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Breathing pattern and additional work

of breathing in spontaneously breathing
patients with different ventilatory
demands during inspiratory pressure
support and automatic tube compensation

Abstract Obijective: We designed a
new ventilatory mode to support
spontaneously breathing, intubated
patients and to improve weaning
from mechanical ventilation. This
mode, named Automatic Tube
Compensation (ATC), compensates
for the flow-dependent pressure
drop across the endotracheal tube
(ETT) and controls tracheal pres-
sure to a constant value. In this
study, we compared ATC with con-
ventional patient-triggered inspira-
tory pressure support (IPS).

Design: A prospective, interven-
tional study.

Setting: A medical intensive care
unit (ICU) and an ICU for heart and
thoracic surgery in a university hos-
pital.

Patients: We investigated two groups
of intubated, spontaneously breath-
ing patients: ten postoperative pa-
tients without lung injury, who had a
normal minute ventilation (V) of
7.6 £ 1.7 I/min, and six critically ill
patients who showed increased ven-
tilatory demand (Vg = 16.8 +3.0 1/
min).

Interventions: We measured the
breathing pattern [V, tidal volume
(Vr), and respiratory rate (RR)] and

Introduction

It is common practice to allow, if possible, the critically
ill and intubated patient to breathe spontaneously under
a pressure supported mode of ventilation rather than us-

additional work of breathing
(WOB,4,) due to ETTresistance and
demand valve resistance. Measure-
ments were performed under IPS of
5,10, and 15 mbar and under ATC.
Results: The response of V, RR,
and WOB, 4, to different ventilatory
modes was different in both patient
groups, whereas Vi remained un-
changed. In postoperative patients,
ATC, IPS of 10 mbar, and IPS of

15 mbar were sufficient to compen-
sate for WOB, ;. In contrast,
WOB, 4, under IPS was greatly in-
creased in patients with increased
ventilatory demand, and only ATC
was able to compensate for WOB, .
Conclusions: The breathing pattern
response to IPS and ATC is differ-
ent in patients with differing venti-
latory demand. ATC, in contrast to
IPS, is a suitable mode to compen-
sate for WOB, 4, in patients with in-
creased ventilatory demand. When
WOB, 4 was avoided using ATC,
the patients did not need additional
pressure support.

Key words Respiration, artificial,
methods [Respiratory insufficiency U
Respiration, physiology [Ventilator
weaning

ing a controlled mode. This is done mainly to avoid the

negative side effects of controlled mechanical ventila-

tion and to wean the patient from the ventilator. Under
every pressure supported mode, patient and ventilator
share the total work of breathing (WOB):
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WOB,,, = WOBpatient + WOB entitator 1)
In order to adjust the pressure support to the appropri-
ate level and decide whether the patient can be extubat-
ed, the patient’s WOB should be known [1]. The only di-
rect way to assess WOB,, ., 1s to measure the oxygen
consumption of the ventilatory muscles. As this is a
cumbersome method [2], WOB,,;, must be indirectly
assessed by determining WOB,,, and WOB, ., ijator

WOB,, consists of two major parts: elastic work (to
overcome the elastic recoil pressure of the lung and
chest wall) and resistive work (to overcome airway and
tissue resistance) [3]. If total respiratory system me-
chanics (compliance and resistance) are known, assess-
ment of WOB,, is possible using Eq.2:

WOBtot = IAP dv = j.Apelastic dv + _’.Apresistive av

Y . )
= [ dV + [R,, IV dV
Crs

with V = inspired volume above functional residual ca-
pacity, V = gas flow, C,; = compliance of the respiratory
system and R = resistance of the respiratory system.
From Eq.2 it is obvious that WOB,,, depends not only
on the respiratory mechanics, but also on the breathing
pattern during inspiration. Less obvious from Eq.2 is
the following: when incomplete expiration [or intrinsic
positive end-expiratory pressure (IPEEP)] occurs, V in
Eq.2 starts not at zero but at the volume retained in the
lungs due to incomplete expiration. Thus, WOB,, is also
dependent on the breathing pattern during expiration.

In intubated, spontaneously breathing patients, the
flow-dependent resistance of the endotracheal tube
(ETT) can increase respiratory system resistance sev-
eral fold [4], especially at high gas flow. ETT resistance
limits expiratory gas flow and can cause or increase
IPEEP, which can increase WOB,;.

For reasons which are discussed later, we attribute
the inspiratory ETT resistance to the ventilator. The
ETT resistance consumes part of the pressure support,
thus decreasing WOB, a0 dependent on the inspira-
tory gas flow [5, 6]. In addition to ETTresistance, the re-
sistance and delay in the ventilator’s gas flow delivery
system further decreases WOB, . iitator [ 7> 8]

It is widely accepted that the patient’s WOB caused
by ETT resistance and the resistance and delay in gas
flow delivery must be compensated for by using appro-
priate pressure support [9, 10]. This is not a simple task,
as the pressure support delivered depends on the in-
spiratory trigger criterion, the pressure rise time, and
the inspiratory termination criterion, which again cause
the pressure support delivered to be dependent on the
patient’s breathing pattern [11, 12]. Moreover, not only
1s WOB,.i1a10r dependent on the patient’s breathing pat-
tern, but the breathing pattern changes when WOB, ;...
tor 18 altered due to a change in pressure support [11]. It

therefore seems unlikely that a simple general rule for
adjusting the pressure support necessary to compensate
for ETT resistance (as published in Brochard et al. [9]
for example) is applicable to all patients. In addition, it
is not even clear whether patient-triggered pressure sup-
port is a suitable mode to compensate for the WOB
caused by the ETT resistance, as the time course of the
pressure drop across the ETT and the time course of
pressure support are not correlated.

A pressure support which is equal to the pressure
drop across the ETT (APgyr) at any time could compen-
sate for the patient’s WOB arising from ETT resistance.
We developed a ventilator which delivers such a pres-
sure support mode, called the Automatic Tube Compen-
sation (ATC) [13]. Under this mode, the ventilator con-
trols the patient’s tracheal pressure at a constant value
during inspiration and expiration:
Ptrach = PEEP 3)
thus avoiding both an increase of the patient’s WOB
and expiratory flow limitation caused by ETT resis-
tance. The pressure support delivered by the ventilator
[which is equal to the airway pressure (P, ), as the venti-
lator is connected to the outer end of the ETT] is not
predefined and not triggered, but adapts automatically
and immediately to the inspiratory effort of the patient:

(4)

We hypothesized that ATC can always compensate for
WOB caused by ETT resistance, whereas conventional
patient-triggered inspiratory pressure support (IPS)
cannot. Furthermore, we expected that the patient’s
breathing pattern under ATC is different to that under
IPS due to the absence of ETT-related WOB and expi-
ratory flow limitation under ATC.

The objective of our study was to compare our new
ventilatory mode, ATC, to conventional patient-trig-
gered IPS in patients with different ventilatory demand
in terms of breathing pattern and additional work of
breathing.

Pow = PEEP + APgry

Patients and methods

Patients

We investigated ten patients after open heart surgery and six pa-
tients who were ventilated for several days due to acute respiratory
insufficiency. Patient characteristics are listed in Table 1. All pa-
tients were able to maintain sufficient gas exchange under IPS of
15 mbar or less.

Patients were ventilated in four modes: patient-triggered IPS of
5 mbar, 10 mbar, and 15 mbar, and under ATC. Patients were
breathing in each mode for 15 min. The four modes were chosen
in randomized chronological order to avoid time-dependent bias;
other parameters were not changed during the investigation. The
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Table 1 Details of two groups of patients studied (n = 16) (PaO,/
FIO, partial pressure of oxygen in arterial blood/fractional in-
spired oxygen, ARI acute respiratory insufficiency, ARDS adult

respiratory distress syndrome, CABG coronary artery bypass graft,
CAD coronary artery disease, COPD chronic obstructive pulmo-
nary disease)

Age Sex TubeID Reason for intubation Relevant disease PaO,/FIO, Duration of intu- Extu-
(years) (mm) (kPa/frac) bation® (days) bation®
Patients with respiratory insufficiency
38 F 7.5 ARDS Septic toxic shock syndrome 54 25 X
51 M 8.0 ARDS after pneumonia  Pneumonia, septic toxic shock 18 10 -
syndrome; multiple myeloma
31 F 7.0 ARI due to pneumonia  Cystic fibrosis 39 11 X
82 M 8.0 ARI due to pneumonia  — 15 5 -
43 M 8.5 Acute hepatic insuffi- Alcoholic hepatitis 45 X
ciency with gastro-
intestinal bleeding
60 F 8.0 ARI due to pneumonia  CAD; acute myocardial 44 19 -
and metabolic acidosis infarction
51+18 36+16 14 +38
(mean + SD) (mean * SD) (mean + SD)
Postoperative cardiac patients
70 F 7.5 CABG CAD 58 <1 X
59 M 85 CABG CAD 21 <1 X
54 M 85 CABG CAD 40 <1 X
65 M 85 CABG CAD 42 <1 X
63 M 85 CABG CAD 40 <1 X
62 M 85 CABG CAD 37 <1 X
64 M 85 CABG CAD; COPD 46 <1 X
54 F 7.5 CABG CAD; COPD 60 <1 X
66 F 7.5 CABG CAD 57 <1 X
53 F 7.5 Valve replacement Severe aortic stenosis 58 <1 X
616 46 +12
(mean * SD) (mean * SD)

2 Prior to investigation
> Immediately after investigation

investigation was conducted according to the ethical standards set
out in the Declaration of Helsinki, approved by the ethical com-
mittee of our institution, and informed consent was obtained from
the patients or from close relatives.

Equipment

In the IPS mode we used an EVITA-1 ventilator (Dragerwerk, Lii-
beck, Germany). In the ATC mode we used a modified EVITA-1
ventilator as described in Fabry et al. [13]. Briefly, the pneumatic
piece of equipment was taken from an EVITA-1 ventilator in which
we replaced certain electronic parts with our own control unit. The
unit was used to control the inspiratory and expiratory valves of the
ventilator in such a way that tracheal pressure remained constant.
Further, the control unit calculated the tracheal pressure from the
measured airway pressure, gas flow, and the tube resistance. Direct
measurement of tracheal pressure [14] rather than its calculation
would have been simpler; however, a reliable, long-term, stable
measurement of tracheal pressure is so far not available. First, the
control unit calculated the flow-dependent AP with a combina-
tion of a linear and a quadratic approximation:

APgrr = K, DV + K, Dv? 5)

where K, and K, are the tube coefficients [4] and Vis the gas flow.
As the tube resistance depends on the direction of the gas flow,

we used two different sets of tube coefficients for inspiration and
expiration. Second, the control unit determined tracheal pressure
(Pyacy) from P, and the calculated pressure drop by simply sub-
tracting APgpp from P,

Pirach = Paw = APgerr (6)

This calculation is sufficiently reliable [4]. Third, the control unit
adjusted the inspiratory and expiratory pneumatic valves of the
modified ventilator. To understand the adjustments and modifica-
tions, a knowledge of the unmodified ventilator is necessary.

The unmodified ventilator measures P,, in the cavity of the
expiratory valve, and regulates this pressure at a target pressure
(P, arg) Dy controlling the gas flow as a function of the deviation
of P, from P, ., and time. Under IPS, P, .., is equal to the de-
sired pressure support. The ventilator increases gas flow if P, falls
below P,y and decreases gas flow if Py, exceeds Py The
ventilator has a pneumatic expiratory valve which opens when P,
exceeds the servo pressure (P,,,) applied to the valve membrane.
P...., is produced by a PEEP valve which generates a pressure pro-
portional to a current Ipggp Py, 1S generated relative to a refer-
ence pressure P, which is atmospheric pressure. The ventilator
adjusts Ipggp so that P, is equal to P, ... The pressure differ-
ence between Py, and Py, is measured with a differential pres-
sure transducer connected to the servo pressure (P, = Py ure)
and the cavity of the expiratory valve (= P,,). This pressure differ-
ence is represented by a voltage U .
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In our modified ventilator we made use of the fact that the
function of the ventilator is completely determined by the two
electrical parameters U 4 and Ipggp The mode ATC can be gener-
ated by producing a U 4 which is proportional to the deviation of
the tracheal pressure from PEEP so that

Ugits OPyacn — PEEP = Py, — AP — PEEP (7)

During inspiration we controlled the expiratory valve by generat-

ing an Ipggp so that Py, is equal to P targ: Under ATC, Potarg is
the sum of PEEP and APg (see Eq.4):
lpeer UPawtarg = PEEP + APgrr (8

During expiration, the pressure drop across the expiratory branch
(AP,,), which is caused by the ventilator tubing and the expiratory
valve resistance, must be taken into account so that

lpeep UPawtarg = PEEP + APgrr + AP, )

AP, can be calculated using Eq.5 and the EVITA-1-specific coef-
ficients K, = 1.1 mbar’s/l and K, = 1.4 mbar’s*/1?

To ensure complete tube compensation during expiration, the
ventilator must be able to generate a subatmospheric P, espe-
cially at low PEEP levels, high expiratory gas flow, or high ETT re-
sistance. A small brushless blower with teflon bearings (RCBP/VS
203 CCW: EG & G Rotron, Woodstock, N.Y., USA) was fitted at
the end of the expiratory branch to produce a subatmospheric
pressure of approximately — 20 mbar, dependent on the expiratory
gas flow. The reference input of the PEEP valve (P,.) was con-
nected to this negative pressure source, and we measured P ; with
a differential pressure transducer (32NA-005D: ICsensor, Milpitas,
Calif., USA) to correct Ipggp for changes of P,
lpeep U Paw,targ ~ P (10)
Figure 1 illustrates the function principle of the unmodified and
the modified ventilator.

V was measured using a Fleisch No.2 pneumotachograph (Me-
tabo, Epalinges, Switzerland), which was placed at the outer end
of the ETT. P,, was measured between the pneumotachograph
and the outer end of the tube. Differential pressure transducers
for measuring P,,, (32NA-005D: ICsensor, Milpitas, Calif., USA)
and V (CPS 10: Hoffrichter, Schwerin, Germany) were placed
20 cm from the patient in order to achieve good signal quality and
short response time. The external control unit sampled the flow
and pressure signals at a rate of 500 Hz and calculated the tracheal
pressure and the control parameters U 4 and Ipggp at the same rate.

The ability of the ventilator under ATC to control tracheal pres-
sure to a constant value is comparable to the ability of the unmodi-
fied ventilator under continuous positive airway pressure (CPAP)
to control airway pressure to a constant value. The ventilator’s max-
imum gas flow delivery rate, however, is restricted to 2 I/s. As the
ETT does not act any longer as a flow limitation in the ATC mode,
some patients achieve an inspiratory gas flow limit of 2 1/s. P,
can deviate considerably from a constant value in these patients.
Figure 2 shows an example of P, and P, curves under ATC.

Measurement of WOB in intubated,
spontaneously breathing patients

Equation2 does not offer a practical method for measuring
WOB,,,, because it is difficult to determine the total respiratory
mechanics of the spontaneously breathing patient. In addition, to-

Fig.1 Schematic diagram of the ventilator. Unmodified state: un-
shaded area the PEEP valve PV produces a servo pressure Py,
that regulates the expiratory valve EV. P, is regulated to the tar-
get airway pressure (P, .,)- The deviation of the airway pressure
P,y from P, .., can be measured by a differential pressure trans-
ducer which generates a voltage U . Dependent on Uy, the de-
mand-flow controller of the ventilator VC controls the two high-
pressure servo valves HPSV for oxygen and compressed air (only
one valve shown) for the inspiratory gas flow. The blower BL is
not in use, the expiratory limb is open to atmospheric pressure.
The valve V1 connects the reference entry of the PEEP valve with
atmospheric pressure. Modified state (all modifications and added
parts are shaded gray ): the gas flow produced by the HPSV is con-
trolled by the voltage U 4 that is fed into the demand-flow control-
ler of the ventilator from an external control unit. The same unit
produces a current lpgep, Which controls P, to the value of
P wree The blower BL produces a subatmospheric pressure
of —20 mbar, which is connected to the expiratory valve EV and
also acts as a reference pressure P, for the PEEP valve. V and
P,,, are measured at the outer end of the ETT. The two relays S1
and S2 and the valve V1 are used to switch from the modified to
the unmodified state whenever desired. (Reproduced with permis-
sion from Fabry et al. [13])

tal respiratory mechanics depends on, among other factors, lung
volume (nonlinearities of compliance) and gas flow (nonlineari-
ties of airway resistance) [15, 16]. As an alternative to determin-
ing respiratory mechanics, many investigators measure the esoph-
ageal pressure amplitude during inspiration to calculate the venti-
latory work necessary to overcome lung compliance, airway resis-
tance, and lung tissue resistance [2, 9, 10]. To assess the work nec-
essary to overcome chest wall compliance (C,,), an anthropomet-
ric value of C, taken from published data [17] is often used.
WOB can then be calculated using Eq.11:
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Fig.2 Airway pressure and tra-
cheal pressure curves under IPS P [mbar]
top and ATC bottomin a patient 20
after open heart surgery left and
a critically ill patient with
chronic obstructive pulmonary
disease COPD, right. Note, al-
though the ventilator lowers P,,,
during expiration to subatmo-

post-operative patient

IPS 10mbar

critically ill patient with COPD
P [mbar]
40 IPS 15mbar

30

spheric pressure bottom left,
controlling the expiratory valve
ensures that P, is above or
equal to PEEP. The patient with
acute respiratory insufficiency
under ATC generates an in-
spiratory gas flow of greater

than 2 1/s bottom right, which
accounts for part of the devia-
tion between P, ,, and PEEP

tracl

WOB tient = [APes dV + ICL dv (11)
W

AP, is the esophageal pressure amplitude (end-expiratory esoph-

ageal pressure minus actual esophageal pressure). Figure 3a illus-

trates this calculation.

WOB,,, iy Obtained from Eq.11 is independent of the quality
of WOB, . ilator @S €Xplained below. Equation 11 should, therefore,
not be used to compare the effect of different ventilatory modes,
ventilators, trigger mechanisms, endotracheal tube sizes, etc., on
WOB, icni» €Ven though it has been used (for example, in Banner
et al. [1], Brochard et al. [9], and Fiastro et al. [10]).

An analysis of WOB,.iiaor Offers a practical approach to inves-
tigate the influence of different ventilatory modes on WOB e, @
change in WOB,jj,(or Will cause an inverse change in WOB,,ien
according to Eq.1. This holds true only if the breathing pattern,
and therefore WOB,,, remains approximately unchanged. To cor-
rect WOB, . iiaior fOT @ changed tidal volume, we normalized WOB
per litre tidal volume (i.e., we divided WOB by tidal volume).

WOB, . iilator €an be subdivided into two components: at the on-
set of the patient’s inspiration, P,,, normally falls below PEEP le-
vel, which causes additional (or imposed) work of breathing for
the patient. Once pressure support has been triggered, P, in-
creases. When P, rises above PEEP level, the ventilator reduces
the work for the patient. The terms “additional work of breathing
(WOB,4,)” and “reduced work of breathing (WOB,.,)” were first
introduced by Katz et al. [7] and Viale et al. [8] to compare various
CPAP delivery systems. Figure 3b illustrates WOB,,; and WOB ;.
WOB, 4 and WOB,_, can also be described by the relationship

WOB,y=  [(PEEP -P,,) dV (12a)
P., < PEEP
WOB =  [(P,, - PEEP)dV (12b)

P, > PEEP

For use in a clinical situation, however, Eq.12 must be adapted, as
not only the demand-flow delivery system but also the endotra-
cheal tube cause additional work [3, 6]. The adaptation can be eas-
ily done by replacing P,,, with P, as the difference between P,,,
and P, equals the pressure drop across the ETT:

WOB,y =

[(PEEP = Pye) dV (13a)

Piach < PEEP

WOB, 4 =

[(Pyah — PEEP) dV
Pyach > PEEP

(13b)

This is illustrated in Fig.3c.

WOB,, is equivalent to a certain amount of biological work
due to muscular effort, whereas WOB,4 is mechanical work deliv-
ered by a machine and has no biological equivalent. Once the pa-
tient has performed WOB,4,, it cannot be compensated for by
WOB,_, or a pressure support as proposed by Fiastro et al. in their
concept of “optimal pressure support” [10]. The ability of a ventila-
tor to minimize WOB, 4, is therefore of the greatest importance.
Consequently, only WOB,, is used to compare ATC with IPS.

To investigate the patient’s breathing pattern and work of
breathing, we measured P,,, and gas flow, as described above, and
Piach Pirach Was measured by introducing a 2.5-mm o.d. catheter
with two holes on the side and no end hole (K-31: Baxter, Trieste,
Italy) into the ETT. The tip of the catheter was 2 cm outside the
tip of the ETT [4].

Data analysis

The signals for P,,, V, and P, were digitized with 12-bit resolu-
tion and stored at a rate of 100 Hz in a personal computer for fur-
ther analysis. The first 5 min of each data section were excluded
from our analysis. We calculated tidal volume (Vy), respiratory
rate (RR), minute ventilation (Vg), and additional work of breath-
ing on a breath-by-breath basis. Vywas calculated by numerical in-
tegration of V. To calculate WOB,,, according to Eq.13a, we did
not use the adjusted PEEP value but we measured PEEP on a
breath-by-breath basis as the mean value of tracheal pressure dur-
ing the last 30 ml of expiration. All breath-by-breath values were
averaged over at least 3 min and up to 10 min of undisturbed
breathing (no coughing).

Statistical analysis

Values are expressed as mean * standard deviation (SD). Statistical
analysis was performed using a two-way analysis of variance for re-
peated measures and Bonferroni’s test for multiple comparison. A
value of p <0.05 was taken as the level of statistical significance.
We performed three statistical tests. (1) To analyse differences be-
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Fig.3 Pressure-volume loops and work of breathing in a postoper-
ative patient under patient-triggered inspiratory pressure support
(IPS = 10 mbar). aThe esophageal pressure-volume loop. The
striped area bounded by the inspiratory esophageal pressure and
the recoil pressure of the chest wall broken line corresponds to
WOB as calculated in Eq.11. b The airway pressure-volume loop
of the same breath. The dotted area (indicated by the circle ) corre-
sponds to WOB, 4, as calculated in Eq.12a and is due to the venti-
lator’s demand-flow characteristics and trigger delay (in this case
negligible). The shaded area corresponds to WOB, ., as calculated
in Eq.12b and is due to pressure support. ¢ The tracheal pres-
sure-volume loop of the same breath. WOB, 4, dotted area as calcu-
lated in Eq.13 a is now related to tracheal pressure and arises main-
ly due to endotracheal tube resistance. WOB, 4 shaded area as cal-
culated in Eq.13b corresponds to the effective pressure support
delivered to the patient

Paw,max [mbar]
35 ’—***-l
30
25
20
15
10
5

ATC IPS5 [IPS10 IPS15

Fig.4 Inspiratory peak airway pressure above PEEP (mean and
SD) under ATC and IPS in postoperative patients white bars and
critically ill patients black bars. The inspiratory peak airway pres-
sure in ATC is automatically chosen by the ventilator and corre-
lates to the maximum pressure drop across the ETT in inspiration.
“p <0.001

tween the two patient groups, we compared absolute values of
WOB, 44, Vg, V1, RR, and P, ..., separately for each mode. (2) To
analyze the patient’s response of breathing pattern and WOB, 4 to
ATC and IPS, we compared relative changes of WOB, 44, Vg, Vp,
and RR between ATC and each IPS mode, separately for both
groups. (3) To analyze whether the response of breathing pattern
and WOB, 4, to ATC and IPS was different in both patient groups,
we compared relative values of WOB, 4, Vi, V1, and RR (referr-
ing to ATC) in both groups, separately for each IPS level.

Results

Pressure support

Figure 4 shows inspiratory peak airway pressure
(P.wmax) (above measured PEEP) under the four differ-
ent modes for the two patient groups. We analyzed

vV [mi] vimi
cw 600;  PEEP 6007  PEEP
g 500 ; 500 !
400 400 !
300 300 j
200 200 ;
Pes [mbar] 190 - Paw [mbar] 180 il Pyacnmbar]
10 15 0 5 10 15 0 5 10 15

P,wmax to ensure that the adjusted pressure support is
delivered to the patient independently of the inspiratory
effort. Under the ATC mode, P,,, .., cannot be manu-
ally adjusted but is automatically chosen by the ventila-
tor for complete tube compensation. Figure 6 shows
that P, .. is low (6.5 + 1.8 mbar) in postoperative pa-
tients but high (26.5 + 5.7 mbar) in critically ill patients,
indicating a low inspiratory peak flow in postoperative
patients and a high inspiratory peak flow in critically ill
patients. Note that the modified EVITA-1 ventilator
cannot produce a pressure support higher than 40 mbar
and a gas flow higher than 2 I/s.

Breathing pattern

Figure 5 shows V, RR, and Vg in the two patient
groups. Vi was 7.6 £ 1.7 I/min in postoperative patients
and 16.8 = 3.0 I/min in critically ill patients. Vi was inde-
pendent of the ventilatory mode. In postoperative pa-
tients, Vywas lowest under ATC and increased with in-
creasing pressure support. RR was highest under ATC
and decreased with increasing pressure support. Criti-
cally ill patients showed different behavior: RR and V.
were nearly identical between ATC and IPS of
15 mbar. The increase in V (1.3 % per mbar IPS) and
decrease in RR (1.2% per mbar IPS) with IPS is less
marked than in postoperative patients (Vi 3.0% per
mbar IPS; RR: 1.8 % per mbar IPS).

Additional work of breathing

Figure 6 shows WOB,_,; in mJ per litre ventilation
(which is equivalent to a pressure in Pa) in both patient
groups under IPS and ATC. WOB,, is almost negligi-
ble in postoperative patients and only slightly increased
at a pressure support of 5 mbar. ATC, as well as a pres-
sure support of 10 or 15 mbar, almost completely com-
pensated for WOB, 4. In critically ill patients, however,
only the ATC mode compensated for WOB,,4, and IPS
of 5, 10, or 15 mbar clearly could not.

Discussion

Postoperative patients without lung injury do not have
to perform major additional work of breathing. WOB, 44
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V1 [ml] VT [%] ey ren .
12007 ™ 175 ,:,__I—|

1000 150
800 125
600 100
75
400 50
200 25
0 0

ATC IPS5 IPS10 IPS15 ATC IPS5 IPS10 IPS15

rr [1/min] 1 [%] e rrrey [re

[l r** r** ** m_“!—_l' —1

35 125
30
25 100
20 75
15 50
10
5 25
0 0

ATC IPS5 IPS10 IPS15 ATC IPS5 IPS10 IPS15
VE [L/min] Ve [%]
20 (el " [haas ** 125
15 100
75
10
50
5 25
0 0
ATC IPS5 IPS10 IPS15 ATC IPS5 IPS10 IPS15

Fig.5 Breathing pattern (tidal volume V-, respiratory rate rr, and
minute ventilation Vg; mean and SD) under ATC and IPS in postop-
erative patients white bars and critically ill patients black bars. Dia-
grams on the left show absolute values, diagrams on the right show
the relative changes in breathlng pattern in relatlon to ATC (values
under ATC are set to 100 % ). “p < 0.05; “p < 0.01; ““p <0.001

e e f”ﬂ

WOBaad [mJ/L] WOBadd [%] *rx—

reexy il [Riaal [l 600 '—‘"‘I
1500 500
400
1000 300
500 200
100
0

0
IPS5 IPS10 IPS15 ATC IPS5 IPS10 IPS15

Fig.6 WOB,4, (mean and SD) under ATC and IPS in postopera-
tive patients white bars and critically ill patients black bars. The dia-
gram on the left shows absolute values, the diagram on the right
shows relative changes in breathing pattern in relation to ATC (val-
ues under ATC are set to 100% ). "p < 0.05; “p < 0.01; ““p < 0.001

ATC

under ATC arises mainly from the demand-flow charac-
teristics of the ventilator. Under IPS of 5 mbar, WOB, 4
is slightly, but significantly, increased due to ETT resis-
tance, and IPS of 10 mbar can compensate for this
work. This result corresponds with other findings [9]
and is confirmed by the fact that peak airway pressure
under ATC (i.e., the maximum pressure for tube com-
pensation) is 6.5 + 1.8 mbar.

In patients with increased ventilatory demand, a
pressure support of even 15 mbar cannot compensate

for the ETT resistance. Theoretically, WOB,,; can be
decreased with higher levels of pressure support. This
is not always a practical solution, as it can cause overdis-
tention of the respiratory system due to higher pressure
loads being delivered at the end of inspiration. Addi-
tionally, high levels of pressure support can produce de-
synchronization between the patient’s spontaneous
breathing and the ventilator [12]. Further, it becomes
more difficult with higher levels of pressure support to
determine whether the ventilator only compensates for
the ETT resistance or whether the ventilator effectively
augments the patient’s ventilation.

In contrast to IPS, WOB,,, under ATC is only slight-
ly increased. ATC does not produce an unnecessary
pressure load at the end of inspiration. The high P, of
26.5 £ 5.7 mbar above PEEP in critically ill patients
(see Fig.3) only occurred during high gas flow, i.e.,
around the middle of inspiration. At the end of inspira-
tion, P, is automatically lowered to PEEP level. Conse-
quently, the P, remains fairly constant during the
breathing cycle and this avoids the risk of barotrauma.
The peak P, of 26.5 £ 5.7 mbar under ATC correlates
to the pressure support in the IPS mode which would
be necessary to compensate for the ETT resistance.
This value is even higher than the pressure support of
18 £ 4 mbar that was necessary for nearly complete
compensation of WOB, as reported by Alberti et al.
[18]. We would not, however, recommend the use of
such high IPS levels without consideration of the possi-
bility of barotrauma or patient-ventilator desynchroni-
zation.

The patient’s breathing pattern under ATC is barely
influenced by additional or reduced WOB. ATC allows
the patient to breathe at his or her inherent breathing
pattern, with the exception that the patient is breathing
with a PEEP, the resistance of the upper airways is re-
placed by the ETT, and the breathing pattern can be in-
fluenced by local irritations due to the ETT. Impor-
tantly, ATC also allows the physician to predict the pa-
tient’s breathing pattern after extubation [19]. ATC is
therefore a suitable mode for comparing the patient’s
inherent breathing pattern with the breathing pattern
induced by the ETT and pressure support. We have
found that IPS has a different effect on the breathing
pattern in patients with different ventilatory demands.
Vr was lowest under ATC and increased significantly
with increasing pressure support in postoperative pa-
tients; however, in critically ill patients, V was similar
under ATC and IPS of 15 mbar, but lower under IPS of
5 and 10 mbar (the differences were not significant).

A possible explanation for the distinctive behavior of
Vrand RR in both patient groups is the following. In
postoperative patients, Vg and, consequently, gas flow
is low. The ventilatory mechanics are, therefore, mainly
determined by the elastic properties of the lung and
chest wall. Pressure support delivered will cause an in-
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crease in V due to the passive mechanical properties of
the respiratory system. In patients with increased venti-
latory demand and, therefore, increased gas flow, the re-
sistive properties of the respiratory system become
more dominant, mainly due to the flow-dependent
ETT resistance. Figure 3 shows that the peak pressure
drop across the ETT (which is equivalent to the peak
P,,, above PEEP under ATC) can exceed 30 mbar. IPS
of 5 or 10 mbar leads, therefore, to a decrease in Vg
compared to that obtained under ATC.

The gas flow-dependent (and, consequently, breath-
ing pattern-dependent) ETTresistance makes it difficult
to distinguish what percentage of the pressure support
augments the patient’s ventilation and what percentage
only compensates for ETTresistance. A patient showing
obvious signs of fatigue under IPS of 10 mbar could, per-
haps, breath without support when extubated. In fact,
three of the six critically ill patients in this study who
(1) did not need a PEEP higher than 5 mbar, (2) did

not need a fractional inspired oxygen higher than 0.5,
(3) who had sufficient cough and swallow reflexes, and
(4) were able to cough up their tracheal secretions
were successfully extubated following the investigation,
although none of these patients was considered to be
supported with IPS of 10 mbar or less by the ICU medi-
cal team.

In conclusion, the breathing pattern response to dif-
ferent levels of pressure support (IPS of 5, 10, 15 mbar,
and no tracheal pressure support under the Automatic
Tube Compensation mode) is different in patients with
differing ventilatory demand. A pressure support of
more than 5 mbar and ATC can compensate for the ad-
ditional work caused by ETT in patients with low V.
ATC, in contrast to IPS, is a suitable mode to compen-
sate for WOB,,, in patients with increased ventilatory
demand. When avoiding WOB, 4, using ATC, the post-
operative and critically ill patients we investigated did
not need additional pressure support.
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