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WHICH VENTILATORS AND MODES CAN BE USED TO DELIVER NONINVASIVE VENTILATION?

Table 1.  Criteria for Considering Noninvasive Ventilation

Table 2. Goals and Objectives of Mechanical Ventilation

Disease processes and situations that definitely indicate NIV (strong
evidence!-2)
COPD exacerbation
Facilitation of weaning/extubation in patients with COPD
Acute cardiogenic pulmonary edema
Immunocompromised (hematologic malignancy, bone marrow or
solid-organ transplant, AIDS)

Inclusion criteria (at least 2 should be present)
Use of accessory muscles
Paradoxical breathing
Respiratory rate = 25 breaths/min
Dyspnea (moderate-to-severe or increased in COPD)
P.co, > 45 mm Hg with pH < 7.35
P,0,/Fio, < 200 mm Hg

Exclusion criteria
Apnea
Hemodynamic or cardiac instability
Uncooperative patient
Facial burn or trauma
High risk of aspiration
Copious secretions
Anatomic abnormalities that interfere with gas delivery

COPD = chronic obstructive pulmonary disease
AIDS = acquired immune deficiency syndrome
Fio, = fraction of inspired oxygen

Introduction

You have assessed the patient. He seems to meet many
of the standard textbook criteria!-> for considering nonin-
vasive ventilation (NIV) (Table 1). But now you face a
bewildering array of technological decisions. The selec-
tion of patient-ventilator interface is not too difficult (ie,
nasal mask, nasal pillows, oronasal mask, full-face mask,
or helmet), except that manufacturers called oronasal masks
“full face” until someone invented a real full-face (“total
face”) mask?® and now there is a nomenclature issue. But
what about the ventilator? Which ventilator do you use,
and which mode do you select? And how do you even
know which mode is which when the literature is full of
confusing terms and acronyms, such as volume-cycled,
pressure-cycled, volume-limited, control mode, assist-con-
trol (A/C) mode, pressure-control ventilation (PCV), in-
termittent positive-pressure ventilation (IPPV), bi-level
positive airway pressure (BiPAP), spontaneous/timed (S/T)
mode, volume-assist/control, pressure-assist/control, pres-
sure-support ventilation (PSV), and proportional-assist ven-
tilation (PAV)?

In this paper I will take a step-by-step approach to this
problem, by first reviewing the general goals of mechan-
ical ventilation and how they might be emphasized differ-
ently in NIV versus invasive ventilation (ie, intubated pa-
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Do no harm (minimize risks and maximize safety)
Provide adequate gas exchange by optimizing the ventilation-
perfusion ratio
Acceptable blood gas values
Minimal dead space
Adequate cardiac output and blood pressure
Avoid ventilator-induced lung injury by optimizing the lung
volume/pressure ratio (optimize mechanics)
Optimal PEEP
Optimal tidal volume
Minimize risk of ventilator-associated pneumonia
Promote patient comfort
Avoid patient-ventilator asynchrony by optimizing the ratio of
ventilator work output to patient work output, ie, ventilatory
demand

Optimal trigger and cycle sensitivities (spontaneous breaths)

Optimal inspiratory time and peak inspiratory flow (mandatory
breaths)

Liberate patient from ventilator as soon as possible

Minimize duration of mechanical ventilation

Optimal criteria for weaning screen, spontaneous breathing trial,
and extubation
Optimal adherence to protocols and avoidance of delays

PEEP = positive end-expiratory pressure

tients). Next I will review the basic nomenclature and
classification scheme for ventilation modes, to dispel some
of the confusion about jargon. Having identified which
modes best meet the goals of NIV, I will then discuss
which ventilators best provide the modes. Finally, I will
conclude with a simplified algorithm for selecting the
most appropriate ventilator and mode for NIV in a given
situation.

Goals and Objectives of Ventilation:
Invasive Versus Noninvasive

The goals of mechanical ventilation, in the most basic
terms, can be thought of as (1) do no harm, (2) promote
patient comfort, and (3) liberate the patient from me-
chanical ventilation as soon as possible (Table 2). No
doubt these goals are the same whether treating the
patient invasively or noninvasively. However, if we look
at the specific objectives associated with these goals,
perhaps we can distinguish priorities for the 2 approaches
to ventilation. For example, intubated patients are usu-
ally more critically ill, so safety objectives (eg, follow-
ing blood gas values to assure adequate ventilation and
using a lung-protective ventilation strategy) tend to pre-
dominate over comfort objectives (eg, intubated patients
are often sedated). Table 3 lists some criteria to deter-
mine if safety should be the priority. If none of those
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Table 3.  Criteria to Determine if a Noninvasive Ventilation
Candidate’s Condition Warrants Safety as a Priority

Apnea risk
Central apnea
Failure to trigger due to intermittent leaks

Hypoventilation Risk
Severe COPD exacerbation
Failed extubation

Hypoxemia Risk
High F,, requirement
High PEEP requirement

COPD = chronic obstructive pulmonary disease
Fio, = fraction of inspired oxygen
PEEP = positive end-expiratory pressure

criteria are met, and there are no other countervailing
circumstances, the priority should be comfort. Comfort
objectives tend to predominate with patients treated with
NIV, because these patients are usually awake, alert,
and desire to interact with the world in as normal a
fashion as possible, particularly if the NIV is for a
chronic or permanent condition. If this distinction be-
tween invasive ventilation and NIV is valid, then it
should guide our selection of ventilation modes.

For a brief overview of how ventilation modes are de-
scribed and classified, see the Appendix, which provides the
basic concepts and terminology for the rest of this paper.

‘Which Modes Best Meet the Goals of NIV?

Having defined a “mode” as a basic ventilatory pattern
(for the simplified purposes of this paper), we can now
review the literature with minimum confusion regarding
terminology. In other words, I will translate the various
names used in the cited articles into the standardized terms
for ventilatory patterns (with the exception that I will also
refer to continuous positive airway pressure [CPAP], PSV,
and PAV).

But, before evaluating the merits of various modes, we
need to review the laboratory evaluation of ventilator per-
formance in general. The key difference between invasive
ventilation and NIV is that NIV typically involves air leaks,
because NIV uses a mask instead of an endotracheal tube.
NIV air leaks can be large enough to affect the ventilator’s
triggering and cycling functions and the rate of inspiratory
pressure rise. Thus, the standard laboratory setup for as-
sessing ventilator performance under NIV conditions is to
connect the ventilator to a simulated load (ie, lung model
with variable resistance and compliance) with a circuit that
has a variable (ie, controllable) leak.
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Evaluating Ventilator Performance
Lung Models

The most common lung model for this type of experi-
mental setup is a double-bellows model, such as the Train-
ing and Test Lung (Michigan Instruments, Grand Rapids,
Michigan).#* With this device, one bellows is connected to
a “driving” ventilator set to simulate the patient’s ventila-
tory muscle actions. The other bellows is connected to the
ventilator being evaluated. The connection to the test ven-
tilator is often via a simulated patient head fitted with a
mask. The connection between the mask and the test ven-
tilator includes a variable leak (eg, a valve that opens to
the atmosphere). Flow transducers are placed in the circuit
between the mask and the test ventilator and between the
lung simulator and the mask. Pressure, volume, and flow
signals are then digitally recorded and analyzed with a
computer. Figure 1 shows a typical setup.®

The problem with the above-mentioned setup is that the
lung simulator mechanical properties (ie, resistance and
compliance) are limited to a finite number of discrete spring-
tension settings or calibrated flow resistors. In addition,
researchers often have to create their own data-analysis
algorithms (eg, to calculate trigger delay). Fortunately,
there is a better test lung commercially available. In my
opinion, the best available lung simulator is the ASL 5000
(IngMar Medical, Pittsburgh, Pennsylvania).® It is based
on a computer-controlled piston that moves inside a cyl-
inder. Volume (V) as a function of time (t) is measured
directly as piston displacement. Flow (V) is the derivative
of volume with respect to time (dV/dt). Airway pressure
(P) is governed by the equation of motion for the respira-
tory system:

P = (1/C)V(t) + R(dV/dt) — P,,(t)

where C is compliance, R is resistance, and P (t) is
ventilatory muscle pressure as a function of time, which
is either set to zero (ie, passive inflation and deflation) or
is defined by the operator to simulate active breathing.
The simulator can be programmed as a single-compart-
ment or double-compartment model (ie, 1 or 2 lungs).
Compliance is simulated by moving the piston according
to dV = (C)(dP). The relationship between pressure and
volume can be made nonlinear to better approximate the
model to the S-shaped pressure/volume response curve of
areal patient. Resistance is defined by dP = (R)(dV/dt), so
the piston is moved at a speed of dV/dt = dP/R. Different
values for resistance can be selected for flows in the di-
rection of inspiration and expiration, and the resistor set-
tings can be linear or parabolic. Parabolic resistors have
been the choice for most physical resistors, because im-
plementations of linear resistors demand linear flow over
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Fig. 1. Bellows lung simulator setup to evaluate ventilator performance during noninvasive ventilation. (Adapted from Reference 5, with

permission.)

the whole expected flow range. The ASL 5000 simulator
avoids those difficulties and provides a response that rep-
resents both types.

Spontaneous breathing effort is simulated by specifying
a P function. The operator can set the frequency, am-
plitude, and various parameters of the waveform. An op-
tional device, the Simulator Bypass and Leak Valve Mod-
ule (IngMar Medical, Pittsburgh, Pennsylvania), provides
3 levels of simulated leak (Fig. 2), to provide the repro-
ducible leaks required for ventilator-performance testing
with simulated NIV scenarios. Figure 3 shows a typical
experimental setup.” The ASL 5000 comes with software
specifically designed to test ventilator performance, so it
has a wide variety of waveform-analysis features and cal-
culated variables.

In this article I report results obtained with an ASL 5000,
programmed with the settings shown in Table 4.

Performance Variables

Patient-ventilator asynchrony during NIV can be clas-
sified according to the 4 breath phases: the switch from
expiration to inspiration; inspiration; the switch from in-
spiration to expiration; expiration.

Leaks in the delivery system cause problems in Phase 1,
such as delayed triggering, decreased sensitivity (missed
trigger efforts), or increased sensitivity (auto-triggering).
Phase 2 effects include a decreased rate of inspiratory
pressure rise. Phase 3 effects occur if the leak is large
enough to prevent inspiratory flow decay to the cycle thresh-
old. In Phase 4, leaks may cause loss of positive end-
expiratory pressure (PEEP).

Some of the variables that have been defined (eg, by the
ASL 5000) to evaluate ventilator performance (Fig. 4)
include:
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Drop to P,,;,,: The change in airway pressure from PEEP
to the minimum airway pressure (ie, pressure below base-
line before inspiratory flow starts going in the positive
direction) caused by a patient inspiratory effort. Some au-
thors have referred to this as “trigger pressure.” However,
the precise meaning of trigger pressure is the pressure
threshold the ventilator uses to start inspiratory flow. The
P, recorded at the airway opening during the trigger
phase of a breath is the result of several factors, including
the inspiratory effort, the patient circuit compliance, and
the ventilator’s gas-flow delivery characteristics, so the
airway pressure typically continues downward even though
the ventilator has started inspiratory flow. Thus, P, ;, may
be less than the true trigger pressure. Indeed, “trigger pres-
sure” is not even relevant when inspiration is flow-trig-
gered.

Inspiratory time (T,): The time from the start of inspira-
tory effort (ie, P, beginning to go below zero) to the start
of expiratory flow (or to maximum volume of the
ASL 5000).

Time to P,,,: The time from the start of inspiratory
effort (ie, P, beginning to go below zero) to the mini-
mum airway pressure.

Time from P,,;, to baseline (PEEP): The time it takes
for airway pressure to go from minimum airway pressure
to baseline (PEEP).

Trigger response time: The time from the start of in-
spiratory effort to the point where airway pressure reaches
baseline (PEEP) (ie, the sum of Time to P,,;, and Time
from P, to baseline).

Patient trigger work: The integral of P, with respect
to volume from the start of inspiratory effort to the point
where airway pressure returns to PEEP after P, .

Pressure-time product: The integral of airway pressure
(relative to PEEP) with respect to time from the start of
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Fig. 2. Pressure versus flow characteristics of the Simulator By-

pass and Leak Valve Module used with the Ingmar ASL 5000 lung
simulator. (Courtesy of Ingmar Medical.)

inspiratory effort to the point where airway pressure re-
turns to PEEP after P, ;.

Inspiratory Ty,: Time for airway pressure to rise to 90%
of the steady-state value. This is an index of pressure-
waveform distortion due to a leak. A lower value indicates
that pressure rises slower because of flow loss from the
leak.

Cycling delay: T; minus inspiratory effort time (ie, the
time that P, is below zero). A positive number means
inspiratory flow from the ventilator ended after the effort
ended (delayed cycling), and a negative number means
that inspiratory flow ended before the effort ended (pre-
mature cycling).

Volume Control Versus Pressure Control

The first consideration in evaluating modes is whether
there is a difference between volume control (VC) and
pressure control (PC) when trying to ventilate in the pres-
ence of large and possibly unstable leaks. Rather than try
to guess or infer the answer from experimental data, we
can much more reliably model the situation mathemati-
cally. For this purpose we borrow a schematic and analy-
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ses from electrical engineering. Figure 5 shows the respi-
ratory system represented as an electrical resistance
connected in series with a capacitance. The leak is mod-
eled as a resistance in parallel with the respiratory system.
Pressure control is modeled as a step change in voltage
applied across the model, and volume control is modeled
as a step change in electrical current. The mathematical
model that corresponds to this electrical model is analo-
gous to the equation of motion. The equation is solved for
volume (as a function of time) using the Laplace Trans-
form (Fig. 6).% In Figure 6 the intersection of the 2 solid
lines represents the target tidal volume (V) delivered with
a preset T; and the no-leak condition. The shape of the 2
sets of curves show that pressure control delivers more of
the target V1 for any time less than the target T, than does
volume control. However, the difference in leak between
the 2 modes (ie, the vertical distance between “leak off”
and “leak on” in Fig. 6) becomes clinically unimportant as
T, decreases (eg, as breathing frequency increases). The
theoretical waveforms in Figure 6 show that a leak causes
lung volume to rise exponentially rather than linearly in
volume control. In effect, volume control has been changed
to pressure control, because the pressure drop across the
leak acts like a pressure-limiting valve. What I conclude
from this analysis is that, theoretically, pressure control is
better than volume control.

Another theoretical advantage of pressure control is that,
for the same Vi, pressure control results in a lower peak
inspiratory pressure® (provided that the T; is longer than
about 3 time constants of the respiratory system). This is
true when volume control is achieved with a constant flow.
A lower peak inspiratory pressure may allow less mask
tightness and better patient comfort. However, some ven-
tilators (eg, the Aequitron LP-10, Aequitron Medical/
Mallinckrodt, Plymouth, Minnesota) deliver volume-con-
trolled breaths with a descending-ramp flow waveform
that approximates the shape of the flow waveform during
pressure control, so the peak inspiratory pressure is similar
(Fig. 7).

But are the differences important in the real world of
NIV? To answer that question I compared VC-CMV to
PC-CMYV with an Aequitron LP-10 ventilator. I achieved
pressure control by setting the V1 to 1.0 L and using the
mechanical pressure-limit knob to adjust peak inspiratory
pressure. I connected the ventilator to the ASL 5000 lung
simulator, as described above, and set the ventilator to
deliver a V1 of about 480 mL. I recorded delivered V at
baseline (no leak) and at leak settings of 1, 2, and 3 on the
Simulator Bypass and Leak Valve Module. Figure 8 shows
the results. The V, with volume control dropped 32% (at
leak setting 3), compared to only 6% with pressure con-
trol. This confirms not only that the theoretical results are
valid but also that the effect may be clinically important.
The take-home message is that pressure control should
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Fig. 3. Experimental setup to evaluate ventilator performance dur-
ing noninvasive ventilation with the Ingmar ASL 5000 test lung and
Simulator Bypass and Leak Valve Module. (Courtesy Robert L
Kacmarek PhD RRT FAARC.)

Table 4.  Settings Used With the Ingmar ASL 5000 Lung Simulator

Single-compartment model to simulate a patient with COPD
Mechanical Variables

Uncompensated residual volume: 0.5 L

Inspiratory resistance: 10 cmH,O/L/s

Expiratory resistance: 10 cmH,O/L/s

Compliance: 80 mL/cmH,O

s Variables

Frequency: 15 breaths/min

Amplitude: 5 cmH,O

Inspiration: 5% (of ventilatory period)

Hold: 3%

Release: 15%

P
Baseline mask leak: 4 L/min at mean airway pressure of 8§ cmH,O

P

modified by airway pressure (backing off): 50%

mus

provide a more stable ventilatory support than volume
control if there is a large and variable leak.

There are, however, advantages to volume control. Pis-
ton-driven portable volume-control ventilators can provide
higher ventilating pressure, which may be required in pa-
tients with high respiratory-system impedance (eg, due to
obesity). These ventilators can operate considerably longer
on battery power than blower-driven pressure control de-
vices. Finally, patients using volume-control ventilators
can be taught to “stack” (ie, double-trigger) breaths to
attain a high inspired lung volume to increase cough flow.2

Some studies have compared pressure control to volume
control in terms of physiologic variables. Two studies!'0!!
found no difference in oxygenation or ventilation between
the two. Girault et al'?> found that volume control had
lower inspiratory work load than did pressure control. Vi-
tacca et al'® found no difference in NIV success rate be-

90

Flow

Pressure

PEEP- t———— Volume
! / / Muscle
M pressure

: |
«— Time to Pmin —w i
1

1

—p-. -

i
| to PEEP
! !

i« Trigger response

{ time
i

1
1
i
1
i
1
1
1
!
1
Time from Ppin |
!
1
i
1
1
!
1
‘«——— Inspiratory Ty ————»'
Fig. 4. Flow, pressure, volume, and muscle pressure waveforms to
illustrate the definitions of ventilator-performance variables. Verti-
cal axis is pressure (X 10), volume, and flow (X 10). Horizontal axis
is time. P, = change in airway pressure from PEEP to the min-
imum airway pressure. PEEP = positive end-expiratory pressure.
Too = time for airway pressure to rise to 90% of the steady-state
value.

inspira(ory flow

+ T
ventilator _[_

vlung R"“g Rhak vleak P;ung system

lu

Fig. 5. Electrical circuit that models a leak in parallel with the
respiratory system. R = resistance. Tube = endotracheal tube.
V = flow. C = compliance. P = pressure. (From Reference 8.)

tween volume control and pressure control. Shonhofer
et al'4 found that pressure control was successful in the
majority of patients after an initial treatment with volume
control. Two patients in that study had intractable flatu-
lence with volume control but were adequately treated
with pressure control (presumably due to a lower peak
inspiratory pressure). One third of the patients who ini-
tially did well on volume control failed on pressure con-
trol, despite the fact that the 2 modes were matched for
rate and Vy during the day. The authors speculated that
one reason for not responding to pressure control may be
the postural change of lung and chest wall mechanics dur-
ing nocturnal ventilation, which leads to hypoventilation.
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Fig. 6. Delivered volume as a function of time in pressure-con-
trolled ventilation (PCV) or flow-controlled ventilation (FCV), which
is synonymous with volume control. (From Reference 8.)

The main advantage of volume control is a more stable
V. with changing lung mechanics. The main advantages
of pressure control are a more stable volume delivery with
leak and better patient-ventilator synchrony because pres-
sure control allows the patient to adjust inspiratory flow.
Adaptive pressure control!> attempts to achieve both sets
of advantages by making inspiration pressure-controlled
but letting the ventilator automatically adjust the peak in-
spiratory pressure to achieve a preset target V. To date
there have been no studies of NIV with adaptive pressure
control, nor have there been any ventilators that use adap-
tive pressure control for their NIV modes. However, the
Shonhofer et al'#4 study suggests that adaptive pressure
control may have avoided the failure of those patients who
hyperventilated at night with simple pressure control. On
the other hand, a substantial leak might confound the adap-
tive control algorithm. More study of adaptive pressure
control for NIV is warranted.

CMY Versus IMV Versus CSV

If, in general, comfort objectives tend to predominate
with patients treated with NIV, then we can argue that
CSV is better than CMV, because with CSV the patient
can modify both the timing and size of the breath, which
increases synchrony of breathing efforts with ventilator
gas delivery and thus promotes comfort. With CMV, both
the size of the breath and the T, are arbitrarily set by the
clinician. Excellent patient assessment in the moment can
assure good synchrony with CMV, but the problem is that
the operator is not always there to readjust the settings if
the patient desires to change his or her breathing pattern.
On the other hand, if safety concerns predominate, then
CMYV is a better option.
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Fig. 7. Characteristic waveforms with the Aequitron LP10 ventila-
tor during volume-control ventilation. Vertical axis is pressure
(X 10), volume, and flow (X 10). Horizontal axis is time.

I can think of no argument (nor have I found any liter-
ature) to justify the use of IMV in the traditional sense,
meaning the delivery of volume-controlled mandatory
breaths along with pressure-controlled spontaneous breaths.
That seems to me the worst of both worlds: possibly asyn-
chronous mandatory breaths interspersed with variable-
volume spontaneous breaths, which would result in a pat-
tern of highly variable V delivery and work of breathing
(ie, from breath to breath).

Fortunately, the IMV provided by specialized noninva-
sive ventilators is different from that provided by home-
care and intensive care unit (ICU) ventilators. The defini-
tion of IMV is that spontaneous breaths can be delivered
between mandatory breaths.* Traditionally, IMV was im-
plemented on ventilators as a preset backup rate for man-
datory breaths, and they were delivered regardless of the
spontaneous breathing activity. However, with noninva-
sive ventilators there may be 2 kinds of IMV. For exam-
ple, with the Respironics BiPAP S/T ventilator, in the
“timed” mode, IMV is delivered traditionally (ie, manda-
tory breaths are time-triggered, time-cycled, and delivered
at the set rate, independent of the patient’s spontaneous
breathing efforts). However, in the “spontaneous/timed”
mode, mandatory breaths (ie, time-triggered but flow-cy-
cled) are delivered only if the spontaneous breath rate falls
below the set IMV rate. This has clinical importance be-
cause the operator may be tempted to increase the rate (as
with traditional IMV) for a patient who is hypoventilating
(ie, rapid shallow breathing pattern), only to find that noth-
ing happens, because the set rate is still below the patient’s
trigger rate. What is needed in that case is to increase the
pressure-support level.

The need for routine use of a backup rate has not been
established,'¢ although if patient safety is the priority, it
makes sense to use CMV or IMV. For example, in patients
with neuromuscular disease, setting the backup rate slightly
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below the normal breath rate while the patient is awake
should provide maximum respiratory muscle rest during
sleep.!”

The take-home message is that if the main objective is
comfort, use CSV; otherwise, use CMV on a home-care
ventilator, or IMV on a noninvasive ventilator or ICU
ventilator that has an NIV option.

Pressure Support Versus Proportional Assist

If we pursue the idea of using CSV to promote comfort,
we naturally ask how patient-ventilator synchrony can be
enhanced. Much has been written about the possibility of
asynchrony with PSV.!® As with other modes, trigger de-
lay can increase the patient’s work of breathing. The pres-
surization rate can be too slow (which causes the patient’s
feeling of not getting enough flow) or too fast (which
causes the patient to reflexively activate expiratory mus-
cles and prematurely terminate the breath). If the pressure-
support level is set too low, the patient may not get a large
enough V.. This may also lead to an T shorter than the
patient’s neurological inspiratory drive time, which will
cause double-triggering breaths and auto-PEEP. On the
other hand, if the pressure-support level is set too high, the
patient may feel overinflated and, again, actively exhale to
terminate the breath, which increases the work of breath-
ing. Setting the pressure-support level too high also tends
to lengthen the T, because the peak inspiratory flow is
higher, so the flow cycle threshold (which is usually set as
a percent of peak flow) takes longer to reach, and, again,
may urge the patient to actively terminate the breath. This
effect may also be seen in patients with long respiratory
system time constants. Finally, if the leak is large enough,
inspiratory flow may never decay to the cycle threshold,
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and, again, this forces the patient to actively terminate the
breath, or to wait until the time-cycle backup mechanism
is activated. Newer ventilators allow the operator to adjust
the pressure rise time and the cycle threshold so that, with
diligence and attention to both the patient and the venti-
lator graphics, PSV can be fine-tuned to be synchronous in
most situations. But you can see the problem: a skilled
operator with the time to do the fine-tuning is a scare
resource in most settings. Advanced PSV algorithms have
been developed,'® and I would argue that the more fine-
tuning the ventilator can do automatically, the better. We
need to build more intelligence into ventilators, because
we cannot guarantee it at the bedside.

PAV offers a theoretical advantage over PSV in that the
inspiratory pressure and the inspiratory cycle threshold are
both under more control of the patient and do not need
breath-by-breath fine-tuning by an operator. Indeed, there
have been numerous comparisons of PSV and PAV in the
literature, with conflicting results. Compared to PSV, PAV
has been found to reduce indices of inspiratory muscle
effort,2-2! or not,?? to be associated with more rapid im-
provements in physiologic variables,?3 or not,>* and is seen
as more comfortable.?223 Neurally adjusted ventilatory sup-
port seems promising for the same reasons as PAV, but we
need more research to verify that assumption.

The take-home message seems to be that if you have
PAV, use it in preference to PSV. Unfortunately, the only
ventilator available in the United States with an approved
PAV mode explicitly recommends that it not be used for
NIV, because, in its present incarnation, PAV+ does not
have leak compensation and therefore cannot properly eval-
uate lung mechanics with a mask.

In summary, if comfort is the primary objective, use
PAV when available; if not, use PSV, making sure to
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fine-tune pressure rise time, peak inspiratory pressure, and
cycle threshold to assure synchrony. If safety is the pri-
mary objective, use PC-CMV or PC-IMV. In the rare case
that the patient needs cough assist (and can be taught the
skill), use VC-CMV.

Which Ventilators Best Provide the Modes?

There are 3 general classes of ventilator that can be used
for NIV: devices specially designed for the task (I will call
them “noninvasive ventilators”), standard home-care ven-
tilators, and ICU ventilators.

Noninvasive Ventilators

Noninvasive ventilators are pressure controllers, and
their “claim to fame” is that they are designed to perform
well with relatively large system leaks. Noninvasive ven-
tilators provide either PSV or PC-IMV. However, as de-
scribed above, regardless of the backup rate, mandatory
breaths are only delivered if the spontaneous breath rate
falls below the set rate.

Simple Noninvasive Ventilators. Simple noninvasive
ventilators (sometimes called “bi-level” or “BiPAP”) ven-
tilators are inexpensive, small, and relatively easy to op-
erate. A simple noninvasive ventilator requires an oxygen
bleed-in modification to control the fraction of inspired
oxygen (Fp,). Unlike other types of ventilators, a simple
noninvasive ventilator does not use an exhalation valve.
Instead, it regulates a constant flow of air up or down as
needed to control airway pressure. As such, a simple non-
invasive ventilator uses a single-limb patient circuit, and
most such circuits have a fixed leak near the mask, to
prevent rebreathing carbon dioxide. A simple noninvasive
ventilator is typically powered by a blower, which con-
sumes a relatively large amount of power, so few simple
noninvasive ventilators operate on batteries (those that do,
not for long). A simple noninvasive ventilator is more
practical than an advanced noninvasive ventilator for home
use, and simple noninvasive ventilators are also popular in
hospitals. The operator interface is usually limited to a
small liquid-crystal display screen that shows text mes-
sages only. Simple noninvasive ventilators offer pressure-
support and CPAP, and a few have a ramp setting that
gradually increases the CPAP level so the patient can more
easily fall asleep (ie, for treating obstructive sleep apnea).
Most simple noninvasive ventilators have no alarms, ex-
cept perhaps an alert if the mask leak is too great. Figure 9
shows representative pressure, volume, and flow curves
with BiPAP (with maximum leak setting 3 on the Simu-
lator Bypass and Leak Valve Module).
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Advanced Noninvasive Ventilators. Advanced nonin-
vasive ventilators (eg, Respironics Vision and Hamilton
Raphael) offer control over Fyq , graphic monitoring, and
alarms. For instance, the alarms on the Respironics Vision
include high-pressure limit, low-pressure limit, apnea, high
rate, low rate, and low minute ventilation. Advanced non-
invasive ventilators are most often used in hospitals, in
both intensive and acute care areas. Figure 10 shows rep-
resentative waveforms from a Respironics Vision.

Home-Care Ventilators

Small, piston-driven ventilators (eg, Lifecare PLV-100
and Aequitron LP-10) have been the standard home-care
ventilator for decades. Such ventilators are well suited for
patients who need continuous ventilatory support and those
with severe chest-wall deformity or obesity, who need
high inflation pressure.!” However, home-care ventilators
are heavier and more expensive than simple noninvasive
ventilators. Home-care ventilators are typically used for
VC-CMV or VC-IMV, but some can be set to deliver
pressure-control ventilation. These devices are easy to use,
offer adequate alarms, and can operate on battery power,
but require an oxygen bleed-in modification to control
Fio,- The major concern about home-care ventilators for
NIV is that they are not designed to compensate for leaks,
which may cause triggering problems. Figure 7 shows
characteristic waveforms from an Aequitron LP10.

ICU Ventilators

ICU ventilators were originally designed to ventilate
intubated patients, with minimal or no leak. Although some
early ventilators had ingenious leak-compensation devices,
especially for infants with uncuffed tubes (eg, Bournes
LS104-150), leaks have generally caused triggering prob-
lems with ICU ventilators. With the growing popularity of
NIV, some newer ICU ventilators (eg, Maquet Servo-i,
Hamilton G5, Driger Evita XL, Newport €500, Viasys
Vela, Respironics Esprit) have “noninvasive modes” along
with their standard inventory of ventilatory patterns. These
are really not unique ventilatory patterns; they are just
PC-IMV, but when activated, the ventilator automates leak
compensation (eg, adjusts bias flow and trigger sensitivity)
and deactivates some nuisance alarms. The operator inter-
faces look different from other modes; the intent is to
mimic the settings on noninvasive ventilators. The advan-
tage of using an ICU ventilator is that you have all the
sophisticated control and monitoring features you could
want. The disadvantage, of course, is the higher cost and
complexity. Figure 11 shows characteristic waveforms from
a Hamilton GS5.

Recently, Vignaux et al> evaluated the performance
of ICU ventilators with noninvasive modes. They con-
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pressure

Fig. 9. Characteristic waveforms with bi-level positive airway pres-
sure (BiPAP). Vertical axis is pressure (X 10), volume, and flow
(X 10). Horizontal axis is time.

Respironics Vision

Muscle
pressure

Fig. 10. Characteristic waveforms with the Respironics Vision ven-
tilator. Vertical axis is pressure (X 10), volume, and flow (X 10).
Horizontal axis is time.

cluded that leaks interfere with several key functions of
ICU ventilators. There was auto-triggering, decreased
pressurization rate, and delayed cycling. Activating the
NIV modes on these ventilators corrected the auto-trig-
gering on all the ventilators they tested, but pressuriza-
tion and delayed cycling were corrected on only some
of the ventilators. Vignaux et al noted a wide variation
among the tested ventilators in the efficiency with which
their NIV modes handled the various dysfunctions caused
by leaks.

More recently, Ferreira et al” conducted a similar
study and found that at a baseline leak (that simulated
proper mask fit) all the tested ventilators were able to
deliver adequate V and maintain airway pressure and
synchrony with the (simulated) patient. As the leak was
increased, all the ventilators (except the Maquet Servo-i
and the Respironics Vision) needed manual adjustment
of sensitivity or cycling threshold to maintain adequate
ventilation.
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Hamilton G5

pressure

Muscle
pressure

Fig. 11. Characteristic waveforms with the Hamilton G5 ventilator.
Vertical axis is pressure (X 10), volume, and flow (X 10). Horizontal
axis is time.

Performance Comparisons

I have collected representative performance data for the
3 types of ventilators used for NIV (see Table 5). The
experiments were conducted with the Ingmar ASL 5000
lung simulator, as described above. Data were collected
and analyzed with the ASL 5000’s data-collection soft-
ware, version 2.2. Only mean values (for a minimum of 10
breaths) are displayed, because the coefficients of varia-
tion were negligible for all variables. I tested leak condi-
tions of no leak, baseline, and settings 1, 2, and 3 on the
Simulator Bypass and Leak Valve Module. However, for
simplicity, I report only the data for leak setting 3 (max-
imum).

With maximum leak, all the ventilators were able to
deliver a V1 within 6% of the no-leak condition. As ex-
pected, the pressure drop during triggering was least for
the dedicated noninvasive ventilators (Respironics BiPAP
and Vision). Surprisingly, the G5 had the shortest trigger-
response time, although it was the only ventilator that
required manual adjustment of the sensitivity to prevent
auto-triggering. Except for the (easily corrected) auto-trig-
gering by the G5, all the ventilators operated without prob-
lems with all leaks.

I would like to call attention to one subtle aspect of
ventilator-performance testing that I don’t think has been
discussed in the literature. As noted above, the Ingmar
ASL 5000 can be set so that P, is modified by the airway
pressure. The intent (according to the ASL 5000°s operator
manual) is to simulate the situation where a patient makes
less effort during inspiration as the airway pressure rises.
Of course, whether or not patients actually react that way
is debatable. With this model, differences in airway pres-
sure rise time will create differences in the P, . profile.
The problem is that there is a great deal of variability in
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Table 5. Performance Characteristics of Representative Ventilators Used for Noninvasive Ventilation*®
. . Time from Trigger Response

Ventilator Leak T‘dain\:f)lume Leak(n\:f)l“me D(rfrfl ‘I‘; 18';" Tlm‘zr;‘:)Pmi" P, to PEEP Time
2 ; (ms) (ms)
Respironics BiPAP Pro None 322 0 -0.3 83 75 158
Maximum 320 2 -0.3 67 167 234
Respironics Vision None 334 0 -0.6 88 66 154
Maximum 323 11 -0.7 95 63 158
Aequitron LP 10 None 485 0 -1.1 146 39 185
Maximum 454 31 -0.9 156 30 186
Hamilton Galileo None 441 0 -0.8 117 18 135
Maximum 464 -23 -0.9 102 19 121

* See text for definitions of performance characteristics.

the airway pressure waveforms of different ventilators.
This means that any attempt to measure performance vari-
ables that depend on P_ . (eg, pressure-time product or
imposed work of breathing) will suffer the confounding
effect of having different simulated patient efforts. I be-
lieve this is a limitation of the data in Table 5, and there-
fore advise caution in the interpretation of that data. If I
were to design a formal study for comparison of ventila-
tors” performance characteristics, I would have done it
differently. In short, if the intent of a study were, for
example, to compare the work of triggering of various
ventilators (and hence different pressure delivery patterns),
then the patient effort should be kept constant (ie, deacti-
vate the P, modified by P,,, or “backing off” feature of
the Ingmar ASL 5000).

How to Choose the Right Technology

We lack robust evidence for choosing ventilators and
modes for most (if not all) NIV applications in the acute-
care setting. Therefore, we must rely on reasoning from
first principles. Having reviewed the theory and evidence
on modes and ventilators, we can establish a decision frame-
work for matching the appropriate technology to a given
patient and care environment. Figure 12 shows an algo-
rithm than can be used as a general guide.

Key Decisions

The decision nodes (diamonds) in Figure 12 are num-
bered. The questions are:

1. Does the patient’s condition prompt us to be more
concerned about safety or comfort (see Table 3)?

2. If safety is the priority, the next question is whether
the patient is in the hospital. If so, generally, more sophis-
ticated ventilators will (or should) be available.
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3. Is the patient in the ICU or emergency department? If
S0, the best option is to initiate PC-IMV with an advanced
ICU ventilator that has an NIV option. These devices typ-
ically only provide IMV, and a backup rate is desirable
because the priority is safety. An advanced ICU ventilator
provides the flexibility to switch to or from NIV as re-
quired, without needing additional machines. If the patient
is not in the ICU or emergency department, an advanced
ventilator should still be provided, but the more practical
(ie, less costly and easier to use) alternative to an ICU
ventilator is a dedicated (advanced) noninvasive ventila-
tor.

4. If the patient is not in the hospital, would the
patient benefit from the cough assistance afforded by
breath-stacking? If so, the only way to provide breath-
stacking is with volume control on a home-care venti-
lator. (Airway clearance should not be an issue that
guides ventilator selection in the hospital environment,
because there are many alternative therapies and per-
sonnel to provide them.)

5. Advanced ventilators (in a hospital environment)
can probably provide all the power necessary to venti-
late any patient. In the home-care environment, how-
ever, patients with severe restriction (eg, obese patients
and those with severe chest deformities) may need a
higher ventilating pressure than can be provided by a
simple noninvasive ventilator. There may be exceptions,
of course, so you should check the available ventilators’
specifications.

6. In a home-care environment, mobility may be an
important issue, so consider whether a battery-powered
ventilator is available. Newer, blower-type noninvasive
ventilators may provide battery operation for a limited
time (eg, about an hour). Again, check the manufacturer’s
specifications and remember that battery age can affect
operating time.
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Fig. 12. Noninvasive ventilation (NIV) mode-selection algorithm for clinicians unfamiliar with NIV. SNIV = simple noninvasive ventilator.
ANIV = advanced noninvasive ventilator. ICU = intensive care unit. ED = emergency department. AICV = advanced intensive care
ventilator. HCV = home-care ventilator. PC-CMV = pressure-controlled continuous mandatory ventilation. VC-CMV = volume-controlled
continuous mandatory ventilation. PC-IMV = pressure-controlled intermittent mandatory ventilation. PAV = proportional-assist ventilation.

PSV = pressure-support ventilation.

Summary

A wide variety of ventilators and modes can be used to
deliver NIV. To navigate successfully through the many
options, the clinician must first have a clear understanding
of the goals of NIV, particularly whether safety or comfort
is most important factor for the patient in question. Pres-
sure control is generally better able to compensate for
patient/interface leaks than is volume control. Spontane-
ous-breathing modes such as pressure support and propor-
tional-assist ventilation probably provide the best patient
comfort.
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Appendix
Review of Basic Modes of Ventilation

I have dealt with the issue of classifying ventilation modes elsewhere,' and I have been working with
an International Standards Organization committee (ISO Technical Committee 121 Anaesthetic and
Respiratory Equipment, ventilator subcommittee 3 Lung Ventilators and Related Equipment)” that is
preparing standards for ventilator mode nomenclature, based (in current draft form) on that previous
work. Here I will review a simplified classification scheme that I think will be consistent with the
forthcoming ISO nomenclature standard.

A ventilation mode is a predefined pattern of interaction between the patient and the ventilator. The
key theoretical concept that describes this interaction is the equation of motion for the respiratory
system, which states that the pressure necessary to inflate the lungs and chest wall comes from the
ventilatory muscles (Pmys) and/or the ventilator (transrespiratory pressure). Opposing this inflating
force is the elastic recoil pressure (elastance x volume) and the flow-resistive pressure (resistance X
flow). For the purpose of mode classification, the equation tells us that we can either control (as the
independent variable) pressure, volume, or flow. Thus, a mode description reduces to a specification of
the control variable and a description of how breaths are sequenced (ie, timing of mandatory vs
spontaneous breaths). Further detail is added to distinguish similar modes by describing the variables
that start (trigger) and stop (cycle) inspiration.

The control variable is, by convention, designated as either pressure or volume. Volume control means
that the ventilator attempts to deliver volume or flow according to a predetermined output function,
independent of changes in respiratory-system mechanics (ie, resistance, compliance, or inspiratory
effort). The simplest output function is a constant value. More complex functions can include, for
example, sinusoidal or ascending/descending ramps. Pressure control means that the ventilator
attempts to deliver pressure according to a predetermined output function independent of changes in
respiratory-system mechanics (ie, resistance, elastance, or inspiratory effort). The simplest output
function is a constant value. More complex functions can include, for example, airway pressure as an
exponential or sinusoidal function of time, or even as a function of other variables, such as volume and
flow (eg, proportional-assist ventilation on the Puritan Bennett 840).

A spontaneous breath is one in which the inspiratory phase (period from the start of inspiratory flow to
the start of expiratory flow) is triggered and cycled by some intrinsic property or action of the patient’s
respiratory system. That is, triggering and cycling are linked to the action of the patient’s ventilatory
muscles (or some related physiologic signal) or the mechanical response of pressure or flow
determined by the patient’s respiratory-system time constant (eg, flow cycling in pressure-support
mode).

A mandatory breath is one in which the inspiratory phase is triggered and/or cycled by ventilator
settings, independent of the status of the patient’s respiratory system. Mandatory breaths are those for
which (1) the inspiratory phase is triggered and cycled by the ventilator, or (2) the inspiratory phase is
triggered by the patient and cycled by the ventilator, or (3) the inspiratory phase is triggered by the
ventilator and cycled by the patient. The inspiratory phase is triggered by the ventilator when there is a
preset frequency or expiratory time. The inspiratory phase is cycled by the ventilator when there is a
preset inspiratory time or tidal volume.
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Given 2 types of breaths (mandatory and spontaneous), there are 3 possible breath sequences:
continuous mandatory ventilation (CMV), in which every breath is mandatory; intermittent mandatory
ventilation (IMV), in which spontaneous breaths may occur with mandatory breaths; and continuous
spontaneous ventilation (CSV), in which every breath is spontaneous.

The most basic mode description comprises the control variable (pressure or volume) and the breath
sequence (CMV, IMV, or CSV). It follows that there are 5 basic ventilatory patterns: VC-CMV, VC-
IMV, PC-CMV, PC-IMV, PC-CSV. There are 4 varieties of PC-CSV: continuous positive airway
pressure (CPAP), pressure-support ventilation (PSV),” proportional-assist ventilation (PAV),* and
neurally adjusted ventilatory support. CPAP maintains a constant pressure at the airway opening, to
maintain lung volume (to improve oxygenation and possibly compliance) or patency of the upper
airway (to prevent obstructive sleep apnea). Because CPAP delivers a constant pressure throughout the
ventilatory cycle, it provides no ventilatory assistance to the patient (ie, the ventilator does no work on
the patient). PSV, on the other hand, provides assistance by first initiating inspiratory flow in response
to the patient’s inspiratory effort (ie, pressure or flow trigger), raising airway pressure to some static
set point (selected a priori by the operator), and then terminating inspiration when inspiratory flow
decays to a preset threshold (ie, flow cycling with pressure cycling or time cycling backup in case of
problems). PAV also delivers patient-triggered and patient-cycled breaths, but the inspiratory pressure
is not a static set point. Rather, pressure is proportional to volume and flow, according to the equation
of motion, and the constants of proportionality are the elastance and resistance the operator desires to
support and, hence, presets. Neurally adjusted ventilatory support is a new form of assisted
spontaneous ventilation that relies on the diaphragmatic electromyogram signal for manipulating the
timing and size of the breath.
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Discussion

Nava: [ want to point out the differ-
ence between synchrony and interac-
tion. People frequently call synchrony
a problem when it’s not, and I wonder
if you agree with me. Synchrony comes
from chronos, which is Greek for time,
and is therefore a matching of the 2
phases: the start of inspiration and the
end of inspiration. Interaction is re-
lated to timing but is more “gross”
(eg, ineffective efforts, double-
triggering, auto-triggering), right? The
ideal ventilator should fit these two,
but synchrony is especially difficult
to measure, because even transdia-
phragmatic pressure is not good
enough; you would need electromyo-
graphy. Interaction is another thing.
Interaction is about auto-triggering, in-
effective efforts, and double-trigger-
ing, which is very important. The only
ventilation modality I know that looks
at chronos is neurally activated ven-
tilation. Which is more important: syn-
chrony or interaction?

Chatburn: I am not sure I would
agree with your distinction between
synchrony and interaction. Auto-trig-
gering, double-triggering, and ineffec-
tive efforts can be also defined in terms
of time or chronos.

We need to work on the nomencla-
ture of ventilator-patient interaction
and sort out these details. Our view of
reality has a lot to do with how we
define words. The way I look at ven-
tilator-patient interaction and syn-
chrony versus asynchrony is that it re-
lates to the 4 phases of a breath: the
switch from exhalation to inhalation;
the inspiratory phase; the switch from
inspiration to expiration; and the ex-
piratory phase. Things can go wrong
in any of the phases, and most of them
have to do with time.

In my bench studies, in trying to
make a consistent volume pattern with
the different ventilation modes I found
that it often comes down to adjusting
the inspiratory time: it’s chronos. You
want the mechanical inspiratory time
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to be as consistent as possible with the
neural inspiratory time, but there’s also
factors such as how much PEEP you
apply in the inspiratory phase so that
you can balance the intrinsic PEEP if
there is any, and how high should the
inspiratory pressure be? If it’s too high
or low, it’s uncomfortable. It’s not just
timing; it has to do with the size of the
breath as well.

Nava: Do you think it’s important
to quantify or estimate leaks? If you
want to quantify leak during NIV, you
need to measure both inspired and ex-
pired V.

Chatburn: Well, hopefully the ven-
tilator is smart enough to manage
leaks, and that seems to be the trend
in ventilator design.

Gay: [ don’t think the portability
and battery power of those ventilators
is an issue, because we can put a bat-
tery on anything we want. But what I
really want to talk about is your NIV
algorithm. I think it’s difficult to think
this through because our priorities
change continuously with virtually all
of our NIV patients. One of the most
fundamental priorities intervenes
sometimes when these patients get
comfortable enough to fall asleep, and
then how do they behave? The syn-
chronicity of their ventilatory prob-
lem often becomes apparent, so
whether there is an important sleep/
ventilation issue needs to be in the
algorithm.

Chatburn: Do you think it’s do-
able? To have a decision map like that,
to give people some general way to
go?

Gay: [ think we need to address the
chronic component of hypoventilation
somewhere in there, because it’s a dif-
ferent mindset as you start to think
through these treatment models.

Kacmarek: My concern about your
algorithm is that it is totally based on
ventilation mode, and a given venti-
lation mode may function differently
from one ventilator to another. The
thing to emphasize more is the venti-
lator’s capability to provide NIV. Ev-
ery one of the ventilators on the mar-
ket that has an NIV mode functions
differently, and their ability to handle
leaks and ensure synchrony is vastly
different. So it would be wrong to as-
sume that one ICU ventilator is equiv-
alent to another for NIV. One venti-
lator may do a wonderful job with leak,
whereas another one cannot compen-
sate for any leak. So before we can
use an algorithm like that, there has to
be similarity in the operation of the
NIV modes on ICU ventilators.

Chatburn: Absolutely true. The
published study and your data empha-
sized that. Hopefully we’ll get to some
standardization of performance so we
are comparing apples to apples.

Hill: I like the idea of an algorithm,
but the devil is always in the details.
How are you going to prioritize, for
example, safety versus comfort? What
about gas exchange? For example,
some bi-level ventilators lack an ox-
ygen blender and do a lousy job and
may even be dangerous for hypoxemic
patients. That should be in the algo-
rithm. The available evidence is defi-
cient on this topic. For instance, I don’t
think we have the evidence to say that
an advanced critical care ventilator is
more or less effective than an advanced
noninvasive ventilator for different pa-
tients.

I also think it’s a little premature to
have cough assist in the algorithm, at
least for acute care. In home care I
think there’s a lot more evidence to
support it, but in the acute care set-
ting, we really don’t have any evi-
dence other than from patients with
neuromuscular disease. It’s very im-
portant to start thinking about how to
structure an algorithm, but we have to
be very careful to specify where we
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have evidence and where we don’t.
We have to be clear on our priorities
and be prepared to change the algo-
rithm as they change.

Also, when you get down to com-
paring the details of specific adjust-
ments to flow and timing and so forth,
you can make certain modes perform
very much like other modes and get
around a lot of the problems related to
different performance characteristics.
Should the algorithm consider that
too? And are we going to see propor-
tional-assist ventilation any time soon?

Chatburn: My comment about that
is that you know too much. If you
know enough about mechanical ven-
tilation, you can ventilate anybody
with anything. This algorithm is more
for the uninitiated—somebody who
knows something about ventilators but
doesn’t have much experience with
NIV and doesn’t know how to fine-
tune NIV. There’s got to be some high-
level approach to put people on the
right path, and then they can get ex-
perience and learn how to do the fine-
tuning. That’s just the way I look at it.
Maybe that’s impractical. I don’t
know.

Hess: I'm glad you brought up the
issue of power and portability. A prac-
tical problem in the hospital is that if
we start NIV in the emergency depart-
ment or out in the ward and then we
need to transfer the patient to the ICU,

sometimes interrupting NIV for just a
few minutes results in the patient de-
teriorating. There are noninvasive ven-
tilators that have internal batteries, and
the other possibility is a medical grade
uninterruptible power supply.

Chatburn: How long does it last?
Hess: You get 30 minutes to an hour

for sure, and considerably more de-
pending on the settings.

Kacmarek: Ifit’s working right, it’s
supposed to last 8 hours.

Kallet: I'm glad you brought up the
point about getting too fancy with the
lung models. You can’t mimic what
the patient is going to do unless you
have a neural network. I think with
the IngMar ASL 5000 lung model you
can vary the resistance and compli-
ance, but you can’t model a pleural
pressure gradient. In other words,
there’s no sheet of scarred or edema-
tous lung tissue that blunts the trans-
mission of airway pressure. If there’s
nothing blunting that positive airway
pressure when you’re mimicking neg-
ative muscle pressure, then the venti-
lator’s performance looks much dif-
ferent than you’d see with someone
who has ARDS [acute respiratory dis-
tress syndrome]. When you can’t eas-
ily transmit that positive airway pres-
sure, you can’t outpace the respiratory
muscles. If you can’t displace the chest
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with the ventilator faster than the pa-
tient’s muscles can, the patient will
continue to perform a lot of work. It
needs to be stressed that these models
have limits. I think lung-model testing
can deceive us as to how well these
ventilators actually perform.

Chatburn: Those are excellent
points. The value of a physical lung
simulator or a mathematical model is
that you get a basic understanding of
what should happen in an ideal world.
That is your base of reference, and
then you go out and see what happens
in the real world, and it’s degraded to
some extent, but it’s a lot easier to go
from theory of what should be—the
pristine point of view—to the real
world than to try to infer back the
other way.

Kacmarek: The thing that’s im-
possible to ensure is that a patient
maintains exactly the same ventila-
tory pattern as 10 ventilators are ap-
plied. A patient’s ventilatory pattern
changes moment to moment. In ad-
dition, an IRB [institutional review
board] would not approve a study in
which there is a risk but no potential
benefit to the patient. Lung-model
studies must be taken for what they.
They simply evaluate the function-
ing of ventilators under the same,
very well defined, consistent set of
circumstances.
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