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Abstract
     

The respiratory drive, the intensity of the respiratory centers output, determines 

the effort exerted in each breath. The increasing awareness of the adverse effects of both 

strong and weak respiratory efforts during mechanical ventilation on patient outcome 

brings our attention to the respiratory drive of the critically ill patient. Critical illness can 

affect patients’ respiratory drive through multiple pathways, mainly operating through 

three feedback systems: a) cortical, b) metabolic and c) chemical. The chemical feedback 

system, defined as the response of the respiratory center’s output to changes in arterial 

blood gases and pH, is one of the most important determinants of respiratory drive. The 

purpose of this state-of-the-art review is to describe the determinants of respiratory drive 

in critically ill patients, review the tools available to assess respiratory drive at the 

bedside, and discuss the implications of altered respiratory drive during mechanical 

ventilation. An analysis that relates the arterial carbon dioxide levels with brain’s 

response to this stimulus will be presented, contrasting the brain’s responses to the 

patient’s ability to generate effective alveolar ventilation, both during unassisted 

breathing and with different modes of ventilatory assist. This analysis may facilitate 

comprehension of the pathophysiology of respiratory drive in critically ill patients. As we 

aim to avoid both over- and under-assistance with mechanical ventilation, considering the 

patients’ respiratory drive at the bedside may improve clinical assessment and 

management of the patient and the ventilator. 
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Recent data indicate that during mechanical ventilation, both strong and weak 

respiratory efforts may adversely affect patient outcome through multiple pathways, such 

as patient-ventilator dyssynchrony, ventilation-induced lung injury (including patient-

self-inflicted lung injury, P-SILI), diaphragmatic myotrauma, poor sleep quality, and 

cardiovascular compromise (1-6). It is important to recognize that the reason behind 

deleterious strong or weak respiratory efforts is a relatively high or low respiratory drive. 

In addition, the broad term “respiratory distress”, often described in critically ill patients 

as a reason for manipulating ventilation and sedation, implies high respiratory drive. It is 

therefore important for intensivists to recognize the determinants of respiratory drive in 

critically ill patients and, ideally, to assess the patient’s respiratory drive and effort     

when setting and managing mechanical assist. In this review we summarize the 

physiological control of respiratory drive and its determinants, and discuss the effects of 

critical illness and mechanical ventilation on respiratory drive. We then describe the 

methods available to evaluate respiratory drive at the bedside and discuss the clinical 

implications of altered respiratory drive in critically ill patients. We will focus on an 

analysis that relates CO2 production and elimination with the brain´s response to this 

stimulus, contrasting this response to the patient´s ability to generate effective alveolar 

ventilation. This analysis aims to facilitate our understanding of how different variables 

modify respiratory drive in critically ill patients and to support clinical assessment and 

decision-making. 

     

Respiratory Drive and the Ιnspiratory Flow-Generation Pathway 

Breathing is centrally controlled by the respiratory centers, a complex network of 

interconnected neurons in the medulla and pons. The respiratory centers receive rather 

constant (tonic) inputs from various sources which, through a complicated process, are 
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translated into an output with an oscillatory pattern (7-10). This output can be 

functionally divided into rhythm- and pattern-generating signals and regulates the three 

phases of the respiratory cycle: the inspiratory, post-inspiratory, and expiratory (7-11). 

The system employs ‘gating’ to modulate the inputs, meaning that the same tonic input 

may have a different effect on the respiratory centers depending on the phase of the 

respiratory cycle (12). For example, a given input (i.e. PaCO2) activates the respiratory 

center during inspiration but not during expiration (Gate function, Figure 1).  

During the inspiratory phase, the respiratory centers’ output to the inspiratory 

muscles (electrical activity, EAbrain) gradually rises, eventually reaching a peak value.  

Thereafter, the post-inspiratory phase begins and this output subsides to the baseline 

value. Finally, the expiratory phase commences, during which there is no respiratory 

center activity at resting breathing in healthy individuals.  The duration of these three 

phases, although not always discrete, determines the timing of the breath and thus 

breathing frequency, whereas the intensity of the output is referred to as respiratory 

drive (7-10, 12-14). The distinction is important since respiratory drive may change 

without any changes in breath timing (i.e. frequency) and vice versa (15, 16).                

The respiratory centers’ output during the inspiratory phase travels through the 

inspiratory flow-generation pathway (Figure 1): from the brainstem and upper cervical 

spine neurons to the nucleus of respiratory motoneurons, leading to activation and 

contraction of the inspiratory muscles, finally resulting in the generation of inspiratory 

flow (7-9, 17-19).      

In humans, since the intensity of the respiratory centers’ output, cannot be directly 

measured, respiratory drive is quantified using the average rate of increase of various 

indices of motor output that, under certain circumstances, reflect the EAbrain. Indeed, in 

healthy humans the respiratory drive determines the average rate of increase of (a) the 
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electrical activity of respiratory motoneurons (mainly the phrenic nerve in quiet 

breathing, dEAph/dt), (b) the electrical activity of the diaphragm (dEAdi/dt) and, during 

strenuous breathing of other inspiratory muscles, and c) the transdiaphragmatic pressure 

(dPdi/dt), or pressure developed by all inspiratory muscles (dPmus/dt). Finally, the 

transdiaphragmatic pressure (Pdi) or Pmus is translated into flow (V’) and volume (V) 

according to the equation of motion (Figure 1) (19-21).

     

Determinants of Respiratory Drive

The main inputs to the respiratory centers affecting the respiratory drive are the 

cortical and chemical feedback and the metabolic rate (7, 19, 20, 22). Reflex responses, 

such as the Hering-Breuer reflex affect mainly the duration of the inspiratory and 

expiratory phase of the breath (19, 23, 24). Cortical inputs may override the automatic 

control of breathing (i.e. voluntary apnea) (25, 26). In critically ill patients, sensory and 

emotional stimuli such as pain and anxiety, can significantly affect the respiratory drive 

(27, 28). Cortical inputs also mediate the effect of the wakefulness drive to breathe, as 

discussed below. Normally, in the absence of voluntary activity, the cerebral cortex 

exerts an inhibitory effect on the respiratory centers and decreases their output (29). High 

respiratory drive is common in critically ill patients with brain injury involving the 

cerebral cortex and is associated with poor outcome (30, 31). Although metabolic rate 

plays a key role in modulating the respiratory drive during exercise, linking CO2 

production and elimination, its role in critically ill patients is unclear (32, 33). The main 

determinant of respiratory drive in many critically ill patients (and the most studied) is 

the chemical feedback, which is the response of the respiratory centers to changes in 

arterial blood gases and pH. Systemic inflammation and afferents from the lung and chest 

wall, through poorly described pathways, may also have a strong influence on the 
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this error (82, 92) but this method is cumbersome, relies on several assumptions, and is 

not suitable for every day clinical practice. 

C. Airway occlusion pressure (P0.1)

Airway occlusion pressure or P0.1 is the drop in Paw at the first 100 msec of an 

inspiratory effort against an occluded airway. The rationale to use it as an indicator of 

drive is that P0.1 increases proportionally to a rise in PaCO2 (21, 93) and during the short 

occlusion: 1) Paw follows muscle pressure, 2) there is no significant behavioral or 

unconscious reaction, and 3) since no significant volume is displaced, abnormal 

respiratory mechanics do not affect the measurement. In healthy adults breathing at rest, 

P0.1 ranges between 0.5 to 1.5 cmH2O. In mechanically ventilated patients, values above 

3.5 cmH2O have been associated with elevated respiratory muscle effort (esophageal 

pressure-time product greater than 200 cm H2O·sec/min) and indicate high drive (94).

P0.1 is easily obtained in the ICU as it is an automated measurement available on 

the majority of modern ventilators (95), but some issues need to be considered to 

properly interpret P0.1 in critically ill patients. First, P0.1 could underestimate respiratory 

drive in very severe muscle weakness because of impairment in the inspiratory flow-

generation pathway. In moderate-severe weakness, however, P0.1 still increases reliably 

with increasing PaCO2, implying that the initial part of muscle contraction is relatively 

spared (54). Second, intrinsic positive end-expiratory pressure (PEEPi) can introduce a 

bias resulting from a phase lag between the change in Pmus and the change in Paw during 

an occlusion. Nevertheless, P0.1 was shown to be a reasonable estimate of drive in 

intubated patients with PEEPi (96). Third, the decrease in Paw at the beginning of a 

breath can result from relaxation of the expiratory muscles and the accuracy of P0.1 as a 

measure of drive in this condition is unknown (93). Fourth, the initial shape of the Pmus-
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time curve may be influenced by increased resistance, exercise, or positive pressure 

ventilation, giving rise to some noise in the measurement (19, 97, 98). Fifth, breath-to-

breath variability of P0.1 is significant, and the clinical measurement of P0.1 should be 

taken from an average of 3 to 4 measurements (99). Notwithstanding these pitfalls, P0.1 

may provide indications of changes in drive.

D. Clinical signs and breathing pattern

Clinical signs of dyspnea and respiratory distress, whenever present, are good 

indicators of high drive, as dyspnea is directly linked to high drive (100, 101). A rapid 

shallow breathing pattern, the use of accessory inspiratory muscles, activation of 

expiratory muscles, tachycardia, hypertension, and diaphoresis have been associated with 

high respiratory drive (76, 101). Obviously, in patients with severe neuromuscular 

disease or cervical spine injury clinical signs of dyspnea may be blunted, as patients may 

not be able to recruit expiratory muscles or accessory inspiratory muscles, even in the 

presence of high respiratory drive.

Importantly, although it is generally accepted that tachypnea is an indicator of 

high drive and bradypnea of low drive, respiratory rate is a highly insensitive sign of 

increasing respiratory drive (2, 102). Even under normal conditions, respiratory rate has a 

rather large variability in between and within subjects. Moreover, respiratory rate 

changes little with changes in respiratory drive or ventilator support, until drive increases 

by more than 3-4 fold of resting value (2, 36, 38, 42-45).  

Clinical Implications 

Although respiratory drive may not be easily measured in the critically ill patient, 

and thresholds defining injurious high or low drive have not been defined, the clinical 
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Figure Legends

Figure 1: The Inspiratory flow-generation pathway. Gate: the effects of afferent 

signals (inputs) vary depending on the phase of the inspiratory cycle they arrive; C3-C5: 

cervical spine levels; EAph, dEAph/dt, EAdi, dEAdi/dt: electrical activity and change over 

time of the phrenic nerve, and diaphragm during inspiratory phase, respectively; Pdi, 

dPdi/dt: trasdiaphragmatic pressure and change over time during the inspiratory phase; 

V’: flow, ΔV: volume above end-expiratory lung volume, Rrs, Ers: respiratory system 

resistance and elastance, respectively; PEE: elastic recoil pressure at end-expiration (zero 

at functional residual capacity). dV/dt: change in volume over time; VT/TI: tidal volume 

to inspiratory time ratio or mean inspiratory flow.  

Figure 2: Relationship between PaCO2 and minute ventilation obtained by the 1) 

graphical representation of the equation: PaCO2=0.863*V’CO2/[V’E*(1-VD/VT)], the 

metabolic hyperbola (gray line), and 2) The PaCO2-ventilation response curve (the 

change in minute ventilation induced by a change in PaCO2), during wakefulness (black 

solid line) and sleep (black dashed line) in a healthy subject. The intersection between the 

metabolic hyperbola and the ventilation curve defines PaCO2 at steady state during 

wakefulness and sleep (open and closed circles, respectively). Voluntary hyper- or hypo-

ventilation could change PaCO2 anywhere along the metabolic hyperbola (white squares). 

V’E: minute ventilation (l/min), V’CO2: CO2 production (ml/min), VD/VT: dead space to 

tidal volume ratio.  

Figure 3:  Changes in minute ventilation (upper panel), tidal volume (middle panel) and 

breathing frequency (lower panel) versus end-tidal PCO2, obtained from healthy young 

volunteers by a CO2-rebreathing test. Notice the two different slopes of ventilation 

increase (S1 and S2) and the corresponding change in slope in tidal volume and 

respiratory rate increase (T1 and T2 mark the breakpoints separating the three segments 
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of different slope). In this subject, and in 75% of the examined cases, breathing frequency 

increased significantly when minute ventilation (ventilatory demands) was several-fold 

higher than basal ventilation. On the contrary tidal volume (and thus effort per breath, 

proportional to respiratory drive) increased significantly when PCO2 exceeded normal. 

From ref. 36 with permission. 

Figure 4: A: Graphical representation of the metabolic hyperbola and brain/ventilation 

curve of a healthy human. The intersection of the metabolic hyperbola and ventilation 

curve (open circle) determines the steady-state PaCO2 and minute ventilation (V’E), 40 

mmHg and 6.2 L/min, respectively (please note that these mathematically described 

curves and relationships are simplified presentations of experimental data, aiming to 

facilitate understanding of the effects of critical illness and mechanical ventilation on 

respiratory drive, and cannot be directly applied to compute the ventilatory demands of a 

critically ill patient).

B: This human develops severe pneumonia, causing increased CO2 production (V’CO2) 

and dead space to tidal volume ratio (VD/VT) which move the metabolic hyperbola 

upward, and hypoxemia, which moves the brain curve to the left and increases its slope. 

Due to increased Ers, a given respiratory centers output per minute (RCO/min) results in 

a lower V’E, thus the slope of the ventilation curve is shifted downwards. A dissociation 

of the ventilation curve from the brain curve occurs. In the presence of a dissociation, any 

change in PaCO2 alters the RCO/min (mainly due to change in respiratory drive, RCO 

per breath), as much as the brain curve dictates, and any change in RCO/min can only 

change the actual ventilation as much as the ventilation curve dictates. Assuming for 

simplicity that the change in Ers, and thus the deviation of ventilation curve, occurs 

abruptly, the RCO/min corresponds initially to point 1 (V’E 17.5 l/min), whereas the 

actual V’E drops to point 2 (4.5 l/min). This decrease in ventilation leads to a gradual 
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increase of PaCO2, which in turn stimulates the respiratory center. The RCO/min 

progressively increases along the brain curve (from point 1 to 3), following the increase 

in PaCO2. In parallel, this increase in RCO/min results in an increase in the actual V’E 

along the ventilation curve (from point 2 to 4). When RCO/min (point 3) results in an 

actual V’E at intersection of the ventilation curve and metabolic hyperbola (point 4) a 

steady state occurs, PaCO2 stabilizes, and respiratory drive, RCO/min and V’E do not 

increase further. Although brain’s ventilation demands (46 L/min) are not met (actual 

V’E=13 L/min) respiratory drive and RCO/min do not increase further, since the CO2 

stimulus is constant.

Figure 5: Metabolic hyperbola shifts from changes in dead space to tidal volume ratio 

(VD/VT) and CO2 production (V’CO2). Vertical dotted lines indicate the different PaCO2 

which would result if ventilation was the same (10 L/min) in all cases. Horizontal dotted 

lines indicate the different minute ventilation required to maintain the same PCO2 (40 

mmHg) in all cases.

Figure 6: Effects of different modes of assisted mechanical ventilation on the ventilation 

curve and respiratory drive in a sedated patient in whom the un-assisted ventilation curve 

(black solid line) deviates from brain curve (black dashed line). For simplicity, metabolic 

hyperbola (gray line) and respiratory rate are constant in all conditions. Apneic threshold 

is set at PaCO2 of 35 mmHg. In each mode two levels of assist are shown (low and high, 

red lines). With all modes at low levels of assist, steady state occurs (open circles) while 

PaCO2 is lower than the PaCO2 during un-assisted breathing (intersection between un-

assisted ventilation curve and metabolic hyperbola), but higher than the PaCO2 desired by 

the brain (intersection between brain curve and metabolic hyperbola). The respiratory 

center output (RCO)/min is determined by the brain curve, at this PaCO2 (dark circle). At 

high level of assist the intersection between ventilation curve and metabolic hyperbola is 
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at lower PaCO2 than that desired by the brain. With assist-volume (A) and pressure 

support (B) a non-steady state occurs in this example, since the intersection of the 

metabolic hyperbola and the ventilation curve (open squares) is at a PaCO2 lower than the 

apneic threshold, respiratory drive hovers around zero, and the occurrence of apneas 

maintains PaCO2 close to apneic threshold (black squares). With proportional modes (C) 

even at highest assist (slope almost 90o) a steady state is achieved (open circle) and 

RCO/min and respiratory drive although low, are always above zero (dark circle).  
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Table 1: Conditions affecting the position of the brain and ventilation curve, and the 

metabolic hyperbola

Brain curve Upwards/Left shift Downwards/right shift

Metabolic acidosis Metabolic alkalosis

Hypoxemia Hyperoxemia

Interstitial lung edema Sedation 

Brain pathology (cortical) Brain pathology (brain stem)
Ventilation 

curve Upwards/Left shift Downwards/right shift

Mechanical ventilation Upper motor neuron disease

Diseases affecting nerve 
conduction (Guillain-Barre)

Diseases affecting 
neuromuscular junction 
(myasthenia Gravis)

Respiratory muscle 
weakness/injury

Impaired diaphragm length-
tension relationship

Increased airway resistance

Partial or full recovery from 
diseases that affects Inspiratory-
flow generation pathway 
(upward shift from disease 
state, towards normal)

Decreased respiratory system 
compliance

Metabolic 
Hyperbola

Upwards shift
Increased VD/VT,
Increased V’CO2

Downwards shift
Decreased VD/VT or  
Decreased V’CO2

Low tidal volume (VD/VT)
High tidal volume (VD/VT)

Rapid shallow breathing 
(VD/VT) Sedation (V’CO2)
Increased dead space - lung 
pathology (VD/VT)
Increased dead space – 
ventilator circuit (VD/VT)
Agitation/ shivering (V’CO2)

Fever (V’CO2)

Strenuous breathing (V’CO2)
     

Hypothermia (V’CO2)

     

VD/VT: dead space to tidal volume ratio, V’CO2: CO2 production.
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Effects of assisted mechanical ventilation on respiratory drive

Τo understand how mechanical ventilation affects the respiratory drive it is crucial to recognize the 

relationships between 1) peak inspiratory muscle pressure per breath (Pmuspeak) and tidal volume 

(VT), and 2) Pmuspeak and minute ventilation (V’E) during un-assisted and assisted breathing.  It is 

also essential to realize that because Pmuspeak increases linearly with increasing PaCO2 (1-4), these 

relationships are qualitatively similar to PaCO2-VT and PaCO2-V’E.  During assisted breathing three 

modes of mechanical ventilation will be examined, a) assist volume control (AVC), b) pressure 

support (PS) and c) proportional assist (PAV+/NAVA).  With AVC no back-up rate will be applied 

(back-up rate zero). 

Figure E1: Pmuspeak– VT relationship

Relationship between Pmuspeak (mainly determined by the respiratory drive) and VT at constant 

respiratory system mechanics (elastance and resistance of respiratory system) and end-
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expiratory lung volume in: a) unassisted spontaneous breathing (purple line), b) AVC (black 

line), c) PS (blue line) and d) PAV+/NAVA (gray line).  During un-assisted breathing the slope of 

the relationship depends exclusively on respiratory system mechanics. With AVC the slope is 

always zero (horizontal line), while with PS there is a parallel up-ward shift of the un-assisted 

breathing line without affecting the slope.  With both modes changing the level of assist does 

not affect the slope but changes the position of the corresponding curve (parallel up-ward or 

down-ward movements, not shown).  Notice that with both modes even at very low Pmuspeak 

(i.e. the patient relaxes all inspiratory muscles immediately after triggering due to low 

respiratory drive) VT, depending on the level of assist, may be substantial.  Compared to un-

assisted breathing, proportional modes (PAV+/NAVA) increase the slope of Pmuspeak–VT 

relationship depending on the level of assist.  With PAV+/NAVA relaxation of inspiratory 

muscles immediately after triggering terminates the ventilator pressure and thus, even at very 

high assist (i.e. slope may approach 90o degrees), VT is zero or very close to zero. Because 

Pmuspeak increases linearly with increasing PaCO2 (gray thick arrow), Pmuspeak-VT relationship is 

qualitatively similar to PaCO2-VT.
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Figure E2: Pmuspeak– V’E relationship 

      

A: Relationship between Pmuspeak and V’E during unassisted and assisted breathing with AVC.  

Respiratory system mechanics and end-expiratory lung volume are considered constant. The 

number beside each curve indicates respiratory rate (breaths/min).  The blue continuous line 

denotes the Pmuspeak-V´E relationship during unassisted breathing.  With AVC, V’E at zero 

Pmuspeak represents V’E when the patient relaxes all inspiratory muscles immediately after 

triggering (minimum V´E). With AVC at a respiratory rate similar to spontaneous breathing, the 

slope of the Pmuspeak-V´E relationship is zero (black continuous line).  Increases and decreases of 

respiratory rate at the same assist level, move the relationship upwards and downwards (black 

dashed lines), respectively, while the slope remains zero. Because Pmuspeak increases linearly 

with increasing PaCO2 (gray thick arrow), Pmuspeak-V’E relationship is qualitatively similar to 

PaCO2-V’E.
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B:  Relationship between Pmuspeak and V’E during unassisted and assisted breathing with PS.  

Respiratory system mechanics and end-expiratory lung volume are considered constant. The 

number beside each curve indicates respiratory rate (breaths/min).  The blue continuous line 

denotes the Pmuspeak-V´E relationship during unassisted breathing.  With PS, V’E at zero Pmuspeak 

represents V’E when the patient relaxes all inspiratory muscles immediately after triggering 

(minimum V´E).  At a respiratory rate similar to that during unassisted breathing, PS shifts the 

Pmuspeak-V´E relationship parallel upwards (black continuous line) with a slope identical to the 

slope of the corresponding relationship during unassisted breathing.  An increase of the 

respiratory rate at the same level of assist will move the relationship upwards (higher minimum 

V´E) and increase its slope, while a decrease will move the relationship downwards (lower 

minimum V´E) and decrease its slope (black dashed lines).  Because Pmuspeak increases linearly 

with increasing PaCO2 (gray thick arrow), Pmuspeak-V’E relationship is qualitatively similar to 

PaCO2-V’E.
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C: Relationship between Pmuspeak and V’E during unassisted and assisted breathing with 

PAV+/NAVA.  Respiratory system mechanics and end-expiratory lung volume are considered 

constant. The number beside each curve indicates respiratory rate (breaths/min).  The blue 

continuous line denotes the Pmuspeak-V´E relationship during unassisted breathing.  At a 

respiratory rate similar to that during unassisted breathing, PAV+/NAVA increase the slope of 

the Pmuspeak-V´E relationship (black solid line). At the same assist level, this slope will be 

increased or decreased if respiratory rate increases or decreases, respectively (black dashed 

lines). Of note, with PAV+/NAVA minimum V’E is always zero, irrespective of the level of assist 

(not shown) and respiratory rate.  Because Pmuspeak increases linearly with increasing PaCO2 

(gray thick arrow), Pmuspeak-V’E relationship is qualitatively similar to PaCO2-V’E.
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Mechanical ventilation and respiratory drive

In the following examples (Fig. E3-E6) a simplified analysis highlights the effects of 

assisted mechanical ventilation on respiratory drive in a patient with impaired respiratory 

system mechanics. The brain and ventilation curves, and the relationships between PaCO2 

and V’E are presented for the three main modes of assisted mechanical ventilation, AVC, PS 

and PAV+/NAVA.  In each mode four levels of assist are applied.  A dead space per breath (VD) 

to VT ratio (VD/VT) of 0.5 and CO2 production (V’CO2) of 250 ml/min are used to construct the 

metabolic hyperbola (gray continuous line) as follows:

PaCO2=0.863*V’CO2/[V’E*(1-VD/VT)], Eq. 1.

For simplicity, the metabolic hyperbola is considered constant with and without mechanical 

ventilation. In reality mechanical ventilation may change both V’CO2 (by altering the work of 

breathing) and VD/VT, and thus shift the metabolic hyperbola downward or upward. 

The slope of the brain curve (black dashed line), representing the sensitivity to CO2 or 

the ventilatory demands at a given PaCO2, is set at 5.75 l/min/mmHg.  A relatively high slope 

is used (normal range 2-8 l/min/mmHg), to account for conditions commonly present in 

critically ill patients such as metabolic acidosis, stimulation of lung and chest wall receptors, 

or sepsis. The slope of the un-assisted ventilation curve (black continuous line) is set at 0.95 

l/min/mmHg, to account for the derangement in respiratory system mechanics (i.e. high 

respiratory system elastance, Ers). The patient is considered to be sedated and an apneic 

threshold is set at PaCO2 of 36 mmHg.  The same brain and un-assisted ventilation curves are 

used in all examples. Also, for simplicity it is assumed that a) all patient efforts trigger the 

ventilator (no ineffective efforts), b) end-expiratory lung volume is constant and c) respiratory 

rate remains the same between un-assisted and assisted breathing.  The later assumption is 

valid, since respiratory rate may change minimally with mechanical ventilation and the level 

of assist, particularly at low and moderate levels of respiratory drive. See also Figure E2 (A-C) 

for the effect of a change in respiratory rate on the ventilation curve.
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In this example respiratory rate of 25 breaths/min is applied and assuming a ratio of 

inspiratory to total breath duration (TI/TTOT) of 0.3, inspiratory time of 0.72 sec is derived. At a 

given PaCO2 the respiratory drive is quantified as the tidal volume VTbrain desired by the 

respiratory center to inspiratory time (TI). VTbrain is calculated by dividing the ventilatory 

demands, as dictated by the brain curve at the given PaCO2 (V’Ebrain), with the respiratory rate 

(25 br/min), used in the example: VTbrain = V’Ebrain / 25. 

Figure E3:  Un-assisted breathing

Relationships between PaCO2 and V’E during un-assisted breathing.  The PaCO2 

desired by the brain is 38 mmHg (intersection between metabolic hyperbola and brain curve), 

while the actual PaCO2 is 46 mmHg (intersection between un-assisted ventilation curve and 

metabolic hyperbola, open square).  At a PaCO2 of 46 mmHg the respiratory center demands 

57.5 l/min of ventilation (V’Ebrain, black square) as dictated by the brain curve, while actual V’E 

is 9.4 l/min (open square).  At this V’Ebrain the desired VT (VTbrain) is 2.3 l (57.5/25) and 

respiratory drive (VTbrain/TI) is 3.2 l/sec (2.3/0.72). During un-assisted breathing this respiratory 

drive is similar to that obtained at moderate exercise. The ventilatory demands (V’Ebrain=57.5 
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l/min) are not met (actual V’E=9.4 l/min).  The magnitude of unmet demands depends on 

PaCO2 and the slopes of brain and ventilator curves. 

Figure E4 – Assist Volume Control (no back-up rate)

Relationships between PaCO2 and minute ventilation during different levels of AVC 

(A-D, from low to high assist).  With AVC VT is preset so un-assisted ventilation curve is shifted 

up-ward and its slope becomes zero (horizontal to PaCO2 axis) over a wide range of PaCO2 

(blue continuous line).  Notice that at high PaCO2 ventilation may increase due to progressive 

increase of patient respiratory rate, a common response pattern when VT is constrained (blue 

dashed line). 

For clarity of presentation the scale is increased in Figures 3B, 3C and 3D.

A:  With AVC-1 PaCO2 (black circle, intersection between the new ventilation curve and 

metabolic hyperbola) is 41.7 mmHg. Now, at a PaCO2 of 41.7 mmHg the respiratory center 

(brain curve) demands 32.8 l/min of ventilation (V’Ebrain, black square) which corresponds to 

VTbrain of 1.31 l (32.8/25) and respiratory drive (VTbrain/TI) of 1.82 l/sec. Yet, the actual V’E is 
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10.4 l/min (black circle). To achieve 10.4 l/min the patient contributes 5.4 l/min (open square, 

un-assisted ventilation curve) and the ventilator 5 l/min. The unmet demands are 22.4 l/min, 

due to dissociation between brain (black dashed line) and ventilation curve with AVC-1 (blue 

continuous line).  Compared to un-assisted breathing AVC-1 decreases respiratory drive by 

43% (from 3.2 l/sec to 1.82 l/sec).

B: With AVC-2 PaCO2 (black circle, intersection point between the new ventilation curve and 

metabolic hyperbola) is 38 mmHg. Now, by chance, the intersection between the new 

ventilation curve and metabolic hyperbola is similar to that between brain curve and 

metabolic hyperbola. At PaCO2 of 38 mmHg the respiratory center demands 11.4 l/min of 

ventilation.  Since the actual PaCO2 is similar to that desired by the respiratory center, the 

ventilatory demands are met by the delivered ventilation and VTbrain equals the actual VT (0.46 

l). The respiratory drive is 0.63 l/sec and is satisfied by actual VT/TI (mean inspiratory flow). To 

achieve 11.4 l/min the patient contributes 1.9 l/min (open square, un-assisted ventilation 

curve) and the ventilator 9.5 l/min. Compared to un-assisted breathing AVC-2 decreases 

respiratory drive by 80% (from 3.2 l/sec to 0.63 l/sec). 
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C:  With AVC-3 PaCO2 (black circle, intersection point between the new ventilation curve and 

metabolic hyperbola) is 37.2 mmHg, lower than that desired by the brain. At PaCO2 of 37.2 

mmHg the respiratory center demands 6.9 l/min of ventilation (black square), VTbrain is 0.28 l 

and the respiratory drive (VTbrain/TI) is 0.38 l/sec. Actual ventilation is 11.6 l/min.  To achieve 

11.6 l/min the patient contributes 1.1 l/min (open square, un-assisted ventilation curve) and 

the ventilator 10.5 l/min. Compared to un-assisted breathing AVC-3 decreases respiratory 

drive by 88% (from 3.2 l/sec to 0.38 l/sec). 
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D: Although with AVC-4 the new ventilation curve (blue continuous line) intersects the 

metabolic hyperbola at PaCO2 of 34 mmHg, the actual PaCO2 is around 36 mmHg (black 

circle). Steady-state cannot be achieved because the occurrence of apneas prevents the 

PaCO2 to drop below 36 mmHg (apneic threshold).  At PaCO2 of 36 mmHg respiratory center’s 

output is zero (open square) and the patient exhibits periodic breathing. Respiratory drive 

hovers around zero (no steady-state).  When the patient relaxes the diaphragm immediately 

after triggering (i.e. when between apneas respiratory drive is slightly above zero), the 

ventilator provides passively approximately 13.5 l/min (black circle).  Ventilation ranges 

between zero (apnea) and approximately 13.5 l/min.  Because inspiration is passive the 

patient is at risk of diaphragmatic atrophy.
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Figure E5 – Pressure Support

Relationships between PaCO2 and minute ventilation during different levels of PS (A-

D, from low to high PS).  At constant respiratory rate, PS causes a parallel up-ward deviation 

of the un-assisted ventilation curve. The magnitude of the deviation depends on PS level, 

mechanics of respiratory system, rising time and cycling off criterion.  

For clarity of presentation the scale is increased in Figures E5B, E5C and E5D.

A:  With PS-1 PaCO2 (black circle, intersection between the new ventilation curve and 

metabolic hyperbola) is 41.7 mmHg. Now, at a PaCO2 of 41.7 mmHg the respiratory center 

(brain curve) demands 32.8 l/min of ventilation (V’Ebrain, black square) which corresponds to 

VTbrain of 1.31 l (32.8/25) and respiratory drive (VTbrain/TI) of 1.82 l/sec. Yet, the actual V’E is 

10.4 l/min (black circle). To achieve 10.4 l/min the patient contributes 5.4 l/min (open square, 

un-assisted ventilation curve) and the ventilator 5 l/min. The unmet demands are 22.4 l/min, 

due to dissociation between brain (black dashed line) and ventilation curve with PS-1 (blue 

continuous line).  Compared to un-assisted breathing PS-1 decreases respiratory drive by 43% 

(from 3.2 l/sec to 1.82 l/sec).
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B: With PS-2 PaCO2 (black circle, intersection point between the new ventilation curve and 

metabolic hyperbola) is 38 mmHg. Now, by chance, the intersection between the new 

ventilation curve and metabolic hyperbola is similar to that between brain curve and 

metabolic hyperbola. At PaCO2 of 38 mmHg the respiratory center demands 11.4 l/min of 

ventilation.  Since the actual PaCO2 is similar to that desired by the respiratory center, the 

ventilatory demands are met by the delivered ventilation and VTbrain equals the actual VT (0.46 

l). The respiratory drive is 0.63 l/sec and is satisfied by actual VT/TI (mean inspiratory flow). To 

achieve 11.4 l/min the patient contributes 1.9 l/min (open square, un-assisted ventilation 

curve) and the ventilator 9.5 l/min. Compared to un-assisted breathing PS-2 decreases 

respiratory drive by 80% (from 3.2 l/sec to 0.63 l/sec). 
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C:  With PS-3 PaCO2 (black circle, intersection point between the new ventilation curve and 

metabolic hyperbola) is 37.2 mmHg, lower than that desired by the brain. At PaCO2 of 37.2 

mmHg the respiratory center demands 6.9 l/min of ventilation (black square), VTbrain is 0.28 l 

and the respiratory drive (VTbrain/TI) is 0.38 l/sec. Actual ventilation is 11.6 l/min.  To achieve 

11.6 l/min the patient contributes 1.1 l/min (open square, un-assisted ventilation curve) and 

the ventilator 10.5 l/min. Compared to un-assisted breathing PS-3 decreases respiratory drive 

by 88% (from 3.2 l/sec to 0.38 l/sec). 
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D: Although with PS-4 the new ventilation curve (blue line) intersects the metabolic hyperbola 

at PaCO2 of 33.8 mmHg, the actual PaCO2 is around 36 mmHg (black circle). Steady-state 

cannot be achieved because the occurrence of apneas prevents the PaCO2 to drop below 36 

mmHg (apneic threshold).  At PaCO2 of 36 mmHg respiratory center’s output is zero (open 

square) and the patient exhibits periodic breathing. Respiratory drive hovers around zero (no 

steady-state).  When the patient relaxes the diaphragm immediately after triggering (i.e. 

when, between apneas, the respiratory drive is slightly above zero), the ventilator provides 

passively approximately 14.5 l/min (black circle).  Ventilation ranges between zero (apnea) 

and approximately 14.5 l/min.  Because inspiration is passive the patient is at risk of 

diaphragmatic atrophy. Compared to AVC-4, with PS-4 apneas will last longer due to higher 

ventilation when the patient triggers the ventilator. 
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Figure E6 – Proportional modes

Relationships between PaCO2 and minute ventilation during different levels of 

PAV+/NAVA (A-D, from low to high assist).  At constant respiratory rate, PAV+/NAVA 

increases the slope of un-assisted ventilation curve.  The starting point of the ventilation 

curve with PAV+/NAVA is similar to that of un-assisted ventilation curve (PaCO2 36 mmHg, 

apneic threshold).  The slope of the assisted ventilation curve depends on respiratory system 

mechanics and level of assist.  

For clarity of presentation the scale is increased in Figures E6B, E6C and E6D. 

A:  With PAV+/NAVA-1 PaCO2 (black circle, intersection between the new ventilation curve 

and metabolic hyperbola) is 41.7 mmHg. Now, at a PaCO2 of 41.7 mmHg the respiratory 

center (brain curve) demands 32.8 l/min of ventilation (V’Ebrain, black square) which 

corresponds to VTbrain of 1.31 l (32.8/25) and respiratory drive (VTbrain/TI) of 1.82 l/sec. Yet, the 

actual V’E is 10.4 l/min (black circle). To achieve 10.4 l/min the patient contributes 5.4 l/min 

(open square, un-assisted ventilation curve) and the ventilator 5 l/min. The unmet demands 

are 22.4 l/min, due to dissociation between brain (black dashed line) and ventilation curve 

Page 60 of 64 AJRCCM Articles in Press. Published on 22-August-2019 as 10.1164/rccm.201903-0596SO 

 Copyright © 2019 by the American Thoracic Society 



18

with PAV+/NAVA-1 (blue continuous line).  Compared to un-assisted breathing PAV+/NAVA-1 

decreases respiratory drive by 43% (from 3.2 l/sec to 1.82 l/sec).

B: With PAV+/NAVA-2 PaCO2 (black circle, intersection point between the new ventilation 

curve and metabolic hyperbola) is 38 mmHg. Now, by chance, the intersection between the 

new ventilation curve and metabolic hyperbola is similar to that between brain curve and 

metabolic hyperbola. At PaCO2 of 38 mmHg the respiratory center demands 11.4 l/min of 

ventilation.  Since the actual PaCO2 is similar to that desired by the respiratory center, the 

ventilatory demands are met by the delivered ventilation and VTbrain equals the actual VT (0.46 

l). The respiratory drive is 0.63 l/sec and is satisfied by actual VT/TI (mean inspiratory flow). To 

achieve 11.4 l/min the patient contributes 1.9 l/min (open square, un-assisted ventilation 

curve) and the ventilator 9.5 l/min. Compared to un-assisted breathing PAV+/NAVA-2 

decreases respiratory drive by 80% (from 3.2 l/sec to 0.63 l/sec). 
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C:  With PAV+/NAVA-3 PaCO2 (black circle, intersection point between the new ventilation 

curve and metabolic hyperbola) is 37.4 mmHg, lower than that desired by the brain. At PaCO2 

of 37.2 mmHg the respiratory center demands 8.0 l/min of ventilation (black square), VTbrain is 

0.32 l and the respiratory drive (VTbrain/TI) is 0.44 l/sec. Actual ventilation is 11.5 l/min.  To 

achieve 11.5 l/min the patient contributes 1.0 l/min (open square, un-assisted ventilation 

curve) and the ventilator 10.5 l/min. Compared to un-assisted breathing PAV+/NAVA-3 

decreases respiratory drive by 86% (from 3.2 l/sec to 0.44 l/sec). 
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D:  With PAV+/NAVA-4 (highest possible assist at least with PAV+, amplification factor close to 

10) PaCO2 (black circle, intersection point between the new ventilation curve and metabolic 

hyperbola) is 36.9 mmHg, lower than that desired by the brain. At PaCO2 of 36.9 mmHg the 

respiratory center demands 5.2 l/min of ventilation (black square), VTbrain is 0.21 l and the 

respiratory drive (VTbrain/TI) is 0.29 l/sec. Actual ventilation is 11.7 l/min.  To achieve 11.7 l/min 

the patient contributes 0.86 l/min (open square, un-assisted ventilation curve) and the 

ventilator 10.8 l/min. Compared to un-assisted breathing PAV+/NAVA-4 decreases respiratory 

drive by 91% (from 3.2 l/sec to 0.29 l/sec). Contrary to PS and AVC, even at very high assist 

(slope of ventilation curve slightly lower than 90o) steady state is achieved.
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