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Introduction

Clinical terminology describing syndromes, such as sepsis, 
acute kidney injury (AKI) and acute respiratory distress 
syndrome (ARDS) is extremely useful in everyday practice. 
A diagnosis of sepsis facilitates early recognition, concise 
communication and appropriate treatment of serious 
infections, just as a diagnosis of ARDS can help galvanize a 
medical team to initiate lung protective ventilator strategies. 
But the clinical usefulness of these syndromes may not 
necessarily extend to other aspects of medicine, such as 
randomized intervention research. 

It has been reported that up to 95% of all randomized 
critical care trials fail to demonstrate a positive and 

reproducible mortality effect (1). This abysmal success rate 
has ethical implications for the recruitment of patients and 
has important consequences for the allocation of resources. 
Researchers before us have pointed at the heterogeneity 
of the critical care syndromes as a major cause of negative 
trials. But so far, structured analyses of heterogeneity as a 
cause of ‘negative’ trials have been limited to the role of 
differential treatment effects along the spectrum of illness 
severity (2).

Here, we describe why sepsis and other clinical 
syndromes are unsuitable for randomized controlled trials 
aiming to detect a mortality reduction—or, conversely, 
why mortality is a flawed primary endpoint for trials 
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with syndrome-defined populations. Syndromes such as 
sepsis, AKI, ARDS or delirium are only reductive models 
for inherently multifactorial processes and are therefore 
inappropriate to identify target populations for randomized 
trials aiming to demonstrate a mortality benefit. 

Firstly, we demonstrate how the fraction of mortality risk 
that is specifically attributable to the critical care syndromes 
is usually overestimated. This has led to an overestimation 
of the attainable magnitude of treatment effects and a 
consequent underestimation of required trial sample sizes 
by several orders of magnitude. Secondly, we show how 
large ‘pragmatic’ randomized controlled trials are no 
effective solution because they water down both treatment 
effects and diagnostic precision. 

The importance of syndrome-attributable risk

As an illustration, we can examine a hypothetical critical 
illness syndrome that is associated with a 35% mortality 
rate, it could be sepsis but also ARDS. When testing a 
novel intervention that could potentially reduce the harmful 
sequelae of this syndrome, it may seem reasonable to power 
a randomized controlled trial to detect a 20% relative risk 
reduction. It would take a 1,378-patient trial for 80% power 

to demonstrate this effect (see Supplementary file). But 
this common trial design neglects a fundamental question: 
which fraction of the total mortality risk is attributable to 
the syndrome rather than the underlying disease? Observing 
that the syndrome is associated with a 35% mortality rate 
is not sufficient. The underlying and independent causes 
of the syndrome (including systemic infections, abdominal 
catastrophes, severe pancreatitis, etc.) are at the root of the 
high mortality rate. 

Figure 1 depicts how mortality depends on the one 
hand on pathologic pathways that are independent of 
the syndrome, and on the other hand on the syndrome-
attributable mortality risk. The underlying conditions that 
may cause the syndrome are themselves important risk 
factors for mortality. To put this in a practical example, if 
we consider in a patient ARDS as the syndrome and colon 
carcinoma with perforation as the underlying condition: 
the therapy for ARDS may be outstandingly performed 
by the best intensivist expert in the world on mechanical 
ventilation, but if the colon perforation is not well treated 
the patient will die no matter how well the patient is 
mechanically ventilated. 

Estimating the possible mortality effects of a syndrome-
specific intervention (e.g., low tidal volumes in ARDS, low 

Figure 1 Schematic representation of syndrome-attributable risk. Critical illness syndromes are associated with high mortality risks, but the 
underlying conditions that cause these syndromes are themselves important root causes of mortality. ARDS, acute respiratory distress syndrome.
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driving pressures) requires information about the syndrome-
attributable mortality risk and—an estimation—of the 
possible attributable risk reduction of the intervention. The 
concept and importance of attributable risk was already 
described in the 1970s but seems not to have been addressed 
sufficiently in critical care trials (3). If only a small part of 
the mortality risk is conferred through syndrome-specific 
pathways, then syndrome-specific interventions can only 
lead to infinitesimal mortality effects. At a 35% mortality 
rate, a syndrome-attributable fraction of mortality around 
0.50 to 0.25 would—depending on the expected treatment 
effect—realistically require 5,700 to more than 23,000 
patients (Figure 2). This means that most large randomized 
trials with critically ill patients—with sample sizes typically 
between 500 and 2,000—are based on unrealistic power 
calculations.

The latest sepsis criteria were derived from risk patterns 
in large cohorts, so that sepsis is by definition a risk factor 
for poor outcomes. A ‘septic’ patient deserves immediate 
attention and treatment of the underlying cause. But 
what is the causal contribution of sepsis to the mortality 
risk? The sepsis syndrome can be seen, for example, in a  
70-year-old patient with cardiac disease and a large bowel 
perforation or in a 45-year-old with chemotherapy-induced 
aplasia and an infection of unknown origin. It is no surprise 
that with these different and independently catastrophic 
underlying pathologies, the causal fraction of risk conferred 
through the sepsis syndrome could be much lower than is 

commonly assumed. Indeed, the sepsis-attributable fraction 
of mortality was recently estimated to be as low as 0.15 by 
Shankar-Hari et al. (4). But as we will point out, even this 
modest estimate is likely an overestimation. 

Overestimation of the attributable mortality risk: 
A Monte Carlo simulation study

Our impression of attributable mortality can be misleading: 
syndrome-attributable risks are easily overestimated because 
critical illness syndromes are strongly associated with the 
severity of the underlying disease, as can be illustrated with 
a computer simulated example, which is in detail presented 
in the technical supplement. 

Conditional on an association between the risk of 
developing a syndrome and the underlying mortality risk, 
common statistical methods to adjust for confounding by 
illness severity (such as regression or propensity matching) 
will lead to significantly inflated estimates of the syndrome-
attributable risk, even when the actual attributable risk of a 
syndrome is zero.

We generated a simulated cohort of 4,000 patients 
with a randomly generated heterogenous mortality risk 
distribution and a median mortality risk of 7% (IQR, 
2–23%). The risk of developing a hypothetical critical 
illness syndrome was generated semi-randomly to correlate 
with baseline mortality risk (correlation =0.80). Using a 
random binomial generator, each patient was then assigned 
a syndrome diagnosis (absent or present, based on the 
risk of developing a syndrome) and an outcome (dead or 
alive, based on the true mortality risk). Importantly, the 
mortality risk didn’t shift depending on the presence of the 
syndrome, so that the presence of the syndrome didn’t cause 
an increase in mortality risk: The true attributable risk was 
zero (Figure 3A). 

To simulate how syndrome-attributable risks can be 
estimated by investigators, we constructed three analysis 
scenarios (Figure 3B,C). In the first scenario, a hypothetical 
researcher makes a crude mortality comparison between 
those with the syndrome and those without. The researcher 
will observe that the crude mortality rate of patients with 
the syndrome is 41% versus 13% for those without it, so 
that the crude syndrome-attributable mortality is severely 
overestimated as 28% (P<0.0001).

In the second scenario, the researcher makes use of a 
severity of illness score to match each patient with the 
syndrome to a patient without the syndrome but with a 
similar severity score. The severity score is not a perfect 

Figure 2 Trial sample size requirements as a function of the 
syndrome-attributable fraction of mortality for a two-group 
trial at a 35% control-group mortality rate, 5% type-I error rate 
and 20% type-II error rate. The relationship between required 
sample sizes and the syndrome-attributable fraction of mortality 
is displayed for three different hypothesized effect sizes. Vertical 
axis on the log scale. 
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Figure 3 Results of a simulation study demonstrating how syndrome-attributable risk are overestimated by matching for severity of illness. (A) 
In a simulated cohort of 4,000 patients, the risk of developing a critical illness syndrome is correlated to the mortality risk, but the presence of the 
syndrome doesn’t cause an increase in mortality risk (no horizontal shift between those with the syndrome compared to those without). (B) To adjust for 
confounding by illness severity, a researcher wants to match patients with the syndrome to similar patients without the syndrome on the basis of disease 
characterization (summarized by severity scores). (C) The unadjusted comparison shows patients with the syndrome are increased risk of dying. After 
adjustment by a good but imperfect severity score, the syndrome-attributable mortality appears to be 11%, while full characterization of the underlying 
(syndrome-independent) mortality risk reveals that the syndrome-attributable risk is negligible.
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reflection of the true mortality risk, but is well-calibrated 
and has an area under the receiver operating characteristics 
(AUROC) curve of 0.84 to discriminate between survival 
and death. In this matched cohort, the mortality rate of the 
patients with the syndrome is 37% versus 26% for those 
without it, so that the adjusted attributable risk is estimated 
to be 11% (P=0.0006), still a significant overestimation.

In the final scenario, the researcher has full information 
and perfect characterization of the underlying diseases, so 
that he can make use of a perfect severity score (or any other 
distance metric) to match each patient with the syndrome to 
a patient without the syndrome. The theoretically maximum 
attainable AUROC for the underlying risk distribution is 
0.88. Using full information about the underlying illness 
risks to construct a matched cohort, the mortality rate of 
the patients with the syndrome is found to be 30% versus 
29% for those without it, so that the accurate adjusted 
attributable risk is estimated to be a negligible (P=0.651).

This simulation shows that, conditional on an association 
between the risk of developing a syndrome and the 
underlying mortality risk, the syndrome-attributable 
mortality risk can only be accurately estimated when there 
is perfect risk information (or disease characterization) of 
the underlying pathological conditions. Obviously, this is 
not a realistic scenario and we conclude that syndrome-
attributable risks are often overestimated. 

The full code for this simulation study in the R language 
is available in the Supplementary file.

Large ‘pragmatic’ critical care trials are not the 
solution

We’ve demonstrated how the attributable mortality rate of 
syndromes such as sepsis or ARDS is easily overestimated, 
leading to a corresponding overestimation of attainable 
treatment effects and an underestimation of required 
sample sizes. Taking into account the difficulties of large 
RCTs in terms of patient recruitment and data collection, 
it may seem tempting to consider large ‘pragmatic’ trials a 
reasonable solution. These multicenter (often international) 
trials have broad inclusion criteria and relatively sparse 
data collection requirements for the participating centers. 
Aside from the decreased resources needed per recruited 
patient, pragmatic trials have the additional advantage 
of good external validity by investigating the ‘real world’ 
effectiveness of an intervention. But we will show that this 
is also not the way to go. Recent data on ARDS help us to 
make the point. 

Since the publication of the landmark ARMA trial, low 
tidal volume ventilation has been unequivocally accepted 
as the standard of care for patients with ARDS (5), but 
the history of ARDS could have been different: The 1991 
edition of Harrison’s classic medical stated that the goal 
of ventilation in patients with ARDS was to increase lung 
volume by applying tidal volumes of 10–15 mL/kg. What 
if, instead of the ARMA trial, low tidal volume ventilation 
would have been tested in the same manner as recent 
large pragmatic trials? For example, what would be the 
results of a trial that tested the benefit of low tidal volume 
ventilation in all mechanically ventilated patients using a 
cluster-randomized design? Could a large pragmatic trial 
ever demonstrate a beneficial effect of low tidal volume 
ventilation? 

We can answer this thought experiment with the help 
of the recent Protective Ventilation in Patients Without 
ARDS (PReVENT) trial, in which 961 patients without 
ARDS were randomized to mechanical ventilation with 
tidal volumes of 6 versus 10 mL/kg (6). No meaningful 
differences were found between the treatment arms for any 
of the clinical outcomes, including ventilator-free days, 
length of stay and mortality. We now know the efficacy 
of low tidal volume ventilation in two complementary 
populations: In the ARMA trial, care was taken to include 
only patients with ARDS, whereas in PReVENT trial 
those patients were strictly excluded. By combining the 
populations and results of both trials, we can begin to see 
what a pragmatic trial including all mechanically ventilated 
patients would look like. 

To do so, we ran a Monte Carlo simulation of trials by 
letting software generate trials with either 1,500 or 4,000 
included patients, with a varying proportion of patients with 
ARDS. Using the results of the ARMA and PReVENT 
trials, patients with and without ARDS were assigned 
baseline mortality risks of 40% and 32%, respectively (5,6). 
Patients were then randomly assigned either treatment or 
control. Again using the ARMA and PReVENT results, 
the effect of treatment on patients with ARDS was set as a 
relative risk of 0.78 (95% CI: 0.65–0.93), and the treatment 
effect on patients without ARDS was a relative risk of 1.09 
(95% CI: 0.90–1.33) (Figure 4A) (5,6). Finally, an outcome 
of death or survival was generated for each patient using a 
binomial random generator, with the probability of death 
a function of baseline mortality risk (dependent on ARDS 
status) multiplied by the treatment effect (depending on 
ARDS status and assignment to treatment or control). We 
ran the simulation 10,000 times with 1,500 patients per trial 
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Figure 4 Simulation of hypothetical large ‘pragmatic’ trials investigating low tidal volume ventilation. The effects of low tidal volume 
ventilation in patients with ARDS and without ARDS were based on two large RCTs (A). We simulated the results of large ‘pragmatic’ 
trials in populations with different incidences of ARDS (B,C) and with changing diagnostic precision (D). ARDS, acute respiratory distress 
syndrome. ARDS, acute respiratory distress syndrome.
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and 10,000 times with 4,000 patients per trial (Figure 4B). 
Figure 4C shows the probability of finding a significant 

benefit from low tidal volumes in 1,500 and 4,000 patient 
trial as a function of the proportion of patients with 
ARDS in those trials. At the worldwide average ARDS 
prevalence of 23% (7), the probability that a 1,500-patient 
or 4,000-patient trial would find a benefit from low tidal 
volume ventilation is 7% or 11%, respectively (Figure 4C).  
Only  a t  an  ARDS preva lence  above  70% does  a 
4,000-patients trial have reasonable power (80%) to find a 
benefit from low tidal volumes. 

We can then ask whether low tidal volume ventilation can 
at least be identified as beneficial in the subgroup of ARDS 
patients within such a large pragmatic trial. To answer 
this question, we have to evaluate how accurately ARDS is 
diagnosed in practice. The ten clinical sites of the ARMA 
trial who collaborated in the ARDS network were likely 
much better than averagely trained in the recognition 
of ARDS. The ARMA trial itself will have increased the 
focus of the participating clinicians and researchers to 
the precise diagnosis of ARDS. Real-world data paint a 
bleaker picture (8). A large study in 459 intensive care units 
(ICUs) in 50 countries indicated that ARDS is severely 
underdiagnosed, with clinician-recognition of only 60% 
of cases (7). Even in the context a hypothetical pragmatic 
trial with increased checks on patient data the diagnostic 
accuracy may well be less than perfect, for example due 
to the large interobserver variability in interpreting the 
radiographic diagnosis of ARDS (9,10).

Figure 4D shows that discovering a significant beneficial 
effect on the ARDS subset of patients with >80% power 
requires ARDS to be diagnosed with perfect sensitivity and 
specificity. With diagnostic sensitivity and specificity of 
0.80 the power to discover a significant interaction is only 
43% at an ARDS incidence of 23%. With a sensitivity and 
specificity of 0.60 so many patients with ARDS are confused 
for no ARDS (and vice versa) that the probability of 
discovering a beneficial effect remains negligible no matter 
how high the prevalence. 

In summary, this tells us that a large pragmatic trial with 
unselected ventilated patients would be unlikely to ever 
demonstrate a beneficial effect of low tidal volumes. Many 
real-world factors will further decrease the likelihood of 
discovering a significant effect. For example, we’ve not 
considered that even within a target population larger trials 
tend to demonstrate smaller effects, possibly due to less 
vigorous protocol adherence (11-13). A recent study found 
that the limited number of multicenter trials reporting a 

significant mortality effect had only moderate sample sizes 
and few participating centers (median 199 patients and 10 
centers) (14). 

How to proceed: a renewed focus on 
understanding

Over the past half century, there has been an epistemological 
shift away from physiology- and pathophysiology-based 
medicine towards knowledge acquisit ion through 
clinical trials. In critical care research, this has gone 
hand in hand with mortality as the gold-standard 
endpoint. But we must acknowledge that the yield 
of this research paradigm has been abysmally poor: 
More than 2,000 randomized controlled trials with 
sepsis patients have been performed (15), all of which 
have not resulted in a single beneficial intervention (1,14). 
Meanwhile, the mechanisms behind organ dysfunction 
in sepsis remain very much a mystery, as we have only 
recently discarded the simplistic model of sepsis as a purely 
unhinged hyperinflammatory reaction to infection (16,17). 
The cart has been put before the horse by investing heavily 
in randomized trials without adequately understanding 
the syndromal pathophysiology. We wonder how far our 
understanding of sepsis could have come if the resources 
dedicated to the many randomized trials had been spent on 
preclinical and clinical mechanistic investigations. 

We bel ieve a  r igorous rebalancing of  research 
priorities is needed. Only if we properly understand 
the harmful processes in our complexly ill patients can 
we hope to distill common pathways. An acute sepsis 
patient in the hyperinflammatory phase may share more 
pathophysiological characteristics with a patient with 
uninfected severe pancreatitis (18) than with another 
sepsis patient in the immunoparalytic phase (19). Lumping 
together patients because they fit a consensus definition 
decreases the proportion of shared pathways and reduces 
the chance of finding a therapy that benefits all. 

We do not advocate a return to mere pathophysiology-
based or ‘eminence-based’ medicine but rather propose that 
randomized clinical trials with a mortality endpoint should 
be a final keystone in the chain of evidence when true 
equipoise remains after the effects of a therapy are properly 
understood. Such has also been the history of high versus 
low tidal volume ventilation, the pros and cons of which 
were already understood before the ARMA trial (20). What 
remained was uncertainty about the net balance of effects—
for which the ARMA trial provided the answer. A trial, we 
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note, which appears to have been decidedly unpragmatic 
with very tight protocol adherence (attained tidal volumes 
6.2 vs. 11.8 mL/kg on protocolized tidal volumes of 6.0 vs. 
12 mL/kg) (5) compared to real-world scenarios (7). 

In adopting the valuable principles of evidence-
base medicine the pendulum has swung too far towards 
large randomized trials as the preferred method of 
knowledge mining in critical care. A renewed focus on 
understanding requires the critical care community and 
funding institutions to re-incentivize basic and translational 
mechanistic research. 

Conclusions

Mortality is  an insensitive trial  endpoint because 
heterogeneous patients pigeonholed into a critical care 
diagnosis do not share to a large enough extent the 
pathways that independently lead to death. Ever larger 
and larger pragmatic trials are not the solution because an 
increase in ‘pragmatism’ goes hand in hand with a decreased 
therapeutic and diagnostic precision, thereby reducing 
the attributable risk, the therapeutic effect size and the 
probability of finding a beneficial subgroup effect. The way 
out of this impasse is to direct more resources to basic and 
translational research to improve our understanding of the 
mechanisms of illness. 
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Supplementary

Sample size calculations

The sample size calculations in the R language (using the 
pwr package by Champely et al.) are available at the end of 
this technical supplement.

Sample size required to demonstrate a 20% relative risk 
reduction with a 35% control-group rate, 80% power and 
5% type-I error rate is 689 per group or 1,379 for a two-
group trial.

For an attributable fraction of mortality of 0.25, and a 
relative reduction of the attributable fraction of 0.20, the 
absolute effect on a 35% control group mortality rate will 
be 1.75%: 0.35×0.25×0.20=0.0175. Therefore, the expected 
intervention-group mortality rate would be 33.25%: 0.35−
(0.35×0.25×0.20=0.035)=0.3325. The required sample size 
to compare a control-group rate of 35% to an intervention-
group rate of 33.25% is 23,042 (80% power, 5% type-I 
error rate).

Similarly, for an attributable fraction of mortality of 
0.50 and a relative reduction of the attributable fraction of 
0.20, the absolute effect on a 35% control group mortality 
rate will be 3.5%: 0.35×0.50×0.20=0.035. Therefore, the 
expected intervention-group mortality rate would be 
33.25%: 0.35–(0.35×0.50×0.20=0.035)=0.315. The required 
sample size to compare a control-group rate of 35% to an 
intervention-group rate of 31.5% is 5,685 (80% power, 5% 
type-I error rate).

In example of sepsis with an attributable fraction of 
0.15, at an “optimal” 50% control-group mortality rate 
and a relative reduction of the attributable fraction of 0.20, 
the absolute effect will be 1.5%: 0.50×0.15×0.20=0.015. A 
reduction from 50% to 48.5% would require a sample size 
of 34,873 (80% power, 5% type-I error rate).

Simulated estimation of syndrome-attributable 
risk, explaining paper Figure 3

To demonstrate how syndrome-attributable risks are 
overestimated when the syndrome and the underlying illness 
severity are correlated, we present a computer simulated 
example wherein the actual syndrome-attributable risk of a 
hypothetical syndrome is zero.

We generated a simulated cohort of 4,000 patients 
with a heterogeneous (randomly generated) mortality risk 
distribution, with a median mortality risk of 7% (IQR, 
2–23%) (Figure 3A). The risk of developing a hypothetical 
critical illness syndrome was generated semi-randomly 
to correlate with baseline mortality risk (r=0.80). Using a 

random binomial generator, each patient was then assigned 
with a syndrome diagnosis (absent or present, based on 
the risk of developing a syndrome) and an outcome (dead 
or alive, based on the true mortality risk). Importantly, the 
mortality risk didn’t shift depending on the presence of the 
syndrome so that the presence of the syndrome didn’t cause 
an increase in mortality risk (the true attributable risk was 
zero) (Figure 3A).

To simulate how syndrome-attributable risks can be 
estimated by investigators, we constructed three scenarios 
(Figure 3B). In the first scenario, a hypothetical researcher 
makes a crude mortality comparison between those with the 
syndrome and those without. The researcher will observe 
that the crude mortality rate of patients with the syndrome 
is 41% versus 13% for those without it, so that the crude 
syndrome-attributable mortality is estimated as 28% 
(P<0.0001) (Figure 3C).

In the second scenario, the researcher makes use of a 
severity of illness score to match each patient with the 
syndrome to a patient without the syndrome but with a 
similar severity score. The severity score is not a perfect 
reflection of the true mortality risk, but is well-calibrated 
and has an area under the receiver operating characteristics 
(AUROC) curve of 0.84 to discriminate between survival 
and death (Figure 3B). In this matched cohort, the mortality 
rate of the patients with the syndrome is 37% versus 26% 
for those without it, so that the adjusted attributable risk is 
estimated to be 11% (P=0.0006) (Figure 3C).

In the final scenario, the researcher has full information 
and perfect characterization of the underlying diseases, so 
that he can make use of a perfect severity score (or any other 
distance metric) to match each patient with the syndrome 
to a patient without the syndrome. The theoretically 
maximum attainable AUROC for the underlying risk 
distribution is 0.88 (Figure 3B). Using full information 
about the underlying illness risks to construct a matched 
cohort, the mortality rate of the patients with the syndrome 
is found to be 30% versus 29% for those without it, so that 
the accurate adjusted attributable risk is estimated to be a 
negligible 1.1% (P=0.0006) (Figure 3C).

This simulation shows that, conditional on an association 
between the risk of developing a syndrome and the 
underlying mortality risk, the syndrome-attributable 
mortality risk can only be accurately estimated when there 
is perfect risk information (or disease characterization) of 
the underlying pathological conditions.

The full code for the simulation study in the R language 
is available on request from h.degrooth@amsterdamumc.nl.


