiazepine use,
vasoactive drug therapy, age, white blood cell count (WBC), and serum potassium were
independent risk factors for predicting the occurrence of delirium after PCI. The AUC
values for predicting delirium occurrence in the training and validation cohorts were
0.771 and 0.743, respectively. Conclusions: This study has identified several important
demographic and laboratory parameters associated with the occurrence of delirium after
PCI, and used them to establish a more accurate and convenient nomogram model to
predict the occurrence of postoperative delirium in such patients.

Keywords: percutaneous coronary intervention; delirium; nomogram

1. Introduction

Delirium is an acute neuropsychiatric syndrome characterized by fluctuating atten-
tion, environmental awareness, and cognitive/perceptual function, often accompanied by
disturbances in the sleep-wake cycle, emotional lability, or hallucinations/delusions [1,2].
This syndrome not only serves as a marker of disease severity but is also significantly asso-
ciated with increased inpatient and post-discharge mortality (hazard ratio 1.94-2.01) [3],
prolonged hospital stays, and long-term cognitive decline [4]. Delirium also substantially
increases patient costs, with studies indicating that hospitalized patients with delirium in-
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cur 55.4% higher inpatient expenditures and 100.7% higher 90-day expenditures compared
to those without delirium.

Percutaneous coronary intervention (PCI), as the core method of revascularization
for acute coronary syndrome, is widely used globally [5-7]. Despite advancements in
professional knowledge, the development of new technologies, and improvements in
anesthesia quality that have enhanced the safety of PCI, the incidence of postoperative
delirium in patients undergoing PCI remains high [8-10].

Existing general delirium assessment tools cannot effectively capture the unique
pathophysiological mechanisms associated with PCI, including hemodynamic fluctuations,
coagulation abnormalities, and perioperative medication effects. A nomogram can integrate
multiple predictive indicators, demonstrate the interrelationships between variables, and
transform complex regression equations into intuitive graphics, making prediction results
easier to read and facilitating rapid patient assessment by clinicians. This study aims to
construct and validate a dedicated predictive model for PCI-related delirium using machine
learning algorithms.

2. Methods
2.1. Data Source

Data were obtained from MIMIC-IV 3.0, a publicly accessible intensive care
database [11]. It contains comprehensive information on patients admitted to the in-
tensive care unit (ICU) at Beth Israel Deaconess Medical Center between 2008 and 2022. All
personal information about patients in the database is de-identified, so informed consent
was not required. The authors completed data research training through the Collaborating
Institution Training Initiative to gain access to the database. All data were obtained from
the official website of PhysioNet (https://mimic.physionet.org/, accessed on 1 May 2025).

2.2. Patient Population

A total of 872 patients met the screening criteria based on ICD codes, excluding those
who underwent PCI before ICU admission, had a hospital stay of less than 24 h, or were
under 18 years of age. Finally, 313 patients who met the inclusion criteria were selected.
The procedure for data selection based on the above criteria is shown in Figure 1. We
randomly selected 70% of the patients as the training cohort and used the remaining 30%
as the validation cohort.

Extract PCI Patients from MIMIC-IV f \
3.0 (n=872) The following patients

were excluded:

Patients undergoing PCI
prior to ICU admission

(n=559)
hospital stays under 24
hours (n=0)
L patients under 18 years
. _ Id (n=0)
Final cohort (n=313) KO J

‘ Training set (n=219) ’ Validation set (n=94)

Figure 1. Flowchart of the study. PCI, percutaneous coronary intervention; MIMIC IV, Multiparameter
Intelligent Monitoring in Intensive Care Database IV.
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2.3. Data Extraction

Data were extracted using Structured Query Language. We not only extracted the
patients’ basic information but also identified potential variables relevant to the assessment
of postoperative delirium in patients undergoing PCI based on clinical experience and
relevant literature. These variables included physiological indicators, blood test results,
and medication usage. These data included the patient’s age, gender, admission mode,
admission time, discharge time, death time, ICU admission time, and ICU discharge time.
The first heart rate (HR), mean arterial pressure (MBP), blood oxygen saturation (SPO2),
hemoglobin (Hb), platelets (PLTs), white blood cell count (WBC), blood urea nitrogen
(BUN), serum creatinine (Cr), international normalized ratio (INR), activated partial throm-
boplastin time (APTT), bicarbonate, anion gap (AG), serum potassium, serum sodium, and
blood glucose upon admission were also collected. Additionally, we recorded the use of
benzodiazepines and vasoactive agents from admission to the preoperative period.

2.4. Outcome

The probability of delirium occurrence after PCI was determined as the primary
outcome of this study, and the 28-day, 180-day, and 360-day mortality rates of the two
groups of patients with and without delirium were determined as the secondary outcomes
of this study.

2.5. Statistical Analysis

Details of missing data are summarized in Supplementary Table S1. There were no
missing values for categorical variables, but some continuous variables had randomly miss-
ing data, with missing data for all variables being less than 20%. We used the mice package
in R software to impute missing values using the predictive mean matching technique in the
multiple imputation method [12], and visualized the distribution of data before and after
imputation (Figure S1, Supplementary Material). We also performed descriptive statistical
analysis of the data before and after imputation (Table S2, Supplementary Material).

In this study, continuous variables with normal distribution were expressed as
mean * SD, while continuous variables with non-normal distribution were expressed
as median and interquartile range [M (Q1, Q3)]. Categorical variables were presented as
frequency and percentage. Comparisons of continuous variables were performed using the
Wilcoxon rank-sum test, while comparisons of categorical variables were performed using
Fisher’s exact test.

The death risks of patients in the no delirium and delirium present groups at 28 days,
180 days, and 360 days were analyzed using Kaplan—-Meier (KM) survival analysis and
the Cox proportional hazards regression model. Hazard ratios (HRs) and 95% confidence
intervals (Cls) were calculated. To more accurately reveal the independent impact of
grouping on outcomes, we also used a multivariable-adjusted Cox regression model to
control for confounders. Covariates included gender, benzodiazepine use, vasoactive
drug therapy, admission type, age, Hb, PLTs, WBC, BUN, Cr, INR, APTT, bicarbonate,
MBP, HR, serum potassium, serum sodium, blood glucose, SP02, and AG. In the training
cohort, the variance inflation factor (VIF) of all variables was calculated as an indicator
of collinearity analysis. The results showed that the VIF values of all variables were less
than 2, indicating that there was no significant collinearity problem among variables in our
dataset. Multivariable logistic regression was used to analyze the included variables [13],
and variables identified as significant were screened out to construct a nomogram [14].
The area under the receiver operating characteristic curve (AUC) was used to evaluate the
predictive accuracy of the nomogram. The AUC ranges from 0 to 1, with a larger AUC value
indicating more accurate prediction results. A calibration curve was plotted to evaluate the
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agreement between the predicted probability and the actual outcome, and decision curve
analysis (DCA) was used to verify the clinical effectiveness of the prediction model [15].

All statistical analyses were performed using R software version 4.3.3 (R Foundation
for Statistical Computing, Vienna, Austria). All tests were two-sided, and a p-value less
than 0.05 was considered statistically significant.

3. Results
3.1. Baseline Characteristics of Patients

Of the 313 patients, 234 did not develop delirium within 7 days after surgery, and 79
developed delirium. As shown in Table 1, there were no significant differences between
the two groups in terms of gender, age, admission type, Hb, PLTs, INR, APTT, bicarbonate,
serum potassium, serum sodium, AG, or MBP. Compared with patients who did not
develop delirium, patients who developed delirium had higher WBC, BUN, Cr, blood
glucose, HR, and SPO2, and used more benzodiazepines and vasoactive drugs.

Table 1. Baseline characteristics and prognosis of patients after PCI.

Characteristic No Delirium, N =234 Delirium Present, N = 79 p-Value

Gender 0.883

Male 138 (59%) 48 (61%)

Female 96 (41%) 31 (39%)
Age 71.00 (62.00, 80.00) 73.00 (62.00, 82.00) 0.452
Admission Type 0.799

Emergency 109 (47%) 40 (51%)

Urgent 97 (41%) 31 (39%)

Other 28 (12%) 8 (10%)
Hb 11.80 (10.20, 13.30) 11.30 (9.35, 13.15) 0.226
PLTs 203.00 (153.25, 264.75) 215.00 (158.00, 291.00) 0.302
WBC 9.85 (7.30, 13.50) 12.20 (8.30, 16.75) <0.001
BUN 23.00 (16.00, 30.00) 27.00 (18.50, 44.50) 0.007
Cr 1.10 (0.80, 1.50) 1.40 (0.90, 1.95) 0.019
INR 1.20 (1.10, 1.40) 1.20 (1.10, 1.45) 0.128
APTT 35.45 (29.33, 59.93) 36.40 (29.55, 61.25) 0.718
Bicarbonate 24.00 (21.00, 26.00) 23.00 (19.00, 26.00) 0.124
Serum Potassium 4.10 (3.80, 4.70) 4.30 (3.65, 4.70) 0.590
Serum Sodium 138.00 (135.25, 140.00) 138.00 (135.00, 141.00) 0.785
Blood Glucose 135.00 (106.00, 179.75) 154.00 (122.00, 201.50) 0.032
AG 15.00 (13.00, 18.00) 16.00 (14.00, 19.00) 0.104
MBP 80.00 (70.00, 93.00) 81.00 (71.00, 100.00) 0.208
HR 85.50 (71.00, 102.00) 94.00 (75.00, 111.00) 0.037
SP02 97.00 (94.00, 99.00) 98.00 (95.00, 100.00) 0.045
Benzodiazepine Use 75 (32%) 44 (56%) <0.001
Vasoactive Drug Therapy 44 (19%) 45 (57%) <0.001
Hospital LOS 8.00 (4.00, 13.00) 15.00 (11.00, 24.00) <0.001
Hospital Mortality 10 (4.3%) 15 (19%) <0.001
28-day mortality 18 (7.7%) 15 (19%) 0.009
180-day mortality 38 (16%) 24 (30%) 0.010
360-day mortality 51 (22%) 28 (35%) 0.024

3.2. Survival Analysis of Patients

In this study, patients who developed delirium had a longer length of hospital stay,
with a median length of stay of 15 days (IQR = 11-24 days). The in-hospital mortality
rate and 28-day, 180-day, and 360-day mortality rates were also higher in patients who
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developed delirium, at 15 (19%), 15 (19%), 24 (30%), and 28 (35%), respectively, compared to
patients who did not develop delirium, who had a median length of stay of 8.00 days (4.00,
13.00) and 28-day, 180-day, and 360-day mortality rates of 10 (4.3%), 18 (7.7%), 38 (16%),
and 51 (22%), respectively (Table S3, Supplementary Material). The Kaplan-Meier survival
curve also showed that the survival rate was higher in patients who did not develop delir-
ium than in those who did (Figure 2). Using univariate Cox regression analysis, it was found
that the HRs (95% CI) for 28-day, 180-day, and 360-day mortality in patients who developed
delirium, compared to those who did not, were 2.684 (1.353, 5.327), 2.103 (1.261, 3.506),
and 1.854 (1.169, 2.940), respectively (Table 2). However, after controlling for potential
confounders using multivariable Cox regression, only the 28-day mortality risk was sig-
nificantly different between the two groups, with an HR (95% CI) of 2.833 (1.193, 6.728)
(Table 2). This finding suggests that patients who developed delirium had a 1.833-fold
increased risk of 28-day mortality compared to those who did not develop delirium.
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Figure 2. Kaplan—Meier survival curves comparing patients with no delirium vs. those with
delirium. (a): 28-day survival rate; (b): 180-day survival rate; (c): 360-day survival rate.

Table 2. HRs (95% ClIs) for all-cause mortality.

No Delirium (n = 234) Delirium Present (n = 79)

HR (95%CI) p-Value

28-day mortality
Unadjusted Reference 2.684 (1.353, 5.327) 0.005
Adjusted Reference 2.833 (1.193, 6.728) 0.018

180-day mortality
Unadjusted Reference 2.103 (1.261, 3.506) 0.004
Adjusted Reference 1.599 (0.841, 3.040) 0.153

360-day mortality
Unadjusted Reference 1.854 (1.169, 2.940) 0.009
Adjusted Reference 1.640 (0.931, 2.888) 0.087

3.3. Factors Associated with Delirium Occurrence in the Training Cohort

The 313 eligible PCI patients were randomly divided into a training cohort and a
validation cohort at a ratio of 7:3, with 219 patients in the training cohort and 94 patients
in the validation cohort. There were no significant differences in clinical pathological
characteristic data between the two cohorts (Table S3).

Multivariable Cox regression analysis identified five predictor variables that were sig-
nificantly associated with delirium occurrence in patients: benzodiazepine use (OR = 2.486,
p = 0.038), vasoactive drug therapy (OR = 3.815, p = 0.003), age (OR = 1.048, p = 0.008),
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WBC (OR =1.048, p = 0.011), and serum potassium (OR = 0.462, p = 0.023) (Table 3). These
variables were used to develop a visualized nomogram to predict the incidence of delirium

after PCl in patients in the training cohort (Figure 3).

Table 3. Multivariate Cox regression analysis.

Variables OR 95% CI p-Value
Gender
Male Reference — —
Female 0.784 (0.331-1.808) 0.573
Age 1.048 (1.013-1.086) 0.008
Admission Type
Emergency Reference — —
Urgent 1.450 (0.632-3.388) 0.382
Other 1.640 (0.461-5.460) 0.427
Hb 1.153 (0.941-1.423) 0.175
PLTs 1.003 (0.999-1.007) 0.166
WBC 1.071 (1.019-1.136) 0.011
BUN 1.021 (0.997-1.046) 0.090
Cr 1.116 (0.739-1.612) 0.576
INR 0.923 (0.557-1.444) 0.738
APTT 0.993 (0.979-1.006) 0.302
Bicarbonate 0.947 (0.830-1.074) 0.407
Serum Potassium 0.462 (0.231-0.881) 0.023
Serum Sodium 1.047 (0.960-1.155) 0.330
Blood Glucose 1.003 (0.997-1.008) 0.364
AG 0.939 (0.804-1.093) 0.423
MBP 1.023 (1.000-1.048) 0.053
HR 1.012 (0.993-1.032) 0.211
SP02 1.063 (0.963-1.190) 0.253
Benzodiazepine Use
NO Reference — —
YES 2.486 (1.055-5.990) 0.038
Vasoactive Drug
Therapy
NO Reference — —
YES 3.815 (1.575-9.479) 0.003
0 10 20 30 40 50 60 70 80 9% 100
Points ‘ ‘ : ‘ ‘ : : : ‘ ‘ ‘
Age ——TTT—T—T—T—T—T—T—T
25 35 45 55 65 75 8 95
WBC r T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Serum_Potassium T ™
6.5 55 4.5 3.5 25
Yes
Benzodiazepine_Use —
No
Yes
Vasoactive_Drug_Therapy ——m———
No
Total Points r T T T T T T T T .
0 20 40 60 80 100 120 140 160 180

Linear Predictor r T T T T T T T T T T T T T 1

Diagnostic possibility T T T T 1

Figure 3. Nomogram for predicting postoperative delirium following

coronary intervention.

percutaneous
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3.4. Model’s Predictive Performance and Clinical Utility

The model’s discriminative ability was evaluated using the receiver operating charac-
teristic curve. The training cohort achieved an AUC of 0.771, while the validation cohort
demonstrated an AUC of 0.743, indicating that the model can accurately distinguish pa-
tients who develop delirium from those who do not (Figure 4). The stability of the model’s
discriminative power was assessed using the Bootstrap method (n = 1000 resampling
iterations). Figure S2 displays the distribution of AUC values, with a median of 0.762 and
a 95% CI ranging from 0.737 to 0.773. No significant difference was observed compared
to the original model, suggesting that the model’s predictive capability remains robust
against sample fluctuations.

(a) (b)

train ROC test ROC

80
|
80

60
60

Sensitivity (%)

40
Sensitivity (%)

40

20
|
20

o - — AUC=0.771 o — AUC=0.743

I I I I I I I I I I I I
100 80 60 40 20 0 100 80 60 40 20 0

Specificity (%) Specificity (%)

Figure 4. Area under the ROC curves (AUC) of training cohort (a) and validation cohort (b).

To evaluate the calibration of the multivariate logistic regression model, calibration
curves were plotted for both the training and validation cohorts. The x-axis represents
the predicted risk of delirium occurrence, while the y-axis denotes the actual observed
risk. The diagonal gray line represents perfect prediction in an ideal model, and the
dashed line indicates the performance of the nomogram. The closer the dashed line is to
the diagonal, the better the prediction. The calibration curves of the nomogram closely
align with the ideal curve, indicating a high degree of consistency between predicted
probabilities and actual outcomes (Figure 5). The Hosmer-Lemeshow test further confirmed
the model’s excellent calibration (training set: x? = 9.204, p = 0.419; validation set: x? = 8.750,
p = 0.461) (Figure 5).

In the DCA, the x-axis represents the threshold probability, and the y-axis denotes
the net benefit. The horizontal one indicates that all samples are negative and all are not
treated, with a net benefit of 0. The oblique one indicates that all samples are positive.
The net benefit is a backslash with a negative slope. The DCA results reveal that when
the threshold probability ranges between 9% and 62% (training cohort) and 11% and 66%
(validation cohort), the nomogram is effectively useful for predicting the occurrence of
postoperative delirium after PCI (Figure 6).
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Figure 6. Decision curve analysis. The abscissa is the threshold probability, and the ordinate is the net
benefit rate. The horizontal one indicates that all samples are negative and all are not treated, with a
net benefit of 0. The oblique one indicates that all samples are positive. The net benefit is a backslash
with a negative slope. Training cohort (a) and validation cohort (b).

4. Discussion

Postoperative delirium was associated with an increased number of different compli-
cations. Similar to previous research findings [9,16], our study found that patients who
developed delirium after PCI had longer hospital stays and increased mortality rates.
Multivariable Cox regression showed that delirium patients had a significantly increased
risk of 28-day mortality (HR = 2.833), but this association disappeared in the long term
(180 days/360 days). This result differs from the significant impact of delirium on both
short-term and long-term mortality in patients after other major surgeries [17,18]. This
study suggests that postoperative delirium may only be an independent risk factor for
increased short-term mortality in PCI patients, and its mechanism may be directly related
to acute complications (such as aspiration, arrhythmia) induced by delirium [19,20], while
long-term mortality is more likely driven by underlying diseases (such as heart failure,
chronic kidney disease). This finding emphasizes the importance of early postoperative
delirium monitoring. This study constructed a risk prediction model for postoperative
delirium in PCI patients based on age, WBC and serum potassium levels at admission,
and preoperative use of benzodiazepines and vasoactive drugs, providing healthcare
professionals with an accurate and objective assessment tool.
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This study found that age, as an independent risk factor for delirium [21,22], is also
important in predicting delirium after PCI. In elderly patients, vascular stiffness and en-
dothelial dysfunction lead to impaired cerebral autoregulation reserve capacity [23,24].
Studies have shown that intraoperative blood pressure fluctuations exceeding the range
of cerebral autoregulation can cause cerebral hypoperfusion, disrupt the match between
neuronal metabolic demand and blood flow supply, and increase the risk of postoper-
ative delirium [25]. Secondly, the blood-brain barrier permeability in elderly patients
has already increased due to aging or neurodegenerative diseases (such as Alzheimer’s
disease) before surgery. Surgical stress (such as the release of inflammatory factors and
ischemia-reperfusion injury) further damages the blood-brain barrier, allowing inflamma-
tory mediators and neurotoxic substances to infiltrate the brain parenchyma, triggering
neuroinflammation and synaptic dysfunction [26-28]. Finally, the clearance rate of anes-
thetic drugs is reduced in the elderly population, which may prolong the central inhibitory
effects of the drugs and exacerbate postoperative cognitive impairment [29]. Due to the
limited sample size, our study did not specifically investigate the incidence of postoperative
delirium in younger patients (particularly premenopausal women) following PCI. The risk
of delirium in younger females may differ due to the potential neuroprotective effects of
estrogen [30]. Future investigations are warranted to elucidate the underlying mechanisms
of postoperative delirium in this specific population. The preoperative use of vasoactive
drugs showed the most prominent predictive efficacy in the prediction model of delirium
after PCIL. Some vasoactive drugs (such as dopamine and epinephrine) may induce delirium
by directly interfering with the dopamine/acetylcholine balance, activating the adrenergic
system, or inducing neuroinflammation [31-35]. Secondly, the potent vasoconstriction
effect of phenylephrine may reduce cerebral perfusion and is positively correlated with
postoperative delirium [36,37]. Finally, the use of vasoactive drugs often serves as a sur-
rogate indicator of hemodynamic instability, suggesting that patients have more severe
circulatory compensation disorders, resulting in insufficient cerebral blood and oxygen
supply and leading to delirium [38,39]. Future research needs to further explore the gradi-
ent effects of the type, dose, and duration of vasoactive drugs on delirium risk and develop
dynamic prediction models based on real-time hemodynamic data to achieve personalized
medication guidance. Elevated WBC is a sensitive indicator of systemic inflammation. PCI
surgical trauma, ischemia—reperfusion injury, or postoperative infection can activate the
immune system, leading to the massive release of inflammatory cells such as neutrophils
and monocytes, and promoting the elevation of pro-inflammatory cytokines (such as IL-6
and TNF-«) [40-42]. Studies have shown that postoperative systemic inflammation indexes
(such as NLR and PLR) are significantly correlated with the incidence of delirium [43,44],
suggesting that systemic inflammatory status is an important trigger for delirium. Some
studies have pointed out that perioperative decreased serum potassium levels are indepen-
dent risk factors for postoperative delirium, and hypokalemia, along with hyponatremia,
low CRH, and hyperglycemia, constitutes a metabolic risk profile for delirium. This may
be related to the impact of electrolyte imbalance on neuronal electrical activity and neuro-
transmitter release [45]. Ketema et al.’s study also confirmed that electrolyte disturbances
are significant risk factors for delirium after acute stroke [46], suggesting that hypokalemia
may induce delirium through direct or indirect neurometabolic disorders. This is consistent
with our findings, and future experiments are needed to further explore the potential value
of targeted potassium supplementation interventions in preventing delirium. In this study,
preoperative benzodiazepine use emerged as a significant predictor in the prediction of
postoperative delirium following PCI. Benzodiazepines, by enhancing GABAergic inhibi-
tion, may excessively inhibit thalamic or cortical excitatory neurons, leading to decreased or
fluctuating levels of consciousness [47,48]. Notably, certain benzodiazepines may influence



Bioengineering 2025, 12, 637

10 of 13

WBC counts [49] or indirectly modulate neuronal excitability through potassium channel
activation [50,51]. These mechanistic associations could potentially introduce confounding
effects between variables. Future investigations are warranted to rigorously validate the
dose-response relationships among pharmacodynamic variations, metabolic disparities,
and delirium onset in this clinical context.

The prediction model developed in this study has good clinical application value.
First, the variables in the model are all basic patient information and routine clinical test
indicators, which are easy to obtain and monitor. Secondly, the model has good predictive
performance, with AUC values of 0.771 and 0.743 in the training and validation cohorts,
respectively. Finally, the nomogram prediction model visually integrates multivariate infor-
mation, intuitively quantifies the independent contributions of each factor to the outcome,
and achieves personalized probability prediction. Therefore, in clinical practice, doctors
can use this model to conduct early risk assessment of patients, formulate more reasonable
treatment plans and prognosis management strategies, and prevent the occurrence of
delirium after PCL

We developed a comprehensive nomogram to predict postoperative delirium in PCI
patients admitted to the ICU, providing guidance for the clinical management of such pa-
tients. However, our study has several limitations. First, our study used single-center data
from the United States, which may limit the applicability of our findings to patient popula-
tions from different regions, races, and socioeconomic backgrounds, and those with varying
medical levels. Second, although we screened most variables, including basic patient in-
formation, physiological indicators, blood tests, and admission assessments, for analysis,
there may still be potential predictor variables that were not included, which could lead to
selection bias and affect the research results. Finally, our model only underwent internal
validation, and future research needs to perform external validation using independent
datasets to further confirm the performance and accuracy of this novel nomogram.

5. Conclusions

In conclusion, we developed, for the first time, a nomogram prediction model which
has good predictive value for the occurrence of delirium after PCI. Future research should
further validate this model in different cohorts.
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intensive care unit ICU
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Kaplan-Meier KM
hazard ratios HR
confidence intervals Cls
variance inflation factor VIF

area under the receiver operating characteristic curve ~ AUC
decision curve analysis DCA

References

1.

Ibrahim, K.; McCarthy, C.P.; McCarthy, K.J.; Brown, C.H.; Needham, D.M.; Januzzi, J.L.; McEvoy, ].W. Delirium in the Cardiac
Intensive Care Unit. |. Am. Heart Assoc. 2018, 7, €008568. [CrossRef] [PubMed]

Cortés-Beringola, A.; Vicent, L.; Martin-Asenjo, R.; Puerto, E.; Dominguez-Pérez, L.; Maruri, R.; Moreno, G.; Viddn, M.T.; Arribas,
F.; Bueno, H. Diagnosis, prevention, and management of delirium in the intensive cardiac care unit. Am. Heart ]. 2021, 232,
164-176. [CrossRef] [PubMed]

Trevisan, C.; Grande, G.; Rebora, P.; Zucchelli, A.; Valsecchi, M.G.; Foca, E.; Ecarnot, F; Marengoni, A.; Bellelli, G. Early
Onset Delirium During Hospitalization Increases In-Hospital and Postdischarge Mortality in COVID-19 Patients: A Multicenter
Prospective Study. J. Clin. Psychiatry 2023, 84, 22m14565. [CrossRef]

Potter, K.M.; Prendergast, N.T.; Boyd, J.G. From Traditional Typing to Intelligent Insights: A Narrative Review of Directions
Toward Targeted Therapies in Delirium. Crit. Care Med. 2024, 52, 1285-1294. [CrossRef]

Chan, PS,; Patel, M.R,; Klein, L.W.; Krone, R.J.; Dehmer, G.]J.; Kennedy, K.; Nallamothu, B.K.; Weaver, W.D.; Masoudi, FA;
Rumsfeld, J.S.; et al. Appropriateness of percutaneous coronary intervention. JAMA 2011, 306, 53-61. [CrossRef]

Sansanayudh, N.; Chandavimol, M.; Srimahachota, S.; Limpijankit, T.; Hutayanon, P.; Kiatchoosakun, S.; Kuanprasert, S.;
Chamnarnphol, N.; Athisakul, S.; Kehasukcharoen, W.; et al. Patient Characteristics, Procedural Details, and Outcomes of
Contemporary Percutaneous Coronary Intervention in Real-World Practice: Insights from Nationwide Thai PCI Registry. J.
Intervent. Cardiol. 2022, 2022, 5839834. [CrossRef]

Hashimoto, S.; Motozawa, Y.; Saito, T.; Suzuki, T. Transformation of the Cardiovascular Clinics in Japan—How to Overcome
Crisis Due to Changes in the External Environment. Circ. J. 2023, 87, 240-246. [CrossRef]

Jinnouchi, H.; Sakakura, K.; Wada, H.; Kubo, N.; Sugawara, Y.; Nakamura, T.; Funayama, H.; Ako, J.; Momomura, S. Transradial
percutaneous coronary intervention for acute myocardial infarction reduces CCU stay in patients 80 or older. Int. Heart J. 2012, 53,
79-84. [CrossRef]

Park, D.Y,; Jamil, Y.; Hu, J.-R.; Lowenstern, A.; Frampton, J.; Abdullah, A.; Damluji, A.A.; Ahmad, Y.; Soufer, R.; Nanna,
M.G. Delirium in older adults after percutaneous coronary intervention: Prevalence, risks, and clinical phenotypes. Cardiovasc.
Revascularization Med. 2023, 57, 60-67. [CrossRef]


https://physionet.org/content/mimiciv/3.0/
https://doi.org/10.1161/JAHA.118.008568
https://www.ncbi.nlm.nih.gov/pubmed/29453307
https://doi.org/10.1016/j.ahj.2020.11.011
https://www.ncbi.nlm.nih.gov/pubmed/33253676
https://doi.org/10.4088/JCP.22m14565
https://doi.org/10.1097/CCM.0000000000006362
https://doi.org/10.1001/jama.2011.916
https://doi.org/10.1155/2022/5839834
https://doi.org/10.1253/circj.CJ-22-0412
https://doi.org/10.1536/ihj.53.79
https://doi.org/10.1016/j.carrev.2023.06.010

Bioengineering 2025, 12, 637 12 0f13

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tan, J.-F; Duan, L.; Han, ]J.-C.; Cui, J.-]. Clinical characteristics of delirium in older patients with first-ever acute myocardial
infarction who underwent percutaneous coronary intervention: A retrospective study. Herz 2024, 49, 456—463. [CrossRef]
Johnson, A.E.W.; Bulgarelli, L.; Shen, L.; Gayles, A.; Shammout, A.; Horng, S.; Pollard, T.J.; Hao, S.; Moody, B.; Gow, B.; et al.
MIMIC-1V, a freely accessible electronic health record dataset. Sci. Data 2023, 10, 1. [CrossRef] [PubMed]

Lidtke, O.; Robitzsch, A.; Grund, S. Multiple imputation of missing data in multilevel designs: A comparison of different
strategies. Psychol. Methods 2017, 22, 141-165. [CrossRef] [PubMed]

Klein, J.P; Rizzo, ].D.; Zhang, M.].; Keiding, N. Statistical methods for the analysis and presentation of the results of bone marrow
transplants. Part 2: Regression modeling. Bone Marrow Transplant. 2001, 28, 1001-1011. [CrossRef] [PubMed]

Park, S.Y. Nomogram: An analogue tool to deliver digital knowledge. J. Thorac. Cardiovasc. Surg. 2018, 155, 1793. [CrossRef]
Labarere, J.; Renaud, B.; Fine, M.J. How to derive and validate clinical prediction models for use in intensive care medicine.
Intensive Care Med. 2014, 40, 513-527. [CrossRef]

de Haan, E.; van Rijckevorsel, V.A.J.IM.; Bod, P.; Roukema, G.R.; de Jong, L. Dutch Hip Fracture Registry Collaboration (DHFR)
Delirium After Surgery for Proximal Femoral Fractures in the Frail Elderly Patient: Risk Factors and Clinical Outcomes. Clin.
Interv. Aging 2023, 18, 193-203. [CrossRef]

Yan, E.; Veitch, M.; Saripella, A.; Alhamdah, Y.; Butris, N.; Tang-Wai, D.E; Tartaglia, M.C.; Nagappa, M.; Englesakis, M.;
He, D.; et al. Association between postoperative delirium and adverse outcomes in older surgical patients: A systematic review
and meta-analysis. J. Clin. Anesth. 2023, 90, 111221. [CrossRef]

Yokoyama, C.; Yoshitnai, K.; Ogata, S.; Fukushima, S.; Matsuda, H. Effect of postoperative delirium after cardiovascular surgery
on 5-year mortality. JA Clin. Rep. 2023, 9, 66. [CrossRef]

Hori, Y.; Mihashi, M. Relationship Between Delirium Development and Its Causative Factors in the Intensive Care Unit After
Cardiac Surgery. Yonago Acta Med. 2023, 66, 214-222. [CrossRef]

Tiwari, A.M.; Zirpe, K.G.; Khan, A.Z.; Gurav, S K.; Deshmukh, A.M.; Suryawanshi, P.B.; Kapse, U.S.; Wankhede, P.P.; Bamne, S.N.;
Bhoyar, A.P,; et al. Incidence, Subtypes, Risk factors, and Outcome of Delirium: A Prospective Observational Study from Indian
Intensive Care Unit. Indian J. Crit. Care Med. 2023, 27, 111-118.

Han, F; Liu, X.; Huang, H.; Chu, H.; Feng, W. Effect of preoperative sleep disorders on delirium in proximal femoral surgery
patients aged 60 or older. BMC Anesthesiol. 2023, 23, 376. [CrossRef] [PubMed]

Tomite, T.; Saito, H.; Kijima, H.; Hatakeyama, Y.; Tazawa, H.; Wachi, T.; Miyakoshi, N. Delirium following total hip or knee
arthroplasty: A retrospective, single-center study. J. Orthop. Sci. 2024, in press. [CrossRef] [PubMed]

Santos, D.P.d.A.D.; Thirumala, P.D.; Reddy, G.; Barros, D.F.d.; Faria, VN.R.; Shandal, V.; Kurtz, P. Risk of perioperative stroke and
cerebral autoregulation monitoring: A systematic review. Arg. Neuropsiquiatr. 2022, 80, 1196-1203. [CrossRef] [PubMed]

Vu, E.L,; Brown, C.H.; Brady, KM.; Hogue, C.W. Monitoring of cerebral blood flow autoregulation: Physiologic basis, measure-
ment, and clinical implications. Br. J. Anaesth. 2024, 132, 1260-1273. [CrossRef]

Khan, ].M.; Shore, A.; Lee, KEH.; Wood, M.D.; Maslove, D.M.; Hunt, M.; Georgescu, I.; Muscedere, J.; Boyd, J.G. Cerebral
autoregulation-based mean arterial pressure targets and delirium in critically ill adults without brain injury: A retrospective
cohort study. Can. |. Anaesth. 2024, 71, 107-117. [CrossRef]

Hu, X,; Liu, L.; Da, X,; Zhu, S.; Wang, J.; Shan, M.; Liu, Y.; He, Z.; Xu, G. Anesthesia/surgery leads to blood-brain barrier
disruption via the transcellular and paracellular pathways, and postoperative delirium-like behavior: A comparative study in
mice of different ages. Exp. Neurol. 2025, 383, 115044. [CrossRef]

Lu, J,; Liang, E; Bai, P; Liu, C.; Xu, M.; Sun, Z.; Tian, W.; Dong, Y.; Zhang, Y.; Quan, Q.; et al. Blood tau-PT217 contributes to the
anesthesia/surgery-induced delirium-like behavior in aged mice. Alzheimers Dement. 2023, 19, 4110-4126. [CrossRef]

Devinney, M.].; Wong, M.K.; Wright, M.C.; Marcantonio, E.R.; Terrando, N.; Browndyke, ].N.; Whitson, H.E.; Cohen, H.J.; Nackley,
A.G.; Klein, M.E,; et al. Role of Blood-Brain Barrier Dysfunction in Delirium following Non-cardiac Surgery in Older Adults. Ann.
Neurol. 2023, 94, 1024-1035. [CrossRef]

Coetzee, E.; Absalom, A.R. Pharmacokinetic and Pharmacodynamic Changes in the Older Adults: Impact on Anesthetics. Clin.
Geriatr. Med. 2025, 41, 19-35. [CrossRef]

Guidry, G.; Sparrow, N.A.; Marshall, H.S.; De Souza Santos, R.; Bharath, S.P.; Gezalian, M.M.; Pisarska, M.D.; Vit, ].-P.; Kelly, S.A;
Karumanchi, S.A ; et al. 17(3-estradiol ameliorates delirium-like phenotypes in a murine model of urinary tract infection. Sci. Rep.
2022, 12, 19622. [CrossRef]

Arab, HH.; Khames, A.; Mohammad, M.K.; Alsufyani, S.E.; Ashour, A.M.; El-Sheikh, A.A K.; Darwish, HW.; Gad, A.M.
Meloxicam Targets COX-2/NOX1/NOX4/Nrf2 Axis to Ameliorate the Depression-like Neuropathology Induced by Chronic
Restraint Stress in Rats. Pharmaceuticals 2023, 16, 848. [CrossRef] [PubMed]

Jiang, S.; Gunther, M. A Critical Reappraisal of Haloperidol for Delirium Management in the Intensive Care Unit: Perspective
from Psychiatry. J. Clin. Med. 2025, 14, 438. [CrossRef] [PubMed]

Matis, L.; Alexandru, B.A.; Ghitea, T.C. Catecholamine Variations in Pediatric Gastrointestinal Disorders and Their Neuropsychi-
atric Expression. Biomedicines 2023, 11, 2600. [CrossRef] [PubMed]


https://doi.org/10.1007/s00059-024-05250-5
https://doi.org/10.1038/s41597-022-01899-x
https://www.ncbi.nlm.nih.gov/pubmed/36596836
https://doi.org/10.1037/met0000096
https://www.ncbi.nlm.nih.gov/pubmed/27607544
https://doi.org/10.1038/sj.bmt.1703271
https://www.ncbi.nlm.nih.gov/pubmed/11781608
https://doi.org/10.1016/j.jtcvs.2017.12.107
https://doi.org/10.1007/s00134-014-3227-6
https://doi.org/10.2147/CIA.S390906
https://doi.org/10.1016/j.jclinane.2023.111221
https://doi.org/10.1186/s40981-023-00658-0
https://doi.org/10.33160/yam.2023.05.003
https://doi.org/10.1186/s12871-023-02331-6
https://www.ncbi.nlm.nih.gov/pubmed/37978346
https://doi.org/10.1016/j.jos.2024.11.006
https://www.ncbi.nlm.nih.gov/pubmed/39638735
https://doi.org/10.1055/s-0042-1758648
https://www.ncbi.nlm.nih.gov/pubmed/36580956
https://doi.org/10.1016/j.bja.2024.01.043
https://doi.org/10.1007/s12630-023-02609-w
https://doi.org/10.1016/j.expneurol.2024.115044
https://doi.org/10.1002/alz.13118
https://doi.org/10.1002/ana.26771
https://doi.org/10.1016/j.cger.2024.03.004
https://doi.org/10.1038/s41598-022-24247-w
https://doi.org/10.3390/ph16060848
https://www.ncbi.nlm.nih.gov/pubmed/37375795
https://doi.org/10.3390/jcm14020438
https://www.ncbi.nlm.nih.gov/pubmed/39860443
https://doi.org/10.3390/biomedicines11102600
https://www.ncbi.nlm.nih.gov/pubmed/37892974

Bioengineering 2025, 12, 637 13 0f 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sadhu, A.; Valencia, C.; Fatima, H.; Nwankwo, I.; Anam, M.; Maharjan, S.; Amjad, Z.; Abaza, A.; Vasavada, A.M.; Khan, S.
Haloperidol Versus Atypical Antipsychotics for Treating Delirium in Intensive Care Unit Patients: A Systematic Review. Cureus
2022, 14, €30641. [CrossRef]

Yabo, W.; Dongxu, L.; Xiao, L.; Qi, A. Cardiac surgery outcomes: The efficacy of dexmedetomidine in reducing postoperative
delirium—A bibliometric study. Curr. Probl. Cardiol. 2025, 50, 102984. [CrossRef]

Ma, H.; Ahrens, E.; Wachtendorf, L.J.; Suleiman, A.; Shay, D.; Munoz-Acuna, R.; Tartler, TM.; Teja, B.; Wagner, S.;
Subramaniam, B.; et al. Intraoperative Use of Phenylephrine versus Ephedrine and Postoperative Delirium: A Multicenter
Retrospective Cohort Study. Anesthesiology 2024, 140, 657-667. [CrossRef]

Zheng, C.; Wang, B.; Fu, J.; Peng, H.; Chen, Y.; Hu, X. Effect of phenylephrine versus ephedrine on the incidence of postoperative
delirium in olderly adults undergoing knee arthroplasty under general anesthesia: A single-center trial. Sci. Rep. 2024, 14, 17333.
[CrossRef]

Creagh-Brown, B.; Wunsch, H.; Martin, P.; Harlet, P.; Forni, L.; Moonesinghe, S.R.; Jammer, I. The incidence of postoperative
vasopressor usage: Protocol for a prospective international observational cohort study (SQUEEZE). Perioper. Med. 2023, 12, 8.
[CrossRef]

Douglas, N.; Leslie, K.; Darvall, J.N. Vasopressors to treat postoperative hypotension after adult noncardiac, non-obstetric surgery:
A systematic review. Br. |. Anaesth. 2023, 131, 813-822. [CrossRef]

Li, W,; Li, S.; Shang, Y.; Zhuang, W.; Yan, G.; Chen, Z; Lyu, ]. Associations between dietary and blood inflammatory indices and
their effects on cognitive function in elderly Americans. Front. Neurosci. 2023, 17, 1117056. [CrossRef]

Ma, Y.; Li, C,; Peng, W.; Wan, Q. The influence of delirium on mortality and length of ICU stay and analysis of risk factors for
delirium after liver transplantation. Front. Neurol. 2023, 14, 1229990. [CrossRef] [PubMed]

Pasqui, E.; de Donato, G.; Brancaccio, B.; Casilli, G.; Ferrante, G.; Cappelli, A.; Palasciano, G. The Predictive Role of Inflammatory
Biochemical Markers in Post-Operative Delirium After Vascular Surgery Procedures. Vasc. Health Risk Manag. 2022, 18, 747-756.
[CrossRef] [PubMed]

Shan, L.; Zheng, K.; Dai, W.; Wang, Y.; Hao, P. Comparative analysis of inflammatory markers as predictive markers for
postoperative delirium in cardiac surgery patients: An observational study. Front. Med. 2025, 12, 1515940. [CrossRef]

Wang, P.; Huang, J.; Xu, L.; Hu, R. The association between the neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and
lymphocyte-to-monocyte ratio and delirium in ischemic stroke patients. Front. Med. 2024, 11, 1456742. [CrossRef]

Liu, J.; Qian, J.; Wang, X,; Lin, J.; Yang, S.; Hu, R.; Xian, J.; Feng, H.; Chen, Y.; Tan, B. Identifying hormones and other perioperative
risk factors for postoperative delirium after endoscope-assisted transsphenoidal pituitary adenoma resection: A retrospective,
matched cohort study. Brain Behav. 2023, 13, e3041. [CrossRef]

Ketema, B.; Mengistu, G.; Melka, D.; Zenebe, Y.; Zebenigus, M.; Leul, F. A multicenter prospective study on the prevalence of
Post Stroke Delirium and associated risk factors in Addis Ababa, Ethiopia. BMC Neurol. 2025, 25, 114. [CrossRef]

Baron, M.; Devor, M. From molecule to oblivion: Dedicated brain circuitry underlies anesthetic loss of consciousness permitting
pain-free surgery. Front. Mol. Neurosci. 2023, 16, 1197304. [CrossRef]

Barra, M.E,; Solt, K.; Yu, X.; Edlow, B.L. Restoring consciousness with pharmacologic therapy: Mechanisms, targets, and future
directions. Neurotherapeutics 2024, 21, e00374. [CrossRef]

Yang, C.-C.; Wang, X.-Y.; Chou, P-H.; Lin, C.-H. Valproate-related neutropenia and lithium-related leukocytosis in patients treated
with clozapine: A retrospective cohort study. BMC Psychiatry 2023, 23, 170. [CrossRef]

Kanyo, R.; Lamothe, S.M.; Urrutia, A.; Goodchild, S.J.; Allison, W.T.; Dean, R.; Kurata, H.T. Site and Mechanism of ML252
Inhibition of Kv7 Voltage-Gated Potassium Channels. Function 2023, 4, zqad021. [CrossRef]

Zhang, D.; Xiang, W.; Liu, J.; Li, W.; Qiao, Z.; Wang, K.; Shao, L. Design, synthesis, and structure-activity relationship of 5,7-
dimethylbenzo[d]thiazoles as novel Kv7.2/7.3 activators with antiepileptic effects. Eur. . Med. Chem. 2025, 292, 117660. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7759/cureus.30641
https://doi.org/10.1016/j.cpcardiol.2025.102984
https://doi.org/10.1097/ALN.0000000000004774
https://doi.org/10.1038/s41598-024-68273-2
https://doi.org/10.1186/s13741-023-00296-1
https://doi.org/10.1016/j.bja.2023.08.022
https://doi.org/10.3389/fnins.2023.1117056
https://doi.org/10.3389/fneur.2023.1229990
https://www.ncbi.nlm.nih.gov/pubmed/37869144
https://doi.org/10.2147/VHRM.S368194
https://www.ncbi.nlm.nih.gov/pubmed/36128257
https://doi.org/10.3389/fmed.2025.1515940
https://doi.org/10.3389/fmed.2024.1456742
https://doi.org/10.1002/brb3.3041
https://doi.org/10.1186/s12883-025-04114-7
https://doi.org/10.3389/fnmol.2023.1197304
https://doi.org/10.1016/j.neurot.2024.e00374
https://doi.org/10.1186/s12888-023-04659-2
https://doi.org/10.1093/function/zqad021
https://doi.org/10.1016/j.ejmech.2025.117660

	Introduction 
	Methods 
	Data Source 
	Patient Population 
	Data Extraction 
	Outcome 
	Statistical Analysis 

	Results 
	Baseline Characteristics of Patients 
	Survival Analysis of Patients 
	Factors Associated with Delirium Occurrence in the Training Cohort 
	Model’s Predictive Performance and Clinical Utility 

	Discussion 
	Conclusions 
	References

