
bench study,1 a clinical trial of the use of
the vibrating mesh micropump technology
for ribavirin delivery. Although the use of
aerosolized ribavirin remains controversial,
the patient selection by Hartmann et al ap-
pears to be on target with the latest support-
ing evidence of potential benefit. Therapies
offered within respiratory care are without
conclusive evidence. In these cases, it is a
balance of risk versus benefit. For the most
part, many of the therapies we provide are
low risk, and therefore the smallest of ben-
eficial therapies are studied in clinical trials.

Continuous aerosol delivery in the me-
chanically ventilated patient with traditional
jet nebulizers or in the case of ribavirin de-
livery via the small-particle aerosol gener-
ator (SPAG) can place the patient at addi-
tional risk of complications for a host of
reasons surrounding the addition of flow
within the ventilator circuit. Respiratory
therapists for years have compensated for
this known complication by being physi-
callypresentduring intermittentaerosoldrug
delivery to provide a near continuous clin-
ical assessment and if necessary interven-
tion. This continuous assessment is not pos-
sible when these treatments are prolonged
past the traditional 10–15 min timeframe.

Since the introduction of the vibrating
mesh micropump technology, the capability
to monitor pulmonary mechanics and ven-
tilator operation during aerosol delivery is
possible, because the vibrating mesh mi-
cropump does not add additional flow to the
circuit. This improves the safety profile of
this delivery method. The vibrating mesh
micropump may provide a safer delivery
with similar results to that of SPAG, but we
cannot ignore the many unknowns of this
drug therapy, nor should we let the use of
this proposed delivery method blindly open
the door for widespread application without
further study. Let’s review a couple of un-
knowns mentioned in the letter. First, the
team switched ventilators according to a
manufacturer recommendation. This intro-
duces a variation in practice, circuit change,
and exposes the patient with ARDS to a
disconnect from the ventilator circuit. Was
this really necessary, because the team was
properly filtering the expiratory gases? Sec-
ond, the team quickly identified crystalliza-
tion after the 22 mL (2-h drug delivery),
which lead them to change their practice
and rinse after each therapy session. This
again led to a disconnection in an immuno-
compromised patient with severe lung dis-
ease.Disconnects inmechanicallyventilated

patients have been associated with a hyp-
oxia related to a decrease in functional re-
sidual capacity, and they potentially increase
the chances of ventilator-associated pneu-
monia. The crystallization found also raises
the question of loss of drug delivery and
where else it may have been building up
that was not seen. Could it be in the endo-
tracheal tube? Not turning the humidifier
off likely reduced the crystallization after
humidifier use to that seen before humidi-
fier use. Third, the team felt the need to
double filter the expiratory limb with good
intentions of protecting the integrity of the
expiratory valve, transducers, and clinicians.
However, the rationale of using 2 identical
high-efficiency particulate air (HEPA) fil-
ters designed to filter to the same micron
particle level does not appear to be logical.
This likely only adds resistance to expira-
tory flow and potentially exposes the pa-
tient to an additional risk. Changing a single
HEPA filter following the 2-h aerosol de-
livery would have alleviated concerns of an
incompetent filter. Last, although this case
had an outcome we all would hope for, it is
not clear whether this was the result of the
aerosolized ribavirin therapy or a combina-
tion of efforts.

We are a profession known to deliver
low-volume, high-risk therapies well. Yet,
we must consider the risk of every interven-
tion and look beyond our 4 walls to deter-
mine whether there is a better method on
the horizon. I applaud the Hartmann group’s
use of the Journal and for assessing the risk
and benefits in this extreme situation. They
appropriately interpreted our study and log-
ically chose the more frequently used and
perceived safer vibrating mesh micropump
over the less frequently utilized and poten-
tially higher risk SPAG device. Their criti-
cal analysis of the literature allowed them
to choose the appropriate patient, drug, and
device, leading to a safe delivery of the po-
tentially beneficial aerosolized ribavirin and
overall wonderful care.
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Boston Children’s Hospital,
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Airway Pressure Release
Ventilation May Result in Occult
Atelectrauma in Severe ARDS

To the Editor:
In a recent issue of RESPIRATORY CARE,

Mireles-Cabodevila and Kacmarek1 did an
excellent job reviewing the pros and cons of
airway pressure release ventilation (APRV).
The paper and the discussion session raised
serious concerns about ARPV, particularly
regarding imposed work of breathing and
excessive tidal volumes due to high peak
transpulmonary pressures. However, neither
in the paper (except for a brief reference by
Dr Mireles-Cabodevila) nor in the discus-
sion was there an emphasis on what we
believe is the most dangerous risk of using
APRV as a rescue treatment for severe
ARDS: occult atelectrauma.

Although the use of APRV has almost
disappeared at our institution (Cleveland
Clinic), a few years ago there was a lot of
interest in the mode. As a result, we got
involved in some research on the topic, pro-
ducing a few papers and abstracts. What
always intrigued us was the frequent justi-
fication by supporters for using APRV that
“it works,” meaning that oxygenation im-
proved in patients with severe ARDS, yet
patients with severe ARDS rarely die of hy-
poxemia (�10%); they die of multi-organ
failure. Organ failure is linked to the release
of inflammatory mediators from the lung in
response to mechanical trauma. Hence, fo-
cusing on oxygenation as the main goal of
APRV at the expense of lung-protective ven-
tilation does not seem like the most rational
approach.

Oxygenation problems are usually man-
aged with PEEP. Patients with severe ARDS
shouldhaveend-expiratory lungvolumema-
nipulated by some form of optimal PEEP
heuristic. However, the most vehement sup-
porters for APRV recommend setting zero
PEEP (ie, Plow � 0 cm H2O but setting Tlow

short enough to maintain adequate end-ex-
piratory lung volume by means of auto-
PEEP).2 However, reliance on auto-PEEP
instead of set PEEP may result in unknown
and unstable lung volumes and hence un-
stable mechanical support of gas exchange
(not to mention the uneven distribution of
auto-PEEP in the lungs according to the dis-
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tribution of unequal time constants of lung
units, with the sickest units getting the least
PEEP).

Furthermore, changes in lung mechanics
(eg, the need for suctioning, variable edema,
and variable inspiratory effort) make auto-
PEEP an unpredictable random variable in
an individual patient. We have programmed
a high-fidelity physical breathing simulator
with actual values for resistance and com-
pliance from patients with severe ARDS
ventilated with APRV and demonstrated that
with a ventilator connected to the simulator
and the actual ventilator settings used (ac-
cording to published APRV recommenda-
tions), there was no auto-PEEP at all (un-
published data). No PEEP in a patient with
severe ARDS certainly suggests an in-
creased risk of ventilator-induced lung in-
jury due to atelectrauma.

Auto-PEEP can be estimated with math-
ematical models.3,4 Patients with severe
ARDS have a wide range of respiratory sys-
tem expiratory time constants (average 690
� 280 ms).5,6 Assuming7 an expiratory time
constant of 0.5 s, setting Tlow in the range
of 0.2–0.8 s2 results in auto-PEEP ranging
from 2 to 20 cm H2O with Phigh set at
30 cm H2O (relative to atmospheric pres-
sure) and Plow � 0 in a passive patient with
ARDS (see Fig. 1). Lower Phigh values (ie,
�30 cm H2O) naturally result in lower
ranges of auto-PEEP. Auto-PEEP for this
figure was estimated using the equation, au-
to-PEEP � (Phigh � Plow) � e�(Tlow/RC),
where RC is the expiratory time constant
and e is the base of natural logarithms
(�2.72). This equation describes a simple
exponential decay of pressure in response
to a step change from Phigh to Plow (as-
sumed to be zero in this case) over the pe-
riod of Tlow. We have created a Microsoft
Excel-based simulator based on published
equations3 that can be used to understand
how ventilator settings during APRV affect
lung volumes, flows, and pressures along
with estimated PaCO2

and PaO2
for different

values of passive lung mechanics (free to
download at http://is.gd/G6hD0A), as
shown in Figure 2. It is very helpful in un-
derstanding the interdependencies among
Phigh, Plow, Thigh, Tlow, auto-PEEP, and
passive tidal volume (so-called “release
volume”). We would argue that the use of
such a simulator is the only practical way to
gain understanding of APRV, because
equivalent experience with real patients
could take years and put a lot of people at
risk. As we noted in a previous paper,4

APRV is more complex than it appears to
be. It requires a lot more knowledge and
skill than may be apparent from descrip-
tions in the literature.

In contrast to expected auto-PEEP levels
during APRV, “optimum” PEEP levels rec-
ommended by the ARDSNet higher-PEEP
table8 for patients requiring FIO2

�0.60
range from 20 to 24 cm H2O. Thus, reliance
on auto-PEEP during APRV probably re-
sults in suboptimal end-expiratory lung vol-
ume at least some of the time. Add to this
the problem that some ventilators synch the
ending of Thigh with spontaneous expiration
during Phigh, and you get an unpredictable
Tlow despite explicit settings.9,10 On the
other hand, triggering the transition from
Plow to Phigh using expiratory flow is help-
ful, but it does not avoid the interdepen-
dence of auto-PEEP and tidal volume.4,11

Here is the main point of our letter: The
risk of atelectrauma (a distant and hidden
effect) is often discounted by clinicians in
favor of the benefit of improved oxygen-
ation (immediate and obvious effect). This
is an example of the decision error known
as present moment discounting (the ten-
dency for people to have a stronger prefer-
ence for more immediate payoffs relative to
later payoffs).12 Unfortunately, when out-
comes of ventilation with APRV are unsat-
isfactory, they are often rationalized on the
basis of poor prior probability of survival
due to ARDS (obvious) rather than the po-
tential for suboptimal ventilator manage-
ment (hidden).

In addition, there has yet to be a thought-
ful discussion regarding the impact of
APRV on right heart function. In ARDS,
acute cor pulmonale occurs in 22–25% of
patients and reaches 50% among those with
severe presentations.13,14 Of even greater

concern is that mortality is substantially
greater (67% vs 49%) in those with mod-
erate to severe ARDS who develop acute
cor pulmonale,14 How this relates to a dis-
cussion of whether APRV is a prudent ap-
proach to lung-protective ventilation in
ARDS is seen by consideration of the so-
bering evidence that elevated plateau pres-
sure 27–35 cm H2O) is linked to develop-
ing acute cor pulmonale and that an
additive effect of elevated plateau pressure
and cor pulmonale increases mortality
risk.14,15 The deleterious effects of sus-
tained, high intrathoracic pressures produc-
ing hemodynamic compromise probably
explain the unexpectedly higher mortality
in those managed with high-frequency os-
cillatory ventilation.16,17 Others have also
pointed out that the heterogeneous distribu-
tion of time constants in ARDS very likely
leads to heterogeneous distribution in re-
gional lung volumes that not only may in-
duce/exacerbate regional atelectrauma, as
we suggest, but also regional alveolar over-
distention.14

In summary, the use of ARPV (with ex-
treme inverse I:E and Plow � 0) as a rescue
strategy for ARDS results, at least theoret-
ically, in (1) increased work of breathing,
(2) increased risk of volutrauma, (3) in-
creased risk of atelectrauma, and (4) in-
creased risk of cor pulmonale, compared
with other pressure control modes. To us,
these theoretical risks outweigh the poten-
tial improvement in PaO2

. If there were no
alternative, then the risks might be war-
ranted. But as we have shown,4 you can
obtain the same objectives as APRV (ie, the
same values for mean airway pressure,
end-inspiratory lung volume, “release
volume,” and end-expiratory lung vol-
ume) using a known set PEEP value and

Fig. 1. Predicted auto-PEEP during airway pressure release ventilation with Phigh � 30
cm H2O and Plow � 0 cm H2O. Expiratory time constant (expressed in s) is the product
of resistance � compliance.
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a Tlow set long enough to avoid auto-
PEEP. This approach decouples the level
of mechanical support from the level of
auto-PEEP, making clinical management
easier and more predictable.

Perhaps the last word should go to
John Downs (the inventor of APRV) and
colleagues who commented on the largest
study of APRV to date.18 In a letter to the
editor in the Journal of Trauma, they said
“Many clinicians use APRV as a rescue
mode for the treatment of ARDS. No
study supports…the use of APRV in that
way…”19 In their response to the letter,
the authors of the study stated that “We
do not believe that APRV should be used
as a rescue mode either.”
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We Agree!!

In Reply
As we discussed in our article,1 the use

of auto-PEEP to establish PEEP always

Fig. 2. Microsoft Excel-based airway pressure release ventilation simulator. Courtesy Mandu
Press.
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