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ABSTRACT: The development of inadvertent positive end-expiratory 
pressure (PEEP

1
) In ventilated Infants Is of clinical relevance and 

dirficult to measure non-lnvaslvely. A method for estimating end· 
expiratory alveolar pressure by applying a multiple regression analy· 
sls to airway opening pressure, now and volume recordings during 
mechanical ventilation was evaluated. 

In eight open-chested, paralysed and mechanically ventilated mongrel 
dogs, alveolar pressure was measured directly with "alveolar capsules". 
Alteration or ventilation patterns and addition of a resistive element 
were used in three dogs to Induce different levels or PEEP1• End­
expiratory alveolar pressure measured directly and determined from 
multlllnear regression of airway opening pressure correlated well (mean 
error 0.06±0.53 (±SD) hPa, limits of agreement -1.16 to +1.04 hPa). The 
other five dogs received Inhalation challenges, two with histamine, two 
with hypertonic saline and one with methacholine resulting in a mean 
increase of respiratory system resista.nce of 230% (range 141-489%) 
of the baseline values. The mean error in determining PEEP1 was 
O.S4:t:0.37 hPa, the limits of agreement were -0.20 to 1.28 hPa. 

The method was then applied to seven mechanically-ventilated 
children (aged l months to 8 yrs, weight 4.9-23.5 kg) and the results 
were compared to the pressure at which Inspiration began (equalling 
PEEP~· Seventy eight measurements were performed during open heart 
surgery, while compliance changed by between 3 and 186% of baseline 
values due to the surgical procedures. PEEP1 estimated by multiple 
regression agreed well with the pressure at which Inspiration began 
(mean difference O.lS:t:0.68 hPa, limits of agreement ·1.12 to 1.62 hPa). 

A computer model was used to determine the stability of the multi· 
pie regression method under conditions likely to stress the assumptions 
underlying this technique, i.e. in the presence of a high now dependent 
endotracheal tube resistance and after introduction of noise In the 
simulated signals. Values usually encountered in clinical practice did 
not result in unacceptable errors in determining PEEP1 from multiple 
regression analysis of airway pressure. 
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The use of rapid rate ventilation in patients with 
lung disease may result in an alveolar pressure above 
airway opening pressure at end-expiration if the ex­
piratory time is too short in relation to the expiratory 
time constant of the respiratory system. This pressure 
is known as intrinsic positive end-expiratory 
pressure(PEEP1) (1-4]. This pressure is not detected 
from pressure settings of the ventilator and may 
exceed the PEEP value applied externally. PEEP1 is 
more likely to occur in patients with increased airway 
resistance, e.g. in infants with bronchopulmonary 
dysplasia (BPD) or bronchiolitis, or when small en­
dotracheal tubes (ETI) are used. High PEEP1 may 
increase the risk of pulmonary over-distension and 
pneumothorax. It may also influence gas exchange 

and cardiac output (4, 5] and make the evaluation of 
the efficiency of specific ventilator settings or thera­
pies more difficult. Measurements of dynamic 
compliance will be difficult to interpret in the 
presence of an unknown PEEP. (6]. 

Efforts to detect such pressJres without interfering 
with the ventilation pattern have included measure­
ments of pressures at the tip of the ETT (7]. 
However, this requires special tubes and will be very 
difficult to achieve in premature infants with the 
usual 2.5-3.5 mm internal diameter (I.D.) ETT. 
Furthermore, PEEPJ due to high airway resistance will 
not be detected by this technique as all that is 
achieved is removal of the effect of the endotracheal 
tube. 
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The technique proposed for measuring PEEP1 in 
adults involves making an end-expiratory airway oc­
clusion and measuring the steady-state pressure at the 
airway opening shortly afterwards [1]. Some adult 
ventilators have an "end-expiratory-hold" button for 
this purpose. Commonly used infant ventilators do not 
have this facility, therefore end-expiratory occlusions 
must be made manually. Timing is crucial. If the 
occlusion is made before expiratory flow has stopped, 
the estimate of PEEP. obtained will be artificially high. 
End-expiratory occl~sions also interrupt the infants 
pattern of ventilation. 

This study was performed to evaluate a non­
invasive technique for calculating PEEP. without 
interfering with the infant's ventilation pattern. This 
technique consists of applying a multilinear regression 
analysis to measurements of flow and pressure at the 
airway opening. The technique was validated in open­
chested puppies where the estimates of PEEP1 could be 
verified by direct measurements of end-expiratory 
alveolar pressure, and applied to children under 
anaesthesia. A computer model was also used to 
simulate the pulmonary mechanics of neonates and to 
investigate the effects of a flow-dependent ETT 
resistance and measurement "noise" on the stability of 
the estimates of PEEPr 

Methods 

Theory 

In mechanically-ventilated subjects without respira­
tory muscle activity, and assuming that inertia plays 
a negligible role during tidal ventilation [8], the 
equation of motion describing a linear, single compart­
ment model of respiration can be written: 

Pao(t) = Rrs·V(t) + 1/Crs·V(t) (1) 

where Pao = pressure at airway opening, Rrs = resist­
ance of the respiratory system, Crs = compliance of 
the respiratory system, V = lung volume above the 
resting position of the respiratory system (elastic 
equilibrium volume), V = flow at airway opening, t 
= time. 

By definition, lung volume at end-expiration is the 
functional residual capacity (FRC). Equation (1) 
can be rewritten to describe ventilatory excursions 
from FRC: 

Pao(t) = Rrs·V(t) + 1/Crs·V(t) + EEP (2) 

where V is the lung volume above FRC, and EEP is 
the alveolar pressure at end-expiration. EEP will be 
zero and equations (1) and (2) will be identical only 
if the lung is allowed to expire fully to its resting 
position after each inspiration. Equation (2) can be 
solved by fitting a multilinear regression (MLR) to 
measurements of Pao, flow (V) and volume [9, 10]. 
The MLR then yields values for Rrs, Crs and EEP. 
For the purpose of this study, EEP will be used to de­
note the constant derived from multilinear regression 
of equation (2). 

We derived EEP by MLR from airway opening 
pressure, flow and volume in three mechanically­
ventilated, open-chested mongrel dogs, after different 
levels of PEEP. had been induced by alteration of 
ventilation patte;ns and addition of a resistive element. 
This value of EEP was then compared to the 
end-expiratory alveolar pressure measured directly us­
ing alveolar capsules (see below). 

In order to evaluate the effect of a more 
physiological model of increased airway resistance, we 
then studied a further five dogs during and after 
inhalation provocation with histamine (two dogs), 
methacholine (1 dog) and hypertonic saline (2 dogs). 
In dogs, the inhalation of histamine results mainly in 
an increase of tissue resistance [11), and hypertonic 
saline increases only airway resistance [12]. Metha­
choline was found to result in an increase of both 
tissue and airway resistive properties [13]. 

To investigate the effects of the chest wall properties 
(which were not present in the open-chested dogs), 
seven patients were studied during cardiac surgery 
which involved a median sternotomy and placement of 
chest retractors. Because the "alveolar capsule" 
technique cannot be used in humans, we manually 
determined airway pressure at the beginning of 
inspiratory flow as a method of estimating PEEP

1
, and 

compared this with EEP from multilinear regression. 
This assumes that the ventilator must first overcome 
the positive alveolar pressure before inspiratory flow 
can be initiated. 

The multiple linear regression technique of fitting 
ventilation data to equation [2] assumes that the 
respiratory system can be represented by a single 
compartment with a single value for resistance and 
compliance. These values represent "weighted 
average" values and do not necessarily assume that 
resistance and compliance are constant, either between 
inspiration and expiration or throughout the tidal vol­
ume range. Nonlinearities, such as those introduced by 
a flow dependent resistance (e.g. the small endotra­
cheal tubes used for small infants) and by ventilating 
the respiratory system beyond its "linear range" may 
introduce errors into the values of Crs, Rrs and EEP 
obtained from MLR of equation (2). Therefore, a 
computer simulation of various ventilator settings, 
lung compliances and resistances and tube character­
istics typical for neonates and prematures was used to 
determine the influence of these factors on the EEP 
value derived by MLR using equation (2). 

Animal studies 

Animal preparation. Three mongrel puppies, 8-10 
wks old, weight 7.0, 7.7 and 8.1 kg, were studied. 
The puppies were anaesthetized (sodium pentobarbital, 
30 mg·kg·1 i.v.), intubated with an uncut cuffed Portex 
ETT (size 6.0 mm I.D., the cuff inflated until no leak 
was detectable), paralysed with tubocurarine (1-3 mg) 
and mechanically ventilated using a piston pump (vol­
ume cycled) ventilator (tidal volume range 38-178 ml, 
frequency 0.4 Hz). The chest was widely opened by 
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midline sternotomy for placement of alveolar capsules 
(see below). An end-expiratory pressure of 5 hPa was 
applied to maintain lung volume. Anaesthesia and 
muscle relaxation were maintained with supplemental 
doses of pentobarbitone and tubocurarine approxi­
mately each hour. Heart rate and blood pressure were 
monitored continuously and used to judge the ad­
equacy of anaesthesia. 

Five other puppies (weight 5.0-7.0 kg), which were 
part of another study to determine the effects of dif­
ferent provocation methods on lung mechanics, were 
prepared in an identical fashion. Two dogs underwent 
inhalation provocations with increasing concentrations 
(3, 10, 30, 100 mg·ml'1) of histamine, one dog with 
methacholine (0.1, 0.3, 1, 3, 10, 30 mg·ml·1) and two 
dogs with 10% saline for increasing inhalation 
periods (0.5, 1, 2, 4, 8, 16 min). The aerosols were 
delivered by a Hudson updraft nebulizer driven by a 
flow of 10 Z·min·1 of compressed air, and the provo­
cation steps with histamine and methacholine consisted 
of 2 min inhalations of each concentration during tidal 
ventilation. 

Alveolar capsule technique. Alveolar pressure was 
measured in the open-chested puppies using the 
alveolar capsule technique of FREDBERO et al. [14]. 
Small plastic capsules were glued to the pleural 
surface with cyanoacetate glue (Loktite 416). The 
underlying alveoli were brought into communication 
with the capsule chamber by puncturing the pleura 
several times to a depth of approximately 0.5 mm with 
a 19 gauge needle. A piezoresistive pressure transducer 
(Endevco 8507B-2) identical to that used to measure 
airway opening pressure was introduced into the 
capsule to measure alveolar pressure. Two capsules 
were glued to the right upper and cardiac lobes. 

Data processing. Data were collected over a 15 s 
period at 200 Hz through a 12 bit AD converter, 
filtered through 8 pole Bessel filter with a corner 
frequency of 100 Hz and recorded on a computer, us­
ing the "Labdat/Anadat" data collection and analysis 
package (RHT Data Systems, Montreal, Quebec, 
Canada). Any offset in the flow signal was removed 
by integrating flow to calculate volume, setting V = 
0 for the volume troughs and correcting the flow and 
volume signal accordingly. Rrs, Crs and EEP were 
then calculated by multilinear regression from Pao, V 
and V tracings using equation (2). Studies were used 
for analysis if the coefficient of determination achieved 
by the fitting procedure was >0.9. The two alveolar 
pressure tracings were inspected for possible ventila­
tion inhomogeneities and the mean signal was used for 
direct determination of end-expiratory pressures. 

Measurements during cardiac surgery 

Seven patients undergoing elective cardiac surgery 
at the Royal Childrens Hospital were included in the 
study. The study protocol was approved by the Ethics 
Committee of the hospital, and informed consent was 
obtained from the patients parents. Details of the 
patients are given in table 1. 

The patients were prepared as usual for cardiac 
surgery, including extensive monitoring equipment for 
circulatory and blood gas parameters. The patients 
were anaesthetized, paralysed and mechanically 
ventilated using a constant-flow, pressure-limited, 
time-cycled paediatric ventilator (built by the RCH 
anaesthetic department). Flow and pressure at the 
airway opening (i.e. between the EIT adaptor and the 
ventilator head) were measured using equipment 

Table 1. - Clinical details of the seven patients studied during cardiac surgery 

Pat. Age Weight Diagnosis Crs·kg'1 Rrs Vt·kg·1 

no. kg mHPa·1·kg·1 hPa·s·1·ml ml·kg·1 

1 2 mths 4.8 VSD 0.781 0.062 12.3 
2 18 mths 9.1 ASD 0.525 0.103 23.6 
3 4 yrs 16.7 TGA, PA 3.33 0.018 32.8 
4 8 yrs 23.5 VSD 1.11 0.013 20.5 
5 4 yrs 13.8 VSD 0.905 0.040 13.7 
6 9 mths 7.5 VSD 1.32 0.051 22.7 
7 7 mths 7.8 Fallot 1.50 0.060 20.5 
VSD: ventricular septal defect; ASD: atrial septal defect; TGA: transposition of 
great arteries; PA: pulmonary atresia with multiple arterial-pulmonary communicating 
arteries; Crs: compliance of the respiratory system; Rrs: resistance of the respiratory 
system; Vt: tidal volume. 

In order to induce high values of PEEP a 2.5 mm 
I.D. (Vygon) EIT was connected in series tetween the 
ventilator and the dogs endotracheal tube by two 
standard tube connectors as an additional resistive 
element. This acted to increase the expiratory time 
constant of the respiratory system. Tidal volume was 
changed without altering ventilation rate to vary the 
level of PEEPr 

Airway opening pressure w~s measured proximally 
to the resistive element with a lateral pressure port and 
a pressure transducer as described above. 

identical to the devices described in the section on 
animal studies. Measurements were performed over 
20 s each, at a frequency of 200 Hz, and a low pass 
filter corner frequency of 10 Hz. 

The ventilation pattern was set and varied by the 
anaesthetist according to the clinical situation, and the 
measurements of lung mechanics were performed 
without interfering with the surgical procedures. A 
slight external pressure to the larynx was applied as 
necessary to abolish any leak around the tube. Meas­
urements were repeated before the chest had been 
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opened, and after sternotomy. Further measurements 
were performed after the chest wan had been closed 
at the end of the procedure. 

Data analysis was performed in an identical way 
using the multilinear regression analysis as in the 
animal experiments. Studies were included in the 
analysis if the coefficient of determination from the 
MLR analysis was >0.95. Where practical, end­
expiratory airway occlusions were made by manually 
triggering a solenoid driven valve at end-expiration. 
PEEP. was estimated from the resulting plateau in 

• I • airway openmg pressure. 

Computer model studies 

The respiratory system was modelled as a one 
compartment lumped parameter system (see appendix), 
including an endotracheal tube which was represented 
as a flow dependent resistance (Ran), characterized by 
Rohrers constants K1 and K2 [15, 16]: 

~=K1+K2·\' (3) 

This model was implemented on a computer as a 
differential equation [17, 18] and calculated at 1,000 
Hz. The simulated ventilation pattern consisted of a 
constant-flow inspiration followed by a passive 
expiration until the inspired volume had been expired 
(see appendix). This ventilation pattern is similar to 
the one used in the children studied during cardiac 
surgery, and is commonly used to ventilate neonates. 
The ventilation pattern used in the dog experiments 
differs from this, with a more sinusoidal pattern of 
inspiratory flow. 

Ventilation patterns. Different levels of inspiratory 
flow (50--150 ml·s-1) and PEEP

1 
(5-15 cmHp) were 

used for the simulations. Inspiratory time was varied 
from 0.1 to 0.6 s. Tidal volume was kept within the 
5-20 ml range for "small premature infants" with 2.5 
mm I.D. tubes, 5-50 ml for "term babies". 

Endotracheal tubes. The ETT characteristics were 
varied according to values published for neonatal tube 
sizes: 2.5 mm I.D. (as used in premature infants of 
25-30 wks gestation), 3.0 and 3.5. mm I.D. The ex­
act values for K1 and K2 characterizing the ETTs vary 
with bending or secretions in the tubes. In practice 
they will be unknown at the moment of measurement. 
However, values typical for these instances (secretions, 
bending) have been published, and were included here 
[17, 18]. 

Respiratory system characteristics. To simulate "neo­
nates" (with 3.0 or 3.5 mm I.D. ETTs), compliance 
values from 2-6 ml·hPa·1 and resistance values of 
0.02-0.04 hPa·s·l.ml [19] were used. In "prematures" 
(with 2.5 mm I.D. ETTs) compliance was varied 
between 0.5 and 2 ml·hPa·1, and resistance between 
0.07 and 0.106 hPa·s·1·ml, thereby encompassing 
values found in neonatal respiratory distress syndrome 
(RDS) and bronchopulmonary dysplasia [20, 21]. 

These extremes of values and one point in the 
middle for each variable were evaluated, PEEP

1 
was 

varied in 10 steps between minimum and maximum 
value. Using these combinations of values, a full 
respiratory cycle was calculated, using the model of 
the respiratory system as described in the appendix. 
Random noise between ::t0.5 ml·s·1 and ±0.1 hPa, re­
spectively, was added to the flow and airway opening 
signals. 

A multiple regression analysis of equation (2) was 
then performed, using the airway opening pressure and 
flow "tracings" produced by the simulated ventilator 
cycle. Crs, Rrs and EEP were thereby derived. 

Statistical analysis. The results of the various 
estimates of PEEP. were calculated using the method 
of BLAND and ~TMANN [22], where the limits of 
agreement are expressed as being 2 so of the differ­
ence above and below the mean difference of two 
estimates. 

Results 

Animal studies 

The values for EEP derived from MLR in the first 
three dogs agreed well with the direct measurements 
of alveolar pressures at end-expiration (PEEP.), 
regardless of the fixed level of external PEEP set &y 
the PEEP valve (fig. 1 ). The range of differences was 
-1.09 to +0.935 hPa, (-16.3 to 13.6% of end­
expiratory alveolar pressure) and the limits of agree­
ment were -1.16 to +1.04 hPa. This agreement was 
valid over a wide range of PEEP1 values (2-14 hPa). 

<tS 16 
0... 14 
..c: 12 
5 10 
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w 2 w 
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End-expiratory alveolar pressure, hPa 

Fig. 1 - Correlation between end-expiratory alveolar pressure 
measured directly by alveolar capsules (PEEP

1
) and as determined 

from multiple linear regression of Pao, flow and volume (EEP). 
The solid line is tbe line of identity. PEEP1: intrinsic positive end­
expiratory pressure; Pao: pressure at airway opening. Q: Dog 1; 
+:Dog 2; • : Dog 3. 

The minimal pressure measured at the airway opening, 
i.e. determined by the PEEP valve, underestimated the 
end-expiratory alveolar pressure (PEEP1) measured 
directly (range of differences = 0.3-6.88 hPa, limits 
of agreement +6.83 to -2.1 hPa) (fig. 2). We then 
manually determined the pressure at the airway 
opening at the moment when inspiratory flow com­
menced by inspecting pressure and flow tracings. We 
found that this value corresponded well to the PEEP

1 
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measured from alveolar pressure: mean difference 
0.46±0.26 hPa, limits of agreement -0.06 to 0.98 hPa. 
No significant ventilation inhomogeneities were 
observed when the two alveolar pressure tracings were 
compared. 

16 

as 14 
0.. 12 ..t::. 

0 10 
as 8 0.. 
c 6 ++ ·e 4 

2 Cl rP 

00 
+ Cl 

4 6 10 12 14 16 
End-expiratory alveolar pressure, hPa 

Fig. 2 - End-expiratory alveolar pressure measured directly by 
alveolar capsules and minimal airway opening pressure (min Pao). 
The wide differenc.es indicate that intrinsic positive end-expiratory 
pressure (PEEP) was present. The solid line is the line of identity. 
Q: Dog 1; +:Dog 2; •: Dog 3. 

During the inhalation provocations, Rrs increased to 
a mean of 230% (range 141 - 498%) of baseline, and 
the coefficient of determination achieved by fitting a 
one compartment, linear model of the respiratory sys­
tem to the data decreased to 0.90 in some cases. 
However, the agreement between EEP from MLR 
analysis of the pressure, flow and volume measured at 
the airway opening, and PEEP1 as determined from al­
veolar pressure deteriorated only slightly (mean dif­
ference = 0.54±0.37 hPa, limits of agreement -0.20 to 
1.28 hPa), (fig. 3). 

End-expiratory alveolar pressure, hPa 
Fig. 3 - Correlation between end-expiratory alveolar pressure 
measured directly by alveolar capsules (PEEP1) and as determined 
from multiple linear regression of Pao, flow and volume (EEP) during 
inhalation provocation with histamine (two dogs), hypertonic saline 
(two dogs) and methacholine (one dog). The solid line is the line 
of identity. For definitions see legend to figure 1. Pooled data; •: 
one measurement. 

Studies during cardiac surgery 

A total of 78 measurements was performed in seven 
patients. Ventilation frequencies varied from 0.202-
0.648 Hz, and further characteristics are given in 
table 1. One patient was detected to have developed 
significant PEEP. initially, which was corrected by 

I 

changes in the ventilatory pattern. Due to the surgi­
cal opening and closing of the thorax, Crs changed by 
a mean of 70:t:66% (range 3-186%) of baseline, Rrs 
changed by 40:t:33% (range 7-114%). 

The mean coefficient of determination achieved by 
MLR-analysis was 0.977, only about 10% of the 
measurements had to be rejected due to poor signal 
quality or artifacts. Results are shown in figure 4. 
The regression between the manually determined pres­
sure at which inspiratory flow began (as an 
estimate of PEEP.), and EEP as determined from 
multilinear regression analysis resulted in good agree­
ment between the measurements. The mean difference 
between both values were 0.25±0.68 hPa, the limits 
of agreement ·1.12 to +1.62 hPa. 

14.-----------------------------~ 

as 12 
Q. 
~ 10-
5 8 
~ 
E 6 ,g 

4 0.. w w 2 

0 
0 2 4 6 8 10 12 14 

PEEP1 (Pao at begin of insp. flow), hPa 

Fig. 4 - Conelation between the manually determined airway 
pressure at the moment when inspiratory flow commences (as 
estimate of PEEP) and EEP determined from multiple linear 
regression of Pao, t\ow and volume from 78 measurements of seven 
children during cardiac surgery. The solid line is the line of 
identity. Pooled data; •: one measurement. 

End-expiratory occlusions were possible in each 
child at least once, and 27 satisfactory occlusions were 
performed. Occlusions were only accepted as satis­
factory if close inspection of preceding mechanical 
breaths indicated that the occlusion had indeed been 
made immediately before the next inspiration would 
have commenced. The plateau in Pao reached after 
occlusion tended to overestimate PEEP

1 
(determined 

from the airway opening pressure at which inspiration 
began in preceding ventilator breaths, as described 
above) to a variable degree. Mean overestimation was 
1.51±0.68 hPa, limits of agreement 0.015 to 2.80 hPa, 
maximal error 3.21 hPa. If occlusions which appeared 
only slightly premature were used, the maximal error 
increased to 5.4 hPa. 

Computer model studies 

Results for three typical combinations of ventilator 
settings, ETI and patient characteristics are shown in 
figure 5. In all instances, the difference between EEP, 
determined by multiple regression analysis (equation 
(2)) and the preset PEEP1 value (as used in the calcula­
tion of the simulated ventilator cycle) was small (fig. 5). 
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Fig. 5 - Computer simulation of various ventilator settings and 
different flow-dependent endotracheal tube resistances. The results 
are shown as identity plots between EEP (from multiple linear re­
gression of simulated ventilation recordings) and the actual value of 
PEEP. as preset in the model. The vertical bars represent the over­
lappirig range of results. a) Simulation of premature babies with 
ETTs ranging from a cut, clean 2.5 to an uncut 3.0 I.D. tube. Ven­
tilation parameters: peak pressures up to 40 hPa, inspiratory time 
0.1-0.5 s, inspiratory flow 50-100 ml·s·1• ETT characteristics: 
K1=0.02-0.04 hPa·s·mi·1, K2=0.0003-0.0007 hPa·s·2·ml2. Respira­
tory system parameters: Crs=O.S-2 ml·hPa·1, Rrs=0.07-0.1 hPa·s·1·ml 
(typical for neonatal respiratory distress syndrome or bronchopul­
monary dysplasia, see text). b) Simulation of term babies with a 
secretion filled 3.5 ETT after suctioning: ventilation parameters as 
in figure Sa. ETT characteristics: K1=0.013-0.017 hPa·s·ml·1, 

K2=0.00012-0.00017 hPa·s·2·ml2. Respiratory system: Crs= 2-6 
ml·hPa·1, Rrs=0.01-0.02 hPa·s·1·ml. c) The situation in a healthy 
neonate, with a 3.5 ETT with secretions after suctioning, other ven­
tilatory values as in figure 5b, except inspiratory flows up to 150 
ml·s·1 were used. ETT: endotracheal tube. For further definitions 
see legend to figure 1. 

In the lower ranges of PEEP., a slight overestimation 
was seen (up to 1 hPa), while

1 
higher PEEP. values led 

to a tendency toward underestimating the real PEEP. (up 
to 1.5 hPa at a PEEP. of 15 hPa for the 3.5 mm 

1
1.0. 

ETT with secretions). 'This was somewhat more marked 
with a maximal error of 2.1 hPa at a PEEP. level of 15 
hP a in the simulations where very high 

1 
inspiratory 

flows were used (fig. 5c). 

Discussion 

The determination of PEEP. is of particular interest 
in infants with small ETTs, r;pid respiratory rates and 
high ventilatory pressures. Equipment using the 
multilinear regression approach to determine compli­
ance and resistance of the lung from transpulmonary 
pressure is widely used [8] and even commercially 
available. If this method is applied to airway opening 
pressure, PEEP. can be determined as part of the 
analysis. This ~imple method of determining end­
expiratory alveolar pressure by multiple regression is 
only possible in mechanically-ventilated subjects with 
no spontaneous respiratory efforts. However, these are 
the situations most likely to result in PEEP .. 

Validation of the non-invasive estimatit~n of end­
expiratory pressure requires the direct measurement of 
alveolar pressure, which is not possible in patients. 
Therefore, the alveolar capsule technique in open­
chested dogs was used to confirm the physiological 
validity of the MLR method for this purpose. The 
results of the present study show that the individual 
error in determining PEEP1 by MLR was small. 

In closed-chested subjects, the influence of the chest 
wall may result in an additional error. However, the 
contribution of the chest wall to the behaviour of the 
respiratory system seems to be small, particularly in 
small infants [20], and will be reflected in altered 
values for compliance and resistance. The validity of 
equation (2) does not depend on the actual values of 
Crs and Rrs, but only on the behaviour of the lung 
and chest wall combined as a single compartment. 
The results obtained from measurements during cardiac 
surgery show indeed that, despite the relatively high 
tidal volumes used during anaesthesia which might be 
expected to cause nonlinear behaviour of the pressure­
volume characteristics of the chest wall, and despite 
the changes in chest wall compliance induced by 
sternotomy, EEP still remained a good estimate of 
PEEP .. 

We 
1 
further stressed the MLR method by inducing 

marked increases in airway and/or tissue resistance in 
the second group of dogs. This represents a more 
realistic model of increased respiratory system resist­
ance than the added external resistance which was 
used in the first three dogs to achieve very high val­
ues of PEEP.. The fact that nonlinearities were 
thereby introdJced into the system was reflected in the 
lower values for the coefficients of determination 
achieved by fitting a linear one compartment model to 
the pressure, flow and volume signals. The resulting 
small errors in the determination of PEEP. show the 

I 
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extent to which the respiratory system can be usefully 
modelled as a one compartment model at a given fre­
quency. This is emphasized by the good fits achieved 
even in the cardiac surgery patients, most of whom did 
not have normal lungs, but various degrees of pulmo­
nary vascular overload. 

The results obtained using the computer model 
demonstrate that the nonlinearities introduced by the 
highly flow dependent EIT .resistances did not result 
in large errors in the determination of PEEP. over the 
range of flows usually encountered in 

1
neonatal 

intensive care. Furthermore, the simulation shows that 
this process is relatively robust in the presence 
of random noise. However, caution must be exercised 
in the interpretation of results in the presence of a 
large leak around the EIT, as this is likely to result 
in a poor fit to the data by MLR and erroneous val­
ues for Rrs, Crs and EEP. In practice, a leak around 
the ETI can usually be abolished by slight external 
pressure applied to the larynx [20] as was done in the 
measurements during cardiac surgery. 

If the flow dependence of the tube resistance is 
more marked than the values used above (e.g. the tube 
is severely blocked or kinked) or if Crs, Rrs, tidal 
volume or pressures are markedly different from the 
clinically relevant values given above, then larger 
errors than those described here could occur. 
Furthermore, any significant respiratory efforts will 
render the application of equation (2) invalid. The use 
of transpulmonary pressure instead of airway opening 
pressure for multiple regression avoids this 
problem. However, the multiple linear regression 
applied to equation (2) will then give a constant which 
does represent the difference between elastic recoil 
pressure of the lung and alveolar pressure at end­
expiration. This value is not relevant for clinical 
purposes. 

In adults, the standard method to measure alveolar 
end-expiratory pressure is to perform an end-expiratory 
airway occlusion and read airway opening pressure 
after pressure equilibration from the ventilator pressure 
transducer [1]. However, stress recovery of the lung 
tissue [23] can be expected to cause some degree of 
overestimation of dynamic end-expiratory alveolar 
pressures, particularly if the occlusion valve closes 
relatively slowly [24]. In addition, this method 
requires the use of a ventilator which provides an 
expiratory-hold button. Ventilators commonly used in 
infants and small children do not have this option. If 
the airway opening is occluded before expiration has 
finished, lung volume will be above its elastic equi­
librium volume and alveolar pressure will be positive. 
This will result in a biphasic pressure increase 
measured at the airway opening; an initial rapid in­
crease to a value equal to alveolar pressure followed 
by a second slower increase to the static elastic recoil 
pressure for that lung volume. Unless the valve closes 
in less than 20 ms it is not possible to easily distin­
guish these two pressure changes [24]. Furthermore, 
if the exact point of end-expiration is slightly missed 
due to manual triggering, artificially high estimates for 

PEEPi will be obtained. This was observed in the 
children during cardiac surgery. The end-expiratory 
occlusion itself interferes with ventilation and has been 
reported to induce respiratory efforts in non-paralysed 
infants [25]. Therefore, particularly in small children 
ventilated with relatively high frequencies, a method 
to determine PEEP. not interfering with the ventilation 
pattern and not requiring an expiration-hold device in 
the ventilator appears desirable. 

Estimation of PEEP. from pressure at the airway 
opening and flow du;ing tidal breathing has been 
described [1], and a similar method was used here to 
validate the EEP measurements in the children during 
cardiac surgery. When the results of this method of 
determining PEEP. from direct inspection of Pao and 
flow curves were

1 
compared with alveolar pressure 

measurements in the animal experiments, a similar 
degree of accuracy was found as for the MLR method. 
The direct determination of Pao at the beginning of 
inspiratory flow has the advantage that it requires no 
assumptions about the behaviour of the respiratory 
system. However, the manual inspection of the curves 
is much more cumbersome and not suitable for rou­
tine clinical measurements . The multiple linear 
regression analysis takes about 20 s to perform on a 
standard AT computer, and gives results for Crs, Rrs 
and EEP, averaged over a number of breaths. 

The use of a simplified "static" version of equation 
(2), using tidal volume, mean inflation pressure and 
mean flow in order to estimate the work of breathing 
has recently been proposed [26] . However, fitting the 
equation to the actual pressure, flow and volume re­
cordings can be expected to yield much more realistic 
estimates of respiratory parameters than the use of 
mean values. 

In mechanically-ventilated adults, the presence of an 
end-expiratory pressure, measured with an oesophageal 
balloon, above the level of the externally applied 
PEEP has been used as an indication of PEEP. [4]. 

~ However, placement of an oesophageal balloon IS an 
invasive procedure in infants, the measurements may 
not represent mean intrapleural pressure due to chest 
wall distortion in small children [27] and it is more 
difficult to verify the correct position of the balloon 
in mechanically-ventilated subjects than in those 
breathing spontaneously. Also, the end-expiratory 
oesophageal pressure will equal the difference between 
PEEP. and the elastic recoil pressure of the lung at 
that Jolume and will, therefore, not be a measure of 
PEEP. itself. 

I 

Conclusion 

We have evaluated the accuracy of measuring end­
expiratory alveolar pressure from multiple regression 
using measurements of airway opening pressure and 
flow in fully ventilated paralysed dogs, both during 
baseline conditions and after induction of increased 
airway and tissue resistance. Furthermore, we have 
evaluated the method in children during cardiac sur­
gery, where significant changes in the compliance of 
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the thoracic wall and respiratory system occurred. The 
results indicate that this method is relatively robust and 
yields useful results over a wide range of combinations 
of respiratory mechanics and ventilator settings. The 
presence of flow-dependent endotracheal tube 
resistances and added noise did not introduce clinically 
relevant errors into the values of EEP obtained. This 
non-invasive method of estimating end-expiratory al­
veolar pressure should prove useful in detecting the 
presence of PEEP. in mechanically-ventilated infants 
and children. 

1 

Appendix 

Ventilation of the respiratory system with a constant 
inspiratory flow ventilator (such as commonly used in 
neon a tal intensive care) was simulated using the 
following model: The equation of motion for the 
single compartment model of the respiratory system 
can be written: 

Pao=Rrs·V + V/Crs + EEP 

A flow dependent ETT resistance represented by: 

R = K1 + K2·V ETI 

was added to the model. The alveolar pressure at 
the beginning of inspiration was set above airway 
opening pressure. This pressure represented PEEP. (by 
definition). 

1 

Inspiration 

Airway opening pressure Pao(t) and volume (V(t), 
integrated from constant flow V) at the time t are then 
given by the following differential equations: 

Pao(t) = PEEP1 + V(t)/Crs + (Rrs+K1)·V + K2·V2 

V(t) = t·V 

Expiration 

Expiration immediately followed inspiration, without 
inspiratory pressure plateau, and was assumed to be 
passive without respiratory muscle activity. The 
corresponding differential equations are: 

Pao(t) = 0 

V(t+dt) = (PEEP1 + V(t)/Crs)/(Rrs+ K1 + K2·V(t)) 

V(t+dt) = V(t) + dt·V(t) 

with incremental time intervals dt. 

These equations were iterated numerically with a 
frequency of 1,000 Hz (i.e. dt = 1 ms) over one full 
respiratory cycle (i.e. inspiration followed by expira­
tion). Expiration was ended when the inspired vol­
ume had been expired. To determine the stability of 
parameter estimates from multiple linear regression in 

the presence of measurement noise, a random 
fluctuation between ±0.5 ml·s·1 was added to the flow 
signal. A similar random noise of :0.1 hPa was 
added to the airway opening pressure signal. Various 
values of Crs, Rrs, K1, K2, inspiratory flow and time 
as well as PEEP. were used to simulate conditions 
encountered clini~ally, e.g. in premature infants, sick 
neonates. 

Calculation of respiratory system parameters from 
simulated ventilator cycles 

For each set of ventilation parameters, ETT charac­
teristics and respiratory system values, the resulting 
Pao, V and V "tracings" generated from the above 
described simulation of a full ventilator cycle (includ­
ing a flow-dependent resistance and measurement 
noise) were then used as input for multiple regression 
analysis of equation (2) (which assumes a 
flow-independent constant resistance). By fitting the 
simulated data to this equation, values for Crs, Rrs and 
EEP were obtained. The resulting EEP value was 
compared with the PEEP. used in the simulation of the 
ventilator cycle. 

1 

References 

1. Jonson B, Nordstrom L, Olsson SG, Akerback D. -
Monitoring of ventilation and lung mechanics during auto­
matic ventilation. A new device. Bull Eur Physiopathol 
Respir, 1975, 11, 729-743. 
2. Simbruner G. - Inadvertent positive end-expiratory 
pressure in mechanically ventilated newborn infants. 
Detection and effect on lung mechanics and gas exchange. 
Fetal Neonat Med, 1986, 108, 589-595. 
3. Vinegar A, Sinnet EE, Leith DE. Dynamic 
mechanics determine functional residual capacity in mice. J 
Appl Physiol, Respirat Environ Exercise Physiol, 1979, 46, 
867-871. 
4. Pepe PE, Marini J. - Occult positive end-expiratory 
pressure in mechanically ventilated patients with 
airway obstruction. Am Rev Respir Dis, 1982, 126, 166-
170. 
5. Fenton AC, Field DJ, Woods KL, Evans DH, Levene 
Ml. - Circulatory effects of fast ventilator rates in preterm 
infants. Arch Dis Child, 1990, 65, 662-666. 
6. Broseghini C, Brandolese R, Poggi R, Manzin E, Rossi 
A. Respiratory resistance and intrinsic positive 
end-expiratory pressure (PEEP.) in patients with the adult 
respiratory distress syndrome (ARDS). Eur Respir J, 1988, 
1, 726-731. 
7. Gonzales F, Carlstrom I, Richardson P. - Reducing 
inadvertent PEEP by controlling end tidal pressures in the 
trachea. Pediatr Pulmonol, 1989, 6, 31-35. 
8. Bhuthani VK, Sivieri EM, Abbasi S, Shaffer TH. -
Evaluation of neonatal pulmonary mechanics and energetics: 
a two factor least mean square analysis. Pediatr Pulmonol., 
1988, 4, 150-158. 
9. Wald A, Jason D, Murphy TW, Mazzia VDB. - A 
computers system for respiratory parameters. Comput 
Biomed Res, 1969, 2, 411-429. 
10. Uhl RR, Lewis FI. - Digital computer calculation of 
human pulmonary mechanics using a least squares fit 
technique. Comput Biomed Res, 1974, 7, 89-495. 



ALVEOLAR PRESSURE DURING MECHANICAL VENTILATION 1283 

11. Sly PD, Lanteri CJ. Differential responses 
of the airways and pulmonary tissues to inhaled hista­
mine in young dogs. J Appl Physiol, 1990, 68, 1562-
1567. 
12. Sly PD, Lanteri CJ. - Site of action of hypertonic 
saline in the canine lung. J Appl Physiol, 1991, 
(in press). 
13. Sly PD, Brown KA, Bates JHT, Macklem PT, 
Milic-Emili J, Martin JG. - Effect of lung volume on 
interrupter resistance in cats challenged with methacholine. 
J Appl Physiol, 1988, 64, 360-366. 
14. Fredberg JJ, Keefe DH, Glass GM, Castile RG, Frantz 
ID. - Alveolar pressure nonhomogeneity during small 
amplitude high frequency oscillation. J Appl Physiol, 1984, 
57, 788-800. 
15. Rohrer F. - Der Strohmungswiderstand in den 
menschlichen Atemwegen und der Einfluss der 
unregelma~igen Verzweigungen des Bronchialsystems auf 
den Atmungsverlauf in verschiedenen Lungenbezirken. Arch 
f d. ges. Physiol, 1915, 162, 225-229. 
16. Behrakis PK, Higgs BD, Baydur A, Zin WA, 
Milic-Emili J. Respiratory mechanics during haloth­
ane anesth-esia and anesthesia-paralysis in infants. J Appl 
Physiol: Respirat Environ Exercise Physiol, 1983, 55, 
1085-1092. 
17. Brown K, Sly PD, Milic-Emili J, Bates JHT. 
Evaluation of the flow volume loops as an intra-operative 
monitor of respiratory mechanics in infants. Pediatr 
Pulmonol, 1989, 6, 8-13. 
18. Sly PD, Brown KA, Bates JHT, Spier S, Milic-Emili 
J. - Non-invasive determination of respiratory mechanics 
during mechanical ventilation of neonates: a review of 
current and future techniques. Pediatr Pulmonol, 1988, 4, 
39-47. 
19. Polgar G, String ST. - The viscous resistance of the 
lung tissues in newborn infants. J Pediatr, 1966, 69, 
787-792. 
20. Le Souef PN, England SJ, Bryan AC. - Passive 
respiratory mechanics in newboms and children. Am Rev 
Respir Dis, 1984, 129, 552-556. 
21. Helms P, Hulse MG, Hatch DJ. - Lung volume and 
mechanics in infancy: lateral or supine position. Pediatr 
Res, 1982, 16, 943-977. 
22. Bland JM, Altmann DG. - Statistical methods for 
assessing agreement between two methods of clinical 
measurement. Lancet, 1986, 327, 307-310. 
23. Bates JHT, Ludwig M, Sly PD, Brown KA, Martin JG, 
Fredberg JJ. - Interrupter resistance elucidated by alveo­
lar pressure measurements in open chested normal dogs. J 
Appl Physiol, 1988, 65, 408-414. 
24. Sly PD, Bates JHT, Milic-Emili J. - Measure­
ment of respiratory mechanics using the Siemens Servo 
ventilator 900C. Pediatr Pulmonol, 1987, 3, 400-
405. 
25. Dreizzen E, Migdal M, Praud JP, Saby MA, Chambille 
B, Dehan M, Gaultier C. - Passive total respiratory 
system compliance and gas exchange in newborns with 
hyaline membrane disease. Pediatr Pulmonol, 1989, 6, 
2-7. 

26. Marini JJ. - Strategies to minimize breathing effort 
during mechanical ventilation. Crit Care Clin, 1990, 6, 
635-661. 
27. LeSouef PN, Lopes JM, Muller NL, Bryan AC. -
Effect of chest wall distortion on esophageal pressure. 
Physiologist, 1981, 24, 95. 

Determination non invasive de la pression alveolaire au 
cours de la ventilation mecanique. T. Nicolai, C. Lanteri, 
N. Freezer, P. Sly. 
Le d6veloppement d'une PEEP involontaire (PEEP.) chez les 
petits enfants ventiles a une signification cliniqu~. mais est 
difficile A mesurer de faljon non invasive. Une methode 
d'estimation de la pression alv6olaire A la fin de 
!'expiration, au moyen d'une analyse A r6gression multiple 
appliqu6e A la pression d'ouverture des voies a6riennes, au 
debit et au volume, au cours de la ventilation mecanique, 
a fait l'objet d'une 6valuation. 

Chez huit chiens biltards, thoracotomises, paralyses et 
ventiles m6caniquement, la pression alveolaire a 6t6 mesur6e 
directement au moyen de "capsules alv6olaires". La modi­
fication des types ventilatoires et !'addition d'un el6ment 
r6sistif ont 6te utilis6s chez trois chiens pour provoquer 
differents niveaux de PEEPI' La pression alveolaire en fin 
d'expiration mesuree directement, et celle determinee, A 
partir d'une r6gression multilineaire de la pression 
d'ouverture des voies aeriennes, sont en bonne correlation 
(erreur moyenne 0.06:t0.53 (:tso) hPa, limites de concord­
ance • -1.16 A +1.04 hPa). Les cinq autres chiens ont subi 
des provocations par inhalation, deux au moyen d'histamine, 
deux au moyen de solution saline hypertonique, et un au 
moyen de methacholine avec, pour resultat, une augmenta­
tion moyenne de la resistance du syst~me respiratoire de 
230% (extremes 141-489%) par rapport aux valeurs de 
base. L'erreur moyenne dans la d6termination de PEEP

1 
a 

6te de 0.54:t0.37 hPa, les limites de concordance etant de 
-0.20A 1.28 hPa. 

La methode a ete appliquee ensuite A 7 enfants ventiMs 
mecaniquement (lige: 2 mois A 8 ans, poids: 4.9 A 23.5 kg) 
et les resultats ont ete compares A la pression A laquelle 
!'inspiration commen~ait (ce qui est 6gal A la PEEP

1
}. Au 

cours de la chirurgie A coeur ouvert, 78 mesures ont et6 
realisees, avec des modifications de compliance entre 3 et 
186% des valeurs de base par suite des interventions 
chirurgicales. La PEEP1 estimee au moyen de la regression 
multiple est en bon accord avec la pression A laquelle 
I' inspiration commence (difference moyenne 0.25:t0.68 hP a, 
limites de concordance -1.12 A 1.62 hPa). 

Un mod~le informatique a ete utilise pour d6terminer la 
stabilit6 de la methode A r6gression multiple dans des con­
ditions susceptibles de renforcer des suppositions A la base 
de cette technique, c'est-A-dire en presence d'une resistance 
du tube endo-tracheal dependant des hauts debits, et apr~s 
!'introduction de bruit dans les signaux simules. Les valeurs 
hibituellement rencontrees en pratique clinique n'ont pas 
entrain6 d'erreurs inacceptables dans la determination de la 
PEEP

1 
A partir de 1 'analyse A regression multiple des 

pressions des voies aeriennes. 
Eur Respir J., 1991, 4, 1275-1283. 


