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Abstract
Purpose of Review To review our current understanding of the intravascular space, therapeutic goals of fluid resuscitation,
suitable endpoints of resuscitation, and appropriate choice of fluids.
Recent Findings An evolving understanding of the endothelium and glycocalyx has improved our understanding of the intra-
vascular space. More aggressive fluid resuscitation after adoption of the Surviving Sepsis Campaign guidelines has led to an
initial reduction in mortality associated with sepsis; however, the untoward effects of volume overload are increasingly evident.
Fluid responsiveness is likely the best endpoint for resuscitation. Albumin has not been shown to be superior to crystalloids in the
resuscitation of septic patients. As 0.9% saline has been associated with acute kidney injury, balanced buffered salt solutions are
considered the preferred resuscitation fluid of choice.
Summary Fluid resuscitation with buffered crystalloid solutions is preferred and should likely continue if the patient remains
fluid responsive. This strategy risks volume overload.
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Introduction

Septic shock is defined as a dysregulated host response to
infection with evidence of organ dysfunction secondary to
inadequate perfusion [1]. More broadly, septic shock can be
conceptualized as an imbalance between the demand, deliv-
ery, and utilization of oxygen at the cellular level due to the
interplay between infection and the body’s reaction to infec-
tion. Maintenance of adequate intravascular volume to pro-
mote cardiac output and oxygen delivery during concomitant
systemic vasodilation has become a mainstay of practice since
the adoption of early goal–directed therapy (EGDT) and the
subsequent development of the Surviving Sepsis Campaign
Guidelines [2, 3••, 4••]. Following the original EGDT trial,

debate persists about the optimal hemodynamic goals and
approach to their restoration; however, the general principles
of attempting to optimize oxygen delivery, consumption, and
utilization have endured [2, 3••, 4••]. The 2018 Surviving
Sepsis Campaign bundle highlights the early administration
of antibiotics and an intravenous fluid bolus (IVFB) of 30 mL/
kg as the cornerstone of its therapeutic recommendations
[4••]. As the heterogenous body of evidence surrounding fluid
resuscitation grows in size, scope, and complexity, questions
remain concerning both which types of fluids to administer
and which physiologic endpoints to use for determining ade-
quate volume resuscitation. This article will review our cur-
rent understanding of the intravascular space, therapeutic
goals of fluid resuscitation, pragmatic fluid selection, and pa-
rameters for deciding the appropriate dose thereof.

Revisiting Starling

Water outside of the cells exists in either the extracellular
matrix (ECM) or intravascular space. Starling described how
oncotic and hydrostatic pressures acting across the capillary
membrane determine the balance of water between the ECM
and the intravascular space. Conceptually, hydrostatic
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pressure in excess of oncotic pressure would beget transloca-
tion of water from the intravascular space into the ECM. If
oncotic pressure dominates, water should flow from the ECM
back into the intravascular space. Although Starling’s concep-
tual model has enjoyed great longevity, some of its theoretical
tenants have not withstood closer scrutiny [5].

We now understand that a complex, metabolically ac-
tive, and seemingly fragile glycoprotein and proteoglycan
matrix lines the luminal wall of the endothelium, which
has been termed the glycocalyx or endothelial glycocalyx
layer (EGL) [5–9]. At the level of the capillary, the EGL
serves as a semipermeable barrier that prevents the pas-
sage of larger molecules (e.g., albumin) through fenestra-
tions and gaps between endothelial cells (Fig. 1). The
EGL is largely responsible for establishing the oncotic
gradient described in Starling’s model. In practice, how-
ever, the inward oncotic pressure can only attenuate but
not overcome hydrostatic pressure. Except in a limited
few tissue beds, water does not cross from the ECM into
the intravascular space directly; instead, water in the ECM
returns to the intravascular space via the lymphatics.

Intravascular Changes During Sepsis

Sepsis and its associated widespread inflammatory response
create several key changes to the intravascular space and its
structure [5, 7–9]. An increase in nitric oxide synthetase and a
relative deficiency in vasopressin results in vasodilation in
both the arterial and venous beds [9]. The dilation of the high-
ly elastic arteries primarily results in reduced mean arterial

pressure; dilation of the highly compliant veins primarily re-
sults in increased potential venous capacitance and resultant
relative hypovolemia.

Multiple inflammatory markers and endothelial adhe-
sion molecules activated during sepsis cause cellular
changes at the endovascular level, which can beget both
macrocirculatory and microcirculatory dysfunction
through endotheliopathy [10•]. In addition to endothelial
injury, microvascular thrombi, and widening of gaps be-
tween endothelial cells, these inflammatory mediators have
also been linked to the shedding of the EGL. Circulating
levels of heparan sulfate, syndecan-1, and other large mo-
lecular constituents of the EGL are heightened in states of
shock and trauma [8]. The loss of the EGL contributes to
several phenomena observed in severe sepsis:

1. Experimental evidence suggests that the EGL can account
for 700 to 1500 mL of intravascular volume [5, 6]. The
loss of the EGL therefore exacerbates the relative hypo-
volemia from vasodilation described previously.

2. Degradation of the EGL allows molecules to pass through
cellular gaps and fenestrations in the endothelial walls.
This altered equilibration of macromolecules across the
capillary membrane leaves outward hydrostatic pressures
unopposed, increasing the rate at which water escapes
from the intravascular space to the ECM (i.e., capillary
leak). The increased rate of capillary leak overwhelms the
lymphatics, and anasarca develops [5, 7, 9].

3. The release of glycocalyx-bound inflammatory and adhe-
sion molecules exposes endothelial cells and potentiates
the inflammatory process [10•].

Fig. 1 Diagram depicting a
healthy (top) and damaged
(bottom) endothelial glycocalyx
layer on the luminal side of the
endothelium. (1) Adhesion
molecules, (2)
Glycosaminoglycans, (3)
Glycocalyx-bound mediators, (4)
Endothelial cells, (5) Endothelial
basemen membrane. Reproduced
with permission from Santi M,
Lava SA, Camozzi P, et al. “The
great fluid debate: sale or so-
called “balanced” salt solutions?”
Ital J Pediatr. 2015 Jun 25; 41:47,
doi: https://doi.org/10.1186/
s13052-015-0154-2
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Goals of Fluid Resuscitation During Sepsis

The overarching goals in fluid resuscitation of the septic pa-
tient are to replete the unstressed volume and therefore opti-
mize preload.

Fluid within the venous vasculature can be conceptualized
as belonging to either an unstressed or stressed volume [5, 7, 9,
11•, 12]. The unstressed volume is the amount of fluid required
before intravascular pressure begins to rise, which can also be
thought of as the volume prior to the inflection point on the
compliance curve. Stressed volume, then, is the amount of fluid
that actively contributes to vascular wall stress, venous pres-
sure, and therefore venous return. Splanchnic and cutaneous
venous beds are large venous capacitance reservoirs and the
primary contributors to the unstressed volume, which can be
recruited to maintain preload. Early fluid resuscitation in sepsis
initially fills the unstressed volume created by both vasodilation
and loss of the EGL. Vasopressors can also affect venous tone,
shift unstressed blood out of the capacitance vessels, and con-
tribute to preload. Continued fluid resuscitation then increases
the stressed volume, which promotes cardiac output. Once the
unstressed volume is replete, fluid resuscitation becomes a
balancing act. Too little stressed volume decreases venous re-
turn and cardiac output; toomuch increases outward hydrostatic
pressure and capillary leak.

Venous return is a major determinant of ventricular end-
diastolic volume and therefore cardiac preload [5, 7, 9, 11•,
12]. The Frank-Starling curve is defined by the length-tension
relationship observed in the myocardium (Fig. 2) [6]. As

muscle fibers are stretched, increased actin-myosin cross-bridg-
ing results in increased contractility. Therefore, stroke volume
initially increases as end-diastolic volume increases. As the
myocardium continues to be stretched, there is impairment to
actin-myosin cross-bridging and ventricular dysfunction en-
sues. The slope of the curve is relatively shallow for an other-
wise compliant ventricle but steepens with ventricular hypertro-
phy and diastolic dysfunction. Concomitantly, attention must
be directed to filling pressures to ensure that a favorable gradi-
ent for venous return is maintained such that venous
backpressure does not compromise organ perfusion [7].

The correct amount of fluid for a patient is therefore depen-
dent on vascular and cardiac compliance. The ideal fluid vol-
ume would provide enough cardiac preload to function near
the apex of the Frank-Starling curve without creating exces-
sive intravascular hydrostatic pressure. It may not be possible
to achieve this ideal fluid balance, particularly in patients with
poor vascular and/or ventricular compliances. These patients
have much narrower therapeutic windows and require closer
monitoring and judicious fluid administrations. Fluid shifts
and dynamic changes in compliances further challenge the
management of these patients.

Endpoints of Resuscitation

Several clinical variables have been proposed to predict when
a patient has an optimized fluid balance [7, 9, 11•, 12–15].
Rivers and colleagues showed that a protocol optimizing

Fig. 2 The Frank-Starling curve demonstrating the relationship between
cardiac output and preload. The vertical (dashed) lines demonstrate
similar levels of preload and how they relate at various ventricular
inotropic states. A1, A, and A2 demonstrate how increasing preload
often leads to increased cardiac output along a baseline Frank-Starling
curve. D and D2 demonstrate how increasing preload can lead to

worsened cardiac output in the failing ventricle. A, B, C, D compare
how changing the inotropy of the heart with a fixed preload can result
in different cardiac outputs. Reproduced from Mann D. (2017) “Frank-
Starling Curve.” In: Raj TD (Ed.) Data Interpretation in Anesthesia – A
Clinical Guide. Springer, Cham, with permission from Springer Nature
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central venous pressure (CVP), mean arterial pressure (MAP),
and oxygen delivery (defined in this trial by central venous
oxygen saturation, hemoglobin, cardiac output, and oxygen
consumption) significantly reduced mortality associated with
sepsis [2]. Termed EGDT, this protocol initially used CVP to
guide fluid resuscitation and then vasopressors and inotropes
to manipulate the vascular compliance and Frank-Starling
curves, respectively. Blood products were also used to in-
crease the oxygen carrying capacity with a targeted hemoglo-
bin of 10 g/dL.

Although the specific endpoints proposed by Dr. Rivers
have come under significant debate, EGDT shifted manage-
ment beyond simply targeting blood pressure and CVP.
Several subsequent studies that used the same or similar pro-
tocols as Dr. Rivers’ team were unable to demonstrate a mor-
tality benefit [16–21]. Many of these trials occurred after
widespread adoption of the Surviving Sepsis Campaign
Guidelines, which incorporated several key components of
the original EGDT protocol [3••].

Current sepsis guidelines suggest administering an initial
IVFB which serves to replete the unstressed volume [3••, 4••].
Fluid resuscitation is then continued as long as the patient is
“fluid responsive,” defined as an ability to increase cardiac
output with additional IVFB [3••, 7, 11•, 12, 15]. The assump-
tion is made that if a patient is fluid responsive, then they are
to the left of the apex of the Frank-Starling curve and can
benefit from additional venous return.

Several clinical markers have been used to predict if a
patient is fluid responsive. One such approach relies on
examination of dynamic changes in the macrocirculation
during respirophasic variation in intrathoracic pressure
during positive pressure ventilation [11•, 12, 15].
Respiratory variation of pulse pressure (PPV), systolic
blood pressure (SPV), and stroke volume (SVV) have all
been validated as methods to predict which patients will
be fluid responsive provided that a patient is receiving
positive pressure ventilation, is compliant with the venti-
lator, is in a regular cardiac rhythm, and is receiving a
tidal volume of at least 8–10 mL/kg of predicted body
weight. In these patients, variations of greater than 10–
13% reasonably predict fluid responsiveness. In spontane-
ously breathing patients, sonographic measurement of the
respiratory variation in the diameter of the inferior vena
cava has also been shown to reasonably predict fluid re-
sponsiveness. These maneuvers are additional pieces of
information that must be utilized within the context of
the patient’s physical exam, clinical course, and underly-
ing pathophysiology.

Once the clinician believes a patient might benefit from
additional fluid, it is important for an objective marker to be
used to assess whether the additional fluid was beneficial. In
modern practice, some combination of stroke volume, cardiac
output, MAP, central or mixed venous oxygen saturation, and

lactate clearance are commonly evaluated in concert [3••, 7, 9,
11•, 12, 13, 15, 22]. If the patient has a suspected narrow
therapeutic window such that an empiric fluid challenge is
imprudent, then a passive leg raise test can be employed
[11•, 12]. By placing a patient supine and raising the legs to
greater than 45 degrees, approximately 500 mL of blood vol-
ume can be recruited from the venous capacitance vessels.
This maneuver examines a patient’s response to a fluid bolus
without committing to the treatment plan. Once the patient no
longer demonstrates a significant response, then vasopressors
or inotropes instead should be utilized.

Although markers of fluid responsiveness are highly
sensitive in identifying patients who are hypovolemic, they
are not specific and risk over-resuscitation [7, 9]. It is the
authors’ belief that the lack of significant difference be-
tween EGDT and current best practices suggests that reli-
able clinical endpoints of resuscitation still have not been
elucidated. Most clinical monitors provide information
about the macrocirculation—mean arterial pressure, heart
rate, cardiac output, etc. Even measures of end-organ func-
tion, such as urine output, have not been demonstrated to
correlate meaningfully with tissue perfusion [14]. Multiple
s tud ies have demons t ra ted tha t op t imiz ing the
macrocirculation does not guarantee an optimized micro-
circulation, which represents an important area of future
study in conjunction with the exploration of therapeutic
interventions targeting the EGL [23•, 24].

Colloids Versus Crystalloids

Two broad classes of intravenous (IV) fluids are available:
colloids and crystalloids. Three major categories of colloids
are commercially available: albumin, hydroxyethyl starch
(HES), and gelatin. As oncotically active fluids, colloids hy-
pothetically slow the rate of capillary leak by increasing the
inward oncotic pressure across the capillary membrane; how-
ever, this effect is short-lived in septic patients as the loss of
the EGL will allow oncotically active molecules to ultimately
equilibrate between the intravascular and extracellular spaces
[5, 7, 9]. Studies of the intravascular half-lives of colloids and
crystalloids are consistent, demonstrating a longer intravascu-
lar half-life for colloids but eventual capillary leakage into the
ECM for both [25]. Other possible benefits of colloids, name-
ly albumin, include largely hypothetical anti-inflammatory ef-
fects and nitric oxide–scavenging properties [26].

There have not yet been any large, randomized controlled
trials that have demonstrated a clear difference in mortality
between resuscitation using crystalloids or colloids in sepsis.
The SAFE trial was a large, pragmatic randomized controlled
trial that examined 0.9% saline versus albumin as a resuscita-
tive fluid for a diverse population of critically ill adults [27].
Although no significant difference in 28-day mortality was
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seen for all patients, there was a suggestion of improved out-
comes in patients with severe sepsis and acute respiratory
distress syndrome (ARDS). Two subsequent studies also dem-
onstrated slight mortality benefits associated with the use of
colloids in patients with severe sepsis, although neither
achieved statistical significance [26, 28].

The ALBIOS trial examined albumin repletion in patients
with severe sepsis and septic shock [26]. Serum albumin was
maintained at 3 g/dL by administering 20% albumin. Patients
were otherwise resuscitated with crystalloid solutions.
Although there was no change in 28-day or 90-day mortality,
post-hoc analysis suggested a possible mortality benefit for
those patients in septic shock, although this conclusion was
subjected to significant post-publication scrutiny [29].

While administration of albumin for fluid resuscitation has
not been convincingly associated with improved clinical out-
comes in critically ill adults, a sub-group analysis of the SAFE
trial data demonstrated worsened outcomes for patients with
severe traumatic brain injury (TBI) who were resuscitated
with albumin [30].

HES solutions have been linked to acute kidney injury
(AKI) in critically ill patients with significant subsequent
regulatory scrutiny by the Food and Drug Administration
in the US and the European Medicines Agency in the EU
[31–33]. Their subsequent worldwide utilization has
markedly declined [15]. The largest prospective study in-
cluding HES in critically ill adults was the CRISTAL
trial: a multi-continent, open-label study that compared
outcomes of 2857 patients admitted to the intensive care
unit (ICU) [28]. Although there was no difference in 28-
day mortality, there was a statistically significant decrease
in 90-day mortality for those resuscitated with colloids
(RR 0.92, 95% CI 0.86–0.99). The colloid group was also
shown to have lower vasopressor requirements and de-
creased ventilator days. This trial did not differentiate be-
tween hypertonic and isotonic crystalloid solutions. It also
included HES and other colloid formulations no longer in
common use for critically ill patients.

Another important class of colloids are blood products.
The TRICC trial initially demonstrated that a lower hemo-
globin target of 7–9 g/dL was safe in critically ill patients
[34]. A similar trial that considered only patients in septic
shock, the TRISS trial, compared hemoglobin goals of
7 g/dL versus 9 g/dL [35]. There was no difference in
90-day mortality between the groups, although the lower
hemoglobin goal of 7 g/dL was associated with fewer
transfusions (an average of 1 unit compared to 3 units).
Given the associated risks, costs, and limited supply of
blood products, current best practices recommend blood
products in resuscitation only when correcting an anemia
or coagulopathy [3••]. Higher hemoglobin goals may be
appropriate based on a patient’s comorbidities and the
overall clinical scenario.

The most recent Surviving Sepsis Campaign
Guidelines recommend against the use of colloids as an
initial resuscitative fluid [3••]. These guidelines cite the
increased costs and unproven benefits in the rationale of
this recommendation. It may be reasonable to utilize al-
bumin to minimize the overall fluid administration in pa-
tients who likely are at high risk for fluid overload (e.g.,
patients with severe diastolic dysfunction or right-heart
failure).

Why Balanced Is Best

First developed to treat dehydration brought about by the
cholera outbreaks of the late 1800s, salt solutions have
been used for fluid resuscitation for over 100 years and
remain the preferred first-line choice [15]. Crystalloids are
available as either buffered solutions or unbuffered solu-
tions. There are several buffered solutions available; how-
ever, the only unbuffered solution utilized in routine prac-
tice is saline. Buffered multi-electrolyte solutions vary in
their composition but typically have a pH, chloride con-
centration, and overall osmolality closer to human plasma
than that of saline solutions.

Resuscitation with 0.9% saline has been associated, in a
dose-dependent fashion, with the development of
hyperchloremic metabolic acidosis, AKI, and potentially
life-threatening end-organ dysfunction [15, 36, 37•, 38••].
Despite these associations, over 200 million liters are used
each year in the USA alone, and it remains a commonly pre-
ferred crystalloid solution [39]. 0.9% saline is also a common
diluent for many IV medications due to its inert chemical
properties, often accumulating in an under-appreciated fash-
ion as relatively large volumes of fluid administration [36].

The SPLIT trial randomized a mixed ICU patient pop-
ulation to receive either Plasma-Lyte (buffered) or 0.9%
saline for maintenance or bolused IV fluids [40]. Patients
in both treatment arms received an average of about 2 L
of fluids. There was no difference in the rate of AKI or
renal replacement therapy between the two groups.
Although this study population was mixed, the majority
of patients were post-operative. The majority of the post-
operative patients were also elective procedures. The high
percentage of elective post-operative patients may limit
the generalizability of this study.

Two recent studies from Vanderbilt, SALT-ED and
SMART, used a novel study design to allow for a very
large randomized trial that included all patients admitted
through either their Emergency Department (SALT-ED) or
through any of their ICUs (SMART) [37•, 38••]. Based on
the month, all patients within the system would receive
either buffered solutions or normal saline. Lactated
Ringer’s was the most commonly used buffered solution
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in the study. The SALT-ED trial demonstrated no signifi-
cant difference in a marker for short-term mortality, but
normal saline was associated with an increased risk of
AKI. The SMART trial also demonstrated an increased
risk of adverse kidney events that could include death,
renal replacement therapy, or persistent renal dysfunction
for those patients treated with normal saline. In sub-group
analysis, patients with sepsis were the most likely to be
harmed using normal saline. In aggregate, these investi-
gations provided the first conclusive prospective evidence
for the utilization of balanced crystalloids in routine crit-
ical care practice.

Conclusion

Maintenance of adequate intravascular volume to promote
cardiac output is a mainstay in the early management of septic
shock. Vasodilation from increased nitric oxide production
and a relative deficiency in vasopressin promotes vascular
dilation and an increase in the unstressed volume. Further
exacerbating the increased unstressed volume is the shedding
of the EGL. Without the oncotic gradient across the EGL, the
rate that water escapes from the intravascular space to the
ECM increases, overwhelming the lymphatics and resulting
in anasarca. The goals of fluid resuscitation are to restore the
unstressed volume, optimize preload, and therefore optimize
cardiac output and oxygen delivery. Current endpoints of re-
suscitation focus on administering fluid until the patient is no
longer fluid responsive. At this point, vascular compliance
and cardiac output are manipulated using vasopressors and
inotropes, respectively. Colloids have not been demonstrated
to be superior to crystalloids in the resuscitation of septic
patients. Buffered crystalloids have been demonstrated to re-
sult in less kidney injury than 0.9% saline and should be the
initial resuscitative fluid of choice. Future studies into thera-
peutic intervention targeting the EGL and optimizing the mi-
crocirculation, rather than simply the macrociruclation, are
necessary and upcoming.
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