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During cardiac surgery the wound is exposed to desicca-
tion, especially as a result of operating room ventilation
and the insufflation of dry carbon dioxide (CO2) for de-
airing. We compared the gas humidity and desiccation
rates in an in vitro model of a cardiothoracic wound dur-
ing these conditions and during insufflation of humidi-
fied CO2. To assess the influence of flow velocity, CO2 was
insufflated at 10 L/min via two devices, a standard open-
ended tube and a low-velocity gas diffuser. The treatment
arms were compared with a control without insufflation.
When insufflated via the open-ended tube the humidity
in the model was almost equal to the control, both with
dry and humidified CO2. However, the total desiccation

rate was more rapid than the control (P � 0.001), espe-
cially in the area exposed to the gas jet where the desicca-
tion rate was three times more rapid (P � 0.001). With the
gas diffuser, dry CO2 caused almost zero humidity and a
desiccation rate that was almost equal to the control. Hu-
midified CO2 increased humidity in comparison with the
control (P � 0.001) and decreased the desiccation rate by
�90% (P � 0.001). Humidified CO2 may be used to avert
desiccation of the cardiothoracic wound. The humidified
gas is effective only when delivered via a low-velocity
outlet device.

(Anesth Analg 2005;100:315–20)

W hen the thoracic cavity is opened the clinician
seldom considers that this will abruptly ex-
pose the internal tissues to a totally new en-

vironment, ambient air, characterized by less humid-
ity. Although the implications of this sudden change
have so far not been studied very extensively, it has
become clear that desiccation during surgery leads to
tissue damage (1) and that the risk of such damage
increases with time (2). Moreover, injury of mesothe-
lial layers may cause postoperative adhesions (1,3),
which not only make reoperations more difficult but
also may lead to right ventricular dysfunction (4). The
effect of desiccation is of special interest in cardiac
surgery where gas exchange, i.e., convection, occurs
not only as a result of standard operating room (OR)
ventilation. CO2 gas is also insufflated into the cardio-
thoracic wound to prevent arterial air embolism. The

question of whether such CO2 de-airing might initiate
desiccation effects is relevant because CO2 has to be
insufflated continuously throughout the open-heart
operation (5), and because the insufflated CO2 is com-
pletely dry.

Whereas cell damage and the ensuing adhesion for-
mation may be estimated semi-quantitatively, more
direct information about desiccation effects can be
obtained by measuring humidity and actual water loss
during surgery. To obtain these types of data we must
resort to an experimental model. In the present study
we investigated whether humidity and rate of water
loss in an in vitro model of a cardiothoracic wound are
influenced by insufflation of dry and humidified CO2
via a standard open-ended tube (6,7) and a low-
velocity outlet device (5,8,9), respectively. We also
tested whether cardiotomy suction and hand move-
ments influence water loss rate.

Methods
Wound desiccation was studied in a model of a car-
diothoracic wound cavity that contained 2 standard
9-cm diameter Petri dishes (Fig. 1). Each plate con-
tained a layer of blood agar representing fresh wound
tissue. The dimensions of the model were based on
measurements of the open wound cavity of five adult
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patients undergoing cardiac surgery through a com-
plete median sternotomy and during cardiopulmo-
nary bypass (CPB) with an empty heart (8). The model
was elliptically shaped with a length, width, and
depth of 20, 12, and 8 cm, respectively. It was placed
on the operating table of a fully ventilated OR for
cardiac surgery (laminar airflow of approximately
2500 m3/h from the ceiling downward).

Two insufflation devices were studied. They were a
standard open-ended tube with an inner diameter of
1/4 inch and a gas diffuser (Cardia Innovation AB,
Stockholm, Sweden) consisting of a thin fixable tube
with a diffuser of polyurethane foam at the end (5).
The insufflation devices were positioned at the acute
end of the wound cavity model. The open-ended tube
was pointed towards the center of the cavity with the
orifice positioned a few centimeters inside the brim
(Fig. 1), whereas the gas diffuser, which produces a
multidirectional gas flow with a low outlet velocity,
was pointed downwards and positioned at half the
depth of the cavity.

Medical CO2 was delivered at a flow of 10 L/min
from a pressurized gas cylinder consisting of a flow
regulator with a backpressure compensated flowme-
ter (AGA Gas AB, Stockholm, Sweden). The flowmeter
and the used calibration procedure have been de-
scribed in detail (5,8). The CO2 was humidified with a
bubble humidifier containing sterile water (Aquapak
340 mL; Hudson Respiratory Care Inc., Temecula,
CA). A pilot study showed that for the humidity of the
administered gas to remain constant, the humidifier
had to be maintained at a constant temperature. Thus,
during the experiment the humidifier was warmed in
a heat-regulated water bath (Haake D8/L; Haake
Mess-Technik GmbH u. CO, Karlsruhe, Germany) that
was maintained at room temperature. We took care
not to exceed this temperature to prevent condensa-
tion in the gas delivery system and the wound model,
which would have interfered with our measurements.

Humidity and water loss in the wound model were
studied under five different conditions: without insuf-
flation (control) and during insufflation of dry and

humidified CO2 that was delivered via the open-
ended tube and the gas diffuser, respectively.

After gas insufflation had been started (if used),
room temperature (20.2 � 0.3°C, mean � sd) and
relative humidity inside the model were measured at
steady state, i.e., when values fluctuated around a
constant value over 30 s. To avoid interference
through evaporation from the agar plates, humidity
was measured without them. We used a digital hy-
grometer (HygroPalm 3; Rotronic AG, Bassersdorf,
Switzerland) that has a resolution of 0.1% relative
humidity and 0.1°C, with an accuracy of �1.5% rela-
tive humidity and �0.3°C, respectively. The instru-
ment is claimed to be suitable for measurements in
both air and CO2. During measurements the sensor
(Hygro Clip, Rotronic AG, Bassersdorf, Switzerland)
was positioned in the middle of the cavity (just above
the bottom). The sensor was kept close to the wall to
avoid interference with the CO2 flow.

Two agar plates were then weighed one by one,
temporarily without their lids, on a digital precision
scale (Sartorius L420S, Satrorius Gmbh, Göttingen,
Germany). This instrument has a resolution of 1 mg
and an accuracy of �2 mg. Then, while gas was still
flowing (if used), the agar plates were placed into the
wound model (Fig. 1), the lids were removed, and a
timer was started. After 30 min of exposure the lids
were put back on the agar plates while the gas was
kept flowing. They were then removed from the
model and weighed again (without their lids). In ev-
ery experiment a fresh pair of agar plates kept at room
temperature was used, and the lids were kept free
from condensation water. The 5 experiments were
repeated 10 times in a random order, resulting in a
series of 50 measurements. Random assignment was
done with the help of unmarked envelopes, each of
which contained a card indicating type of experimen-
tal group.

The possible influence of cardiotomy suction and
hand movements was investigated in an additional
study during insufflation of humidified CO2 with a
gas diffuser, the condition found to cause the slowest
desiccation rate in the main study. The desiccation rate
was measured with the same set-up as in the main
study. Three experiments were repeated 10 times, ren-
dering a total of 30 measurements that were per-
formed in random order. One group was assigned to
insufflation with continuous cardiotomy suction in
combination with hand movements, a second group to
insufflation without suction and hand movements,
and a third group (control) without either insufflation
or suction and hand movements. A standard cardiot-
omy suction device was placed in the middle of the
wound cavity model with the orifice 1 cm above the
bottom close to the wall. The suction rate was kept
constant at 1.5 L/min. Every 10 seconds an investiga-
tor placed his hands into the wound cavity model,

Figure 1. A cardiothoracic wound cavity model with an elliptic
shape and a length, width, and depth of 20, 12, and 8 cm respec-
tively. Two standard 9-cm blood agar plates were positioned at the
bottom simulating fresh wound surface. The figure also shows how
each insufflation device was positioned during the experiment. The
devices were positioned at the same side of the model but not at the
same time.
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simulated surgical suturing and knotting, and re-
moved them again. This was done throughout the
30-min experiment.

Data are presented as medians with ranges. The
Mann-Whitney U-test and Wilcoxon’s tests were used
when appropriate. The total values (n � 10) of both
agar plates combined were used for comparison of
desiccation rates among the groups. In the main study
we also compared the desiccation rate between the
agar plate proximal and distal to the insufflation de-
vice. As there were no proximal and distal plates to be
defined in the control group, the proximal (n � 10)
and distal plates (n � 10) of the insufflation groups
were compared with all plates of the control group (n
� 20). Differences were considered statistically signif-
icant if P � 0.05.

Results
Without insufflation the relative humidity was 45.1%
(Fig. 2). When the open-ended tube was used, insuf-
flation of dry CO2 resulted in a decrease of the relative
humidity to 42.4% (P � 0.04), whereas insufflation of
humidified CO2 increased it to 49.2% (P � 0.02). When
the gas diffuser was used, the effect was much more
marked. Insufflation of dry CO2 decreased the relative
humidity to 1.8%, which was the smallest value of all
groups (P � 0.001). By contrast, when humidified CO2
was insufflated via the gas diffuser, the relative hu-
midity increased to 75.8%, which was the largest value
of all groups (P � 0.001).

When the open-ended tube was used for insuffla-
tion of dry as well as of humidified CO2, the desicca-
tion rate, expressed as water loss in mg/cm2/min, was
much more rapid on the distal plate than on the prox-
imal one (P � 0.001), where the rate was slightly faster
than the control (P � 0.001, Fig. 3). When the gas
diffuser was used the differences were in the opposite
direction; the distal plate had the slower desiccation
rate (P � 0.001). With dry CO2, the desiccation rate on
the proximal plate was just faster than the control (P �
0.001), whereas the desiccation rate on the distal plate
was slightly less than the control (P � 0.001). With
humidified CO2, the proximal and distal desiccation
rates were approximately 87% and 95% less than the
control (P � 0.001), respectively.

The total desiccation rate in the control group was
0.17 (0.15–0.20) mg/cm2/min. When the open-ended
tube was used for insufflation of dry CO2, the desic-
cation rate was 0.47 (0.46–0.52) mg/cm2/min, almost
three times that of the control (P � 0.001). When
humidified CO2 was insufflated with the same device,
the desiccation rate was still rapid, 0.38 (0.34–0.39)
mg/cm2/min, more than twice that of the control (P �
0.001). With the gas diffuser, insufflation of dry CO2
resulted in a slightly more rapid desiccation rate, 0.21

(0.18–0.22) mg/cm2/min, compared with the control
(P � 0.001). However, when humidified CO2 was
insufflated the rate decreased to 0.015 (0.012–0.021)
mg/cm2/min, more than 90% less than the control (P
� 0.001).

During the additional study, the temperature and
relative humidity in the OR was 20.0 � 0.2°C and 16.4
� 0.9 (mean � sd), respectively. The total desiccation
rate in the control group was 0.25 (0.21–0.28) mg/
cm2/min. When humidified CO2 was insufflated the
desiccation rate decreased to 0.013 (0.010–0.019) mg/
cm2/min without suction and hand movements (95%
less than the control, P � 0.001). With suction and
hand movements the desiccation rate increased to
0.020 (0.015–0.027) mg/cm2/min. This value was
more than without suction and hand movements (P �
0.001), but still 92% less than the control (P � 0.001).

Discussion
In the present study humidified CO2 insufflated
through a gas diffuser decreased the desiccation rate
more than 90%. Conversely, when humidified CO2
was supplied via an open-ended tube it increased the
desiccation rate.

Nkere et al. (2) have shown that during conven-
tional cardiac surgery with a sternotomy the pericar-
dium undergoes inflammatory changes with concom-
itant damage to the mesothelium. In the presence of
shed blood such damage may result in extensive ad-
hesion formation (1,3), which, apart from complicat-
ing reoperation, can even lead to right ventricular
dysfunction (4). Although the possible desiccation ef-
fect of CO2 insufflation for de-airing in open-heart
surgery has not yet been addressed, it is a recognized
problem in other surgical areas where CO2 is insuf-
flated for other purposes. In laparoscopic surgery, for

Figure 2. Median and range of relative humidity during steady state
in a cardiothoracic wound cavity model (without agar plates), with-
out insufflation (control), or with insufflation of dry or humidified
carbon dioxide at 10 L/min via a standard 1/4 inch open-ended
tube or a gas diffuser.
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example, the continuous insufflation of dry CO2 has
been found to cause evaporation, manifesting itself by
a dramatic increase of viscosity of the peritoneal fluid
(10). Moreover, in thoracoscopy (11), as well as in
off-pump coronary artery bypass surgery (12), the
insufflation of dry CO2 has been shown to cause se-
vere cell damage to the pleural and endothelial sur-
faces, respectively. In both cases, however, the de-
structive effects could be alleviated by humidification
of the gas (11,12).

When a new technique is to be tested, the logical
first step is to study its effect in a controlled experi-
mental setting. It would have been very difficult to
analyze the different aspects of desiccation in patients.
Desiccation means that water evaporates from wound
surfaces and escapes via diffusion and convection.
Thus, a high humidity in the wound cavity may par-
adoxically be attributable to a rapid desiccation rate.
Consequently, the humidity in a patient’s wound cav-
ity cannot be used as a measure of the desiccation rate

in the wound. As pointed out by Sessler (13) “The
contribution of evaporation from within surgical inci-
sions remains to be determined in humans because of
technical difficulties.”

Because desiccation results from superficial water
loss, we quantified the water loss rate under different
surgical conditions. As part of our efforts to reproduce
conditions in practice, the experiments were per-
formed on the same operating table in the same fully
ventilated OR used for cardiac surgery. Moreover, the
measurements were performed in a cardiothoracic
wound model (5,14,15) of adult patients undergoing
cardiac surgery with complete median sternotomy
and during CPB with a collapsed heart (8). We used 2
standard 9-cm blood agar plates in the wound model,
one close to and one farther away from the insufflation
source. This enabled us to detect any covariation that
might exist between desiccation rate and distance
from the insufflation device. As the size of the agar
plate is standardized, its weight loss could easily be
converted into water loss per cm2 of exposed surface.
Blood agar provides a wet surface just like a fresh
surgical wound. An open water surface has been used
to represent evaporation from an open wound (16) on
the basis that “a wound after full-thickness excision of
skin transmits water vapor at a rate equal to 91% of
that for an open water surface” (17). In control exper-
iments under the same conditions as in the main
study, we compared the water loss from 12 Petri
dishes containing blood agar and water, respectively,
and found that the water loss rate from blood agar
(103%) was almost equal to that of water (100%) dur-
ing a period of 30 minutes. In comparison, agar plates
were easier to handle, thus allowing for the detection
of delicate water losses without the risk of spill. The
wound model used conditions of room temperature.
The temperature in a wound during cardiac surgery
may be influenced by many variables, including cold
or warm cardioplegia and temperature of CPB.

The studied standard 1/4 inch tube is commonly
used for de-airing (6,7,14). It was pointed into the
cavity model as recommended (7,18) to achieve a cen-
tral CO2 supply (Fig. 1). The gas diffuser was posi-
tioned below the brim, a position that has been shown
to be suitable for efficient CO2 de-airing (15). Both
insufflation devices were positioned at the caudal end
of the simulated wound because this is a position that
causes little interference with surgery (15). The CO2
was insufflated at a constant flow of 10 L/min as has
been used with both studied insufflation devices (6,9)
and has also been found necessary for efficient air
displacement in the cardiothoracic wound during sur-
gical conditions (5,14,15).

As seen in Figure 2, we chose to perform the main
study when the humidity was approximately 45%
(control). This is approximately the middle of the nor-
mal range of variation that occurs over the latitudes

Figure 3. Desiccation rate, i.e., rate of water loss (mg/cm2/min), in
the studied wound model proximal and distal to the insufflation
device. The desiccation rates were studied without insufflation (con-
trol) and with insufflation of dry or humidified carbon dioxide at 10
L/min insufflated via a standard 1/4 inch open-ended tube (A) or
a gas diffuser (B).
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and seasons. When CO2 was insufflated with a gas
diffuser the humidity in the model was close to 0% and
reached more than 75% after humidification. Because the
gas diffuser can provide CO2 concentrations larger than
99.5% in a cardiothoracic wound (5,8,14,15), these values
most likely represent the true humidity of the insufflated
gas. The fact that the model’s relative humidity did not
reach 0% with dry CO2 we attribute to the limitation of
the measuring instrument. The fact that 100% was not
reached with humidified CO2 was possibly attributable
to a suboptimal humidification technique. In sharp con-
trast, when insufflated via the open-ended tube, dry CO2
decreased the model’s median relative humidity by only
3%, whereas the humidified gas increased it by 4%.
Admittedly, the differences are statistically significant
but they can hardly be claimed to be of any clinical
value.

When looking at the resulting desiccation rates (Fig.
3), the finding that blowing dry CO2 through an open-
ended tube increased the desiccation was not surpris-
ing. The desiccation rate was most marked on the
distal plate towards which the jet was directed (Fig. 1),
where the desiccation rate was more than four times
the control value. It was also not surprising that when
CO2 was delivered via the same tube, humidification
of the gas did not help very much to reduce the
desiccation rate. The desiccation rate was again most
rapid in the area exposed to the gas jet, where the rate
was somewhat slower but still more than three times
the control value. The probable explanation for this
lack of effect is that the CO2 jet drags down ambient
air by ejector effects and also causes turbulence inside
the model that mixes the supplied gas with air (8).

The results obtained with the gas diffuser are, how-
ever, more difficult to explain. Although insufflation
of untreated CO2 via the gas diffuser produced almost
zero humidity in the model, the total desiccation rate
was only slightly more than the control with 45%
relative humidity. In fact, on the agar plate furthest
from the gas diffuser the desiccation rate was even less
than the control. A potential explanation is that water
loss from a surface occurs through diffusion (i.e., mo-
lecular movements from the surface) in the direction
towards less humidity, and the diffusion rate from the
surface may increase in the presence of convection
(i.e., gas movements at the surface). When the relative
humidity is �100%, the latter process is the dominant
factor for desiccation, and when the gas diffuser is
used, its very low outflow velocity reduces turbulence
to a minimum (8). Under those conditions CO2, which
is heavier than air, will gravitate in the cavity and
cover it almost like a protective layer. This also ex-
plains the dramatic decrease in the desiccation rate to
approximately 1/10 of the control when the humidi-
fied CO2 was insufflated. Again, the CO2 gravitated in
the cavity but this time the gas layer contained water.

Thus, if the insufflated CO2 would have had a humid-
ity close to 100% the desiccation rate could probably
have been averted completely.

Continuous cardiotomy suction and surgical hand
movements in the wound model had a statistically
significant but marginal influence on the desiccation
rate, during insufflation of humidified CO2 with the
gas diffuser. The small increase (3%) was most likely
caused by a slightly increased convection in the model
and not by introduction of ambient air. We have pre-
viously found that the CO2 concentration in the car-
diothoracic wound remains close to 100% during ac-
tive surgery with CO2 insufflation at 10 L/min
through a gas diffuser (14,15).

Assuming that evaporation from blood agar can be
extrapolated to tissue in a surgical wound, the results
have several implications. In an OR with standard
ventilation the surgical wound is subjected to desicca-
tion, which starts immediately after exposure to am-
bient air. CO2 insufflation with an open-ended tube
dramatically increases the desiccation rate in the re-
gion that is exposed to the jet, even if the CO2 is
humidified. Accordingly, humidified CO2 still causes
endothelial damage during high-flow gas insufflation
to facilitate the suturing of a precise coronary anasto-
mosis (12). By contrast, when being insufflated via a
low-velocity outlet device, use of dry CO2 will, con-
trary to expectation, not lead to an increased desicca-
tion in the cardiothoracic wound.

The optimal way to protect tissue against desicca-
tion would be to enclose it in a plastic bag (19), thus
providing it with a fully humidified environment
without convection. This is possible only with tissues
that are easily externalized such as intestines during
abdominal surgery. Furthermore, it cannot be done in
areas where the surgery takes place. Instead, some
surgeons irrigate the open wound to protect it against
desiccation. This can of course only be done intermit-
tently to avoid interfering with surgery. As a result,
the wound will be subjected to desiccation between
the irrigations. Moreover, even as a spray, the irriga-
tion will not reach hidden recesses. In contrast, hu-
midified CO2 can be insufflated continuously into a
cardiothoracic wound cavity without interfering with
surgery, thus preventing evaporation from all surfaces
of the wound throughout the operation.

The present study showed that this could be
achieved by insufflating the wound with humidified
CO2 through a gas diffuser. Because the gas diffuser
can provide a cardiothoracic surgical wound with a
100% CO2 atmosphere (15), the slow desiccation rate
will be independent of the OR’s air humidity, as indi-
cated by the almost equal desiccation rates in the main
and additional studies, despite a large difference in
ambient air humidity. However, the implications of
humidified CO2 insufflation will be most evident in a
dry climate or when air conditioning is used. Future
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clinical studies will show whether humidified CO2
insufflation via a gas diffuser prevents tissue damage
and postoperative adhesions caused by desiccation
and whether solutions other than water are useful for
wound protection via this system (1,20,21).

In conclusion, humidified CO2 may be used to avert
desiccation of the cardiothoracic wound. The humid-
ified gas is effective only when delivered via a low-
velocity outlet device.
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the manuscript.
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