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ABSTRACT
Random skin flaps are essential tools in reconstructive surgery. In this study, we investigated the effect of
subdermal nitrous oxide (N2O) application on random flap survival. In this experimental study, we used
21 female rats in three groups. In the N2O and air groups, gases were administrated under the proposed
dorsal flap areas daily for seven days. Following the treatment period, flaps were raised and inserted back
into their place from the dorsal skin. In the control group, the flaps were elevated and inserted back to
their place without any pretreatment. Calculation of necrotic flap areas, histological examination and
microangiography was performed to evaluate the results 7 days after the flap surgery. The average of
necrotic flap area in the N2O, air and control group was 13.45%, 37.67% and 46.43%, respectively. (N2O
vs air p¼ .044; N2O vs control p¼ .003). The average number of capillary formations identified in the
histological analysis was 7.0±1.58, 3.75±2.36 and 4.4±0.54 in the N2O, air and control group, respect-
ively. (N2O vs air p¼ .017; N2O vs control p¼ .037). The average number of capillary structures identified
in the angiography images were 6.3±1.52, 1.6 ± 1.15 and 1.3±0.57 in the N2O, air and control group,
respectively. (N2O vs air p¼ .04; N2O vs control p¼ .02). We conclude that subdermal N2O application
increases random flap survival through an increase in the skin microcirculation and could be promising
for future clinical applications.
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Introduction

Random flaps are essential tools in reconstructive surgery in cases
where axial pattern flaps are not available. Random flaps are usu-
ally limited in their design by a 2:1 to 3:1 length to width ratio.
Various drugs and techniques have been shown to increase ran-
dom flap survival [1,2].

Nitrous oxide is an oxide of nitrogen with a chemical formula
N2O. The gas was first discovered by Joseph Priestley back in
1772. It has been used as an anesthetic and analgesic since 1844
[3,4]. It has also been used as an alternative to carbon dioxide for
laparoscopic surgery. N2O has a low abuse potential and very few
side effects at lower concentration even during systemic inhal-
ation [5]. In room temperature, N2O is a non-flammable gas
although at high temperatures it becomes a powerful oxidizer.

The exact mechanism of action of N2O is not entirely under-
stood. Central nervous system effects such as anesthetic, hallu-
cinogenic and euphoria effects are probably due to its effect on
NMDA receptors and ion channels [6]. Its effects on GABA recep-
tors could be responsible for anxiolytic effects [7]. The main
purpose of the use of nitrous oxide in modern anesthesiology is
to obtain analgesia and balanced anesthesia. Its analgesic effect is

probably due to its interactions with the endogenous opioids and
noradrenergic system [8]. The exact mechanism of how N2O ini-
tiates the release of these endogenous opioid peptides is
not known.

N2O has also been described as mimicking the effects of Nitric
oxide (NO) because of its similar structure in the central nervous
system, which might be connected to its analgesic and anxiolytic
effects. [9]. NO is a potent vasodilator, and its effect on random
flaps has been well documented in several studies [10–13]. NO is
classified as toxic/hazardous gas, and its subdermal application
would not be practical compared with N2O. It is only approved
use is for the primary pulmonary hypertension treatment of neo-
nates. In contrast, N2O is a relatively safe gas, which is non-flam-
mable and stable. Despite this, there are certain safety hazards of
N2O to be considered. The most obvious danger comes from the
fact that it is stored as a compressed liquid gas and as it is a
strong oxidizer, it can cause an explosion when in contact with
fuels under high temperature or pressure.

Nitrous oxide has been shown to cause cerebral vasodilatation
and an increase in the pulmonary capillary blood flow in previous
studies [14]. In this study, we hypothesized that possible cutane-
ous vasodilator and angiogenetic effects of N2O could increase
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skin microcirculation and flap survival similar to NO. The benefits
of this effect could potentially be used in the treatment of dis-
eases, which impair skin circulation with vascular, metabolic and
traumatic origin. To our knowledge, this is the first study to exam-
ine the effect of subdermal nitrous oxide on random flaps.

Materials and methods

Twenty-one female Wistar rats with an average weight of 300 g
were used for the study. Ethical comity approval was obtained
prior to the experiment (ethical approval date and number: 18
August 2016/177)

Surgical anesthesia was induced with sevoflurane inhalation
and was maintained with 90mg/kg intraperitoneal Ketamine
(Ketalar; Pfizer, New York, NY) and 10mg/kg Xylazine (Rompun
2%; Bayer, Leverkusen, Germany) injection. An electrical razor was
used to shave the back skin of the animals. Skin cleaning with
povidone–iodine was performed prior to surgery.

The animals were arranged into three groups with seven ani-
mals in each:

Group 1: Nitrous oxide group. 100% N2O was administrated
under the skin of proposed flap areas, daily with a 22-gauge nee-
dle, which was connected to the regulator through a silicone tub-
ing, for 7 days prior to the elevation of the flaps. Two points on
the flap midline, one 3 cm from the caudal edge and the other
3 cm from the cranial edge, was marked for injection. Gas pres-
sure valve was regulated to 0.1 bar provide a flow rate at about
5ml/s to inflate approximately 10ml volume of gas from each
injection point (Figure 1). Gas flow rate was calculated using the
flow rate formula taking into account the skin tensile stress and
pressure drop from the tubing which was calculated from another
formula (Appendix 1).

Group 2: Air group. Air was administrated under the proposed
flap areas from two injection points in the flap midline, similar to
the N2O group, with a 20ml syringe, daily for 7 days prior to
flap elevation.

Group 3: Control group. These animals were kept under the
same conditions with the others without any pretreatment.

Flap elevation

At the end of the treatment period caudally based dorsal skin
flaps, 9� 3 cm in dimension, were elevated and inserted back into
their place in all of the animals [15,16]. The flaps were sutured
with 4.0 polypropylene sutures (Figure 2). After the surgery, the
flaps were photographed daily with a digital camera (SonyVR Nex-
3n, Tokyo, Japan). Flap areas were marked on graph papers and
flap area calculation was performed with the VistaMetrix software

Figure 1. (A) Tubing and needle tip apparatus for the subdermal N2O application. (B) Gas administration points are marked on the dorsal skin. Marked point with an
arrow can be noted as inflated after the administration of the gas.

Figure 2. Caudally based dorsal skin flap after flap reinsertion.
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image processing software (Version 1.35.0; Skillcrest LLCVR ,Tucson,
AZ, USA) (Figure 3) [17,18].

Microangiographic evaluation

At the end of the first week after the flap elevation, the abdom-
inal cavity of the animals was opened and the aorta and inferior
vena cava were exposed. Aorta was cannulated with the 22-gauge
cannula and inferior vena cava was cannulated with a 20-gauge
cannula. The remaining blood in the vascular system was cleaned
with the injection of 300ml of serum saline solution through both
cannulas. 40ml of %10 barium sulfate and 10ml of gelatin was
added into 100ml serum saline to form a radiopaque solution.
This solution was injected from the aorta cannula and the taps of
cannulas were sealed. The body of the animal was wrapped in a
plastic bag and was placed in a –18� C freezer for overnight. The
next day the flap was separated from the rest of the body and
stabled on cartoon board [19–21].

Figure 3. Flap area calculation example from an animal from the air group. (A)
Necrotic flap area. (B) Total flap area.

Figure 4. Photographs of flaps at the postoperative seventh day. (A) N2O group.
(B) Air group. (C) Control group.

Figure 5. Average of necrotic flap area percentage for each group (�p< .05).

Figure 6. Evaluation of histological images for capillary formations. (A,B) N2O
group. (C) Control group. (Hematoxylin and eosin, A: �100, B,C: �200.) Capillary
formations are marked with circles.
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Histological analysis

Specimens taken from the viable flap areas were fixed in 10% for-
maldehyde and embedded in paraffin. Paraffin blocks were sec-
tioned and stained with hematoxylin and eosin for routine
histopathological observation under light microscopy.

Immunohistochemical (IHC) staining with endothelial cells marker
CD31 and leukocyte common antigen (LCA) CD45 was performed
to better visualize capillary structures and inflammatory cells in
selected samples. Image J software (U. S. National Institutes of
Health, Bethesda, MD, USA) and IHC profiler plugin were used to

Figure 7. Histological images from IHC staining with CD31. [(A) N2O group (�400), (B) Air group (�400), (C) Control group (�400)] and CD45 (LCA) [(D) N2O group
(�100) and e N2O group (�200), (F) Control group (�400)]. Deconvoluted image and histogram are shown for each IHC image.
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create histograms and statistical analysis from IHC images [22].
The number of capillaries and inflammatory cells in the dermis
was counted in three different high-power fields by the same
pathologist. The mean of 3 separate counts are presented in the
results and was included in the statistical analysis. The pathologist
was blinded to the study groups to prevent any bias.

Statistical analysis

Flap necrosis area percentages and histological results in each
group were compared using Kruskal–Wallis and Dunn’s multiple
comparisons test. Prism 7 software (version 7.00 for Windows;
GraphPad Software, La Jolla, CA) was used for statistical analysis.

Results

Necrotic flap area calculations

The average of necrotic flap area compared with the whole flap
area was 13.45%, 37.67% and 46.43% in the N2O, air and control
group, respectively. The variation between the N2O and the con-
trol group was statistically significant. (p¼ .003). The variation
between the N2O and the air group was also statistically signifi-
cant (p¼ .044). The variation between air and control groups was
insignificant (Figures 4 and 5).

Evaluation of histological images

The average number of cells related to inflammation was very
low in all of the groups and no significant variation between the
groups was found. The average number of capillary formations
were 7.0 ± 1.58, 3.75 ± 2.36 and 4.4 ± 0.54 in the N2O, air and con-
trol group respectively. The variation between the N2O and the
control group was statistically significant. (p¼ .037). The variation
between the N2O and the air group was also statistically signifi-
cant (p¼ .017). The variation between air and control groups was
insignificant ( Figures 6–9).

Evaluation of angiography images

Images were evaluated with magnified high-resolution prints. In
selected images from each group, vessels were identified. In the
N2O group, vessels were more prominent compared with the air
and the control group. The average number of capillary structures
identified in the images were 6.3 ± 1.52, 1.6 ± 1.15 and 1.3 ± 0.57
in the N2O, air and control group, respectively. The variation
between the N2O and the control group was statistically signifi-
cant (p¼ .02). The variation between the N2O and the air group
was also statistically significant (p¼ .04). The variation between air
and control groups was insignificant (Figures 10 and 11).

Discussion

Transdermal and subdermal gas delivery has been investigated by
various studies. Some of these studies involve slow and continu-
ous gas delivery methods, whereas others have described faster
and periodic gas delivery techniques. Said et al. has shown that
continuous transdermal oxygen therapy increased epithelial
wound healing in a rabbit ear wound model [23]. The efficacy of
transdermal oxygen in pressure ulcers [24] and diabetic wounds
[25] has been reported in other studies. Despite this successful
result, another study has shown that 6ml/h continuous transder-
mal oxygen was not effective for the treatment of sternal wounds
compared with additionally inspired oxygen [26]. Carbon dioxide
therapy has been previously shown to be useful in the treatment
of cellulite. Sonmez et al. have shown that carbon dioxide therapy
increased capillary formation in a rat random flap model. Despite
this, there was no significant increase in the viable flap area [27].

In a previous study, Dohar et al. have compared the effects of
different inhalation anesthetics on flap survival, which revealed a
higher rate of flap survival with the combination of isoflurane and
N2O compared with a control group [28]. In another study, Dohar
et al. have shown an increased flap survival with isoflurane com-
pared with N2O [29]. These results could be related to systemic
effects caused of these gases. During anesthetic use, N2O is
excreted essentially unchanged from the lung and less than
0.004% is metabolized in humans. Hence, its systemic inhalation
effects cannot be directly compared with a local subdermal appli-
cation. These systemic effects would be far less prominent in the
subdermal application.

NO donors [30] and NO synthases [31] have been shown to
increase flap survival. In contrast, N2O antinociception has been

Figure 8. Statistical histograms for IHC staining. (A) CD31 staining. (B) CD45
staining. (Percentage of staining with negative, low, medium and high positive is
illustrated in the bar graphs.).

Figure 9. Average of a number of capillary formations counted in the histo-
logical analysis for each group. (�p< .05). Left scale represents the exact number
of capillaries.
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demonstrated to be reduced with the use of NO synthase (NOS)
inhibitors [32,33]. These results reveal the effect of NO in the
action of N2O, which might be due to the effect of NO which
induces the release of endogen opiates [34]. However, the exact
mechanism of how N2O initiates this process is unknown. It is

suspected that N2O might be indirectly activating the NOS mech-
anism in the synaptic nerve terminals. Cerebral vasodilatation
effect of N2O could be related to these mechanisms. In this study,
N2O was shown to increase angiogenesis. It has been shown in
previous studies that the NOS mechanism can induce angiogen-
esis [35,36]. NOS can trigger cell growth and differentiation
through the activation of endothelial-NO synthase activation. Our
findings support the idea that N2O activates NOS mechanism.

N2O a relatively safe gas, though there are several potential
safety hazards to be aware of. The most important of these comes
from the fact that it is stored as a liquefied compressed gas,
which can rarely cause explosive accidents from defective tubes.
Side effects have been reported from prolonged exposure to N2O
and should also be noted that there are occupational hazards
involving N2O use in un-ventilated rooms and risk of asphyxiation.
There are also environmental hazards of N2O, which comes from
the fact that it accumulates in the stratospheric ozone layer of
the atmosphere [37].

This study shows a potential benefit from subdermal nitrous
oxygen application for random flap survival. One of the main
problems with the injection of gases under the skin, that is,
the fact that it has the potential to create a delayed phenom-
enon. To overcome this problem an “air” control group was
used in this study. Although there was a slight increase in
the flap survival rate in the air group that supports this idea,

Figure 10. Angiography results from selected samples. (A) N2O. (B) Air. (C) Control group. (D) Magnification of the N2O image. (E) Magnification of the control image.
Vessel formations are marked with circles.

Figure 11. Average of a number of capillary formations counted in the angiog-
raphy images in each group (�p< .05). Left scale represents the exact number of
capillaries.
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the difference between the air and the control groups was not
significant.

The results from the histological studies revealed an increase
in the number of capillary formations in the deep dermis tissue in
the N2O group compared with the other groups. There was a lack
of inflammatory response in all of the groups. Microangiography
results also support the findings related to the increase in the
number of capillary formations. More prominent vessel formations
were found in the N2O group images. Despite this, it should be
noted that angiography in this study was highly demanding,
obtaining clean pictures was difficult.

Conclusions

We conclude that nitrous oxide application can increase the flap
microcirculation and thus causing an increase in the flap survival
rate. These findings can be translated to other areas concerning
microcirculation and tissue perfusions such as wound healing,
free flap survival and replantation surgery.

Disclosure statement
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Appendix 1. Technical details of gas flow rate calculations.

Following gas flow rate formula was used to calculate the approximate gas flow rate;

Q gas flowð Þ ¼ 1
60

� 4:17 � C � d
4:654

� �2

� p1 � 1�
Dp
p1

3 � Fc � xT

 !
�

ffiffiffiffiffi
Dp
p1

T

s

Q: air flow rate (Nm3/min)
T: air temperature (�K)
p1: primary pressure (¼ 103.325 kPa absolute)
p2: secondary pressure (¼ 101.325 kPa absolute)
Dp: pressure difference (p1–p2)
C: discharge coefficient (¼ 0.7)
Fc: Specific heat ratio factor (¼ 0.935714286 for N2O)
xT: Pressure differential ratio factor (¼ 0.72)
d: opening diameter (22 Gauge needle inner diameter 0.41mm)
Pressure drop from silicone tubing was calculated with the following formula. These calculations revealed a 0.67 milibar pressure

drop from the tubing. Pressure drop from sudden contraction from 5mm silicone tube to 0.41mm needle which was found to be sig-
nificant at 76.75 milibar. This difference has been subtracted from p1 pressure and gas flow calculation was performed accordingly.

DP pressure dropð Þ ¼ s � 4 � l
d

s: Shear stress of the tubing wall (kg/m2): Has been calculated from the dynamic viscosity value of N2O. (¼ 0.01349 cp)
l: Length of the tube (¼ 4.65 meters of silicone tube)
d1: diameter of tube (¼ 0.005 meters)
d2: diameter of needle (¼ 0.00041 meters)
Final flow rate result from the calculations was 0.000310656Nm3/min.
(¼ 5.17 milliliter/second.)
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