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Abstract

Background Septic shock is commonly associated with reduction in vasomotor tone, mainly due to vascular
hyporesponsiveness to norepinephrine (NE). Although the diastolic arterial pressure (DAP)/heart rate (HR) ratio
reflects vasomotor tone, it cannot be a reliable index of vascular responsiveness to NE (VNERi). We hypothesized
that adjusting DAP/HR for the NE dose could yield a VNERi value (VNERi=DAP/(NE dose x HR)), knowledge of which
can help guiding therapeutic strategies in cases of persistent hypotension despite NE (e.g., increasing NE doses

vs. introducing additional vasopressors). For our hypothesis be valid, at least VNERi should demonstrate a stronger
association with patient outcome than DAP, DAP/HR or mean arterial pressure (MAP)/NE dose, a global marker of NE
responsiveness.

Methods We conducted a post-hoc analysis of the ANDROMEDA-SHOCK database. Hemodynamic variables and
initial NE doses were recorded at the randomization time-point, within 4 h of septic shock diagnosis. NE doses were
expressed in ug/kg/min (using the bitartrate NE formulation). A multivariate model was employed to compare

the associations between these variables and key clinical outcomes, including in-hospital mortality, numbers of
vasopressor-free days and of renal replacement therapy (RRT)-free days up to day 28.

Results The ANDROMEDA-SHOCK database included 424 patients with septic shock receiving NE. The median

DAP was 52 mmHg [IQR: 45-50] and the median NE dose at inclusion was 0.2 pug/kg/min [IQR: 01-0.4]. In-hospital
mortality was 43%. VNERi demonstrated the strongest association with in-hospital mortality compared to DAP, DAP/
HR, and MAP/NE dose, emerging as the most significant covariate in the multivariate model. Similar findings were
found for the associations with numbers of vasopressor-free days and RRT-free days up to day 28. The model revealed
an inverted J-shaped relationship between in-hospital mortality and VNERI, with a nadir point at 6.7, below which
mortality increased.
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Conclusions In patients receiving NE during early septic shock, VNERi demonstrated the strongest association with
outcome compared to DAP, DAP/HR, and MAP/NE dose. Due to its physiological basis and robust association with
outcomes, VNERi may serve as a valuable bedside marker of the vascular responsiveness to NE. This index could
potentially be integrated into decision-making of early septic shock.

Keywords Septic shock, Norepinephrine, Diastolic arterial pressure, Mortality, Vascular tone, Vascular responsiveness,

Heart rate

Background

Sepsis-related circulatory failure results from complex
mechanisms including vascular dysfunction, hypovole-
mia, and myocardial depression [1]. Sepsis-associated
vascular dysfunction is characterized by impaired endo-
thelial function, altered vasomotor tone, and disturbed
microcirculation. Vasomotor tone dysfunction, marked
by hyporesponsiveness to vasoconstrictive agents [2],
results in reduced vasomotor tone (vasodilatation) and
hypotension, ultimately contributing to tissue hypoper-
fusion [3]. Additionally, factors unrelated to vascular
hyporesponsiveness to vasoconstrictors, such as the use
of sedative drugs or incomplete clearance of chronically
administered vasodilators, can further lower vasomotor
tone at the early phase of septic shock. This underscores
that vasomotor tone and vascular responsiveness to vaso-
constrictors are distinct conceptual entities, meaning
that markers of vasomotor tone may not reliably reflect
vascular responsiveness to vasoconstrictors.

A simple bedside method to approaching vasomotor
tone is to consider diastolic arterial pressure (DAP) [4].
Indeed, physiologically, peripheral vascular resistance
is the primary determinant of DAP [5] with heart rate
(HR) and arterial stiffness playing less significant roles
[5, 6]. In septic shock, a low DAP, reflecting diminished
vasomotor tone, has been proposed as a trigger to initi-
ate administration of norepinephrine (NE) [7-10], given
the a;-agonist effects of this agent on the vasomotor
tone. Since tachycardia increases DAP due to reduced
diastolic time, DAP adjusted for HR may provide a more
accurate assessment of vasomotor tone than DAP alone
[11]. However, neither DAP nor DAP/HR can capture
vascular responsiveness to NE because: (1) both can be
influenced by factors that affect vascular tone but not
vascular responsiveness, as mentioned above, and (2)
similar DAP/HR values may be observed in different clin-
ical scenarios. For example, a patient (A) receiving a high
NE dose (e.g., 0.5 pg/kg/min) and a patient (B) receiving a
low NE dose (e.g., 0.05 pg/kg/min) might exhibit compa-
rable DAP/HR ratios due to more marked vascular hypo-
responsiveness to NE in patient (A).

In this study, we hypothesized that adjusting the DAP
/ HR ratio for NE dose would yield an index of vascular
responsiveness to NE (VNERi=DAP / (NE dose x HR)).
This index could potentially guide therapeutic strategies
in cases of persistent hypotension despite NE treatment,

such as helping to choose between escalating NE doses
or introducing a non-catecholaminergic vasopressor or
corticosteroids. For this hypothesis to be valid, at least
VNERi would need to demonstrate a stronger associa-
tion with clinical outcome than DAP, DAP/HR and mean
arterial pressure (MAP)/NE dose, the latter being a global
marker of NE responsiveness as MAP reflects both car-
diac output and systemic vascular resistance (SVR).

Materials and methods

Study design and settings

We performed a secondary analysis of the database from
the multicentre randomized ANDROMEDA-SHOCK
trial [12], which has been running from March 2017 to
April 2018 in 28 hospitals in Argentina, Chile, Colom-
bia, Ecuador, and Uruguay. The respective ethical and
research committee involving human beings approved
the use of the randomized controlled trial [12]. Data use
was subject to an agreement in accordance with French
data protection law (RGPD # MR004060220233). This
study report complies with the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
Statement guidelines (Supplemental Table S1).

Patient selection

Patients included in the ANDROMEDA-SHOCK trial
met al.l the criteria for septic shock defined by the Third
International Consensus Definitions for Sepsis and Septic
Shock [13]: any patient with suspected or proven infec-
tion, associated with life-threatening organ dysfunc-
tion, with persistent hypotension requiring vasopressors
MAP >65 mmHg, arterial lactate >2 mmol/L despite cor-
rection of hypovolemia (at least 20 mL/kg over 60 min).
Patients were recruited within 4 h of meeting these cri-
teria. Exclusion criteria included bleeding, severe acute
respiratory distress syndrome, and do-not resuscitate sta-
tus [12].

Measurements

We extracted the baseline characteristics of the popula-
tion from the ANDROMEDA-SHOCK database: age, sex,
weight, acute physiology and chronic health evaluation
(APACHE 1I) score, sequential organ failure assessment
(SOFA) score, Charlson comorbidity index and source
of infection. We also reported the need for mechanical
ventilation and renal replacement therapy (RRT), the
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number of vasopressors-free days as well as intensive
care unit (ICU) and hospital lengths of stay, and in-hos-
pital mortality.

The initial dose of NE and other hemodynamic vari-
ables were recorded at the randomization point, within
4 h of septic shock diagnosis. NE dose, DAP and HR were
recorded simultaneously at this time point.

We calculated VNERI as the DAP/(NE dose x HR) ratio
after NE was started. The DAP was expressed in mmHg,
HR in beats/min and NE dose in pg/kg/min (using the
bitartrate formulation of NE).

Outcomes

The primary endpoint was to compare the associa-
tion between DAP alone, DAP/HR, MAP/NE dose and
VNERI with in-hospital mortality. Secondary endpoints
included the comparisons between the associations of
DAP alone, DAP/HR, MAP/NE dose and VNERi with the
number of vasopressor-free days and with the number of
RRT-free days recorded up to day 28 (D28).

Statistics

To describe baseline characteristics of the ANDROM-
EDA-SHOCK population, categorical variables were
expressed as number with percentage (%) and continu-
ous variables as mean with standard deviation (SD), or
median with interquartile range [IQR]. Given the low
proportion of missing data, no missing data imputation
method was used.

Firstly, a univariate regression was constructed to
assess and to compare the associations of DAP alone,
DAP/HR and VNERi with the in-hospital mortality at
the randomization time-point. We also assessed the asso-
ciation of MAP/(NE dose) (already described as a vaso-
pressor responsiveness index) [14] and compared it to
VNERI.

Secondly, we set up a multivariate model to evaluate the
effect of VNERI on in-hospital mortality, using a logis-
tic regression analysis. The rms package was used for all
multivariable analyses [15]. The variables included in the
model were: clinical and hemodynamic variables at ran-
domization point, age, weight, APACHE II score, SOFA
score, central venous oxygen saturation (ScvO,), carbon
dioxide pressure difference between central venous blood
and arterial blood (PCO, gap), volume of resuscitation
fluid before randomization. The multivariate model was
also adjusted for NE dose, HR, systolic arterial pressure
(SAP), MAP, MAP/(NE dose), DAP, central venous pres-
sure (CVP), mottling score, capillary refill time (CRT),
and plasma lactate level. For all the variables included in
the multivariate model, a collinearity test was performed
using the variance inflation factor [16].

The variable selection process for the full model
involved a stepdown approach with a higher significance
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level (a=0.5). Here, variables selection approach was
adopted utilizing AIC (Akaike Information Criterion)
and BIC (Bayesian Information Criterion) values. The
AIC and BIC criteria can be used to estimate the predic-
tion error and therefore the relative quality of statistical
models for a data set. The AIC and BIC estimate the qual-
ity of each model relative to each of the other models.
The variable with minimum BIC and AIC was selected. A
difference of 2 units of values of AIC or BIC between two
variables was considered as significantly different [17].
The variable fit was evaluated using the validate func-
tion, which used bootstrapping resampling validation to
estimate bias-corrected indices specific to each variable.
The multivariate model was retested for validation using
bootstrap on 1,000 re-samples. Thirdly, we assessed the
contribution of the most relevant variables retained in
the multivariate model.

Regarding the analysis of secondary endpoints (number
of vasopressors-free days and number of RRT-free days
up to D28), their statistical associations with VNERi were
evaluated using the same multivariate model.

To analyse the relationship between in-hospital mortal-
ity and VNERI, we used the Youden test to identify opti-
mal cut-points for distinguishing between deceased and
surviving patients on both the descending and ascend-
ing segments of the curve. Based on these cut-points,
we classified patients into three subgroups: low VNERi
(subgroup 1), moderate VNERI (subgroup 2), and high
VNERi (subgroup 3). Pairwise comparisons between
subgroups were made using the Games Howell test, and
p-values were adjusted using Holm’s method.

All tests were two-tailed, with p-values considered sig-
nificant if 0.05. Statistical analyses were performed using
R software 4.1.2 (The R Foundation for Statistical Com-
puting, http://www.r-project.org).

Results

Patient characteristics at baseline

A total of 424 patients admitted for septic shock were
included. The mean age was 63+17 years. Mean
APACHE 1I score at inclusion was 22+10. Median
time from septic shock diagnosis to study inclusion
was 80 min [IQR: 0-180]. Median DAP and MAP were
52 mmHg [IQR: 45-50] and 66 mmHg [IQR: 60-76]
respectively. The median NE dose at randomization was
0.2 pg/kg/min [IQR: 0.1-0.4]. In-hospital mortality was
43%. Additional baseline characteristics are presented in
Table 1.

Univariate regression for association between variables
and in-hospital mortality

We used a univariate logistic regression to examine the
association between in-hospital mortality and the follow-
ing variables: DAP, DAP/HR, MAP/NE dose and VNERI.
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Table 1 Characteristics at baseline:
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Table 2 Univariate regression: association between variables

Characteristics N=424 and in-hospital mortality
Age, mean (SD), yrs 66 (17) Variables LR Chi- Square  Pr>Chi-Square AIC  BIC
Sex, % 53 MAP/(NE dose) 18 <0.0001 564 572
Weight, mean (SD), kg 70 (17) DAP 2.69 0.101 580 588
APACHE I, mean (SD) 22 (8) DAP/HR 11.14 0.008 572 580
SOFA D,, mean (SD) 10 (3) VNERi 4176 <0.0001 543 555
Charlson comorbidity index, median [IQR] 3[1-5] Abbreviations: AIC: Akaike information criterion, BIC: Bayesian information
s criterion, DAP: diastolic arterial pressure, HR: heart rate, NE dose: norepinephrine
Co-morbidities d - ) ; ; ;
i i ose, VNERi: vascular norepinephrine responsiveness index
Chronic hypertension, % 42 VNERi showed the best quality of fit, with the lowest AICand BIC values implying
Heart failure, % 7 the best association with the probability of in-hospital mortality in the cohort
Chronic kidney disease, % 5
Diabetes mellitus, % 2 Table 3 Multivariate regression: association between variables
Source of sepsis and the in-hospital mortality
Pneumonia, % 30 Variables LR Chi- Pr>Chi-Square  AIC BIC
Urinary tract infection, % 21 Square
Intra-abdominal infection, % 35 MAP/(NE dose) 86 <0.0001 513 558
Others, % 14 DAP 70 <0.0001 526 562
Initial management data, median [IQR] DAP/HR 80 <0.0001 516 553
Time from septic shock diagnosis to antibiotics, min 120 [60-120] VNERi 87 <0.0001 509 546
Time from septic shock diagnosis to inclusion, min 81 [0-180] Abbreviations: AIC: Akaike information criterion, BIC: Bayesian information
Haemodynamic variables at vasopressor start point criterion, DAP:diastoIic arter'ial pre§sure, HR: hgart rate,'NEdose: norepinephrine
. hrine d dian [IOR], ug/ka/min 02 [0.1-04] dose, VNERi: vascular norepinephrine responsiveness index
Noreplne.p fine dose, me - HI7Kg T The multivariate analysis model was adjusted for the following baseline
SAP, median [IQR], mmHg 100 [85-113] covariates: age, sex, weight, APACHE Il and SOFA score, pre-randomisation
DAP, median [IQR], mmHg 52 [45-60] fluid volume in the ANDROMEDA-SHOCK study, NE dose, HR, systolic arterial
) pressure, mean arterial pressure, DAP, central venous pressure, mottling score,
MAP, median [IQR], mmHg 66 [60-76] capillary refill time, plasma lactate level, central venous oxygen saturation,
PP, median [IQR], mmHg 45 [35-58] carbon dioxide pressure difference between central venous blood and arterial
HR, median [IQR], beats/min 103 blood
[87-120] VNERi showed the best quality of fit, with the lowest AICand BIC values implying
Central venous oxygen saturation, median [IQR], n 73 [65-79], the best association with the probability of in-hospital mortality in the cohort
401
PCO, gap, median QR mmHg, n 7[5-10], 398 quality of fit, with the lowest AIC and BIC values and
Central venous pressure, median [IQR], mmHg, n 9[6-131,393 the best association with in-hospital mortality probabil-
i/'em: lactate, mea;_ (SDl)’ r;mol/ \n 3‘50(3;)’424 ities. Notably, VNERI also showed a better quality of fit
COt,thg chljet/' me 'andFQ EIQR] ; E3_6; compared with the MAP/NE dose ratio (delta AIC=21,
apillary refill time, median ,sec —
prialy TEIT e, mede , £<0.0001) (Table 2).
Pre-inclusion received fluid volume, median [IQ], mL 2000
[1200-2800] . . i
) ) Multivariate regression model for association between
In-hospital mortality, % 43

Abbreviations: APACHE II: Acute physiology and chronic health evaluation,
SOFA D, sequential organ failure assessment calculated the first day, SAP:
systolic arterial pressure, DAP: diastolic arterial pressure, MAP: mean arterial
pressure, PP: pulse pressure, HR: heart rate, PCO, gap: carbon dioxide pressure
difference between central venous blood and arterial blood

The analysis was conducted on the entire cohort (243
survivors and 181 non-survivors out of 424 patients).
VNERi demonstrated a significantly better perfor-
mance in terms of AIC (543) and LR chi-square (41.76),
(p<0.0001) in the univariate regression compared to
DAP/HR (AIC=572, LR chi -square=11.14, p=0.008)
and to DAP (AIC=580 and LR chi -square=2.69,
p=0.101). DAP/HR was significantly more associated
with in-hospital mortality than DAP, (Delta AIC=38,
p<0.01). Compared to DAP/HR, VNERi was signifi-
cantly more associated with in-hospital mortality (Delta
AIC=29, p<0.0001). VNERi demonstrated the best

variables and in-hospital mortality

Compared to DAP, DAP/HR was significantly more
associated with in-hospital mortality (Delta AIC=10,
p<0.01). Compared to DAP/HR and MAP/NE dose,
VNERi was more strongly associated with in-hospital
mortality (Delta AIC=7, p<0.05 and Delta AIC=4,
p<0.05, respectively) (Table 3). Figure 1 shows the prob-
ability of in-hospital mortality as a function of VNERI.
The multivariate analysis identified a final model with an
AIC of 509.

The multivariate regression model revealed an inverted
J-shaped relationship between in-hospital mortality and
VNERi, with a nadir point at 6.7. The first cut-point
defining the descending segment of the inverted J-shaped
curve was a VNERI of 2.6. The second cut-point, defin-
ing the ascending segment, was a VNERI of 10.8. Based
on these cut-points, we identified three distinct patient
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subgroups. Subgroup 1 (m=214) had a mean VNERI
of 1.3+0.9, subgroup 2 (n=182) had a mean VNERI
of 5.4+0.3, and subgroup 3 (n=28) had a mean VNERI
of 158+1.4 (p<0.001 between subgroups). In-hospi-
tal mortality was 56+6% in subgroup 1, compared to
28+7% in subgroup 2 (p<0.0001) and 39+19% in sub-
group 3 (p<0.0001). Subgroup 3 also had significantly
higher in-hospital mortality compared to subgroup 2
(p<0.01) (Supplemental Fig. S1). The DAP/HR ratio was

10 15

VNERI

Fig. 1 Probability of in-hospital mortality as a function of the VNERI. Abbreviations: APACHE II: Acute physiology and chronic health evaluation, SOFA:
sequential organ failure assessment, SAP: systolic arterial pressure, DAP: diastolic arterial pressure, MAP: mean arterial pressure, HR: heart rate, PP: pulse
pressure, NE dose: norepinephrine dose. The multivariate regression model revealed an inverted J-shaped relationship between in-hospital mortality and
VNERI, with a nadir point at 6.7. The first cut-point defining the descending segment of the inverted J-shaped curve was a VNERi of 2.6. The second cut-
point, defining the ascending segment, was a VNERi of 10.8. Multivariate analysis identified a final model with an AIC=509. Multivariate analysis model
was adjusted for the baseline covariates: age, sex, weight, APACHE Il and SOFA score, pre-randomisation resuscitation fluid volume in the ANDROMEDA-
SHOCK study, NE dose, HR, SAP, MAP, DAP, central venous pressure, mottling score, capillary refill time, plasma lactate level, central venous oxygen satura-
tion, carbon dioxide pressure difference between central venous blood and arterial blood.

significantly lower in subgroup 1 (0.46+0.01) compared
to subgroup 2 (0.65+0.05, p<0.0001) and compared to
subgroup 3 (0.82+0.15, p<0.0002) (Supplemental Fig.
S2). The NE dose was higher in subgroup 1 compared to
subgroup 2 (p<0.0001) and subgroup 3 (p<0.0001). Fur-
thermore, the NE dose in subgroup 3 was lower than in
subgroup 2 (p<0.0001) (Supplemental Fig. S3).
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Table 4 Performance and relative importance of covariates associated with in-hospital mortality using multivariate analysis

Variables Odds Ratio Standard Cl95% p RII Rank
error
SOFA 1.32 0.041 0.89-1.97 0.1664 0.05 7
Weight 0.81 0.007 0.62-1.06 0.1295 0.06 6
PCO,gap 1.26 0.027 0.97-1.64 0.0795 0.07 5
ScvO, 0.76 0.010 0.58-1.01 0.0588 0.09 4
Age 149 0.007 1.07-2.07 0.0197 0.14 3
APACHE I 173 0.020 1.12-2.66 0.0135 0.14 2
VNERi 033 0.113 0.20-0.56 0.0002 0.46 1

Abbreviations: SOFA: sequential organ failure assessment, PCO, gap: carbon dioxide pressure difference between central venous blood and arterial blood, ScvO,:
central venous oxygen saturation, APACHE II: Acute physiology and chronic health evaluation, RIl: relative importance index, VNERi: vascular norepinephrine

responsiveness index

X2 P Least
important
SOFA . 20 0.1559
Weight . 23 01310
PCO, gap . 30 00820
ScvO, . 35 00598
Age . 57 00169
APACHE II . 57 00166
VNERi e |191 00001 M
Most
' ' ' : : important
0.05 0.10 0.15 0.25

0.20

Proportion of explainable in-hospital mortality variability

Fig. 2 Relative importance of covariates to explain in-hospital mortality variability. Abbreviations: APACHE II: Acute physiology and chronic health evalu-
ation, SOFA: sequential organ failure assessment, DAP: diastolic arterial pressure, HR: heart rate, NE dose: norepinephrine dose, PCO, gap: carbon dioxide
pressure difference between central venous blood and arterial blood, ScvO,: central venous oxygen saturation

Analysis of the weight of covariates in the final multivariate
model

The model identified VNERi as the most important
covariate, with a relative importance index (RII) of 46%,
independently correlated with in-hospital mortality (OR:
0.33 [IC95%; 0.2—0.56], p=0.0002) after adjustment for
prespecified covariates. Other variables associated with
in-hospital mortality included age (OR: 1.49 [IC95%;
1.06-2.07], p=0.0197) and APACHE II score (OR:
1.73 [IC95%; 1.12-2.66], p=0.0135), both contributing
equally to the model (RII of 14%). ScvO, was associated

with in-hospital mortality with an OR of 0.76 [IC95%;
0.58-1.01] (p=0.0588, RII =8.5%),, PCO, gap with an OR
of 1.26 [IC95%; 0.97-1.64] (p=0.0795, RII=7.3%), the
weight with an OR of 0.81 [IC95%; 0.62-1.06] (p=0.1295,
RII=5.6%) and the SOFA score with an OR of 1.32
[IC95%; 0.89-1.97] (p =0.1664, RII =4.8%) (Table 4; Fig. 2
and Supplemental Fig. S4 and Fig. S5).
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Association between VNERi and the need for organ
support up to D28

VNERI was significantly associated with the number of
vasopressor-free days and the number of RRT-free days
up to D28 after adjustment for covariates with a coef-
ficient of 6.052 [CI95%; 3.51-8.59] (p<0.0001), and
a coefficient of 6.046 [CI95%; 3.51-8.58] (p<0.0001),
respectively. In agreement with the AIC/BIC model of
variable selection, compared to DAP alone, DAP/HR
and MAP/NE dose, VNERi was more strongly associated
with the number of vasopressor-free days and RRT-free
days up to D28 (Supplemental Table S2 and S3).

Discussion

Our study demonstrated that after adjusting for clini-
cal and hemodynamic parameters, VNERI calculated as
DAP/(NE dose x HR) at the early phase of septic shock in
patients under NE, was more strongly associated with in-
hospital mortality than DAP, DAP/HR, or MAP/NE dose.
The inflection point of the mortality curve was identified
at a VNERI value of 6.7 below which mortality increased
significantly. Moreover, VNERi was also more strongly
associated with the number of vasopressor-free days and
with the number of RRT-free days up to D28 than DAP,
DAP/HR or MAP/NE dose.

We hypothesized that VNERI, by adjusting DAP/HR
(an index of vasomotor tone) to the NE dose, reflects
vascular responsiveness to NE. For this hypothesis to be
valid, VNERI needed to demonstrate a stronger associa-
tion with outcomes than DAP, DAP/HR, and MAP/NE
dose. This was confirmed through analyses using AIC
and BIC statistical methods, which balance model fit and
complexity.

Our aim was not to create a new severity score that
perfectly predicts mortality in septic shock. As shown in
Fig. 1, the relationship between VNERi and mortality fol-
lowed an inverted J-shaped curve, suggesting that vascu-
lar hyporesponsiveness to NE in the early phase of septic
shock is not the sole determinant of mortality.

Further analysis of this inverted J-shaped relation-
ship revealed a mortality rebound in the subgroup of
patients (n=28) with VNERi values greater than 10.8
(subgroup 3). Interestingly, the DAP/HR ratio was higher
in subgroup 3 compared to subgroup 1, suggesting that
vasomotor tone was less reduced in subgroup 3 than
in subgroup 1. It is well-established that septic shock is
not solely characterized by vasomotor tone depression.
Various mechanisms—including hypovolemia, vascu-
lar tone depression, and myocardial depression—can
interplay in unique combinations that vary between
patients. Therefore, it is possible that inadequately cor-
rected hypovolemia and/or cardiac dysfunction played a
more significant role than vasomotor tone depression in
the early circulatory failure of patients with high VNERi
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values at inclusion. This could have ultimately contrib-
uted to organ dysfunction and a mortality rate of 39% in
this subgroup.

Markers of vasomotor tone have been proposed for
bedside use. Calculated SVR has been suggested, since
some hemodynamic monitors can display its value. How-
ever, measuring SVR is challenging as it requires cardiac
output data, which is often unavailable in the early phase
of septic shock. Moreover, SVR calculation based on the
difference between MAP and CVP is flawed due to the
vascular waterfall effect [18—20], leading to an overesti-
mation of the true peripheral vascular resistance [19, 20].

A simpler way to assess the vasomotor tone state is by
considering DAP. Physiologically, arterial pressure com-
prises a static component (MAP) and a pulsatile compo-
nent, pulse pressure (PP). MAP depends on both cardiac
output (stroke volume x HR) and peripheral vascular
resistance, while PP mainly depends on stroke volume
and arterial stiffness [21]. Thus, DAP is determined by
MAP and PP in two opposite ways, increasing with MAP
and decreasing with PP. As stroke volume is a common
factor to MAP and PP, it does not independently influ-
ence DAP [5, 6]. Given that HR also influences DAP, it
is logical to adjust for HR when interpreting DAP as a
marker of vasomotor tone. Accordingly, the diastolic
shock index (DSI), calculated as the HR/DAP ratio, has
been shown to have a stronger association with mortal-
ity than DAP alone [11]. Nevertheless, while DAP/HR is
considered a marker of vasomotor tone, it cannot reflect
the severity of vasomotor tone dysfunction in terms of
responsiveness to NE. For instance, certain factors, such
as vasodilating sedative drugs that reduce vasomotor
tone, may not impact vascular responsiveness, resulting
in low DAP/HR but non-low VNERI values. Conversely,
similar DAP/HR values may be observed in two different
septic patients receiving different NE doses (e.g., 0.5 pg/
kg/min and 0.05 pg/kg/min). These differences in NE
dosing result in distinct VNERI values, reflecting varying
degrees of vascular hyporesponsiveness to NE.

A previous analysis of the ANDROMEDA-SHOCK
database showed that the DSI, the inverse of DAP/HR,
was a better prognostic factor than DAP [11]. However,
it did not demonstrate that the DSI x NE dose product
was superior to DSI alone, likely due to the omission of
other covariates. In the present study, we used AIC and
BIC to systematicallycompare variablesaccounting for
numerous covariates to provide a more robust approach
in identifying variable the most associated with in-hospi-
tal mortality.

Knowledge of the VNERI value can help guiding thera-
peutic strategies in case of persistent hypotension under
NE. A low VNERI value, as a marker of vascular hypo-
responsiveness to NE, might prompt the clinician to
implement a multimodal vasopressor therapy strategy
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(e.g., introduction of non-catecholaminergic agents like
vasopressin or corticosteroids) instead of merely increas-
ing NE doses [22, 23]. Increasing NE doses can lead to
serious adverse effects including myocardial injury,
tachyarrhythmia, mesenteric, and digital ischemia [24],
potentially increasing mortality [25]. Furthermore, in
cases of very low VNERI values which indicate vascular
hyporesponsiveness to NE, further NE dose escalation
is likely to be ineffective to achieve the predefined tar-
get MAD, resulting in prolonged hypotension. However,
we acknowledge that our hypothesis will require further
studies to confirm our findings.

Recent literature has proposed other indices to assess
vasomotor tone dysfunction. In paediatric refractory
septic shock, the ratio of SVR to the vasoactive inotropic
score (VIS), termed vascular reactivity index [26, 27], has
been associated with mortality. However, it has notable
limitations: SVR overestimates true peripheral vascular
resistance [19, 20] and requires cardiac output measure-
ments, while VIS includes inotropic drugs with vasodi-
latory effects, which makes it an imperfect reflection of
vasoconstrictor load.

Another index, MAP divided by the equivalent dose
of NE, showed an independent association with mortal-
ity [14, 28]. However, in our study, the MAP/NE dose
ratio was less strongly associated with in-hospital mor-
tality and the numbers of vasopressor-free days and of
RRT-free days than VNERi. Additionally, the MAP/NE
dose cannot fully capture vasomotor tone responsiveness
to NE, as MAP is influenced by cardiac output. During
early septic shock, NE administration can increase car-
diac output by increasing cardiac preload [29-31] and
contractility [32]. Thus, MAP and cardiac output may
both rise with a given NE dose, even in cases of vascular
hyporesponsiveness to NE. Additionally, calculating NE
dose equivalents when other vasopressors are used intro-
duces further challenges, as converting doses between
vasopressors is not straightforward [33, 34]. Importantly,
in our study, no other vasoconstrictors were used at the
time of inclusion, ensuring clarity in VNER! calculations.

Our study has some limitations. First, our proposed
index, VNERI lacks a reference method for compari-
son, as it was not feasible to assess individual vasomotor
responses to incremental NE doses. Second, because NE
dose is a component of its denominator, VNERi cannot
be calculated before initiating NE. However, international
guidelines recommend initiating NE early in case of life-
threatening hypotension or low DAP [7-10], even before
completing fluid administration [35] and using a periph-
eral venous catheter if necessary [36]. We did not evalu-
ate VNERI beyond the first four hours of septic shock, as
the focus was on the early phase. This early phase is criti-
cal for decision-making, and bedside VNERI calculation
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may help guide the selection of optimal vasopressor
strategies if the target MAP has not been achieved.

Conclusions

In this study, VNER|, calculated simply as the DAP/(NE
dose x HR) ratio in early septic shock, was more strongly
associated with in-hospital mortality and numbers of
vasopressor-free days and RRT-free days up to D28 than
DAP, DAP/HR, or MAP/NE dose. These findings provide
indirect support for the physiological hypothesis that
VNERI reflects vasomotor tone responsiveness to NE.
However, further prospective studies are needed to vali-
date its utility in guiding early resuscitation strategies in
septic shock.
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