
PPuurrppoossee::  The goal of this study was to analyze the effect of posi-
tive end-expiratory pressure (PEEP), with and without a lung
recruitment maneuver, on dead space.
MMeetthhooddss::  16 anesthetized patients were sequentially studied in
three steps: 1) without PEEP (ZEEP), 2) with 5 cm H2O of PEEP
and 3) with 5 cm H2O of PEEP after an alveolar recruitment strat-
egy (ARS). Ventilation was maintained constant. The single breath
test of CO2 (SBT-CO2), arterial oxygenation, end-expiratory lung
volume (EELV) and respiratory compliance were recorded every
30 min. 
RReessuullttss::  Physiological dead space to tidal volume decreased after
ARS (0.45 ± 0.01) compared with ZEEP (0.50 ± 0.07, P < 0.05)
and PEEP (0.51 ± 0.06, P < 0.05). The elimination of CO2 per
breath increased during PEEP (25 ± 3.3 mL·min–1) and ARS (27 ±
3.2 mL·min–1) compared to ZEEP (23 ± 2.6 mL·min–1, P < 0.05),
although ARS showed larger values than PEEP (P < 0.05). Pa-etCO2
difference was lower after recruitment (0.9 ± 0.5 kPa, P < 0.05)
compared to ZEEP (1.1 ± 0.5 kPa) and PEEP (1.2 ± 0.5 kPa).

Slope II increased after ARS (63 ± 11%/L, P < 0.05) compared
with ZEEP (46 ± 7.7%/L) and PEEP (56 ± 10%/L). Slope III
decreased significantly after recruitment (0.13 ± 0.07 1/L) com-
pared with ZEEP (0.21 ± 0.11 1/L) and PEEP (0.18 ± 0.10 1/L).
The angle between slope II and III decreased only after ARS.

After lung recruitment, PaO2, EELV, and compliance increased sig-
nificantly compared with ZEEP and PEEP. 
CCoonncclluussiioonn::  Lung recruitment improved the efficiency of ventila-
tion in anesthetized patients.

Objectif : Analyser l’effet de la pression télé-expiratoire positive
(PEEP) sur l’espace mort, avec et sans recrutement pulmonaire.

Méthode : Nous avons réalisé une étude séquentielle en trois étapes
auprès de 16 patients anesthésiés : 1) sans PEEP (ZEEP), 2) avec 5
cm H2O de PEEP et 3) avec 5 cm H2O de PEEP à la suite d’une
stratégie de recrutement alvéolaire (SRA). La ventilation a été main-
tenue constante. L’épreuve de l’apnée inspiratoire du CO2, l’oxygéna-
tion artérielle, le volume pulmonaire télé-expiratoire (VPTE) et la
compliance respiratoire ont été enregistrées toutes les 30 min.

Résultats : Le rapport espace mort/volume courant a été réduit
après la SRA (0,45 ± 0,01) comparée à la ZEEP (0,50 ± 0,07, P <
0,05) et à la PEEP (0,51 ± 0,06, P < 0,05). L’élimination du CO2
pour chaque respiration a augmenté pendant la PEEP (25 ± 3,3
mL·min–1) et la SRA (27 ± 3,2 mL·min–1) comparées à la ZEEP (23
± 2,6 mL·min–1, P < 0,05), même si la SRA a présenté des valeurs
plus élevées que la PEEP (P < 0,05). La différence Pa-etCO2 a été
plus faible après le recrutement (0,9 ± 0,5 kPa, P < 0,05) comparé
à la ZEEP (1,1± 0,5 kPa) et à la PEEP (1,2 ± 0,5 kPa). La pente II
s’est accentuée après la SRA (63 ± 11 %/L, P < 0,05) comparée à
la ZEEP (46 ± 7,7 %/L) et à la PEEP (56 ± 10 %/L). La pente III
s’est abaissée significativement après le recrutement (0,13 ± 0,07
1/L) comparé à la ZEEP (0,21 ± 0,11 1/L) et à la PEEP (0,18 ±
0,10 1/L). L’angle entre les pentes II et III a diminué seulement après
la SRA. Après le recrutement alvéolaire, comparé à la ZEEP et à la
PEEP, la PaO2, le VPTE et la compliance ont augmenté significative-
ment. 

Conclusion : Le recrutement alvéolaire améliore l’efficacité de la
ventilation chez les patients anesthésiés.
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TELECTASIS observed during general
anesthesia causes a decrease in arterial oxy-
genation, functional residual capacity and
respiratory compliance.1–3 Lung recruit-

ment maneuvers are defined as ventilatory strategies
used for treating these negative effects of lung col-
lapse.4–6 The goal of these maneuvers is to open up the
collapsed lung areas and keep them open over time.
This "open lung condition", i.e. a lung without col-
lapse, represents the best ventilation/perfusion rela-
tionship (V/Q) in a particular lung.7

Dead space is defined as "wasted" ventilation and
can be studied with the single breath test of CO2
(SBT-CO2), the graphic of exhaled CO2 against tidal
volume. The SBT-CO2 is closely related to the match-
ing of pulmonary ventilation and perfusion giving
information on both the efficiency of ventilation and
CO2 exchange.8–10

We hypothesized that a lung recruitment maneuver
would reduce dead space. The aim of this work was to
study the effect of PEEP, with and without a lung
recruitment maneuver, on dead space analyzed with
the SBT-CO2.

MMeetthhooddss
After approval by the local Ethics Committee and after
obtaining written informed consent, we prospectively
studied sixteen patients undergoing open lower
abdominal surgery. We enrolled patients ASA II–III,
without smoking history or cardiopulmonary uncom-
pensated diseases. 

Anesthesia induction was performed with fentanyl 4
µg·kg–1, thiopental 3 mg·kg–1 and vecuronium 0.08
mg·kg–1 and maintained with isoflurane and bupivacaine
0.5% through an epidural catheter inserted at L2–3.

After tracheal intubation with a cuffed endotracheal
tube, we ventilated the lungs with a Siemens 900 C
ventilator (Siemens-Elema, Solna, Sweden). Air leak
around the endotracheal tube was detected by com-
paring inspired-expired tidal volume (VT) measured
proximally in the airway. A volume controlled mode
was used with a VT of 8 mL·kg–1, respiratory rate
(RR) between 10 to 15 beats·min–1, FIO2 of 0.5,
inspiratory time of 0.3 without pause and, initially,
without positive end-expiratory pressure (ZEEP). We
increased or decreased alveolar ventilation by adjust-
ing RR to reach an end-tidal CO2 value of 34 mmHg
while maintaining VT constant.

Static respiratory compliance was measured divid-
ing VT by the pressure differences between plateau
and total PEEP. 

End-expiratory lung volume (EELV) was measured
by pushing the expiratory pause button of the Servo

900C for six seconds during the inspiratory pause
while releasing PEEP from 5 cm H2O to ZEEP. Thus,
a volume of gas is expelled until functional residual
capacity at ambient pressure is reached. The EELV
was then determined by subtracting the average value
of the latest three normal expiratory tidal volumes
before the maneuver from the volume of gas mea-
sured. We recorded this volume continuously in a
computer and analyzed it off-line. The return of the
expiratory flow curve to baseline at the EELV-maneu-
ver was used for checking air trapping. 

Carbon dioxide elimination (VCO2) was calculated
by multiplying alveolar ventilation and mean alveolar
fraction of CO2. Oxygen consumption (VO2) was cal-
culated as the product of alveolar ventilation and
inspiratory-expiratory O2 difference. The respiratory
quotient was calculated dividing VCO2 by VO2.

The SBT-CO2 and its variables are explained in
Appendix I, available as Additional Material at
www.cja-jca.org. 

Protocol
We maintained the ventilatory, hemodynamic and
metabolic states constant during the study. In each
patient we studied three periods sequentially: 

1. ZEEP: ventilation with zero PEEP.
2. PEEP: ventilation with 5 cm H2O of PEEP.
3. ARS: between point 2 and 3, we ventilated the 

lungs for 20 min without PEEP to reach base-
line conditions once again. The ARS is a 
maneuver assigned to treat pulmonary collapse 
by reaching the alveolar opening pressure for 
ten breaths and keeping the lung open with a 
PEEP level above the lung’s closing pressure.5
In our patients we assume that the lung open-
ing pressure was 40 cm H2O of peak inspirato-
ry pressure (PIP) and the closing pressure lower 
than 5 cm H2O.1,4,5

The maneuver was performed in pressure control
ventilation following sequential steps (Figure 1):

(a) Ventilatory frequency was set to 15 
breaths·min–1.

(b) Inspiration/expiration ratio was set at 1:1.
(c) Delta pressure or the pressure difference 

between PIP and PEEP (PIP/PEEP) was main-
tained at 20 cm H2O.

(d) Airway pressures were increased in steps: 
25/5 to 30/10 and then to 35/15 cm H2O. 
Each step of pressure was maintained for five 
breaths. 

(e) A final PIP/PEEP step of 40/20 cm H2O was 
reached and maintained for ten breaths. 

(f) After the ten breaths, airway pressures were 
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gradually decreased returning to the previous 
setting at 5 cm H2O of PEEP reassuming a vol-
ume controlled ventilation mode.

At the end of each period (30 min), we recorded
SBT-CO2 curves and took blood samples for dead
space analysis. Blood specimens were processed and
corrected for body temperature within five minutes of
extraction by a gas analyzer ABL 510 (Radiometer,

Copenhagen, Denmark). Body temperature was mea-
sured with an esophageal thermometer. 

Comparison of variables among periods was carried
out using analysis of variance performed by INSTAT
2.0 (GraphPad, San Diego, CA, USA). If the variance
F-statistic was significant the Student-Newman-Keuls
post-test detected significant differences. EELV
between PEEP and ARS was evaluated by the
Student’s t test. Values are reported as mean ± SD and
a P < 0.05 was considered significant.

RReessuullttss
Nine females and seven males, aged 65 to 80 yr (71.2
± 4.5), with body mass indices between 24 to 30
(26.8 ± 2.1) undergoing hysterectomies (n = 3) and
hemicolectomies (n = 13) were studied.

Lung recruitment increased dead space variables
related to lung efficiency and decreased variables relat-
ed to inefficiency. PEEP alone did not have same
effect on dead space (Table I).

Phase II slopes showed a significant increase with
PEEP and ARS although lung recruitment showed the
highest values. These steeper slopes were associated
with a corresponding decreases in Vol II/VT (Table I).

Normalized phase III slope decreased with PEEP
ventilation and showed an additional diminution after
ARS. Volume of phase III increased with ARS and
PEEP compared with ZEEP. The angle between II-III
showed significant differences only after the recruit-
ment maneuver (Table I).

Table II shows partial pressures of CO2 and the
alveolar ventilation at constant minute ventilation. Pa-
etCO2 was significantly lower and alveolar ventilation
larger after ARS compared with ZEEP and PEEP. 

Arterial oxygenation, EELV and respiratory compli-
ance showed a significant increase after lung recruit-
ment compared with ZEEP and PEEP. PEEP without
lung recruitment showed compliance values significant-
ly higher than ZEEP but without changes in PaO2
(Figure 2). 

Hemodynamic and metabolic variables stayed con-
stant at all times (Table III, available as Additional
Material at www.cja-jca.org).

DDiissccuussssiioonn
When compared with ZEEP or PEEP, lung recruit-
ment decreased those SBT-CO2 variables which are
related to pulmonary inefficiency and increased the
ones related to efficiency. The increased efficiency of
ventilation was associated with an increase in arterial
oxygenation, expiratory lung volume and respiratory
compliance, all parameters commonly used as markers
of an "open lung condition".1,5–7
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TABLE I Dead space data

Variable ZEEP PEEP ARS

VD/VT 0.50 ± 0.07 0.51 ± 0.06 0.45 ± 0.01*†
VDAW (mL) 160 ± 48 161 ± 38 137 ± 32
VDALV (mL) 110 ± 35 113 ± 30 108 ± 32
VDPHYS (mL) 270 ± 54 274 ± 56 246 ± 50
VDALV/VTALV 0.29 ± 0.05 0.28 ± 0.06 0.26 ± 0.04
VDAW/VT 0.30 ± 0.08 0.29 ± 0.04 0.25 ± 0.04†‡
VTCO2,br (mL) 23 ± 2.6 25 ± 3.3* 27 ± 3.2 †‡
VTALV (mL) 340 ± 72 355 ± 71 373 ± 68†‡
Vol I/VT 0.22 ± 0.09 0.21 ± 0.06 0.18 ± 0.06
Vol II/VT 0.35 ± 0.05 0.28 ± 0.05* 0.26 ± 0.05†
Vol III/VT 0.45 ± 0.08 0.51 ± 0.1* 0.57 ± 0.09†‡
Slope II (%/L) 46 ± 7.7 56 ± 10* 63 ± 11†‡
Slope III/N (L–1) 0.21 ± 0.11 0.18 ± 0.10* 0.13 ± 0.07†‡
Angle II/III (°) 127 ± 2.1 125 ± 7.7 113 ± 4†‡

PEEP = positive end-expiratory pressure; ZEEP = without positive
end-expiratory pressure; ARS = alveolar recruitment strategy;
VD/VT = physiologic dead space to tidal volume; VDAW = air-
way dead space (mL); VDALV = alveolar dead space (mL);
VDPHYS = physiologic dead space (mL); VDAW/VTALV = alve-
olar dead space to tidal volume; VDAW/VT = airway dead space
to tidal volume; VTCO2,br = CO2 elimination per breath (mL);
VTALV = alveolar tidal volume (mL); Vol I/VT = volume of
phase I to tidal volume; Vol II/VT = volume of phase II to tidal
volume; Vol III/VT = volume of phase III to tidal volume; slope
II = phase II slope; slope III/N = normalized phase II slope divid-
ed by the mean alveolar concentration of CO2; angle II/III =
angle formed between phases II and III slopes (°).
Values are presented as mean ± SD. A P value lower than 0.05 was
considered significant. *PEEP against ZEEP, P < 0.05; †ARS
against ZEEP, P < 0.05; ‡ARS against PEEP, P < 0.05.

TABLE II Alveolar ventilation and partial pressures of CO2

Variable ZEEP PEEP ARS

PaCO2 (kPa) 5.1 ± 0.4 5.2 ± 0.6 4.9 ± 0.5
etCO2 (kPa) 4.0 ± 0.3 4.0 ± 0.4 3.9 ± 0.2
Pa-etCO2 (kPa) 1.1 ± 0.5 1.2 ± 0.5 0.9 ± 0.5*†
VA (L·min–1) 3.3 ± 0.8 3.4 ± 0.6 3.6 ± 0.8*†

PEEP = positive end-expiratory pressure; ZEEP = without positive
end-expiratory pressure; ARS = alveolar recruitment strategy; PaCO2
= arterial partial pressure of CO2 (kPa); etCO2 = end-tidal partial
pressure of CO2 (kPa); Pa-etCO2 = arterial to end-tidal differences
of CO2 (kPa); and VA = alveolar minute ventilation (L·min–1). *ARS
against ZEEP, P < 0.05; †ARS against PEEP, P < 0.05.



PEEP without recruitment showed an intermediate
effect between ZEEP and ARS in all variables studied.
In anesthetized patients low levels of PEEP has a con-
tradictory effect on arterial oxygenation5 and atelecta-
sis.11 Studies results agree in that the recruitment of
collapsed airways is the main effect of PEEP without a
recruitment maneuver.12,13 Atelectasis treatment
requires higher airway pressures than the amount of

PEEP commonly used during anesthesia to pop open
collapsed alveoli.1,4,5,11 The incomplete lung recruit-
ment observed with the use of PEEP alone must be
the main explanation for our findings.

In contrast to PEEP alone, lung recruitment
maneuver increase both, the cross-sectional area of
small airways and the alveolar-capillary area, by revers-
ing airway and acinar collapse respectively.4,11–13 This
total recruitment or open lung condition7 improves
the diffusive CO2 transport at the acinar level and
could explain the changes observed in the SBT-CO2. 

Increasing CO2 diffusion after the ARS moves the
interface between convective-diffusive transport
mouthward, thus decreasing the VDAW measured by
Fowler’s method8 (Appendix I, available as Additional
Material at www.cja-jca.org).

Lung recruitment was also associated with an
improved efficiency in CO2 elimination as expressed
by a larger VTCO2,br and a lower Pa-etCO2 at con-
stant VCO2 and ventilator settings. These results indi-
cate that the area of gas exchange increased and V/Q
improved. 

Differences between PEEP and ARS in the distrib-
ution of gas volumes within the lung may have an
impact on gas exchange and respiratory compliance.
Analyzing EELV and the volumes of phases I–II–III,
we observed that the recruitment maneuver re-distrib-
uted the VT away from phases I–II towards the vol-
ume of phase III (alveolar gas). Compared with
ZEEP, PEEP without a recruitment maneuver
increased volume of phase III but at the same time,
retained some volume within the inefficient parts of
the VT (phases I and II).

Changes in the slope of phases II and III at ZEEP
could be explained by the co-existence of acini with
different time constants due to aging14 and partial col-
lapse. Our results resemble those found in asthma and
emphysema where both, small airway narrowing and
tissue degeneration cause a diffusional resistance to
CO2 transport.15,16

Total lung recruitment has a positive effect on CO2
diffusion as reflected by the changes observed in vol-
umes and slopes of phases II–III after ARS. On the
one hand, we think that an increase in the cross-sec-
tional area caused by airway recruitment could
improve the CO2 diffusive transport from alveoli to
bronchioli. On the other hand, an increase in the area
of gas exchange due to a recruitment of atelectasis
improved the diffusive transport from the capillaries to
the alveoli (Appendix II, available as Additional
Material at www.cja-jca.org).

Some clinical data support our explanation: in chil-
dren, the multiplication of alveolated airways and pul-
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FIGURE 1 Schematic representation of the alveolar recruitment
strategy using pressure control ventilation. Rectangles represents
tidal volumes set at a pressure difference between peak inspiratory
and end-expiratory pressure of 20 cm H2O. Airway pressures are
increased sequentially in steps from 25/5 to 30/10 and then to
35/15 cm H2O every five breaths. A final step of 40/20 cm H2O
is reached and maintained for ten breaths. After these ten breaths,
a progressive decrease to baseline settings is done maintaining a
PEEP level of 5 cm H2O.

FIGURE 2 PaO2 (kPa), Respiratory compliance (mL·cm–1

H2O), and end-expiratory lung volume (EELV in mL). ZEEP =
no PEEP, PEEP = 5 cm H2O, and ARS = alveolar recruitment
strategy. *PEEP against ZEEP, P < 0.05; †ARS against ZEEP, P <
0.05; ‡ARS against PEEP, P < 0.05.



monary capillaries increases the airway’s cross-section-
al and gas exchange area with a corresponding
decrease in phase III slope.17 In contrast, Schwardt et
al.18 showed increased phase III slope in emphysema
patients with a known reduction in functional zones of
the lung.

The design of the study is linear making possible
lung volume deteriorations over time. For this reason,
we chose to evaluate the recruitment effect in the last
term reflecting possibly the worse condition. Future
randomized studies are needed to extrapolate our
findings into routine clinical practice.

In summary, the ARS improved the efficiency of
ventilation in anesthetized patients. Differences
observed in the SBT-CO2 between PEEP with and
without an lung recruitment maneuver, can be
explained by the effectiveness of the treatment of pul-
monary collapse.
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