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Abstract
Background  Noradrenaline is currently the first-line vasopressor in treatment of circulatory failure. Its dose reflects 
illness severity, and together with dopamine, dobutamine and adrenaline, it is used in the Sequential Organ Failure 
Assessment (SOFA) score to grade cardiovascular dysfunction. Over the years, noradrenaline use has increased and it 
has largely replaced dopamine. As part of the SOFA-2 update, we conducted a systematic review and dose-response 
meta-analysis to assess the association between noradrenaline dose and mortality.

Methods  We searched MEDLINE, Embase, and Web of Science from 1 January 2013 to 30 October 2024 for studies 
reporting mortality by noradrenaline dose in critically ill adults. The primary outcome was mortality. We generated 
pooled relative risks (RR) and assessed linear and non-linear dose–response relationships. Mortality was also analysed 
by SOFA-2 noradrenaline categories. The study followed PRISMA guidelines and was registered with PROSPERO 
(CRD42024501533).

Results  Nineteen studies, including totally 29,935 patients, were included in the systematic review, and six in the 
meta-analysis. We observed a consistent increase in mortality: the relative risk escalated by a factor of 1.5 for every 
0.1 µg/kg/min increase in peak noradrenaline dose. We did not find inflection points in the dose-mortality curve. In 
SOFA-2 categories, hospital mortality was 16.5% in the dose category ≤ 0.2 µg/kg/min, 31.9% in the category > 0.2 to 
0.4 µg/kg/min, and 40.3% in the category > 0.4 µg/kg/min (p < 0.001).

Conclusions  In critically ill patients, escalating doses of noradrenaline correlate with an exponentially rising relative 
risk of mortality. This dose-dependent pattern reinforces the role of noradrenaline dose as a marker of cardiovascular 
failure severity.
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Introduction
Circulatory failure is common in critical illness, and 
it may lead to multiple organ failure if not promptly 
addressed [1]. Noradrenaline (norepinephrine) is cur-
rently the most commonly used vasopressor to manage 
acute hypotension and circulatory failure [2–4]. Nor-
adrenaline has multiple actions including immunomod-
ulation [5] and cardiovascular effects [6, 7]. It is used to 
increase blood pressure through vasoconstriction [6]. 
Moreover, it may enhance cardiac output through venous 
constriction that leads to increased venous return [6], 
by improving critically low diastolic blood pressures to 
enhance coronary perfusion, and through possible ino-
tropic effects [7].

The administration and the dose of vasopressor medi-
cation are indicative of the severity of circulatory failure 
[8, 9]. The most widely used organ dysfunction score, 
the Sequential Organ Failure Assessment (SOFA) score, 
includes dopamine, dobutamine, noradrenaline and 
adrenaline dose thresholds to quantify cardiovascular 
dysfunction [10]. However, clinical practice has changed 
since the introduction of SOFA in 1996: use of noradren-
aline has become more common and it is initiated earlier, 
whereas dopamine use has decreased [11–13]. This has 
caused limitations in the cardiovascular component of 
the original SOFA: even a high score based on the dose of 
noradrenaline may not indicate a life-threatening circula-
tory failure [14, 15].

Recently, an international group of experts has pro-
posed updating the SOFA score to align with current 
clinical practice [16], and the SOFA-2 score has been 
developed [17]. As part of this update, the SOFA-2 Task 
Force proposed two thresholds for noradrenaline dose, 
0.2 and 0.4  µg/kg/min, to define severity categories of 
cardiovascular dysfunction. Our group pertaining to 
the cardiovascular organ system within the SOFA-
2, conducted a systematic review and dose-response 
meta-analysis to investigate the relationship between 
noradrenaline dose and mortality. This analysis specifi-
cally sought to refine the cardiovascular component of 
the SOFA score by determining more accurate cutoff val-
ues for vasopressor doses, particularly noradrenaline, as 
a marker of circulatory dysfunction severity. While sup-
porting the SOFA-2 revision, it also aimed to provide a 
clinically interpretable synthesis of available evidence for 
the broader intensive care community. Specifically, our 
objective was to determine whether a consistent dose–
mortality association could be identified and quantified, 
in order to inform clinical decision-making and enhance 
risk awareness in patients receiving vasopressor therapy.

Methods
The study was conducted in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) recommendations [18, 19] and was 
registered in the PROSPERO database prior to the study 
initiation (CRD 42024501533).

PICO question
In adult patients receiving noradrenaline (P), is there 
a specific threshold of noradrenaline dosage (I) above 
which mortality increases significantly, exhibiting an 
inflection point or linear rise (O)?

Search strategy
We systematically searched Medline (through PubMed), 
Embase and Web of Sciences (01-January-2013 to 
30-October-2024) for papers reporting outcomes in adult 
(age 18 years or older) patients according to the dose of 
noradrenaline used. This time period of article publica-
tion was chosen to gather evidence from the last 12 years 
reflecting current clinical practice, particularly following 
the 2012 Surviving Sepsis Campaign Guidelines, which 
recommended the use of noradrenaline as the first-line 
vasopressor for septic shock management [20]. No lan-
guage restriction was applied during the search. In brief, 
we used keywords as exact phrases and subject headings 
according to database syntaxes. The full search strategy is 
described in Additional file 1.

Eligibility and inclusion/exclusion criteria
We sought to include papers describing randomised con-
trolled trials, nonrandomised clinical trials, observational 
cohort studies or case series of adult humans receiving 
noradrenaline and/or other vasopressors reported as nor-
adrenaline-equivalent. Case reports, animal models and 
studies reporting children were excluded. To broaden the 
scope of existing evidence in the literature, we included 
all studies reporting mortality outcomes, regardless of 
the timepoints used. This inclusive approach was chosen 
to ensure a comprehensive collection of available data in 
the systematic review. For inclusion in the meta-analysis 
and dose-response meta-analysis, additional criteria were 
required. Specifically, studies had to report unadjusted 
mortality stratified across at least two noradrenaline dose 
levels for the overall meta-analysis, and at least three dis-
tinct dose categories for the dose–response meta-analy-
sis, enabling modelling of the dose-mortality association. 
Studies that reported noradrenaline doses as noradren-
aline-equivalents (NEE) were eligible provided the dose 
was expressed in µg/kg/min or convertible to this unit. 
Studies lacking sufficient stratification or reporting 
aggregate data across the entire cohort without dose 
stratification were excluded from the quantitative synthe-
sis, even if otherwise eligible for the systematic review.
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Paper selection
The titles and abstracts of all records were screened inde-
pendently and in duplicate by two of the authors (IL, LD) 
using the Covidence software tool (Covidence systematic 
review software, Veritas Health Innovation, Melbourne, 
Australia. Available at www.covidence.org). The papers 
selected based on review of title and abstract were down-
loaded in full for further examination. Two authors (IL, 
LD) performed full paper screening. The papers selected 
after full paper screening were sent to the group for data 
extraction. Data extraction was performed by six authors 
(LD, MR, ARB, SH, ER, SL) with participation designed 
to ensure that each paper was evaluated independently by 
two reviewers. In cases of disagreement over data extrac-
tion, a third author (IL) resolved the conflict. Addition-
ally, the reference lists of relevant articles were screened 
for additional potentially pertinent studies. Finally, we 
contacted the corresponding authors of the screened 
studies if questions arose regarding eligibility or data 
presentation.

Data extraction
Two authors independently extracted data from each 
study in duplicate using a standardized form. The 
extracted data were then consolidated and merged by one 
author (IL), who also resolved discrepancies as adjudica-
tor. The data extracted included study characteristics (e.g. 
source country, study type, single/multicentre), patient 
demographics (age, sex), medical background, treat-
ments, and outcomes. Data were also extracted to specify 
whether the noradrenaline dose referred to noradrena-
line base or noradrenaline bitartrate.

Outcomes
For the systematic review, the main study outcome was 
unadjusted mortality at any time (intensive care unit 
(ICU), at 28 days, 30 days, in-hospital or at 90 days). 
For the meta-analysis, we selected the most frequently 
reported mortality timepoint, ensuring consistency and 
comparability across studies’ data, for the overall and 
dose-response meta-analysis. The relationship between 
noradrenaline dose and mortality was computed through 
both relative risk and absolute risk.

Exposure
The independent variable explored was the dose of nor-
adrenaline or noradrenaline-equivalent administered 
(µg/kg/min). For the overall and dose-response meta-
analysis, we chose the most commonly reported estima-
tor of noradrenaline dose (among peak, median, mean 
and starting dose).

Some studies reported dosing only in µg/min. These 
studies were included in the systematic review [21–23], 

and subsequently included in a sensitivity analysis of the 
dose-response meta-analysis.

Post-hoc analysis
This dose-response meta-analysis was initially conceived 
to obtain data for the SOFA score update. After the 
SOFA-2 Working group had determined the noradrena-
line dose cutoffs for the new score [17, 24], we conducted 
post hoc analyses to evaluate the concordance between 
our findings and these thresholds. To this end, we strati-
fied noradrenaline doses according to the SOFA-2 cutoffs 
(0.2 µg/kg/min and 0.4 µg/kg/min) and assessed mortal-
ity and patient distribution across these categories.

Assessment of risk of bias
For the primary outcome, we intended to assess risk of 
bias using the Cochrane Risk of Bias tool for randomised 
controlled trials and the Newcastle-Ottawa Scale for 
observational studies. As no randomised controlled tri-
als were identified, two authors (IL, LD) independently 
and in duplicate assessed the risk of bias (RoB) of the 
included studies using only the Newcastle-Ottawa Scale 
[25]. Disagreements over RoB were resolved by consen-
sus or, if necessary, adjudicated by a third author (MR).

The Newcastle-Ottawa Scale assesses studies based on 
three broad categories: selection, comparability, and out-
come (for cohort studies) or exposure (for case-control 
studies). Each study is awarded up to nine points across 
these categories. We considered studies as of low risk of 
bias if they scored 7 to 9 points, intermediate risk of bias 
if they scored 4 to 6 points, and high risk of bias if they 
scored 3 points or fewer.

Certainty of the evidence
We used the Grading of Recommendations Assessment, 
Development and Evaluation (GRADE) approach to 
assess the certainty of the evidence (i.e. the overall effect 
estimate) for the primary outcome [26].

Statistical analyses
The population characteristics were described as 
weighted means (and weighted standard deviation) or 
median and interquartile range for continuous variables, 
and weighted means of percentages and weighted stan-
dard deviation from percentages for categorical variables 
to gather a pooled description of the patients’ profile. The 
results for the association between noradrenaline dose 
and mortality were reported as relative risks (RR) and 
their 95% confidence intervals (CI).

For the meta-analyses, we calculated the RR of mortal-
ity between the highest and lowest dose for each study. 
We then performed a random-effect meta-analysis using 
the Laird-DerSimonian method [27]. We examined sta-
tistical heterogeneity by visually inspecting forest plots 

http://www.covidence.org
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and using the nonparametric Cochran’s Q test along with 
the I² statistic [28]. Heterogeneity was considered likely 
if Q exceeded the degrees of freedom (df ) and confirmed 
if the p-value was 0.10 or less. A leave-one-out sensitiv-
ity analysis was performed to assess the individual influ-
ence of each study on the pooled effect size estimate and 
respective I2. This method systematically excludes one 
study at a time and recalculates the overall effect, iden-
tifying whether any single study disproportionately influ-
ences the meta-analysis results.

An Egger test was performed to look for small size 
study effect.

Then, we examined the dose-response relationship 
between mortality and noradrenaline doses using a dose-
response meta-analysis (DRMA) approach. Only the 
papers with two or more dose levels of noradrenaline 
dosage were considered for the DRMA. We created lin-
ear, quadratic and non-linear (restricted cubic splines) 
models. For the linear model, we calculated the linear 
trend (slope) and standard error linking the noradrena-
line dose and the natural logarithm of the RR of mortal-
ity for each study, under the random effect method. The 
logarithmic transformation of the RR was performed to 
linearize the relationship between drug dosage and mor-
tality risk, facilitating a more robust application of the 
linear regression model. The pooled effect was then cal-
culated. For the quadratic and non-linear restricted cubic 
splines models, only studies providing three or more lev-
els of noradrenaline dosages were considered, in contrast 
to the linear model which was conducted using studies 
with at least two reported dosage levels. The Wald test 
was used to test the hypothesis of non-linearity between 
the knots of the restricted cubic splines model. The per-
formance of the models were compared using Akaike 
Information Coefficient (AIC) and adjusted R2 [29, 30]. 
For the graphical representation of the model, we plotted 
the RR of in-hospital mortality against the noradrenaline 
dose after back-transforming from the logarithmic to the 
natural scale. We also plotted the expected absolute risk 
of mortality by applying the predicted relative risks to a 
baseline mortality risk of 6.5%, based on Pölkki et al. [15].

We implemented sensitivity analyses in the DRMA as 
follows: (1) studies examining only noradrenaline doses 
versus those using also noradrenaline-equivalent doses of 
other vasopressors, (2) studies published as abstracts ver-
sus studies published as peer-reviewed articles and (3) we 
added to the DRMA the studies reporting noradrenaline 
in µg/min. For this last analysis, we estimated the RR and 
its 95% CI based on the linear DRMA model by standard-
izing the NE dose of those articles on mean weights of 60, 
65, 70, 75, 80, 85 kg.

In addition, we assessed the feasibility of conducting 
adjusted analyses by examining whether adjusted effect 
estimates could be aggregated and whether baseline 

severity covariates were available in a sufficient number 
of studies to support meta-regression.

As for post-hoc analysis, we compared the observed 
mortalities according to the noradrenaline dose cutoffs 
predefined by the SOFA-2 cardiovascular component 
score, using a Chi-square test, with Bonferroni correc-
tion for multiple comparisons.

All p-values were two-tailed, and those below 0.05 were 
considered statistically significant. All analyses were per-
formed using R software (R Core Team 2013, R Foun-
dation for Statistical Computing, Vienna, Austria, URL 
(http://www.R-project.org/) with the packages {meta} 
[31], {metafor} [32],{dosresmeta} [33] and {dmetar} [34].

Results
The literature search found 5,918 studies. After remov-
ing 3,703 duplicates, 2,215 studies were screened, out of 
which 2,099 were excluded and 116 were assessed for eli-
gibility. We excluded 97 studies, mostly due to inadequate 
study design to answer our research question. Ultimately, 
19 studies were included in this systematic review [21–
23, 35–50], collectively covering 29,935 patients. Subse-
quently, six studies were included in the meta-analysis 
and dose-response meta-analysis [36, 41, 43, 44, 46, 47]. 
The authors of one study could not provide the data we 
required [51], and the study was therefore excluded from 
the analysis due to lack of detailed data for the meta-
analysis. The details of the inclusion/exclusion process 
are shown in the PRISMA diagram (Fig. 1).

Included studies
All 19 studies were observational. Three of them were 
prospective [37, 45, 49]. Five studies were only published 
as poster presentations [40, 41, 44, 47, 48]. The data origi-
nated from three continents (Europe, Asia and America). 
Apart from four multi-centre studies [37, 39, 43, 49], all 
other studies were from single centres.

Most included studies (n = 13, 68%) focused on patients 
with septic shock, while six studies [21, 22, 36, 43, 45, 
46] enrolled mixed ICU populations that included any 
patient receiving noradrenaline during their ICU stay. 
Eleven studies reported in-hospital mortality [21–23, 36, 
41–44, 46, 47, 50], six studies reported 28-day or 30-day 
mortality [35, 37, 40, 45, 49, 50], two studies reported 
ICU mortality [21, 39], one study reported 90-day mor-
tality only [38] and one abstract did not specify the mor-
tality assessment timepoint [48].

The characteristics of the studies are presented in 
Table 1.

Baseline data
Fourteen studies reported the mean age of patients 
administered noradrenaline, yielding a weighted mean 
age of 66 ± 15 years for a total of 6,462 patients. In the 

http://www.R-project.org/
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fifteen studies that reported the patients’ sex, 60.4% 
(n = 8,986) of the patients were male [21, 23, 35–43, 45, 
46, 49, 50]. Particular attention was given to patients’ 
weight data, as noradrenaline dosage was expressed in 

µg/kg/min. However, only three studies provided patient 
weight (with a weighted mean weight of 84 ± 26  kg, 
n = 720 patients) [42, 46, 49]. The Charlson Comorbidity 
Index was provided in two studies (n = 2,934 patients) [36, 

Fig. 1  Flow diagram of the systematic review including of databases
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38]. Thirteen studies reported data on the SOFA score; 
however, due to the high heterogeneity in data reporting 
(median, variability of time points, cutoff reporting only), 
data aggregation was not possible [35–42, 45, 46, 48–50].

Six studies reported dosages in terms of noradrenaline 
equivalence rather than noradrenaline dose [23, 36, 38, 
41, 42, 44]. In these studies, inotropes such as dopamine 
or dobutamine were generally included in the calcula-
tion using standard conversion formulas. We retained 
the noradrenaline-equivalent values as reported by the 
original study authors without recalculating individual 
components. Noradrenaline dosage measurement var-
ied across studies: three studies reported dosages at the 
initiation of drug administration [37, 42, 48]; six studies 
documented the highest dose during the ICU stay [21–
23, 36, 46, 47]; two studies noted the highest dose within 
the first 24  h of ICU admission [43, 44]; two studies 
recorded the median dose at the 24-hour mark [38, 45]; 
one study measured the mean infusion rate of noradrena-
line at 24 h [39]; one study calculated the mean dose over 
the ICU stay [35]; and two studies provided unclear dos-
age reporting methods [40, 50]. Among the studies not 
included in the meta-analysis, two studies specified that 
the noradrenaline dosage was reported as noradrenaline 
bitartrate [23, 35]. Among the six studies included in the 
meta-analysis, one study explicitly stated that the dosage 
was expressed as noradrenaline base. In the remaining 
five studies, the dosage was presumed to be expressed as 

noradrenaline base based on the geographical location of 
the participating centers [36, 41, 44, 46, 47].

The final version of the database was validated by all 
the investigators and is provided in Additional file 2.

Risk of bias
The risk of bias was assessed using an adapted and modi-
fied Newcastle-Ottawa Scale, as detailed in Additional 
file 3. All studies received a rating of 6 to 9 stars out of 
9. Studies reporting dosages in terms of noradrenaline-
equivalent received a rating one star lower than those 
reporting dosages directly as noradrenaline.

Primary outcome
We first performed a high versus low dose random effect 
meta-analysis including studies that reported hospital 
mortality (the most frequently reported outcome) and 
peak dose of noradrenaline (the most frequently reported 
estimator), resulting in the inclusion of six studies [36, 41, 
43, 44, 46, 47]. Definitions of high and low doses, as spec-
ified by each study, are detailed in Table 2. The random 
effect model found a pooled RR for mortality of 3.85 (95% 
CI, 3.24–4.57, p < 0.01) in high-dose versus low-dose 
patients, with significant heterogeneity (I2 = 87%, 95% CI 
[74–93], τ2 = 0.03, p ≤ 0.001) and a prediction interval of 
[2.24–6.60] (Fig.  2). The Egger test found no significant 
signal for small size study effect (p = 0.36, Fig.  3). The 
leave-one-out analysis did not reveal any study contrib-
uting significantly to the effect size or the I2 of the meta-
analysis (Additional file 4). The GRADE assessment of 
the meta-analysis yielded a moderate certainty (Table 3).

Dose-response meta-analysis
For the dose-response meta-analysis, we included stud-
ies that reported hospital mortality (the most frequently 
reported outcome) and peak dose of noradrenaline (the 
most frequently reported estimator), while excluding 

Table 2  Doses of noradrenaline or noradrenaline equivalent 
used in the included studies
Author Year Unit Low/high dose
Burstein 2021 µg/kg/min 0.05/1.25
Meenach 2019 µg/kg/min 0.25/2.50
Pölkki 2024 µg/kg/min 0.10/0.50
Sato 2022 µg/kg/min 0.10/0.50
Singer 2021 µg/kg/min 0.03/0.55
Vallabhajosyula 2018 µg/kg/min 0.10/1.00

Fig. 2  Forest plot of the high vs. low dose meta-analysis examining mortality as a function of noradrenaline
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studies that reported only one dose level, resulting in the 
inclusion of six studies [36, 41, 43, 44, 46, 47].

The linear (Chi2 = 28.1, df = 1, p-value < 0.001), the 
quadratic (Chi2 = 29.8, df = 2, p-value < 0.001) and the 
non-linear restricted cubic splines (Chi2 = 29.1, df = 2, 
p-value < 0.001) models showed a significant dose-
response relationship between noradrenaline and hos-
pital mortality. Under the linear model, the relative risk 
of death was multiplied by 1.5 (95% CI [1.3–1.8]) for 
each increment of 0.1  µg/kg/min in noradrenaline dose 
(Fig. 4). All the models showed a log-linear relationship 
(i.e. exponential) between noradrenaline and the relative 
risk of hospital mortality, with the linear model showing 
the best model performance (Additional file 5). The non-
linear restricted cubic spline model failed to identify a 
clear inflection point. The expected absolute risk of mor-
tality was plotted based on the linear model in Fig. 5.

Sensitivity analyses
We observed no significant subgroup differences between 
the studies reporting use of noradrenaline only (RR 3.4, 

95% CI 2.8–4.2) and those reporting use of multiple vaso-
pressors summarized as noradrenaline-equivalent (RR 
4.2, 95% CI 3.4–5.1), pinteraction = 0.15; and we observed 
comparable performance of the dose-response models in 
these subgroups (Additional file 6).

Likewise, we observed no significant subgroup dif-
ferences between the studies published as full peer-
reviewed articles (RR 4.3, 95% CI 3.3–5.5) and those 
published as abstracts (RR 3.4, 95% CI 2.7–4.3), pinteraction 
= 0.20; and we observed comparable performance of the 
dose-response models in these subgroups Additional file 
7).

We further examined the inclusion of studies report-
ing noradrenaline doses in µg/min in the analysis. After 
conversion based on assumed mean body weights rang-
ing from 60 to 85 kg, did not modify the DRMA results 
substantially. The estimated effect sizes remained stable 
across all tested weight assumptions, with exponenti-
ated coefficients ranging from 1.52 (95% CI 1.36–1.69) at 
60 kg to 1.56 (95% CI 1.40–1.74) at 85 kg (Additional file 
8).

Table 3  GRADE assessment of the meta-analysis
Certainty assessment Effect (relative risk 95% 

CI for every 0.1 µg/
kg/min increase in 
noradrenaline)

Certainty
Number of 
studies

Study 
design

Risk of 
bias

Inconsistency Indirectness Imprecision Other 
considerations

Dose response meta-analysis
6 Obser-

vational 
studies

Not 
serious

Not serious a Not serious Not serious None RR = 1.5 (1.3–1.8) ⨁⨁⨁◯
MODERATE

a: All the studies show consistent effect even though I2 is high

Fig. 3  Funnel plot examining the small-study effect
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Among the included studies, only three reported mul-
tivariable analyses evaluating the association between 
noradrenaline dose and in-hospital mortality. However, 
these studies differed substantially in terms of statisti-
cal approach (Cox regression versus logistic regression), 
predictors of interest (categorical versus continuous nor-
adrenaline dose), and adjustment variables. Due to this 
methodological heterogeneity, no quantitative synthesis 
of adjusted estimates was performed. A detailed sum-
mary of these adjusted analyses is provided in Additional 
file 9.

Finally, we also assessed the feasibility of conduct-
ing a meta-regression to account for illness severity, but 
this was not possible. Only a few studies reported strati-
fied baseline severity variables (such as SOFA score or 
the Acute Physiology and Chronic Health Evaluation 

(APACHE) score or the presence of acute kidney injury 
or the use of renal replacement therapy) by noradrena-
line dose group. No single variable was consistently avail-
able across a sufficient number of studies to allow robust 
modelling.

Post-hoc analysis
When categorising noradrenaline doses reported in the 
studies included in the dose-response meta-analysis 
into three predefined intervals based on the updated 
SOFA-2 score, ≤ 0.2, >0.2 to ≤ 0.4, and > 0.4  µg/kg/
min; a statistically significant difference in mortality 
was observed across dose categories, with mortality of 
16.5% (n = 1279/7773), 31.9% (n = 1175/3682), and 40.3% 
(n = 3609/8964) in the ≤ 0.2, >0.2 to ≤ 0.4, and > 0.4  µg/
kg/min categories, respectively (p < 0.001). Pairwise 

Fig. 4  Panel A: Dose-response relationship between noradrenaline dose and relative risk of hospital mortality. Panel B: Zoomed-in view of the lower-dose 
range (0–0.5 µg/kg/min) Confidence interval boundaries are shown in dash lines. The model showed that the risk is multiplied by an approximate factor 
of 1.5 for every 0.1 µg/kg/min increase in peak noradrenaline dose NE: noradrenaline
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comparisons confirmed significant differences between 
all groups (p < 0.001). The distribution of patients was as 
follows: 38% (n = 7773) in the ≤ 0.2  µg/kg/min category, 
18% (n = 3682) in the > 0.2 to ≤ 0.4  µg/kg/min category 
and 44% (n = 8964) in the > 0.4 µg/kg/min category (Addi-
tional file 10).

Certainty of the evidence
The results of the GRADE assessment are reported in 
Table  3. The overall certainty was rated as moderate, 
based on consistent findings across observational studies 
and the magnitude of the association.

Discussion
This systematic review and unadjusted dose-response 
meta-analysis revealed that there may be an exponential 
association between increasing noradrenaline dose and 

relative risk of death among ICU patients, up to 1.25 µg/
kg/min, up to 1.25 µg/kg/min. There were no clear inflec-
tion points or thresholds that would be logical choices 
as cutoffs to inform the SOFA score update. Instead, we 
observed a consistent increase in mortality risk, with the 
relative risk multiplied by an approximate factor of 1.5 
for every 0.1  µg/kg/min increase in peak noradrenaline 
dose. This observation should raise awareness among cli-
nicians managing patients with vasopressor-dependent 
shock. An increase as small as 0.1 µg/kg/min was consis-
tently associated with higher mortality. Recognizing this 
may help identify patients whose cardiovascular failure 
is worsening, despite ongoing support. It may support 
earlier consideration of adjunctive vasopressors, re-eval-
uation of source control, volemia or cardiac function, or 
timely escalation of care. This dose–mortality relation-
ship provides clinicians with a practical, interpretable 

Fig. 5  Panel A: Dose-response relationship between noradrenaline dose and predicted absolute risk of hospital mortality, assuming a baseline risk of 
6.5%. Panel B: Zoomed-in view of the lower-dose range (0–0.6 µg/kg/min) Confidence interval boundaries are shown in light orange NE: noradrenaline
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marker of severity that can inform bedside decisions in 
real time.

Our systematic review identified a wide variety of 
methods used to report noradrenaline dose and mortal-
ity in terms of units (weight-based or absolute), variable 
used (starting dose, mean dose, peak dose or cumulative 
dose) and time window of observation (from noradren-
aline starting timepoint to the whole duration of ICU 
stay). This variety greatly impairs the possibility to draw 
firm conclusions from the existing literature. We focused 
on the peak noradrenaline dose for the statistical analysis, 
because it was most commonly reported and because of 
its clinical relevance [17]. However, we acknowledge that 
other estimators, such as time-weighted mean dose or 
cumulative exposure, may provide additional insight into 
vasopressor burden and severity trajectories. In particu-
lar, prior studies, including the study by Auchet et al. [35], 
have suggested that mean dose may outperform peak 
dose in predicting mortality in selected subgroups such 
as patients with refractory septic shock. Furthermore, the 
dose-response meta-analysis was based on publications 
that reported noradrenaline only or noradrenaline-equiv-
alent to account for the use of other vasopressors.

As adjustment for other organ dysfunctions is achieved 
within the SOFA score, adjustment for potential con-
founders was not aimed for the purpose of score develop-
ment. However, we considered adjustment for potential 
confounders to complete the analysis and reviewed the 
included studies for adjusted analyses. Three studies 
reported multivariable models, but their methodological 
heterogeneity, in terms of statistical approach, dose spec-
ification, and covariates, precluded any valid aggregation. 
Therefore, it was not possible to conduct a meaningful 
adjusted meta-analysis, and the dose-mortality associa-
tion reported here should be interpreted descriptively.

The original SOFA score was developed as a descrip-
tive tool for organ dysfunction rather than a predictive 
model. However, in the context of the SOFA-2 revision, 
outcome-anchored thresholds were introduced across 
organ systems to ensure that severity gradations remain 
clinically meaningful and reproducible. For the car-
diovascular component in particular, the association 
between vasopressor dose and mortality was used as 
a guiding construct to inform threshold selection and 
improve the interpretability and bedside applicability of 
the score. Based on its predefined working methodology 
[17, 24], the SOFA-2 Working Group decided upon two 
cutoffs, 0.2 and 0.4  µg/kg/min. These are in accordance 
with the study by Pölkki et al. [43]. The statistical analy-
sis used to define cutoffs in that study was based on the 
log-rank statistic test proposed by Contal and O’Quigley 
[52], which is an optimisation technique to maximise the 
separation between survival curves. From a statistical 
standpoint, discretising a continuous variable often leads 

to approximations and potential loss of information, as 
it imposes artificial boundaries on a naturally continu-
ous distribution. Risk of death does not change abruptly 
between closely adjacent values, such as 0.19 and 0.21 
or 0.39 and 0.41  µg/kg/min. This highlights the chal-
lenge of balancing clinical usability with statistical rigor. 
Nevertheless, the post-hoc analysis performed to test the 
updated SOFA-2 cutoffs showed clear differences in mor-
tality between the categories defined by these cutoffs.

These findings align with prior research about the asso-
ciation of noradrenaline with patient outcomes in criti-
cal care settings [9]. However, our study has limitations. 
Primarily, our inclusion criteria encompassed all studies 
that reported mortality corresponding to varying dosages 
of noradrenaline. This approach inevitably led to diverse 
patient populations, including patients with septic shock, 
cardiogenic shock, and potentially even patients with-
out shock who were receiving vasopressors to mitigate 
hypotension induced by other factors such as sedative 
drugs or renal replacement therapy. It also led to various 
definitions of noradrenaline dose, some using the maxi-
mal dose received, some the average, with various time 
frames. Therefore, a rigorous selection of studies was 
performed to include homogenous studies in the meta-
analysis, leading to a smaller than anticipated sample of 
included studies.

Furthermore, inconsistencies in noradrenaline for-
mulations may contribute to bias in meta-analyses. 
Noradrenaline products are marketed as injectable aque-
ous solutions with variable concentrations. To ensure 
stability, solubility, and safe intravenous administra-
tion, noradrenaline is dispensed as a salt formulation 
[53]. Different noradrenaline salts, including bitartrate 
monohydrate, tartrate (i.e. anhydrous bitartrate), and 
hydrochloride, are in use. This variability in formula-
tion and dose reporting may introduce bias when pool-
ing data from studies that did not specify the formulation 
used [54]. To mitigate this risk, we reviewed the origins 
of the included centres and standardised accordingly: 
most studies originated from U.S. centres, with one 
European study that explicitly stated converting data to 
noradrenaline base. Using standardised reporting prac-
tices is essential to achieve accuracy and comparability 
of future dose-response analyses. Noradrenaline dose 
should be expressed as the amount of noradrenaline 
base [55]. Lastly, our post hoc analyses revealed a higher-
than-expected proportion of patients receiving very high 
doses of noradrenaline compared to previously published 
reports [17, 43]. Several factors may account for this dis-
crepancy. The peak dose that we used in our analyses 
may reflect transient episodes of escalated vasopressor 
requirements. Additionally, the predominance of stud-
ies including septic shock patients, who often require the 
highest doses, may have influenced this observation. The 
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use of norepinephrine-equivalent doses in some stud-
ies may also have inflated total dose estimates. Finally, in 
several studies the formulation was not explicitly stated, 
and noradrenaline base was presumed, potentially lead-
ing to an overestimation of the actual dose administered.

At last, the inherent nature of a meta-analysis, and by 
extension a dose-response meta-analysis, is that its find-
ings are only as robust as the studies it contains. In our 
case, all included studies were observational, carrying 
their inherent risk of bias. This was reflected in the sub-
stantial heterogeneity observed across studies, under-
scoring the need for prospective investigations with 
standardized definitions of vasopressor exposure and 
outcome reporting. Additionally, in the dose-response 
meta-analysis, we assumed that the modelled study-level 
association between noradrenaline dose and mortality 
reflects the patient-level dose-response, which is a strong 
assumption, but common in meta-analyses.

Conclusion
In this large meta-analysis, we identified a potentially 
exponential dose-response relationship between nor-
adrenaline dose and relative risk of mortality in ICU 
patients. This work also informed development of SOFA 
2.0 cardiovascular subscore.
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