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Abstract

Background: The CLASSIC trial assessed the effects of restrictive versus standard

intravenous (IV) fluid therapy in adult intensive care unit (ICU) patients with septic

shock. This pre-planned study provides a probabilistic interpretation and evaluates

heterogeneity in treatment effects (HTE).

Methods: We analysed mortality, serious adverse events (SAEs), serious adverse

reactions (SARs) and days alive without life-support within 90 days using Bayesian

models with weakly informative priors. HTE on mortality was assessed according to

five baseline variables: disease severity, vasopressor dose, lactate levels, creatinine

values and IV fluid volumes given before randomisation.

Results: The absolute difference in mortality was 0.2%-points (95% credible inter-

val: �5.0 to 5.4; 47% posterior probability of benefit [risk difference <0.0%-

points]) with restrictive IV fluid. The posterior probabilities of benefits with

restrictive IV fluid were 72% for SAEs, 52% for SARs and 61% for days alive with-

out life-support. The posterior probabilities of no clinically important differences

(absolute risk difference ≤2%-points) between the groups were 56% for mortality,

49% for SAEs, 90% for SARs and 38% for days alive without life-support. There

was 97% probability of HTE for previous IV fluid volumes analysed continuously,

that is, potentially relatively lower mortality of restrictive IV fluids with higher

previous IV fluids. No substantial evidence of HTE was found in the other

analyses.

Conclusion: We could not rule out clinically important effects of restrictive IV

fluid therapy on mortality, SAEs or days alive without life-support, but substantial
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effects on SARs were unlikely. IV fluids given before randomisation might interact

with IV fluid strategy.

K E YWORD S
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Editorial Comment

This planned secondary analysis of the CLASSIC study, the trial which assessed benefit of two

different fluid therapy approaches in ICU septic shock patients, presents a detailed Bayesean

analysis of the different outcomes. In this analysis, pre-study likelihood estimates are included in

re-analysis to generate estimates or models of probability distributions for each outcome which

are also guided by the study observations. Presenting results in this way allows a more detailed

view of the likelihood that the findings could have fallen on either side of the treatment effect

estimates which again are based on both prior knowledge and the trial findings.

1 | INTRODUCTION

Sepsis and septic shock cause millions of deaths globally each year.1,2

The Surviving Sepsis Campaign guidelines consider intravenous

(IV) fluid therapy a cornerstone in the management of sepsis and septic

shock.1 However, no recommendations currently exist to guide the use

of a restrictive or liberal fluid strategy due to insufficient evidence.1

The ‘Conservative versus Liberal Approach to fluid therapy of

Septic Shock in Intensive Care’ (CLASSIC) trial assessed the effects of

restricted versus standard IV fluid therapy in adult intensive care unit

(ICU) patients with septic shock.3,4 The primary analysis showed an

absolute difference of 0.1%-points (95% confidence interval—4.7 to

4.9) in 90-day all-cause mortality in the restrictive-fluid group com-

pared with the standard-fluid group.

Herein, we present a pre-planned secondary analysis of the CLAS-

SIC trial using Bayesian inference.5 We aim to provide probabilistic

interpretations of the CLASSIC results to aid researchers and clinicians

with decision-making. The Bayesian analysis provides direct probabili-

ties and allows a more straightforward way to quantify uncertainties

using credible intervals (CrI) representing a range within which the true

parameter value falls with a certain probability.6–12 This is often clearer

and more intuitive to interpretate compared to the frequentist confi-

dence intervals. Additionally, we sought to nuance the interpretation as

the Bayesian framework enables integration of pre-existing knowledge

such as findings from recent meta-analyses.6,12 This enhances sequen-

tial updating as new evidence emerges, making it suitable for addressing

evolving research questions. As the sepsis definition covers a broad

spectrum of heterogenous patients, we also assessed potential hetero-

geneity of treatment effects (HTE) according to baseline markers of ill-

ness severity and circulatory and renal impairment on 90-day all-cause

mortality. Here, the Bayesian framework allows flexible modelling with

complex hierarchical structures even with small sample sizes, which can

be advantageous when data are limited.11,13,14

In the CLASSIC trial, the hypothesis was that IV fluid restric-

tion would improve patient-important outcomes.4 Therefore, we

hypothesised that restricted IV fluid would reduce 90-day mortal-

ity and the effects might be larger in patients with greater severity

of illness and more pronounced circulatory or renal impairment.5

2 | METHODS

This paper reports the results of pre-planned secondary Bayesian

analyses of the CLASSIC trial.5 The manuscript adheres to the

Strengthening the Reporting of Observational Studies in Epidemi-

ology (STROBE) statement15 (see the Electronic Supplementary

Material, ESM) and the analyses were conducted and reported

according to the Reporting Of Bayes Used in clinical Studies

(ROBUST) guideline.16

2.1 | CLASSIC trial

The European Clinical Trials Database (2018-000404-42), ClinicalTrials.

gov: NCT03668236. The CLASSIC trial was an European, stratified,

parallel-group, open-label randomised clinical trial.3,4 Participants were

enrolled in 31 ICUs in Denmark, Norway, Sweden, Switzerland, Italy,

the Czech Republic, the United Kingdom and Belgium between

November 2018 and November 2021. Adult ICU patients with septic

shock according to the Sepsis-3 criteria17 were eligible if onset was

within 12 h and 1 L of IV fluids had been administered within 24 h prior

to screening.4 The participants were randomly assigned 1:1 to restricted

IV fluid or standard IV fluid therapy. In the restrictive-fluid group, IV

fluid could only be given in four prespecified conditions: (1) severe

hypoperfusion, (2) replacing documented fluid losses, (3) correcting

dehydration or electrolyte deficiencies or (4) ensuring a daily intake of

1 L of fluids.3,4 In the standard-fluid group, no upper limits were set,

and IV fluid should be administered under three conditions: (1) if the

patient's haemodynamic factors improved,18 (2) to replace expected or

observed losses or correct dehydration or electrolyte derangements or
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(3) maintenance fluid as recommendations at the ICU.3,4 Additional

details on the CLASSIC trial are available elsewhere.3–5,19

2.2 | Outcomes

2.2.1 | Primary outcome

All-cause mortality within 90 days after randomisation.

2.2.2 | Secondary outcomes

1. Number of patients with one or more serious adverse events (SAEs)

in the ICU within 90 days after randomisation. 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 [KDIGO] stage of 3).20

2. Number of patients with one or more serious adverse reactions

(SARs) ascribed to IV crystalloids in the ICU within 90 days after

randomisation.

3. Days alive without life-support within 90 days after randomisation

(vasoactive circulatory support, invasive mechanical ventilation

and renal replacement therapy).

2.3 | Statistical analyses

All statistical analyses were conducted using R version 4.1.2 (R Core

Team, R Foundation for Statistical Computing) and Stan21 (RStan ver-

sion 2.21.0) through the brms R package.13 All analyses were con-

ducted in the intention-to-treat population as defined in the primary

publications,4,19 that is, after excluding five participants who did not

consent to use of any data. Additionally, the primary outcome data

were missing in four (0.3%) participants. Secondary outcome

data were missing in eight (0.5%) participants. All analyses were

adjusted for the stratification variables (trial site and absence or pres-

ence of haematologic/metastatic cancer).4,5

2.3.1 | Descriptive data

Descriptive data for the full trial cohort and all HTE-subgroups

(defined below) stratified by treatment group are summarised as

medians (interquartile ranges, IQRs) for numerical data, and as counts

(percentages) for categorical data.

2.3.2 | Bayesian analyses

We used Bayesian inference to combine prior probability distributions

and the observed CLASSIC trial data to estimate the posterior probabil-

ity distributions of the treatment effect by way of Markov chain Monte

Carlo sampling,22 done in line with secondary analyses of previous tri-

als.8–11,23,24 We present the full posterior distributions graphically and

summarise them by their medians (point estimates) and 95% percentile-

based credible intervals (Crls).22 To leverage the probabilistic nature of

Bayesian inference, we also present probabilities of any benefit/harm,

clinically important benefit/harm, and no clinically important difference

according to pre-defined thresholds (specified below).5 Model specifica-

tions and diagnostics are presented in the ESM.

2.3.3 | Priors

The primary analyses of all outcomes used weakly informative priors cov-

ering all plausible effect sizes and centered at no difference, while having

minimal influence on the posteriors. The sensitivity analyses used two

additional sets of priors for the treatment effect to challenge the robust-

ness of the primary analysis.5 First, evidence-based priors based on the

results from 12 other trials included in the latest systematic review

(i.e., meta-analyses from the systematic review were re-run excluding

CLASSIC, see the ESM).25 Second, neutral sceptical priors (priors sceptical

of large effect sizes but centered around no effect) were used as small or

uncertain effects are found in many interventional trials in critically ill

patients.26

2.3.4 | Primary and secondary outcomes

We used Bayesian logistic regression models adjusted for stratifica-

tion variables to analyse binary outcomes (90-day mortality, SAEs and

SARs) with results presented as conditional risk ratios (RRs) and risk

differences (RDs), and secondarily as conditional odds ratios (ORs), in

each group. We considered an absolute RD ≥2.0%-points as the mini-

mally clinically important difference as protocolised and consistent

with thresholds used in similar studies.8,9 Days alive without life-

support were analysed using a Bayesian linear regression model

adjusted for the stratification variables with absolute difference as a

conditional mean difference (MD) and the relative differences as con-

ditional ratios of means (RoMs). We considered an absolute MD

≥1 day as clinically important in adherence with the predefined a prior

thresholds.5 Conditional effect estimates were derived by predicting

expected outcomes for patients in each treatment group while keep-

ing the adjustment variables at their most common values.

2.3.5 | Heterogeneity of treatment effects

We assessed potential HTE on 90-day all-cause mortality according to

five pre-defined baseline characteristics reflecting the overall severity

of illness and the degree of circulatory and renal impairment, using

both four quartile-based subgroups and continuous scales5:

1. Simplified Mortality Score for the Intensive Care Unit (SMS-ICU, a

severity score).27
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2. Highest dose of noradrenaline (within 3 h prior to randomisation).

3. Highest plasma lactate value (within 3 h prior to randomisation).

4. Highest plasma creatinine concentration (within 24 h prior to

randomisation).

5. IV fluid volume in the 24 h prior to randomisation.

The full definitions of the baseline variables are available in the

original trial protocol.3 We used adjusted hierarchical Bayesian logistic

regression models in each set of subgroups and present conditional

RRs, RDs and ORs with adjustment variables set to their most fre-

quent value. On the continuous scale, the models included interac-

tions between the baseline variable of interest and the treatment

effect. Conditional effects plots were used to visualise changes in

probability of 90-day all-cause mortality in each group as the continu-

ous baseline variable of interest increases whilst keeping all adjust-

ment variables at their most frequent value. The probabilities for

interaction ORs <1.00 (negative interaction, i.e., relatively lower mor-

tality with restrictive IV fluids according to higher values of the base-

line variable of interest) and interaction ORs >1.00 (positive

interaction, i.e., relatively higher mortality risk with restrictive IV fluids

according to higher values of the baseline variable of interest) are also

presented in the plots.

2.3.6 | Missing data

As missingness was <5% for all variables of interest in each analysis,

all analyses used complete cases only.5

3 | RESULTS

A total of 1545 patients (99.4%) were included, of whom 764 were

assigned to the restrictive-fluid group and 781 to the standard-fluid

group. Baseline characteristics were similar across the two treatment

groups (ESM Table S1). All model diagnostics were considered accept-

able (details in the ESM).

3.1 | Primary outcome

For 90-day all-cause mortality the RD was 0.2%-points (95% CrI: �5.0

to 5.4) corresponding to a RR of 1.00 (95% CrI 0.89 to 1.14). The

probability of any benefit (i.e., a RD <0.0%-points) with restrictive IV

fluid therapy was 47%, and the probability of clinically important

benefit (i.e., a RD ≤�2.0%-points) was 20%. The probability of no

F IGURE 1 Posterior probability distributions for 90-day mortality using weakly informative priors. Posterior probability distributions for the
conditional risk ratio and risk difference for 90-day all-cause mortality in the primary analysis using weakly informative priors, adjusted for trial
site and the presence or absence of hematologic or metastatic cancer (stratification variables). The thin vertical lines represent exactly no
difference. Top panels: cumulative posterior distributions of effect sizes. Bottom panels: corresponding posterior density plots with medians
(thick vertical lines) and percentile-based 95% credible intervals (CrI, red areas). Left: risk ratio (RR) with a median of 1.00 (95% CrI 0.89 to 1.14)
rounded to two decimals. Right: risk difference (RD) with a median of 0.2%-points (95% CrI �5.0 to 5.4). The blue area demarks effect sizes
smaller than the pre-defined minimally clinically important effect. X denotes various treatment effect sizes on the horizontal axis with the
corresponding probabilities of RR ≤ X or RD ≤ X values on the left Y-axis and RR > X or RD > X on the right Y-axis. For example, a probability of
any benefit (RR <1.00 or RD <0.0%-points) with restrictive fluid is 47% (thin horizontal line), whereas the probability of no clinically important
difference is 56% (dashed horizontal lines 76%–20%).
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 13996576, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aas.14345 by U

niversität B
ern, W

iley O
nline L

ibrary on [24/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
1

C
o
nd

it
io
na

lt
re
at
m
en

t
ef
fe
ct

es
ti
m
at
es

an
d
pr
o
ba

bi
lit
ie
s
o
f
ef
fe
ct
s.

E
ff
ec

t
es
ti
m
at
es

P
ro
b
ab

ili
ty

o
f
ef
fe
ct
s
w
it
h
re
st
ri
ct
iv
e
IV

fl
u
id

th
er
ap

y

O
ut
co

m
e

R
es
tr
ic
ti
ve

-f
lu
id

gr
o
up

P
ro
b.

(9
5
%

C
rI
)

St
an

da
rd
-f
lu
id

gr
o
up

P
ro
b.

(9
5
%

C
rI
)

R
el
at
iv
e
di
ff
er
en

ce
R
R
(9
5
%

C
rl
)a

A
bs
o
lu
te

di
ff
er
en

ce
R
D

(9
5
%

C
rl
)a

A
n
y

b
en

ef
it

(%
)

A
n
y

h
ar
m

(%
)

C
lin

ic
al
ly

im
p
o
rt
an

t
b
en

ef
it
(%

)

C
lin

ic
al
ly

im
p
o
rt
an

t
h
ar
m

(%
)

N
o
cl
in
ic
al
ly

im
p
o
rt
an

t
d
if
fe
re
n
ce

(%
)

P
ri
m
ar
y
an

al
ys
es

us
in
g
w
ea

kl
y
in
fo
rm

at
iv
e
pr
io
rs

A
ll-
ca
us
e
9
0
-d
ay

m
o
rt
al
it
y

4
2
.5
%

(3
6
.6

to
4
8
.7
)

4
2
.3
%

(3
6
.4

to
4
8
.4
)

1
.0
0
(0
.8
9
to

1
.1
4
)

0
.2
%
-p
o
in
ts

(�
5
.0

to
5
.4
)

4
7
%

5
3
%

2
0
%

2
4
%

5
6
%

Se
ri
o
us

ad
ve

rs
e
ev

en
ts

3
3
.7
%

(2
8
.2

to
3
9
.8
)

3
5
.2
%

(2
9
.6

to
4
1
.2
)

0
.9
6
(0
.8
3
to

1
.1
1
)

�1
.5
%
-p
o
in
ts

(�
6
.5

to
3
.6
)

7
2
%

2
8
%

4
2
%

8
.8
%

4
9
%

Se
ri
o
us

ad
ve

rs
e
re
ac
ti
o
ns

4
.9
%

(3
.0

to
7
.4
)

4
.9
%

(3
.1

to
7
.5
)

0
.9
9
(0
.6
1
to

1
.5
9
)

0
.0
%
-p
o
in
ts

(�
2
.5

to
2
.3
)

5
2
%

4
9
%

5
.2
%

4
.3
%

9
0
%

D
ay
s
al
iv
e
w
it
ho

ut
lif
e-

su
pp

o
rt
a

4
9
.4

da
ys

(4
5
.1

to

5
3
.9
)

5
0
.0

d
ay
s
(4
5
.7

to

5
4
.4
)

R
O
M

0
.9
9
(0
.9
2
to

1
.0
7
)

M
D

�0
.5
4
da

ys
(�

4
.4

to
3
.3
)

6
1
%

3
9
%

4
1
%

2
2
%

3
8
%

Se
ns
it
iv
it
y
an

al
ys
es

us
in
g
ev

id
en

ce
-b
as
ed

pr
io
rs

A
ll-
ca
us
e
9
0
-d
ay

m
o
rt
al
it
y

4
2
.1
%

(3
6
.5

to
4
8
.0
)

4
2
.8
%

(3
7
.2

to
4
8
.6
)

0
.9
8
(0
.9
0
to

1
.0
7
)

�0
.7
%
-p
o
in
ts

(�
4
.2

to
2
.7
)

6
6
%

3
4
%

2
3
%

6
.3
%

7
1
%

Se
ri
o
us

ad
ve

rs
e
ev

en
ts

3
3
.5
%

(2
8
.1

to
3
9
.3
)

3
5
.5
%

(3
0
.0

to
4
1
.3
)

0
.9
4
(0
.8
3
to

1
.0
7
)

�2
.0
%
-p
o
in
ts

(�
6
.4

to
2
.3
)

8
2
%

1
8
%

5
0
%

3
.5
%

4
6
%

Se
ri
o
us

ad
ve

rs
e
re
ac
ti
o
ns

4
.5
%

(2
.8

to
7
.0
)

5
.2
%

(3
.3

to
7
.8
)

0
.8
8
(0
.5
5
to

1
.3
7
)

�0
.6
%
-p
o
in
ts

(�
2
.9

to
1
.6
)

7
1
%

2
9
%

1
1
%

1
.2
%

8
7
%

D
ay
s
al
iv
e
w
it
ho

ut
lif
e-

su
pp

o
rt
a

4
9
.8

da
ys

(4
5
.8

to

5
3
.9
)

4
9
.7

d
ay
s
(4
5
.6

to

5
3
.7
)

R
O
M

1
.0
0
(0
.9
8
to

1
.0
3
)

M
D

0
.1
5
da

ys
(�

1
.0

to
1
.3
)

4
0
%

6
0
%

2
.4
%

7
.4
%

9
0
%

Se
ns
it
iv
it
y
an

al
ys
es

us
in
g
ne

ut
ra
ls
ce
pt
ic
al
pr
io
rs

A
ll-
ca
us
e
9
0
-d
ay

m
o
rt
al
it
y

4
2
.5
%

(3
6
.8

to
4
8
.4
)

4
2
.4
%

(3
6
.6

to
4
8
.2
)

1
.0
0
(0
.9
1
to

1
.1
1
)

0
.1
%
-p
o
in
ts

(�
4
.0

to
4
.3
)

4
7
%

5
3
%

1
6
%

1
9
%

6
6
%

Se
ri
o
us

ad
ve

rs
e
ev

en
ts

3
4
.1
%

(2
8
.6

to
3
9
.8
)

3
5
.0
%

(2
9
.6

to
4
0
.8
)

0
.9
7
(0
.8
6
to

1
.0
9
)

�1
.0
%
-p
o
in
ts

(�
5
.0

to
3
.0
)

6
8
%

3
2
%

3
1
%

7
.2
%

6
2
%

Se
ri
o
us

ad
ve

rs
e
re
ac
ti
o
ns

4
.9
%

(3
.3

to
7
.2
)

4
.9
%

(3
.3

to
7
.2
)

1
.0
0
(0
.7
8
to

1
.2
8
)

0
.0
%
-p
o
in
ts

(�
1
.2

to
1
.3
)

5
2
%

4
9
%

0
.1
%

0
.1
%

9
9
.7
%

D
ay
s
al
iv
e
w
it
ho

ut
lif
e-

su
pp

o
rt
a

4
9
.6

da
ys

(4
5
.4

to

5
3
.9
)

4
9
.9

d
ay
s
(4
5
.6

to

5
4
.2
)

R
O
M

0
.9
9
(0
.9
3
to

1
.0
6
)

M
D

�0
.3

da
ys

(�
3
.4

to
2
.8
)

5
8
%

4
2
%

3
3
%

2
0
%

4
7
%

N
ot
e:
A
ll
an

al
ys
es

w
er
e
co

nd
uc

te
d
in

th
e
in
te
nt
io
n-
to
-t
re
at

po
pu

la
ti
o
n
af
te
r
ex

cl
us
io
n
o
f
fi
ve

pa
rt
ic
ip
an

ts
w
ho

di
d
no

t
co

ns
en

t
to

us
e
o
f
an

y
da

ta
;f
o
u
r
p
ar
ti
ci
p
an

ts
w
er
e
n
o
t
in
cl
u
d
ed

in
th
e
an

al
ys
es

d
u
e
to

m
is
si
ng

pr
im

ar
y
o
ut
co

m
e
da

ta
(n

=
1
5
4
5
).
Se

co
nd

ar
y
o
ut
co

m
es

w
er
e
m
is
si
ng

in
ei
gh

t
pa

rt
ic
ip
an

ts
,a
nd

fu
rt
he

r
ei
gh

t
pa

rt
ic
ip
an

ts
w
er
e
m
is
si
ng

nu
m
b
er

o
f
se
ri
o
u
s
ad

ve
rs
e
ev

en
ts

as
b
as
el
in
e
cr
ea

ti
n
in
e
w
as

n
o
t

av
ai
la
bl
e.

A
ll
an

al
ys
es

w
er
e
ad

ju
st
ed

fo
r
st
ra
ti
fi
ca
ti
o
n
va
ri
ab

le
s
be

in
g
tr
ia
ls
it
e
an

d
th
e
pr
es
en

ce
o
r
ab

se
nc

e
o
f
he

m
at
o
lo
gi
c
o
r
m
et
as
ta
ti
c
ca
nc

er
.T

he
ef
fe
ct

es
ti
m
at
es

ar
e
re
p
o
rt
ed

as
co

n
d
it
io
n
al
tr
ea

tm
en

t
ef
fe
ct
s

w
it
h
m
ed

ia
n
po

st
er
io
r
va
lu
es

as
po

in
t
es
ti
m
at
es

an
d
pe

rc
en

ti
le
-b
as
ed

9
5
%

cr
ed

ib
le

in
te
rv
al
s
(C
rI
s)
.A

ll
de

fi
ni
ti
o
ns

o
f
th
re
sh
o
ld
s
fo
r
cl
in
ic
al
ly

im
po

rt
an

t
d
if
fe
re
n
ce
s
w
er
e
p
re
-s
p
ec
if
ie
d
in

th
e
p
ro
to
co

l5
an

d
ar
e

lis
te
d
in

th
e
m
et
ho

ds
se
ct
io
n.

F
o
r
al
lb

in
ar
y
o
ut
co

m
es
,a
ny

be
ne

fi
t
is
th
e
pr
o
ba

bi
lit
y
o
f
an

R
D

<
0
.0
%

(R
R
<
1
.0
0
)a

nd
fo
r
co

un
t
o
ut
co

m
e
M
D

>
0
da

y
(R
o
M

>
1
).
Si
m
ila
rl
y,
an

y
h
ar
m

is
th
e
p
ro
b
ab

ili
ty

o
f
an

R
D

>
0
.0
%
-p
o
in
ts

(R
R
>
1
.0
0
)o

r
an

M
D

<
0
da

y
(R
o
M

<
1
).
C
lin

ic
al
ly

im
po

rt
an

t
be

ne
fi
t
is
de

fi
ne

d
as

th
e
pr
o
ba

bi
lit
y
o
f
an

R
D

≤
�2

.0
%
-p
o
in
ts

(f
o
r
bi
na

ry
o
u
tc
o
m
es
)o

r
M
D

≤
�1

d
ay

(f
o
r
co

u
n
t
o
u
tc
o
m
es
).

C
o
rr
es
po

nd
in
gl
y,

cl
in
ic
al
ly

im
po

rt
an

t
ha

rm
is
th
e
pr
o
ba

bi
lit
y
o
f
an

R
D

≥
2
.0
%
-p
o
in
ts

(f
o
r
bi
na

ry
o
ut
co

m
es
)a

nd
an

M
D

≥
1
da

y
(f
o
r
co

un
t
o
ut
co

m
es
).
N
o
cl
in
ic
al
ly

im
p
o
rt
an

t
d
if
fe
re
n
ce

is
th
e
p
ro
b
ab

ili
ty

o
f
a
R
D

>
�2

.0
%

an
d
a
R
D

<
2
.0
%

o
r
an

M
D

>
�1

da
y
an

d
an

M
D

<
1
da

y.
a
T
he

re
la
ti
ve

di
ff
er
en

ce
is
re
po

rt
ed

as
ra
ti
o
s
o
f
m
ea

ns
(R
o
M
s)
an

d
th
e
ab

so
lu
te

di
ff
er
en

ce
s
as

m
ea

n
di
ff
er
en

ce
s
(M

D
s)
fo
r
th
e
se
co

nd
ar
y
co

un
t
o
ut
co

m
e
(d
ay
s
al
iv
e
w
it
h
o
u
t
lif
e-
su
p
p
o
rt
).

A
bb

re
vi
at
io
ns
:C

rl
,c
re
di
bl
e
in
te
rv
al
;M

D
,m

ea
n
di
ff
er
en

ce
;R

D
,r
is
k
di
ff
er
en

ce
;R

o
M
,r
at
io

o
f
m
ea

ns
;R

R
,r
is
k
ra
ti
o
.

SIVAPALAN ET AL. 5

 13996576, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aas.14345 by U

niversität B
ern, W

iley O
nline L

ibrary on [24/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



clinically important difference (i.e., a RD >�2.0%-point and RD

<2.0%-point) was 56%. The full posterior probability distributions are

illustrated in Figure 1 and Figure S1. In the sensitivity analyses using

an evidence-based prior, the probability of any benefits of restrictive

IV fluid was 66% (47% with a neutral sceptical prior) and 23% for clini-

cally important benefits (16% with a neutral sceptical prior). The esti-

mated treatment effects and probabilities of select effect sizes for all

sets of priors are presented in Table 1. The full posterior probability

distributions of the sensitivity analyses are presented in the ESM

(Figures S2 and S3).

3.2 | Secondary outcomes

We found a RD of �1.5%-points (95% CrI: �6.5 to 3.6) with 72%

probability of any benefit (i.e., RD <0.0%-points) with restrictive IV

fluid therapy for SAEs (Figure 2). For SARs the RD was 0.0%-points

(95% CrI: �2.5 to 2.3) with 90% probability of no clinically impor-

tant difference (i.e., a RD > �2.0%-point and RD <2.0%-point) with

restrictive versus standard IV fluid therapy. The MD was �0.5 days

(95% CrI �4.4 to 3.3) for days without life support with 38% prob-

ability of no clinically important difference between the groups. In

sensitivity analysis using an evidence-based prior, the probability

of any beneficial effects (i.e., a RD <0.0%-points) of restrictive IV

fluid therapy was 82% for SAEs, while it was 68% using a neutral

sceptical prior. The probabilities of no clinically important differ-

ences between the groups with evidence-based and neutral scepti-

cal priors were 87% and 99.7%, respectively, for SARs, and 90%

and 47%, respectively, for days alive without life-support. Table 1

shows the conditional treatment effect estimates and probabilities

of pre-defined effect sizes for all secondary outcomes. The full

posterior probabilities are presented for all secondary outcomes in

the ESM (Figures S4–S12).

3.3 | Heterogeneity of treatment effects

Baseline characteristics according to the quintiles of HTE sub-

groups are presented in the ESM (Tables S2–S6). There was a 97%

probability of negative interaction between the restrictive IV fluid

strategy and IV fluid volumes given before randomisation in the

continuous HTE analysis on mortality (i.e., a decreased mortality of

restrictive IV fluid therapy with higher IV fluid volumes given

before randomisation and conversely a reduced mortality of

F IGURE 2 Posterior probability distribution for serious adverse events using weakly informative priors. Posterior probability distributions for
the conditional risk ratio and risk difference for serious adverse events in the primary analysis using weakly informative priors, adjusted for trial
site and the presence or absence of hematologic or metastatic cancer (stratification variables). The thin vertical lines represent exactly no

difference. Top panels: cumulative posterior distributions of effect sizes. Bottom panels: corresponding posterior density plots with medians
(thick vertical lines) and percentile-based 95% credible intervals (CrI, red areas). Left: risk ratio (RR) with a median of 0.96 (95% CrI 0.83 to 1.11).
Right: risk difference (RD) with a median of �1.5%-points (95% CrI—6.5 to 3.6). The blue area demarking effect sizes smaller than pre-defined
minimally clinically important effect. X denotes various treatment effect sizes on the horizontal axis with the corresponding probabilities of
RR ≤ X or RD ≤ X values on the left Y-axis and the RR > X or RD > X on the right Y-axis. For example, a probability of any benefit (RR <1.00 or
RD <0.0%-point) with restrictive fluid is 72% (thin horizontal line), whereas the probability of no clinically important difference is 49% (dashed
horizontal lines 91%–42%).
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F IGURE 3 HTE analyses according to baseline IV fluid volumes using weakly informative priors. Analysis of heterogeneity of treatment
effects for 90-day all-cause mortality using weakly informative priors. Upper panel: conditional effects of the interaction between treatment
allocation and baseline IV fluid use (IV fluid volume received in the 24 h prior to randomisation). The plot displays the estimated mortality risk on

the vertical axis and IV fluid volumes given before randomisation on the horizontal axis. The conditional odds ratio of the interaction is 0.91 (95%
credible interval: 0.81 to 1.01), and there is a 97% probability that mortality in the restrictive fluid group decreases with increased IV fluid
volumes given before randomisation. Lower panel: the cumulative posterior probability distributions with corresponding posterior density plots of
the conditional risk ratios of 90-day all-cause mortality in the full sample and by quartile-based subgroups.
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standard IV fluid therapy with lower volumes before randomisa-

tion, Figure 3). In the subgroup-based HTE analyses of IV fluid vol-

umes given before randomisation, the posterior distribution for the

highest subset (5–15 L) favoured the restrictive group correspond-

ing to an RD of �4.0%-points (95% CrI: �13.5 to 3.7) in 90-day all-

cause mortality (Table 2). In the lowest IV fluid subset (0–2 L), we

found a RD in the other direction of 2.1%-points (95% CrI: �5.5 to

11.0). However, no dose-dependent relationship across all four sub-

sets was present (Figure 3, Table 2). There were no strong sugges-

tions of HTE in the subgroup-based analyses of other baseline

variables as the posterior distributions generally covered both bene-

fit and harm. The summarised effect measures of 90-day all-cause

mortality with corresponding estimates in the four sets of subgroups

using weakly informative priors are reported in Table 2 (estimates

from the sensitivity analyses are reported in the ESM Tables S7 and

S8). The full posterior probability distributions of the subgroup-

based HTE analyses are available in the ESM (Figures S13–S21).

The probabilities of negative interactions between restrictive

IV fluid strategy and the remaining baseline variables were 82%

with higher baseline lactate concentrations, 68% with higher

plasma creatinine concentrations, 57% with higher severity of ill-

ness (SMS-ICU) and 44% with higher vasopressor doses. Results

were generally consistent across sensitivity analyses using other

priors. The conditional effects plots for all five baseline variables

of interest with estimated interactions are presented in the ESM

(Figures S22–S24).

TABLE 2 Summarised effect measures for 90-day all-cause mortality—using weakly informative priors.

Group n

Restrictive-fluid

group Prob. (95% CrI)

Standard-fluid

group Prob. (95% CrI)

Relative difference

RR (95% Crl)

Absolute difference

RD (95% Crl)

All patients 1545 42.5% (36.6 to 48.7%) 42.3% (36.4 to 48.4%) 1.00 (0.89 to 1.14) 0.2% (�5.0 to 5.4%)

Baseline SMS-ICU 1537

7–19 365 30.0% (23.3% to 37.5%) 28.6% (21.8% to 36.4%) 0.96 (0.73 to 1.21) �1.3% (�9.1% to 5.7%)

20–21 229 36.3% (27.2% to 45.6%) 37.8% (28.7% to 48.1%) 1.03 (0.83 to 1.42) 1.0% (�6.6% to 12.9%)

22–24 418 44.3% (36.4% to 52.3%) 44.8% (37.0% to 52.9%) 1.01 (0.85 to 1.22) 0.3% (�7.0% to 8.8%)

25–38 525 62.0% (53.8% to 69.8%) 59.4% (51.1% to 67.0% 0.96 (0.84 to 1.07) �2.5% (�10.4% to 4.0%)

Baseline vasopressor

dose—mg/kg/min

1537

0–0.11 356 30.3% (23.0% to 38.4%) 32.4% (25.3% to 40.9%) 0.94 (0.70 to 1.16) �1.8% (�11.0% to 4.7%)

0.12–0.23 407 38.7% (31.2% to 46.6%) 39.1% (31.8% to 47.0%) 0.99 (0.82 to 1.19) 0.98 (0.72% to 1.33%)

0.24–0.42 289 45.9% (38.1% to 54.0%) 45.2% (37.3% to 53.1%) 1.01 (0.86 to 1.22) 1.02 (0.77% to 1.44%)

0.43–3.4 385 50.8% (42.8% to 58.9%) 50.0% (41.8% to 58.0%) 1.01 (0.88 to 1.21) 1.03 (0.77% to 1.46%)

Baseline lactate—mmol/L 1537

1.1–2.6 357 36.5% (28.8% to 44.5%) 37.3% (29.9% to 45.4%) 0.98 (0.78 to 1.18) �0.7% (�9.2% to 6.2%)

2.7–3.7 396 35.9% (28.6% to 43.8%) 34.9% (27.7% to 42.6%) 1.03 (0.85 to 1.28) 0.9% (�5.8% to 8.6%)

3.8–6 394 39.6% (31.8% to 47.8%) 38.0% (30.5% to 45.8%) 1.04 (0.87 to 1.29) 1.3% (�5.4% to 9.9%)

6.1–29 390 57.8% (49.5% to 65.7%) 58.8% (50.9% to 66.6%) 0.99 (0.85 to 1.11) �0.8% (�9.3% to 6.2%)

Baseline creatinine—mmol/L 1528

21–95 377 37.6% (30.0% to 45.7%) 36.9% (29.0% to 45.0%) 1.02 (0.82 to 1.28) 0.7% (�7.1% to 8.9%)

96–143 387 35.6% (27.5% to 44.0%) 39.4% (31.6% to 47.5%) 0.91 (0.69 to 1.12) �3.5% (�13.6% to 4.4%)

144–222 381 48.1% (39.6% to 56.7%) 48.1% (39.8% to 56.4%) 1.00 (0.84 to 1.19) 0.0% (�8.5% to 8.5%)

223–2000 383 49.7% (41.5% to 58.4%) 45.8% (38.0% to 53.9%) 1.08 (0.91 to 1.33) 3.5% (�4.4% to 13.6%)

Baseline IV fluids—L 1537

0–2 347 45.7% (37.8% to 54.4%) 43.3% (36.6% to 50.9%) 1.05 (0.88 to 1.27) 2.1% (�5.5% to 11.0%)

2–3 421 40.9% (33.0% to 48.8%) 41.7% (34.7% to 48.6%) 0.98 (0.81 to 1.17) �0.7% (�8.3% to 6.5%)

3–5 384 44.5% (36.7% to 53.0%) 41.7% (34.3% to 48.8%) 1.07 (0.90 to 1.31) 2.7% (�4.5% to 11.8%)

5–15 385 38.1% (29.5% to 46.8%) 42.4% (35.5% to 49.6%) 0.90 (0.70 to 1.09) �4.0% (�13.5% to 3.7%)

Note: All analyses were conducted in the intention-to-treat population after exclusion of five participants who did not consent to use of any data; four

participants were not included in the analyses due to missing primary outcome data (n = 1545). All baseline variables were missing in eight participants,

and further nine participants were missing baseline creatinine.

Abbreviations: CrI, credible interval; IV, intravenous; Prob., probability; RD, risk difference (<0.0%-points favours the restrictive-fluid group); RR, risk ratio

(<1.00 favours the restrictive-fluid group); SMS-ICU, Simplified Mortality Score for the Intensive Care Unit.27
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4 | DISCUSSION

In this pre-planned secondary Bayesian analysis of the CLASSIC trial,

we could not rule out clinically important effects of restrictive IV fluid

therapy on mortality, SAEs or days alive without life support, but sub-

stantial effects on SARs were unlikely. Furthermore, IV fluid volumes

given before randomisation may interact with IV fluid strategy.

The Bayesian framework provides a unique opportunity to

nuance the interpretation of the trial and enables integration of all

available evidence including knowledge from previous studies (here

incorporated in the sensitivity analyses evidence-based priors) even if

the results are conflicting.6 Applying the evidence-based priors

yielded fairly high posterior probabilities for no clinically important

difference with restrictive versus standard IV fluid therapy for SARs

and days alive without life-support; for mortality, it yielded a moder-

ate probability of no clinically important difference between the

groups; for SAEs, it yielded a moderate probability of benefit with

restrictive fluid therapy. So when taking previous finding into account,

even though IV fluid strategy in the CLASSIC trial may not have

exerted any clinically important effects on SARs and days alive with-

out live support, some uncertainty remains as to the effects on all-

cause mortality and SAEs.

A recent systematic review with meta-analysis including 13 ran-

domised clinical trials (including CLASSIC) concluded that lower as

compared with higher IV fluid volumes probably result in little to no

difference in all-cause mortality, but the result was limited by impreci-

sion, as the estimate did not exclude potential benefit or harm.4,25

Although the trial sequential analysis assessing imprecision of the

effect estimate had reached futility based on a priori 15% relative risk

reduction of a 45% mortality rate, the evidence was downgraded as

smaller clinically relevant risk reduction could still exist.25 Given the

nature of the widely practiced intervention in sepsis management,

uncovering even smaller difference in mortality could be of relevance

for patients, clinicians, researchers and policymakers. However, this

would require larger sample sizes than conventionally used within

this field.

Our results emphasise the potential impact of initial IV fluids as

our analyses of potential HTEs suggest that a restrictive approach

may be favourable in patients who have received higher IV volumes

before randomisation, whereas the opposite may have been the case

for those who received lower IV volumes before randomisation. How-

ever, a dose–response relationship, if any, was not clear in the

subgroup-based HTE analysis, and thus, these observations should be

interpreted cautiously. Nevertheless, it is important to follow and

thoroughly register initial fluid volumes to assess clinical implications.

Evidence from ongoing trials will provide data on the potential effects

of initial fluid volumes.28–35

This study has strengths, including those of the CLASSIC trial,

that is, international recruitment, large sample size and high levels of

data completeness.4 This was a pre-planned secondary study where

the protocol and statistical analysis plan were submitted for publica-

tion before closing the CLASSIC trial database. Lastly, our results were

relatively robust to different priors.

There are also limitations to our study. First, limitations related to

the CLASSIC trial, for example, its open-label nature equally apply

here. The trial protocol was violated in 162 participants (21.5%) in the

restrictive-fluid group and 101 participants (13.0%) in the standard-

fluid group, which may have affected the estimated intervention

effects. Second, the categorisation of participants in the subgroup-

based HTE analyses was data-driven, and cut-offs may not reflect the

most clinically relevant ones. However, this limitation was counterba-

lanced by the analyses of HTE on a continuous scale. Third, the

assumption of linearity (on the log-odds scale) in the HTE analyses

may have been restrictive but was chosen to avoid potential overfit-

ting and increased complexity of models without this limitation. How-

ever, the results in the subgroups agreed reasonably well with those

using the continuous data directly in most instances. Fifth, our proto-

colised definitions of clinically important effect sizes can be chal-

lenged, and other reasonable thresholds could be considered.

However, as the full posteriors are available, the estimation of proba-

bilities of alternative effect sizes of interest is straightforward.

In conclusion, we could not rule out clinically important effects of

restrictive IV fluid therapy on mortality, SAEs and days alive without

life-support among ICU patients with septic shock, but clinically

important effects on SARs were unlikely. We found no clear evidence

of HTE, but our results suggest an interaction between IV fluid vol-

umes given before randomisation and IV fluid strategy.
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or the decision to publish the results of this secondary study.
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