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ABSTRACT

Volumetric capnography is especially sensitive to disturbances affecting the efficiency of ventilation for gas exchange. Be-
cause lung homogeneity is a very fragile property, it is endangered in the majority of diseases that affect the airways, lung
parenchyma, or alveolar microcirculation.

Acute lung injury and acute respiratory distress syndrome can be conveniently monitored with volumetric capnography.
The combination of two advanced technologies—airway flow monitoring and mainstream capnography—allows breath-by-
-breath bedside computerized determination of the physiological dead space, alveolar heterogeneity, and CO, elimination.

The use of volumetric capnography at the bedside can provide clinicians with important physiological and prognostic data,
as well as allowing the effects of therapeutic interventions to be evaluated in critical ill patients receiving mechanical venti-
lation.
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A capnografia volumétrica é especialmente sensivel aos problemas que afetam a eficiéncia da ventilagdo para a troca gasosa.
Uma vez que a homogeneidade do pulmao é uma propriedade muito fragil, a medida da capnografia é um desafio na maio-
ria das doencas que comprometem as vias aéreas, o parénquima pulmonar e a microcirculacdo alveolar.

A lesdo pulmonar aguda e sindrome do desconforto respiratério agudo sao situagdes que devem ser monitoradas com a
capnografia volumétrica. Essa tecnologia avancada é uma combinagdo da medida do fluxo aéreo e a capnografia conven-
cional, fazendo com que seja possivel computar, a beira do leito, parametros como espa¢o morto, heterogeneidade alveolar
e eliminacédo do CO,.

O uso da capnografia volumétrica a beira do leito pode fornecer aos clinicos importantes informacgées fisioldgicas e sobre o
progndstico, assim como seguir o efeito de intervengdes terapéuticas nos doentes criticos ventilados mecanicamente.

Descritores: lesdo pulmonar aguda; ventilacdo pulmonar; espago morto respiratdrio; capnografia.

1. Laboratory of Pulmonary Function, Servei de Pneumologia, Hospital Universitari de Bellvitge, Llnstitut d'Investigacié Biomedica de Bellvitge,
L'Hospitalet de Llobregat, Spain

2. Critical Care Center, Hospital de Sabadell, Corporacié Sanitaria Parc Tauli, Universitat Autonoma de Barcelona, Sabadell, Spain

3. Centro de Investigacién Biomédica en Red-Enfermedades Respiratorias, Instituto de Salud Carlos I, Madrid, Spain.

Correspondence to: Pablo V. Romero. Unitat de Pneumologia Experimental, Unitat Docent de Bellvitge, IDIBELL, Universitat de Barcelona, C/Feixa Llarga
s/n, 08907, L'Hospitalet de Llobregat, Spain. Tel.: +34 93 403 5807; Fax: +34 93 260 7689.

Pulmao RJ 2011;20(1):37-41 37



Romero PV, Blanch L . Volumetric Capnography in Acute Respiratory Distress Syndrome

INTRODUCTION

Capnographic monitoring has become an im-
portant tool for ensuring patient safety. It allows early
detection of pulmonary embolism and ventilator mal-
function (1). It also reflects alterations in respiratory
mechanics and provides prognostic data during car-
diopulmonary resuscitation (2,3). In recent years, in-
creasing interest in defining prognostic factors has led
to a re-evaluation of some common physiological and
clinical parameters used in intensive care (4-6).

Volumetric capnography provides a great amount
of information on the functional status of the lung
through the instantaneous recording of the expired CO,
fraction (FeCO,) or CO, production (VCO,[v]) versus ex-
pired volume (FECO,[v]), contain an important amount
of information on the functional status of the lung. In the
past, the use of volumetric capnography in clinical prac-
tice was limited because of various problems related to
measurement and interpretation. Once the difficulty in-
herent to the phase lag between volume and CO, signal
had been overcome, the main technical problem related
to mainstream capnometry became the fact that it is dif-
ficult to parameterize this curve without any visual ref-
erence points. Therefore, capnographic monitoring has
often been reserved for the determination of end-tidal
CO, tension (PrCO,), in emergency trauma surgery, or in
acute respiratory distress syndrome (ARDS) patients (7,8).
However, when the arterial-alveolar gradient of CO, is
significantly altered, the P;CO, can be misleading (9,10),
which limits its use in clinical practice. In recent studies
conducted by our group (11,12), we revisited the VCO,(v)
and FCO,(v) curves in order to obtain data that are more
easily digitized than are those typically obtained from the
time-based F:CO, (FcCO,[t]) curve.

VOLUMETRIC CAPNOGRAPHY PARAMETERS

The shape of the expired capnograph depends
on the homogeneity of gas distribution and alveolar
ventilation (13). Lung heterogeneity creates regional
differences in CO, concentration, and gas from regions
with high ventilation/perfusion first appears in the up-
per airways during exhalation. This sequential empty-
ing contributes to the positive slope of the alveolar
plateau (13). Greater ventilation/perfusion heteroge-
neity leads to a steeper alveolar CO, slope (14).

Classically, three distinct phases have been iden-
tified in the F:CO, versus FzCO,(v) curves: phase |, in
which there is no CO, elimination corresponding to the
exhalation of the gas content of the physiological dead
space; phase ll, a transition phase during which F.CO,
increases progressively; and phase lll, or the “alveolar
phase”, a plateau during which FCO, increases almost
in parallel with expired volume. These phases cannot
be identified without visual reference points defining
the transitions between phases. Many computerized
procedures have been unsuccessful because the tran-
sitions between phases are seamless. A new approach
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to volumetric capnography involves the use of the
F:CO, versus VCO,(v) curve, rather than the F:CO, ver-
sus FeCO,(v) curve or the FCO, versus FzCO,(t) curve. In
recent years, our group defined physiologically based
parameters that do not require visual reference points
on the curve and can be obtained by computerized
procedures (11,12,15). Such parameters, old and new,
can be continuously evaluated and averaged over
many cycles in real time, therefore being useful for
monitoring purposes.

End-Tidal CO, Fraction

To avoid the cardiac motion artifact, the end-tidal
CO, fraction (F&CO,) can be measured on the VCO,(v)
curve:

As the linear slope between expired volume and
the VCO, of the segment defined by the end-expirato-
ry 10% of the total number of expiratory samples of
each breath (Figure 1).

Bohr Dead Space

The Bohr dead space (V") can be calculated ac-
cording to classical principles, assuming that FETCO,
represents the alveolar fractional concentration of CO,
in the following equation:

VDBOhr/VT =1- (VCOztOt/VT)/FETC02 [2]

where V7 is the tidal volume and VCO,tot is the to-
tal CO, eliminated in the breath.

Pre-Interface Expirate

The pre-interface expirate (PIE) can be calculated
according to the method devised by Wolff and Brunner
(16,17) as the mean of the normalized distribution func-
tion of phase Il. The volume at which this mean value is
obtained represents the minimal mean volume of the
convective airways, or PIE (16). Physiologically speaking,
the PIE represents the expired volume at which the in-
terface between the airways and alveolar gas becomes
identifiable upon the opening of the airways.

Slope of Phase Il

The portion of the F:CO,(v) curve between PIE
and V; is divided into four segments. In accordance
with Astrém et al. (17), the slope of phase lll (slope lll) is
calculated as the slope of the linear regression line be-
tween F:CO, and volume for the two central segments.

Series Dead Space

The FECO,(v) curve is corrected for the slope Ill be-
tween the PIE and end-tidal CO, volume. From the cor-
rected new curve, the volume of the series dead space
(Vp*®) is calculated by the Fowler equal area method.
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This procedure prevents overcorrection of phase Il (17).
The airway dead space (Vpaw) can be obtained by sub-
tracting the instrumental dead space from the V.

Index of Alveolar Heterogeneity

According to various authors (18,19), the differ-
ence between Vp*" and Vo is mainly attributable to
unequal regional distribution, which distorts the curve
beyond the PIE. An index of alveolar heterogeneity
(IAH) can be calculated by relating the two magni-
tudes:

IAH(%) = [ 1 — (V;- VpEo™) | . 100 [3]
(V- V™)

Alveolar Ejection Volume

As previously demonstrated (12,15), alveolar ejec-
tion volume (V,e) can be determined from the VCO,(v)
curve (Figure 1). It has been shown that, by pivoting
on the end-expiratory point after linear fitting of the
last end-expiratory segment, the slope of the VCO,(v)
curve can be decreased by 5% in ventilated patients
(11) and by 6% in spontaneously breathing patients
(20). The new line crosses the VCO,(v) curve at a single
point. The volume difference between this and the
end-expiratory point corresponds to the Vue. The Ve
tends to decrease as serial contamination of alveolar
gas, heterogeneity, and phase Il increase. According
to the hypothesis of sequential gas exhalation, the V¢
fraction (Vae/V5 ratio) is described as the fraction of V;
that is contaminated (because of alveolar heterogene-
ity and airway mixing), which is smaller than is that of
the physiological dead space in terms of the end-tidal
expired gas. In previous studies, performed in intu-
bated individuals (healthy subjects and patients), Vae/
Vr was a satisfactory measure of the degree of lung
impairment and correlated with other indices of the
distribution of ventilation (13).
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Figure 1 - Determination of Ve on the VCO2(v) curve. FerCO; is obtai-
ned by linear fitting of the last end-expiratory segment (50 points) of
the curve (ellipse).

Index of Ventilatory Efficiency

Because V is directly dependent on V; and V™, it
seems appropriate to express it in relation to the mag-
nitudes of those parameters. An index of ventilatory
efficiency (IVE) can be calculated as follows:

IVE%)= V,. .100 [4]
(VT_VDser)

In healthy subjects and in patients, the IVE is less
dependent on V; than are other capnographic indices
(20).

VOLUMETRIC CAPNOGRAPHY IN ACUTE LUNG IN-
JURY AND ARDS

Acute lung injury (ALl) is characterized by dif-
fuse alveolar injury, alveolar collapse, or consolidation,
together with severe vascular damage, protein-rich
lung edema, surfactant inactivation, and inflamma-
tion. Patients with ALl or ARDS present with low ven-
tilation/perfusion (and high alveolar CO, tension) in
some regions of the lung, which typically coexist with
other regions in which there is high ventilation/perfu-
sion (and low alveolar CO, tension). The combination
of these two conditions (caused by severe alveolar
and vascular damage) results in increased pulmonary
dead space and alveolar heterogeneity. In addition,
the pulmonary dead space is increased in individuals
suffering from shock, systemic or pulmonary hypoten-
sion, and obstruction of pulmonary vessels (massive
pulmonary embolus or microthrombosis). Artificial
ventilation adds to the complexity of understanding in
variations of dead space at the bedside because it can
substantially affect dead space. Positive end-expirato-
ry pressure (PEEP) levels that recruit collapsed lung can
reduce the dead space, primarily by reducing intrapul-
monary shunt, whereas overdistension of the lung pro-
motes the development of high ventilation/perfusion
regions and increases the dead space (21). Therefore, a
number of pulmonary and extrapulmonary factors can
affect the bedside interpretation of changes in the vol-
ume of the dead space.

Studies have shown that the hypoxemia seen in pa-
tients with ARDS is caused by intrapulmonary shunt and
by low ventilation/perfusion ratios in some regions of the
lung (22). In addition, the use of the multiple inert gas
elimination technique has shown that, in patients with
ARDS, a large portion of the ventilation is distributed to
nonperfused or poorly perfused regions (22). In the oleic
acid-injured lungs of dogs, Coffey et al. (21) found that
high Vp/V; correlated with shunt, inert gas dead space,
and mid-range ventilation/perfusion heterogeneity. The
available capnographic data indicate that, in ALl and
ARDS patients, the distribution of ventilation is quite un-
even and the ventilatory process is inefficient. In a study
conducted by Blanch et al. (12), indices obtained from
volumetric capnography (VpE/V;, slope lIl, and Vag/V7)
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were markedly different in ALI and ARDS patients than
in the controls. The VoM and slope Ill were significantly
higher in ALI and ARDS patients than in the controls, as
well as being significantly higher in the patients with
ARDS than in those with ALl The V¢/V; was significant-
ly lower in the ALl and ARDS patients than in the con-
trols and was significantly lower in the ARDS patients
than in ALl patients.

Effect of V;

In recumbent, anesthetized healthy subjects, an
increase in V; increases ventilatory efficiency. Studies
involving healthy subjects (23) have shown that rela-
tively small increases in V; result in greater convection-
dependent heterogeneous ventilation, whereas that
due to the interaction of convection and diffusion in
the lung periphery decreases. In a study conducted
by Romero et al. (11), volume had a significant effect
on V,e/V in healthy subjects but not in ARDS patients.
These results are in agreement with those of Paiva et
al. (24), who also showed that an increase in V; reduces
slope Il in healthy subjects. In ARDS patients, an in-
crease in V;r might be expected to recruit some alveo-
lar units and to increase, to some extent, the degree
of alveolar homogeneity (25). In fact, only if recruited
units were strictly normal and homogeneous would
they contribute to improving ventilatory and mechani-
cal efficiency. We can reasonably suppose that the ab-
sence of a V-related increase in Ve/Vr and IVE in ARDS
patients is attributable to the fact that that an increase
in V; does not effectively recruit new lung areas or that
most of the alveoli recruited are diseased. This raises
the hypothesis that increased physiologic dead space
and decreased V,/V; are indicators of a poor prognosis
in ARDS and that their evolution during treatment has
an impact on outcomes (26-29).

Effect of PEEP

The alveolar dead space is significantly increased
in ALl and is not affected by the use of PEEP. However,
when PEEP is administered to recruit collapsed lung
units (resulting in improved oxygenation), the alveolar
dead space decreases unless overdistension impairs al-
veolar perfusion. Breen and Mazumdar (30) found that
the application of 11 cmH,O of PEEP in anesthetized,

REFERENCIAS:

1. Moreira MM, Terzi RG, Pereira MC, Grangeia Tde
A, Paschoal IA. Volumetric capnography as a
noninvasive diagnostic procedure in acute pulmonary
thromboembolism. J Bras Pneumol. 2008;34(5):328-32.

2. Society of Critical Care Medicine: Task force on
guidelines. Recommendations for services and
personnel for delivery of care in critical care setting. Crit
Care Med 1998; 16(8): 809-811

3. AARC Clinical Practice Guideline Capnometry/
Capnography during mechanical ventilation. Respir
Care 1995 (12): 40:1321-1332

40 Pulmao RJ2011;20(1):37-41

mechanically ventilated, open-chested dogs increased
the physiological dead space, reduced VCO,tot and
resulted in a poorly defined alveolar plateau. These
changes were mainly produced by a significant de-
crease in cardiac output related to the use of PEEP.
Tusman et al. (31) tested the usefulness of the dead
space parameter for determining open-lung PEEP in
eight pigs submitted to lung lavage. We find it interest-
ing that the alveolar dead space correlated well with
arterial oxygen tension, normally aerated areas, and
non-aerated areas in all animals, with a sensitivity of
89% and a specificity of 90% for detecting lung col-
lapse. However, in saline lavage-induced experimental
animal models of ARDS, there is considerable potential
for recruitment that increases in parallel with increases
in PEEP (32), and comparisons with ARDS in humans
should therefore be made with caution.

The relationship between the effects of PEEP on
volumetric capnography and respiratory mechan-
ics have been studied in patients with normal lungs,
patients with moderate ALl, and patients with severe
ARDS. Blanch et al. (12) found that patients with ARDS
presented with markedly lower respiratory system
compliance and greater total respiratory system resis-
tance than did controls. Although an increase in PEEP
improved respiratory mechanics in healthy subjects
and worsened lung tissue resistance in patients with
respiratory failure, it did not affect volumetric capnog-
raphy indices. Smith and Fletcher (33) studied heart
surgery patients and also found that PEEP did not
modify CO, elimination in the immediate postopera-
tive period. Beydon et al. (34) studied the effect of PEEP
on the dead space in patients with ALI. The authors
found a high Vp/V; that was unaffected by raising PEEP
from 0 to 15 cmH,0. Patients in whom oxygenation im-
proved with PEEP showed a concurrent decrease in Vp/
V; and vice versa. In an experimental animal model of
oleic acid-induced ARDS, Coffey et al. (21) found that
low PEEP reduced physiological Vp/V; and intrapulmo-
nary shunt. Conversely, in the same animals, high PEEP
increased the fraction of ventilation delivered to areas
with high ventilation/perfusion, resulting in increased
physiological Vp/Vy. Variations in Vp/V; after the initia-
tion of PEEP largely depend on the type, degree, and
stage of lung injury.

4.  Monchi M, Bellenfant F, Cariou A, Joli L, Thebert D,
Laurent |, Dhainaut J, Brunet F (1998) Early predictive
factors of survival in the acute respiratory distress
syndrome. A multivariate analysis. Am J Respir Crit Care
Med. 1995; 158(4):1076-1081

5. Estenssoro E, Dubin A, Laffaire E, Canales H, Saenz G,
Moseinco M, Pozo M, Gomez A, Baredes N, Jannello G,
Osatnik J Incidence, clinical course, and outcome in 217
patients with acute respiratory distress syndrome. Crit
Care Med 2002; 30(11): 2450-2456

6. Brun-Buisson C, Minelli C, Bertolini G, Brazzi L, Pimentel J,



20.

21.

Romero PV, Blanch L . Volumetric Capnography in Acute Respiratory Distress Syndrome

LewandowskiK, Bion J,Romand JA, Villar J, Thorsteinsson
A, Damas P, Armaganidis A, Lemaire F; ALIVE Study
Group. Epidemiology and outcome of acute lung injury
in European intensive care units. Results from the ALIVE
study. Intensive Care Med. 2004; 30(1):51-61

Tyburski JG, Carlin AM, Harvey EH, Steffes C, Wilson
RF. End-tidal CO2-arterial CO2 differences: a useful
intraoperative mortality marker in trauma surgery. J
Trauma 2003; 55(5):892-896

Nuckton TJ, Alonso JA, Kallet RH, Daniel BM, Pittet JF,
Eisner MD, Matthay A. Pulmonary dead-space fraction
as a risk factor for death in the acute respiratory distress
syndrome. N Eng J Med. 2002; 346(17):1281-1286
Fletcher R, Jonson B, Cumming G, Brew J. The concept of
dead space with special reference to the single breath
test for carbon dioxide. Br J Anesth.1981; 53(1):77-88
Lucangelo U, Blanch L. Dead space. Intensive Care Med.
2004; 30(4):576-579

Romero PV, Lucangelo U, Lopez Aguilar J, Fernandez R,
Blanch L. Physiologically based indices of volumetric
capnography in patients receiving mechanical
ventilation. Eur Resp J. 1997; 10(6): 1309-1315

Blanch L, Lucangelo U, Lopez-Aguilar J, Fernandez R,
Romero PV. Volumetric capnography in patients with
acute lung injury: effects of positive end-expiratory
pressure. Eur Respir J. 1999; 13(5):1048-1054

Engel LA. Intraregional gas mixing and distribution.
In:Engel LA, Paiva M, eds. Gas Mixing and Distribution
in the Lung. New York, Marcel Dekker Inc., 1985; pp. 287-
358.

You B, Peslin R, Duvivier C, Dang Vu V, Grilliat JP.
Expiratory capnography in asthma: evaluation of
various shape indices. Eur Respir J. 1994; 7(2): 318-323
Romero PV, Lépez-Aguilar J, Lucangelo U, Blanch L.
Alveolar ejection ratio elucidated from VCO2 vs Vt
curves. Intensive Care Med. 1995; 21:545

Wolff G, Brunner JX. Series dead space volume assessed
as the mean value of a distribution function. Int J Clin
Monit Comp 1984; 1(3): 177-181

Astrém E, Niklason L, Drefeldt B, et al. Partitioning of
dead space - a method and reference values in the
awake human. Eur Respir J 2000; 16(4): 659-684

Kars AH, Goorden G, Stijnen T, et al. Does phase 2 of the
expiratory Pco2 versus volume curve have a diagnostic
value in emphysema patients?. Eur Respir J 1995; 8(1):
86-92.

Romero PV. Capnography: Basic Concepts. In Gullo A,
editor. Anesthesia, Pain, Intensive Care and Emergency
Medicine. Vol 15. Milano: Springer-Verlag Italia; 2001, p.
135-148.

Romero PV, Rodriguez B, de Oliveira D, Blanch L, Manresa
F. Volumetric capnography and chronic obstructive
pulmonary disease staging. Int J Chron Obstruct Pulmon
Dis. 2007;2(3):381-91

Coffey RL, Albert RK, Robertson HT. Mechanisms of

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

physiologic dead space response to PEEP after acute
oleic acid lung injury. J Appl Physiol.1983 55(5):1550-
1557

Ralph DD, Robertson HT, Weaver LJ, Hlastala MP,Carrico
CJ, Hudson LD. Distribution of ventilation and perfusion
during positive end-expiratory pressure in the adult
respiratory distress syndrome. Am Rev Respir Dis 1985;
131(1): 54-60.

Crawford AB, Makowska M, Engel LA. Effect of tidal
volume on ventilation maldistribution. Respir Physiol
1986; 66(1): 11-25.

Paiva M, Van Muylem A, Ravez P, Yernault JC. Inspired
volume dependence of the slope of alveolar plateau.
Respir Physiol 1984; 56(3): 309-325.

Blanch L, Fernandez R, Vallés J, Solé J, Roussos C, Artigas
A. Effect of two tidal volumes on oxygenation and
respiratory system mechanics during the early stage
of adult respiratory distress syndrome. J Crit Care 1994;
9(3):151-158

Nuckton TJ, Alonso JA, Kallet RH, Daniel BM, Pittet JF,
Eisner MD, Matthay MA. Pulmonary dead-space fraction
as a risk factor for death in the acute respiratory distress
syndrome. N Engl J Med 2002;346(17):1281-1286.
Cepkova M, Kapur V, Ren X, Quinn T, Zhuo H, Foster E,
Liu KD, Matthay MA.Pulmonary dead space fraction and
pulmonary artery systolic pressure as early predictors
of clinical outcome in acute lung injury. Chest. 2007;
132(3):836-842.

Kallet RH, Alonso JA, Pittet JF, Matthay MA. Prognostic
value of the pulmonary dead-space fraction during
the first 6 days of acute respiratory distress syndrome.
Respir Care. 2004;49:1008-1014.

Lucangelo U, Bernabé F, Vatua S, Degrassi G, Villagra
A, Fernandez R, Romero PV, Saura P, Borelli M, Blanch
L. Prognostic value of different dead space indices in
mechanically ventilated patients with acute lung injury
and ARDS. Chest. 2008;133(1):62-71.

Breen PH, Mazumdar B. How does positive end-
expiratory pressure decrease CO2 elimination from the
lung? Respir Physiol 1996;103(3):233-242.

Tusman G, Suarez-Sipmann F, Bohm SH, Pech T,
Reissmann H, Meschino G, Scandurra A, Hedenstierna
G. Monitoring dead space during recruitment and PEEP
titration in an experimental model. Intensive Care Med
2006; 32(11):1863-1871.

Matute-Bello G, Frevert CW, Martin TR. Animal models
of acute lung injury. Am J Physiol Lung Cell Mol Physiol
2008; 295(3):L379-399.

Smith RP, Fletcher R. Positive end-expiratory pressure
has little effect on carbon dioxide elimination after
cardiac surgery. Anesth Analg 2000; 90(1):85-88.
Beydon L, Uttman L, Rawal R, Jonson B. Effects of
positive end-expiratory pressure on dead space and its
partitions in acute lung injury. Intensive Care Med 2002;
28(9):1239-1245.

Pulméo RJ 2011;20(1):37-41 41



