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Background: The available evidence on tight glycemic control is conflicting,

while the interaction between glucose and lactate in critically ill children

remains unclear.

Objective: To explore the potential role of hyperlactatemia (HL) in modulating

the relationship between stress hyperglycemia (SHG) and poor outcomes, aiming

to establish tailored glucose targets in critically ill children.

Methods: This was a secondary analysis of a prospective observational cohort

study conducted in five Pediatric Intensive Care Units (PICU) in southwestern

China (ChiCTR2000030846). The interaction effect between glucose and lactate

metrics concerning outcomes and subsequent subgroup regression analysis was

conducted. SHG was defined as glucose > 150 mg/dL(8.3mmol/L) and HL as

lactate > 2 mmol/L.

Results: A cohort of 433 pediatric patients with 4885 arterial blood gas

measurements were finally enrolled. 90 (20.8%) cases died within 28 days of

PICU admission. Significant interaction effects between SHG and HL on

outcomes were observed (p < 0.05). In the non-HL group, SHG was not an

independent predictor of 28-day mortality (p = 0.656) and was not correlated

with either 28-day ventilator-free days (p = 0.916) or 28-day ICU-free days (p =

0.914). In contrast, in the HL group, SHG was independently associated with 28-

day mortality (OR 3.55, 95% CI 1.62~7.80, p = 0.002) and correlated with a

reduction of 5.04 28-day ventilator-free days (p = 0.003) and 4.10 28-day ICU-

free days (p = 0.004).
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Conclusions: HL potentially modulates the correlation between SHG and poor

outcomes in pediatric critically ill patients. Combined SHG and HL are associated

with poor outcomes, whereas SHG without HL is not.
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1 Background

Stress hyperglycemia (SHG), with different diagnostic criteria

occurring with prevalence rates ranging from 20% to 75% (1), is

evident correlates with increased mortality and morbidity in

extensive clinical settings, including emergency departments (2),

cardiac care units (3), ICUs and so on (4, 5). Regardless of whether

SHG acts as a causal factor or solely serves as a prognostic indicator,

using insulin to achieve lower blood glucose targets appears to be a

cost-effective strategy for improving patient prognosis. However,

while studies such as the Leuven trial advocated tight glycemic

control as beneficial for improving outcomes (6), other trials like

NICE-SUGAR warned against it, citing its potential risk of

increasing the 90-day mortality and the incidence of

hypoglycemia (7). The conflicting findings leave the optimal

approach for critically ill patients widely controversial,

underscoring the necessity for a novel approach to uncover

potential confounders within this context.

Lactate, also a robust prognostic marker, along with glucose, can

exhibit increased levels in response to stress to fulfill heightened

energy requirements (8, 9). These two crucial metabolites are

intricately linked in carbohydrate metabolism, serving as precursors

for each other and undergoing mutual conversion within the

biological processes of glycolysis and gluconeogenesis (10, 11). It is

recognized that during physiological stress, roughly 60% of blood

glucose originates from lactate in certain circumstances (12). Given

this notable interdependence, assessing the correlation between SHG

and adverse outcomes while considering lactate levels simultaneously

may be more appropriate. Several publications have indeed reported

lactate as a modulator of the relationship between increased death risk

and SHG (13–17). By accounting for lactate levels, the association

between SHG and mortality appears to vanish, suggesting that blood
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glucose targets should be tailored depending on lactate levels in

critically ill patients (13–15).

The current body of research primarily centers around the

adult ICU cohorts (13–17). To our understanding, there is a

conspicuous lack of studies addressing this issue in critically ill

children. We put forth a hypothesis that hyperlactatemia (HL)

could potentially modulate the association between SHG and

unfavorable prognosis in critically ill pediatric cohorts, to

contribute valuable insight into glycemic control strategy for

this particular population.
2 Materials and methods

2.1 Study design and participants

This was a secondary analysis of a prospective observational

cohort study (ChiCTR2000030846) (18). Patients were

consecutively monitored in the five Pediatric Intensive Care Units

(PICUs) in southwestern China from January to December 2020.

To be eligible for inclusion, participants must: 1) receive vasoactive

drug support for hypotension or ventilatory support for respiratory

failure; 2) be between a corrected gestational age of 36 weeks and 16

years; 3) remain in the PICU for more than 24 hours. Exclusion

criteria are: 1) a prior diagnosis of diabetes mellitus or inborn errors

of metabolism; 2) readmission to the PICU; 3) use of

glucocorticoids or total parenteral nutrition; 4) fewer than two

arterial blood gas analyses daily during the first 72 hours of ICU

admission. This secondary analysis was approved by the ethics

committee of Children’s Hospital of Chongqing Medical University

and was granted a waiver for informed consent (File No. 2022,125).

Elaboration on the methods for original data collection, inclusion

and exclusion criteria, insulin usage protocols, and quality control

procedures can be referenced in our previous study (18).
2.2 Data collection

We collected baseline demographic data (age, gender, and

nutritional status), primary reasons for ICU admission (urgent

organ dysfunction or critical disease conditions necessitating ICU

intervention), clinical treatments (such as insulin, glucose infusion

rate (GIR), and other supportive therapies), and illness severity
frontiersin.org
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assessment (The Pediatric Logistic Organ Dysfunction score-2,

PELOD-2). The nutritional status index was assessed using the Z

score for weight/height (for individuals aged ≤5 years) or Body

Mass Index (for those older than five years) for age (BMZ),

calculated through the Epi-info software. The PELOD-2 score was

determined based on the most extreme physiological parameters

and laboratory findings observed within the first 24 hours of

admission, reflecting the severity of the patient’s condition,

with a higher score indicating a worse condition and poorer

prognosis (19).
2.3 Monitoring of glucose and lactate, and
definitions

Blood Glucose and lactate measurements were exclusively

obtained from arterial blood gas analyses during the first 72

hours after PICU admission. We obtained the concentration of

mean glucose (Glumean), maximum glucose (Glumax) and

calculated time-weighted mean glucose (Glutwmean) (14). For

lactate, corresponding measurements were collected, including

mean lactate (Lacmean), maximum lactate concentration

(Lacmax), and time-weighted mean lactate (Lactwmean). All blood

gas samples were obtained through routine monitoring or

measurements based on the clinical judgment of the attending

physicians, with no additional blood gas analyses performed

specifically for the purpose of the study. The blood gas analyzers

in different research centers shared similar reference ranges and

underwent regular testing as well as stringent laboratory quality

control measures, including daily internal quality control and

biannual external quality assessments.

A criterion of at least one episode of blood glucose

concentration above 150 mg/dL (8.3 mmol/L) was established for

defining SHG, as this threshold marked the onset of increased

mortality risk and was recommended for initiating insulin therapy

(5, 20). Meanwhile, cut-off blood glucose concentrations of 65 mg/

dL (3.6 mmol/L) and 40 mg/dL (2.2 mmol/L) were adopted to

define mild hypoglycemia (21) and severe hypoglycemia (7),

respectively. HL was defined as a blood lactate concentration

greater than 2 mmol/L, as this cut-off value was the threshold for

septic shock definition and was highly correlated with an

unfavorable prognosis (22).
2.4 Study outcomes

The primary outcome of interest was 28-day mortality. The

secondary outcomes comprised 28-day ventilator-free days and 28-

day ICU-free days. A value of 0 was recorded for patients who did

not survive within the 28 days, while the recorded value for

survivors was 28 days minus the corresponding number of days

on the ventilator or in the ICU, with a smaller value indicating a

poorer prognosis (23).
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2.5 Statistical analysis

All statistical analyses were performed using SPSS (Version 23,

IBM, Armonk, NY, USA). The Kolmogorov-Smirnov test was used

to assess the normality of continuous variables. The results showed

that these variables had non-normal distributions, therefore,

presenting as medians with interquartile ranges (IQR) and

compared by the Wilcoxon rank-sum test. Categorical variables

were expressed as numbers and percentages, and comparisons were

made using either the chi-square test or the Yates corrected chi-

square test, as appropriate. The Cochran-Mantel-Haenszel test was

used to examine the association between SHG and 28-day mortality

across different HL states, and the Breslow-Day test was used to

assess the homogeneity of odds ratios (OR) across different strata.

Interaction effects were evaluated by testing the product terms of

lactate and glucose metrics in multivariable regression models. In

cases of significant interaction effects, further subgroup regression

analyses stratified by HL would be conducted. Depending on the

type of outcome variable, either a multivariable logistic regression

or linear regression model was employed. ORs with 95% confidence

intervals (CI) derived from logistic regression were reported. For

linear regression, coefficients, standard errors, and t-values were

reported. Predefined covariates in the regression models were

chosen based on demographics (gender, age groups cut-off at 36

months), nutritional status (BMZ), factors potentially influencing

glycometabolism (GIR and insulin), and severity of illness (PELOD-

2 score). To ensure the robustness of the results while adhering to

predictor variable constraints and mitigating overfitting, additional

covariates were sequentially introduced and replaced one at a time

in subsequent steps. Sensitivity analyses were also performed by

exploring the interaction effects of SHG and HL on outcomes in

patients without hypoglycemia. A p-value < 0.05 for a two-sided test

was considered statistically significant, except for interaction

analyses where a p-value < 0.10 was used (24).
3 Results

3.1 Cohort characteristics

During the original study period, a total of 2,725 consecutive

patients across the five participating units underwent stringent

screening to determine their eligibility. Ultimately, a cohort of

433 pediatric patients was included (Figure 1). Among them, the

median age was 16.0 (IQR: 4.3 ~ 71.5) months, 255 (58.9%) cases

were males, and 90 (20.8%) died within 28 days after PICU

admissions. The leading primary reason for ICU admission was

respiratory diseases, accounting for 152 cases (35.1%). At the

primary endpoint of the 28-day mortality assessment, participants

were divided into survivors and non-survivors groups. The

deceased cases were associated with elevated GIR, increased

requirements of insulin, continuous renal replacement therapy,

mechanical ventilation, vasoactive drugs, and higher PELOD-2

scores (p < 0.05).
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Within the first 72 hours of PICU admission, 4885

simultaneous glucose and lactate measurements from arterial

blood gas analyses were obtained, with a median frequency of 12

(IQR: 9~13) per patient. Compared with survivors, more cases of

SHG (64.4% vs. 32.7%), mild hypoglycemia (34.3% vs. 21.6%),

severe hypoglycemia (7.8% vs. 1.7%), and HL (71.1% vs. 36.2%)

were detected in non-survivors (p<0.5) (Table 1).
3.2 Interaction effect of glucose and
lactate metrics on the primary outcome
without covariates

The three-dimensional column diagram illustrated 28-day

mortality across combined quartiles of lactate and glucose metrics

(Figure 2). Figure 2A revealed that the combined highest Lacmean and

Glumean quartiles (upper-right column) were associated with the

highest 28-day mortality, whereas relatively low Lacmean (Q1~Q2)

even with the highest Glumean didn’t correlate with high 28-day

mortality (upper-left columns); This pattern was consistently

observed across quartiles of Lactwmean and Glutwmean (Figure 2B), as

well as Lacmax and Glumax (Figure 2C), concerning 28-day mortality.

The Cochran’s and Mantel-Haenszel test was used to explore

the relationship between SHG, HL, and 28-day mortality (Figure 3).

In the non-HL group, SHG did not significantly affect PICU

mortality (OR = 1.05, 95% CI 0.42~2.62, p = 0.922). Conversely,

in the HL group, SHG was significantly associated with 28-day

mortality (OR = 4.92, 95% CI 2.43~9.96, p < 0.001). The Test of

Homogeneity of ORs revealed a significant difference in the ORs

between the HL and non-HL groups (p of Breslow-Day = 0.007),

indicating that the effect of SHG on mortality varied significantly

with HL states.
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3.3 Interaction effect of glucose and
lactate metrics on the primary outcome
with covariates

In the multivariate logistical regression analyses, noteworthy

interaction effects were observed between Glumean and Lacmean,

Glutwmean and Lactwmean, Glumax and Lacmax, as well as SHG and HL

concerning mortality, yielding p-values of interaction as 0.031, 0.020,

0.093 and 0.025, respectively. Stratified multivariate regression analyses

revealed that in the subgroup without HL, quartiles of Glumean,

Glutwmean, and Glumax, as well as SHG, were not independent

predictors of mortality (p = 0.377, 0.439, 0.572, and 0.656,

respectively). Conversely, within the HL subgroup, all these glucose

indices were independently associated with mortality: Glumean (OR

1.43, 95% CI 1.02~1.99, p = 0.036), Glutwmean (OR 1.42, 95% CI

1.01~2.00, p = 0.042), Glumax (OR 1.91, 95% CI 1.28~2.86, p = 0.002),

and SHG (OR 3.55, 95%CI 1.62~7.80, p = 0.002) (Table 2). In addition,

the interaction effects between other categorical covariates and HL/

SHG were also checked, no significant interactions were found (p>0.1)

(Supplementary Table S1).
3.4 Interaction effect of SHG and HL on
the secondary outcomes

Similarly, significant interaction effects between SHG and HL

on 28-day ventilator-free days and 28-day ICU-free days were

detected using multivariate linear regression, with p-values of

0.006 and 0.014, respectively. In the non-HL subgroup, no

significant association between SHG and either 28-day ventilator-

free days (p = 0.916) or 28-day ICU-free days (p = 0.914) was found.

In contrast, within the HL subgroup, SHG was associated with a
FIGURE 1

Flowchart illustrating participant selection for the study.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1518746
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2025.1518746
reduction of 5.04 days in 28-day ventilator-free days (p = 0.003) and

4.10 days in 28-day ICU-free days (p = 0.004), suggesting that HL

may modulate the effect of SHG on these outcomes (Table 3).
3.5 Interaction effect of SHG and HL on the
primary outcome with additional covariate
adjustment

Additionally, to strengthen the observation that HL modulated the

association between SHG and 28-day mortality, additional covariates

were included. To adhere to predictor variable constraints and avoid

overfitting, Mild hypoglycemia, severe hypoglycemia, continuous renal

replacement therapy, mechanical ventilation, and vasoactive drugs

were introduced and replaced sequentially. The interaction effect of
Frontiers in Endocrinology 05
SHG and HL remained robustly significant, with p-values of 0.019,

0.015, 0.022, 0.027, and 0.032, respectively. In the non-HL subgroup,

SHG did not correlate with 28-day mortality (p > 0.05). In contrast, in

the HL subgroup, SHG was consistently associated with mortality (p <

0.05) (Table 4).
3.6 Interaction effects of SHG and HL on
28-day mortality in patients without
hypoglycemia

Recognizing the nature of the observational data, sensitivity

analyses were further conducted. Patients with hypoglycemia at 3

thresholds: glucose <2.2, 3.3, and 3.6 mmol/L were sequentially

excluded and formed 3 subgroups (excluded n=13, 59, 105;
TABLE 1 Characteristics of patient cohorts.

Variable All subjects (n=433) Survivors (n=343) non-survivors (n=90) c2/Z p

Age, month 16.0 (4.3~71.5) 15.0 (4.0~71.0) 19.0 (5.5~77.0) 0.817 0.414

Male/n (%) 255 (58.9) 200 (58.3) 55 (61.1) 0.231 0.631

BMZ/n (%)

<-2 89 (20.5) 66 (19.2) 23 (25.6)

5.031 0.102-2~2 316 (73.0) 251 (73.2) 65 (72.2)

>2 28 (6.5) 26 (7.6) 2 (2.2)

Primary reason for ICU admission

Respiratory disease 152 (35.1) 123 (35.9) 29 (32.2)

0.875 0.350

Neurologic disorder 79 (18.2) 57 (16.6) 22 (24.4)

Trauma 72 (16.6) 65 (19.0) 7 (7.8)

Sepsis 53 (12.2) 38 (11.1) 15 (16.7)

Cardiovascular disease 34 (7.9) 26 (7.6) 8 (8.9)

Postoperative care 14 (3.2) 13 (3.8) 1 (1.1)

Others 29 (6.7) 21 (6.1) 8 (8.9)

GlR (mg/kg/min) 0.89 (0.49~1.50) 0.84 (0.47~1.45) 1.04 (0.54~1.97) 2.377 0.017*

Insulin/n (%) 18 (4.2) 7 (2.0) 11 (12.2) 16.082 <0.001*

Continuous renal replacement therapy/
n (%)

42 (9.7) 21 (6.1) 21 (23.3) 24.110 <0.001*

Mechanical ventilation/n (%) 355 (82.0) 269 (78.4) 86 (95.6) 14.165 <0.001*

Vasoactive drug/n (%) 143 (33.0) 90 (26.2) 53 (58.9) 34.360 <0.001*

PELOD-2 score 6.0 (4.0~8.0) 5.0 (4.0~7.0) 8.0 (6.0~12.0) 7.508 <0.001*

Dysglycemia/n (%)

SHG 170 (39.3) 112 (32.7) 58 (64.4) 30.216 <0.001*

Mild hypoglycemia 105 (24.2) 74 (21.6) 31 (34.4) 6.429 0.011*

Severe hypoglycemia 13 (3.0) 6 (1.7) 7 (7.8) 6.947 0.008*

HL/n (%) 188 (43.4) 124 (36.2) 64 (71.1) 35.468 <0.001*
fr
BMZ, the “z” score for weight/height (for children ≤5 years old) and the BMI (for children >5 years old), overweight was classified as BMZ > +2SD, while wasting was BMZ < -2SD; GIR, glucose
infused rate; PELOD-2, the Pediatric Logistic Organ Dysfunction score-2. SHG, stress hyperglycemia.
*, the difference between groups was significant.
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remaining n=420, 374, 328) (7, 21, 25). SHG×HL interactions on

28-day mortality and secondary outcomes of these 3 subgroups

were retested. All subgroups showed consistent statical significance

of interaction effects between HL, SHG and poor outcomes (p>0.1)

(Supplementary Tables S2–S7).
Frontiers in Endocrinology 06
4 Discussion

In this secondary analysis of a prospective, multicenter,

observational study, the findings support our hypothesis that HL

modulates the relationship between SHG and adverse outcomes in
FIGURE 2

Three-dimensional column diagram of lactate and glucose quartiles related to 28-day mortality. (A) The combined highest Lacmean and Glumean

quartiles (upper-right column) indicated the highest 28-day mortality, whereas relatively low Lacmean even with the highest Glumean didn’t correlate
with high 28-day mortality (upper-left columns); (B) For the combination of Lactwmean and Glutwmean, their highest quartiles (upper-right column)
corresponded to peak 28-day mortality. However, lower Lactwmean remained unrelated to high mortality, even with the highest Glutwmean (upper-left
columns); (C) The combined highest Lacmean and Glumax quartiles (upper-right column) corresponded to the highest 28-day mortality, while
relatively low Lacmean, even at the highest Glumean quartiles, showed no association with elevated mortality (upper-left columns). Lacmean, mean
lactate concentration; Lactwmean, time-weighted mean lactate; Lacmax, maximum lactate concentration. Glumean, mean glucose concentration;
Glutwmean, time-weighted mean glucose; Glumax, maximum glucose concentration.
FIGURE 3

Comparison of 28-day Mortality between SHG and non-SHG group across HL and non-HL Subgroups. †p, the p-value from the Breslow-Day test (=
0.007) of Cochran-Mantel- Haenszel test, indicates a significant difference in the odds ratios (ORs) of the association between SHG and 28-day
mortality between the HL and non-HL groups. *, the difference between groups was significant.
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critically ill children. Subgroup analysis based on significant

interaction effect revealed that, in participants without HL, there

was no significant association between SHG and adverse outcomes.

However, in patients with HL, SHG was significantly associated

with an increased risk of 28-day mortality and a decreased duration

of both ventilator-free and ICU-free days within 28 days. The

findings suggest that prognostic models evaluating the effect of

SHG in critically ill pediatric patients should also take lactate levels

into account.

Before our work, a few observational studies reported that the

association between SHG and adverse outcomes was modified by

concomitant HL. A multicenter investigation examined static and

time-weighted concurrent measurements of glucose and lactate from

consecutive ICU patients and demonstrated that when lactate and

glucose parameters were jointly considered, the independent

correlation between glucose and mortality disappeared (14).

Richards and colleagues also found that, in severely injured blunt
Frontiers in Endocrinology 07
trauma patients, there was no evidence for an association of glucose

with mortality after adjusting for lactate (15). Another study observed

that in a regression model of mortality, which included only mean

lactate and mean glucose, the correlation between glucose and

mortality vanished. The investigators also found a significant

interaction effect between mean glucose and mean lactate

concerning mortality (16). Similarly, we observed a sustained

interaction effect between lactate and blood glucose metrics

concerning mortality. Our results showed that isolated SHG was not

associated with 28-day mortality (OR 0.79, 95% CI 0.28~2.26), but

when combined with HL, the risk of SHG increased significantly (OR

3.55, 95% CI 1.62~7.80). Consistent with our findings, in nondiabetic

septic adults, the OR for mortality risk was 3.96 (95% CI 2.01~7.79)

when SHG and HL coexisted, whereas SHG without HL was not

associated with increased mortality (OR 0.78, 95% CI 0.39~1.57) (13).

Importantly, the available literature was all focusing on adult patients

(13–16). Our study represents one of the few investigations
TABLE 2 Multivariate logistic regression analysis of the association between glucose metrics and 28-day mortality in HL and Non-HL subgroups.

Glucose metrics
Non-HL (n=245) HL (n=188)

†p-interaction
OR 95%CI p OR 95%CI p

Glumean 0.81 (0.51~1.29) 0.377 1.43 (1.02~1.99) 0.036* 0.031*

Glutwmean 0.83 (0.52~1.32) 0.439 1.42 (1.01~2.00) 0.042* 0.020*

Glumax 1.13 (0.74~1.71) 0.572 1.91 (1.28~2.86) 0.002* 0.093*

SHG 0.79 (0.28~2.26) 0.656 3.55 (1.62~7.80) 0.002* 0.025*
Glumean, mean of glucose; Glutwmean, time weighted mean of glucose; Glumax, maximum of glucose. †p, the p value of interaction effect of glucose and lactate metrics (Glumean x Lacmean; Glutwmean

x Lactwmean; Glumax x Lacmean; and SHG x HL, respectively); Except for the binary classification of SHG and HL, all other measurements were categorized into quartiles. †p-interaction <0.1 was
considered significant [24]. *, the difference between groups was significant.
TABLE 3 Multivariate linear regression analysis of the association between SHG and 28-day ventilator-free days, and ICU-free days, in HL and Non-
HL subgroups.

Outcomes
Non-HL (n=245) HL (n=188)

†p-interaction
b SE t p b SE t p

28-day ventilator free days 0.12 1.21 0.10 0.916 -5.04 1.67 -3.04 0.003* 0.006*

28-day ICU free days 0.13 1.22 0.11 0.914 -4.10 1.42 -2.89 0.004* 0.014*
b, regression coefficient; SE, standard Error; †p, the interaction effect of SHG x HL in the unstratified multivariable linear regression. *, the difference between groups was significant.
TABLE 4 Multivariate logistic regression analysis of the association aetween SHG and 28-day mortality in HL and Non-HL subgroups with sequential
covariate adjustment.

Additional covariate
Non-HL (n=245) HL (n=188)

†p of interaction
OR 95 CI% p OR 95 CI% p

Mild hypoglycemia 0.84 (0.29~2.40) 0.738 4.14 (1.81~9.48) 0.001* 0.019*

severe hypoglycemia 0.79 (0.28~2.27) 0.664 4.16 (1.81~9.60) 0.001* 0.015*

Continuous renal
replacement therapy

0.68 (0.23~2.03) 0.492 3.39 (1.53~7.50) 0.003*
0.022*

Mechanical ventilation 0.78 (0.27~2.23) 0.780 3.44 (1.56~7.60) 0.002* 0.027*

Vasoactive drug 0.80 (0.28~2.29) 0.679 3.41 (1.54~7.53) 0.002* 0.032*
†p, the interaction effect of SHG x HL in the unstratified multivariable logistic regression. While maintaining baseline covariates constant, additional covariates were introduced and
replaced sequentially.
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highlighting that HL could modulate the relationship between SHG

and adverse outcomes in severely ill children.

A combined assessment of glucose and lactate levels can reveal

distinct glycometabolic states, where HL may serve as a critical

biomarker of transitioning from adaptive to maladaptive glucose

metabolism (26).During the early phase of critical illness, the body

responds to increased secretion of catecholamines, glucagon, and

corticosteroids, along with relative insulin resistance to promote

glycogenolysis and gluconeogenesis (27–29). This physiological

process helps to rapidly augment blood glucose concentrations to

meet heightened energy demands (30, 31). In this stage, SHG is

considered protective, resulting in greater plasticity and cellular

resistance to ischemic and hypoxic insults (30). In this context, tight

glycemic control at this stage may not be necessary and may be

harmful. As critical illness progresses, oxidative phosphorylation

fails to meet energy demands combined with SHG-induced

mitochondrial impairment, prompting a shift to anaerobic

glycolysis (32). At the same time, reduced hepatic lactate

clearance, due to factors such as glucocorticoid resistance

delaying gluconeogenesis, further contributes to a significant rise

in lactate levels (33). The dynamic imbalance between glucose and

lactate represents the collapse of energy metabolism homeostasis,

with tricarboxylic acid cycle dysfunction as its core mechanism (34).

Several studies have reported an association between SHG and

concurrent HL (13, 17, 35, 36). Notably, a randomized multicenter

trial involving post-cardiac surgery patients established that glucose

peaks can induce corresponding lactate peaks a few hours later (37).

However, a study found that the highest mortality was associated

with the lowest glucose levels and the highest lactate levels, rather

than with the highest levels of both (16). It can be explained that, in

contrast to our more flexible insulin administration criteria, their

patients adhered to a computerized, moderately strict glucose and

potassium control protocol aimed at maintaining blood glucose

levels below 8 mmol/L, which may have resulted in lower blood

glucose levels and potentially masked the incidence of SHG.

Regarding clinical implications, tolerating SHG in the absence of

concurrent HL is likely to offer prognostic benefits. SHG is widely

reckoned as an evolutionary preserved adaptive response, as it may

protect against cell death following ischemia by promoting anti-

apoptotic pathways and cell survival pathways and favoring

angiogenesis (30). On the other hand, persistent SHG can also be

detrimental (38). The Society of Critical Care Medicine

recommended initiating insulin therapy when blood glucose levels

reach 150 mg/dL (20), and an updated guideline suggested treating

persistent hyperglycemia using a threshold of 180 mg/dL (39).

Although the optimal blood glucose target for ICU patients has not

yet been determined, a range of 140 to 180 mg/dL is widely

considered acceptable (38). Our finding offers valuable insights for

clinicians’ bedside decision-making. When arterial blood gas analysis

shows both glucose levels above 150 mg/dL and lactate levels above 2

mmol/L, this indicates a high-risk profile that requires prompt

intervention. In these cases, increased monitoring or early insulin

initiation may be warranted. This approach aligns with guidelines

that encourage to seek explicit support tools to guide glycemic control

(39). Notably, a recent study recommended moderate glycemic
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control (maintaining glucose levels between 8.3~10 mmol/L with

insulin) for ICU patients who cannot eat and have arteriovenous

catheters (40). Our research findings may contribute to bridging the

gap in this range of glucose, where insulin use could be further

tailored based on whether pediatric patients have concomitant HL.

However, the evidence level of our study remains insufficient to

warrant modifications to international and national guidelines at this

time. The study has the following strengths. First, our study stands

out as one of the few that sheds light on whether HL can alter the

association between SHG and poor prognosis and provides a fresh

perspective on blood glucose management in critically ill children.

Second, the data used in the study were collected prospectively, which

reduces the likelihood of bias. However, we also have important

limitations. First, our blood glucose monitoring was intermittent

rather than continuous, and only patients with more severe

conditions underwent frequent blood gas testing. This may have

overlooked some extreme values and introduced ascertainment bias,

although it reflects the practical experience in most centers. Second,

our sample size was relatively small due to the short duration of the

original study (one year) and the stringent inclusion and exclusion

criteria designed to control factors that could interfere with blood

glucose levels. Despite this, the inclusion of multiple blood glucose

metrics and consistent results across regression models strengthened

our conclusion. Third, the sample size and the type of secondary

analysis limited the number of covariates, such as inflammatory

markers, lipid profiles, and comprehensive illness severity scores

beyond PELOD-2, which may affect the relationships between HL,

SHG, and prognosis. Future studies containing more centers and

participants are needed to validate our findings. Fourth, the small

sample size also limited the ability to create sufficiently large

subgroups (e.g., by diagnosis such as heart failure, trauma, or

severe sepsis), which may exhibit different metabolic responses

influencing HL/SHG interactions. Larger studies with dedicated

subgroup analyses are needed to explore potential differences. Last,

because of the observational setting, we can only identify phenomena

through data analysis and attempt to explain the mechanism.
5 Conclusion

HL potentially modulates the correlation between SHG and

poor outcomes in critically ill pediatric patients. Combined SHG

and HL are associated with poor outcomes, whereas isolated SHG is

not. Profound research should focus on meticulously designed

multicenter randomized controlled trials to determine whether

allowing SHG alone and managing SHG only in conjunction with

HL can improve prognostic outcomes.
Data availability statement

Some or all datasets generated during and/or analyzed during

the current study are not publicly available but are available from

the corresponding author on reasonable request.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1518746
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2025.1518746
Ethics statement

The studies involving humans were approved by the ethics

committee of Children’s Hospital of Chongqing Medical University.

The studies were conducted in accordance with the local legislation

and institutional requirements. The ethics committee/institutional

review board waived the requirement of written informed consent

for participation from the participants or the participants’ legal

guardians/next of kin because This is a secondary analysis of a

multicenter prospective observational study, with no additional

interventions performed on the patients.
Author contributions

WL: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Project administration, Validation,

Visualization, Writing – original draft. MD: Data curation,

Methodology, Project administration, Supervision, Writing – review

& editing. JL: Conceptualization, Funding acquisition, Methodology,

Project administration, Resources, Supervision, Validation, Writing –

review & editing. GZ: Data curation, Project administration, Resources,

Writing – review & editing. JC: Data curation, Project administration,

Writing – review & editing. JJ: Data curation, Project administration,

Resources, Writing – review & editing. LD: Data curation, Project

administration, Writing – review & editing. DX: Data curation, Project

administration, Writing – review & editing. BH: Data curation,

Project administration, Resources, Writing – review & editing. YZ:

Data curation, Project administration, Resources, Writing – review &

editing. FL: Data curation, Project administration, Writing – review &

editing. HF: Data curation, Project administration, Resources, Writing

– review & editing. KY: Data curation, Project administration, Writing

– review & editing.
Funding

The original study was supported by the General Project Fund

for the National Clinical Research Center for Child Health and

Disorders (grant number: NCCRC-2019-GP-12). No additional

funding was obtained for this secondary analysis.
Frontiers in Endocrinology 09
Acknowledgments

All authors thank the study participants and the participating

institutions and the nursing staff for their support and contributions

to the study. We sincerely thank Professor Peng Bin from the

School of Public Health at Chongqing Medical University for his

expert guidance on the statistical analysis of this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that Generative AI was used in the

creation of this manuscript. ChatGPT 3.0 is used for essential

translations and grammar corrections.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1518746/

full#supplementary-material
References
1. Olariu E, Pooley N, Danel A, Miret M, Preiser JC. A systematic scoping review on
the consequences of stress-related hyperglycemia. PloS One. (2018) 13:e0194952.
doi: 10.1371/journal.pone.0194952

2. Zelihic E, Poneleit B, Siegmund T, Haller B, Sayk F, Dodt C. Hyperglycemia in
emergency patients–prevalence and consequences: results of the GLUCEMERGE
analysis. Eur J Emerg Med. (2015) 22:181–7. doi: 10.1097/MEJ.0000000000000199

3. Avanzini F, Mafrici A, Riva E, Franzosi MG, Milani V, Giudici V, et al. A multicenter
observational study on the management of hyperglycemia in patients with acute coronary
syndrome.NutrMetab Cardiovasc Dis. (2015) 25:916–23. doi: 10.1016/j.numecd.2015.07.007

4. Falciglia M, Freyberg RW, Almenoff PL, D’Alessio DA, Render ML.
Hyperglycemia-related mortality in critically ill patients varies with admission
diagnosis. Crit Care Med. (2009) 37:3001–9. doi: 10.1097/CCM.0b013e3181b083f7
5. Badawi O, Waite MD, Fuhrman SA, Zuckerman IH. Association between
intensive care unit-acquired dysglycemia and in-hospital mortality. Crit Care Med.
(2012) 40:3180–8. doi: 10.1097/CCM.0b013e3182656ae5

6. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz M,
et al. Intensive insulin therapy in critically ill patients. N Engl J Med. (2001) 345:1359–
67. doi: 10.1056/NEJMoa011300

7. Study Investigators NICE-SUGAR, Finfer S, Chittock DR, Su SY, Blair D, Foster
D, et al. Intensive versus conventional glucose control in critically ill patients. N Engl J
Med. (2009) 360:1283–97. doi: 10.1056/NEJMoa0810625

8. van Beest PA, Brander L, Jansen SP, Rommes JH, Kuiper MA, Spronk PE.
Cumulative lactate and hospital mortality in ICU patients. Ann Intensive Care. (2013)
3:6. doi: 10.1186/2110-5820-3-6
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2025.1518746/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1518746/full#supplementary-material
https://doi.org/10.1371/journal.pone.0194952
https://doi.org/10.1097/MEJ.0000000000000199
https://doi.org/10.1016/j.numecd.2015.07.007
https://doi.org/10.1097/CCM.0b013e3181b083f7
https://doi.org/10.1097/CCM.0b013e3182656ae5
https://doi.org/10.1056/NEJMoa011300
https://doi.org/10.1056/NEJMoa0810625
https://doi.org/10.1186/2110-5820-3-6
https://doi.org/10.3389/fendo.2025.1518746
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2025.1518746
9. Garcia-Alvarez M, Marik P, Bellomo R. Stress hyperlactatemia: present
understanding and controversy. Lancet Diabetes Endocrinol. (2014) 2:339–47.
doi: 10.1016/S2213-8587(13)70154-2

10. Kamel KS, Oh MS, Halperin ML. L-lactic acidosis: pathophysiology,
classification, and causes; emphasis on biochemical and metabolic basis. . Kidney Int.
(2020) 97:75–88. doi: 10.1016/j.kint.2019.08.023

11. Rabinowitz JD, Enerbäck S. Lactate: the ugly duckling of energy metabolism. Nat
Metab. (2020) 2:566–71. doi: 10.1038/s42255-020-0243-4

12. Tayek JA, Katz J. Glucose production, recycling, Cori cycle, and gluconeogenesis
in humans: relationship to serum cortisol. Am J Physiol. (1997) 272:E476–84.
doi: 10.1152/ajpendo.1997.272.3.E476

13. Green JP, Berger T, Garg N, Horeczko T, Suarez A, Radeos MS, et al.
Hyperlactatemia affects the association of hyperglycemia with mortality in nondiabetic
adults with sepsis. Acad Emerg Med. (2012) 19:1268–75. doi: 10.1111/acem.12015

14. Kaukonen KM, Bailey M, Egi M, Orford N, Glassford NJ, Marik PE, et al. Stress
hyperlactatemia modifies the relationship between stress hyperglycemia and outcome:
a retrospective observational study. Crit Care Med. (2014) 42:1379–85. doi: 10.1097/
CCM.0000000000000214

15. Richards JE, Mazzeffi MA, Massey MS, Rock P, Galvagno SM, Scalea TM. The
bitter and the sweet: relationship of lactate, glucose, and mortality after severe blunt
trauma. Anesth Analg. (2021) 133:455–61. doi: 10.1213/ANE.0000000000005335

16. Freire Jorge P, Wieringa N, de Felice E, van der Horst I, Oude Lansink A, Nijsten
MW. The association of early combined lactate and glucose levels with subsequent
renal and liver dysfunction and hospital mortality in critically ill patients. Crit Care.
(2017) 21:218. doi: 10.1186/s13054-017-1785-z

17. Greco G, Kirkwood KA, Gelijns AC, Moskowitz AJ, Lam DW. Diabetes is
associated with reduced stress hyperlactatemia in cardiac surgery. Diabetes Care. (2018)
41:469–77. doi: 10.2337/dc17-1554

18. Dong M, Liu W, Luo Y, Li J, Huang B, Zou Y, et al. Glycemic variability is
independently associated with poor prognosis in five pediatric ICU centers in
southwest China. Front Nutr. (2022) 9:757982. doi: 10.3389/fnut.2022.757982

19. Leteurtre S, Duhamel A, Salleron J, Grandbastien B, Lacroix J, Leclerc F.
PELOD-2: an update of the PEdiatric logistic organ dysfunction score. Crit Care
Med. (2013) 41:1761–73. doi: 10.1097/CCM.0b013e31828a2bbd

20. Jacobi J, Bircher N, Krinsley J, Agus M, Braithwaite SS, Deutschman C, et al.
Guidelines for the use of an insulin infusion for the management of hyperglycemia in
critically ill patients. Crit Care Med. (2012) 40:3251–76. doi: 10.1097/
CCM.0b013e3182653269

21. Wintergerst KA, Buckingham B, Gandrud L, Wong BJ, Kache S, Wilson DM.
Association of hypoglycemia, hyperglycemia, and glucose variability with morbidity
and death in the pediatric intensive care unit. Pediatrics. (2006) 118:173–9.
doi: 10.1542/peds.2005-1819

22. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
et al. The third international consensus definitions for sepsis and septic shock (Sepsis-
3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

23. Deniel G, Cour M, Argaud L, Richard JC, Bitker L. Early antibiotic therapy is
associated with a lower probability of successful liberation from mechanical ventilation
in patients with severe acute exacerbation of chronic obstructive pulmonary disease.
Ann Intensive Care. (2022) 12:86. doi: 10.1186/s13613-022-01060-2
Frontiers in Endocrinology 10
24. Linssen P, Brunner-La Rocca HP, Schalkwijk CG, Beulens J, Elders P, van der
Heijden AA, et al. Serum matrix metalloproteinases and left atrial remodeling-the
hoorn study. Int J Mol Sci. (2020) 21:4944. doi: 10.3390/ijms21144944

25. Thornton PS, Stanley CA, De Leon DD, Harris D, Haymond MW, Hussain K,
et al. Recommendations from the pediatric endocrine society for evaluation and
management of persistent hypoglycemia in neonates, infants, and children. J Pediatr.
(2015) 167:238–45. doi: 10.1016/j.jpeds.2015.03.057

26. Mongkolpun W, Provenzano B, Preiser JC. Updates in glycemic management in
the hospital. Curr Diabetes Rep. (2019) 19:133. doi: 10.1007/s11892-019-1274-7

27. Dungan KM, Braithwaite SS, Preiser JC. Stress hyperglycemia. Lancet. (2009)
373:1798–807. doi: 10.1016/S0140-6736(09)60553-5

28. Dhar A, Castillo L. Insulin resistance in critical illness. Curr Opin Pediatr. (2011)
23:269–74. doi: 10.1097/MOP.0b013e3283464b3e

29. Preiser JC, Ichai C, Orban JC, Groeneveld AB. Metabolic response to the stress of
critical illness. Br J Anaesth. (2014) 113:945–54. doi: 10.1093/bja/aeu187

30. Marik PE, Bellomo R. Stress hyperglycemia: an essential survival response. Crit
Care. (2013) 17:305. doi: 10.1186/cc12514

31. Al-Yousif N, Rawal S, Jurczak M, Mahmud H, Shah FA. Endogenous glucose
production in critical illness. Nutr Clin Pract. (2021) 36:344–59. doi: 10.1002/ncp.10646

32. Van den Berghe G, Vanhorebeek I, Langouche L, Gunst J. Our scientific journey
through the ups and downs of blood glucose control in the ICU. Am J Respir Crit Care
Med. (2024) 209:497–506. doi: 10.1164/rccm.202309-1696SO

33. Vandewalle J, Libert C. Sepsis: a failing starvation response. Trends Endocrinol
Metab. (2022) 33:292–304. doi: 10.1016/j.tem.2022.01.006

34. Vandewalle J, Timmermans S, Paakinaho V, Vancraeynest L, Dewyse L,
Vanderhaeghen T, et al. Combined glucocorticoid resistance and hyperlactatemia
contributes to lethal shock in sepsis. Cell Metab. (2021) 33:1763–76.e5. doi: 10.1016/
j.cmet.2021.07.002

35. Revelly JP, Tappy L, Martinez A, Bollmann M, Cayeux MC, Berger MM, et al.
Lactate and glucose metabolism in severe sepsis and cardiogenic shock. Crit Care Med.
(2005) 33:2235–40. doi: 10.1097/01.ccm.0000181525.99295.8f

36. Klee P, Rimensberger PC, Karam O. Association between lactates, blood glucose,
and systemic oxygen delivery in children after cardiopulmonary bypass. Front Pediatr.
(2020) 8:332. doi: 10.3389/fped.2020.00332

37. Ottens TH, Nijsten MW, Hofland J, Dieleman JM, Hoekstra M, van Dijk D,
et al. Effect of high-dose dexamethasone on perioperative lactate levels and glucose
control: a randomized controlled trial. Crit Care. (2015) 19:41. doi: 10.1186/s13054-
015-0736-9

38. Alhatemi G, Aldiwani H, Alhatemi R, Hussein M, Mahdai S, Seyoum B.
Glycemic control in the critically ill: Less is more. Cleve Clin J Med. (2022) 89:191–9.
doi: 10.3949/ccjm.89a.20171

39. Honarmand K, Sirimaturos M, Hirshberg EL, Bircher NG, Agus M, Carpenter
DL, et al. Society of critical care medicine guidelines on glycemic control for critically ill
children and adults 2024. Crit Care Med. (2024) 52:e161–161e181. doi: 10.1097/
CCM.0000000000006174

40. Gunst J, Umpierrez GE, Van den Berghe G. Managing blood glucose control in
the intensive care unit. Intensive Care Med. (2024) 50:2171–4. doi: 10.1007/s00134-024-
07687-y
frontiersin.org

https://doi.org/10.1016/S2213-8587(13)70154-2
https://doi.org/10.1016/j.kint.2019.08.023
https://doi.org/10.1038/s42255-020-0243-4
https://doi.org/10.1152/ajpendo.1997.272.3.E476
https://doi.org/10.1111/acem.12015
https://doi.org/10.1097/CCM.0000000000000214
https://doi.org/10.1097/CCM.0000000000000214
https://doi.org/10.1213/ANE.0000000000005335
https://doi.org/10.1186/s13054-017-1785-z
https://doi.org/10.2337/dc17-1554
https://doi.org/10.3389/fnut.2022.757982
https://doi.org/10.1097/CCM.0b013e31828a2bbd
https://doi.org/10.1097/CCM.0b013e3182653269
https://doi.org/10.1097/CCM.0b013e3182653269
https://doi.org/10.1542/peds.2005-1819
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1186/s13613-022-01060-2
https://doi.org/10.3390/ijms21144944
https://doi.org/10.1016/j.jpeds.2015.03.057
https://doi.org/10.1007/s11892-019-1274-7
https://doi.org/10.1016/S0140-6736(09)60553-5
https://doi.org/10.1097/MOP.0b013e3283464b3e
https://doi.org/10.1093/bja/aeu187
https://doi.org/10.1186/cc12514
https://doi.org/10.1002/ncp.10646
https://doi.org/10.1164/rccm.202309-1696SO
https://doi.org/10.1016/j.tem.2022.01.006
https://doi.org/10.1016/j.cmet.2021.07.002
https://doi.org/10.1016/j.cmet.2021.07.002
https://doi.org/10.1097/01.ccm.0000181525.99295.8f
https://doi.org/10.3389/fped.2020.00332
https://doi.org/10.1186/s13054-015-0736-9
https://doi.org/10.1186/s13054-015-0736-9
https://doi.org/10.3949/ccjm.89a.20171
https://doi.org/10.1097/CCM.0000000000006174
https://doi.org/10.1097/CCM.0000000000006174
https://doi.org/10.1007/s00134-024-07687-y
https://doi.org/10.1007/s00134-024-07687-y
https://doi.org/10.3389/fendo.2025.1518746
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The association between stress hyperglycemia and poor outcome in critically ill children is modulated by hyperlactatemia
	1 Background
	2 Materials and methods
	2.1 Study design and participants
	2.2 Data collection
	2.3 Monitoring of glucose and lactate, and definitions
	2.4 Study outcomes
	2.5 Statistical analysis

	3 Results
	3.1 Cohort characteristics
	3.2 Interaction effect of glucose and lactate metrics on the primary outcome without covariates
	3.3 Interaction effect of glucose and lactate metrics on the primary outcome with covariates
	3.4 Interaction effect of SHG and HL on the secondary outcomes
	3.5 Interaction effect of SHG and HL on the primary outcome with additional covariate adjustment
	3.6 Interaction effects of SHG and HL on 28-day mortality in patients without hypoglycemia

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


