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Abstract
One of the primary reasons for intensive care admission is shock. Identifying the underlying cause of shock
(hypovolemic, distributive, cardiogenic, and obstructive) may lead to entirely different clinical pathways for
management. Among patients with hypovolemic and distributive shock, ﬂuid therapy is one of the leading
management strategies. Although an appropriate amount of ﬂuid administration might save a patient’s life,
inadequate (or excessive) ﬂuid use could lead to more complications, including organ failure and mortality
due to either hypovolemia or volume overload. Currently, intensivists have access to a wide variety of
information sources and tools to monitor the underlying hemodynamic status, including medical history,
physical examination, and speciﬁc hemodynamic monitoring devices. Although appropriate and timely
assessment and interpretation of this information can promote adequate ﬂuid resuscitation, misinterpretation
of these data can also lead to additional mortality and morbidity. This article provides a narrative review of
the most commonly used hemodynamic monitoring approaches to assessing ﬂuid responsiveness and ﬂuid
tolerance. In addition, we describe the beneﬁts and disadvantages of these tools.
CJASN 17: 706–716, 2022. doi: https://doi.org/10.2215/CJN.14191021

Introduction
Circulatory shock, a mismatch between oxygen delivery and consumption, is associated with high mortality and morbidity if not corrected early (1). Therefore,
shock can lead to single-organ or multiorgan failure,
particularly in those organs with high oxygen
demand. Among patients with all types of shock,
altered mentation, decreased urine output, increased
lactate production, and skin changes (for example,
mottled skin and increased capillary reﬁll time in
hypovolemic and distributive shock but cold and
clammy skin in cardiogenic shock) are common ﬁndings. Depending on the type of shock, the underlying
predominant pathophysiologic mechanism differs.
The four major shock types are as follows. (1) Hypovolemic shock (16% frequency) results from internal
or external volume or blood loss and usually resolves
with timely and adequate intravenous volume replacement. (2) Cardiogenic shock (16% frequency) is related
to myocardial (pump) failure due to arrhythmias,
increased ﬁlling pressure, or decreased myocardial
contractility. (3) Distributive shock (62% frequency)
is related to clinically signiﬁcant vasodilation and
inﬂammation (for example, in patients with sepsis,
adrenal or thyroid insufﬁciency, or anaphylaxis).
(4) Obstructive shock (2% frequency) arises from a
blockage within the circulation (e.g., thrombus, tumor,
or air) or external compression (e.g., cardiac tamponade or tension pneumothorax) (1) (Table 1). Other
shock types (for example, neurogenic) are less frequent and will not be discussed here.
In cardiogenic and obstructive shock, reduced cardiac output is the underlying pathophysiologic
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mechanism that leads to circulatory failure. In contrast, relative and/or absolute intravascular volume
depletion is the primary reason for distributive and
hypovolemic shock clinical manifestations. Therefore,
ﬂuid and vasopressor therapy is considered the cornerstone of resuscitation of hemodynamically unstable, critically ill patients with both hypovolemic and
distributive shock. About 50% of hemodynamically
unstable patients respond to a ﬂuid challenge by
increasing stroke volume and cardiac output (2).
(Hemodynamic instability indicates a state in which
there are abnormal or changing hemodynamic variables that themselves may lead to a local and global
hypoperfusion.) Although restoring and replacing
intravascular volume during shock are essential, a
growing evidence base suggests that unnecessary ﬂuid
administration is harmful and carries an increased risk
of multiorgan failure. Therefore, it is crucial during
the resuscitation phase of all critically ill patients to
determine when to stop giving ﬂuid and when to start
de-escalation. Kidneys are among the most sensitive
organs to changes in hemodynamic status during an
episode of physiologic shock. Although decreased
blood effective volume often leads to AKI, hypervolemia (leading to venous congestion) is also a major risk
factor for kidney failure (3). Depending on the underlying type of shock, decreased effective blood volume,
kidney congestion, nephrotoxin exposure, and excessive inﬂammatory response are all recognized causes
of AKI (4). Therefore, appropriate management of
shock can not only prevent the development of moderate to severe AKI, but it can also lead to fewer longterm adverse effects on kidney function and thus a
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of the patient’s heart will determine the effect of a given
ﬂuid bolus on cardiac output. It will, thus, help determine
the best approach to the management of shock.
An optimal resuscitation strategy balances the need to
restore adequate stroke volume to improve tissue perfusion
(and oxygen delivery) while avoiding hypervolemia, leading to complications associated with venous congestion
and interstitial edema. Although intravascular ﬂuid expansion can be lifesaving in the short term, it is important
to remember that not every ﬂuid-responsive patient is
hypovolemic and may not necessarily require volume
expansion. In brief, volume responsiveness does not equal
volume deﬁciency.

Ventricular preload
Figure 1. | Fluid responsiveness on the basis of myocardial contractility. These Frank–Starling curves show two patients with
normal and failing hearts. The normal heart can increase its stroke
volume by preload expansion, whereas the failing heart cannot.
Using a static measurement for ﬂuid status by assessing ventricular
preload (estimated by central venous pressure), two patients may
have similar preload but completely different responses to ﬂuid
loading. However, dynamic measurements can assess the steepness
of the curves (i.e., a- and b-angles) and identify if patients are ﬂuid
responsive or not (here, a is larger than b, indicating a higher
increase in stroke volume for a given ﬂuid bolus).

lower rate of CKD (5). This article will describe the current
recommendations regarding ﬂuid therapy and how hemodynamic monitoring tools can optimize assessment and
management of intravascular volume among critically ill
patients with hypovolemic and distributive shock.

Optimizing Fluid Resuscitation
The Frank–Starling curve describes the ability of the
heart to change its force of contraction in response to a
change in myocyte length (preload). As such and depending on the functional integrity of the underlying myocardium, stroke volume will change to a greater or lesser
extent in response to any given change in venous return
(Figure 1). Increased venous return in a normal heart with
normal function and stable afterload will increase stroke
volume by increased stretch of the cardiac myocyte (sarcoma-length) cells. This increases subsequent systolic force
generation and enables the heart to eject additional blood,
thus increasing stroke volume. Patients “operating” on the
ﬂat part of the curve are less sensitive to changes in preload
and intravenous ﬂuid bolus administration, indicating a
lack of ﬂuid responsiveness. In this situation, it has been
suggested that extravascular lung water increases in
patients who are less ﬂuid responsive, which manifests
clinically as pulmonary edema (6). In contrast, patients
operating on the steep portion of the curve are very sensitive to changes in preload (i.e., they are volume responsive)
and will exhibit an increase in stroke volume and cardiac
output in response to a ﬂuid bolus.
Although these physiologic concepts were described many
years ago, they permit an understanding of the intricate
relationship between preload, stroke volume, and cardiac
output. Coupling an assessment of volume responsiveness
considering both afterload and the systolic contractile state

Systemic Venous Congestion
Organ perfusion is affected by systemic arterial BP, intravascular volume status, cardiac output, and venous pressure (7,8). At the tissue level, the pressure gradient across
the capillary bed is important for optimal perfusion (9).
Volume overload, congestive heart failure, and kidney
failure are three common causes of venous congestion.
Growing evidence indicates a negative effect of venous
congestion on clinical outcomes (10), which affects every
organ (11). Pulmonary edema, chest wall edema, and prolonged ventilation are examples of these effects on the
lungs. Other detrimental effects include hepatic congestion,
abdominal compartment syndrome (12), abdominal wall
edema, ileus, renal interstitial edema, diastolic dysfunction,
and intrinsic myocardial depression (13–15). There is growing evidence that volume overload, kidney hyperemia, or
increased pressure in the kidney capsule results in AKI
(16–19). The pressure gradient that drives ultraﬁltration in
glomeruli is roughly 10–15 mm Hg (20). Intrarenal hypertension can increase the pressures in interstitial tissues
around the peritubular capillaries. A subtle increase in the
interstitial pressure could signiﬁcantly reduce peritubular
capillary perfusion and lead to tubular ischemia. Kidney
hyperemia, congestion, or edema can occur both as a direct
result of shock and also as a result of its management (13).
There is a well-described relationship between venous congestion, increased kidney volume (21), and intrarenal hypertension (13). Indeed, increasing central venous pressure
(CVP) is one of the strongest predictors of worsening kidney
function among all other hemodynamic variables (22).
Venous congestion (23,24) can occur as a result of aggressive
volume resuscitation (25), heart failure (26,27), pulmonary
hypertension, or sepsis (28–30). Minimizing kidney congestion and intra-abdominal hypertension can also mitigate the
risk of AKI and/or expedite its recovery (31,32).
Fluid Management Strategies
The “4 D’s” of ﬂuid therapy (drug, duration, dose,
de-escalation) (11) are important concepts that vary during
different stages of shock management. These have also
been termed salvage, optimization, stabilization, and
de-escalation (1). The cornerstone of shock management is
choosing the most appropriate ﬂuid type and delivering it
at the correct rate (in an appropriate amount), with a plan
to remove it when recovery begins.
Fluid administration strategies vary from strict protocolized approaches to more nuanced and individualized
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treatment plans and range from conservative (dry) to
liberal (wet) ﬂuid administration strategies. By way of
example, CVP targets might average 4–8 cm H2O in a
conservative approach versus 8–12 cm H2O in a liberal
strategy. The key (and still unanswered) question is which
of these strategies leads to the best clinical outcomes.
Fluid strategies have evolved over the last two decades.
In 2001, Rivers et al. (33) reported on a single-center, randomized controlled trial of early goal-directed therapy versus usual care in patients with septic shock in a US urban
emergency department. Early goal-directed therapy constituted a 6-hour resuscitation protocol for administration of
intravenous ﬂuid, vasopressors, inotropes, and red blood
cells to achieve a prespeciﬁed target for arterial BP, CVP,
central venous oxygen saturation, and hemoglobin level.
Mortality in that trial was reportedly lower in the intervention group (31% versus 47% in the control group),
prompting many institutions worldwide to adopt this early
goal-directed therapy approach.
Three other studies (ARISE [34], PROCESS [35], and
PROMISE [36]) challenged the early goal-directed therapy
paradigm (Supplemental Table 1). These studies compared
early goal-directed therapy with usual care and found no
difference in mortality. In 2017, a meta-analysis of individual patient data from these three multicenter trials was
designed to improve statistical power and explore the heterogeneity of treatment effect of early goal-directed therapy
(37). Early goal-directed therapy was associated with a
greater need for intensive care and cardiovascular support
than usual care. Other outcomes did not differ signiﬁcantly,
although average costs were higher in the early goaldirected therapy groups. Subgroup analysis showed no
beneﬁt from early goal-directed therapy for patients with
more severe shock or in hospitals with a lower propensity
to use vasopressors or ﬂuids during usual resuscitation (37).
Furthermore, in another study comparing two ﬂuid management strategies in the setting of acute lung injury,
patients randomized to a ﬂuid conservative strategy had
signiﬁcantly more ventilator-free days and shorter lengths
of stay than the liberal ﬂuid strategy group. Still, no difference in mortality was found (38). Indeed, in another randomized trial, authors found signiﬁcantly less worsening
kidney function when the ultraconservative ﬂuid strategy
was compared with the current standard of care (39). Myles
et al. (40) compared conservative versus liberal ﬂuid management in the perioperative period among patients who
underwent major abdominal surgeries. Although the primary outcome (i.e., disability-free survival at 1 year) was
not different, patients in the liberal intravenous ﬂuid group
experienced less AKI and wound infection (40).
In summary, a conservative ﬂuid management strategy
seems to be associated with lower cost, shorter length of
stay in the intensive care unit (ICU), and more ventilatorfree days without affecting mortality.
End Points of Resuscitation
End points of resuscitation are important to guide therapy. During acute critical illness, rapid restoration of perfusion pressure is a priority. Unfortunately, no single marker
guarantees adequate oxygen delivery or organ perfusion.
Traditionally, urine output, serum lactate level, and mean
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arterial pressure are followed and monitored to guide and
assess resuscitation; however, the optimal end point of
resuscitation remains controversial. Therefore, there is a
need for a multimodal approach that combines different
parameters, including cardiac output and assessment of
venous congestion (41).

Assessment of Fluid Status

A thorough assessment of ﬂuid status is essential to optimize effective blood volume and cardiac output while
avoiding volume overload. A comprehensive ﬂuid status
evaluation requires information regarding the macrocirculation (effective blood volume; mean systemic ﬁlling
pressure [42,43] and mean arterial pressure; cardiac contractility; liver, kidney, and bowel compartmental pressures; and intra-abdominal and intrathoracic pressures)
and the microcirculation (capillary permeability and perfusion, glycocalyx layer integrity, and tissue edema). (The
mean systemic ﬁlling pressure is deﬁned as the mean pressure that exists in the circulatory system when there is no
blood motion. The difference between mean systemic ﬁlling pressure and right atrial pressure determines blood
return to the right atrium.) The complexity of this assessment makes it very challenging. Despite this, intensivists
do now have access to an array of tools that can better
approximate a patient’s actual intravascular and interstitial
volume status (Figure 2).
History, Physical Examination, and Biomarkers
Obtaining a comprehensive history should identify the
dominant shock type, which, in turn, may be used to strategize ﬂuid management (e.g., ﬂuids for hypovolemic and
distributive shock states and no or limited ﬂuids for
obstructive and cardiogenic shock states).
Physical signs of shock include altered mentation (44),
increased capillary reﬁll time (45), or mottled skin (46), and
these can be used for prioritization purposes. In addition,
signs of central venous congestion (e.g., jugular vein distention, edema, and pulmonary rhonchi [10]) generally indicate intravascular volume overload; pallor, reduced skin
turgor, and sinus tachycardia usually point to a need for
intravascular volume expansion.
Measurement of serum biomarkers of perfusion, such as
lactate and renin, might also provide a means of highlighting the urgency of therapeutic intervention among patients
with circulatory shock (47,48).
Among patients with circulatory shock, acute and
chronic kidney dysfunction is common, and circulatory
shock also leads to kidney dysfunction if left uncorrected.
As kidneys are very sensitive to inadequate perfusion, low
urine output and worsening kidney function can manifest
as markers of hypoperfusion. As such, urine output and
kidney function typically improve with appropriate resuscitation. Indeed, urine output–guided ﬂuid therapy is associated with signiﬁcantly lower rates of AKI in some settings
(49). Therefore, it is important to highlight the speciﬁc role
of kidney failure in shock monitoring and assessment. Several kidney dysfunction complications can affect circulatory
shock management, including acid-base imbalances leading to changes in respiratory drive and response to
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Figure 2. | Major components in and tools for shock evaluation. CV, cardiovascular; CVP, central venous pressure; EKG, electrocardiogram; ID, infectious diseases; JVD, jugular venous distention; POCUS, point-of-care ultrasound; SPO2, saturation of peripheral oxygen;
VEXUS, venous excess ultrasound grading system.

vasoactive agents; electrolyte derangements resulting in
arrhythmia, myocardial dysfunction, muscle weakness,
and rhabdomyolysis; vascular tonicity; coagulation disorders (e.g., hypercoagulability and platelet dysfunction);
reduced toxin/drug elimination (e.g., digoxin and vancomycin); and ﬂuid retention (50).
Monitoring
Crude monitoring tools are routinely used in shock management and ﬂuid administration decision-making processes. These monitoring variables include continuous
recording of BP, heart, and respiratory rates; measurement
of oxygen saturation, end-tidal CO2, and urine output; and
continuous electrocardiography. Although these variables
are widely available, they often lack sufﬁcient sensitivity
and speciﬁcity to distinguish volume depletion, euvolemia,
and volume overload. More advanced monitoring tools for
hemodynamic and ﬂuid status assessments can be divided
into noninvasive (e.g., ultrasonography and cardiac output
changes in response to a ﬂuid challenge) and invasive (e.g.,
pulmonary artery catheters or CVP and systemic arterial
pressure monitoring via indwelling arterial catheter) tools.
Invasive tools are associated with complications such as
discomfort during placement, infection, and bleeding.
Hence, a noninvasive hemodynamic monitor is an appealing concept in both the emergency department and the
ICU. A summary of monitoring tools and approaches is
provided in Supplemental Table 2.
These devices and techniques produce both static and
dynamic variables. Static variables relate to ﬂuid status or
responsiveness and are measured intermittently. Dynamic
evaluations are measured continuously and typically
involve cardiac output monitoring. Dynamic indices of
ﬂuid responsiveness have been consistently shown to be
superior to static measurements.

Static Measures. When the “spot” ﬁlling pressures are
measured and interpreted, they are known as static variables. Central ﬁlling pressures are presumed to reﬂect left
ventricular end diastolic pressure, a surrogate for left ventricular end diastolic volume (i.e., left ventricular preload.)
However, left ventricular end diastolic pressure and volume do not have a linear relationship. Moreover, this relationship is not ﬁxed and can change acutely in patients
with coronary hypoperfusion and myocardial dysfunction.
Therefore, if ﬁlling pressures are used as a surrogate for
left ventricular end diastolic volume (preload), they may
often lead to misinterpretation of volume status.
The most commonly used static measure in most resuscitation protocols and guidelines is CVP. However, the
reliability of CVP for the guidance of ﬂuid management
decisions is controversial because of variations in physiology
in the case of valvular pathology, right ventricular dysfunction, pulmonary hypertension, and variation in intrathoracic
pressure with positive pressure mechanical ventilation.
Indeed, a systematic review of 24 studies, including 803 patients, demonstrated a very poor relationship between CVP
and effective blood volume and concluded that neither CVP
itself nor changes in CVP can predict the hemodynamic
response to a ﬂuid challenge (51).
The pulmonary artery catheter was introduced to clinical
practice in 1970, after initial development in the 1960s
(52,53). A pulmonary artery catheter can be inserted at the
bedside without ﬂuoroscopy via a central line introducer
sheath into the right heart and thence the pulmonary
artery, guided by a pressure waveform displayed on the
bedside monitor. Pressure information derived from the
pulmonary artery catheter includes CVP, right ventricular
systolic and diastolic pressures, pulmonary artery systolic
and diastolic pressures, and pulmonary artery occlusion
pressure (a surrogate for left atrial pressure or left
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ventricular end diastolic pressure). The pulmonary artery
catheter can also measure cardiac output using a continuous or intermittent thermodilution technique on the basis
of the Stewart–Hamilton equation (54). The utilization of
pulmonary artery catheters peaked during the 1980s and
1990s, but its usage has since trailed off due to its invasive
nature and subsequent randomized controlled studies that
demonstrated no clear outcome beneﬁt. In a randomized
controlled trial of 433 patients at 26 sites to determine
whether the pulmonary artery catheter is safe and can
improve clinical outcomes in patients hospitalized with
severe symptomatic and recurrent heart failure, the authors
did not ﬁnd any effect on clinical outcomes, including mortality rates. Indeed, use of a pulmonary artery catheter was
associated with a higher incidence of adverse events. However, the trial speciﬁcally excluded patients who the investigators thought might beneﬁt from a pulmonary artery
catheter. It was also conducted by seasoned physician
investigators who were highly experienced in evaluating
and managing heart failure (55). In a randomized trial of
patients with acute respiratory distress syndrome, using a
pulmonary artery catheter in comparison with a protocolized ﬂuid management did not show any beneﬁt. Yet, it
was associated with a signiﬁcantly higher incidence of
complications (56). Another cohort study was published in
1996 looking into the association between the use of right
heart catheterization during the ﬁrst 24 hours of ICU
admission and subsequent survival, length of stay in intensive care, and cost of care (57). Results showed that right
heart catheterization was associated with higher mortality
and resource utilization (57). Therefore, in a systematic
review of 5051 patients, investigators concluded that the
use of a pulmonary artery catheter does not beneﬁt patients
or affect clinical outcomes (58).
Despite this, our opinion is that use of CVP and a pulmonary artery catheter by expert clinicians might be helpful in
speciﬁc circumstances and the proper setting. An example
is a patient who has undergone heart surgery or has suffered a right ventricular infarction, acute pulmonary embolism, or cardiac tamponade. In these cases, CVP may be
used as a marker of right ventricular function rather than
an indicator of volume status. Furthermore, a pulmonary
artery catheter can also be used in mixed shock states or
instances when other diagnostic evaluations are less informative. Indeed, cardiothoracic surgeons, intensivists, and
anesthesiologists familiar with the use of CVP and pulmonary artery catheter, as well as their limitations, can recognize inaccurate trends and adjust their treatment plans
accordingly. It is indeed possible that the pulmonary artery
catheter may enjoy something of a renaissance with the
currently increasing incidence of right heart dysfunction,
this time speciﬁcally for guidance in managing right heart
physiology rather than left-sided cardiovascular function
as was previously the case.
Dynamic Measures. Dynamic indices of ﬂuid responsiveness have been consistently shown to be superior to
static measures (59,60). Unlike static measurement of ﬁlling
pressures, dynamic monitoring variables allow an understanding of how the cardiovascular system reacts to changes
in circulating blood volume and myocardial preload (61).
Although dynamic assessments are more effective than static
measures, they are more difﬁcult to assess and often require
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some preconditions to be reliable. Below, we describe some
of the more commonly used dynamic measures.
The ﬂuid challenge test for ﬂuid responsiveness uses
rapid delivery of ﬂuids to determine cardiac output
changes. In a systematic review, only half of the patients
responded to a ﬂuid challenge, whereas the other half did
not beneﬁt and were possibly harmed (e.g., volume overloaded) by the challenge (62).
Pulse pressure, the difference between systolic and diastolic arterial BPs, varies with stroke volume changes;
therefore, it can be used as a surrogate for stroke volume.
Pulse pressure variation with respiratory cycles during
positive pressure ventilation occurs due to changes in intrathoracic pressure, which themselves lead to changes in
venous return. When patients are ﬂuid responsive, they
augment their cardiac output when preload increases. The
small changes in preload seen throughout the respiratory
cycle lead to variations in stroke volume and thus pulse
pressure. Therefore, pulse pressure variation may discriminate ﬂuid responsiveness from those who are ﬂuid refractory by approximating the patient’s current position on the
Frank–Starling curve. Several studies have demonstrated
that measured pulse pressure variation of 13%–15% is
strongly associated with volume responsiveness. Pulse
pressure variation index is calculated as the ratio of (maximum pulse pressure minus the minimum pulse pressure)
to the mean pulse pressure, usually averaged over three or
more breaths (63). A caveat is that it is unreliable when
patients are not receiving “full” or “passive” mechanical
ventilation with at least 8–10 ml/kg tidal volume, have
right heart failure, or have arrhythmias associated with
beat-to-beat variations (e.g., atrial ﬁbrillation, open chest
wound, and patients who have severely reduced lung
compliance). Thus, current approaches to pulse pressure
variation measurement may only be applicable to speciﬁc
subpopulations of patients in the ICU (64).
Similarly, stroke volume variation during the respiratory
cycle changes when patients are ﬂuid responsive. Therefore, if stroke volume could be measured in mechanically
ventilated patients, its variation could be used clinically.
Indeed, studies have consistently shown that stroke volume variation of .10% during the respiratory cycle is associated with ﬂuid responsiveness. Stroke volume variation
is calculated as the ratio of the maximum stroke volume
minus the minimum stroke volume to the mean stroke volume averaged over several respiratory cycles (63). As
stroke volume variation during respiratory cycles on
mechanical ventilation follows the same limitations as
pulse pressure variation, other conditions in which clinicians can actively alter preload could be used as alternatives. These alternatives include but are not limited to the
following. (1) The ﬁrst is administration of a ﬂuid challenge
during which infusion of a bolus of ﬂuid leads to increased
preload. A ﬂuid bolus can increase stroke volume by .10%
in some cases among ﬂuid-responsive patients. (2) The second is passive leg raising. (The following steps in conducting a passive leg raise maneuver are important for a valid
assessment. The process starts with head elevation to about
45 . In this position, the cardiac output is measured. Next,
the bed [without touching the patient] is adjusted in order
to lower the head to the horizontal position and raise the
legs to 45 –60 . Cardiac output is now remeasured in this
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studies have shown low reliability of this technology compared with standard techniques, such as thermodilution
(68). In comparison, point-of-care echocardiography can
provide a global assessment of ventricular and valvular
function and the measurement of stroke volume and cardiac output. Cardiac output may be calculated by determining the velocity-time integral of the spectral Doppler
envelope at the left ventricular outﬂow tract level. The
stroke volume can then be calculated using the product of
the velocity-time integral and left ventricular outﬂow tract
cross-sectional area and cardiac output by further multiplication of heart rate. Although this is a helpful tool for
assessing stroke volume, it has high inter-rater variability
and low reliability unless it is done by experienced clinicians (69). Modern ultrasound equipment can automate this
process, increasing its reliability.
Inferior vena cava (IVC) diameter variability in mechanically ventilated patients is a dynamic method of intravascular

position. After returning the patient to the original position,
cardiac output is once more assessed to conﬁrm its return
to baseline.) Typically, there are about 150–300 ml of blood
in the veins of the lower extremities. The passive leg raise
maneuver uses this volume to assess the effect of increasing
preload on the measured stroke volume (65,66). (3) During
15 seconds of an end expiratory pause in mechanical ventilation, a decline in intrathoracic pressure causes an increase
in preload, leading to an increase in stroke volume by
.15% among volume-responsive patients (67).
As mentioned above, stroke volume can be measured by
both invasive and noninvasive tools. Noninvasive cardiac
output monitors use a bioreactance technique that measures
the oscillating current during blood passage inside the chest
cavity to measure cardiac output. These devices convert
changes in the frequency of electrical currents into hemodynamic information, including stroke volume, cardiac output, and stroke volume variation. Unfortunately, several
View
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Figure 3. | Venous ﬂow patterns and organ congestion (76). Normal hepatic venous ﬂow patterns should have a ﬂow wave larger in
systole than in diastole. During progressive liver congestion, the ratio of systolic to diastolic ﬂow continues to decrease, and in severe
congestion, the systolic ﬂow becomes reversed. This is due to a progressive decline in right atrial compliance secondary to volume
overload. Normally, there is no pulsation in portal venous ﬂow. However, with progressive liver congestion, portal venous ﬂow becomes
increasingly pulsatile. Venous ﬂow in the intrarenal parenchymal vessels is also nonpulsatile in normal conditions. This changes with a
progressive increase in kidney intracapsular pressure and congestion. In mild to moderate congestion, pulsatile intrarenal venous ﬂow is
biphasic, becoming monophasic with progressive congestion (76).
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assessment on the basis of the variation in IVC diameter during the respiratory cycle (70). IVC diameter can be measured
at the end of inspiration and expiration using point-of-care
ultrasound (POCUS). The distensibility index is calculated
as maximum IVC diameter 2 minimum IVC diameter/
minimum diameter, and some modern ultrasound machines
provide this as an automated feature. Although IVC distensibility index of .18% is a good indicator of ﬂuid responsiveness, it only has predictive values in a speciﬁc subgroup of
patients similar to pulse pressure variation and stroke volume variation as described above (71).
Another test indicating the inadequacy of ﬂuid resuscitation during distributive shock is identifying an increased
gap between the partial pressure of carbon dioxide in simultaneously drawn venous and arterial blood samples (i.e.,
DPCO2) (72). This variable is directly related to CO2 production and inversely associated with cardiac output. When
CO2 production and cardiac output are normal, the DPCO2
is 2–6 mm Hg (73). However, during distributive shock, if
cardiac output is low and oxygen delivery is inadequate,
the DPCO2 increases to .6 mm Hg. In these conditions,
expanding preload instead of vasopressors could lead to
improved cardiac output and thus lower the DPCO2 (74,75).

Point-of-Care Ultrasonography in Fluid
Status Assessment
During the past decade, the application and utilization of
POCUS by intensive care physicians have skyrocketed. Following appropriate training and governance, POCUS can
provide timely and critical information. As mentioned
above, a global POCUS physical examination of patients in
shock can determine fundamental hemodynamic measures
(e.g., stroke volume, cardiac contractility, and valvular diseases). In addition, POCUS can assess organ congestion
and ﬂuid tolerance (76).
Lung ultrasonography allows estimation of both extravascular lung water and ﬂuid collections in the pleural
space. Therefore, a thorough evaluation of lung and cardiac
ultrasonography among patients with respiratory failure
can lead to a narrower differential diagnosis (77). Doppler
interrogation of the portal, hepatic, and intraparenchymal
kidney venous ﬂow patterns is a novel measure to assess
venous congestion (Figure 3). Blood ﬂows in the portal and
intraparenchymal kidney veins are normally nonpulsatile.
Several studies have shown that pulsatile ﬂows in these
vessels may be a marker of venous congestion and associated with end organ injury (78–81). In hepatic veins, blood
ﬂow is affected by the right atrial pressure changes. The
systolic blood ﬂow in hepatic veins declines when right
atrial compliance decreases due to increased RA pressure.
This, in turn, leads to reduced or reversal (from more than
one in normal ﬂow to less than one in venous congestion)
of the systolic-diastolic hepatic venous ﬂow ratio. In
extreme venous congestion, blood ﬂows back toward the
liver during systole. A single-center, prospective cohort
study of patients undergoing cardiopulmonary bypass surgery showed that portal and intraparenchymal kidney
venous ﬂow pulsatility are independently associated with
the risk of AKI even after multivariable adjustments, indicating the presence of organ congestion (82). In addition,
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in a different study, death and heart failure–related readmissions were signiﬁcantly more common among those
with intraparenchymal kidney venous ﬂow pulsatility than
those with continuous ﬂows (79).
The venous excess ultrasound grading system (VEXUS)
is a grading system using a combination of multiple pointof-care ultrasound markers to assess signiﬁcant venous
congestion, namely IVC diameter and portal, hepatic, and
intraparenchymal kidney venous ﬂow patterns. In an
investigation of patients after cardiac surgery, the authors
reported VEXUS as an independent predictor of postoperative AKI (83). However, the VEXUS grading system is currently not widely used because it is technically challenging
and time consuming. Nevertheless, with further clinical
validation and determination of its precise role in patient
care, simpler versions on the basis of the same physiologic
concepts are likely to be adopted into clinical practice, particularly for assessing more complex patients.
Achieving and maintaining euvolemic status among
patients with shock are among the primary goals of effective
hemodynamic management. However, despite tremendous
progress in our understanding of ﬂuid resuscitation and
technology, reliably reaching euvolemia continues to remain
a challenge. We believe that assessing and considering a
combination of variables are likely to improve patient care.
These variables include information gained from a careful
history and physical examination, static and dynamic hemodynamic measurements, POCUS data, and serum biomarker
information. The underlying goal for clinicians remains to
identify ﬂuid responsiveness and avoid ﬂuid administration
in patients at most risk of ﬂuid overload.
Disclosures
K. Kashani reports consultancy agreements with AM PHARMA;
research funding from La Jolla Inc.; honoraria from Nikkiso; patents and inventions with MediBeacon; and serving as a scientiﬁc
advisor or member of Baxter, GE, La Jolla Inc., and MediBeacon
Inc. A.D. Shaw reports consultancy agreements with AM Pharma,
Astellas Inc., Edwards Lifesciences, FAST BioMedical, and Novartis; honoraria from AM Pharma, Astellas Inc., Astute FAST,
Edwards Lifesciences, and Novartis; and serving as a scientiﬁc
advisor or member of AM Pharma, Astellas Inc., Edwards Lifesciences, FAST BioMedical, and Novartis. The remaining author
has nothing to disclose.
Funding
None.
Author Contributions
K. Kashani and A.D. Shaw conceptualized the study; K. Kashani
and A.D. Shaw provided supervision; T. Omer wrote the original
draft; and K. Kashani and A.D. Shaw reviewed and edited the
manuscript.
Supplemental Material
This article contains the following supplemental material online
at http://cjasn.asnjournals.org/lookup/suppl/doi:10.2215/CJN.
14191021/-/DCSupplemental.
Supplemental Table 1. Summary of major multicenter trials
related to early goal-directed therapy.
Supplemental Table 2. Comparison of invasive, minimally invasive, and noninvasive cardiac output monitoring tools.

714 CJASN

References
1. Vincent JL, De Backer D: Circulatory shock. N Engl J Med 369:
1726–1734, 2013
2. Bentzer P, Griesdale DE, Boyd J, MacLean K, Sirounis D, Ayas
NT: Will This hemodynamically unstable patient respond to a
bolus of intravenous ﬂuids? JAMA 316: 1298–1309, 2016
3. Ostermann M, Liu K, Kashani K: Fluid management in acute
kidney injury. Chest 156: 594–603, 2019
4. Sharfuddin AA, Molitoris BA: Pathophysiology of ischemic
acute kidney injury. Nat Rev Nephrol 7: 189–200, 2011
€llmar M, Ostermann M, Lucchese G, Baig K,
5. Zarbock A, Ku
Cennamo A, Rajani R, McCorkell S, Arndt C, Wulf H, Irqsusi
M, Monaco F, Di Prima AL, Garcıa Alvarez M, Italiano S,
Miralles Bagan J, Kunst G, Nair S, L’Acqua C, Hoste E, Vandenberghe W, Honore PM, Kellum JA, Forni LG, Grieshaber P,
Massoth C, Weiss R, Gerss J, Wempe C, Meersch M: Prevention of cardiac surgery-associated acute kidney injury by
implementing the KDIGO guidelines in high-risk patients identiﬁed by biomarkers: The PrevAKI-multicenter randomized controlled trial. Anesth Analg 133: 292–302, 2021
6. Beaubien-Souligny W, Bouchard J, Desjardins G, Lamarche Y,
Liszkowski M, Robillard P, Denault A: Extracardiac signs of ﬂuid
overload in the critically ill cardiac patient: A focused evaluation
using bedside ultrasound. Can J Cardiol 33: 88–100, 2017
7. Squara P, Hollenberg S, Payen D: Reconsidering vasopressors
for cardiogenic shock: Everything should be made as simple as
possible, but not simpler. Chest 156: 392–401, 2019
8. De Backer D, Orbegozo Cortes D, Donadello K, Vincent JL:
Pathophysiology of microcirculatory dysfunction and the pathogenesis of septic shock. Virulence 5: 73–79, 2014
9. Saito S, Uchino S, Takinami M, Uezono S, Bellomo R:
Postoperative blood pressure deﬁcit and acute kidney injury
progression in vasopressor-dependent cardiovascular surgery
patients. Crit Care 20: 74, 2016
10. Chen KP, Cavender S, Lee J, Feng M, Mark RG, Celi LA,
Mukamal KJ, Danziger J: Peripheral edema, central venous
pressure, and risk of AKI in critical illness. Clin J Am Soc
Nephrol 11: 602–608, 2016
11. Malbrain MLNG, Van Regenmortel N, Saugel B, De Tavernier
B, Van Gaal PJ, Joannes-Boyau O, Teboul JL, Rice TW, Mythen
M, Monnet X: Principles of ﬂuid management and stewardship
in septic shock: It is time to consider the four D’s and the four
phases of ﬂuid therapy. Ann Intensive Care 8: 66, 2018
12. Dalﬁno L, Tullo L, Donadio I, Malcangi V, Brienza N: Intraabdominal hypertension and acute renal failure in critically ill
patients. Intensive Care Med 34: 707–713, 2008
13. Cruces P, Salas C, Lillo P, Salomon T, Lillo F, Hurtado DE: The
renal compartment: A hydraulic view. Intensive Care Med Exp
2: 26, 2014
14. Winton FR: The inﬂuence of venous pressure on the isolated
mammalian kidney. J Physiol 72: 49–61, 1931
15. Lim HS: Cardiogenic shock: Failure of oxygen delivery and
oxygen utilization. Clin Cardiol 39: 477–483, 2016
16. Kim IY, Kim JH, Lee DW, Lee SB, Rhee H, Seong EY, Kwak IS,
Song SH: Fluid overload and survival in critically ill patients
with acute kidney injury receiving continuous renal replacement therapy. PLoS One 12: e0172137, 2017
17. Woodward CW, Lambert J, Ortiz-Soriano V, Li Y, Ruiz-Conejo
M, Bissell BD, Kelly A, Adams P, Yessayan L, Morris PE, Neyra
JA: Fluid overload associates with major adverse kidney events
in critically ill patients with acute kidney injury requiring continuous renal replacement therapy. Crit Care Med 47: e753–
e760, 2019
18. Biancoﬁore G, Bindi L, Romanelli AM, Bisa M, Boldrini A,
Consani G, Danella A, Urbani L, Filipponi F, Mosca F: Renal
failure and abdominal hypertension after liver transplantation:
Determination of critical intra-abdominal pressure. Liver
Transpl 8: 1175–1181, 2002
19. Mullens W, Abrahams Z, Skouri HN, Francis GS, Taylor DO,
Starling RC, Paganini E, Tang WH: Elevated intra-abdominal
pressure in acute decompensated heart failure: A potential contributor to worsening renal function? J Am Coll Cardiol 51:
300–306, 2008
20. Prowle JR, Echeverri JE, Ligabo EV, Ronco C, Bellomo R: Fluid balance and acute kidney injury. Nat Rev Nephrol 6: 107–115, 2010

21. Chowdhury AH, Cox EF, Francis ST, Lobo DN: A randomized,
controlled, double-blind crossover study on the effects of 2-L
R 148 on renal blood
infusions of 0.9% saline and plasma-lyteV
ﬂow velocity and renal cortical tissue perfusion in healthy volunteers. Ann Surg 256: 18–24, 2012
22. Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO,
Starling RC, Young JB, Tang WHW: Importance of venous congestion for worsening of renal function in advanced decompensated heart failure. J Am Coll Cardiol 53: 589–596, 2009
23. Damman K, van Deursen VM, Navis G, Voors AA, van Veldhuisen DJ, Hillege HL: Increased central venous pressure is
associated with impaired renal function and mortality in a
broad spectrum of patients with cardiovascular disease. J Am
Coll Cardiol 53: 582–588, 2009
24. Chen C-Y, Zhou Y, Wang P, Qi E-Y, Gu W-J: Elevated central
venous pressure is associated with increased mortality and
acute kidney injury in critically ill patients: A meta-analysis.
Crit Care 24: 80, 2020
25. Boyd JH, Forbes J, Nakada TA, Walley KR, Russell JA: Fluid
resuscitation in septic shock: A positive ﬂuid balance and elevated central venous pressure are associated with increased
mortality. Crit Care Med 39: 259–265, 2011
26. Verbrugge FH, Mullens W, Malbrain M: Worsening renal function during decompensated heart failure: The cardio-abdomino-renal syndrome. In: Annual Update in Intensive Care and
Emergency Medicine 2012, edited by Vincent J-L, Berlin,
Springer, 2012, pp 577–588
27. Chen C, Lee J, Johnson AE, Mark RG, Celi LA, Danziger J:
Right ventricular function, peripheral edema, and acute kidney
injury in critical illness. Kidney Int Rep 2: 1059–1065, 2017
28. Legrand M, Dupuis C, Simon C, Gayat E, Mateo J, Lukaszewicz
AC, Payen D: Association between systemic hemodynamics
and septic acute kidney injury in critically ill patients: A retrospective observational study. Crit Care 17: R278, 2013
29. Langenberg C, Bellomo R, May C, Wan L, Egi M, Morgera S:
Renal blood ﬂow in sepsis. Crit Care 9: R363–R374, 2005
30. Post EH, Kellum JA, Bellomo R, Vincent JL: Renal perfusion in
sepsis: From macro- to microcirculation. Kidney Int 91: 45–60,
2017
31. Mullens W, Abrahams Z, Francis GS, Taylor DO, Starling RC,
Tang WH: Prompt reduction in intra-abdominal pressure following large-volume mechanical ﬂuid removal improves renal
insufﬁciency in refractory decompensated heart failure. J Card
Fail 14: 508–514, 2008
32. Testani JM, Chen J, McCauley BD, Kimmel SE, Shannon RP:
Potential effects of aggressive decongestion during the treatment of decompensated heart failure on renal function and survival. Circulation 122: 265–272, 2010
33. Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich
B, Peterson E, Tomlanovich M; Early Goal-Directed Therapy
Collaborative Group: Early goal-directed therapy in the treatment of severe sepsis and septic shock. N Engl J Med 345:
1368–1377, 2001
34. Peake SL, Delaney A, Bailey M, Bellomo R, Cameron PA,
Cooper DJ, Higgins AM, Holdgate A, Howe BD, Webb SA,
Williams P; ARISE Investigators; ANZICS Clinical Trials Group:
Goal-directed resuscitation for patients with early septic shock.
N Engl J Med 371: 1496–1506, 2014
35. Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA,
Pike F, Terndrup T, Wang HE, Hou PC, LoVecchio F, Filbin
MR, Shapiro NI, Angus DC; ProCESS Investigators: A randomized trial of protocol-based care for early septic shock. N Engl
J Med 370: 1683–1693, 2014
36. Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique
MZ, Grieve RD, Jahan R, Harvey SE, Bell D, Bion JF, Coats TJ,
Singer M, Young JD, Rowan KM; ProMISe Trial Investigators:
Trial of early, goal-directed resuscitation for septic shock.
N Engl J Med 372: 1301–1311, 2015
37. Rowan KM, Angus DC, Bailey M, Barnato AE, Bellomo R,
Canter RR, Coats TJ, Delaney A, Gimbel E, Grieve RD,
Harrison DA, Higgins AM, Howe B, Huang DT, Kellum JA,
Mouncey PR, Music E, Peake SL, Pike F, Reade MC, Sadique
MZ, Singer M, Yealy DM; PRISM Investigators: Early,
goal-directed therapy for septic shock—A patient-level metaanalysis. N Engl J Med 376: 2223–2234, 2017

CJASN 17: 706–716, May, 2022

38. Lee J, Corl K, Levy MM: Fluid therapy and acute respiratory
distress syndrome. Crit Care Clin 37: 867–875, 2021
39. Hjortrup PB, Haase N, Bundgaard H, Thomsen SL, Winding R,
Pettil€
a V, Aaen A, Lodahl D, Berthelsen RE, Christensen H,
Madsen MB, Winkel P, Wetterslev J, Perner A; CLASSIC Trial
Group; Scandinavian Critical Care Trials Group: Restricting
volumes of resuscitation ﬂuid in adults with septic shock after
initial management: The CLASSIC randomised, parallel-group,
multicentre feasibility trial. Intensive Care Med 42: 1695–
1705, 2016
40. Myles PS, Bellomo R, Corcoran T, Forbes A, Peyton P, Story D,
Christophi C, Leslie K, McGuinness S, Parke R, Serpell J, Chan
MTV, Painter T, McCluskey S, Minto G, Wallace S; Australian
and New Zealand College of Anaesthetists Clinical Trials Network and the Australian and New Zealand Intensive Care Society Clinical Trials Group: Restrictive versus liberal ﬂuid therapy
for major abdominal surgery. N Engl J Med 378: 2263–2274,
2018
41. Heffner AC, Robinson MT: Fluid management. In: Critical Care
Emergency Medicine, edited by Farcy DA, Chiu WC, Flaxman
A, Marshall JP, New York, The McGraw-Hill Companies,
2012, chapter 47
42. Wijnberge M, Sindhunata DP, Pinsky MR, Vlaar AP, Ouweneel
E, Jansen JR, Veelo DP, Geerts BF: Estimating mean circulatory
ﬁlling pressure in clinical practice: A systematic review comparing three bedside methods in the critically ill. Ann Intensive
Care 8: 73, 2018
43. Jansen JR, Maas JJ, Pinsky MR: Bedside assessment of mean
systemic ﬁlling pressure. Curr Opin Crit Care 16: 231–236,
2010
44. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M,
Annane D, Bauer M, Bellomo R, Bernard GR, Chiche JD,
Coopersmith CM, Hotchkiss RS, Levy MM, Marshall JC, Martin
GS, Opal SM, Rubenfeld GD, van der Poll T, Vincent JL, Angus
DC: The Third International Consensus Deﬁnitions for Sepsis
and Septic Shock (Sepsis-3). JAMA 315: 801–810, 2016
45. Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT,
Hayden D, deBoisblanc B, Connors Jr. AF, Hite RD, Harabin
AL; National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome (ARDS) Clinical Trials Network: Comparison of two ﬂuid-management strategies in acute lung
injury. N Engl J Med 354: 2564–2575, 2006
46. Ait-Oufella H, Lemoinne S, Boelle PY, Galbois A, Baudel JL,
Lemant J, Joffre J, Margetis D, Guidet B, Maury E, Offenstadt G:
Mottling score predicts survival in septic shock. Intensive Care
Med 37: 801–807, 2011
47. Jeyaraju M, McCurdy MT, Levine AR, Devarajan P, Mazzefﬁ
MA, Mullins KE, Reif M, Yim DN, Parrino C, Lankford AS,
Chow JH: Renin kinetics are superior to lactate kinetics for predicting in-hospital mortality in hypotensive critically ill
patients. Crit Care Med 50: 50–60, 2022
48. Sugimoto M, Takayama W, Murata K, Otomo Y: The impact of
lactate clearance on outcomes according to infection sites in
patients with sepsis: A retrospective observational study. Sci
Rep 11: 22394, 2021
49. Moroni F, Baldetti L, Kabali C, Briguori C, Maioli M, Toso A,
Brilakis ES, Gurm HS, Bagur R, Azzalini L: Tailored versus standard hydration to prevent acute kidney injury after percutaneous coronary intervention: Network meta-analysis. J Am Heart
Assoc 10: e021342, 2021
50. Godin M, Murray P, Mehta RL: Clinical approach to the patient
with AKI and sepsis. Semin Nephrol 35: 12–22, 2015
51. Marik PE, Baram M, Vahid B: Does central venous pressure
predict ﬂuid responsiveness? A systematic review of the literature and the tale of seven mares. Chest 134: 172–178, 2008
52. Branthwaite MA, Bradley RD: Measurement of cardiac output
by thermal dilution in man. J Appl Physiol 24: 434–438, 1968
53. Bradley RD: Diagnostic right-heart catheterisation with miniature catheters in severely ill patients. Lancet 2: 941–942, 1964
54. Argueta EE, Paniagua D: Thermodilution cardiac output: A concept
over 250 years in the making. Cardiol Rev 27: 138–144, 2019
55. Binanay C, Califf RM, Hasselblad V, O’Connor CM, Shah MR,
Sopko G, Stevenson LW, Francis GS, Leier CV, Miller LW;

Fluid Responsiveness Assessment, Kashani et al.

56.

57.

58.

59.

60.

61.
62.
63.
64.

65.
66.
67.

68.

69.

70.
71.
72.

73.
74.

715

ESCAPE Investigators and ESCAPE Study Coordinators: Evaluation study of congestive heart failure and pulmonary artery
catheterization effectiveness: The ESCAPE trial. JAMA 294:
1625–1633, 2005
Wheeler AP, Bernard GR, Thompson BT, Schoenfeld D,
Wiedemann HP, deBoisblanc B, Connors Jr. AF, Hite RD,
Harabin AL; National Heart, Lung, and Blood Institute Acute
Respiratory Distress Syndrome (ARDS) Clinical Trials Network:
Pulmonary-artery versus central venous catheter to guide treatment of acute lung injury. N Engl J Med 354: 2213–2224, 2006
Connors Jr. AF, Speroff T, Dawson NV, Thomas C, Harrell Jr.
FE, Wagner D, Desbiens N, Goldman L, Wu AW, Califf RM,
Fulkerson Jr. WJ, Vidaillet H, Broste S, Bellamy P, Lynn J,
Knaus WA; SUPPORT Investigators: The effectiveness of right
heart catheterization in the initial care of critically ill patients.
JAMA 276: 889–897, 1996
Shah MR, Hasselblad V, Stevenson LW, Binanay C, O’Connor
CM, Sopko G, Califf RM: Impact of the pulmonary artery
catheter in critically ill patients: Meta-analysis of randomized
clinical trials. JAMA 294: 1664–1670, 2005
Marik PE, Cavallazzi R, Vasu T, Hirani A: Dynamic changes in
arterial waveform derived variables and ﬂuid responsiveness in
mechanically ventilated patients: A systematic review of the literature. Crit Care Med 37: 2642–2647, 2009
Bednarczyk JM, Fridﬁnnson JA, Kumar A, Blanchard L, Rabbani
R, Bell D, Funk D, Turgeon AF, Abou-Setta AM, Zarychanski
R: Incorporating dynamic assessment of ﬂuid responsiveness
into goal-directed therapy: A systematic review and metaanalysis. Crit Care Med 45: 1538–1545, 2017
Pinsky MR: Functional hemodynamic monitoring. Crit Care
Clin 31: 89–111, 2015
Michard F, Teboul JL: Predicting ﬂuid responsiveness in ICU
patients: A critical analysis of the evidence. Chest 121: 2000–
2008, 2002
Pinsky MR: Functional haemodynamic monitoring. Curr Opin
Crit Care 20: 288–293, 2014
Michard F, Chemla D, Richard C, Wysocki M, Pinsky MR,
Lecarpentier Y, Teboul JL: Clinical use of respiratory changes
in arterial pulse pressure to monitor the hemodynamic effects
of PEEP. Am J Respir Crit Care Med 159: 935–939, 1999
Monnet X, Marik P, Teboul JL: Passive leg raising for predicting
ﬂuid responsiveness: A systematic review and meta-analysis.
Intensive Care Med 42: 1935–1947, 2016
Marik PE, Monnet X, Teboul JL: Hemodynamic parameters to
guide ﬂuid therapy. Ann Intensive Care 1: 1, 2011
Monnet X, Osman D, Ridel C, Lamia B, Richard C, Teboul JL:
Predicting volume responsiveness by using the end-expiratory
occlusion in mechanically ventilated intensive care unit
patients. Crit Care Med 37: 951–956, 2009
Rali AS, Buechler T, Van Gotten B, Waters A, Shah Z, Haglund
N, Sauer A: Non-invasive cardiac output monitoring in cardiogenic shock: The NICOM study. J Card Fail 26: 160–165,
2020
Koratala A, Kazory A: Point of care ultrasonography for objective assessment of heart failure: Integration of cardiac, vascular,
and extravascular determinants of volume status. Cardiorenal
Med 11: 5–17, 2021
Feissel M, Michard F, Faller JP, Teboul JL: The respiratory variation in inferior vena cava diameter as a guide to ﬂuid therapy.
Intensive Care Med 30: 1834–1837, 2004
Furtado S, Reis L: Inferior vena cava evaluation in ﬂuid therapy
decision making in intensive care: Practical implications. Rev
Bras Ter Intensiva 31: 240–247, 2019
Mallat J, Lemyze M, Tronchon L, Vallet B, Thevenin D: Use of
venous-to-arterial carbon dioxide tension difference to guide
resuscitation therapy in septic shock. World J Crit Care Med 5:
47–56, 2016
Groeneveld AB: Interpreting the venous-arterial PCO2 difference. Crit Care Med 26: 979–980, 1998
Groeneveld AB, Vermeij CG, Thijs LG: Arterial and mixed
venous blood acid-base balance during hypoperfusion with
incremental positive end-expiratory pressure in the pig. Anesth
Analg 73: 576–582, 1991

716 CJASN

75. Rackow EC, Astiz ME, Mecher CE, Weil MH: Increased
venous-arterial carbon dioxide tension difference during severe
sepsis in rats. Crit Care Med 22: 121–125, 1994
76. Safadi S, Murthi S, Kashani KB: Use of ultrasound to assess hemodynamics in acutely ill patients. Kidney360 2: 1349–1359, 2021
77. Lichtenstein DA, Meziere GA: Relevance of lung ultrasound in
the diagnosis of acute respiratory failure: The BLUE protocol.
Chest 134: 117–125, 2008
78. Beaubien-Souligny W, Eljaiek R, Fortier A, Lamarche Y,
Liszkowski M, Bouchard J, Denault AY: The association
between pulsatile portal ﬂow and acute kidney injury after
cardiac surgery: A retrospective cohort study. J Cardiothorac
Vasc Anesth 32: 1780–1787, 2018
79. Iida N, Seo Y, Sai S, Machino-Ohtsuka T, Yamamoto M, Ishizu
T, Kawakami Y, Aonuma K: Clinical implications of intrarenal
hemodynamic evaluation by Doppler ultrasonography in heart
failure. JACC Heart Fail 4: 674–682, 2016
80. Jeong SH, Jung DC, Kim SH, Kim SH: Renal venous doppler
ultrasonography in normal subjects and patients with diabetic
nephropathy: Value of venous impedance index measurements. J Clin Ultrasound 39: 512–518, 2011

81. Nijst P, Martens P, Dupont M, Tang WHW, Mullens W:
Intrarenal ﬂow alterations during transition from euvolemia to
intravascular volume expansion in heart failure patients. JACC
Heart Fail 5: 672–681, 2017
82. Beaubien-Souligny W, Benkreira A, Robillard P, Bouabdallaoui
N, Chasse M, Desjardins G, Lamarche Y, White M, Bouchard
J, Denault A: Alterations in portal vein ﬂow and intrarenal
venous ﬂow are associated with acute kidney injury after cardiac surgery: A prospective observational cohort study. J Am
Heart Assoc 7: e009961, 2018
83. Beaubien-Souligny W, Rola P, Haycock K, Bouchard J, Lamarche
Y, Spiegel R, Denault AY: Quantifying systemic congestion with
point-of-care ultrasound: Development of the venous excess ultrasound grading system. Ultrasound J 12: 16, 2020
84. Weil MH, Shubin H: Proposed reclassiﬁcation of shock states
with special reference to distributive defects. Adv Exp Med Biol
23: 13–23, 1971
Published online ahead of print. Publication date available at
www.cjasn.org.

