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Abstract

This article is one of ten reviews selected from the Annual Update in Intensive Care and Emergency Medicine 2020.
Other selected articles can be found online at https://www.biomedcentral.com/collections/annualupdate2020.
Further information about the Annual Update in Intensive Care and Emergency Medicine is available from http://
www.springer.com/series/8901.

Introduction
The Surviving Sepsis Campaign (SSC) guidelines [1] rec-
ommend a hemodynamic optimization strategy to rap-
idly counteract the impact of sepsis on blood flow in the
first few hours after diagnosis. Specifically, the SSC
guidelines suggest promptly restoring and ameliorating
circulatory shock using early and aggressive volume ex-
pansion with crystalloids (30 ml/kg) to achieve a mean
arterial pressure (MAP) of at least 65 mmHg. If this ini-
tial volume expansion fails to restore MAP, then
clinicians are allowed to use vasopressor agents and sub-
sequently inotropic support to achieve this goal. This
standardized and mono-dimensional approach to cardio-
vascular stabilization flies in the face of numerous clin-
ical observations. For example, a large database analysis
of patients with septic shock (n = 3686) consistently re-
ported that only two-thirds of patients were volume re-
sponders [2]. Patients not responding to volume
expansion may experience fluid overload, which is in
and of itself an independent risk factor for prolonged
hospitalization, death, and poor outcome as previously
described [3].

Physiologic Rationale for Resuscitation
The physiologic rationale for initial volume resuscitation
in the septic hypotensive patient is not straightforward,
although fluid resuscitation is often effective in restoring
MAP. The only thing that volume expansion can do is
increase circulating blood volume and, by inference,

mean systemic pressure (Pms), which is the upstream
pressure driving venous return. Pms is a function of the
relation between stressed blood volume and vascular
compliance. Total blood volume is distributed across the
vascular space into volume that does not increase Pms,
referred to as unstressed volume, and volume that does
cause Pms to increase. Under normal resting conditions,
approximately 60–70% of the total circulating blood vol-
ume is unstressed volume with a majority of that volume
in the splanchnic circulation. Increasing sympathetic
tone and exercise decrease splanchnic blood flow distrib-
uting more of the blood volume to vascular spaces with
lower unstressed volume, thereby increasing Pms. Fur-
thermore, for the associated increase in Pms to increase
cardiac output, the right ventricle needs to be volume
responsive as manifest by an associated increase in the
right atrial pressure to Pms gradient, because venous re-
turn can only increase if this gradient increases, the re-
sistance to venous return decreases, or both occur.
Finally, in a fluid-responsive septic patient, for MAP to
also increase in parallel to the increase in cardiac output,
the arterial vasomotor tone must be sufficient to realize
an associated increase in pressure to follow the increase
in flow. What is unclear is how these processes play out
in individual patients presenting with hypotensive sepsis.
Coupled with the effects of sepsis on the systemic cir-

culation is the interaction between left ventricular (LV)
pump function and its arterial load, referred to as ventri-
culoarterial coupling. Ventriculoarterial coupling is char-
acterized by the relation between LV elastance (Ees), the
primary parameter defining LV contractility, and effect-
ive arterial elastance (Ea), a clinical surrogate of LV
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afterload [4]. The determinants of these LV performance
parameters are summarized in Fig. 1.

Clinical Observations
We recently demonstrated in a cohort of 55 septic
hypotensive patients that a majority reversed their
hypotension in response to volume expansion alone [5].
Since septic shock is defined as hypotension not respon-
sive to volume expansion alone, most patients in our co-
hort had sepsis but not septic shock. Analyzing the
physiologic determinants further, we found that most
septic shock patients with hypotension despite volume
expansion, owing to loss of arterial tone (i.e., vasoplegia),
also displayed significant alterations in ventriculoarterial
coupling. The majority of our septic shock patients dis-
played significant ventriculoarterial uncoupling, with Ea
markedly greater than Ees. Ventriculoarterial uncoupling
markedly decreases LV ejection efficiency and can inde-
pendently lead to heart failure [4].
In our recent observational study [5] on the effect of

therapies on the determinants of cardiovascular status as
recommended by the SSC guidelines, we confirmed the
efficacy of volume expansion but the results cast light on
the lack of knowledge about timing and appropriate

sequence of hemodynamic resuscitation following vol-
ume expansion and vasoactive and inotropic agents. In
patients with elevated baseline Ea for example, poor
hemodynamic performance was seen after treatment
with norepinephrine with less improvement in MAP or
cardiac output [5].
In summary, these findings collectively underscore

the heterogeneity of cardiovascular responses to a
SSC guideline-defined resuscitation protocol in septic
patients owing to similarly heterogeneous pathophysi-
ologic states.
In most of our patients, volume expansion was able to

restore MAP to >65 mmHg by also increasing cardiac
output, Ees and Pms, leading to improved energy transfer
measurements, such as LV ejection efficiency, ventricu-
loarterial coupling, and heart efficiency. Interestingly, we
documented that volume expansion also increased Ees.
Ees is considered a load-independent measurement of
LV contractility. Our observed increase in Ees was prob-
ably due to the restoration of coronary perfusion pres-
sure demonstrated by MAP increase.
Importantly, we found that individual patient MAP

and cardiac output responses to volume expansion were
variable, but accurately predicted by baseline pulse pres-
sure variation (PPV), stroke volume variation (SVV) and
their ratio, and dynamic elastance (Eadyn), suggesting
that fluid resuscitation based on these dynamic measures
may be more efficient by resulting in less fluid being given
to nonresponders [5]. This is also consistent with prior
findings that PPV predicts cardiac output responses to
volume expansion in septic patients [6] and that Eadyn pre-
dicted the associated change in MAP in response to chan-
ging cardiac output [7]. These data also support the
clinical relevance of using functional dynamic measure-
ments to tailor fluid administration in septic patients as
recommended by the SSC guidelines [1].
Several studies describe a variable response to nor-

epinephrine in septic shock [8]. In our investigation [5],
norepinephrine increased Ea and MAP in most patients
but did not achieve a MAP >65 mmHg in the majority
and induced ventriculoarterial uncoupling to levels seen
prior to resuscitation; it also decreased LV ejection effi-
ciency, which, if sustained, might impair LV perform-
ance. These data support the recent observation that
sustained use of vasopressors for >6 h in septic shock to
maintain a MAP >75 mmHg is associated with increased
mortality [9]. Recently, it has been shown in animal stud-
ies that norepinephrine can impair LV ejection by increas-
ing the magnitude of arterial pressure reflected waves
during ejection, which also becomes manifest as ventricu-
loarterial uncoupling without increasing coronary perfu-
sion pressure [10]. As was also seen in patients with
postoperative vasoplegia [11], we observed that only pa-
tients with higher Ees and normalized ventriculoarterial

Fig. 1 A stylized representation of the relation between left
ventricular (LV) pressure (Plv) or arterial pressure (Pa) and LV pressure-
volume relations during a cardiac cycle and arterial elastance (Ea)
(red line) along with the associated formulae defining end-systolic
elastance (Ees) (blue line) and Ea. Stroke work (SW) is the area within
the LV pressure-volume loop for one cardiac cycle, while the
potential energy (PE) is the area sub-served by the Ea and LV end-
systolic volume (ESV). LV efficiency (LVef) is the ratio of SW to SW +
PE (Reproduced from [5] under a Creative Commons Attribution 4.0
International License)
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coupling increased cardiac output during norepinephrine
infusion, presumably because they can tolerate the in-
creased afterload [5].
When dobutamine was added to volume expansion

and norepinephrine in a few patients, it restored normal
ventriculoarterial coupling and cardiac output, suggest-
ing that inotropic support may improve contractility in
septic patients who may be affected by septic cardiomy-
opathy [12]. These findings have also been reported by
others [4, 11, 13]. Analyzing these norepinephrine- and
dobutamine-dependent subsets in future investigations
may improve our understanding of how vasoactive and
inotropic therapies change hemodynamics [8].

Clinical Relevance
Potentially, the selection of the most appropriate treat-
ment in septic shock patients following initial volume
expansion could be ascertained by knowing their Ea, Ees
and dynamic parameters, such as Eadyn. Similarly, vol-
ume expansion should be individualized based on dy-
namic measures of volume responsiveness.
We suggest that a prospective clinical trial could be

conducted to address this specific approach. The criter-
ion for patient recruitment would be the same as for
previous investigations, i.e., sepsis with MAP <65
mmHg. Since an initial volume expansion step was
beneficial in the majority of patients, it would be the ini-
tial treatment but given based on the functional dynamic
parameters, PPV and SVV. In patients who do not
achieve MAP >65 mmHg after volume expansion, Ea

would be measured. If Ea were <2 mmHg/ml, patients
would receive norepinephrine aimed at achieving a MAP
>65 mmHg. If Ea were ≥2 mmHg/ml, patients would be
randomly allocated to either norepinephrine or dobuta-
mine (Fig. 2) in order to verify the beneficial effect of an
early inotropic strategy versus a vasoconstrictive one.

Conclusion
The determinants of the cardiovascular state collectively
called sepsis and septic shock are complex and heteroge-
neous. The response to resuscitation is also heteroge-
neous, and thus treatment needs to be individualized to
maximize timeliness of appropriate therapies while
avoiding volume overload. Prospective clinical trials will
help illuminate the optimal strategies, but the principle
of individualizing treatment is already valid.
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