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Abstract

Background: No consensus has been reached on an optimal blood lactate evaluation system although several
approaches have been reported in the literature in recent years. A group-based trajectory modeling (GBTM) method
could better stratify patients with acute respiratory distress syndrome (ARDS) complicated with sepsis in the intensive
care unit (ICU).

Patients and methods: 760 patients from the comprehensive ICU of Tianjin Medical University General Hospital
with ARDS complicated with sepsis were eligible for analysis. Serial serum lactate levels were measured within 48 h
of admission. In addition to the GBTM lactate groups, the initial lactate, peak lactate level, the area under the curve
of serial lactate (lactate AUC), and lactate clearance were also considered for comparison. The short- and long-term
outcomes were the 30- and 90-day mortality, respectively.

Results: Three lactate groups were identified based on GBTM, with group 3 exhibiting the worse short- [hazard ratio
(HR) for 30-day mortality: 2.96, 95% confidence interval (Cl) 1.79-4.87, P<0.001] and long term (HR for 90-day mortal-
ity: 3.49, 95% Cl 2.06-5.89, P<0.001) outcomes followed by group 2 (HR for 30-day mortality: 2.05, 95% Cl 1.48-2.84,
P<0.001 and HR for 90-day mortality: 1.99, 95% Cl 1.48-2.67, P<0.001). GBTM lactate groups exhibited significantly
improved diagnostic performance of initial lactate + SOFA scores/APACHE Il scores models. Based on the multivariable
fractional polynomial interaction (MFPI) approach, GBTM lactate groups could better differentiate high-risk patients
than the initial lactate groups in short- and long-term outcomes.

Conclusions: To the best of our knowledge, this is the first report that GBTM-based serial blood lactate evaluations
significantly improve the diagnostic capacity of traditional critical care evaluation systems and bring many advantages
over previously documented lactate evaluation systems.

Keywords: Lactate, Acute respiratory distress syndrome, Sepsis, Group-based trajectory modeling, Multivariable
fractional polynomial interaction
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this work Elevated lactate levels are common in the setting of sep-

sis and usually represent an imbalance between increased
production in the presence or absence of tissue hypoxia
and changes in clearance [1]. Given their well-established
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recognized as reliable markers of illness severity and
mortality [3—-7]. Border and Weil et al. observed that lac-
tate levels >4 mmol/L were associated with a 50% mor-
tality in patients with shock during a study period of 36 h
[8]. An increasing body of evidence suggests that lactate
measurements represent a valuable and straightforward
indicator for the early identification of severe sepsis and
are associated with poor outcomes [9-13]. Interestingly,
current evidence suggests that compared with initial lac-
tate levels at presentation or other single measured lac-
tate values, serial blood lactate level measurements can
better characterize the dynamic process of lactate pro-
duction and elimination in vivo [2]. Serial lactate levels
can also help define the patient’s trajectory and encour-
age a review of the therapeutic strategy [14]. Over the
years, the prognostic value of serial measurements of
multiple types of lactate levels or calculations from lac-
tate levels has been investigated, for example, the dura-
tion of hyperlactatemia [15], the area under the curve of
serial lactate measurement (lactate AUC) [16], and lac-
tate clearance [17]. Importantly, decreased lactate levels
were associated with improved outcomes in almost all
critically ill patients [5]. Moreover, the later the lactate
level is reduced, the worse the clinical prognosis is [18].

Despite the long-standing predictive power and the
prominent place of lactate levels in early goal-directed
therapy for critically ill patients, there is still a lack of
a dynamic and flexible method to identify high-risk
patients with hyperlactatemia. Given the lag in blood
lactate concentration observed during testing, it remains
unclear how lactate levels affect clinical management
[19]. Notwithstanding that it is well-recognized that
poor outcomes in ARDS patients are often attributed to
sepsis/multiple organ failure rather than respiratory fail-
ure per se [20], few studies have hitherto focused on the
predictive value of lactate for the prognosis of acute res-
piratory distress syndrome (ARDS) patients, along with
the hypoxia process [1]. Indeed, a better understanding
of the association between lactate and poor prognosis in
ARDS patients complicated with sepsis upon admission
is required.

We validated that lactate levels are elevated in septic
patients with ARDS based on cohort data, including serial
measurements of blood lactate over a period. A recently
developed statistical method, also known as group-based
trajectory modeling (GBTM), was harnessed to iden-
tify clusters of individuals exhibiting similar progression
of a specific measurement over time and to identify the
association between lactate trajectory within 48 h and
short- and long-term outcomes of ARDS patients com-
plicated with sepsis. Meanwhile, although several lactate
evaluation systems have been documented, including ini-
tial serum lactate levels, we sought to validate that novel
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subtypes of lactate based on GBTM algorithm yield bet-
ter diagnostic value.

Methods

Study design, patients

This was a single-center, retrospective observational
study where patients discharged from the comprehen-
sive intensive care unit of Tianjin Medical University
General Hospital from January 2019 to March 2022 were
enrolled. Patients with the following conditions were
excluded: (1) patients discharged within 48 h of admis-
sion; (2) patients without admission arterial blood gas
analysis measurements; (3) patients not diagnosed with
ARDS and sepsis; and (4) patients with repeated admis-
sions. The diagnosis of ARDS was made according to the
criteria stated by the American-European Consensus
Conference (AECC) on ARDS at admission [21]. In addi-
tion, we excluded patients whose clinical entities can pre-
sent with PaO,/FiO, <300 mmHg without being ARDS
(atelectasis, volume overload, and left heart failure). The
diagnosis of sepsis during ICU stay is based on the con-
sensus Sepsis-3 definitions at admission [9], which is the
SOFA score of the patient within 24 h of admission. We
routinely measure the plasma lactate concentration (via
long-term arterial catheterization) by a COBAS B-123
POC system (Roche Diagnostics, Rotkreuz, Switzerland)
every 6 h in all patients during ICU stay. Besides the ini-
tial lactate measurement, missing values were allowed
for the other time points. The patients were followed
up through outpatient visits, telephone calls or hospi-
tal readmission records. This study was approved by the
Ethics Committee of Tianjin Medical University Gen-
eral Hospital (IRB2022-YX-041-01) and conducted in
accordance with the ethical standards of the Declaration
of Helsinki. The need for informed consent was waived
due to the retrospective nature of our study. Reporting of
the study followed the guidelines from the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) statement [22]. We declare that ARDS due to
coronavirus disease 2019 (COVID-19) is not involved in
patients eligible for inclusion.

Study variables

The study variables used for analysis included patient
demographics (age, sex), past medical history (hyper-
tension, diabetes, coronary artery disease, stroke, renal
failure, cancer), clinical characteristics upon admission
[levels of systolic and diastolic blood pressure (SBP and
DBP), heart rate, estimated glomerular filtration rate
(eGFR), fluid intake per hour, fluid outtake per hour,
red blood cell (RBC), white blood cell (WBC), platelet,
hemoglobin, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), albumin, Glasgow Coma Scale
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(GCS) [23], Acute Physiology And Chronic Health Evalu-
ation II (APACHE II) score [24] and Sequential Organ
Failure Assessment (SOFA) score [25], PaO,/FiO, classi-
fication, emergency surgical operation, invasive mechani-
cal ventilation, and other inpatient treatment within 24 h
of admission [antibiotics, sedative/analgesic, glucocorti-
coid, continuous renal replacement therapy (CRRT), low
molecular weight heparin (LMWH), sodium bicarbonate,
vasoactive medications, and blood component transfu-
sion]. The eGFR was calculated according to the Chronic
Kidney Disease Epidemiology Collaboration equation
[26]. The definition of the above study variables is listed
in Additional file 1: Table S1. Except for the APACHE II
and SOFA scores, all the above parameters were included
as covariables in the multivariate Cox proportional-
hazards model. In addition, the initial lactate was also
included during model adjustment.

In addition to the lactate groups based on the GBTM
algorithm (GBTM lactate groups), the following lactate
evaluation criteria were also considered in this study for
comparison: (1) initial lactate level; (2) peak lactate level;
(3) lactate AUC; (4) lactate clearance. The calculation of
lactate AUC is shown in Additional file 1: Fig. S1.

For variables with missing values, we imputed the miss-
ing data using MissForest, a random forest imputation
algorithm for missing data implemented in R (version
4.0.0) [27]. The missing rates of the study variables are
shown in Additional file 1: Table S2.

Study outcomes

The study outcomes of this study were the performance
of GBTM lactate groups in the prediction of the short-
(30-day mortality) and long-term (90-day mortality)
outcomes.

Statistical analysis

STATA 17.0 (StataCorp, College Station, TX) was used
for statistical analysis. A two-tailed P-value < 0.05 was
statistically significant. To capture the pattern changes
of each blood lactate parameter, we used GBTM to
identify distinct subgroups that shared a similar tra-
jectory. Since the blood lactate levels were not nor-
mally distributed, the data were first logarithmically
transformed. We fitted models with up to three latent
classes and up to cubic polynomials. The optimal num-
ber of trajectory classes and trajectory shapes were
selected based on the following criteria [28]: (1) a cen-
sored normal model for continuous tendency toward
a parsimonious model, (2) the higher value of Bayes-
ian information criterion (BIC) and Akaike informa-
tion criterion (AIC), (3) each trajectory group had the
odds of correct classification by weighted posterior
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proportions > 5, (4) each trajectory group had an aver-
age posterior probability of membership > 0.80 and (5)
the expected number based on the sums of the poste-
rior probabilities should be the same as in the propor-
tion in each group based on the assignments for the
maximum posterior probability.

To determine whether GBTM lactate groups could
refine the diagnostic performance for short- and long-
term outcomes, we compared the changes in AUC,
net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) after incorporat-
ing the identified GBTM lactate groups, peak lactate
value, lactate clearance and lactate AUC into the estab-
lished models (initial lactate + SOFA score/APACHE II
score).

The baseline characteristics between groups were
reported as the means (+SD) for normally distributed
data and medians with 25th and 75th percentiles for
non-parametric data. Categorical variables were sum-
marized using percentages. Differences between groups
were compared using Fisher’s exact test for data with a
binomial distribution. The Mann—Whitney U test and
unpaired ¢-test were used for group comparisons of
continuous variables with skewed and normal distri-
butions, respectively. The associations between GBTM
lactate groups and short- and long-term risk were esti-
mated using multivariable Cox proportional hazard
analyses. Box-Whisker plots and 3D scatter plots were
used to describe the GBTM lactate group characteris-
tics by prior lactate evaluation systems.

Finally, the GBTM lactate groups and initial lactate
groups were compared. The initial lactate groups were
defined as group 1: <2 mmol/L; group 2: 2—4 mmol/L;
and group 3:>4 mmol/L. We used the multivariable
fractional polynomial interaction (MFPI) approach
[29] to investigate potential interactions between group
assignment (group 2 vs. 1 and group 3 vs. 1) and con-
tinuous variables such as age, eGFR, SOFA score, and
APACHE 1I score for short- and long-term outcomes.
All MFPI analyses were adjusted for covariates men-
tioned above. We decided to use only fractional poly-
nomial degree 2 functions to analyze interactions.
MFPI was used to estimate a fractional polynomial
function for each group representing the prognostic
effect of the continuous covariate of interest, optionally
adjusting for other covariates. The covariables involved
in adjustments are described in the section "2.2 Study
Variables". A P-value <0.05 was statistically significant
for covariate selection. To quantify the magnitude of
effects, we estimated hazard ratio (HR) with pointwise
95% confidence intervals (CI) as a continuous treat-
ment effect. We adopted the 10th to the 90th quantile
of distribution for the four continuous indicators.
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Results

Patient characteristics

From January 2019 to March 2022, 1,548 patients were
discharged from the comprehensive ICU of Tianjin Med-
ical University General Hospital. As shown in Fig. 1, 760
patients were included in the final analysis. 255 and 302
patients experienced mortality at 30- and 90-day, respec-
tively. There were no cases of loss to follow-up. The initial
diagnosis of these eligible patients when admitted to ICU
is shown in Additional file 1: Table S3. Comparisons of
short- and long-term outcomes are shown in Additional
file 1: Table S4. For both short- and long-term outcomes,
lactate levels at all time points within 48 hours, peak lac-
tate levels, and lactate AUC were significantly higher in
the group with adverse events.

Trajectories of serial blood lactate within 48 h

after admission to the ICU based on the GBTM algorithm
As shown in Fig. 2, based on the GBTM algorithm, after
considering parsimony and assessing the relative changes
in model fitting at each step, we selected a model with
three latent groups and linear, quadratic, and linear pol-
ynomials (see Additional file 1: Table S5 for parameters
for models fitted with different numbers of latent groups

1548 ICU patients enrolled from
January 2019 to March 2022

269 Excluded patients discharged within 48
hours of admission

87 Excluded patients with missing value for
arterial blood gas analysis

A\ 4

387 Excluded patients not diagnosed with
ARDS and sepsis
347 Excluded patients with PaO,/FiO,
2300 mmHg
50 Excluded patients with admission
diagnose of heart failure/volume
overload
5 Excluded patients with admission
diagnose of atelectasis

4>| 30 Excluded patients with repeat admissions

A 4

A 4

760 Eligible patients for analysis

Outcomes
255 30-day Mortality
302 90-day Mortality

Fig. 1 A schematic overview illustrating participant enrollment and
the exclusion and inclusion criteria. ICU, intensive care unit
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Fig. 2 The blood lactate trajectories based on GBTM. The data were
log-transformed before modeling. The dashed lines indicate 95%
confidence intervals of each trajectory

and different degrees of polynomials). GBTM lactate
groups 1, 2, and 3 accounted for 53.8% (n = 409), 38.9%
(n = 296) and 7.24% (n = 55) of patients, respectively.
The baseline characteristics of the groups are shown in
Table 1. The blood pressure, platelet count, and albumin
were significantly reduced. In contrast, heart rate, fluid
intake per hour, WBC, ALT, AST, APACHE II score, and
SOFA scores were significantly increased from group 1 to
group 3 and required more treatment, including emer-
gency surgical operation, invasive mechanical ventilation
support, sedative/analgesic, glucocorticoid, CRRT, intra-
venous sodium bicarbonate, vasoactive medications, and
blood component transfusion.

As shown in Additional file 1: Fig. S2A, compared with
group 1, groups 2 and 3 were characterized by signifi-
cantly increased initial lactate, peak lactate level, lactate
clearance, and lactate AUC (Additional file 1: Table S6 for
details). A "funnel shape" 3D scatter plot was observed
when three dimensions (initial lactate, peak lactate value,
and lactate AUC) were considered (Additional file 1:
Fig. S2B).

Associations between GBTM lactate groups and short-

and long-term outcomes

The GBTM lactate group 3 exhibited the worst (HR for
30-day mortality: 2.96, 95% CI 1.79-4.87, P<0.001; HR
for 90-day mortality: 3.49, 95% CI 2.06-5.89, P<0.001)
outcomes followed by the GBTM lactate group 2 (HR
for 30-day mortality: 2.05, 95% CI 1.48-2.84, P<0.001;
HR for 90-day mortality: HR: 1.99, 95% CI 1.48-2.67,
P<0.001). The Cox hazard curves are shown in Fig. 3.
When the GBTM lactate groups were added to the ini-
tial lactate models+ SOFA score, there were significant
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Table 1 Baseline characteristics
Characteristics Total GBTM lactate groups P value

n=760 Group 1 Group 2 Group 3

n=409 n=296 n=>55

Demographics
Age, year 622+16.7 615+£179 63.2+156 62.1+134 0.400
Male, n (%) 464 (61.1) 258 (63.1) 178 (60.1) 28 (50.9) 0.200
Previous history
Hypertension, n (%) 401 (52.8) 224 (54.8) 153 (51.7) 24 (43.6) 0.270
Diabetes, n (%) 235(30.9) 141 (34.5) 82(27.7) 12(21.8) 0.054
CAD, n (%) 174 (22.9) 109 (26.7) 54(18.2) 11 (20.0) 0.029
Stroke, n (%) 167 (22.0) 100 (24.4) 59(19.9) 8(14.5) 0.150
Renal failure, n (%) 76 (10.0) 53(13.0) 19 (6.40) 4(7.30) 0.014
Cancer, n (%) 95 (12.5) 34 (8.30) 49 (16.6) 12(21.8) <0.001
On-admission clinical characteristics
SBP, mmHg 13734351 14534342 130.74+332 11334339 <0.001
DBP, mmHg 703+19.1 74.6+18.7 669+18.1 575177 <0.001
Heart rate, bpm 101.7 £24.1 97.9+230 105.1+£252 1107 £21.2 <0.001
eGFR, mL/min/1.73m? 5884417 60.8+44.2 58.0438.7 477 +£36.6 0.082
Fluid intake, mL/h 161.9 (113.3-243.9) 151.7 (106.8-226.9) 166.3 (116.3-230.5) 276.5 (168.8-441.6) <0.001
Fluid outtake, mL/h 136.0 (84-234.9) 141.5 (85.6-227.8) 126.3 (79.0-231.9) 145.5 (94.1-316.0) 0.200
RBC, 10%/L 336 (2.62-4.12) 340 (2.67-4.14) 3.35(2.64-4.07) 3.04 (2.53-3.96) 0210
WBC, 10%/L 10.8 (7.70-16.0) 104 (7.54-14.2) 11.7 (8.17-17.8) 12.3(7.39-174) 0.016
Platelet, 10%/L 165.0 (93.0-227.0) 179.0 (117.0-240.0) 146.0 (73.0-210.5) 102.0 (37.0-170.0) <0.001
Hemoglobin, g/L 101.0 (80.0-124.5) 101.0 (80.0-125.0) 104.0 (80.0-123.5) 94.0 (74.0-125.0) 0.570
ALT, U/L 36.0 (22.0-77.0) 29.0 (19.0-56.0) 440 (23.0-90.0) 67.0 (28.0-224.0) <0.001
AST, U/L 53.0(32.0-116.0) 43,0 (28.0-76.0) 66.0 (36.0-168.0) 133.0 (63.0-428.0) <0.001
Albumin, g/L 30.0 (26.0-34.0) 31.0(28.0-35.0) 30.0 (26.0-33.0) 25.0 (22.0-30.0) <0.001
GCS Score 13(7-15) 14 (8-15) 11 (5-15) 12 (4-15) <0.001
APACHE Il Score 18 (13-24) 17 (12-22) 20 (16-26) 21 (15-31) <0.001
SOFA Score 11(8-14) 10 (8-12) 12 (10-16) 17 (13-20) <0.001
PaO,/FiO,, mmHg <0.001
200-300 307 (40.4) 202 (49.4) 90 (30.4) 15 (27.3)
100-200 323 (42.5) 171 (41.8) 123 (41.6) 29(52.7)
<100 130 (17.1) 36 (8.80) 83 (28.0) 11 (20.4)
Emergency surgical operation, n (%)

93(12.2) 31 (7.60) 49 (16.6) 13(23.6) <0.001
Invasive mechanical ventilation, n (%)

482 (63.4) 210 (50.0) 224.(75.7) 48 (87.3) <0.001
Other in-hospital treatment within 24 h of admission
Antibiotics, n (%) 676 (88.9) 353 (86.0) 273(92.2) 50 (90.9) 0.043
Sedative and analgesic, n (%) 472 (62.1) 238 (57.1) 194 (65.5) 40 (72.7) 0.036
Glucocorticoid, n (%) 353 (46.4) 137 (32.2) 182 (61.1) 35 (63.6) <0.001
CRRT, n (%) 260 (34.2) 130 (33.5) 100 (33.8) 30 (54.5) 0.005
LWMH, n (%) 101 (13.3) 65 (14.7) 33(11.1) 1(1.80) 0.003
Sodium bicarbonate, n (%) 358 (47.1) 162 (39.3) 158 (53.4) 38 (69.1) <0.001
Vasoactive medications, n (%) 245 (32.2) 81(19.5) 122 (41.2) 42 (76.4) <0.001
Blood component transfusion, n (%) 274 (36.1) 119 (274) 117 (39.5) 38 (69.1) <0.001

ALT, alanine aminotransferase; APACHE I, Acute Physiology And Chronic Health Evaluation II; AST, aspartate aminotransferase; CRRT, continuous renal replacement
therapy, DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; GBTM, group-based trajectory modeling; GCS, Glasgow Coma Scale; LMWH, low
molecular weight heparin; RBC, red blood cell; SBP, systolic blood pressure; SOFA, Sequential Organ Failure Assessment; WBC, white blood cell
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Fig. 3 Survival analysis by GBTM lactate groups. Multivariable Cox proportional hazard analyses by GBTM lactate groups with respect to 30- (left)
and 90-day mortality (right). Cl, confidence intervals; HR, hazard ratio

increases in the established models’ AUC value for
short- (0.737 vs. 0.704, P=0.009) and long-term out-
comes (0.724 vs. 0.689, P=0.004) with enhanced risk of
reclassification capacity (positive and significant con-
tinuous NRI values), as well as IDI values. Furthermore,
the GBTM lactate groups+initial lactate+ SOFA score
yielded the highest predictive performance compared
with the models where the lactate AUC, lactate clear-
ance and peak lactate level were added to the initial lac-
tate + SOFA score (Fig. 4). These results were consistent
in initial lactate + APACHE II score models (Additional
file 1: Fig. S3).

Comparison of the nonlinearity on age, eGFR, SOFA

score, and APACHE Il score between GBTM lactate groups
and initial lactate groups assignment with respect to short-
and long-term outcomes

The baseline characteristics based on initial lactate levels
are shown in Additional file 1: Table S7. The initial lactate
groups 1, 2, and 3 accounted for 54.6% (n=415), 27.2%
(n=207) and 18.2% (n=138) of the cases, respectively.
Compared with initial lactate group 1, group 2 experi-
enced a 1.62- (HR: 1.62, 95% CI 1.19-2.22) and 1.77-fold
(HR: 1.77, 95% CI 1.34-2.36) greater risk of short- and
long-term mortality, respectively. The short- (HR: 1.80,
95% CI 1.25-2.59) and long-term (HR: 1.70, 95% CI
1.20-2.40) risks in group 3 were indistinguishable from
those in group 2 (Additional file 1: Fig. S4).

Using the MFPI procedure, non-linearities in survival
were found for the GBTM lactate groups/initial lac-
tate groups combined with age, eGFR, SOFA score, and
APACHE II score. As seen in Fig. 5, GBTM lactate group
3 experienced higher 90-day mortality than group 2 and

was clearly separated and consistent across multiple con-
tinuous indicators (despite the overlap of CI). However,
based on the initial lactate groups, the risk of groups 3
and 2 could not be well discriminated. GBTM lactate
groups can better identify high-risk patients on four con-
tinuous scales. Compared with the GBTM lactate group
1, age, eGFR, SOFA score (8—21) and APACHE II score
(11-26) were statistically significant in 100%, 100%,
72.7% (40/55), and 60.0% (33/55) of GBTM lactate group
3 patients [with the lower 95% CI above the line of equiv-
alence (HR: 1)]. In the GBTM lactate group 2, the age,
eGFR, SOFA score and APACHE II achieved statistical
significance in 61.1% (181/296), 65.9% (195/296), 72.6%
(215/296), and 87.8% (260/296) of the total population in
group 2. In contrast, no significant difference in the four
continuous parameters were found in the initial lactate
groups. Hence, high-risk patients could not be identi-
fied. No significant interaction was observed across the
four continuous parameters. The 30-day mortality was
also roughly consistent with the above results (Additional
file 1: Fig. S5).

Discussion

In this retrospective cohort study of ARDS patients com-
plicated with sepsis in the ICU, we validated the pres-
ence of elevated lactate levels in ARDS patients with
sepsis. Importantly, this is the first study to document
the value of GBTM-based serial blood lactate evalua-
tions to significantly improve the diagnostic capacity of
traditional critical care evaluation systems compared to
previously described lactate approaches. Interestingly,
we used the MFPI algorithm to demonstrate that GBTM
lactate groups yield superior performance in identifying
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30-day Mortality

AUC (95% ClI) NRI IDI

SOFA Score, Initial Lactate _| 1 | 0.737 (0.700 to 0.774) 55.3% 4.34%
and GBTM Lactate Groups P =0.009 P <0.001 P <0.001
SOFA Score, Initial Lactate _| —l 0.717 (0.679 to 0.755) 33.4% 1.90%
and Lactate AUC P =0.001 P <0.001 P <0.001

SOFA Score, Initial Lactate _| —l 0.714 (0.676 to 0.753) 20.4% 1.31%
and Peak Lactate Level P =0.088 P =0.008 P =0.006
SOFA Score, Initial Lactate _| . 0.709 (0.670 to 0.747) 20.1% 0.78%
and Lactate Clearance P =0.365 P =0.009 P =0.024

SOFA Score and Initial Lactate — T 0.704 (0.665 to 0'7423#
[ I |
04 0.5 0.6 0.7 0.8
AUC
90-day Mortality
AUC (95% CI) NRI IDI

SOFA Score, Initial Lactate _| —_l 0.724 (0.688 to 0.761) 54.0% 4.31%
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(See figure on next page.)

Fig. 5 MFPI analysis. A plot of estimated HRs of the nonlinearity on age, eGFR, SOFA score, and APACHE Il score between GBTM lactate groups
and initial lactate groups assignment with respect to 90-day mortality. The solid red and blue lines represent the estimated HRs of groups 3 and

2 compared to group 1. The red and blue dashed lines near them represent the Cls corresponding to the HRs, respectively. The horizontal black
dashed lines denote HR of 1. A transparent blue histogram of the background represents the distribution of continuous variables. Except for SOFA
scores, for the rest three continuous indicators, we adopted the 10th to the 90th quantile of distribution. APACHE Il score, Acute Physiology And
Chronic Health Evaluation Il score; Cl, confidence intervals; eGFR, estimated glomerular filtration rate; GBTM, group-based trajectory modeling; HR,
hazard ratio; SOFA score, Sequential Organ Failure Assessment score
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high-risk patients than initial lactate groups for both
short- and long-term outcomes.

Sepsis/multiple organ failure is well-established as
a common cause of mortality in ARDS patients, and
improvement in clinical outcomes may depend more on
the management of sepsis/multiple organ failure than on
oxygenation measures alone [20]. It is widely acknowl-
edged that blood lactate level is a useful marker of the
severity of sepsis or multiple organ failure, with higher
levels predictive of higher mortality [9]. The peak lac-
tate level has been initially applied in various blood lac-
tate evaluation systems [8]. However, it should be borne
in mind that tissue hypoperfusion and hypoxia may be
present with elevated lactate levels before routine hemo-
dynamic measurements change [30]. Therefore, initial
measurements of lactate levels in the ICU are valuable for
early identification. Mikkelsen et al. found that the initial
serum lactate was associated with mortality independ-
ent of clinically apparent organ dysfunction and shock
in patients admitted to the emergency department with
severe sepsis [10]. Early initial lactate-guided therapy
can significantly reduce ICU mortality [11]. Overwhelm-
ing evidence substantiates that initial blood lactate levels
ranging from 2.0 to 4.0 mmol/L are associated with poor
outcomes [9, 10, 12, 13]. The initial lactate is simple to
calculate and readily available in all institutions. How-
ever, a single measurement of the lactate concentration
can be challenging to interpret, especially in patients
with ARDS, since it reflects a balance between lactate
production and elimination. In this study, we divided
the initial lactate into three groups with 2.0 mmol/L
and 4.0 mmol/L as cut-off values for comparison with
the GBTM lactate groups. The high initial lactate group
exhibited lower mortality rates than the corresponding
GBTM-based lactate group. The initial lactate groups
exhibited lower survival during survival curve analysis
than the GBTM lactate groups (Additional file 1: Fig. S4).
More importantly, we specifically compared GBTM lac-
tate groups with the initial lactate groups using the MFPI
algorithm. Both high (group 3) and low (group 2) initial
lactate groups did not correspond well to relative high-
risk and low-risk clinical outcomes on the pre-specified
continuous age, eGFR, SOFA score, and APACHE II
score, nor could it obtain the high-risk interval with sta-
tistical significance. Taken together, our findings substan-
tiate that GBTM lactate groups are more advantageous
than the initial lactate groups.

Since continuous blood lactate levels assessment may
provide more information than individual values, serial
blood lactate measurements have been proposed [31].
Subsequently, the concepts of hyperlactatemia dura-
tion [15], lactate clearance [17], and lactate AUC [16]
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have been recommended. In our study, GBTM-based
lactate groups could roughly cover patients with high
initial blood lactate, peak lactate level and lactate AUC
values (Additional file 1: Fig. S2B), with group 3 more
tightly associated with the three parameters than group
2 or 1. Accordingly, the GBTM groups could account
for findings in the above four lactate evaluation sys-
tems. Findings in GBTM lactate groups were not driven
by individual parameters such as initial lactate, peak
lactate value, lactate AUC, etc., but by a combination
of these. In addition, GBTM lactate groups exhibited
significantly enhanced diagnostic performance of the
established model of SOFA score/APACHE II score
with the addition of initial lactate. Meanwhile, the
AUC, NRI and IDI obtained by adding GBTM lactate
groups were the largest compared with established
models where lactate AUC, lactate clearance and the
peak lactate values were added, suggesting better diag-
nostic efficacy.

Several limitations and shortcomings were present in
this study. Given its retrospective design, our study may
have been subject to systematic errors and biases with
missing values for serial lactate measurements. Never-
theless, the random forest data interpolation method
based on machine learning [27], known to outperform
all other data interpolation methods [32], was used
to handle the missing data. Moreover, as an observa-
tional study, we could not establish a causal relation-
ship between lactate groups and clinical outcomes and
exclude the impact of potential confounders. Indeed,
we could not include these potential confounders dur-
ing multivariate analysis due to the lack of data, such as
body mass index. Given the strong association between
lactate groups and short- or long-term outcomes and
the consistency of trends for continuous indicators
during MFPI, it is highly unlikely that these factors
can affect the conclusions of this study. Due to a lack
of information (such as bilateral infiltration on chest
roentgenogram), we could not use the Berlin defini-
tion [33] to define patients with ARDS. However, we
exclude patients with clinical entities can present with
Pa0O,/FiO, <300 mmHg without being ARDS (atelec-
tasis, volume overload, left heart failure) based on the
initial diagnosis at ICU admission. Moreover, due to
the study’s retrospective nature, we could not deter-
mine the causal relationship between ARDS and sep-
sis. Given that the sample size in the study was small,
our findings may have been biased in favor of effect
size inflation, and the statistical ability may be insuffi-
cient to detect the correct number of tracks when using
GBTM. Hence, future GBTM-based prospective stud-
ies with larger sample sizes are required to validate our
findings.
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Conclusions

The GBTM-based serial lactate evaluation method sig-
nificantly improved the diagnostic capacity of tradi-
tional critical care evaluation systems and possessed
many advantages over previously described lactate
evaluation systems, especially over groups based on
initial lactate levels. Importantly, GBTM-based serial
lactate evaluation improved the identification of indi-
viduals at high risk of short- and long-term mortality in
our retrospective cohort study of ARDS patients com-
plicated with sepsis in the ICU.
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