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Background and aims: High protein nutrition may improve outcomes after critical illness. We recently
published the primary frequentist analysis of the PRECISe trial, showing that high (2.0 g/kg/day)
compared with standard (1.3 g/kg/day) protein provision led to statistically significant worse health-
related quality of life. The study, however, was not powered to draw definitive conclusions about clin-
ical and other functional outcomes under a frequentist framework. We present a pre-planned and pre-
specified Bayesian analysis to facilitate the clinical interpretation of these paramount endpoints.
Methods: The trial enrolled 935 patients and used the EQ-5D-5L health utility score as the primary
endpoint. We performed Bayesian analyses of the primary and selected secondary endpoints, and
relevant subgroups, under weakly informative priors. Sensitivity analyses were performed using skep-
tical and enthusiastic priors, and informed priors (when available) based on existing literature.
Thresholds for clinically relevant differences were predefined.
are Medicine Maastricht Universty Medical Center (MUMCþ) P. Debyelaan 25, 6229HX, Maastricht, the Netherlands.
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Results: The posterior probability of benefit from high (2.0 g/kg/day) protein targets with respect to the
EQ-5D-5L health utility score was 0 %. Concerning 60-day mortality, the posterior probability of any
benefit from high protein provision was 8 %, with a posterior probability of clinically important harm
(>5 % absolute risk difference) of 47 %, which varied between 1 and 21 % across various sensitivity an-
alyses under reference or literature-based priors.
Conclusions: This pre-planned Bayesian re-analysis of the PRECISe trial shows that high (2.0 g/kg/day)
compared to standard (1.3 g/kg/day) protein provision in critically ill patients has a low probability to
yield any benefit and results in a high probability of an increase of 60-day mortality.
Registration number of clinical trial: NCT04633421.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Critical illness is accompanied by acute and profound muscle
loss, which is associated with a long-term reduction of health-
related quality of life in intensive care unit (ICU) survivors [1,2]. It
has been suggested that high protein nutrition can improve func-
tional outcomes following ICU admission by mitigating net muscle
loss. However, emerging high-quality evidence doubts the benefi-
cial effects of high protein nutrition in critical illness [3e5].

We recently published the PRECISe trial, a pragmatic double-
blinded, randomized controlled trial assessing the effect of high
(2.0 g/kg/day) vs. standard (1.3. g/kg/day) enteral protein targets
during ICU admission on functional recovery following ICU
admission in critically ill patients. We found a statistically signifi-
cant negative effect of high protein targets on health-related quality
of life. Also, differences in other key endpoints and subgroups
seemed to favor standard protein targets [3].

The analysis of the PRECISe trial was performed under a tradi-
tional frequentist statistical framework [6]. While seemingly easy
to interpret, standard frequentist statistical approaches often lack
sufficient power to draw meaningful conclusions from secondary
and subgroup analyses, and cannot estimate the probability of
clinically relevant treatment effects.

The Bayesian statistical framework offers an alternative
approach to overcome the limitations posed by standard fre-
quentist methods [7]. Consequently, we predefined a Bayesian
analysis of the PRECISe trial, in a published protocol [8]. Here we
present the results of this pre-planned and pre-specified Bayesian
analysis of the PRECISe trial, with an additional focus on crucial
secondary outcomes and subgroups [8].

2. Materials and methods

2.1. Study design

The PRECISe trial (NCT04633421) was an investigator-initiated,
double-blind, multicenter, parallel-group, randomized controlled
trial in five Belgian and five Dutch hospitals, comparing higher
enteral protein provision (i.e., 2.0 g/kg per day) with standard
enteral protein provision (i.e., 1.3 g/kg per day) in critically ill pa-
tients who are mechanically ventilated. The design of the trial has
been extensively detailed elsewhere [6]. The primary outcome was
health-related quality of life measured by the EuroQol-5 dimension
5-level health utility score (EQ-5D-5L HUS) over a period of 180
days following randomization. Patients were assessed at three time
points (30, 90, and 180 days), and analyses were performed to take
these longitudinal measurements into account. Secondary out-
comes comprised 60-day survival, and physical tests such as
handgrip strength and a 6-min walking test over 180 days. Sub-
groups were predefined based on the presence of acute kidney
injury, sepsis, or severe multi-organ failure at randomization. The
154
studywas approved by the independentmedical ethics committees
of Maastricht University (METC 20e039) and University Hospital
Brussels (2020/223).

2.2. Principles of Bayesian analyses

A cornerstone of Bayesian inference is the incorporation of prior
beliefs about an effect estimate (the prior) into the newly obtained
data (the likelihood), to calculate the posterior probability of the
effect estimate (the posterior) [9]. Importantly, the robustness of
the trial findings can subsequently be tested under various priors,
including prior ‘pessimistic’, ‘skeptical’, and ‘enthusiastic’ views, in
addition to prior that may be derived from previous literature
(informed priors). Nevertheless, to optimize objectivity, a valid
starting point to analyze data from an randomized trial, is the
‘weakly informative prior’ (assuming no difference between treat-
ments, with large uncertainty).

Second, as the posterior is a probability distribution, it allows for
the estimation of various treatment effect sizes, including clinically
relevant ones. This concept is also known as the minimal clinically
important difference (MCID).

For further reading and a more in-depth explanation of the
merits and drawbacks of Bayesian statistical inference, we refer to
explanatory reviews [9e11].

2.3. Rationale for the implementation of Bayesian inference in
nutritional and critical care clinical trials

Clinical trials are often time- and resource-consuming, which
has led investigators to base their sample size calculation on an
(optimistic) expected treatment effect, rather than a clinically
important treatment effect. When the null hypothesis is not
rejected in these cases, this may be the consequence of a reduced
power, and this might cause critical care physicians to abandon
therapies that have a potentially clinically important benefit [4]. In
contrast, the Bayesian frameworks allows the direct estimation of
the posterior probability of any treatment effect, including the
MCID. Finally, the incorporation of prior data may facilitate a more
feasible sample size calculation, while the use of reference priors
(such as enthusiastic and skeptical priors) can assess the robustness
of the findings.

2.4. Bayesian analysis and protocol

The Bayesian re-analysis of the PRECISe trial was performed
according to a pre-specified protocol and statistical analysis plan
that was published before the database was locked [8]. In this
protocol, the outcomes that were deemed of particular interest
were defined, as well as the prior probabilities and the effect sizes
that were considered to represent minimal clinically important
differences (MCID). An overview of prior probabilities and MCIDs
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can be found in the Supplemental Appendix (Table S1) and in the
published protocol [8]. The Bayesian re-analysis was performed in
agreement with the “Reporting of Bayes Used in Clinical Studies”
guideline (ROBUST) [12].

2.5. Outcomes, minimal clinically important differences, and
informative priors

The EQ-5D-5L HUS is a summary utility score derived from five
health domains that are ranked on five-point Likert scales. Domain
scores are translated to a utility score by nation-specific value sets.
Hence, the lowest value representing the worst score on all do-
mains varies among countries. For the PRECISe population, the EQ-
5D-5L ranged from �0.5 to 1.0 (perfect health) [13]. This utility
score is well-suited to study functional outcomes in critically ill
populations with high mortality as it can handle death as a
competing risk by assigning deceased patients a score of zero [14].
In line with the longitudinal design of the follow-up, we assessed
the EQ-5D-5L HUS at 30, 90, and 180 days, in addition to the
analysis of the overall (longitudinal) EQ-5D-5L HUS. No informative
prior probabilities that were considered meaningful for the current
Bayesian re-analyses were found in the literature [15].

2.6. Physical tests

Physical tests that were selected for this Bayesian re-analysis
were handgrip strength and the 6-min walking test over 180
days. The 6-min walking test is considered to represent overall
physical performance, and handgrip strength is feasible to perform
by all patients, and has, unlike the MRC-sum score, no ceiling effect
[16]. Minimal clinically important differences were 5.0 kg and 19 m
respectively [17,18]. For neither test, meaningful literature-based
prior probabilities were found [15].

2.7. Clinical outcomes

We predefined the clinical outcomes 60-day mortality and
duration of mechanical ventilation as outcomes because of their
clinical relevance, and as they were presented before in the EFFORT
Protein trial and a subsequent meta-analysis [4,15], facilitating the
formulation of informative priors. MCIDs were set at a predefined
5 % absolute risk reduction for 60-daymortality and 1.0 days for the
duration of mechanical ventilation [19].

2.8. Prior probabilities

Weakly informative, skeptical, and enthusiastic priors were
used for all endpoints. Weakly informative priors were centered
around “no effect”. This implied a mean of 0 and a standard devi-
ation of 3 on the log OR scale for binary outcomes. For continuous
outcomes, a mean of 0 and a standard deviation of 100 times the
MCID was used. Skeptical and enthusiastic priors were defined
following a modification of the approach suggested by de Grooth
and Elbers [20]. Skeptical priors were designed to resemble a strong
belief that the intervention exerts no effect. In contrast, enthusi-
astic priors were designed to resemble a strong belief that the
intervention exerts a positive effect. Skeptical priors were centered
at a mean difference (MD) or log OR of 0 (absolute risk difference
(ARD) ¼ 0). The distribution incorporates a <10 % probability that
the estimated treatment effect will exceedþ1MCID [8]. Conversely,
enthusiastic priors were centered around an effect of þ2 MCID and
follow a similar distribution with a probability of <10 % that the
estimated effect size will be lower than þ1 MCID.
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2.9. Statistical analysis

The sample size of the PRECISe trial was determined at 935
patients, and was based on Monte Carlo simulations to have suffi-
cient power for the primary frequentist analysis [3].

Posterior distributions obtained from Bayesian analyses were
summarized in terms of mean differences (MDs, for continuous
variables), mean absolute risk differences (ARDs), or median odds
ratios (ORs), with corresponding 95 % credible intervals (CrIs).
Posterior probabilities of various effect size thresholds were
calculated based on the area under the curve of the posterior
distribution. Consequently, posterior probabilities of any benefit, a
clinically important benefit (ARD/MD > þ1 MCID), or clinically
important harm (ARD/MD < �1 MCID) are presented under a
weakly informative prior. In addition, the distribution of the pri-
mary outcome was presented in a dedicated grid plot. The
Bayesian analyses were performed in R (R Core Team, R Founda-
tion, Vienna, Austria, version 4.3.1) using the R2jags package and
Markov Chain Monte Carlo (MCMC) algorithms. Adequacy of
model convergence was assessed through potential scale reduc-
tion factors (Rhat) effective sample size (ESS), and other di-
agnostics such as density and trace plots, while model fit was
assessed through the deviance information criterion (DIC and
other criteria alike in relative terms), and by use of posterior
prediction checks (PPCs, in absolute terms).
3. Results

3.1. Bayesian analysis: EQ-5D-5L health utility score

Bayesian re-analysis of the primary endpoint in the intention-
to-treat population over the entire follow-up period showed a
mean difference in the EQ-5D-5L HUS of �0.05 (�0.07 to �0.02),
resulting in a 0 % probability of any benefit (MD > 0), with respect to
health-related quality of life (Table 1, Fig. 1). Considering the pre-
defined MCID of 0.06, the risk of clinically relevant harm was
calculated at 15 %. A post-hoc analysis estimating the posterior
probabilities of harm across different effect sizes that are consid-
ered to be clinically relevant in the literature showed that the
posterior probability of clinically relevant harm under a non-
informative prior ranged from 4 % to 65 % (Supplementary
Appendix, Table S2). The posterior probability of any benefit un-
der a non-informative prior remained below 10 % at all individual
follow-up moments (Table 1).

Subgroup analyses revealed a low posterior probability of a
beneficial effect in patients both septic and non-septic patients and
in patients with severe multi-organ failure. In non-septic patients,
the posterior probability of clinically important harm was 56 %. In
patients with acute kidney injury at the time of randomization,
there was a 65 % posterior probability of any benefit but only a 4 %
posterior probability of a clinically important benefit (Table 1).
3.2. Bayesian analysis: physical tests

Datawere available from 287 to 400 of the 935 enrolled patients
for the 6-min walking and handgrip strength tests, respectively.
Results show that under a weakly informative prior, the posterior
probability of any benefit was 100 % for the 6-min walking test and
7 % for the handgrip strength test, respectively. Instead, the pos-
terior probability of a clinically important difference in favor of high
protein was 100 % as well for the 6-min walking test, while it was
0 % for handgrip strength (Table 1).



Table 1
Primary Bayesian analysis of predefined outcomes and subgroups of the PRECISe trial under a minimally informative prior.

Standard protein
(n ¼ 465)

High protein
(n ¼ 470)

Mean posterior
ARD/MD (95 % CrI)

Mean odds ratio
(95 % CrI)

Posterior probabilities

any benefit clinically important
benefit

clinically important
harm

EQ-5D-5L HUI 0.43 (n ¼ 430) 0.38 (n ¼ 419) �0.05 (�0.07, �0.02) 1.33 (1.08, 1.60) 0 % 0 % 15 %
EQ-5D-5L HUI 30 days 0.37 (n ¼ 407) 0.33 (n ¼ 398) �0.04 (�0.09, 0.00) 1.32 (0.91, 1.75) 4 % 0 % 25 %
EQ_5D-5L HUI 90 days 0.43 (n ¼ 396) 0.38 (n ¼ 386) �0.05 (�0.11, 0.01) 1.26 (0.89, 1.69) 5 % 0 % 34 %
EQ-5D-5L HUI 180 days 0.44 (n ¼ 394) 0.40 (n ¼ 393) �0.04 (�0.1, 0.02) 1.29 (0.91, 1.69) 9 % 0 % 26 %
EQ-5D-5L HUI Sepsis 0.41 (n ¼ 213) 0.38 (n ¼ 202) �0.03 (�0.07, 0.01) 1.34 (1.00, 1.69) 8 % 0 % 5 %
EQ-5D-5L HUI Non-sepsis 0.44 (n ¼ 217) 0.38 (n ¼ 217) �0.06 (�0.10, �0.03) 1.32 (0.98, 1.70) 0 % 0 % 56 %
EQ-5D-5L HUI AKI 0.31 (n ¼ 92) 0.32 (n ¼ 96) 0.01 (�0.05, 0.07) 1.11 (0.74, 1.53) 65 % 4 % 1 %
EQ-5D-5L HUI Severe

multi-organ failure
0.38 (n ¼ 255) 0.34 (n ¼ 244) �0.03 (�0.07, 0.00) 1.42 (1.08, 1.76) 4 % 0 % 6 %

6MWT (meters) 64 (n ¼ 154) 69 (n ¼ 133) 27.4 (24.7, 30.1) NA 100 % 0 % 0 %
HGS (kg) 77 (n ¼ 212) 73 (n ¼ 188) �1.25 (�2.96; 0.48) NA 7 % 0 % 0 %
Duration of mechanical

ventilation (d)
14 (n ¼ 450) 14 (n ¼ 454) 1 (0, 2) NA 10 % 0 % 44 %

60-day mortality 0.36 (n ¼ 432) 0.40 (n ¼ 428) 0.05 (�0.02, 0.1) 1.24 (0.89, 1.58) 8 % 0 % 47 %

ARD ¼ absolute risk difference, MD ¼mean difference, CrI ¼ credible interval, EQ-5D-5L HUI¼EuroQoL-5D-5L health utility index, AKI ¼ acute kidney injury, 6MWT ¼ 6-min
walking test, HGS¼ handgrip strength. Sepsis was defined according to sepsis-III criteria, AKI was defined using Kidney Disease: Improving Global Outcomes criteria, stage 1 or
higher Severe multi-organ failure was defined using the Sequential Organ Failure Assessment score, severe organ failure is defined as � median of the entire population.
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3.3. Bayesian analysis: clinical outcomes

Bayesian analyses under a weakly informative prior showed a
10 % posterior probability of any beneficial effect from high protein
provision on the duration of mechanical ventilation and an 8 %
posterior probability of any beneficial effect on 60-day mortality.
High protein provision resulted in a 44 % and 48 % posterior
probability of clinically important harm with respect to the dura-
tion of mechanical ventilation and 60-day mortality (Table 1).
3.4. Bayesian sensitivity analyses under various priors

Sensitivity analyses under skeptical and enthusiastic priors
were largely consistent with the primary analyses. They yielded a
0 % posterior probability of a clinically relevant beneficial effect of
high protein provision for any endpoint or subgroup (Table 2),
except for the subgroup with acute kidney injury at the time of
randomization (posterior probability of clinically relevant benefit of
7 % under an enthusiastic prior), and, inherently, the 6-minwalking
test (100 %). Of note, under an enthusiastic prior (strongly favoring
high protein), the probability of a clinically important harmful ef-
fect of high protein provision on 60-day mortality was only 8 %.
Consequently, the relative insensitiveness of the posterior proba-
bilities to the various predefined prior distributions confirms the
robustness of the results of the PRECISe trial.
4. Discussion

The PRECISe trial was a double-blind multicenter randomized
controlled trial that assessed the effect of high (2.0 g/kg/day) vs
standard (1.3. g/kg/day) protein provision on functional outcome in
critically ill patients. The probabilistic interpretation that is facili-
tated by the current Bayesian re-analysis corroborates the dichot-
omous conclusion of the primary frequentist analysis by showing a
negligibly low probability of benefit and a notable high probability
of clinically important harm of high protein provision in critically ill
patients on various functional and clinical outcomes [3]. Most
importantly, we found a high posterior probability of a clinically
important increase in mortality that even persisted in various
sensitivity analyses under a variety of predefined priors, including
an enthusiastic prior belief towards the benefit of high protein
nutrition, confirming the overall robustness of the results.
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The PRECISe trial was primarily focused on functional and
physical outcomes, but it also contained important results with
respect to clinical outcome data. The frequentist analysis found a
statistically significant reduction in the primary outcome, the EQ-
5D-5L HUS in the high protein group, which is reflected in this
Bayesian analysis by the 0 % posterior probability of any benefit of
high protein provision in critically ill patients with respect to
health-related quality of life, even across all different types of prior
distributions examined. Importantly, these posterior probabilities
persisted in the predefined sensitivity analyses under various
priors.

Traditional frequentist analyses of secondary endpoints and
subgroups are often hindered by low statistical power, smaller
sample sizes, and failure to adjust for multiplicity, which can lead to
erroneous interpretation of their results and possible premature
dismissal of potentially valuable data [7,21]. In this context,
Bayesian analysis of such secondary outcomes can provide a
powerful instrument to facilitate clinical interpretation of results
that are prone to type-II error when dichotomized under a fre-
quentist framework. Regarding 60-day mortality, our Bayesian
analysis showed an 8 % posterior probability of any benefit of high
protein provision and, hence, a 92 % probability of a harmful effect.
Using the predefined minimal clinically important difference of 5 %
absolute mortality reduction, we estimated a posterior probability
of a clinically relevant benefit of high protein provision of 0 %, while
we found a posterior probability of clinically relevant harm of 47 %.
Still, it may be argued that the threshold for clinical relevance of an
intervention as simple as modulating nutritional protein is even
lower than 5 %. Consequently, lower thresholds for theMCID would
inherently only further increase the posterior probability of clini-
cally important harm under a weakly informative prior. Sensitivity
analyses under skeptical, enthusiastic, and literature-based priors
showed similar estimations, with a low posterior probability of a
clinically important benefit and a substantial posterior probability
of clinically important harm. Of note, the results on the outcome
duration of mechanical ventilation were comparable with those on
60-day mortality.

The results of this Bayesian analysis thus further point to the
potentially detrimental effects of excessive protein provision in
critically ill patients. This is not only with respect to the speed of
recovery, as was already shown by the primary analysis or the
PRECISe trial, but also with respect to clinical endpoints such as
mortality and duration of mechanical ventilation, as suggested by



Fig. 1. Distribution of posterior probabilities for the mean difference in the primary outcome (EQ-5D-5L health utility score) under a weakly informative prior. The posterior follows
a normal distribution, which can be appreciated in the lower part of the figure. Based on this probability distribution function, the non-linear function in the upper part of the figure
can be derived. Consequently, this function corresponds with the posterior probability of a certain treatment effect size. For example, the grid plot represents that a 0.04 mean
difference on the EQ-5D-5L scale in favor of standard protein (�0.04) intersects with the function at the level of 65 %-probability, implying that the posterior probability of a 0.04
mean difference, or greater, in favor of standard protein is 65 %. Of note, the probability distribution is almost completely located to the left of ‘0’ mean difference. Finally, the dark-
shaded area of the posterior distribution reflects the posterior probability of clinically relevant harm.
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this Bayesian analysis. These findings are in line with those of the
EFFORT Protein trial, which also studied the effect of high (�2.2 g/
kg/day) versus standard (1.2 g/kg/day) protein targets in critically ill
patients, either through enteral or parenteral provision [4]. The
Bayesian analysis of the EFFORT Protein trial found a posterior
probability of 57e78 % increased 60-day mortality with high pro-
tein provision and an 11e25 % posterior probability of clinically
157
important harmwith regard to 60-day mortality (set at an absolute
risk difference of 2 %) [22].

Some results of the current analysis may seem incongruent with
the main trial report's overall clinical conclusions. For example, the
posterior probability of any (and a clinically relevant) benefit of
high protein provision with regard to the 6-min walking test was
100 %. This observation is in line with the results from the
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frequentist analysis, showing a statistically significant longer 6-min
walking distance in patients allocated to high protein provision.
However, it must be noted that the number of patients able and
willing to perform the 6-min walking test at any moment during
follow-up was quite small (<31 % of all enrolled patients), making
this outcome susceptible to attrition bias.

Another striking result is the apparent benefit from high protein
provision with respect to the primary endpoint in patients with
acute kidney injury. This specific subgroup was selected in the pre-
specified Bayesian analysis plan since, both in the EFFORT Protein
trial as well as in a subsequent meta-analysis, high protein provi-
sion appeared to be particularly harmful in the presence of acute
kidney injury [15,23]. These diverging results may be explained by
differences in the definition of the “acute kidney injury” subgroups
between the EFFORT Protein and PRECISe trials. In the PRECISe trial,
patients were allocated to subgroups based on characteristics
present at the time of randomization. In contrast, in the EFFORT
Protein trial, patients were allocated to the “acute kidney injury”
subgroup when they developed acute kidney injury in the first
seven days after randomization. Consequently, this difference
hampers direct comparability of these specific subgroups between
trials. The fact that patients who developed acute kidney injury
after randomization were allocated to the “no acute kidney injury”
group may have underestimated the detrimental effect of high
protein provision in the PRECISe trial. On the other hand, post-
randomization subgroup allocation may have introduced bias in
the EFFORT Protein trial by a possible effect of high protein provi-
sion on the development and severity of acute kidney injury [24].
The posterior probability of a clinically important beneficial effect
of high protein provision in patients with acute kidney injury at the
time of randomization is still only 7 % under an enthusiastic prior.

The current re-analysis, therefore, provides no ground to
advocate for high protein provision in critically ill patients with
acute kidney injury.

4.1. Limitations

The current study has several limitations, which are generally in
line with the limitations of the primary analysis. First, we gave
priority to achieving protein targets over energy targets. To this
end, we did not account for the use of non-nutritional calories.
Post-hoc analyses, however, showed that energy overfeeding was
limited and did not differ significantly between both groups [3].
The limited number of patients completing physical tests, partic-
ularly the 6-min walking test, indicates severe bias and impairs the
interpretability of these results. In addition, the predefined
Bayesian protocol did not take into account several subgroups that
seemed of after the analysis and publication of the frequentist
report, such as subgroups based on sex or admission type (surgical/
medical). Finally, any Bayesian analysis incorporating a spectrum of
priors is susceptible to perceived subjectivity. In order to mitigate
this potential limitation, we pre-specified the Bayesian protocol in a
statistical analysis plan. Preceding the database lock, objective and
reproducible priors were predefined, which is also reflected by
their direction towards harm and benefit. Consequently, we have
tried to eliminate bias in the elicitation of priors and MCIDs, and
this conduct also agrees with Bayesian reporting guidelines.

5. Conclusion

In conclusion, this Bayesian analysis of the PRECISe trial further
supports the notion that high protein provision targets (2.0 g/kg/
day) do not improve functional outcome in critically ill patients and
may even lead to a clinically important reduction in health-related
quality of life. In addition, high protein targets lead to a substantial
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probability of increased mortality in critical ill patients. Future
research should establish more prospective evidence to substanti-
ate guideline recommendations on beneficial and safe protein
targets.
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