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Abstract

Background: Variation in usual practice in fluid trials assessing lower versus higher

volumes may affect overall comparisons. To address this, we will evaluate the effects

of heterogeneity in treatment intensity in the Conservative versus Liberal Approach

to Fluid Therapy of Septic Shock in Intensive Care trial. This will reflect the effects of

differences in site-specific intensities of standard fluid treatment due to local practice

preferences while considering participant characteristics.

Methods: We will assess the effects of heterogeneity in treatment intensity across

one primary (all-cause mortality) and three secondary outcomes (serious adverse

events or reactions, days alive without life support and days alive out of hospital)

after 90 days. We will classify sites based on the site-specific intensity of standard

fluid treatment, defined as the mean differences in observed versus predicted
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intravenous fluid volumes in the first 24 h in the standard-fluid group while account-

ing for differences in participant characteristics. Predictions will be made using a

machine learning model including 22 baseline predictors using the extreme gradient

boosting algorithm. Subsequently, sites will be grouped into fluid treatment intensity

subgroups containing at least 100 participants each. Subgroups differences will be

assessed using hierarchical Bayesian regression models with weakly informative

priors. We will present the full posterior distributions of relative (risk ratios and ratios

of means) and absolute differences (risk differences and mean differences) in each

subgroup.

Discussion: This study will provide data on the effects of heterogeneity in treatment

intensity while accounting for patient characteristics in critically ill adult patients with

septic shock.

Registrations: The European Clinical Trials Database (EudraCT): 2018-000404-42,

ClinicalTrials. gov: NCT03668236.

K E YWORD S

critical care, fluid therapy, heterogeneity in treatment intensity, machine learning, prediction
models, septic shock

1 | INTRODUCTION

Intravenous (IV) fluid therapy is recommended in patients with sepsis,

yet the ideal approach is an active area of research. In recent years,

several randomised clinical trials have assessed the effects of lower

versus higher IV fluid volumes in sepsis.1 The results indicate that, on

average, there is probably little or no difference in mortality between

lower and higher IV fluid volumes in these patients.1

The recent ‘Conservative versus Liberal Approach to Fluid Ther-

apy of Septic Shock in Intensive Care’ (CLASSIC) trial, compared a

protocol restricting the volumes of IV crystalloids (the restrictive-fluid

group) versus a protocol with no upper criteria for the use of IV crys-

talloids (the standard-fluid group).2,3 Only adult intensive care unit

(ICU) patients with septic shock who had already received at least 1 L

of IV fluids were enrolled. The restrictive-fluid group received a

median of 1798 mL of IV fluid (interquartile range, 500–4366, full

range, 0–31,187) in the ICU within 90 days after randomisation; the

standard-fluid group received a median of 3811 mL (interquartile

range, 1861–6762, full range, 0–67,180).2 As no specific volumes

were mandated by the protocol in the standard-fluid group,2,3 practice

variation may have affected the overall comparison between the

restrictive and standard-fluid groups. While participant characteristics

may explain some of this variation, additional local practice variation

between sites likely plays a role as well. Such site-specific preferences

may have influenced the treatment effects of restricting fluids due to

potentially greater differences between the two trial groups on sites

with more intense fluid treatment, leading to heterogeneity in treat-

ment intensity. Therefore, we aim to investigate the effects of hetero-

geneity in treatment intensity in the CLASSIC trial occurred due to

variations in treatment intensity in the standard-fluid group,

independent of participant characteristics. Understanding the effects

and magnitudes of heterogeneity in treatment intensity can refine our

interpretation of the effects of IV fluid restriction in septic shock.

In the outlined post hoc analysis of the CLASSIC trial, we will

assess the effects of heterogeneity in treatment intensity across dif-

ferent sites while accounting for differences in participant characteris-

tics. We hypothesise that the effects of a restrictive IV fluid therapy

will be larger (i.e., increased benefit) in trial sites that routinely admin-

ister relatively higher volumes of IV fluid, even after accounting for

participant characteristics.

2 | METHODS

The outlined post hoc analyses are inspired by the Protocolized

Resuscitation In Sepsis Meta-Analysis of early-goal directed therapy

in sepsis4 and previous heterogeneity of treatment effects

analyses.5–7 The analyses will be conducted once the protocol is

accepted for publication in a peer-reviewed journal. The manuscript

will be reported according to the Strengthening the Reporting of

Observational Studies in Epidemiology statement8 and the Transpar-

ent reporting of a multivariable prediction model for individual prog-

nosis or diagnosis statement9 (completed checklists are included in

Supporting Information S1).

2.1 | POPULATION

In the CLASSIC trial, 1554 adult ICU patients with septic shock, who

had already received at least 1 L of IV fluid, were randomised to
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restrictive versus standard IV fluid therapy for a maximum duration of

90 days during ICU stay. Participants were enrolled in 31 ICUs in eight

countries between November 2018 and November 2021. The exclu-

sion criteria were septic shock for more than 12 h, life-threatening

bleeding, severe burns, pregnancy and lack of consent. Additional

details on the CLASSIC trial are available elsewhere.2,3,10 All analyses

will be restricted to CLASSIC sites that enrolled at least 15 participants

in the standard-fluid group to minimise uncertainties from smaller

sites.

2.2 | OUTCOMES

Primary outcome is all-cause mortality within 90 days after

randomisation.

Secondary outcomes assessed within 90 days after randomisation

are as follows:

1. Number of participants with one or more serious adverse events

(SAEs) or serious adverse reactions (SARs) to IV crystalloids. SAEs

were defined as ischaemic events (cerebral, cardiac, intestinal or

limb ischaemia) or a new episode of severe acute kidney injury

(modified Kidney Disease: Improving Global Outcomes stage of

3).3,11 SARs were defined as general tonic–clonic seizures, anaphy-

lactic reactions, central pontine myelinolysis, severe hypernatre-

mia, severe hyperchloremic acidosis or severe metabolic alkalosis.3

Considering the low occurrence of SARs,2 these were assessed

together with SAEs. This will also limit the number of outcomes in

this study.

2. Absolute number of days alive without life-support (vasoactive cir-

culatory support, invasive mechanical ventilation, renal replace-

ment therapy).

3. Absolute number of days alive and out of hospital.

3 | STATISTICAL METHODS

3.1 | Descriptive data

We will present descriptive baseline and outcome data for all partici-

pants, stratified by treatment allocation and treatment intensity sub-

groups (defined below). Data will be summarised as medians with

interquartile ranges for numerical data, and as counts with percent-

ages for categorical data, consistent with the main publication.2

3.2 | Sample size and missing data

We will include 90% (1406 participants) of the fixed CLASSIC popula-

tion (1554 participants) as we only include CLASSIC sites with at least

15 participants in the standard-fluid group. As the sample size is fixed

by this choice, no sample size calculation was performed. We will per-

form a complete-case analysis as there are limited missing data in the

CLASSIC trial: data are missing on at least one variable used in this

study in 2.8% of participants from CLASSIC sites with at least 15 par-

ticipations in the standard-fluid group.

3.3 | Overview

We will classify sites based on treatment intensity using a prediction

model trained on participants in the standard-fluid group. Sites will be

classified according to the mean absolute differences between

observed and predicted standardised total IV fluid volumes, and then

grouped into subgroups with increasing fluid treatment intensity. The

process is outlined in Figure 1.

3.4 | Standardised fluid volumes

We will estimate standardised total IV fluid volumes accounting for IV

fluids administered in the ICU the first 24 h in the CLASSIC trial; here,

IV fluids do not comprise fluids given with medication and nutrition or

blood products, as per the ESM. The duration of day 1 varied between

participants based on their randomisation time; therefore, we will esti-

mate the standardised total IV fluid volumes by extrapolating adminis-

tered IV fluid volumes on day 1 to 24 h for all participants as detailed

in the ESM.

3.5 | Prediction of expected standardised total
fluid volumes

We will develop a prediction model specifically designed to predict

standardised total IV fluid volumes for participants in the standard-

fluid group accounting for baseline predictors (detailed below), see

Figure 2. This will correspond to the ‘expected’ amount of fluid for

comparable participants.

The following baseline variables will be included as predictors in

the model:

1. Acute surgical admission (yes/no)

2. Age (years)

3. Body weight (kg)

4. Chronic hypertension (yes/no)

5. Country of enrolment

� Denmark

� Italy

� Norway

� Sweden

� Switzerland

� The Czech Republic

� The United Kingdom

6. Days from hospital admission to randomisation

7. Focus of infection

� Gastrointestinal

SIVAPALAN ET AL. 3
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� Pulmonary

� Skin or soft tissue

� Urinary tract

� Other

8. Haematologic or metastatic cancer (yes/no)

9. Highest dose of norepinephrine within 3 h of randomisation (μg/

kg/min)

10. Highest plasma creatinine concentration within 24 h prior to ran-

domisation (μmol/L)

11. Highest plasma lactate within 3 h prior to randomisation

(mmol/L)

12. Ischaemic heart disease or heart failure (yes/no)

13. Long-term dialysis (yes/no)

14. Lowest systolic blood pressure within 24 h before randomisa-

tion (mmHg)

15. Sex (female/male)

16. Source of ICU admission

� Another ICU

� Emergency department/prehospital

� Hospital ward

� Operating/recovery room

17. Time from ICU admission to randomisation (hours)

18. Use of acute renal replacement therapy (yes/no)

19. Use of circulatory support (yes/no)

20. Use of respiratory support (yes/no)

21. Use of systemic glucocorticoid (yes/no)

22. Volume of IV fluid 24 h before randomisation (mL)

3.6 | Model architecture and evaluation

We will develop a prediction model using extreme gradient

boosting in R (R Core Team, R Foundation for Statistical Com-

puting) using the XGBoost R package.12 This is a machine learn-

ing algorithm that involves training multiple weak learners (each

is a tree-based regression model) that complement each other

F IGURE 1 Classification of sites. The process of classifying sites into treatment intensity subgroups. Panel A: three examples of (fictive)
CLASSIC sites (with at least 15 participants in the standard-fluid group) of various sizes are presented. Panel B: the absolute volume difference
between observed (filled circle) and predicted (open circle) standardised total IV fluid volumes are estimated for each participant (only three
participants per site are depicted here for illustration purposes). Panels C–E: the mean of the absolute difference in observed versus predicted
fluid volumes of all participants in the standard-fluid group in each site is calculated to classify sites into treatment intensity subgroups, each
containing at least 100 participants regardless of allocation.

4 SIVAPALAN ET AL.
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to, jointly, achieve superior performance.12–14 In gradient boost-

ing, trees are learned sequentially and based on the perfor-

mance of all previous ones.12–14 Consequently, in the first

stage, a decision tree is fitted to the dataset predicting the out-

come of interest. Then at each subsequent stage, a new deci-

sion tree is trained on the residuals to explain the variation in

the outcome not accounted for by the previous trees.

Additionally, we will use sequential model-based optimisation

(SMBO) to tune the hyperparameters that control aspects of the algo-

rithm influencing the training of the model,14,15 with a probabilistic

model using five-fold cross-validation, see Figure 2. Each so-called

cross-validation fold will use 80% of the full development set for

training and 20% for validation.16 We will use root mean squared

errors (RMSEs) to evaluate performance. Each hyperparameter set

tried will yield five RMSEs (one for each cross-validation fold), and

their average (means) will be fed back to the SMBO procedure, to iter-

atively help it home in on the best hyperparameter set.15 After many

SMBO iterations, the final hyperparameter set is that with the lowest

average RMSE. We will explore a broad hyperparameter space

detailed in the ESM.14 The final selected hyperparameters will be

reported.

After identifying the optimal hyperparameters, the model will be

trained on the entire development dataset and evaluated using the

RMSE and a calibration plot. Using this model, we will predict

the standardised total IV fluid volumes for all participants in the

standard-fluid group. Additionally, the observed and predicted stan-

dardised total IV fluid volumes will be visualised and summarised

numerically.

3.7 | Classifying sites and subgrouping

We will classify the sites according to treatment intensity, see

Figure 1. Site-specific treatment intensity is defined as the absolute

mean difference between the observed and predicted standardised

total IV fluid volumes in the standard-fluid group. Sites will then be

grouped sequentially into treatment intensity subgroups, ranging from

lowest to highest. Starting from both ends of the scale and alternating,

F IGURE 2 Prediction model. The steps in developing the prediction model using machine learning with the extreme gradient algorithm and
sequential model-based optimisation (SMBO) with cross-validation. Panel A: three exemplary hyperparameter sets used for hyperparameter
tuning with SMBO. Panel B: each hyperparameter set yields 5 root mean squared errors (RMSEs), one for each cross-validation fold, whose sum is
used by the SMBO process to suggest new hyperparameter sets. Panel C–E: the final model's hyperparameters will be the set with the lowest
sum of RMSE, and the final model is, then, trained on the full development dataset.

SIVAPALAN ET AL. 5
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we will create treatment intensity subgroups by grouping sites within

0.5 L absolute mean difference of their standardised total IV fluid vol-

umes until each of the treatment intensity subgroups includes at least

100 participants, incorporating participants from both the standard-

fluid and restrictive-fluid groups. This process will result in the classifi-

cation of several fluid treatment intensity subgroups ranging from

lowest to highest treatment intensity.

3.8 | Heterogeneity in treatment intensity

We will assess the effects of heterogeneity in treatment

intensity within the defined fluid treatment intensity subgroups using

hierarchical Bayesian regression models. Bayesian inference updates

previous beliefs, expressed with prior probability distributions (priors),

with observed data to produce posterior probability distributions. This

method enables a probabilistic interpretation of heterogeneity in

treatment intensity allowing us to directly deduce probabilities of dif-

ferent effect sizes from full posterior probability distributions. We will

use neutral weakly informative priors (i.e., centred on no difference

between the groups) having minimal influence following the approach

in previous analyses (detailed provided in the ESM).5–7 Model diag-

nostics will be aligned with methods previously described in similar

analyses.5–7

3.9 | Presentation of results

Standardised total IV fluid volumes extrapolated to the first 24 h and

the duration of day 1 will be presented as medians with interquartile

range. For each outcome, full posterior distributions of the subgroups

will be presented graphically using medians as point estimates with

95% percentile-based credible intervals representing the 95% most

plausible effect sizes. Results will be presented as risk ratios and risk

differences for binary outcomes and ratios of means and mean differ-

ence for count outcomes.

3.10 | Sensitivity analyses

We will conduct similar sensitivity analyses including all CLASSIC sites

(with at least 15 participants in the standard-fluid group) as separate

groups in hierarchical Bayesian logistic regression models.

4 | ETHICS AND DISSEMINATION

The CLASSIC trial was conducted in accordance with the Decla-

ration of Helsinki with enrolment after informed consent by par-

ticipants or their legal surrogates; additional details on consent

procedures and approvals are available elsewhere.2,3 No addi-

tional data will be collected, and further approvals were not

required for this post hoc study. The results will be reported in

an international peer-reviewed journal, irrespective of the

findings.

5 | DISCUSSION

The outlined post hoc analyses of the CLASSIC trial will provide

insight into the effects of heterogeneity in fluid treatment intensity in

adult ICU patients with septic shock.

The study has several strengths. First, it will use high-quality data

from a large international trial investigating restrictive versus standard

IV fluid therapy in ICU patients with septic shock. Although the pri-

mary results are published, all analyses in this protocol are pre-

specified and will be conducted only upon publication of this protocol.

Second, Bayesian hierarchical models constitute a partial pooling

strategy that shrinks effect estimates of subgroup towards the overall

estimate, with more shrinkage in groups with more uncertain results

(typically smaller groups) or results farther from the overall estimate.17

This approach mitigates the impact of extreme subgroup effects to

yield a more realistic evaluation of treatment effects across sub-

groups.18 Third, the prediction model will leverage the advantages of

a machine learning algorithm and SMBO to automate predictor selec-

tion and model architecture, thus requiring minimal assumptions

about the predictors and their relation to the outcome (standardised

fluid volumes). However, this necessitates a large amount of data to

achieve stability, which poses a trade-off compared with conventional

regressions that rely on reasonable choices of predictors and func-

tional forms. Finally, we will assess the robustness of the study by

incorporating sensitivity analyses.

This study also comes with limitations. First, in the CLASSIC trial,

clinicians and trial staff were aware of the fluid groups, potentially

influencing administered IV fluid volumes. We observed a decrease in

the median IV fluid volumes in the standard-fluid group from the first

interim analysis to the final analysis, indicating lower IV fluid amounts

in this group over time. Second, variations in the duration of day

1 among participants in the CLASSIC trial may introduce uncertainties

when estimating standardised total IV fluid volume. For instance,

extrapolating these volumes might overestimate standardised IV fluid

volumes for participants with shorter day 1, as they might receive

higher fluid volumes initially in the ICU. However, based on available

data, we chose to only extend the extrapolation to a 24-h period to

minimise the duration of overestimation. Third, the approach chosen

to classify sites and the grouping of these into treatment intensity

subgroups can be debated. However, we have chosen this approach

to strike a balance between clinical relevance and practical consider-

ations. By using a 0.5 L fluid volume precision threshold, we ensure

that subgroups stay clinically interpretable while preventing them

from becoming excessively small or uneven in size. Fourth, we will

limit inclusion to CLASSIC sites with at least 15 participants in the

standard-fluid group, which is somewhat arbitrary, aiming to strike a

balance between excluding smaller sites due to uncertainties while

also minimising data loss. Finally, the chosen priors may be challenged,

but we deliberately chose weakly informative priors to minimise their

6 SIVAPALAN ET AL.
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influence consistent with previous analyses.5,6,19,20 We have not

planned sensitivity analyses with alternative priors due to the post

hoc nature of the study. Notably, previous Bayesian analyses of the

CLASSIC trial were robust to the selection of priors, likely due to

the relatively large number of patients.5

In conclusion, the outlined study will provide data on the effects

of heterogeneity in treatment intensity while considering patient char-

acteristics in critically ill adult patients with septic shock in the CLAS-

SIC trial.
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