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The assessment of critically ill patients’ cardiovascular state
through hemodynamic monitoring is essential to define
both stability and change. But monitoring can be im-
proved by maneuvers designed to stress the
cardiovascular state. For example, gallop rhythms heard
increasing with spontaneous inspiration or associated
paradoxical septal shift by echocardiography connote
right heart failure. Similarly, tachycardia and near syn-
cope upon sitting up from a supine position connotes
hypovolemia. These maneuvers reflect functional bedside
tests of the patient’s physiologic reserve. Functional he-
modynamic monitoring (FHM) is the process of assessing
the dynamic response of a measured hemodynamic vari-
able to a defined, reproducible, and readily reversible
extrinsic stress [1]. FHM parameters are commonly used
to predict cardiac output responses to volume loading [2,
3], although their applications are broader.

Since a primary cardiovascular management decision
in shock is whether or not to give intravascular fluids to
increase blood flow [3], knowing if a patient is volume
responsive before giving fluids will both prevent excess
overhydration of non-responsive patients and aid in
monitoring the response to fluid resuscitation in respon-
sive ones. Unfortunately, static hemodynamic measures
of ventricular preload poorly predict volume responsive-
ness [3]. The reasons why are due to inherit cardiac
responses to changes in loading. Beat-to-beat changes in
ventricular end-diastolic volume induce proportional
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changes in contractility owing to dynamic end-diastolic
sarcomere length changes altering intracellular calcium
sensitivity [4]. Such matching of dynamic changes in
ventricular end-diastolic volume and contractility is
essential to match the varying outputs of the two ventri-
cles to each other over short time transients. This is
referred to as heterometric regulation or Starling’s law of
the heart. However, over minutes intrinsic myocardial
contractility also changes to meet these changing de-
mands causing this relationship to dissolve because under
increased loads, steady state cardiac muscle calcium
transients up-regulate [5]. This steady state change in
contractility is referred to as intrinsic autoregulation or
the Anrep effect. Thus, steady state measures of preload
poorly predict volume responsiveness, whereas dynamic
ones predict it very well.

Many FHM approaches take advantage of these dy-
namic transients to measure either the capacity of the
ventricles to fill as the pressure gradient for ventricular
filling changes or for the ventricles to proportionally eject
this varying amount of volume [6]. Since the circulation
has two pumps that work both in parallel (ventricular
interdependence) and in series, one can assess either
right- or left-sided function to assess overall cardiovas-
cular reserve. Both spontaneous and positive-pressure
breathing, by altering the pressure gradients for venous
return to the right ventricle, can be used to assess both
right and left ventricular preload reserve [7] (Fig. 1). Both
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Fig. 1 Schematic readouts of
functional measures that purport
to assess volume
responsiveness. LV left
ventricle, RV right ventricle,
ITP intrathoracic pressure

Echocardiographic estimates of
RV functional reserve
by quantifying dynamic
changes in vessel diameter
Superior vena cava
Inferior vena cava
Internal jugular vein

during breathing

right and left ventricular preload reserve need to be pre-
sent for these dynamic hemodynamic changes to exist. If
either ventricle is in failure the dynamic response to ve-
nous pressure changes will not alter flow out of either
ventricle. Dynamic venous flow changes during sponta-
neous and positive-pressure ventilation track the right
ventricle’s ability to handle the changing volume loads
induced by these transient increases in the driving pres-
sure for venous return [8]. Thus, dynamic changes in
inferior vena caval [9], superior vena caval [10], and in-
ternal jugular venous diameters [11], as surrogates for the
ability of the right ventricle to accept changing inflows
without overdistending, measure the adaptability of the
right side of the circulation. Threshold values above
10-15 % change in diameter exist in volume-responsive
subjects. These analyses can be easily taught and per-
formed but cannot be assessed continuously.

Although interest in left ventricular stroke volume
variation (SVV) and arterial pulse pressure variation
(PPV), as continuous markers of volume responsiveness,
have emerged as functional hemodynamic parameters [2],
they are limited in their application to those subjects on
positive-pressure ventilation and without severe cor pul-
monale or intra-abdominal hypertension (Table 1). They
remain valuable if high variability if observed in low tidal
volume ventilation [12]. Still, during the early phases of
resuscitation from severe circulatory shock and in most
intraoperative surgical patients, these measures remain
important continuous parameters of volume responsive-
ness. Furthermore, PPV and SVV can also be estimated
using many techniques, including ultrasound measures of
aortic outflow or descending aortic flow [13] and pulse
oximeter pleth variability [14]. If these dynamic pa-
rameters are at the lower threshold of prediction, the so-
called gray zone, other maneuvers, like small volume
fluid challenges or passive leg raising (PLR) maneuvers
(infra vide), may need to define volume responsiveness.

Because both SVV and PPV sensitivity degrade during
spontaneous ventilation, cor pulmonale, high levels of
positive end-expiratory airway pressure, and low tidal

Venous Return

Functional Hemodynamic Monitoring Parameters of Volume Responsiveness

Left Ventricular Output

Echocardiographic estimates of LV
functional reserve
by quantifying dynamic LV outflow
during positive-pressure breathing
Aortic flow velocity variation
Descending Aortic flow
variation

Thorax A

ITP

Arterial pressure and left ventricular flow
variations during positive pressure
breathing
Pulse pressure variation

Stroke volume variation

Changes in stroke volume with
Apneic hold maneuver
Passive leg raising

Table 1 Limitations to the use of functional hemodynamic
monitoring parameters to predict volume responsiveness

1. IVC, SVC, IJV diameter variability during ventilation
A. Primary signal quality
Inability to visualize venous structures throughout the
ventilatory cycle
Arrhythmias causing R-R interval to vary (e.g., atrial
fibrillation)
B. Inadequate dynamic venous return pressure changes (false
negative)
Tidal volume <8 ml kg™
Intra-abdominal hypertension
2. PPV, SVV during positive-pressure ventilation
A. Primary signal quality
Lack of accurate arterial pressure waveform
Inability to visualize arterial flow by ultrasound
Arrhythmias causing R-R interval to vary (e.g., atrial
fibrillation)
B. Inadequate dynamic venous return pressure changes (false
negative)
Tidal volume <8 ml kg™
Intra-abdominal hypertension
C. Reverse pulsus paradoxus (false positive)
Excessive positive end-expiratory pressure
Large tidal volume ventilation
Decompensated pulmonary hypertension
Ventricular interdependence caused by spontaneous
inspiratory efforts
3. Expiratory hold maneuver
A. Primary signal quality
Lack of accurate arterial pressure waveform
Arrhythmias causing R-R interval to vary (e.g., atrial
fibrillation)
B. Inadequate dynamic venous return pressure changes (false
negative)
Tidal volume <8 ml kg™
4. Passive leg raising changes in cardiac output
A. Inadequate volume challenge
Intra-abdominal hypertension
Lower extremity amputee or profound atrophy
B. Inadequate dynamic venous return pressure changes (false
negative)
Intra-abdominal hypertension

IVC inferior vena cava, SVC superior vena cava, IJV internal
jugular vein, PPV arterial pulse pressure variation, SVV left ven-
tricular stroke volume variation
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volume ventilation [12], alterative tests have been pro-
posed. Specifically, performing PLR and monitoring
transient changes in cardiac output is a very sensitive and
specific predictor of volume responsiveness under most
conditions [15]. It becomes inaccurate when intra-ab-
dominal hypertension exists [16]. Still, these parameters
reflect discrete discontinuous measures.

At the end of the day, we are left with certain clinical
realities. First, no monitoring device, no matter how in-
sightful its data or displays, will improve patient outcome
unless coupled to a treatment which itself improves out-
come [1, 3]. Resuscitation efforts will only be beneficial if
viable tissues at risk for ischemic dysfunction or post-
insult inflammation are salvaged by that resuscitation
effort. Second, not all patients who are volume responsive
need fluid resuscitation and those that do need fluid re-
suscitation may not need it up until they are no longer
volume responsive. The goals of resuscitation need to be
defined on the basis of quantifiable targets of tissue per-
fusion, organ function, and overall host viability, not on

fixed values of oxygen delivery or arterial pressure. Third,
we rarely know the right combination of therapies needed
in most complex patients presenting with cardiovascular
insufficiency, so to treat all patients with the same vol-
ume/pressor/inotrope approach without regard to their
individual responses and initial functional status and co-
morbidities is to do many of our patients a disservice.
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