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BACKGROUND: Currently, no clinical or animal studies have been performed to establish the
relationship between airway humidification and mechanical ventilation-induced lung inflammatory
responses. Therefore, an animal model was established to better define this relationship. METHODS:
Rabbits (n = 40) were randomly divided into 6 groups: control animals, sacrificed immediately
after anesthesia (n = 2); dry gas group animals, subjected to mechanical ventilation for 8 h without
humidification (n = 6); and experimental animals, subjected to mechanical ventilation for 8 h under
humidification at 30, 35, 40, and 45°C, respectively (n = 8). Inflammatory cytokines in the bronchi
alveolar lavage fluid (BALF) were measured. The integrity of the airway cilia and the tracheal
epithelium was examined by scanning and transmission electron microscopy, respectively. Periph-
eral blood white blood cell counts and the wet to dry ratio and lung pathology were determined.
RESULTS: Dry gas group animals showed increased tumor necrosis factor alpha levels in BALF
compared with control animals (P < .05). The tumor necrosis factor alpha and interleukin-8 levels
in the BALF reached baseline levels when the humidification temperature was increased to 40°C.
Scanning and transmission electron microscopy analysis revealed that cilia integrity was main-
tained in the 40°C groups. Peripheral white blood cell counts were not different among those
groups. Compared with control animals, the wet to dry ratio was significantly elevated in the dry
gas group (P < .05). Moreover, humidification at 40°C resulted in reduced pathologic injury
compared with the other groups based on the histologic score. CONCLUSIONS: Pathology and
reduced inflammation observed in animals treated at 40°C was similar to that observed in the
control animals, suggesting that appropriate humidification reduced inflammatory responses elicited as
a consequence of mechanical ventilation, in addition to reducing damage to the cilia and reducing water
loss in the airway. Key words: humidification; temperature; mechanical ventilation; inflammatory cytokines;

cilia integrity. [Respir Care 2015;60(12):1720-1728. © 2015 Daedalus Enterprises]

Introduction

In healthy individuals, the upper respiratory tract pro-
vides a warm, humid environment that plays a nonspecific
defense function and facilitates the mucociliary movement
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of the normal airway epithelium. However, when an arti-
ficial airway is established, such as in the case of critically
ill patients, the upper respiratory tract loses this critically
important humid environment. Furthermore, the delivery
of dry gas through an artificial airway into the lower re-
spiratory tract can directly lead to adverse complications,
including ciliary dyskinesia, respiratory tract epithelial cell
damage, and increased incidence of ventilator-associated
pneumonia.'2

Although mechanical ventilation can provide life sup-
port to critically ill patients, it may also cause or aggravate
lung injury. The lung tissue is susceptible to inflammation-
mediated damage that can cause organ dysfunction and
even multiple organ dysfunction syndrome.3-> Infants are
particularly susceptible to mechanical ventilation-mediated
tissue damage, especially in the context of systemic in-
flammatory responses.° Others have demonstrated that me-
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chanical ventilation can lead to changes in lung pressure
and tension, resulting in inflammatory cytokine release,
alveolar edema, physiologic alveolar damage, increased
alveolar permeability, and alveolar collapse.” However, it
has been demonstrated that sufficient airway humidifica-
tion can reduce the incidence of ventilator-associated pneu-
monia, the inflammation of the nasal mucous membranes,
and the incidence of postoperative pulmonary complica-
tions.”'% Todd and John'! confirmed that airway humidi-
fication during mechanical ventilation prevented or reduced
acute or chronic lung damage. To date, however, research
related to ventilator-associated lung injury in animals has
not incorporated the effect of humidification in the disease
process,!213 particularly since general anesthesia is admin-
istered to humans in the absence of humidification.!#!>
For this reason, no animal or clinical studies have been
performed to establish the relationship between airway
humidification and mechanical ventilation-induced lung
inflammatory responses.

SEE THE RELATED EDITORIAL ON PAGE 1854

Previous studies have evaluated pulmonary airway dam-
age during invasive mechanical ventilation using different
degrees of humidification in normal lungs. However, little
data exist regarding the impact of humidification and the
inflammatory response elicited in lungs following mechan-
ical ventilation. Therefore, the aim of this study was to
determine the relationship between airway humidification
and mechanical ventilation-induced inflammatory responses.
Using a rabbit model, we determined the effects of mechan-
ical ventilation under conditions of varying temperature and
humidity on the inflammatory cytokines present in the bron-
choalveolar lavage fluid (BALF) and other parameters.

Methods

Care, use, and treatment of all animals in the present
study were in strict agreement with the institutionally ap-
proved protocol according to the United States Public
Health Service Guide for the Care and Use of Laboratory
Animals. This study was approved by the Harbin Medical
University Animal Care and Use Committee. Male Japanese
white rabbits (n = 40) were purchased from the Animal
Experiment Center of Harbin Medical University and allowed
to acclimate for 7 days before the experiments were carried
out. Rabbits had free access to food and water.

Rabbits were anesthetized with pentobarbital sodium
(3%, 30 mg/kg), which was delivered via the auricular
vein. Control group (n = 2) animals were sacrificed after
anesthesia, and their tissues were used as a reference for
comparison with tissues harvested from treated animals.
Anesthetized rabbits were maintained in the supine posi-
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Current knowledge

In healthy individuals, the upper respiratory tract warms
and humidifies gas and facilitates the mucociliary move-
ment of the normal airway epithelium. However, when
an artificial airway is established, the upper respiratory
tract is bypassed. The delivery of dry gas through an
artificial airway into the lower respiratory tract can di-
rectly lead to adverse complications, including ciliary
dyskinesia, respiratory tract epithelial cell damage, and
increased incidence of ventilator-associated pneumonia.

What this paper contributes to our knowledge

Airway humidification in rabbits reduced mechanical
ventilation-associated inflammatory responses, epithe-
lial cell cilia damage, and airway water loss. The main-
tenance of optimal humidification levels may decrease
the incidence of ventilator-induced lung injury. Ade-
quate humidification based on duration of exposure and
patient disease remains to be determined.

tion and intubated via tracheotomy using a 4.5# endotra-
cheal tube. The intubation depth was 2 cm above the tra-
cheal carina. The right femoral artery was cannulated to
monitor the hemodynamics (BeneView T8, Mindray, Shen-
zhen, China) and to draw the blood specimen for the com-
plete blood count and blood gas analyses.

All 38 rabbits (excluding those in the control group)
were mechanically ventilated (Evita 4, Drager, Liibeck,
Germany) for 8 h with a tidal volume of 10 mL/kg, breath-
ing frequency of 35-50 breaths/min, PEEP of 0 cm H,0,
inspiratory to expiratory ratio of 1:1.5, and Fi5 of 30%
with a standard pediatric breathing tube (306/6948, Tyco,
China). Normal saline was then transfused (5 mL/kg/h),
and anesthesia was maintained with pentobarbital (3%,
20 mg/kg intravenously every 2 h) via the auricular vein.
Muscle relaxation was maintained with pipecuronium bro-
mide (0.04 mg/kg intravenously every 30 min). The rectal
temperature was maintained at 37.0-39.0°C with a heating
pad. The room temperature was maintained at 22-30°C.
During the experimental procedure, the temperature and
humidity in the breathing tube were monitored using a
temperature and humidity probe (diameter: 5 mm) at test
points 1-5 (T1-T5), and tracheal carina (using a temper-
ature probe, diameter: 3 mm) at T6 was monitored every
30 min (JCJ508, JUCSAN, China). The probe was inserted
into the tracheal carina by the tracheostomy tube. The
equipment setup and test points (T1-T6) are described in
Figure 1.

The 38 rabbits were randomly divided into 5 groups.
The dry gas group (n = 6) received mechanical ventilation
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Fig. 1. Equipment setup. The temperature and humidity of inspired and expired air were measured by fast-response temperature and
humidity probes, which were directly attached to the breathing tube. Temperature and humidity recordings along the breathing tube were
made at positions T1-T6. T1, humidifier entrance; T2, humidifier export; T3, expiratory port; T4, inspiratory port; T5, inspiration and

expiration mixing section; T6, tracheal carina.

without humidification. Four experimental groups (32 rab-
bits total, n = 8/temperature) received mechanical venti-
lation under humidification at 30, 35, 40, and 45°C (30,
35, 40, and 45°C groups, respectively). The different tem-
peratures correspond to the temperature at the Y-piece of
the inspiratory port (T4). The temperature of the heated
humidifier (MR410, Fisher & Paykel, Auckland, New Zea-
land) was adjusted to ensure constant temperature and hu-
midity at T4. Except for the 30°C group, the length of the
breathing tube from T2 to T4 was 56 cm. Because the
temperature at T4 in the 30°C group was close to room
temperature (with the temperature of the heated humidifier
adjusted to the lowest setting), the temperature at T4 was
higher than the predicted value of 30°C. Therefore, the
length of breathing tube from T2 to T4 in the 30°C group
was increased by 14 cm.

Specimen Collection and BALF
Cytokine Measurements

At the end of the experiment, animals were sacrificed
by exsanguination under anesthesia. The lungs were re-
moved, the right main bronchus was tied, and the left
lobe was lavaged 3 times with 10 mL/kg normal saline
at 4°C to collect the BALF, which was centrifuged im-
mediately at 3,000 rpm for 15 min at 4°C. Supernatants
were collected and stored at —20°C for < 1 month be-
fore analysis. The concentrations of tumor necrosis fac-
tor alpha (TNF-«) and interleukin-8 in BALF samples
were measured with an enzyme-linked immunosorbent
assay kit, as described by the manufacturer (Bio-Swamp
Life Science, Wuhan, China).

Scanning and Transmission Electron Microscopy
Analyses of the Tracheal Epithelium

Three specimens from animals in each experimental
group and 2 specimens from the control group were ran-
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domly selected for microscopic analyses. All samples were
selected from the right main bronchus at 1 cm under the
tracheal carina. The samples were flushed with normal
saline, placed in 2.5% glutaraldehyde for 2—4 h, and ex-
amined by both a scanning electron microscope (S-3400N,
Hitachi, Tokyo, Japan) and a transmission electron micro-
scope (H7650, Hitachi).

White Blood Cell Counts

Arterial blood (2 mL) was drawn after anesthesia and
before exsanguination. White blood cell (WBC) counts
were determined by a clinical laboratory.

Wet to Dry Ratio Measurements

After the animals were sacrificed, the right upper lobe
of the lung was harvested, weighed, placed in an 80°C
drying box (101A-1, NanTong SanSi Electromechanical
Science and Technology, Shanghai, China) for 48 h, and
then weighed again. The wet to dry (W/D) ratio was de-
termined from these measurements.

Histologic Examination and Grading

The right lower lobes of the lungs were fixed in forma-
lin, embedded in paraffin, and stained with hematoxylin
and eosin. Sections were examined microscopically in a
blinded fashion by a pathologist. Each of the following
criteria was graded on a scale from O to 4, where 0 = nor-
mal, 1 = minimal change, 2 = mild change, 3 = moderate
change, and 4 = severe change: (1) neutrophil infiltration,
(2) airway epithelial cell damage, (3) interstitial edema,
(4) hyaline membrane formation, and (5) hemorrhage. His-
tologic scores were added for each criterion analyzed as
described previously.'®
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Table 1. Mean Values of Temperature, Absolute Humidity, and Relative Humidity Measured at Each Hour for 8 h at Test Points 1-6 (T1-T6)

Groups Tl T2 T3 T4 T5 T6
Temperature
Dry gas group 29909 283 0.9 26.7 = 0.9 28.9 £ 0.7 37.0 = 0.9
30°C group 299 0.8 358+ 1.0 30.7 = 0.8 29.8 = 1.1 31.2 % 0.6 37.1 =09
35°C group 31.0+ 1.6 423 £2.6 329=*13 338 + 1.6 339 +0.7 372*13
40°C group 318 £1.2 474 £22 36.8 £ 1.2 39.0 =19 37.7 = 1.8 382 +0.7
45°C group 31.7 = 1.7 533 %19 398 £23 442+ 13 413 £ 1.7 388 £0.8
Absolute humidity
Dry gas group 3.1*+04 10.7 £2.8 23+03 11.0 £2.7 104 £29
30°C group 3.1+0.7 385+23 28.1 = 1.8 28.8 1.5 274 £ 0.9 269 += 1.0
35°C group 3.1+08 51.8 =58 330+ 15 37.8 £3.9 33.0+0.8 326 0.8
40°C group 35*0.6 71.6 £ 89 409 = 2.7 474 =40 413 £49 399 =27
45°C group 3.6*04 89.7 =175 48.0 £5.3 58.6 * 3.6 492 £3.6 48.0 £ 5.1
Relative humidity
Dry gas group 105 £ 1.1 39.0 £ 8.1 8.6 1.0 38979 24.1 £5.7
30°C group 10.2 = 2.1 92.7 = 0.8 89.7+23 93.1 + 1.7 84.8 =23 64.0 = 4.7
35°C group 102 +32 932*+12 919 = 1.8 95.1 0.5 88.9 = 3.1 77.0 = 6.9
40°C group 10.6 =2.0 948 £ 1.4 938 £ 1.6 95.6 = 0.5 90.4 = 3.0 872+ 64
45°C group 109 =14 94.0 £2.8 955+ 0.6 95.7 = 0.44 91.8 1.2 103.5 £ 7.7

T1 = humidifier entrance

T2 = humidifier export

T3 = expiratory port

T4 = inspiratory port

T5 = inspiration and expiration mixing section
T6 = tracheal carina

Data Analysis

Continuous data were expressed as the mean * SD.
Comparisons of results before and after the experiment
were made by using the paired ¢ test for available paired
design data. Comparisons of results between 2 groups were
made with a 2-sample independent ¢ test. Comparisons
between multiple groups were made with a one-way anal-
ysis of variance, and the Student-Neuman-Keuls method
was used for post hoc multiple comparisons. Histologic
score analysis was conducted using the Kruskal-Wallis
test. Test results with P < .05 were considered statistically
significant. All calculations were carried out with the SAS
9.1 (SAS Institute, Cary, North Carolina).

Results
Temperature and Humidity Values at Each Test Point

Temperature, absolute humidity, and relative humidity
were recorded at 6 different positions (T1 for humidifier
entrance, T2 for humidifier export, T3 for expiratory port,
T4 for inspiratory port, TS for inspiration and expiration
mixing section, and T6 for tracheal carina) (Table 1). With
increasing humidification temperature, the temperature, ab-
solute humidity, and relative humidity values gradually
increased compared with values in the dry gas group. In
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the 40°C group, the actual temperature in the Y-piece
reached 39.0 = 1.90°C, the absolute humidity was
47.3 £ 3.95 mg/L, and the relative humidity was
95.6 = 0.48%. The corresponding values in the tracheal
carina were 38.2 = 0.71°C, 39.9 = 2.72 mg/L, and
87.2 = 6.43%, respectively (Table 1).

Inflammatory Cytokine Concentrations in BALF

The TNF-a levels in the dry gas group (71.1 = 6.92
pg/mL) were increased compared with levels in the control
group (52.5 £ 6.74 pg/mL, P < .05), whereas the TNF-« and
interleukin-8 concentrations decreased with increasing tem-
perature, especially in the 40 and 45°C groups. The inflam-
matory cytokine concentrations in the 40 and 45°C groups
were similar to levels observed in the control group (Table 2).

Electron Microscopy Analyses

According to the scanning electron microscope analysis
of the tracheal cilia integrity, the dry gas group animals
demonstrated almost no cilia compared with the 30°C
group, which showed few cilia, lodging, and adhesion.
Animals in the 35°C group had no cilia defects but dis-
played lodging and adhesion. Animals in the 40°C group
presented with nearly normal tracheal cilia and no addi-
tional defects. Animals in the 45°C group showed some
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Table 2.  Interleukin-8 and TNF-a Concentrations (pg/mL)

Groups IL-8 TNF-a
Control group 55.0 £17.0 525 £6.7
Dry gas group 822 *17.1 71.1 £ 6.9%
30°C group 68.0 £ 26.0 60.0 £ 12.1
35°C group 63.5 + 30.1 71.0 £ 23.7
40°C group 56.5 = 18.7% 56.0 = 8.9t
45°C group 53.5 = 13.67 52.9 * 10.7f

* P < .05 versus control group.
T P < .05 versus dry gas group.

damage to the cilia integrity in addition to lodging and
adhesion (Fig. 2).

Transmission electron microscope analysis of the tra-
cheal epithelium demonstrated that most of the epithelium
in the dry gas group was missing. The dry gas group
tracheal epithelium also showed inflammatory cell infil-
trates and subepithelial structural damage. Animals in the
30°C group displayed some epithelial cell loss but no or-
ganelle damage. Animals in the 35°C group showed a
regular array of tracheal cilia, preserved tight junctions,
and intact organelles, with only a few cells with minor
cilia damage. Animals in the 40°C group showed a regular
array of abundant tracheal cilia and intact organelles. An-
imals in the 45°C group demonstrated some cilia damage,
cell degeneration, edema, damaged organelles, loss of tight
junction integrity, and inflammatory cell infiltration
(Fig. 2).

WBC Counts

No significant differences in the WBC counts were ob-
served between the dry gas group and the other experi-
mental groups (P > .05); the average peripheral WBC
count in the dry gas group was 1.28 * 5.75 X 10'°, and in
the 45°C group, it was 1.3 + 6.66 X 10'° (Table 3).

W/D Ratio

The W/D ratio of the dry gas group (4.96 = 0.1) was
lower than that of the control group (5.24 = 0.03, P < .05).
No significant differences in the W/D ratio were observed
between the dry gas group and animals in the other groups
(Table 4).

Histologic Analyses
To compare pathologic differences in the context of
different humidification conditions, we monitored histo-

logic changes microscopically (Fig. 3) and compared his-
tologic scores. As shown on Table 5, the histologic scores
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for animals in the 40°C group were significantly lower
than values observed for the dry gas group and the 45°C
group (P < .05).

Discussion

Clinical guidelines suggest that mechanical ventilation
devices provide a humidity level between 33 and 44 mg/L
H,O and gas temperatures between 34 and 41°C at the
circuit Y-piece with a relative humidity of 100%. Our
results using a rabbit model supported these recommen-
dations, demonstrating that a temperature of 40°C at the
circuit Y-piece was most effective.!” In the 40°C group,
we observed decreased lung inflammation and intact tra-
cheal cilia compared with the other conditions tested, which
confirmed clinical findings and provided the supporting
evidence for clinical guidelines.

The TNF-a concentrations in the BALF collected from
animals in the dry gas group were significantly elevated
compared with the levels observed in the control group
BALF. As the temperature increased, the TNF-« and in-
terleukin-8 concentrations in the corresponding experimen-
tal groups decreased, especially in the 40 and 45°C groups,
which had values significantly lower than those in the dry
gas group. Therefore, we conclude that mechanical venti-
lation elicited inflammatory responses, but humidification
at 40 and 45°C significantly reduced the inflammatory
cytokine levels.

Imai et al'® demonstrated that mechanical ventilation
caused ventilator-induced lung injury, due mainly to the
release of inflammatory cytokines in the alveoli. Tremblay
et al'® ventilated rat lungs for 2 h without humidification
and found that the concentrations of TNF-« and interleu-
kin-6 were significantly increased. Others have demon-
strated that low tidal volumes during mechanical ventila-
tion result in reduced lung capacity and pulmonary
inflammation.20-23 However, Koutsourelakis et al® found
that the concentrations of inflammatory cytokines in nasal
lavage fluids were reduced when noninvasive ventilation
with humidification was used.

Scanning electron microscopy analyses of the trachea
demonstrated that almost all of the cilia were absent under
non-humidified conditions. In the 40°C group, the tracheal
cilia levels were similar to physiologic levels. However,
under- or overhumidification resulted in reduced cilia lev-
els, lodging, and adhesion. Studies have shown that the
delivery of gas into the lower respiratory tract without
humidification not only caused loss of cilia but changes to
cilia morphology and movement.?* Chidekel et al>> dem-
onstrated that exposure to reduced humidity levels reduced
epithelial cell function and increased inflammation in the
environmental chambers of airway epithelial monolayers.

Transmission electron microscopy analysis of the tra-
cheal epithelium revealed well-defined infiltration of in-
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Fig. 2. Scanning electron micrographs (A-E) and transmission electron micrographs (F-J) of tracheal epithelial structures. A: dry gas group
devoid of cilia. Magnification X 1,000. B: 30°C group. Arrow 1 indicates loss of cilia integrity, adhesions, and lodging. Arrow 2 indicates part
of a detached cilium. Magnification x1,000. C: animal in the 35°C group displaying loss of cilia integrity, adhesions, and lodging, with cilia
remaining attached. Magnification x<2,000. D: animal in the 40°C group showing nearly normal tracheal cilia. Magnification x1,000. E: 45°C
group. Arrow 1 indicates part of an unattached cilia. Arrow 2 indicates an irregularly arranged cilia with adhesions and lodging. Magnification
X2,000. F: dry gas group. Arrow 1 indicates inflammatory infiltrates. Arrow 2 indicates unattached tracheal epithelial cell cilium and regions
devoid of cilia. Magnification x8,000. G: 30°C group. The arrow indicates decreased cilia density in the trachea. Magnification x7,000. H:
35°C group. The arrow indicates decreased cilia density in the trachea. Magnification x8,000. I: 40°C group. Shown are nearly normally
arranged cilia in the tracheal epithelium. Magnification X10,000. J: 45°C group. Arrow 1 indicates decreased cilia density. Arrow 2 indicates
cytoplasmic overflow. Arrow 3 indicates inflammatory infiltrates. Arrow 4 indicates water in the interstitial space. Magnification x6,000.

Table 3. White Blood Cell Changes Before and After Mechanically
Administered Ventilation

Group Bef.ore Aft.er
Experiment Experiment
Dry gas group, n = SD 6.9 * 4.1 X 10° 1.3+58x 10"
30°C group, n = SD 7.8 3.3 % 10° 8.0 = 4.7 X 10°
35°C group, n = SD 5.5*3.9 % 10° 7.5 +2.0 % 10°
40°C group, n = SD 52 *34x10° 7.9 6.5 X 10°
45°C group, n = SD 8.6 = 5.9 X 10° 1.2 6.7 X 10"

# P < .05 versus before experiment.

flammatory cells in animals from the dry gas and 45°C
groups. The degree of inflammation was accompanied
by increased inflammatory cytokines and WBC counts
in the dry gas group BALF. In contrast, inflammatory
BALF cytokine levels were not associated with the level
of inflammatory cell infiltrates or increased WBC counts
observed in the 45°C group. This lack of association
was probably due to overhumidification or burn damage
to the respiratory tract associated with the 45°C group
animals. These animals probably experienced overhu-
midification so that increased water levels in the alveoli
facilitated cytokine diffusion into the interstitial fluid.
Another reason may be differences in the cell degener-
ation thresholds between the 40 and 45°C groups. There
were more cellular changes observed in the 45°C group
in addition to a coiling effect caused by the inhaled gas.
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Therefore, although there was only a 0.6°C change at
the tracheal carina between these 2 groups, this temper-
ature difference may have been sufficient to cause
changes to the respiratory tract epithelium. Modell et al'#
found that overhumidification not only caused pulmo-
nary edema but also elicited inflammatory responses.
Relatively minor temperature and humidity changes also
affected the outcome during mechanical ventilation; this
response may be due to the highly sensitive nature of
the tracheal epithelium. Both under- and overhumidifi-
cation caused harm to the tracheal epithelium, espe-
cially to the cilia. Therefore, the correct degree of hu-
midification must be utilized to prevent inflammatory
responses from being elicited.

Although the WBC counts did not exceed normal phys-
iologic values, rabbits in the dry gas groups and 45°C
groups presented with WBC counts that exceeded 1 X 10'°.
Villar and Blanco!> found that mechanical ventilation-in-
duced lung injury stimulated the production of inflamma-
tory mediators that led to local or systemic inflammatory
reactions. Lung inflammation due to mechanical ventila-
tion-induced injury could easily lead to increased levels of
inflammatory cytokines, damage to the alveolar and cap-
illary epithelial cells, and, eventually, ARDS. The use of
appropriate humidification treatment can reduce the sever-
ity of the inflammatory response. The data presented in
this study further suggest that optimal humidification may
decrease the incidence of ventilator-induced lung injury
during mechanical ventilation.
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Table 4.  Wet to Dry Ratio in All Groups

Control Group Dry Gas Group 30°C Group 35°C Group 40°C Group 45°C Group

W/D ratio 52=*0.0 5.0 = 0.1% 5.1*x0.7 5.1*03 54*04 53*0.5

* P < .05 versus control group.
‘W/D ratio = wet to dry ratio

N o bW SRS, - BT [ K ST =9
Fig. 3. Hematoxylin and eosin staining of lung tissues. A: dry gas group. Arrow 1 indicates inflammatory infiltrates, and arrow 2 indicates
alveolar collapse. Magnification X100. B: 30°C group. Arrow 1 indicates inflammatory infiltration, arrow 2 indicates alveolar hemorrhage,
and arrow 3 indicates alveolar collapse. Magnification X100. C: 35°C group. Arrow 1 indicates interstitial edema, and arrow 2 indicates
inflammatory infiltration. Magnification X400. D: 40°C group. Inflammatory cell infiltration was absent. Magnification X200. E: 45°C group.
Arrow 1 indicates inflammatory infiltrates, arrow 2 indicates alveolar collapse, and arrow 3 indicates alveolar hemorrhage. Magnification
X200. F: control group. Arrow 1 indicates alveolar hemorrhage, and arrow 2 indicates alveolar collapse. Magnification xX200.

Table 5.  Lung Histology Scores

Dry Gas Group 30°C Group 35°C Group 40°C Group 45°C Group
Neutrophil infiltration 1.7+ 1.0 1.5*0.5 1.0 £0.5 04 +0.8 1.1 £0.6
Airway epithelial cell damage 0.8 £0.8 0.5 0.5 0.1 £04 0.0 £0.0 09 *04
Interstitial edema 0.3 *+0.5 0.5*05 0.1 04 0.0 £0.0 0.5+0.5
Hemorrhage 2.0*=0.0 1.1 =04 1.3 0.5 0.6 =0.5 23=*0.7
Total score 4.8 £ 1.0* 36+ 13 26+ 1.2 1.0x1.2 4.8 £ 1.4%

* P < .05 versus 40°C group.

Compared with animals in the control group, the dry gas
group animals presented with significantly reduced W/D
ratios. This finding suggested that the animals experienced
significant loss of moisture and heat as a result of mechan-
ical ventilation in the absence of humidification. Gross and
Park?¢ found that gas administration into the lower respi-
ratory tract without proper humidification was associated
with loss of moisture and heat, cilia damage, sputum re-
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tention, pulmonary infection, and atelectasis, especially in
newborns. The histologic scores for animals in the 40°C
group were significantly lower than scores observed for
animals in the dry gas groups and 45°C groups, suggesting
that either reduced or elevated humidification levels could
cause airway injury,'+242> which was consistent with the
observed changes in inflammatory cytokines and tracheal
cilia integrity.
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We used 10 mL/kg as a normal tidal volume,?” but
previous work demonstrated that low mechanical ventila-
tion tidal volumes also could result in reduced lung ca-
pacity and pulmonary inflammation.29-22 Koutsourelakis
et al® found a reduction in the levels of inflammatory
cytokines in nasal lavage fluids following the administra-
tion of noninvasive mechanical ventilation with humidifi-
cation. This suggested that the administration of mechan-
ical ventilation without humidification represents one of
the major factors affecting ventilator-associated lung in-
jury that is not only caused by mechanical injury but also
caused by insufficient humidification, resulting in inflam-
mation. It is therefore important to determine whether me-
chanical ventilation with normal tidal volumes and opti-
mal humidification can be used to prevent or reduce
ventilator-associated lung injury.

Chalon et al®2?% found that subjects ventilated without
humidification for > 1 h during the course of general an-
esthesia presented slight damage to the respiratory tract
epithelium. Ventilation for > 3 h resulted in changes to
the cytoplasm of the tracheal epithelial cells in about 30%
of subjects, which were accompanied by changes to the
nuclei in about 48% of subjects. However, subjects who
received humidification therapy during mechanical venti-
lation did not present with any significant changes to their
epithelial cell structure. Previous studies?-3 showed that,
during general anesthesia, the delivery of cold, dry gas
into the lower respiratory tract resulted in pulmonary sur-
factant changes, increased pulmonary surface tension, and
alveolar collapse. Based on the data presented in this re-
port, we recommend that patients receiving general anes-
thesia also receive humidification therapy.

The beneficial effects associated with airway humidifi-
cation depend on various factors, including the tempera-
ture of the inhaled air, room temperature, ventilation, type
of humidification device used, and dimensions (length and
diameter) of the breathing tube. In our study, except for
minor fluctuations in the room temperature and the length
of the breathing tube in animals in the 30°C group, all
other conditions remained constant. When the breathing
tube length was increased by 10 cm, the temperature de-
creased by 1.5-2.0°C, the absolute humidity decreased by
about 2 mg/L, and the relative humidity increased. Inui
et al3! found that when the length of the breathing tube was
increased by 10 cm, the temperature was decreased by
1.0-2.0°C, and absolute humidity was decreased by about
1-2 mg/L, with a corresponding increase in relative hu-
midity. Their findings are consistent with the work pre-
sented in this report.

The data presented by us and others suggest that optimal
humidification levels need to be maintained during me-
chanical ventilation as a means of preventing damage to
the airway epithelium. Furthermore, factors that can affect
humidification efficacy, such as the tidal volume, humid-
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ification device, room temperature, and tubing length,
should be considered. In addition, prewarming the air be-
fore it enters the breathing tube,3? insulating the breathing
tube, and monitoring the humidity levels should be in-
cluded as part of the treatment process. Moreover, the
temperature and humidity sensor was too big to use in
small animals like mice; therefore, additional studies should
be conducted in larger animals to further expand on the
present findings.

Conclusions

Airway humidification in rabbits reduced mechanical
ventilation-associated inflammatory responses, epithelial
cell cilia damage, and airway water loss. The maintenance
of optimal humidification levels may decrease the inci-
dence of mechanical ventilation-associated ventilator-
induced lung injury. Therefore, it is recommended that
patients receiving general anesthesia also receive humid-
ification therapy.

ACKNOWLEDGMENTS

We thank Medjaden Bioscience Limited for assisting in the preparation
of the manuscript.

REFERENCES

1. Konrad F, Schiener R, Marx T, Georgieff M. Ultrastructure and
mucociliary transport of bronchial respiratory epithelium in intu-
bated patients. Intensive Care Med 1995;21(6):482-489.

2. Lacherade J-C, Auburtin M, Cerf C, Van de Louw A, Soufir L,
Rebufat Y, et al. Impact of humidification systems on ventilator-
associated pneumonia: a randomized multicenter trial. Am J Respir
Crit Care Med 2005;172(10):1276-1282.

3. Gharib SA, Liles WC, Klaff LS, Altemeier WA. Noninjurious me-
chanical ventilation activates a proinflammatory transcriptional pro-
gram in the lung. Physiol Genomics 2009;37(3):239-248.

4. Hegeman MA, Hennus MP, Heijnen CJ, et al. Ventilator-induced
endothelial activation and inflammation in the lung and distal organs.
Crit Care 2009;13(6):R182.

5. Ricard JD, Dreyfuss D, Saumon G. Ventilator-induced lung injury.
Curr Opin Crit Care 2002;8(1):12-20.

6. Bose CL, Laughon MM, Allred EN, O’Shea TM, Van Marter LJ,
Ehrenkranz RA. Systemic inflammation associated with mechanical
ventilation among extremely preterm infants. Cytokine 2013;61(1):
315-322.

7. Cohen IL, Weinberg PF, Alan I, Fein IA, Rowinski GS. Endotra-
cheal tube occlusion associated with the use of heat and moisture
exchangers in the intensive care unit. Crit Care Med 1988;16(3):277-
279.

8. Koutsourelakis I, Vagiakis E, Perraki E, Karatza M, Magkou C,
Kopaka M, et al. Nasal inflammation in sleep apnoea patients using
CPAP and effect of heated humidification. Eur Respir J 2011;37(3):
587-594.

9. Chalon J, Loew DA, Malebranche J. Effects of dry anesthetic gases
on tracheobronchial ciliated epithelium. Anesthesiology 1972;37(3):
338-343.

1727



10.

11.

12.

13.

14.

16.

20.

21.

HUMIDIFICATION AND INFLAMMATORY RESPONSE DURING MECHANICAL VENTILATION

Rea H, McAuley S, Jayaram L, Garrett J, Hockey H, Storey L, et al.
The clinical utility of long-term humidification therapy in chronic
airway disease. Respir Med 2010;104(4):525-533.

Todd DA, John E. Lung injury and repair in rabbits from ventilation
with moist air. Br J Exp Pathol 1989;70(6):637-645.

Dreyfuss D, Saumon G. Ventilator-induced lung injury: lessons from
experimental studies. Am J Respir Crit Care Med 1998;157(1):294-
323.

Ricard JD, Dreyfuss D, Saumon G. Production of inflammatory
cytokines in ventilator-induced lung injury: a reappraisal. Am J Re-
spir Crit Care Med 2001;163(5):1176-1180.

Modell JH, Giammona ST, Davis JH. Effect of chronic exposure to
ultrasonic aerosols on the lung. Anesthesiology 1967;28(4):680-688.

. Villar J, Blanco J. Ventilator-induced lung injury and sepsis: two

sides of the same coin? Minerva Anestesiol 2011;77(6):647-53.
Pirat A, Zeyneloglu P, Aldemir D, Yiicel M, Ozen O, Candan S,
Arslan G. Pretreatment with simvastatin reduces lung injury related
to intestinal ischemia-reperfusion in rats. Anesth Analg 2006;102(1):
225-232.

. American Association for Respiratory Care, Restrepo RD, Walsh

BK. Humidification during invasive and noninvasive mechanical
ventilation. Respir Care. 2012;57(5):782-788.

. Imai Y, Kawano T, Iwamoto S, Nakagawa S, Takata M, Miyasaka

K. Intratracheal anti-tumor necrosis factor-« antibody attenuates ven-
tilator-induced injury in rabbits. J Appl Physiol 1999;87(2):510-515.

. Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious

ventilatory strategies increase cytokines and c-fos m-RNA expres-
sion in an isolated rat lung model. J Clin Invest 199(5)7;99:944-952.
Cannizzaro V, Zosky GR, Hantos Z, Turner DJ, Sly PD. High tidal
volume ventilation in infant mice. Respir Physiol Neurobiol 2008;
162(1):93-99.

Zosky GR, Cannizzaro V, Hantos Z, Sly PD. Protective mechanical
ventilation does not exacerbate lung function impairment or lung
inflammation following influenza A infection. J Appl Physiol 2009;
107(5):1472-1478.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Caruso P, Meireles SI, Reis LF, Mauad T, Martins MA, Deheinzelin
D. Low tidal volume ventilation induces proinflammatory and pro-
fibrogenic responsein lungs of rats. Intensive Care Med 2003;29(10):
1808-1811.

Pires KM, Melo AC, Lanzetti M, Casquilho NV, Zin WA, Porto
LC, Valenca SS. Low tidal volume mechanical ventilation and
oxidative stress in healthy mouse lungs. J Bras Pneumol 2012;
38(1):98-104.

Cinnella G, Giardina C, Fischetti A, Lecce G, Fiore MG, Serio G.
Airways humidification during mechanical ventilation: effects on
tracheobronchial ciliated cells morphology. Minerva Anestesiol 2005;
71(10):585-593.

Chidekel A, Zhu Y, Wang J, Mosko JJ, Rodriguez E, Shaffer TH.
The effects of gas humidification with high-flow nasal cannula on
cultured human airway epithelial cells. Pulm Med 2012;2012:380686.
Gross JL, Park GR. Humidification of inspired gases during mechan-
ical ventilation. Minerva Anestesiol 2012;78(4):496-502.

Kotani M, Kotani T, Ishizaka A, Fujishima S, Koh H, Tasaka S, et
al. Neutrophil depletion attenuates interleukin-8 production in mild-
overstretch ventilated normal rabbit lung. Crit Care Med 2004;32(2):
514-519.

Chalon J, Patel C, Ali M, Ramanathan S, Capan L, Tang CK, Turn-
dorf H. Humidity and the anesthetized patient. Anesthesiology 1979;
50(3):195-198.

Tsuda T, Noguchi H, Takumi Y, Aochi O. Optimum humidification
of air administered to a tracheotomy in dogs: scanning electron mi-
croscopy and surfactant studies. Br J Anaesth 1977;49(10):965-977.
Brock-Utne JG. Humidification in paediatric anaesthesia. Paediatr
Anaesth 2000;10(2):117-119.

Inui D, Oto J, Nishimura M. Effect of heat and moisture exchanger
(HME) positioning on inspiratory gas humidification. BMC Pulm
Med 2006;6:19.

Schena E, De Paolis E, Silvestri S. Gas pre-warming for improving
performances of heated humidifiers in neonatal ventilation. Conf
Proc IEEE Eng Med Biol Soc 2011;2011:1205-1208.

This article is approved for Continuing Respiratory Care Education
credit. For information and to obtain your CRCE
(free to AARC members) visit
www.rcjournal.com

CRCE

CONTINUING RESPIRATORY
‘CARE EDUCATION

1728

RESPIRATORY CARE ® DECEMBER 2015 VoL 60 No 12



