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Objectives: To compare the efficiency of a new gas dif-

fuser with conventional tubes for carbon dioxide (CO2) de-

airing of a cardiothoracic wound cavity model, and to ana-

lyze how insufflation flow, outflow velocity, and diffusion

affect de-airing.

Design: Technical study in vitro.

Setting: A nonventilated room at a University Hospital.

Interventions: De-airing by CO2 insufflation via 3 methods

was studied in a symmetric cardiothoracic wound model.

Measurements and Main Results: The studied insufflation

devices were 2 open-ended tubes with an inner diameter of

2.5 mm and 1⁄4-in (6.35 mm), respectively, and a gas diffuser

(ie, a 2.5-mm tube with a diffuser at the end). CO2 flows of

2.5, 5, 7.5, and 10 L/min were used. De-airing was assessed

by measurement of remaining air content in a set of system-

atically distributed measuring points in the model. Three-,

2-, and 1-way analysis of variance all revealed significant

interaction of device, flow, and depth on air content (p <
0.001). With tubes, the mean air content was 18% to 96% at

the studied flows. With the gas diffuser, the mean air con-

tent in the cavity was below 0.2% at flows of 5 to 10 L/min.

There was an exponential relation between calculated out-

flow velocity and air content. At a flow of 2.5 L/min, diffu-

sion attenuated de-airing.

Conclusion: These data imply that de-airing of a cardio-

thoracic wound by CO2 insufflation depends on flow and

outflow velocity. To compensate for diffusion with ambient

air, the CO2 flow should be > 5 L/min, and the outflow

velocity should be about 0.1 m/s or less to avoid turbulence

in the wound. This is only attainable with a gas diffuser.

© 2003 Elsevier Inc. All rights reserved.
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RESIDUAL INTRACARDIAC air is an important source
of cerebral and myocardial microembolization during car-

diac operations.1-5 Arterial air embolism may cause cerebral
injury and myocardial dysfunction/arrhythmia.2,6-11 Despite
standard surgical de-airing techniques, such as squeezing and
shaking of the heart, large numbers of air emboli still occur.3,12

Carbon dioxide (CO2) insufflated into the chest wound cavity
may improve the de-airing. Because CO2 is �25 times more
soluble in tissue and blood than air,13,14 arterial CO2 emboli are
much better tolerated than air emboli.2,7-9,15,16 Furthermore,
CO2 is 50% heavier than air, which facilitates air displacement
in a wound cavity.

Although CO2 has been used for de-airing in cardiac surgery
since the 1950s,17 the method has not become widespread. The
conventional device for CO2 insufflation is a thin open-ended
tube, but several studies point to its inability to provide efficient
air displacement.13,18,19 The authors have therefore designed a
new insufflation device, which consists of a thin tube with a gas
diffuser at the end. Clinical and experimental studies in this
field have not thoroughly investigated how CO2 flow influences
air displacement. Furthermore, the aspects of outflow velocity
and gas exchange by diffusion have not hitherto been consid-
ered.

The first aim of this study was to compare the de-airing
efficiency of the gas diffuser with that of conventional open-
ended tubes of different diameters in a wound cavity model.
The second aim was to analyze how flow, outflow velocity, and
diffusion of CO2 affect the air content in the model.

METHODS

The 3 tested insufflation devices were 2 open-ended tubes with an
inner diameter of 2.5 mm and 1⁄4-in (6.35 mm), respectively, and the
new patented gas diffuser (Cardia Innovation AB, Stockholm, Swe-
den). The latter consists of a cylindrical diffuser, which is made of soft
polyurethane foam with open cells and has a diameter of 18 mm and a
length of 14 mm. It is attached to a tube with an inner diameter of 2.5
mm via a plastic disc at the proximal area of the diffuser.

The air displacement efficiency of the CO2 insufflation devices was
tested in a cylindrical model (diameter 16 cm, depth 8 cm, Fig 1),
which was based on intraoperative measurements of the open chest

wound cavity of 5 adults undergoing cardiac surgery through a standard
sternotomy. The mean depth of the studied cavities (average of cranial
and caudal depths) during cardiopulmonary bypass with an empty heart
was 7 cm (range 6.5-7.5 cm). The corresponding mean length (midline)
and width of the wound opening were 19 cm (range 17-20 cm) and 10
cm (range 9-12 cm), respectively. The shape of the opening of the
cavities was elliptical. The area of the circular opening of the model is
200 cm2, which corresponds to an elliptical opening with a length of 21
cm and a width of 12 cm. The slightly oversized opening of the model
maximized the influence of diffusion. The model is similar to the one
used by Selman et al.18

The study was performed during controlled static conditions (ie,
without atmospheric movements) to reveal the true flow characteristics
of the insufflation devices and to isolate the fundamental gas dynamics
that are involved in CO2 de-airing. The ventilation system of the study
room was shut off. The temperature was around 20°C in the room
throughout the experiment.

Each insufflation device was fixed to the brim of the model with
laboratory stands and with the help of a supporting metal rod. The
devices were pointed toward the center of the model, with the orifice
positioned 4 cm inside and 2 cm below the brim (Fig 1). The CO2 was
delivered from a medical gas cylinder (AGA AB, Stockholm, Sweden)
via a flow regulator with a flowmeter.

The air content inside the model was analyzed at CO2 flows of 2.5,
5, 7.5, and 10 L/min by sampling the oxygen (O2) concentration. The
air content (%Air) is given by the following equation:
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%Air �
%O2

%O2(ref)
� 100

where %O2 is the measured O2 concentration and %O2(ref) is the
normal O2 concentration in atmospheric air (20.95% near sea level).20

The O2 concentration inside the model was analyzed by measurements
at 5 horizontal positions (No. 1-5, Fig 1) at every second centimeter of
the depth below the opening. Four of the horizontal measuring posi-
tions (No. 1-4) were located 2 cm inside the wall of the model,
separated by a 45° angle, and 1 measuring position was located in the
center (No. 5). Because of symmetry, position No. 6 to 8 were repre-
sented by measurements at No. 2 to 4.

A stable O2 concentration was considered to be present when values
were fluctuating around a constant value over a period of 30 seconds
when the O2 concentration was recorded 10 times in succession, once
every 5 seconds (n � 10). Before changing CO2 flow or device, the
insufflation was shut off and the remaining CO2 was removed with a
standard vacuum cleaner when air movements around the model were
left to settle for one minute.

The impact of gas diffusion on the air content in the model was
studied by continuously measuring the air content at 0, 2, 4, 6, and 8 cm
depth, respectively, in the middle of the model (position No. 5, Fig 1).
Initially, the model was completely filled with CO2. To reach an air
content near 0% in the whole cavity, the opening of the model was
covered with 2 plastic plates during CO2 insufflation with the gas
diffuser. The insufflation was discontinued, and the plates were re-
moved horizontally outward at the start of the measurements, which
then continued for 10 minutes.

The CO2 flow was measured with a back-pressure-compensated
oxygen flowmeter (AGA AB) because a flowmeter for medical CO2

was unavailable at the time of the study. The O2 reading scale was
adjusted for CO2 by a universal flowmeter (ABB/Fisher & Porter,
Göttingen, Germany) because of the higher density of CO2 gas. The
universal flowmeter consisted of a measuring tube (FP 1⁄4-16 G-5/81)
with a spherical stainless steal float (SS-14). The universal flowmeter
was not used for measurements in the study because of its lack of

back-pressure compensation. During calibration, this problem was
avoided by measuring the CO2 outflow at the distal end of the insuf-
flation device. The reading scale of the universal flowmeter was cal-
culated for the used gas (medical CO2, AGA AB) at 20°C and at 760
mmHg with a computer program (FlowSelect version 2.0, ABB/Fisher
& Porter). The CO2 gas was room temperature at the calibration site.

The O2 concentration was measured with a heated ceramic O2 sensor
(CheckMate 9900; PBI Dansensor, Ringsted, Denmark), which has an
accuracy of 1% of the measured value in the range 0.0001% to 100%
O2. The response time of the O2 sensor is �2 seconds, and the sampling
volume is �2 mL. The sampling probe was a 1.5-mm thick Teflon tube
(Habia Teknoflour AB, Knivsta, Sweden) that was fixed with a vertical
metal rod. It was held in place with a laboratory stand. The O2

instrument was connected to a personal computer that recorded the O2

concentration every 5 seconds.
To study the relation between the outflow velocity of the CO2 and the

remaining air content in the model, the studied CO2 flows were con-
verted to the corresponding calculated outflow velocities for each of the
insufflation devices. The mean outflow velocity was calculated by
dividing the CO2 flow with the dispersing area of the insufflation
device. The dispersing area of an open-ended tube corresponds to its
inner cross-sectional area, � r2, and that of the diffuser is equal to its
dispersing surface, � r2 � 2�rl, where r is radius and l is length. The
mean air content (n � 80) at half the depth of the model was plotted
versus the calculated outflow velocity (m/s) of the 3 insufflation de-
vices at CO2 flows of 2.5, 5, 7.5, and 10 L/min, giving a total of 12
points.

Differences were considered statistically significant if p � 0.05.
One-, 2-, and 3-way analysis of variance (ANOVA), Tukey Honestly
Significant Difference test, Student t test, and Mann-Whitney U test
were used whenever appropriate. Curve fitting by nonlinear regression
was performed with the computer software NLREG version 5.3 (Brent-
wood, TN).

RESULTS

Four independent measurable variables were studied: CO2

flow, gas-dispersing area of the insufflation device, and hori-
zontal and vertical position in the model. The dependent vari-
able was air content, expressed as a percentage of the gas
mixture present in the model. Fig 2 shows the remaining air
content inside the model resulting from CO2 insufflation with
the various devices at CO2 flows of 2.5, 5, 7.5, and 10 L/min,
respectively. Each mean value of air content at each depth is
based on 80 values, 10 per horizontal measuring position. With
the 2.5-mm tube (Fig 2A), the mean air content remained
between 88% and 96% at all CO2 flows and at all depths of the
cavity. The 1⁄4-in tube (Fig 2B) produced a mean air content
between 18.2% and 86% at the studied CO2 flows and depths.
The gas diffuser (Fig 2C) produced a striking drop in air
content compared with the tubes. With the gas diffuser, the air
displacement was statistically most efficient at a CO2 flow of
7.5 L/min at a depth of 4 cm and deeper (p � 0.001, t test). At
7.5 L/min, the air content was 0.30% � 0.10% (mean �
standard deviation) at 2 cm depth, 0.16% � 0.02% at 4 cm,
0.15% � 0.01% at 6 cm, and 0.15% � 0.01% at 8 cm. Similar
low mean air contents were attained at 5 and 10 L/min, 0.65%
and 0.33% at 2 cm depth, 0.22% and 0.18% at 4 cm, 0.19% and
0.17% at 6 cm, and 0.18% and 0.17% at 8 cm, respectively.
With a CO2 flow of 2.5 L/min, the air content was significantly
higher at all depths (p � 0.001) with mean values of 7.1%,
2.0%, 1.7%, and 1.7% at a depth of 2, 4, 6, and 8 cm,
respectively. At 0-cm depth (the level of the opening of the

Fig 1. Wound cavity model, position of insufflation devices and

horizontal measuring positions No. 1–5. Because of symmetry posi-

tions, No. 6–8 are represented by measurements at position No. 2–4.

Position No. 5 is in the center of the model and coincides with the

direction of the CO2 insufflation at half the depth of the model. All

other positions are located 2 cm inside the wall of the model sepa-

rated by a horizontal angle of 45°. The dashed line marks the direc-

tion of the CO2 insufflation.
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model), the air content was much higher than at other depths,
with the air content inversely related to CO2 flow.

With 1-way ANOVA, the effect of insufflation device on air
content was significant (p � 0.001). The following Tukey HSD
test showed that all the devices were significantly different
from each other (p � 0.001). With 2-way factorial ANOVA,
the interaction device � CO2 flow was significant (p � 0.001).
Three-way interaction and all 2-way interactions of device,
CO2 flow, and depth were tested with 3-way factorial ANOVA.
The three-way and all 2-way interactions were significant (p �
0.001).

Fig 3A shows the mean air contents (n � 10) in the vertical
plane that include positions No. 1 and 5. Fig 3B depicts the
mean air contents (n � 10) in the horizontal plane, at half the
depth of the model, which includes the positions No. 1 to 8. The
values correspond to a CO2 flow of 7.5 L/min. Both Fig 3A and
B show the superiority of the gas diffuser for de-airing of the
model, with an air content close to 0% at all measured positions
at a depth of 2 cm or deeper. The tubes produced a significantly

lower air content in the CO2 jet, measured at the center of the
model, than at adjacent measuring positions (p � 0.01, Mann-
Whitney U test).

In Fig 4, the mean air content (n � 80) at half the depth of
the model was plotted versus the calculated outflow velocity
(m/s) of the 3 devices at the 4 different CO2 flows (2.5-10
L/min). The curve is an exponential regression, air content (y)
as a function of the calculated outflow velocity (x), y �
94.1*(1-e�x/2.56), R2 � 0.97. All 4 values of air content for the
gas diffuser and the corresponding outflow velocities were all
close to zero. With the gas diffuser at a CO2 flow of 2.5, 5, 7.5,
and 10 L/min, the mean air content was 2.0%, 0.22%, 0.16%,
and 0.18%, respectively. The corresponding calculated outflow
velocities of the gas diffuser were 0.04, 0.08, 0.12, and 0.16
m/s. At these flows, the corresponding calculated outflow ve-
locities for the 2.5-mm tube and the 1⁄4-in tube varied between
1.3 and 34 m/s.

Fig 5 shows the effect of diffusion. The curves show the air
content at 0, 2, 4, 6, and 8 cm depth in the middle of the model
(position No. 5) during the first 10 minutes after discontinua-
tion of CO2 insufflation when the cavity, initially completely
filled with CO2, was exposed to the surrounding air. The
diffusion flux was highest near the opening of the model (depth
0 cm) during the initial low air content inside the cavity.
Thereafter, the diffusion flux decreased with time as the air
content inside the cavity increased. The air content was almost
100% in the whole model after 10 minutes.

DISCUSSION

The main component of air, nitrogen, dissolves poorly in
blood and tissue. Experimental animal studies have shown that
arterial embolization of air to the brain and the heart may not
only cause cerebral and myocardial dysfunction but may also
lead to convulsions, infarctions, ventricular fibrillation, and
increased mortality.2,7-9,15,16 Air emboli may obstruct vessels
and cause tissue ischemia, damage endothelial cells, and initi-
ate other thromboinflammatory effects.21,22 Even obstruction of
cerebral arterioles by air microbubbles (25 �L) for less than 30
seconds may still disrupt brain function.10,23 Massive air em-
bolism (�20 mL) is an infrequent but well-documented risk of
cardiopulmonary bypass (CPB).24,25 A recent study by Borger
et al11 has shown neuropsychologic impairment after coronary
bypass surgery as an effect of air microemboli during perfu-
sionist interventions. In contrast, animal studies have shown
that injection of carbon dioxide is much better tolerated than
air.2,7-9,15,16

Intracardiac air is frequently observed after termination of
CPB in patients undergoing cardiac surgery despite systematic
use of available surgical de-airing techniques. In fact, new
episodes of air bubbles are even noticed in the heart up to 20
minutes after weaning from CPB.3,5,11,12 The main cause seems
to be air from the wound cavity that is trapped in the highest
parts of the heart and great vessel (ie, pulmonary veins, supe-
rior part of the left atrium, the left ventricular apex, the left
atrial appendage, and the right coronary sinus).4 Trapped air in
these pockets is only mobilized when the heart is ejecting
blood, especially during and early after weaning from CPB.3,5

Usual surgical measures to prevent air embolism during cardiac
surgery include atrial venting, aortic vent suction, Trendelburg

Fig 2. The diagrams show the air content in % (mean and range,

n � 80; n � 10 for each position No. 1–8) at each depth inside the

model resulting from CO2 insufflation with (A) a 2.5-mm tube, (B) a

1/4-in (6.35 mm) tube, and (C) a gas diffuser at CO2 flows of 2.5, 5, 7.5,

and 10 L/min.
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position (without effect in a clinical trial),26 ventricle emptying
by compression, and evacuation of trapped air (diagnosed by
transesophageal echocardiography)5 by gravitation or aspira-
tion. Moreover, the cardiothoracic wound may be insufflated
with CO2. The authors are only aware of 1 single study of the
effects of CO2 insufflation, in which a reasonably high degree
of de-airing of the cardiothoracic wound has been obtained. In
an experimental study with dogs Eguchi et al2 exposed the
mitral valve to the open cardiothoracic wound by opening the
left atrium widely for 2 minutes. In the control group, air

appeared in the coronary arteries within a few seconds after
atriotomy and produced arterial obstruction, and evidence of
coronary insufficiency appeared. The heart became dilated, and
the cardiac action became so weak that cardiac massage was
necessary to maintain the circulation in 70% of the control
group. In the treatment group, in which the cardiothoracic
wound cavity was insufflated with CO2, the cardiac action was
satisfactory and cardiac massage was not necessary except in 1
case. Ventricular fibrillation occurred in 37.5% of the control
group versus 0% in the CO2 group. The corresponding figures
for electrocardiographic changes were 87.5% versus 28.6%.
The gross and microscopic examination of the brain revealed

Fig 3. Distribution of mean air contents in % (n � 10) in (A) the vertical plane in the direction of the CO2 insufflation and (B) in the horizontal

plane at half the depth of the model, during CO2 insufflation with a 2.5-mm tube, a 1/4-in (6.35 mm) tube and a gas diffuser at a CO2 flow of

7.5 L/min. The dashed line marks the direction of the CO2 insufflation. The air content in positions No. 6, 7, and 8 in the horizontal plane was

not actually measured but was because of symmetry assumed to be equal to positions No. 2, 3, and 4, respectively.

Fig 4. The mean air content in % (n � 80) at half the depth of the

model plotted versus the calculated outflow velocity (m/s) of the 2.5

mm tube, the 1/4-in tube, and the gas diffuser at CO2 flows of 2.5, 5, 7.5,

and 10 L/min. The 4 values of the gas diffuser are located close to the

origin of coordinates because of low air contents caused by low outflow

velocities. The curve represents an exponential regression of the data.

Fig 5. The curves represent the air content in % at 0, 2, 4, 6, and

8 cm depth, respectively, in the middle of the cardiothoracic wound

cavity model (initially completely filled with carbon dioxide) during

the first ten minutes after discontinuation of CO2 insufflation.
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pathologic findings in 75% of the control group versus 28.6%
of the CO2 group. In the experimental animals CO2 gas was
insufflated into the operative field at a flow of 5 L/min. How-
ever, the insufflation device was not described. The air content
in the dogs’ wound cavities was between 10% and 20%.

In a recent clinical study in cardiac surgery, Martens et al19

did not find a difference in neuropsychologic outcome when
CO2 insufflation was applied in the cardiothoracic cavity com-
pared with a control group without CO2. However, they did not
achieve efficient de-airing (mean air content 56%, range 14%-
92%). They used an open-ended perfusion line with an inner
diameter of 2 mm for CO2 insufflation at a flow of 2 L/min. It
was concluded that, “For effective reduction of cerebral and
coronary artery emboli, higher levels of CO2 must be achieved
in the operating field by more sophisticated means of applica-
tion.”19

An optimal CO2 insufflation device should provide efficient
de-airing of the wound cavity without disturbing the surgeon.
In the present study, a tube with an inner diameter of 2.5 mm
was studied as a control to the gas diffuser because many
cardiac surgeons use a thin tube of similar size to a CO2

insufflation device.19,27 The 1⁄4-in (6.35-mm) tube was studied
because it has been used as an insufflation device in the
authors’ department as well as in earlier studies.18,28 Larger
tubes were not studied because the authors consider them to be
too bulky for clinical use.

Although air is a mixture of several gases, including nitrogen
and oxygen (20.95% near sea level),20 atmospheric air acts as
one gas at normal atmospheric pressure and temperature. Be-
cause nitrogen is difficult to detect, air displacement by CO2

insufflation can be assessed by measuring the content of either
CO2 or O2

13,18 present in the wound cavity. Avogadro’s law
states, “At constant pressure and temperature equal volumes of
different gases contain equal amounts of gas molecules”. This
means that for every 5 CO2 molecules that are supplied to a
cavity, 5 air molecules are displaced, of which approximately 1
is an O2 molecule. Thus, when the content of 1 of the gases is
measured, the content of the other gases are indirectly mea-
sured at the same time.

The O2 instrument with a heated ceramic sensor that was
used can assess air displacement more accurately and faster
than commonly used CO2 sensors that use an optical infrared
sensor technique to measure CO2 concentrations up to 100%.
The O2 sensor’s accuracy is 1% of the measured value in the
range 0.0001% to 100% O2, which means that the accuracy
increases when the O2 and the air content decrease. Moreover,
the O2 sensor requires only a 2-mL gas sample volume and has
a response time of �2 seconds. The resulting sampling flow of
�0.06 L/min should cause minimal interference with the de-
airing because the studied CO2 flows were much higher, �2.5
L/min. In contrast, CO2 sensors using the infrared technique
usually have a constant accuracy of approximately � 2% units
CO2 over the entire range of measurement 0% to 100% CO2, a
larger required sampling volume, and a longer response time,
usually �10 seconds. The quick response modality of the O2

sensor used enabled the detection of rapid variations of air content
over time. Thus, the authors consider the O2 sensor used to be
more suitable for evaluation of CO2 de-airing during steady
state and during changes than optical infrared CO2 sensors.

When a cavity is insufflated with CO2, air and CO2 will spon-
taneously mix because of diffusion. Just as a temperature differ-
ence is the driving potential of heat transfer, a concentration
difference is the driving potential of diffusion. The higher the
concentration difference (ie, diffusion gradient), the higher is the
diffusion flux.29 Diffusion of 2 gases, a and b, can be expressed
according to Fick’s law in a simplified 1-dimensional form as:

J �
Dab � A � �C

L

where J is the diffusion flux of 1 of the 2 gases in mol/s (may
be converted into L/min), Dab is a diffusion coefficient for gas
a and b (CO2 and air), A is the area through which diffusion
occurs (opening of the cavity), �C is the concentration differ-
ence of 1 of the 2 gases between 2 points along the direction of
the diffusion transfer (depth of the cavity), and L is the length
between the 2 points (depth below the cavity opening). Thus,
the diffusion flux is (1) greater when the opening of the wound
cavity is larger, (2) greater when the air content inside the
cavity is lower, and (3) greater near the opening of the cavity.
The last 2 statements were confirmed in the study (Fig 2C, Fig 5).

The shallowest part of a cardiothoracic wound cavity is the
anterior part of the aortic root, usually 3 to 4 cm below the
wound edge in adult patients. However, the data imply that
diffusion had a minimal effect on the de-airing already at a
depth of 2 cm and deeper when CO2 was supplied at a flow of
�5 L/min (Fig 2C). The effect of diffusion could only be
observed with the gas diffuser because of minimal turbulence
and low air contents in the model. The impact of diffusion on
air displacement was only prominent at a CO2 flow of 2.5
L/min with significantly increased air contents at all depths in
the cavity. Higher CO2 flows compensated for the CO2 that
diffused out of the cavity and for the air that correspondingly at
the same time diffused into the cavity. Earlier studies have
suggested a minimum required CO2 flow between 2 to 5
L/min,2,13,18 but the reason for this has hitherto not been ex-
plained.

The major cause of insufficient air displacement with tubes
was consequently turbulence induced by high outflow veloci-
ties of the CO2 jets. The same phenomenon occurs when trying
to fill a pail with water using a garden hose. Most of the water
splashes out of the pail. By contrast, the pail is quickly filled if
the hose is provided with a multiperforated nozzle resulting in
a reduced outflow velocity. Fig 4 shows how the air content in
the cavity increased exponentially when outflow velocity in-
creased. Thus, a slight increase in velocity of the CO2 gas
significantly impairs CO2 de-airing. The authors are not aware
of any earlier report regarding CO2 de-airing that shows this
important relationship.

The larger the dispersing area of the insufflation device, the
lower is the outflow velocity (mean outflow velocity � flow/
area). The area of the dispersing surface of the chosen diffuser
size (� r2 � 2� rl, 10.5 cm2), which corresponds to a tube with
an inner diameter of 36 mm, is more than 30 times greater than
the inner cross-sectional area of the 1⁄4-in tube (�r2) and more
than 200 times greater than the inner cross-sectional area of the
2.5-mm tube. In terms of maximal de-airing efficiency, the gas
diffuser was more than 120 and 580 times more efficient than
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the 1⁄4-in and the 2.5-mm tube, respectively. The difference in
de-airing efficiency between the 2.5-mm tube and the gas
diffuser (Figs 2-4), which was made of the same tube, shows
the decisive effect of the diffuser.

Fig 4 is based on the mean air content at half the depth of
the model (n � 80), where the influence of air diffusion was
minimal (Fig 2C). The transformation of CO2 flows to
outflow velocities (flow/dispersing area of the device) made
its relationship to the remaining air content in the model
independent of type of insufflation device. Although the
delivered CO2 flows varied (2.5-10 L/min) among the
points in the diagram, they still show an exponential rela-
tion. This was most probably because of the fact that turbu-
lence (because of high outflow velocities) was the dominat-
ing cause of increased air content in the cavity. Diffusion
was the primary cause of the increased air content only at a
CO2 flow of 2.5 L/min with the gas diffuser (low outflow
velocities).

CO2 de-airing of a standard cardiothoracic wound cavity has
to include the cannulation sites of the aorta and the incisions of
the heart. As seen in Fig 3, the air content was somewhat lower
in front of the CO2 jet from the tubes than beside and behind it.
Thus, the de-airing efficiency of tubes is direction dependent,
and they can therefore not satisfy the above requirement. The
fact that the air content in the CO2 jet was still high even at
close range may be explained by ambient air being sucked
down with the jet, the so-called ejector effect. In sharp contrast,
the gas diffuser produced almost complete air displacement that
was independent of the direction of the diffuser, which provides
a multidirectional outflow of CO2.

The wound cavity model had to be insufflated with a CO2

flow of �5 L/min to counteract the diffusion. Only the gas
diffuser was able to deliver these CO2 flows with sufficiently
low outflow velocity and minimal turbulence. Air displacement
was most efficient with a flow of 7.5 L/min. However, a flow
of 5 or 10 L/min caused only a fractional and clinically unim-
portant increase in air content, probably because of diffusion at

5 L/min and to the just slightly higher outflow velocity at 10
L/min. Although a high degree of de-airing was obtained at a
CO2 flow of 5 L/min, higher flows may be necessary intraop-
eratively to compensate for turbulence from hand movements,
convective air currents from ventilation, and for use of suction.
Because the air content increased rapidly after discontinuation
of CO2 insufflation (Fig 5), CO2 should be supplied continu-
ously throughout the operation.

To analyze and solve the problem with inefficient CO2

de-airing,13,18,19 the important variables have to be studied
separately in a controlled setup. The authors’ approach was
an in vitro study with accurate and systematic measurements
in a symmetric cardiothoracic wound model positioned in a
nonventilated room. The diffusion curves in Fig 5 show the
minimal presence of disturbing air movements in the study
room because they show almost no fluctuation.

CONCLUSION

There may be a solution to the problem with inefficient
CO2 de-airing. First, the CO2 flow must be high enough to
counteract diffusion with ambient air. Secondly, the deliv-
ered CO2 must have a low velocity to avoid turbulent mixing
with ambient air. Conventional open-ended tubes provided a
poor and varying de-airing of the wound cavity model (18%-
96% remaining air) because of CO2 jets with calculated
velocities between 1.3 and 34 m/s. The gas diffuser provided
an almost complete de-airing of the model (�0.2% remain-
ing air) at flows of 5 to 10 L/min. This was a result of a
uniform distribution of CO2 with calculated velocities of
about 0.1 m/s.
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