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Mathematical derivation                                                                                                                                

At FRC/ZEEP, transpulmonary pressure is positive, 5-10 cmH2O, because the expansive chest wall has 

inflated the lung from Residual Volume to FRC and the pleural pressure becomes equally negative. It 

is important to realize that the negative pleural pressure is not the cause of lung inflation, but rather 

a consequence of the expansive chest wall pulling the lung open from RV to FRC. At FRC/ZEEP there 

is a balance between the expansive chest wall and the recoil of the lung and the expansive chest wall 

cannot pull the lung to a higher volume. However, the chest wall would move outwards until it 

reaches its resting volume at 70 – 80 % of total lung capacity (TLC) if not prevented by the lung recoil. 

Thus, if end-expiratory lung volume (EELV) is increased by PEEP, the chest wall will move out equally 

much at end-expiration. Thus, the chest wall complex does not impede end-expiratory lung volume 

change by PEEP and the increase in end-expiratory lung volume will only be related to lung elastance, 

ΔEELV = ΔPEEP/EL (ΔEELV = ΔPEEP x CL) [1-5](Fig. S1). 
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 Fig. S1. Left panel: Comparison of ΔEELV measured as the cumulative expiratory tidal volume 

difference  [2, 6] between baseline and increased PEEP level, with ΔEELV calculated as ΔPEEP/EL in 13 

pigs, 12 ALI patients and 24 patients with healthy lungs [1, 2, 4] . 

Right panel: Correlation between measured ΔEELV and ΔEELV calculated as ΔPEEP/lung elastance 

(EL). Plotting was performed on mean data of patient groups representing eight lung healthy patients 

with a lung elastance between 8 and 9 cmH2O/L, eight ALI patients with lung elastance between 14 

and 18 cmH2O/L and eight ARDS patients with lung elastance between 24 and 30 cmH2O/L [7]. Nine 

patients with pulmonary ARDS with lung elastance between 20 and 26 cmH2O/L and 12 

extrapulmonary ARDS patients with lung elastance between 11 and 14 cmH2O/L [8] were also 

included, together with 26 patients with mixed ARDS with lung elastance between 18 and 36 cmH2O/L 

[9]. In the studies by Gattinoni et al [8] and Pelosi et al [7] PEEP steps were performed from ZEEP to 

respective PEEP level and back, 0-5-0, 0-10-0, 0-15-0 cmH2O in random order. The increase in end-

expiratory lung volume (ΔEELV) between two PEEP levels was measured as the difference in volume 

exhaled from end-inspiration at PEEP to ZEEP during a prolonged expiration. In the Garnero et al 

study [9] PEEP steps was performed consecutively, starting at a PEEP of 5 cmH2O, 5-10-15-20-25-30-

35-40 cmH2O and  ΔEELV was measured as the cumulative difference in inspiratory and expiratory 

tidal volume between pressure/volume (P/V) equilibrium of two PEEP levels [6]. The measured ΔEELV 

was compared to the change in PEEP divided by lung elastance, where lung elastance was determined 



as the transpulmonary driving pressure divided by the tidal volume, where  the transpulmonary 

driving pressure was obtained using esophageal pressure measurements,(ΔPAW – ΔPES)/ VT 

 

 Using standard equations based on tidal variation in airway, transpulmonary and esophageal (≈ 

pleural) pressure for calculation of respiratory system, lung and chest wall elastance the 

consequences of that ΔEELV = ΔPAWEE/EL can be elucidated: 

ΔEELV = ΔPAWEE/EL    (1) 

where ΔPAWEE = ΔPEEP, and consequently  

EL = ΔPEEP/ΔEELV    (2) 

As the transpulmonary pressure increases in relation to the inflated volume and the elastic 

properties of and the lung, the end-expiratory transpulmonary pressure (PTPEE) after a PEEP 

increase, increases with 

ΔPTPEE = ΔEELV x EL   (3) (fig. 4). 

and as  

ΔPAWEE = ΔEELV x EL,   (4) 

the end-expiratory transpulmonary pressure increases as much as PAWEE is increased: 

ΔPTPEE = ΔPEEP   (5)  

Equation (2) determined EL using end-expiratory lung status. Conventionally, EL is calculated using 

esophageal pressure measurement  

EL = (ΔPAW – ΔPPL)/VT   (6) 

where the transpulmonary driving pressure  

ΔPTP = ΔPAW – ΔPPL   (7) 



Thus  

EL = ΔPTP/VT   (8) 

and  

EL = ΔPEEP/ΔEELV   (2) 

and when  

VT = ΔEELV, 

then from equations (2) and (8) we get 

ΔPEEP = ΔPTP,         (8b) 

i.e. transpulmonary driving pressure of a tidal volume equal to ΔEELV, is equal to ΔPAWEE (ΔPEEP).  

The airway (respiratory system) driving pressure is the sum of the transpulmonary driving pressure 

and the tidal variation in pleural pressure  

ΔPAW = ΔPTP + ΔPPL 

and as the transpulmonary driving pressure of a tidal volume equal to ΔEELV is equal to ΔPAWEE 

(8b), the tidal variation in pleural pressure is equal to the difference between the airway driving 

pressure and the change in PEEP 

ΔPPL = ΔPAW – ΔPEEP 

The transpulmonary driving pressure of a tidal volume equal to ΔEELV is equal to ΔPEEP, and the 

increase in end-expiratory transpulmonary pressure is equal to the change in PEEP (eq. 5, 8b), and 

when tidal volume and the change in end-expiratory lung volume is equal 

ΔPEEP = ΔPTP = ΔPTPEE        (8c) 

The implication is that at a certain lung volume, transpulmonary pressure is the same, irrespective 

of whether this volume level has been reached by tidal or PEEP inflation  [1, 2, 4] (Fig. S2, S3). 



 

 

 

 

Fig. S2. Lung P/V curves in lung healthy patients [2], extrapulmonary ARDS and pulmonary ARDS 

patients [8]. End-expiratory transpulmonary P/V points: open circles. End-inspiratory transpulmonary 

P/V points: filled circles. 

Note that end-expiratory and end-inspiratory lung P/V points are positioned along a single common 

lung P/V curve.  

 

The change in end-expiratory pleural pressure (ΔPPLEE) related to the increase in end-expiratory lung 

volume is calculated as the difference in increase in end-expiratory airway pressure and end-

expiratory transpulmonary pressure 

ΔPPLEE = ΔPAWEE – ΔPTPEE 

and as ΔPAWEE is equal to ΔPTPEE (eq. 8b), the calculated change in ΔPPLEE is zero. 

ΔPPLEE = 0 

It must be emphasized that the change in end-expiratory pleural pressure is a calculated value, 

implicating that the chest wall does not lean on the lung at end-expiration. This does not preclude 

that de facto measurement of pleural pressure would show an increase in pressure in response to a 

PEEP increase (see further below).  



 

Fig. S3. Change in PEEP (ΔPEEP = ΔPAWEE) compared to calculated change in end-expiratory 

transpulmonary pressure (ΔPTPEE = ELCONV × ΔEELV) and calculated change in end-expiratory pleural 

pressure (ΔPPLEE = ΔPAWEE - ΔPTPEE). Note that the change in end-expiratory transpulmonary 

pressure equals the change in end-expiratory airway pressure (ΔPEEP) and consequently, the 

difference between them, the calculated change in end-expiratory pleural pressure is ≈ zero, which 

underlines that the chest wall does not squeeze or lean on the lung at end-expiration. 

Lundin: PEEP steps of 4 cmH2O (0-4-8-12-16) in ALI patients [1] 

Gattinoni, Pelosi, Garnero: PEEP steps 0-5-0-10-0-15 in [7, 8], and 5-10-15-20-25-30-35-40 cmH2O in 

[9], where the change in end-expiratory transpulmonary pressure was calculated for each 5 cmH2O 

PEEP step. 

Persson: three different size PEEP steps in lung healthy patients. Lung elastance used for calculations 

was derived from esophageal pressure measurements during ventilation with a tidal volume equal to 

change in EELV [2]  

 

As described initially, transpulmonary pressure is positive, 5 - 10 cmH2O already at FRC, but the 

precise level cannot be determined without pleural pressure measurements, which are not feasible 

during clinical conditions. Consequently, when the fact that transpulmonary pressure changes as 

much as PEEP is changed, the implication is that absolute transpulmonary pressure is the 

transpulmonary pressure at FRC (unknown) plus PEEP (fig. S4). 



 

Fig. S4. Tidal airway P/V curves (red arrows). Tidal transpulmonary (lung) P/V curves (blue arrows) 

corresponding to Donders´procedure in figure 9. The lung P/V curve starts at 7 cmH2O, which is the 

true transpulmonary pressure at FRC/ZEEP and the end-inspiratory pressure is 17 cmH2O. The 

transpulmonary driving pressure is 10 cmH2O, as the tidal volume is 500 ml and lung elastance is 20 

cmH2O/L. Normally, the lung P/V curve would be depicted starting from 0 cmH2O (dashed blue 

arrow). However, the slope of the curve would be identical to the slope of the lung P/V curve starting 

from 7 cmH2O (EL = ΔPEEP/ΔEELV). The transpulmonary driving pressure (ΔPTP) is equal to the 

change in PEEP, ΔPTP = ΔPEEP, as ΔEELV is equal to the tidal volume.  

 

Summary of mathematical derivation 

The mathematical derivation and the modelling show that respiratory mechanics can be defined by 

three equations when the tidal volume is equal to the change in end-expiratory lung volume: 

ERS = ΔPAW/ΔEELV=VT 

EL = ΔPEEP/ΔEELV=VT 

ECW = (ΔPAW – ΔPEEP)/ΔEELV=VT     

The mathematical derivation is summed-up in figure S5. 



 

Fig. S5. Principal graph of PEEP inflation, where ΔEELV is equal to the tidal volume. Red arrows: tidal 

airway (respiratory system) P/V curves. Blue arrows: tidal transpulmonary (lung) P/V curves. Green 

arrows: tidal pleural (chest wall) P/V curves. Note that end-expiratory transpulmonary pressure 

increases as much as PEEP is increased and that consequently, end-expiratory pleural pressure does 

not change when PEEP is increased (dashed green line), i.e. end-expiratory chest wall elastance is 

zero. This means that the chest wall complex does not press on the lung at end-expiration. The 

transpulmonary driving pressure of a VT = ΔEELV is equal to ΔPEEP. Also note that tidal pleural 

pressure variation of a VT = ΔEELV is equal to the difference between airway driving pressure and 

ΔPEEP. Also note that the end-inspiratory transpulmonary pressure from the low PEE id equal to end-

expiratory transpulmonary pressure of the high PEEP. This means that transpulmoanry pressure at a 

certain lung volume is independent of whether this volume has been reached by tidal or PEEP 

inflation. 

 

The time course of PEEP inflation 

PEEP inflation is a multiple breath phenomenon 

The time course of PEEP inflation, i.e. for establishing a new P/V equilibrium after increasing PEEP, 

was first described by Katz and coworkers in 1981 in ARDS patients[10]. It involves up to 40 breaths. 

The increase in EELV during the first expiration (VFexp) after increasing PEEP is a result of the 



expiratory valve of the ventilator closing prematurely at the new PEEP level, detaining a volume 

equal to the change in PEEP divided by respiratory system elastance,  

 

VFexp = ΔPEEP/ERS    (9)  

 

This is also the PEEP-induced end-expiratory lung volume increase, which is the highest possible 

that can be reached by the increase in end-expiratory airway pressure (ΔPEEP) unless the chest 

wall yields by striving to a higher volume, permitting further inflation of the lung.  

As shown above, the total change in in end-expiratory lung volume is      

ΔEELV = ΔPEEP/EL   (1) 

and the second phase, multi-breath increase in EELV (Vsec) following the first expiration increase, is 

consequently equal to the difference between ΔEELV and VFexp: 

Vsec = ΔPEEP/EL – ΔPEEP/ERS = ΔPEEP x (ERS-EL)/(EL x ERS)   [equation 1 – equation 9] 

and as ERS – EL = ECW 

Vsec = ΔPEEP x ECW/(EL x ERS)    (10) (fig. S6).  

 

 

 

 

 

 

 



 

Fig. S6. Recording from an ARDS patient [1]. Left upper panel: airway pressure. Left lower panel: 

volume by electric impedance tomography (EIT). The registration is done during volume control 

ventilation with a tidal volume of 500 ml with an airway driving pressure of 10 cmH2O followed by a 

PEEP increase of 10 cmH2O, which is equal to airway driving pressure, ΔPAW, at baseline PEEP. The 

first expiration EELV increase (VFexp, large red bar) is equal to ΔPEEP/ERS, which is the same as the 

tidal volume of 500 ml. The second phase multi-breath EELV increase (Vsec) is equal to ΔPEEP x 

ECW/(ERS x EL), 400 ml (see mathematical derivation, below). The total ΔEELV is 900 ml. Respiratory 

system elastance (ΔPAW/ VT) is 10/0.5 =20 cmH2O/ml. The end-expiratory respiratory system 

elastance, which is equal to lung elastance (ΔPAWEE/ΔEELV = ΔPTPEE/ΔEELV) is 10/0.900 = 11 

cmH2O/L (see mathematical derivation above).  

Right panel: Detail from left panels before and just after PEEP increase. The shaded area can be 

regarded as a large inspiration, which is interrupted during the initiation of the new PEEP level. 

During this large “inspiration” the airway pressure comprises both the transpulmonary pressure 

needed to inflate the lung and the pleural pressure needed to displace the chest wall complex. The 

increase in end-expiratory lung volume, red bars, is followed by a equally large increase in 

end.inspiratory lung volume during the following inspiration.  

 

Transpulmonary pressure increases in relation to volume inflated and the elastic properties of the 

lung (eq. 8), and the increase in end-expiratory transpulmonary pressure during PEEP inflation is 

consequently equal to ΔEELV x EL (eq. 1, 8c)  

ΔPTPEEΔEELV = ΔPEEP 

During the first expiration after increasing PEEP, end-expiratory transpulmonary pressure increases 

with lung elastance times the first expiration volume (eq. 9): 



ΔPTPEEVFexp = EL x ΔPEEP/ERS     (11) 

and end expiratory pleural pressure increases with chest wall elastance times the first expiration 

volume: 

ΔPPLEEVFexp = ECW x ΔPEEP/ERS     (12) 

During the second multi-breath phase inflation, volume increase is equal to Vsec (eq.10) and 

multiplying this with EL gives the corresponding transpulmonary pressure increase. 

ΔPTPEEVsec = EL x ΔPEEP x ECW/(EL x ERS) = ΔPEEP x ECW/ERS    = (12) 

We can conclude that  

the second phase increase in transpulmonary pressure is equal to the increase in pleural pressure 

during the first expiration volume increase after increasing PEEP (eq. 12). This shows that the 

second phase volume increase is a result of the chest wall complex yielding to lung inflation by 

PEEP, as all the pressure needed to hold the chest wall complex away during the first expiration is 

used to inflate the lung during the second phase PEEP inflation.   

 

The time course of PEEP inflation, or rather the number of breaths needed to reach a new PEEP/EELV 

equilibrium, where the end-expiratory transpulmonary pressure has increased as much as PEEP is 

increased, relates to how large proportion transpulmonary driving pressure is of the airway driving 

pressure, ΔPTP/ΔPAW ( = EL/ERS). The higher the ratio, the less breaths, and in the isolated lung, 

equilibration occurs during the first breath. The more influence of the chest wall complex, the more 

breaths are needed (fig.8), as the ratio  

EL/ERS = (ΔPEEP/ΔEELV)/(ΔPEEP/VFexp) = VFexp/ΔEELV (eq. 2, 9). After k breaths the total change in 

end-expiratory transpulmonary pressure is 

ΔPTPEEtot(k) = ΔPEEP(1-(ECW/ERS)k)  



This corresponds to an exponential function with the time constant  

τ = 1/(ln(ERS) – ln(ECW)) 

Achieving 95% of the final end-expiratory transpulmonary pressure takes approximately three time 

constants. It must be emphasized that in a clinical situation, other factors play a role also, most so, 

uneven airway resistance, which may cause regional delay of expiration. Examples: 

EL/ERS = 20/30: 96 % of the change has been achieved after three breaths. EL/ERS = 20/40: 94 % of 

the change has been achieved after four breaths (Fig. S7). 

 

Fig. S7. Expiration-by-expiration increase in end-expiratory transpulmonary pressure (PTPEE) after 

increasing PEEP by 10 cmH2O in model with EL/ERS 20/20 cmH2O/L (left panel), 20/30 cmH2O/L (mid 

panel) and 20/40 cmH2O/L (right panel). In the model lung and chest wall elastance is linear and 

airway resistance disregarded. Note, that the less proportion of respiratory system elastance lung 

elastance is, the more breaths needed to reach an equilibrium, where ΔPTPEE has increased as much 

as PEEP was increased, ΔPEEP.  

 

When a new PEEP/EELV is reached after increasing PEEP, end-expiratory transpulmonary pressure 

(PTPEE) has increased as much as PEEP was increased. 

We denote the change in PTPEE during the first expiration ΔPTPEE(1). 

Then 

ΔPTPEE(1) = ΔPEEP × EL/ERS (1) 

The remaining increase until the new equilibrium is then: 



ΔPEEP × (1 - EL/ERS)  (2) 

that is 

ΔPEEP × ECW/ERS  (3) 

The remaining PTPEE change until a new equilibrium is denoted P. 

After the first expiration applies (the same as (3) above: 

P(1) = ΔPEEP × ECW/ERS (4) 

The change in PTPEE during the second expiration is: 

ΔPTPEE(2) = (ΔPEEP -  ΔPTPEE(1)) × EL/ERS (5) 

which can be re-written as 

ΔPTPEE(2) = P(1) × EL/ERS (6) 

The change in PTPEE is thus EL/ERS times the pressure P and this applies to each expiration. 

What remains until equilibrium is: 

P(2) = P(1) - ΔPTPEE(2) = P(1) - P(1) × EL/ERS = P(1) × (1 - EL/ERS) = P(1) × ECW/ERS (7) 

Generally, (7) implies that after the second expiration applies 

P(2) = P(1) × ECW/ERS 

For the next expiration applies: 

P(3) = P(2) × ECW/ERS  (8) 

The remaining pressure increase until equilibrium after expiration k can be written: 

P(k) = ΔPEEP × (ECW/ERS)k (9) 

ΔPTPEE above can be generalized to apply after expiration k, ΔPTPEE(k). 



 

The total change in PTPEE is the end-result PTPEE minus the remaining pressure until new 

equilibrium: 

ΔPTPEETOT(k) = ΔPEEP - P(k) = ΔPEEP - ΔPEEP × (ECW/ERS)k = ΔPEEP × (1 - (ECW/ERS)k) (10) 

The breath by breath change in PTPEE (ΔPTPEE(k)) is: 

ΔPTPEE(k) = P(k-1) - P(k) = ΔPEEP × (ECW/ERS)k-1 - ΔPEEP × (ECW/ERS)k =  

ΔPEEP × ((ECW/ERS)k-1 - (ECW/ERS)k)   (11) 

which can be re-written as: 

ΔPTPEE(k) = ΔPEEP × ( 1 - (ECW/ERS)) × (ECW/ERS)k-1 (12) 

Or: 

ΔPTPEE(k) = ΔPEEP × (EL/ERS) × (ECW/ERS)k-1  (13) 

An example: 

ΔPEEP = 10 cmH2O, EL = 20 och ERS = 30 cmH2O/L 

During the fourth expiration (k = 4) PTPEE increases with 0.247 cmH2O. 

ΔPTPEETOT = 9.877 cmH2O. 

If we instead of looking at whole breaths, look at the exponential function, we can re-write (9) and 

exchange k with t, where t represents time, not in seconds but in breaths: 

P(t) = ΔPEEP × (ECW/ERS)t    (14) 



We can define a time constant τ, as the number of breaths needed to reach 63% of the total number 

needed:  

Equation (14) can be re-written as 

P(t) = ΔPEEP × exp(-t/ τ) 

where exp is the power of e.  

The time constant τ is then: 

τ = 1/(ln(ERS) – ln(ECW)) 

where ln is the natural logarithm. 

Correspondingly (10) can be re-written as: 

ΔPTPEETOT(t) = ΔPEEP × (1 -exp(-t/ τ)) 

An example: 

With EL = 20 and ERS = 30 cmH2O/L we get: 

τ = 0.91 

It takes thus 0.91 breaths for PTPEE to reach 63 % of its final value. 

With EL = 20 and ERS = 40 cmH2O/L we get: 

τ = 1.44 

It takes thus 1.44 breaths for PTPEE to reach 63 % of its final value. 

During three time constants, 95 % of the final value is reached, in this case 4.32 breaths. 

 

Acknowledgement: We thank Daniel Dencker for refining the mathematics of this analysis.  



End-expiratory lung volume change, ΔEELV 

End-expiratory lung volume increase was determined as the cumulative expiratory tidal volume 

between PEEP levels enhanced by inspiratory tidal volume calibrated EIT (Dräger Medical, Lübeck, 

Germany) using a 16-electrode belt [11]. As the EIT signal is non-linear, i.e. the ratio of tidal 

impedance change (ΔZ) to tidal volume (ΔZ/ml) changes during a PEEP trial, the EIT signal was 

linearized by calibrating the inspiratory impedance signal (ΔZ) with the inspiratory tidal volume signal 

(ml) PEEP step by PEEP step. In this way, the change in end-expiratory lung volume during a PEEP 

step can be determined with a high precision during a PEEP step procedure (Table 2 

 

Table S1. Linearizing of ΔZ by the tidal volume (VT) from the ventilator. VT was 420 ml throughout the 

PEEP trial. The non-linearity of the ΔZ signal is seen in the ΔZ/ml column which a non-linearity of 

around 10 %.  The end-expiratory and end-inspiratory volumes during the PEEP trial are shown in the 

far right column. 

 

 

Measurement precision of the PEEP step method and esophageal pressure  

The high precision of measurements of lung elastance and transpulmonary pressure by the PEEP step 

method lies in two factors:                                                                                                                                    

1. It is a direct measurement of transpulmonary driving pressure, as transpulmonary driving pressure 



is equal to the change in PEEP when the tidal volume is equal to the change in end-expiratory lung 

volume, ΔPTPVT=ΔEELV = ΔPEEP. PEEP is maintained at set levels within a tenth of a cmH2O and can be 

regarded as a “true” value.                                                                                                                                    

2. The measurement of ΔEELV as the cumulative difference in expiratory tidal volume between two 

PEEP levels  [6] has been fine-tuned and the variability of measurements are down to ± 3 % [2]. In the 

present study this method has been combined with inspiratory tidal volume calibrated EIT, which 

converts changes in end-expiratory impedance to changes in volume (ml). As EIT measures 

impedance changes only in a vertical lens-shaped area of the lung, the tidal volume calibration 

procedure results in an extrapolation of the EIT to the whole lung along the cranio-caudal axis. 

Reports on cranio-caudal redistribution of ventilation are not unambigiouos [12, 13]. However, most 

of the inhomogeneity of ventilation is a result of gravitational forces, which makes EIT a suitable 

detector of vertical gas distribution even if the measurement field does not cover the whole lung [14-

17].  

In contrast, the standard esophageal pressure method is an indirect method, where lung elastance is 

calculated as the difference between respiratory system and chest wall elastance, EL = ERS – ECW 

and transpulmonary pressure is measured as the difference in airway and esophageal pressure, 

ΔPAW – ΔPES. Esophageal pressure measurements are calibrated with the Baydur maneuver, where 

the goal is to obtain an equal change in airway and esophageal pressure when the chest is 

compressed with closed airway [18]. Both positioning and filling of the balloon are factors that affect 

the calibration and a ratio between ΔPES/ΔPAW of 0.8 – 1.2 is regarded as acceptable [19]. The 

consequences of this is that esophageal pressure works adequately on a group level, but is less 

suitable for decision support on an individual patient basis (Fig. S8, S9) and cannot be used for 

calculating individual lung P/V curves  



 

Fig. S8. Plot of difference between the mathematically derived end-expiratory transpulmonary 

pressure (=PEEP) at PEEP of 4, 8, 12 and 16 cmH2O  and PES-derived end-expiratory transpulmonary 

pressure (PTPEE = ΔEELV x EL). The red triangle shows the 3.5 % variability of end-expiratory 

transpulmonary pressure by the LB-concept. The bias is only 0.83 cmH2O, but all data points outside 

the triangle indicate the low precision of PES based transpulmonary pressure. In many of the patients, 

the PES based value will give a fair estimate of PTP, but in a smaller group they will be of low 

adequacy. In some few patients PES based PTP will be inadequate and selecting ventilator settings 

accordingly may cause lung injury or under-treatment (too low PEEP) and unnecessary ECMO 

treatment, where LB-derived PTP would have permitted higher PEEP.   

 

 



Fig. S9. Example of the difference in precision between LB and PES based trans-pulmonary pressure in 

an ARDS patient. Blue arrows show tidal lung P/V curves at different PEEP levels according to the LB-

concept. Note that these curves are superimposed on the end-expiratory airway P/V curve (red 

dashed line), which also is the lung P/V curve. 

In the left graph, end-expiratory PES based transpulmonary pressure calculated as PES based EL x 

ΔEELV. (PES-based tidal lung P/V curves grey arrows). The complete PES based lung P/V curve (grey 

dashed line) differs significantly from the LB-concept P/V curve (reference curve).  

In the right graph, the PES based tidal lung P/V curves (grey arrows) are positioned to start at 

respective PEEP level. Note that the end-inspiratory trans-pulmonary P/V points do not lie on the 

same curve as the end-expiratory P/V points. All PES-based tidal P/V curves diverge significantly from 

the LB-concept P/V curves (reference curves). 

  



The mathematical derivation consequences for the Elastance concept and the PES guided 

PEEP titration method 

The elastance concept 

It has been proposed that the end-inspiratory transpulmonary plateau pressure is equal to end-

inspiratory airway plateau pressure times the ratio of lung elastance to respiratory system elastance, 

PAWplat x EL/ERS [20]. However, as the mathematical derivation shows that transpulmonary 

pressure increases as much PEEP is increased, the end-inspiratory transpulmonary plateau pressure 

is equal to PEEP plus the transpulmonary driving pressure, PEEP + ΔPTP, or PEEP plus EL/ERS times 

airway driving pressure, PEEP + ΔPAW x EL/ERS. 

 

The absolute PES guided method 

In the concept of PEEP titration guided by esophageal pressure (PES), it is assumed that a positive 

esophageal pressure indicates (dorsal) collapse and that this can be remedied by increasing PEEP 

until PEEP minus PES becomes positive, i.e. transpulmonary pressure becomes positive [21-23]. The 

reason for transpulmonary pressure to increase is that the lung volume increases when PEEP is 

increased and the concept of PES-guided PEEP titration assumes that transpulmonary pressure 

increases as much as PEEP is increased, ΔPEEP = ΔPTP, which is in agreement with the mathematical 

derivation. Consequently, if ΔEELV was measured during PES guided PEEP titration, it would show 

that lung elastance is equal to the change in PEEP divided by the change in end-expiratory lung 

volume,  EL = ΔPEEP/ΔEELV in agreement with the mathematical derivation.  
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