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Critically ill patients often de-
velop retention of airways se-
cretions (1, 2). Tracheal intu-
bation is one of the most

important risk factors for impairment

of mucus clearance (3). We previously
demonstrated in sheep that after intu-
bation, mucus is regularly transported
by cilia toward the glottis and ulti-
mately accumulates on the dependent

tracheal regions, proximal to the endo-
tracheal tube cuff (4). However, when
the trachea is obliquely oriented, as in
the semirecumbent position, the re-
tained mucus eventually flows back-
ward, toward the lungs.

Mucus transport also can be influ-
enced by inspiratory and expiratory flows
via a two-phase gas–liquid flow mecha-
nism (5). Thickness of the mucus layer,
inspiratory/expiratory air velocity, and
viscosity of mucus are the critical factors
that influence movement of mucus
through flow of air (6). There is evidence
that outward clearance of mucus can be
achieved when expiratory flow exceeds in-
spiratory flow (5, 7). During mechanical
ventilation, flow rates can be modified by
adjusting the duty cycle (TI/TTOT) or by
applying positive end-expiratory pressure
(PEEP). In volume-controlled mechani-
cal ventilation, the prolongation of TI/
TTOT decreases the inspiratory flow rate,

Objectives: During mechanical ventilation, air flows may play a
role in mucus transport via two-phase gas liquid flow. The aim of
this study was to evaluate effects of duty cycles and positive
end-expiratory pressure on mucus clearance in pigs using me-
chanical ventilation, and to assess their safety.

Design: Prospective randomized animal study.
Setting: Animal research facility, University of Barcelona,

Spain.
Subjects: Eight healthy pigs.
Interventions: Pigs were intubated and on volume-control me-

chanical ventilation for up to 84 hrs. After 4, 24, 48, and 72 hrs of
mechanical ventilation, six levels of duty cycle (0.26, 0.33, 0.41,
0.50, 0.60, and 0.75) with no associated positive end-expiratory
pressure or 5 cm H2O of positive end-expiratory pressure were
randomly applied. Surgical bed was oriented 30 degrees in the
reverse Trendelenburg position, as in the semirecumbent position.

Measurement and Main Results: Inspiratory and expiratory
flows and hemodynamics were measured after each 30-min ven-
tilation period. Mucus movement was assessed through fluoros-
copy tracking of radio-opaque markers. Mucus velocity was de-
scribed by a positive vector (toward the glottis) or negative vector

(toward the lungs). No effect of positive end-expiratory pressure
was found; however, as duty cycle was increasingly prolonged, a
trend toward reduced velocity of mucus moving toward the lungs
and increased outward mucus velocity was found (p � .064). Two
clusters of mucus velocities were identified as duty cycle was
prolonged beyond 0.41. Thus, duty cycle >0.41 increased mean
expiratory–inspiratory flow bias from �4.1 � 4.6 to 7.9 � 5.9
L/min (p < .0001) and promoted outward mucus velocity from
�0.22 � 1.71 mm/min (range, �5.78 to 2.42) to 0.53 � 1.06
mm/min (�1.91 to 3.88; p � .0048). Duty cycle of 0.75 resulted
in intrinsic positive end-expiratory pressure (2.1 � 1.1 cm H2O
[p < .0001] vs. duty cycle 0.26 – 0.5), with no hemodynamic
compromise.

Conclusions: In the semirecumbent position, mucus clearance
is improved with prolongation of the duty cycle. However, in
clinical practice, positive findings must be balanced against the
potentially adverse hemodynamic and respiratory effects. (Crit
Care Med 2012; 40:895–902)
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Española de Neumología y Cirugía Torácica (SEPAR);
and Centro de Investigación Biomedica En Red- Enfer-
medades Respiratorias, (CIBERES); and HERACLES,
RD06/0009/0008.

The authors have not disclosed any potential con-
flicts of interest.

For information regarding this article, E-mail:
atorres@clinic.ub.es

Copyright © 2012 by the Society of Critical Care
Medicine and Lippincott Williams & Wilkins

DOI: 10.1097/CCM.0b013e318236efb5

895Crit Care Med 2012 Vol. 40, No. 3

www.ccmjournal.com
www.ccmjournal.com


which consequently increases the expira-
tory–inspiratory flow bias. Differently,
PEEP can improve expiratory flow through
the increase of expiratory lung volume and
prevention of the premature airways clo-
sure during expiration.

The primary aim of our 84-hr study in
mechanically ventilated healthy pigs po-
sitioned in a model of the semirecumbent
position was to explore whether the dif-
ference between expiratory and inspira-
tory flow rates, generated by TI/TTOT pro-
longation and PEEP, can counteract
effects of gravity on retained mucus and
improve mucus clearance. Furthermore,

safety of TI/TTOT prolongation and PEEP
was studied.

MATERIALS AND METHODS

This study was conducted at the Animal
Research Laboratories of the University of Bar-
celona, Spain. The protocol was approved by
the Institutional Review Board and Ethics
Committee. Animals were managed according
to the National Institutes of Health guidelines
for the Use and Care of Animals (8).

Animal Preparation and Handling. A de-
tailed description of methods regarding ani-
mal preparation and handling are provided in
the supplemental data (Supplemental Digital

Content 2, http://links.lww.com/CCM/A351).
Eight female Large White-Landrace pigs
(weight, 31.5 � 3.2 kg; range, 27–37 kg) were
anesthetized, orotracheally intubated, and
connected to a SERVO-i mechanical ventilator
(Maquet, Wayne, NJ). Pigs were mechanically
ventilated in volume-control square-wave in-
spiratory flow, without inspiratory pause, with
tidal volume (VT) 10 mL/kg, PEEP of 2 cm
H2O, and respiratory rate adjusted to maintain
PaCO2 between 40 and 45 mm Hg. Inspiratory
gases were conditioned to 37°C through a
heated humidifier. The femoral artery was sur-
gically cannulated and a pulmonary artery
catheter was introduced through the internal
jugular vein. Finally, an orogastric tube,

Figure 1. Expiratory–inspiratory flow bias by duty cycle (TITTOT) and positive end-expiratory pressure (PEEP). A, TITTOT (p � .0001) and PEEP (p � .0001)
increased differences between peak expiratory flow (PEF) and mean inspiratory flow (MIF). B, TITTOT (p � .0001) and PEEP (p � .0001) increased differences
between mean expiratory flow (MEF) and mean inspiratory flow (MIF). C, TITTOT (p � .0001) and PEEP (p � .0001) increased ratios between PEF and MIF.
D, TITTOT (p � .0001) and PEEP (p � .0001) increased ratios between MEF and MIF. N � 348. ap � .05 vs. all TITTOT; bp � .05 vs. TITTOT 0.26, 0.50, 0.60,
and 0.75; cp � .05 vs. TITTOT 0.26, 0.60, and 0.75; dp � .05 vs. TITTOT 0.26, 0.33, and 0.75; ep � .05 vs. TITTOT 0.26, 0.33, 0.41, and 0.75.
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which comprises a polyurethane esophageal
balloon, was introduced through the mouth of
the pig. After surgical preparation, pigs were
placed in the prone position, and the surgical
bed was oriented approximately 30 degrees in
the reverse Trendelenburg position.

Experimental Protocol. After 4, 24, 48, and
72 hrs of mechanical ventilation, pigs were
paralyzed and six levels of TITTOT of 0.26, 0.33,
0.41, 0.50, 0.60, and 0.75 (inspiratory:
expiratory ratios: 1:2.9, 1:2, 1:1.4, 1:1, 1.5:1,
and 3:1, respectively) with either no PEEP or 5
cm of H2O of PEEP were randomly applied.
Each ventilation period, with a given TITTOT–
PEEP, lasted approximately 30 mins.
Throughout the protocol, endotracheal suc-
tioning was performed when considered clin-
ically indicated by audible retention of secre-
tions or after visible translocation toward the
lungs of a large accrual of mucus.

Respiratory Measurements. Airway pres-
sure, esophageal pressure, and respiratory
flow rate (V̇) were assessed and recorded on a
personal computer for subsequent analysis as
previously reported (9). We calculated the dif-
ference and the ratio between peak expiratory
flow and mean inspiratory flow (MIF) and be-
tween mean expiratory flow, from beginning
of expiration until expiratory flow reached
zero, and MIF. The static elastance of the
respiratory system, static elastance of the
chest wall, and static elastance of the lung,
total inspiratory resistance of the respiratory
system, the inspiratory air flow-resistive com-
ponent, and inspiratory tissue resistances
were calculated using standard formulae (9).

Hemodynamic Measurements. After as-
sessment of pulmonary variables, gas ex-
change (arterial and mixed venous blood),
mean arterial pressure, central venous pres-
sure, mean pulmonary artery pressure, pul-
monary capillary wedge pressure, and cardiac
output were measured. Stroke volume, sys-
temic vascular resistance, pulmonary vascular
resistance, and venous admixture were com-
puted.

Tracheal Mucus Velocity. Tracheal mucus
movement was measured during each 30-min
ventilation period of the daily protocol as previ-
ously reported (4, 10). Briefly, radio-opaque tan-
talum disks were endoscopically insufflated into
the trachea. Timed serial lateral fluoroscopic im-
ages (Supplemental Fig. 1 [Supplemental Digital
Content 1, http://links.lww.com/CCM/A350])
were taken to compute tracheal mucus velocity
through movement of the markers. Mucus ve-
locity per each ventilation period was averaged
from velocities of all tracked markers. Disks
were tracked as long as they remained in the
visual field of the fluoroscope or until they
consistently presented a velocity between
�0.09 and 0.09 mm/min. The direction of the
movement of each marker was described by a
positive vector (toward the glottis) or negative
vector (toward the lungs). Additionally, a
number from zero (most dependent part of the
trachea, i.e., ventral tracheal surface) to six
(most nondependent, i.e., dorsal tracheal sur-

face) was assigned to each tantalum disk to
describe its punctual vertical position within
the trachea. Analysis of effects of duty cycle
and PEEP was restricted on retained mucus at
the dependent parts of the trachea, because we
previously demonstrated (4) that mucus lining
the nondependent tracheal regions is primar-
ily transported by cilia. During the analysis of
the tracheal mucus velocities, the observers
were blinded to the TITTOT–PEEP association
applied.

Statistical Analysis. Continuous variables
were analyzed using a restricted maximum
likelihood analysis, based on repeated mea-
sures approach, including TITTOT, PEEP, and
their interaction as factors. Each pair-wise
comparison was corrected using Bonferroni’s
method. After duty cycle dichotomization,
continuous variables were compared through
either paired Student t test or the Wilcoxon
signed rank sum test in the case of variables
that were normally or not normally distributed,

Figure 2. Tracheal mucus velocity by duty cycle (TITTOT) and positive end-expiratory pressure (PEEP).
In each box plot, the median value is indicated by the center horizontal line, the mean is indicated by
the black dot, and the 25th and 75th percentiles are indicated by the lower and upper box horizontal
lines. Whiskers above and below the box indicate the 90th and 10th percentiles. No effect of PEEP was
found (p � .48); however, as TI/TTOT was prolonged beyond 0.41, a trend toward improved mucus
clearance was found (p � .064). N � 94.

Table 1. Mucus clearance analysis

0.25–0.41 Duty Cycle 0.50–0.75 Duty Cycle p

Mucus clearance analysis
Mucus velocity (mm/min)a �0.22 � 1.71 (�5.78–2.42) 0.53 � 1.06 (�1.91–3.88) .0048
Incidence of mucus moving

toward glottisb �48 hrs of
mechanical ventilation

19/66 (28.79) 28/74 (37.84) .2858

Incidence of mucus moving
toward lungsb �48 hrs of
mechanical ventilation

38/68 (55.88) 27/71 (38.03) .0420

Respiratory air flow analysisc

Inspiratory flow (L/min) 19.8 � 4.4 10.8 � 2.6 �.0001
PEF (L/min) 43.3 � 7.1 43.8 � 6.7 .2887
MEF (L/min) 15.7 � 2.2 18.6 � 4.4 �.0001
PEF-MIF difference (L/min) 23.5 � 8.6 33.0 � 7.6 �.0001
MEF-MIF difference (L/min) �4.1 � 4.6 7.9 � 5.9 �.0001
PEF-MIF ratio 2.3 � 0.7 4.3 � 1.2 �.0001
MEF-MIF ratio 0.8 � 0.2 1.8 � 0.7 �.0001

MEF, mean expiratory flow; MIF, mean inspiratory flow; PEF, peak expiratory flow.
aNinety-four observations (tracked disks velocity means of the 4-day study for each animal and

condition) were analyzed; btwo hundred seventy-nine categorical observations (vectors of mucus
velocities toward either the glottis or the lungs for each day, animal, and condition) were analyzed.
Only occurrence of mucus moving toward the lungs is reported; cthree hundred forty-eight observa-
tions (respiratory parameters for each day, animal, and condition) were analyzed. Overall, results are
means � SD (range).
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respectively. Categorical variables were analyzed
using Fisher exact test. Multivariate logistic re-
gression analysis was performed to assess asso-
ciation between predefined variables with risks
for mucus moving toward the lungs as a
result of mucus hypersecretion and build-up
at the proximal trachea. A two-sided p � .05
was considered statistically significant. All statisti-
cal analyses were performed using SAS software
(version 9.2; SAS Institute, Cary, NC).

RESULTS

Six of the eight studied pigs completed
the 84-hr study. Experiment using pig 1
was electively planned to last 60 hrs and
pig 6 died at 64 hrs from accidental ex-
tubation. Pigs were placed on a surgical
bed oriented 26.7 � 0.8 degrees above
horizontal, resulting in tracheal orienta-
tion of 19.3 � 3.8 degrees.

Efficacy Analysis: Effects of TI/
TTOT and PEEP on Air Flows

The respiratory rate throughout the
study was 19 � 1 breaths per minute
(range, 18–21 breaths per minute) and VT

was 322 � 29 mL (range, 270–370 mL).
The prolongation of TI/TTOT progressively
decreased the inspiratory flow (Supple-
mental Fig. 2 [Supplemental Digital Con-
tent 3, http://links.lww.com/CCM/A352]).
An increase in peak expiratory flow was
found, as expected, when the expiratory
lung volume increased, because to the
extrinsic PEEP, or when TI/TTOT was in-
creased to 0.75, resulting in intrinsic
PEEP (Supplemental Fig. 3 [Supplemen-
tal Digital Content 4, http://links.lww-
.com/CCM/A353]). Similarly, a significant
increase in mean expiratory flow was
found when PEEP was applied and at
TI/TTOT of 0.75, at which expiratory flow
did not reach zero flow before the next
inspiration (Supplemental Fig. 4 [Supple-
mental Digital Content 5, http://link-
s.lww.com/CCM/A354] and Supplemental
Fig. 5 [Supplemental Digital Content 6,
http://links.lww.com/CCM/A355]). Conse-
quently, prolongation of TI/TTOT and
PEEP increased expiratory–inspiratory
flow bias. Figure 1 and Table 1 depict
effects of TI/TTOT and PEEP on peak ex-
piratory flow–MIF difference (Fig. 1A),
mean expiratory flow–MIF difference
(Fig. 1B), peak expiratory flow-to-MIF ra-
tio (Fig. 1C), and mean expiratory flow-
to-MIF ratio (Fig. 1D).

Figure 3. Effects of duty cycle (TITTOT) and positive end-expiratory pressure (PEEP) on development
of intrinsic PEEP. TITTOT progressively increased intrinsic PEEP (p � .0001). N � 348. ap � .0001 vs.
TITTOT 0.26–0.60.

Table 2. Multivariate analysis

N Odds Ratio
95% Confidence

Interval p

Hours of mechanical ventilation �48 hrs 252 1.910 1.156–3.192 .0192
Time since last tracheal aspiration �120 mins 252 3.886 1.986–5.691 �.0001

Table 3. Effects of duty cycles and positive end-expiratory pressure on respiratory mechanics

Duty Cycle 0.26 Duty Cycle 0.33 Duty Cycle 0.41

PEEP 0 PEEP 5 PEEP 0 PEEP 5 PEEP 0 PEEP 5

Respiratory rate, breaths/min 19.3 � 0.8 19.3 � 0.8 19.3 � 0.8 19.3 � 0.8 19.3 � 0.8 19.3 � 0.8
Esophageal pressure, cm H2O �0.7 � 2.1 1.3 � 1.6 �1.1 � 2.1 1.1 � 1.5 �0.4 � 2.5 1.2 � 1.4
PaO2, mm Hg 175.5 � 24.2 179.4 � 25.0 178.0 � 26.0 184.2 � 15.5 173.0 � 37.3 179.8 � 26.1
PaCO2, mm Hg 41.6 � 8.6 43.3 � 8.1 42.8 � 9.5 44.3 � 9.2 41.7 � 9.2 41.9 � 9.2
Static elastance of the respiratory system, cm H2O/L 33.8 � 7.2 33.3 � 6.1 33.8 � 7.6 33.8 � 6.1 36.4 � 10.0 33.8 � 7.4
Static elastance of the lungs, cm H2O/L 20.5 � 7.7 20.2 � 6.3 19.7 � 8.7 19.5 � 8.0 22.7 � 10.5 21.0 � 7.5
Static elastance of the chest wall, cm H2O/L 12.9 � 3.7 12.5 � 3.3 13.6 � 4.1 13.4 � 4.7 13.7 � 4.9 12.2 � 5.0
Pulmonary shunt, % 3.4 � 1.6 3.3 � 2.0 3.7 � 2.0 2.9 � 1.5 3.2 � 1.8 3.1 � 1.7
Total inspiratory resistance of the respiratory system

cm H2O/L/sec
14.5 � 5.0 13.6 � 3.4 13.2 � 4.1 13.2 � 2.2 15.9 � 9.5 15.6 � 7.8

Inspiratory air-flow resistance, cm H2O/L/sec 10.9 � 3.3 10.2 � 2.5 9.3 � 2.5 9.0 � 1.1 10.4 � 6.6 10.6 � 5.1
Inspiratory tissue resistance, cm H2O/L/sec 3.6 � 2.4 3.4 � 1.8 3.9 � 2.2 4.2 � 1.9 5.5 � 3.7 5.0 � 3.4c

PEEP, positive end-expiratory pressure.
ap � .05 vs. duty cycle 0.26, 0.33, 0.5, and 0.6; bp � .05 vs. duty cycle 0.26, 0.4, and 0.5; cp � .05 vs. duty cycle 0.26; dp � .05 vs. duty cycle 0.26–0.41

and 0.75. Results are means � SD.
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Effects of TI/TTOT and PEEP on
Mucus Transport

After insufflations, disks were placed
78.9 � 32.0 mm distally from the tip of
the tracheal tube (range, 11.4 –159.6
mm). Overall, 5161 movements of 368
tantalum disks were averaged and 94 re-
sulting mucus velocities were analyzed.
Median number of disks tracked per ven-
tilation period was 3 (range, 1–10). Mu-
cus moved toward the glottis or the lungs
or remained stationary in 55 of 94 (59%),
34 of 94 (36%), and 5 of 94 (5%) of the
ventilation periods, respectively. Effects
of TI/TTOT and PEEP on velocity of mucus
are shown in Figure 2 (no effect of PEEP
was found; p � .48); however, as TI/TTOT

was prolonged from 0.26 to 0.75, a trend
toward a reduction of velocity of mucus
moving toward the lungs and an in-
creased outward mucus velocity were
found (p � .06). In Figure 2, two clusters
of mucus velocities were identified, sug-
gestive of a potential threshold effect on
mucus clearance when TI/TTOT was pro-
longed beyond 0.41. Hence, as reported
in Table 1, TI/TTOT �0.5 in comparison to
TI/TTOT �0.4 generated higher expiratory
flow bias, and mucus clearance was en-
hanced to 0.53 � 1.06 mm/min (range,
�1.91 to 3.88) from �0.21 � 1.71 mm/
min (range, �5.78 to 2.42; p � .0048),
respectively.

The effect of duty cycles was particu-
larly significant after prolonged mechan-
ical ventilation. Analysis of the mucus
movement direction per ventilation pe-
riod after 3 days of mechanical ventila-
tion showed a significant decrease in in-
cidence of mucus moving toward the

lungs as TI/TTOT was prolonged (Supple-
mental Fig. 6 [Supplemental Digital Con-
tent 7, http://links.lww.com/CCM/A356]).

Assessment of Variables
Associated With Mucus
Movement Toward the Lungs

As reported in Figure 3, Table 2, and Sup-
plemental Figure 7 (Supplemental Digital
Content 8, http://links.lww.com/CCM/A357),
prolonged mechanical ventilation (longer
than 48 hrs) and longer time since last
tracheal aspiration (�120 mins) were as-
sociated with greater risk of mucus flow-
ing toward the lungs. Overall, a tracheal
aspiration was performed every 158 � 89
mins. No differences in time from last

tracheal aspiration was found for tested
levels of TI/TTOT (p � .85) and PEEP (p �
.69).

Safety Analysis: Effects of
TI/TTOT and PEEP on Pulmonary
Mechanics

Table 3 summarizes data on respira-
tory mechanics. Prolongation of TI/TTOT

generated auto-PEEP, as reported in Fig-
ure 4. In particular, TI/TTOT of 0.75
caused the highest intrinsic PEEP (2.1 �
1.1 cm H2O [p � .0001] vs. TI/TTOT 0.26–
0.5). Both intrinsic and extrinsic PEEP
caused a significant increase in esopha-
geal pressure. When PEEP was applied,
static elastance of the respiratory system

Figure 4. Distribution of frequency (%) of mucus movement measurements directed toward the glottis
or the lungs or stationary by hours of mechanical ventilation (MV; 0–24, 24–48, 48–72, and 72–84
hrs). N � 279. p � .0511.

Table 3.—Continued

Duty Cycle 0.50 Duty Cycle 0.60 Duty Cycle 0.75

p

PEEP 0 PEEP 5 PEEP 0 PEEP 5 PEEP 0 PEEP 5
Effect

Duty Cycle
Effect
PEEP

Effect
Duty Cycle*PEEP

19.3 � 0.8 19.3 � 0.8 19.2 � 0.9 19.3 � 0.8 19.3 � 0.8 19.3 � 0.8 .3743 .2860 .3660
�0.3 � 2.2 1.4 � 1.9 �0.9 � 1.8 1.1 � 1.7 0.2 � 2.2a 1.9 � 1.8a .0033 <.0001 .8140
174.9 � 33.2 183.3 � 21.2 177.8 � 26.2 174.8 � 29.5 181.9 � 22.4 176.4 � 35.7 .5567 .1087 .0258

41.5 � 7.8 43.5 � 10.0 42.4 � 8.6 43.4 � 10.0 42.2 � 9.3 42.9 � 9.1 .1129 .0013 .6354
36.5 � 9.3 34.0 � 7.4 34.2 � 8.2 34.9 � 7.4 33.2 � 6.8 34.5 � 6.7 .1313 .0280 .0337
22.4 � 10.6 19.9 � 7.5 19.6 � 7.0 22.3 � 7.4 19.3 � 7.7 21.0 � 5.9 .1682 .1332 .1133
13.8 � 3.6 13.4 � 3.8 14.3 � 3.9 12.4 � 4.4 13.2 � 6.6 12.9 � 3.6 .7646 .0258 .7670

3.8 � 2.4 3.0 � 1.7 3.2 � 1.3 3.7 � 2.9 3.2 � 1.9 3.5 � 3.9 .6726 .6557 .1197
17.7 � 10.5 14.0 � 3.2 14.9 � 4.8 14.9 � 4.4 15.4 � 4.7 16.5 � 4.6 .0392 .1094 .1725
11.9 � 9.9 9.0 � 2.6 8.4 � 3.4 8.3 � 2.3 7.8 � 2.1b 8.2 � 1.6b .0005 .1359 .2988
5.8 � 3.4c 5.0 � 1.9c 6.3 � 3.7d 6.6 � 4.1d 8.0 � 4.4a 8.3 � 4.4a <.0001 .4130 .8355
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significantly decreased (p � .028 vs.
PEEP 0), but mainly because of a de-
crease in static elastance of the chest
wall. As TITTOT was prolonged, we ob-
served a significant decrease in inspira-
tory air-flow resistance (p � .0005); con-
versely, tissue resistance increased (p �
.0001). This led to a resulting increase in
total resistance of the respiratory system
(p � .0392).

Effects of TI/TTOT and PEEP on
Hemodynamic Measurements

Overall, four ventilation periods, in
which TITTOT was set at 0.26, 0.33, 0.41,
and 0.50, could not be completed for se-
vere hemodynamic instability when
PEEP 5 was applied. Table 4 depicts ef-
fects of TI/TTOT and PEEP on hemody-
namic data. Intrinsic PEEP caused by
prolongation of the duty cycle did not
cause hemodynamic compromise, but it
progressively increased mean pulmonary
artery pressure and pulmonary capillary
wedge pressure. Conversely, extrinsic
PEEP did cause a decrease in mean arte-
rial pressure and increase in mean pul-
monary artery pressure and pulmonary
capillary wedge pressure.

DISCUSSION

The main finding of our study is the
demonstration that after tracheal intuba-
tion and prolonged mechanical ventila-
tion, mucus that accumulates at the
proximal trachea is affected by inspira-
tory and expiratory air flows. To the best
of our knowledge, the importance of
achieving expiratory flow biases through
adjustment of the ventilator settings has
never been considered, particularly when
trachea is oriented above horizontal, as in

the semirecumbent position. Our find-
ings suggest that during mechanical ven-
tilation inspiratory flow plays a role in
mucus retention, and setting the TITTOT

to achieve an expiratory flow bias can
potentially prevent mucus retention.

Efficacy Analysis

In tracheally intubated patients, the
mucociliary velocity is 80% slower than
normal (1). Data from animal experimen-
tation report similar results (3, 10). Ad-
ditionally, when mucus reaches the prox-
imal trachea, it cannot be cleared because
of the mechanical blockage formed by the
inflated endotracheal tube cuff. Previous
in vitro studies (7, 11) and animal studies
(5) have demonstrated that retained
mucus can be transported by air flows
via a two-phase gas–liquid flow. Such
mechanism could be critical to coun-
teract effects of gravity when the tra-
chea is obliquely oriented, as in the
semirecumbent position, and mucus
transport depends on the balance be-
tween the gravitational force and air-
flow shear forces exerted against the
mucus layer. In vitro studies (6, 12, 11)
have shown that during the respiratory
cycle, mucus velocity is associated with
the gas density, air flow velocity, and
mucus viscosity. Importantly, if the ex-
piratory air velocity increases beyond
the inspiratory air velocity, as when
TITTOT is prolonged, mucus moves out-
ward.

In our current study, mucus was
cleared through TITTOT prolongation be-
yond 0.41, which generated, on average,
peak and mean expiratory–inspiratory
flow biases of 33.0 � 7.6 L/min and 7.9 �
5.9 L/min, respectively. Expiratory flow
rate also increased when extrinsic PEEP

was applied or when intrinsic PEEP de-
veloped. However, PEEP did not influ-
ence mucus transport. A few studies have
assessed effects of PEEP as a strategy to
promote movement of mucus, specifi-
cally in cystic fibrosis patients (13–15).
Most likely, in our animal model, the
minor PEEP-related increase of expira-
tory flow was not sufficient to affect tra-
cheal mucus movement against gravity.
However, these findings should not be
extended to the smaller peripheral air-
ways in which the velocity of air is dras-
tically decreased and PEEP may exert ad-
ditional benefits preventing premature
airways closure and prolonging interac-
tion between the air flow and the mucus
layer. Importantly, higher levels of PEEP
are often applied in critically ill patients;
hence, further studies are warranted to
assess whether PEEP higher than 5 cm
H2O may affect mucus clearance.

Interestingly, we did not find a clear
linear relationship between air flows and
resulting mucus velocities, because sev-
eral confounding factors may have af-
fected our results. First, mucus move-
ment is governed by air flow and gravity
forces only when a critical mucus thick-
ness is achieved. In comparison to previ-
ous studies (5, 6, 11, 12) in which artifi-
cial mucus was provided, mucus
production varies greatly in vivo. In our
studies, during the first days of mechan-
ical ventilation, when airways were not
covered by thick mucus, speed of mucus
likely depended on ciliary function. Con-
versely, in the last days of the study, the
more mucus accumulated at the proxi-
mal trachea, without being aspirated the
greater the effects of air flow and gravity
on mucus movement. Importantly, we
found higher risks for mucus moving to-

Table 4. Effects of duty cycles and positive end-expiratory pressure on hemodynamic data

Duty Cycle 0.26 Duty Cycle 0.33 Duty Cycle 0.41

PEEP 0 PEEP 5 PEEP 0 PEEP 5 PEEP 0 PEEP 5

Heart rate, beats/min 74.3 � 25.2 84.7 � 39.2 87.7 � 38.4 91.1 � 38.6 75.8 � 24.7 83.5 � 37.3
Mean arterial pressure, mm Hg 88.7 � 20.7 80.1 � 21.8 84.5 � 21.0 78.1 � 17.0 80.7 � 19.7 82.2 � 19.3
Mean pulmonary arterial pressure, mm Hg 14.9 � 4.4 17.5 � 3.6 16.2 � 5.4 17.9 � 4.0 15.1 � 4.3 17.6 � 5.0
Central venous pressure, mm Hg 4.9 � 4.4 4.9 � 3.4 4.9 � 4.2 4.8 � 3.1 4.2 � 3.4 5.4 � 3.6
Pulmonary capillary wedge, mm Hg 6.0 � 3.9 7.1 � 3.8 5.8 � 3.8 7.2 � 3.5 5.9 � 3.9 7.5 � 3.7
Cardiac output, L/min 2.6 � 1.1 2.7 � 1.0 2.8 � 1.0 3.0 � 1.1 2.5 � 0.8 2.7 � 0.9
Stroke volume, mL 36.2 � 11.6 34.8 � 10.6 35.5 � 11.3 34.3 � 13.8 35.3 � 9.9 36.1 � 12.0
Systemic vascular resistance, dynes*sec/cm5 2967.7 � 1712.0 2614.7 � 1506.5 2719.1 � 1765.0 2166.6 � 897.2 2712.8 � 1250.4 2581.3 � 1310.7
Pulmonary vascular resistance, dynes*sec/cm5 307.38 � 160.8 334.3 � 108.9 312.9 � 234.5 311.5 � 83.9 313.9 � 125.0 310.0 � 91.0

PEEP, positive end-expiratory pressure.
ap � .05 vs. duty cycle 0.26; bp � .05 vs. duty cycle 0.26–0.6; cp � .05 vs. duty cycle 0.26 and 0.33. Results are means � SD. Italicized values indicate significance.
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ward the lungs when tracheal aspiration
was delayed beyond 2 hrs. These findings
highlight potential risks for intubated pa-
tients who are not routinely tracheally
aspirated, as recommended by interna-
tional guidelines (16). Second, although
in our study gases were optimally condi-
tioned, viscosity may have changed
throughout the 84-hr study, ultimately
affecting mucus transport by two-phase
gas–liquid flow.

To put these findings in perspective
for the practicing physician, several im-
portant points should be addressed. First,
in clinical practice, the same range of
expiratory–inspiratory flow biases could
be reproduced through modulation of VT,
respiratory rate, inspiratory rise time,
and inspiratory pause time. To date, stud-
ies in vitro (7, 11) of volume-control ven-
tilation have not found significant effects
of inspiratory rise time, VT, and respira-
tory rate on mucus clearance; however,
these findings need further in vivo evi-
dence. Also, heating and humidification
of inspired gases play a primary role in
mucus clearance via air flows. In our
studies, we used a heated humidifier set
at 37°C and a thermally insulated inspira-
tory circuit. Nevertheless, in clinical set-
tings heat and moisture exchangers are
often applied. To the best of our knowl-
edge, only one study (17) of mechanically
ventilated patients compared the effects
of these devices on mucus transportabil-
ity by cough; using a heat and moisture
exchanger, after 72 hrs of mechanical
ventilation less cough transportability
was found. Our studies were conducted in
healthy pigs, and this influenced mucus
production and expiratory flow rates. In
patients with acute lung injury, mucus
production is drastically increased; thus,
air flow could potentially affect move-

ment of retained mucus from the very
beginning of mechanical ventilation. Ad-
ditionally, because passive expiratory flow
rate depends on the elastic recoil and
resistances of the respiratory system, in
acute lung injury patients comparable ef-
fects on mucus movement could be gen-
erated at much lower TITTOT or VT be-
cause increased lung elastance is a
distinctive feature of acute lung injury.
Finally, our studies were conducted in
sedated and paralyzed animals; therefore,
our findings could not entirely apply to
patients able to modulate the expiratory
flow.

The outcomes of backward flow of mu-
cus toward the lungs are yet to be as-
sessed in intubated patients. Neverthe-
less, in previous animal studies (4) we
found a significant association between
mucus movement toward the lungs and
pneumonia.

Safety Analysis

The prolongation of TITTOT up to 0.75
induced intrinsic PEEP and a consequent
slight increase in the esophageal pres-
sure. However, similar to previous stud-
ies (5), the pressure transmitted by the
intrinsic PEEP to the juxtacardiac space
caused an increase in mean pulmonary
artery pressure and pulmonary capillary
wedge pressure but did not cause hemo-
dynamic instability. The decrease in in-
spiratory flow rate was associated with a
reduction of the inspiratory air flow re-
sistances. However, the total inspiratory
resistances of the respiratory system in-
creased because of a sharp increase of
the visco-elastic resistances, as ex-
pected (18, 19).

Similar to the effects of intrinsic
PEEP, when PEEP was applied esopha-

geal pressure increased significantly, but
with a resulting significant reduction in
mean arterial pressure. Nevertheless, car-
diac output was ultimately maintained
via a homeostatic response, characterized
by the increase of heart rate and decrease
of systemic vascular resistance. Impor-
tantly, throughout the study only four
steps could not be completed for hemo-
dynamic instability when PEEP was ap-
plied.

CONCLUSIONS

In conclusion, our results provide
proof of a principle that after tracheal
intubation, adjusting the TITTOT to in-
crease expiratory–inspiratory flow bias
can improve mucus clearance and par-
tially counteract effects of gravitational
force on the accrued mucus. In particu-
lar, duty cycle �0.5 increases risk of mu-
cus retention and abnormal flow of mu-
cus toward the lungs. Mucus clearance
through air flow is particularly effective
during prolonged mechanical ventilation
and when mucus is retained because of
delayed tracheal aspiration. Importantly,
no effects of PEEP on mucus clearance
are evident; however, in healthy pigs,
PEEP of 5 cm H2O significantly impairs
the hemodynamic status.
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Table 4.—Continued

Duty Cycle 0.50 Duty Cycle 0.60 Duty Cycle 0.75

p

PEEP 0 PEEP 5 PEEP 0 PEEP 5 PEEP 0 PEEP 5
Effect

Duty Cycle
Effect
PEEP

Effect
Duty Cycle*PEEP

81.0 � 29.3 88.6 � 42.7 79.1 � 26.7 86.3 � 32.7 87.6 � 45.1 94.4 � 35.8 .0700 .0022 .8929
85.5 � 25.5 84.6 � 21.5 85.9 � 22.0 82.2 � 21.9 80.5 � 17.8 78.4 � 21.4 .1570 .0050 .5092
17.0 � 4.9 18.1 � 4.4 16.5 � 4.4a 19.1 � 4.0a 18.0 � 4.9b 19.5 � 4.3b �.0001 �.0001 .4260
5.2 � 4.4 6.0 � 3.5 5.0 � 3.5 5.4 � 3.2 4.9 � 3.6 5.5 � 3.1 .1155 .0545 .2501
6.5 � 3.6 7.4 � 3.4 7.0 � 4.3 7.8 � 3.7 6.8 � 3.9c 7.9 � 3.4c .0006 �.0001 .9032
2.5 � 0.7 2.7 � 1.0 2.6 � 0.8 2.7 � 0.9 2.9 � 1.7 2.9 � 1.5 .0585 .0364 .7576

34.6 � 11.3 35.1 � 11.3 35.4 � 10.7 32.9 � 10.2 36.0 � 13.3 33.4 � 15.4 .6004 .2090 .7012
2722.6 � 1170.3 2695.2 � 1471.5 2597.1 � 1081.2 2529.3 � 1323.6 2466.9 � 1348.5 2355.6 � 1213.4 .2551 .0039 .3103

326.9 � 108.0 330.1 � 95.4 311.7 � 96.6 351.8 � 85.7 322.8 � 125.0 350.9 � 100.5 .8437 .2983 .8862
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