Do Commonly Used Ventilator Settings for
Mechanically Ventilated Adults Have the Potential
to Embed Secretions or Promote Clearance?
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BACKGROUND: Intubation and mechanical ventilation can impair mucociliary clearance and
cause secretion retention, airway occlusion, atelectasis, and pneumonia. Animal and laboratory
work has demonstrated that mechanical ventilator settings can generate a flow bias (inspiratory or
expiratory) that may result in mucus movement either away from the ventilator (deeper into the
lungs) or toward the ventilator (toward the mouth), respectively. An absolute difference of 17 L/
min, and a relative difference of = 10%, between the expiratory and inspiratory flow have been
reported as thresholds for mucus movement. METHODS: We measured baseline peak inspiratory
and expiratory flows during quiet mechanical ventilation in a convenience sample of 20 intubated
and ventilated adult patients. RESULTS: Nineteen patients had an inspiratory flow bias of = 10%.
Eight patients had an absolute mean inspiratory flow bias of = 17 L/min. CONCLUSIONS: Com-
monly used mechanical ventilator settings generate an inspiratory flow bias that may promote
secretion retention. Key words: mechanical ventilation; mucus; secretion clearance. [Respir Care 2011;
56(12):1887-1892. © 2011 Daedalus Enterprises]

Introduction

Endotracheal tube (ETT) intubation and mechanical ven-
tilation are an essential component of intensive care for
critically ill patients, but can impair mucociliary clearance
and cause secretion retention, airway occlusion, atelecta-
sis, and pneumonia.! Well described risk factors include
mucus hypersecretion caused by the underlying pathophys-
iology or by micro-trauma from the ETT, poor circuit
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humidification, loss of mucociliary transport from the tip
of the ETT, and compromised cough because of sedation
and glottic splinting.!->¢

SEE THE RELATED EDITORIAL ON PAGE 1970

Inspiratory and expiratory air flow dynamics generated
by ventilator settings may also contribute substantially to
mucus movement, but this is less well recognized in the
clinical environment and deserves some attention. Studies
in animal and lung models have consistently demonstrated
that inspiratory or expiratory flow bias can result in net
migration of mucus in the direction of the flow bias.”® To
move mucus cephalad so that it may be easily removed by
suctioning or cough, an overall expiratory flow bias must
exist. By contrast, net caudad mucus migration over many
consecutive hours of mechanical ventilation may result in
important clinical consequences for vulnerable patients.

Volpe et al, in a series of laboratory studies, confirmed
that ventilator settings that produced flow bias had a major
effect on mucus movement, with the potential either to
clear or embed secretions.'? The results of laboratory stud-
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ies should be extrapolated with caution to the clinical en-
vironment, but the consistency of the findings of previous
studies, and the fact that all the bench experiments used
clinically plausible ventilator settings, suggest a credible
and growing body of evidence that ventilator settings can
promote or hinder secretion clearance.

The reported critical threshold of flow bias for mucus
movement has differed slightly in the available studies, but
there is general agreement that there must be a difference
of at least 10% between the peak inspiratory and peak
expiratory flows for net mucus migration to occur via
2-phase gas/liquid interaction.®!! Volpe et al found that,
with a 1.5% polyethylene oxide mucus stimulant, an ab-
solute expiratory to inspiratory flow difference of 17 L/min
better explained the displacement of mucus than did the
inspiratory to expiratory flow ratio.'?

The aims of this observational study were to determine
the inspiratory to expiratory flow bias during conventional
ventilator settings in intubated adult patients, and to inter-
pret those findings in the context of critical flow bias
thresholds reported in the literature.

Methods

This study was approved by the ethics committee of
Guy’s and St Thomas’ National Health Service Founda-
tion Trust, London, United Kingdom, and conducted in its
intensive care unit. As part of a larger clinical feasibility
trial in mechanically ventilated adults who were deemed to
require chest physiotherapy in the intensive care unit, we
continuously recorded respiratory data during baseline me-
chanical ventilator settings. Consecutive eligible patients
were recruited, and ventilator settings were not altered
prior to data collection. Steady-state data were electroni-
cally recorded and downloaded for at least 15 min prior to
any intervention, to prevent bias or influence from phys-
iotherapy, nursing, or medical staff.

The baseline respiratory data we recorded included:

» Peak inspiratory and expiratory flow (PIF and PEF)
» Inspired and expired tidal volumes (V; and Vy,)

e Inspiratory and expiratory time (T} and Tg)

» Peak inspiratory pressure (PIP)

* Positive end expiratory pressure (PEEP)
Inclusion Criteria

We screened patients who were admitted to the inten-
sive care unit from June to September 2008, and included
intubated and mechanically ventilated adult patients who
required chest physiotherapy and were cardiovascularly
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stable. The inclusion criteria were deliberately broad in
order to include a heterogeneous patient population.

Exclusion Criteria

We excluded patients at risk of pulmonary hemorrhage,
with osteoporosis, or whose medical instability precluded
physiotherapy, and patients who had an ETT leak of > 20%.

Equipment

We measured respiratory variables with a noninvasive
respiratory monitor (CO,SMO Plus, Respironics, Walling-
ford, Connecticut). The disposable flow sensor was in-
serted between the closed-suctioning-catheter mount and
the ETT, and measured air flow and pressure at a sampling
frequency of 100 Hz.

Before the study, to assess the accuracy of the individ-
ual flow and pressure sensors, we used a 500-mL cali-
brated syringe (Hans Rudolph, Shawnee, Kansas) to inject
volumes of 100 mL and 500 mL through the respiratory
monitor, at various rates, and compared the known volume
to the volume measured by the respiratory monitor. We
deemed agreement within 5% acceptable for this study.

Protocol

Each patient was positioned supine, and the head of the
bed was elevated to 30—45°, in the absence of any other
patient-care interventions. We assessed ETT leak and ex-
cluded the data if ETT leak was above 20% despite repo-
sitioning the patient.!> No substantial leaks were expected,
because we used cuffed ETTs. We continuously recorded
stable baseline mechanical ventilation without any inter-
ventions (eg, airway suctioning or patient repositioning)
for at least 15 min.

We recorded details of the ventilation modes and set-
tings from the patients’ charts and directly from the ven-
tilators. The mechanical ventilators used were the Evita XL
(Drédger Medical, Liibeck, Germany) and the Avea (Care-
Fusion, Hochberg, Germany). Ventilation modes mainly
included spontaneous breathing on CPAP and pressure sup-
port (patient-triggered, flow-cycled breaths). Other modes in-
cluded: Bi-level positive airway pressure (with a set breath
rate, to transition from a high pressure to a low pressure, and
which allows the patient to spontaneously breathe at both
pressure levels); and pressure-regulated volume control (pres-
sure-limited, time-cycled breaths with a set tidal volume and
variable flow delivery, with pressure adjusted based on lung/
thorax compliance/resistance and patient effort).

Data Analysis

We analyzed 50 breaths per patient, which was the low-
est common number of breaths in the 15-min recorded
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Table 1.  Admission Diagnoses and Ventilation Modes

Patient Sex Age Diagnosis Ventilation
Number (y) Mode
1 M 58 Cardiac arrest (5/7 post- CPAP/PS
event)
2 M 80 After abdominal surgery CPAP/PS
3 F 61 Sepsis BPAP
4 F 26 ARDS CPAP/PS
5 M 78 After surgery for Fournier CPAP
gangrene
6 M 53 Multiple myocardial CPAP
infarctions
7 F 40 Decompensated liver failure CPAP/PS
8 M 79 Cerebrovascular accident CPAP/PS
9 M 71 Cardiogenic shock CPAP/PS
10 F 72 Cerebrovascular accident BPAP
11 M 18 Hypoxic brain injury CPAP/PS
12 F 21 Sepsis and pneumonia CPAP/PS
13 F 49 Community-acquired CPAP
pneumonia
14 M 76 After cardiac surgery CPAP/PS
15 M 65 COPD exacerbation CPAP
16 M 70 Respiratory distress CPAP
17 M 71 After cardiac arrest CPAP
18 F 48 Tracheal stenosis/hypoxia PRVC
19 M 62 Acute renal failure CPAP/PS
20 M 65 COPD exacerbation CPAP/PS

CPAP = continuous positive airway pressure

PS = pressure support

BPAP = bi-level positive airway pressure

ARDS = acute respiratory distress syndrome

COPD = chronic obstructive pulmonary disease
PRVC = pressure-regulated volume-control ventilation

interval. We calculated leak during baseline data collec-
tion, with the following formula:

We calculated PEF/PIF and mean inspiratory-expiratory
flow difference from the PIF and PEF raw data. We ana-
lyzed the respiratory monitor data (PIF, PEF, PIP, PEEP,
T, T, V;, and V) in statistics software (SPSS 18, SPSS,
Chicago, Illinois), and compared the data to the bias-flow
thresholds reported in previous studies (10% and 17 L/
min).

Results

We included 20 patients (13 males), whose mean *= SD
age was 60 = 17 years. No patients were excluded due to
ETT leak. Table 1 shows the admission diagnoses and
ventilation modes. Seventeen patients were on spontane-
ous ventilation modes, and the rest were on bi-level pos-
itive airway pressure or pressure-regulated volume-con-
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Table 2.  Respiratory Variables During Stable Mechanical

Ventilation*

PIF (L/min) 56 £3
PEF (L/min) 372
PIF/PEF (%) 1.6 £04
V, (mL) 548 + 35.3
Vi (mL) 512 + 233
T, (s) 0.85 = 0.22
Tg (s) 2.18 £ 1.10
T,/Tg 0.45 = 0.19
PIP (cm H,0) 15.6 £ 0.61
PEEP (cm H,0) 7.6 = 0.26

* Values are mean = SD.

PIF = peak inspiratory flow

PEF = peak expiratory flow

Vi = inspiratory tidal volume

Vg = expiratory tidal volume

Ty = inspiratory time

Tg = expiratory time

PIP = peak inspiratory pressure

PEEP = positive end expiratory pressure
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Fig. 1. Mean ratio of peak inspiratory flow (PIF) to peak expiratory
flow (PEF) for all 20 patients. The shaded areas that start at 1.1
and 0.9 represent the inspiratory bias and expiratory bias, respec-
tively, identified as mucus-movement thresholds by Kim et al,?
and the white area between the shaded areas represents the range
in which, theoretically, the flow bias would not move mucus cau-
dad or cephalad.

trolled ventilation. The Fi range was 0.3-0.6 (median 0.3).
The intensive-care-unit stay range was 2—42 days (me-
dian 11 d) prior to the study measurements. Table 2 shows
the respiratory measurements.

Figure 1 shows the flow bias data. The mean * SD
PIF/PEF was 1.6 = 0.4. All the patients had an absolute
inspiratory flow bias of > 0.9, and all but one patient had
an inspiratory flow bias of > 1.1, which, theoretically, is
sufficient to cause caudad mucus movement and thus em-
bed secretions. Eight patients had an inspiratory flow bias
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Fig. 2. Bland Altman plot of mean flow versus absolute difference
between peak inspiratory flow (PIF) and peak expiratory flow (PEF).
The shaded areas that start at 17 and 17 indicate the flow dif-
ferences at which, theoretically, mucus would move caudad or
cephalad.

of = 17 L/min, the threshold that Volpe et al suggested
would cause caudad mucus movement (Fig. 2). The other
12 patients had flow bias values that, theoretically, should
result in no net mucus movement. None of the patients had
flow-bias conditions that would have enhanced mucus
clearance.

The highest mean inspiratory flow bias difference was
55.9 L/min (95% CI for inspiratory-expiratory flow dif-
ference 57.4—75.4 L/min) in patient 1, who was on CPAP
(5 cm H,0) and pressure support (8 cm H,0). He was a
58-year-old man admitted following cardiac arrest, and
presenting with bilateral lower-zone infiltrates on chest
radiograph (Fig. 3).

In contrast, the lowest mean inspiratory flow bias was
only 3.2 L/min (95% CI for inspiratory-expiratory flow
difference 3.8—-11.9 L/min) in patient 15, who was on
CPAP (7 cm H,0) and pressure support (16 cm H,O). He
was a 65-year-old man admitted with cardiogenic shock
(see Fig. 3).

The predominant use of CPAP and pressure support
precluded analysis of the effect of ventilation mode on
flow rate, because there were insufficient numbers of pa-
tients on the other modes (bi-level positive airway pres-
sure and pressure-regulated volume-controlled ventilation).

Discussion

This preliminary investigation found that commonly used
ventilator settings predominantly generated an inspiratory
flow bias that may cause caudad mucus movement and
secretion retention. Nineteen patients had an inspiratory
flow bias of = 10% during standard mechanical ventila-
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Fig. 3. Flow traces recorded during quiet ventilation in patients 1
and 15. Patient 1 has a substantial inspiratory flow bias because of
a high peak inspiratory flow (PIF) and a low peak expiratory flow
(PEF). In contrast, patient 15 has a lower ratio of PIF to PEF (close
to 1), which theoretically should cause no net mucus movement in
either direction.

tion. Eight patients also had an absolute difference of
= 17 L/min, which Volpe et al'® suggested causes caudad
secretion movement. These are the theoretical conditions,
according to a series of laboratory based studies, for em-
bedding mucus in the lungs. None of the patients received
mechanical ventilation compatible with cephalad mucus
movement or secretion clearance (expiratory flow bias of
10% or 17 L/min).

Volpe et al suggested that, while both were important,
the inspiratory-expiratory flow difference was a better pre-
dictor of mucus displacement than PIF/PEF.'° However,
the 17 L/min threshold should be interpreted with caution.
It is not a universal threshold, but pertains to the specific
conditions in the experiments by Volpe et al (horizontal,
rigid airway with inner diameter 1.0 cm and length 30 cm,
volume control ventilation, square-wave inspiratory flow,
and simulated mucus). Our patients had the head of the
bed elevated to 30—45°, which may have augmented grav-
ity-induced caudad mucus movement. Furthermore, mu-
cus thicker than the simulated mucus used by Volpe et al
would presumably require a flow of more than 17 L/min to
move the mucus in either direction. Conversely, the 10%
threshold proposed by Benjamin et al’” and Kim et al®
pertains to a broader range of simulated experimental con-
ditions and may thus be more generalizable to clinical
practice.

Sputum movement depends on mucus viscosity, mucus
load, and the diameter of the airway.!!'3 The smaller the
airway diameter, the thinner the mucus layer required for
mucus movement at a given gas flow. Mucus depth has to
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occupy at least 10% of the airway diameter in the large
airways in order for 2-phase gas/liquid flow to occur.”-!! In
the majority of patients, especially those with normal mu-
cus production or good cough, the effect of ventilator flow
bias may be clinically unimportant or negligible. How-
ever, in patients with mucus hypersecretion and inade-
quate airway defense mechanisms, prolonged ventilation
with an inspiratory flow bias may embed mucus and cause
serious respiratory complications.

It is unclear from the literature to what extent clinicians
appreciate the effect that ventilator settings may have on
inspiratory or expiratory flow bias. Clinicians are likely to
set the ventilation mode, respiratory rate, tidal volume,
airway pressures, and Fj, on the prioritized basis of gas
exchange, ventilation, and metabolic status. They may not
give sufficient consideration to the effect of flow bias on
mucus movement.

Chest physiotherapy including lung hyperinflation, po-
sitioning, and airway suctioning, can assist with short-term
improvements in secretion clearance and lung/thorax com-
pliance,'# but this may happen only sporadically during
the day and even less frequently overnight. However, ven-
tilator settings that cause an inspiratory flow bias through-
out the remainder of the day and night, and counteract the
benefits of secretion clearance maneuvers, may not opti-
mize patient outcome.

The volume of gas moved in either direction is equal
during normal respiration, but the peak or mean flow of
the inspiratory and expiratory phases can differ substan-
tially, and partly depends on the relationship between T,
and Tg. In this study the relatively short Ty, in relation to
Tg, reflected conventional ventilator settings. In the study
by Volpe et al the influence of T; on mucus movement was
significant in univariate analysis, but fell away in favor of
PIF during multivariate analysis.'® Manipulating ventilator
T, and Ty, to direct mucus movement is not common clin-
ical practice, but may be a reasonable strategy for patients
with mucus hypersecretion and poor secretion clearance.

Volpe et al demonstrated the benefits of inverse-ratio
ventilation for enhancing secretion clearance in a bench
model.!® However, inverse-ratio ventilation may have ad-
verse effects on hemodynamic function and cardiac out-
put, and is sometimes reported as uncomfortable by pa-
tients,'> so it may be challenging to achieve ventilation
modes that promote mucus clearance. However, it should
be relatively straightforward to achieve “neutral” mucus
migration (flow bias of < 10%) by avoiding ventilation
settings that promote mucus embedding, such as some of
those we observed in the present study. Reducing in-
spiratory flow bias in CPAP and pressure support modes
may be feasible by adjusting the inspiratory ramp or rise
time during pressure-supported breaths, but this requires
investigation.
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Enhancing airway secretion clearance may not always
be desirable. For example, during the early stages of ARDS
or pneumonia there may be noxious biofluids in the pe-
ripheral airways, and containing that inflammatory mate-
rial through patient positioning and/or ventilation strate-
gies may be a means to minimize the progression of
infection.!6:17

Current ventilator management strategies aim to mini-
mize lung injury and infection through the use of low tidal
volume (4—-6 mL/kg), moderate to high PEEP, and head-
of-the-bed elevation up to 45°.'8 However, controversially,
recent research with a sheep model found that with head-
of-the-bed elevation, gravity hindered secretion clearance
and increased the risk of lower-respiratory-tract infection.'®
Hence, with the current standard head-of-the-bed elevation
for pneumonia prevention,'® a ventilation strategy that gen-
erates an expiratory flow bias may play an even more
important role to ameliorate the effects, but requires fur-
ther investigation.

Limitations

We had a small sample size and a short observation
period (50 ventilator breaths). In addition, we did not col-
lect information on the presence of airway secretions dur-
ing the observation period. However, there is currently no
accepted standard for the diagnosis of secretion retention
in the intubated and ventilated patient. We also did not
assess changes in PIF/PEF bias with changes in ventilation
mode or settings.

Conclusions

Future research should explore the effects of expiratory
and inspiratory flow bias on secretion clearance/retention
in intubated ventilated patients. Secretion removal may be
an important goal when adjusting the ventilator. Some-
times a patient’s competing clinical needs may preclude
ventilator settings that promote secretion clearance, but if
this potential hazard is borne in mind, then efforts to re-
duce the absolute PIF/PEF difference or flow bias may
reduce the risks of ventilation, augment chest physiother-
apy, and potentially reduce the need for invasive airway
care such as bronchoscopy.
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