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Abstract 

Purpose: The aim of this study was to examine the effects of intravenous (IV) fluid restriction on time to resolution of 
hyperlactatemia in septic shock. Hyperlactatemia in sepsis is associated with worse outcome. Sepsis guidelines sug‑
gest targeting lactate clearance to guide fluid therapy despite the complexity of hyperlactatemia and the potential 
harm of fluid overload.

Methods: We conducted a post hoc analysis of serial plasma lactate concentrations in a sub‑cohort of 777 patients 
from the international multicenter clinical CLASSIC trial (restriction of intravenous fluids in intensive care unit (ICU) 
patients with septic shock). Adult ICU patients with septic shock had been randomized to restrictive (n = 385) or 
standard (n = 392) intravenous fluid therapy. The primary outcome, time to resolution of hyperlactatemia, was ana‑
lyzed with a competing‑risks regression model. Death and discharge were competing outcomes, and administrative 
censoring was imposed 72 h after randomization if hyperlactatemia persisted. The regression analysis was adjusted for 
the same stratification variables and covariates as in the original CLASSIC trial analysis.

Results: The hazard ratios (HRs) for the cumulative probability of resolution of hyperlactatemia, in the restrictive vs 
the standard group, in the unadjusted analysis, with time split, were 0.94 (confidence interval (CI) 0.78–1.14) at day 1 
and 1.21 (0.89–1.65) at day 2–3. The adjusted analyses were consistent with the unadjusted results.

Conclusion: In this post hoc retrospective analysis of a multicenter randomized controlled trial (RCT), a restrictive 
intravenous fluid strategy did not seem to affect the time to resolution of hyperlactatemia in adult ICU patients with 
septic shock.
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Introduction
In patients with sepsis, hyperlactatemia is associated 
with increased mortality and morbidity [1]. Tradition-
ally, hyperlactatemia has been viewed as a marker of 
hypoperfusion leading to tissue hypoxia. But adrenergic 
stress response, increased glycolysis, liver dysfunction/
failure, and certain concomitant medication use have 
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also been shown to increase plasma lactate levels [2, 3]. 
Current sepsis guidelines suggest guiding resuscitation to 
decrease lactate in patients with elevated lactate level [4], 
implying that this should be the goal for ongoing man-
agement including vasopressors and fluid therapy despite 
the complexity of hyperlactatemia [5–7] and the poten-
tial harm of fluid overload [8].

In this post hoc retrospective analysis, we aimed to 
investigate how fluid treatment strategy affects lac-
tate concentrations. We hypothesized, due to the poor 
specificity of lactate for hypoperfusion, that a restrictive 
approach would not significantly affect the time to reso-
lution of hyperlactatemia in septic shock. Further, as an 
initial lactate level ≥ 4 mmol/L is associated with a mark-
edly increased mortality in patients with sepsis [9], we 
hypothesized that lactate clearance would be different in 
this subgroup of more severely deranged patients.

Methods
Study design
This secondary post hoc analysis of the CLASSIC 
multicenter trial was registered at clinicaltrials.gov 
(NCT05629780), published prior to conduct of the 
analyses but after the main CLASSIC trial results were 
published.

Setting and participants
CLASSIC (The European Clinical Trials Database 2018-
000404-42, ClinicalTrials.gov NCT03668236) was an 
European, stratified, parallel-group, open-label rand-
omized clinical trial, investigating whether a restrictive 
approach to intravenous (IV) fluid therapy compared to 
a standard care strategy would result in fewer deaths on 
day 90 [10]. The 1554 participants were enrolled in 31 
intensive care units (ICUs) in Denmark, Norway, Swe-
den, Switzerland, Italy, the Czech Republic, the United 
Kingdom and Belgium between November 2018 and 
November 2021. Adult patients fulfilling criteria for sep-
tic shock (according to Sepsis-3 criteria) [11] were eligi-
ble if onset was within 12 h and at least 1 L of IV fluids 
had been administered within 24 h prior to screening. 
The participants were randomly assigned 1:1 to restricted 
IV fluid or standard IV fluid therapy during their ICU 
stay for a maximum of 90 days. Additional details on the 
CLASSIC trial, inclusion and exclusion criteria with full 
definitions, trial interventions and results after 90 days 
and 1 year, are available elsewhere [10, 12, 13].

The analysis was conducted on a subset of 777 out of 
the 1554 patients originally included in the CLASSIC 
trial. The cohort consisted of all Swedish, all Czech, and 
all Danish patients from the Capital and Zealand regions. 
Five Danish patients had withdrawn their previous con-
sent to participate in the CLASSIC study and one Czech 

patient had no recorded lactate concentration. These 
patients were excluded from our analyses (Fig. 1).

Ethical considerations
Ethical approval was ensured through amendments to 
the original ethical applications for CLASSIC in Swe-
den, Denmark and the Czech Republic (Etikprövnings-
myndigheten, Sverige, Diarie-Nr 2021-06283-02, De 
videnskapsetiske komiteer, Centrum for Sundhed, Dan-
mark Journal-Nr H-18006255 and Ethical Committee 
University Hospital Pilsen, Charles University, Czech 
Republic Reference Nr 473/2021). The original patient 
consent declarations were deemed sufficient by all ethics 
committees.

Data sources
We retrospectively collected, from patients’ health 
records, all available point-of-care blood gas analyses of 
lactate within the first 72 h after randomization, until 
death, or discharge from the ICU. Consecutive plasma 
lactate measurements were not included in the CLASSIC 
trial protocol [10], so the number of available recorded 
plasma lactate values varied across patients and sites due 
to practice variation.

The full baseline patient characteristics of the cohort 
(age, sex, previous comorbidities (hematological or meta-
static cancer, ischemic heart disease, chronic hyperten-
sion and long-term dialysis), time from hospital/ICU 
admission to randomization, simplified mortality score 
for the intensive care unit (SMS-ICU) [14] and cor-
responding predicted 90-day mortality, source of ICU 
admission, focus of infection, bodyweight, highest plasma 
lactate concentration, highest dose of norepinephrine, 
volume of IV fluid 24 h before randomization, use of sys-
temic corticosteroids, highest creatinine concentration, 
and use of respiratory support) were collected from the 
CLASSIC database. Descriptive data are summarized as 
medians with interquartile ranges (IQRs) for numerical 
data and as counts (percentages) for categorical data.

Outcome
The primary outcome was the time to resolution of 
hyperlactatemia, defined as the first recorded plasma lac-
tate concentration < 2 mmol/L within 72 h after randomi-
zation, irrespective of subsequent changes.

Take‑home message 

In this retrospective analysis, a restrictive intravenous fluid therapy 
strategy did not seem to affect time to resolution of hyperlac‑
tatemia in intensive care unit patients treated for septic shock.



Statistical analysis
For analysis of the primary outcome, a competing-risks 
regression model [15] was used. Death and discharge 
were considered competing outcomes, and administra-
tive censoring was imposed 72 h after randomization if 
hyperlactatemia persisted.

In line with the primary CLASSIC results, we adjusted 
the regression analysis for two stratification variables, 
trial site and presence of hematologic or metastatic 
malignancy, and for five covariates; the predefined strati-
fication variables, the SMS-ICU [14], focus of infection 
(urinary tract infection versus other foci), and use of sys-
temic corticosteroids.

An additional analysis was performed for the sub-
groups of patients with a higher baseline (up to 3 h prior 
to randomization) plasma lactate concentration of ≥ 4 
mmol/L.

The two-sided significance level for the analysis was 
5%. All analyses and procurement of graphs were per-
formed using R software, version 4.1.2 (R Foundation for 
Statistical Computing).

Model assessment
The p test for Schoenfeld residuals did not indicate a 
violation of the proportional-hazards (PH) assump-
tion (p-value 0.09; see electronic supplementary mate-
rial (ESM) – Fig. S1) [16]. However, visual inspection 
of the Schoenfeld residuals plot of the primary analysis 
indicated potential violations of the assumption. When 
assessing the cumulative curves, they converged around 
day 1. Consequently, a time split was introduced to allow 
different hazard ratios (HRs) before and after day 1. The 
unexpected potential violation of the PH assumption 
led to introduction of a time split model. However, since 
this decision constituted an amendment to the statisti-
cal analysis plan, we also present the originally planned 
analysis for transparency purposes.

For the subgroups of patients with a baseline plasma 
lactate concentration ≥ 4 mmol/L, the PH assumption 
was met, so no time split was introduced (p-value = 0.93; 
see ESM—Fig. S2).

Fig. 1 CONSORT flow chart. Assessment, randomization and follow‑up



Missing data
All analyses included complete cases only because < 5% of 
the values were missing in each analysis.

Results
Trial population
We included 777 patients (n = 129 from Sweden, n = 599 
from Denmark and n = 49 from the Czech Republic); 385 

from the restrictive fluid group and 392 from the stand-
ard fluid group. The baseline patient characteristics and 
fluid intervention volumes are presented in Tables 1 and 
2.

The cohort had generally balanced baseline charac-
teristics, but there was a higher prevalence of coex-
isting ischemic heart disease and/or heart failure 
in the standard group. There was a high degree of 

Table 1 Characteristics of the patients at baseline

There were no missing baseline values. ICU intensive care unit, IQR interquartile range, IV intravenous
a Long-term dialysis was defined as the use of hemodialysis (or hemofiltration) or peritoneal dialysis at least once a week before hospital admission
b The predicted 90-day mortality was calculated from the Simplified Mortality Score for the Intensive Care Unit [3] with scores ranging from 0 to 42 points 
corresponding to a predicted 90-day mortality of 3.3–91%
c The listed focus reflects the documented or suspected focus of infection at the time of randomization
d The highest recorded plasma lactate concentration within the 3 h before randomization
e The infusion rate of norepinephrine was the highest rate within the 3 h before randomization
f Volume of intravenous fluids were defined as all crystalloid fluids, colloid fluids, and blood products the patient had received within the 24 h before randomization 
independent of location (intra- or prehospital) and included intravenous fluids that contained medication or nutrition
g The highest plasma creatinine level within the 24 h before randomization
h Respiratory support included the continuous use of invasive or non-invasive mechanical ventilation or continuous positive airway pressure at baseline

Characteristic Restrictive group
(N = 385)

Standard group
(N = 392)

Overall
(N = 777)

Age, median [IQR]—years 70 [62–77] 70 [61–76] 70 [62–77]

Male sex—n. (%) 232 (60) 227 (58) 459 (59)

Coexisting condition—n. (%)

 Hematologic or metastatic cancer 77 (20) 82 (21) 159 (20.5)

 Ischemic heart disease or heart failure 52 (13.5) 87 (22) 139 (18)

 Chronic hypertension 172 (45) 179 (46) 351 (45)

 Long‑term  dialysisa 6 (1.6) 9 (2.3) 15 (1.9)

Time from ICU admission to randomization, median [IQR]—hours 3.1 [1.4–8.1] 3.2 [1.4–8.2] 3.1 [1.4–8.1]

Time from hospital admission to randomization, median [IQR]—days 1 [0–4] 1 [0–3] 1 [0–3]

Predicted 90‑day mortality, median  [IQR]b 40 [34–54] 40 [31–54] 40 [34–54]

Source of ICU admission—n. (%)

 Emergency Department or prehospital 139 (36) 141 (36) 280 (36)

 Hospital ward 153 (40) 165 (42) 318 (41)

 Operating or recovery room 81 (21) 77 (20) 158 (20)

 Another ICU 12 (3.1) 9 (2.3) 21 (2.7)

Focus of infection—n. (%)c

 Gastrointestinal 124 (32) 133 (34) 257 (33)

 Pulmonary 110 (29) 101 (26) 211 (27)

 Urinary tract 60 (16) 65 (17) 125 (16)

 Skin or soft tissue 38 (10) 46 (12) 84 (11)

 Other 53 (14) 47 (12) 100 (13)

Body weight, blood values, and interventions

 Body weight, median [IQR]—kg 77 [67–91] 80 [69–94] 79 [68–92]

 Highest plasma lactate, median [IQR]—mmol per  literd 3.6 [2.6–5.9] 3.7 [2.6–5.8] 3.6 [2.6–5.8]

 Highest dose of norepinephrine, median [IQR]—µg/kg/mine 0.27 [0.14–0.46] 0.25 [0.12–0.48] 0.25 [0.13–0.47]

 Median volume of IV fluid 24 h before randomization [IQR]—mlf 3000 [1800–4116] 2620 [1724–4055] 2815 [1770–4100]

 Use of systemic glucocorticoid—n. (%) 116 (30) 110 (28) 226 (29)

 Highest plasma creatinine, median [IQR]—µmol/Lg 142 [94–231] 154 [102–232] 150 [98–232]

 Use of respiratory support—n. (%)h 188 (49) 181 (46) 369 (47.5)



concordance with the baseline characteristics of the 
CLASSIC patients not included, added for comparison 
(Table S3) in the ESM.

Intravenous fluid intervention
We extracted a total of 16,674 lactate concentration val-
ues (8243 from the restrictive, and 8431 from the stand-
ard group). Of these, 93 percent (7631) in the restrictive, 
and 91 percent (7713) in the standard group were arterial 
measurements. A graph, showing all median plasma lac-
tate concentrations in mmol/L, for every hour, with the 
interquartile range illustrated as a ribbon, in the first 72 h 
after randomization, is illustrated in Fig. 2.

Outcome
For the primary analysis, there were no statistically sig-
nificant differences in the cumulative probability for any 
of the competing outcomes (time to resolution of hyper-
lactatemia, death, or discharge) between the groups at 
any of the time points. The adjusted models were consist-
ent with the primary results. The cumulative probabilities 
for the competing outcomes are presented in a graph and 
in a table with HRs and corresponding 95% confidence 
intervals (CIs) (Fig. 3 and Table 3). A HR < 1 indicates a 

lower cumulative probability of resolution of hyperlac-
tatemia, death, or discharge in the intervention (restric-
tive) group, and vice versa.

In addition, we repeated the analysis in the subgroup 
of patients with a higher plasma lactate concentration at 
baseline (≥ 4 mmol/L). There were no significant differ-
ences between the restrictive and standard care groups, 
and the adjusted models yielded similar results (Table 4). 
The baseline characteristics and the fluid volumes for the 
subgroup analysis stratified by baseline lactate concen-
trations are presented in separate tables (supplementary 
Tables S1 and S2) in the ESM.

Discussion
In this post hoc analysis of adult patients with septic 
shock in the ICU, randomized to either restricted or 
standard fluid therapy, we observed no statistically sig-
nificant differences in the time to resolution of hyper-
lactatemia, or any of the competing outcomes, between 
the groups during the first 72 h after randomization. This 
result aligns with the post hoc analysis of plasma lactate 
levels during 24 h from the CLASSIC feasibility trial [17, 
18], and strengthens the primary CLASSIC trial result.

Table 2 Intravenous and total fluid volumes

Cumulative fluid balances. Days 1 through 3
a Amounts are volumes of intravenous fluids administered in the ICU, not including blood products and intravenous fluids with medication and nutrition
b Day 1 was calculated from the time of randomization to the time of the next start of the 24 h fluid chart used by the ICU
c Amounts represent the total volumes of fluid given to the patient, including intravenous fluids, blood products, nutrition, intravenous and oral medications, and 
oral fluid intake
d Amounts represent the total volume of fluid minus the total fluid output, including urinary output, fluid removed by renal replacement therapy, and other fluid 
outputs (e.g., bleeding, ascites, diarrhea, or drain losses)
e Values and percentages refer to patients with no day forms day 2 and 3 (e.g., due to death or discharge from the ICU)

Variable Restrictive group
(N = 385)

Standard group
(N = 392)

Difference
(restrictive vs. standard)

Unavailable  volumee

All volumes in milliliters, presented as median and interquartile range [IQR]

 Intravenous fluid  volumea

  Day  1b 500 [0–1200] 1152 [258–2401] − 652 0 (0%)

  Day 2 202 [0–883] 788 [100–1573] − 586 49 (6%)

  Day 3 0 [0–250] 191 [0–1000] − 191 156 (20%)

  Cumulative day 1 to 3 1188 (304–2514) 2696 (1294–4908) − 1508 156 (20%)

 Total fluid  volumec

  Day  1b 1476 [758–2667] 2324 [1176–3666] − 848 0 (0%)

  Day 2 1949 [1095–2948] 2384 [1305–3435] − 435 49 (6%)

  Day 3 1386 [617–2330] 1858 [851–2612] − 472 156 (20%)

  Cumulative day 1 to 3 5334 (3476–7578) 6919 (4721–9744) − 1585 156 (20%)

 Cumulative fluid  balanced

  Day  1b 712 [− 14–1817] 1274 [266–2742] − 562 0 (0%)

  Day 2 743 [− 138–1607] 942 [120–1984] − 199 49 (6%)

  Day 3 249 [− 475–844] 260 [− 466–1022] − 11 156 (20%)

  Cumulative day 1 to 3 1458 (− 125–3594) 2521 (906–5257) − 1063 156 (20%)



While acknowledging that these retrospective analy-
ses are hypothesis generating, this finding might be con-
tradictory to many clinicians’ belief that the mainstay 

treatment for hyperlactatemia in septic shock consists of 
fluid therapy.

Lactate could seem to be the ideal biomarker for 
critically ill patients, given its strong association with 

Fig. 2 Top graph: Median plasma lactate concentrations in mmol/L (interpolated to hourly resolution) with the interquartile range illustrated as 
a ribbon in the first 3 days after randomization in the restrictive fluid (red) and standard fluid (blue) groups (days). Bottom graph: The number of 
patients within the restrictive fluid (red) and standard fluid (blue) group contributing to the measured lactate values above. Example: The number of 
patients contributing with lactate values constituted 118 in each group around the eighth hour of the first day



morbidity and mortality. Both sepsis-associated hyper-
lactatemia (isolated high values) and delayed resolution 
of elevated lactate have been associated with unfavorable 
outcomes [19, 20]. Elevated early lactate levels were sig-
nificantly associated with increased mortality (odds ratio 
(OR) 2.92 CI 2.40–3.55 p < 0.00001) in a meta-analysis by 
Liu et al. [9].

Serial plasma lactate measurements during early sep-
sis are valuable warning tools related to prognosis, but 
the value and implications of monitoring lactate levels 
beyond 24 h have received less attention [21]. Specifically, 
a resuscitation strategy targeting lactate clearance might 
lead to unnecessary fluid replacement, blood transfusion 

and use of inotropic agents. Plasma lactate concentra-
tions are often used by clinicians to guide fluid therapy, 
but few randomized studies have evaluated this strategy.

The ANDROMEDA-SHOCK randomized controlled 
trial (RCT) evaluated two resuscitation endpoint strate-
gies, based on lactate reduction versus normalizing capil-
lary refill time, and a post hoc analysis showed potential 
worse outcome from the lactate-guided strategy [22, 23]. 
The patients in the lactate-guided group received more 
resuscitative interventions and presented more organ 
dysfunction. In contrast, Jones et  al. conducted a RCT 
in which a strategy to normalize  ScvO2 was compared 
with a strategy to decrease lactate levels by 10% in a 6 h 

Fig. 3 Cumulative probability with 95% confidence intervals for the competing risk outcomes (resolution, discharge, or death) in the restrictive 
fluid (red) and standard fluid (blue) groups

Table 3 Competing risks models—whole chohort—unadjusted/adjusted with/without time split

Trial registration number ClinicalTrials.gov ID NCT05629780 Date of registry 2022–11-14
a Trial site and presence or absence of hematological or metastatic cancer
b Trial site and presence or absence of hematological or metastatic cancer, focus of infection, simplified mortality score in the intensive care unit (SMS-ICU) [3] and 
steroid use
c Sites were merged into one in this analysis due to small number of events with discharge for small sites

Unadjusted, without time split
Hazard Ratio [95% CI]

Unadjusted, with time split
Hazard Ratio [95% CI]

Adjusted for stratification 
 variablesa

Hazard Ratio [95% CI]

Adjusted for 5  covariatesb

Hazard Ratio [95% CI]

Resolution 0.99 [0.84–1.17] Day 1 0.94 [0.78–1.14] 0.93 [0.77–1.13] 0.95 [0.78–1.15]

Day 2–3 1.21 [0.89–1.65] 1.14 [0.82–1.57] 1.17 [0.84–1.61]

Discharge 1.09 [0.61–1.93] Day 1 0.96 [0.48–1.92] 0.95 [0.55–1.63]c 0.93 [0.54–1.59]c

Day 2–3 0.84 [0.29–2.41] 1.2 [0.65–2.2]c 1.12 [0.61–2.05]c

Death 1.01 [0.68–1.51] Day 1 0.91 [0.53–1.57] 1.01 [0.5–2.02] 1.06 [0.53–2.14]

Day 2–3 1.09 [0.59–1.99] 0.75 [0.26–2.21] 0.83 [0.28–2.45]



study protocol. The hospital point estimate indicated that 
mortality was 5% lower in the lactate-guided group, but 
this difference was not statistically significant [24]. Simi-
larly, in a Dutch multicenter RCT of 348 patients, lac-
tate-guided resuscitation in hyperlactatemia (albeit not 
limited to sepsis) reduced hospital mortality by nearly 
10% when corrected for baseline imbalances. Hyperlac-
tatemia was defined as > 3 mmol/L, and the protocol had 
the aim to optimize oxygen delivery to decrease lactate 
levels ≥ 20% every 2 h during the first 8 h after admission 
[25]. The intervention group received more fluids and 
vasodilators, but interestingly, there were no significant 
differences in lactate levels between the groups, indicat-
ing that measures aimed at improving perfusion and oxy-
gen delivery do not seem to affect lactate levels per se. 
The ongoing ANDROMEDA-SHOCK-2 RCT [26] will 
assess the evolution of lactate levels, in subgroups with 
baseline lactate < 4 and ≥ 4 mmol/L, as a (tertiary) clini-
cal outcome which may shed some light on the issue in 
future.

The strengths of this study include the randomized 
design of the original trial. The patients were recruited 
from 13 different university and non-university ICUs in 
three different countries, which makes the results gen-
eralizable, at least within Europe. There was a high com-
pleteness of the data, minimal loss to follow-up (0.8%) 
and the trial succeeded in achieving separation in fluids 
administered via a pre-published protocol [10].

Our study has several limitations. First, the study 
cohort consists of only half of the 1554 patients included 
in the original trial. Procurement of plasma lactate values 
for the whole CLASSIC cohort (5 additional countries) 
was not possible within the scope of this study. Lactate 
measurements were not mandated nor reported in the 
CLASSIC trial and centers participating in this second-
ary analysis had to complete additional ethical amend-
ments and (sometimes manually) extract lactate values 
for the participants from their respective study sites and 
only centers who volunteered to extract and share these 

data could be included. 777 patients still composed a rea-
sonably large cohort, which is why this pragmatic strat-
egy was chosen. Second, due to the retrospective design 
of this study, we were limited by the availability of plasma 
lactate concentrations from the participating sites. In 
most cases, one would presume that fewer blood gas-
ses are analyzed as the patient improves, and vice versa. 
Ideally, the samples should be taken at standardized 
time points or time intervals. Since we were limited to 
recorded values, the resolution of hyperlactatemia might 
have occurred earlier than calculated, but the large num-
ber of patients and the randomized design of the study 
partly counteracts this bias. Third, even though there was 
a clear separation of IV fluid volumes between the two 
study arms, the differences were small, which increases 
the risk of a type II error. Finally, in the subgroup with 
a higher plasma lactate concentration at baseline, where 
the effect of treatment strategies might have been strong-
est, there is also a limitation in that a plasma lactate con-
centration of ≥ 4 mmol/L was a condition allowing for, 
however not mandating, administration of IV fluid in the 
restrictive group.
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