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Abstract Introduction: Physio-
logical dead space should be a routine
measurement in ventilated patients
but measuring dead space using the
Douglas bag (DB) method is cum-
bersome and requires corrections for
compressed ventilator gas. These
factors make this method impractical
in the critical care setting. Volumetric
capnography (VCAP) offers a rela-
tively simple solution to calculating
dead space. Few studies have been
conducted to directly compare dead
space measured by VCAP and the DB
method in critically unwell adults.
Method: Prospective observational
study of 48 mechanically ventilated
adults ICU patients. Dead space was
calculated simultaneously using
VCAP (CO2SMO) and the Bohr–
Enghoff equation. In total, 168 paired
readings were taken. Single-breath
CO2 waveform areas under the curve
were computed automatically by
software to calculate physiological
dead space. The calculated value of
P �ECO2

was also recorded from the

CO2SMO device. Exhaust ventilator
gas was collected in a 10-l mixing
chamber. P �ECO2

was measured in the
chamber following correction for
compressed gas. Results: The study
demonstrated good agreement
between physiological VD/VT calcu-
lated by VCAP and corrected (mean
bias 0.03), and uncorrected (mean
bias 0.02) Bohr–Enghoff method.
There was good correlation between
the two methods of measurement
(VCAP vs corrected r2 = 0.90
P \ 0.001, VCAP vs uncorrected
r2 = 0.90, P \ 0.001). There was
good correlation between P �ECO2

cal-
culated by the CO2SMO and in the
exhaust collected gas (mean bias
0.08). Conclusions: VCAP shows
good agreement with Douglas Bag
method in measuring physiological
VD/VT over a wide range of dead
space fractions.
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Introduction

Dead space ventilation has been shown consistently to be
associated with increased mortality and disease progres-
sion in patients with acute lung injury (ALI) acute
respiratory distress syndrome (ARDS) [1–5]. Yet in
practice, dead space ventilation is seldom used as a
clinical tool. This is due largely to the technical problems

associated with the traditional methods of measuring dead
space.

Calculating dead space ventilation using more tradi-
tional methods, such as the Douglas bag (DB), can be
impractical and cumbersome. Not least because the
equipment required involves a large volume container
carried to the bedside. Additionally, the volume of com-
pressed ventilator gas risks over-estimating the dead
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space fraction [6, 7]. Using volumetric capnography
(VCAP) could provide an easier solution to measure dead
space and enable clinicians to accrue more data. The aims
of this study were to compare physiological dead space
using VCAP and the more traditional method of collect-
ing mixed expired gas in a DB.

Methods

The study was approved by the local ethics committee
(The National Hospital for Neurology and Neurosurgery
and Institute of Neurology Joint REC). Assent was
obtained from the family prior to recruitment to the study.
The observational study was conducted at the intensive
care unit (ICU) at Chelsea and Westminster Hospital—a
University hospital in London. All data were collected
prospectively between August 2010 and February 2011.
Inclusion criteria were age [16 years, invasive positive
pressure ventilation, and a PaO2/FiO2 less than 40 kPa at
admission. Initial measurements were made following
stabilization of the patient and within the first 24 h fol-
lowing admission to the ICU. Measurements were then
made once daily until either six consecutive recordings
had been made, or the patient had been weaned from the
ventilator or died, whichever was the shorter period. For
each set of measurements a note was made of the mode of
ventilation; mandatory (SIMV or BIPAP) or spontaneous
(ASB). All modes of ventilation used non-bias flow
triggering with the Drager Evita XL ventilator (Dräger-
werk, Lübeck, Germany). Three main variables for
analysis were physiological dead space, mixed expired
PCO2, and expired tidal volume.

Dead space using modified DB

Dead space fraction was calculated using the Enghoff
modification of the Bohr equation, which states:

VD

VT

¼
PaCO2

� P �ECO2

PaCO2

ð1Þ

where PaCO2
is the arterial PCO2 and P �E

CO2

is the mixed

expired PCO2. A modified DB was created by attaching a
fan to the bottom of a sealed 10-l Perspex chamber. This
was used to collect and mix the expired gas from the exhaust
port of the ventilator. The carbon dioxide concentration
of this expired gas was measured using a BCI Capno-
check capnograph (Smiths Medical, http://www.smiths-
medical.com).

One of the drawbacks using the DB method (VD/VT

DB) for calculating dead space fraction is that the col-
lected expired gas contains compressed gas from the
ventilator. It is difficult to separate this compressed gas

from the true expired volume, which leads to diluting and
lowering of the measured PCO2 of the expired gas leading
to overestimation of VD/VT. Mixed expired CO2 (P �ECO2

)
was calculated by correcting for gas compression in the
ventilator circuit using the method described by Forbat
[8]. The corrected tidal volume was calculated using the
following equation:

VTC
¼ PB �

Vv þ VT

PB þ Ppeak

� �
� VV: ð2Þ

where VTC
is the corrected tidal volume, PB is the baro-

metric pressure, Ppeak is the peak airway pressure, and VV

is the compressible volume of the ventilator and con-
nection tubing. This was set as 1,555 ml for all patients as
stated by the manufacturer of the ventilator. The corrected
mixed-expired gas was then calculated as follows:

P �ECO2
¼ P �ECO2m

� VT

VTC

ð3Þ

where P �ECO2m
is the measured PCO2 in the mixing

chamber. The correction method described has been
shown to be comparable to physical separation of expired
gas from compressed gas [8]. The mean compressible
volume was 2.6 (±0.17) ml/cmH2O, which is comparable
to other studies where compressible gas volume has been
measured [4].

Following the attachment of the mixing chamber and
capnograph to the ventilator expiratory exhaust port, a
period of 10 min was allowed to approach steady state,
before _VE was recorded, P �ECO2

was measured and cor-
rected, and arterial blood drawn for measurement of
PaCO2

.

Dead space using VCAP

Dead space using VCAP (VD/VT VCAP) was calculated
using the CO2SMO�Plus capnograph (Novometrix Med-
ical Systems, Wallingford, CT). The monitor consists of a
CO2 sensor that measures CO2 concentrations using
infrared absorption technology. A flow sensor is con-
nected to the capnostat and attached proximal to the
Y-tubing. The integration of flow with CO2 concentra-
tions allows the monitor to construct a single-breath CO2

(SBT-CO2) waveform. The SBT-CO2 waveform can used
to derive dead space and its components as described by
Fletcher [9]. The software programme Analysis Plus! for
Windows (Novometrix Medical Systems) was used to
estimate values for physiological dead space and its two
components, anatomical dead space and alveolar dead
space, using areas under the SBT-CO2 waveform as
described by Fletcher and colleagues [10]. Analysis Plus!
automatically computes the areas X, Y, and Z as seen in
Fig. 1. Physiological dead space is defined as (Y ? Z)/
(X ? Y ? Z).
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The CO2SMO�Plus monitor estimates P �ECO2
by aver-

aging the volumetric CO2 concentration over 1 min. This
is calculated by dividing the volume of CO2 over 1 min
by the total expired volume over the same period. P �ECO2

is
the volume weighted eight breath average of this calcu-
lation, and is updated every breath. The P �ECO2

values
estimated by the monitor and the measured and corrected
values from the mixing chamber were compared. The
expired tidal volume (VTe) as recorded by the ventilator
(measure and corrected) were compared with values
measured by CO2SMO�Plus monitor. Prior to each
reading, both capnographs underwent internal self-
calibration.

Statistical analysis

Mean values of continuous normally distributed variables
are expressed as mean ± standard deviation. Non-para-
metric data are presented as median (inter-quartile range).
Pearson’s correlation coefficient was used to examine
correlation of measured values between measurements.
The Bland-Altman method was used to assess agreement
between paired measurements of VD/VT, P �ECO2

; and VTe

[11].

Results

A total of 48 patients (33 men and 15 women) were
recruited to the study. Table 1 summarizes the demo-
graphic data and admission diagnoses for the population.
Table 2 summarizes the baseline physiological variables
of the patients at admission. In total, 168 pairs of daily
simultaneous readings were taken. Table 3 summarizes
the mean values of VD/VT, P �ECO2

; and VTe using VCAP,
corrected and uncorrected DB method in all readings.
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Fig. 1 Components of a single-
breath CO2 (SBT-CO2)
expirogram as described by
Fletcher et al. [10]. Area X
represents the CO2 elimination
volume, area Y is the alveolar
dead space volume, and area
Z is the airway dead space
volume, where areas p and q are
equal. Area Y ? Z represents
dead space volume. Area
(Y ? Z)/Area
(X ? Y ? Z) represents dead
space fraction

Table 1 Summary of baseline clinical characteristics of 48 patients

Variable Data (%)

Age (years) 61 ± 15
Weight (kg) 76 ± 15
Height (cm) 170 ± 9
Sex male/female 33 (69)/15 (31)
Admission diagnosis
LRTI/Exacerbation of COPD 15 (31)
Intra-abdominal pathology 14 (29)
Sepsis (non-respiratory) 9 (19)
Cardiac insufficiency 7 (15)
Miscellaneous 3 (6)
Underlying COPD/ILD 7 (16)
Developed ALI/ARDS 5 (10)
Outcome (survivors/non-survivors) 16 (33)/32 (67)

Table 2 Summary of baseline physiological and respiratory vari-
ables of 48 patients

Variable Data

APACHE II score 19 (15–22)
Tidal volume (ml) 557 ± 128
Peak inspiratory pressure (cmH2O) 24 (18.75–33)
Mean airway pressure (cmH2O) 13 (9.75–16.25)
Peak end-expiratory pressure (cmH2O) 8 (5–10)
Dynamic compliance (ml cmH2O-1) 41 ± 38
_VCO2 (ml min-1) 190 ± 59

PaO2/FiO2 ratio 26.8 ± 13
VD/VT 0.60 ± 0.09

Table 3 Mean values of mixed expired CO2 (P �ECO2
), expired tidal

volume (VTe), and physiological dead space (VD/VT) in all readings
(n = 168)

Volumetric
capnography

Douglas
bag uncorrected

Douglas
bag corrected

P �ECO2
(kPa) 2.08 ± 0.69 2.00 ± 0.66 2.28 ± 0.70

VTe (ml) 485.1 ± 130.1 542.1 ± 141.7 472.9 ± 145
VD/VT 0.61 ± 0.13 0.64 ± 0.12 0.59 ± 0.12
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Physiological dead space

Bland-Altman analysis showed good agreement between
VD/VT VCAP and uncorrected VD/VT DB, with a mean bias
of 0.03 with a 95 % limits of agreement between -0.04
and 0.11 (Fig. 2a). The agreement between VD/VT VCAP

and corrected VD/VT DB was similar with a mean bias of
0.02 with 95 % agreement limit between -0.06 and 0.10
(Fig. 2b). There was strong positive correlation between
VD/VT VCAP and both uncorrected and corrected VD/VT DB

(r = 0.96, r2 = 0.91; r = 0.95, r2 = 0.90, respectively;
P \ 0.001 for both; see Fig. 3).

Mixed-expired CO2

Bland-Altman analysis of P �ECO2
showed good agreement

between measurements taken from the CO2SMO monitor
and the uncorrected (bias 0.08 kPa, 95 % agreement limit
-0.3 to 0.46 kPa; Fig. 4a) and corrected values (bias
-0.19 kPa, 95 % agreement limit -0.61 to 0.22 kPa;
Fig. 4b) obtained in the mixing chamber. VD/VT was
calculated using Eq. 1, where P �ECO2

was derived from the
CO2SMO and showed good agreement with the DB
method (mean bias 0.04, 95 % agreement limit -0.09 to
0.18).
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Fig. 2 Bland-Altman plot of
differences versus average of
paired measured values for
physiological dead space. The
dotted lines represent the 95 %
agreement limit. a Plot of
agreement between the
volumetric capnography
(VCAP) and uncorrected
Douglas bag (DB) method.
b Plot of agreement between the
VCAP method and corrected
DB method
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Fig. 3 Scatter plot of VD/VT

calculated by the two methods.
a VCAP plotted against
uncorrected DB method
(r = 0.96, P \ 0.01). b VCAP
plotted against DB method
corrected for compressed
ventilator gas (r = 0.95,
P \ 0.01)
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Fig. 4 Bland-Altman plot of
differences versus average of
paired measured values of
P �ECO2

:The dotted lines represent
the 95 % agreement limit.
a Plot of agreement between the
values derived from VCAP and
uncorrected DB method. b Plot
of agreement between the
values derived from VCAP and
corrected DB method
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Expired tidal volume

Bland-Altman analysis of uncorrected VTe measured by the
ventilator and the CO2SMO monitor revealed a relatively
large mean bias of 73.9 ml, with a 95 % agreement limit of
-0.8 and 148.5 ml. The agreement between corrected
ventilator VTe and the CO2SMO monitor VTe was better,
with a mean bias of 43.6 ml and 95 % agreement limit
between -90.1 ml and 78.4 ml. All the readings were split
into three groups according to the VTe measured by the
ventilator: VTe \ 400 ml, VTe 400–650 ml, VTe [ 650 ml.
Bland-Altman analysis of corrected VTe and VTe measured
by CO2SMO were as follows: VTe \ 400 ml mean bias
-25.8 ± 35.7 ml, VTe 400–650 ml mean bias 6.0 ±
42.1 ml, VTe [ 650 ml mean bias 21.6 ± 41.9 ml. Linear
regression analysis showed VTe CO2SMO = 0.91 9 VTe

Ventilator - 22.1 (Fig. 5).

Discussion

The results of this study show that there was good
agreement between dead space as measured by the more
conventional method of collecting mixed-expired gas and
as measured by VCAP using areas under the SBT-CO2

waveform. There was also good agreement between P �ECO2

measured by VCAP and corrected and uncorrected values
measured in expired collected gas. There was poor
agreement between expired tidal volume measured by the
ventilator and the CO2SMO monitor. After correction for
compressed gas, agreement between the two measured
tidal volumes improved, particularly in those patients
ventilated with 400–650 ml breaths.

Calculating dead space using a DB is impractical in
busy intensive care units. Information regarding dead

space ventilation is important because it can be used for
both disease progression and prognostication. The find-
ings of this study show that there was reasonable
agreement between physiological dead space calculated
using CO2SMO plus and its software programme Anal-
ysis Plus! and the DB method. The additional correction
for compressible gas reduced the mean bias between the
two methods only marginally. The mean percentage bias
across a wide range of physiological dead space abnor-
malities was 2.5 % (±7.6 %). These margins are unlikely
to represent a clinically significant value

The VCAP method of calculating physiological dead
space fraction with the DB method has previously been
compared in a lung model and in an animal model [12].
The latter study showed significant correlation between
the two methods (r2 = 0.84, P \ 0.001) with a bias of
0.02. The findings of our study show a stronger correla-
tion between the two methods, with a similar bias. The
findings of this study were also similar to those of a
previous study comparing physiological dead space cal-
culated using VCAP and metabolic cart [13]. In turn the
metabolic cart has been compared favourably to the DB
method of calculating dead space in the paediatric pop-
ulation [14].

The values of P �ECO2
derived by CO2SMO also showed

reasonable agreement with the DB method. Calculating
VD/VT using this value showed good agreement with the
corrected DB method (mean bias 6.7 ± 10.1 %). The
relevance of this finding is that current generations of
VCAP use this measurement to calculate dead space.
Such devices are increasingly being incorporated into
standard ventilator monitoring [15].

An unexpected finding of the study showed that the
agreement between VCAP derived P �ECO2

was better with
the uncorrected P �ECO2

than corrected P �ECO2
: This may be

explained in part by the use of the correction factor as
described by Forbat and colleagues. In their study the
correction factor was validated in a very small group of
patients across a relatively small range of minute venti-
lation. All patients were ventilated using volume
controlled ventilation [8]. Patients in this study were
ventilated with both volume and pressure controlled
ventilation. It would be fair to assume that the dynamics
of compressed gas in latter group of patients might
behave differently. The agreement between corrected VTe

and CO2SMO was much better in the range of 400–
650 ml. Either side of these tidal volumes, the mean bias
increased. This suggests that correction factor described
by Forbat and colleagues is unreliable when the tidal
volumes are either small or very large.

CO2 rebreathing has been identified as a source of
error in dead space calculation [16]. Another advantage of
using VCAP is that inspired PCO2 is factored into the
calculated value of P �ECO2

: Aside from dead space mea-
surements, VCAP measures flow and calculates tidal
volume at the airway opening [17]. Values generated by
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Fig. 5 Correlation between expired tidal volume (VTe) as measured
by the CO2SMO Plus! monitor and corrected VTe as measured by
the ventilator
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the capnograph are much more likely to represent true
expired volumes in comparison to expired volumes cal-
culated by the pneumotachograph in the ventilator, which
has inherent inaccuracies of compressed gas. VCAP also
allows for calculation of CO2 elimination ( _VCO2). Mea-
suring _VCO2 is essential in the complete understanding
the efficiency of CO2 elimination by the lungs.

There are several limitations to this study. Firstly, the
data was collected from a convenience sample, i.e., only
patients with respiratory failure were included into the
study. This was in order to capture a group of patients
anticipated to have a wide range ventilation-perfusion
mismatch. Secondly, two different measurement systems
were used to measure PCO2 in order to derive P �ECO2

: The
Douglas Bag method used the BCI capnocheck whilst the
P �ECO2

derived by the CO2SMO used the capnostat. Using

two different methods to measure the same variable
would subject the readings to inaccuracies and errors
individual to each device. Ideally, both measurements
would have been made using the capnostat. This was not
possible as the CO2 analyser of the capnostat requires a
steady waveform to measure PCO2; this was not feasible
for the Douglas bag.

In summary, physiological dead space fraction derived
using VCAP either using the areas under the SBT-CO2

waveform or from derived P �ECO2
shows good agreement

with the DB method. Using VCAP offers a simple solu-
tion to measuring dead space at the bedside and its use in
critically unwell patients is likely to improve our under-
standing of ventilatory efficiency.
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