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Abstract The aim of this study was to test the effect of
cardiac output (CO) and pulmonary artery hypertension
(PHT) on volumetric capnography (VCap) derived-vari-
ables. Nine pigs were mechanically ventilated using fixed
ventilatory settings. Two steps of PHT were induced by IV
infusion of a thromboxane analogue: PHT,s [mean pul-
monary arterial pressure (MPAP) of 25 mmHg] and PHT,4,
(MPAP of 40 mmHg). CO was increased by 50 % from
baseline (CO,,) with an infusion of dobutamine >5 pg
kg7l min~"' and decreased by 40 % from baseline (COgown)
infusing sodium nitroglycerine >30 pg kg~' min~' plus
esmolol 500 pug kg™' min~'. Another state of PHT and
COg4own Was induced by severe hypoxemia (FiO, 0.07).
Invasive hemodynamic data and VCap were recorded and
compared before and after each step using a mixed random
effects model. Compared to baseline, the normalized slope of
phase III (Snyy) increased by 32 % in PHT,s and by 22 % in
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PHT,y. Sny; decreased non-significantly by 4 % with
COgown- A combination of PHT and COy,,,, associated with
severe hypoxemia increased Snjy by 28 % compared to
baseline. The elimination of CO, per breath decreased by
7 % in PHT,4q and by 12 % in COgy,,,, but increased only
slightly with CO,;,. Dead space variables did not change
significantly along the protocol. At constant ventilation and
body metabolism, pulmonary artery hypertension and
decreases in CO had the biggest effects on the Snyy of the
volumetric capnogram and on the elimination of CO,.
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1 Introduction

Volumetric capnography (VCap—Fig. 1), the expired CO, in
one tidal breath, is an attractive tool for monitoring mechan-
ically ventilated patients [1-3]. Such monitoring is based on
the particular kinetics of CO,, which provides clinically rel-
evant information not only about ventilation [4—6] but also
about body metabolism and lung perfusion [7-10].

Most of the experimental and clinical studies regarding
VCap have been dedicated to its function as a respiratory
monitoring tool [4-6, 11-13]. In these studies, body
metabolism and hemodynamics were kept stable while
ventilatory parameters were modified to see their effects on
VCap. While these protocols ignored the effect of metab-
olism and hemodynamics on CO, kinetics they revealed
that an increase in the slope of phase III (Sy;) of VCap is
indicative of an in-homogenous distribution of ventilation
within lungs [11-17].

However, there is little information about the effects that
altered hemodynamics have on VCap derived-variables.
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Fig. 1 Volumetric capnography (VCap) derived-variables. VCap is
the volume of CO, expired in one tidal breath. a VCap is divided into
3 phases (I-II-III) with 2 slopes that belongs to phases II and III. The
angle alpha is the angle between the intersecting lines that follow such
slopes. The amount of CO, eliminated (VTCO,,) is represented by
the area under the curve. b Tension-based values on the VCap curve:
PACO; is the CO, value at the midpoint between the inflection point
“A” and the end-tidal CO, (PETCO,). The mixed expired CO,

This information should also be of clinical interest, as it
will help clinicians understand and interpret the changes in
VCap curves they see in clinical patients. Therefore, we
hypothesized that hemodynamic parameters, mainly car-
diac output (CO) and pulmonary artery pressure, would
alter VCap derived-variables because pulmonary blood
flow is a key determinant of CO, kinetics.

Keeping ventilation and metabolism constant the
objective of this experimental study was to analyze the
modifications in VCap derived-variables which resulted
from different hemodynamic interventions affecting pul-
monary perfusion during normoxia and hypoxia.

2 Materials and methods

Nine healthy landrace pigs aged 62 £ 1 days, weighing
25.7 &£ 1.9 kg were studied.

2.1 Anaesthesia and monitoring
Pigs were premedicated with midazolam 1 mg kg™ (Dorm-

icum, Roche Pharma, Switzerland) and ketamine 15 mg kg_1
(Narketan, Vetoquinol, Switzerland) intramuscularly.
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(PECO,) represents the mean CO, in the expired gas and is calculated
multiplying FECO, by barometric minus water vapour pressure.
¢ The grey area is the graphical and theoretical illustration of Bohr’s
dead space, which is formed by the airway dead space (VD,,,) and the
alveolar dead space (VD) determined by Bohr’s dead space minus
VD,,. “A” is the inflection point of VCap that separates the airways
from the alveolar compartments. For more details see text

Anaesthesia was induced with propofol (Propofol, Fresenius
Kabi, Switzerland) and maintained with midazolam
05mgkg ' h™', propofol 4 mgkg 'h™! fentanyl
20 pug kg~' h™' (Sintenyl, Sintetica SA, Switzerland) and
pancuronium 0.2 mg kg~' h™' (Pavulon, Essex Chemie AG,
Switzerland). Ringer’s lactate 3 ml kg~' h™' (Ringer Laktat,
Fresenius Kabi, Switzerland) was infused during the
experiment.

After endotracheal intubation volume controlled mechan-
ical ventilation (S/5 Advance Anaesthesia Machine, Datex-
Ohmeda Inc., Madison, WI, USA) was delivered with the
following settings: tidal volume (VT) of 6 ml kg™ ", positive
end-expiratory pressure (PEEP) level of 7 cm H,O, inspira-
tory-to-expiratory ratio of 1:1 and FiO, 0.5. Later, only the
respiratory rate (RR) was adjusted to keep end-tidal partial
pressure of CO, (PETCO,) within the range 40 £+ 3 mmHg.

Standard ECG, pulse oximetry and oesophageal temper-
ature were recorded every 5 min. Bispectral index (Bispec-
tral Index Monitor, Model A-2000, Aspect Medical System,
Inc., Newton, MA, USA) was used for monitoring and
adjustment of the depth of anaesthesia. A 20G catheter was
placed in the carotid artery for blood gas sampling and
arterial pressure monitoring. A pulmonary artery catheter
(PAC; HANDS-OFF® Thermodilution Catheter, Arrow
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Deutschland GmbH, Erding, Germany) was inserted via the
right internal jugular vein using pressure guidance. The PAC
was used to obtain mixed venous blood samples, to monitor
pulmonary artery pressures and to measure CO by thermo-
dilution. To induce pulmonary hypertension an additional
catheter was placed in the right atrium via the right jugular
vein for administration of a thromboxane analogue.

2.2 Volumetric capnography (VCap)

After tracheal intubation the sensors of the VCap device
NICO, (Respironics Inc., Wallingford, Connecticut, USA)
were placed between the endotracheal tube and the Y-piece
of the breathing circuit. The mainstream CO, infrared
sensor, with a response time for T10-90 % of 60 ms and
accuracy of £2 mmHg, was zeroed before each experiment
following the manufacturer’s instructions. The accuracy of
the differential pressure sensor used to measure flows of
the breathing gases (range 2—-180 L and accuracy £3 %)
was verified before each experiment using a calibration
syringe. Data from the capnograph was recorded on a
laptop for 3 min at each baseline and measurement period
using dedicated software Datacoll (Respironics, Walling-
ford, CT, USA). Raw CO, and flow data were used to
construct VCap as previously described using custom-built
software based on a Functional Approximation by a
Levenberg—Marquardt algorithm [18].

VCap and its derived-variables can be seen in Fig. 1.
These variables were classified as follows [18]:

Variables related to the shape of VCap (Fig. 1a):

e The VCap curve is separated in 3 phases: phase I is the
portion of the tidal volume free of CO, that comes from
airway dead space, phase II constitutes the portion of
the tidal volume where increasing amounts of CO, are
coming from lung units with different rates of venti-
lation and perfusion and phase III represents pure
alveolar gas.

e The slope of phase II (Sy;) was determined as the value
of the Ist derivative at the inflection point (point “A”)
of the whole curve.

e The Sy was calculated using only data from the 3rd
derivative of the mathematical function until the end of
VT. This portion of the capnogram was then separated
into three-thirds and the middle third was divided into
ten equidistant points and their slopes were calculated
as their respective 1st derivatives. The mean value of
the 10 slope values constituted Syy;. This slope was then
normalized (Snyp) by the mixed expired CO, fraction
(FECO, = VTCO,,,/VT) to enable a comparison of
slopes from tidal volumes of different sizes.

e The angle alpha is the angle formed by the intersection
of the lines that follow Sy; and Syy.

CO, tension-based values and elimination of CO,
(Fig. 1b):

e The end-expiratory partial pressure of CO, (PETCO,)
is calculated as the last expiratory CO, value immedi-
ately before the start of the next inspiration.

e PACO,; is the mean alveolar partial pressure of CO,,
located on Sy at the midpoint between the mathemat-
ical inflection point of VCap (point A) and PETCO,.

e PECO, is the mixed expired partial pressure of CO,
calculated multiplying FECO, by the difference
between barometric and water vapour pressure.

e VTCO,,, is the area under the curve of the capnograms
that represents the amount of CO, eliminated per
breath. It is obtained by integrating the flow and CO,
signals over inspiration and expiration.

Dead space variables (Fig. 1c):

The ratio of dead space to tidal volume was calculated in a
non-invasive fashion using Bohr’s original formula [19]:

VDgoh:/VTor VD/VT = (PACO,—PECO,)/PACO,

e VD,,,s is the physiological dead space obtained as:

phys

VDphys = VDBohr/VT* VT

e VD, is the airway dead space measured as the first
exhaled volume before the inflection point A. VD,
was also indexed by VT (VD,/VT).

e The alveolar dead space (VD,,) was calculated
subtracting VD,,, from VD, The alveolar dead
space was then indexed by the alveolar portion of the
VT (VDyo/VTary).

Enghoff’s index (VDg_g/VT) [20]:

e This global index of the inefficiency of gas exchange is
derived replacing PACO, by PaCO, in Bohr’s formula:

VDg_g/VT = (PaCO,—PECO,)/PaCO,

Enghoff‘s index does not measure “dead space” in
Bohr’s sense but includes also effects from venous
admixture since PaCO, is directly influenced by these
factors [21].

2.3 Study protocol
The protocol was conceived to describe the effects of
pulmonary artery blood flow and pressure on VCap

derived-variables at fixed ventilation and metabolism. We
induced two steps of pulmonary hypertension PHT,5 (mean
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pulmonary pressure of 25 mmHg) and PHT,, (mean pul-
monary pressure of 40 mmHg) by a controlled infusion of
U46619, a thromboxane analogue, at a rate of 2 pg/kg/min
into the right atrium. Rates were adjusted in order to reach
the target values of mean pulmonary pressures of 25 or
40 mmHg.

CO was increased by 50 % from baseline (COyp)
administering 30 ml kg~' Ringers lactate and dobutamine
(Dobutrex, Teva Pharma AG, Switzerland) at an initial
dose of 5 pg kg~' min~'. The dose of dobutamine was
adapted in order to reach the desired CO value. CO was
decreased by 40 % from baseline (COgow,) infusing
sodium nitroglycerine at 30 pg kg~' min~' (Perlinganit,
UCB Pharma AG, Switzerland) and esmolol at
500 pg kg~' min~' (Esmolol OrPha Swiss GmbH, Swit-
zerland) until CO reached 40 % of the baseline value.

All of the above interventions were performed in ran-
dom order. Randomisation was accomplished using opa-
que envelopes. Baseline data were obtained and recorded
for 3 min before each protocol step. Recording periods of
3 min were started after having reached stable conditions
at the predefined pressures, CO and FiO, values for
5 min. At least 30 min of relaxation were allowed
between steps such that all measured cardiovascular data
could fall within 5 % of the baseline values before initi-
ating the next step.

Subjecting the animals to severe hypoxaemia created an
additional condition of PHT combined with COg4oy,. Due
to its known life threatening effects on hemodynamics, this
step was performed at the end of each experimental series
so as not to run the risk of losing the animal for the other
measurements. Fresh gas flowing into the inspiratory limb
of the circle system was switched from an air-O, mixture to
air in nitrogen to achieve a FiO, of 0.07.

At each measurement point mixed venous and arterial
blood samples were taken and immediately analysed for
blood gases and haemoglobin using a co-oximeter (GEM
4000, IL, Axon Lab, Switzerland). Shunt fraction (Qs/Qt)
representing the volume of venous admixture was calcu-
lated retrospectively using Berggren’s equation [22]:

QS/Qt = (CCl02 — CaOz)/(Cc’Oz — CVOQ)

where Cc’Os is the capillary, CaO, the arterial and CvvO,
the mixed venous content of O,.

2.4 Statistical analysis

For pig characteristics, means and proportions of variables
were calculated at each step. Haemodynamic variables
included into statistical analysis were CO, MPAP, MAP,
HR, CVP and venous admixture, respiratory variables
affecting the shape of the VCap curve were Phase I/VT,
Phase II/VT, Phase III/VT, SII, Snlll, angle o and PETCO,
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and respiratory dead space variables were VDgpys VD,
VD.y, VDouw/VT, VD1,/VTay, VDeon/VT and VDg g/VT.
Continuous variables from baseline to measurement were
compared by parametric or non-parametric tests. Categor-
ical variables from baseline to measurement were com-
pared by x* test. Covariates were split into two groups;
hemodynamic and respiratory as described above. A mixed
random effects model using pig as the random effect
coefficient was used to determine the relationship of the
different outcomes and the covariates per step. A fixed
effect coding for measurement (before and after) was
included to represent the treatment effect. For this analysis,
the respiratory variables collected per breath of the steady
state were aggregated in means, as the values for cardio-
vascular variables were collected once per step. Univariate
models were built for all explanatory variables. All
explanatory variables that had an association with the
outcome at p < 0.25 in the unadjusted analyses were
included in the multivariable-adjusted analyses. Using a
step-wise backward elimination process, the least signifi-
cant variables were then removed from the base model.
Only variables with p < 0.05 remained in the final model.
Data analysis was performed with STATA® for Windows
version 12.0 (StataCorp LP, College Station, Texas, USA).
Data are presented as mean £ SD.

3 Results

Data for all the steps from nine pigs were collected. Ani-
mals showed minimal inter-individual differences in all
variables causing a small standard deviation. This caused
statistically significant but clinically irrelevant small
changes in most values in all steps. Therefore we present
here changes in percent which exceed 5 %.

3.1 Steps of pulmonary hypertension

Target pressures of both PHT steps were reached in all pigs
(249 + 1.0 mmHg for PHT,s; and 404 4+ 1.67 for
PHT,). Pulmonary hypertension was associated with sig-
nificant decreases in CO and venous admixture by 7 and
36 % at PHT,5 and by 19 and 19 % at PHT,,. The other
hemodynamic variables did not show changes >5 % during
pulmonary hypertension (Table 1).

Pulmonary hypertension increased Sny; by 32 % in
PHT,s (p < 0.0001) and by 22 % in PHT,4o (p < 0.0001)
(Table 2). VTCO, , did not change at PHT,5 but decreased
by 7 % at PHT,o (p < 0.0001) (Table 2). VCap’s tension-
based values showed no changes with PHT (Table 2).

VDgon/VT increased by 5 % only at PHT4y. VD g/VT
showed similar and parallel changes as did VDgon/VT
(Table 3).
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those variables of the capnogram that are related to its
shape. The area under the curve and the Sny;; were the ones
affected the most while dead space was affected the least.

115 + 11.6*
78.3 + 15.8%*
36.9 + 9.47*
0.34 £ 0.06*
0.24 £ 0.02
0.50 £ 0.04*
0.54 £ 0.04*

Meas

4.1 The shape of the capnogram

Snyy; is the variable with the clearest link to the ratio of
ventilation and perfusion (V/Q) [17, 23]. The positive
sloping of Snpy is due to intra- and inter-regional inho-
mogenities in the distribution of pulmonary ventilation and
its underlying mechanisms convection and diffusion [14—
16]. Thus, lung diseases such as atelectasis and bronchos-
pam with a known inhomogeneous distribution of venti-
lation are associated with a steep while their effective
treatments with a flat slope of Snyyy [11-13, 24, 25].

Pulmonary perfusion must alter Snyj; simply because it is
the other “key factor” in the V/Q equation influencing CO,
diffusion through the alveolar-capillary membrane. This
also explains how Sny; can be used as a qualitative surro-
gate for global matching of V/Q as has been suggested by
several authors but only recently validated [17, 23].

Previous publications showed that Snyy decreases during
states of low pulmonary blood flow such as in pulmonary
embolism [2, 10, 26, 27]. The same was seen in humans at the
beginning of the weaning procedure from cardio-pulmonary by
pass when pulmonary perfusion is very low [9]. These results
can be explained by the fractal nature of the pulmonary circu-
lation: any time pulmonary perfusion is distributed more
peripherally within the lungs, the dichotomy of the vascular tree
augments and blood flow becomes more heterogeneous,
resulting in steeper Snyy [9, 28, 29]. The opposite effect is
observed when the pulmonary perfusion is concentrated in
certain parts of the lungs. Pulmonary perfusion remains within
the central vascular tree when i.e. peripheral lung embolism or
hypovolaemia prevent perfusion of the periphery or in the
dependent parts of the lungs due to the gravitational orientation
of lung perfusion at low CO states [2, 30, 31].

Our findings fit with the above explanations. On one
hand, Sny increased with PHT, CO,, and hypoxemia
causing a massive increase in MPAP because of a re-dis-
tribution of pulmonary perfusion towards the periphery
caused by capillary recruitment [32, 33]. On the other
hand, Sny;; did not change with COyqyy (Table 2). Con-
cerns about which hemodynamic parameter, CO or pul-
monary artery pressure, affect Snj;; the most are raised.
Statistical analysis revealed that CO was the dominating
factor even during hypoxaemia when CO and MPAP
changed in opposite directions.

119 + 14.6
834 £+ 14.0
35.7 £ 2.68
0.35 £ 0.05
0.24 £+ 0.02
0.51 £ 0.04
0.55 £ 0.03

Hypoxemia
Baseline

118 + 13.4
85.5 + 13.2%
32.5 £ 5.02%
0.36 £ 0.05*
0.21 £ 0.04*
0.50 £ 0.04*
0.56 £ 0.03*

Meas

117 £ 15.0
822 £+ 14.1
35.0 £ 491
0.34 £ 0.05
0.22 £+ 0.03
0.49 £+ 0.05
0.52 £ 0.04

Codown
Baseline

115 + 14.3

79.3 £ 13.1*
35.5 £ 3.62%
0.33 £ 0.05*
0.23 £ 0.03*
0.48 £ 0.05

0.53 + 0.04*

Meas

116 + 16.5
82.0 + 13.2
344 £ 6.18
0.34 £ 0.04
0.22 £+ 0.04
0.48 £+ 0.06
0.51 £ 0.05

COyp
Baseline

120 + 15.9*
81.7 £ 14.7

38.4 £ 3.70*
0.35 £ 0.05%*
0.25 £ 0.02*
0.51 £ 0.04*
0.53 £ 0.03*

Meas

118 + 15.0
81.7 + 14.0
36.0 £5.72
0.34 £ 0.05
0.23 £ 0.04
0.49 £ 0.05
0.51 £ 0.04

PHT,,
Baseline

116 + 14.7*
81.2 + 13.4%
35.2 £ 3.85%
0.34 £ 0.04*
0.23 £ 0.03*
0.49 £ 0.04*
0.51 £+ 0.04

Meas

113 + 123
78.9 + 124
33.6 £2.90
0.33 £ 0.04
0.21 £ 0.02
047 £ 0.04
0.51 £ 0.03

PHT,5
Baseline

4.2 The elimination of CO,

VTCO,,, is the primary VCap variable because it reflects
the CO, kinetics of the entire body; therefore it changes

40 mmHg, CO,,, increase in cardiac output by 50 %, COgq,wn decrease in cardiac output by 40 %. Hypoxemia, delivery of hypoxic gas mixture at FiO, of 0.07 to induce a combination of PHT

VDbohr/VT Bohrs dead space and VDB-E/VT Enghoff‘s index (formally Bohr—Enghoff dead space) PHT,s pulmonary hypertension of 25 mmHg, PHT,, pulmonary hypertension of
and COgown. Values during the respective (Baseline) and measurement condition (Meas). * Significant difference between baseline and measurement (p < 0.05)

VDphys physiological, VDaw airway and VDalv alveolar dead spaces and their normalizations either by VT tidal volume or by VTalv alveolar tidal volume, respectively

Table 3 Dead space volumes and fractions derived from VCap during the protocol steps

Parameter
VDalv/ VTalV
VDgon/ VT
VDgg/VT

VDphys
VD,
VDgy
VD, /VT
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Fig. 2 Change in the normalized slope III (SnIll) from baseline to
measurement conditions. Percent change of Snlll from respective
baseline value during the 5 protocol conditions. PHT,s, pulmonary
hypertension of 25 mmHg; PHTy,, pulmonary hypertension of
40 mmHg; CO,, increase in cardiac output by 50 %; COgown,
decrease in cardiac output by 40 %; Hypoxemia, delivery of hypoxic
gas mixture at FiO, of 0.07 to induce a combination of PHT and
COygown- Difference, change in percent between baseline and
measurement; se, standard error

with changing metabolism, pulmonary perfusion and
alveolar ventilation [34]. The design of our protocol
allowed us to determine the role that pulmonary blood flow
and pressure have on this important variable. It is well
known that VTCO,, decreases under conditions of low
pulmonary blood flow as during severe hypovolemia, pul-
monary embolism or during cardio-pulmonary resuscita-
tions [9, 35]. Our results fit with these findings although the
changes we observed in VTCO,, were lower.

In our protocol, VICO, 4, increased with increasing CO
but decreased when CO went down indicating that this
variable is highly dependent on the amount of pulmonary
flow. Our statistical mixed random effects model confirmed
these findings. However, major changes in VTCO, ;,, where
observed only with decreasing CO. The reduction in pre-
load due to drug induced vasodilation during COgqyw, cre-
ated a relative hypovolemia, which has known deleterious
effect on the lungs’ elimination of CO,. The minimal
increases in VICO,, at high CO levels can be explained
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Fig. 3 Changes in the expired volume of CO, (VTCO,y,) from
baseline to measurement conditions. Percent change of VTCO,,
from respective baseline value during the 5 protocol steps. PHT>s,
pulmonary hypertension of 25 mmHg; PHT,, pulmonary hyperten-
sion of 40 mmHg; CO,,, increase in cardiac output by 50 %; COgown,
decrease in cardiac output by 40 %; Hypoxemia, delivery of hypoxic
gas mixture at FiO, of 0.07 to induce a combination of PHT and
COygown- Difference, change in percent between baseline and
measurement; se, standard error

by the fact that the lungs had already been well perfused at
baseline. Therefore, increases in CO by more than 50 %
were unable to increase CO, elimination any more without
increasing alveolar ventilation. Thus, CO reached a point at
which CO, elimination became ventilation-dependent.

4.3 The effects on dead space

Bohr’s dead space and it components, the airway and
alveolar dead space, were not altered during the protocol
steps. These findings were partially expected because
ventilation was fixed along the study and because dead
space is representing the portion of ventilation that does not
participate in gas exchange [2, 19]. However, we expected
an increase in alveolar dead space at COgqyy, due to a shift
of the lung’s tissue towards West’s zone I condition
characterized by a local deficit in lung perfusion. We have
recently described how VD,,, depends on pulmonary per-
fusion using again the above-mentioned model of weaning
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from cardio-pulmonary bypass [9, 36]. A possible expla-
nation for the lack of change in alveolar dead space might
be the use of nitroglycerine, which was used to decrease
CO. Nitroglycerine acts as a vasodilator after conversion to
nitric oxide within the body. NO improves gas exchange by
redirecting blood flow away from shunting lung units to
those with a more ideal V/Q ratio. This reduces dead space
without affecting pulmonary vascular resistance [37, 38].
For this reason the expected increase in VD, during
COgown 1n our study was probably masked by the effect of
the nitroglycerine administered.

Enghoff’s global index of the inefficiency of gas
exchange, erroneously considered as “dead space”, was
mainly affected by COg4ow, conditions [20, 21]. In theory
the difference between Bohr’s and Enghoff’s equations is
the influence of venous admixture [21]. Therefore, Eng-
hoff‘s index is more an indicator of global ventilation-
perfusion inequality than a marker of dead space. However,
in our study the increase in Enghoff‘s index at COgown
cannot be explained solely by the manipulation of the
individual hemodynamic parameters. The administration of
nitroglycerine and the alterations of lung perfusion in
relation to the constant ventilation might have caused shifts
in the V/Q matching that resulted in an increase in Eng-
hoff‘s index.

4.4 Pitfalls

It was impossible in our model to induce isolated pure
changes in CO or pulmonary pressure without affecting
each other or altering to some extent also the other
hemodynamic variables. For example, CO,, and COgoun
increased and decreased mean pulmonary artery pressure
and venous admixture, respectively. Therefore, the effect
of changes in CO on VCap could be affected (and
explained) also by slight changes in other hemodynamic
variables. To account for the physiologic influence of the
other haemodynamic factors a mixed model was used to
detect the major cause for VCap changes. The model
revealed that variations in CO were responsible for most of
the changes seen in the VCap variables. However, the other
measured hemodynamic variables influenced the VCap
variables, too, but to a lesser extent, leaving clinicians with
the certainty that all factors which influence pulmonary
blood flow will also have some impact on VCap, especially
on variables primarily related to the shape of the
capnogram.

The use of nitroglycerine to induce a fall in CO might
have influenced our dead space measurements. Therefore,
to avoid the direct effect of nitric oxide on the pulmonary
vasculature, in future studies other interventions to reduce
CO such as inflation of a cava balloon should be
considered.

5 Conclusions

Changes in pulmonary artery blood flow and pressure
greatly modified the shape of the volumetric capnogram
without influencing dead space variables. Increasing pul-
monary artery pressures and COs lead to parallel increases
in the slopes of phase III. Lower COs resulted in lower
amount of CO; eliminated during one breathing cycle. This
novel information might be useful to better interpret VCap
derived-variables in mechanically ventilated patients.
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