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Applied physiology at the bedside: using =
invasive blood pressure as a true monitoring
tool
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Abstract

Invasive arterial blood pressure (BP) monitoring is a cornerstone of hemodynamic assessment in critically ill
patients. This review explores how the individual components of BP—systolic arterial (SAP), diastolic arterial (DAP),
mean arterial (MAP), and pulse pressure (PP)—offer valuable insights into cardiovascular physiology and can be
leveraged as real-time therapeutic tools in intensive care settings. A strong emphasis is placed on the technical
requirements for accurate BP waveform interpretation and the physiological meaning of each BP component.

PP is examined as a surrogate for stroke volume and a dynamic marker of fluid responsiveness, particularly in
mechanically ventilated patients. DAP is discussed as a reflection of vasomotor tone, with clinical implications for
guiding the initiation of vasopressors. The concept of diastolic shock index (DSI) and the newly proposed VNERi
ratio (DAP/[Heart rate x norepinephrine dose]) are introduced as potentially superior markers for assessing vascular
tone and vasopressor responsiveness, respectively. These indices may facilitate earlier identification of patients
requiring escalation of vasopressor therapy, including the initiation of vasopressin in addition to norepinephrine.
The review advocates for a physiology-driven, individualized approach to hemodynamic management, using
invasive BP not merely as a safety parameter but as an actionable guide for precision resuscitation.

Keywords Blood pressure waveform, Diastolic arterial pressure, Systolic arterial pressure, Mean arterial pressure, Pulse
pressure, Pulse pressure variation

Introduction

Invasive blood pressure (BP) is a readily measurable
hemodynamic variable, akin to heart rate (HR) and oxy-
gen saturation (Sp0O,), and serves as a fundamental tool
for bedside hemodynamic monitoring. The components
of BP—systolic arterial pressure (SAP), diastolic arterial
pressure (DAP), mean arterial pressure (MAP), and pulse
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catheter provides vital information for managing patients
in the intensive care unit (ICU), ensuring optimal organ
perfusion and tailoring interventions according to of
individualized patients’ needs.

Prerequisites for accurate interpretation
Before interpreting invasive BP values displayed on a
monitor, it is imperative to validate the reliability of the
measurements by assessing the quality of the BP wave-
form. Accurate waveform analysis is essential for ensur-
ing the data’s integrity and its utility in evaluating the
patient’s hemodynamic status. Distortions in the wave-
form, such as underdamping or overdamping, can lead to
erroneous measurements and potentially inappropriate
clinical decisions.

The transducer should have an adequate frequency
response (natural frequency>100 Hz), be correctly
zeroed, and display no baseline drift.

Characteristics of a high-quality blood pressure waveform
A reliable BP waveform should exhibit specific character-
istics (Fig. 1):

« Rapid Upstroke. Note that a slow upstroke should
prompt the clinician to first rule out recording
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artifacts responsible for energy dissipation, before
attributing to severe cardiocirculatory failure.

« Dicrotic Notch. It confirms proper aortic valve
function and the absence of significant aortic
regurgitation, which impacts on peripheral BP
interpretation.

+ Descending Diastolic Phase. The waveform's
downward slope after the dicrotic notch should
gradually approach the DAP without irregular
oscillations. A smooth descent signals an appropriate
return to baseline and excludes artifacts or
interference.

By ensuring the integrity of the BP waveform, clinicians
can rely on the data to guide precise therapeutic inter-
ventions and improve outcomes in ICU patients.

Common artifacts and their correction

The accuracy of invasive BP measurements relies on the
performance of the measurement system, which is influ-
enced by factors such as the fluid dynamics of the system,
the elasticity of the tubing, and friction. These factors
determine the system’s natural frequency (pulse oscilla-
tions) and damping coefficient (oscillation decay) [1-3].
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Fig. 1 Normal blood pressure curve
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Variations in these parameters can lead to specific wave-
form artifacts, as outlined (Fig. 2):

« Underdamping: Multiple oscillations following the
dicrotic notch, lead to an overestimation of the SAP
(narrower and exaggerated peak of the systolic part
of the BP curve), an underestimation of the DAP, and
an overestimation of the PP.

+ Overdamping: The waveform is excessively flattened,
resulting in an underestimation of the SAP and an
overestimation of the DAP.

Corrective actions
First, as damping errors can substantially alter interpreta-
tion of the blood pressure components, the fast-flush test
should be performed systematically to validate the qual-
ity of the recording before clinical use (Fig. 3).

Other interventions can mitigate—and overdamping
artifacts to ensure accurate measurements:

« Addressing underdamping:

— Use short, rigid, and non-compressible tubing to
minimize system elasticity.

— Reduce the number of stopcocks and avoid
unnecessary alterations to the transducer kit.

— Stabilize the catheter to limit movement and
consider incorporating adjustable damping
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devices to increase the damping coefficient when
required.

+ Resolving overdamping:

— Identify and address common causes such as air
bubbles, blood clots, or kinks in the catheter.

— Reposition the patient’s wrist to optimize the
catheter alignment.

— Remove air bubbles or clots and replace the
catheter or arterial site if the waveform remains
unreliable.

Site of measurement of invasive arterial blood pressure:
The MAP measured in the femoral artery was reported
to be more often higher than the MAP measured in the
radial artery in ICU patients including those with sep-
tic shock under high dose vasopressors [4]. The clinical
impact of these differences (3 mmHg on average), is still
unclear, suggesting no immediate need to alter current
preferences for peripheral cannulation [4].

Physiological insights into arterial blood pressure
Aortic pressure

Arterial BP comprises two primary components: a steady
component and a pulsatile component. The steady, or
continuous, component is quantified by the MAP, which
remains constant or minimally decreases from the aorta
to the peripheral large arteries. This is due to the aorta
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Fig. 2 Blood pressure curve and damping artefacts
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Fast flush test
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Underdamped response: Characterized by
multiple high-frequency oscillations, leading to
overestimation of systolic and underestimation
of diastolic pressures.

Appropriate response: After release of the
flush, the waveform should display one to two
oscillations  before returning to baseline,
indicating an optimally damped system

A Underdamped
B Normal
C Overdamped

Overdamped response: Characterized by an

absence of oscillations and a sluggish return to
baseline, leading to underestimation of systolic

and overestimation of diastolic pressures.

Fig. 3 Fast flush test: the fast flush test consists of briefly activating the flush device (continuous pressure source of 300 mmHg) to produce a square wave
followed by oscillations in the pressure tracing. The test allows assessment of the natural frequency and damping coefficient of the monitoring system. A

Underdamped response; B Appropriate response; C Overdamped response

and large arteries being elastic structures with high cali-
bre, which results in low resistive function. The MAP
depends essentially on the interplay between cardiac out-
put (CO) and peripheral vascular resistance. The pulsa-
tile component (PP) may increase from the aorta to the
periphery due to the phenomenon known as PP ampli-
fication (PPA =peripheral PP/aortic PP) or pulse wave
amplification (PWA) (Fig. 4), which will be described
later.

At the population level, while peripheral BP provides
essential information, evidence suggests that elevated
aortic BP may be more closely associated with target
organ damage and potentially with cardiovascular risk.
Accordingly, the effects of antihypertensive treatment
may be more accurately assessed by considering their
central rather than peripheral actions. These issues, how-
ever, remain actively debated.

Arterial compliance

The aorta and large arteries are not passive conduits of
resistance but dynamic elastic structures. During systole,
a fraction of the stroke volume (SV) is directed peripher-
ally (“systolic run-oft”), while the remainder distends the
proximal aorta. The fraction of the SV transiently stored
in the proximal aorta during the systole is subsequently
released during the diastole to ensure continuous blood
flow to vital organs (Fig. 5).

This elastic behaviour is described by the two-element
Windkessel model, according to which the time con-
stant of the aortic pressure decay during the diastole is
the product of systemic vascular resistance and total

arterial compliance. This refers to the overall compli-
ance of the systemic arterial tree, mainly related to that
of the proximal aorta. For practical reasons, total arterial
compliance—a measure of this elasticity—is most often
estimated using the following formula:

Total arterial compliance (mL/mmHg)

= stroke volume/aortic pulse pressure [5]

This is a calculated variable, while SV and PP are mea-
sured variables.

Because stiffness is the reciprocal of compliance, this
can be expressed as:

Total arterial stif fness (mmHg/mL)

= aortic pulse pressure/stroke volume

From a theoretical standpoint, aortic PP is directly pro-
portional to arterial stiffness for a given SV and to SV for
a given arterial stiffness. Although these formulas over-
estimate “true” compliance and underestimate “true”
stiffness due to the systolic run-off phenomenon, they
remain useful as crude yet valid estimates. For a given
MATP level, increased total arterial stiffness results from
structural stiffening due to vascular wall remodeling.

Reflection waves

An important factor which may interfere in the rela-
tionship between aortic PP, SV and aortic compliance
is the presence of reflection waves. This phenomenon
can be summarized as follows: arterial BP waves reflect
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Fig. 4 Pulse wave Amplification between aortic blood pressure and peripheral blood pressure: A In a young subject. B In an old subject
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Fig. 5 Physiological phenomenon that transforms discontinuous pulsed blood flow into continuous flow (Windkessel effect)

whenever they encounter changes in arterial imped-
ance, such as at bifurcations. The summed effect of the
reflected waves generates a pressure wave travelling back
to the aortic root. The aortic BP wave is therefore the
combination of this backward pressure wave with the
forward pressure wave produced by the left ventricular
(LV) ejection.

In young individuals, the backward wave peaks at
the early diastole and contributes to the diastolic aortic

pressure. In cases of stiffer arteries or more proximal
reflection sites due to vasoconstriction, the reflected
waves return faster/earlier to the aorta, so that the aor-
tic backward pressure wave peaks during systole. At the
aortic level, this results in aortic pressure wave with a
systolic peak that exceeds the maximum pressure of the
forward wave. The augmentation pressure is the differ-
ence between the peak of the resulting aortic pressure
and the peak of the forward pressure. As a result, in
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patients with stiff arteries, a first systolic peak (peak of
the forward aortic pressure) and a second systolic peak
(peak of the resulting aortic pressure) may be seen on the
aortic pressure tracing.

The augmentation index (Alx), which is the ratio of
augmented pressure to aortic PP has been considered
as a measure of arterial stiffness and has been shown
to be strongly associated with the occurrence of car-
diovascular events and mortality [6—10]. The current
pathophysiological approach commonly combines the
Windkessel model with reflection phenomena. Accord-
ingly, the increase in aortic pulse pressure (PP) associated
with arterial stiffening and aging (typically after midlife)
is attributed to two mechanisms: (1) proximal aortic stiff-
ening, which increases forward pressure amplitude, and
(2) wave reflection. Longitudinal studies suggest that the
former mechanism may play the predominant role [11].

Additionally, arterial stiffening is associated with a
slight decrease in aortic diastolic pressure. This was illus-
trated by large registries reporting a decrease in periph-
eral DAP with ageing beyond 50-55 years [11-13].

The following interpretations of aortic PP are clinically
relevant:

+ A high aortic PP indicates increased arterial stiffness
when SV is normal or, more rarely, an abnormally
high SV.

+ A low aortic PP suggests a reduced SV, as abnormally
decreased arterial stiffness is rare.

« A normal aortic PP reflects either a normal SV with
normal aortic stiffness or reduced SV with increase
arterial stiffness.

Peripheral blood pressure

Direct monitoring of aortic BP is not feasible in practice.
Carotid tonometry is a valuable non-invasive tool for
capturing the aortic BP waveform, though it is not per-
formed in current clinical practice and remains largely
confined to research settings. Thus, in ICU patients, con-
tinuous monitoring of BP is feasible only with catheters
placed in peripheral arteries. However, peripheral BP
may differ from aortic BP so that for properly interpreting
hemodynamics through peripheral BP measurements,
some physiological principles should be reminded.

The relationship between aortic and peripheral PP
depends on the degree of pulse wave amplification
(PWA). As described above, PWA occurs as the for-
ward aortic pressure wave, generated by the LV ejection,
travels through the arterial tree, encountering progres-
sively stiffer and narrower vessels. This alters the pres-
sure waveform morphology, resulting in a higher PP and
SAP and slightly lower DAP at peripheral sites than in the
aorta, while MAP remains largely unchanged.
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Several factors influence PWA and hence, the differ-
ence between aortic and peripheral PP.

+ As mentioned earlier, arterial stiffening is associated
with attenuated PWA. This explains why ageing
is the main nonmodifiable factor associated with
attenuated PWA.

+ Vasoconstriction by making the reflection site more
proximal also contributes to a faster return of the
reflected pressure waves to the aorta and then to a
decrease in the PWA phenomenon.

+ Similarly, in case of short body size, the reflected
pressure waves should return faster and the
difference between the aortic PP and the peripheral
PP should be reduced.

+ During tachycardia, aortic PP decreases due to
attenuation of the reflected wave, while peripheral PP
remains unchanged. This results in an exaggerated
difference between aortic and peripheral PP [14].

+ Amongst the nonmodifiable risk factors other than
age, gender is the second most important one, PWA
being lower in women than in men for complex
reasons.

+ Traditional modifiable cardiovascular risk
factors (hypertension, diabetes mellitus,
hypercholesterolemia, smoking) are associated with
lower PWA, while obesity has mixed effects due to
the commonly associated high heart rate.

Age-related changes in arterial stiffness and PWA sig-
nificantly influence the correlation between peripheral
PP and SV. In younger patients, this correlation is weaker
due to greater arterial compliance and more pronounced
PWA. In contrast, in older patients with stiffer arteries,
the correlation is stronger [15, 16].

Clinical applications of blood pressure components
Mean arterial pressure: the cornerstone of organ perfusion
Physiological insights

The MAP is an important hemodynamic parameter influ-
enced by CO (CO=HR x SV), systemic vascular resis-
tance, and mean right atrial pressure (RAP), although
RAP underestimates the true zero-flow pressure. MAP
plays a pivotal role in the autoregulation of the organs
blood flow, ensuring adequate perfusion of vital organs.
It is tightly regulated through homeostatic adaptations of
both CO and systemic vascular resistance. In response to
an acute decline in MAP, the cardiovascular system initi-
ates compensatory mechanisms, including increased HR,
increased SV (via positive inotropy, venous vasoconstric-
tion), and systemic arterial vasoconstriction. However,
these mechanisms can be impaired or overwhelmed
in ICU patients, such as those with septic shock or
under sedation. The relative constancy of MAP in large
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arteries makes it a critical variable for maintaining organ
perfusion.

When MAP drops below the autoregulatory thresh-
old, regional blood flow becomes directly proportional to
MAP, increasing the risk of hypoperfusion. Accordingly,
a recent meta-analysis including 34,829 ICU patients
showed a significant association was found between
hypotension and mortality, especially pronounced when
MAP fell below 60 mmHg [17].

MAP targets in septic shock

Additionally, both the duration and severity of hypoten-
sion have been shown to significantly impact outcomes.
For example, a retrospective cohort study of 111 patients
with septic shock identified time spent below a MAP
of 65 mmHg and the depth of hypotension as indepen-
dent predictors of 30-day mortality [18]. More recently,
in a nationwide cohort study, Khanna et al. reported that
MAP values <65 mmHg were linked to worse outcomes,
with the lowest risk observed at~65 mmHg in general
ICU,~70 mmHg in sepsis, and~72 mmHg in septic
shock [19]. Although there is no universally accepted
MAP threshold to guarantee pressure-independent per-
fusion across all organs, current guidelines for septic
shock recommend achieving a MAP of at least 65 mmHg
to prevent organ hypoperfusion [20].

MAP targets in hypertensive patients
In patients with chronic hypertension, higher MAP tar-

gets may be necessary. This suggestion is based on the

Organ blood flow

y

No chronic hypertension
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rightward shift of the autoregulation curve for organ
blood flow observed in hypertensive individuals (Fig. 6).
In non-hypertensive patients, a MAP of 70 mmHg should
typically fall within the plateau phase of the autoregula-
tion curve, ensuring stable blood flow. In contrast, in
hypertensive patients, the same MAP may lie within
the descending portion of the curve, leading to reduced
regional blood flow and an increased risk of hypoperfu-
sion (Fig. 6).

A retrospective analysis of a large database compared
outcomes in three subgroups of septic patients with
a history of chronic hypertension according to their
average MAP at ICU admission [21]. The group with
an average MAP>80 mmHg experienced fewer epi-
sodes of acute kidney injury (AKI) compared to those
with MAPs between 73 and 80 mmHg, and those with
MAP<73 mmHg [21]. Notably, 30-day mortality was
lower in the 73-80 mmHg MAP subgroup compared
to the two other subgroups [21]. However, it is impor-
tant to note that the proportion of patients with septic
shock was low, even in the subgroup of MAP <73 mmHg
[21]. A randomized controlled trial (RCT) by Asfar et
al. [22] evaluated the impact of higher MAP targets in
patients with septic shock. The study compared a MAP
target of 80—-85 mmHg with a target of 65-70 mmHg
and found that the higher target improved renal func-
tion and reduced the need for renal replacement ther-
apy in patients with a history of chronic hypertension
[22]. However, no significant differences were observed
in 28-day or 90-day mortality [22]. In contrast, these

/.

/

Chronic hypertension

70 80

MAP (mmHg)

Fig. 6 Autoregulation curves of organ blood flow based on the presence (red) or absence (blue) of chronic hypertension
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findings were not replicated in a more recent RCT
conducted in Japan by Endo et al. [23]. This multi-
centre, pragmatic, open-label trial enrolled patients
aged>65 years with septic shock and compared MAP
targets of 65-70 mmHg versus 80-85 mmHg. Surpris-
ingly, the group assigned to the higher MAP target expe-
rienced significantly increased mortality [23]. Among
patients with prior chronic hypertension, there were no
differences in mortality or renal function between the
two MARP target groups [23]. A key aspect of the Endo et
al. study was the early initiation of vasopressin—as soon
as a norepinephrine dose of>0.1 pg/kg/min was required
to achieve the target MAP. This led to a threefold higher
cumulative vasopressin dose in addition to increased
norepinephrine exposure in the high-MAP group [23].
While this unconventional strategy might have contrib-
uted to the observed excess mortality [24], it is not pos-
sible to determine whether this effect was related to
vasopressin, norepinephrine, their combination, or other
unmeasured factors. More likely, the need for higher
MAP targets in non-hypertensive patients resulted in
greater overall vasopressor exposure, which may explain
the signal for harm [23]. By contrast, in a prior RCT of
patients aged > 65 years [25], where median MAPs were
72.6 mmHg in the high target group and 66.7 mmHg
in the low target group, no difference in mortality was
observed. Notably, vasopressin was rarely used in this
study. Similarly, in the Asfar et al. trial, vasopressin was
not used at all [22].

In summary, although definitive conclusions about the
optimal MAP target in patients with chronic hyperten-
sion remain elusive, a pragmatic approach can be pro-
posed based on physiological reasoning and available
clinical data: If shock persists despite achieving a MAP
of 65-70 mmHg, targeting a higher MAP may be con-
sidered [26, 27]. In this regard, a short “vasopressor test,
consisting of a transient increase in MAP (=30 min), has
been proposed to assess peripheral perfusion, thereby
identifying patients who may benefit from higher MAP
targets [28]; this individualized approach was applied in
large RCTs such as ANDROMEDA-SHOCK [29] and
ANDROMEDA-SHOCK-2 [30].

MAP targets in patients with elevated central venous pressure
In patients with elevated central venous pressure (CVP),
managing MAP requires careful adjustment to ensure
adequate organ perfusion [31]. CVP acts as the down-
stream pressure opposing perfusion of critical organs,
such as the brain and kidneys. The mean perfusion pres-
sure (MPP) for these organs is calculated by the dif-
ference between MAP and CVP (MPP=MAP—CVP).
While MAP alone is often used as a surrogate for MPP
in cases of low CVP, this approximation becomes unreli-
able when CVP is elevated. An increase in CVP reduces
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MPP, which can impair organ perfusion and increase the
risk of hypoperfusion. This highlights the importance of
incorporating CVP into the assessment of perfusion ade-
quacy [31]. Indeed, Ostermann et al. demonstrated that
MPP—but not MAP alone—is an independent predictor
of AKI progression, identifying a critical MPP threshold
of 60 mmHg [32]. Evidence from both cardiac surgery
and heart failure populations also suggests that MPP is a
critical but often overlooked determinant of organ per-
fusion [33, 34]. Lower MPP has been associated with a
higher risk and persistence of acute kidney injury after
cardiac surgery, while in heart failure it reflects the inter-
play between arterial pressure and venous congestion,
underscoring its potential value as a bedside hemody-
namic target [33, 34]. When elevated CVP compromises
MPP, the primary management goal should be to reduce
CVP whenever possible since lowering CVP also reduces
the risk of venous congestion [35], a known contributor
to organ dysfunction, especially AKI [36]. If immediate
CVP reduction is not feasible, increasing MAP may be
considered as a secondary strategy to restore sufficient
MPP and prevent hypoperfusion; however, this approach
has not yet been validated and should be tested in future
clinical studies. Of note, in abdominal compartment syn-
drome, elevated intra-abdominal pressure may reduce
kidney perfusion pressure by raising downstream venous
pressure and hence, may contribute to kidney injury even
when MAP is apparently preserved.

Pulse pressure: a surrogate for stroke volume

Physiological insights

As we mentioned above, SV and arterial stiffness are the
main determinants of aortic PP [37, 38]. We also earlier
detailed the relationships between peripheral PP and
aortic PP. In clinical practice, for a given SV, peripheral
PP is higher in older than younger individuals since arte-
rial stiffness is more marked in the former [12]. As an
example, a PP of 40 mmHg in older patients could be a
good marker of a low SV, while its interpretation is less
straightforward in younger patients. In the absence of CO
monitoring, an important clinical question is whether
changes in peripheral PP can reflect changes in SV dur-
ing diagnostic tests such as passive leg raising (PLR) or
during therapeutic interventions such as fluid adminis-
tration or norepinephrine infusion.

Clinical implications

The results of clinical studies addressing this question
are variable. Some studies showed a good correlation
[15, 16, 39], while others were less positive [16, 40]. As
mentioned above, age through arterial stiffness plays an
important role. Accordingly, a better correlation between
fluid-induced changes in CO and in peripheral PP was
shown in elderly patients than in younger ones [15, 16].
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The severity of sepsis [40, 41] and the administration of
norepinephrine [16] are potential factors leading to a
decoupling of these variables. Nevertheless, recent stud-
ies showed that the changes in peripheral PP—as sur-
rogates of changes in SV—during dynamic tests such as
PLR [42], decrease in positive end-expiratory pressure
[43], sigh manoeuvre [44] and end-expiratory occlusion
[45] can be used to predict fluid responsiveness with
acceptable accuracy in ICU patients. Recently, a PP of
less than 40 mmHg was used to define a low SV in the
intervention group of ANDROMEDA-SHOCK-2, a mul-
ticentre RCT in patients with septic shock [30]. The inter-
vention group, which relied on capillary refill time, PP,
DAP, and fluid responsiveness indices as the main vari-
ables guiding therapeutic interventions, was compared
to standard care in a total of 1,500 patients [30]. Addi-
tionally, the ongoing ANDROMEDA-PEGASUS study
(NCT06737614) addressing the relationship between PP
and SV is expected to deliver large-scale epidemiological
data across different ICU contexts.

Diastolic arterial pressure: a marker of vascular tone
Physiological insights

The DAP is a marker of vasomotor tone. The following
arguments, emphasize the importance of DAP in diagno-
sis and therapeutic decision-making in shock states.

Low DAP primarily reflects depressed arterial tone,
which is a hallmark of septic shock due to vasodilation
and reduced vasomotor responsiveness. A previous
study [37] showed a close relationship between DAP and
peripheral resistance highlighting its value as a marker
of vascular tone. As such DAP may help guide the deci-
sion to initiate norepinephrine. Nevertheless, it is essen-
tial to interpret DAP according to HR. Indeed, at high
heart rates, DAP may be higher than normal due to the
reduced diastole duration (Fig. 7), even if the vascular
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tone is normal. In this regard, a DAP of 50 mmHg in a
patient with a HR of 90 bpm suggests higher vasomotor
tone than in a patient with a HR of 150 bpm and the same
value of DAP [46].

Arterial stiffness is another important determinant of
DAP [37] as illustrated by large registries that reported
a decline in DAP as age increases above 60 years [13, 47].
Notably, the low DAP due to arterial stiffening [13, 47]
never reaches values as low as those encountered in vaso-
dilatory shock [16].

Additionally, DAP is critical for the left coronary per-
fusion, serving as the upstream pressure for LV blood
flow during diastole. Therefore, a persistently low DAP
increases the risk of myocardial ischemia, particularly in
patients with prior coronary artery disease.

Finally, DAP remains quasi-constant from the aorta to
the periphery, while peripheral SAP and PP increase due
to the PWA phenomenon, ensuring its value as a bedside
clinical indicator.

Clinical implications

As mentioned above, DAP as a marker of vascular tone
can help guide the initiation of norepinephrine in shock
states [46, 48]. Observational studies have demonstrated
that low DAP values are associated with adverse out-
comes, including increased mortality, AKI, and myo-
cardial injury [49, 50]. In a retrospective observational
study including 77,328 septic patients, a DAP thresh-
old of 48 mmHg (and 44 mmHg in patients with septic
shock) was identified, below which the likelihood of AKI,
myocardial damage and mortality rose significantly [19].
This association underscores the importance of DAP in
guiding therapeutic interventions, such as norepineph-
rine administration, to restore vascular tone and improve
perfusion.

DAP

Time

Fig. 7 Effect of heart rate on diastolic arterial pressure (DAP). An increase in heart rate reduces the diastolic time and results in higher DAP
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New perspectives

Recently, the diastolic shock index (DSI), defined as the
ratio HR to DAP was proposed as more robust marker of
vascular tone than DAP [51]. A clinical study evaluated
DSI at pre- norepinephrine and norepinephrine initiation
points and showed a strong association of higher DSI
values with increased mortality [51]. Importantly, nei-
ther HR nor DAP alone reliably predicted outcomes. The
predictive performance of DSI was comparable to estab-
lished markers like SOFA score and lactate, outperform-
ing MAP and “systolic” shock index [51]. Early initiation
of norepinephrine was found to benefit to patients with
elevated DSI, highlighting its potential to guide timely
interventions [51]. The DSI thus may emerges as a criti-
cal tool for identifying high-risk septic shock patients and
optimizing resuscitation strategies.

Finally, the ratio of DAP to the product of HR and
the NE dose in pug/kg/min (DAP/ (HR x norepinephrine
dose)) was proposed as an index of the vasomotor tone
responsiveness to NE (VNERI) in patients with septic
shock evaluated at the time of initiation of NE [52]. In a
post-hoc analysis of the ANDROMEDA-SHOCK data-
base, VNERi demonstrated the strongest association with
in-hospital mortality compared to DAP, DAP/HR and
MAP/NE dose, emerging as the most significant covari-
ate in a multivariate model [52]. The model revealed an
inverted J-shaped relationship between in-hospital mor-
tality and VNERI, with a nadir point at 6.7, below which
mortality increased [52]. Further studies are required to
investigate whether VNERI could be integrated into deci-
sion-making of early septic shock, especially for the deci-
sion to add another vasopressor to NE [52]. When VNERi
suggests poor responsiveness to norepinephrine, adding
a vasopressor with a different mechanism of action (e.g.
vasopressin) might be physiologically sound, rather than
simply escalating catecholamine dose. This approach
minimizes catecholamine load and targets complemen-
tary pathways of vascular tone regulation.

In summary, DSI may emerge as a critical tool for
identifying high-risk septic shock patients and optimiz-
ing resuscitation strategies, while the VNERIi provides
complementary information on vascular responsive-
ness to norepinephrine; together, these parameters could
serve as personalized inclusion criteria for future trials,
for instance by enrolling patients with vasoplegia and/
or vascular unresponsiveness to norepinephrine defined
by high DSI and low VNERI rather than solely low MAP.
Furthermore, in the perioperative setting, VNERi could
help distinguish true vascular hyporesponsiveness from
pharmacologically-induced vasoplegia, although this
hypothesis still requires validation in dedicated cohorts.
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Systolic arterial pressure: a marker of left ventricular
afterload

Physiological insights

Aortic SAP is a main determinant of LV afterload, con-
tributing to myocardial wall stress during systolic ejec-
tion [53]. According to Laplace's law, wall tension is
directly related to pressure and ventricular radius while
inversely proportional to wall thickness: T=P *r /2
where T is wall tension (stress), P is LV end-systolic pres-
sure, r is LV radius, h is LV wall thickness.

LV end-systolic pressure can be estimated using the
formula: LV end-systolic pressure=0.9 x aortic SAP. In
the absence of aortic stenosis or outflow tract obstruc-
tion, the higher the aortic SAP, the greater the force the
left ventricle must exert to open the aortic valve and eject
blood into systemic circulation (Fig. 5).

As detailed above, peripheral SAP can better reflect
aortic SAP and hence, LV afterload in patients with stiff
arteries compared with young and healthy individuals
for whom PWA is more pronounced [54, 55]. In other
words, a peripheral SAP of 140 mmHg indicates a higher
LV afterload in older patients than in younger subjects.
At the other end of the spectrum, Khanna et al. recently
demonstrated in a large cohort of septic ICU patients
that low SAP values (<100-110 mmHg) were strongly
associated with increased mortality [19].

Estimation of aortic systolic arterial pressure

Recently, based on physiological grounds, Chemla et al.
proposed a new empirical formula for estimating aortic
SAP non-invasively: the MAP?/DAP ratio [56]. The for-
mula was tested across three datasets: the first of 139
patients with high-fidelity aortic pressure measurements,
the second including 64 patients with simultaneous aor-
tic and brachial artery measurements, and the third was
a cohort of 30 ICU patients with radial artery catheters
[56]. The analysis of the three datasets, showed that aor-
tic SAP can be reliably estimated from the MAP?/DAP
ratio, provided measurement errors are minimized, sug-
gesting potential applications for cardiovascular risk
assessment in large BP databases [56]. Further studies
are required to investigate whether the changes in the
difference between (MAP?/DAP) and DAP (surrogate of
aortic PP) would perform better than peripheral PP to
assess the changes in SV during diagnostic or therapeutic
interventions.

Pulse pressure variation: a dynamic marker of fluid
responsiveness

Physiological insights

Fluid responsiveness is generally defined as the abil-
ity of the heart to significantly increase its SV or CO in
response to a fluid bolus [57]. Physiologically, this implies
that both ventricles are preload-responsive, meaning
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that they operate on the ascending portion of the curve
describing the relationship between SV and preload
(Frank-Starling mechanism) (Fig. 8).

During mechanical ventilation, cyclic changes in
SV should occur also in cases of biventricular preload
responsiveness, SV being minimal during the expira-
tory phase [57-60]. Consequently, it has been hypoth-
esized that the magnitude the respiratory changes in
SV should reflect the magnitude of fluid responsive-
ness [58, 59]. Aortic PP depends on both SV and arte-
rial stiffness, and aortic stiffness is expected to remain
essentially unchanged over the respiratory cycle, as it
mainly depends on structural arterial properties which
remain constant over short-term. As a result, the respira-
tory variation of aortic PP (and of peripheral PP) should
reflect the respiratory variation of SV [58—-60]. Therefore,
the respiratory variation of PP, called PP variation (PPV)
should be a marker of fluid responsiveness in patients
who receive mechanical ventilation [58—60].

Clinical implications

Since the publication of the first study that showed that
PPV remarkably predicts fluid responsiveness in patients
with septic shock ventilated with a tidal volume of at least
8 mL/kg [61], numerous studies in different settings have
confirmed the reliability of this dynamic predictor of
fluid responsiveness [62].

Initially calculated manually, PPV is now measured
automatically by conventional hemodynamic monitors,
which provide real-time values for clinical use. In more
advanced monitors, algorithms to estimate SV based on

Stroke
volume A\
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BP wave analysis have been implemented, enabling real-
time CO monitoring [63].

The three main limitations of using PPV to predict
fluid responsiveness during mechanical ventilation are
(1) the presence of cardiac arrhythmias, (2) the use of
tidal volume lower than 8 mL/kg and [64, 65], (3) the
presence of spontaneous breathing activity [42, 66]. In
these situations, other fluid responsiveness indices have
been proposed [67], most of these indices requiring mea-
surements of CO. Nevertheless, it has been proposed in
some situations to measure the changes of PPV during
dynamic tests [67]. This approach has the advantage not
to require any CO monitor.

In patients mechanically ventilated with a tidal vol-
ume of 6 mL/kg, it has been proposed to perform a tidal
volume challenge (TVC), which consists of measuring
the change of PPV during a 1-min increase in tidal vol-
ume from 6 to 8 mL/kg [65]. This method was shown to
be performant to predict fluid responsiveness in vari-
ous settings [65, 68], including mechanical ventilation
during prone position [69] and to a lesser degree dur-
ing mechanical ventilation with persistent spontaneous
breathing activity [42]. A difference between PPV mea-
sured at 8 mL/kg and PPV measured at 6 mL/kg higher
than 3.5% was generally reported as a cut-off value above
which fluid responsiveness is present in supine [65] and
in prone position [69].

Additionally, recent studies have suggested to measure
the changes of PPV during PLR as a reliable alternative
for assessing fluid responsiveness in patients ventilated
with low tidal volume [70, 71]. A reduction in PPV

High PPV
i i

Preload responsiveness

Preload unresponsiveness

Low PPV

N

7

Cardiac preload

Fig. 8 Pulse pression variation (PPV) and Frank-Starling mechanism. Significant increase in stroke volume (SV), which defines preload-responsiveness
(blue) is associated with a high PPV. Small increase in SV, which defines preload-unresponsiveness (red), is associated with a low PPV
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Patient with
shock

Other situation

§

Age > 60 yrs and
PP < 40 mmHg
= low stroke volume

DAP < 50 mmHg

= vasoplegic mecanism of shock

Use other tools:
-CRT
- Mottling score
- CO monitoring
- Lactate
- ScvO, and PCO, gap

Calculate In case of acute renal

failure and or high CVP

MPP=MAP-CVP
target >60 mmHg

Hypovolemia

check preload
dependency

: [
|

DSI>2.2
suggests introducing NE
| «——(Under NE

VNERI < 2.6

hyporesponsiveness to NE
suggests to add a second
line vasopressor

Cardiac

dysfunction
perform TTE

Target MAP > 65 mmHg
or higher in case of

history of hypertension

Fig. 9 A simplified algorithm illustrating how arterial pressure components may assist clinical decision-making in patients with shock. It is important to
note that the algorithm does not encompass all possible clinical scenarios; rather, it highlights selected situations where specific components of arterial
pressure may be particularly informative. CO: cardiac output; CRT: capillary refill time; CVP: central venous pressure; DAP: diastolic arterial pressure; DSI:
diastolic shock index; MAP: mean arterial pressure; MPP: mean perfusion pressure; NE: norepinephrine; PCO, gap: difference in carbon dioxide pressure
between the central venous blood and the arterial blood; ScvO,: central venous oxygen saturation; TTE: transthoracic echocardiography

during PLR has demonstrated strong predictive accu-
racy in this setting [70, 71]. Like TVC, this method does
not require any CO monitoring device to be performed.
Hamzaoui et al. tested the predictive value of the changes
of PPV during PLR in mechanically ventilated patients
with persistent spontaneous breathing activity [42]. They
showed that the decrease in PPV during PLR better pre-
dicted fluid responsiveness than the absolute PPV values
in this population [42]. Although the predictive capacity
of this method in this setting [42] was not as perfect as
that reported in studies including patients with no inspi-
ratory efforts [70, 71], its good sensitivity makes it valu-
able for predicting fluid responsiveness in mechanically
ventilated patients with inspiratory efforts for whom CO
monitoring is often not used.

Conclusions

Analysis of the components of invasive BP blood pressure
(SAP, DAP, MAP, PP) in critical care settings provides
essential hemodynamic information that help optimize
therapeutic interventions (Fig. 9). For accurate inter-
pretation, it is crucial to rigorously assess the quality of
the arterial pressure waveform to avoid measurement
artifacts such as under- or over-damping. MAP, which
remains constant throughout the arterial tree, serves as
a therapeutic target but should be adjusted based on the
patient’s medical history (particularly chronic hyperten-
sion) and CVP values. DAP, an indicator of vasomotor

tone, varies minimally from the aorta to peripheral arter-
ies and can serve as a reliable trigger for initiating nor-
epinephrine therapy. In addition, the DSI may, in certain
clinical contexts, be more informative than DAP alone
in guiding the initiation or escalation of norepinephrine
therapy. Moreover, the newly proposed VNERIi ratio
(DAP/[HR x norepinephrine dose]) may help identify
patients with a poor response to norepinephrine and
could serve as a trigger for the early initiation of a sec-
ond vasopressor, such as vasopressin. SAP and PP typi-
cally increase from the aorta to peripheral arteries, with
the magnitude of this increase primarily depending on
age. In older patients with stiff arteries, peripheral SAP
and PP (and their changes) can reflect LV afterload and
SV (and their changes), respectively. PPV and its changes
during TVC and PLR are valuable tools for assessing
fluid responsiveness in patients receiving mechanical
ventilation.
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