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Association between the glucose-
to-potassium ratio and delirium
in critically ill ICU patients: a
retrospective study

He Jiang, Jinhong Zhang, Congcong Han, Hongyu Xu & Jiangling Xia™*

It is unclear whether the serum glucose-to-potassium ratio (GPR) is related to delirium in critically ill
patients. The aim of this study was to investigate the association between GPR and delirium in critically
ill patients in the intensive care unit (ICU). Patients were enrolled from the Medical Information

Mart for Intensive Care IV (MIMIC-IV). We extracted the mean values of blood glucose and blood
potassium on the first day of admission to the ICU and calculated the glucose-to-potassium ratio using
Navicat Premium (16.0). In this study, known risk factors for delirium, including age, sex, duration of
mechanical ventilation, benzodiazepine use, opioid use, the Charlson Comorbidity Index (CCl), and the
Simplified Acute Physiology Score Il (SAPS Il), were systematically adjusted through a multivariable
logistic regression model. Subgroup analysis was used to determine the risk factors for delirium in
critically ill patients. Of the 15,007 patients, 56.2% were males, the median age was 65 years, and

the overall incidence of delirium was 16.8% (2528/15007). Multivariate logistic regression analysis
revealed that an increased GPR was significantly associated with increased delirium occurrence. The
Model 3 adjusted odds ratio for the GPR as a continuous variable was 1.17 (95% Cl 1.09-1.26). Model

1 was adjusted for age and sex; Model 2 was adjusted for comorbidities; and Model 3 included clinical,
laboratory, and treatment variables. Additionally, the incidence of delirium increased significantly with
an increasing GPR (trend test: 1.1 (1.05-1.15); p<0.01). GPR is an independent predictor of delirium in
critically ill ICU patients.
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GPR Glucose-to-potassium ratio
ICU Intensive care unit

MIMIC-IV Medical information mart for intensive care-IV
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Delirium is an acute disorder of attention and cognition and is linked to underlying physiological disorders!. It is
also an independent predictive factor for mortality and several morbidities, such as extended lengths of stay in the
ICU and hospital and cognitive dysfunction® Delirium is common in ICU patients and is associated with adverse
outcomes, particularly among those requiring mechanical ventilation®*. Delirium is typical in patients with
acute heart failure and is associated with both short- and long-term mortality in the ICU>®. Delirium increases
the costs and difficulty of posthospitalization rehabilitation. Delirium in critically ill patients is associated with
multiple high-risk factors, including nonmodifiable factors (age > 65 years and baseline cognitive impairment)
and modifiable triggers (mechanical ventilation, benzodiazepine exposure, and metabolic derangements)’.
Specifically, metabolic dysregulation, such as stress-induced hyperglycemia and electrolyte abnormalities, has
been shown to significantly increase delirium risk®-1°. However, the mechanisms underlying delirium remain
unclear, making the treatment and management of delirium in the ICU challenging.

However, the mechanisms of delirium are multifactorial and not fully understood. Given the potential to
reduce the incidence of delirium, clinical severity, and complications in ICU patients through timely intervention
and early prognostic prediction, identifying prognostic markers that accurately predict poor outcomes is
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important. The GPR, which is calculated as the serum glucose level divided by the serum potassium level, has
been recently proposed. The GPR has been shown to have prognostic value for mortality in patients with severe
traumatic brain injury!! and ischemic stroke!>~!%. The GPR also plays an important role or is highly predictive
in patients with abdominal trauma'® and acute type A aortic dissection!®. The GPR is also a good predictor of
adverse outcomes in patients with heart failure with preserved ejection fraction!” or patients admitted to the
coronary care unit!'®. The GPR is simple, less invasive, cost-effective, and readily applicable in clinical settings,
which is why it is becoming increasingly widely used.

Although previous studies have linked the GPR to outcomes in patients with cerebral hemorrhage or brain
injury'®?, no studies have specifically investigated its association with ICU delirium. Notably, the incidence
and mechanism of delirium differ significantly across different critical illnesses; delirium occurs independently
of age in patients with acute heart failure and may be directly related to insufficient cerebral perfusion due
to ventricular remodeling®. The risk of delirium after extracorporeal circulation is as high as 50% and mainly
originates from systemic inflammatory storms induced by extracorporeal circulation?!, and delirium in patients
with severe brain injury is both a result of disruption of the blood-brain barrier and a secondary cerebral
predictor of dysfunction??. This evidence suggests that delirium of different etiologies may involve heterogeneous
pathological pathways, and universal biomarkers are urgently needed for its early detection. We hypothesized
that an elevated GPR could be independently associated with delirium in critically ill patients. We used the
Medical Information Mart for Intensive Care-IV (MIMIC-IV) database % to investigate the relationship between
the GPR and delirium in critically ill patients in the ICU.

Results

Patient characteristics

From an initial cohort of 50,920 patients with a first ICU admission, 23,726 patients remained after excluding
those with an ICU length of stay of less than 48 h. Following exclusion of patients withouta CAM-ICU assessment
(4950), with fewer than three blood glucose measurements (2739), with missing potassium data (122), and
with dementia (908), the final study population that met all the inclusion criteria comprised 15,007 patients.
Figure 1 shows the patient selection process from the MIMIC-IV database. Baseline characteristics according to
the quartiles of the GPR are shown in Table 1. The mean age was 65 years, and 8438 (56.2%) patients were males.
In the present study, according to the quartiles of the GPR, namely, Q1, Q2, Q3 and Q4, the ICU patients were
divided into four groups (< 1.3, 1.3-1.6, 1.6-2.0 and > 2.0), with 3740, 3785, 3823 and 3819 patients, respectively.
Along with the elevated GPR, the incidences of all comorbidities, except CPD, PVD and TBI, significantly
increased. With an increased GPR, patients often required more benzodiazepines or hormones, and the use of
insulin was also more common. Among the patients with diabetes, 52.2% had a GPR>2.0. Delirium occurred
in 2528 patients (16.8%). The incidence of delirium in the low GPR group was 560 (15%), and that in the high
GPR group was 724 (19.8%). The in-hospital mortality rate was 11.4%, which was significantly higher in the
Q4 group (13.8%) than in the Q1 group (11.9%). The length of the hospital stay significantly increased with the
increasing GPR (9.6 (6.3, 15.8) vs. 10.5 (6.8, 17.7), p<0.001), as did the length of the ICU stay (4.0 (2.9, 6.4) vs.
42(2.9,7.7), p<0.001).

Relationship between the GPR and delirium

Univariate regression analysis revealed that the HR, MBP, RR, SpO,, the levels of Hb, BUN, creatinine, and
sodium, MI, PVD, CVD, CPD, ICH, AHE liver disease, malignant cancer, medical treatment, urgent surgery, the
use of MV, norepinephrine, insulin, statins, benzodiazepine, dexmedetomidine, and opioids and SAPS II were
significantly associated with delirium (Supplementary Table 1). The linearity of the relationship between the
GPR and delirium was assessed using restricted cubic splines. A linear relationship was observed between the
GPR and delirium (Fig. 2). A higher GPR was associated with an increased incidence of delirium. After adjusting
for confounders, the GPR was found to be positively associated with delirium in all three models (Table 2).
Regardless of whether the GPR was analyzed as a continuous variable or a quartile, the odds ratios (ORs) of the
GPR were consistently significant in all three models. An adjusted logistic model was used to reduce the impact
of confounding variables. In the fully adjusted logistic model (Model 3), when the GPR was used as a continuous
variable, the incidence of delirium increased by 17% for every 1 unit increase in the GPR (OR 1.17, 95% CI:
1.09-1.26). When the GPR was used as a categorical variable in Model 3, the adjusted ORs were 1.29 (95% CI:
1.13-1.47) and 1.35 (95% CI: 1.19-1.53) in Model 2 and the fully adjusted Model 3, respectively, with quartile 1
as a reference (Table 2).

Subgroup analyses and the sensitivity analysis

Subgroup analyses were performed to ensure the stability of the study outcomes. The risk stratification value of
the GPR for delirium was further analyzed in multiple subgroups of the enrolled patients, which were stratified by
age, diabetes status, benzodiazepine use, dexmedetomidine use and the CCI (Fig. 3). The GPR was significantly
associated with a greater risk of delirium in the patients in the age>65 years and the CCI>5.7 subgroups, in
those without diabetes and those without dexmedetomidine use. Significant interactions were detected in the
subgroups with or without benzodiazepine use (P for interaction <0.05). The predictive value of the GPR for
delirium risk was greater in patients without benzodiazepine use (Table 3).

In addition, we performed a sensitivity analysis for patients who underwent urgent surgery or medical
treatment. This analysis was performed in the same manner as for critically ill patients in the ICU. Covariate
selection for the patients who underwent urgent surgery was based on p <0.05, as shown in Supplemental Table
2. After adjusting for the full model, the analysis revealed that when the GPR was used as a continuous variable,
the incidence of delirium increased by 26% for every 1 unit increase in the GPR (OR 1.26, 95% CI: 1.08-1.46).
When the GPR was used as a categorical variable in Model 3, the adjusted ORs were 1.7 (95% CI: 1.31-2.1) and
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Fig. 1. Flowchart of cohort selection.

1.56 (95% CI: 1.18-2.06) in Model 2 and the fully adjusted Model 3, respectively, with quartile 1 as a reference
(Supplemental Table 3). Covariate selection for patients who underwent medical treatment was based on
p <0.05, as shown in Supplemental Table 4. In the fully adjusted Model 3, the adjusted ORs were 1.17 (95% CI:
1.07-1.28) and 1.23 (95% CI: 1.05-1.44) when the GPR was used as a continuous variable and a categorical
variable, respectively (Supplemental Table 5).

Discussion

In this retrospectiveal o sndct on the MIMIC-IV Inkota, we found a linear relationship between the GPR and
delirium incidence. A higherionGPR was liinuked to a grudrdeetmentf delirium. Notably, evene after adjusting
for potential confounding factors, the GPR remained robustly linked to delirium. As the GPR increased, patients
tended to have more comorbidities and more severe illness. The lengths of the hospital and ICU stays were
considerably longer in patients with higher GPRs than in those with lower GPRs. Subgroup analyses revealed
that the predictive performance of the GPR was stronger in patients who did not use benzodiazepines. Sensitivity
analyses also indicated that elevated GPR was linked to the onset of delirium, regardless of whether the patient
was in the stressful situation of emergency surgery or under medical treatment.

Serum glucose and potassium are two important circulating biomarkers for disease prognosis. Hyperglycemia
and hypoglycemia are associated with ICU delirium in critically ill patients?»?>. The pattern of glucose metabolism
in critically ill patients is significantly different from that in patients with diabetes. Glycemic abnormalities are
common in ICU patients, and the stress response can increase blood glucose levels in critically ill patients by
regulating hormones (glucagon, catecholamines, growth hormone, and cortisol) to provide sufficient energy for
organ survival?®. Postoperative metabolic disturbances and electrolyte imbalances, especially hyperglycemia and
low potassium levels, are closely related to the development of delirium after CABG and need to be considered
more carefully!®. The glucose-to-potassium ratio (GPR) has recently been widely used in clinical practice and
is an independent risk factor for the severity and 6-month prognosis of acute traumatic spinal cord injury?’.
Early on, the GPR was used in patients with cerebral hemorrhage?® or brain injury!! as a predictor of short-term
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Q1 (n=3740) |Q2(n=3785) |Q3(n=3823) |Q4(n=3819)

Variables Total (n=15,007) | <1.3 1.3-1.6 1.6-2.0 >2.0 P
Age (year) 65.1+16.4 64.5+17.3 64.3+17.2 65.7+16.4 65.9+14.5 <0.001
Gender (Male %) 8438 (56.2) 2151 (57.5) 2190 (57.9) 2141 (56) 1956 (53.5) <0.001
Vitals
HR (beats/min) 86.0+16.5 85.5+£16.7 85.0+16.2 85.9+16.3 87.6+16.8 <0.001
MBP (mmHg) 78.8+11.1 774+11.2 78.5+10.9 79.1+£10.9 80.1+11.0 <0.001
RR (beats/min) 19.5+3.8 19.3+£3.8 19.3+£3.7 19.4+£3.8 19.8+£3.9 <0.001
SpO, (%) 97.0+2.1 97.0+2.0 97.0+2.0 97.0+£2.0 96.9+2.2 0.099
Laboratory events
WBC (1079/L) 11.6+2.2 11.4+2.2 11.7+22 11.7+£2.2 11.7+2.2 <0.001
Hb (g/L) 13.3 (9.7, 18.1) 12.9(9.0,17.7) | 13.0(94,17.8) | 13.4(10.0,18.2) | 13.9(10.3,18.9) | <0.001
Calcium (mg/dL) 8.6+0.8 8.6+0.9 8.6+0.8 8.6+0.8 8.6+0.9 0.008
Sodium (mmol/L) 139.7£5.0 139.2+5.2 139.7+4.7 140.0+4.8 140.1+£5.2 <0.001
Potassium (mmol/L) 4.6+0.9 51+1.1 4.6+0.7 44+0.6 4.3+0.7 <0.001
BUN (mmol/L) 21.0 (14.0, 33.0) 23.0 (15.0, 40.0) | 19.0 (14.0, 29.0) | 20.0 (14.0, 30.0) | 22.0 (15.0, 36.0) | <0.001
Creatinine (mg/dL) 1.1 (0.8, 1.6) 1.1 (0.8,2.0) 1.0 (0.8, 1.5) 1.0 (0.8, 1.5) 1.1 (0.8, 1.7) <0.001
Avgglucose (mmol/L) | 7.8+2.6 56+1.1 6.7+1.0 7.8+1.2 11.1+2.8 <0.001
Comorbidities, n (%)
MI 2682 (17.9) 671 (17.9) 604 (16) 664 (17.4) 743 (20.3) <0.001
CHF 4440 (29.6) 1147 (30.7) 1066 (28.2) 1085 (28.4) 1142 (31.2) <0.001
PVD 1856 (12.4) 482 (12.9) 461 (12.2) 484 (12.7) 429 (11.7) 0.431
CVD 2869 (19.1) 623 (16.7) 660 (17.4) 773 (20.2) 813 (22.2) <0.001
CPD 3895 (26.0) 1009 (27) 930 (24.6) 990 (25.9) 966 (26.4) 0.102
ICH 312 (2.1) 30 (0.8) 71(1.9) 95 (2.5) 116 (3.2) <0.001
AHF 1088 (7.2) 247 (6.6) 251 (6.6) 276 (7.2) 314 (8.6) 0.003
TBI 119 (0.8) 33(0.9) 34(0.9) 32(0.8) 20 (0.5) 0.28
Diabetes 4280 (28.5) 759 (20.3) 694 (18.3) 916 (24) 1911 (52.2) <0.001
Liver disease 2032 (13.5) 579 (15.5) 458 (12.1) 453 (11.8) 542 (14.8) <0.001
Renaldisease 3010 (20.1) 904 (24.2) 679 (17.9) 657 (17.2) 770 (21) <0.001
Malignant cancer 2080 (13.9) 508 (13.6) 470 (12.4) 536 (14) 566 (15.5) 0.002
MV 4433 (29.5) 1068 (28.6) 1079 (28.5) 1142 (29.9) 1144 (31.3) 0.028
Elective.surgical 661 (4.4) 177 (4.7) 198 (5.2) 176 (4.6) 110 (3) <0.001
Urgent.surgical 3738 (24.9) 822 (22) 1027 (27.1) 1059 (27.7) 830 (22.7) <0.001
Medical 9898 (66.0) 2629 (70.3) 2402 (63.5) 2401 (62.8) 2466 (67.4) <0.001
Treatment, n (%)
Norepinephrine 3162 (21.1) 815(21.8) 810 (21.4) 764 (20) 773 (21.1) 0.247
Insulin 9846 (65.6) 2107 (56.3) 2237 (59.1) 2477 (64.8) 3025 (82.7) <0.001
Statin 6422 (42.8) 1567 (41.9) 1623 (42.9) 1604 (42) 1628 (44.5) 0.084
Benzodiazepine 10,132 (67.5) 2478 (66.3) 2481 (65.5) 2568 (67.2) 2605 (71.2) <0.001
Dexmedetomidine 3235 (21.6) 841 (22.5) 829 (21.9) 812 (21.2) 753 (20.6) 0.215
Corticosteroids 4800 (32.0) 1135 (30.3) 1018 (26.9) 1248 (32.6) 1399 (38.2) <0.001
Opioids 10,017 (66.7) 2463 (65.9) 2579 (68.1) 2529 (66.2) 2446 (66.8) 0.154
Scores
CCI 57+3.0 57+3.1 53+3.0 5.6+2.9 6.3+2.9 <0.001
SAPSII 37.4+13.8 39.0+£14.3 36.0+13.3 36.3+13.5 38.1+13.9 <0.001
Continued
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Q1 (n=3740) |Q2(n=3785) |Q3(n=3823) |Q4(n=3819)
Variables Total (n=15,007) | <1.3 1.3-1.6 1.6-2.0 >2.0 P
Outcomes
Delirium (%) 2528 (16.8) 560 (15) 566 (15) 678 (17.7) 724 (19.8) <0.001
Hospital mortality (%) | 1713 (11.4) 444 (11.9) 341 (9) 423 (11.1) 505 (13.8) <0.001
Los hospital (day) 9.8 (6.5, 16.2) 9.6 (6.3, 15.8) 9.3 (6.2, 15.6) 9.8 (6.6, 16.5) 10.5 (6.8, 17.7) <0.001
Los icu (day) 4.0(2.9,6.9) 4.0(2.9,6.4) 3.9(2.8,6.4) 4.0(2.9,6.9) 42(2.9,7.7) <0.001

Table 1. Baseline characteristics of study population according to GPR. Data are presented as mean (sd),
medians [interquartile ranges] or numbers (percentages). One-way ANOVA, Kruskal-Wallis tests and chi-
square tests were used. MBP mean blood pressure, HR heart rate, RR respiratory rate, Hb hemoglobin, WBC
white blood cell count, BUN blood urea nitrogen, MI myocardial infarction, CHF chronic heart failure, PVD
peripheral vascular disease, CVD cerebrovascular disease, CPD chronic pulmonary disease, TBI traumatic
brain injury, ICH intracerebral hemorrhage, AHF acute heart failure, MV mechanical ventilation, SAPS IT
simplified acute physiology score, CCI Charlson comorbidity index.

10.0 P for non-linearity: 0.139
'

5.0

2.0

'
Ref. point = 1.604
'

Odds Ratio of Delirium

0.5

0.2

0.1

GPR

Fig. 2. Restricted cubic spline curve for delirium.

mortality and a preliminary marker of cerebral dysfunction'®. However, the association between the GPR and
delirium has not been studied. Our findings suggest a robust association between the elevated GPR and delirium,
even after adjusting for confounders. Sedative medications are often administered to patients in the ICU, and
the relationship between benzodiazepine use and delirium is still somewhat controversial®>*°. Our subgroup
analysis revealed that the GPR had a stronger prognostic effect in patients who did not receive benzodiazepines.

The occurrence of ICU delirium is related to many factors, such as patients’ comorbidity with hypertension,
smoking, alcohol consumption, and other predisposing factors, such as mechanical ventilation or sedative drugs
in the ICU and a prolonged ICU stay’. However, variables such as smoking and alcohol use were not available
in the dataset and may act as residual confounders. Although the exact mechanism of delirium is unclear, some
studies have suggested that energy metabolism is one of the mechanisms by which delirium, hypoglycemia, or
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crude OR (95%CI) adj OR (95%CI) adj.OR (95%CI) adj.OR (95%CI)
Variable | n.total | n. event (%) | Crude P Model 1 P Model 2 P Model 3 P
GPR 15,007 |2528(16.8) |1.24(1.16~1.33) <0.001 | 1.24 (1.16~1.33) | <0.001 | 1.22(1.14~1.3) <0.001 | 1.17 (1.09~1.26) | <0.001
Q1 3740 560 (15) 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Q2 3785 566 (15) 1(0.88~1.13) 0.981 | 1(0.88~1.13) 0.979 | 0.99 (0.87~1.13) 0.894 | 1.04 (0.91~1.19) 0.57
Q3 3823 678 (17.7) 1.22 (1.08 ~1.38) 0.001 |1.22(1.08~1.38) 0.001 | 1.21(1.07~1.37) 0.003 | 1.24 (1.09~1.42) 0.001
Q4 3659 | 724(19.8) | 1.4 (1.24~1.58) <0.001 | 1.4(1.24~1.58) | <0.001 | 1.35(1.19~1.53) | <0.001 | 1.29 (1.13~1.47) | <0.001
Trend.test | 15,007 | 2528 (16.8) | 1.13 (1.09~1.18) <0.001 | 1.13 (1.09~1.18) | <0.001 | 1.12(1.07~1.16) | <0.001 | 1.1 (1.05~1.15) <0.001

Table 2. Odds ratio for delirium according to the GPR on a continuous scale or in quartiles groups. Model
1: adjusted for age and gender. Model 2: adjusted forModel 1 + comorbidities (MI, PVD, CVD, CPD, ICH,
AHE, liver disease, malignant cancer, urgent, surgical, medical). Model 3: adjusted for Model 2 + APSII, MV,
norepinephrine, insulin, statin, benzodiazepine, dexmedetomidine, opioids and HR, RR, MBP, SpO,, Hb,
BUN, creatinine, calcium and sodium.

insulin resistance can reduce energy in the brain, causing hypoxia®!. Additionally, inflammation and oxidative
stress may trigger delirium’. Stress-induced hyperglycemia commonly occurs in patients admitted to the
hospital, especially patients in the ICU*2, and can lead to a state of insulin resistance. This leads to elevated levels
of catecholamines, cortisol, glucagon and growth hormone. Additionally, increases in the levels of inflammatory
cytokines further worsen the metabolic milieu. The regulation of sodium/potassium ATPase activity by high
catecholamine levels and insulin secretion leads to potassium influx®*. In addition, high cortisol levels activate
the renin-angiotensin-aldosterone system to lower serum potassium levels*’. These pathophysiological
alterations collectively promote the onset and progression of cerebrovascular disorders and culminate in adverse
clinical outcomes.

This study has several limitations. First, the MIMIC-IV database may have incomplete preadmission baseline
information, such as specific data on the preoperative cognitive status, psychiatric history, and education level,
which may influence the occurrence of delirium. Second, we selected only patients who met the diagnostic
criteria for the CAM-ICU but could not determine the evaluation time and frequency of the CAM-ICU. Third,
glucose measurements were not continuous, and the frequency of measurements varied between patients
because of differences in disease severity and dietary composition; Persistent elevation of GPR, an early metabolic
indicator, may be associated with disease progression. This limitation may have introduced measurement bias
and attenuated the observed associations. Future studies could explore this association in depth using time-
dependent covariate modeling with the help of a better longitudinal database. Fourth, this study was a single-
center, retrospective cohort study, which warrants further investigation in multicenter randomized controlled
trials.

Conclusions

We demonstrated that the GPR was strongly associated with delirium in critically ill patients. The GPR is a
good predictor of delirium in critically ill patients in the ICU. Monitoring the GPR could provide information
for delirium management strategies. However, additional research is needed to explore whether effective
management of the GPR can lead to improved clinical outcomes and prognoses in patients.

Methods

Data source

This retrospective cohort study was based on the MIMIC-IV database (version 2.2), a public clinical database
that contains data on patients admitted to the intensive care unit at the Beth Israel Deaconess Medical Center
in Boston, Massachusetts, between 2008 and 2019. One author (JLX) obtained the necessary authorization to
access the anonymized dataset and oversaw the rigorous process of data extraction. Informed consent was not
required because all the patient data in the database were anonymized.

Study population and data extraction

Data from all patients admitted to the ICU for the first time were extracted from the MIMIC-IV database
(version 2.2). The inclusion criteria were as follows: (i) adult patients (> 18 years old) admitted to the ICU for the
first time; (ii) ICU stay =48 h; and (iii) presence of CAM-ICU assessment records. The exclusion criteria were as
follows: (i) had a history of baseline dementia; (ii) had fewer than 3 blood glucose tests within 72 h of admission;
and (iii) lacked potassium data. The extracted data included (1) demographics (age and sex); (2) vital signs
(mean blood pressure (MBP), heart rate (HR), respiratory rate (RR), and oxygenated hemoglobin saturation
(Sp0,)); (3) laboratory results (white blood cell (WBC) count, hemoglobin (Hb), creatinine, blood urea nitrogen
(BUN), potassium, sodium, and calcium levels and average blood glucose level); (4) comorbidities (diabetes,
chronic pulmonary disease (CPD), peripheral vascular disease (PVD), malignant cancer, cerebrovascular disease
(CVD), chronic heart failure (CHF), myocardial infarction (MI), traumatic brain injury (TBI), intracerebral
hemorrhage (ICH), acute heart failure (AHF), liver disease and renal disease, medical treatment, urgent surgery
or elective surgery); (5) the use of mechanical ventilation (MV) and norepinephrine and other drugs (insulin,
statins, benzodiazepine, dexmedetomidine, corticosteroids, and opioids) during the ICU stay; (6) scores: the
Simplified Acute Physiology Score II (SAPS II) and Charlson Comorbidity Index (CCI); and (7) outcomes:
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Subgroup Total Event (%) OR (95%CI) P for interaction
Age<65 0.297
1696 275(162)  1(Ref) .

1723 260(151) 095 (0.78-1.16) —@——

1654 303(183) 122 (1~148) —
1559 291(187)  1.11(0.91~1.36) ———
6632  1120(17)  1.06(0.99~1.13) o
Age>=65
2044 285(13.9)  1(Ref) °
2062 306(148)  1.13(0.94~1.36) ——
2169 375(173) 13 (1.09~1.56) —
2100  433(208)  1.49(1.25~1.79) —
8375 1399 (16.7) 1.14(1.08~1.21) ---
Diabetes(NO) 0.444
2081  446(15)  1(Ref) °
3091  454(147) 1.01(0.87-1.18)  —@—
2007  526(18.1)  1.28(1.1~1.49) e
1748 375(215) 13 (1.1~154) —
10727 1801 (16.8) 1.11(1.06~1.17) -
Diabetes(YES)
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Fig. 3. Subgroup analysis of the relationship between the GPR and delirium in critically ill patients in the ICU.

the incidence of delirium, the length of ICU stay, the length of hospitalization and in-hospital mortality. The
analysis relied on laboratory values and scores that indicated disease severity and were collected during the first
examination within 24 h after ICU admission.

Glucose measurement and GPR definition

We calculated the mean blood glucose (MBG) and potassium levels on the first day during the ICU stay by
using all laboratory records for each included patient. The GPR was calculated by dividing the glucose level by
the potassium level (mmol/L). The laboratory examination results were recorded in the MIMIC-IV database
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Subgroup N Event a.0R (95%CI) N Event a.0R (95%CI) P.for.interaction
Age<65 Age> =65 0.297
Q1 1696 | 275(16.2) | 1(Ref) 2044 | 285(13.9) | 1(Ref)

Q2 1723 | 260 (15.1) | 0.95 (0.78 ~1.16) 2062 | 306 (14.8) | 1.13 (0.94~1.36)

Q3 1654 | 303 (18.3) | 1.22 (1~1.48) 2169 | 375(17.3) | 1.30 (1.09 ~ 1.56)

Q4 1559 | 291 (18.7) | 1.11 (0.91 ~1.36) 2100 | 433 (20.6) | 1.49 (1.25~1.79)
Non-Diabetes Diabetes 0.444
Q1 2981 | 446 (15.0) | 1(Ref) 759 114 (15.0) | 1(Ref)

Q2 3091 | 454 (14.7) | 1.01 (0.87~1.18) 694 | 112(16.1) | 1.15(0.85~1.56)

Q3 2907 | 526 (18.1) | 1.28 (1.10~1.49) 916 | 152(16.6) | 1.10 (0.82~1.46)

Q4 1748 | 375(21.5) | 1.30 (1.10~1.54) 1911 | 349 (18.3) | 1.20 (0.93 ~ 1.56)
Non-Dexmedetomidine Dexmedetomidine 0.559
Ql 2899 | 394 (13.6) | 1(Ref) 841 | 166 (19.7) | 1(Ref)

Q2 2956 | 401 (13.6) | 1.04 (0.88~1.22) 829 | 165 (19.9) | 1.10 (0.85~1.42)

Q3 3011 | 491 (16.3) | 1.29 (1.11~1.51) 812 | 187(23.0) | 1.21 (0.94~1.56)

Q4 2906 | 540 (18.6) | 1.32 (1.13~1.54) 753 | 184 (24.4) | 1.29 (0.99~1.68)
Non-Benzodiazepine Benzodiazepine 0.006
Q1 1262 | 76 (6.0) 1(Ref) 2478 | 484 (19.5) | 1(Ref)

Q2 1304 | 96 (7.4) 1.31 (0.94~1.81) 2481 | 470 (18.9) | 1.00 (0.86 ~1.16)

Q3 1255 | 138 (11.0) | 1.93 (1.42~2.64) 2568 | 540 (21.0) | 1.13 (0.98~1.31)

Q4 1054 | 121 (11.5) | 1.86 (1.34~2.58) 2605 | 603 (23.1) | 1.19 (1.03~1.38)
CCI<5.7 CCI> =57 0.874
Ql 2314 | 348 (15.0) | 1(Ref) 1426 | 212 (14.9) | 1(Ref)

Q2 2568 | 390 (15.2) | 1.03 (0.87 ~1.22) 1217 | 176 (14.5) | 1.07 (0.85~1.35)

Q3 2487 | 433 (17.4) | 1.18 (1.00~1.39) 1336 | 245(18.3) | 1.39 (1.11~1.73)

Q4 2056 | 417 (20.3) | 1.25 (1.05~1.49) 1603 | 307 (19.2) | 1.40 (1.12~1.73)

Table 3. Results of subgroup analyses of GPR and delirium according to clinical characteristics. Significant
values are given in bold. CCI Charlson comorbidity index.

(version 2.2) “mimic-hospital, lab events” table. This study stratified participants into quartiles (Q1-Q4) on the
basis of their GPR values.

Outcomes

The primary outcome was the occurrence of delirium while the patient was in the ICU, whereas the hospital
mortality rate and the lengths of the ICU and hospital stays were the secondary outcomes. Patients were assessed
for delirium using the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). The CAM-
ICU includes (1) acute onset of illness with marked fluctuations in the state of consciousness; (2) inability to
concentrate; (3) disorganization and disorganized thinking; and (4) acute changes in the level of consciousness.
When items (1) +(2)+(3) or (1) +(2) +(4) are simultaneously present, the patient is determined to be positive
for delirium®.

Statistical analysis

The GPR was used to stratify the observational dataset for this retrospective study. Descriptive analysis of the
data was conducted using a normality test. Continuous variables were compared using one-way ANOVA or
the nonparametric Kruskal-Wallis test, whereas nonparametric variables were compared by using the median
(interquartile range [IQR]). Chi-square tests were used to compare categorical variables, which are presented as
frequencies (percentages).

Univariate and multivariate logistic regression analyses were used to determine the relationship between the
GPR and the incidence of delirium in critically ill patients. Continuous and categorical scales were developed for
the GPR. In the three models, the possible confounders were gradually changed. Initially, we considered sex and
age (Model 1); subsequently, related comorbidities, such as MI, CVD, PVD, CPD, AHE, ICH, malignant cancer
and liver disease, were modified (Model 2); and finally, illness severity ratings (SAPS II and CCI), associated
therapies, such as the use of MV and norepinephrine, insulin, statins, benzodiazepine, dexmedetomidine, and
opioids, and laboratory tests, including the HR, RR, MBP, and SpO, and Hb and BUN levels throughout the ICU
stay, were adjusted in Model 3. A generalized additive model was used to analyze the relationship between the
GPR and the occurrence of delirium. A logistic regression model with adjustments, as in Model 3, was used to
fit the splines.

Subgroup analyses were conducted to evaluate the consistency of the GPR-delirium association across key
clinical subgroups and to identify effect modifiers through tests for interaction. All subgroup analyses were
based on the multivariable-adjusted model (Model 3). By integrating the two-factor interaction terms in the
multivariate logistic regression model, the interaction of the GPR with the variables was determined for the
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stratification of the delirium incidence rate. The R software (http://www.R-project.org, The R Foundation) and
Free Statistics software version 1.7 were used to perform all the statistical analyses. Statistical significance was
set at P<0.05.

Sensitivity analyses were performed on the basis of whether the patient underwent emergency surgery or
medical treatment. By screening the mode of hospitalization and the type of surgery, we obtained 9898 patients
with medical treatment and 3738 patients with urgent surgery. Univariate and multivariate logistic regression
analyses were also used to determine the relationship between the GPR and the incidence of delirium in these
patients. We performed three modeling adjustments. The included covariates were selected on the basis of the
results of one-way analysis of variance, with p <0.05( Supplemental Table 2, Supplemental Table 4).

Data availability
Publicly available datasets were analyzed in this study. These data can be found at https://physionet.org/conten
t/mimiciv/2.2.
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