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Abstract 

Respiratory drive is defined as the intensity of respiratory centers output during the breath and is primarily affected 
by cortical and chemical feedback mechanisms. During the involuntary act of breathing, chemical feedback, primarily 
mediated through CO2, is the main determinant of respiratory drive. Respiratory drive travels through neural pathways 
to respiratory muscles, which execute the breathing process and generate inspiratory flow (inspiratory flow-genera-
tion pathway). In a healthy state, inspiratory flow-generation pathway is intact, and thus respiratory drive is satisfied 
by the rate of volume increase, expressed by mean inspiratory flow, which in turn determines tidal volume. In this 
review, we will explain the pathophysiology of altered respiratory drive by analyzing the respiratory centers response 
to arterial partial pressure of CO2 (PaCO2) changes. Both high and low respiratory drive have been associated with sev-
eral adverse effects in critically ill patients. Hence, it is crucial to understand what alters the respiratory drive. Changes 
in respiratory drive can be explained by simultaneously considering the (1) ventilatory demands, as dictated by respir-
atory centers activity to CO2 (brain curve); (2) actual ventilatory response to CO2 (ventilation curve); and (3) metabolic 
hyperbola. During critical illness, multiple mechanisms affect the brain and ventilation curves, as well as metabolic 
hyperbola, leading to considerable alterations in respiratory drive. In critically ill patients the inspiratory flow-gen-
eration pathway is invariably compromised at various levels. Consequently, mean inspiratory flow and tidal volume 
do not correspond to respiratory drive, and at a given PaCO2, the actual ventilation is less than ventilatory demands, 
creating a dissociation between brain and ventilation curves. Since the metabolic hyperbola is one of the two vari-
ables that determine PaCO2 (the other being the ventilation curve), its upward or downward movements increase 
or decrease respiratory drive, respectively. Mechanical ventilation indirectly influences respiratory drive by modifying 
PaCO2 levels through alterations in various parameters of the ventilation curve and metabolic hyperbola. Understand-
ing the diverse factors that modulate respiratory drive at the bedside could enhance clinical assessment and the man-
agement of both the patient and the ventilator.
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Respiratory drive, defined as the output of respiratory 
centers to respiratory muscles, is crucial in the manage-
ment of critically ill patients. Recent data indicate that in 
these patients, both high and low respiratory drive may 
adversely affect patient outcomes through multiple path-
ways [1–5]. While the definition of respiratory drive may 
appear simple, without understanding its determinants 
and underlying pathophysiology, the term ’respiratory 
drive’ often remains ambiguous. It is imperative to under-
stand that in critically ill patients, ventilatory demands, 
as reflected by respiratory centers output (RCO) per 
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minute (RCO/min), may deviate from actual minute ven-
tilation (V’E) due to various reasons [2, 6]. Failure to con-
sider this dissociation could hinder the recognition and 
management of high or low respiratory drive in critically 
ill patients. In this review, we aim to analyze the different 
aspects of respiratory drive to facilitate comprehension 
of the causes of high and low respiratory drive in spon-
taneously breathing or mechanically ventilated critically 
ill patients.

Basic principles of control of breathing

1.	 Components of control of breathing system

The control of breathing system consists of three parts, 
a central control system in the brain (central mecha-
nisms), a motor arm (effector) which executes the act of 
breathing, and a host of sensory mechanisms that convey 
information to the central controller (feedback mecha-
nisms) [7–10].

For simplicity, the central controller can be considered 
as comprising two groups of neurons [7–10]: the brain-
stem group and the cerebral cortex group. The former, 
oversees the automatic (involuntary) aspect of breathing, 
and is divided into pneumotaxic, apneustic, and med-
ullary centers. Each center includes a diverse group of 
neurons with specific roles in the breathing process. The 
cerebral cortex group is responsible both for voluntary 
(behavioral) and involuntary regulation of breathing.

The effector system consists of the pathways that trans-
fer stimuli from the respiratory centers to neurons and 
thereafter to the respiratory muscles [2, 6]. The respira-
tory muscles involve the diaphragm, the main inspira-
tory muscle, as well as other inspiratory and expiratory 
muscles. Expiratory phase is usually passive at rest but 
may become active, characterized by expiratory muscles 
contraction, when high ventilatory demands exist [11]. 
Expiratory muscle contraction is common in critically ill 
patients [12].

The main feedback mechanisms of the control of 
breathing are: (1) chemical, (2) reflex, (3) mechanical, (4) 
metabolic rate, and (5) cortical [13]. Involuntary breath-
ing is primarily regulated by chemical feedback and, to 
a much lesser extent, reflex feedback. Mechanical feed-
back, which involves changes in respiratory muscle 
pressure with volume (force–length) and flow (force–
velocity) [14], is not relevant in critically ill patients since 
volume and flow are relatively small. Although the meta-
bolic rate plays a key role in modulating the respiratory 
drive during exercise by linking CO2 production and 
elimination, in critically ill patients metabolic rate affects 
respiratory centers indirectly via alteration in metabolic 
hyperbola [2, 6]. Finally, the effects of cortical feedback 

are rather unpredictable, depending on the Intensive 
Care Unit (ICU) environment and patient factors (i.e., 
delirium). Furthermore, areas of the cortex (i.e., pre-
inspiratory motor area) may be activated under certain 
circumstances for purposes that are largely unexplored 
[15].

2. Automatic act of breathing

The automatic act of breathing entails the rhythmic 
activation of inspiratory and under certain circumstances 
expiratory muscles, via electrical bursts (outputs) from 
respiratory centers located in the medulla oblongata 
[9]. During this act of breathing the respiratory center 
receives inputs from various sources (mainly chemical 
and reflex feedback) that, through a complicated pro-
cess, are translated into an output with an oscillatory 
pattern (Fig. 1). This output regulates the whole respira-
tory cycle which can functionally be divided into three 
phases: inspiratory, post-inspiratory, and expiratory. The 
duration of these three phases, although not always dis-
crete, determines the timing of the breath and conse-
quently the respiratory rate, whereas the intensity of the 
output is referred to as “respiratory drive”. The system 
employs “gating” to modulate the inputs, which means 
that the same tonic input may have a different effect on 
the respiratory centers, depending on the phase of the 
respiratory cycle [16]. Notably the neurons that control 
the breath timing (gate function) are different than these 
that control respiratory drive [17–19]. Cortical influences 
may interrupt this automatic process at any level [20, 21].

3. Chemical–reflex feedback mechanisms

Chemical feedback consists of the response of the 
respiratory centers to changes in arterial blood gases 
(PaO2, PaCO2) and pH [22]. PaCO2 is by far the strong-
est stimulus, acting on the respiratory centers either 
directly or indirectly, through the others [22]. A wide 
range of chemical feedback changes modify the respira-
tory drive, while the respiratory rate increases when the 
drive increases several folds above that of resting breath-
ing [1, 23–25]. Reflex feedback, at least in adults, is much 
weaker and affects mainly the duration of the inspiratory 
and expiratory phases of the breath (i.e., Hering–Breuer 
reflex) [25–28].

4. Response to chemical stimuli

We will particularly focus on the response to PaCO2 
and PaO2. The normal response to hypercapnia involves 
a linear increase of V’E as PaCO2 increases. The slope of 
this increase varies widely in healthy individuals, with an 
average value of 2–3 l/min/mmHg and a range of 0.6–8 l/
min/mmHg [23, 29, 30]. The slope increases when there 
is hypoxemia or metabolic acidosis and decreases during 
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sleep, sedation or metabolic alkalosis [22, 23, 31]. The 
hypocapnic response depends on the state of sleep and 
wakefulness. During wakefulness, the V’E–PaCO2 rela-
tionship continues to be linear as PaCO2 decreases. 
Nevertheless, the slope decreases rather abruptly, 
approaching zero at a certain PaCO2 level (dog-leg). This 
means that a minimum amount of V’E (wakefulness drive 
to breath) is maintained at PaCO2 values well below this 
level [22]. During sleep or sedation, the PaCO2 to V’E 
relationship remains linear until PaCO2 reaches a certain 
level where V’E abruptly decreases to zero, resulting in 
apnea [32, 33] (Fig. 2).

Hypoxemia increases V’E, an effect that is modified by 
the PaCO2 and acid–base status [22, 23, 30]. Acute pro-
gressive isocapnic hypoxemia increases V’E in a hyper-
bolic manner; V’E remains almost unchanged as PaO2 
drops to ≈  60  mmHg, but at lower PaO2, it increases 
progressively with hypoxemia [34]. Although PaO2 is a 
weaker modulator of respiratory centers output (RCO) 

Fig. 1  The inspiratory flow-generation pathway and the feedback mechanisms affecting it, in a normal subject during passive (no expiratory 
muscles activity) and active (expiratory muscles activity) expiration. For simplicity and demonstration purpose, RCOI always begins when expiratory 
muscles activity ceases. Assuming that PmusE is able to lower lung volume below FRC (negative PEE), rapid relaxation of expiratory muscles (rapid 
decrease in PmusE) passively generates inspiratory flow. When PmusE decreases to zero, FRC is reached. At this point PmusI increases and actively 
generates inspiratory flow. Notice, compared to passive expiration, the higher VT with active expiration, which corresponds to higher RCO 
during the whole breath (respiratory drive). Gate: the effects of afferent signals (inputs) on respiratory centers vary, depending on the breath phases 
(inspiratory, post-inspiratory, expiratory); RCO: total respiratory centers output during the breath (respiratory drive); RCOI, RCOE: respiratory centers 
output to inspiratory and expiratory muscles, respectively; EAI, EAE: electrical activity of inspiratory and expiratory muscles, respectively; PmusI, 
PmusE: pressure generated by inspiratory and expiratory muscles, respectively; PEE: elastic recoil pressure of respiratory system at end-expiration 
(zero at FRC, and positive and negative at volume above and below FRC, respectively); Ers: respiratory system elastance; Rrs: respiratory system 
resistance; ΔV: volume above end-expiratory lung volume; VT: tidal volume; VI: inspired volume; blue areas: RCOI, EAI and PmusI; red areas: RCOE, 
EAE and PmusE; I, PI, E: inspiratory, post-inspiratory and expiratory phases, respectively; black double edges vertical arrow: VT; blue and red dashed 
double edges vertical arrows: contribution of inspiratory and expiratory muscle activity to VT

Fig. 2  Ventilatory response to CO2 in a healthy individual. Notice 
the difference between the ventilatory response during wakefulness 
and sleep/sedation. Black square indicates the apneic threshold
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than PaCO2, it may significantly affect RCO and thus V’E 
by modifying the response to PaCO2 [22, 23, 30].

Respiratory drive and inspiratory flow‑generation 
pathway
Respiratory centers output to inspiratory muscles trav-
els from the brainstem and upper cervical spine neu-
rons to the nuclei of inspiratory motoneurons (C3–C5 
for the diaphragm) and determines the rate of phrenic 
nerve activity increase, which in turn, determines the 
rate of diaphragmatic muscle pressure increase. The lat-
ter determines the rate of volume increase and thus, 
depending on the respiratory rate, V’E (Fig. 1) [2, 6]. At 
high ventilatory demands, the contraction of accessory 
inspiratory muscles supplements diaphragmatic pressure, 
further increasing the rate of volume expansion. Moreo-
ver, in this situation, the respiratory centers may stimu-
late expiratory muscle contraction. This could reduce the 
end-expiratory lung volume below functional residual 
capacity (FRC) [11]. Subsequent relaxation of expira-
tory muscles will generate inspiratory flow and contrib-
ute to final VT [12]. Since the aim of expiratory muscle 
stimulation is to aid in VT and alleviate the workload of 
inspiratory muscles [11], the term ’respiratory drive’ is 
defined as the total RCO to both inspiratory (RCOI) and 
expiratory (RCOE) muscles [6] (Fig. 1). The whole process 
described in a simplified manner, is collectively termed 
the ‘inspiratory flow-generation pathway’ [2].

When the inspiratory flow-generation pathway is 
intact, the resultant mean inspiratory flow, defined as the 
ratio between VT and mechanical inflation time (TIm), 
aligns with that desired by the respiratory drive (RCO). In 
other words, the RCO per breath, corresponds to VT and 
RCO/min to actual V’E. However, if there is any compro-
mise in the integrity of the inspiratory flow-generation 
pathway, a dissociation occurs between the respiratory 
drive and the VT/TIm [35]. Consequently, a given res-
piratory drive yields a smaller VT/TIm and, all else being 
equal, lower V’E (Fig. 1 and Additional file 1: Figs. S2 and 
S3). Although during the involuntary breathing the main 
determinant of respiratory drive is chemical feedback 
[2, 6], cortical inputs can highly affect respiratory drive 
when there is voluntary activity (pain, stress) [36]. How-
ever, at rest in the absence of voluntary activity, the cere-
bral cortex has an inhibitory influence on the respiratory 
center [37, 38]. This explains why patients with cortical 
lesions may exhibit high respiratory drive.

Since PaCO2 is the most important controller of the 
respiratory drive [2], it is important to briefly discuss 
what determines its value. At resting steady-state ventila-
tion, PaCO2 is the point where the metabolic hyperbola 
intersects with the ventilatory response to CO2 curve [2, 
29, 39]. The metabolic hyperbola graphically represents 

PaCO2 as a function of V’E, rate of CO2 production 
(V’CO2) and physiological dead space (VD) to VT ratio as 
follows:

where k is constant (0.863) [39]. The ventilatory response 
to CO2 curve describes V’E as a function of PaCO2 and 
depends on the (1) response of respiratory centers to CO2 
and (2) integrity of inspiratory flow-generation pathway 
[2].

Brain and ventilation curves
To elucidate the impact of defects in the inspiratory flow-
generation pathway on respiratory drive, we have recently 
introduced the concepts of brain and ventilation curves 
[2]. The brain curve is a theoretical representation, out-
lining the desired V’E set by the respiratory centers at a 
given PaCO2. In simpler terms, the brain curve is deter-
mined exclusively by the respiratory centers’ sensitivity to 
PaCO2, which is controlled by afferent information from 
peripheral and central chemoreceptors. The term ’venti-
lation curve’ describes the actual V’E produced by a given 
RCO/min. Unlike the brain curve, the ventilation curve 
is influenced not only by the respiratory centers’ sensitiv-
ity to PaCO2, but also by the integrity of the inspiratory 
flow-generation pathway (Fig.  1 and Additional file  1: 
Figs. S1, S2 and S3). As discussed above, the brain curve 
is mainly determined by respiratory drive over a wide 
range of PaCO2 [1].

When the inspiratory flow-generation pathway is 
intact, the brain and ventilation curves are identical. 
However, if the integrity of the pathway is compromised, 
the ventilation curve deviates (is shifted down and to 
the right) from the brain curve (Fig.  3). As a result, the 
metabolic hyperbola and ventilation curve intersect at 
a higher level of PaCO2 than that desired by the brain 

PaCO2 = k · V
′

CO2/ VE
′
· (1− VD/VT) ,

Table 1  Common causes of defects in inspiratory flow-
generation pathway in critically ill patients

ALS: amyotrophic lateral sclerosis; NMBA: neuromuscular blocking agents; Rs: 
resistance of respiratory system; Ers: elastance of respiratory system; PEE: elastic 
recoil pressure of respiratory system at the end of expiration; COPD: chronic 
obstructive pulmonary disease; ARDS: acute respiratory distress syndrome

Level Causes

Motor neurons Trauma/ALS

Phrenic nerve Critical illness polyneuropathy

Neuromuscular junction NMBA/myasthenia gravis/poisoning

Diaphragm Myotrauma

Equation of motion

 ↑Rrs Obstructive diseases (asthma/COPD)

 ↑Ers Restrictive diseases (ARDS)

 ↑PEE Dynamic hyperinflation
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(the PaCO2 that would result from the intersection of 
the brain curve and metabolic hyperbola) [2, 6]. Elevated 
PaCO2 stimulates the respiratory centers, prompting an 
increase primarily in their output per breath (RCO, res-
piratory drive) and, to a lesser extent, in respiratory rate 
[1]. Consequently, factors that modify the positioning 
and inclination of the ventilation curve, the brain curve, 
and/or the metabolic hyperbola influence the respiratory 
drive [2, 6].

Causes of high and low respiratory drive
High or low respiratory drive results from alterations 
in the (1) brain curve, (2) ventilation curve and (3) 
metabolic hyperbola. In critically ill patients usually 
high or low respiratory drive is the result of combined 

changes in these three curves. Brain curve is altered by 
PaO2 changes, acid–base disturbances, neurotransmit-
ters affecting the brain stem and stimulation of various 
receptors mainly located in the respiratory system [30, 
40–43]. In general, hypoxemia, metabolic acidosis, and 
lung/chest wall receptors stimulations concurrently 
shift the brain curve leftwards and upwards, whereas 
hyperoxemia, metabolic alkalosis, and sleep or sedation 
shift it rightwards and downwards [30, 44–46]. In criti-
cally ill patients breathing spontaneously, the inspira-
tory flow-generation pathway is impaired  (Table  1), 
shifting the ventilation curve to the right and down-
wards. This causes a consistent deviation of the ven-
tilation curve from the brain curve (Fig.  3). As a 
result, actual PaCO2 is higher than that desired by the 

Fig. 3  Brain curve (red line), ventilation curve (dashed black line), and metabolic hyperbola (blue line) in a spontaneously breathing patient 
with a disease affecting the inspiratory flow-generation pathway at the equation of motion level [e.g., restrictive disease (↑Ers), obstructive 
disease (↑Rrs), dynamic hyperinflation (↑PEE)]. Similar effects are anticipated if the integrity is compromised at higher levels of the inspiratory 
flow-generation pathway. PaCO2 desired by the brain is 39 mmHg and this corresponds to RCO/min of 6.3 l/min (point 1). In an intact inspiratory 
flow-generation pathway, the brain and ventilation curves would coincide, resulting in an actual PaCO2 of 39 mmHg. For simplicity, let us 
assume that the disease acutely compromises the integrity of inspiratory flow-generation pathway and as a result the ventilation curve is moved 
to the right with a downward slope. Brain curve and metabolic hyperbola are kept constant. Consequently, the RCO/min corresponding to 6.3 l/min 
decreases actual ventilation to 4.2 l/min (point 2). This decrease in ventilation triggers a gradual rise in PaCO2, stimulating the respiratory centers. 
RCO/min progressively increases (mainly due to changes in respiratory drive, RCO per breath) along the brain curve in response to the elevated 
PaCO2. As RCO/min increases, so does actual ventilation along the ventilation curve. A steady state is reached when RCO/min (point 3) yields actual 
ventilation at the intersection of the ventilation curve and metabolic hyperbola (point 4). At this point, PaCO2 stabilizes at 40 mmHg, and respiratory 
drive, RCO/min, and ventilation cease increasing as the CO2 stimulus remains constant. Despite ventilatory demands of 9.3 l/min, only 6.2 l/min are 
met, resulting in a deficit of 3.1 l/min. The respiratory centers activity and ventilatory output are projected to forebrain via the corollary discharge 
pathway (re-afferent traffic, black arrows) and create the sense of dyspnea. Given the relatively low RCO/min and unmet demands, this patient 
is unlikely to experience dyspnea, particularly during resting conditions
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respiratory centers, which respond by increasing RCO/
min along the brain curve. When RCO/min results in 
an actual V’E at the intersection of the ventilation curve 
and the metabolic hyperbola, a steady state occurs. 
PaCO2 stabilizes and RCO/min and V’E do not increase 
further. Although the ventilatory demands are not met, 
the RCO/min does not increase further because the 
CO2 stimulus remains constant (Fig. 3).

Mechanical ventilation may shift the ventilation 
curve either to the left or to the right of the brain curve, 
depending on the level of assist provided. The slope of 
the curve is heavily regulated by the mode of support [2]. 
Therefore, during mechanical ventilation, the theoretical 
PaCO2, determined by the intersection between meta-
bolic hyperbola and brain curve, may be higher or lower 
than the actual PaCO2, causing a decrease or increase in 
respiratory drive, respectively. The decrease in respira-
tory drive during mechanical ventilation, resulting from 
leftward shift of the ventilation curve, is common and 
can induce unstable breathing [2] (see below). This is 
infrequent in unsupported breathing, occurring mainly 
in specific diseases or circumstances (congestive heart 
failure, sleep apnea syndrome, high altitude) [47–49].

The metabolic hyperbola determines both the desired 
PaCO2 and the actual PaCO2 levels. Consequently, its 
upward or downward shifts significantly impact these 
PaCO2 levels, thereby affecting the respiratory drive. 
Increased V’CO2 and VD/VT ratios shift the metabolic 
hyperbola upward, whereas decreases in these variables 
shift it downward [29]. In critically ill patients, changes in 
V’CO2 are induced by alterations in metabolic rate, which 
can be influenced by the disease itself (e.g., sepsis), body 
temperature, or vigorous respiratory efforts [50–52]. 
Ventilator settings, breathing patterns, V’/Q’ inequali-
ties, right-to-left shunt, and modifications in dead space 
influence VD/VT [39]. Notably, a rapid, shallow breath-
ing pattern secondary to delirium or panic reactions may 
cause an upward shift in the metabolic hyperbola due to 
an increase in VD/VT.

Respiratory drive—from health to disease
To better understand the interaction between metabolic 
hyperbola and brain and ventilation curves let us follow 
the respiratory drive of an adult human from health to 
disease.

1.	 Health

In a healthy individual the inspiratory flow-generation 
pathway is intact and thus the brain curve and ventilation 
curve are identical, over a wide range of PaCO2. Assum-
ing that in a healthy adult (1) V’CO2 and VD/VT are nor-
mal, 200 ml/min and 0.3, respectively; (2) the ventilatory 

response to CO2 is 2.5 l/min/mmHg; and (3) the intersec-
tion point between the metabolic hyperbola and ventila-
tion curve is at PaCO2 of 39 mmHg (eupneic PaCO2), the 
resulting actual V’E is 6.3 l/min. Since the brain and ven-
tilation curves are identical, the RCO/min corresponds 
to 6.3 l/min, identical to the actual V’E (Fig. 4A). Because 
there is no deficit between the ventilatory demands, as 
reflected by RCO/min, and actual V’E, the automatic act 
of breathing remains unnoticed by the forebrain [53, 54].

Notably, even in healthy individuals, extreme hyper-
ventilation may cause a deviation between brain and 
ventilation curves, due to dynamic hyperinflation and/
or increases in respiratory system elastance as high tidal 
volumes approach the total lung capacity towards the 
end of inspiration [6].

2. Disease

Let us consider a scenario where this adult develops 
pneumonia due to COVID-19. The patient is febrile 
(39  °C) and visits the Emergency Department of the 
regional Hospital, reporting breathing difficulties (dysp-
nea). Clinical examination reveals tachycardia and signs 
of increased work of breathing, while arterial blood 
gases show hypoxemia (PaO2 45  mmHg on 21% FIO2) 
and hypocapnia (PaCO2 30  mmHg). Acid–base balance 
evaluation demonstrates high anion gap metabolic acido-
sis. Chest X-rays are remarkable for diffuse opacities with 
loss of volume in the dependent lung regions. The patient 
has PaO2/FIO2 < 300  mmHg on high-flow nasal oxygen 
and meets acute respiratory distress syndrome (ARDS) 
criteria [55].

Let us consider, the expected alteration in brain curve, 
ventilation curve and metabolic hyperbola in this patient. 
This approach was recently used to explain the patho-
physiology of dyspnea on exertion in patients with pul-
monary hypertension [6].

I.	 Unsupported spontaneous breathing

The inspiratory flow-generation pathway will be altered 
because of ARDS that induced a considerable increase in 
respiratory system elastance and slight increase in airway 
resistance [56, 57]. Therefore, compared to healthy sta-
tus, a given RCO (respiratory drive) results in a lower VT. 
Hence, at a given respiratory rate, the ventilation curve 
is shifted to the right with a decreased slope, causing 
deviation between brain and ventilation curve; the actual 
PaCO2 is now higher than the theoretical PaCO2.

The brain curve shifts to the left due to increased res-
piratory centers sensitivity to CO2. The higher CO2 sen-
sitivity is attributed to (1) hypoxemia, (2) metabolic 
acidosis and stimulation of lung receptors by the inflam-
matory process and lung mechanics deterioration [23, 
30, 40, 41]. The resulting “theoretical” PaCO2, the one 
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determined by the intersection of the brain curve and the 
metabolic hyperbola, will be much lower than in healthy 
state. Hence, even if the actual PaCO2 will be low, and the 
patient will have hypocapnia, it will be interpreted by the 
respiratory centers as “hypercapnia” when the desired 
PaCO2 is lower.

The metabolic hyperbola is shifted upward for two rea-
sons. Firstly, V’CO2 increases due to pneumonia, fever 
and excessive work of breathing [50–52, 58]. Secondly, 
VD/VT is increased due to V’/Q’ inequalities (high and 
low), the presence of right-to-left shunt (atelectasis) and 
in situ thrombosis in small pulmonary arteries and capil-
laries vessels, all of which increase the physiological dead 
space [39].

Figure  4B shows simulation of brain and ventilation 
curves and metabolic hyperbola, taking into considera-
tion the pathology of this patient.

The brain curve is constructed assuming that the sen-
sitivity of the respiratory centers increases by 60% from 
that in a healthy state, reaching 4  l/min/mmHg. The 
theoretical intersection point between the metabolic 
hyperbola and the brain curve is set at 25 mmHg, which 
is 5 mmHg lower than the actual PaCO2. The metabolic 
hyperbola is shifted upwards due to a 20% increase in 
V’CO2 to 240 ml/min and a 67% increase in VD/VT to 0.5. 
Finally, the slope of the ventilation curve, mainly due to 

an increase in respiratory system elastance, decreases 
to 2  l/min/mmHg, resulting in a considerable deviation 
between the brain and ventilation curves. At PaCO2 of 
30  mmHg, actual ventilation is 13.8  l/min, while at this 
level of PaCO2 the brain curve dictates that RCO/min 
corresponds to 36.6  l/min, a 22.8  l/min deficit between 
the ventilatory demands and actual V’E. This high RCO/
min is mainly due to an increase in RCO (respiratory 
drive) which augments respiratory muscles (inspiratory 
and expiratory) activity per breath. Respiratory rate may 
increase when respiratory drive is 3–5 times higher than 
the baseline [1]. The high respiratory centers activity and 
the unmet ventilatory demands are projected via the cor-
ollary discharge pathway to the forebrain and create the 
subjective symptom of dyspnea [53, 54].

Consequences of high respiratory drive
The consequences of the high respiratory drive in this 
patient are numerous. Firstly, the high respiratory mus-
cles activity per breath places the patient at risk of self-
inflicted lung injury (P-SILI) [3]. Indeed, patients with a 
high respiratory drive may experience increased regional 
stress and strain in dependent lung regions due to the 
pendelluft phenomenon, characterized, early in inspira-
tion, by the movement of air within the lung from non-
dependent to dependent regions without a change in VT 

Fig. 4  Brain and ventilation curves and metabolic hyperbola in a healthy subject (A) and when this individual suffers from pneumonia due 
to COVID-19 (B). A Health. Notice that brain and ventilation curves are similar (black lines) and thus the RCO/min corresponds to actual PaCO2 
and ventilation, set by the intersection point (black circle) between ventilation curve and metabolic hyperbola (blue line). B This human develops 
severe pneumonia due to COVID-19, causing increased V’CO2 and VD/VT which move the metabolic hyperbola upward. The concomitant 
hypoxemia and metabolic acidosis shift the brain curve to the left and increases its slope (red line). Due to increased respiratory system elastance, 
a given RCO/min results in a lower ventilation and thus, the slope of the ventilation curve (dashed black line) is shifted downward. A dissociation 
between the ventilation curve and brain curve occurs. The desired PaCO2 is 25 mmHg (point 1) and at this level of PaCO2 RCO/min corresponds 
to 16.6 l/min. The actual PaCO2 is 30 mmHg (point 2) and ventilation 13.8 l/min. PaCO2 of 30 mmHg represents hypercapnia for respiratory centers 
which increase their activity along the brain curve. Respiratory activity stabilizes to a level corresponding to 36.6 l/min (point 3). Unmet ventilatory 
demands are 22.8 l/min. RCO/min: respiratory centers output per minute
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[59]. Secondly, because of high elastance the transpulmo-
nary driving pressure is high, contributing to lung injury 
[60]. Thirdly, the intense contraction of the diaphragm is 
associated with diaphragm damage [4, 61]. This should be 
of great concern in this patient, as increased expression 
of genes involved in fibrosis and histological evidence for 
the development of fibrosis in the diaphragm have been 
reported in COVID-19 ICU patients [62]. Finally, the vig-
orous inspiratory efforts that lead to excessive negative 
esophageal pressure swings increase the trans-capillary 
pressure of pulmonary vessels and the afterload of the 
left ventricle, both of which are risk factors for increased 
capillary leak into the alveoli [63, 64].

Estimation of respiratory drive
How can we estimate the respiratory drive in this patient? 
Although the respiratory drive cannot be measured 
directly in humans, it can be indirectly estimated via vari-
ous indices. Since the inspiratory flow-generation path-
way is compromised at the level of equation of motion, 
the VT/TIm no longer corresponds to respiratory drive 
and thus cannot be used as an index of it [2]. Provided 
that the inspiratory flow-generation pathway is intact up 
to the level of respiratory muscles, in order to estimate 
respiratory drive, we must obtain indices of respiratory 
motor output, such as electrical activity of the diaphragm 
(EAdi), trans-diaphragmatic pressure (Pdi), respiratory 
muscle pressure (Pmus), airway occlusion pressure (P0.1) 
and diaphragm thickening during inspiration (quanti-
fied by the thickening fraction, TFdi) [2, 5, 65] (Table 2). 
However, obtaining these indices requires expertise, and 
measuring them presents some challenges in spontane-
ously breathing patients with acute respiratory failure 
and distress. Therefore, clinical criteria of respiratory 
distress must be used to estimate the respiratory drive 
in this patient. It follows that the physical examination 
is of paramount importance in respiratory drive evalua-
tion. Clinical signs of respiratory distress, such as hyper-
tension, diaphoresis, tachycardia, accessory inspiratory 
(sternocleidomastoid, scalenes, external intercostals) and 
expiratory muscles (abdominals) contraction, nose flar-
ing and intercostal retraction serve as reliable markers 
of high respiratory drive (Table 2). Despite the common 
belief that the respiratory rate is a sensitive index or res-
piratory drive, the latter should be markedly increased 
(3–5 times) before the former can change [1].

	II.	 Mechanical ventilation

The patient is admitted to ICU and although high-
flow nasal O2 therapy was applied, hypoxemia (SaO2 
85–88%) and respiratory distress continued. A deci-
sion to intubate was made. The patient was sedated and 

placed on volume control mode. Since vigorous respira-
tory efforts were not completely eliminated due to high 
respiratory drive [66, 67], neuromuscular blocking agents 
were administered. The elimination of respiratory efforts 
combined with the decrease in body temperature using 
non steroid  anti-inflammatory  agents, decreased V’CO2 
production to 200 ml/min and moved metabolic hyper-
bola downwards. However, despite using a humidifier to 
prevent the decrease in dead space caused by heat and 
moisture exchange filters [68], VD/VT remained high, 
resulting in minimal downward movement of the meta-
bolic hyperbola. Lung protective strategy was applied, 
hypoxemia was corrected, while PaCO2 was maintained 
at 40 mmHg.

The next day paralysis was interrupted while seda-
tion gradually decreased and stopped. When inspira-
tory efforts were resumed a premature decision to place 
the patient on pressure support (PS) was made, assum-
ing that the high respiratory drive can be controlled by 
assisted mechanical ventilation. Nevertheless, the com-
mon belief that mechanical ventilation decreases res-
piratory drive due to unloading is disputed. Studies have 
shown that mechanical ventilation reduces respiratory 
drive indirectly by altering chemical feedback, primar-
ily PaCO2 levels [25, 69]. Respiratory drive consistently 
follows chemical feedback, whether with or with-
out mechanical ventilation. Therefore, during assisted 

Table 2  Indices of potential injurious low and high respiratory 
drive in critically ill patients

ΔPdi: trans-diaphragmatic pressure increase during inspiration; Pmussw: 
pressure swings of respiratory muscles (inspiratory and expiratory) during the 
breath; ΔPes: negative change in esophageal pressure from the end-expiratory 
level; PTP/min: esophageal pressure (Pes)–time product per minute (PTP/
min), calculated as the difference between Pes and the chest wall elastic recoil 
pressure during inspiration
a The only reliable clinical sign of low drive in a mechanically ventilated patient 
is the occurrence of repetitive apneas (Cheyne–Stokes breathing) as a result of 
over-assist
b Clinical signs and symptoms indicating respiratory distress are numerous, 
including accessory inspiratory muscles use, expiratory muscles contraction, 
diaphoresis, tachycardia, nose flaring, intercostal retraction and dyspnea
c Calculation of Pmussw and PTP/min necessitates measurement of chest wall 
elastance (passive conditions, unreliable in patients with active breathing)
d When Poccl is multiplied by − 0.75 and − 0.66, a gross estimate of Pmussw and 
ΔPes from un-occluded tidal breaths can be obtained, respectively

Indices Low drive High drive

Clinical signs/symp-
toms

Apneasa Respiratory distressb

ΔPdi < 3 cmH2O ≥ 12 cmH2O

Pmussw
c < 3 cmH2O ≥ 15 cmH2O

ΔPes > − 3 cmH2O < − 8 cmH2O

PTP/minc < 50 cmH2O*s/min > 200 cmH2O*s/min

P0.1 < 1–1.5 cmH2O > 3.5–4 cmH2O

Poccl
d > − 4 cmH2O cmH2O ≤ − 20 cmH2O
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mechanical ventilation, an intellectual theoretical assess-
ment of brain and ventilation curves, and metabolic 
hyperbola, remains essential for understanding abnor-
malities in respiratory drive.

The patient continues to exhibit high anion gap meta-
bolic acidosis. Although brain curve is slightly shifted 
to the right due to correction of hypoxemia, its slope 
continues to be high, since stimulation of receptors and 
metabolic acidosis are maintained [41, 44]. Although 
the desired PaCO2 by the respiratory centers increased 
slightly, the respiratory system mechanics were not 
improved and, therefore, the deviation between the brain 
and ventilation curves remains considerable (Fig.  5). At 
a given constant respiratory rate PS shifts the unsup-
ported ventilation curve parallel to the left [2]. The actual 
PaCO2 is 29.9 mmHg, 3.8 mmHg higher than the desired 
PaCO2 and actual V’E is 14.2  l/min. Because the actual 
PaCO2 is higher than the desired, RCO/min increases 
along the brain curve to 30 l/min. Provided that respira-
tory muscles are not compromised, the activity of res-
piratory muscles also correspond to 30  l/min. This high 
activity of respiratory muscles is a risk factor for P-SILI 
and patient–ventilator dyssynchrony [3, 70]. Addition-
ally, at this level of respiratory drive there is recruit-
ment of expiratory muscles which contract and decrease 
end-expiratory lung volume below that determined by 
PEEP [12]. This may potentially cause further lung injury 

(atelectrauma), derecruitment, and gas exchange abnor-
malities. Deterioration of respiratory system mechanics 
and gas exchange abnormalities move the brain curve to 
the left and metabolic hyperbola upwards [2].

Estimation of respiratory drive during mechanical 
ventilation
How can we estimate the respiratory drive in this 
patient? In mechanically ventilated patients respiratory 
drive can be quantitated using indices of motor output 
as described above. These indices, contrary to sponta-
neous breathing patients, can be obtained relatively eas-
ily [5, 65]. Yet again, it is important to recognize that 
the presence of a disease that affects the inspiratory 
flow–generation pathway at or before the anatomical 
site of measurement always leads to underestimation of 
the respiratory drive. Respiratory muscles weakness is 
common in critically ill patients. Nevertheless, despite 
this limitation, indices of respiratory motor output may 
provide to the physician information for injurious high 
drive and assist the decision-making process (Table  2). 
Values for Pdi increase during the inspiratory phase 
(ΔPdi) ≥ 12 cmH2O and respiratory muscle swings during 
the breath (Pmussw) ≥ 15 cmH2O are associated with high 
drive which may be injurious, whereas driving transpul-
monary pressure (ΔPlung) ≥ 12  cmH2O and transpulmo-
nary pressure swings (Plungsw) ≥ 20 cmH2O indicate high 
lung stress and strain [4]. P0.1 higher than 4 cmH2O, eas-
ily measured in all ventilators, has an excellent accuracy 
to detect high effort per breath [71]. It has been shown 
recently that P0.1 higher than 3.5  cmH2O is associated 
with increased mortality [72]. The absolute drop in Paw 
during a whole breath occlusion correlates also with 
pleural and respiratory muscles pressures changes dur-
ing the un-occluded tidal breaths [73, 74], but its inter-
pretation might be heavily affected by cortical feedback 
in awake patient and does not provide more information 
than P0.1. Finally, TFdi > 30% is an index of intense dia-
phragm contraction [75].

In this patient, due to deviation between the supported 
ventilation curve and brain curve unmet ventilatory 
demands are 15.8 l/min (30.0–14.2). For this reason, the 
patient exhibits signs of respiratory distress, which may 
force the clinicians to increase the level of assist. Since 
in this patient the desired PaCO2 is 26  mmHg the PS 
level should considerably increase to achieve this value, 
resulting in excessive mechanical power applied on the 
lung [76] and increased afterload of the right heart [77]. 
The latter is attributed to high transpulmonary pressure 
which increases the pulmonary vascular resistance by 
creating zone II and I conditions in pulmonary circula-
tion, potentially leading to acute cor pulmonale [78]. 

Fig. 5  Brain curve (red line), unsupported (dashed black line) 
and supported with PS (green line) ventilation curves early 
in the course of critical illness of the patient of Fig. 4. Point 1: 
desired PaCO2 by respiratory centers; Point 2: theoretical PaCO2 
during unsupported spontaneous breathing; Point 3: actual PaCO2 
with PS during stable breathing (steady state); Point 4: RCO/min 
corresponding to desired V’E with unsupported spontaneous 
breathing; Point 5: RCO/min corresponding to desired V’E with PS 
ventilation; Notice the unmet demands without (difference 
in ventilation between points 2 and 4), and with PS (difference 
in ventilation between points 3 and 5). PS: pressure support; RCO/
min: respiratory centers output per min; V’E: minute ventilation
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Therefore, this strategy increases the risk of lung injury 
and right heart dysfunction.

The indices of respiratory motor output and clini-
cal examination, including dyspnea assessment [79, 
80], indicate injurious high drive (Table 2) and thus the 
patient was placed back to protective mechanical venti-
lation. Another attempt for fully assisted modes should 
be considered when the causes of alterations in brain 
curve, ventilation curve and metabolic hyperbola will be 
addressed. It is important to notice that during protective 
mechanical ventilation, if it is possible, complete inactiv-
ity of inspiratory muscles should be avoided in order to 
reduce the risk of atrophy [4].

After 3  days the patient meets criteria for assisted 
mode. Respiratory system mechanics and gas exchange 
abnormalities have been improved, indicating partial res-
olution of ARDS, while high anion gap metabolic acidosis 
has been resolved. The patient exhibits metabolic alkalo-
sis mainly due to hypoalbuminemia.

The patient is placed on PS and a relatively high level 
of assist was used. At the same time a light sedation 
strategy is applied and if needed, an analgetic opioid is 
administered. Sedation, opioid, metabolic alkalosis and 
resolution of ARDS decrease considerably the sensitiv-
ity to CO2 and shifts the brain curve to the right with a 
downward slope [31, 43, 45]. This rightward shift of the 
brain curve combined with high assist level [2], place 
the supported ventilation curve to the left of the brain 
curve (Fig. 6A). Actual PaCO2 and V’E are 39 mmHg and 

9.7 l/min, respectively. The desired PaCO2 by respiratory 
centers is 42 mmHg and RCO/min at this PaCO2 corre-
sponds to 9.0  l/min. However, since the actual PaCO2 is 
below 42 mmHg, the RCO/min decreases to that dictated 
by the PaCO2 of 39 mmHg, which is 2.0  l/min. The res-
piratory drive is so low that the patient relaxes the dia-
phragm soon after triggering. This can be confirmed by 
indices of respiratory motor output as described above 
and TFdi. Values of ΔPdi and ΔPmussw ≤ 3  cmH2O, 
P0.1 < 1.5  cmH2O and TFdi < 10% suggest low inspira-
tory muscles activity and thus low respiratory drive [4]. 
However, at presence of muscles weakness the limitation 
of these indices should be considered. It is of interest to 
note that P0.1 may be valid even in moderate to severe 
respiratory muscles weakness. It has been shown in an 
animal model of severe inspiratory muscles weakness, 
that P0.1 still increases reliably with increasing PaCO2, 
implying that the initial part of muscle contraction is rel-
atively spared [81].

Consequences of low drive
Now this patient is at risk of diaphragmatic atrophy. 
Indeed, it has been shown in animals that 12–18 h of PS, 
with a level of assist that caused diaphragmatic relaxation 
after triggering, resulted in diaphragmatic atrophy and 
contractile dysfunction [82]. Zambon et al. demonstrated 
in critically ill patients that there is a linear relationship 
between the level of PS and diaphragmatic atrophy rate 
[83]. Finally, Goligher et al. found that diaphragm atrophy 

Fig. 6  Brain curve (red line), unsupported (dashed black line) and supported with PS (green line) ventilation curves, relatively late in the course 
of critical illness of the patient of Fig. 5. A High PS, stable breathing. B Unstable breathing with increasing PS. Point 1: PaCO2 during unsupported 
spontaneous breathing; Point 2: RCO/min corresponding to desired V’E with unsupported spontaneous breathing; Point 3: actual PaCO2 with PS 
during stable breathing (stable ventilation); Point 4: RCO/min corresponding to desired V’E with PS ventilation (stable ventilation); closed circles: 
apneic threshold; Point 5: Actual V’E that results in apnea; Notice that with PS ventilation curve is shifted to the left of brain curve. See text for further 
explanation. PS: pressure support; RCO/min: respiratory centers output per min; V’E: minute ventilation
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is associated with a poor outcome [75]. Additionally, low 
respiratory drive is a risk factor of patient–ventilator dys-
synchrony, mainly of the type of ineffective efforts [84, 
85], which may contribute to poor outcome [86].

Further increase in PS level moves the supported 
ventilation curve to lower PaCO2 and when the inter-
section point is at PaCO2 lower than apneic threshold 
repetitive apneas occur, and respiratory drive is hover 
around zero [87, 88] (Fig. 6B). PaCO2 is close to apneic 
threshold. Non-steady state exists since the occur-
rence of apnea prevents PaCO2 to decrease consider-
ably below the apneic threshold and reach the steady 
state. V’E oscillates between zero to approximately 12 l/
min. In addition to diaphragm atrophy, the patient is 
now at risk of poor sleep quality due to microarous-
als occurring at the end of each apneic episode. These 
microarousals result in severe sleep fragmentation and 
very low levels of deep sleep (sleep deprivation), further 
compromising the already poor sleep quality in these 
patients [89]. It is of interest to note that poor sleep 

quality is a risk factor for adverse short and long-term 
outcomes [90, 91]. The diaphragm may be also affected 
since it has been demonstrated that even one night of 
sleep deprivation in healthy individuals with normal 
function of the diaphragm may decrease inspiratory 
endurance due to reduction of cortical contribution to 
the respiratory centers output [15]. Finally, since the 
usual health care personnel response to apneas is to 
switch to control mechanical ventilation, unnecessary 
prolongation of mechanical ventilation is also a risk.

In the example provided above, we focus on a patient 
with pneumonia who developed ARDS. Similar reason-
ing should be applied to other diseases that affect the 
brain curve, ventilation curve, and metabolic hyperbola 
[6, 35] (Fig. 7). For instance, this analysis demonstrated, 
contrary to general belief [92] that in patients with pul-
monary arterial hypertension or chronic thromboem-
bolic pulmonary hypertension the respiratory system is 
the main determinant of exercise limitation, with the car-
diovascular system being an indirect contributor [6].

Fig. 7  Determinants of brain curve (RCO/min/PaCO2), ventilation curve (V’E/PaCO2) and metabolic hyperbola during unsupported spontaneous 
breathing (SB) and mechanical ventilation (MV). MV modifies the equation of motion by applying pressure (Paw) to the lungs, which acts 
in conjunction with the pressure generated by the inspiratory muscles (PmusI). During mechanical ventilation respiratory rate (Fr) may differ 
from the frequency of the electrical bursts (outputs) due to patient–ventilator dyssynchrony (i.e., ineffective efforts). Paw may change (curved 
arrows) Ers (recruitment/derecruitment/overdistension), Rrs (airway opening/closure) and PEE (dynamic hyperinflation). Notice that tidal volume (VT) 
depends on a complex interaction of variables (Modifiers) determining brain curve, ventilation curve and metabolic hyperbola. RCO: respiratory 
centers output; Pmus: respiratory muscles pressure (inspiratory and expiratory); Ers: respiratory system elastance; Rrs: respiratory system resistance; 
PEE: elastic recoil pressure of respiratory system at end-expiration; V’: flow; ΔV: volume above end-expiratory lung volume; V’E: minute ventilation; 
V’CO2: CO2 production; VD/VT: physiological dead space to tidal volume ratio; PaCO2: partial pressure of arterial CO2; PaO2: partial pressure of arterial 
O2
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Conclusion
Our analysis suggests that abnormalities in respira-
tory drive result from alterations in the brain curve, 
ventilation curve, and metabolic hyperbola. Consider-
ing the significant risks associated with both low and 
high respiratory drive, it is imperative to address and 
manage these abnormalities in all three curves. How-
ever, this task is complex, due to the significant inter-
action among the various factors that determine the 
curves (Fig. 7). In this process, it is important to recog-
nize that respiratory drive can be increased by factors 
that: (1) impair the inspiratory flow-generation path-
way (e.g., respiratory system mechanics derangements, 
dynamic hyperinflation, neuromuscular weakness) 
[35]; (2) increase the brain CO2 sensitivity (e.g., meta-
bolic acidosis, hypoxemia, receptors stimulation) [41, 
44]; and (3) shift the metabolic hyperbola upward (e.g., 
increases in V’CO2 and/or VD/VT) [39, 50–52]. Con-
versely, respiratory drive can be decreased by interven-
tions/therapy that (1) reduce brain CO2 sensitivity (e.g., 
sedation, correction of metabolic acidosis or hypox-
emia, metabolic alkalosis) [31, 40]; (2) restore the integ-
rity of the pathway from the respiratory centers to tidal 
volume generation (e.g., mechanical ventilation, mode 
of support, titration of ventilator settings, improve-
ments in respiratory system mechanics and neuromus-
cular weakness) [80, 93, 94], and (3) shift the metabolic 
hyperbola downward (e.g., decreases in V’CO2 or VD/
VT) [39, 58]. By considering all factors that contribute 
to each of these three curves and employing inductive 
reasoning to understand their interactions, respiratory 
drive can be assessed at the bedside, facilitating a more 
informed decision-making process.

Abbreviations
PaCO2	� Arterial partial pressure of CO2
PaO2	� Arterial partial pressure of O2
RCO	� Respiratory centers output per breath
RCO/min	� Respiratory centers output per minute
V’E	� Minute ventilation
FRC	� Functional residual capacity
VT	� Tidal volume
RCOI	� Respiratory centers output to inspiratory muscles
RCOE	� Respiratory centers output to expiratory muscles
TIm	� Mechanical inflation time
V’CO2	� CO2 production
VD	� Physiological dead space
V’/Q’	� Ventilation–perfusion ratio
P-SILI	� Patient self-inflicted lung injury
EAdi	� Electrical activity of the diaphragm
Pdi	� Trans-diaphragmatic pressure
Pmussw	� Respiratory muscle pressure swings
Pes	� Esophageal pressure
P0.1	� Airway occlusion pressure during the first 100 ms of inspiration
Poccl	� Absolute drop in airway pressure during a whole breath occlusion
TFdi	� Thickening fraction of the diaphragm
ICU	� Intensive Care Unit
PS	� Pressure support
ARDS	� Acute respiratory distress syndrome

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40560-​024-​00731-5.

Additional file 1: Figure S1. Normal (Health). Intact inspiratory flow-
generation pathway. Figure S2. Neuromuscular weakness. Figure S3. 
Dynamic hyperinflation in a patient exhibiting flow limitation during 
passive expiration.

Acknowledgements
Not applicable.

Author contributions
DG conceived this study. DG, MB, VS and EA drafted and reviewed the 
manuscript. All authors finally approved the content of the manuscript to be 
submitted.

Funding
None.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 22 March 2024   Accepted: 12 April 2024

References
	1.	 Akoumianaki E, Vaporidi K, Georgopoulos D. The injurious effects of 

elevated or nonelevated respiratory rate during mechanical ventila-
tion. Am J Respir Crit Care Med. 2019;199(2):149–57.

	2.	 Vaporidi K, Akoumianaki E, Telias I, Goligher EC, Brochard L, Georgo-
poulos D. Respiratory drive in critically ill patients: pathophysiology 
and clinical implications. Am J Respir Crit Care Med. 2020;201(1):20–32.

	3.	 Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize 
progression of lung injury in acute respiratory failure. Am J Respir Crit 
Care Med. 2017;195(4):438–42.

	4.	 Goligher EC, Dres M, Patel BK, Sahetya SK, Beitler JR, Telias I, et al. Lung- 
and diaphragm-protective ventilation. Am J Respir Crit Care Med. 
2020;202(7):950–61.

	5.	 Telias I, Brochard L, Goligher EC. Is my patient’s respiratory drive (too) 
high? Intensive Care Med. 2018;44(11):1936–9.

	6.	 Mitrouska I, Bolaki M, Vaporidi K, Georgopoulos D. Respiratory system 
as the main determinant of dyspnea in patients with pulmonary 
hypertension. Pulm Circ. 2022;12(1): e12060.

	7.	 Caruana-Montaldo B, Gleeson K, Zwillich CW. The control of breathing 
in clinical practice. Chest. 2000;117(1):205–25.

	8.	 Del Negro CA, Funk GD, Feldman JL. Breathing matters. Nat Rev Neuro-
sci. 2018;19(6):351–67.

	9.	 Richter DW, Smith JC. Respiratory rhythm generation in vivo. Physiol-
ogy. 2014;29(1):58–71.

	10.	 Guyenet PG, Bayliss DA. Neural control of breathing and CO2 homeo-
stasis. Neuron. 2015;87(5):946–61.

https://doi.org/10.1186/s40560-024-00731-5
https://doi.org/10.1186/s40560-024-00731-5


Page 13 of 14Georgopoulos et al. Journal of Intensive Care           (2024) 12:15 	

	11.	 Laveneziana P, Albuquerque A, Aliverti A, Babb T, Barreiro E, Dres M, et al. 
ERS statement on respiratory muscle testing at rest and during exercise. 
Eur Respir J. 2019;53(6):1801214.

	12.	 Stamatopoulou V, Akoumianaki E, Vaporidi K, Stamatopoulos E, Kondili E, 
Georgopoulos D. Driving pressure of respiratory system and lung stress 
in mechanically ventilated patients with active breathing. Crit Care. 
2024;28(1):19.

	13.	 Younes M, Georgopoulos D. Control of breathing relevant to mechanical 
ventilation. In: Marini J, Slutsky A, editors. Physiological basis of ventilatory 
support. New York: Marcel Dekker; 1998. p. 1–74.

	14.	 Younes M, Riddle W. A model for the relation between respiratory neural 
and mechanical outputs: I. Theory. J Appl Physiol Respir Environ Exerc 
Physiol. 1981;51(4):963–78.

	15.	 Rault C, Sangaré A, Diaz V, Ragot S, Frat JP, Raux M, et al. Impact of sleep 
deprivation on respiratory motor output and endurance: a physiological 
study. Am J Respir Crit Care Med. 2020;201(8):976–83.

	16.	 Eldridge FL, Millhorn DE. Oscillation, gating, and memory in the respira-
tory control system. In: Terjung R, editor. Comprehensive physiology. 
Supplement 11: Handbook of physiology, the respiratory system, control 
of breathing. Bethesda: American Physiological Society; 2011. p. 93–114.

	17.	 Kam K, Worrell JW, Janczewski WA, Cui Y, Feldman JL. Distinct inspira-
tory rhythm and pattern generating mechanisms in the preBötzinger 
complex. J Neurosci. 2013;33(22):9235–45.

	18.	 Corne S, Webster K, McGinn G, Walter S, Younes M. Medullary metastasis 
causing impairment of respiratory pressure output with intact respiratory 
rhythm. Am J Respir Crit Care Med. 1999;159(1):315–20.

	19.	 Costa R, Navalesi P, Cammarota G, Longhini F, Spinazzola G, Cipriani F, 
et al. Remifentanil effects on respiratory drive and timing during pressure 
support ventilation and neurally adjusted ventilatory assist. Respir Physiol 
Neurobiol. 2017;244:10–6.

	20.	 Raux M, Straus C, Redolfi S, Morelot-Panzini C, Couturier A, Hug F, et al. 
Electroencephalographic evidence for pre-motor cortex activation dur-
ing inspiratory loading in humans. J Physiol. 2007;578(Pt 2):569–78.

	21.	 Mador MJ, Tobin MJ. Effect of alterations in mental activity on the breath-
ing pattern in healthy subjects. Am Rev Respir Dis. 1991;144(3 Pt 1):481–7.

	22.	 Cunningham DJ, Robins PA, Wolf CB. Integration of respiratory responses 
to changes in alveolar pressure of CO2 and PO2 and in arterial pH. 
Bethesda: American Physiological Society; 1986. p. 475–528.

	23.	 Duffin J, Mohan RM, Vasiliou P, Stephenson R, Mahamed S. A model of 
the chemoreflex control of breathing in humans: model parameters 
measurement. Respir Physiol. 2000;120(1):13–26.

	24.	 Georgopoulos D, Mitrouska I, Bshouty Z, Webster K, Patakas D, Younes M. 
Respiratory response to CO2 during pressure-support ventilation in con-
scious normal humans. Am J Respir Crit Care Med. 1997;156(1):146–54.

	25.	 Xirouhaki N, Kondili E, Mitrouska I, Siafakas N, Georgopoulos D. Response 
of respiratory motor output to varying pressure in mechanically venti-
lated patients. Eur Respir J. 1999;14(3):508–16.

	26.	 Polacheck J, Strong R, Arens J, Davies C, Metcalf I, Younes M. Phasic vagal 
influence on inspiratory motor output in anesthetized human subjects. J 
Appl Physiol Respir Environ Exerc Physiol. 1980;49(4):609–19.

	27.	 Hamilton RD, Winning AJ, Horner RL, Guz A. The effect of lung inflation 
on breathing in man during wakefulness and sleep. Respir Physiol. 
1988;73(2):145–54.

	28.	 Kondili E, Prinianakis G, Anastasaki M, Georgopoulos D. Acute effects of 
ventilator settings on respiratory motor output in patients with acute 
lung injury. Intensive Care Med. 2001;27(7):1147–57.

	29.	 Tobin MJ, Laghi F, Jubran A. Ventilatory failure, ventilator support, and 
ventilator weaning. Compr Physiol. 2012;2(4):2871–921.

	30.	 Duffin J. The chemoreflex control of breathing and its measurement. Can 
J Anaesth. 1990;37(8):933–42.

	31.	 Nieuwenhuijs D, Sarton E, Teppema LJ, Kruyt E, Olievier I, van Kleef J, 
et al. Respiratory sites of action of propofol: absence of depression of 
peripheral chemoreflex loop by low-dose propofol. Anesthesiology. 
2001;95(4):889–95.

	32.	 Skatrud JB, Dempsey JA. Interaction of sleep state and chemical stimuli 
in sustaining rhythmic ventilation. J Appl Physiol Respir Environ Exerc 
Physiol. 1983;55(3):813–22.

	33.	 Datta AK, Shea SA, Horner RL, Guz A. The influence of induced hypocap-
nia and sleep on the endogenous respiratory rhythm in humans. J 
Physiol. 1991;440:17–33.

	34.	 Weil JV, Byrne-Quinn E, Sodal IE, Friesen WO, Underhill B, Filley 
GF, et al. Hypoxic ventilatory drive in normal man. J Clin Invest. 
1970;49(6):1061–72.

	35.	 Aubier M, Murciano D, Fournier M, Milic-Emili J, Pariente R, Derenne 
JP. Central respiratory drive in acute respiratory failure of patients 
with chronic obstructive pulmonary disease. Am Rev Respir Dis. 
1980;122(2):191–9.

	36.	 Tipton MJ, Harper A, Paton JFR, Costello JT. The human ventilatory 
response to stress: rate or depth? J Physiol. 2017;595(17):5729–52.

	37.	 Leitch AG, McLennan JE, Balkenhol S, McLaurin RL, Loudon RG. Ventila-
tory response to transient hyperoxia in head injury hyperventilation. J 
Appl Physiol Respir Environ Exerc Physiol. 1980;49(1):52–8.

	38.	 Tenney SM, Ou LC. Ventilatory response of decorticate and decerebrate 
cats to hypoxia and CO2. Respir Physiol. 1977;29(1):81–92.

	39.	 West JB. Causes of and compensations for hypoxemia and hypercapnia. 
Compr Physiol. 2011;1(3):1541–53.

	40.	 Volta CA, Alvisi V, Bertacchini S, Marangoni E, Ragazzi R, Verri M, et al. 
Acute effects of hyperoxemia on dyspnoea and respiratory variables dur-
ing pressure support ventilation. Intensive Care Med. 2006;32(2):223–9.

	41.	 Linton RA, Poole-Wilson PA, Davies RJ, Cameron IR. A comparison of the 
ventilatory response to carbon dioxide by steady-state and rebreath-
ing methods during metabolic acidosis and alkalosis. Clin Sci Mol Med. 
1973;45(2):239–49.

	42.	 Tojima H, Kunitomo F, Okita S, Yuguchi Y, Tatsumi K, Kimura H, et al. Dif-
ference in the effects of acetazolamide and ammonium chloride acidosis 
on ventilatory responses to CO2 and hypoxia in humans. Jpn J Physiol. 
1986;36(3):511–21.

	43.	 Javaheri S, Shore NS, Rose B, Kazemi H. Compensatory hypoventilation in 
metabolic alkalosis. Chest. 1982;81(3):296–301.

	44.	 Jacono FJ, Peng YJ, Nethery D, Faress JA, Lee Z, Kern JA, et al. Acute lung 
injury augments hypoxic ventilatory response in the absence of systemic 
hypoxemia. J Appl Physiol. 2006;101(6):1795–802.

	45.	 Harper MH, Hickey RF, Cromwell TH, Linwood S. The magnitude and dura-
tion of respiratory depression produced by fentanyl and fentanyl plus 
droperidol in man. J Pharmacol Exp Ther. 1976;199(2):464–8.

	46.	 Akada S, Fagerlund MJ, Lindahl SG, Sakamoto A, Prabhakar NR, Eriksson 
LI. Pronounced depression by propofol on carotid body response to 
CO2 and K+-induced carotid body activation. Respir Physiol Neurobiol. 
2008;160(3):284–8.

	47.	 West JB, Peters RM, Aksnes G, Maret KH, Milledge JS, Schoene RB. Noc-
turnal periodic breathing at altitudes of 6300 and 8050 m. J Appl Physiol. 
1986;61(1):280–7.

	48.	 Mortara A, Sleight P, Pinna GD, Maestri R, Capomolla S, Febo O, et al. 
Association between hemodynamic impairment and Cheyne-Stokes 
respiration and periodic breathing in chronic stable congestive heart 
failure secondary to ischemic or idiopathic dilated cardiomyopathy. Am J 
Cardiol. 1999;84(8):900–4.

	49.	 Younes M, Ostrowski M, Atkar R, Laprairie J, Siemens A, Hanly P. Mecha-
nisms of breathing instability in patients with obstructive sleep apnea. J 
Appl Physiol. 2007;103(6):1929–41.

	50.	 Viale JP, Annat GJ, Bouffard YM, Delafosse BX, Bertrand OM, Motin JP. Oxy-
gen cost of breathing in postoperative patients: pressure support ventila-
tion vs continuous positive airway pressure. Chest. 1988;93(3):506–9.

	51.	 Rochester DF, Bettini G. Diaphragmatic blood flow and energy expendi-
ture in the dog: effects of inspiratory airflow resistance and hypercapnia. 
J Clin Invest. 1976;57(3):661–72.

	52.	 Uehara M, Plank LD, Hill GL. Components of energy expenditure in 
patients with severe sepsis and major trauma: a basis for clinical care. Crit 
Care Med. 1999;27(7):1295–302.

	53.	 Parshall MB, Schwartzstein RM, Adams L, Banzett RB, Manning HL, Bour-
beau J, et al. An Official American Thoracic Society statement: update on 
the mechanisms, assessment, and management of dyspnea. Am J Respir 
Crit Care Med. 2012;185(4):435–52.

	54.	 Fukushi I, Pokorski M, Okada Y. Mechanisms underlying the sensation of 
dyspnea. Respir Investig. 2021;59(1):66–80.

	55.	 Matthay MA, Arabi Y, Arroliga AC, Bernard G, Bersten AD, Brochard LJ, 
et al. A new global definition of acute respiratory distress syndrome. Am J 
Respir Crit Care Med. 2024;209(1):37–47.

	56.	 Auler JO, Saldiva PH, Martins MA, Carvalho CR, Negri EM, Hoelz C, et al. 
Flow and volume dependence of respiratory system mechanics during 



Page 14 of 14Georgopoulos et al. Journal of Intensive Care           (2024) 12:15 

constant flow ventilation in normal subjects and in adult respiratory 
distress syndrome. Crit Care Med. 1990;18(10):1080–6.

	57.	 Eissa NT, Ranieri VM, Corbeil C, Chassé M, Robatto FM, Braidy J, et al. 
Analysis of behavior of the respiratory system in ARDS patients: effects of 
flow, volume, and time. J Appl Physiol. 1991;70(6):2719–29.

	58.	 Manthous CA, Hall JB, Olson D, Singh M, Chatila W, Pohlman A, et al. Effect 
of cooling on oxygen consumption in febrile critically ill patients. Am J 
Respir Crit Care Med. 1995;151(1):10–4.

	59.	 Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo MA, Costa EL, et al. 
Spontaneous effort causes occult pendelluft during mechanical ventila-
tion. Am J Respir Crit Care Med. 2013;188(12):1420–7.

	60.	 Dreyfuss D, Soler P, Basset G, Saumon G. High inflation pressure 
pulmonary edema: respective effects of high airway pressure, high 
tidal volume, and positive end-expiratory pressure. Am Rev Respir Dis. 
1988;137(5):1159–64.

	61.	 Goligher EC, Brochard LJ, Reid WD, Fan E, Saarela O, Slutsky AS, et al. 
Diaphragmatic myotrauma: a mediator of prolonged ventilation and 
poor patient outcomes in acute respiratory failure. Lancet Respir Med. 
2019;7(1):90–8.

	62.	 Shi Z, de Vries HJ, Vlaar APJ, van der Hoeven J, Boon RA, Heunks LMA, 
et al. Diaphragm pathology in critically ill patients with COVID-19 
and postmortem findings from 3 medical centers. JAMA Intern Med. 
2021;181(1):122–4.

	63.	 Bhattacharya M, Kallet RH, Ware LB, Matthay MA. Negative-pressure 
pulmonary edema. Chest. 2016;150(4):927–33.

	64.	 Magder S. Clinical usefulness of respiratory variations in arterial pressure. 
Am J Respir Crit Care Med. 2004;169(2):151–5.

	65.	 Telias I, Spadaro S. Techniques to monitor respiratory drive and inspiratory 
effort. Curr Opin Crit Care. 2020;26(1):3–10.

	66.	 Pohlman MC, McCallister KE, Schweickert WD, Pohlman AS, Nigos CP, 
Krishnan JA, et al. Excessive tidal volume from breath stacking dur-
ing lung-protective ventilation for acute lung injury. Crit Care Med. 
2008;36(11):3019–23.

	67.	 Beitler JR, Sands SA, Loring SH, Owens RL, Malhotra A, Spragg RG, et al. 
Quantifying unintended exposure to high tidal volumes from breath 
stacking dyssynchrony in ARDS: the BREATHE criteria. Intensive Care Med. 
2016;42(9):1427–36.

	68.	 Prin S, Chergui K, Augarde R, Page B, Jardin F, Vieillard-Baron A. Ability and 
safety of a heated humidifier to control hypercapnic acidosis in severe 
ARDS. Intensive Care Med. 2002;28(12):1756–60.

	69.	 Georgopoulos D, Mitrouska I, Webster K, Bshouty Z, Younes M. Effects 
of inspiratory muscle unloading on the response of respiratory motor 
output to CO2. Am J Respir Crit Care Med. 1997;155(6):2000–9.

	70.	 Kondili E, Prinianakis G, Georgopoulos D. Patient-ventilator interaction. Br 
J Anaesth. 2003;91(1):106–19.

	71.	 Telias I, Junhasavasdikul D, Rittayamai N, Piquilloud L, Chen L, Ferguson 
ND, et al. Airway occlusion pressure as an estimate of respiratory drive 
and inspiratory effort during assisted ventilation. Am J Respir Crit Care 
Med. 2020;201(9):1086–98.

	72.	 Le Marec J, Hajage D, Decavèle M, Schmidt M, Laurent I, Ricard JD, et al. 
High airway occlusion pressure is associated with dyspnea and increased 
mortality in critically ill mechanically ventilated patients. Am J Respir Crit 
Care Med. 2024. https://​doi.​org/​10.​1164/​rccm.​202308-​1358OC.

	73.	 Bertoni M, Telias I, Urner M, Long M, Del Sorbo L, Fan E, et al. A novel 
non-invasive method to detect excessively high respiratory effort and 
dynamic transpulmonary driving pressure during mechanical ventilation. 
Crit Care. 2019;23(1):346.

	74.	 de Vries HJ, Tuinman PR, Jonkman AH, Liu L, Qiu H, Girbes ARJ, et al. 
Performance of noninvasive airway occlusion maneuvers to assess 
lung stress and diaphragm effort in mechanically ventilated critically ill 
patients. Anesthesiology. 2023;138(3):274–88.

	75.	 Goligher EC, Fan E, Herridge MS, Murray A, Vorona S, Brace D, et al. Evolu-
tion of diaphragm thickness during mechanical ventilation: impact of 
inspiratory effort. Am J Respir Crit Care Med. 2015;192(9):1080–8.

	76.	 Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P, Moerer O, 
et al. Ventilator-related causes of lung injury: the mechanical power. 
Intensive Care Med. 2016;42(10):1567–75.

	77.	 Mekontso Dessap A, Boissier F, Charron C, Bégot E, Repessé X, Legras 
A, et al. Acute cor pulmonale during protective ventilation for acute 
respiratory distress syndrome: prevalence, predictors, and clinical impact. 
Intensive Care Med. 2016;42(5):862–70.

	78.	 Bouferrache K, Vieillard-Baron A. Acute respiratory distress syndrome, 
mechanical ventilation, and right ventricular function. Curr Opin Crit Care. 
2011;17(1):30–5.

	79.	 Bureau C, Dres M, Morawiec E, Mayaux J, Delemazure J, Similowski T, 
et al. Dyspnea and the electromyographic activity of inspiratory muscles 
during weaning from mechanical ventilation. Ann Intensive Care. 
2022;12(1):50.

	80.	 Decavèle M, Bureau C, Campion S, Nierat MC, Rivals I, Wattiez N, et al. 
Interventions relieving dyspnea in intubated patients show responsive-
ness of the mechanical ventilation-respiratory distress observation scale. 
Am J Respir Crit Care Med. 2023;208(1):39–48.

	81.	 Holle RH, Schoene RB, Pavlin EJ. Effect of respiratory muscle weakness on 
P0.1 induced by partial curarization. J Appl Physiol Respir Environ Exerc 
Physiol. 1984;57(4):1150–7.

	82.	 Hudson MB, Smuder AJ, Nelson WB, Bruells CS, Levine S, Powers SK. 
Both high level pressure support ventilation and controlled mechanical 
ventilation induce diaphragm dysfunction and atrophy. Crit Care Med. 
2012;40(4):1254–60.

	83.	 Zambon M, Beccaria P, Matsuno J, Gemma M, Frati E, Colombo S, et al. 
Mechanical ventilation and diaphragmatic atrophy in critically ill patients: 
an ultrasound study. Crit Care Med. 2016;44(7):1347–52.

	84.	 Leung P, Jubran A, Tobin MJ. Comparison of assisted ventilator modes 
on triggering, patient effort, and dyspnea. Am J Respir Crit Care Med. 
1997;155(6):1940–8.

	85.	 Vaschetto R, Cammarota G, Colombo D, Longhini F, Grossi F, Giovanniello 
A, et al. Effects of propofol on patient-ventilator synchrony and interac-
tion during pressure support ventilation and neurally adjusted ventilatory 
assist. Crit Care Med. 2014;42(1):74–82.

	86.	 Vaporidi K, Babalis D, Chytas A, Lilitsis E, Kondili E, Amargianitakis V, et al. 
Clusters of ineffective efforts during mechanical ventilation: impact on 
outcome. Intensive Care Med. 2017;43(2):184–91.

	87.	 Meza S, Giannouli E, Younes M. Control of breathing during 
sleep assessed by proportional assist ventilation. J Appl Physiol. 
1998;84(1):3–12.

	88.	 Meza S, Mendez M, Ostrowski M, Younes M. Susceptibility to periodic 
breathing with assisted ventilation during sleep in normal subjects. J 
Appl Physiol. 1998;85(5):1929–40.

	89.	 Georgopoulos D, Kondili E, Gerardy B, Alexopoulou C, Bolaki M, Younes M. 
Sleep architecture patterns in critically ill patients and survivors of critical 
illness: a retrospective study. Ann Am Thorac Soc. 2023;20(11):1624–32.

	90.	 Dres M, Younes M, Rittayamai N, Kendzerska T, Telias I, Grieco DL, et al. 
Sleep and pathological wakefulness at the time of liberation from 
mechanical ventilation (SLEEWE): a prospective multicenter physiological 
study. Am J Respir Crit Care Med. 2019;199(9):1106–15.

	91.	 Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-
Piekarski AN, et al. The sleep-deprived human brain. Nat Rev Neurosci. 
2017;18(7):404–18.

	92.	 Neder JA, Ramos RP, Ota-Arakaki JS, Hirai DM, D’Arsigny CL, O’Donnell D. 
Exercise intolerance in pulmonary arterial hypertension: the role of car-
diopulmonary exercise testing. Ann Am Thorac Soc. 2015;12(4):604–12.

	93.	 Georgopoulos D, Giannouli E, Patakas D. Effects of extrinsic positive 
end-expiratory pressure on mechanically ventilated patients with chronic 
obstructive pulmonary disease and dynamic hyperinflation. Intensive 
Care Med. 1993;19(4):197–203.

	94.	 Kondili E, Prinianakis G, Alexopoulou C, Vakouti E, Klimathianaki M, 
Georgopoulos D. Respiratory load compensation during mechanical ven-
tilation–proportional assist ventilation with load-adjustable gain factors 
versus pressure support. Intensive Care Med. 2006;32(5):692–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1164/rccm.202308-1358OC

	Respiratory drive: a journey from health to disease
	Abstract 
	Basic principles of control of breathing
	Respiratory drive and inspiratory flow-generation pathway
	Brain and ventilation curves
	Causes of high and low respiratory drive
	Respiratory drive—from health to disease
	Consequences of high respiratory drive
	Estimation of respiratory drive
	Estimation of respiratory drive during mechanical ventilation
	Consequences of low drive

	Conclusion
	Acknowledgements
	References


