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Abstract Purpose: To examine
the impact of different endotracheal
tube (ETT) suction techniques on
regional end-expiratory lung volume
(EELV) and tidal volume (VT) in an
animal model of surfactant-deficient
lung injury. Methods: Six 2-week
old piglets were intubated (4.0 mm
ETT), muscle-relaxed and ventilated,
and lung injury was induced with
repeated saline lavage. In each ani-
mal, open suction (OS) and two
methods of closed suction (CS) were
performed in random order using both
5 and 8 French gauge (FG) catheters.
The pre-suction volume state of the
lung was standardised on the inflation
limb of the pressure-volume rela-
tionship. Regional EELV and VT

expressed as a proportion of the
impedance change at vital capacity

(%ZVCroi) within the anterior and
posterior halves of the chest were
measured during and for 60 s after
suction using electrical impedance
tomography. Results: During suc-
tion, 5 FG CS resulted in preservation
of EELV in the anterior (non-
dependent) and posterior (dependent)
lung compared to the other permuta-
tions, but these only reached
significance in the anterior regions
(p \ 0.001 repeated-measures
ANOVA). VT within the anterior, but
not posterior lung was significantly
greater during 5FG CS compared to 8
FG CS; the mean difference was 15.1
[95% CI 5.1, 25.1]%ZVCroi. Neither
catheter size nor suction technique
influenced post-suction regional
EELV or VT compared to pre-suction
values (repeated-measures ANOVA).
Conclusions: ETT suction causes
transient loss of EELV and VT

throughout the lung. Catheter size
exerts a greater influence than suction
method, with CS only protecting
against derecruitment when a small
catheter is used, especially in the
non-dependent lung.
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Introduction

Maintaining adequate lung volume is essential to opti-
mising gas exchange [1–4] and minimising ventilator-
induced lung injury [5–9]. However, infants receiving
mechanical ventilation are frequently exposed to lung
derecruitment during suction of the endotracheal tube
(ETT) [10, 11]. Closed suction (CS), which, in principle,
allows tidal ventilation to continue, has been recom-
mended as a method of minimising derecruitment and
deoxygenation [11, 12]. Nevertheless, it is clear that loss
of end-expiratory lung volume can occur during CS in
mechanically ventilated infants and children [10, 11, 13,
14].

Quantifying the impact of ETT suction on the lung has
been hampered by a lack of reliable bedside tools to
measure changes in lung volume and mechanics. Most
studies of lung derecruitment following ETT suction have
been limited to global measures of end-expiratory lung
volume (EELV) [10, 11, 13, 15]. Such measurements
cannot discern regional differences in lung behaviour, at
the very least related to greater gravity-related superim-
posed pressure applied to the dependent regions of the
lung [16]. In adult animal studies of ETT suction, these
regions are prone to greater derecruitment than the non-
dependent regions, with resultant post-suction ventilation
inhomogeneity [17]. This investigation highlighted not
only the regional changes in volumetric behaviour within
the lung during suction, but also exemplifies the capacity
of electrical impedance tomography (EIT) to measure
such changes. EIT has been used to measure regional
changes in EELV and tidal ventilation in paediatric and
adult lung disease and neonatal animal studies [17–23],
including studies of ETT suction [14, 23].

The aim of this study was to examine the impact of
ETT suction on regional lung mechanics and volume in
an animal model of surfactant-deficient lung injury. We
investigated whether suction catheter size or method of
suction (closed versus open) impacts upon the degree of
regional lung volume loss and ventilation inhomogeneity.

Method

The study was approved by our institutions Animal Ethics
Committee. Two-week-old male piglets (n = 6) were
anaesthetised, intubated with a 4.0 cuffed ETT, muscle-
relaxed and ventilated in supine position with time-cycled
pressure limited ventilation (Bear Cub�, Viasys Health-
care, Yorba Linda, CA) using a protocol we have
described previously [15]. Lung injury was induced using
repeated saline lavage until the alveolar-arterial oxygen
difference (AaDO2) was [400 mmHg. Ventilation
thereafter continued with an inspiratory time of 0.5 s,
positive end-expiratory pressure (PEEP) 5 cmH2O and

inspired oxygen fraction 1.0. Peak inspiratory pressure
(PIP) was adjusted to maintain tidal volume (VT) of
6–10 ml/kg and achieve an arterial partial pressure of
CO2 35–45 mmHg at a rate of 30 breaths per minute.

Airway opening pressure was measured with the Flo-
rian respiratory monitor (Acutronic Medical Systems,
Zug, Switzerland). Changes in lung impedance were
measured using EIT (GeoMF II system, Cardinal Health,
Hoechberg, Germany) [20]. A DC-coupled respiratory
inductive plethysmograph (RIP; Respitrace 200, Non-
invasive Monitoring Systems Inc., North Bay Village, FL)
was used to measure global lung volume for the purpose
of targeting a pre-determined point on the pressure–
volume (PV) relationship before each suction episode
[2, 15].

Mapping of the pressure-volume relationship

Prior to commencement of the experimental series, the
PV relationship of the lung was mapped as previously
described [15], using PIP and PEEP increments and
decrements of 5 cmH2O, preceded by transient discon-
nection to ambient pressure to register residual volume.
Plethysmographic (RIP) lung volume data were recorded
and displayed continuously throughout the manoeuvre,
using a custom-built data acquisition program designed in
Labview 6.0TM (National Instruments, Austin, TX). Total
lung capacity (TLC) was identified as the point beyond
which no further increase in EELV occurred; vital
capacity (VC) was defined as the difference between TLC
and residual volume. EIT recordings were made concur-
rently, allowing the regional impedance change for VC
(relative DZVC in dimensionless units) to be determined in
the same manner. The global PV curve was displayed during
the experimental series as a reference for lung volume
standardisation prior to each suction episode (see below).

ETT suction protocol

Suction episodes using all permutations of three suction
methods (open, closed inline and closed using a side-port
adapter) and two catheter sizes (5 and 8 FG; external
diameter 1.65 and 2.64 mm) were performed in random
order. CS was performed both with the Ballard Trach-
careTM inline system (Kimberly-Clark, Roswell, GA) and
the Neo-LINKTM universal side-port adaptor (Viasys
MedSystems, Wheeling, IL), which contains a self-sealing
valve that permits catheter entry while preventing
circuit leak. Disposable catheters, pre-measured to the
ETT tip, with an end hole and two side holes (Mallink-
rodt, Rowville, Victoria, Australia) were used for open
and side-port adaptor suction. In all cases a suction
pressure of -140 mmHg was applied for 6 s while
withdrawing the catheter, the typical practice in our
institutions. No recruitment manoeuvres were performed
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after suction. The times at which the catheter was
advanced into the circuit, negative pressure applied and
the catheter completely withdrawn from the circuit were
manually recorded. Prior to each suction episode, pre-
suction EELV was standardised to a lung volume half-
way between residual volume and TLC on the inflation
limb by incremental manipulations of PEEP after tran-
sient disconnection to atmosphere, and tidal ventilation
thereafter continued at this volume state for 10 min prior
to each suction episode. Stability of EELV before suction
was confirmed using the RIP volume trace.

Data collection and analysis

Changes in lung impedance were recorded before, during
and for 1-min after suction using EIT, sampling at 13 Hz.
For data acquisition and reconstruction of functional EIT
data, the software provided with the equipment was used
(SCIEIT V8, University of Göttingen, Göttingen, Ger-
many) [24, 25]. EIT data were then analysed offline using
purpose written software (MATLAB� V7.1, Maths-
Works, Natick, MA). For each recording a frequency
distribution of the EIT signal was constructed using fast
Fourier transformation and a band-pass filter applied
between 0 and 100 cycles per minute to isolate the DZ
within the respiratory domain.

Changes in regional EELV and VT

EIT images were divided into two regions of interest:
the dependent (posterior) and the non-dependent (ante-
rior) lung. For each region the time course impedance
signal was obtained for the entire suction procedure.
During each tidal inflation, EELV was defined as the
trough impedance value and VT as the tidal amplitude.
From each recording, key phases were identified using
the pressure signal and time data (Fig. 1): pre-suction,
passing of suction catheter through the ETT, point of
maximum EELV loss during the application of negative
pressure and at 10 s intervals for 60 s post-suction.
Regional EELV and VT impedance (ZEELV and ZVT)
were determined at each time point, and expressed as a
proportion of the ZVC within that region (%ZVCroi). To
allow for comparison DZEELV and DZVT during and after
suction were referenced to the respective pre-suction
values. For instance, a DEELV of 20% ZVCroi means an
increase in EELV by an amount equal to 20% of the VC
for that region. As OS involved disconnection from
mechanical ventilation, no VT data were obtained during
suction by this method.

Regional relative DEELV and DVT for each suction
episode were compared using repeated measures ANOVA
with Bonferroni post-test analysis, or paired t tests as
applicable. Statistical analysis was performed using

GraphPad Prism V4.02 (Graphpad, San Diego, CA), and
p \ 0.05 was considered significant.

Results

The six animals had a mean (SD) weight of 5.1 (0.4) kg
and AaDO2 of 572 (78) mmHg after lavage. The median
(inter-quartile range; IQR) PIP and PEEP were 28 (25.5,
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Fig. 1 Illustrative EIT recording of change in global impedance
(DZ) during a representative episode of ETT suction (closed inline
suction with an 8 FG catheter) to demonstrate the key time points at
which regional ventilation characteristics were calculated: a pre-
suction; b passage of suction catheter during ventilation (CS) or
after disconnection (OS); c minimum EELV during application of
negative pressure; post-suction recovery after reinstitution of
uninterrupted tidal ventilation with parameters determined over
three consecutive inflations at 10-s intervals (dashed lines).
Resultant functional impedance tomogram at each time point is
also illustrated (see Electronic Supplementary Material)
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28.5) and 7.0 (5.5, 8.5) cm H2O respectively, after obtaining
VC at a PEEP of 32.5 (20.0, 40.0) cm H2O. The same PIP and
PEEP were used for each suction episode for each animal. At
commencement of the suction permutations, the median
(IQR) peripheral oxygen saturation, mean arterial blood
pressure and VT were 94 (87.5, 96.5)%, 83.5 (71, 98.5) cm
H2O and 11.2 (10.3, 12.1) ml/kg, respectively. All animals
completed the study protocol. For all parameters analysed
there was no difference in the two closed suction methods.
Thus, to simplify subsequent results, the CS data have been
combined.

Effect of suction on regional EELV

Figure 2 shows the regional DEELV by suction method
and catheter size. A similar pattern of EELV loss occurred

during suction using all but CS with the 5 FG catheter
(Table 1). Within the anterior region, both insertion of the
suction catheter and subsequent application of negative
pressure (maximum EELV loss) resulted in a significantly
lower EELV using 5 FG OS and both OS and CS 8 FG
compared to pre-suction and all post-suction time points
(all p \ 0.001 repeated measures ANOVA post-test
analysis). Whilst a similar loss of EELV was also
observed within the posterior region during CS 8 FG and
OS with both catheter sizes, these differences were not
significant. DEELV did not change significantly in either
region during CS with a 5 FG catheter (see Electronic
Supplementary Material). Within both the anterior and
posterior chest there was no difference in the DZEELV

during insertion and at the point of minimum EELV using
CS 8 FG and both OS (repeated measures ANOVA). All
resulted in significantly lower DZEELV within each region
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Fig. 2 Change in relative end-expiratory lung volume impedance
(DZEELV), expressed as a ratio of the vital capacity DZ (%ZVCroi)
and referenced to pre-suction ZEELV, in the posterior (closed circles
and dashed lines) and anterior (open diamonds and solid lines)
halves of the chest during open (a 5 FG catheter; b 8 FG catheter)
and closed suction (c 5 FG; d 8 FG). Within the anterior lung
regions the DZEELV during insertion of the suction catheter (�) and
at the point of minimum EELV (�) was significantly less during 5

FG closed suction compared to 8 FG closed suction and open
suction with both catheter sizes (p \ 0.0001; repeated measures
ANOVA with Bonferroni post-test analysis). Minimum EELV was
significantly lower than pre-suction and 60 s post-suction values
using open (5 FG and 8 FG) and closed 8 FG suction (all p \ 0.001
repeated measures ANOVA post-test analysis). All data
mean ± SD
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compared to CS 5 FG (p \ 0.0001; repeated measures
ANOVA with post-test analysis).

For each suction permutation, DEELV at each time
point was similar within both regions (repeated measures

ANOVA post-test analysis). After suction regional EELV
rapidly recovered in all cases, with no significant differ-
ences between permutations at any time point during the
60 s. In all cases DZEELV 60 s post-suction did not differ
from pre-suction values (ANOVA post-test analysis).

Effect of suction on regional VT

Figure 3 shows the regional behaviour of VT during OS
and CS. By definition no VT occurred during OS. CS with
an 8 FG catheter caused a significantly greater loss of VT

within the anterior region during the application of suc-
tion compared to the 5 FG catheter; DZVT mean [95% CI]
difference 15.1 [5.1, 25.1] %ZVCroi, paired t test. A similar
reduction in VT occurred in the posterior chest but the
DZVT mean [95% CI] difference of 9.7 [-0.3, 19.6]
%ZVCroi did not reach significance. After suction, VT

Table 1 Mean (SD) regional change in relative end-expiratory
lung volume impedance (DZEELV) during closed and open suction
with 5 and 8 FG catheters

Region Open Closed

5 8 5 8

Anterior -44 (16) -51 (16) -3 (7)� -38 (20)
Posterior -30 (10) -37 (9) -3 (23) -30 (18)

DZEELV expressed as a proportion of the vital capacity impedance
value for that region (%ZVCroi)
� Significant differences (p \ 0.001; repeated measures ANOVA)
from all other anterior region permutations
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Fig. 3 Change in relative tidal volume (DZVT), expressed as a ratio
of the vital capacity DZ (%ZVCroi) and referenced to pre-suction
ZVT, in the posterior (closed circles and dashed lines) and anterior
(open diamonds and solid lines) halves of the chest during open
(a 5 FG catheter; b 8 FG catheter) and closed suction (c 5 FG; d 8
FG). DZVT was greater in the anterior half of the chest during CS

with an 8 FG compared to the 5 FG catheter (�p = 0.0016; paired t
test). DZVT was also greater in the posterior chest with the 8FG
catheter, but did not reach significance (p = 0.076). DZVT had
recovered to pre-suction values within both lung regions by 10 s of
completing suction in all four permutations of suction method and
catheter size. All data mean ± SD
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recovered quickly within all lung regions, irrespective of
suction method or catheter size. For all permutations
DZVT 10 s after suction did not differ from the pre-suction
value (repeated measure ANOVA). There was no differ-
ence in the regional recovery of VT for each permutation.

Discussion

Whilst many studies have investigated optimisation of
lung volume using recruitment manoeuvres, there are few
reports of the impact of suction on lung volume. This is
surprising as ETT suction is one of the most common
interventions performed on ventilated patients [26]. In
this study, we demonstrated that regional changes in
EELV and ventilation were influenced by suction tech-
nique, albeit transiently, in an animal model of lung
injury. Suction catheter size exerted a greater influence on
regional changes in ventilation than method of suction.
The study is also the first to our knowledge to systemat-
ically describe regional tidal ventilation during and after
ETT suction.

Gravity-related regional differences in lung volume
and ventilation are known to exist in the diseased lung
[16, 27]. These are especially prominent when ventilation
is applied along the inflation limb of the PV relationship
[27]. In our study ventilation was applied on the inflation
limb, and the regional changes in EELV and VT observed
during suction were relatively uniform for each suction
permutation. In the case of OS and CS with the 8 FG
catheter, these losses were between 33 and 50% of vital
capacity within that lung region. In contrast, in an adult
pig study, loss of EELV was greater in the dependent lung
during suction [17], whilst Wolf and co-workers observed
greater EELV loss within the non-dependant lung regions
during CS in paediatric patients [14]. Our study differed
from these in a number of important aspects that may
explain these inconsistencies. Firstly, in the study of
Lindgren and co-workers [17], regional changes in EELV
were expressed relative to the global DZ. This assumes
DZ measurement to be comparable between lung regions;
this assumption has recently been questioned [28, 29]. By
contrast, in our study regional DEELV and DVT were
expressed in proportion to the vital capacity for that lung
region, recognising that VC, and therefore the potential
for impedance change, may differ between regions. Sec-
ondly, the pre-suction volume state of the lung was
standardised in our study, allowing comparative assess-
ments of relative regional changes in EELV and VT. We
argue that, where feasible, standardising the volume state
should be a prerequisite in future studies of regional lung
derecruitment.

The loss of EELV during ETT suction has been
attributed to the loss of PEEP and interruption to tidal
ventilation, and CS has been advocated as a method of

preserving both [11, 30, 31]. We have shown previously
that CS only preserves global EELV when using a small
suction catheter relative to the internal diameter of the
ETT [15], a finding replicated at a regional level in this
current study. Using the catheter clinically advocated for
a 4.0 ETT (8 FG), CS demonstrated no benefit over OS in
preserving regional EELV. Large suction catheters, by
obstructing more of the ETT lumen, generate high nega-
tive pressures, irrespective of suction method [32–35].
The influence of suction catheter size during CS, but not OS,
may also explain the variable results of studies comparing
the effect of OS and CS on global EELV, oxygenation and
heart rate in newborn infants [10–12, 36]. More recently
significant regional loss of EELV and VT has also been
reported during CS in preterm infants [23, 37].

The restoration of tidal ventilation and lung volume
after ETT suction is as important as the loss during suc-
tion. Advocates of CS have argued that lung volume
recovers more quickly than following OS [11], possibly
accounting for the oxygenation benefits of CS in preterm
infants reported in some studies [12]. Our results question
this, as recovery of lung volume and ventilation after ETT
suction was rapid and uniform throughout the lung.
Whilst the DZVT results suggested greater inhomogeneity
of ventilation after OS compared to CS, these differences
were not significant. Indeed, despite the 10–14-fold
greater loss of EELV seen during OS, and CS with an 8
FG catheter compared to 5 FG CS, the regional EELV and VT

10 s after suction did not differ. This rapid recovery is con-
sistent with studies comparing global DEELV during and
after suction using open and closed methods [10, 13, 15].

Active lung volume recruitment manoeuvres have
been advocated after suction, especially OS, and are
known to improve recovery of oxygenation in human and
animal adult studies [30, 38–40]. Our findings do not
support the universal application of active lung volume
recruitment after suction during time-cycled pressure-
limited ventilation [10, 13, 15, 41]. In many of the suction
episode recordings, there was a minimal difference in pre-
and post-suction regional EELV and VT using inflating
pressures of approximately 20 cmH2O and PEEP. Fol-
lowing these suction episodes, active lung volume
recruitment would not be necessary, and is potentially
harmful. During some suction episodes, however, large
regional EELV and VT differences persisted after suction,
suggesting volume inhomogeneity and thus greater
potential for lung injury [8, 9]. In these circumstances,
active post-suction lung recruitment may well be of
benefit. In each animal, suction method and catheter size
were not able to predict the resultant distribution of
ventilation and volume within the lung after suction, and
thus the need for a recruitment manoeuvre. Currently
clinicians have no method of determining such volume
states as both atelectasis and overdistension cause com-
mon bedside parameters, such as oxygenation, to
deteriorate. EIT may offer potential as a tool for
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monitoring post-suction ventilation, and determining an
individual’s need for and response to active recruitment
after ETT suction.

The marginal benefits of CS demonstrated in our study
illustrate the need to consider more than just the volume loss
that occurs during ETT suction. As the purpose of ETT
suction is to remove secretions, the use of a small CS
catheter to preserve ventilation may not be beneficial. Little
is known of the relationship between secretion removal and
catheter size [34]. However, OS has been shown to remove
secretions more effectively than CS in animal models [42]
and in vitro [17]. We did not address secretion recovery in
the present study, and further investigation of this topic in a
purposefully designed study is warranted.

This study has a number of important limitations not
previously discussed. The study was performed on animals
receiving a muscle relaxant. This inhibits the patient’s
efforts to maintain lung volume and may alter regional
differences in lung volume and ventilation. We have pre-
viously shown that the differences in global EELV between
OS and CS are minimal in spontaneously breathing
mechanically ventilated infants [10]. Deoxygenation and
bradycardia are well described complications of ETT suc-
tion in infants [10, 12] and children [11]. We did not report
the cardiorespiratory changes during ETT suction as the
results in an animal study are unlikely to aid clinical man-
agement or add to the existing human data [36]. Airway
flow conditions within the trachea, which may influence the
volume loss during suction, were not measured. In a pre-
vious study turbulent flow was generated using a suction
pressure of -140 mmHg with both 5 and 8 FG catheters
and a 4.0 ETT [33]. We also elected to describe the EIT data
within two lung regions. This simplifies interpretation but
may not account for the complexities of gas and tissue
distribution within the diseased lung [27]. The smaller chest
wall diameter, and thus lesser superimposed pressure [16],

may explain the lack of gravity-dependent regional dif-
ferences we found compared to similar studies performed in
adult animal [17] and paediatric studies [14]. We contend
that our model is more representative of the diseased neo-
natal lung with regard to chest wall size and illness severity.
Finally, it is possible that the observed regional changes in
EELV and VT during and after suction may have been
different if the lung was being ventilated on the deflation
limb of the pressure-volume relationship [1, 2, 4]. The role
of the volume state of the lung before derecruitment
requires further investigation.

Conclusion

ETT suction using current clinical methods and catheter
sizes causes significant, albeit transient, loss of end-
expiratory lung volume and tidal ventilation within all
lung regions. Suction catheter size exerted a greater
influence on lung volume loss than suction method.
Irrespective of suction method and catheter size, recovery
of regional lung volume and tidal ventilation after suction
was rapid and uniform in this animal model. Future
studies of ETT suction practices should consider the
regional behaviour of the lung and not be limited to
suction method alone.
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