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CHAPTER 1  

General introduction
Every day we care for the sickest of our patients at the Intensive Care Unit (ICU). 
We examine the patient, and we request or perform diagnostic tests. Based on all 
the retrieved information, we arrive at one or multiple diagnoses, and we start or 
halt interventions, ultimately to benefit our patients. 

Technical advancements have influenced the clinicians work importantly over the 
past decade; today, doctors have, for instance, electronic health data systems 
collecting many patients’ (vital parameters) data automatically and have increasing 
opportunities for point-of-care diagnostics, ranging from blood gas analyses to 
handheld ultrasonography devices. The most accurate diagnostic information is 
preferred for the guidance of treatment strategies. It is assumed that the clinician 
is well informed and prepared. To remain up to date, clinicians need to know the 
literature and the skills for critical appraisal. To guide decisions on both diagnostics 
and interventions, clinicians at the ICU have to be trained and remain trained. 

Interventions in medicine are ideally based on a clear pathophysiological 
rationale. In a critically ill patient, the pathophysiological basis of some form 
of cardiac dysfunction ought to be the incentive for prescribing inotropes. The 
degree of cardiac dysfunction on which to initiate therapy is usually not the point 
of discussion. For instance, many patients walk around with a left ventricular 
ejection fraction of just 10% in outpatients' settings. The clinical presentation 
triggers the prescription of inotropes, including a ‘classic’ characteristic of cold, 
clammy skin, mottling, reduced capillary refill and reduced consciousness 
reflecting a state of shock or so-called confusion of the body. This should be 
reflected by a derangement of hemodynamic variables, i.e. (low) cardiac output, 
(low or high) central/mixed venous saturation and (elevated) lactate. The lack 
of universally accepted definitions on what is considered (too) low, (too) high or 
normal introduces variety in definitions and in clinical decisions to start therapy 
and variety in treatment algorithms making comparisons between studies difficult. 

Inotrope interventions have become the standard of care with supposedly 
beneficial effects on outcomes of patients. Though without the knowledge of true 
beneficial or harmful effects, we might walk on thin ice. Extensive research has 
been performed evaluating the effects of inotropes. Appraisal of all literature 
on the effect of inotropes is complicated by the large clinical heterogeneity 
resulting from variations in patient selection (different underlying pathology, 
indications, and definitions), variations in inotropes (timing and dosing), variations 
in outcomes (definitions) and settings. More importantly, the risks of bias and 
the risks of random error are often insufficiently addressed. Also, the outcomes 
are usually not selected according to their importance to patients. Frequently, 
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randomised trials that evaluated inotrope interventions have repeatedly applied 
strict selection criteria and focused on surrogates as their primary outcome (most 
likely for chances of significant findings), hampering their applicability in clinical 
practice. 

Safe use of inotropes requires hemodynamic monitoring. Reductions of patient 
harm motivated the development of less invasive and non-invasive techniques and 
have led to a variety of devices presumed to measure some specific hemodynamic 
variable. Unfortunately, in patients with shock, these devices appear unreliable.1,2 
So, in the specific critically ill population in which inotropes are frequently used and 
typically claimed to be indicated, techniques to monitor the required hemodynamic 
variables still have to be validated. While the well-known invasive techniques 
(pulmonary artery catheter (PAC) and transpulmonary thermodilution method 
(TPTD)) have their disadvantages, these techniques have indeed been proven to 
be reliable in most critically ill patients. Due to the invasiveness, complexity and 
limitations of the PAC and TPTD 3,4, ultrasonography as a non-invasive tool has 
gained enormous popularity, not the least due to miniaturisation. 

In contrast to the invasive techniques, ultrasonography of the heart may reveal the 
underlying pathophysiological problem (diagnosis) and monitor the effectiveness 
of interventions. In literature, there are clear pros and cons to its use in daily 
practice.5-8 The basis of these pros and cons lies in the variety in the operator's 
expertise (and the absence of a ‘golden’ standard). The operator dependency and 
the fact that ultrasonography is not a continuous hemodynamic monitor should 
be considered. 

Thesis outline
This thesis focuses on two themes: evaluating the evidence on the use of inotropes 
in critically ill patients and the evidence for monitoring hemodynamic variables 
using ultrasonography in critically ill patients. 

Evidence on the use of inotropes in critically ill patients with 
cardiac dysfunction
Part 1 focuses on using inotropes in critically ill patients with cardiac dysfunction 
and/or shock. Inotropes are considered the first step in reversing the shock 
state in patients with cardiac dysfunction and hypotension, excluding septic 
cardiomyopathy.9 Due to low quality - and sparse data, the choice for the inotrope 
and the exact starting triggers for initiating inotropes are mainly left to the treating 
physicians. Dopamine was one of the first inotropes used for this indication.10 
Although guidelines mention dopamine for use in heart failure9, its use in clinical 
practice is declining along with reports on potential harms.11 In chapter 2, we 
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evaluated the benefits and harms of dopamine. 

In the eighties, a new class of inotropes emerged: the phosphodiesterase inhibitors. 
Milrinone is the most frequently evaluated drug in its class with the best side effect 
profile. This class distinguishes itself from other classes by reducing pulmonary – 
and systemic vascular resistance and its inotropic properties. Phosphodiesterase 
inhibitors are beneficial in cases of pulmonary hypertension or right ventricular 
failure. Although several guidelines suggest milrinone, its safety profile remains 
controversial.9,12 Previous meta-analyses on the effects of milrinone had 
methodological flaws hampering their interpretation. Chapter 3 described the 
systematic review and meta-analyses on milrinone's effects in critically ill patients 
with cardiac dysfunction. 

The most recent inotropes (in the nineties) are the calcium sensitisers, which are 
claimed to be the ideal inotrope: increasing cardiac output without increasing 
myocardial oxygen demand and with just a slight decrease in peripheral resistance; 
all without relevant side-effects. Levosimendan, the commercially available drug 
in this class, is recommended in the guideline and can also reverse the effects of 
beta-blocker therapy if this is considered to contribute to the shock.9 In chapter 4, 
we presented the results of a systematic review and meta-analyses on the effects 
of levosimendan. 

Current evidence on critical care ultrasonography
Part 2 of this thesis focuses on the evidence for the use of critical care 
ultrasonography for hemodynamic monitoring and diagnosis in critically ill patients 
in the ICU. Clinical examination is still common to practice for every clinician and 
is considered the first diagnostic tool. Patients with shock may present with a 
variety of symptoms and clinical signs (see above). However, recent literature has 
shown that clinical examination accuracy for diagnosing shock (i.e., a low cardiac 
index) is poor.13 So, additional hemodynamic variables are necessary for accurate 
diagnosis of shock.14,15 Guidelines give no advice on which device or tool should 
be used to monitor any given intervention for reversal of shock. In chapter 5, we 
overviewed existing literature on the use of critical care ultrasonography in shock.
Ultrasonography in critically ill patients is increasingly applied by various specialties, 
ranging from experts (i.e., certified ultrasonography technicians or cardiologists) 
to novices (i.e., medical students). In the past, the use of ultrasonography was 
limited to the radiologist or cardiologist. However, time, staffing and money 
restraints prohibited their patient care involvement 24 hours a day, seven days 
a week. Recent viewpoints support the use of ultrasonography by non-experts, 
provided adequate supervision, and quality control are accounted for.16 Surveys 
show that in daily practice, both novices and experts use ultrasonography (to 
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varying degrees) to guide the management of critically ill patients in various 
settings, although several factors hamper the availability of non-experts. Chapter 6  
studied the feasibility of ultrasonography by medical students to accurately 
measure an ultrasonography-derived cardiac output. 

The use and availability of new diagnostic tools, such as ultrasonography, questions 
the use of established diagnostic tests such as lung auscultation. Many different 
lung pathological processes can be observed in critically ill patients, challenging 
to discriminate only by clinical examination. Additional diagnostic tests are 
frequently used (i.e., chest X-ray or computer tomography of the thorax). The use 
of lung ultrasound for discriminating the various lung pathologies has frequently 
been studied and showed promising results regarding accuracy.17,18 In time, lung 
ultrasound may replace lung auscultation in the critically ill patient in the ICU. The 
data of a sub-study of the Simple Intensive Care Studies-I (SICS-I) on the diagnostic 
accuracy of clinical examination versus lung ultrasound for detecting pulmonary 
oedema is presented in chapter 7.

Finally, conclusions on the analyses' results on inotropes and ultrasonography in 
critically ill patients were integrated and discussed along with future perspectives 
in chapter 8. A summary is given in chapter 9.
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Abstract
Background
Dopamine has been used in patients with cardiac dysfunction for more than 
five decades. Yet, no systematic review has assessed the effects of dopamine in 
critically ill patients with cardiac dysfunction.

Methods
This systematic review was conducted following The Cochrane Handbook for 
Systematic Reviews of Interventions. We searched for trials including patients 
with observed cardiac dysfunction published until 19 April 2018. Risk of bias was 
evaluated and Trial Sequential Analyses were conducted. The primary outcome 
was all-cause mortality at longest follow-up. Secondary outcomes were serious 
adverse events, myocardial infarction, arrhythmias, and renal replacement 
therapy. We used GRADE to assess the certainty of the evidence.

Results
We identified 17 trials randomising 1218 participants. All trials were at high risk 
of bias and only one trial used placebo. Dopamine compared with any control 
treatment was not significantly associated with relative risk of mortality (60/457 
[13%] vs 90/581 [15%]; RR 0.91; 95% confidence interval 0.68 - 1.21) or any other 
patient-centered outcomes. Trial Sequential Analyses of all outcomes showed that 
there was insufficient information to confirm or reject our anticipated intervention 
effects. There were also no statistically significant associations for any of the 
outcomes in subgroup analyses by type of comparator (inactive compared to 
potentially active), dopamine dose (low compared to moderate dose), or setting 
(cardiac surgery compared to heart failure).

Conclusion
Evidence for dopamine in critically ill patients with cardiac dysfunction is sparse, 
of low quality, and inconclusive. The use of dopamine for cardiac dysfunction can 
neither be recommended nor refuted.
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Introduction
Dopamine is a natural catecholamine which has various cardiovascular effects 
throughout a dose-dependent activation of dopaminergic, α- and β-adrenergic 
receptors.1 Low-dose dopamine (<4 µg·kg−1·min−1) is hypothesised to primarily 
provide mesenteric and renal arteriole vasodilation, moderate-dose dopamine 
(4-10 µg·kg−1·min−1) is hypothesised to have particularly positive inotropic and 
chronotropic effects, and high-dose dopamine (>10 µg·kg−1·min−1) is considered 
a vasopressor due to the increase of systemic vascular resistance.1, 2 These doses 
are arbitrary as there is a wide interindividual variability of dopamine receptor 
sensitivity.2

Guidelines for treatment of heart failure mention dopamine among other drugs 
to treat acute heart failure.3, 4 Several randomised clinical trials (RCTs) have failed 
to show clinical benefits associated with use of dopamine in patients with acute 
heart failure5-7 and circulatory shock.8 Previous meta-analyses advocate cautious 
use of high-dose dopamine.9 Despite the decline in its use, dopamine is still the 
used inotrope in 25% of acute heart failure patients and in 14% of the patients 
undergoing cardiac surgery.10, 11

The debate about the benefits and harms of dopamine in critically ill patients with 
cardiac dysfunction remains.11, 12 Our objective was to conduct a systematic review 
with meta-analyses and Trial Sequential Analyses (TSA) of RCTs comparing the 
benefits and harms of dopamine compared to placebo, no intervention, or any 
potentially active comparator in critically ill patients with cardiac dysfunction. 

Methods
This systematic review was conducted following our published protocol 
(CRD42016042867),13 the recommendations of The Cochrane Handbook for 
Systematic Reviews of Interventions,14 The Cochrane Hepato-Biliary Group 
Module,15 and was reported according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) statement.16

Eligibility criteria
We considered all RCTs eligible for inclusion irrespective of language, blinding, 
publication status, sample size, or control intervention(s) for assessment of 
benefits and harms. Quasi-randomised and observational studies were included 
for assessment of potential harms and results were analysed separately.
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Only RCTs with critically ill adult patients with cardiac dysfunction were included in 
our main analysis. Critical illness encompassed any clinical setting wherein patients 
with objectively measured cardiac dysfunction seemed to require intravenous 
dopamine without restrictions on dose or duration of administration. Cardiac 
dysfunction was defined as a left ventricular ejection fraction (LVEF) below 45% 
and/or a low cardiac output syndrome. Low cardiac output syndrome was defined 
as a pre-existing or developing state of cardiac insufficiency with underlying 
left- or right-ventricular systolic dysfunction seemed to require inotrope support 
to maintain a systolic blood pressure >90 mmHg and a cardiac index >2.2 
L·min−1·m−2.17 RCTs including both patients with and without cardiac dysfunction 
were included in the review only if the majority (more than 50%) of the included 
patients had cardiac dysfunction. During the selection process, we had to exclude 
a substantial number of trials because not all trials objectively measured cardiac 
dysfunction for each patient. We realised that our eligibility criteria may not reflect 
all the situations in which doctors decide to administer dopamine. To increase 
the external validity of our systematic review, we conducted a post hoc analysis 
including trials in which a substantial proportion of patients (more than 25%) were 
assumed to have cardiac dysfunction. 

Outcomes
The primary outcome was all-cause mortality. The secondary outcomes were 
serious adverse events (SAEs), myocardial infarction, arrhythmias (including 
supra- and ventricular tachycardia and fibrillation), and renal failure requiring 
renal replacement therapy. SAEs were defined according to the International 
Conference on Harmonisation of Good Clinical Practice definitions, excluding 
mortality to avoid double counts.18 Myocardial infarction, arrhythmias, and renal 
replacement therapy were defined according to the criteria used in the individual 
trials. We included data at longest follow-up. 

Search methods
We used a sensitive search strategy that was likely to include all clinical settings 
wherein cardiac dysfunction was prevalent: eg shock, heart failure, cardiac surgery 
(Appendix S1). We searched the Cochrane Central Register of Controlled Trials 
(CENTRAL), PubMed, Web of Science, CINAHL, and Embase until 19 April 2018. We 
also searched the World Health Association's (WHO's) trial platform, ClinicalTrials.
gov, and FDA and EMA homepages for ongoing trials. Last, we searched the 
references of the selected trials and previous meta-analyses to identify further 
relevant trials. 
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Trial selection, data extraction, and bias risk assessments
Two authors independently identified trials for inclusion and extracted study, 
patient and intervention characteristics, evaluated outcomes, and risks of bias 
according to the domains of bias in The Cochrane Handbook for Systematic 
Reviews of Interventions.14 Trials with one or more of the risks of bias domains 
classified at high or unclear risk were considered trials at high risk of bias.14 The 
authors of the individual trials were contacted in case of any unclear or missing 
information. 

All data on the outcomes of all trials were assessed for the risks of systematic errors 
(‘bias’), the risks of other design errors, and the risks of random errors. The three-
dimensional Manhattan error matrix plot was used to facilitate the overview of 
available evidence at a glance.19 We used a funnel plot to explore small trial bias.14

Statistical methods
Results were presented as relative risks (RR), odds ratios (OR), and Peto's OR with 
95% confidence interval (CI) when applicable. We used both a fixed-effect model 
and a random-effects model for our meta-analyses and presented both models in 
case of discrepancy. Considering the anticipated clinical diversity, we emphasised 
the results from the random-effects model as it provides the most conservative 
estimate of effect and/or CI. Heterogeneity was explored by inspection of forest 
plots and the chi-squared test with significance set at P-value of 0.10, and the 
quantity of heterogeneity was measured by I2.20

We used TSA on all outcomes to control for the risks of random errors (“the play 
of chance”) and adjust the thresholds for statistical significance when few data 
are present or when tested repeatedly, comparable to interim analyses in a single 
RCT. TSA calculates a diversity-adjusted required information size (RIS) which 
compares well to a sample size calculation for an RCT, and widens the thresholds 
for statistical significance before the RIS is accrued. The RIS was calculated based 
on an anticipated relative risk reduction (RRR) of 10% and appropriately adjusted 
for heterogeneity in terms of diversity (D2) according to an overall type-I error of 
5% and a power of 90% considering early and repetitive testing.21 P-values less 
than TSA-adjusted significance levels were considered statistically significant.21 We 
explain the interpretation of a TSA-graph in Figure S1. The concepts of TSA are 
explained in detail in the TSA Manual (http://www.ctu.dk/tsa) as well as in a recent 
overview.21 We used the software package Review Manager 5.3.5 for the meta-
analyses and the TSA program v.0.9.5.10 beta (http://www.ctu.dk/tsa) for the TSA. 
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Sensitivity and subgroup analyses
All outcomes were dichotomous. We constructed best-worst and worst-best 
case scenarios as sensitivity analyses for participants lost to follow-up. Following 
our protocol, we conducted subgroup analyses to explore clinical heterogeneity 
according to: (a) risk of bias in trials; (b) control intervention (inactive compared 
to a potentially active control); (c) trials assessing a low dose (<4 µg·kg−1 .min−1) 
compared to a moderate (4-10 µg·kg−1·min−1) or high dose (>10 µg·kg·−1·min−1); (d) 
clinical setting (patients having cardiac surgery compared to patients not having 
cardiac surgery). 

GRADE assessments
We used the Grading of Recommendations Assessment, Development and 
Evaluations (GRADE) approach to rate and assess the quality of the body of 
evidence for each outcome and constructed a “Summary of findings” table.22

Results
Study selection
After screening the literature search, titles and abstracts, 341 articles out of 10 858 
hits remained (Figure 1). After assessment of full-texts, 86 studies were included 
in our systematic review. Additional data was obtained from three studies.5,6,23 
The main meta-analysis included 17 RCTs with in total 1218 patients.5-7,24-37 Two 
observational studies were assessed for harmful outcomes.23,38

Characteristics of included trials
The characteristics of the 17 trials included in our meta-analyses are summarised 
in Table  1. In- and exclusion criteria of each trial are presented in Table S1. Nine 
trials had a two-arm design, seven trials consisted of three treatment arms, and 
one administered four different treatments. One trial was placebo-controlled,7 
four trials used no intervention in the control group,6,25,30,32 and 14 trials used a 
potentially active control intervention: eight trials administered an inotropic drug 
and six a diuretic drug. The administration duration of the study drugs varied from 
only during the perioperative period up to a maximum of 5 days. Seven of the 17 
trials included solely patients who all had objectively verified cardiac dysfunction 
defined by an LVEF below 45% or a low cardiac output syndrome.25,27,29,34,36,37 In a 
sensitivity analyses we only included these seven trials; findings were comparable 
to the analysis of 17 trials (e-Table 2, Appendix S2).
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2

FIGURE 1. PRISMA flow diagram. *All authors from the studies published since 1990 were contacted for 
additional data in case of missing outcomes of interest

Risk of bias
All 17 trials were at overall high risk of bias (Figure 2). Fourteen trials were at 
high risk of other bias, because nine trials (53%) did not provide a statement on 
conflicts of interest, two trials (12%) allowed cross-over to another inotrope, and 
three trials (18%) were at risk of vested interests. 



26

CHAPTER 2

FIGURE 2. Risk of bias assessment. Red, high risk; yellow, unclear risk; green, low risk 
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2

Outcomes
Table 2 summarises the meta-analysed intervention effect estimates. Due 
to absence of trials at overall low risk of bias and also due to absence of trials 
administering high-dose dopamine, we were unable to conduct these predefined 
subgroup analyses. None of the comparisons or outcomes could be analysed with 
the TSA using our prespecified parameters. As a sensitivity analyses, we conducted 
a TSA with a type I error of 5%, type II error of 10%, and an RRR of 20% on our 
primary outcome mortality to evaluate the direction of the cumulative Z-curve.

TABLE 2. Risk and odds ratios of all outcomes with subgroups analyses

Trials* Patients Events RR or OR 95% CI
Test for 
Interaction

Mortality 15 1038 150 0.91 0.68 to 1.21 P = 1.00

 (1) Placebo or control 5 452 84 0.90 0.61 to 1.33

 (1) Potentially active control 12 586 66 0.92 0.59 to 1.43

 (2) Low dose dopamine 7 568 68 0.84 0.54 to 1.30

 (2) Moderate dose dopamine 7 403 74 0.98 0.65 to 1.47

 (3) Acute heart failure 10 746 132 0.90 0.67 to 1.23

 (3) Cardiac surgery 5 292 18 0.93 0.35 to 2.48

Serious adverse events 6 582 113 1.20 0.91 to 1.57 P = 0.92

 (1) Placebo or control 2 324 41 1.48 0.82 to 2.67

 (1) Potentially active control 5 258 72 1.34 0.75 to 2.40

 (2) Low dose dopamine 3 335 80 1.16 0.78 to 1.71

 (2) Moderate dose dopamine 3 267 33 1.70 0.86 to 3.39

 (3) Acute heart failure 4 486 59 1.54 0.94 to 2.53

 (3) Cardiac surgery 2 96 54 1.45 0.43 to 4.90

Myocardial infarction 5 339 16 1.63 0.56 to 4.71 P = 0.99

 (1) Placebo or control 1 83 2 2.00 0.12 to 33.2

 (1) Potentially active control 5 256 14 1.57 0.50 to 4.95

 (2) Low dose dopamine 2 111 8 1.68 0.15 to 18.8

 (2) Moderate dose dopamine 3 228 8 1.99 0.47 to 8.36

 (3) Acute heart failure 2 202 7 2.91 0.55 to 15.3

 (3) Cardiac surgery 3 137 9 1.09 0.27 to 4.33

Ventricular 
tachyarrhythmias

8 538 24 1.46 0.52 to 4.10 P = 0.97

 (1) Placebo or control 3 329 12 3.23 0.36 to 28.6

 (1) Potentially active control 6 209 12 0.94 0.28 to 3.15

 (2) Low dose dopamine 3 270 10 2.12 0.08 to 55.3

 (2) Moderate dose dopamine 5 268 14 1.09 0.35 to 3.43
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Trials* Patients Events RR or OR 95% CI
Test for 
Interaction

 (3) Acute heart failure 6 471 21 1.29 0.38 to 4.39

 (3) Cardiac surgery 2 67 3 2.18 0.17 to 27.6

Renal replacement therapy 4 371 51 0.44 0.07 to 2.75 P = 0.94

 (1) Placebo or control 2 113 1 0.64 0.03 to 15.3

 (1) Potentially active control 3 258 50 0.42 0.05 to 3.67

 (2) Low dose dopamine 3 210 48 0.26 0.02 to 3.43

 (2) Moderate dose dopamine 1 161 3 1.16 0.15 to 9.15

 (3) Acute heart failure 1 161 3 1.16 0.15 to 9.15

 (3) Cardiac surgery 3 210 48 0.26 0.02 to 3.43

Atrial tachyarrhythmias 2 181 3 1.16 0.14 to 9.65 P = 0.99

 (1) Placebo or control 2 103 1 0.64 0.03 to 16.2

 (1) Potentially active control 1 78 2 1.81 0.11 to 30.2

 (2) Low dose dopamine 1 20 0 - -

 (2) Moderate dose dopamine 1 161 3 1.16 0.14 to 9.65

 (3) Acute heart failure 2 181 3 1.16 0.14 to 9.65

 (3) Cardiac surgery 0 0 0 - -

Legend. RR, relative risk; OR, odds ratio; CI, confidence interval. 
*Some trials compared dopamine with both a control intervention and a potentially active control (i.e. 
three-arm design), which is why the combined number of trials in subgroup analysis 1 differ from the 
total amount.

Comparison 1: all critically ill patients with cardiac dysfunction
All-cause mortality

All-cause mortality was reported in 15 of the 17 trials with a total of 1038 included 
patients. One trial reported mortality only during their 72-hour study period, seven 
trials reported in-hospital mortality, four trials 30- to 60-day mortality, and three trials 
mortality after 6-12 months of follow-up (Table 1). Dopamine did not statistically 
significantly affect mortality when compared with any control intervention (60/457 
[13%] vs 90/581 [15%]; RR 0.91; 95% CI 0.68-1.21; I2 0%), or when compared with an 
inactive control or with a potentially active control (Figure 3).

TSA on all trials showed that 19% of the RIS data was accrued and that about 
another 4292 patients need to become randomised in RCTs before the RIS will be 
reached (Figure 4; RR 0.91; TSA-adjusted CI 0.50-1.67).
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2

SAEs 

The occurrence of SAEs was reported in six trials with 582 included patients. 
Dopamine was not statistically significantly associated with SAEs when compared 
with any control intervention (62/268 (23%) vs 51/314 (16%); RR 1.20; 95% CI 0.91 
to 1.57; I2 2%; Figure 5). In a sensitivity analysis, we included mortality in our SAEs 
and found no statistically significant associations (122/457 (27%) vs 141/581 (24%); 
RR 1.06; 95% CI 0.89 to 1.27; I2 0%). TSA on all trials showed that only 12% of 
the data was accrued and that about 4405 additional patients need to become 
randomised in RCTs before the RIS will be reached (RR 1.20; TSA-adjusted CI 0.41 
to 3.41; Figure S2).

FIGURE 3. Forest plot of mortality in all trials stratified by intervention. Forest plot of all-cause mortality in 
trials stratified by intervention. Size of squares for risk ratio (RR) reflects the weight of the trial in the meta-
analysis. Horizontal bars are 95% confidence intervals (CI)
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FIGURE 4. Trial Sequential Analysis for all-cause mortality. The Trial Sequential Analysis is based on 15 
trials, which is the meta-analysed effect of dopamine vs any (in)active comparator intervention. The blue 
cumulative z-curve was constructed using a random-effects model. The horizontal green dotted lines 
represent the conventional naïve boundaries for benefit (positive) or harm (negative). The red dotted 
lines represent the trial sequential boundaries for benefit (positive), harm (negative), or futility (middle 
triangular area)
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Other outcomes

There were no significant differences in favour of any intervention on the other 
outcomes (Table 2). None of the outcomes could be analysed with TSA using our 
prespecified parameters because less than 5% of RIS was accrued. 

FIGURE 5. Forest plot of serious adverse events in all trials stratified by intervention. Size of squares for 
risk ratio (RR) reflects the weight of the trial in the meta-analysis. Horizontal bars are 95% confidence 

intervals (CI).

Comparison 2: trials subdivided by dopamine dose (low 
compared to moderate)

All-cause mortality 

Seven trials administered low-dose dopamine (i.e. < 4 µg∙kg-1∙min-1) and seven 
trials a moderate dose (4 to 10 µg∙kg-1∙min-1). Trials that studied low-dose 
dopamine in patients with heart-failure targeted to increase diuresis by improving 
renal perfusion, whereas low-dose dopamine during cardiac surgery was used 
to preserve renal function. Moderate dose-dopamine was administered in both 
patients with heart-failure and cardiac surgery patients to increase renal perfusion 
and ameliorate cardiac function. One trial that reported mortality did not report 
on the dopamine dose.30 No statistically significant associations between different 
doses of dopamine and mortality were found (Table 2). 

SAEs 

The occurrence of SAEs was recorded in three trials that administered low-dose 
dopamine and in four trials administering moderate-dose dopamine. No significant 
differences were found for either low or moderate dose dopamine (Table 2). 
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Other outcomes

In the low-dose dopamine group there was significant heterogeneity (I2 90%, 
P=0.002) due to one trial reporting use of renal replacement therapy in 36 of 
the 40 patients (90%) in the control group versus 2 of the 42 patients (5%) in the 
dopamine group. No significant differences were observed for any dose on any of 
the outcomes (Table 2).

Comparison 3: trials subdivided by setting (heart failure 
compared to cardiac surgery)

All-cause mortality

Ten trials were conducted in patients admitted with acute heart failure and seven 
trials in patients undergoing cardiac surgery. Heart failure was often based on 
clinical symptoms classified by the New York Heart Association (NYHA) and a 
depressed LVEF (Table S1). The type of cardiac surgery varied between the trials: 
two trials included patients having cardiac artery bypass grafting,34,36 two trials 
included patients having mitral valve surgery,35,37 and three trials included patients 
having various cardiac surgeries.31-33 Subgroup analyses by clinical setting did not 
show any statistically significant associations on mortality (Table 2).

SAEs 

SAEs were reported in four trials that included patients with acute heart failure 
and in two trials that included patients undergoing cardiac surgery. There were no 
statistically significant associations on occurrence of SAEs in both settings (Table 2).

Other outcomes

There was no significant difference in favour of any intervention on the proportion 
of myocardial infarction, renal replacement therapy, and ventricular or atrial 
tachyarrhythmias (Table 2). 

Post-hoc meta-analyses with broader inclusion criteria of 
cardiac dysfunction
These post-hoc meta-analyses included trials in which a substantial proportion of 
patients (> 25%) were assumed to have cardiac dysfunction. This broader inclusion 
criterion added ten trials with patients suffering from shock (n = 1679) or septic 
shock (n =444), who received high-dose dopamine for treatment of hypotension. 
This meta-analysis included 40 trials with 4182 patients and full details can be 
found in Supplements 2. 
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Dopamine seemed associated with increased mortality, increased SAEs, and 
increased tachyarrhythmias when compared with a potentially active control 
intervention (Table S2). The excess mortality was largely attributable to the trials 
which administered high-dose dopamine and accounted for 87% of weight in the 
pooled effect (Figure S3). All but one of these trials compared dopamine with 
noradrenaline and two trials allowed other cardioactive co-interventions with 
dobutamine or open-label noradrenaline. TSA including all trials reporting on 
mortality showed that it is highly unlikely to show a beneficial effect of dopamine 
with further trials, as the cumulative Z-curve would have to cross the futility area 
(Figure S4).

Observational studies
One quasi-randomised study and one observational study were assessed for 
harms.23,38 One study compared dopamine to levosimendan and recorded SAEs 
and arrhythmias38; the other evaluated dopamine to an intra-aortic balloon pump 
and reported myocardial infarction and renal replacement therapy proportions.23 
Dopamine did not significantly affect any of these outcomes (Table S3).
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Quality of evidence
Based on GRADE, the certainty of the evidence on all outcomes was judged as ‘very 
low’ and was mainly attributable to serious risks of bias, serious indirectness, and 
very serious imprecision (Table 3). The Manhattan error matrix plots showed that 
there are lacunas in the evidence of dopamine regarding both systematic errors 
and random errors (Figure S5). The funnel plots showed no clear arguments for 
small trial bias including publication bias (Figure S6).

Discussion
Our main meta-analysis consisting of 17 trials with 1218 patients did not provide 
high-quality evidence to support or refute the use of dopamine. All trials were at 
overall high risk of bias, only one trial compared dopamine with placebo, and TSA 
showed that further thousands of patients need to be randomised before firm 
conclusions can be drawn. The use of dopamine as preferred inotrope in up to 
25% of heart failure patients lacks evidence from RCTs. 

The largest trial on dopamine thus far observed that high-dose dopamine, as 
compared with noradrenaline, is associated with increased 28-day mortality in the 
subgroup of patients with cardiogenic shock.8 We could not include these patients 
in our main meta-analysis because cardiac function was not measured in each 
patient and the randomisation procedure was not stratified for the cardiogenic 
shock subgroup. The increased mortality was supported by a meta-analysis 
including trials randomising patients with cardiogenic shock receiving high-dose 
dopamine.39 We were unable to include these trials because the meta-analysis 
did not elaborate on cardiac function of each trial population and the full-text 
manuscripts were inaccessible to us (i.e. the Wanfang and Weipu Database). 
Based on these studies, high-dose dopamine for treatment of cardiogenic shock 
seems associated with increased harm. 

Dopamine for treatment of cardiac dysfunction also seems harmful according to 
observational data.11 Nevertheless, the quality of current evidence on the possible 
benefits or harms of dopamine, milrinone, levosimendan, and probably all other 
inotropes is considered very low. 40,41 There is currently no high-quality evidence 
on which inotrope should preferentially be administered to patients with cardiac 
dysfunction. 

Previous systematic reviews on dopamine in critically ill adult patients differ in 
design; all studied dopamine in patients with cardiogenic,39,42 hypotensive,9 or septic 
shock.43-47 Some identified a potentially harmful effect of dopamine on mortality 
and occurrence of arrhythmias,39,43,44,46 while others were inconclusive.9,42,45,47 
These systematic reviews used different inclusion criteria and most studied high-
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dose dopamine.9,39,43-47 The main analysis of our systematic review included fewer 
patients (n = 1218) compared to eight of the other reviews (n = 510 39, n = 70 42, n = 
1400 9, n = 2043 44, n = 1408 43,47, n = 3819 45, n = 1718 46) due to our more stringent 
inclusion criteria on cardiac dysfunction. We selected patients with objectively 
measured cardiac dysfunction because these patients would presumably benefit 
the most from an inotropic drug based on a pathophysiological reasoning. 
Critically ill patients with a normal cardiac function probably benefit less from the 
inotropic effects of dopamine and are more likely to only suffer potential harms.

Limitations and strengths
Potential biases may have arisen during the review process. Our systematic 
review mainly included small trials (i.e. less than 100 patients per trial) that used 
haemodynamic variables as their primary outcome. Therefore, our effect estimates 
may contain covariate imbalances and the included trials were individually 
underpowered for our outcomes.48 Such problems with imbalance and power are, 
however, best mitigated through the conduct of meta-analyses.  

It can be debated whether our inclusion criteria fully reflect daily clinical practise. 
We were interested in patients with cardiac dysfunction based on cardiac index and 
LVEF measurements, which are operator dependent and may have considerable 
interobserver variability.49,50 Though, these are currently the advocated measures 
to quantify left-ventricular function and often used as trigger to start inotropic 
treatments.51 

Although statistical heterogeneity was often absent, our meta-analyses had 
considerable clinical heterogeneity because 1) not all trials included patients who 
all have objectively verified cardiac dysfunction and 2) dopamine was administered 
in different doses to patients in different clinical settings, based on different 
assumed pathophysiological mechanisms. In fact, very few of the included trials 
had objective haemodynamic targets to direct infusion of dopamine and other 
inotropes. We probably cannot move forward understanding the role of inotropes 
before we understand the pathophysiology of shock on organ level.

More insight is needed into the pathophysiology of shock on organ level with 
bridging to haemodynamic goals to achieve optimal organ function support in 
critical ill patients. To detect possible sources of clinical heterogeneity, we first 
conducted subgroup analyses on dopamine dose, clinical setting, and a sensitivity 
analysis of trials exclusively including patients with cardiac dysfunction. Second, 
we conducted post-hoc meta-analyses with a broader inclusion criterion for 
cardiac dysfunction.
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Conclusion
Evidence for dopamine in critically ill adults with cardiac dysfunction is sparse and 
of low quality due to high risks of systematic errors and random errors. The use 
of dopamine in patients with cardiac dysfunction can neither be recommended 
nor refuted.
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Abstract
Background
Milrinone is an inotrope widely used for treatment of cardiac failure. Because 
previous meta-analyses had methodological flaws, we decided to conduct a 
systematic review of the effect of milrinone in critically ill adult patients with 
cardiac dysfunction.

Methods
This systematic review was performed according to The Cochrane Handbook for 
Systematic Reviews of Interventions. Searches were conducted until November 
2015. Patients with cardiac dysfunction were included. The primary outcome was 
serious adverse events (SAE) including mortality at maximum follow-up. The risk 
of bias was evaluated and trial sequential analyses were conducted. The quality 
of evidence was assessed by the Grading of Recommendations Assessment, 
Development and Evaluation criteria.

Results
A total of 31 randomised clinical trials fulfilled the inclusion criteria, of which 
16 provided data for our analyses. All trials were at high risk of bias, and none 
reported the primary composite outcome SAE. Fourteen trials with 1611 
randomised patients reported mortality data at maximum follow-up (RR 0.96; 95% 
confidence interval 0.76-1.21). Milrinone did not significantly affect other patient-
centred outcomes. All analyses displayed statistical and/or clinical heterogeneity 
of patients, interventions, comparators, outcomes, and/or settings and all featured 
missing data.

Conclusion
The current evidence on the use of milrinone in critically ill adult patients with 
cardiac dysfunction suffers from considerable risks of both bias and random error 
and demonstrates no benefits. The use of milrinone for the treatment of critically 
ill patients with cardiac dysfunction can be neither recommended nor refuted. 
Future randomised clinical trials need to be sufficiently large and designed to have 
low risk of bias.
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Introduction
Milrinone (Corotrope®/Primacor®) is a type III phosphodiesterase inhibitor 
primarily used for inotropic support in the treatment of cardiac dysfunction. 
Although milrinone is implemented in several guidelines, its efficacy and safety 
profile remain controversial [1, 2].

Three meta-analyses have evaluated milrinone in critically ill patients [3–5]. One 
meta-analysis included adult cardiac surgery patients and observed that milrinone 
was associated with a significant increase in mortality while an update of the 
review found no significant effects [4, 5]. One other meta-analysis evaluated 
milrinone for the treatment of acute heart failure after acute myocardial infarction 
and suggested that milrinone might be safe and effective in these patients [3]. 
Unfortunately, only four trials with a limited number of 303 patients were included.
None of these meta-analyses met all key methodological criteria for being a 
systematic review [6]. None of them were based upon a previously published 
protocol [3–5]. They lacked or had insufficient assessment of the risk of bias, 
and bias risks were insufficiently incorporated in the analyses and conclusions. 
They also lacked sufficient evaluation of the risks of random errors [7–9]. Just 
one domain having unclear risk of bias or high risk of bias is potentially sufficient 
to bias the findings. Furthermore, none of the previous meta-analyses assessed 
the outcomes according to the patients’ perspective following the Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) [10]. 
GRADE assesses the quality of evidence by evaluating risk of bias, heterogeneity, 
indirectness, imprecision and publication bias [10].

Our objective was to perform a systematic review with meta-analyses and trial 
sequential analysis (TSA) of randomised clinical trials (RCTs) according to The 
Cochrane Handbook for Systematic Reviews of Interventions and The Cochrane 
Hepato-Biliary Group Module comparing the benefits and harms of milrinone in 
critically ill adult patients with cardiac dysfunction [6, 7].

Methods
This systematic review was conducted according to our published protocol 
following the recommendations of The Cochrane Handbook for Systematic 
Reviews of Interventions and The Cochrane Hepato-Biliary Group Module and 
reported according to the PRISMA statement [6, 7, 11]. The protocol for this 
systematic review was registered at PROSPERO (no. CRD42014009061) [12].
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Eligibility criteria
We considered all randomised clinical trials for inclusion, irrespective of language, 
blinding, publication status or sample size for assessment of benefits and harms. 
Quasi-randomised studies and observational studies with more than 500 patients 
were not included regarding assessment of benefits, but were considered for 
inclusion regarding assessment of harms and were planned to be analysed 
separately from the randomised trials [6].

Only trials with adult patients having cardiac dysfunction were considered. Cardiac 
dysfunction was defined as left ventricular ejection fraction (LVEF) below 40% and/
or low cardiac output. Low cardiac output syndrome was defined as a pre-existing 
or developing state of cardiac insufficiency with underlying left or right ventricular 
systolic dysfunction requiring inotrope support [13]. We accepted the definitions 
of the diagnoses according to the criteria used in each individual randomised 
trial. Milrinone was considered the experimental intervention. There were no 
restrictions on dose, continuous or intermittent administration, or duration of 
treatment. However, trials with oral and/or inhaled milrinone were excluded as 
such routes of administration were judged inappropriate for critically ill patients.

All trials were included independent the type of control intervention, i.e., no 
intervention, placebo, dobutamine, levosimendan, or any other inotrope or 
vasopressor. While this may introduce heterogeneity, subgroup comparisons 
were preplanned according to inactive (placebo or no intervention) and potentially 
active control interventions (e.g., other inotropes or vasopressors).

All outcomes were graded according to the patients’ perspective following GRADE 
[9]. The primary outcome was serious adverse events (SAE). SAE is a composite 
outcome summarising all serious events necessitating an intervention, operation, 
prolonged hospital stay or mortality according to ICH-GCP definitions [14]. 
This outcome was chosen for balancing the potential benefits and harms. The 
secondary outcomes were all-cause mortality, myocardial infarction, arrhythmia 
(including supra- and ventricular tachycardia and ventricular fibrillation) and 
duration of mechanical ventilation. Time-specific analyses of mortality were 
conducted according to availability of data (e.g. 30, 90 and/or 180 days). Length of 
stay (both intensive care unit and total hospital stay) is a potentially highly biased 
surrogate outcome for recovery and was therefore not considered.

Search strategy
We searched the Cochrane Central Register of Controlled Trials (CENTRAL) in The 
Cochrane Library, PubMed/MEDLINE, EMBASE, Web of Science and CINAHL until 
November 2015 (see supplements). We searched the references of the identified 
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trials and systematic reviews to identify any further relevant trials, i.e. backward 
snowballing. We also searched the WHO’s trial platform and ClinicalTrials.gov for 
ongoing trials and contacted the FDA and EMA.

Study selection and data extraction
Two authors independently identified the trials for inclusion. Excluded studies 
were listed with reasons for exclusion. The following data was extracted: year of 
publication, country in which the trial was conducted, year of conduct of the trial, 
single-centre or multicentre trial, inclusion and exclusion criteria, all outcomes, 
details on interventions and characteristics of the trials, e.g. baseline imbalance, 
early stopping and other than intention-to-treat analysis. The authors of the 
individual trials were contacted in case of any unclear or missing information.

Bias risk assessment
Two authors independently assessed the risks of bias of the trials following 
instructions in The Cochrane Handbook for Systematic Reviews of Interventions 
[6]. The following risk of bias domains were extracted from each trial: random 
sequence generation, allocation concealment, blinding of participants and 
personnel, blinding of outcome assessors, incomplete outcome data, selective 
outcome reporting and other bias including bias due to vested interest and/or 
academic bias [15–20]. Trials were classified as low risk of bias if all the domains 
were assessed as low risk. Trials were considered to have high risk of bias if one or 
more of these bias risk domains were scored as unclear or high risk of bias.

Error matrix approach
Data on the outcomes of all trials were assessed for the risks of bias (measured by 
the level of evidence), the risks of random error (measured by standard error) and 
design errors (measured by GRADING the outcomes) [21]. The three-dimensional 
Manhattan error matrix was used to facilitate the overview of available evidence 
at a glance [21].

Statistical analysis
We performed the meta-analyses according to The Cochrane Handbook for 
Systematic Reviews of Interventions [6] and The Cochrane Hepato-Biliary Group 
Module [7] and used the software package Review Manager 5.30 [22]. For TSA, the 
TSA program v.0.9beta (http://www.ctu.dk/tsa) was used [23].

Results were presented as relative risks (RR) with 95% confidence interval (CI) if 
there were two or more trials for an outcome. For rare events (<5% in the control 
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group) we calculated odds ratios (OR) and for very rare events (<2% in the control 
group) we calculated Peto’s OR with 95% CI [24]. We also reported risk differences 
(RD) if conclusions were different from risk ratio. P values less than TSA-adjusted 
significance levels were considered statistically significant.

We calculated both a fixed-effect [25] and a random-effects [26] model for meta-
analysis and presented both models in case of discrepancy. Considering the 
anticipated clinical heterogeneity we emphasised the random-effects model 
except if one or two trials dominated the available evidence [27]. Heterogeneity 
was explored by the Chi-squared test with significance set at a P value of 0.10, and 
the quantity was measured by I2 [6, 28].

Analyses were performed on intention-to-treat [6]. In case of statistically significant 
RR, we calculated the number needed to treat (NNT) or number needed to harm 
(NNH) with 95% CI.

Predefined subgroup analyses were conducted according to (1) the bias risk 
of trials (low risk of bias compared to trials with unclear and high risk of bias; 
hypothesis: trials with unclear or high risk of bias are associated with more 
favourable beneficial effects); (2) the control intervention (inactive compared to 
potentially active; hypothesis: milrinone appears more favourable when compared 
to an inactive control intervention than potentially active control intervention); (3) 
clinical setting (patients having cardiac surgery compared to patients not having 
cardiac surgery; hypothesis: milrinone shows benefit in patients having cardiac 
surgery and not in other patients).

Funnel plots were used to explore small trial bias when data of more than ten 
randomised trials were available [6, 29, 30].

Trial sequential analysis (TSA)
We conducted TSA to control the statistically significance levels when data are 
reanalysed repetitively or are too sparse to draw firm conclusions, and accordingly, 
appropriately widen the confidence intervals [8, 9, 31–33]. TSA depends on the 
quantification of the required information size (the meta-analysis sample size). 
We calculated the diversity (D2)-adjusted required information size (DARIS) for a 
random-effects meta-analysis [34]. Trial sequential monitoring boundaries cannot 
be calculated when less than 5% of the DARIS has been accrued. We conducted TSA 
with the intention to maintain an overall 5% risk of a type I error and a power of 
90%. We used the unweighted control event proportion in the control group and we 
anticipated an intervention effect of a 10% relative risk reduction (RRR). Sensitivity 
analyses were conducted using an RRR of 20% as well as the lower confidence limit 
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of the RRR of the intervention effect suggested by the meta-analysis of the trials 
with low risk of bias [27]. We intended to provide the CI adjusted for sparse data 
and repetitive testing, which we describe as the TSA-adjusted CI.

GRADE approach
We used the GRADE system to assess the quality of the body of evidence associated 
with each of the major outcomes in our review using GRADE software (ims.
cochrane.org/revman/other-resources/gradepro) [10]. The quality measure of a 
body of evidence considers within-study risk of bias, indirectness, heterogeneity, 
imprecision and risk of publication bias.

Results
The search strategy identified 9336 hits (Fig. 1). Three additional publications were 
identified by backward snowballing: two could be included [35, 36] and one was 
irretrievable [37]. After removal of duplicates and screening, 244 hits remained. 
Of the 244 hits, 213 were excluded after full text evaluation. The remaining 
31 publications were included in this systematic review. All authors of the 31 
publications were contacted for missing data; only three authors responded [38–
40], but no additional data was obtained. Of the 31 publications, 15 evaluated 
only surrogate outcomes (such as haemodynamic variables). Accordingly, only 16 
randomised trials provided data for analyses [35, 36, 38, 40–52].
No ongoing trials, quasi-randomised studies or observational studies were 
identified.
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FIGURE 1. PRISMA flow diagram.
Legend. Asterisk not available at Dutch libraries or the universities linked through the University of 
Groningen. Double asterisk study design: no RCT or prospective non-randomised <500 patients. 
Population: no cardiac dysfunction or low cardiac output syndrome. Intervention: not milrinone

Characteristics of the included trials

The characteristics of the 16 randomised trials that provided data for analyses are 
listed (Table 1). Two trials used a three-arm parallel group design; all others had a 
two-arm parallel group design. There were five multicentre trials.

Eight trials evaluated patients after cardiac surgery [38, 41, 43, 45–48, 51], four 
trials evaluated patients with chronic heart failure [40, 42, 44, 50], three trials 
evaluated patients with acute heart failure after acute myocardial infarction [35, 
36, 49] and one trial evaluated patients with severe sepsis [52].

Milrinone was administered in different doses. Nine trials used a 50 µg/kg 
bolus and one trial a 30 µg/kg bolus. Continuous infusion rates ranged from 



53

Milrinone for cardiac dysfunction in critically ill adult patients

3

0.25 to 1.0 µg/kg/min. Eight trials used an inactive comparator and eight trials 
used a potentially active comparator, including catecholamines, dobutamine, 
levosimendan, nifedipine or nesirrtide. Many trials applied milrinone as an add-on 
intervention to standard care including other inotropes.

TABLE 1. Baseline characteristics of included trials

Trial Pa-
tients

Clinical 
setting

Milrinone bolus 
and infusion rate

Comparator Outcomes

Cardiac surgery setting

Doolan 
(1997)

30 CHF, 
ONCAB 
and 
valve 
surgery

50 µg/kg; placebo (67% 
received open 
label milrinone)

Primary: none
Secondary: arrhythmia
Other: none
Surrogate: failure of 
weaning from CPB, 
hemodynamic - and 
biochemical parameter

0.5 µg/kg/min for 
minimum 4h

Feneck  
(2001)

120 AHF, 
cardiac 
surgery

50 µg/kg; dobutamine 
10µg/kg/min 
up to 20µg/kg/
min if clinically 
indicated

Primary: none
Secondary: MI, 
arrhythmias, hypotension
Other: adverse events, 
severe low output state
Surrogate: hemodynamic 
parameters

0.5 µg/kg/min to 0.75 
µg/kg/min

Möllhoff 
(2002)

30 CHF, 
cardiac 
surgery

no bolus; nifedipine 
0.2µg/kg/min 
for at least 24h 
(dobutamine 
or epinephrine 
added when 
needed; no data)

Primary: mortality (1 year)
Secondary: arrhythmias
Other: hospital stay, 
angina pectoris at 1yr, 
NYHA at 1yr
Surrogate: hemodynamic 
– and biochemical 
parameters

0.375 µg/kg/min 
for at least 24h 
(dobutamine or 
epinephrine added 
when needed; no 
data)

Al Shawaf 
(2006)

30 CHF, 
cardiac 
(valve) 
surgery

50 µg/kg;  levosimendan 
bolus 12µg/kg 
followed by 0.1 
to 0.2µg/kg/min 
for 24h

Primary: mortality (48 
hour)
Secondary: MI, 
arrhythmias, mechanical 
ventilation
Other: renal replacement 
therapy
Surrogate: hemodynamic 
parameters

0.3 to 0.5 µg/kg/min 
for 24h

Brackbill 
(2007)

40 CHF, 
cardiac 
surgery

50µg/kg; nesiretide 
bolus 2µg/kg 
with infusion 
0.01µg/kg/min 
for approx. 24h 
(30% received 
epinephrine; 40% 
dopamine)

Primary: mortality (30 
days)
Secondary: none
Other: renal failure, length 
of ICU and hospital stay
Surrogate: hemodynamic 
parameters

0.375 µg/kg/min 
for approximately 
24h (20% received 
epinephrine; 35% 
dopamine)
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Trial Pa-
tients

Clinical 
setting

Milrinone bolus 
and infusion rate

Comparator Outcomes

De Hert 
(2007)

30 CHF, 
cardiac 
surgery

no bolus; levosimendan 
0.1µg/kg/min 
maximum 24h (+ 
dobutamine 5µg/
kg/min)

Primary: mortality (30 
days)
Secondary: MI, 
arrhythmias, mechanical 
ventilation
Other: length of ICU and 
hospital stay
Surrogate: biochemical 
– and hemodynamic 
parameters

0.5 µg/kg/min (+ 
dobutamine 5µg/kg/
min)

Jebeli (2010) 70 CHF, 
ONCAB 

50µg/kg;  placebo (>90% 
received 
dopamine)

Primary: mortality (until 
ICU discharge)
Secondary: MI, arrhythmia, 
mechanical ventilation 
Other: myocardial 
ischemia, non-myocardial 
ischemic events, renal 
failure, duration of CPB, 
inotropic support and ICU 
stay
Surrogate: biochemical 
parameters, need for IABP

0.5µg/kg/min for 
24h (>90% received 
dopamine)

Hadadzadeh 
(2013)

80 CHF, 
OPCAB 

50 µg/kg;  placebo (52.5% 
received other 
‘inotropic 
support’)

Primary: mortality (until 
ICU discharge)
Secondary: MI, arrhythmia, 
mechanical ventilation
Other: myocardial 
ischemia, ICU stay, 
inotropic support 
duration, renal failure, 
non-myocardial ischemic 
events 
Surrogate: need for IABP, 
biochemical parameters
 

0.5 µg/kg/min for 24h 
(47.5% received other 
‘inotropic support’)

Non-cardiac surgery setting

Biddle (1987) 79 CHF 50 or 75 µg/kg;  dobutamine 
2.5 µg/kg/min, 
increased to max. 
15.0 µg/kg/min

Primary: mortality (48 
hour)
Secondary: arrhythmias 
Other: adverse reactions
Surrogate: hemodynamic 
parameters

0.5 µg/kg/min up to 
0.75 or 1.0 µg/kg/min

Karlsberg 
(1996)

30 AHF 
post MI

50 µg/kg; dobutamine 
2.5 µg/kg/min 
titrated to a max. 
of 15µg/kg/min

Primary: mortality (24 
hour)
Secondary: arrhythmias 
Other: adverse events
Surrogate: 
echocardiographic – and 
hemodynamic parameters

First 3h uptitration 
from 0.5, 0.62 to 0.75 
µg/kg/min and then 
0.25 to 0.75 µg/kg/
min 
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Trial Pa-
tients

Clinical 
setting

Milrinone bolus 
and infusion rate

Comparator Outcomes

Siostrzonek 
(2000)

20 CHF no bolus; conventional (+ 
dobutamine)

Primary: mortality (24 
hour)
Secondary:  none
Other: length of ICU stay
Surrogate: days until 
complete weaning 
from catecholamine, 
hemodynamic - and 
biochemical parameters  

0.5 µg/kg/min >24h 
(+ dobutamine)

Cuffe  (2002) 949 AHF, 
CHF

no bolus; placebo (9.3% 
received 
dobutamine)

Primary: mortality (60 
days)
Secondary: SAE, MI, 
arrhythmias, hypotension
Other: length of stay
Surrogate: none

0.5 µg/kg/min, 
titrated to 0.375-
0.75 µg/kg/min and 
maintained for 48-
72h (11.5% received 
dobutamine) 

Aranda 
(2003)

36 CHF, 
awaiting 
Htx

no bolus; dobutamine  
2.5 µg/kg/min 
titrated 2.5 µg/
kg/min to a max. 
10 µg/kg/min 
(18% received 
dopamine)

Primary: mortality (until 
hospital discharge)
Secondary: arrhythmias
Other: Htx, inotrope 
(bridge to Htx), LVAD 
(bridge to Htx), IABP 
(bridge to Htx), length of 
stay
Surrogate: switched 
to alternate drug, 
hemodynamic parameters, 
cost effectiveness

0.25µg/kg/min, 
titrated  0.125µg/kg/
min to max 0.75µg/
kg/min (32% received 
dopamine)

Yang  (2007) 120 AHF 
post MI

no bolus; control Primary: mortality (7 days)
Secondary: none
Other: none
Surrogate:  
echocardiographic -, 
hemodynamic - and 
biochemical parameters  

0.5 µg /kg/min for 
5 hr
once a day for 7 days

Pang   (2011) 50 AHF 
post MI

50 µg/kg;  placebo (+ 
dobutamine)

Primary: mortality (5 days)
Secondary: none
Other: none
Surrogate: gastrointestinal 
reaction, hemodynamic 
parameters

0.5 µg/kg/min (+ 
dobutamine)

Wang (2015) 
*

60 Sepsis 30 µg/kg;  control Primary: mortality (28 
days)
Secondary: none
Other: adverse events, 
ICU/hospital stay
Surrogate:  hemodynamic 
- and biochemical 
parameters

0.375 to 0.5 µg/kg/
min

Legend. AHF = acute heart failure, CHF = chronic heart failure, CPB = cardiac pulmonary bypass, Htx = 
heart transplant, IABP = intra-arterial balloon pump, ICU = intensive care unit, LVAD = left ventricular 
assist device, MI = myocardial infarction, ONCAB = on-pump coronary artery bypass graft; OPCAB = off-
pump coronary artery bypass graft, SAE = serious adverse events. The maximal length of follow-up for the 
outcome mortality is reported between the quotes in the ‘Outcomes’ column.  

* Only the comparison between milrinone and control was included
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Bias risk assessment
Three trials (19%) had low risk of bias regarding sequence generation, two trials 
(13%) had low risk of bias regarding allocation concealment, five trials (31%) 
had low risk of bias regarding blinding of participants, six trials (38%) had low 
risk of bias regarding blinding of outcome assessors, five trials (31%) had low 
risk of bias regarding incomplete outcome data, four trials (25%) were without 
selective outcome reporting and two trials (13%) were assessed as low risk of 
bias concerning industry and/or academic bias (Fig. 2). Accordingly, all trials were 
assessed as high risk of bias.

FIGURE 2. Risk of bias assessment. Review of authors’ judgements about each risk of bias domain for each 
included study. Red high risk, green low risk, yellow unclear
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Outcomes
The pooled intervention effect estimates with the 95% CI of the outcomes are 
specified according to control intervention and setting (Table 2 and supplements).

TABLE 2. Conventional risk ratios with 95% confidence intervals (CI) for the evaluated outcome measures 
including all patients stratified by intervention

Number 
of trials

Number of 
patients

Conventional meta-analysis

RR with 95% CI Test of 
interaction

Mortality

Inactive control 5 1267 0.99 (0.77 to 1.27)

Potentially active control 9 344 0.76 (0.31 to 1.89)

Any control 14 1611 0.96 (0.76 to 1.21) P=0.59

MI

Inactive control 3 1060 0.54 (0.11 to 2.69)

Potentially active control 2 60 1.09 (0.36 to 3.29)

Any control 5 1120 0.73 (0.25 to 2.09) P=0.48

VT/VF

Inactive control 4 1087 0.80 (0.40 to 1.61)

Potentially active control 3 139 1.11 (0.58 to 2.15)

Any control 7 1226 0.96 (0.65 to 1.41) P=0.50

SVT

Inactive control 2 988 1.43 (0.80 to 2.54)

Potentially active control 2 150 0.60 (0.13 to 2.70)

Any control 4 1138 0.89 (0.43 to 1.87) P=0.29

MV duration*

Inactive control 2 150 -2.85 (-5.00 to -0.69)

Potentially active control 2 60 12.66 (-3.48 to 28.80)

Any control 4 210 1.03 (-4.87 to 6.93) P=0.06

Legend. All pooled estimates are reported using risk ratio and calculated using a random-effects model 
unless stated otherwise. MV duration is reported in mean difference with 95% CI.
TSA adjusted risk ratios with the predefined α=0.05 (two sided), β=0.10 (power 90%), and an anticipated 
relative risk increase of 10% could not be calculated in any outcome with <5% of the DARIS accrued. 
DARIS = diversity adjusted required information size; MI = myocardial infarction; SVT: supraventricular 
tachyarrhythmia; VT/VF = ventricular tachyarrhythmia; MV = mechanical ventilation.
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In the absence of trials that reported the primary composite outcome SAE 
including mortality, we have chosen to report all-cause mortality at maximum 
follow-up as the most important outcome. There were insufficient data for time-
specific analyses of mortality. Meta-regression was not performed because of 
insufficient data.

Subgroup analyses according to risk of bias were not performed as no trial was 
assessed as having low risk of bias.

All analyses were conducted with stratification by control intervention, unless 
stated otherwise.

Comparison 1: all critically ill patients with cardiac dysfunction

All-cause mortality

Fourteen trials with 1611 randomised patients reported mortality. Pooled data 
showed that mortality at maximal follow-up was 11% in both groups (RR 0.96; 95% 
CI 0.76–1.21; I2 0%; Fig. 3).

FIGURE 3. Forest plot of all-cause mortality in trials stratified by intervention.
Legend. Size of squares for risk ratio (RR) reflects the weight of the trial in the pooled analyses. Horizontal 
bars 95% confidence intervals (CI)
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Subgroup analyses on type of control intervention and clinical setting showed 
differences in mortality event proportions in the control groups (inactive control 
group 0–70%; potentially active control group 9–73%; cardiac surgery setting 
control group 0–7%; non-cardiac surgery setting control group 0–73%), but tests 
of interaction showed no statistically significant differences between the groups (P 
= 0.59 and P = 0.83, respectively; Table 2 and supplements). No comparison could 
be analysed with TSA using the prespecified type I error of 5% and type II error of 
10% because less than 5% of DARIS was accrued.

As a sensitivity analysis, we conducted TSA with an RRR of 20% and power of 80% 
which showed that 20% of the data was accrued and thousands of additional 
randomised patients are needed before futility or the required information size 
will be reached (RR 0.96; TSA adjusted CI 0.60–1.53; see supplements).

Myocardial infarction

Five trials with 1120 patients reported myocardial infarction (MI). MI at maximal 
follow-up occurred in 3% in the inactive control group versus 15% in the potentially 
active control group. Two small trials [41, 45] had a potentially active control group. 
There were no statistically significant differences in MI between milrinone and any 
control group (RR 0.73; 95% CI 0.25–2.09; I2 61%, P = 0.48; Table 2). No comparison 
could be analysed with TSA using the prespecified type I error of 5% and type II 
error of 10% because less than 5% of DARIS was accrued.
Subgroup analyses based on clinical setting revealed discrepancy between fixed- 
and random-effects models driven by different weighting of one trial with 94% 
relative risk reduction (random-effects model RR 0.53; 95% CI 0.24–1.17, and fixed-
effect model RR 0.45; 95% CI 0.25–0.81; I2 34%; see supplements) [48].

Other outcomes

Ventricular tachyarrhythmias [i.e. ventricular tachycardia (VT)/ventricular fibril-
lation (VF)] were reported in seven randomised trials (1226 patients) with equal 
event rate percentages (7%) in both groups (RR 0.96; 95% CI 0.65–1.41; I2 0%). No 
comparison could be analysed with TSA using the prespecified type I error of 5% 
and type II error of 10% because less than 5% of DARIS was accrued.

The pooled results and the subgroup analyses showed no associations between 
milrinone and ventricular tachyarrhythmia (see supplements).

Supraventricular tachyarrhythmia’s (SVT) were reported in four trials (1138 
patients). There was a statistically significant heterogeneity between the trials in 
both subgroup analyses (both I2 55%; P = 0.08). SVT varied from 5 to 18% in the 
different subgroups (inactive versus potentially active and cardiac surgery versus 
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non-cardiac surgery). Analyses of the pooled data (RR 0.89; 95% CI 0.43–1.87) 
and the subgroups showed no significant associations (see supplements). No 
comparison could be analysed with TSA using the prespecified type I error of 5% 
and type II error of 10% since less than 5% of DARIS was accrued.

Mechanical ventilation duration was reported in four trials (210 patients) in a 
cardiac surgery setting; duration ranged from 11 to 34 h in the control group and 
10–65 h in the milrinone group. There was statistically significant heterogeneity  
(I2 80%; P = 0.002). No significant differences were found. Test of interaction was 
not significant (P = 0.06).

Comparison 2: patients with cardiac dysfunction after cardiac 
surgery

All-cause mortality

Six trials with 279 randomised patients reported mortality data. Mortality at 
maximal follow-up was 4% in both groups (RR 1.04; 95% CI 0.30–3.63; I2 0%). No 
comparison could be analysed with TSA using the prespecified type I and type II 
error because less than 5% of DARIS was accrued.

Two trials used an inactive comparator and four trials used a potentially active 
comparator. No significant associations between milrinone and mortality were 
found (see supplements).

Myocardial infarction

MI was reported in four trials including 210 patients. There was significant statistical 
heterogeneity between the trials (I2 58%; P = 0.09). There was discrepancy between 
the fixed- and the random-effects models driven by different weighting of one trial 
[48] (fixed-effect model RR 0.42; 95% CI 0.21–0.86; random-effects model RR 0.47; 
95% CI 0.13–1.72; see supplements). No comparison could be analysed with TSA 
using the prespecified type I and type II error because less than 5% of DARIS was 
accrued.

Other outcomes

Five trials with 240 patients documented ventricular tachyarrhythmia and no 
significant associations were found (see supplements).

SVTs were reported in three trials with 230 randomised patients and no significant 
associations were found between milrinone and SVTs (see supplements).
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Comparison 3: patients with cardiac dysfunction not having 
cardiac surgery

All-cause mortality

Eight trials with 1332 randomised patients reported mortality. Mortality at maximal 
follow-up was 11% in the milrinone group versus 12% in the control group (RR 
0.91; 95% CI 0.64–1.28; I2 0%). No comparison could be analysed with TSA using 
the prespecified type I error of 5% and type II error of 10% because less than 5% 
of DARIS was accrued.

Three trials used an inactive control and five trials used a potentially active control. 
Subgroup analyses on type of control intervention showed no significant difference 
(test of interaction P = 0.34). No significant associations between milrinone and 
mortality were found (see supplements).

Other outcomes

Ventricular tachyarrhythmia’s (VT/VF) were reported in two trials (986 patients). No 
significant associations between milrinone and VT/VF were found (RR 1.19 95% CI 
0.68–2.06).

There was insufficient data on other secondary outcomes.

Error matrix approach
The Manhattan error matrix plots of milrinone showed that there is a similar 
amount of evidence regarding the benefits and harms of milrinone. All trials had 
high risks of systematic errors (bias) and the large majority of the trials also had 
high risks of random errors (see supplements).

Small trial bias
Funnel plots showed no clear arguments for small trial bias including publication 
bias (see supplements).

GRADE approach
The quality of the evidence was assessed as very low for all outcomes based 
on risk of bias limitations, indirectness, inconsistency, imprecision and other 
considerations. Table 3 shows the GRADEpro summary of findings table with 
stratification by control intervention.
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TABLE 3. GRADE pro summary of findings table of the outcomes of interest stratified by control intervention

Quality assessment № of patients Effect Quality Importance
№ of 
studies

Study design Risk of bias Inconsistency Indirectness Imprecision Other con-
siderations

milrinone any control Relative 
(95% CI)

Absolute 
(95% CI)

Mortality at maximal follow-up

14 randomised trials serious 1 not serious 2§ serious 2,3,4 very serious 5 none 6 86/815 (10.6%) 86/796 (10.8%) RR 0.96 
(0.76 to 1.21) 

4 fewer per 1000 
(from 23 more to 26 fewer) 

⨁◯◯◯ 
VERY LOW 

6.9% 3 fewer per 1000 
(from 14 more to 17 fewer) 

Myocardial infarction

5 randomised trials serious 1 serious 7 serious 3,4 very serious 5 none 19/568 (3.3%) 26/552 (4.7%) RR 0.73 
(0.25 to 2.09) 

13 fewer per 1000 
(from 35 fewer to 51 more) 

⨁◯◯◯ 
VERY LOW 

22.5% 61 fewer per 1000 
(from 169 fewer to 245 more) 

Ventricular arrhythmia

7 randomised trials serious 1 not serious 8 serious 3,4 very serious 5 none 41/622 (6.6%) 42/604 (7.0%) RR 0.96 
(0.65 to 1.41) 

3 fewer per 1000 
(from 24 fewer to 29 more) 

⨁◯◯◯ 
VERY LOW 

5.1% 2 fewer per 1000 
(from 18 fewer to 21 more) 

Supraventricular arrhythmia

4 randomised trials serious 1 serious 7 serious 3,4 very serious 5 none 38/577 (6.6%) 36/561 (6.4%) RR 0.89 
(0.43 to 1.87) 

7 fewer per 1000 
(from 37 fewer to 56 more) 

⨁◯◯◯ 
VERY LOW 

12.9% 14 fewer per 1000 
(from 74 fewer to 112 more) 

Mechanical ventilation duration

4 randomised trials serious 1 serious 7 very serious 3,4 serious 5 none - MD 1.03 higher 
(4.87 lower to 6.93 higher) 

⨁◯◯◯ 
VERY LOW 

Legend. CI: Confidence interval; RR: Risk ratio; MD: Mean difference

1. No trial with low risk of bias in all domains; many bias assessment items are not reported in the 

trials

2. There was considerable clinical heterogeneity in setting (reflected by >5% difference in control 

event rate between populations) and comparator. All in all not enough to downgrade the evidence 

for inconsistency concerning the outcome mortality 

3. There was considerable difference in dosing, titration and duration of milrinone; furthermore 

trials evaluated milrinone in a minority of trials against the most valuable inactive comparator 

(placebo); and even then different conventional inotropes were used between the trials. 

4. Most trials used surrogate outcomes instead of patient-important outcomes

5. Many trials with few patients and few events; less than 5% of DARIS accrued

6. Funnel plots showed no clear asymmetry

7. There was considerable clinical and statistical heterogeneity

8. Despite different clinical settings and interventions the CI were overlapping and statistical 

heterogeneity was low
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Discussion
Our systematic review evaluating the effects of milrinone for critically ill adult 
patients with cardiac dysfunction found few data on outcomes critical for decision 
making. Thirty-one randomised clinical trials fulfilled our inclusion criteria. All 
included trials had high risk of bias, most as a result of not reporting bias protection, 
and nearly all trials had large risks of random errors. Fifteen trials only reported 
surrogate outcomes. No trial reported the primary outcome, SAE (including 
mortality). All-cause mortality was reported in 14 trials with 1611 patients. No 
significant effect on any patient-centred outcome was found.

A general issue is that systematic reviews depend on the strengths of the included 
randomised trials. Trials with unclear or high risks of bias are associated with 
overestimation of benefits and underestimation of harms [15, 16, 18, 19]. The 
unknown true intervention effect may be beneficial, neutral or harmful. Previous 
meta-analyses on milrinone differ in design from our systematic review and 
they come to different conclusions [3–5]. One study focussed only on patients 
with myocardial infarction [3] and two only on cardiac surgery patients, in which 
the latter was an update [4, 5]. The meta-analysis on patients with myocardial 
infarction observed no significant effect on mortality, but stated that milrinone 
increased left ventricular ejection fraction and cardiac output [3]. The first meta-
analysis evaluating patients having cardiac surgery suggested an increase in 
mortality using milrinone, which disappeared in the updated meta-analysis [4, 5]. 
Our prepublished protocol, a sensitive search strategy and thorough evaluations 
of the risks of systematic errors and random errors may explain differences with 
these previous publications [3–5]. First, previous meta-analyses ignored exploring 
associations of bias risk with intervention effect estimates. Final conclusions 
ought to be derived from trials with low risk of bias, of which there were none 
[6]. Second, despite including more patients (n = 1611) as compared to previous 
meta-analyses (n = 303 [3], n = 518 [4], n = 1037 [5]) the number of included 
patients is still far too small to draw any firm conclusions. We think that any 
significance needs the perspective of sample size considerations, in individual 
trials and also in meta-analyses [27, 31, 53–55]. Third, previous meta-analyses 
combined patients with normal cardiac functions [4, 5] and children [5] with 
patients with cardiac dysfunction into one pooled estimate. We included trials that 
randomised adult patients who had cardiac dysfunction. It is unlikely that patients 
benefit from milrinone when their cardiac function is unaffected, i.e. when the 
pathophysiological basis for cardiac stimulation is lacking.

Co-interventions with medications with an efficacy profile similar to milrinone 
might also have obscured results. Trials that evaluated milrinone versus placebo 
could also be considered add-on trials since co-interventions were allowed. 
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The largest trial that evaluated milrinone versus placebo allowed at least co-
interventions with dobutamine in their randomised patients; other inotropes were 
not reported [44]. The results of this trial suggest that milrinone may be harmful 
in patients with heart failure (LVEF <40%) compared with standard treatment (ACE 
inhibitor and diuretics). Furthermore, the sickest patients were excluded in this 
trial [44]. For daily practice it is of utmost interest to know which vasopressor, 
inotrope, vasodilator or any combination is indicated for which patient and at what 
target [56, 57]. We found that for milrinone and levosimendan for critically ill adult 
patients with cardiac dysfunction evidence from trials with low risk of bias and 
low risk of random error is lacking to support its use [58]. Other interventions are 
currently being evaluated in systematic reviews which might feed future evidence-
based guidance for clinicians or substantiate new trials.

Limitations
During the process of the systematic review we were non-adherent to our 
prepublished protocol for several reasons. We rephrased the title and terminology 
for an improved description of the cardiac state of the patients at interest (i.e. 
cardiac dysfunction instead of cardiac support or myocardial dysfunction). We 
divided subgroup comparisons into inactive versus (potentially) active control 
interventions. Since no data was found on the predefined subgroup comparison 
milrinone versus vasopressors we were unable to report this comparison. There 
were also no data on the composite outcome SAE (mortality included) and, 
therefore, all-cause mortality became the most important outcome. The outcome 
hypotension was regarded as a surrogate outcome and therefore omitted.

We frequently found significant statistical heterogeneity, but even when absent, 
there was still considerable clinical heterogeneity in patients, interventions, 
comparators, outcomes or settings. Pooling the data was frequently considered 
disputable, even in the absence of statistically significant tests of interactions. 
One example is the pooled intervention effect estimate of mortality (comparison 
1), which has low statistical heterogeneity (I2 0%; P = 0.50) and no subgroup 
differences, but the clinical heterogeneity is obvious, also reflected by control 
event rates for all-cause mortality varying from 3.6 to 12.0%. The large variety in 
types of control interventions further increases clinical heterogeneity.

Milrinone dose and duration varied among the included trials. Also, there were 
differences in definitions of outcomes. Further, 15 trials evaluated surrogate 
outcomes, such as haemodynamic and biochemical parameters. Finally, most 
trials had short follow-up; only one trial evaluated 1-year follow-up [51], so that 
mortality analyses reflect rather short follow-up.
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Conclusions
The quantity and quality of evidence for benefit or harm of milrinone in critically 
ill adult patients with cardiac dysfunction are very low because of high risks of 
systematic and random errors. Future randomised clinical trials need to be large 
and well designed by following SPIRIT guidelines and reported according to 
CONSORT guidelines. The widespread use of milrinone in critical care cannot be 
advocated or refuted on the basis of the current evidence.
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Abstract
Background
To assess the benefits and harms of levosimendan for low cardiac output 
syndrome in critically ill patients.

Methods
We conducted a systematic review with meta-analyses and trial sequential 
analyses (TSA) of randomised clinical trials comparing levosimendan with any 
type of control. Two reviewers independently assessed studies for inclusion. The 
Cochrane Collaboration methodology was used. Random-effects risk ratios (RR) 
and 95% confidence intervals (CI) were derived for the principal primary outcome 
mortality at maximal follow-up.

Results
A total of 88 trials were included in the systematic review and 49 trials (6,688 
patients) in the meta-analysis. One trial had low risk of bias and nine trials (2,490 
patients) were considered lower risk of bias. Trials compared levosimendan with 
placebo, control interventions, and other inotropes. Pooling all trials including 
heterogenous populations was considered inappropriate. Pooled analysis of 
30 trials including critically ill patients not having cardiac surgery showed an 
association between levosimendan and mortality (RR 0.83, TSA-adjusted 95% CI 
0.59-0.97), while trials with lower risk of bias showed no significant difference (RR 
0.83, TSA-adjusted 95% CI 0.48-1.55). Conventional meta-analysis of all 14 trials 
including cardiac surgery patients showed an association, while lower risk of bias 
trials showed no association between levosimendan and mortality (RR 0.52, 95% 
CI 0.37-0.73 versus RR 1.02, 95% CI 0.48-2.16).

Conclusion
The available evidence is inconclusive whether or not levosimendan may have a 
beneficial effect on mortality due to risks of systematic errors and random errors. 
Further well-designed randomised trials are needed.
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Introduction
Levosimendan is an inotropic agent that may enhance myocardial contractility 
without increasing myocardial oxygen demand in patients with low cardiac output 
syndrome [1]. Clinical trials evaluating levosimendan have suggested survival 
benefits both in patients with acute heart failure and in patients after cardiac 
surgery [2, 3, 4, 5]. These favourable results were, however, not confirmed by 
larger clinical trials [6, 7].

Several meta-analyses, either based or not based on systematic reviews, have 
been performed [8, 9, 10, 11], and the most recent meta-analyses have stated that 
levosimendan was associated with survival benefits [9, 10].

Before one should accept levosimendan for patients with low cardiac output 
syndromes, one needs to secure that all evidence, i.e., the randomised clinical 
trials and the systematic reviews, are without design errors, systematic errors, 
and random errors [12]. First, the entire review process has to be outlined in 
advance by pre-published protocols [13]. Outcomes, subgroup analyses and an 
extensive sensitive search should be predefined. Risks of bias need to be assessed 
and incorporated into the analyses. Risks of random errors should be considered, 
especially in cumulative analyses of data from randomised clinical trials [14, 15, 16, 
17, 18]. Evidence has to be graded according to The Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) Working Group [19]. Only then 
can reflections on heterogeneity, indirectness, and publication bias be considered, 
including variations in populations, therapies, and settings, among other reasons 
for heterogeneity [13].

Our objective was to assess the benefits and harms of levosimendan for low cardiac 
output syndrome in critically ill patients. Therefore, we performed a systematic 
review according to a prepublished protocol using The Cochrane Collaboration 
methodology with meta-analyses and trial sequential analyses of randomised 
clinical trials.

Methods
This systematic review was conducted following recommendations of the 
‘Cochrane Handbook for Systematic Reviews’ [13] and reported according to 
the PRISMA statement (at: http://www.prisma-statement.org). The protocol is 
published in the PROSPERO register [20].
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Eligibility criteria
Randomised clinical trials were considered for inclusion irrespective of language, 
publication status, and predefined outcomes. Levosimendan was considered the 
experimental intervention, without any restrictions regarding dose or duration 
of administration. Trials were included independent of the type of control 
intervention, i.e., placebo, no intervention, or any other inotrope or device. Only 
adult (age >18 years) critically ill patients with low cardiac output syndromes 
were included. Low cardiac output syndrome was defined as a pre-existing or 
developing state of cardiac insufficiency with underlying left or right ventricular 
systolic dysfunction requiring inotrope support [21]. Trials with oral administration 
of levosimendan may be appropriate for outpatient settings, but not for critical 
care practice and were therefore excluded. Other exclusion criteria were trials in 
animals, trials including patients without low cardiac output syndromes, quasi-
randomised trials, observational studies, crossover trials, and trials comparing 
different treatment regimens of levosimendan.

Search strategy
We searched PubMed/Medline, Web of Science, EMBASE, Cumulative Index to 
Nursing and Allied Health Literature (CINAHL) and the Cochrane Central Register 
of Controlled Trials (CENTRAL) in The Cochrane Library. We also hand-searched 
the reference lists of included trials and other systematic reviews of levosimendan 
to identify additional trials. Unpublished trials were sought through trial registries 
(http://www.controlled-trials.com, http://www.clinicaltrials.gov, and http://www.
centerwatch.com). No time restrictions were applied. The electronic literature 
search strategy was last updated 1 February 2014 (eTable 1).

Study selection and data extraction
Two authors independently reviewed all titles and abstracts and excluded trials 
that were obviously irrelevant (Fig. 1). All remaining trials were evaluated in full 
text or in abstract if no full text was available. Disagreements were resolved 
through discussion.
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FIGURE 1. Flow diagram of identified trials

Information was extracted from the included trial reports including trial 
characteristics (single or multicentre, and country), characteristics of participants 
(disease severity), criteria for inclusion and exclusion, type of interventions, and 
outcomes. In cases of missing data, the corresponding authors were contacted.

The primary outcomes were all-cause mortality, serious adverse events (SAE) 
and myocardial infarction (MI) at maximal follow-up. Time-specific analyses 
of mortality were conducted according to availability of data (e.g., 30, 90, and/
or 180 days). SAE was defined as the composite outcome measure summarising 
all serious events necessitating an intervention, operation, or prolonged hospital 
stay according to the International Conference on Harmonisation of Good Clinical 
Practice (ICH-GCP) definitions [22]; mortality was excluded in our definition of SAE 
to avoid double counts. MI was defined according to the individual trials.

The secondary outcomes were arrhythmias and hypotension. Data on arrhythmias 
were divided into ventricular tachyarrhythmias (VT) and supraventricular 
tachyarrhythmias (SVT). Hypotension was defined according to the individual 
trials. Length of stay of the index admission (both ICU and hospital stay) was 
not considered as it is a potentially highly biased surrogate outcome that does 
not consider re-admissions within a specific time frame [13]. All outcomes were 
graded from the patients’ perspective according to GRADE (eTable 2) [19].
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Risk of bias assessment
To evaluate the validity of the included trials, we assessed the risk of bias according 
to The Cochrane Collaboration methodology, including the domains of random 
sequence generation, allocation concealment, blinding of participants and 
personnel, blinding of outcome assessors, incomplete outcome data, selective 
outcome reporting, bias due to vested financial interest (funding), and academic 
bias. If one or more of the domains were judged as having a high or unclear risk 
of bias, we classified the trial as having a high risk of bias [13]. In cases of absence 
of trials with low risk of bias in all domains, we a priori formulated a group of 
trials with lower risk of bias if the trials had adequate assessments of sequence 
generation, allocation concealment, blinding of participants and personnel, as well 
as blinding of outcome assessment. The a priori defined group of trials with lower 
risk of bias may still suffer significant bias from other components.

Error matrix approach
All data on the outcomes of all trials were assessed for the risk of systematic 
errors, the risk of other design errors, and the risk of random errors. Data was 
presented in a three-dimensional Manhattan error matrix plot, which facilitates 
the overview of available evidence at a glance [12].

Statistical analysis
Review Manager 5.2.11 was used for meta-analyses [23]. For trial sequential 
analyses (TSA), the TSA program v.0.9 beta (http://www.ctu.dk/tsa) was used [24, 
25]. For each included trial, we calculated the relative risk (RR) with 95% confidence 
intervals (CI) for dichotomous outcomes. We also reported risk differences (RD) if 
conclusions differed from RR. In cases of statistical significance, we calculated the 
number-needed-to-treat (NNT) or number-needed-to-harm (NNH) with 95% CI.

Heterogeneity among trials was explored by the Chi-squared test with significance 
set at a P value of 0.10 [26], and quantified with inconsistency factor (I2). If the I2 

statistic was 0, we reported the results from a fixed-effect model; otherwise, we 
reported the results from the random-effects model anticipating abundant clinical 
heterogeneity (in populations, interventions, and settings) except if one or two 
trials dominated the available evidence. All reported results are from the random-
effects model unless stated otherwise.

Predefined subgroup analyses were conducted: (1) according to the stratification 
of bias risk of trials (lower risk of bias compared to high risk of bias); (2) according 
to populations: patients having cardiac surgery or patients not having cardiac 
surgery; and (3) according to the control intervention (placebo or control 
intervention or any other inotrope).
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Trial sequential analysis
We conducted TSA—an analysis that widens the confidence intervals and controls 
the p value when data are too sparse or reanalyzed to draw firm conclusions 
[25, 27, 28]. TSA is similar to interim analyses in a single trial in which sequential 
monitoring boundaries are used. In a similar manner, trial sequential monitoring 
boundaries can be applied to meta-analyses [14, 15, 16, 27]. TSA depends on the 
quantification of the required information size (the meta-analysis sample size). 
We calculated the diversity (D2) adjusted required information size (DIS) since the 
heterogeneity adjustment with I2 tends to underestimate the required information 
size [29]. However, TSA could not be calculated when less than 5% of DIS was 
accrued. We conducted TSA with the intention to maintain an overall 5% risk of a 
type I error and a power of 90%. For the calculation of the required information 
size, we anticipated an intervention effect of a 10% relative risk reduction (RRR). 
We conducted sensitivity analyses using a RRR of 20%. The TSA were conducted 
using the unweighted control event proportion calculated from the actual meta-
analyses. We provide the 95% CI adjusted for sparse data and repetitive testing, 
which we describe as the TSA-adjusted 95% CI.

Results
Our search strategy identified a total of 1,541 hits (Fig. 1). After screening, 186 
publications remained of which another 64 were excluded (eTable 3 including 
references, and eTable 4). Finally, 122 publications described 88 randomised clinical 
trials. Of the 88 trials, 24 were only published as abstracts. Two publications (Russian 
and Spanish) were translated. All authors were contacted for missing data of whom 
14 responded and 3 provided additional data. Thirty-nine trials evaluated surrogate 
outcomes, such as haemodynamic variables, without reporting any clinical outcome 
critical for decision making [e1–e39]. A total of 49 trials with 6,688 patients were 
included in the analyses [2, 3, 4, 5, 7, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 
43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 
67, 68, 69, 70, 71, 72, 73]. We identified 13 ongoing trials (eTable 5).

Characteristics of trials
Characteristics of the 49 trials are listed in Table 1. Of these, 44 trials used a two-
arm parallel group design, 4 used a three-arm parallel group design, and 1 used 
a four-arm parallel group design. There were 33 single-centre trials and 16 multi-
centre trials. Duration of follow-up varied from 6 h to 12 months (eTable 3).
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TABLE 1. Characteristics of all included trials in the systematic review in critically ill patients with low 
cardiac output syndrome divided on basis of control intervention

Trial Setting/country Population No. of 
randomised 
patients

Comparator

 Adamopoulos [30] Multicentre/Greece AHF, CHF 69 Placebo or 
dobutamine

 Asaad [31] Single centre/Kuwait CHF, CABG 20 Placebo

 Dogan [32] Single centre/Turkey CHF, CABG 200 Placebo

 Eriksson [33] Multicentre/Finland CHF, CABG 60 Placebo

 Flevari [34] Single centre/Greece CHF 45 Placebo

 Husebye [35] Single centre/Norway AHF post MI 61 Placebo

 Iliuta [36] Single centre/Romania CHF, CABG 600 Placebo

 Kleber [37] Multicentre/Germany, Sweden Right HF 28 Placebo

 Lathinen [38] Single centre/Finland CHF, CABG 
and/or valve 
surgery

200 Placebo

 Levin [4] Multicentre/Argentina CHF, valve 
surgery

77 Placebo

 Levin [39] Multicentre/Argentina CHF 80 Placebo

 Lilleberg [40] Single centre/Finland CHF 22 Placebo

 Llorens [41] Single centre/Spain AHF 45 Placebo

 Moiseyev [2] Multicentre/Russia, Latvia AHF post MI 504 Placebo

 Nieminen [42] Multicentre/Finland, Germany, 
Sweden, the Netherlands

CHF 116 Placebo, vehicle 
or dobutamine

 Packer [7] Multicentre/USA, Israel, 
Australia

AHF, CHF 700 Placebo

 Slawsky [43] Multicentre/USA AHF, CHF 146 Placebo

 Tritapepe [44] Single centre/Italy CHF, CABG 102 Placebo

 Zairis [3] Multicentre/Greece CHF 227 Placebo or 
dobutamine

 Berger [45] single centre/Austria CHF 75 Prostaglandin E1

 Biteker [46] Single centre/Turkey CHF 24 Control

 Kurt [47] Single centre/Turkey AHF, CHF 60 Control

 Lomivorotov [48] Single centre/Russia CHF, CABG 90 Prophylactic 
IABP

 Malfatto [49] Single centre/Italy CHF 33 Furosemide

 Mavrogeni [50] Single centre/Greece CHF 50 Control

 Zemljic [51] Single centre/Slovenia CHF 40 Control

 Alhashemi [52] Single centre/Saudi Arabia Sepsis 42 Dobutamine

 Al-Shawaf [53] Single centre/Kuwait CHF, valve 
surgery

30 Milrinone
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Trial Setting/country Population No. of 
randomised 
patients

Comparator

 Alvarez [54] Single centre/Spain LCO after 
CABG and/or 
valve surgery

41 Dobutamine

 Baysal [55] Single centre/Turkey CHF, CABG 
and/or valve 
surgery

128 Dobutamine

 Bergh [56] Multicentre/Sweden, Norway, 
Iceland

AHF, CHF 60 Dobutamine

 Bonios [57] Single centre/Greece CHF 63 Dobutamine or 
dobutamine + 
levosimendan

 DeHert [58] Single centre/Belgium CHF, CABG 
and/or valve 
surgery

30 Milrinone

 Duygu [59] Single centre/Turkey AHF, CHF 62 Dobutamine

 Duygu [60] Single centre/Turkey AHF, CHF 40 Dobutamine

 Follath [61] Multicentre/Austria, Denmark, 
Finland, France, Germany, 
Hungary, Italy, Switzerland, 
the Netherlands, Sweden, and 
the UK

CHF 203 Dobutamine

 Fuhrmann [62] Single centre/Germany AHF 32 Enoximone

 Garcia-Gonzalez [63] Single centre/Spain AHF post MI 22 Dobutamine

 Iyisoy [64] Single centre/Turkey AHF, CHF 40 Dobutamine

 Levin [65] Multicentre/Argentina CHF, CABG 137 Dobutamine

 Levin [66] Multicentre/Argentina CHF, valve 
surgery

71 Dobutamine

 Levin [5] Multicentre/Argentina CHF, CABG 253 Dobutamine

 Mebazaa [67] Multicentre/Austria, Finland, 
France, Germany, Israel, Latvia, 
Poland, Russia, and the UK

AHF, CHF 1,327 Dobutamine

 Memis [68] Single centre/Turkey Sepsis 30 Dobutamine

 Morelli [69] Single centre/Italy Sepsis 30 Dobutamine

 Morelli [70] Single centre/Italy Sepsis 40 Dobutamine

 Vaitsis [71] Single centre/Greece Sepsis 44 Dobutamine

 Yilmaz [72] Single centre/Turkey AHF, CHF 40 Dobutamine

 Yontar [73] Single centre/Turkey AHF, CHF 60 Dobutamine

Legend. AHF acute heart failure, CABG coronary artery bypass graft, CHF chronic heart failure, IABP intra-
aortic balloon pump, MI myocardial infarction, LCO low cardiac output, No. number
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Participants
All trials included critically ill patients with left ventricular dysfunction [i.e., left 
ventricular ejection fraction (LVEF) <45%] except one trial which evaluated right 
ventricular dysfunction [37]. The majority of the patients in the trials had acute 
and/or chronic heart failure; five trials included patients with sepsis, three included 
patients who underwent a percutaneous coronary intervention, one included 
patients with pulmonary hypertension and right ventricular failure, seven included 
patients who underwent valve replacement with or without Coronary Artery 
Bypass Graft (CABG), and eight only included patients who had CABG procedures 
(Table 1).
Interventions
Levosimendan was used in different doses. Most trials (n = 30) used a loading dose 
(6–36 µg/kg) and continued infusion for 24 h (eTable 3). A total of 19 trials (3,302 
patients) compared levosimendan with placebo. One trial compared levosimendan 
with intra-aortic balloon pump. Six trials (282 patients) compared levosimendan 
with any other control intervention, including ‘standard’ treatment in four, and 
prostaglandine E1 and furosemide in one trial each. A total of 26 trials (2,655 
patients) compared levosimendan with other inotropes, including enoximone (1 
trial), milrinone (5 trials) and dobutamine in (20 trials) in varying doses (Table 1; 
eTable 3).
Bias risk assessment
Random sequence generation was assessed as low risk of bias in 17 trials (35%), 
allocation concealment in 14 trials (29%), blinding of participants in 18 trials (37%), 
blinding of outcome assessors in 15 trials (31%), incomplete outcome data in 18 
trials (37%), selective outcome reporting in 31 trials (63%), and industry and/or 
academic bias in 5 trials (10%) (Fig. 2). Only one trial scored low risk of bias in 
all bias domains [41]. The a priori defined group of trials with lower risk of bias 
consisted of 9 trials (18%) and was therefore used for subgroup analyses [2, 31, 
35, 37, 38, 41, 44, 61, 67].

Outcomes
All intervention effect estimates with the 95% CI of all outcomes are specified 
according to bias risk assessment and control group intervention (Table 2). 
Additionally, GRADEpro summary of findings tables were constructed (eTable 6, 7).
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FIGURE 2. Risk of bias summary. Review of authors’ judgements about each risk of bias item for each 
included study. Red high risk, green low risk, yellow unclear
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TABLE 2. Conventional and TSA adjusted risk ratios with 95% confidence intervals for the outcome 
measurements of interest in patients not having cardiac surgery and in patients having cardiac surgery

 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

Patients not having cardiac surgery 

 Mortality

     Placebo

  HR 6 1,138 0.69 (95% CI 0.37–1.29)   

  LR 4 638 0.70 (95% CI 0.51–0.96)*  Insufficient data <5% of DIS

  All 10 1,776 0.70 (95% CI 0.49–1.00)  Insuficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .97

     Control

  HR 6 282 0.52 (95% CI 0.29–0.92)*a  

  LR 0 No trials

  All 6 282 0.52 (95% CI 0.29–0.92)*a Insufficient data <5% of DIS

     Other inotropes

  HR 15 806 0.66 (95% CI 0.53–0.82)*

  LR 2 1,530 0.86 (95% CI 0.64–1.15) Insufficient data <5% of DIS

  All 17 2,336 0.73 (95% CI 0.61–0.88)** 0.73 (95% CI 0.34–1.55)

 Test of interaction considering risk of bias subgroups: P = .16

 Any control

  HR 24 2,034 0.69 (95% CI 0.56–0.85)**

  LR 6 2,168 0.83 (95% CI 0.70–0.99)* 0.86 (95% CI 0.48–1.55)

  All 30 4,202 0.74 (95% CI 0.64–0.86)** 0.76 (95% CI 0.59–0.97)*

 Test of interaction considering risk of bias subgroups: P = .16

 Test of interaction considering control intervention subgroups, including all trials: P = .70

SAE

      Placebo

  HR 0  No trials

  LR 2 532 0.31 (95% CI 0.02–5.37) Insufficient data <5% of DIS

  All 2 532 0.31 (95% CI 0.02–5.37) Insufficient data <5% of DIS

     Control

  All 0 No trials

     Other inotropes

  HR 0  No trials  

  LR 2 1,523 0.61 (95% CI 0.17–2.26) Insufficient data <5% of DIS

  All 2 1,523 0.61 (95% CI 0.17–2.26) Insufficient data <5% of DIS
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

      Any control

  HR 0  No trials

  LR 4 2,055 0.53 (95% CI 0.20–1.40) Insufficient data <5% of DIS

  All 4 2,055 0.53 (95% CI 0.20–1.40) Insufficient data <5% of DIS

 Test of interaction considering control intervention subgroups, including all trials: P = .67

MI

     Placebo

  HR 0  No trials

  LR 2 549 1.06 (95% CI 0.40–2.80)a Insufficient data <5% of DIS

  All 2 549 1.06 (95% CI 0.40–2.80)a Insufficient data <5% of DIS

     Control

  HR 1 33 No events  

  LR 0    

  All 1 33 No events

     Other inotropes

  HR 0  No trials

  LR 2 265 0.06 (95% CI 0.00–1.12) Insufficient data <5% of DIS

  All 2 265 0.06 (95% CI 0.00–1.12) Insufficient data <5% of DIS

     Any control

  HR 2 95 No events

  LR 3 752 0.40 (95% CI 0.05 to 2.94) Insufficient data <5% of DIS

  All 5 847 0.40 (95% CI 0.05–2.94) Insufficient data <5% of DIS

 Test of interaction considering control intervention subgroups, including all trials: P = .07

VT/VF

     Placebo

  HR 2 832 1.38 (95% CI 1.03–1.85)a 

  LR 0  No trials

  All 2 832 1.38 (95% CI 1.03–1.85)a Insufficient data <5% of DIS

     Control

  HR 1 33 0.63 (95% CI 0.21–1.87)

  LR 0  No trials

  All 1 33 0.63 (95% CI 0.21–1.87) Insufficient data <5% of DIS
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

     Other inotropes

  HR 2 92 0.75 (95% CI 0.42–1.37)a 

  LR 2 1,523 0.98 (95% CI 0.72–1.35)a Insufficient data <5% of DIS

  All 4 1,615 0.95 (95% CI 0.72–1.26)a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .44

     Any control

  HR 5 957 1.05 (95% CI 0.70–1.56)  

  LR 2 1,523 0.99 (95% CI 0.72–1.35) Insufficient data <5% of DIS

  All 7 2,480 1.09 (95% CI 0.89–1.33) 1.09 (95% CI 0.49–2.45)

 Test of interaction considering risk of bias subgroups: P = .82

 Test of interaction considering control intervention subgroups, including all trials: P = .11

SVT

     Placebo

  HR 2 708 4.04 (95% CI 1.84–8.87)**a 

  LR 1 504 1.40 (95% CI 0.31–6.20) Insufficient data <5% of DIS

  All 3 1,212 3.26 (95% CI 1.65–6.42)*a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .22

     Control

  HR 1 33 0.33 (95% CI 0.06–1.71)

  LR 0  No trials

  All 1 33 0.33 (95% CI 0.06–1.71) Insufficient data <5% of DIS

     Other inotropes

  HR 3 132 0.76 (95% CI 0.39–1.49)a 

  LR 2 1,523 1.00 (95% CI 0.71–1.40)a Insufficient data <5% of DIS

  All 5 1,655 0.96 (95% CI 0.71–1.30)a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .48

     Any control

  HR 6 873 1.16 (95% CI 0.40–3.37)

  LR 3 2,027 1.02 (95% CI 0.73–1.41)

  All   NA NA

 Test of interaction considering control intervention subgroups, including all trials: P = .002
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

Hypotension

 Placebo

  HR 2 802 1.35 (95% CI 1.14–1.61)**a 

  LR 3 577 1.27 (95% CI 0.60–2.71)a Insufficient data <5% of DIS

  All 5 1,379 1.35 (95% CI 1.14–1.60)**a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .88

 Control

  HR 1 75 2.77 (95% CI 0.98–7.81)

  LR 0  No trials

  All 1 75 2.77 (95% CI 0.98–7.81) Insufficient data <5% of DIS

 Other inotropes

  HR 3 215 1.79 (95% CI 0.42–7.72)

  LR 2 1,523 1.23 (95% CI 0.76–1.97) Insufficient data <5% of DIS

  All 5 1,738 1.52 (95% CI 0.80–2.90) Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .63

 Any control

  HR 5 1,092 1.88 (95% CI 0.97–3.63)

  LR 5 2,100 1.15 (95% CI 0.90–1.46) 1.15 (95% CI 0.43–3.08)

  All 10 3,192 1.36 (95% CI 1.06–1.75)* 1.36 (95% CI 0.50–3.73)

 Test of interaction considering risk of bias subgroups: P = .17

 Test of interaction considering control intervention subgroups, including all trials: P = .38

Patients having cardiac surgery 

 Mortality

     Placebo

  HR 4 937 0.41 (95% CI 0.19–0.88)*

  LR 3 322 1.02 (95% CI 0.48–2.16) Insufficient data <5% of DIS

  All 7 1,259 0.56 (95% CI 0.27–1.14) Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .10

     Control

  HR 1 60 1.00 (95% CI 0.07–15.66)

  LR   No trials

  All 1 60 1.00 (95% CI 0.07–15.66) Insufficient data <5% of DIS
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

     Other inotropes

  HR 6 553 0.39 (95% CI 0.23–0.66)*a 

  LR   No trials

  All 6 553 0.39 (95% CI 0.23–0.66)*a Insufficient data <5% of DIS

     Any control

  HR 11 1,550 0.44 (95% CI 0.30–0.64)**

  LR 3 322 1.02 (95% CI 0.48–2.16) Insufficient data <5% of DIS

  All 14 1,872 0.52 (95% CI 0.37–0.73)** Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .05

 Test of interaction considering control intervention subgroups, including all trials: P = .68

 SAE

     Placebo

  All   No trials

     Control

  All   No trials

    Other inotropes

  All   No trials

     Any control

  All   No trials

MI

     Placebo

  HR 1 600 0.80 (95% CI 0.30–2.12)a 

  LR 1 102 0.32 (95% CI 0.01–7.69)a Insufficient data <5% of DIS

  All 2 702 0.73 (95% CI 0.29–1.84)a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .59

     Control

  All   No trials

     Other inotropes

  HR 2 158 0.48 (95% CI 0.19–1.21)a 

  LR   No trials

  All 2 158 0.48 (95% CI 0.19–1.21)a Insufficient data <5% of DIS
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

     Any control

  HR 3 758 0.61 (95% CI 0.31–1.19)a 

  LR 1 102 0.32 (95% CI 0.01–7.69)a Insufficient data <5% of DIS

  All 4 860 0.59 (95% CI 0.31–1.13)a Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .70

 Test of interaction considering control intervention subgroups, including all trials: P = .53

 VT

     Placebo

  All   No trials

     Control

  All   No trials

     Other inotropes

  HR 2 208 0.26 (95% CI 0.09–0.76)*a 

  LR   No trials

  All 2 208 0.26 (95% CI 0.09–0.76)a, c Insufficient data <5% of DIS

     Any control

  HR 2 208 0.26 (95% CI 0.09–0.76)*a 

  LR   No trials

  All 2 208 0.26 (95% CI 0.09–0.76)*a Insufficient data <5% of DIS

SVT

     Placebo

  HR 2 230 0.51 (95% CI 0.20–1.31)

  LR 2 302 1.08 (95% CI 0.91–1.28) Insufficient data <5% of DIS

  All 4 532 0.78 (95% CI 0.41–1.48) Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .13

     Control

  All   No trials

     Other inotropes

  HR 5 407 0.66 (95% CI 0.46–0.94)*

  LR   No trials

  All 5 407 0.66 (95% CI 0.46–0.94)* Insufficient data <5% of DIS
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 Number of 
trials

Total number 
of patients in 
the trials

Conventional meta-
analysis
RR (95% CI)

TSA-adjusted meta-
analysis
α = 0.05 (two-sided); 
power 90%; RRR 10%

     Any control

  HR 7 638 0.58 (95% CI 0.43–0.77)**

  LR 2 302 1.08 (95% CI 0.91–1.28) Insufficient data <5% of DIS

  All   NA NA

 Test of interaction considering risk of bias subgroups: P < .001

 Test of interaction considering control intervention subgroups, including all trials: P = .18

 Hypotension 

     Placebo

  HR   3.25 (95% CI 0.97–10.90)

  LR   1.63 (95% CI 1.32–2.01)** Insufficient data <5% of DIS

  All 2 277 1.80 (95% CI 1.10–2.95) Insufficient data <5% of DIS

 Test of interaction considering risk of bias subgroups: P = .27

     Control

  All   No trials

     Other inotropes

  HR 1 71 0.39 (95% CI 0.20–0.76)**

  LR   No trials

  All 1 71 0.39 (95% CI 0.20–0.76)** Insufficient data <5% of DIS

     Any control

  HR 2 148 1.06 (95% CI 0.13–8.75)  

  LR 1 200 1.63 (95% CI 1.32–2.01)** Insufficient data <5% of DIS

  All   NA NA

 Test of interaction considering risk of bias subgroups: P = .69

 Test of interaction considering control intervention subgroups, including all trials: P < .01

Legend. All pooled estimates are reported with risk ratio and calculated using a random-effects model 
unless stated otherwise. Insufficient data <5% DIS = adjusted confidence interval could not be calculated 
due to sparse data with the predefined α = 0.05 (two sided), β = 0.10 (power 90%), and an anticipated 
relative risk increase of 10%
All all trials included, DIS diversity adjusted required information size, HR trials with high risk of bias, LR tri-
als with lower risk of bias, MI myocardial infarction, SAE serious adverse event, SVT supraventricular tach-
yarrhythmias, VT/VF ventricular tachyarrhythmias, NA not appropriate due to significant test of interaction
* P < .05, ** P < .001
a Fixed-effect model when I2 was 0
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Comparison 1: all critically ill patients
Mortality data were obtained from 44 trials including 6,074 patients. Figure 3 shows 
a forest plot with subgroups according to populations. Heterogeneity was 19%, 
while control event rates were 25.1% in patients not having cardiac surgery and 
10.2% in patients having cardiac surgery. Due to apparent clinical heterogeneity 
in populations with large differences in control event rates, pooling of all data into 
one estimate appeared inappropriate.

 

FIGURE 3. Forest plot of all-cause mortality at maximal follow-up of levosimendan compared with any 
control for low cardiac output syndromes in critically ill patients including all trials with subgroups 
according to populations. Size of squares for risk ratio (RR) reflects the weight of the trial in the pooled 
analyses. Horizontal bars 95% confidence intervals (CI)
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Comparison 2: critically ill patients not having cardiac surgery
All-cause mortality
Mortality data were obtained from 30 trials (4,202 patients). Ten trials (1,776 
patients) comparing levosimendan to placebo showed no association between 
levosimendan and all-cause mortality at maximal follow-up (RR 0.70, 95% CI 0.49–
1.00; eFig. 1). Including only the four trials with lower risk of bias (638 patients) 
showed a RR of 0.70 (95% CI 0.51–0.96), but the test of interaction on subgroup 
difference based on bias risk was not significant (P = .97).

The subgroup analyses of six trials (282 patients) with high risk of bias comparing 
levosimendan to other control interventions found an association between 
levosimendan and mortality (fixed-effect model; RR 0.52, 95% CI 0.29–0.92).

Seventeen trials (2,336 patients) compared levosimendan to other inotropes and 
showed that levosimendan was associated with reduced mortality (RR 0.73, 95% 
CI 0.61–0.88). Subgroup analysis based on risk of bias showed that the association 
was only found in the 15 trials (806 patients) with high risk of bias and not in the 
2 trials (1,530 patients) with lower risk of bias, although the test of interaction was 
not significant (P = 0.16). However, TSA showed no significant association between 
levosimendan and mortality (RR 0.73, TSA-adjusted 95% CI 0.34–1.55; eFig. 2).

Pooled analysis of all 30 trials showed an association between levosimendan and 
mortality (RR 0.74, 95% CI 0.64–0.86; NNT 19, 95% CI 13–36; eFig. 3). The tests 
of interaction for subgroup differences based on bias risks (P = .16) and types 
of control interventions (P = .70) were not statistically significant. Additionally, 
subgroup analysis according to funding bias showed a significant association in 
the trials with high risk of funding bias but not in the trials with low risk of funding 
bias (RR 0.71, 95% CI 0.59–0.87 vs RR 0.76, 95% CI 0.56–1.03, respectively; I2 0%;  
P = 0.76; eFig. 4).

TSA including all 30 trials confirmed the association between levosimendan and 
mortality (RR 0.76, TSA-adjusted 95% CI 0.59–0.97; eFig. 5). However, TSA-adjusted 
95% CI for the trials with lower risk of bias was 0.48–1.55; only 16% (2,169 patients) 
of the DIS (13,557 patients) has so far been accrued (Fig. 4). A TSA sensitivity 
analysis only including trials with lower risk of bias using a RRR of 20% indicates 
that approximately 1,100 additional randomised patients are required for a 
definite answer (Fig. 4).



93

Effects of levosimendan for low cardiac output syndrome in critically ill patients

4

 

FIGURE 4a. Trial sequential analysis of mortality at maximal follow-up of levosimendan compared with 
any control in the six trials with lower risk of bias for low cardiac output syndromes in critically ill patients 
not having cardiac surgery. A diversity-adjusted required information size (DIS) of 13,557 patients was 
calculated using the predefined α = 0.05 (two-sided), β = 0.10 (power 90%), D2 = 25%, an anticipated 
relative risk reduction of 10% and an event proportion of 28.6% in the control arm. The blue cumulative 
z-curve was constructed using a random-effects model. The horizontal green dotted lines represent 
the conventional boundary's for benefit (positive) or harm (negative). The horizontal red dotted lines 
represent the trial sequential boundary's for benefit (positive) or harm (negative). 4b. Trial sequential 
analysis of mortality at maximal follow-up of levosimendan compared with any control in the six trials 
with lower risk of bias for low cardiac output syndromes in critically ill patients not having cardiac surgery. 
A DIS of 3,274 patients was calculated using the predefined α = 0.05 (two-sided), β = 0.10 (power 90%), D2 
= 25%, an anticipated relative risk reduction of 20% and an event proportion of 28.6% in the control arm. 
The blue cumulative z-curve was constructed using a random-effects model. The red dotted area arising 
at the right of the horizontal axis represents the futility area
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Further, of all subgroups, only TSA of levosimendan compared with other 
inotropes could be calculated and showed no association (eFig. 6): the cumulative 
z-curve crossed the conventional boundary but not the trial sequential monitoring 
boundary for benefit.

Serious adverse events
SAE were obtained from four trials (2,055 patients). Pooled analysis of all trials and 
subgroup analyses on type of control intervention showed no association between 
levosimendan and SAE (eFig. 7). The test of interaction for subgroup difference 
based on types of control interventions was not significant (P = .67). No subgroup 
evaluation on bias risk was conducted as all trials had lower risk of bias. TSA could 
not be conducted due to too few data.

Myocardial infarction
Five trials (752 patients) provided data on MI. Pooled analysis and subgroup 
analyses on type of control intervention showed no association between 
levosimendan and MI (eFig. 8). The test of interaction for subgroup differences 
based on types of control interventions was not significant (P = .07). No subgroup 
evaluation on bias risk was conducted as the two trials with high risk of bias had 
zero events. TSA could not be conducted due to too few data.

Secondary outcomes
VT were reported in seven trials (2,480 patients) and no associations were found 
(eFig. 9).

SVT were documented in nine trials (2,900 patients). The subgroup analysis of three 
trials (1,212 patients) comparing levosimendan to placebo showed a significant 
association between levosimendan and SVT (RR 3.26, 95% CI 1.65–6.42). Other 
subgroup comparisons did not show an association between levosimendan and 
SVT (eFig. 10). The test of interaction for subgroup differences based on types of 
control interventions was significant (P = .002). TSA could not be conducted due 
to too few data.

Ten trials (3,192 patients) reported hypotension. The subgroup comparing 
levosimendan to placebo showed that levosimendan was associated with 
increased risk for hypotension (fixed-effect model; RR 1.35, 95% CI 1.14–1.60). 
Other subgroup comparisons showed no association between levosimendan and 
hypotension (eFig. 11).
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TSA did not show an association between levosimendan and hypotension. The 
cumulative z-curve of all trials crossed the conventional boundary for harm, but 
not the trial sequential monitoring boundary for harm (eFig. 12).

Comparison 3: critically ill patients having cardiac surgery
All-cause mortality
Mortality data were presented in 14 trials (1,872 patients). The subgroups comparing 
levosimendan to placebo (7 trials, 1,259 patients) and to intra-aortic balloon pump 
(1 trial, 60 patients) showed no association between levosimendan and all-cause 
mortality at maximal follow-up (eFig. 13).The subgroup analysis of the 6 trials (553 
patients) comparing levosimendan to other inotropes showed an association 
between levosimendan and mortality (RR 0.41, 95% CI 0.22–0.75; eFig. 14).

The pooled analysis of all 14 trials showed an association between levosimendan 
and mortality (RR 0.52, 95% CI 0.37–0.73; eFig. 15; NNT 17, 95% CI 12–31). The 
predefined risk of bias subgroup analysis showed a RR of 1.02 (95% CI 0.48–2.16) 
for trials with lower risk of bias.

TSA of subgroups and all trials could not be conducted due to too few data. A 
sensitivity analysis of TSA including all trials using a 20% RRR revealed that the 
diversity adjusted information size was 11,228 patients. The cumulative z-curve 
crossed the conventional boundary for benefit but not the trial sequential monitoring 
boundary for benefit (RR 0.54, TSA-adjusted 95% CI 0.13–2.22; eFig. 16).

Serious adverse events
None of the trials reported SAE other than MI, arrhythmias and hypotension.

Myocardial infarction
Four trials (860 patients) reported data on MI. Pooled analysis of all trials and 
subgroup analyses showed no significant association between levosimendan and 
MI (eFig. 17). TSA could not be performed due to too few data.

Secondary outcomes
VT were reported in two trials with high risk of bias. The pooled analysis showed 
an association between levosimendan and VT (fixed-effect model, RR 0.26, 95% CI 
0.09–0.76). The TSA could not be conducted due to insufficient data.
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Nine trials reported the incidence of SVT. A subgroup of five trials compared 
levosimendan with other inotropes and showed a significant association between 
levosimendan and SVT (RR 0.66, 95% CI 0.46–0.94; eFig. 18A). Pooled analysis and 
other subgroups found no significant associations (eFig. 18B). TSA could not be 
conducted due to too few data.

Three trials provided data on the incidence of hypotension. Two trials compared 
levosimendan to placebo (RR 1.80, 95% CI 1.10–2.95) and one trial compared 
levosimendan with dobutamine (RR 0.39, 95% CI 0.20–0.76). The test of interaction 
for subgroup differences based on types of control interventions was significant 
(P = .002; eFig. 19).

Error matrix approach
The Manhattan error matrix plots of levosimendan showed that there is more 
data suggesting benefit than that there is data suggesting harm. The standard 
errors (SE) of the data varied with only few trials having a SE below 0.20. The large 
majority of the trials had high risks of both systematic errors (bias) and random 
errors (SE) (eFig. 20 + eFig. 21).

Small trial bias
The funnel plot (eFig. 22 + eFig. 23) showed no clear arguments for small trial bias 
including publication bias.

Discussion
This systematic review has evaluated the effects of levosimendan in all critically ill 
patients. Pooling of all data into one overall intervention effect estimate appeared 
inappropriate due to obvious clinical heterogeneity, and therefore patients having 
cardiac surgery and patients not having cardiac surgery were considered separately. 
Conventional meta-analysis of both populations of patients having cardiac surgery 
and patients not having cardiac surgery showed significant associations between 
levosimendan and lower mortality when compared to any control. However, all but 
one trial had high risk of bias and TSA of trials with lower risk of bias showed that 
the data are too sparse to draw firm conclusions. Therefore, further randomised 
trials with low risk of both systematic and random errors are urgently awaited. 
Moreover, even superiority of levosimendan to placebo has never convincingly 
been established.
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Each systematic review depends on the strength of the available randomised 
trials. There was only 1 trial with low risk of bias among a total of 88. There is 
convincing empirical evidence from meta-epidemiological studies that high risk of 
bias is associated with overestimation of beneficial effects and underestimation of 
harm [74, 75, 76, 77]. Therefore, we a priori defined a subgroup of trials with lower 
risk of bias to evaluate the effect of bias on intervention estimates. However, even 
trials with lower risk of bias may suffer from other bias domains, and even these 
intervention effects may therefore be either over- or under-estimated.

In this meta-analysis we come to other conclusions from authors of previous 
meta-analyses [8, 9, 10, 11]. Various reasons might explain differences. Previous 
meta-analyses included search strategies that yielded less randomised trials, not 
explained by the time span of the searches. More importantly, previous meta-
analyses combined heterogeneous populations including patients having cardiac 
surgery and patients not having cardiac surgery into one overall intervention 
effect estimate. Further, previous meta-analyses did not explore the association 
of bias risk with overestimation of intervention effect estimates. Only evaluating 
the risk of bias of the trials is clearly insufficient: the bias risk assessment has to 
be taken into the analyses and final conclusions ought to be derived from the trials 
with low(er) risks of bias [13]. Finally, the risks of random errors have previously 
been not considered. Conclusions on significance have to be considered in the 
perspective of sample size considerations, in individual randomised trials, and 
even in meta-analyses [16, 27]. Therefore, a prepublished protocol, a sensitive 
search strategy, and thorough evaluation of the risks of systematic errors (bias) 
and random errors (the play of chance) may explain differences between this 
systematic review and previous publications [8, 9, 10, 11].

There were several limitations in this systematic review. A large number of trials 
investigated surrogate outcomes. Another limitation is that most of the included 
trials only had short-term follow-up (28 days). Further, there were substantial 
differences in the definitions of the outcomes (i.e. SAE, MI, (supra)ventricular 
arrhythmias, and hypotension). Also, levosimendan dosing varied between the 
trials. All TSA evaluations suggested insufficient data to draw firm conclusions.

Future trials need to be designed according to SPIRIT [78], and should especially 
focus on patient relevant outcomes, like mortality and SAE. Such trials ought to be 
reported according to the CONSORT guidelines [79].
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Conclusion
We found no significant beneficial effects of levosimendan for low cardiac output 
syndromes in critically ill patients, and, therefore, daily use of levosimendan 
should not be propagated. Levosimendan may or may not be associated with 
a decrease in mortality in patients with cardiac dysfunction and further well-
designed randomised trials are needed. Several trials are underway planned with 
some 1,500 additional patients, while probably many more patients are necessary 
for definitive conclusions.
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Abstract
Background
Assessment of any patient's hemodynamic profile based on clinical examination 
can be sufficient in several cases, but many times unclarities remain. Arterial 
catheters and central venous lines are commonly used in critically ill patients 
for practical reasons, and offer an opportunity for advanced hemodynamic 
monitoring. Critical care ultrasonography may add to the understanding of the 
hemodynamic profile at hand. Improvements in ultrasound techniques, for 
example, smaller devices and improved image quality, may reduce limitations and 
increase its value as a complementary tool. Critical care ultrasonography has great 
potential to guide decisions in the management of shock, but operators should 
be aware of limitations and pitfalls as well. Current evidence comes from cohort 
studies with heterogeneous design and outcomes. The objective was to define the 
role of ultrasound in the diagnosis and the management of circulatory shock by 
critical appraisal of the literature.

Conclusion
Use of ultrasonography for hemodynamic monitoring in critical care expands, 
probably because of absence of procedure-related adverse events. Easy 
applicability and the capacity of distinguishing different types of shock add to its 
increasing role, further supported by consensus statements promoting ultrasound 
as the preferred tool for diagnostics in circulatory shock.
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Introduction
Circulatory shock affects about one third of patients admitted to an ICU [1]. Shock 
reduces oxygen and energy supply to organs and is associated with increased 
mortality [1,2]. Traditionally, four types of shock (i.e., the ‘classic’ shock states) 
have been distinguished by pathophysiological mechanism [3]. Critically ill patients 
frequently present with some combination(s) of one or more of these four types of 
shock. A large randomized trial found septic shock (as the most common form of 
distributive shock) in 62% of the patients, followed by cardiogenic and hypovolemic 
shock (both 16%), other types of distributive shock in 4%, and obstructive shock in 
2% of the patients [4]. Such a priori  incidences should be considered irrespective 
all diagnostic information available.

The ability of a clinician to detect or refute circulatory shock is fundamental for the 
care for the critically ill. A thorough physical examination is always the first step 
in the diagnosis of circulatory shock, despite its evidence base being weak [5]. 
Each additional physiological examination provides a collection of hemodynamic 
variables, but even merged, their ability to adequately assess a hemodynamic 
profile is considered weak [5,6].

The initial clinical management of the patient with circulatory shock may both 
include preliminary treatment based on initial diagnostic information [7,8] and use 
of additional diagnostic tools to inform the diagnosis for tailored treatment [2].

Additional diagnostic testing for a more accurate hemodynamic profile can either 
be invasive [e.g., pulmonary artery catheter (PAC)], less invasive [e.g., indicator 
dilution or arterial blood pressure (BP) waveform analysis], or noninvasive (e.g., 
ultrasonography) [9]. Many patients in the ICU have an arterial and venous 
catheter for standard care, so that less invasive tools require no additional invasive 
procedures. The evidence supporting the accuracy of less invasive monitoring 
in the management of critically ill varies with the technique [9]. A recent survey 
among German intensivists showed that ultrasonography was used by 99% as 
a tool to diagnose the type of circulatory shock [10]. Over 70% of all responders 
require that cardiac output (CO) is measured by ultrasonography in case of 
hemodynamic instability [10&].

Many extensive overviews have evaluated ultrasonography in critical and 
emergency care [11–18]. This opinion presents the evidence on the use of critical 
care ultrasonography (CCUS) for the diagnosis and management of circulatory 
shock [19].
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ULTRASONOGRAPHY VERSUS PULMONARY ARTERY CATHETER
Ultrasonography is advocated as the preferred tool in the diagnostic process of 
the hemodynamic profile in shock, but also as tool for monitoring its management 
[2]. Still, the PAC is considered the gold standard for hemodynamic monitoring. 
PAC provides insight in nearly all hemodynamic variables, including continuous 
CO and mixed oxygen saturation measurements. Its use has declined because 
of absence of beneficial effects on outcomes [20,21], and because reasons for 
advanced monitoring decreased, like cardiogenic shock after acute myocardial 
infarction (MI) [22]. Further, interpretations of PAC measurements were shown 
difficult and might partially explain the lack of effect on outcome [23]. Additionally, 
the reliability and accuracy of the algorithms and CO measurements of PAC have 
been questioned as is the accuracy to assess fluid responsiveness [23]. The 
advocated criticism on the potential role of PAC in clinical practice also accounts 
for ultrasonography [24]. Evidence on the effect on outcome is lacking for CCUS 
as well and CO measurements with both techniques show no strong correlation 
[18,25,26,27]. Moreover, in studies evaluating ultrasonography to measure CO the 
required images are unobtainable in up to 20% of patients [28,29]. In summary, 
the PAC is not recommended as routine tool, but should be considered in patients 
with more complex cardiopulmonary conditions (e.g., pulmonary hypertension or 
after lung transplant) and if other monitoring tools, like CCUS, give insufficient 
measurements [30].

CRITICAL CARE ULTRASONOGRAPHY VERSUS 
ECHOCARDIOGRAPHY
Several factors account for the increasing use of CCUS [14]. First, its portability has 
increased dramatically to even tablet or smartphone dimensions [31]. Second, its 
noninvasiveness and absence of any adverse event reduces all thresholds. Third, 
image quality continues to improve. Fourth,  images can be interpreted immediately. 

Terminology (i.e. acronyms) and protocols of CCUS have been confusing [32–34]. 
The majority of the protocols are essentially alike. Varying terminology originates 
from emphasizing differences between CCUS and echocardiography. In this 
manuscript we defined focused echocardiography as CCUS.

Echocardiography is ultrasonography of the heart and large vessels either by 
transthoracic echocardiography (TTE) or transoesophageal echography (TOE). 
CCUS is ultrasonography of the heart and large vessels as well and may extend to 
the lungs and pleural cavities, abdomen, legs, and other [35]. Echocardiography 
acquires all standard acoustic views from all standard windows, whereas CCUS is by 
definition focused on the clinical question at hand. CCUS has shown to be superior 
in detecting cardiac abnormalities compared to standard physical examination 
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[36]. Indications for ordering a CCUS differ. In one study the indications were 
information on left ventricular function (46%), cause of hypotension (17%), and 
pulmonary oedema (14%), respectively [37].

Echocardiography is performed by a certified sonographer or cardiologist, 
whereas CCUS can be performed by any critical care personnel (including 
intensivists, fellows, residents, nurses, or students) [38]. Initiatives for training 
and certification of qualified personnel are emerging. Data suggests that only 
limited education and training of intensivists or even medical students suffices 
for obtaining adequate images and measurements [16,28]. Debate exists on the 
number of supervised examinations needed to be certified. Clear differences exist 
between the recommended minimal number necessary for CCUS compared with 
echocardiography [39]. Recently, certification for CCUS became more uniform and 
the European accreditation is available for advanced CCUS (European Diploma in 
advanced critical care EchoCardiography).

CCUS is hampered by suboptimal positioning and complicating patient conditions 
(i.e., postsurgery, emphysema, or chest tubes). Studies report success rates of 
sufficient image acquisition ranging from 72 to 99% [28,29,40,41,42,43]. Though, 
figures of 97% sufficient images should be interpreted with care, as this proportion 
was derived from cumulative views (58% subcostal, 80% apical, and 69% 
parasternal) [29]. Further, interpretability of acquired images varies between 80 
and 100% [17,40,41,42]. In one study image quality was equally good or adequate 
in patients on mechanical ventilation as compared with spontaneously breathing 
patients (90 versus 91%) [37].

One major concern in CCUS is the risk of diagnostic and cognitive errors when 
interpreting CCUS data (both over and underdiagnosing [11,18,44,45]. This error 
risk is probably driven by differences in training between the echocardiography and 
CCUS operators. In one study image acquisition by noncardiologist intensivists was 
assessed successfully in 94% by an experienced cardiologist; and image interpretation 
of echocardiographic findings correctly in 84% [40]. A recent study also found no 
contradiction in results between CCUS and echocardiography, but the latter provided 
additional diagnostic information which confirms that the two modalities are different 
[43]. It is, however, reassuring that conclusions remained the same. 

In summary, CCUS focusses on pattern recognition (i.e., the confirmation or 
rejection of hypotheses) and is suited for quickly informing the clinical question, 
even in urgent situations, by use of a minimal set of acoustic views, in contrast 
with echocardiography where the full examination is performed for informing the 
clinical question afterwards. As such, CCUS does never replace a comprehensive 
echocardiographic evaluation.
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STATIC AND DYNAMIC PARAMETERS IN CRITICAL CARE 
ULTRASONOGRAPHY
CCUS is ideally suited for determining static and dynamic parameters depending 
on the clinical question. The measurement of static hemodynamic parameters (by 
CCUS) have not shown to be helpful in assessing fluid responsiveness and will not 
be discussed here [18].

Examples of quantitative dynamic parameters useful in daily practice include 
measurement of CO and vena cava collapsibility. CO can be measured by tracing 
of velocity time integral over the left ventricular outflow tract. The measurement 
itself is often validated [46] and data form studies before 1990 have shown 
acceptable comparability with PAC-derived CO [47]. Recently, a systematic review 
questioned this comparability [27]. Most recently, a new study on the correlation 
of TTE and PAC was published [48]. In 38 mechanically ventilated patients a total 
of 64 pairs of CO measurements were compared and a median bias of 0.2 L/min 
was observed. To our opinion this difference is acceptable for daily practice. In this 
study patients with arrhythmia and spontaneous ventilation were excluded. The 
measurement can be used repeatedly for observing trends in hemodynamics or 
assessing fluid responsiveness with or without passive leg raising [35]. Vena cava 
collapsibility/distensibility, which is associated with right atrial pressure/central 
venous pressure, can assess fluid responsiveness [15,35,36]. Most evidence is 
available for a collapse of less or greater than 50% as a sign of higher or lower right 
atrial pressure/central venous pressure, although a recent study found a cutoff 
of 25% to be more accurate [49]. Two important conditions for diagnoses made 
on inferior vena cava measurements are that data derived should be interpreted 
as one measure among others to define the likelihood of fluid responsiveness, 
like considering the size of the right ventricle, the tricuspid annular plane systolic 
excursion, and that the measures depend on the clinical scenario, like spontaneous 
versus mechanical ventilation, the presence of valvular disorder, and pericardial 
effusion. Finally, the vena cava inferior moves during breathing and all studies 
based their optimal cutoff on maximal diameters. Diameters of the inferior vena 
cava during CCUS can only be interpreted if the real diameters are measured.

So, dynamic measures can act as trigger for initiating therapy (i.e., start of inotrope 
with a low CO) or in case of fluid responsiveness in a septic patient to give fluid 
therapy [35,50] or observe trends in the hemodynamic profile (i.e., repetitive 
measurement of CO/velocity time integral).
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EFFECT OF CRITICAL CARE ULTRASONOGRAPHY IN DIAGNOSIS 
AND MANAGEMENT
CCUS may assist the clinician in setting the correct diagnosis of the type of shock 
and further tailor its management so that diagnostic errors and potential harmful 
interventions can be prevented. Data  on the effect of CCUS is increasing. To 
summarize the available evidence the effect can be described in time to diagnosis, 
change in diagnosis, and change in management. All these effects are focused on 
improving patients’ outcome (Table 1). The evidence for establishing a diagnosis 
earlier comes from the emergency department. In a randomised trial of 184 
patients CCUS resulted in a higher rate of diagnosis after 15 min in the group 
of immediate compared to delayed ultrasound [51]. Another retrospective study 
of 3834 patients confirmed that early use of CCUS was associated with decisions 
making earlier [52]. One small randomized trial showed that the early use of CCUS 
made clinical decision-making faster compared with delayed availability in the 
emergency department [52].

Multiple studies have shown that CCUS complementary to clinical examination 
can lead to frequent changes in diagnosis (ranging from 28 to 67%) [41,52–56]. 
Whether these changes were large or categorical, and/or relevant to patient 
important outcomes were not explicitly reported. 

Different studies showed different changes in management based on CCUS. In a 
study management changed following TTE in 16% and TOE in 36% and comprised 
mostly of a change in vasopressors and fluid challenge [57]. Another study observed 
a change in management of 49% with TTE and 54% with TOE, and consisted of 
altered drug therapy in 22%, initiation or increase in inotropes in 14%, and either 
fluid loading (21%) or withholding (3%) [37]. A third study found management 
change in 41%, with 34% in patients with adequate versus 58% in patients with 
inadequate clinical data [55]. The changes were considered minor in the majority 
of cases, like addition of medication in 61%, discontinuation in 16%, initiation of 
new investigation in 11%, and consultation in 9%, respectively. Interestingly, in 
this study CCUS was even ordered in 73% of patients in whom a diagnosis and 
management plan had already been formulated by clinical assessment and 
physiologic measurements [55]. One study observed that a significant increase 
in CCUS use was associated with a significant decrease in echocardiography use 
without an increase in adverse outcomes [58,59]. In summary, mainly cohort 
studies provided observational data on the potential beneficial effects of CCUS on 
decision making in the critical care [17,18,41,60–63] (Table 1). CCUS is associated 
with earlier diagnosis, changes in diagnosis, and even change in management. 
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The question remains whether changes in management of individuals are 
associated with beneficial outcome [64]. After more than 30 years of availability of 
CCUS in the critical care there have not been any large, high-quality randomized 
trials performed to compare its use on patient relevant outcomes. The probable 
reason, no large randomized trial has been performed, is the difficulty to design 
a randomized trial to evaluate a(ny) technique on clinical decision-making. 
Moreover, the lack of well defined and proven treatment targets to be achieved 
and the lack of solid evidence for the individual treatments options, like fluid 
therapy, vasopressors, and inotropes hamper research [65]. 

To our opinion, randomized trials investigating the effect of solid clinical 
examination,  complementary CCUS (or other more advanced hemodynamic 
monitoring), and evidence based, personalized treatment algorithms are needed. 
Currently, several study protocols on the role of CCUS are published [66–68].

CONSIDERATIONS FOR PRACTICE
Many clinicians apply CCUS in the ICU irrespective of the evidence. If the majority 
of all hemodynamic variables suggest one specific hemodynamic pattern or 
diagnosis, there seems no additive value associated with the use of CCUS. For 
instance, if a patient is coughing, has high fever, a low BP, tachycardia, warm 
extremities, mottling, hyperlactemia, oliguria, tachypnea, low SpO2, rhonchi 
over right thorax, and a chest X-ray showing an infiltrate, septic shock would 
probably be diagnosed by nearly 100% of all clinicians. Although some studies 
showed that diagnoses changed after CCUS, changes were mostly minor. In 
contrast, when the hemodynamic profile is less clear and/or some hemodynamic 
variables are seemingly in conflict with the diagnosis, or when treatments (i.e., 
vasopressors, inotropes, b-blockers) do not result in expected improvements, 
additional diagnostic testing is warranted for setting the correct diagnosis. For 
example, a patient with a history of MI on b-blocker therapy might present with 
confusion, low BP, a heart rate of 80 beats/min, normal skin temperature, oliguria, 
and prolonged capillary refill time. What is the diagnosis and which treatment 
should be initiated? Would CCUS be of any added value here? Opponents of 
CCUS would argue for obvious cardiac dysfunction post-MI. Proponents of CCUS 
would argue that data conflict and additional information on cardiac size, cardiac 
function, abnormalities, and a CO measurement would be informative for the 
correct diagnosis and optimal treatment. Should the clinician start inotropes 
and/or vasopressors without additional hemodynamic test? What should be the 
mean arterial pressure goal? These questions are among the most frequent in the 
ICU. Unfortunately, clinical profiles of patients are mostly less clear as patients 
frequently present with combinations of types of shock or their hemodynamic 
profiles develop during their sickness (i.e., any distributive shock because of sepsis 
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may evolve to cardiogenic shock when septic cardiomyopathy develops). The 
awareness that potentially several medical problems are concurrently present in 
one patient is often neglected [69,70]. Clinicians need education on how and when 
to use and interpret CCUS and need to be aware of the learning curve. Surprisingly 
only few studies on CCUS had their images judged by (independent) experienced 
cardiologists for quality control [40,42,55,60,62]. Especially given the doubts that 
exist with regard to the noncardiologist operator’s expertise. The clinician using 
CCUS should realize that image acquisition and interpretation is more challenging 
compared to ultrasound in elective settings so that abnormalities can easily be 
missed [18,71]. Further, the clinician should be aware of the limitations associated 
with use of CCUS measurements concerning reliability, accuracy, and potential 
confounders (e.g., atrial fibrillation or aortic insufficiency/stenosis) just like any 
other diagnostic testing. One classic example of such a limitation is negative 
findings for tamponade by CCUS in case of circulatory shock after cardiothoracic 
surgery. TOE or PAC can be considered for advanced diagnostic testing when 
CCUS renders insufficient views or suboptimal quality [22,24,72].
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TABLE 1. Critical care ultrasonography for hemodynamic monitoring on the ICU

First 
author + 
publication 
year

Cen-
tre

Pa-
tients

Eligible CTS MV No 
of 
US

Operator Population Protocol Outcome
Acoustic 
window

Image 
quality$

Independent 
judging 
of images

Problem 
solving

Abnormalities 
detected

Change 
in clinical 
diagnosis

Change 
in clinical 
management

Retrospective cohort

Vignon  1994 2 111 ns 16,5% 100% 128 Intensivists All MV patients with a 
clinical problem

ns ns TTE: 55% good,  
23% suboptimal, 
22% poor

ns Clinical 
problem solved 
– TTE: 38%

ns ns 16%

Bernier-Jean 
2015

3 968 ns ns 51% 1215 Trained 
members of 
ICU team

All patients whom 
ICU team members 
performed an echo; 
73% on the ICU

General CCUS 
and critical 
care 
echocardio- 
graphy

ns 94% adequate 
(cardiac views) 

Blinded evaluated 
random sample 
of 100 images to 
ensure quality

Cardiac US 
large impact 
on diagnosis, 
cardiac 
US largest 
impact on 
management 
when 
compared to 
other US

ns 25% in all 
US versus 
37% of 
cardiac US

44% in all US 
versus 58% of 
cardiac US

Yin 2018 1 451 ns ns 86% 451 Board 
certificated 
physician

All patients whom ICU 
board certified team 
members performed 
an echo

5 different 
'points of 
echo view' 
which 
included 
the lung 
ultrasound 
score

ns ns Results were 
doublechecked 
by other senior 
physicians 
and in case of 
'abdnormal' 
images the 
examination was 
double checked 
with other 
phycisians and 
pathologists

34% LV 
dysfunction (10% 
moderate; 3% 
severe), 32% 
abnormal RV 
(moderate 26%; 
severe 6%), 
17% pericardial 
effusion; 14% 
regional wall 
abnormalities, 7% 
pneumothorax

ns ns

Prospective cohort

Jensen 2004 1 210 2200 ~55% 65% 233 ns Patients not making 
clinical progress after 
cardiopulmonary 
evaluation based on
conventional 
monitoring

FATE 0/3 (2%), 
1/3 (23%), 2/3 
(41%), 3/3 
(34%)

97% ns ns ns ns ns
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having CTS within 7 
days of inclusion; 85% 
on the ICU/CCU

Full echocar-
diographic 
exam
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99% Two board cer-
tified echocar-
diographers (94% 
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of 0.86)

PPV of 98% and 
NPV 100% for 
detection of a 
cardiac cause 
of shcok

33% severe LV 
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17% tamponade

ns 51% total and 
57% of total: 
medical therapy

Vignon 2004 1 55 ns ns 73% 110 Operators 
with level III 
training
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who required TTE. 
Main reasons: shock 
27% and pulmonary 
oedema/ARDS 20%

TTE versus 
HCU

5% no view ns ns Diagnostic 
accuracy 
90% for TTE 
compared with 
80% for HCU

ns ns 51% for TTE, 
49% for HCU

Manasia 2005 1 90 ns ns ns 90 4 experi-
enced cardiac 
sonographers

Patients admitted to 
surgical ICU (79%) 
or hemodynamically 
decompensating 
(21%)

Limited  
echo-imaging

99% succesfull 94% successful Cardiologist Valuable in 
48% and no 
use in 15%

ns ns 37%
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First 
author + 
publication 
year

Cen-
tre

Pa-
tients

Eligible CTS MV No 
of 
US

Operator Population Protocol Outcome
Acoustic 
window

Image 
quality$

Independent 
judging 
of images

Problem 
solving

Abnormalities 
detected

Change 
in clinical 
diagnosis

Change 
in clinical 
management

Stanko 2005 1 126 633 ns ns 135 Trained 
members 
of ICU team 
(mostly 
residents and 
fellows)

Main indications: 
patients with 
hemodynamic 
compromise (64%) or 
an assessment of LV 
function (12%)

Full 
echocardio-
graphic exam

ns 10% suboptimal Two board 
certified 
cardiologist

ns ns 29% 41%

Orme 2009 1 217 1576 ns 64% 187 Intensivists 
(83%)

Main indications: 
assessment of LV 
function (46%), 
search for cause of 
hypotension (17%) or 
pulmonary oedema 
(14%)

Full 
echocardio-
graphic exam

ns TTE in MV: 27% 
good, 62% 
adequate, TTE 
in SB: 27% good, 
64% adequate

In case of doubt 
lead author or 
cardiologist

Support clinical 
decision-
making 10%

ns ns 49% total,  
42% immediate 
change in 
treatment

Marcelino  
2009

1 704 All con-
secutive

ns 1 682 Intensivist All admitted patients Full 
echocardio-
graphic exam

0,6% no data, 
5.4% no para-
sternal view, 
19% no IVC 

ns Whenever needed 
by a senior 
cardiologist (n=14)

ns 33% total, 7.5% 
severe previously 
unknown

ns ns

Legend. CCU = coronary care unit, CCUS = critical care ultrasonography, CTS = cardiothoracic surgery, 
CVP =  central venous pressure, FATE = focus assessed TTE; FICE = focused intensive care echo, HCU = 
hand-carried ultrasound, ICU = Intensive Care Unit, LV = left ventricle, MV = mechanical ventilation, No 
= number, ns = not specified, Ref = reference, RV = right ventricle, SB = spontaneously breathing, pts = 
patients, TTE = transthoracic echocardiography; US = ultrasound. $ Assessed as adequate.
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of images

Problem 
solving
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Change 
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diagnosis

Change 
in clinical 
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compromise (64%) or 
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function (12%)
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echocardio-
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certified 
cardiologist

ns ns 29% 41%
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(83%)
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function (46%), 
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(14%)
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echocardio-
graphic exam

ns TTE in MV: 27% 
good, 62% 
adequate, TTE 
in SB: 27% good, 
64% adequate

In case of doubt 
lead author or 
cardiologist

Support clinical 
decision-
making 10%

ns ns 49% total,  
42% immediate 
change in 
treatment

Marcelino  
2009

1 704 All con-
secutive

ns 1 682 Intensivist All admitted patients Full 
echocardio-
graphic exam

0,6% no data, 
5.4% no para-
sternal view, 
19% no IVC 

ns Whenever needed 
by a senior 
cardiologist (n=14)

ns 33% total, 7.5% 
severe previously 
unknown

ns ns

Legend. CCU = coronary care unit, CCUS = critical care ultrasonography, CTS = cardiothoracic surgery, 
CVP =  central venous pressure, FATE = focus assessed TTE; FICE = focused intensive care echo, HCU = 
hand-carried ultrasound, ICU = Intensive Care Unit, LV = left ventricle, MV = mechanical ventilation, No 
= number, ns = not specified, Ref = reference, RV = right ventricle, SB = spontaneously breathing, pts = 
patients, TTE = transthoracic echocardiography; US = ultrasound. $ Assessed as adequate.

Conclusion
CCUS is a highly available, widely used tool for diagnosis and hemodynamic 
monitoring. It seems irrelevant that CCUS-derived measurements are not 
highly correlated with PAC-derived values, provided that the operator is aware 
of the diagnostic test characteristics of CCUS. Both tools, CCUS and PAC, should 
be considered of potential additional value depending on the specific clinical 
question. Optimal use of CCUS includes repeated measures for monitoring 
and guiding treatment. Future studies on CCUS should focus on the diagnostic 
accuracy of different ultrasound applications [73] and on patient outcome [74]. 
Eventually, results of current and future studies should establish a more defined 
role for CCUS.
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CHAPTER 6

Abstract
Background
Critical care ultrasonography (CCUS) is increasingly applied also in the intensive 
care unit (ICU) and performed by non-experts, including even medical students. 
There is limited data on the training efforts necessary for novices to attain images 
of sufficient quality. There is no data on medical students performing CCUS for the 
measurement of cardiac output (CO), a hemodynamic variable of importance for 
daily critical care. The aim of this study was to explore the agreement of cardiac 
output measurements as well as the quality of images obtained by medical 
students in critically ill patients compared to the measurements obtained by 
experts in these images.

Methods
In a prospective observational cohort study, all acutely admitted adults with an 
expected ICU stay over 24 hours were included. CCUS was performed by students 
within 24 hours of admission. CCUS included the images required to measure the 
CO, i.e., the left ventricular outflow tract (LVOT) diameter and the velocity time 
integral (VTI) in the LVOT. Echocardiography experts were involved in the evaluation 
of the quality of images obtained and the quality of the CO measurements. 

Results
There was an opportunity for a CCUS attempt in 1155 of the 1212 eligible patients 
(95%) and 1075 of the 1212 patients (89%) CCUS examination was performed by 
medical students. In 871 out of 1075 patients (81%) medical students measured 
CO. Experts measured CO in 783 patients (73%). In 760 patients (71%) CO was 
measured by both which allowed for comparison; bias of CO was 0.0 L∙min-1 with 
limits of agreement of -2.6 L∙min-1 to 2.7 L∙min-1. The percentage error was 50%, 
reflecting poor agreement of the CO measurement by students compared with 
the experts CO measurement.

Conclusions
Medical students seem capable of obtaining sufficient quality CCUS images for 
CO measurement in the majority of critically ill patients. Measurements of CO 
by medical students, however, had poor agreement with expert measurements. 
Experts remain indispensable for reliable CO measurements.



127

Feasibility of cardiac output measurements in critically ill patients by medical students

6

Background
Critical care ultrasonography (CCUS) is a deliberately focused examination, aimed 
at rapidly answering straightforward clinical questions [1]. In the field of emergency 
and critical care medicine, CCUS is increasingly used to guide interventions in 
critically ill patients in various settings by experts and novices [2–14]. The training 
process required for users to attain competency in CCUS has varied widely between 
studies, reflecting the diversity in CCUS training between centers. Similarly, there 
is variability among statements from stakeholders regarding the type of training, 
the required number of hours spent and examinations performed by the trainee 
to achieve competency in CCUS [15–17]. However, besides these disparities, 
individual physicians struggle with barriers to its use, such as perceived difficulty 
in obtaining adequate technical skills [13], limitations in training, need (perceived 
and real), and costs [6, 14]. 

One valuable CCUS hemodynamic measurement is the determination of the 
cardiac output (CO), especially if the patient is in circulatory shock [18]. Circulatory 
shock occurs in one-third of patients admitted to the ICU [19], so being able to 
perform CCUS and measure CO is of importance. However, CO measurement by 
CCUS is considered an advanced level CCUS skill [20, 21]. Whether trained novices 
(e.g. medical students or other less experienced physicians) are able to obtain 
reliable CO measurements has not yet been investigated. In a convenience sample 
of 100 adult patients in the emergency department (ED), two ultrasound-naive ED 
physicians were able to measure CO by ultrasonography accurately [22]. Another 
study in the ED with a convenience sample of 80 patients, however, showed poor 
agreement in CO measurement by an emergency ultrasound fellow compared to 
an emergency cardiology fellow [23]. At the start of our study there were no data 
on medical students performing CO measurements by CCUS in critically ill patients, 
although medical students have been shown to be capable of performing CCUS 
after limited training [24]. To our knowledge, only one small study investigated 
CCUS by medical students on a (cardiac) intensive care unit, and CO was not 
measured (see supplements) [3]. 

The aim of this study was to explore the feasibility of a limited CCUS examination, 
consisting of CO measurements, performed by medical students in a protocolised 
manner, in critically ill patients. In addition, the quality of images required to 
calculate CO and the accuracy of CO measurements compared to those obtained 
by echocardiography experts were analyzed.  



128

CHAPTER 6

Methods
The Simple Intensive Care Studies (SICS)-I was a prospective, observational cohort 
study which followed a published protocol and statistical analysis plan (Clinicaltrials.
gov; NCT02912624). The SICS-I was developed to unravel the diagnostic and 
prognostic value of a comprehensive selection of clinical, hemodynamic, and 
biochemical variables in critically ill patients, and details have been described 
elsewhere [25, 26]. All acutely admitted adults with an expected ICU stay over 24 
hours were included. Patients were excluded when admission was planned and if 
clinical care interfered with acquiring research data (e.g., mechanical circulatory 
support). The local institutional review board approved the study (M15.168207).

Data collection and training 
All patients underwent CCUS within 24 hours of ICU admission. Detailed 
information on the CCUS performed can be found in the supplements. Patients 
were enrolled by fourth-year to sixth-year medical students of a six-year medical 
school program. The training consisted of self-study on theoretical fundamentals 
and two practical sessions of at least two hours in total to learn how to operate 
the General Electric Vivid-S6 mobile ultrasonography machine using the cardiac 
phased-array probe (see appendix in supplements for detailed information). 
The theoretical self-study on how to perform CCUS and measure the CO 
consisted of study of the protocol (supplements), a website on the principles of 
echocardiography [27], and international guidelines [28, 29]. This information 
became available two weeks before participation of the medical students. During 
the practical sessions, medical students learned to obtain the parasternal long 
axis (PLAX), apical four-chamber (AP4CH), and apical five-chamber (AP5CH) views, 
among others. The medical students alternated with obtaining the views and 
measurements of CO during the practical sessions. All medical students received 
at least two hours hands-on training from cardiologist-intensivists (GK and IVDH).
Views and images were obtained randomly during the respiratory cycle and/
or phase of mechanical ventilation. In case of any arrhythmias, the average of 
multiple measurements over five heartbeats was taken. 

The first 20 CCUS images and measurements of each medical student were 
supervised by medical students who had independently performed more than 
50 CCUS examinations. After 20 scans, CCUS medical students were allowed to 
conduct/perform CCUS unsupervised, since previous studies showed acceptable 
capability for acquiring images beyond 20 exams [30]. 
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Validation and definitions
For quality control, echocardiography technicians from an independent core 
laboratory (Groningen Image Core Lab, UMCG, Groningen, the Netherlands, www.g-
icl.com) assessed all CCUS images and measurements obtained by the medical 
students according to the study protocol. If the images were obtained according 
to guideline standards, the LVOTd and VTI were independently remeasured and 
CO recalculated [28, 29]. Core laboratory technicians, which we refer to as experts 
throughout this report, were blinded to all other clinical measurements. The 
experts did not perform any CCUS examination.

Outcomes, index test and reference standard
The number of patients where CCUS could not be performed and reasons for 
unobtainable images by the medical students were reported. Patients were 
excluded from the analysis if, for research purposes, experts would also not be 
able to perform CCUS (i.e. drains, subcutaneous emphysema, surgical dressing/
wounds). The number of patients in which CCUS images of PLAX or AP5CH were 
obtained was analyzed [28, 29]. Proportion of patients was reported wherein 
the CCUS images assessed by the experts was of insufficient quality for CO 
measurement. 

We also evaluated the accuracy of CO measurements by medical students 
(COmedical student) compared to CO measurements by experts (COexpert). 
Moreover, the two components needed for CO calculation (i.e. LVOTd or VTI) 
were assessed to determine possible differences between medical students’ and 
experts’ measurements.

Sensitivity analyses were done with baseline characteristics to investigate reasons 
why experts could not measure a CO.

Sample size and missing data
Due to the observational nature of this study, no formal power calculation was 
performed. For the accuracy analysis on CO measurements, we only included 
patients if CO was measured by both medical students and experts.

Statistical analysis
Data were presented as mean with standard deviation (SD) when normally 
distributed or as median with interquartile ranges (IQR) in case of skewed data. 
Dichotomous and categorical data were presented in proportions. Intraclass 
correlation coefficients (ICC) were calculated to assess the concordance between 
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the measurements made by the medical students and the experts. Bland-Altman 
analysis was performed to assess agreement of medical student versus expert 
measurements by calculating mean and SD of the differences, the 95% limits of 
agreement (LOA) (= mean of the difference ± 1.96 × SD of the difference), and 
the percentage error [31]. In method comparison studies, a percentage error of 
30% is considered acceptable if the error of the test and the reference method 
is 20%, which is the case when using the thermodilution method to calculate CO 
[32]. Since there is no reference for CCUS, and only one method was used with 
comparison between the observers, a percentage error of less than 20% was 
defined as clinically acceptable. This would mean that the CO difference between 
medical students and experts would be less than 0.5 L∙min-1 in the lower end of 
the CO spectrum (e.g. when the experts measured a CO of 2.5 L∙min-1, a CO of 
2.0 – 3.0 L∙min-1 by the medical student would be clinically acceptable). An alpha 
error of 0.05 was used to indicate statistical significance. Statistical analyses were 
conducted using STATA version 15.0 (StataCorp, College Station, USA). 

Results

CCUS acquisition and images
Between March 27th, 2015 and July 22nd, 2017, sixteen medical students were 
involved in the study and 1212 patients fulfilled inclusion criteria. Of these, in a total 
of 1155 patients CCUS was performed, as in 40 patients there was interference with 
clinical care during the first 24 hours of admission (e.g., the patient was in severe 
hemodynamic instability or an intervention was being performed) and 17 patients 
had isolation restriction measures. Of these 1155 patients, in 80 patients, clinical 
conditions (i.e., thoracic drains, wounds, or subcutaneous emphysema) prohibited 
the image acquisition by CCUS, leaving 1075 patients with ultrasonography data 
(Figure 1).

The medical students deemed both LVOTd and VTI unmeasurable (i.e., images 
were of too low a quality and no or few structures could be identified) in 129 
patients (12%), the LVOTd in 46 patients (4.2%), and the VTI in 29 patients (2.6%). 
The parasternal short axis view did not provide any additional measurements 
when the LVOTd was unmeasurable in the PLAX view. Thus, 204 patients (19%) 
out of 1075 had no CO measurement, leaving a total of 871 patients (81%) with a 
measured CO by medical students.
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FIGURE 1. Flow diagram of the Simple Intensive Care Studies-I (SICS-I)
Legend. Abbreviations: ICU, intensive care unit; CCUS, critical care ultrasonography; CO, cardiac output; 
LVOT, left ventricular outfl ow tract; VTI, velocity time interval

CCUS quality of images 
The experts used the images obtained by the medical students and were unable 
to measure both the LVOTd and VTI in 152/1075 (14%), LVOTd in 76/1075 (7.1%), 
and VTI in 64/1075 (6.0%). While the experts deemed more measurements to be 
impossible in the obtained images compared to the medical students, the experts 
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were also able to add 23 CO measurements in patients where medical students 
judged the images to be of too poor a quality and consequently did not perform 
the measurements. In total, the experts measured CO in 783 patients (73%). 
Comparisons of CO measurements by medical students and experts were possible 
in 760 (71%) out of 1075 patients in case of adequate image quality (Figure 1).
Diff erences in patient baseline characteristics were found between the group 
in which experts could measure a CO and the group in which experts could not 
measure a CO (see Table 1). Patients without CO measured by experts were 
characterized by older age, greater illness severity (refl ected in higher APACHE IV 
scores), higher heart rate, greater prevalence of chronic obstructive pulmonary 
disease (COPD), higher rates of mechanical ventilation, greater likelihood of being 
post-operative, and higher vasopressor dose

Comparison of CO measurement by medical students and 
experts
The mean COmedical student was 5.2 ± 2.0 L∙min-1 and COexpert was 5.2 ± 1.8 
L∙min-1 (p=0.44). Bland-Altman analysis demonstrated a bias of -0.0 L∙min-1 (95% 
CI -0.06 – 0.13) with limits of agreement of -2.6 L∙min-1 (95% CI -2.7 – -2.4) to 2.7 
L∙min-1 (95% CI 2.5 – 2.8) (Figure 2). Plotting a regression line in the Bland-Altman 
plot showed a proportional bias of 2%. The percentage error was 50% (95% CI 47 
– 53). The ICC was 0.75 (95% CI 0.72 – 0.78). 

FIGURE 2. Bland-Altman plot showing the comparison between cardiac output measured by medical 
students (COmedical student) and core lab experts (COexpert). 
Legend. The mean bias between COexpert and COmedical student and the upper and lower limits of 
agreement (LOA) are presented. The fi gure clearly shows the widening of the LOA in both directions with 
increasing CO.
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Comparison of LVOTd and VTI measurements by medical 
students and experts
The medical students measured 900 LVOTd and the experts 847. There were 815 
paired LVOTd measurements. Mean LVOTd by medical students (LVOTdmedical 
student) was 2.06 ± 0.24, whereas the mean of the LVOTd measured by experts 
(LVOTdexpert) was 2.09 ± 0.18 (p<0.001). Bland-Altman analysis showed a bias of 0.0 
cm (95% CI 0.0 – 0.0) with limits of agreement of -0.5 cm (95% CI -0.5 – -0.4) to 0.4 cm 
(95% CI 0.4 – 0.4) (see supplements). The percentage error was 21% (95% CI 20 – 23). 
There was a proportional bias of 20% (0.41cm). The ICC was 0.43 (95% CI 0.37 – 0.48).

The medical students measured 917 VTI and the experts 859. There were 840 
paired VTI measurements. Mean VTI by medical students (VTImedical student) was 
19.0 ± 5.6 cm compared to 18.5 ± 5.4 cm of the experts (VTIexpert) (p<0.001). Bland-
Altman analysis showed a bias of 0.5 cm (95% CI 0.4 – 0.7) with limits of agreement 
of -5.0 cm (95% CI -5.3 – -4.6) to 6.1 cm (95% CI 5.7 – 6.4) (see supplements). The 
percentage error was 30% (95% CI 28 – 31). The ICC was 0.86 (95% CI 0.84 – 0.88). 

Discussion
In this large prospective ICU cohort study with CCUS, we found that, after dedicated 
training, medical students were able to acquire a CO measurement in three out of 
every four patients (871 of 1155 patients). This finding is of interest considering that 
the medical students were ultrasound naïve, the CO measurement is considered 
an advanced CCUS skill, and the ICU population is known for technical difficulties in 
acquiring ultrasound images. In a minority of ICU patients (80 of the 1155 patients) 
CCUS was not possible due to clinical conditions hampering image acquisition, 
leaving 1075 patients with ultrasonography data. The CCUS images obtained by 
medical students were assessed by experts and rated to be of adequate quality in 
73%. Patients (292 of 1075 patients) in which no adequate image quality could be 
obtained were more often mechanically ventilated, admitted after cardiothoracic 
surgery or were more severely ill. 

Although the students reached a reasonable percentage on image acquisition/
quality, our data do not support CO measurements by medical students (after 
limited training), as comparison to CO measurements by experts showed poor 
agreement. CCUS concerns more than acquiring the required images and 
any operator should be aware of the potential errors that can be made with 
ultrasonography, especially in complex critically ill patients [33]. It is important 
to note that education on ultrasonography should focus on specific training and 
quality control on all aspects of ultrasonography in order to achieve accurate 
measurements [17]. Our results are in line with recommendations by the European 
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Association of Cardiovascular Imaging (EACVI) on point-of-care, problem-oriented 
focus cardiac ultrasound examination (FoCUS), which state that supervision and 
quality control by experts are essential for proper and complete examination. 
Quality control in our study was performed by an accredited echocardiographic 
laboratory as is recommended in this viewpoint [15]. 

To be able to compare our results to those of other studies, it is of utmost 
importance that every step, from eligible patients to the number of patients in 
which a reliable CO measurement by CCUS is obtained, are presented. Currently 
these numbers are often lacking, and this leads to varying success rates on 
the feasibility of CCUS. If reported, results may vary based on differences in 
ultrasonography training and experience, which impedes a comparison of image 
acquisition and quality. We found four studies, on measuring CO in critically ill 
patients by non-experts to compare with our study (see supplements) [22, 23, 34, 
35]. In two out of the three studies the operators had previous experience with 
ultrasonography, but training varied [23, 34]. The setting, sampling, and exclusion 
criteria may explain the reported high success rate in one study over another [22]. 
Whether images obtained are of sufficient quality should preferably be judged 
by independent experts, as two out of three studies did [22, 34]. In one study 
independent investigators assessed the quality, however, it is not clear if these 
were experts or not [35]. The percentage of adequate/good-quality images in our 
study was comparable with Dinh et al. In the study of Betcher et al. and Villavicencio 
et al., image quality was generally (judged) overall lower. Duration of training or 
differences in baseline characteristics might explain part of these differences. 

The final step to obtain a reliable CO measurement is to measure LVOTd and VTI on 
images of sufficient quality. Dinh et al. and Lee et al. reported data on measurement 
quality, and, furthermore, Dinh et al. reported a low bias between sonographers 
and independent experts. These studies and ours showed lack in precision for CO 
measurement by novices. Villavicencio et al. compared ultrasonography derived 
CO with the transpulmonary thermodilution technique and concluded that there 
was an acceptable level of agreement between the techniques. Furthermore, they 
found a high inter- and intra-observer reliability. 

Ultrasonography in the acute setting remains challenging, and data regarding 
novice-based CCUS are limited (see supplements). In our study we chose for 
medical students as novices (i.e. non-experts), since non-experts constitute the 
majority of ultrasound trained personnel in an IC and as students would not 
interfere with daily ICU care. Five studies reported on medical students performing 
CCUS in critically ill patients (3 in ED setting, 1 in operating theatre and 1 in ICU) 
[3, 7–10]. Four out of the five studies showed that images could be acquired in 
a promising 82-98% of cases. The studies reporting on image quality showed 
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percentages of (at least) adequate imaging ranging from 89 to 98%, unfortunately 
by non-independent judging [3, 7]. Furthermore, after training, medical students 
can adequately interpret images with a very simplified or binary assessment [36]. 
A number of previous studies employed training curricula for medical students 
on ultrasonography protocols [37–39]. Four other studies used a point-of-care 
ultrasonography training program to determine diagnostic performance in 
various clinical scenarios [36, 40–42]. All studies showed feasibility to train medical 
students to perform ultrasonography after a relatively short amount of training, 
which is comparable to the training medical students received in our study. 

In previous manuscripts on SICS study data we reported a higher percentage of images 
judged to be of sufficient quality [25, 26]. The current results showed the percentage 
of measurements of CO considered of sufficient quality by a core-laboratory and 
not images with a LVOT and VTI. The high(er) level of quality considered necessary is 
according to internal protocol and is independently monitored.

Limitations
First, the proportion of patients with an acoustic window was based on the 
results of CCUS by medical students only. We did not check if more experienced 
sonographers were able to retrieve images in these cases, because the design of 
our study was to obtain images outside patient care. We believe image quality 
can only be assessed if the observers are blinded for all other study data and are 
not involved in the patient’s clinical care. Ideally, independent experts perform 
ultrasonography themselves and make a direct comparison with the medical 
student. The availability of time and staff outside clinical care in our center was 
limited, leading us to include all consecutive patients and allow trained medical 
students to run the study. 

Second, we did not check for interindividual variation of skills and quality of CCUS 
in each medical student who participated in the study, mainly to limit the time of 
investigation at the bedside. 

Third, CCUS of the heart was limited to 2D imaging of the LVOTd, - of the AP5CH 
and pulse wave Doppler imaging of the LVOT. Therefore, valvular disease could 
have been missed.

Conclusions
Medical students as novices were capable of performing CCUS with adequate 
image acquisition in the majority of an ICU population of acutely admitted critically 
ill patients. However, they cannot accurately measure a CCUS derived cardiac 
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output after limited training. Cardiac output measurements with CCUS in research 
and daily care should be interpreted with caution if not validated by experts; this 
is in concordance with the viewpoint of the EACVI on CCUS.

TABLE 1. Patient characteristics separated on the presence or absence of an expert measured cardiac 
output (n = 1075)

Patients 
without CO 
measurement 
(n = 292)

Patients 
with CO 
measurement 
(n = 783)

p-values

Age (years) 64 ± 13 61 ± 15 0.004

Male gender 190 (65%) 484 (62%) 0.33

BMI (kg m-2) 26.9 ± 5.3 26.9 ± 5.6 0.96

Respiratory rate 
(bpm)

18 ± 6 18 ± 6 0.88

Mechanical 
ventilation

194 (66%) 438 (56%) 0.002

PEEP (cm H2O) 7 (5, 8) 7 (5, 8) 0.83

SBP (mmHg) 113 ± 25 120 ± 25 <0.001

DBP (mmHg) 59 ± 12 60 ± 12 0.44

MAP (mmHg) 76 ± 14 79 ± 14 0.014

Heart rate (bpm) 91 ± 22 87 ± 21 0.002

Atrial fibrillation 22 (8%) 56 (7%) 0.91

Norepinephrine 168 (58%) 361 (46%) <0.001

CVP (mmHg) 9 (4 – 12) 9 (5 – 13) 0.84

Lactate (mmol L-1) 1.5 (1.0 – 2.5) 1.3 (0.9 – 2.1) <0.001

Consciousness Alert 75 (26%) 254 (32%) 0.018

reacting to Voice 49 (17%) 154 (20%)

reacting to Pain 22 (8%) 67 (9%)

Unresponsive 146 (49%) 308 (39%)

COPD 54 (18%) 88 (11%) 0.002

Acute surgery 108 (37%) 230 (29%)# 0.017

Post cardiothoracic 
surgery

40 (14%) 48 (6%) <0.001

SAPS-II 49 ± 17 46 ± 17 0.004

APACHE IV score 80 ± 30 75 ± 29 0.017

90-day mortality 80 (27%) 217 (28%) 0.97

Abbreviations: APACHE; acute physiology and chronic health evaluation, BMI; body mass index, bpm; 
beats per minute, CO; cardiac output, CVP; central venous pressure, DBP; diastolic blood pressure, MAP; 
mean arterial pressure, PEEP; positive end-expiratory pressure, SAPS; simple acute physiology score, SBP; 
systolic blood pressure. # Significant overlap with cardiothoracic surgery
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CHAPTER 7

Abstract
Background
In critically ill patients, auscultation might be challenging as dorsal lung fields 
are difficult to reach in supine positioned patients and the environment is often 
noisy. In recent years clinicians have started to consider lung ultrasound as a 
useful diagnostic tool for a variety of pulmonary pathologies, including pulmonary 
edema. The aim of this study is to compare lung ultrasound and pulmonary 
auscultation for detecting pulmonary edema in critically ill patients.

Methods
This study was a planned sub-study of the Simple Intensive Care Studies-I, a 
single-center, prospective observational study. All acutely admitted patients who 
were 18 years and older with an expected ICU stay of at least 24 hours were 
eligible for inclusion.  All patients underwent clinical examination combined with 
lung ultrasound, conducted by researchers not involved in patient care. Clinical 
examination included auscultation of bilateral regions for crepitations and rhonchi. 
Lung ultrasound was conducted according to the Bedside Lung Ultrasound in 
Emergency-protocol. Pulmonary edema was defined as three or more B-lines in 
at least two (bilateral) scan-sites. Agreement was described by using the Cohen 
κ-coefficient, sensitivity, specificity, negative predictive value, positive predictive 
value, and overall accuracy. Sensitivity analyses were performed in patients who 
were not mechanically ventilated. 

Results
The Simple Intensive Care Studies-I cohort included 1075 patients, of whom 926 
(86%) were eligible for inclusion in this analysis. 307 of the 926 patients (33%) 
fulfilled the criteria for pulmonary edema on lung ultrasound. In 156 (51%) of 
these patients, auscultation was normal. A total of 302 patients (32%) had audible 
crepitations or rhonchi upon auscultation. From 130 patients with crepitations, 86 
patients (66%) had pulmonary edema on lung ultrasound; and from 209 patients 
with rhonchi, 96 patients (46%) had pulmonary edema on lung ultrasound. 
Agreement between auscultation findings and lung ultrasound diagnosis was 
poor (κ - statistic 0.25). Sensitivity analyses showed that diagnostic accuracy of 
auscultation was better in non-ventilated than in ventilated patients. 

Conclusions
The agreement between lung ultrasound and auscultation is poor. 
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Introduction
Physicians are trained to use auscultation as part of clinical examination in routine 
care for critically ill patients. Auscultation is accepted as one of the essential 
components of the clinical examination. Frequent pathologies encountered 
in the critically ill are pulmonary edema and pneumonia; both present with an 
increase in alveolar fluid and often coexist. Crepitations and rhonchi can be 
present in patients with pulmonary edema [1]. In recent years clinicians have 
started to consider lung ultrasound (LUS) as a useful diagnostic tool for a variety of 
pulmonary pathologies [2–4]. An increasing body of evidence supports the use of 
LUS in diagnosing pulmonary edema and/or pneumonia [5]. Several studies have 
shown the diagnostic value of LUS in patients with dyspnea or specific diagnoses, 
such as pneumothorax, high altitude pulmonary edema, and cardiogenic 
pulmonary edema [6–10]. LUS has even been suggested to be superior to chest 
radiography (X-ray), and comparable to chest computed tomography (CT)-scan 
for the diagnosis of pulmonary edema and increased alveolar fluid (commonly 
referred to as interstitial syndrome) [3,8]. However, few studies have compared 
LUS to pulmonary auscultation, even while the stethoscope still constitutes the 
majority of contemporary practice [11–13].

In critically ill patients, auscultation might be challenging as dorsal lung fields are 
difficult to reach in supine positioned patients and the environment is often noisy. 
No studies have prospectively compared auscultation with LUS in the intensive 
care unit (ICU) setting. Accordingly, the aim was to compare the agreement of LUS 
against pulmonary auscultation for the detection of pulmonary edema in acutely 
admitted ICU patients. We hypothesized that auscultation for pulmonary edema 
would have insufficient agreement compared to LUS.

Methods

Design and setting
This was a planned sub-study of the Simple Intensive Care Studies-I (SICS-I), a 
single-center, prospective observational study designed to evaluate the diagnostic 
and prognostic value of combinations of clinical examination and critical 
care ultrasonography (CCUS), in critically ill patients [14]. This sub-study and 
prespecified hypothesis was added to the SICS-I study [14]. The local institutional 
review board (Medisch Ethische Toetsingscommissie of the University Medical 
Center Groningen; UMCG) approved the study (M15.168207). This manuscript was 
reported according to the Standards for Reporting of Diagnostic Accuracy Studies 
guidelines [15].
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Participants 
All acutely admitted patients who were 18 years and older with an expected ICU 
stay of at least 24 hours were eligible for inclusion. Patients were excluded if their 
ICU admission was planned, if acquiring research data interfered with clinical care 
due to e.g., continuous resuscitation efforts (e.g. mechanical circulatory support), 
or if consent was not obtained. In this sub-study we selected a convenience sample 
of patients who had bilateral LUS images in at least two scan sites.

Variables
All included patients underwent clinical examination followed by CCUS within 
the first 24 hours of their ICU admission. The researchers were senior medical 
students and junior residents trained by cardiologist-intensivists for both clinical 
examination and CCUS before contributing to the study. Training included self-
study of theory on how to perform auscultation and lung ultrasound, at least 
two hours hands-on training from cardiologists-intensivists, practice on healthy 
individuals during practical sessions, and supervised clinical examination and 
CCUS in their first twenty patients. 

Data from clinical examination was prospectively collected based on definitions in 
the protocol, including the presence of crepitations and rhonchi [14].  Abnormal 
auscultation was defined as the presence of crepitations and/or rhonchi at any of 
the sites. Pulmonary edema was defined as the presence of three or more B-lines; 
diffuse pulmonary edema was defined as edema in two or more scan sites of LUS 
bilaterally [16].

Auscultation was performed of the anterior and axillary lung fields in each 
hemithorax with the patient in a supine position. Subsequently, CCUS was 
performed following a predefined protocol using a phased array probe (M3S or 
M4S) set at a frequency of 3.6 MHz, a depth of 15 cm, and maximal image width 
[17] (Vivid-S6, GE Healthcare, London, UK). LUS was performed using the Bedside 
Lung Ultrasound in Emergency (BLUE)-protocol, assessing six scan sites per 
patient (superior, inferior and lateral, bilaterally) (Figure 1). In each scan site, the 
numbers of B-lines (0-5) were recorded [18]. Measurements were subsequently 
conducted by researchers, who were not involved in patient care. Researchers 
were instructed not to share their findings with the attending physicians, so that 
these were used for research purposes only.
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FIGURE 1. The six scan sites according to the BLUE-protocol [18].

Statistical analyses 
The overall statistical methods were described in the predefined statistical analysis 
plan (SAP) of the main study (NCT02912624). Continuous variables were reported 
as means with standard deviation (SD) or median with interquartile range (IQR) 
depending on distributions. Categorical data were presented in proportions. 
Student's T-test, Mann-Whitney U test or the Chi-square tests were used as 
appropriate. The agreement between LUS and auscultation for pulmonary edema 
was described by using the Cohen k-coefficient. Sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV) and diagnostic accuracy of 
lung ultrasound against auscultation to detect pulmonary edema were calculated. 
Analyses were performed on complete cases using Stata version 15 (StataCorp, 
CollegeStation, TX, USA). A subgroup analysis was performed to assess whether 
these results were robust in patients who were not mechanically ventilated. We 
performed a sensitivity analysis to assess the agreement and diagnostic accuracy 
of LUS for pulmonary edema on chest X-ray, in patients where a chest X-ray was 
available shortly before or after study inclusion (i.e., on the same day).

The SICS-I was designed to address multiple hypotheses on six different outcomes 
and, therefore, the pulmonary edema outcome was adjusted for multiple 
hypothesis testing. We refer to our SAP for more details, but in short a p-value 
of 0.015 indicated statistical significance and p-values between 0.015 and 0.05 
indicated suggestive significance with an increased family-wise error rate [19]. 
For secondary or sensitivity analyses, a p-value below 0.05 indicated statistical 
significance due to the hypothesis-generating purpose. Accordingly, the primary 
analyses are presented with 98.5% CIs and secondary (subgroup) analyses with 
95% CIs.
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Results
This SICS-I sub-study started on September 15th, 2015 and continued until July 
22nd, 2017, during which 1009 patients were included. A total of 149 patients (15%) 
were excluded because no bilateral or less than two scan sites were scanned due 
to emphysema, drains, or wound dressings hampering the ultrasound windows; 
leaving 926 patients (85%) for analysis (Figure 2). Baseline characteristics of all 
patients are shown in Table 1.

FIGURE 2. Flowchart *
*Less than two scan sites meaning if less than two out of six scan sites or no bilateral scan sites of LUS 
were available, the presence of pulmonary edema could not be assessed.

TABLE 1. Baseline characteristics of all included patients

N = 926
Age, years (SD) 62 (14)

Gender, male (%) 598 (64)

Height, cm (SD) 176 (10)

Weight, kg (SD) 83 (18)

Mechanical ventilation, n (%) 537 (57)

Vasoactive medication, n (%) 461 (49)

APACHE IV - score, mean (SD) 76 (29)

Admission type
- Surgical, n (%)
- Medical, n (%)

292 (31)
645 (69)

Outcomes
- Length of stay, days
- 90-day mortality, n (%)

3.3 (1.9-6.8)
249 (27)
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Findings of lung ultrasound and auscultation 
The criteria for pulmonary edema diagnosed by LUS were met in 307 of 926 
patients (33%). In 156 of these patients (51%), auscultation was normal. A total 
of 302 of 926 patients (32%) had pulmonary edema diagnosed by pulmonary 
auscultation. From these patients, 151 patients (50%) had pulmonary edema on 
LUS.  Of the 302 patients with pulmonary edema on auscultation, 130 patients had 
crepitations and 209 patients had rhonchi. 

From 130 patients with crepitations, 86 patients (66%) had pulmonary edema on 
LUS; and of the 209 patients with rhonchi, 96 patients (46%) had pulmonary edema 
on LUS. The agreement between auscultation and LUS was poor (κ - statistic 0.25). 

Diagnostic performance
Diagnostic performance measures of crepitations, rhonchi and auscultation 
for detection of pulmonary edema are displayed in Table 2. The sensitivity 
of crepitations was 66% (98.5% CI 55-76), specificity was 71% (98.5% CI 67-75), 
positive predictive value was 28% (98.5% CI 22-34) and negative predictive value 
was 93% (98.5% CI 90-95). Overall diagnostic accuracy of crepitations was 72% 
(98.5% CI 69-74). The sensitivity of rhonchi was 47% (98.5% CI 39-56), specificity 
was 69% (98.5% CI 65-74), positive predictive value was 31% (98.5% CI 25-38) and 
the negative predictive value was 82% (98.5% CI 77-85). Overall diagnostic accuracy 
of rhonchi was 64% (98.5% CI 61-67). 

The sensitivity of abnormal auscultation overall was 52% (98.5% CI 45-59), 
specificity was 74% (98.5% CI 70-79), positive predictive value was 49% (98.5% 
CI 42-56) and the negative predictive value was 76% (98.5% CI 72-80). Overall 
diagnostic accuracy of auscultation was 67% (98.5% CI 64-70).

TABLE 2. Test characteristics of specific findings compared to LUS in all patients 

Abnormal Total Diagnostic performance in% (98.5% confidence 
intervals)

N N Sensitivity Specificity PPV NPV Diagnostic 
accuracy

Crepitations 130 917 66 (55-76) 71 (67-75) 28 (22-34) 93 (90-95) 72 (69-74)

Rhonchi 209 913 47 (39-56) 69 (65-74) 31 (25-38) 82 (77-85) 64 (61-67)

Auscultation 302 926 52 (45-59) 74 (70-79) 49 (42-56) 76 (72-80) 67 (64-70)

Abnormal auscultation was defined as the presence of crepitations and/or rhonchi at any of the sites. 
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Sensitivity analysis
Diagnostic accuracy of auscultation improved if patients were not mechanically 
ventilated (Table 3). Overall accuracy for auscultation was 69% (95% CI 64-74) in non-
mechanically ventilated patients and 67% (98.5% CI 64-70) in all patients (p<0.001). 
Overall accuracy for crepitations was 71% (95% CI 67-76) and for rhonchi 66% (95% 
CI 61-71) in non-ventilated patients. The agreement between auscultation and LUS 
improved in non-mechanically ventilated patients (κ - statistic 0.31).

TABLE 3. Test characteristics of specific findings compared to LUS in non-mechanically ventilated patients

Abnor-
mal

Total Diagnostic performance in% (95% CI confidence 
intervals)

N N Sensitivity Specificity PPV NPV Diagnostic 
accuracy

Crepitations 73 387 36 (28-45) 90 (85-94) 66 (55-75) 73 (70-75) 71 (67-76)

Rhonchi 70 384 28 (21-36) 87 (82-91) 54 (44-64) 69 (66-71) 66 (61-71)

Auscultation 124 391 51 (43-60) 79 (73-84) 56 (49-63) 75 (72-79) 69 (64-74)

Radiologists' reports assessing the chest X-ray were analyzed in a subset of 315 
patients. Baseline characteristics of these patients were comparable to the overall 
population (E-Table 1). Median time lag between LUS and chest X-ray was 4 hours 
(2-7 hours). In 89 of these patients (28%) the radiologist reported the diagnosis 
of edema, in 6 patients (2%) it was unclear, and in 220 patients (70%) there was 
no pulmonary edema on chest X-ray according to the radiologist (E-Table 2). The 
agreement and diagnostic accuracy of LUS for pulmonary edema as diagnosed on 
chest X-ray were limited (κ - statistic 0.12; E-Table 3). 

Discussion
In this prospective observational study, we found poor agreement between 
auscultation and LUS for the diagnosis of pulmonary edema in acutely admitted 
critically ill patients. 

Several previous studies focused on the diagnostic accuracy of LUS compared 
to other imaging modalities, such as chest X-ray and CT-scan [4,10,20]. However, 
few studies have compared the diagnostic accuracy of LUS with the stethoscope, 
one of the most frequently used instruments at the bedside. Lichtenstein et al. 
prospectively compared the diagnostic performance of auscultation, LUS, and 
chest X-ray, for detecting alveolar consolidation and alveolar–pulmonary edema 
with CT-scan in 32 patients with acute respiratory distress syndrome and in 10 
healthy volunteers [13]. The authors found that auscultation had a diagnostic 
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accuracy of 55% for alveolar–pulmonary edema, which corresponds fairly to the 
64% accuracy in our study [13]. In that study LUS had a diagnostic accuracy of 
97% for alveolar consolidation and 95% for alveolar–pulmonary edemas and chest 
X-ray had a diagnostic accuracy of 75% for alveolar consolidation and 72% for 
alveolar–pulmonary edema [13]. In a sensitivity analysis we observed that the 
agreement and diagnostic accuracy of LUS for pulmonary edema was limited 
when compared to chest X-ray, which is in line with other studies [1]. 

Another study by Torino et al. prospectively investigated the agreement between 
auscultation and LUS in non-admitted patients before and after undergoing 
hemodialysis [11]. The authors similarly found a very poor agreement (κ - statistic 
0.16, in this study κ - statistic 0.25) between the presence of crepitations on 
auscultation and the presence of B-lines on LUS in a total of 1106 measurements 
in 79 patients [11]. Although their population seems different to ours, patients 
receiving dialysis may also suffer from pulmonary edema as a consequence of 
fluid overload. Their results and conclusions are similar to ours and therefore, 
these observations may be generalizable to populations beyond the critically ill.

We found that the diagnostic accuracy of auscultation improved if patients were 
not mechanically ventilated, no previous study has reported this finding. Acoustic 
disturbances caused by the ventilators might explain the complicated appreciation 
of subtle auscultation findings. 

Implications and generalizability
Improved diagnostic accuracy for detecting pulmonary edema could lead to 
improved treatment leading to increased benefits and decreased harms for the 
patient. In critically ill patients typically multiple pathophysiological processes 
are co-occurring at the same time, which hampers the extrapolation of tests 
characteristics for diagnosing abnormalities in these patients, such as pulmonary 
edema. As some physicians still use auscultation to detect pulmonary edema, 
we think our study clarifies that auscultation may not be as reliable for detecting 
pulmonary edema as classically perceived, especially in the ICU. Ultrasonography 
becomes increasingly available and our data add nuance to the discussion 
surrounding how this technology might be properly integrated into clinical practice 
in the care of the critically ill. These observations encourage further research of 
LUS, the need for external validation remains to increase the generalizability of 
this diagnostic modality.

Limitations
Several limitations of this study must be acknowledged. First, the clinical 
examination and ultrasonography were conducted as early as possible after ICU 
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admission which limits applicability of use in patients with prolonged admission. 
Further studies should explicate how auscultation and LUS compare in other 
departments and more specifically, other pathologies such as a pneumothorax. 
Second, we were not able to validate all our LUS assessments by experts, also 
because there are no reference standards for the interpretation of LUS. Chest 
radiography is another diagnostic method that is frequently used for the 
assessment of pulmonary edema. However, previous studies have suggested 
that LUS is superior to chest X-ray for diagnosing pulmonary edema [3,8], which 
made us decide not to use this modality as a reference standard. We limited LUS 
reporting to the number of B-lines per field and did not use further qualitative 
commentary. Third, during clinical examination researchers performed both the 
auscultation of the lung fields and did the LUS scan sites, however, they only 
specified whether they heard significant crepitation or rhonchi. Other abnormal 
breathing sounds were not recorded, and only documented the overall presence 
or absence of abnormal breath sounds, we are unable to compare auscultation 
with LUS for each specific scan sites. In addition, ideally, we ask the patient to 
cough to distinguish between rhonchi and/or crepitations. Unfortunately, the 
large majority of the patients in the ICU are not cooperative to this request.  
Fourth, even though the researchers who performed the measurements were not 
involved in patient care, they were not blinded for patient information, such as 
admission diagnoses and other clinical variables and the results of auscultation 
when performing the CCUS. However, as ultrasonography was always performed 
after auscultation, we believe it is proper to discuss this potential source of bias 
but do not believe that it substantially influenced our results due to the objective 
nature of B-line appearance. Fifth, since researchers were senior medical students 
and junior residents, auscultation by more experienced medical doctors could 
potentially improve diagnostic accuracy. Last, 83 (8%) patients were excluded from 
analyses due to the absence of LUS- or auscultation data. However, the relatively 
small proportion of this excluded patient group makes it unlikely that excluded 
patients would have altered conclusions. Despite potential biases and limitations, 
we showed that the agreement between auscultation and lung ultrasound was 
poor. This is important as currently data is scarce on the diagnostic value of 
new non-invasive bed tools such as CCUS, especially in comparison with clinical 
examination in critically ill patients.  

Conclusions
The agreement between auscultation and LUS for detecting pulmonary edema is 
poor. Further studies are necessary to explicate whether the use of LUS should be 
preferred over the use of auscultation for the detection of pulmonary edema in 
critically ill patients. 
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CHAPTER 8

PART 1: Hemodynamic interventions
Medicine has come a long way from its early trial and error to its modern large 
multicentre randomised clinical trials (RCTs). Like the early days, it is still of utmost 
importance for each caregiver to know the potential benefits of an intervention, 
and equally important, to know the potential harms of that intervention.

This thesis was unable to reach conclusions supporting or refuting the use of 
any of the inotropes. Still, many other papers, including reviews, guidelines and 
society statements, recommend using inotropes in critically ill patients. How 
can we explain the differences between our systematic reviews (SRs) and these 
statements, and which concepts are important to consider?

Risk of bias

Previous SRs and meta-analyses concluded that certain inotropes were beneficial 
compared to placebo or other inotropes. The conclusions of the SRs and meta-
analyses included in this thesis contrasted substantially with previous SRs. Some 
methodological aspects of SR conduct explain the differences between our and 
previous findings. Most previous SRs did not assess the risks of bias and/or did not 
incorporate the bias risk assessment in their results and adapted the conclusions 
accordingly. Risk of bias assessment is done by evaluating the domains in which 
bias is associated with the trial design and - conduct. In the first version of the risk 
of bias assessment tool of Cochrane (ROB 1), seven domains were considered/
identified, i.e., sequence generation, allocation sequence concealment, blinding of 
participants and personnel, blinding of outcome assessment, incomplete outcome 
data, selective outcome reporting and other potential threats to validity (i.e. 
academic or funding bias). Each bias domain can be assessed as high risk of bias, 
uncertain or low risk of bias; uncertain bias assessments are categorised under 
high risk of bias. Pooling the individual RCT results without incorporating the risk 
of bias evaluations is likely to overestimate beneficial effects and underestimate 
the harmful effects of the evaluated interventions.1,2 The overestimation is driven 
by the RCTs with a high risk of bias which more often shows a beneficial effect.1   

The previously suggested beneficial intervention effects of some inotropes are 
likely explained by the high risk of bias of many of the included RCTs. Our SRs 
identified only one RCT with an overall low risk of bias (levosimendan n=1 out of 
49 RCTs; milrinone n=0 out of 16 RCTs; dopamine n=0 out of 17 RCTs), implicating 
that all randomised RCTs except one were at high risks of bias. Of the total 574 
bias domains (seven bias domains in 82 RCTs), which we evaluated, only 32% of 
the domains were assessed as being low risk. One incentive to conduct an SR is 
to learn what is already known on a specific intervention and learn from others' 
mistakes on the same subject in the past. Every clinician needs to understand 
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that the quality of an SR3, and thus the validity of its conclusions, is trivial and 
that it depends heavily on the choices of the author(s) and their adherence to 
the protocols and methodological standards, such as the Cochrane Handbook 
for Systematic Reviews. Critical appraisal of the scientific literature, including 
assessing the risk of bias associated with the conduct of SRs and meta-analyses, 
is complex, a skill that every doctor(-to-be) ought to possess. Future RCT’s need 
to adhere to CONSORT/ICH guidelines and should comply with all bias reducing 
requirements, if possible. We owe it to our patients that we continuously keep on 
improving, and that starts by taking advantage of the opportunity to learn from 
previous mistakes; there is much to be learned from others. We are aware of the 
efforts and difficulties of conducting an RCT in critically ill patients. Certain biases, 
such as lack of blinding, are challenging to prevent, especially in an environment 
where many caregivers continuously monitor the patient. Fortunately, the lack of 
blinding does not affect mortality rates in RCTs of ICU interventions while other 
biases do.4

Risk of random error 

Previous SRs on inotropes did not account for the risks of random error. The 
random error refers to imprecision or ‘the play of chance’, meaning that multiple 
replications of the same study will produce different effect estimates simply 
because of sampling variation even if they would, on average, give the true answer. 
So, some meta-analyses with ‘positive’ findings may be due to the play of chance 
rather than a ‘true’ intervention effect, and vice versa, in case of ‘negative’ or 
‘neutral’ findings.5,6 This can especially be the case in a meta-analysis with a small 
number of RCTs and a small number of randomised patients risking spurious 
findings and premature conclusions on the beneficial effects of an intervention. So, 
the amount of available evidence influences the precision. One way of controlling 
for sparse data, repeated testing and the ‘play of chance’ in meta-analyses is by 
conducting trial sequential analysis (TSA); a statistical method comparable with 
interim analyses in a single RCT.7 TSA controls for the risk of random error by 
widening the thresholds (i.e. conventional boundaries) for statistical significance 
by calculation of a diversity-adjusted required information size estimate (DARIS), 
trial sequential monitoring boundaries and an adjusted confidence interval 
around the intervention effect estimate. The DARIS is comparable to a sample 
size calculation for an RCT and visualises the number of patients required for 
conclusions with a low risk of random error. The TSA adjusted confidence intervals 
represent the precision around the effect estimate, controlled for the information 
size. The above is calculated based on a control event rate, a realistic relative risk 
reduction (RRR), an overall percentage for the risk of a type I error (alpha) and a 
power (1-beta).  
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Conventional meta-analyses are at risk for random errors with typically false claims 
of effectiveness of a specific intervention, if not considered in the perspective of 
the amount of data necessary for strong conclusions.3 Of all the TSA analyses 
conducted with realistic RRR, in our SRs with meta-analyses evaluating inotropes, 
none of the TSAs had sufficient patients included meeting the DARIS estimates. 

Due to sparse data, TSA could either often not be conducted, or TSA showed that many 
more patients needed to be randomised before a definitive answer could be given. 
In our SRs, TSA mostly suggested that there was no significant intervention effect, 
which was typically in contrast with the reported significant p-values in conventional 
analyses (levosimendan in the non-cardiac surgery setting) or TSA suggested that 
further studies would not change the conclusions on outcomes (dopamine post-hoc 
analysis; futility). So, future RCTs and SRs with meta-analyses should be conducted 
according to the highest standard; that is, they should acknowledge and consider the 
risks of random error beyond standard conventional p-values. Any meta-analyses’ 
information size should at least be as large as the sample size of a well-powered 
sufficiently large single (low risk of bias) RCT with a realistic RRR.

Clinical heterogeneity

All SRs in this thesis had multiple sources of clinical heterogeneity. This resulted in 
not pooling the data in one review (levosimendan) and in too small sample sizes in 
subgroups, prohibiting the exploration of differential treatment effects according 
to predefined subgroups. 

Clinical heterogeneity – the patients 

The major problem with research of ICU patients is the clinical differences, 
including all the confounders in the diseases and pathophysiological processes of 
the patients, and specifically in this thesis, the nature of their cardiac dysfunction. 
First, patients may differ in age and comorbidities. Second, cardiac failure may, 
for instance, result from an acute myocardial infarction, a previous myocardial 
infarction, sepsis or post-operative cardiac stunning. Third, the severity of cardiac 
dysfunction may differ: patients with a left ventricular ejection fraction (LVEF) 
<20% differ from patients with an LVEF <40%. Fourth, the method of measuring 
LVEF may differ. If outcomes between trials vary, this may originate from clinical 
heterogeneity of patients or differences in inotrope interventions, or differences 
in outcome measurements or random error. It may also be that inotropes are 
indeed beneficial in a specific homogenous patient group and not in all others, 
which could explain the frequently observed average intervention effect close to 
zero in the meta-analyses. Such differential effects may be explored in predefined 
subgroup analyses provided that RCTs are sufficiently large. 
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Another aspect to consider is the difference in intervention effects between 
centres in multicentre RCTs, i.e. smaller versus larger and general hospitals 
versus highly specialised academic centres. Centres will select different patients 
depending on their capacities and ambitions. Pooling all these patients into one 
meta-analytic overall effect estimate could easily dilute potential differences in 
treatment effects. This should be addressed a priori and accounted for in the 
trial design (stratification or selection) or the meta-analysis design (predefined 
subgroup analyses).

Clinical heterogeneity – the interventions 

RCTs apply highly varying protocols regarding algorithms, doses and durations of 
inotrope interventions. This results in severe clinical heterogeneity when conducting 
an SR since the initiation, dosing, duration and halting of the intervention differs 
between the RCTs. Although one could explore such discrepancies in predefined 
subgroups, for instance, as we attempted in the dopamine review, not all variants 
can be explored in sufficiently large subgroups, and all subgroup analyses are 
by definition only with explorative intentions. The fundamental problem with 
all inotropes is that the ideal dosing regimen remains unknown based on these 
inherent limitations. 

The dosing regimen can be fixed or adapted according to certain variables. 
Variables can be general, such as age, weight or body-mass index, or specific 
hemodynamic monitoring variables. The latter variables include blood pressure 
or cardiac output, or cardiac index. Other variables can be a normalisation of the 
diuresis, a decrease in the difference between peripheral to central temperature, 
a decrease in mottling or capillary refill time or an increase in the central or mixed 
venous oxygen saturation or an increase in lactate clearance.

Further, all these variables could either serve as a trigger to initiate or halt 
treatment or as a target to guide inotrope dosing. In addition, each variable can 
be used in isolation or combination with a few or multiple other variables, or as 
a complex treatment algorithm, or it may be left to the discretion of the treating 
physician. Unfortunately, none of the reviewed RCTs did assess all these variables. 
The trials frequently even did not measure the cardiac output continuously; when 
interpreting results of RCTs and meta-analyses the registration of these trigger 
or target variables (and the accuracy and precision of their measurements) is 
frequently omitted.

Clinical heterogeneity – the comparators and co-interventions 

Ideally, trialists have used placebo as a comparator to evaluate the true potential 
benefit of the inotrope intervention. In addition, the use of any co-interventions 
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should be according to a protocol. Both the comparator and differential use of 
co-interventions may affect the estimate of the evaluated intervention effect. A 
placebo was used as a comparator in 25 of the 82 RCTs (dopamine n=1 out of 17 
RCTs; milrinone n=5 out of 16 RCTs; levosimendan n=19 out of 49 RCTs), although 
co-interventions (especially other inotropes) were mostly allowed. Typically, these 
co-interventions were not predefined and described with details, making many 
of them add-on trials. Especially in inotropes, this is tricky since another inotrope 
may act as an effect modifier of the investigated inotrope.

Clinical heterogeneity – the outcomes

The outcomes in the SRs were chosen based on the patient’s perspective, according 
to GRADE.8 Unfortunately, many RCTs on inotropes investigated surrogate 
outcomes without registering any patient-important outcome data, and therefore, 
these RCTs did not contribute to the meta-analyses. For inotropes, surrogate 
outcomes may include cardiac output data or any other variables related to organ 
dysfunction interpreted as a pathophysiologic sign of insufficient organ perfusion. 
However, every intervention by definition comes with a risk, especially medications 
with all their side effects. Inotropes are associated with myocardial ischemia and/
or arrhythmias. Therefore, RCTs which only evaluate surrogate data do not add 
to the evidence base. So, future RCTs and SRs should focus on patient-relevant 
outcomes. Hopefully, the Core Outcome Measures of Effectiveness Trials (COMET) 
initiative will develop a set of standardised outcomes for RCTs with critically ill 
patients having cardiac dysfunction.9

The precise definitions of outcomes typically differ between the RCTs, which will 
result in either under- or overreporting of (adverse) events. Typically, event rates 
of myocardial infarction, arrhythmias and hypotension heavily depend on their 
precise definitions. 

In conclusion, the risks of bias, risks of random error, and clinical heterogeneity 
challenge the conduct of individual RCTs and the design and interpretation of an SR 
with or without meta-analysis and its related questions on the generalisability of the 
data. Not even acknowledging all these important validity issues reduces the level 
of the evidence. More critical: ignoring the heterogeneity issues in SRs and blind 
acceptance of review conclusions without a critical appraisal may harm our patients. 
The numbers of patients included in our reviews were simply too small to explore 
sources of clinical heterogeneity. This lack of power will continue to be an issue, 
especially in the tailor-made ‘personalised medicine’ machine learning era.10 This is 
what is called the precision medicine paradox: numbers need to be sufficiently large 
before interventions can be accepted with a sufficiently high level of evidence; at the 
same time, the interventions need to be tailored to the individual patient with his/
her specific characteristics in order to be considered personalised medicine. 
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The SRs and meta-analyses on inotropes in this thesis show that the evidence 
base for inotropes is lacking. Proper evaluation of inotropes is the responsibility 
of research, but proper critical appraisal of the evidence and the adoption or 
rejection of inotrope interventions in clinical practice is the responsibility of each 
intensivist. In due time, inotropes will likely be adopted in practice, and care must 
be taken to do no further harm.

PART 2: Hemodynamic monitoring – ultrasonography
The use of ultrasonography in Intensive Care Medicine has become standard. 
Alike therapeutic interventions, applying diagnostic tools in the ICU, such as 
ultrasonography, should have a proper evidence base. The body of evidence on 
ultrasonography in critical care is exponentially growing. However, a large number 
of studies do not guarantee high-quality data. Part 2 of this thesis adds to the 
evidence of this field. To start, it should be emphasised that this part of this thesis 
focuses on ultrasonography of patients in the ICU setting (Critical Care Ultrasound; 
CCUS), that is, not in a cardiology setting. This is important to realise as these two 
settings differ in training and perspective, which is reviewed in chapter 5. 

CCUS can be used in Intensive Care Medicine for multiple purposes: diagnostic, 
monitoring, and guiding invasive procedures. The initial technical limitations in the 
early days (size, costs and image quality) prohibited its widespread use in the ICU. 
Today, only patient-related factors limit its use in ICU patients, and ultrasonography 
is now part of the daily routine in ICU care. Still, many challenges remain with its 
use, for instance, learning curves, availability, certification, potential confounders, 
and expert validation. One of the major limitations of ultrasonography is its 
operator-dependency as the US is not easy to use. The operator should have 
had minimal theoretical and practical training in order to 1. be able to operate 
the ultrasonography machine, 2. know how to obtain standardised images, 3. 
interpret the acquired images, 4. perform accurate measurements on the images 
obtained and 5. most important, be aware of the potential pitfalls in CCUS.11,12 

Training and image acquisition

The ICU operator faces a more challenging setting than any other controlled 
elective outpatient setting concerning patient positioning, image acquisition, 
image quality, and image interpretation. Ultrasonography is not a technique that 
is feasible in each ICU patient. Training and expertise improve image acquisition 
quality; however, even the most experienced ultrasonographer cannot acquire 
images in each critically ill patient due to patient-related factors (i.e., chest tubes, 
wounds). This limitation is illustrated by the large variety in successful image 
acquisition percentages in CCUS studies.13 
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There are multiple possible strategies for an operator to become highly skilled in 
ultrasonography technique. There is scarce literature on which training program 
is either sufficient or superior. The training or the trainer (cardiologist or CCUS 
expert) probably does not matter that much as long as the training includes 
theoretical concepts and practical hands-on training. Certain factors are important 
to acknowledge before becoming a capable CCUS expert, including the desired 
level of competency, training duration, supervision during training and, probably 
more critical, afterwards. However, there are no clear guidelines on how long the 
training should be for each level of competency: for the ‘basic level’ structured 
approach CCUS there are no recommendations, while expert statements suggest 
a minimum of 10 hours theoretical and 30 to 50 or even 100 ultrasonography 
examinations for level 1 competency in basic transthoracic CCUS of the heart.14-16 

The teacher should know each trainee's ultrasound competency to facilitate 
learning, irrespective of whether being a student, fellow or colleague. This can 
be achieved by standardising some basic level of competency16, defined by the 
successful completion of a CCUS course with a structured approach of a critically 
ill patient.17-19 Similar to obtaining your driver’s licence: after achieving the basic 
competency, you are now capable of using the technique in a ‘standardised 
manner’, but still need many miles to go (preferably with feedback) before becoming 
a skilled and reliable driver. One reaches a certain level of competency and may 
grow from there: the so-called individual learning curve. However, feedback 
is needed to improve further and become an expert, preferably by immediate 
supervision in the post-certification period. Ultrasound experts should facilitate 
not only the ultrasonography course but also this post-course supervision. This 
is still a gap in nearly all ultrasonography courses and organisations where many 
courses are provided without specific ‘aftercare’. Unsurprising, this gap is equally 
a limitation in all research involving ultrasonography. Only a few studies on CCUS 
included and facilitated immediate supervision.20,21 In our cohort study, we had 
organised immediate supervision by ultrasonography experienced students and 
indirect supervision by experts. 

Interpretation of images and performing measurements

Being capable of acquiring the image does not automatically mean that one can 
also interpret the image. The same applies to performing measurements on the 
images obtained. It appears that it takes time and experience to learn what is 
expected and what is abnormal, what is clinically acceptable and what is not; one 
needs to build a clinical framework of reference images. This all refers back to the 
number of patients in which the US was used to obtain images and interpret them. 
Experience is built over time, and after a specific time, an expert trusts the novice. 
The necessary time for this learning curve severely depends on the background 
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and experience of the novice: how much time it takes to build this frame of 
reference, including the most frequently observed disease states in the ICU. While 
immediate supervision helps the initial learning curve, indirect supervision can 
also achieve progress, especially in the later phase. 

In a research setting, adequate image interpretation and measurements with a low 
risk of bias can only be achieved by independent expert validation. A few studies 
on CCUS had their images judged by (independent) experienced cardiologists for 
quality control. In our cohort study, an independent core echo laboratory evaluated 
all images and measurements. Future studies should apply independent data 
validation to increase the validity of their ultrasonography observations. 

Clinical practice
How should the data obtained by the studies in this thesis affect our daily practice 
in the ICU? The one most important lesson learned is that no firm statements 
can be made referring to the evidence base: there are far more questions than 
conclusions. However, accumulating data suggests that it is better to not use 
dopamine as the first-line inotrope for hemodynamic support in patients with 
shock. This is likely due to the high doses given in this setting, exposing patients 
to detrimental harm (tachyarrhythmias and high myocardial oxygen demand) in 
the absence of substantial benefit. For other conditions and settings of critically 
ill patients with cardiac dysfunction and the use of inotropes, including milrinone 
and levosimendan, no recommendations can be made. 

Ultrasonography is a promising tool and certainly has added value in the ICU, 
for instance, in identifying the cause of shock by assessing cardiac (dys)function 
and detecting pulmonary oedema. It is essential to realise that CCUS is not a 
standalone technique but should always be considered one of the many clinical 
variables when assessing the patient’s condition. So, every ICU physician should 
be sufficiently skilled to use the technique adequately at some basic level of 
competency, just as any other device in the ICU, e.g. a ventilator or a pulmonary 
artery catheter measurement. In obtaining standardised, high-quality images and 
adequate measurements, it is a good development (for novices) that manufacturers 
implement artificial intelligence (AI) in their ultrasound machines.22 

What should we do with the other inotropes? Should we go back to trial and error? 
The problem with the trial-and-error approach is the limited time available for 
physicians to judge the effects on the conditions of the patient. Nevertheless, there 
is still the philosophical argument: why burden the patient in his/her last living hours 
with additional harm in the absence of any proven benefit? A failing cardio(vascular) 
system is bound to end in death by the cascade of multi-organ failure. So, there 
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is no time to wait for a (supposed) beneficial effect, in addition to the risk to 
prescribe another inotrope after the lack of effect of the previous with continued 
deterioration. Maybe this approach may stabilise the patient, but more likely, it does 
not. In a sequence of deterioration and multiple interventions simultaneously, the 
actual problem is that one does not know which intervention was helpful and which 
intervention was harmful, also blurred by the tsunami of confounders present. Any 
confidence in a causal interpretation of effect is unjustified as each patient with 
cardiac dysfunction is different. So, does the approach, which was supposed to have 
worked last time, work now? Nobody knows. 

Should we employ a pathophysiological rationale approach in daily clinical 
practice? This is essentially the expert opinion that sets us back to the era of trial 
and error. With this approach in mind, one can equally well argue against the use 
of any inotropes in cardiac dysfunction from the perspective of the uselessness 
of ‘whipping an exhausted horse’ (i.e., the failing heart). Should we just skip the 
inotropes and apply temporary mechanical circulatory support devices earlier? 
Regarding the latter, there is equally a lack of evidence to support any such 
approach.23 And what about the reliability of the variables and devices used to 
evaluate and interpret the (beneficial) effects of inotropes. Literature is lacking 
to support daily clinical practice. Experts recently came to the same conclusion 
and arrived at recommendations in line with the data in this thesis.24 More 
importantly, they launched a research agenda which could lead to future answers 
on which variable to use as a trigger and/or guidance, a set of patient-important 
outcomes and which inotrope to use in which patients in shock. Whether the 
answers will arrive in the coming years is heavily dependent on the willingness of 
the stakeholders to collaborate in this field. 

Eventually, four recommendations should be made regarding the use of 
inotropes and the application of ultrasonography in the setting of suspected 
cardiac dysfunction in critically ill patients.25 These are: 1. use ultrasonography 
to assess if there is cardiac dysfunction and evaluate the potential cause of the 
cardiac dysfunction, 2. only prescribe inotropes based on sound arguments, 
that is a measured low cardiac output state, and 3. use any device to measure 
and monitor the one thing that an inotrope is supposed to enhance: the cardiac 
output. It probably does not matter that much which device you use (a pulmonary 
artery catheter, PICCO or (repeated) ultrasound), depending on your personal 
preferences, just as long as the device is used correctly. 4. always consider not to 
use inotropes in order to protect your patient from additional harm.

This thesis may guide us towards acknowledging uncertainties and respecting the 
first principle of doing no further harm to patients. Restricted use of inotropes and 
ultrasound might, therefore, be more beneficial than one would expect.
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Summary

Overall aim
This thesis evaluated the evidence on inotropes in critically ill patients and the 
evidence for monitoring hemodynamic variables using ultrasonography in critically 
ill patients. Systematic reviews with meta-analyses were conducted to evaluate the 
effects of inotropes, and substudies of a cohort study were performed to evaluate 
hemodynamic monitoring using ultrasonography.

Evidence on the use of inotropes in critically ill patients with 
cardiac dysfunction
Inotropes for critically ill patients' treatment are common; however, high-quality 
data on the beneficial and harmful effects on patient-relevant outcomes are 
scarce. Interpretation of data is hampered by heterogeneity in (amongst others) 
selection criteria, interventions (dosing and timing of inotrope), clinical settings, 
and outcome definitions. A systematic review with a meta-analysis on dopamine 
in critically ill patients with cardiac dysfunction showed that the trials had high 
risks of systematic and random errors and that dopamine was not associated 
with beneficial nor harmful effects [chapter 2]. A post-hoc analysis of dopamine 
administration in critically ill patients without documented cardiac failure, however, 
suggested an association with harm. In the systematic review on milrinone, a more 
recent developed inotrope, similar results on primary and secondary analyses 
were observed: data was limited, the included trials had high risks of bias, and 
they showed no beneficial or harmful effects in the population at interest [chapter 
3]. Levosimendan, one of the latest class of inotropes, was also evaluated in a 
systematic review with meta-analyses. The amount of data on levosimendan was 
considerably larger compared to the other inotropes [chapter 4]. However, data 
was mostly of low quality, similar to the older data of the other inotropes; only 
one trial had a low risk of bias. The results were inconclusive about the beneficial 
or harmful effects, irrespective of the clinical setting, and analyses suggested that 
many more patients need to be accrued to arrive at more robust conclusions. 

Overall, current data does not support nor refute the use of inotropes in critically ill pa-
tients with cardiac dysfunction: clinicians face a difficult choice in patient management. 

Current evidence on the use of ultrasonography for 
hemodynamic assessment in critically ill patients 
As with any novel diagnostic tool, ultrasonography has come a long way since 
its early beginning with the development of B-mode ultrasound in the 1950s. 
Predominantly used by cardiologists, radiologists and gynaecologist/obstetricians, 
the technique has become available to any medical worker who is willing to 
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become a trained ultrasonographer. The speed with which miniaturisation has 
evolved is astonishing, and this advancement opened up whole new territories 
for its use. Along with expanding territories for ultrasonography, concerns and 
questions have been raised by the ‘sitting authorities’ on who is allowed to use 
ultrasonography, i.e., who is an expert and who is not? Despite these concerns, it 
has now been recognised that the technique can no longer be restricted to highly 
specialised personnel. Restraints in time, money and/or staffing prohibit selective 
use of ultrasonography in all inpatients by cardiologist and/or radiologists. 

Intensive care is an ideal setting for a diagnostic tool that is fast, non-ionising 
and delivers immediate answers to binary clinical questions. Therefore, it is 
unsurprising that many intensivists have embraced ultrasonography, resulting in 
many courses and – protocols endorsed by national and international intensive 
care societies. However, no quality control programmes have been developed yet, 
which is problematic since ultrasonography is an operator-dependent technique. 
Authorities recognise the importance of such quality control programmes, but 
implementation in the field still has to follow. This lack of quality control is a 
limitation that can also be identified in all the conducted trials where independent 
quality control of data is minimal. This makes the comparability of image 
acquisition and results between the trials difficult [chapter 5]. 

In addition, image acquisition in critically ill patients is hampered by multiple 
factors prohibiting the use of ultrasonography in each patient [chapter 5,6,7]. 
Ultrasonography data should be considered complementary to all the information 
collected at the bedside, including laboratory and all other hemodynamic monitoring 
data [chapter 5]. It is essential to realise that ultrasonography alone should never 
on itself impact patient-relevant outcomes. Instead, ultrasonography should be 
considered a valuable asset, potentially delivering answers quickly and providing 
individual patient-tailored management options. Still, this has yet to be proven. 

Chapter 6 evaluated the use of ultrasonographically measured cardiac output 
(CO) by trained medical students. Medical students seemed capable of obtaining 
sufficient quality CCUS images for CO measurement in the majority of critically ill 
patients. The CO measurements themselves by medical students, however, had 
a poor agreement with expert measurements. Experts remain indispensable for 
reliable CO measurements [chapter 6]. 

Physical examination is still a cornerstone of medical practice; however, the 
overall diagnostic accuracy is poor. In chapter 7, a planned sub-study of the 
SICS showed poor agreement between lung ultrasound and auscultation for 
detecting pulmonary oedema. It seems that the ultrasound probe outperforms 
the stethoscope. How this result will influence medical practice remains to be seen 
since many ICU physicians cannot perform ultrasonography. 
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Doel
Dit proefschrift evalueerde het wetenschappelijke bewijs voor hemodynamische 
interventies met inotropica en hemodynamische monitoring middels ‘critical care 
ultrasonography’ (CCUS) in een kritisch zieke patiëntenpopulatie. Ten behoeve 
van het informeren van clinici over bovenstaande doelen zijn er meerdere 
systematische reviews met meta-analyses uitgevoerd en zijn er substudies van 
een cohort studie verricht naar het gebruik van echografie.

Huidig bewijs voor het gebruik van intropica in kritisch zieke 
patiënten met cardiale dysfunctie.
Het toepassen van inotropica in de behandeling van kritisch ziekte patiënten is 
dagelijkse klinische praktijk. Echter wetenschappelijk bewijs van hoge kwaliteit over 
zowel de voor- als nadelige effecten van inotropica op patiënt relevante uitkomsten, 
ontbreekt. De beschikbare literatuur wordt gehinderd door heterogeniciteit in 
onder andere inclusie criteria, interventies, inotropie doseringen, klinische setting, 
en primaire uitkomstmaat.

De systematische review met meta-analyse over toediening van dopamine in 
kritisch zieke patiënten met cardiale dysfunctie toonde aan dat er weinig data 
beschikbaar was, en de data die beschikbaar was van lage methodologische 
kwaliteit was (m.a.w. hoog risico op systematische - en toevals fouten). Het gebruik 
van dopamine bleek op basis van deze data niet geassocieerd te zijn met voor- 
noch nadelige effecten [hoofdstuk 2]. Een post-hoc analyse liet echter zien dat in 
kritisch zieke patiënten waarbij de meerderheid geen gedocumenteerde cardiale 
dysfunctie had, dopamine geassocieerd was met schade en indien er meer data 
bij zou komen het effect op z’n best nog futiel zou kunnen zijn. 

Voor milrinone, een meer recenter ontwikkeld inotropicum, was eveneens niet 
veel data beschikbaar, en de data die er was werd eveneens gehinderd door 
systematische fouten en toonde geen positieve effecten in de kritisch zieke 
patiënten met cardiale dysfunctie [hoofdstuk 3]. 

Levosimendan, een medicament uit de tot nog toe nieuwste klasse inotropica, 
werd geëvalueerd in een systematische review met meta-analyse en er bleek 
meer relevante data beschikbaar te zijn in vergelijking met de oudere inotropica 
[hoofdstuk 4]. Echter, in lijn met de literatuur van de oudere inotropica, was ook 
deze data grotendeels van lage methodologische kwaliteit; slechts 1 studie werd 
als laag risico op systematische fouten beoordeeld. Uit de data bleek dat het 
gebruik van levosimendan in kritisch zieke patiënten met cardiale dysfunctie niet 
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geassocieerd was met positieve danwel negatieve effecten, ongeacht de klinische 
setting. In overeenstemming met de andere onderzochte inotropica, dienen 
er nog vele patiënten in studies geïncludeerd te worden voordat een definitief 
antwoord gegeven kan worden.

De eindconclusie is derhalve dat de tot nog toe beschikbare literatuur ten aanzien 
van de onderzochte inotropica, het gebruik van deze medicijnen in kritisch zieke 
patiënten met cardiale dysfunctie noch kan ondersteunen noch weerleggen: dat 
brengt clinici in een lastig pakket ten aanzien van de management van deze patiënten. 

Huidig bewijs voor het gebruik van echografie ten behoeve van 
de hemodynamische beoordeling van de kritisch zieke patiënt
Echografie heeft een lange weg afgelegd als nieuw diagnostisch instrument sinds 
het begin van B-mode echo(cardio)grafie in de jaren 50. Initieel werd echografie 
gebruik door cardiologen, radiologen, gynaecologen/obstetristen, maar de 
techniek is nu feitelijk beschikbaar voor iedere dokter die zich wil bekwamen in 
echografie.  De snelheid waarmee technische verbeteringen en miniaturisatie 
hebben plaatsgevonden in de echografie is verbazingwekkend en heeft ertoe 
geleid dat er vele nieuwe toepassingsgebieden zijn. Zoals wel vaker gaat de 
uitbreiding sneller dan dat de ‘gevestigde orde’ kan bijhouden en ontstaan er 
zorgen over wie het echoapparaat mag bedienen. Vragen als wie is expert en wie 
niet blijven nog onbeantwoord. Hedendaags is men er wel over uit dat echografie 
niet meer is voorbehouden aan hooggekwalificeerd personeel. Beperkingen in 
tijd, geld en personeel verhinderen simpelweg dat alle patiënten in een afzienbare 
tijd geëchood kunnen worden door een cardioloog of radioloog. 

De intensive care (IC) is bij uitstek de plek voor een diagnostische tool die snel 
inzetbaar is, niet schadelijk is en in staat is vragen van clinici direct te beantwoor-
den. Echografie wordt dan ook door vele intensivisten omarmd. Er zijn vele echo-
grafie cursussen en – protocollen die gevolgd kunnen worden bij zowel natio-
nale als internationale intensive care organisaties. Er is echter geen controle op 
de kwaliteit, wat grote gevolgen kan hebben aangezien echografie een techniek 
betreft die erg afhankelijk is van degene die het uitvoert. Dit wordt erkend door 
autoriteiten, echter implementatie van kwaliteitscontrole programma’s om dit te 
borgen in het veld staan nog in de kinderschoenen. Dit is eveneens zichtbaar in de 
CCUS onderzoeken waar onafhankelijke data controle erg zeldzaam is. Hiermee 
wordt het onderling vergelijken van studies ten aanzien van de beelden acquisitie 
en resultaten bemoeilijkt [hoofdstuk 5].  

Verder dienen we ons te realiseren dat beeld acquisitie in kritisch zieke patiënten 
wordt beperkt door verschillende factoren wat ervoor zorgt dat we niet bij elke 
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IC patiënt echografisch beeldmateriaal kunnen verkrijgen [hoofdstuk 5,6,7]. 
Echografische data dient beschouwd te worden als complementair zijnde aan 
andere bedside -, laboratorium informatie en andere hemodynamische monitoring 
[hoofdstuk 5]. Het is belangrijk te beseffen dat echografie nooit op zichzelf in staat 
is om een grote impact te hebben op patiënt relevante uitkomsten. Het kan echter 
wel van waarde zijn bij het snel geven van antwoorden, waarna de behandeling 
op maat kan worden gegeven. Dit alles zal echter nog bewezen moeten worden.

In hoofdstuk 6 hebben we in een substudie van een grote cohort studie op de IC 
de inzet van getrainde medisch studenten onderzocht in het echocardiografisch 
verkrijgen van een cardiac output (CO), een belangrijke hemodynamische 
variabele. Medisch studenten bleken goed in staat om in de meerderheid van 
de kritisch zieke patiënten echografische beelden te verkrijgen van voldoende 
kwaliteit voor een CO meting. De CO metingen door de studenten bleken echter 
slecht overeen te komen met de metingen van de expert. Dit bevestigt dat experts 
(ofwel een ‘expert deskundigheidsniveau’) absoluut noodzakelijk blijven voor de 
validiteit van de CO meting [hoofdstuk 6]. 

Lichamelijk onderzoek is nog altijd een vast onderdeel in de medische praktijk, 
ondanks de beperkte sensitiviteit en specificiteit ten aanzien van het stellen van 
een diagnose. In hoofdstuk 7 staat de uitgevoerde substudie van een cohort 
onderzoek beschreven welke aantoonde dat er een slechte overeenkomst is 
tussen longechografie en auscultatie van de longen voor het detecteren van 
longoedeem. Het lijkt verstandiger om voor deze vraag de echoprobe te pakken 
dan de stethoscoop. Hoe deze resultaten de medische praktijk gaan veranderen 
is onzeker aangezien er nog veel IC artsen zijn die echografie als vaardigheid niet 
beheersen. 
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List of abbreviations

AHF Acute heart failure
AP5CH Apical five chamber view
BLUE-protocol Bedside Lung Ultrasound in Emergency – protocol
CABG Coronary artery bypass graft
CCUS Critical care ultrasonography 
CHF Chronic heart failure
CI Confidence interval
CO Cardiac output
CPB Cardiopulmonary bypass
DARIS or DIS Diversity adjusted required information size
EACVI European Association of Cardiovascular Imaging
GRADE Grade of Recommendations Assessment, Development and 

Evaluation
IABP Intra-aortic balloon pump
ICU Intensive Care Unit
IQR Interquartile ranges
LCO Low cardiac output
LOA Limits of agreement
LVEF Left ventricular ejection fraction
LVOT(d) Left ventricular outflow tract (diameter)
LUS Lung ultrasound
MI Myocardial infarction
PLAX Parasternal long axis
PRISMA Preferred reporting items for systematic reviews and meta-

analyses
RCT Randomised controlled trial
SAE Serious adverse events
SD Standard deviation
SE Standard error
SICS Simple Intensive Care Studies
SVT Supraventricular tachyarrhythmia
TSA Trial sequential analysis
VF Ventricular fibrillation
VT Ventricular tachycardia
VTI Velocity time integral
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