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syndrome in patients with sepsis: a
MIMIC-IV cohort study
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This study aimed to investigate the association between stress hyperglycemia ratio (SHR) and the

risk of acute respiratory distress syndrome (ARDS) in patients with sepsis. Data were extracted from
the Medical Information Mart for Intensive Care - IV database in this retrospective cohort study.
Participants were stratified into four groups based on the interquartile range of SHR. The primary
outcome measure was the incidence of in-hospital ARDS. Multivariate Cox proportional-hazards
regression and restricted cubic splines models were employed to evaluate the correlation between the
SHR index and ARDS risk in patients with sepsis. Subgroup analysis and K-M survival curve analysis
were also conducted. A total of 1,946 patients (59% male) were included in the study. The incidence of
ARDS and in-hospital mortality was 34% and 13%, respectively. Multivariate Cox regression analysis
revealed that the SHR index was independently associated with an increased risk of in-hospital ARDS
and mortality. The RCS model indicated an approximately linear increase in the risk of both ARDS and
in-hospital mortality with a rising SHR index. Subgroup analysis demonstrated consistent results. In
conclusion, elevated SHR was significantly associated with a higher risk of ARDS and in-hospital all-
cause mortality in sepsis patients.

Keywords Stress hyperglycemia ratio, Acute respiratory distress syndrome, Sepsis, Medical information
mart for intensive care - IV database

Sepsis is widely recognized as a severe infectious disease, with the lungs commonly serving a primary target
organ. Its key pathological features encompass diffuse alveolar damage, interstitial pulmonary edema, extensive
inflammatory cell infiltration, and hypoxemia. These factors contribute to hypoxia and tissue necrosis in the
lungs, specifically manifesting as acute lung injury (ALI), or, in more severe cases, acute respiratory distress
syndrome (ARDS)!. Due to its high mortality and poor prognosis, ARDS remains one of the most life-threatening
conditions encountered in the intensive care unit (ICU). Early prediction of ARDS is crucial for improving the
prognosis of patients.

Currently, numerous studies, both domestic and international, focus on the early prediction of ARDS.
As our understanding of ARDS pathogenesis continues to evolve, current studies increasingly target the
prediction of ARDS using various indicators’. The pathogenesis of ARDS is complex and multifaceted,
involving inflammatory response, alveolar-capillary damage, cytokine release, and other links. Several studies™¢
have unearthed that glucose metabolism disorders, especially hyperglycemia, may exacerbate the condition
of ARDS patients. Hyperglycemic states can amplify inflammatory response, thereby accelerating ARDS
progression. In addition, hyperglycemic states may impair vascular endothelial cell function, disrupt pulmonary
microcirculation, and further aggravate the lung injury. Notably, glucose metabolism is often dysregulated in
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sepsis patients with ARDS. Given that ARDS patients are often in a state of stress, these alterations may elevate
glucocorticoid levels in patients, thereby affecting glucose metabolism and inducing hyperglycemia. This stress-
induced hyperglycaemia is reflected by an elevated stress hyperglycemia ratio (SHR)”.

SHR has been reported to be strongly correlated with adverse clinical outcomes in critically ill patients,
including persistent organ failure in acute pancreatitis’poor prognosis in patients with pulmonary
hypertension’ICU death, and one-year all-cause mortality'’. A recent study'! has unveiled that SHR is a superior
predictor of mortality and adverse outcomes in COVID-19 patients compared to admission blood glucose. In
addition, the findings of Yan et al.!? have revealed a close association between elevated SHR and increased
mortality in critically ill patients with sepsis, suggesting that a high SHR is a strong predictor of adverse clinical
events. These findings underscore the potential of SHR as a predictor of adverse outcomes in sepsis patients.

However, the association between SHR and the risk of ARDS in sepsis patients remains unclear. Therefore,
the objective of this study is to conduct a retrospective cohort study using the Medical Information Mart for
Intensive Care-IV (MIMIC-IV) database to investigate the potential relationship between SHR and the risk of
ARDS in sepsis patients, thus identifying a novel indicator for early ARDS prediction in sepsis patients.

Materials and methods

Study population

A retrospective cohort study design was adopted in the study. The original data were sourced from the MIMIC-
IV database (version 2.2). This is a comprehensive, single-center database maintained by the Laboratory for
Computational Physiology at the Massachusetts Institute of Technology. Author Xianwei Ji was granted access
to the data set (ID: 62696052) and was responsible for data extraction. Patients diagnosed with sepsis were
included based on the Sepsis-3.0 definition, which requires the presence of infection along with a Sequential
Organ Failure Assessment (SOFA) score of >2 '3. To identify eligible patients, a previously published approach!*
was employed. This approach involved screening the MIMIC-IV database to identify eligible sepsis patients.
Inclusion criteria were as follows: (a) Admission to the ICU; (b) A diagnosis of sepsis according to Sepsis 3.0.
Exclusion criteria were as follows: (a) ARDS occurring before sepsis diagnosis; (b) Unavailable glucose data; (c)
Unavailable glycosylated hemoglobin data (Supplementary Fig. 1). For patients with multiple admissions, only
data from the first admission were included.

Variable

In this study, Structured Query Language (SQL) and the PostgreSQL database system (version 14.2) were
utilized to efficiently extract baseline characteristic data of patients. These characteristics encompassed patient
demographics (status, time, marital status, age, gender, body mass index [BMI], and race), vital signs (systolic
blood pressure, and diastolic blood pressure), comorbidities (acute pancreatitis, cerebrovascular disease, central
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Fig. 1. Results of RCS analyses. (A-C) SHR and risk of ARDS in patients with sepsis; (D-F) SHR and risk

of in-hospital death in patients with sepsis. Model 1: unadjusted. Model 2: adjusted for age, gender, race and
marital status. Model 3: adjusted for age, gender, race, marital status, BMI, albumin, ALT, AST, ALP, basophils,
creatinine kinase MB, WBC, creatinine, PaCO,, platelets, PaO,, potassium, urea nitrogen, acute pancreatitis,
cerebrovascular disease, CNS inflammation, COPD, DB, hypertension, respiratory failure, LODS, OASIS, SIRS.
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nervous system [CNS] inflammation, chronic obstructive pulmonary disease [COPD], diabetes, hypertension,
respiratory failure), laboratory indicators (albumin, alkaline phosphatase [ALP], alanine aminotransferase [ALT],
aspartate aminotransferase [AST], basophils, creatinine kinase MB, creatinine, eosinophils, glucose, hemoglobin
Alc [HbAlc], lactate, lymphocytes, neutrophils, alveolar partial pressure of carbon dioxide [PaCO,], platelets,
partial pressure of oxygen [PaO,], potassium, urea nitrogen, white blood cells [WBC]), severity at admission
(assessed by Logistic organ dysfunction score [LODS], Oxford acute severity of illness score [OASIS], systemic
inflammatory response syndrome [SIRS] score, SOFA score).

SHR was calculated with the following formula: SHR = Glucose (mg/dL)/(28.7 x HbAlc (%)—-46.7). As no
established normal reference range for SHR exists, it was categorized according to its quartiles in accordance
with previously published methods!. For patients admitted to the ICU multiple times due to sepsis, only data
from their first admission were extracted. Regarding laboratory indicators, the first measurement within 72 h
was analyzed. To minimize the risk of reverse causality, laboratory indicators measured after the onset of the
outcome were excluded. To reduce bias caused by sample exclusion, the percentage of missing values for each
continuous variable was calculated. For variables with less than 20% missing values, a multiple imputation based
on a random forest model was employed to predict missing values. For variables with more than 20% missing
values, missing values were categorized and incorporated as dummy variables in the analysis.

Outcomes

The primary outcome was the risk of ARDS, defined by the PaO,/FiO, ratio. ARDS severity was further
categorized as follows: Mild ARDS: PaO,/FiO, < 300 mmHg with PEEP or CPAP =5 cm H,O; Moderate ARDS:
Pa0,/FiO, < 200 mmHg with PEEP>5 cm H,O; Severe ARDS: PaO,/FiO, < 100 mmHg with PEEP>5 cm
H,O. The secondary outcome was in-hospital mortality. The follow-up period spanned from admission until the
occurrence of the outcome or the patient’s discharge, whichever occurred first.

Statistical analysis

Continuous variables were expressed as mean (standard deviation [SD]) or median (interquartile range [IQR]).
Student’s t-tests or non-parametric tests were applied as appropriate for comparison. Categorical variables
were presented as frequencies and percentages (%), and Pearson’s chi-square test or Fisher’s exact test was
applied for comparisons between groups. Hazard ratios (HRs) and 95% confidence intervals (ClIs) for SHR and
ARDS were calculated using the Cox proportional hazards model. Multivariate adjustments were performed.
Model 1 represented the unadjusted analysis. Model 2 was adjusted for age, gender, marital status, and race.
Model 3 included adjustments for age and gender, marital status, BMI, albumin, ALT, AST, basophils, ALP,
creatinine, PaCOZ, PaOz, platelets, potassium, urea nitrogen, acute pancreatitis, cerebrovascular disease, CNS
inflammation, COPD, diabetes, hypertension, respiratory failure, insulin, LODS, OASIS, SIRS, and race. To
avoid multicollinearity in Model 3, collinearity was assessed by calculating the variance inflation factor (VIF),
and variables with VIF>5 were excluded. In addition, to explore the potential nonlinear relationship between
SHR and outcomes, restricted cubic spline (RCS) plots were generated. Subgroup analyses were conducted to
explore the consistency of SHR and outcomes across populations with varying characteristics. The likelihood
ratio test was employed to evaluate the association between SHR and outcome variables. All statistical analyses
were conducted using R version 4.4.0 (The R Foundation for Statistical Computing, Vienna, Austria). The two-
tailed p-value was less than 0.05.

Ethical declarations

The MIMIC-IV database was approved by the Massachusetts Institute of Technology (Cambridge, MA) and Beth
Israel Deaconess Medical Center (Boston, MA), and consent was obtained for the collection of original data. All
procedures performed in studies involving human participants were in accordance with the ethical standards
of the institutional and national research committee and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. Hence, this study may qualify for exemption from institutional
review board approval and the requirement for informed consent owing to its retrospective design, lack of direct
patient intervention, and utilization of de-identified data.

Results

Baseline characteristics of patients

A total of 1,946 patients were included in the study. Comparison of variables before and after multiple
interpolation revealed no statistically significant differences (p>0.05, Supplementary Table 1). In the total study
cohort, 664 developed ARDS, and 262 experienced in-hospital mortality. The median length of stay was 12
days. Patients predominantly consisted of male white patients aged over 60 years. Patients in the ARDS group
exhibited higher in-hospital mortality and longer hospital stays. They also demonstrated lower ALP levels,
higher AST levels, lower creatinine levels, higher glucose levels, lower platelet counts, higher potassium levels,
lower urea nitrogen levels, higher WBC counts, and a higher incidence of lactate>2 mmol/L. In addition, they
showed a higher incidence of acute pancreatitis, a lower incidence of cerebrovascular disease and diabetes, a
higher incidence of hypertension and respiratory failure, and higher scores on LODS, OASIS, and SOFA, and
higher SHR values (continuous) (all P<0.05) (Table 1).

The baseline characteristics of patients who were divided into quartiles according to SHR are shown in
Table 2 (interquartile ranges: Q1 =0.193-0.905, Q2=0.905-1.138, Q3 =1.138-1.461, Q4 =1.461-7.413). Patients
in the Q4 group exhibited the highest in-hospital mortality, the longest hospital stays, and the highest levels
of creatinine kinase MB (=10 ng/mL), creatinine, and glucose. In addition, they showed the lowest levels of
lactate < 2 mmol/L but the highest levels of lactate > 2 mmol/L, potassium, and urea nitrogen. They also presented
the lowest incidence of WBC and cerebrovascular disease and hypertension, while conversely showing the
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Characteristic Overall, N=1,946' | Without ARDS, N=1,282! | ARDS, N=664' | p-value?
SHR (continuous) 1.14 [0.91, 1.46] 1.10 [0.89, 1.41] 1.21 [0.96, 1.54] | <0.001***
Hospital Deaths 262 (13%) 143 (11%) 119 (18%) <0.001***
Hospital stays (days) 12 (7, 20] 10 [6, 17] 15 [9, 26] <0.001*%*
Follow-up time of ARDS (days) | 6 [1, 13] 10 [6, 17] 010, 1] <0.001*%*
Demographic data
Age <0.001***
< 40 years 118 (6.1%) 55 (4.3%) 63 (9.5%)
> 60 years 1,251 (64%) 901 (70%) 350 (53%)
40-60 years 577 (30%) 326 (25%) 251 (38%)
Gender 0.900
Female 796 (41%) 526 (41%) 270 (41%)
Male 1,150 (59%) 756 (59%) 394 (59%)
Race <0.001***
Asian 39 (2.0%) 29 (2.3%) 10 (1.5%)
Black 201 (10%) 143 (11%) 58 (8.7%)
Other 554 (28%) 301 (23%) 253 (38%)
White 1,152 (59%) 809 (63%) 343 (52%)
Marital status <0.001%*
Divorced 146 (7.5%) 103 (8.0%) 43 (6.5%)
Married 792 (41%) 542 (42%) 250 (38%)
Other 273 (14%) 144 (11%) 129 (19%)
Single 536 (28%) 329 (26%) 207 (31%)
Widowed 199 (10%) 164 (13%) 35 (5.3%)
Laboratory data
SBP 0.035*
<90 mmHg 17 (0.9%) 16 (1.2%) 1(0.2%)
90-120 mmHg 418 (21%) 287 (22%) 131 (20%)
> 120 mmHg 661 (34%) 423 (33%) 238 (36%)
DBP 0.048*
< 60 mmHg 151 (7.8%) 112 (8.7%) 39 (5.9%)
60-80 mmHg 677 (35%) 451 (35%) 226 (34%)
> 80 mmHg 268 (14%) 163 (13%) 105 (16%)
BMI 0.500
Normal 172 (8.8%) 112 (8.7%) 60 (9.0%)
Obesity 512 (26%) 338 (26%) 174 (26%)
Overweight 261 (13%) 179 (14%) 82 (12%)
Underweight 25 (1.3%) 20 (1.6%) 5(0.8%)
Albumin <0.001***
<3.5g/dL 1,086 (56%) 649 (51%) 437 (66%)
>3.5g/dL 302 (16%) 211 (16%) 91 (14%)
ALP, IU/L 87 (63, 119] 90 [67, 122] 77 [59, 110] <0.001*
ALT, IU/L 39 [20, 82] 3919, 83] 38 [21, 82] 0.300
AST, IU/L 55 [28, 118] 54 [26, 115] 56 [30, 128] 0.040*
Basophils <0.001%%%
<2% 1,284 (66%) 812 (63%) 472 (71%)
>2% 5(0.3%) 2 (0.2%) 3(0.5%)
Creatinine kinase MB 0.030*
<10 ng/mL 644 (33%) 450 (35%) 194 (29%)
> 10 ng/mL 362 (19%) 228 (18%) 134 (20%)
Creatinine, mg/dL 1.20 [0.80, 1.80] 1.20 [0.90, 1.90] 1.10 [0.80, 1.60] | <0.001#**
Eosinophils 0.002**
<4% 1,176 (60%) 743 (58%) 433 (65%)
> 4% 113 (5.8%) 71 (5.5%) 42 (6.3%)
Glucose, mg/dL 146 [113, 206] 143 [110, 202] 153 [117, 214] 0.004**
HbAlc, % 6.00 [5.50, 7.00] 6.00 [5.50, 7.20] 5.90 [5.40, 6.70] 0.005**
Lactate <0.001***
Continued
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Characteristic Overall, N=1,946' | Without ARDS, N=1,282! | ARDS, N=664' | p-value?
<2 mmol/L 925 (48%) 589 (46%) 336 (51%)

>2 mmol/L 616 (32%) 323 (25%) 293 (44%)

Lymphocytes <0.001%%
<18% 1,067 (55%) 671 (52%) 396 (60%)

18-42% 208 (11%) 130 (10%) 78 (12%)

>42% 14 (0.7%) 13 (1.0%) 1(0.2%)

Monocytes 0.004**
<2% 83 (4.3%) 53 (4.1%) 30 (4.5%)

2-11% 1,087 (56%) 682 (53%) 405 (61%)

>11% 119 (6.1%) 79 (6.2%) 40 (6.0%)

Neutrophils 0.001**
<50% 34 (1.7%) 26 (2.0%) 8 (1.2%)

50-70% 233 (12%) 144 (11%) 89 (13%)

>70% 1,022 (53%) 644 (50%) 378 (57%)

PaCO,, mmHg 40 [36, 44] 39 [36, 43] 40 [34, 46] 0.500
Platelets, K/uL 189 [133,251] 192 [137,252] 181 129, 249] 0.047*
PaO,, mmHg 108 [68, 152] 111 [69, 152] 101 [68, 151] 0.600
Potassium <0.001***
<3.3mEq/L 193 (9.9%) 101 (7.9%) 92 (14%)

>3.3 mEq/L 709 (36%) 367 (29%) 342 (52%)

Urea nitrogen, mg/dL 23 [15, 39] 25 [16, 42] 20 [14, 30] <0.001*%*
Pa0,/FiO, 208 [115, 323] 203 [109, 344] 208 [120, 305] 0913
WBC, K/uL 12 [9, 16] 12[8,16] 13[9,17] 0.003**
Complications and Treatment

Acute pancreatitis 59 (3.0%) 31 (2.4%) 28 (4.2%) 0.028*
Cerebrovascular disease 628 (32%) 391 (30%) 237 (36%) 0.020*
CNS inflammation 147 (7.6%) 98 (7.6%) 49 (7.4%) 0.800
COPD 436 (22%) 291 (23%) 145 (22%) 0.700
Diabetes 895 (46%) 635 (50%) 260 (39%) <0.001***
Hypertension 790 (41%) 454 (35%) 336 (51%) <0.001***
Insulin 1,163 (60%) 929 (72%) 234 (35%) <0.001***
Respiratory failure 815 (42%) 439 (34%) 376 (57%) <0.001***
Scores

LODS 5(3,7] 5(3,7] 6 1[4, 8] <0.001%**
OASIS 33[28,39] 32(27,38) 36 [31, 41] <0.001%+*
SIRS <0.001+%*
0 14 (0.7%) 12 (0.9%) 2(0.3%)

1 154 (7.9%) 117 (9.1%) 37 (5.6%)

2 529 (27%) 381 (30%) 148 (22%)

3 816 (42%) 537 (42%) 279 (42%)

4 433 (22%) 235 (18%) 198 (30%)

SOFA 4.00 [2.00, 5.00] 3.00 [2.00, 5.00] 4.00 [3.00, 6.00] | <0.001***

Table 1. Baseline characteristics of patients (grouped according to ARDS). !'n (%); Median [IQR]. #*p <0.05;

*p<0.01;*p<0.001. Q1=0.193-0.905, Q2=0.905-1.138, Q3=1.138-1.461, Q4 =1.461-7.413.

highest incidence of respiratory failure. Furthermore, they exhibited the highest scores on LODS, OASIS, SIRS

4, and SOFA, along with the highest SHR values (P <0.05).

Elevated SHR is significantly associated with increased risk of ARDS

Table 3 presents the results of the Cox regression analysis for the relationship between SHR and risk of ARDS and
in-hospital mortality. The risk of ARDS and in-hospital mortality was significantly elevated with increasing SHR.
This association remained significant after adjusting for all confounding factors (ARDS: HR [95% CI] =1.425
[1.260, 1.612]; in-hospital mortality: HR [95% CI]=1.408 [1.144, 1.733]). SHR was divided into quartiles and
included as a categorical variable in the analysis. Compared to patients with low SHR levels (Q1), those with high
SHR levels (Q4) were associated with a significantly heightened risk of ARDS. The risk associated with SHR was
consistent across patients with mild and moderate ARDS. However, no statistically significant association was

observed between SHR and the development of severe ARDS.
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Characteristic Overall, N=1,946' | Q1, N=487! Q2, N=486" Q3, N=486! Q4, N=487" p-value?
SHR 1.14 [0.91, 1.46] 0.76 [0.65, 0.84] | 1.02 [0.96, 1.08] | 1.27 [1.20, 1.36] | 1.79 [1.59, 2.10] | <0.001***
Hospital Deaths 262 (13%) 44 (9.0%) 56 (12%) 65 (13%) 97 (20%) <0.001***
Hospital stays (days) 12 (7, 20] 11 [6, 19] 11 [7,20] 13 (7, 22] 12 [7,20] 0.009**
Follow-up time of ARDS (days) | 6 [1, 13] 7 [2,13] 7 [2, 14] 6[1, 14] 5[0, 12] 0.005**
Demographic data
Age 0.200
<40 years 118 (6.1%) 25 (5.1%) 29 (6.0%) 25 (5.1%) 39 (8.0%)
40-60 years 577 (30%) 136 (28%) 145 (30%) 140 (29%) 156 (32%)
>60 years 1,251 (64%) 326 (67%) 312 (64%) 321 (66%) 292 (60%)
Gender 0.200
Female 796 (41%) 202 (41%) 187 (38%) 189 (39%) 218 (45%)
Male 1,150 (59%) 285 (59%) 299 (62%) 297 (61%) 269 (55%)
Race 0.003**
Asian 39 (2.0%) 9 (1.8%) 12 (2.5%) 10 (2.1%) 8 (1.6%)
Black 201 (10%) 59 (12%) 43 (8.8%) 56 (12%) 43 (8.8%)
Other 554 (28%) 101 (21%) 151 (31%) 139 (29%) 163 (33%)
White 1,152 (59%) 318 (65%) 280 (58%) 281 (58%) 273 (56%)
Marital status <0.001%**
Divorced 146 (7.5%) 49 (10%) 31 (6.4%) 34 (7.0%) 32 (6.6%)
Married 792 (41%) 220 (45%) 197 (41%) 191 (39%) 184 (38%)
Other 273 (14%) 39 (8.0%) 67 (14%) 75 (15%) 92 (19%)
Single 536 (28%) 129 (26%) 133 (27%) 134 (28%) 140 (29%)
Widowed 199 (10%) 50 (10%) 58 (12%) 52 (11%) 39 (8.0%)
Laboratory data
SBP 0.247
<90 mmHg 17 (0.9%) 0 (0%) 8 (1.6%) 4(0.8%) 5(1.0%)
90-120 mmHg 418 (21%) 111 (23%) 105 (22%) 108 (22%) 94 (19%)
> 120 mmHg 661 (34%) 169 (35%) 164 (34%) 164 (34%) 164 (34%)
DBP 0.130
< 60 mmHg 151 (7.8%) 31 (6.4%) 41 (8.4%) 42 (8.6%) 37 (7.6%)
60-80 mmHg 677 (35%) 189 (39%) 180 (37%) 155 (32%) 153 (31%)
> 80 mmHg 268 (14%) 60 (12%) 56 (12%) 79 (16%) 73 (15%)
BMI 0.400
Normal 172 (8.8%) 38 (7.8%) 36 (7.4%) 48 (9.9%) 50 (10%)
Obesity 512 (26%) 140 (29%) 117 (24%) 134 (28%) 121 (25%)
Overweight 261 (13%) 65 (13%) 77 (16%) 62 (13%) 57 (12%)
Underweight 25 (1.3%) 3 (0.6%) 8 (1.6%) 7 (1.4%) 7 (1.4%)
Albumin 0.004**
<3.5g/dL 1,086 (56%) 251 (52%) 257 (53%) 282 (58%) 296 (61%)
>3.5g/dL 302 (16%) 68 (14%) 77 (16%) 81 (17%) 76 (16%)
ALP, IU/L 87 (63, 119] 93 69, 126] 85 [62, 112] 84 (61, 116] 8461, 113] <0.001%*
ALT, IU/L 39 [20, 82] 3818, 81] 36 [18, 64] 39 [22, 78] 46 [23,114] <0.001***
AST, IU/L 55 [28, 118] 55 [26, 110] 46 [25, 93] 56 [29, 106] 66 [32, 189] <0.001***
Basophils 0.379
<2% 1,284 (66%) 313 (64%) 312 (64%) 326 (67%) 333 (68%)
>2% 5(0.3%) 1(0.2%) 1(0.2%) 3 (0.6%) 0 (0%)
Creatinine kinase MB <0.001%*
<10 ng/mL 644 (33%) 166 (34%) 169 (35%) 165 (34%) 144 (30%)
> 10 ng/mL 362 (19%) 65 (13%) 71 (15%) 93 (19%) 133 (27%)
Creatinine, mg/dL 1.20 [0.80, 1.80] 1.10 [0.80, 1.80] | 1.00 [0.80, 1.40] | 1.20 [0.80, 1.90] | 1.30 [1.00, 2.00] | <0.001***
Eosinophils 0.200
<4% 1,176 (60%) 280 (57%) 280 (58%) 304 (63%) 312 (64%)
> 4% 113 (5.8%) 34 (7.0%) 33 (6.8%) 25 (5.1%) 21 (4.3%)
Glucose, mg/dL 146 [113, 206] 101 [88, 126] 123 [109, 146] | 157 [139,188] | 241 [187,317] | <0.001***
HbAlc, % 6.00 [5.50, 7.00] 6.20 [5.70, 8.10] | 5.80 [5.40, 6.60] | 5.90 [5.40, 6.70] | 6.00 [5.40, 7.00] | <0.001***
Lactate <0.001***
Continued
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Characteristic Overall, N=1,946' | Q1, N=487! Q2, N=486" Q3, N=486! Q4, N=487" p-value?
<2 mmol/L 925 (48%) 230 (47%) 266 (55%) 240 (49%) 189 (39%)

> 2 mmol/L 616 (32%) 115 (24%) 98 (20%) 156 (32%) 247 (51%)

Lymphocytes <0.001%%*
<18% 1,067 (55%) 230 (47%) 265 (55%) 282 (58%) 290 (60%)

18-42% 208 (11%) 80 (16%) 45 (9.3%) 45 (9.3%) 38 (7.8%)

> 42% 14 (0.7%) 4(0.8%) 3(0.6%) 2 (0.4%) 5 (1.0%)

Monocytes 0.400
<2% 83 (4.3%) 16 (3.3%) 16 (3.3%) 26 (5.3%) 25 (5.1%)

2-11% 1,087 (56%) 264 (54%) 270 (56%) 269 (55%) 284 (58%)

>11% 119 (6.1%) 34 (7.0%) 27 (5.6%) 34 (7.0%) 24 (4.9%)

Neutrophils 0.070
<50% 34 (1.7%) 9 (1.8%) 7 (1.4%) 8 (1.6%) 10 (2.1%)

50-70% 233 (12%) 77 (16%) 53 (11%) 55 (11%) 48 (9.9%)

>70% 1,022 (53%) 228 (47%) 253 (52%) 266 (55%) 275 (56%)

PaCO,, mmHg 40 [36, 44] 40 [36, 44] 39 [36, 43] 39 [35, 44] 40 [35, 46] 0.100
Platelets, K/uL 189 [133,251] 194 [135,258] | 185[133,251] | 187 [138,246] | 192 [127, 253] 0.800
PaO,, mmHg 108 [68, 152] 108 [66, 146] 110 [72, 151] 106 [66, 156] 106 [66, 155] 0.700
Potassium <0.001***
<3.3mEq/L 193 (9.9%) 35 (7.2%) 47 (9.7%) 44 (9.1%) 67 (14%)

>3.3mEq/L 709 (36%) 148 (30%) 160 (33%) 188 (39%) 213 (44%)

PaO,/FiO, 208 [115,323] 211[118,308] 202 [118,328] 203 [115, 324] 208 [111,331] 0.916
Urea nitrogen, mg/dL 23 [15, 39] 22 [14, 40] 21 [14, 32] 24 (16, 39] 26 [17, 44] <0.001*%*
WBC, K/uL 12 [9, 16] 11 [8, 14] 11 [8, 14] 139, 17] 14 [10, 19] <0.001***
Complications and Treatment

Acute pancreatitis 59 (3.0%) 10 (2.1%) 15 (3.1%) 16 (3.3%) 18 (3.7%) 0.500
Cerebrovascular disease 628 (32%) 137 (28%) 192 (40%) 174 (36%) 125 (26%) <0.001*%*
CNS inflammation 147 (7.6%) 39 (8.0%) 32 (6.6%) 46 (9.5%) 30 (6.2%) 0.200
COPD 436 (22%) 119 (24%) 96 (20%) 100 (21%) 121 (25%) 0.130
Diabetes 895 (46%) 261 (54%) 184 (38%) 199 (41%) 251 (52%) <0.001***
Hypertension 790 (41%) 188 (39%) 208 (43%) 219 (45%) 175 (36%) 0.017*
Insulin 1,163 (60%) 293 (60%) 273 (56%) 264 (54%) 333 (68%) <0.001***
Respiratory failure 815 (42%) 171 (35%) 173 (36%) 226 (47%) 245 (50%) <0.001***
Scores:

LODS 5(3,7] 5(3,7] 5(3,6] 5(3,7] 64, 8] <0.001%**
OASIS 33[28,39] 32(27,38) 3328, 38] 3429, 39] 35 [29, 41] <0.001%+*
SIRS <0.001%%%
0 14 (0.7%) 2 (0.4%) 4 (0.8%) 6 (1.2%) 2 (0.4%)

1 154 (7.9%) 49 (10%) 43 (8.8%) 28 (5.8%) 34 (7.0%)

2 529 (27%) 167 (34%) 146 (30%) 121 (25%) 95 (20%)

3 816 (42%) 192 (39%) 195 (40%) 217 (45%) 212 (44%)

4 433 (22%) 77 (16%) 98 (20%) 114 (23%) 144 (30%)

SOFA 4.00 [2.00, 5.00] 3.00 [2.00, 5.00] | 3.00 [2.00, 5.00] | 4.00 [2.00, 5.00] | 4.00 [3.00, 7.00] | <0.001***

Table 2. Baseline characteristics of patients (grouped according to SHR).

SHR approximately linearly associated with ARDS risk
An RCS plot analysis revealed an approximately linear elevation in the risk of ARDS and in-hospital mortality
with rising SHR values (P> 0.05). This association remained consistent after adjusting for multiple confounding
factors (Fig. 1). Furthermore, SHR was 1.141 when HR was 1. The sensitivity analyses were performed by dividing
SHR into two groups: <1.141 and >1.141. The results showed that the risk of ARDS was significantly higher
in those with SHR>1.141 compared to those with SHR<1.141 and remained significant after adjusting for
confounding factors (HR [95% CI]: ARDS=1.350 [1.144, 1.594]; Mild ARDS=1.568 [1.211, 2.030]; Moderate
ARDS=1.438 [1.094, 1.889]) (Supplementary Table 2).

Results of subgroup analysis
Subgroup analyses were performed based on gender, COPD, diabetes, hypertension, respiratory failure, insulin
and acute pancreatitis. The results revealed a significant positive correlation between SHR and the risk of ARDS

'n (%); Median [IQR]. #*p <0.05;
*p<0.01;*p<0.001. Q1=0.193-0.905, Q2=0.905-1.138, Q3=1.138-1.461, Q4 =1.461-7.413.
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Model 1 Model 2 Model 3
Characteristic | HR' [95%CI' [p-value |HR' [95%CI' [p-value [HR' [95%CI' | p-value
ARDS

SHR (continuous) | 1.380 ‘ 1.239, 1.536 ‘ <0.001 | 1.3 ‘ 1.163, 1.454 ‘ <0.001 | 1.425 ‘ 1.260, 1.612 ‘ <0.001
SHR (categorical) | p of trend: <0.001 p of trend: <0.001 p of trend: <0.001

Q1 - — - — - —

Q2 1.064 | 0.843,1.342 | 0.600 1.003 | 0.794,1.267 | >0.9 0.976 | 0.770, 1.238 | 0.841
Q3 1.408 | 1.129,1.755 | 0.002 1.365 | 1.094,1.704 | 0.006 1.163 | 0.922,1.467 | 0.202
Q4 1.570 | 1.262,1.952 | <0.001 | 1.371 | 1.099, 1.710 | 0.005 1.540 | 1.216,1.951 | <0.001
Mild ARDS

SHR (continuous) | 1.287 | 1.072, 1.544 | 0.007 1.209 | 1.003, 1.457 | 0.047 1.460 | 1.191,1.790 | <0.001
SHR (categorical) | p of trend: 0.007 p of trend: 0.038 p of trend: <0.001

Q1 - - - - - —

Q2 0.934 | 0.653, 1.337 | 0.700 0.883 | 0.616, 1.266 | 0.500 0.82 |0.568,1.184 | 0.289
Q3 1.278 | 0.913,1.789 | 0.200 1.251 | 0.892,1.754 | 0.200 1.148 | 0.805, 1.637 | 0.445
Q4 1.459 | 1.047,2.034 | 0.026 1.295 | 0.926,1.811 | 0.13 1.706 | 1.189, 2.449 | 0.004
Moderate ARDS

SHR (continuous) | 1.404 | 1.184, 1.665 | <0.001 |1.325 | 1.108, 1.584 | 0.002 1.413 | 1.159,1.724 | <0.001
SHR (categorical) | p of trend: <0.001 p of trend: 0.004 p of trend: 0.003

Q1 - - - - - -

Q2 1.346 | 0.911,1.989 | 0.140 1.268 | 0.856, 1.877 | 0.200 1.271 | 0.853,1.893 | 0.239
Q3 1.697 | 1.165, 2.472 | 0.006 1.644 | 1.127,2.399 | 0.010 1.463 | 0.986, 2.172 | 0.059
Q4 1.899 | 1.309,2.756 | <0.001 | 1.646 | 1.129,2.398 | 0.009 1.823 | 1.222,2.719 | 0.003
Severe ARDS

SHR (continuous) | 1.499 | 1.217,1.846 | <0.001 | 1.418 | 1.138,1.767 | 0.002 1.395 | 1.069, 1.820 | 0.014
SHR (categorical) | p of trend: 0.120 p of trend: 0.400 p of trend: 0.650

Q1 — — — — — —

Q2 0.927 | 0.563, 1.527 | 0.800 0.87 |0.527,1.437 | 0.600 0.883 | 0.516, 1.511 | 0.651
Q3 1.261 | 0.790, 2.013 | 0.300 1.204 | 0.752,1.928 | 0.400 0.987 | 0.586, 1.662 | 0.96
Q4 1.330 | 0.833,2.124 | 0.200 1.133 | 0.704, 1.822 | 0.600 1.1 0.644, 1.880 | 0.728
Hospital death

SHR (continuous) | 1.417 | 1.185,1.694 | <0.001 | 1.400 | 1.158,1.693 | <0.001 | 1.408 | 1.144,1.733 | 0.001
SHR (categorical) | p of trend: <0.001 p of trend: 0.004 p of trend: 0.012

Q1 — — — — — —

Q2 1.22 | 0.822,1.811 | 0.300 1.069 | 0.717,1.592 | 0.700 1.125 | 0.751, 1.684 | 0.568
Q3 1.271 | 0.866, 1.865 | 0.200 1.078 | 0.731, 1.590 | 0.700 1.044 | 0.701, 1.555 | 0.833
Q4 2.013 | 1.409,2.876 | <0.001 | 1.755 | 1.223,2.520 | 0.002 1.717 | 1.175, 2.509 | 0.005

Table 3. Cox proportional risk model analysis results. 'HR = Hazard Ratio, CI = Confidence Interval.
Q1=0.193-0.905, Q2=0.905-1.138, Q3=1.138-1.461, Q4 =1.461-7.413. Model 1: unadjusted. Model 2:
adjusted for age, gender, race and marital status. Model 3: adjusted for age, gender, race, marital status, BMI,
albumin, ALT, AST, ALP, basophils, creatinine kinase MB, WBC, creatinine, PaCO,, platelets, PaO,, potassium,
urea nitrogen, acute pancreatitis, cerebrovascular disease, CNS inflammation, COPD, DB, hypertension,
respiratory failure, insulin, LODS, OASIS, SIRS.

across various subgroups, including males (or females), individuals with/without COPD, those without diabetes,
patients with/without hypertension, individuals with/without respiratory failure, and those without acute
pancreatitis (all P<0.05). An interaction between diabetes and SHR was also observed (Fig. 2).

Significant differences in prognosis and incidence of ARDS in patients with different SHR
levels

To analyze the incidence of ARDS across SHR quartiles, cumulative event occurrence curves were employed
to illustrate the probability distributions. During follow-up, significant differences in ARDS incidence were
observed among the four SHR groups (Fig. 3A, P<0.0001). To further evaluate the impacts of SHR on the
secondary endpoint across the entire study population, a Kaplan-Meier survival curve analysis was conducted.
The analysis results showed significant differences in the in-hospital mortality among all study populations
classified based on SHR quartiles (Fig. 3B, P=0.00019).
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Variable Count HR [95% CI] P value P for interaction
Overall 1946  1.38[1.24, 1.54] <0.001 ——
Gender 0.322
Female 796 1.31[1.12, 1.52] 0.001 ——
Male 1150 1.47[1.25,1.72] <0.001 —a—
COPD 0.565
No 1510 1.37[1.22, 1.53] <0.001 —a—
Yes 436 1.49 [1.11, 2.01] 0.008 —_—
DM <0.001
No 1051 1.9[1.62,2.23] <0.001 —
Yes 895 1.12[0.94, 1.35] 0.201 —a—
Hypertension 0.154
No 1156  1.35[1.18, 1.55] <0.001 ——
Yes 790 1.63 [1.33, 1.99] <0.001 —
Insulin <0.001
No 783 2.33[2.01,2.72] <0.001 —
Yes 1163 1.25[1.04, 1.51] 0.019 —
Respiratory failure 0.375
No 1131 1.39[1.19, 1.63] <0.001 —
Yes 815 1.26 [1.07, 1.49] 0.005 ——
Acute pancreatitis 0.286
No 1887 1.39[1.25, 1.55] <0.001 ——
A Yes 59 1.04[0.61, 1.78] 0.892 -
T T T T T
0.5 1 1.5 2 25
Variable Count HR [95% CI] P value P for interaction
Overall 1946 1.42[1.18, 1.69] <0.001 —
Gender 0.472
Female 796 1.32[1.03, 1.69] 0.027 —
Male 1150 1.52[1.16, 1.99] 0.002 —_——
COPD 0.42
No 1510 1.47[1.21,1.79] <0.001 —
Yes 436 1.21[0.79, 1.85] 0.376 -
DM 0.046
No 1051 1.67 [1.34, 2.08] <0.001 —_——
Yes 895 1.14[0.84, 1.55] 0.388 —
Hypertension 0.811
No 1156  1.43[1.17,1.76] 0.001 —
Yes 790 1.36 [0.96, 1.94] 0.083 —_—
Insulin 0.596
No 783 1.49[1.15,1.93] 0.003 —_—
Yes 1163 1.35[1.06, 1.73] 0.016 —
Respiratory failure 0.927
No 1131 1.38[1.01, 1.89] 0.04 —_—
Yes 815 1.37[1.09, 1.71] 0.006 ——
Acute pancreatitis 0.09
No 1887 1.49[1.25, 1.77] <0.001 ——
B Yes 59 0.28 [0.04, 2.04] 0.21 Iv—- : | : :
0 0.5 1 1.5 2

Fig. 2. Forest plots for subgroup analyses of ARDS (A) and in-hospital mortality (B).

Discussion
This retrospective cohort study is the first to demonstrate the predictive value of SHR for ARDS risk and in-
hospital mortality among sepsis patients. Elevated SHR was identified as a significant independent risk factor for
severe ARDS and increased in-hospital mortality in this population, with this association remaining significant
after adjustment for potential confounding factors. In addition, the study revealed a nearly linear correlation
between SHR values and the incidence of ARDS and in-hospital mortality among sepsis patients.

Previous studies suggest that hyperglycaemia may increase the risk of ARDS through several mechanisms.
Firstly, hyperglycaemia promotes oxidative stress and inflammatory responses by up-regulating the expression
of pro-inflammatory cytokines, such as TNF-a and IL-6, while inhibiting anti-inflammatory mediators.
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Fig. 3. Event occurrence curve and Kaplan-Meier survival curve analysis. (A) Event curves for ARDS; (B)
Kaplan-Meier survival curve for in-hospital death.

This imbalance exacerbates lung endothelial cell injury and alveolar capillary barrier disruption!®. Secondly,
hyperglycaemia facilitates the accumulation of glycosylation end-products, which further aggravates lung
inflammation and fibrosis through activation of RAGE receptors”. In addition, insulin resistance and
hyperglycaemia may impair sodium channel (ENaC) function in alveolar epithelial cells, leading to reduced
alveolar fluid clearance and exacerbating pulmonary oedema'®. Collectively, these mechanisms underscore
a biologically plausible link between hyperglycaemia and ARDS and identify potential targets for clinical
intervention.

According to the results of the Cox proportional risk model analysis, elevated SHR remained significantly
associated with an increased risk of ARDS after adjustment for multiple confounders (model 3). When SHR was
analyzed as a continuous variable, all hazard ratios (HR) exceeded 1.2, with significant statistical significance
(p<0.05). Specifically, the HR for SHR (continuous variable) in Model 3 was 1.211 (95% CI: 1.063-1.379), with
a p-value of 0.004. When SHR was divided into quartiles, the results of the trend analysis showed a significant
increase in the risk of ARDS with increasing SHR. In particular, the highest quartile (Q4) had an HR of 1.570
(95% CI: 1.262-1.952) compared to the lowest quartile (Q1), with a p-value of <0.001. This result indicated
that the severity of stress hyperglycemia was strongly associated with the development of ARDS. This further
confirmed the important role of stress hyperglycemia in ARDS!®. Further stratified analysis by severity of ARDS
revealed that SHR was associated with a significantly increased risk across patients with mild, moderate and
severe ARDS. In particular, the risk ratio for SHR was highest in patients with severe ARDS. For example,
in patients with severe ARDS, the HR for SHR (continuous variable) in model 3 was 1.418 (95% CI: 1.138-
1.767), with a p-value of 0.002. This result suggests that stress hyperglycemia may serve as a stronger predictor
of the development of severe ARDS. Sepsis is frequently complicated by organ dysfunction, with the lungs
being among the most commonly affected organs®*~22. In a retrospective cohort study involving macroscopic
autopsies of critically ill surgical patients who died of sepsis or septic shock, approximately 90% of patients
exhibit lung tissue damage?>. ARDS is considered a potentially fatal outcome of severe sepsis. Gong et al.**
suggested that approximately 30% of all sepsis patients may develop ARDS?. A study®® has identified several
risk factors associated with the development of ARDS in sepsis patients within 6 h of admission, including acute
physiology and chronic health evaluation II score, shock status, pulmonary infectious agents, pancreatitis, and
acute abdomen. A recent study?” using machine learning techniques found that ARDS patients with higher
blood glucose levels had the highest mortality rates, uncovering that hyperglycemia may serve as a detrimental
factor in prognostic outcomes in ARDS patients. Consistently, Vught et al.?® demonstrated that sepsis patients
with hyperglycemia at admission were significantly correlated with poor prognostic outcomes, irrespective of the
presence of diabetes. This finding was further supported by Hartmann et al.>who indicated that the variability in
hyperglycemia during ICU admission was associated with a significant increase in all-cause mortality in patients
admitted to the ICU due to COVID-19-related ARDS. Notably, this effect still existed even after adjusting
for clinically predetermined confounding factors, such as diabetes, median procalcitonin, and fasting plasma
glucose. In conclusion, our findings provide further evidence that high levels of SHR may increase the risk of
ARDS in septic patients.

In addition, this study analyzed the relationship between SHR and the risk of in-hospital death. The findings
demonstrated a significant association between elevated SHR and increased risk of in-hospital death. After
adjusting for confounders, the HR for SHR (continuous variable) was 1.400 (95% CI: 1.158-1.693) in Model
3, with a p-value of <0.001. The results of the trend analyses further supported this conclusion. When SHR
was categorized into quartiles, the highest quartile (Q4) was associated with a significantly increased risk of in-
hospital death compared to the lowest quartile (Q1), with an HR of 1.755 (95% CI: 1.223-2.520) and a p-value of
<0.001. These results suggested that stress hyperglycemia not only contributed to the development of ARDS, but

Scientific Reports |

(2025) 15:34737 | https://doi.org/10.1038/541598-025-18349-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

also increased the in-hospital mortality of patients with sepsis risk. During sepsis, the body releases significant
amounts of stress hormones, such as cortisol and catecholamines®*3!. These hormones raise blood glucose levels
to ensure sufficient energy supply to vital organs such as the brain and heart during stressful conditions. In
addition, sepsis can induce insulin resistance, which is characterized by weakened cellular responsiveness to
insulin, causing an elevation in blood glucose levels”*2%. Therefore, sepsis patients may experience a persistent
stressful hyperglycemic state during their illness. Our findings are consistent with several previous studies. The
study by Leonidou et al.3* revealed that patients with stress hyperglycemic sepsis exhibited a higher 28-day in-
hospital mortality rate compared to patients with diabetic sepsis and those with normal glucose levels. In addition,
patients with stress hyperglycemic sepsis are closely associated with elevated production of inflammatory factors
and adverse clinical outcomes, whereas stress hyperglycemia is a contributor to reduced glutathione synthesis.
Given that glutathione exerts crucial effects on cellular defense against oxidative and nitrosative stress, this
impact further exacerbates redox imbalances and stress responses in sepsis patients®. This disruption can impair
energy utilization and contribute to a persistent elevation in blood glucose, creating a positive feedback loop.

RCS analysis in the present study revealed an approximately linear dose-response relationship between SHR
and the risk of ARDS and in-hospital death. This finding deviates from the U-shaped associations reported in
some previous studies. For instance, one study identified a U-shaped relationship between SHR and mortality™.
Several factors may account for this discrepancy. Firstly, the narrow distribution of SHR in the present study
population may have limited the ability to detect the non-linear trend at extreme exposure levels. Secondly, the
adjustment strategies for potential confounders in different studies may influence the observed shape of the
association. In addition, variations may also exist in the details of data cleaning, such as the timing of laboratory
indicator extraction.

Our findings suggest that in the clinical management of sepsis patients, close monitoring and control of blood
glucose levels may help reduce the risk of ARDS and improve patient prognosis. Specifically, early identification
of sepsis patients with high SHR and aggressive glycaemic control measures, such as insulin therapy, may reduce
the incidence of ARDS. Meanwhile, patients with high SHR require close monitoring for changes in pulmonary
function and prompt intervention to mitigate respiratory deterioration. In addition, for septic patients who have
already developed ARDS, the impact of stress hyperglycaemia on their prognosis should be considered, and
treatment strategies should be adjusted accordingly to improve patient survival.

However, certain limitations still exist in this study. Firstly, the generalizability of these findings may be
limited, as all enrolled patients are from the United States and are predominantly of White ethnicity. Secondly,
the retrospective and observational nature of the study precludes the establishment of a definitive causal
relationship. Thirdly, as a single-center study with a limited sample size, potential data bias may still persist
due to residual confounding factors, despite the use of multivariate adjustments and subgroup analyses. Lastly,
prospective cohort studies are necessitated to validate our findings.

Conclusions

Elevated SHR is closely associated with heightened in-hospital all-cause mortality among sepsis patients. The
study results demonstrate that SHR can facilitate the early detection of ARDS in sepsis patients, promoting
risk assessment and guiding subsequent interventions. However, further prospective studies are warranted to
corroborate these findings.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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