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Abstract

Background In patients with septic shock, vasopressor-induced mean arterial pressure (MAP) augmentation is
commonly used to restore tissue perfusion; however, patients may exhibit divergent cardiovascular responses
despite achieving similar arterial pressure targets. We hypothesized that this heterogeneity reflects the differences in
ventricular adaptation to increases in arterial load and venous return determinants.

Methods We conducted a prospective physiological observational study in mechanically ventilated adults with
septic shock who underwent transient MAP augmentation from approximately 65 to 85 mmHg after the initial
hemodynamic resuscitation. MAP was increased by norepinephrine dose escalation or by adding vasopressin
according to clinical judgment. Comprehensive transthoracic echocardiography was performed immediately before
and after MAP augmentation. Patients were classified a priori according to the relative changes in cardiac output
(CO): flow recruitment (> 15% increase), stable flow (- 15% to + 15%), or flow deterioration (> 15% decrease). Changes
in effective arterial elastance (Ea), end-systolic elastance (Ees), VA coupling (Ea/Ees), stroke volume, left ventricular
ejection fraction (LVEF), analogue mean systemic filling pressure (Pmsa), and derived venous return variables were
analyzed.

Results Thirty-two patients were included. Despite comparable increases in MAP, the cardiovascular responses

were heterogeneous: 10 patients (31%) exhibited flow recruitment, 17 (53%) maintained a stable flow, and 5 (16%)
developed flow deterioration. Patients with flow deterioration showed a greater increase in Ea without a proportional
increase in Ees, resulting in worsening VA coupling (AEa/Ees+0.22 IQR [0.01-0.81]), whereas VA coupling remained
stable or improved in patients with preserved or increased flow (p=0.035). Flow deterioration was also associated
with reduced LVEF and changes in the derived venous return indices, which may have contributed to the observed
reduction in forward flow. Changes in VA coupling correlated with changes in IVCT (p=0.788, p <0.0001), MP!I
(0=0.599, p <0.0003), stroke volume (o =—0.418, p=0.017), and LVEF (p=—0.431, p=0.0139).
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Conclusions Acute MAP augmentation elicits heterogeneous cardiovascular responses in patients with septic shock
despite similar increases in arterial pressure. Flow deterioration is characterized by worsening VA coupling, reduced
stroke volume, and impaired systolic adaptation, potentially modulated by changes in the derived venous return

indices.

Introduction

The mean arterial pressure (MAP) remains a central tar-
get during septic shock resuscitation, and transient MAP
augmentation is increasingly used as a physiological chal-
lenge to determine whether a higher perfusion pressure
improves tissue perfusion [1-3]. However, the achieved
arterial pressure does not fully characterize the cardio-
vascular response because similar increases in MAP
may be accompanied by markedly different changes in
forward blood flow. Indeed, acute vasopressor-induced
increases in MAP may be associated with increases,
minimal changes, or even reductions in cardiac out-
put despite comparable changes in arterial pressure [4].
This dissociation is particularly relevant in septic shock,
where profound vasodilation, altered venous capacitance,
and variable myocardial dysfunction coexist and continu-
ously modify the relationship between pressure and flow
[5, 6]. Therefore, the cardiovascular response to acute
MAP augmentation may provide physiological informa-
tion that cannot be inferred from MAP alone.

The net change in cardiac output during MAP augmen-
tation reflects the interaction among several simultane-
ous effects of the vasoconstriction. On the venous side,
restoration of vascular tone may increase the stressed
blood volume and mean systemic filling pressure, thereby
favoring the pressure gradient for venous return [7].
However, vasoconstriction may simultaneously increase
resistance to venous return, potentially limiting the
increase in cardiac filling and flow. On the arterial side,
the same intervention increases the load against which
the left ventricle ejects. Therefore, maintenance of stroke
volume requires adequate ventricular adaptation to this
acute increase in arterial load. Consequently, the direc-
tion and magnitude of the cardiac output response
should be regarded as an integrated result of changes
in venous return, ventricular performance, and arterial
load, rather than as a direct consequence of the increase
in MAP.

Ventriculo-arterial (VA) coupling provides a useful
framework for examining the arterial and ventricular
components of this response. Effective arterial elastance
(Ea) integrates the net arterial load imposed on the ven-
tricle, whereas end-systolic elastance (Ees) provides an
index of ventricular systolic performance; their rela-
tionship, expressed as Ea/Ees, describes the mechani-
cal matching between the ventricle and arterial system
[8, 9]. During acute MAP augmentation, stroke volume
preservation requires sufficient adaptation of ventricular

systolic performance to the imposed increase in arterial
load. An increase in Ea that is not matched by an ade-
quate ventricular response may result in worsening VA
coupling and impaired ejection [10-12]. However, VA
coupling captures only the arterial-ventricular interac-
tion and does not account for the upstream determinants
of cardiac filling. Analogue mean systemic filling pres-
sure (Pmsa), the pressure gradient for venous return,
and resistance to venous return provide complementary
estimates of the venous conditions under which the ven-
tricle operates [4, 13, 14]. The vasoactive strategy used to
achieve MAP augmentation may further modulate this
response because different vasopressors exert distinct
effects on arterial tone, venous capacitance, and car-
diac performance [11, 15]. However, the mechanisms by
which these arterial, ventricular, and venous components
interact to determine the cardiac output response to
acute MAP augmentation in septic shock remain poorly
understood.

Therefore, we hypothesized that the heterogeneous
response of CO to acute MAP augmentation in septic
shock reflects differences in the integrated cardiovascu-
lar adaptation to the intervention, particularly the bal-
ance between ventricular adaptation and arterial loading,
which is potentially influenced by changes in venous
return determinants. Our primary objective was to char-
acterize these responses by combining comprehensive
echocardiography, VA coupling, and derived indices of
venous return, and to determine whether flow recruit-
ment, stable flow, and flow deterioration were associ-
ated with distinct patterns of cardiovascular adaptation.
We also examined the relationship between changes in
VA coupling and the indices of ventricular mechanics.
Exploratory analyses were performed to assess the base-
line cardiovascular profile associated with flow deteriora-
tion and whether the response differed according to the
vasopressor strategy used to achieve MAP augmentation.

Materials and methods
Study design and MAP augmentation protocol
This prospective physiological observational study
included mechanically ventilated adult patients with sep-
tic shock who underwent transient mean arterial pres-
sure (MAP) augmentation following initial hemodynamic
resuscitation.

Transient MAP augmentation was performed in
patients with persistent signs of hypoperfusion, opera-
tionally defined as the presence of a capillary refill time
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> 3 s and/or an arterial lactate concentration > 2 mmol/L
after initial hemodynamic resuscitation and in the
absence of evidence of preload responsiveness according
to a multimodal assessment of dynamic indices. Preload
responsiveness was assessed using the pulse pressure
variation, stroke volume variation, and inferior vena
cava distensibility. Patients were considered non-pre-
load responsive when at least two of the following criteria
were absent: pulse pressure variation > 13% [16], stroke
volume variation > 12% [17], or inferior vena cava disten-
sibility > 18% [18], assessed at a tidal volume of 8 mL/kg.
MAP was increased from approximately 65 to 85 mmHg
using either norepinephrine dose escalation or the addi-
tion of vasopressin at a fixed dose of 0.03 U/min, accord-
ing to the treating physician’s decision. Vasopressor
selection was not protocolized and reflected the routine
clinical practice.

The study was approved by the Human Ethics and
Safety Committee of the Pontificia Universidad Catdlica
de Chile in accordance with the Declaration of Helsinki
(Protocol ID: 200318004), and written informed consent
was obtained from all patients or their legally authorized
representatives. Clinical trial registration: Not applicable.
This was an observational physiological study without
random allocation to the study intervention.

Cardiovascular assessment

Comprehensive transthoracic echocardiography was per-
formed immediately before and after achieving the tar-
get MAP by a certified operator according to the current
recommendations for advanced critical care echocar-
diography [19], using a Mindray M9 ultrasound system
(Bio-Medical Electronics Co., Shenzhen, China).

The following variables were recorded before and after
MAP augmentation: cardiac output (CO), stroke volume
(SV), left ventricular ejection fraction (LVEF), heart rate
(HR), central venous pressure (CVP), capillary refill time
(CRT), arterial lactate concentration, and myocardial
performance index (MPI).

The central venous pressure was measured at end-expi-
ration at the base of the A wave [20].

Assessment of ventriculo-arterial coupling
Ventriculo-arterial (VA) coupling was assessed as the
ratio of effective arterial elastance (Ea) to left ventricular
end-systolic elastance (Ees) [8]. Effective arterial elas-
tance, an integrative index of arterial load, was calculated
as previously described by Chemla et al. [21]:

Ea=Pes/SV;

where Pes represents end-systolic pressure, estimated
as 0.9 x systolic arterial pressure (SAP), and SV repre-
sents the stroke volume.
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End-systolic elastance (Ees) was estimated noninva-
sively using the validated single-beat method described
by Chen et al. [22], according to the following equation:

Ees = [DBP - ENd(est) x Pes] / [SV x ENd(est)],

where DBP represents diastolic blood pressure, and
ENd(est) represents the estimated normalized ven-
tricular elastance at the onset of ejection. ENd(est) was
derived according to the Chen single-beat method using
the left ventricular ejection fraction, arterial pressure,
and normalized systolic timing. The pre-ejection period
(PEP) was measured from the ECG R wave to the onset
of aortic flow, whereas the left ventricular ejection time
(LVET) was measured from the onset to the end of aor-
tic flow using pulsed-wave Doppler of the left ventricular
outflow tract. The total systolic period was defined as the
time from the ECG R wave to the end of the aortic flow,
and the normalized systolic timing (tNd) was calculated
as PEP/(PEP + LVET), as previously described [11].

VA coupling was subsequently calculated as the Ea/Ees
ratio, with higher values indicating greater ventriculo-
arterial uncoupling.

Changes in cardiovascular variables were expressed as
absolute and relative differences between baseline and
post-augmentation measurements.

Assessment of venous return

Venous return physiology was assessed using the ana-
logue mean systemic filling pressure (Pmsa), pressure
gradient for venous return, and resistance to venous
return. Pmsa was estimated using the Parkin mathemati-
cal model as Pmsa = 0.96 x CVP + 0.04 x MAP + ¢ x
CO, where c is an anthropometrically derived coefficient
based on age, height, and weight [13, 14]. The pressure
gradient for venous return was calculated as Pmsa - CVP,
and the resistance to venous return as (Pmsa - CVP)/
CO. These variables were calculated at baseline and after
MAP augmentation, and their changes were expressed as
post-VPT minus baseline values [4].

Classification of cardiovascular responses

Patients were classified according to the relative change
in cardiac output following MAP augmentation. Three
cardiovascular response groups were defined a priori:

1. Flow recruitment: increase in cardiac output of

>15%.

2. Stable flow: change in cardiac output between —15%
and + 15%.

3. Flow deterioration: a decrease in cardiac output of
>15%.

A 15% change in cardiac output was selected a priori,
consistent with the threshold commonly used to define
a clinically meaningful hemodynamic response in
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studies of fluid responsiveness [17, 23]. Although origi-
nally developed to evaluate preload responsiveness, this
threshold was applied as an operational criterion to clas-
sify the magnitude and direction of the cardiovascular
response to MAP augmentation and was not intended to
define discrete biological phenotypes.

Statistical analysis

Continuous variables are presented as median [25th—
75th percentiles], and categorical variables are presented
as counts and percentages. The baseline characteristics
and cardiovascular responses to MAP augmentation
were compared among the three predefined flow-
response groups using the Kruskal-Wallis test for con-
tinuous variables and Fisher’s exact test for categorical
variables. When appropriate, pairwise comparisons were
performed using Dunn’s post-hoc test with Bonferroni
correction. Within-group comparisons between baseline
and post-augmentation measurements were performed
using the Wilcoxon signed-rank test.

In addition, patients with flow deterioration were com-
pared with the pooled group of patients with preserved
or increased flow using the Mann—Whitney U test for
continuous variables and Fisher’s exact test for categori-
cal variables. Changes in hemodynamic, ventriculo-arte-
rial coupling, ventricular performance, and venous return
variables were calculated as post-augmentation minus
baseline values, except for changes in cardiac output,
which were expressed as relative percentage changes.

Associations between changes in VA coupling and
changes in cardiac output, stroke volume, left ventricu-
lar ejection fraction, mitral annular systolic velocity (s’),
myocardial performance index, and isovolumetric con-
traction time were assessed using Spearman’s rank cor-
relation coefficients.

To evaluate whether the cardiovascular response to
MAP augmentation differed according to the vasopressor
strategy, linear mixed-effects models with patient-level
random intercepts were fitted to account for repeated

Table 1 Demographic and clinical characteristics
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measurements within individuals. The fixed effects
included time (baseline versus post-augmentation), vaso-
pressor strategy (norepinephrine dose escalation versus
addition of vasopressin), and time x vasopressor strategy
interaction. These models were applied to hemodynamic,
venous return, arterial load, ventricular performance,
and VA coupling variables.

Exploratory analyses were performed to identify the
baseline cardiovascular characteristics associated with
flow deterioration following MAP augmentation. Analy-
ses were performed using the available cases for each
variable, and missing data were not imputed. All statisti-
cal tests were two-sided, and a p-value <0.05 was consid-
ered statistically significant.

Results

Study population

Thirty-two mechanically ventilated patients with fluid-
resuscitated septic shock undergoing transient mean
arterial pressure (MAP) augmentation were included in
the study. The median APACHE II score was 20 (IQR
14-26), and pneumonia was the most frequent source
of infection (63%). Baseline MAP was 65 (IQR 64-68)
mmHg while patients were receiving norepinephrine
(0.18£0.12 pgkg"-min™). Preload responsiveness indi-
ces were low, with a pulse pressure variation of 5% (IQR
4-7%), stroke volume variation of 8.5% (IQR 3.0-12.9%),
and inferior vena cava distensibility of 5.6% (IQR 2.2—
13.0%). MAP augmentation was achieved by norepi-
nephrine dose escalation in 20 patients (63%) and by the
addition of vasopressin (0.03 U/min) in 12 patients (37%).
The baseline demographic and clinical characteristics are
summarized in Table 1.

Cardiovascular responses to acute MAP augmentation

Despite comparable increases in arterial pressure, acute
MAP augmentation elicits markedly heterogeneous car-
diovascular responses. Based on the predefined changes
in cardiac output, three response groups were identified:

All Flow recruitment ACO>+15% (n=10) Stable flow Flow deterioration p
n=32 -15% < ACO<+15% ACO<-15% (n=5) value
(n=17)

Age, y.o. 71£9 75£9 72+8 6510 0.133
Sex, female (%) 16 (50) 5(50) 9(53) 2 (40) 0.878
APACHE Il score 20 [14-26] 24[17-27] 20 [14-26] 14 [13-21] 0.247
SOFA score at ICU admission 10[6-12]  11[8-12] 9[6-17] 8[5-11] 0.265
Duration of Mechanical Ventilation, days 7 [3-15] 7 [3-16] 7 [3-15] 7 [3-22] 0.922
ICU length of stay, days 13[7-19]  13[7-29] 14 [7-18] 12 [4-25] 0.910
Norepinephrine days 5[3-13] 4[3-10] 5[3-15] 9 [4-23] 0.658
AVP use during VPT 12 (38) 3(30) 5(29) 4 (80) 0.102
ICU Mortality, n(%) 10 (31) 2(20) 5(29) 3(60) 0.281

Continuous data were expressed as mean+SD or median [25th-75th percentiles]. Categorical variables expressed as number. APACHE Il=Acute Physiology and
Chronic Health Evaluation; SOFA =Sequential Organ Failure Assessment; ICU =Intensive Care Unit, AVP =vasopressin; VPT=vasopressor test
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flow recruitment (ACO>15%; n=10, 31%), stable flow
(ACO between —15% and +15%; n=17, 53%), and flow
deterioration (ACO < —15%; n=>5, 16%) (Table 2).
Ventriculo-arterial (VA) coupling worsened follow-
ing MAP augmentation (AVA+0.22 [0.01-0.81]) only
in patients with flow deterioration. In contrast, VA cou-
pling remained stable or improved in patients with stable
flow (AVA -0.12 [-0.38 to +0.09]) and flow recruitment
(AVA-0.13[-0.47 to +0.16]) (Table 2).

Cardiovascular adaptation according to flow response
Compared with patients with preserved or increased car-
diac output, those with flow deterioration exhibited dis-
tinct patterns of cardiovascular adaptation during MAP
augmentation (Table 3). They developed a significantly
greater increase in effective arterial elastance (AEa+0.71
[0.42-0.76] vs. +0.28 [0.17-0.47] mmHg/mL, p =0.008),
whereas the increase in end-systolic elastance was
smaller (AEes+0.26 [-0.71 to +0.55] vs. +0.52 [0.07—
0.99] mmHg/mL, p=0.150). Consequently, arterial
loading increased disproportionately relative to ven-
tricular adaptation, resulting in worsening VA coupling
(AEa/Ees+0.22 [0.01-0.81] vs. -0.12 [-0.42 to +0.09],
p=0.035).

Flow deterioration was also associated with altered
determinants of venous return, characterized by a
decrease in the pressure gradient for venous return
(A-0.81 [-1.38 to +0.61] vs. +1.17 [0.83-1.80] mmHg,
p=0.001) and a greater increase in resistance to venous
return (A+0.26 [0.17-0.38] vs. +0.10 [0.04-0.17]
mmHg-min/L, p=0.016), whereas changes in analogue
mean systemic filling pressure were similar between
groups (APmsa+0.59 [-2.45 to +4.22] vs. +1.87 [0.01-
2.93] mmHg, p=0.737).

Flow deterioration was accompanied by a reduction
in stroke volume (ASV -6.21 [-10.15 to —5.86] mL vs.
+5.68 [2.34-10.43] mL, p<0.001), a decrease in left ven-
tricular ejection fraction (ALVEF-13.38% [-16.00 to
—-4.14] vs. +3.41% [- 1.72 to + 8.14], p=0.026), and a more
pronounced decrease in heart rate (AHR - 11 [-26 to — 8]
bpm vs. -2 [-4 to +2] bpm, p=0.003). IVCT increased
in patients with flow deterioration (AIVCT +11 [-3-24]
ms vs.—7 [-21 to +3] ms, p=0.038), whereas changes
in the myocardial performance index did not differ sig-
nificantly between the groups (AMPI+0.10 [-0.07 to
+0.24] vs. - 0.06 [- 0.18 to 0], p=0.161). Changes in capil-
lary refill time and arterial lactate levels were also similar
between the groups (p =0.418 and p =0.166, respectively).

At baseline, patients who subsequently developed flow
deterioration showed a higher-flow, lower-arterial-load
profile, with numerically higher cardiac output and stroke
volume, lower Ea and VA coupling, higher venous return
pressure gradient, and lower resistance to venous return.
Although none of these differences reached statistical
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significance, they showed moderate effect sizes and were
considered exploratory (Supplementary Table 1).

Relationship between ventriculo-arterial coupling and
ventricular performance

Changes in VA coupling were significantly associated
with several indices of ventricular performance. Wors-
ening VA coupling correlated with reductions in stroke
volume and LVEF, worsening MPI, and IVCT prolonga-
tion, whereas no significant associations were observed
with changes in cardiac output or mitral annular systolic
velocity (Fig. 1).

Exploratory analyses

Exploratory analyses were performed to identify the
physiological characteristics associated with flow dete-
rioration following MAP augmentation.

Patients with flow deterioration more frequently
underwent MAP augmentation using vasopressin than
norepinephrine (80% vs. 29.6%; odds ratio 9.5, Fisher’s
exact p=0.053).

In linear mixed-effects models, significant time x vaso-
pressor strategy interactions were observed for cardiac
output (f = -816 mL/min, p=0.038) and heart rate (f
= -9.58 bpm, p<0.001), indicating different trajectories
during MAP augmentation between the two strategies.
In contrast, no significant interaction was observed for
the stroke volume, effective arterial elastance, end-sys-
tolic elastance, VA coupling, LVEF, MPI, or IVCT. The
differential cardiac output trajectory was accompanied by
a marked difference in the heart rate response, whereas
the stroke volume and VA coupling responses did not dif-
fer significantly between the strategies (Supplementary
Table 2).

Discussion

The principal finding of this physiological study was that
similar MAP augmentation elicited markedly hetero-
geneous cardiovascular responses. Most patients main-
tained or increased their cardiac output, whereas a subset
exhibited flow deterioration accompanied by worsening
VA coupling, impaired systolic performance, and reduced
stroke volume, potentially modulated by changes in the
derived venous return indices. These findings suggest
that the cardiovascular response to MAP augmentation
depends not only on the increase in arterial pressure but
also on the integrated interaction between arterial load-
ing, ventricular adaptation and venous return.

Acute MAP augmentation simultaneously modifies the
arterial and venous determinants of cardiovascular per-
formance [7]. Therefore, the resulting change in cardiac
output reflects the integrated response to several simul-
taneous changes in loading conditions. Patients with
preserved or increased forward flow exhibited a more
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Table 3 Cardiovascular changes during acute MAP
augmentation in patients with preserved or increased flow
versus flow deterioration

Flow recruitment/ Flow Ap
stable flow deterioration value
(n=27) (n=5)
A A
Hemodynamic variables
MAP, mmHg 21(16-24) 20 (19-22) 1.000
CO, mL/min 7 (0-21)% -24 <0.001
(-37--16)%
Stroke volume, mL 5.68(2.34-1043) -6.21 <0.001
(-10.15--5.86)
Heart rate, bpm -2 (-4-2) -11 (-26--8) 0.003
Venous return physiology
Pmsa, mmHg 1.87 (0.01-2.93) 0.59 0.737
(-245-4.22)
Venous return driving 117 (0.83-1.80) -0.81 0.001
pressure, mmHg (-1.38-0.61)
Resistance to venous 0.10 (0.04-0.17) 0.26 0.016
return, mmHg-min/L (0.17-0.38)
Arterial load and ventriculo-arterial interaction
Ea, mmHg/mL 0.28 (0.17-0.47) 0.71 0.008
(0.42-0.76)
Ees, mmHg/mL 0.52 (0.07-0.99) 0.26 0.150
(-0.71-0.55)
VA coupling, Ea/Ees -0.12 (-0.42-0.09) 0.22 0.035
(0.01-0.81)
Left ventricular systolic performance
LVEF, % 341 (-1.72-8.14) -13.38 0.026
(-16.00—4.14)
IVCT, ms -7 (-21-3) 11 (-3-24) 0.038
Mitral s wave, cm/s 0.07 (-1.23-1.12) -1.79 0.220
(-1.86-0.11)
MPI -0.06 (-0.18-0.00) 0.10 0.161
(-0.07-0.24)
Tissue perfusion variables
CRT, s 0.00 (-1.00-0.00) -0.50 0418
(-1.00--0.50)
Lactate, mmol/L -0.20 (-0.60-0.00) -0.90 0.166
(-1.20--0.10)

Values are expressed as median (interquartile range).Baseline and post-
intervention values are presented together with the corresponding change
(A=VPT-baseline), except for ACO, which is expressed as relative percentage
change. For venous-return variables, data were available in 29 patients
(preserved orincreased flow, n=25; flow deterioration, n=4). These comparisons
were performed using available cases without imputation. MAP, mean arterial
pressure; CO, cardiac output; VPT, vasopressor test; Pmsa, analogue mean
systemic filling pressure; CVP, central venous pressure; Ea, effective arterial
elastance; Ees, left ventricular end-systolic elastance; VA coupling, ventriculo-
arterial coupling; LVEF, left ventricular ejection fraction; IVCT, isovolumetric
contraction time; MPI, myocardial performance index; CRT, capillary refill time

proportional increase in ventricular elastance relative to
arterial elastance, maintaining or improving VA coupling.
In contrast, patients with flow deterioration showed a
greater increase in arterial elastance that was not accom-
panied by a proportional increase in ventricular elas-
tance, resulting in worsened VA coupling and reduced
forward flow. Flow deterioration was also associated
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with a lower estimated pressure gradient for venous
return and a greater increase in the estimated resistance
to venous return, whereas changes in Pmsa did not dif-
fer significantly between the groups. These findings are
consistent with the physiological framework proposed by
Sunagawa and support the concept that cardiovascular
performance during acute MAP augmentation depends
on the dynamic interaction between ventricular con-
tractility and arterial load, with changes in venous return
determinants potentially contributing to the final flow
response [8, 10].

Importantly, patients who subsequently developed flow
deterioration did not exhibit greater myocardial dys-
function at baseline. Rather, they showed a strong trend
toward a higher-flow, lower-arterial-load profile, char-
acterized by a higher baseline cardiac output and stroke
volume, together with lower effective arterial elastance
and VA coupling (Supplementary Table 1). One possible
interpretation is that circulation operating at a relatively
high flow and low arterial load may be particularly sen-
sitive to acute vascular loading. In these patients, MAP
augmentation predominantly increases arterial elastance
without a commensurate ventricular response, lead-
ing to reduced stroke volume and VA uncoupling. Such
an acute increase in afterload may also unmask latent
systolic dysfunction that is not evident under baseline
low-afterload conditions, as may occur in patients with
sepsis-induced myocardial dysfunction [24]. Concurrent
reductions in the pressure gradient for venous return and
an increase in resistance to venous return could further
limit forward flow.

Rather than representing isolated latent myocardial
dysfunction or afterload intolerance, flow deterioration
may reflect a broader cardiovascular response to acute
vascular loading, primarily characterized by insufficient
arterial-ventricular adaptation and potentially modu-
lated by changes in venous return. These interpretations
of the mechanisms remain hypothesis-generating and are
schematically illustrated in Fig. 2.

In the overall cohort, changes in VA coupling were
associated with indices of ventricular mechanics, most
strongly with isovolumetric contraction time, followed by
myocardial performance index, stroke volume, and LVEF.
Because IVCT represents the interval during which the
left ventricle develops pressure before the aortic valve
opens, its prolongation during MAP augmentation may
indicate that more time is required to overcome the
increased arterial load, which is consistent with less effi-
cient ventricular adaptation. IVCT is influenced by heart
rate, loading conditions, and vasoactive therapy, and
should not be interpreted as a load-independent measure
of contractility [25]. Nevertheless, its association with
VA coupling suggests that it may provide complemen-
tary information on the dynamic ventricular response
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Fig. 1 Association between changes in ventriculo-arterial coupling and ventricular performance during acute MAP augmentation. Scatter plots showing
the relationship between changes in ventriculo-arterial (VA) coupling and changes in cardiac output (panel a), stroke volume (panel b), isovolumetric
contraction time (panel c), left ventricular ejection fraction (panel d), mitral annular s'velocity (panel e), and myocardial performance index (panel f) after
acute mean arterial pressure (MAP) augmentation. Each point represents a patient. VA coupling was expressed as the ratio between effective arterial
elastance and end-systolic elastance (Ea/Ees); therefore, an increase in VA coupling reflects worsening ventriculo-arterial coupling. Worsening VA coupling
was significantly associated with reductions in SV and EF, prolongation of IVCT, and increase in MPI, whereas no significant association was observed
with CO or mitral annular s'velocity. Solid lines represent the fitted linear regression lines, and the dashed lines represent the 95% confidence intervals.
The dotted horizontal lines indicate no change from the baseline. The correlation coefficients and p-values are shown in each panel. Abbreviations:
VA, ventriculo-arterial; MAP, mean arterial pressure; CO, cardiac output; SV, stroke volume; IVCT, isovolumetric contraction time; EF, ejection fraction; MPI,
myocardial performance index; Ea, effective arterial elastance; Ees, end-systolic elastance
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Fig. 2 Proposed physiological framework for heterogeneous cardiovascular responses to acute MAP augmentation in septic shock. Schematic repre-
sentation of the proposed physiological mechanisms underlying heterogeneous cardiovascular responses to acute mean arterial pressure (MAP) aug-
mentation in patients with septic shock. The upper panels illustrate the pressure-volume framework of ventriculo-arterial (VA) coupling during MAP
augmentation. With preserved ventricular adaptation, an increase in effective arterial elastance (Ea) is accompanied by a proportional increase in end-
systolic elastance (Ees), thereby preserving or improving VA coupling and maintaining or increasing forward flow. In contrast, with insufficient ventricular
adaptation, an increase in Ea is not matched by a proportional increase in Ees, resulting in worsening VA coupling and reduced stroke volume The lower
panel summarizes the proposed transition from MAP augmentation to the observed-flow response. Preserved ventricular adaptation is associated with
preserved or improved VA coupling and maintained or increased cardiac output, whereas insufficient adaptation is associated with VA uncoupling and
flow deterioration. The dashed box indicates changes in derived venous return indices, characterized by a lower estimated pressure gradient for venous
return and a greater increase in estimated resistance to venous return, which may have contributed to the observed reduction in forward flow. The
baseline profile of patients who subsequently developed flow deterioration was characterized by numerically higher cardiac output and stroke volume,
together with lower Ea and VA coupling. The pressure—volume loops are schematic representations and were not derived from individual patient pres-
sure—volume measurements. Abbreviations: CO, cardiac output; Ea, effective arterial elastance; Ees, left ventricular end-systolic elastance; EDV, end-
diastolic volume; ESP, end-systolic pressure; ESV, end-systolic volume; LV, left ventricle; MAP, mean arterial pressure; RVR, resistance to venous return; SV,
stroke volume; VA, ventriculo-arterial
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to acute arterial load. The physiological and clinical rel-
evance of this exploratory observation requires further
prospective validation.

These findings may have implications for individual-
ized blood pressure management in patients with septic
shock. Although MAP remains a central resuscitation
target [5], similar increases in MAP produce markedly
different responses in cardiac output, ventricular perfor-
mance, and VA coupling. Therefore, acute MAP augmen-
tation may be viewed not only as a pressure-targeting
maneuver but also as a dynamic cardiovascular stress
test, revealing whether forward flow is recruited, pre-
served, or impaired as the vascular load increases. From
this perspective, relevant physiological information may
reside not only in the MAP achieved but also in how the
cardiovascular system responds to that pressure is being
achieved. Whether this dynamic response can help indi-
vidualize MAP targets or improve clinical outcomes
requires further prospective evaluation.

Changes in perfusion markers did not consistently
reflect the central cardiovascular response. Despite
substantial differences in forward flow, cardiac perfor-
mance, and VA coupling, the changes in capillary refill
time and arterial lactate levels were similar across the
flow-response groups. This dissociation emphasizes that
arterial pressure, forward flow, cardiac performance, and
tissue perfusion represent related but non-equivalent
physiological domains during short-term hemodynamic
intervention. Therefore, the response to MAP augmenta-
tion should be interpreted through an integrated assess-
ment of pressure, flow, cardiac performance, and tissue
perfusion, rather than arterial pressure alone [1, 3, 6].

The vasopressor strategy may also influence the cardio-
vascular response to MAP augmentation. Flow deteriora-
tion occurred more frequently when MAP augmentation
involved adding vasopressin to ongoing norepinephrine,
although this association did not reach statistical signifi-
cance, and treatment allocation was non-protocolized.
Mixed-effects analyses identified different cardiac out-
put and heart-rate trajectories according to vasopressor
strategy, whereas no significant time x strategy interac-
tions were observed for stroke volume, Ea, Ees, VA cou-
pling, LVEE, myocardial performance index, or IVCT.
Therefore, these findings do not establish a drug-specific
mechanism of VA uncoupling and suggest that the car-
diovascular response to acute vascular loading may be
more informative than the vasopressor used to achieve it.
Monitoring forward flow during MAP augmentation may
help identify patients in whom achieving the intended
pressure target is accompanied by a reduction in cardiac
output.

This study has several limitations. First, the small
sample size, particularly the limited number of patients
with flow deterioration, reduced statistical power and
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precluded robust multivariable analyses; therefore, analy-
ses of the baseline characteristics should be considered
hypothesis-generating. Second, the change in cardiac
output was used as an operational threshold to character-
ize the direction and magnitude of the response, rather
than to define discrete biological phenotypes. Similarly,
preload responsiveness was assessed using validated
dynamic indices within a multimodal approach; however,
values near the thresholds remain subject to a diagnos-
tic grey zone, and the absence of preload responsive-
ness should not be interpreted as evidence of complete
preload optimization. Third, vasopressor selection was
neither randomized nor protocolized, precluding causal
inference regarding differences between norepineph-
rine and vasopressin. Fourth, VA coupling was estimated
using a noninvasive single-beat method, whereas Pmsa
and venous return indices were mathematically derived
rather than directly measured. Because these derived
variables share measured hemodynamic components,
their relationships with cardiac output should be inter-
preted cautiously and primarily as hypothesis-generat-
ing physiological observations. Formal patient-specific
propagation of measurement uncertainty was not pos-
sible because the precision estimates for the component
measurements were not prospectively collected. Finally,
this was a short-term physiological study and could not
determine whether the observed responses should be
used to select MAP targets or improve clinical outcomes.

Conclusion

Acute MAP augmentation elicited markedly heteroge-
neous cardiovascular responses in patients with septic
shock despite comparable increases in arterial pressure.
Flow deterioration is characterized by worsening ven-
triculo-arterial coupling, reduced stroke volume, and
insufficient systolic adaptation, potentially compounded
by unfavorable changes in venous return determinants.
These findings suggest that MAP augmentation may be
viewed not only as a pressure-targeting intervention but
also as a dynamic cardiovascular stress test, revealing the
integrated ability of the circulation to adapt to acute vas-
cular loading conditions. Whether this response can help
individualize MAP targets and vasopressor therapy war-
rants further prospective evaluation.

Abbreviations

CCE Critical care echocardiography
ICU Intensive Care Unit

AVP Vasopressin

co Cardiac output

NY% Stroke volume
CvP Central venous pressure
Ea Effective arterial elastance

LVEF Left ventricular ejection fraction

MAP Mean arterial pressure

Pmsa  Analogue Mean systemic filling pressure
VPT Vasopressor test
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CRT Capillary refill time

VRdAP  Venous return driving pressure

ASV SV during VPT - SV basal

IVCT Isovolumetric contraction time

Ees Left ventricular end-systolic elastance
MPI Myocardial performance index
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