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IFA Commentary (MLNGM)
This chapter will explore a variety of different methods for determining fluid respon-
siveness, many of which are based on heart-lung interactions. A recent review paper 
provides a comprehensive overview of the various monitoring tools available, 
including arterial waveform variations and the passive leg raising test, as well as 
several other approaches [1]. It is noteworthy that any test, in order to be able to 
predict fluid responsiveness, should monitor cardiac output (CO) continuously.

Arterial waveform analysis. The first method to be discussed involves taking 
advantage of heart-lung interactions, specifically the respiratory variations in arterial 
pressure that are seen in ventilated patients. These variations have been shown to be 
related to central blood volume, diastolic function, and cardiac contractility. In 2000, 
Michard and colleagues demonstrated that the respiratory variation in pulse pres-
sure, or pulse pressure variation (PPV), which reflects stroke volume variation 
(SVV), can detect fluid responsiveness when it is increased above 12–15% during 
controlled mechanical ventilation [2].

Since then, numerous studies have confirmed the validity of this index, while oth-
ers have described various surrogates for stroke volume whose respiratory variabil-
ity predicts response to fluid, such as systolic pressure variation (SPV) with the 
separation of deltaUp and deltaDown phenomena [3]. Only the deltaDown is an 
indicator for fluid responsiveness whereas deltaUp can be increased in patients with 
heart failure and situations of increased intrathoracic pressure (e.g., with high PEEP, 
autoPEEP, or abdominal hypertension). However, the limitations of these functional 
hemodynamic parameters soon became apparent, as to be accurate, PPV and SVV 
require a fixed heart rate and a significant positive-pressure-induced increase in 
intrathoracic pressure.

Other factors, such as spontaneous respiratory activity, cardiac arrhythmias, 
lower tidal volumes used in the management of acute respiratory distress syndrome, 
as well as low pulmonary compliance, increased intra-abdominal pressure [4], and 
right heart failure, may generate false positives and false negatives [5], making nei-
ther PPV nor SVV usable across all patients with cardiovascular insufficiency.

Although a little bit counterintuitive, PPV has a better overall area under the 
receiver operating characteristic curve (AUROC) to predict fluid responsiveness 
compared to SVV, and thus is preferred. In 2004, two articles in the same issue of 
the journal reported the ability of changes in the inferior vena cava diameter to pre-
dict fluid responsiveness [6, 7]. Unfortunately, vena cava distensibility shares many 
limitations with PPV and SVV and has limited predictive value [8].

The passive leg raising test. To circumvent the limits of PPV, the passive leg rais-
ing (PLR) test has been developed. The postural change, which was used for years 
by rescuers in patients falling in collapse, induces a significant though transient 
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blood transfer from the lower extremities and the splanchnic territory that increases 
cardiac preload. The PLR test is considered positive if the cardiac output (CO) 
increases with 10%.

In 2006, the ability of the PLR test to detect preload responsiveness was demon-
strated, including in conditions in which PPV is invalid [9]. It has been widely vali-
dated and integrated into international recommendations [10].

The end expiratory occlusion test. In 2009, heart-lung interactions during 
mechanical ventilation were explored again, and the end-expiratory occlusion test 
was developed, consisting of temporarily stopping the cyclical drop in preload 
caused by insufflation. This test was shown to indicate preload responsiveness if CO 
increased with 5% [11].

The respiratory systolic variation test. The respiratory systolic variation test 
(RSVT) was developed in 2005, consisting of four incremental, successive, pressure- 
controlled breaths [12], and the slope of the RSVT decreased significantly after 
intravascular fluid administration and correlated with the end-diastolic area and with 
changes in cardiac output better than filling pressure. Later, in 2017, the tidal vol-
ume challenge was developed to use PPV despite low tidal volume ventilation [13]. 
It simply consists of transiently increasing the tidal volume from 6 to 8 mL/kg and 
detecting a PPV increase in preload-responsive patients. The haemodynamic effects 
of recruitment manoeuvres also use heart-lung interactions (Fig. 5.1).

The mini-fluid challenge test. Finally, since the “classical” fluid challenge (4 ml/
kg/5–15 min) inherently induces fluid overload (when continued until the patient 
becomes no longer fluid responsive), a “mini-fluid challenge” made up of only 
100–150 mL (1–2 ml/kg/1–5 min) of fluid was demonstrated to also predict volume 
responsiveness but with less inherent fluid accumulation (14). It has already received 
a reasonable validation.
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Fig. 5.1 Tests and indices of preload responsiveness with proposed timeline. The principle of the 
dynamic assessment of preload responsiveness is to observe spontaneous or induced changes in 
cardiac preload, and the resulting change in cardiac output, stroke volume or their surrogates. Some 
tests or indices use heart–lung interactions in mechanically ventilated patients, while some others 
mimic a classical fluid challenge. Diagnostic threshold and the year of description are indicated. CO 
cardiac output, PPV pulse pressure variation. Adapted with permission from Monnet et al. [1]

Learning Objectives
The learning objectives of this chapter are:
 1. Physiology of heart-lung interactions and their effect on hemodynamics
 2. Identify fluid responsiveness using heart-lung interactions
 3. Physiology, techniques, and evidence of various dynamic measures of fluid 

responsiveness based on heart-lung interactions
 4. Clinical implication of fluid responsiveness and consideration for fluid accumu-

lation with injudicious fluid administration

Case Vignette
Mr. J, a 62-year-old male with a history of hypertension, presented to the ICU with 
septic shock secondary to a urinary tract infection. The patient was intubated and 
mechanically ventilated, and initial resuscitation with fluids and vasopressors was 
initiated. The patient remained hypotensive despite ongoing vasopressor support. 
The critical care team suspected that the patient might be volume depleted, and they 
wanted to assess his fluid responsiveness.
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 Introduction

A thorough understanding of ventilation and its effects on the hemodynamics of critically 
ill patients constitutes an integral part of managing patients in intensive care units. 
Cardiopulmonary interactions in ventilated and non-ventilated patients may affect the 
hemodynamics, which can lead to diminished tissue oxygen delivery and organ dysfunc-
tions, thereby contributing to morbidity and mortality. Therefore, a thorough understand-
ing of the effects of spontaneous and positive pressure ventilation on the cardiovascular 
system helps us to understand hemodynamic perturbations better and manage them 
appropriately.

The main goal of fluid administration is to increase the preload and ultimately to 
improve cardiac output and oxygen delivery. While consensus exists on the use of fluid 
challenge to assess preload responsiveness, the type of fluid, extent and rate of administra-
tion, and hemodynamic targets need to be standardized in clinical practice [1]. At times, 
the fluid challenge is unsafe and leads to volume overload in non-responders [2].

Increasing evidence suggests that excessive fluid administration is associated with 
increased mortality [3]. Fluid need and responsiveness should be assessed before fluid 
administration to avoid volume overload and its complications.

Differentiating fluid responders from non-responders is essential to determine the effi-
cacy of therapy and to avoid the deleterious effects of volume overload. For this reason, 
various static and dynamic parameters have been used in critically ill patients to predict 
volume responsiveness. These parameters have varying degrees of accuracy and short-
comings in various patient groups. All these parameters are based on the impact of the 
cyclic variations caused by respiration on the cardiac filling and hence require a thorough 
understanding of heart-lung interactions. See also Chap. 4 to learn more about fluid 
dynamics during resuscitation according to Frank–Starling and Guyton-Hall.

The team decided to use heart-lung interactions to assess fluid responsiveness in 
Mr. J.  They performed a passive leg raise (PLR) maneuver and monitored the 
patient’s hemodynamic response.

During the PLR, the team observed an increase in the stroke volume (SV) by 
20%, indicating that Mr. J was fluid responsive. The patient received a fluid bolus, 
and his blood pressure improved. The team continued to monitor the patient closely 
and adjusted his fluid management accordingly.

Questions
Q1. Why did the critical care team decide to use heart-lung interactions to assess 

fluid responsiveness in Mr. J?
Q2. What was the hemodynamic response observed during the PLR maneuver, and 

what does it indicate and what are its limitations?
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 Basics of Respiratory and Cardio-Circulatory Physiology

The cardiovascular system consists of mainly two components: the circuit and the pump. 
The circuit contains arterial resistance and venous capacitance vessels. Arteries and arteri-
oles are the resistance vessels that have smooth muscles responsible for controlling the 
resistance to blood flow by changing the caliber. Venules and veins are capacitance vessels 
that hold at least 70% of circulating blood volume and have no major contribution to 
 resistance. The pump is constituted of the right and left ventricles, enclosed by the pericar-
dium. The ventricles work in parallel but pump in series and are connected to each other 
through pulmonary circulation. Both the heart and surrounding lungs are enclosed within 
the rigid chest wall, creating a chamber within a chamber effect [4]. Therefore, phasic 
changes in pleural pressure during the respiratory cycle will affect the pressure system of 
the cardiac chambers and influence the gradient for venous return, preload, and after-
load [5, 6].

Transmural pressure (PTM) is the difference of pressures (internal to external) across a 
hollow structure. In the thoracic cavity, the external pressure for the heart is pericardial 
pressure (PPER) and for lungs, the external pressure is the pleural pressure (PPL) [7, 8].

The transmural pressure (RAPTM) for the right atrium can be calculated by the formula: 
RAPTM = RAP − PPL [9]. However, in the clinical practice, PPL and PPER are assumed to be 
equal to intrathoracic pressure (ITP) which is the external pressure around the heart and 
the lungs. However, it must be noted that ITP is not homogeneously distributed throughout 
the thorax [10]. The PTM is the actual working pressure that, together with chamber com-
pliance, defines the venous return, cardiac filling, and hence, cardiac output. In clinical 
practice, PPL can be estimated by measuring the esophageal pressure with an air-filled bal-
loon in the esophagus at end-expiration [11].

The lungs are surrounded by two pleural layers and enclosed by the chest wall and the 
diaphragm. The two pleural layers ensure the mechanical coupling between lung and the 
chest wall. PPL is negative in spontaneous breathing and acts as external pressure of the 
lung and cardiac structures. The PTM for lungs or transpulmonary pressure (PTP) is the dif-
ference of alveolar pressure (PAL) and PPL. It decides the lung volume at the end of inhala-
tion, depending on the compliance of the lung within the chest wall [9].

Lung compliance (CL) and chest wall compliance (CCW) defines the total compliance 
of the respiratory system (CRS): i.e. (1/CRS = 1/CL + 1/CCW) [12].

Blood flow through the lungs depends on the driving pressure for the blood, that is 
(mean pulmonary artery pressure [PAPm] − mean left atrial pressure [LAPm]) and pulmo-
nary vascular resistance (PVR) [13]. With a pulmonary artery catheter, LAPm can be 
estimated by measuring pulmonary artery occlusion pressure (PAOP).

The pulmonary vascular resistance is increased by vasoconstriction, hypoxic (Euler- 
Lilijestrand reflex [14]) or hypercapnic pulmonary vasoconstriction [15]. Pulmonary ves-
sels are more compliant than systemic vessels, compressible by surrounding lungs and act 
as Starling resistors. A vessel working as a Starling resistor, can change its diameter and 
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the related resistance to flow according to its surrounding pressure. Increased extravascu-
lar pressure (increased PAL or PPL) diminishes transmural pulmonary vascular pressure, 
resulting in an increased PVR [16]. During the respiratory cycle at end-expiration, when 
the lung is at its functional residual capacity (FRC) and where the resistance of inter- 
alveolar vessels equals the resistance of extra-alveolar vessels, PVR is the lowest [17].

 Effects of Mechanical Ventilation on Intrathoracic Pressure

During the inspiratory phase of mechanical ventilation, the machine delivers a tidal vol-
ume through an artificial airway to the lungs leading to positive PAL and PPL. The transmis-
sion of airway pressure to the pleural space is lower if the CRS of the system is low, as in 
acute respiratory distress syndrome (ARDS), which has reduced lung compliance and 
therefore, has less hemodynamic effect by heart-lung interactions compare to increased 
compliant system as seen in chronic obstructive pulmonary disease (COPD) [18].

With the application of positive end-expiratory pressure (PEEP) and the absence of 
spontaneous breathing efforts, PPL is positive throughout the respiratory cycle. In contrast, 
with unforced spontaneous breathing, PPL always remains negative.

The physiological consequences of these changes in PPL and PTP are as follows:

 1. An elevated PAL combined with the supine position alters pulmonary blood flow by 
creating lung areas with zone 1 conditions (compression of alveolar vessels) and 
increasing the proportion of areas with zone 2 conditions (compression of veins), caus-
ing increased PVR and dead space ventilation.

 2. An increased ITP reduces PTM of large intrathoracic blood vessels as the vena cava and 
thoracic aorta, thereby diminishing intrathoracic blood volume.

 3. The ITP is also transmitted to the pericardium, which encloses the heart.

These physiological consequences are due to respiratory swings in intrathoracic pres-
sure, and their effects on hemodynamics are predictable; for example, as RAP increases 
with positive ITP, the venous return goes down [19, 20]. This could lead to profound and 
sometimes abrupt cardio-circulatory effects with positive pressure ventilation. This phe-
nomenon should be expected and patients need appropriate monitoring (Fig.  5.2). The 
overall effect of positive pressure on preload, afterload, and pump function will be 
explained in detail later.
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Fig. 5.2 Cardiovascular effects of mechanical ventilation

 The Pump

The pumping work of the heart is to maintain adequate and optimum cardiac output. 
Cardiac output is determined by the heart rate and stroke volume. Stroke volume is the 
amount of blood expelled from the left ventricle (LV) into the systemic circulation with 
each heartbeat. Averaged over several seconds to minutes, LV stroke volume equals right 
ventricular stroke volume. The LV preload, myocardial contractility, and afterload are the 
main determinants of stroke volume.

 Venous Return and Ventricular Preload

Cardio-circulatory physiology and heart-lung interactions can best be understood if we 
familiarize ourselves with determinants of venous return and the functioning of the right 
ventricle. Of the total blood volume, only about 15% exerts pressure, and the rest is said 
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to be “unstressed volume”, which theoretically exerts no pressure (or minimal pressure) on 
the walls of the vessels. Hence, unstressed volume is the blood volume that resides in the 
vessels at near-zero transmural pressure (PTM), or distending pressure. The additional 
blood volume above unstressed volume generating positive PTM is called stressed volume. 
Mean systemic filling pressure (MSFP) represents the pressure generated by elastic recoil 
of the systemic circulation during a no-flow state. This pressure represents which is 
thought to push blood towards the right atrium along a pressure gradient [21–23].

Stressed volume can be altered by a change of total intravascular volume and recruit-
ment or de-recruitment of unstressed volume by a change in the vessel tone using vaso-
pressors or vasodilators, which will alter the MSFP accordingly [22, 24, 25].

Venous return is directly proportional to the pressure gradient between MSFP and RAP 
and inversely proportional to the resistance of the vessels (Rv). MSFP as upstream and 
RAP as downstream pressure [26] for venous return create the pressure gradient necessary 
to overcome the resistance to venous return (VR) [27, 28].

 

Venous return MSFP RAP Rv

MSFP RAP mmHg approx

� �� �
�� � �

/

.5  

In spontaneously breathing patients, because of negative PPL, RAP decreases and cre-
ates a higher-pressure gradient for venous return, resulting in higher return. On the other 
hand, during positive pressure ventilation (PPV), PPL increases and is partially transmitted 
to the right atrium, whose intracavitary pressure (RAP) rises, leading a decrease in pres-
sure gradient and venous return.

The Starling curve shifts to the right leading to a decrease in cardiac output and venous 
return. Under mechanical ventilation, right ventricular preload is mainly affected by 
changes in PPL, whereas left ventricular preload is mainly affected by changes in PTP [29] 
(Fig. 5.3).

Fig. 5.3 Effects of mean 
intrathoracic pressure on 
systemic vascular return. 
Systemic venous return to the 
right atrium is passive, with 
blood flow occurring due to 
pressure gradient between the 
superior/inferior vena cava and 
the right atrium. Psv systemic 
venous pressure, RAP right 
atrial pressure, PPV positive 
pressure ventilation
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 Ventricular Afterload

Afterload is defined as the force opposing ventricular ejection of blood [30]. Afterload can 
be approached by assessing ventricular wall tension or vascular resistance and impedance 
[31]. We will now discuss both ventricles separately, given their relatively different muscle 
mass, position, and orientation.

 Left Ventricular Afterload

The work of the left ventricle depends on the aortic elastance (ΔP/ΔV) (i.e., to accommo-
date and release a proportion of each stroke volume temporarily) and the overall resistance 
of the arterial vessel tree [32]. Subtle intra-thoracic pressure swings like those during 
spontaneous respiration cause only minor cyclic changes in left ventricular afterload in 
healthy humans. However, the cardiac output can be considerably decreased by forced 
spontaneous inspiration or a Muller manoeuver due to an abrupt increase in transmural 
pressure and afterload [33].

During positive pressure ventilation or by the application of PEEP, ITP and concomi-
tantly PPL rise. PTM of the LV and, to a lesser extent, of the intrathoracic part of the aorta 
falls, while PTM in the abdominal aorta remains higher, resulting in a net afterload reduc-
tion and facilitating blood flow from the intrathoracic to the abdominal compartment. 
These changes seem to be mainly mediated by changes in PPL [29].

With LV afterload reduction, the application of continuous positive airway pressure 
(CPAP) in spontaneously breathing patients or pressure support ventilation with PEEP in 
sedated patients can be a valuable supportive measure in the treatment of acutely decom-
pensated left ventricular failure [34].

 Right Ventricular Afterload

Blood is pumped by the right ventricle (RV) into the pulmonary vasculature, which is a 
highly compliant low-pressure system. Alterations in RV outflow are mainly mediated 
through changes in ITP [29, 35]. Changes in ITP can strongly affect transmural pulmonary 
vascular pressure and PVR, and thereby RV output. During spontaneous breathing, inspi-
ration is associated with negative PPL, which distend the pulmonary vasculature, reducing 
RV afterload and thereby increases RV output.

During mechanical ventilation, tidal breathing increases PPL, thus reducing transmural 
pulmonary vascular pressure and consequently elevating RV afterload and decreasing RV 
output. In individuals with pre-existing right ventricular dysfunction, or severe hypoxic 
pulmonary vasoconstriction in the context of ARDS, mechanical ventilation (cyclical tidal 
inflation) may precipitate RV failure by increasing RV afterload [29, 35–39].
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Since the RV possesses much lesser contractile reserves, acute elevations of afterload 
are poorly tolerated by the RV compared with the LV [39]. The lowest PVR during the 
respiratory cycle is seen at end-expiration at FRC. PVR rises at lung volumes both below 
and above the FRC [17].

 Ventricular Interdependence

The LV and RV work as serial pumps connected by the pulmonary and systemic vascula-
ture. Through their electrical and mechanical synchronization, they work in parallel within 
the confines of the pericardium. Due to the shared interventricular septum and the pericar-
dial constraints, the diastolic pressure of one ventricle directly affects the diastolic filling 
of the other, and this phenomenon is called interventricular dependence [40, 41].

When the RV volume increases, the septum bulges to the left, leading to a decline in LV 
filling. This phenomenon can be seen in conditions with RV afterload elevation like pul-
monary embolism, pulmonary hypertension, or mechanical ventilation. Increased RV 
pressure and volume leads to interventricular septum flattening or convex bowing into the 
LV cavity, thus decreasing the LV volume and filling. Clinically important examples of 
interventricular dependence are pericardial tamponade, status asthmaticus, and COPD [42].

 Heart-Lung Interactions: Clinical Application

The complex cardiopulmonary physiology interplay makes heart-lung interactions in a 
ventilated patient, very important, as mechanical ventilation can provoke cardiovascular 
instability [41]. An understanding of heart-lung interactions offers possibilities to predict 
hemodynamic alterations and to decide appropriate treatment modalities, especially guid-
ing volume expansion, within the framework of functional hemodynamic monitoring [42].

 Functional Hemodynamic Monitoring

 Concept of Fluid Responsiveness
Fluid depletion or hypovolemia is often the primary or contributory cause of acute circula-
tory failure, except in cases of cardiogenic shock. In intensive care units (ICUs), the deci-
sion regarding volume expansion is frequent and many a times quiet challenging. Fluid 
administration will lead to an increase in cardiac output only if the ventricles operate on 
the ascending (steep) portion of the frank starling curve (Fig. 5.4). If the preload of the 
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Fig. 5.4 Schematic represen-
tation of the Frank–Starling 
relationship between ventricu-
lar preload and stroke volume. 
A given change in preload 
induces a larger change in 
stroke volume when the 
ventricle operates on the 
ascending portion of the 
relationship ((a) condition of 
preload dependence) than 
when it operates on the flat 
portion of the curve ((b) 
condition of preload 
independence)

ventricles operates on the flat portion of the frank starling curve, then volume expansion 
may only exert adverse effects without increasing the cardiac output or any hemodynamic 
benefit [43].

Excessive fluid administration has been associated with a significant increase in mortal-
ity, acute kidney injury, and increased duration of mechanical ventilation [3]. Positive 
indicators of fluid responsiveness also do not justify fluid therapy by themselves [2, 43, 
44]. The literature supports that only 50% of patients are fluid-responsive in patients with 
acute circulatory failure [4]. Besides, fluid responsiveness does not predict fluid tolerance. 
The cardinal purpose of fluid administration in circulatory shock is to increase tissue oxy-
genation, not cardiac output. To achieve this goal, fluid must be administered only if 
required (in circulatory shock), and are fluid responders (positive fluid responsiveness) 
and fluid tolerant. Hence, the primary purpose of fluid responsiveness is to determine 
which patients should not be given fluid. Several strategies have been developed to iden-
tify fluid responsiveness before fluid administration for resuscitation to avoid fluid over-
load and its complications. Various static and dynamic parameters have been evaluated to 
identify responders to fluid therapy [2].

The static parameters are inaccurate to predict preload responsiveness [44] (Fig. 5.4). 
Despite our current knowledge, there has been a continued and widespread use of static 
parameters to predict fluid responsiveness. According to a recently conducted study, fluid 
challenges in intensive care: the FENICE study [45], the CVP was used most often as a 
predictor for fluid responsiveness. The above observation is interesting, considering that 
the CVP is a poor variable to predict fluid responsiveness [46–48].

Other bedside indicators of preload, such as the RV end-diastolic volume (evaluated by 
thermodilution) and the LV end-diastolic area (measured by echocardiography), have also 
been tested as predictors of fluid responsiveness. Unfortunately, these parameters were 
also not found accurate enough to differentiate between fluid responder and non- responders 
[42, 49–53].
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Studies have shown that the right atrial and pulmonary artery occlusion pressures do 
not always reflect transmural pressures in patients with external or intrinsic positive end- 
expiratory pressure (PEEP) [42, 46, 54]. In patients with decreased left ventricular compli-
ance, the pulmonary artery occlusion pressure is not always a reliable indicator of left 
ventricular preload [47]. Measurement of RV end-diastolic volume by thermodilution is 
influenced by tricuspid regurgitation [55], which is frequently encountered in critically ill 
patients with pulmonary hypertension.

Studies have found that the left ventricular end-diastolic area, as measured by echocar-
diography, may not always accurately reflect the left ventricular end-diastolic volume and 
therefore may not be a reliable indicator of left ventricular preload [56]. In some cases, 
right ventricular dilation may offset the hemodynamic benefits of volume expansion, even 
when left ventricular preload is low [57]. Finally, the preload-induced changes in stroke 
volume also depend on contractility and afterload.

 Dynamic Indicators for Fluid Responsiveness

The poor performance of static parameters has paved the way for the development of 
dynamic parameters based on heart-lung interaction for predicting fluid responsiveness. 
Dynamic indices have been shown to reduce unnecessary fluid loading and potential com-
plications of volume overload. Dynamic indices based on heart-lung interactions are clas-
sified into two broad categories.

 1. Invasive assessment of respiratory changes in LV stroke volume
 (a) Stroke volume variation with respiration
 (b) Pulse pressure variation with respiration
 (c) Systolic pressure variation with respiration

 2. Non-invasive assessment of respiratory changes in LV stroke volume
 (a) Doppler echocardiography for measuring changes in LV stroke volume (VTI) with 

respiration
 (b) Echocardiographic assessment of the vena cava
 (c) Estimation of MSFP with ventilator maneuvers
 (d) Pulse pressure variation with respiration infrared photoplethysmography coupled 

with the volume clamp technique

 Invasive Assessment of Respiratory Changes in LV Stroke Volume

Measurement of Stroke volume variation (SVV) and Pulse pressure variation by mini-
mally invasive arterial pressure-based CO monitoring techniques (PiCCO, LiDCO) 
induced by mechanical ventilation were the first techniques used to assess fluid 
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responsiveness. Fluid responsiveness may be assessed by calculating the variation in 
stroke volume (Δ SVV) with respiration which can be calculated as follow.

�SVV %
/

max min

max min

� � � �
�� �

�� �
100

2

SV SV

SV SV

where SVmax and SVmin are the maximal and minimal values of stroke volume over a 
single respiratory cycle (Fig. 5.5). The difference between the maximal and minimal val-
ues of stroke volume over a single respiratory cycle is called stroke volume varia-
tion (SVV).

The reference stroke volume is measured during an end-expiratory pause (line of refer-
ence) and is divided into two components: Delta up (Δ up) and Delta down (Δ down). 
Delta up is the difference between the maximal and the reference stroke volume pressure. 
Delta down is the difference between the reference and the minimal stroke pressure 
(Fig. 5.5). In mechanically ventilated patients, hypovolemia has been shown to increase 
SPV [58], whereas volume expansion decreases SPV [58, 59]. The threshold of SVV 
>12% has been shown to predict fluid responsiveness with sensitivity and specificity 
greater than 85%.

Interestingly, Coriat et al. [59] reported a significant relationship between Δ SV down 
before fluid infusion and the increase in the cardiac index in response to volume expansion 
in patients after aortic surgery. Therefore, Δ SV down can be considered an indicator of 
fluid responsiveness because the higher Δ down before volume expansion, greater the 
increase in the cardiac index in response to fluid infusion.

 Pulse Pressure Variation

Pulse pressure is the difference between systolic and diastolic pressure. It is directly pro-
portional to LV stroke volume and inversely related to arterial compliance [60]. An 
increase in pleural pressure induced by mechanical ventilation affects both systolic and 
diastolic pressures. Hence, the pulse pressure is not directly influenced by the cyclic 
changes in pleural pressure. Instead, the respiratory changes in LV stroke volume are 
reflected by changes in peripheral pulse pressure during the respiratory cycle [61].

The fluid responsiveness may be assessed by calculating the respiratory changes in 
pulse pressure (PP) as follows.
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PP PP

PP PP
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where PPmax and PPmin are the maximal and minimal values of pulse pressure over a single 
respiratory cycle, respectively. The pulse pressure (systolic minus diastolic pressure) is 
maximal (PPmax) at the end of the inspiratory period and minimal (PPmin) three heartbeats 
later (i.e., during the expiratory period) (Fig. 5.5).
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Fig. 5.5 Respiratory changes in pulse pressure and stroke volume in a mechanically venti-
lated patient

Michard and colleagues showed a good prediction of fluid responsiveness in septic 
patients with a PPV ≥12% [62]. In recent light of the evidence, calculating PPV may be 
of particular help in deciding whether to institute volume expansion. Indeed, if PPV is low 
(<13%), then a beneficial hemodynamic effect of volume expansion is very unlikely, and 
inotropes or vasoactive drugs should be started in order to improve hemodynamics. In 
contrast, if PPV is high (>13%), then a significant increase in the cardiac index in response 
to the fluid infusion is very likely.

PPV of the arterial pressure is caused by preload and stroke volume changes in the right 
ventricle. Any factor interfering with the pulmonary vasculature or function may affect 
PPV [63, 64]. Its apparent simplicity may distract the clinician from several important 
pitfalls. PPV and SVV are influenced by any spontaneous respiratory effort [42], tidal 
volume (needs to be larger than 8 ml/kg, which is not current practice in lung-protective 
ventilation) [42], respiratory rate and pulmonary transit time [65], and the CRS [66]. The 
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absence of sinus rhythm and frequent ectopic beats render PPV unusable. Most critically 
ill patients have above-mentioned limitations affecting the valid interpretation of PPV [67, 
68]. The most important limitation of PPV is RV dysfunction, which also causes the arte-
rial pressure to undulate because of smaller stroke volumes with increased afterload dur-
ing mechanical inspiration.

In order to avoid deleterious volume loading, PPV should not be seen as a marker of 
volume responsiveness per se [35, 42, 69, 70] but rather as an indicator of LV function 
depending on RV stroke volume. A failure to increase cardiac output following volume 
expansion calls for an immediate diagnostic evaluation of the RV. If cardiac output is not 
augmented or vasopressors are not decreased following a volume challenge, no further 
volume should be applied, and careful evaluation of the RV function should be performed, 
if PPV is present.

If a patient’s blood volume is centralized owing to adrenergic (endogenous or exoge-
nous) vasoconstriction with concomitant insufficient tissue perfusion, a negative PPV 
does not exclude the need for volume infusion. Venous return is maintained by vasocon-
striction that shifts volume from the pool of unstressed volume to the pool of stressed 
volume. In this case, volume expansion may reduce the dose of vasopressor agents and 
restore tissue perfusion by normalizing unstressed volume and reducing 
vasoconstriction.

Overall, volume administration should be done when we have critical tissue oxygen-
ation, evidence of fluid responsiveness and a positive effect on oxygen delivery can be 
documented. The assessment of cardiac preload dependence is helpful in predicting vol-
ume expansion efficacy and the hemodynamic effects of any therapy that induces changes 
in cardiac preload conditions.

In this regard, PPV has been shown to be useful in monitoring the hemodynamic effects 
of PEEP in mechanically ventilated patients with acute lung injury. The negative effects of 
increased pleural pressure on RV filling and increased transpulmonary pressure on RV 
afterload lead to decreased RV stroke volume, LV preload and thus decreased mean car-
diac output.

Michard et al. assessed the clinical use of respiratory changes in arterial pulse pressure 
to monitor the hemodynamic effects of PEEP [71].

In their study on 14 mechanically ventilated patients with acute lung injury, first, a ∆ 
PP on zero end-expiratory pressure (ZEEP) was closely correlated with the PEEP-induced 
decrease in cardiac index; higher the PPV was on ZEEP, greater the decrease in cardiac 
index when PEEP was applied (Fig. 5.6). Also, the increase in ∆PP induced by PEEP was 
correlated with the decrease in cardiac index, such that changes in ∆ PP from ZEEP to 
PEEP could be used to assess the hemodynamics effects of PEEP without the need for a 
pulmonary artery catheter. Finally, when cardiac index decreased with PEEP, volume 
expansion induced an increase in cardiac index that was proportional to PPV before fluid 
infusion.

Because the PP depends not only on stroke volume but also on arterial compliance, 
large changes in pulse pressure could theoretically be observed despite small changes in 
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Fig. 5.6 Relationship between 
the respiratory changes in 
pulse pressure on ZEEP 
(y-axis) and the PEEP-induced 
cardiac index changes (x-axis) 
in 14 ventilated patients with 
acute lung injury. The higher 
DPP is on ZEEP, the more 
marked the decrease in the 
cardiac index induced by 
PEEP [71]

LV stroke volume if arterial compliance is low (elderly patients with peripheral vascular 
disease). Similarly, if arterial compliance is high (young patients without any vascular 
disease) despite large changes in LV stroke volume, only small changes in pulse pressure 
could be observed.

 Non-invasive Assessment of Respiratory Changes in LV Stroke Volume

Although less invasive than pulmonary artery catheterization, femoral or radial arterial 
catheterization remains an invasive procedure. Infrared photoplethysmography coupled 
with the volume clamp technique [72] allows a non-invasive and continuous measurement 
of finger blood pressure, which has been shown to track changes in blood pressure accu-
rately [73]. In mechanically ventilated patients, a close correlation and a good agreement 
between ∆PP measured from intra-arterial recordings and ∆PP measured noninvasively 
using the continuous measurement of finger blood pressure has been established [74].

Transthoracic echocardiographic measurement of variations of inferior vena cava 
(IVC) diameter induced by mechanical ventilation has been shown to predict preload 
responsiveness with reasonable sensitivity and specificity [50, 51, 75].

In a mechanically ventilated patient with no spontaneous breathing efforts, due to an 
increase in intrathoracic pressure, the IVC dilates during inspiration reaching maximum 
diameter. It collapses during expiration as the intrathoracic pressure drops, giving a mini-
mum diameter. The percentage variation of IVC during inspiration against expiration 
gives the IVC distensibility index.

 Distensibility index IVC IVC IVC� �� � �max min min/ %100  
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Distensibility index >18% offers 90% sensitivity and specificity in identifying fluid 
responders from non-responders [53, 76].

In spontaneously breathing patients, the IVC collapses on inspiration as intrathoracic 
pressure becomes negative, and the degree of IVC collapsibility during inspiration can be 
used to predict preload responsiveness (IVC collapsibility index) [52].

 Collapsibility index IVC IVC IVC� �� � �max min max/ %100  

IVCmax maximum IVC diameter during expiration, IVCmin minimum IVC diameter dur-
ing inspiration.

Currently, there is insufficient evidence to support its use, but the collapsibility index of 
>42% may predict increase in cardiac output after fluid challenge.

The change in stroke volume over the respiratory cycle in mechanically ventilated 
patients assessed noninvasively by transthoracic echocardiography can be used to predict 
preload responsiveness. Indeed, by assuming that aortic annulus diameter is constant over 
the respiratory cycle, the changes in aortic blood flow should reflect changes in LV 
stroke volume.

Stroke volume is calculated using the velocity time integral (VTI).

 

SV VTI CSA cross sectional area

CSA LVOT diameter

� � � �
� �� �0 785

2
.  

Cardiac output can be derived by multiplying SV to heart rate. By tracing the largest 
and smallest VTI over respiratory cycle, stroke volume variation (SVV) can be calculated.

 AveragedSVV SV SV SV SV� � �� ���� ��max min max min/ .0 5  

Cardiac output measured by this method is comparable to the thermodilution method 
using a pulmonary artery catheter. SVV of >14% has a very high positive predictive value, 
and <10% has a high negative predictive value for fluid responsiveness.

 Other Clinically Significant Clinical Interactions

While weaning a ventilated patient, abrupt transfer from mechanical ventilation to sponta-
neous breathing leads to an increase in LV preload and afterload. In a patient with compro-
mised LV function, this might precipitate a left-side cardiac failure and cardiogenic 
pulmonary edema leading to weaning failure. Similarly, a patient presenting with respira-
tory distress due to cardiogenic pulmonary edema could greatly benefit from a trial of 
CPAP, because of the clear advantage of positive pressure in decreasing both preload and 
afterload.
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In obstructive sleep apnea, patients exhibit inspiratory muscular efforts against a col-
lapsed upper airway creating a strongly negative PPL, which is transmitted to the intratho-
racic large veins and the right atrium, augmenting venous return. This leads to dilation of 
the RV accompanied by a shift of the interventricular septum towards the LV, reducing LV 
compliance and stroke volume (pulsus paradoxus) [77, 78]. Chronic right heart changes 
(cor pulmonale) and RV dysfunction are common in patients with severe obstructive sleep 
apnea. Patients with an impaired RV function cannot adapt to frequent and sudden 
increases in venous return and are prone to RV failure. Negative PPL also increases left 
ventricular afterload. Further arterial desaturation occurs during these apneic episodes 
leads to hypoxic pulmonary vasoconstriction, resulting in cor pulmonale in patients with 
severe obstructive sleep apnea. Nocturnal continuous positive airway pressure (CPAP) 
therapy helps to keep the upper airway open and prevent RV dysfunction and cor pulmo-
nale in patients with severe OSA [77, 78].

Despite the widespread use of lung protective ventilation strategies [79], which may 
mitigate the mechanical effects on the right ventricle due to lower airway pressures, acute 
cor pulmonale in patients with ARDS is still highly prevalent. The risk of developing acute 
cor pulmonale becomes higher with poor oxygenation, hypercapnia, high ventilator pres-
sures and pneumonia as the cause of ARDS [80]. In patients with ARDS, these effects are 
aggravated by hypoxic or hypercapnic pulmonary vasoconstriction, pulmonary micro- 
thrombosis, changes in West zones, and lung de-recruitment [81], all leading to pulmonary 
hypertension and a worse prognosis [82]. Thereby, RV decompensates as a result of high 
afterload. For the similar reasons, ARDS patients can decompensate during recruitment 
procedure; therefore, before recruitment, RV systolic function is to be evaluated.

In conditions like exacerbations of COPD or status asthmaticus, high lung compliance 
(CL) facilitates pressure transmission from the lung to the pulmonary vasculature, so these 
patients are prone to develop acute cor pulmonale. The high airway resistance leads to 
incomplete exhalation with air trapping, dynamic over-inflation, and auto-PEEP [83, 84], 
resulting in elevated afterload leading to RV dysfunction.

 Cardiopulmonary Changes in Prone Positioning

Prone positioning has emerged as a promising therapy for patients of ARDS with refrac-
tory hypoxemia. Placing a patient in the prone position has important implications for both 
venous return and RV function. During prone ventilation, there is an increase in intra- 
abdominal pressure which leads to increase in central blood volume due to the shift of 
blood from the splanchnic into the thoracic circulation, which may induce recruitment of 
pulmonary microvasculature, increase in pulmonary capillary wedge pressure, and reduc-
tion in PVR and RV afterload. It is to be noted that the improved venous return will only 
be realized in the absence of a simultaneous rise in the resistance to venous return. 
Therefore, careful consideration should be paid to a patient’s volume status before initiat-
ing prone positioning. Additionally, the heterogeneity of lung involvement, compliance of 
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chest wall and ventilation strategies utilized will determine to what extent the intra- thoracic 
milieu favours diminished RV preload, afterload, or some combination thereof [85, 86].

It follows that careful consideration should be given to the underlying cardiac function 
as well as the relative contributions of the pulmonary and chest wall compliance to the 
overall compliance of the respiratory system. Integration of these multiple, co-varying 
physiological elements may explain conflicting hemodynamic both in ARDS and other 
mechanically-ventilated patient populations.

Case Vignette
Why did the critical care team decide to use heart-lung interactions to assess fluid 
responsiveness in Mr. J?

 – Answer: The critical care team suspected that Mr. J might be volume depleted, 
and they wanted to assess his fluid responsiveness. Heart-lung interactions are a 
useful tool for assessing fluid responsiveness in critically ill patients. The PLR 
maneuver is a noninvasive method that can be used to predict fluid responsive-
ness by observing the changes in stroke volume or cardiac output.

What was the hemodynamic response observed during the PLR maneuver, and 
what does it indicate?

 – Answer: During the PLR maneuver, the team observed an increase in the stroke 
volume (SV) by 20%, indicating that Mr. J was fluid responsive. This increase in 
SV is a positive response to the PLR and indicates that the patient's cardiac pre-
load was increased, leading to an increase in stroke volume. This response indi-
cates that the patient may benefit from fluid administration to improve their 
hemodynamic status.

Limitations: Although heart-lung interactions are a useful tool for assessing fluid 
responsiveness, interpreting the results can be challenging. The PLR maneuver can 
produce false-positive results in patients with elevated intra-abdominal pressure or 
impaired venous return.

Lack of specificity: Heart-lung interactions are not specific to fluid responsive-
ness. Other factors, such as changes in vascular tone, inotropic agents, and positive 
pressure ventilation, can also affect the hemodynamic response to the PLR maneuver.

 Conclusions

Ventilation can alter cardiovascular function by altering lung volume, intrathoracic pres-
sure (ITP) and by increasing metabolic demands. Such cardiopulmonary interactions can 
have deleterious effects in critically ill patients. A thorough understanding of these 
 interactions can help us to differentiate between fluid responders and non-responders and 
thus prevent the probable complications of an inappropriate fluid therapy.
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