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Preface

Technological innovations in the treatment of
respiratory diseases involve a critical vision of
all aspects from basic physics, pathophysiology,
diagnosis and treatments, to clinical experience.

Applied Technologies in Pulmonary Medicine is
an updated selection of the most current original
articles published on new technological advan-
ces in the diagnosis and treatment of respiratory
problems. The analytical methodology is a very
original aspect of this book in comparison to
other textbooks on respiratory medicine, where
invited authors critically present their results and
the clinical implications of their findings.

The analysis includes basic areas such as pul-
monary and critical care medicine, mechanical
ventilation, ventilator modes (extracorporeal
membrane oxygenation, time-adaptive modes,
proportional assist ventilation, automatic con-
trol mechanical ventilation, etc.), new pharma-
cological treatments during mechanical ven-
tilation (weaning options and post-extubation
failure), the basics of pathophysiology, treat-
ment and how to prevent ventilator-associated
pneumonia (new antibiotics, viral infections and
healthcare-associated pneumonia). We have also
included original advances in technologies that
are applied in anesthesiology and postoperative
critical care (minimally invasive thoracic surge-
ry, open-heart surgery, intraoperative and pul-
monary resections) and in the preservation of
organs.

Further topics that the readers will find in this
book include the outcome of patients with lung
cancer admitted to the ICU, new results on pul-
monary rehabilitation and technologies, evidence-
based guidelines and the basics on discharge from
the ICU, how to optimize the problems in pedi-
atric and neonatal critical care telemonitoring and
assistance in chronic respiratory failure and cap-
nography innovations, the newest options for dia-
gnosis of pulmonary diseases (polysomnography,
ultrasound), technology in emergency medicine
such as cardiopulmonary resuscitation, and new
options in inhalation therapies (macromolecules
such as insulin).

Recently, two new major topics have gained
the interest of all specialists engaged in the field
of pulmonary medicine and related technologies:
firstly the diagnosis of health respiratory problems
and the environment, and secondly new concepts
of organizational issues in global disaster manage-
ment and the role of mechanical ventilation, gui-
delines and options.

The major topics in Applied Technologies in
Pulmonary Medicine and their clinical implica-
tions have involved hard and meticulous work. It
presents a novel approach to help clinicians ea-
sily understand the technologies provided in the
numerous papers. We hope that the reader and
younger researchers will acquire practical ideas
when carrying out their laboratory and clinical
trials on a daily basis.
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Abbreviations

EAdi Electrical activity of the diaphragm
NAVA Neurally adjusted ventilatory assist
PAV  Proportional assist ventilation

Historically, patients in need of mechanical venti-
lation were often heavily sedated or paralyzed and
placed on time-cycled modes of ventilation. There
is now clear evidence showing that reduced seda-
tion and spontaneous breathing improve patient
outcome in terms of days on ventilation and mor-
tality [1]. Under these conditions (less sedation
and more spontaneous breathing), unless the pa-
tient ‘entrains’ themselves to the rate of the breath
delivery, time-cycled modes may not be the most
appropriate, especially in light of the recent work
demonstrating that patient-ventilator asynchrony
increases the duration of mechanical ventilation
and mortality [2].

Two new modes of mechanical ventilation are
now available on the market that can synchro-
nize not only the timing, but also the level of as-
sist to the patient’s own effort, PAV and NAVA.

This article describes the concepts related to PAV
and NAVA, their similarities and their differences,
and the recent physiological studies. For a more
detailed review of this topic, the reader is referred
to Sinderby and Beck [3].

Patient-Ventilator Interaction

Ideally, a mechanical ventilator should behave
as a respiratory prosthesis, providing air in tan-
dem with the patient’s breathing in terms of tim-
ing and the magnitude of the inspiration. The
prevalence of patient-ventilator asynchrony has
recently been revealed [2] and it is now read-
ily accepted that during conventional ventila-
tion, such as pressure support ventilation, poor
patient-ventilator asynchrony does occur [4,
5]. Patient-ventilator asynchrony ranges at its
worst from completely missed patient efforts
(so-called wasted efforts) and auto-triggering in
the absence of spontaneous efforts, to delays in
ventilator triggering and cycling-off. Modes with
fixed levels of assist (such as assist control, pres-
sure control, and pressure support ventilation)



Brain (respiratory centers) Step 1
Phrenic nerve and neuromuscular transmission | Step 2
Diaphragm activation Step 3
Diaphragm contraction Step 4
Lung expansion Step 5
Airway flow and volume Step 6

Fig. 1. Simplified chain of events involved with spon-
taneous breathing, beginning with central respiratory
drive (Step 1), to the final ventilatory output at the air-
way (Step 6).

may also be asynchronous since the ventilator
cannot respond to changes in patient demand
on a breath-by-breath basis. Patient-ventilator
asynchrony has now been shown to affect pa-
tient outcome in terms of prolonged weaning
[6], poorer sleep quality [7], longer duration
of mechanical ventilation and tracheotomy [2],
and in infants, higher incidence of pneumotho-
rax [8].

From Brain to Breath: Spontaneous Breathing

A simplified schematic of the chain of events that
occur during spontaneous breathing is presented
in figure 1. The signal for spontaneous breathing
originates in the respiratory centers (Step 1) and
in the case of the diaphragm - the most important
muscle of respiration - travels down the phrenic
nerves, then passes through the neuromuscular
junction (Step 2) to activate the diaphragm elec-
trically (Step 3). It is only after this step of electri-
cal activation of the diaphragm, that cross-bridge
cycling is initiated and the muscle contracts (Step
4). Contraction of the diaphragm results in lung
expansion (Step 5), resulting in flow and volume
at the airway (Step 6). Depending on the type and
severity of the disease, the final output of airflow
and volume at the airway may not represent the
true neural respiratory output.

Proportional Assist Ventilation

In PAV [9], the ventilator generates airway pres-
sure in proportion to instantaneous flow and vol-
ume (Step 6). The flow assist, which is a percent-
age of the airway resistance, dictates how much
airway pressure is delivered per unit of flow. The
volume assist, which is a percent of the pulmo-
nary elastance, dictates how much pressure is de-
livered per unit of volume. The degree of assist
can range to provide unloading between 0 and
100%. During PAV, knowledge about respirato-
ry system mechanics and endotracheal tube re-
sistance are required. This is especially important
in preterm neonates as there is a large breath-to-
breath variability in resistance and compliance of
the respiratory system. Recently, ‘PAV+’, with up-
dated measurements of resistance and elastance
and implementation of load-adjustable gain fac-
tors, has the potential to account for this.

With regard to physiological studies [for a re-
view, see 3], PAV has been shown to improve pa-
tient comfort, improve patient-ventilator inter-
action, improve sleep quality, and allows greater
variability in breathing pattern (i.e. more physi-
ological) in comparison with pressure support.
In both adults and neonates, PAV has been dem-
onstrated to unload the respiratory muscles, with
lower mean airway pressures than pressure sup-
port ventilation — with similar clinical short-term
outcomes (gas exchange and hemodynamics).
Recently, PAV with load-adjustable gain factors
has been shown to be feasible in critically ill pa-
tients, and to require fewer interventions with re-
spect to sedation and ventilator settings [10] com-
pared to pressure support.

Neurally Adjusted Ventilatory Assist

NAVA uses the EAdi (Step 3) - a signal represen-
tative of the output from the respiratory centers
- to control both the timing and the magnitude
of delivered pressure [11]. The EAdi is obtained

Beck - Sinderby



by an array of miniaturized sensors placed on a
conventional nasogastric (or orogastric) feed-
ing tube. The electrode array is positioned in
the esophagus at the level of the gastroesopha-
geal junction, where the spontaneous activity
of the crural diaphragm is sensed. Standardized
signal processing algorithms automatically take
into account diaphragm displacement, motion
artifacts, filtering of the electrocardiogram, and
cross-talk from other active muscles [12]. The
processed signal, known as the EAdi waveform,
can be characterized by its amplitude on inspira-
tion (phasic EAdi) and expiration (tonic EAdi) as
well as its timing (neural inspiratory time, neural
expiratory time, neural respiratory rate). When
compared to the airway pressure waveform in
other modes of ventilation, the EAdi provides
information about patient-ventilator synchrony.
In the absence of the EAdi signal (and the cath-
eter position has been deemed appropriate), it is
an indication of central apnea, or suppression of
spontaneous breathing activity. Hence, the EAdi
signal has monitoring capabilities as well as con-
trolling the ventilator.

In infant and adult patients, NAVA has been
shown to significantly improve patient-ventilator
interaction compared to conventional modes of
assist [4, 5, 13], in terms of both improved tim-
ing and proportionality. Neural triggering and
cycling-off on non-invasive (helmet) ventilation
in healthy adults has demonstrated that this im-
proved synchrony improves comfort [14].

During NAVA, the assist levels are adjusted by
changing the proportionality between the EAdi
and delivered pressure (the so-called ‘NAVA lev-
el’). Stepwise increases in the NAVA level cause a
gradual reduction in respiratory drive, and there-
fore the expected increase in pressure is not nec-
essarily achieved. Due to this physiological down-
regulation of the EAdi signal, airway pressure and
tidal volume ‘plateau’ at adequate levels of un-
loading [15].

Since the EAdi controller signal for NAVA is
pneumatically independent, application of NAVA

with excessively leaky non-invasive interfaces
does not affect patient-ventilator synchrony.

Discussion

The similarities and differences between PAV and
NAVA can only be discussed theoretically as there
are no studies in the literature comparing these
two modes of ventilation. The lack of a single de-
vice providing both modes of ventilation is likely
the responsible factor.

In principle, NAVA and PAV are similar in
that they are both modes of assisted ventilation
where the applied airway pressure is servo-con-
trolled continuously throughout spontaneous
inspiration, changing in proportion to the pa-
tient’s breathing effort and allowing the patient
to control the extent and timing of lung inflation.
During both NAVA and PAV, the amplification
‘gain’ between patient effort and delivered pres-
sure can be adjusted, in order to achieve more
or less unloading of the respiratory muscles. This
is very different from modes of ventilation that
are volume- or pressure-targeted, where fixed lev-
els of assist are delivered independent of patient
effort.

Both PAV and NAVA require that the patient
is spontaneously breathing. However, it should
be noted that NAVA uses the neural output signal
(EAdi), whereas PAV has no monitoring capabili-
ties for quantifying respiratory drive. This means
that, similar to other patient-triggered modes of
ventilation, a back-up mode of ventilation is re-
quired in the case of central apnea. As well, upper
pressure limits should be adjusted accordingly,
in the case of large and central respiratory drive.
The fact that PAV and NAVA require some de-
gree of spontaneous breathing may actually be a
clinical advantage, in that the respiratory muscles
are encouraged to be used during partial ventila-
tor assist. Inactivity of respiratory muscles dur-
ing mechanical ventilation (due to too high lev-
els of sedation or too high levels of assist) has a

Proportional Assist Ventilation and Neurally Adjusted Ventilatory Assist 3



negative impact on diaphragm muscle fiber in-
tegrity and prolongs the duration of mechanical
ventilation [16].

Unlike pressure support ventilation, increas-
ing levels of assist with PAV and NAVA have little
effect on respiratory rate and tidal volume when
unloading is sufficient. In modes of ventilation
that allow the patient the freedom to control the
rate and depth of inspiration, it seems that there
is a desired minute ventilation, rate and volume.
When unloading is adequate to satisfy the patient’s
demand, if the assist is increased during PAV or
NAVA, patient effort decreases and therefore, so
does the amount of assist.

The major differences between these two
modes lie in how the disease processes affect the
controller signals. During NAVA, the EAdi (the
neural respiratory drive to the diaphragm from
the respiratory centers, Step 3 in figure 1) is the
controller signal. PAV uses airway flow and vol-
ume (Step 6), which is a surrogate measurement
of respiratory drive, and further down the chain of
events involved with spontaneous breathing.

In the presence of a leak — for example in in-
fants with leaks around the endotracheal tube, or
during non-invasive ventilation - the flow and
volume signal in Step 6 will be misinterpreted
as patient flow and volume. For triggering and
delivering proportional assist during PAV, the
leak may auto-cycle the ventilator and may call
for increased flow delivery during inspiration.
In sharp contrast, NAVA, using a neural trigger,
is not affected by leaks for obtaining synchrony.
Depending on the size of the leak, an increase in
the NAVA level however may be required to un-
load the respiratory muscle sufficiently.

The major difference between NAVA and PAV
might be observed in the case of dynamic hy-
perinflation, where shortening of the respiratory
muscles affects the force output for a given neural
activation. In fact, any disease process affecting
the contractile properties of the diaphragm (Step
4) will in theory cause an ‘uncoupling’ between
neural respiratory drive (Steps 1-3) and patient

flow and volume (Step 6). In the case of dynamic
hyperinflation, if the respiratory drive stays the
same (i.e. same EAdi), the flow and volume will
be lower, and the controller signal for PAV may
reduce the airway pressure delivery.

Conclusion

PAV and NAVA are both modes of partial venti-
lator assist delivering assist in proportion to pa-
tient effort. During NAVA, the diaphragm elec-
trical activity — a true signal of neural respiratory
output - is the controller signal for delivered ven-
tilation. During PAV, a surrogate measurement
of respiratory drive is used to control the venti-
lator. The inherent benefits of these two modes
lie in the fact that these modes require sponta-
neous breathing and offer synchronized delivery
of assist.

Recommendations

o Implement spontaneous mode of ventilation
as soon as possible/tolerable.

o Ensure that respiratory drive is not suppressed
by too high levels of sedation or too high
levels of assist, i.e. ensure that patients are
spontaneously breathing.

« Optimize patient-ventilator synchrony.

Beck - Sinderby
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Abbreviations

AC Assist control

NIV Non-invasive ventilation
S Spontaneous

ST Spontaneous-timed
TA Timed automated

NIV has gained substantial importance and is
considered standard medical care for hypercap-
nic respiratory failure of different etiologies [1].
It also has a proven benefit for certain forms of
hypoxemic respiratory failure [2]. The main ratio-
nale of NIV is the unloading effect on the respira-
tory muscles during ventilation [3]. This results
in reduction of dyspnea, increased mobility and
better quality of life for the patient. NIV is usu-
ally applied using a S, ST or AC mode. In either
mode, patients have to trigger the ventilator un-
less the programmed backup rate (ST mode) ex-
ceeds the patient’s respiratory rate. The work that
is necessary to trigger the ventilator can be sub-
stantial and might be as high as 39% of the total
work of breathing [4]. Controlled NIV is feasible
[5] and might decrease the respiratory workload,
eliminating the need to trigger the ventilator.
Controlled NIV however is not frequently used
and might potentially increase patient-ventilator
asynchrony or mismatch. Non-invasive ventilators

produce alinear or curvilinear flow profile during
inspiration that might not match the patient’s own
inspiratory flow profile. This may cause discom-
fort and increase patient-ventilator asynchrony.

In view of these problems, Weinmann GmbH
(Hamburg, Germany) introduced a new mode of
NIV (TA incorporated into the Ventilogic® venti-
lator) that automatically captures the patient’s own
flow profile and adjusts ventilation with preselect-
ed pressure levels in a controlled fashion [6].

Description of the TA Algorithm

Inspiratory and expiratory pressures must be se-
lected on the ventilator-interactive display prior
to ventilation. The operator has also to select the
type of underlying airway disease (R = restrictive,
O = obstructive, N = normal) and set upper and
lower limits to the respiratory rate by selecting a
target rate and a range of allowance. The patient
must be connected (via mask) to the ventilator
prior to activation of the mode.

Once activated, TA-mode ventilation begins
with an analysis phase. During this phase, a con-
tinuous pressure of 4 hPa is delivered by the venti-
lator turbine to guarantee effective carbon dioxide
washout through the whisper valve of the mask in-
terface. During this phase, the ventilator analyzes
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Fig. 1. Pressure and flow tracings during the run-in period of autoadaptive controlled ventilation (TA mode). According
to the measured flow profile of spontaneous breathing, the ventilator slowly increases inspiratory pressure (P) dur-
ing the run-in period, resulting in increased inspiratory flow (Flow) and raised esophageal pressure (P,s), a marker of

respiratory muscle unloading.

the patient’s own flow profile by integration of flow
and time. Once the ventilator senses a stable profile
(time and flow measurements within a predefined
range of allowance), the ventilator will increase in-
spiratory pressure over five consecutive breaths in
steps of 60-70-80-90-100% of preset value (fig.
1). During the inspiratory phase, inspiratory pres-
sure will be adjusted over inspiratory time in or-
der to obtain a flow profile matching the patient’s
own pattern. One has to note that the preselected
inspiratory pressure will only be achieved during
peak inspiratory flow, and that the pressure level
during inspiration will be adjusted to mimic the
previously detected flow profile.

The inspiratory pressure curve is calculated
according to the following motion equation:

P(t) = R x flow + 1/C x volume

TA Mode: A New Form of Self-Adjusting Controlled Ventilation

P(t) represents the pressure integral, flow and
volume arise from averaged flow pattern data from
the analysis phase. The selection R = restrictive, O
= obstructive and N = normal allocates distinct
constant numbers for resistance (R given in hPa/
(I/s)) and compliance (C given in ml/hPa) into the
equation. The system software calculates P(t) ac-
cording to the individual preselected maximal in-
spiratory pressures.

Inspiratory time refers to the average inspira-
tory time recorded during the analysis phase. We
selected a broad range of the respiratory rate to
allow each individual to achieve his or her natu-
ral respiratory rate. The target rate range selection
can be used to prevent an inept and non-physio-
logical breathing pattern.

Inspiratory to expiratory time ratio (I:E ratio)
is determined by the subject’s I.E ratio measured
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during the analysis phase. At the end of the run-in
period, ventilator gas delivery will increase (V;) as
long as the patient has not decreased his or her re-
spiratory effort. Patient effort will then consecu-
tively decrease as a sign of respiratory muscle rest
and decreasing oxygen cost of breathing (fig. 2).

TA mode does not allow for additional trig-
gered breaths, however if the ventilator senses
subject-ventilator asynchrony, and it will reana-
lyze the patient’s flow pattern. Asynchrony is de-
fined by inspiratory and/or expiratory fighting in
four consecutive breaths. Inspiratory fighting is
defined by a flow reduction of at least 20 1/min be-
low the mean inspiratory flow inside the middle
60% of the inspiratory time (between T} 20 and T}
80). Expiratory fighting is defined by the presence
of flow rise of 10 1/min above leak-compensation
inside the middle 40% of the expiratory time (be-
tween T 30 and T 70).

Clinical Implication of TA-Mode NIV

TA-mode ventilation has been compared to
S-mode ventilation in healthy individuals and
achieved a higher degree of respiratory muscle
unloading (see fig. 3) [7]. It therefore represents
a promising mode to better unload the respira-
tory muscles in patients who require NIV. Clinical
studies in patients are being currently conduct-
ed but have not been published to date. From our
experience, TA-mode ventilation is well tolerated
and effective in the majority of patients.

Patients with a markedly irregular breathing
pattern during sleep might experience recurrent
phases of breathing pattern reanalysis if fighting
criteria are fulfilled. This might cause sleep dis-
turbances and can compromise compliance and
practicability of this type of ventilation. According
to our personal experience, the latter applies only

Dellweg - Barchfeld - Kerl - Koehler



r |
p <0.001

0.6
=
3 p < 0.001
? PR E—
£ T
w 0.4+
g
e}
b
©
<
2

0.2

=
p < 0.001
0 - p— —
T T T
Unassisted S-mode TA-mode

Fig. 3. Work of breathing during unassisted breathing,
S-mode and TA-mode NIV.

to a minority of patients (<5%). In general, pa-
tients have to understand the functioning of the
TA mode and should be instructed to breathe
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phases of re-analysis might compromise the qual-
ity of ventilation and user compliance in some
patients.

Ozsancak A, DAmbrosio C, Hill NS:
Nocturnal noninvasive ventilation. Chest
2008;133:1275-1286.

Ferrer M, Esquinas A, Leon M, Gonzalez
G, Alarcon A, Torres A: Noninvasive
ventilation in severe hypoxemic respira-
tory failure: a randomized clinical trial.
Am ] Respir Crit Care Med 2003;168:
1438-1444.

Girault C, Chevron V, Richard JC, et al:
Physiological effects and optimisation of
nasal assist-control ventilation for
patients with chronic obstructive pul-
monary disease in respiratory failure.
Thorax 1997;52:690-696.

4

Vitacca M, Barbano L, D’Anna S, Porta
R, Bianchi L, Ambrosino N: Comparison
of five bilevel pressure ventilators in
patients with chronic ventilatory failure:
a physiologic study. Chest 2002;122:
2105-2114.

Dellweg D, Schonhofer B, Haidl PM, et
al: Short-term effect of controlled
instead of assisted noninvasive ventila-
tion in chronic respiratory failure due to
chronic obstructive pulmonary disease.
Respir Care 2007;52:1734-1740.

Kohler D, Dellweg D, Barchfeld T,
Klauke M, Tiemann B: Time-adaptive
mode, a new ventilation form for the
treatment of respiratory insufficiency —
a self-learning system (in German).
Pneumologie 2008;62:527-532.

Dellweg D, Barchfeld T, Klauke M, Eiger
G: Respiratory muscle unloading during
auto-adaptive non-invasive ventilation.
Respir Med 2009;103:1706-1712.

Dr. med. Dominic Dellweg

Pneumonology 1, Kloster Grafschaft

Annostrasse 1, DE-57392 Schmallenberg (Germany)
Tel. +49 2972 791 00, Fax +49 2972 791 2526

E-Mail d.dellweg@fkkg.de

TA Mode: A New Form of Self-Adjusting Controlled Ventilation



Applied Technologies in Mechanical Ventilation

Esquinas AM (ed): Applied Technologies in Pulmonary Medicine. Basel, Karger, 2011, pp 10-14

Influence of Ventilation Strategies on
Hemodynamics in Hypovolemic Shock

Holger Herff

Department of Anesthesiology and Critical Care Medicine, Innsbruck Medical University, Innsbruck, Austria

Abbreviations

CPR Cardiopulmonary resuscitation
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ITPR Intrathoracic pressure controller
NEEP Negative end-expiratory pressure
PEEP Positive end-expiratory pressure

Influence of Intrathoracic Pressure on
Blood Flow - Physiological Background

High positive ventilation pressures being induced
by high PEEP levels or recruitment maneuvers
are standard tools to improve oxygenation in
emergency and critical care patients, especially in
acute lung injury [1, 2]. However, positive pres-
sure ventilation with PEEP increases intrathorac-
ic pressure which is subsequently transmitted to
intrathoracic vessels. Thus, venous return into the
thorax is decreased which has a significant nega-
tive impact on cardiac preload, cardiac output and
subsequently on blood pressure [3]. PEEP levels
>15 cm H,O increase pulmonary arterial resis-
tance directly which may additionally result in
right ventricular failure [4]. Normovolemic pa-
tients tolerate PEEP well and hypervolemic central

blood volume has the potential to reduce effects
of high PEEP levels on blood flow, as long as the
right ventricle does not fail [5]. Vice versa, nega-
tive PEEP effects are more pronounced if the cen-
tral volume state is hypovolemic [6]. Thus, central
hypovolemic patients are at high risk of cardio-
vascular collapse even at moderate PEEP levels.
Right atrial pressures <10 cm H,O in intubated
patients seem to be critical if PEEP levels are in-
creasing [5]. It is noteworthy that while PEEP may
be used in cardiogenic shock to reduce central
volume and subsequently left ventricular preload
[7], in cardiac arrest increased central volume im-
proves blood flow during CPR [6, 8, 9]. Although
cardiac arrest often may be the final form of car-
diogenic shock, the mechanisms determining
blood flow in cardiac arrest and during CPR are
similar to those in hypovolemic shock. Since heart
function is bridged by chest compressions during
CPR, blood flow mainly depends on the quality of
chest compressions and central volume status and
thus central (relative) hypervolemia may increase
blood flow whereas hypovolemia may reduce it.
In consequence, ventilation strategies improving
blood flow in cardiac arrest [10, 11] are similar to
those in hypovolemic shock [12, 13].



Conventional Therapeutic Consequences -
Reducing Mean Airway Pressures

In a recent study, a strong correlation between
mean intrapulmonary pressure and blood flow
and cardiac output was demonstrated in a sim-
ulated hemorrhagic shock animal model [14].
Thus, ventilation strategies that may decrease
mean intrathoracic pressure either by reducing
PEEP, lower tidal volumes, or lower respiratory
rates may increase venous return to the heart and
subsequently cardiac output. The easiest step to
achieve reduced mean airway pressures is to re-
duce PEEP. Such a reduction of PEEP from 10 to
5 or 0 cm H,O PEEP in severe hemorrhagic shock
increased short-term survival in pigs substantial-
ly [15]. Another method may be to reduce tidal
volumes; despite retaining PEEP and lung min-
ute volume constant by doubling respiratory rate
in an animal model, survival rate was improved
by 40-60% for as much as 20 min longer due to
reduced tidal volumes. In this experiment, mean
airway pressure was reduced substantially by the
lower inflated tidal volumes despite higher respi-
ratory rates. Further, mean airway pressure cor-
related strongly with blood pressure and cardi-
ac output [14]. Thus, despite remaining minute
ventilation and subsequently blood gases con-
stant and maintaining PEEP levels, the influence
of ventilation on blood pressure could have been
decreased by reducing tidal volumes and subse-
quently mean intrapulmonary pressure. Mean in-
trapulmonary pressure as an important force that
interferes with venous return explains apparently
discrepancies to previous studies reporting higher
respiratory rates being detrimental to blood flow
in acute shock states [12, 13]. In these studies, tid-
al volumes were constant and thus higher respi-
ratory rates resulted in higher mean intrapulmo-
nary pressures, whereas reduced respiratory rates
with constant tidal volumes automatically result-
ed in lower mean intrapulmonary pressures which
due to our data improve blood flow and survival
chances of experimental animals [14]. However,

Ventilation in Hypovolemic Shock

we have to be aware that a strategy of high respi-
ratory rates and low tidal volumes may fail in ob-
structive patients such as asthmatics. Due to short
expiratory times, incomplete expiration might
lead to intrinsic PEEP levels that may again have
detrimental effects on blood flow [14].

Experimental Therapeutic Consequences -
Reducing Mean Airway Pressures Sub-Zero

Another more aggressive strategy to reduce mean
airway pressure further is to apply NEEP. In a pig
model of severe hemorrhagic shock, intermit-
tent negative pressure was applied by suction-
ing gas out of the airways during the expiratory
phase [16]. Ventilation was applied using normal
tidal volumes and respiratory rates. As a result,
all NEEP animals survived the 120-min observa-
tional period whereas only half of the 0 PEEP and
none of the 5 PEEP animals survived. Reducing
the baseline pressure by reducing EEP to negative
levels is the most effective way to reduce mean air-
way pressure. Thus, it is not surprising that NEEP
ventilation significantly increases blood flow in
hemorrhagic shock [16].

While this strategy needed a special technical
apparatus to apply NEEP in ventilated animals
this could be achieved with less technical effort
in spontaneously breathing individuals. A spe-
cial valve, ITD, was originally designed to be used
during CPR [8, 17]. The ITD closes the airway up
to a preset pressure during the chest decompres-
sion phase of CPR [8]. The forces of the recoil-
ing chest that would suction air into the patient’s
lungs if the ventilation tube remains open, result
in a subatmospheric pressure in the patient’s lungs
if this tube is closed by the ITD [8]. The recoil-
ing forces can be further enhanced during CPR
if in addition to the forces generated by passive
recoiling of the chest wall, active decompression
is applied to the chest [18]. These negative airway
pressures substantially increase venous return to
the heart resulting in a central hypervolemic state,



thus ‘priming the pump’ for the next chest com-
pression. This strategy resulted in better blood
flow in CPR models and increased survival rates
in clinical studies [17, 19].

In non-CPR states, e.g. during hemorrhagic
hypovolemic shock, such a negative airway pres-
sure cannot be generated by force on the chest.
However, the forces generated by the diaphragm
can be used in spontaneously breathing patients
to generate subatmospheric intrapulmonary pres-
sures. Special valves for shock (ITPR) had been
developed comparable to the CPR-ITD. Within
general lower cracking pressures <10 cm H,O0,
the ITPR may allow patients to ventilate freely
against some tolerable resistance which gener-
ates negative intrapulmonary pressures [20]. The
ITPR can be set on facemasks that then have to
be sealed to patients’ faces tightly. These devices
improved substantially blood flow in shock states
in spontaneously breathing animals that were be-
ing intubated due to anesthesia for animal pro-
tection. Thus, short-term survival rates were sub-
stantially increased in hemorrhagic shock models
[21, 22]. In a recent study the ITPR further im-
proved blood flow and short-term survival in a
pig model of acute heat stroke [23]. Although heat
shock may have a different etiology compared to
hemorrhagic shock, subatmospheric intrapulmo-
nary pressure seems to improve hemodynamics
in other forms of hypovolemic shock, too.

Testing the ITPR in healthy adult volunteers
increased cardiac output up to 20%; further, heart
rate increased as well as stroke volume indicat-
ing better venous return to the heart that forces
the (healthy) heart to increased work [24, 25]. In
further recent studies in human volunteers using
the ITPR, hypotension was artificially induced
by central hypovolemia due to progressive lower
body negative pressure. This was achieved by a
special garment applying -7 cm H,O on the lower
body half. In such a simulated central hypovolem-
ic state, spontaneous ventilation through an ITPR
resulted in significantly improved cardiac out-
put and more stable cardiocirculatory conditions

[26, 27]. Thus, despite still lacking experience in
humans in severe hemorrhagic shock, spontane-
ously breathing through an ITPR seems to be a
promising concept to improve blood flow in hu-
man hypovolemic shock.

Negative Side Effects of Decreasing
Intrapulmonary Pressures and Limitations

PEEP is used to improve oxygenation in ventilat-
ed patients since it has the potential to remain the
alveoli open state [1]. Further, since many shock
patients may suffer from thoracic trauma as well
lung-protective ventilation, strategies including
PEEP are efficient against pulmonary failure [28].
Thus, concepts that omit PEEP or induce NEEP
may gain some bargain in the immediate shock
state while in the aftermath patients may be lost
due to increased rates of pulmonary failure [29].
Thus, concepts that postulate to omit well-estab-
lished clinical concepts such as PEEP have to be
well deliberated and need more clinical evidence
in controlled prospective studies.

Especially high negative intrapulmonary pres-
sures may result in pulmonary atelectasis and thus
right-to-left shunts that may endanger patients of
hypoxia. In a study performed in 2001, we used
an ITD model with a cracking pressure of 35 cm
H,O in a CPR model [30]. Without active ven-
tilation the airway was completely obstructed
which resulted in resorption atelectasis; although
the oxygen concentration in the alveoli was 100%
before the experiment, the animals were severely
hypoxic after 2 min. In contrast, if the airway re-
mained open the SaO, was still >95% after 5 min
experimental time [30]. Thus, if these valves are
used in intubated patients during CPR, the best
way to avoid complete resorption atelectasis is in-
termittent active positive pressure ventilation for
recruitment of atelectatic pulmonary areas [31].
In spontaneously breathing patients, airway ob-
struction may be especially dangerous due to
rapidly developing negative pressure pulmonary

Herff



edema [32]. Further, to avoid resorption atelecta-
sis, subatmospheric pressures in spontaneously
breathing patients generated by special valves as
the ITPR have to be so low that the valves open
during every inspiratory effort. Last, breathing
through an ITPR in shock increases work of pow-
er for breathing; while healthy volunteers did not
have any problems to compensate, this may be
different in multiple trauma patients [33].

Conclusion

Reducing mean airway pressure may be a strat-
egy to improve venous return to the heart and
subsequently blood flow in hypovolemic shock
states. One method may be to omit PEEP or to
decrease tidal volumes. Experimental approaches
to reduce intrapulmonary pressures to subatmo-
spheric levels, either in spontaneously breathing
patients or in the expiratory phase during artifi-
cially ventilation, are not evidenced yet and need
further research.

Ventilation in Hypovolemic Shock

Idris A: Detrimental hemodynamic
effects of assisted ventilation in hemor-
rhagic states. Crit Care Med
2004;32(suppl):$414-5420.

References
Barbas C, de Matos G, Pincelli M, da 6 IdoY, Goto H, Lavin M, Robinson J, 13 Pepe P, Raedler C, Lurie K, Wigginton
Rosa Borges E, Antunes T, de Barros J, Mangold J, Arakawa K: Effects of posi- J: Emergency ventilatory management
Okamoto V, Borges J, Amato M, de Car- tive end-expiratory pressure on carotid in hemorrhagic states: elemental or
valho C: Mechanical ventilation in acute blood flow during closed-chest cardio- detrimental? ] Trauma 2003;54:1048—
respiratory failure: recruitment and high pulmonary resuscitation in dogs. Anesth 1055.
positive end-expiratory pressure are nec- Analg 1982;61:557-560. 14 Herff H, Paal P, von Goedecke A, Lind-
essary. Curr Opin Crit Care 2005;11: 7 Hoffmann B, Welte T: Non-invasive pos- ner KH, Severing AC, Wenzel V: Influ-
18-28. itive pressure ventilation in cardiogenic ence of ventilation strategies on sur-
Borges J, Okamoto V, Matos G, Caramez pulmonary edema (in German). Med vival in severe controlled hemorrhagic
M, Arantes P, Barros F, Souza C, Victo- Klin (Munich) 1999;94:58-61. shock. Crit Care Med 2008;36:2613-
rino J, Kacmarek R, Barbas C, Carvalho 8 Lurie K, Coffeen P, Shultz J, McKnite S, 2620.
C, Amato M: Reversibility of lung col- Detloff B, Mulligan K: Improving active 15 Krismer AC, Wenzel V, Lindner KH,
lapse and hypoxemia in early acute compression-decompression cardiopul- Haslinger CW, Oroszy S, Stadlbauer KH,
respiratory distress syndrome. Am ] monary resuscitation with an inspira- Konigsrainer A, Boville B, Hormann C:
Respir Crit Care Med 2006;174:268-278. tory impedance valve. Circulation Influence of positive end-expiratory
Gernoth C, Wagner G, Pelosi P, Luecke T: 1995;91:1629-1632. pressure ventilation on survival during
Respiratory and haemodynamic changes 9 Lurie K, Mulligan K, McKnite S, Detloff severe hemorrhagic shock. Ann Emerg
during decremental open lung positive B, Lindstrom P, Lindner K: Optimizing Med 2005;46:337-342.
end-expiratory pressure titration in standard cardiopulmonary resuscitation 16 Krismer AC, Wenzel V, Lindner KH, von
patients with acute respiratory distress with an inspiratory impedance threshold Goedecke A, Junger M, Stadlbauer KH,
syndrome. Crit Care 2009;13:R59. valve. Chest 1998;113:1084-1090. Konigsrainer A, Strohmenger HU,
Biondi JW, Schulman DS, Soufer R, Mat- 10 Aufderheide T, Lurie K: Death by hyper- Sawires M, Jahn B, Hormann C: Influ-
thay RA, Hines RL, Kay HR, Barash PG: ventilation: a common and life-threaten- ence of negative expiratory pressure ven-
The effect of incremental positive end- ing problem during cardiopulmonary tilation on hemodynamic variables dur-
expiratory pressure on right ventricular resuscitation. Crit Care Med ing severe hemorrhagic shock. Crit Care
hemodynamics and ejection fraction. 2004;32(suppl):S345-S351. Med 2006;34:2175-2181.
Anesth Analg 1988;67:144-151. 11 Aufderheide T, Sigurdsson G, Pirrallo R, 17 Plaisance P, Lurie K, Payen D: Inspira-
Jellinek H, Kraftt P, Fitzgerald R, Yannopoulos D, McKnite S, von Briesen tory impedance during active compres-
Schwarz S, Pinsky M: Right atrial pres- C, Sparks C, Conrad C, Provo T, Lurie K: sion-decompression cardiopulmonary
sure predicts hemodynamic response to Hyperventilation-induced hypotension resuscitation: a randomized evaluation
apneic positive airway pressure. Crit during cardiopulmonary resuscitation. in patients in cardiac arrest. Circulation
Care Med 2000;28:672-678. Circulation 2004;109:1960-1965. 2000;101:989-994.

12 Pepe P, Lurie K, Wigginton J, Raedler C,



18

19

20

21

Plaisance P, Lurie K, Vicaut E, Adnet F,
Petit J, Epain D, Ecollan P, Gruat R, Cav-
agna P, Biens ], Payen D: A comparison
of standard cardiopulmonary resuscita-
tion and active compression-decompres-
sion resuscitation for out-of-hospital
cardiac arrest. French Active Compres-
sion-Decompression Cardiopulmonary
Resuscitation Study Group. N Engl J
Med 1999;341:569-575.

Wolcke B, Mauer D, Schoefmann M,
Teichmann H, Provo T, Lindner K, Dick
W, Aeppli D, Lurie K: Comparison of
standard cardiopulmonary resuscitation
versus the combination of active com-
pression-decompression cardiopulmo-
nary resuscitation and an inspiratory
impedance threshold device for out-of-
hospital cardiac arrest. Circulation
2003;108:2201-2205.

Lurie K, Zielinski T, McKanite S, Idris A,
Yannopoulos D, Raedler C, Sigurdsson
G, Benditt D, Voelckel W: Treatment of
hypotension in pigs with an inspiratory
impedance threshold device: a feasibility
study. Crit Care Med 2004;32:1555—
1562.

Yannopoulos D, Metzger A, McKnite S,
Nadkarni V, Aufderheide T, Idris A,
Dries D, Benditt D, Lurie K: Intratho-
racic pressure regulation improves vital
organ perfusion pressures in normov-
olemic and hypovolemic pigs. Resuscita-
tion 2006;70:445-453.

Dr. Holger Herff
Department of Anesthesiology and Critical Care Medicine
Innsbruck Medical University, Anichstrasse 35
AT-6020 Innsbruck (Austria)

Tel. +43 512 504 80375, Fax +43 512 504 6780375, E-Mail holger.herff@i-med.ac.at

22

23

24

25

26

27

Yannopoulos D, McKnite S, Metzger A,
Lurie K: Intrathoracic pressure regula-
tion improves 24-hour survival in a por-
cine model of hypovolemic shock.
Anesth Analg 2007;104:157-162.
Voelckel W, Yannopoulos D, Zielinski T,
McKnite S, Lurie K: Inspiratory imped-
ance threshold device effects on
hypotension in heat-stroked swine.
Aviat Space Environ Med 2008;79:743-
748.

Convertino V, Ratliff D, Ryan K, Doerr
D, Ludwig D, Muniz G, Britton D, Clah S,
Fernald K, Ruiz A, Lurie K, Idris A:
Hemodynamics associated with breath-
ing through an inspiratory impedance
threshold device in human volunteers.
Crit Care Med 2004;32(suppl):S381-
$386.

Convertino V, Ratliff D, Crissey ], Doerr
D, Idris A, Lurie K: Effects of inspiratory
impedance on hemodynamic responses
to a squat-stand test in human volun-
teers: implications for treatment of
orthostatic hypotension. Eur J Appl
Physiol 2005;94:392-399.

Convertino V, Ryan K, Rickards C,
Cooke W, Idris A, Metzger A, Holcomb J,
Adams B, Lurie K: Inspiratory resistance
maintains arterial pressure during cen-
tral hypovolemia: implications for treat-
ment of patients with severe hemor-
rhage. Crit Care Med
2007;35:1145-1152.

Ryan K, Cooke W, Rickards C, Lurie K,
Convertino V: Breathing through an
inspiratory threshold device improves
stroke volume during central hypov-
olemia in humans. ] Appl Physiol
2008;104:1402-1409.

28

29

30

31

32

33

Laudi S, Donaubauer B, Busch T, Kerner
T, Bercker S, Bail H, Feldheiser A, Haas
N, Kaisers U: Low incidence of multiple
organ failure after major trauma. Injury
2007;38:1052-1058.

Schwartz D, Maroo A, Malhotra A, Kes-
selman H: Negative pressure pulmonary
hemorrhage. Chest 1999;115:1194-
1197.

Herff H, Raedler C, Zander R, Wenzel V,
Schmittinger CA, Brenner E, Rieger M,
Lindner KH: Use of an inspiratory
impedance threshold valve during chest
compressions without assisted ventila-
tion may result in hypoxaemia. Resusci-
tation 2007;72:466-476.

Dorph E, Wik L, Stromme T, Eriksen M,
Steen P: Oxygen delivery and return of
spontaneous circulation with ventila-
tion: compression ratio 2:30 versus chest
compressions only CPR in pigs. Resusci-
tation 2004;60:309-318.

Fremont R, Kallet R, Matthay M, Ware L:
Postobstructive pulmonary edema: a
case for hydrostatic mechanisms. Chest
2007;131:1742-1746.

Idris A, Convertino V, Ratliff D, Doerr D,
Lurie K, Gabrielli A, Banner M: Imposed
power of breathing associated with use
of an impedance threshold device.
Respir Care 2007;52:177-183.

Herff



Applied Technologies in Mechanical Ventilation

Esquinas AM (ed): Applied Technologies in Pulmonary Medicine. Basel, Karger, 2011, pp 15-18

Gas Exchange during Perfluorocarbon Liquid

Immersion

Mark W. Davies® < - Kimble R. Dunster®d

aGrantley Stable Neonatal Unit, ®Perinatal Research Centre, and “Department of Paediatrics and Child Health, Royal Brisbane and
Women'’s Hospital, The University of Queensland, and 9Medical Engineering Research Facility, Queensland University of Technology,

Brisbane, Qld., Australia

Abbreviations

PFC  Perfluorocarbon
CPAP Continuous positive airway pressure

Given that there is potential for transcutaneous
respiration in the extremely premature newborn
infant, it has been proposed that immersion of
these infants in PFC liquid will allow augmenta-
tion of gas exchange. This is possible because PFC
liquid has an excellent oxygen- and carbon-diox-
ide-carrying capacity. Immersion in PFC may
allow a spontaneously breathing infant to also
achieve lung gas exchange with the combination
of skin and lung gas exchange being sufficient to
support life. Alternatively, immersion with some
skin gas exchange may allow other forms of me-
chanical ventilation (with or without PFC) to be
used but in a far less injurious way.

Analysis Main Topics Related to Title

Immersion in PFC and the Potential for Skin Gas
Exchange

The potential for gas exchange through the skin
when immersed in PFC liquid is feasible given

two key principles: (1) extremely preterm infants
have very thin, poorly keratinized skin across
which, it is well known, gas exchange can occur,
and (2) PFC liquid is an excellent carrier of both
oxygen and carbon dioxide.

Immersion in PFC liquid provides other po-
tential advantages: (1) water is not soluble in,
or miscible with, PFC, so water will not evapo-
rate from the skin possibly slowing skin kerati-
nization (thus prolonging skin respiration); (2)
it may allow tidal breathing of PFC liquid in a
spontaneously breathing infant providing non-
injurious lung gas exchange, and (3) tempera-
ture regulation and control in the immersed in-
fant [1].

Experimental Studies
Only two papers have explored the concept of
nursing whole subjects immersed in PFC liquid.
Hiroma etal. [1] nursed adult rats in PFCliquid to
investigate the temperature control possibilities of
their ‘liquid incubator’. They found that the tem-
perature of rats two-thirds submerged in FC-43
was readily controlled and manipulated by chang-
ing the temperature of the FC-43.

In a small experimental pilot study, Davies et
al. [2] explored the possibility of using whole-
body immersion in PFC to provide some degree



Fig.1. Alambimmersed in PFCliquid (B) circulated - via inlet and outlet pipes (A) — with an exter-
nal pump and heater. 100% oxygen (C) flows through a ‘bubble curtain’ (D). Fluids and drugs are
given by syringe pumps (E) into the umbilical vessels. Vital signs (incl. arterial pressure and oxygen

saturations) are monitored (F).

of skin gas exchange combined with tidal liquid
breathing in preterm lambs (fig. 1). They did not
achieve any meaningful gas exchange. They did
demonstrate that the central circulation remains
relatively intact immediately after birth, and
whilst significant initial heat loss occurs before
immersion, the fetus can be adequately warmed
and temperature maintained with immersion in
warm PFC liquid.

Discussion

Extremely preterm newborn infants are often
critically ill from birth. Mortality in this group
of infants is high and a large part of that mortal-
ity is primarily due to lung immaturity and acute
lung disease. Even when the baby’s death is not
directly due to lung disease it is often a major
contributor to it. Extremely preterm newborn

infants also have a significant risk of brain in-
jury from intracerebral bleeding (intraventricu-
lar hemorrhage) and ischemia (porencephaly and
periventricular leukomalacia). Any lung disease,
and its required respiratory support, along with
accompanying hemodynamic disturbance will
contribute to this increased risk of brain injury.
Survivors are also at risk of neonatal chronic lung
disease which will lead to prolonged need for re-
spiratory support and oxygen as well as a con-
siderably longer stay in hospital. They also have
significant post-discharge respiratory morbidity
and mortality.

The extremely preterm newborn infant has
very immature lungs and will almost certainly
need respiratory support. The incidence of severe
hyaline membrane disease is very high, but even
in the absence of lung disease they may require re-
spiratory support because of their pulmonary im-
maturity and extremely compliant chest wall.

Davies - Dunster



Any respiratory support given has the potential
to cause lung injury, especially mechanical venti-
lation and its associated ventilator-induced lung
injury. This lung injury can make the acute and
chronic lung disease worse. Many forms of less in-
jurious respiratory support have been postulated
and used including nasal CPAP, high-frequency
ventilation, triggered and synchronized ventila-
tion, volume-targeted ventilation and liquid ven-
tilation. Despite this, babies born at the margins
of viability continue to have a high mortality and
significant neurodevelopmental and respiratory
morbidity.

If an alternative means of gas exchange could
be provided then we might be able to ventilate
in a less injurious way. The provision of gas ex-
change requires adequate gas exchange surfaces
and sufficient oxygen and carbon dioxide gradi-
ents with a functioning circulation. Alternative
means of gas exchange include: (1) extracorporeal
— whilst this has the potential to provide all the
gas exchange requirements it has so far not been
possible in preterm infants and will likely result
in intolerable fluctuations in hemodynamics and
an even greater risk of brain injury; (2) gut/peri-
toneum - gas exchange is possible over the gut
and peritoneum and better oxygenation has been
demonstrated with intra-abdominal PFC liquid
in rabbits [3, 4], and (3) skin — the transfer of oxy-
gen and carbon dioxide is possible across the skin
of the newborn human and the more immature
the infant, the greater the degree of gas transfer
[5-7].

Davies et al. [2] have proposed, and tested in a
small experimental pilot study, that immersion in
PFCwill provide some degree of skin gas exchange.
The gas exchange provided by this means would
hopefully supplement that available through the
lungs. Thus the degree of respiratory support that
will be needed will be less because of that occur-
ring through the skin and therefore should be able
to be provided with a much lower risk of lung in-
jury. The lung gas exchange could be provided
in a number of ways: with normal spontaneous

Gas Exchange during PFC Liquid Immersion

breathing on CPAP, tidal PFC breathing or any
form of mechanical ventilation.

Immersion in PFC with Spontaneous Liquid
Breathing

If it is possible to support a spontaneously breath-
ing preterm infant immersed in PFC and achieve
both lung gas exchange through tidal flow of PFC
in and out of the lungs and skin gas exchange from
direct contact with the PFC, then an extremely
simple form of advanced life support would be
available for the extremely preterm infant.

A number of hurdles would have to be over-
come before this technique would be remotely
possible, and a number of conditions would need
to be optimized for its success. These include: (a)
prompt delivery and immersion in PFC; (b) en-
suring adequate lung expansion - may require
lung recruitment maneuvers prior to immersion
in PFC (with or without endotracheal intubation);
(c) ensuring adequate respiratory effort; (d) en-
suring an adequate circulation (may require cir-
culatory support, e.g. adrenaline infusion), and
(e) the problem of the baby floating on the top of
the very dense PFC.

Immersion in PFC as an Adjunct to Conventional

Forms of Respiratory Support

It may not be possible to achieve adequate gas ex-
change through the lungs with spontaneous tid-
al liquid breathing. However, the degree of skin
gas exchange achieved may be sufficient to aug-
ment that provided by more conventional means.
Because some of the gas exchange is provided via
the skin, less will be needed through the lungs. In
the infant ventilated with conventional mechan-
ical ventilation this will allow the use of lower
pressures and smaller tidal volumes and decrease
baro- and volutrauma and its sequelae.

Other Uses of Immersion in PFC

Apart from providing the capacity for skin gas
exchange, immersion may have other advantag-
es. Because there is no skin-air interface the skin



will not dry out and keratinization will be delayed.
Any skin gas exchange can therefore be main-
tained. Immersion in PFC may provide a better
barrier to skin colonization with potentially in-
fecting organisms. Bacteria are not able to be car-
ried in PFC liquid and cannot be supported by it.
Control of the temperature of the PFC liquid will
allow the maintenance of a normal temperature
and a thermo-neutral environment thus minimiz-
ing metabolic demand, oxygen consumption and
carbon dioxide production. Manipulation of the
temperature of the PFC liquid will also allow an
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ARDS Acute respiratory distress syndrome
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CHF  Congestive heart failure
ECMO Extracorporeal membrane oxygenation
ELSO Extracorporeal Life Support Organization

ILA Interventional Lung Assist

LA Left atrium

Lv Left ventricle

LVADs Left ventricular assist devices

MV Mechanical ventilation

SIRS  Systemic inflammatory response syndrome
VA Veno-arterial

VILI Ventilator induced lung injury

W Veno-venous

By the late 19th century, French and German sci-
entists had developed devices that effectively ox-
ygenated blood outside of the body [1]. In 1931,
John Gibbon, then a Harvard fellow in surgery
at The Massachusetts General Hospital, began
a lifetime of work to bring ‘extracorporeal oxy-
genation’ into the service of cardiac surgery after

witnessing a failed embolectomy of massive pul-
monary embolism in a young woman. In 1953, his
‘heart and lung apparatus’ successfully supported
an 18-year-old through surgical closure of a large
atrial septal defect by pumping the patient’s blood
from the vena cava through an oxygenator and
back into the aorta by way of intravascular cannu-
lae and tubing [2]. Gibbon’s innovations, together
with the work of other investigators from many
different institutions, resulted in practical, ef-
fective ‘cardiopulmonary bypass’ and allowed all
manners of ‘open heart’ surgery to be performed
by the 1960s [3, 4].

Efforts to bring the newly successfully extra-
corporeal oxygenation technology to the rescue
of patients suffering from primary respiratory
failure, who were beyond the help of mechani-
cal ventilation (MV), began in 1965 [5]. The first
successful report of such was by Hill et al. [6], in
1972, using a novel ‘membrane oxygenator. A
series of trials beginning in the 1970s and con-
tinued through the 1990s demonstrated the ef-
fectiveness of ECMO in the neonatal population
(77% survival rate), as well as for pediatric pa-
tients (55% survival rate) suffering from a variety



of pathologies causing primary respiratory failure
[7, 8]. However, a large trial of ECMO for adult
respiratory distress syndrome in the 1970s result-
ed in a 90% mortality [9]. Reasons for the stark
outcome differences were not clear at the time.
Nevertheless, as such, ECMO use for adults, the
primary subject of this review, was relegated to
rare and desperate circumstances over the next 30
years. However, the successful use of ECMO to
treat ARDS in the recently completed CESAR trial
[10, 11], as well as recent reports of effective use
of ECMO to support acute heart failure, and re-
fractory cardiac arrest [12, 13], promises to bring
ECMO into more common and widespread use
for adult patients. Before reviewing these stud-
ies and their implications for practice, it would
seem helpful to first look at several of the techni-
cal advances in key tools for ECMO delivery, i.e.
oxygenators, vascular access catheters and blood
pumps, that to a large degree have allowed the
current successes of ECMO. We will also brief-
ly touch on some advances in understanding the
pathophysiology of lung injury and CHF, as well
as innovations in MV and cardiac support that
have additionally contributed to ECMO success.
The original extracorporeal oxygenators used
were ‘direct contact’ oxygenators wherein oxy-
gen gas was bubbled through blood, or applied
to blood drawn into a thin layer. These were the
so-called ‘bubble; ‘screen; and ‘film’ oxygenators.
These devices functioned adequately to oxygenate
blood for heart surgery, but their use was com-
plicated by the creation of gas bubbles and blood
trauma, and could therefore only be used for a
few hours. With the help of advancing material
science, the 1970s ushered in ‘membrane oxygen-
ators which employed ultrathin, gas-permeable
sheets, initially of silicon rubber, to create tiny
channels through which extracorporeal blood
flowed, juxtaposed to an oxygen gas source. This
technology allowed oxygen to diffuse into blood
without direct contact and its associated problems,
thus promoting better clinical tolerance and facil-
itating the longer use of oxygenators necessary to
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support respiratory failure [1, 3]. The 1980s saw
the widespread introduction of microporous hol-
low polypropylene fibers into the design of mem-
brane oxygenators. Oxygen gas flows through
the center of these fiber membranes and blood
around the oxygen, allowing much more efficient
gas transfer [3]. Plasma leakage through these
membranes, however, complicated their use and
necessitated their frequent change, a situation not
ideal for long-term ECMO [14]. Within the last
several years however, microfiber, microporous,
polymethylpentene membrane oxygenators have
been commercially deployed which provide high-
performance gas exchange with low resistance to
flow and relatively little blood trauma, but with-
out the plasma leakage. These devices have been
found to perform very well for ECMO for more
than a week at a time [15-17]. Very recently, these
oxygenators have been produced with protein and
heparin molecules lining the membrane in order
to decrease the systemic inflammation and blood
clotting associated with passage of blood through
extrinsic surfaces. Certainly, this has led to de-
creased level of systemic anticoagulation required
to prevent thrombus formation in the oxygenator.
Whether these innovations will promote better
outcomes for ECMO is, of yet, unclear [14, 18].
Originally, vascular access for the creation of
the ECMO circuit in open heart surgery involved
‘central cannulation’ of either the vena cava or
right atrium and the ascending aorta with large
bore cannulae placed under direct visualization
in an open chest. Initial protocols for ECMO in
the support of respiratory failure used peripher-
ally placed cannulae [19, 20]. These catheters used
a femoral or internal jugular vein insertion site to
allow catheter access to blood from the vena cava
as inflow to the oxygenator and a carotid or femo-
ral arterial cannula to provide outflow of the oxy-
genated blood to the proximal aorta. However, by
the 1990s, VA ECMO was largely abandoned for
use in respiratory failure in deference to a VV ap-
proach whereby venous blood from the distal in-
ferior vena cava was pumped to the oxygenator

Herlihy - Loyalka - Connolly - Kar - Gregoric



and returned to the proximal vena cava or right
atrium, using two different femoral venous cath-
eters or both a femoral and an internal jugular
venous catheter. This was because thromboem-
bolic events from arterial catheters were found
to be common and potentially devastating, as in
the circumstance of a stroke. Furthermore, VV
ECMO, aided by catheter systems with ever bet-
ter flow characteristics, proved just as effective, in
work largely done with the neonatal and pediatric
populations [21, 22].

ECMO, when deployed to support of heart fail-
ure, utilizesa VA circuit [20]. The circuit can utilize
a central vascular approach with catheters already
in place for the circumstance of post-cardiotomy,
or heart transplant failure, or a peripheral can-
nulae approach for rapid deployment for cardiac
arrest or medically refractory CHE Central cath-
eters provide inflow to the oxygenator from the
right atrium and outflow to the proximal ascend-
ing aorta with the advantage of providing oxygen-
ated blood in a position where it carries well to the
coronary and cranial arteries. Of course, bleeding
and infectious complications are of high concern
when VA ECMO is so configured for any signifi-
cant length of time. Peripheral VA ECMO circuits
consist of jugular or femoral venous access to the
vena cava as inflow to the oxygenator and carotid
or femoral artery catheter access to the aorta for
outflow delivery. Carotid catheters have the ad-
vantage of delivering oxygenated blood to the as-
cending aorta, but their use can be complicated by
thromboembolic stroke. Femoral artery catheters
terminate in the proximal descending aorta, and
provide antegrade flow of oxygenated blood into
the aortic arch. With this approach, well-oxygen-
ated blood may not carry well to the coronary ar-
teries, brain or upper extremities. For this reason,
when such a circuit is used, it is recommended to
place a right radial arterial line as a monitor for
upper extremity, and hence heart and brain, blood
oxygenation. New catheter devices that permit ac-
cess to the left atrium promise another route of
inflow to the oxygenator and in the circumstance
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of CHF may offer some advantages that we will
touch on later [23].

Pumps to move blood through the ECMO cir-
cuit were originally of the roller pump design.
Two problems with this technique were direct
blood trauma caused by squeezing the blood be-
tween the tubing walls, and spalling, hence embo-
lization, of plastic microfragments from the tub-
ing wall [24]. The blood trauma led to hemolysis,
intravascular coagulation and activation of sys-
temic inflammation. Design innovations to mini-
mize these complications have included impeller
blades which, though an improvement, still cre-
ate significant blood turbulence and can promote
air retention in the blood returning to the patient.
Most current ECMO protocols incorporate cen-
trifugal pumps which promote laminar flow with
lessened blood trauma and air retention [13].

Catheters and pumps produced currently for
ECMO have biologic and antithrombotic coatings
to further reduce thromboembolic events and, as
in the case of oxygenators, to lessen systemic in-
flammation that results from blood contact with
an extracorporeal surface. Less systemic anticoag-
ulation needs to be used with these systems, miti-
gating bleeding, a major complication of ECMO
[20].

Several major advances in the understanding
of acute lung injury, ARDS, and MV in support of
these pathologies have been made since the 1970s,
which, no doubt, have contributed in a major way
to the current success with ECMO. In the 1980s it
was discovered that positive pressure MV settings
that were heretofore considered safe and effective
were in fact often injurious to lungs, especially
those already injured [25]. In fact, ventilators can
promote ARDS and even SIRS. Current genera-
tion ventilators are built with the principles of pre-
venting VILI, and clinical protocols for avoiding
‘volutrauma’ and other forms of VILI are in wide-
spread use. Interestingly, MV of neonates and pe-
diatric patients has, since almost the beginning of
positive pressure ventilation, incorporated pres-
sure limitation strategies [26]. One wonders if the
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difference between adult volume-cycled ventila-
tion and pressure-cycled ventilation for pediatrics
accounted in some significant degree for the out-
come differences between pediatric and adult se-
ries of ECMO in the 1970s. During the late 1980s
and early 1990s there also came a realization that
ARDS progressed through two pathophysiolog-
ic phases, the early ‘exudative’ phase and subse-
quently the ‘fibroproliferative’ phase [27]. If the
lung did not go down the path of normal archi-
tecture restoration, but instead to fibrosis and scar
formation, outcomes were much worse. This un-
derstanding has figured in selection of patients
more likely to benefit from ECMO.

ECMO for ARDS and Primary Respiratory
Failure

In February 2008, results of the CESAR trial were
released at the international Society of Critical
Care Medicine meeting [10]. The full report was
published in The Lancet in late 2009 [11]. This
study, however, may already be promoting a para-
digm shift in the management of severe lung inju-
ry. Essentially this randomized prospective study
showed significantly improved outcomes using
ECMO to manage severe and early ARDS com-
pared to the standard current approach of MV, at
what is currently thought to be noninjurious lev-
els. Specifically, the entry criteria to the study was
potentially reversible lung injury of high severity
as determined by a Murray score >3.0 (severe hy-
poxia, extensive pulmonary infiltrates by chest x-
ray, need for high levels of MV, and poor pulmo-
nary compliance) or uncompensated hypercarbia
resulting in a pH <7.2. Exclusion criteria includ-
ed late ARDS as determined by a requirement of
high FiO, (>80%), or high ventilator measured
airway pressure (plateau pressure >30 cm H,0)
for >7 days. Moribund patients and those with
contraindications to heparin were also exclud-
ed. For patients randomized to ECMO, survival
without severe disability, the primary endpoint
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of the study was 63% as opposed to those receiv-
ing conventional MV for whom it was 47%. These
data are consistent with that reported in the ELSO
registry maintained by the University of Michigan
[www.elso.med.umich.edu] which shows current
survival rates of ECMO for adult ARDS of >50%
(28].

These data suggest that ECMO has arrived
as therapy for early and severe ARDS, and other
potentially acute, reversible severe lung injuries
such as cryptogenic organizing pneumonia [23],
among other pathologies [29]. The CESAR trial
concept was not only to support patients through
respiratory failure but to intervene early to pre-
vent toxic use of MV and allow the lung its best
chance of recovery. Late ARDS, presumably in the
fibroproliferative phase, with its poorer prognosis,
was notably excluded. It is also salient that 22 of
90 patients, essentially a quarter of those eligible
for the ECMO protocol, never received it because
they improved. Separating those patients with
early severe ARDS who will benefit from ECMO
and those who will spontaneously improve will
likely prove very difficult, if not impossible, at the
bedside with our current diagnostic and prognos-
tic tools.

ECMO for Primary Cardiac Failure

Management of the failing heart has come a long
way from the 1960s when the first successful heart
transplant was performed, and the first attempt at
artificial heart support was made. Percutaneous
coronary intervention has, of course, revolution-
ized the management of acute cardiogenic shock
from coronary occlusion. LVADs have come into
frequent use in heart transplant centers as a bridge
to transplant, and the current generation of de-
vices is now even approved as destination ther-
apy [30]. Other mechanical support devices in
early clinical application or development, such
as the total artificial heart, are encouraging [31].
Understanding of ventricular remodeling and
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heart recovery from injury has also come a long
way since the early days when damaged heart
tissue was thought to be adynamic and fixed in
dysfunction [31, 32]. Current clinical standards
of CHF management incorporate many of these
concepts, such as the critical importance of after-
load reduction for optimal cardiac function and
recovery from injury. Potentially revolutionary
new therapies, such as stem cell implantation and
myocardial cell apoptosis suppression, are being
investigated by us at the Texas Heart Institute and
many others throughout the world [32].

These advances have spurred the burgeoning
interest in ECMO as a temporary support device
for medically refractory CHE, cardiogenic shock,
and failed resuscitation of cardiac arrest, until ei-
ther heart recovery or implementation of a longer
term solution such as cardiac transplant or LVAD
insertion. It seems a bit ironic that ECMO is com-
ing back to serve its original purpose of cardiac
support, but outside of the operating room, and
for a much more extended period of time.

Following initial successes in supporting neo-
natal and pediatric respiratory failure, cardiolo-
gists have been using ECMO in this age group
over the past 20 years for severe CHFE, pulmonary
hypertension, and intracardiac shunts. Survival to
discharge for these patients, who of course benefit
from further interventions in addition to ECMO,
is 40% [12]. Data for ECMO use in adult CHF
and cardiogenic shock that has come out within
the last decade have consistently shown remark-
able survival rates of 50-60% [13, 33-36]. Disease
states that ECMO alone may be sufficient for, giv-
en the oftentimes temporary nature of the pathol-
ogy, include: the low cardiac output syndrome
post-cardiotomy, post-partum cardiomyopathy,
viral myocarditis, arrhythmia-induced cardio-
myopathy, and severe pulmonary hypertension
with right ventricular failure resulting from pul-
monary embolism or post-pulmonary artery sur-
gical thrombectomy [37]. In patients who do not
recover sufficient intrinsic heart function, ECMO
has served well as bridge therapy until it is clear
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that the patient is beyond recovery for reasons of
neurologic injury or multiple system organ fail-
ure, or cardiac transplantation/mechanical heart
assist device placement can be performed [38].
We have even reported using ECMO as bridge to
heart lung transplant in a patient with severe re-
fractory primary pulmonary hypertension [39].
The last several years have seen ECMO applied to
cases of refractory cardiac arrest, and data from
ELSO show the survival rate in this circumstance
to be an amazing 27% [40].

Practical Aspects

At this point, some practical aspects of provid-
ing ECMO for lung or heart patients are worth
reviewing. First of all, ECMO is an extraordinary
resource and labor-intensive process. Institutions
and individual providers need to be prepared
for such. That being said, there are indications
that, at least for ARDS, ECMO may prove ec-
onomically viable relative to current standard
therapy [11]. In addition to the equipment for
ECMO a dedicated team of specialists experi-
enced in ECMO is recommended. ELSO recom-
mends that institutions perform 20 cases a year
to achieve and maintain optimal skill levels. The
team should include: perfusionists, for contin-
ual maintenance and monitoring of the ECMO
system; interventionalists, for catheter place-
ment; pulmonologists and respiratory therapists,
to monitor lung injury and maintain appropri-
ate ventilator settings; cardiologists, to monitor
and manage central hemodynamics, hematolo-
gists, to help for anticoagulation, and to monitor
for coagulopathy, thrombocytopenia and bleed-
ing complications; nephrologists, to monitor and
manage renal function and volume status; infec-
tious disease specialists, to monitor the many
potential sources or infections and to treat such
early and aggressively; nutritionists, to prevent
malnutrition; potentially neurologists, to asses
neurologic change; and of course, the bedside
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ICU nurse, whose array of assessment, interven-
tion and communication skills make it all work.
Patients who survive ECMO need a variety of
support services, as do their families. Social ser-
vice support is key over the long haul of illness
and recovery. High level rehabilitation services
are typically involved at the earliest opportu-
nity in our patients’ post-ECMO as they often
demonstrate severe deconditioning or myopathy,
neuropathy of critical illness.

Vascular access for ECMO has been discussed
above. Essentially, VV ECMO is the current stan-
dard for support of primary respiratory failure.
VA ECMO is used for primary cardiac failure.
However, it is worth noting here that this con-
tiguration causes significant afterload for the left
ventricle [13]. This is at least counterproductive
for a ventricle with potential for recovery and
may be catastrophic resulting in pulmonary hem-
orrhage. Often, in this circumstance, an IABP is
placed to off-load the ventricle. Unfortunately,
this counterpulsation device may interfere with
the ECMO arterial catheter delivering oxygenat-
ed blood. Several solutions have been proposed
for this problem. Creation of an atrial shunt to by
percutaneous transeptal perforation, and direct
cannulation of the LA or LV as a vent to unload
the LV have been reported [13]. Additionally, a
percutaneous LVAD, specifically the Impella
Recovery (Abiomed Inc., Danvers, Mass., USA),
has been placed to effectively unload the LV in
conjunction with ECMO to good effect [41]. We
have reported the use of the TandemHeart System
(CardiacAssist Inc., Pittsburg, Pa., USA) catheters
to access the LA as the delivery point for ECMO-
treated blood in a patient with severe pulmonary
hypertension and right ventricular failure [23]. It
may be possible to use the LA access of the TH
system as inflow to ECMO and thereby reduce LV
load and wall stress.

Once vascular access for ECMO has been es-
tablished, the three key components of ECMO
requiring fairly continuous adjustment are the
blood flow through the oxygenator, regulated by

24

the pump, the countercurrent gas flow through
the oxygenator, known as the ‘sweep, and the
FiO, of the gas. Initial blood flow is approxi-
mately 70 ml/kg/min (or 5 I/min for an aver-
age-sized man). For large individuals a second
ECMO system may be required. Initial sweep
should match the blood flow. So if 5 I/min of
blood is flowing through the system, then the
sweep should be 5 I/min. Initially the sweep gas
should be 100% FiO,. Flow through the oxygen-
ator can be increased to improve oxygenation
of the blood or improve O, delivery. Increasing
sweep can also improve oxygenation of the
blood as well as offload CO,. A primary goal
of ECMO for respiratory failure is to allow lung
injury recovery. A secondary goal of ECMO in
the circumstance of cardiac failure is to allow
ventilator settings that are noninjurious to the
lung. Both goals are served by adjusting MV to
a Vt of 4-8 ml/kg of ideal body weight (in the
case of volume-cycled ventilation), disallowing
a plateau pressure of >30 cm H,O, and using an
FiO, of 30% or less. This is usually accomplished
gradually while adjusting ECMO to compensate
for lost gas exchange.

A trial of wean from ECMO, in the circum-
stance of primary respiratory failure, is made when
the chest x-ray has sufficiently cleared and pulmo-
nary compliance is has sufficiently improved [11].
At that point, sweep is turned down, and eventu-
ally off, to see if gas exchange can be maintained
by the ventilator alone, on nontoxic settings (as
delineated above) that limit volutrauma and an
FiO, of 60% or less. In the case of ECMO for car-
diac support the key test of weanability is whether
CO can be maintained at a sufficient level for tis-
sue O, delivery, as determined by a combination
of objective measurements of (>2.21/min/m?) and
clinical markers of sufficient oxygenation, such
as lactic acid level and organ function, while the
pump flow is decreased. Blood flow of <2 /min
through the ECMO circuit can prompt stasis in
the system, so that is the usual lower limit of pump
flow in a wean trial.
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Continuous sedation of patients undergoing
ECMO is necessary for tolerance. Fentanyl, with
its relatively favorable hemodynamic profile, has
worked well for us. Paralysis is also sometimes
required. Potential complications of ECMO are
many [8, 14, 20] but include, in order of practical
importance: bleeding from administered antico-
agulation as well as coagulopathy and thrombocy-
topeniainduced by the ECMO system;intracranial
bleeds are of particular concern; thromboembo-
lic events, both venous and arterial; deep venous
thrombosis can occur at venous catheter inser-
tion sites and embolize; arterial access sites can
thrombose and embolize causing, depending
upon the location of the catheter, limb ischemia
or vital organ infarcts including CVAs (10% inci-
dence in adults on VA ECMO); hepatopathy and
ischemic bowel from poor splanchnic perfusion,
sepsis from lung, catheter, urinary and abdomi-
nal sources; SIRS, and multisystem organ failure.
Device malfunctions which occur in up to 18%
of cases include: oxygenator failure requiring
change out (usually due to thrombus formation),
and oxygenator or tubing rupture, resulting in air
emboli.

Promising Developments

There are several exciting and very promising
developments in the area of lung assist devices.
The ILA (Novalung GmbH, Talheim, Germany)
has recently been approved for clinical use in
Europe. This polymethylpentene membrane ox-
ygenator is significantly smaller than traditional
oxygenators, has excellent gas exchange charac-
teristics, and is constructed in such a way that
it presents very little resistance to blood flow
through it. As such, it is pumpless, and driven
by arterial flow in patients with intact hemody-
namics, when placed in a femoral artery to ILA
to femoral vein circuit. Typically only 1-2 I/min
of blood flows through the oxygenator or about
20% of cardiac output. However, with high flow

Extracorporeal Membrane Oxygenation for Respiratory and
Heart Failure in Adults

of sweep gas the ILA can result in dramatic im-
provements in gas exchange. It has been used
in primary hypoxemic and hypercarbic respira-
tory failure with survival rates of 41%, a signif-
icant improvement over expected mortality in
these patients using conventional therapy [42].
Interestingly it has been applied to chest trauma
and blast victims because of its rapid application
and lack of need for a pump, to excellent effect
[14, 43]. It has also been used successfully as a
bridge to lung transplant [43].

The first clinical case reports using paracor-
poreal artificial lung have just come out [44, 45].
This device is essentially a membrane oxygenator
placed in parallel to the pulmonary circulation
with connection to the pulmonary artery and to
the left atrium. It has been used in the specific cir-
cumstance of right ventricular failure secondary to
pulmonary hypertension, when standard ECMO
is failing. It performed well in these circumstances
supporting 1 patient for 63 days. There are hopes
that, at a now distant point, this approach may ul-
timately result in a device that can be used long
term, even out of the hospital [46].

Intravascular oxygenator systems such as the
intravascular oxygenator [47, 48] and the Hattler
catheter [49] are in the early stages of develop-
ment, or subclinical testing. These systems are de-
signed for implantation in the vena cava with or
without blood pumps and using an external gas
source for oxygenation.

Conclusion

ECMO appears poised to take a place in best prac-
tice clinical algorithms for managing severe acute
lung injury, and medically refractory heart failure
as a bridge to recovery, implantable mechanical
cardiac assist device, or heart, lung or heart lung
transplantation.
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Abbreviations

ASV  Adaptive support ventilation

ATC  Automatic tube compensation

Edi  Neural drive signal to the diaphragm
FiO, Fraction of inspired oxygen

HFJV  High-frequency jet ventilation

HFOV High-frequency oscillatory ventilation
NAVA Neurally adjusted ventilatory assist
PAV  Proportional assist ventilation

PEEP Positive end-expiratory pressure

PPS  Proportional pressure support ventilation
VAPS Volume-assured pressure support

Mechanical ventilation is a life-saving technolo-
gy that has evolved remarkably in the past sev-
eral decades. In particular, positive pressure me-
chanical ventilation in many different forms and
by using various modalities is employed as an es-
sential medical treatment in the ICU settings of
hospitals all over the world. Without this tech-
nology, the treatment of many illnesses and most
major surgical operations would not be possible.
However, if this treatment is not provided prop-
erly or the duration of mechanical ventilation is
unduly prolonged due to non-optimal treatment,
many medical complications such as ventilator-
associated pneumonia may result. Those compli-
cations can significantly increase the mortality

and morbidity rates of patients on this medical
treatment. Therefore, any useful innovation in
mechanical ventilation technology that can im-
prove and expedite the treatment can significantly
impact the quality of healthcare for ICU patients.

The following provides a brief overview of dif-
ferent mechanical ventilation technologies and a
discussion of several innovative techniques that
have been employed in practice in mechanical
ventilators in recent years. The potential impacts
on healthcare by several newer techniques includ-
ing closed-loop ventilation technologies will be
analyzed by discussing the applications of those
techniques along with their main strengths and
weaknesses.

An Overview of Various Mechanical
Ventilation Technologies

Mechanical ventilation is used in various forms
and by using different technologies. In what is
called negative pressure ventilation, the patient’s
thoracic area or his entire body up to his neck is
enclosed in an airtight chamber and the volume
of the chamber is expanded, thereby inflating the
lungs using negative pressure. Examples of such
devices are tank ventilators, jacket ventilators, and
cuirasses. However, negative pressure ventilation



devices are not used in many applications today.
Instead, positive pressure ventilation in which
the patients lungs are inflated by application of
positive pressure to his airways is considered as
today’s dominant technology. This kind of treat-
ment can be applied non-invasively, by use of a
facial mask or a mouthpiece, or it can be given in-
vasively by using an endotracheal tube or by use
of tracheostomy.

Positive pressure ventilation can be provided by
using high-frequency ventilation techniques such
as HFJV and HFOV. In high-frequency ventila-
tion, the oxygenated air is delivered at high rates
and small volumes to the patient’s airways, vibrat-
ing the alveoli at high frequencies to avoid injur-
ing the lung tissue. High-frequency ventilation is
used predominantly in the neonatal and pediat-
ric patient populations with less frequent appli-
cations in adult patient groups. The more com-
monly used type of positive pressure ventilation is
referred to as conventional ventilation. This kind
of ventilation can be given in both invasive and
non-invasive forms. In conventional mechanical
ventilation, the respiration frequency can be se-
lected to be close to the natural breathing rate of
the patient [1]. The methods used in conventional
ventilation are many, and it is not the purpose of
this article to describe those modalities. The focus
of this article is on newer automated modalities of
conventional ventilation that have impacted ven-
tilatory treatment in recent years.

Importance of Automation in Conventional
Positive Pressure Mechanical Ventilation

In the past few decades, mechanical ventilators
have become more advanced with many options
and modalities. The purpose of offering various
options in these machines is to make them more
responsive to patients’ needs and thereby improve
treatment. However, the majority ofadvanced ven-
tilators are still open-loop controlled machines in
which the main outputs of the ventilator are man-
ually set by an operator. In using these ventilators,
the clinician needs to know various options and
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limitations of the advanced ventilators, and based
on the patient’s illness and requirements chooses
a suitable treatment option among many alterna-
tives and sets the main ventilatory parameters.
The clinician’s decisions which in many cases can
make the difference between life and death for the
patient need to be made in the ICU setting within
a short period of time.

Ithasbeen reported that in the USA alone there
are between 44,000 and 98,000 injuries resulting
from medical errors per year [2]. The human costs
of serious injuries and mortalities associated with
medical errors cannot be measured financially
and the financial costs of such incidents are be-
tween USD 17 and 29 billion per year in the USA
alone [2]. It is needless to say that by expecting
so much from clinicians, such errors become in-
evitable. Medical technology has to be employed
more aggressively to address this issue. As was
discussed above, mechanical ventilation is an es-
sential treatment technique that is mainly used in
the ICU settings of hospitals. Provision of optimal
ventilatory treatment can expedite weaning and
prevent prolonged ventilation therapy. Such treat-
ments not only will improve the quality of care
and help reduce medical complications associ-
ated with prolonged mechanical ventilation such
as incidents of ventilator-associated pneumonias,
but they will significantly reduce the costs of ICU
ventilatory treatments at the same time.

Automatic control of this technology can be
used to reduce errors associated with the treat-
ment. Several innovative automatic ventilation
techniques have been employed in mechanical
ventilators to this date [1]. Those technologies
and their strengths and weaknesses are discussed
below.

Advanced Mechanical Ventilation Technologies

There have been many advanced features includ-
ed in mechanical ventilators in recent years. In
a mode called VAPS, which is available in Bird
8400STi model, the ventilator’s output is con-
trolled automatically during each breath to assure
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the delivery of a target volume set by the clini-
cian. In this mode, the first portion of the breath
is pressure-limited. However, if the target tidal
volume cannot be delivered, inspiration is con-
tinued based on a peak flow setting to deliver
the target volume to the patient. In another tech-
nique called ATC that is incorporated in a num-
ber of different ventilators including the Drager
Evita series, the Viasys Avea ventilators, and the
Nellcor Puritan Bennett 840 model, the ventilator
is designed to compensate for the imposed addi-
tional work of breathing due to the endotrache-
al tube. By using ATC, the pressure drop across
the endotracheal tube is calculated based on the
measured flow and the tube characteristics, and
the ventilator compensates for that pressure drop.
Use of ATC reduces the work of breathing and
makes it easier for the patient to start breathing
on his own. While VAPS is designed to assure de-
livery of adequate ventilation to the patient and
to prevent the untoward effects of hypoxemia and
hypercapnia, ATC is designed to facilitate wean-
ing patients from mechanical ventilation. These
techniques like other innovative modes of venti-
lation such as synchronized intermittent manda-
tory ventilation, pressure-regulated volume con-
trol and many others have been used in practice
in ventilators for some time and are designed to
improve mechanical ventilation treatment and
expedite weaning.

Despite the application of automation in vari-
ous forms in today’s ventilators and their many
advantages, still the main outputs of these ma-
chines such as tidal volume, respiratory rate, min-
ute ventilation, FiO,, and PEEP are manually set
by clinicians in most advanced modes of venti-
lation. Therefore, using such techniques still re-
quires the clinician to make the important choices
about the treatment by trial and error. However,
due to the advancements in sensor technology
and the pressing need for more automation of
ventilation, there have been many attempts by a
number of researchers to more aggressively con-
trol the main outputs of ventilators automatically
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in different phases of treatment. Many research-
ers have developed systems for automatic control
of patient’s oxygenation by closed-loop control of
FiO,, PEEP, or both. Examples of such systems
have been reviewed [3]. A number of other re-
searchers have designed automatic systems for
adjusting ventilation, respiration rate, or control
of weaning, and in some more recent systems
automatic control of ventilation or weaning has
been combined with closed-loop adjustment of
PEEP and/or FiO, [3].

Despite many attempts by a number of re-
searchers to develop automatic ventilation sys-
tems for control of the main outputs of ventila-
tors, only a few of such systems have been used in
practice to this date. Those major automatic sys-
tems are: (i) ASV used in Hamilton Medical ven-
tilators; (ii) PAV (or PPS) used in several different
ventilators including Drager Evita series, Puritan
Bennett 840 model, and Respironics BiPAP ven-
tilators; (iii) SmartCare offered by Drager Evita
ventilators, and (iv) NAVA designed to use the pa-
tient’s own neural respiratory drive that is adapted
in Maquet ventilators. An overview and discus-
sion of these commercially available systems are
provided below.

Major Automatic Ventilation Technologies

Adaptive Support Ventilation

ASV is a closed-loop technique for automatic ad-
justment of tidal volume and respiratory rate in
mechanical ventilation. This technique was in-
vented in 1980s and was described as one of the
embodiments of a patent issued in 1991 [1, 4].
ASV is used by Hamilton Medical ventilators.
Figure 1 shows a schematic block diagram of this
system.

In the ASV mode, the required minute ventila-
tion is calculated from an input called %MinVol
and the patient’s ideal body weight. The patient’s
respiratory mechanics are measured on a breath-
by-breath basis and provided to the controller to
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Fig. 1. Schematic diagram of the ASV system.

calculate the required tidal volume and respira-
tory rate of the patient. In this mode, if the pa-
tient triggers the breaths and can breathe sponta-
neously, the machine provides additional pressure
support to meet the calculated tidal volume tar-
get. For passive patients, the ventilator delivers
the required tidal volume by using pressure con-
trol ventilation at the calculated optimal rate of
breathing. The optimal frequency of breathing in
this method is calculated on a breath-by-breath
basis by using the measured respiratory mechan-
ics data to minimize the respiratory work rate. By
providing a more natural breathing rate to the pa-
tient, ASV aims at reducing asynchrony between
the machine and the patient and thereby to stim-
ulate spontaneous breathing and expedite wean-
ing. The expiration time in ASV is also adjusted
when necessary to make sure that lungs are effec-
tively emptied during expiration and the buildup
of intrinsic PEEP is prevented. ASV can be used
for passive as well as active patients and a mini-
mum required ventilation can be guaranteed by
using this mode. Despite the advantages of ASV,
still several main outputs of the ventilator need
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to be manually adjusted in this mode. ASV does
not provide continuous automatic adjustment of
minute ventilation, and PEEP and FiO, are manu-
ally controlled.

Proportional Assist Ventilation

PAV is a patented technique in which the venti-
lator measures the patient’s ongoing volume and
rate of flow of inspiratory gas and applies ad-
ditional pressure support in proportion to the
patient’s own inspiratory effort [5]. Some varia-
tions of this mode are offered in Puritan Bennett
840 ventilators as PAV+, in Drager Evita series as
PPS, and as a non-invasive mode in Respironics
BiPAP ventilators. Figure 2 shows a schematic
block diagram of PAV. Proper use of this tech-
nique requires constant and accurate measure-
ment of respiratory elastance and airway resis-
tance in order to prevent a runaway situation.
In that case, the PAV controller of figure 2 also
receives the respiratory mechanics data and pro-
cesses that along with volume and flow rate data
to adjust the level of pressure support to the
patient.
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Fig. 3. Schematic diagram of the SmartCare system.

The main advantage of PAV is the synchrony
between the patient and the machine. This syn-
chrony is quite significant since it tends to reduce
the fighting that occurs between the ventilator
and a spontaneously breathing patient. Therefore,
by providing this synchrony, PAV can give more
comfort to the patient and expedite weaning.

PAV is fundamentally a weaning method and
cannot be used for passive patients. Its proper op-
eration requires accurate measurement of respi-
ratory mechanics during spontaneous breathing.
It is suited to patients with relatively strong spon-
taneous activity and should be watched carefully
for ventilatory leaks. PEEP and FiO, need to be
manually adjusted in this mode.

SmartCare

SmartCare is a weaning technique available in
Drager Medical Evita ventilators. Figure 3 shows
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a schematic block diagram of this system. In this
technique which was first introduced in 1992 [6],
three patient parameters are monitored by the
ventilator, namely tidal volume, respiratory rate,
and the end-tidal pressure of carbon dioxide. The
systemy’s function is to keep these variables within
a predefined ‘comfort zone’ Using SmartCare, the
ventilator that operates in the pressure support
mode, increases the level of support incremental-
ly if respiratory rate increases beyond a prescribed
range, or tidal volume decreases below a certain
level, or end-tidal pressure of CO, increases above
anacceptable value. If the measured values of these
three parameters remain within their predefined
ranges, then the level of support is reduced incre-
mentally until the patient is ready to be extubated.
This system provides automated support during
weaning and is designed to expedite the proce-
dure by using established protocols. The system in
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SmartCare does not take into account the effects
of variations in patient’s respiratory mechanics
on the acceptable ranges of breathing frequency
and tidal volume and there is no guarantee in the
system that the patient receives adequate minute
ventilation during weaning. PEEP and FiO, are
manually adjusted in this mode.

Neurally Adjusted Ventilatory Assist

NAVA is a fundamentally different ventilato-
ry mode compared with the other methods de-
scribed above, in the sense that it uses the patient’s
own respiratory neural drive signal to control the
ventilator. The principles of this technology were
first introduced in 1970 [7]. That early technique
was enhanced and patented many years later in
1990s [8], and has been adapted in Maquet venti-
lators in recent years. Figure 4 shows a schematic
block diagram of NAVA. In this technique, the pa-
tient’s respiratory neural drive signal to the dia-
phragm (Edi) is detected by electrodes mounted
on a nasogastric tube which needs to be properly
positioned at the lower esophagus. This signal is
filtered to eliminate noise due to moving artifacts,
electrocardiogram, and other disturbances and
is amplified by a gain set manually by the clini-
cian before being applied to drive the ventilator.
The main advantage of NAVA is the synchrony
between the machine and the patient which im-
proves patient comfort, reduces the fighting that

Automatic Control of Mechanical Ventilation Technologies

develops between the ventilator and a spontane-
ously breathing patient due to asynchrony, and
can expedite weaning. NAVA cannot be used in
all patients and its effectiveness may be affected if
strong sedatives are administered. The insertion of
a nasogastric tube is an additional required inva-
sive procedure in this mode that needs to be done
with care and precision [9]. The amplification fac-
tor applied to the Edi signal which determines the
level of support provided by the ventilator is ad-
justed manually by the clinician. PEEP and FiO,
values are also controlled manually in NAVA.

Conclusion

Significant progress has been made in the design
and development of automatic ventilation tech-
niques in the past few decades. Several modalities
in which some of the main outputs of ventilators
are automatically controlled are currently in use
in the ICU settings. When applied properly, these
technologies tend to improve treatment and help
facilitate the complex tasks handled by ICU cli-
nicians. Despite these significant improvements,
there are still some drawbacks associated with the
available automatic techniques of ventilation that
can be addressed by newer technologies and there
are a number of remaining ventilatory tasks that
can be automated.
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Recommendations

The following are some recommendations for
improvement of automation of mechanical
ventilation:

o Inclusion of more innovative technologies in
mechanical ventilation to address the short-
comings of the present automatic techniques.

o Emphasizing on technologies that increase
synchrony between the patient and the
ventilator without increasing the invasiveness
of the treatment.

o Incorporation of more innovative sensor
technologies to prevent measurement errors
during automatic control of ventilation.

o More emphasis on non-invasive ventilation
when such treatment is applicable.

o Inclusion of more effective automatic weaning
technologies in mechanical ventilation.

In summary, there is little doubt that the trend
of automation in mechanical ventilation will con-
tinue in the future. However, no matter how well
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Extubation failure (reintubation) is associated
with increased ICU mortality, increased length
of hospital stay, greater need for tracheostomy
and for long-term acute care, and increased
costs [1]. Clinical deterioration between the
time of extubation and the re-establishment of
ventilatory support may provide the best expla-
nation for increased morbidity and mortality.
Therefore, strategies designed to prevent or treat
extubation failure have the potential to improve
outcome.

Prevalence of Post-Extubation UAO

Intubation, with placement of an endotrache-
al tube, often results in laryngotracheal injury
manifested as inflammation, mucosal ulceration,
edema, or granuloma formation. If severe, this
results in glottic or subglottic narrowing lead-
ing to stridor, respiratory distress, or respiratory

failure after removal of the endotracheal tube.
Children are particularly susceptible to post-
extubation UAO because: the larynx is smaller;
fluid easily accumulates in the loose subglottic
submucosal connective tissue, and the cricoid
cartilage ring is less expandable. From 5 to 35%
of patients will experience post-extubation UAO.
This wide range results from the different patient
populations studied, the variability in the defini-
tion of the entity, and the treatments employed
after extubation (e.g. racemic epinephrine, non-
invasive ventilation). Most studies use the pres-
ence of stridor as a surrogate for UAO or laryn-
geal edema. Others will only categorize a patient
as having UAO if treatment was required (e.g.
corticosteroids, racemic epinephrine, reintuba-
tion). Relatively few studies have used direct lar-
yngoscopic assessment of the airway to define
the presence of UAO. Up to 50% of patients who
manifest post-extubation UAO will require rein-
tubation though in some studies as few as 2-10%
require reinsertion of an airway. Post-extubation
UAO usually manifests within 8 h of extubation
and almost always within 24-48 h of extubation.
Numerous factors have been associated with in-
creased risk for post-extubation UAO in adults
(table 1) [2].



Table 1. Factors associated with post-extubation UAO in adults

Female gender (e.g. small tracheal diameter)

Trauma to upper airway

Multiple intubation attempts

Recent unplanned extubation

Age >70-80 years

Excessively mobile or overly large endotracheal tube size

Decreased ratio of patient height to tube diameter (e.g. large tube diameter placed in a short patient)

Ratio of endotracheal tube size to laryngeal diameter >45%

Increased duration of intubation (e.g. >6 days)

Tracheal infection

Low Glasgow Coma Scale score

Excess endotracheal tube cuff pressure

Reduced CLV (<24% of inspired tidal volume or <110 ml)

Detection of Increased Risk for Post-
Extubation UAO

Because it is difficult to visualize the trachea in
the presence of an endotracheal tube, detection of
UAO is best performed using the quantitative cuff
leak test [3]. During this maneuver the patient is
ventilated on assist control (e.g. set tidal volume)
with the endotracheal cuff deflated. The differ-
ence (CLV) between inspired and expired tidal
volume, averaged over approximately six consecu-
tive breaths is then compared. An obstructed up-
per airway results in similar inspiratory and expi-
ratory tidal volumes while a patent airway results
in a substantial difference as a large volume of gas
escapes around the tube. This quantitative cuffleak
is then reported as either a percentage of inspired
tidal volume or as an absolute CLV. The risk for
post-extubation stridor and reintubation is higher
when CLV isless than approximately 12-25% of in-
spired volume or an absolute value of <110-130 ml.
Some patients who appear to have UAO based on
the cuff leak test can nevertheless be successfully
extubated. This falsely low CLV can occur when se-
cretions adhere to or pool around the external sur-
face of the endotracheal tube. Another explanation
is that with the cuff deflated, additional tidal vol-
ume may be inspired around the tube thus adding
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to tidal volume delivered by the ventilator. This ad-
ditional inspired tidal volume is not measured by
the ventilator leading to a falsely low measurement
of inspired tidal volume. The resulting difference
between inspired and expired tidal volume will be
falsely low. Alternatively, if lung compliance is de-
creased, some of the inspired tidal volume imme-
diately moves cephalad around the endotracheal
tube rather than entering the lung. Thus delivered
inspiratory tidal volume is falsely low resulting in a
falsely low CLV. In this case, the risk for UAO may
be underappreciated. Either of these sources of er-
ror can be eliminated by delivering the machine
breath with the cuff inflated and then deflating the
cuff just prior to expiration [4].

In pediatric patients the air leak test identifies
the pressure (e.g. >30 mm Hg), measured using a
manometer, at which an audible leak around the
endotracheal tube occurs. The test has met with
variable success [5].

Corticosteroids to Prevent Post-Extubation
UAO

Corticosteroids are a logical therapeutic strategy

to preventing UAO as inflammation is frequent-
ly the underlying cause. Studies published from

Epstein



1989 to 1997 in pediatric and neonatal patients
demonstrate that corticosteroids reduce post-
extubation UAO by nearly 40%, and may reduce
the need for reintubation [6]. In contrast, three
randomized controlled trials in adults, published
prior to 2000, all found intravenous corticoster-
oids administered prior to extubation did not re-
duce the incidence of post-extubation UAO or
need for reintubation. Corticosteroids may not
have worked in these studies for several reasons.
The cohorts studied were not at high risk as rein-
tubation rates in the control arms ranged from 0
to 2.6%. Corticosteroids were given immediate-
ly (30-60 min) prior to extubation and therefore
were not likely to have sufficient time to exert a
clinically significant anti-inflammatory effect.
Lastly, only a single dose of corticosteroids was
administered and the doses were relatively low.

Since 2006 there have been three well-con-
ducted published randomized controlled trials
that demonstrate that corticosteroids can effec-
tively prevent post-extubation UAO and reduce
the need for reintubation in adults. These stud-
ies differ from the older studies in that a high-
risk cohort was selected and corticosteroids were
given at higher doses, multiple doses were deliv-
ered, and administration began at least 12-24 h
prior to extubation. The first study by Cheng et al.
[7] randomized 128 medical and surgical patients,
ventilated for at least 24 h, who were identified
as being at elevated risk for post-extubation UAO
based on a CLV <24% of inspired tidal volume.
Three groups were studied: one group received
40 mg of methylprednisolone 24 h prior to extu-
bation (one injection); one group received 40 mg
of methylprednisolone every 6 h beginning 24 h
prior to extubation (4 injections), and one group
received placebo injections. Corticosteroids sig-
nificantly decreased the percentage of patients
with stridor (30% placebo, 2% one injection, 7%
four injections) and the need for reintubation (19,
5, 7%).

The second study by Lee et al. [8] randomized
86 medical patients who were ventilated for at least

Corticosteroids to Prevent Post-Extubation UAO

48 h and had a CLV <110 ml. Patients either re-
ceived placebo or four doses of dexamethasone (5
mg) every 6 h for four doses. Patients were extubat-
ed 24 h after the last dose. Corticosteroids resulted
in reduced post-extubation stridor (10 vs. 28%).
There was no difference in the need for reintuba-
tion (2.5 vs. 5%) but a much larger cohort would
have been necessary to demonstrate benefit given
the low baseline event rate. An important observa-
tion is that treatment with dexamethasone led to a
significant increase in CLV that persisted 24 h after
the last dose (e.g., at the time of extubation).

The third trial randomized 761 patients who
had been intubated for 236 h. Although no formal
process was used to identify a high-risk cohort, the
22% incidence of stridor in the control group sug-
gests an appropriate study population [9]. These
investigators compared 20 mg of methylpredniso-
lone, given every 4 h for 12 h prior to extubation, to
placebo. Corticosteroid pretreatment was associat-
ed with decreased risk for post-extubation UAO (3
vs.22%), need for reintubation (4 vs. 8%), and need
for reintubation secondary to UAO (0.3 vs. 4%).

Since the publication of these trials a num-
ber of systematic reviews and meta-analyses have
been published. The analysis of Jaber et al. [10]
included five published randomized controlled
trials and two abstracts totaling 1,846 patients.
Overall, corticosteroids significantly reduced the
risk of stridor (relative risk 0.48) and reintubation
(relative risk 0.58) but the benefit was most pro-
nounced in those deemed to be at high risk based
on reduced CLV (stridor 35 vs. 19%, reintubation
20 vs. 9%). No clear benefit could be demonstrat-
ed in patients not deemed to be at high risk (us-
ing the CLV) or in those who only received corti-
costeroids 1 h prior to extubation. A subsequent
meta-analysis included 14 studies of adults, chil-
dren and neonates (approx. 2,600 patients) [6].
Overall, corticosteroids reduced post-extubation
UAO and need for reintubation, with results con-
sistent across all three patient populations. The ef-
fect was most pronounced when administration
occurred at least 12 h prior to extubation. These
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meta-analyses identified no major complications
associated with the use of corticosteroids.

Recommendations

Corticosteroids should be given to patients at
high risk for post-extubation respiratory fail-
ure. High risk is best assessed by the quantita-
tive cuff leak test using a reduced CLV of <24%
of the inspired tidal volume or <110 ml. It must
be remembered that some patients with a reduced
CLV can be extubated successfully without other
intervention though identifying these patients is
difficult. Whether selection for high risk can be
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Choosing the right ventilatory mode and param-
eters for ICU patients can be a challenging task
for many medical personnel. ICU clinicians are
required to carefully review the patients’ under-
lying illnesses as well as many available modes
of ventilation, and set the ventilatory param-
eters to deliver optimum treatment to their pa-
tients in a timely manner. These tasks can be sig-
nificantly simplified by use of effective automatic
ventilation modes, or with the aide of properly
designed decision support systems. Use of ad-
vanced closed-loop techniques or effective open-
loop advisory systems for ventilation can lead to
better care for critically ill patients, which can in
turn result in significant reduction in the mortal-
ity and morbidity rates associated with provision
of inappropriate or unduly prolonged mechanical
ventilation.

Many different techniques for automatic con-
trol of mechanical ventilation have been devel-
oped and there are several such technologies
used in commercial ventilators today [1-3]. With
regard to open-loop decision support systems,

although many techniques have been developed
to this date [4], most of them have not been im-
plemented in commercial ventilators. This may be
attributed to lack of training for the systems or
that they may not have been accessible to clini-
cians and researchers other than the groups that
developed them. Another drawback of such sys-
tems has been the concern over their noise immu-
nity and error propagation. Nonetheless, effective
decision support systems as well as closed-loop
systems for mechanical ventilation can be quite
useful tools in helping clinicians with ventilatory
treatment of their patients in the ICU environ-
ment where correct and timely decision on treat-
ment can often make the difference between life
and death.

Analysis

Choice of Ventilatory Parameters and the
Weaning Technique

Mechanical ventilation can be provided using
various techniques such as negative pressure
ventilation, high-frequency oscillatory ventila-
tion, or conventional positive pressure ventila-
tion [5]. Among these techniques, conventional
positive pressure ventilation provided invasively
(i.e. by use of an endotracheal tube or a tracheo-
stomy tube), or non-invasively (e.g., by use of a
facial or nasal mask) are the more common types



of ventilation adapted today. Conventional posi-
tive pressure ventilation can be provided by us-
ing various modalities [2]. Advanced mechanical
ventilators are designed to provide wide ranges of
ventilatory parameters in various modes of venti-
lation. Open-loop decision support systems can
be helpful to clinicians to set the required ventila-
tory parameters manually. Also, automatic venti-
lation and weaning technologies that have become
available in recent years can provide valuable as-
sistance to clinicians by constant monitoring of
the patients’ conditions and automatically adjust-
ing ventilatory parameters in response to their
changing requirements. Furthermore, weaning
from mechanical ventilation can be a difficult task
especially for hard-to-wean patients. Mechanical
ventilation can cause serious complications if un-
necessarily prolonged, while its premature dis-
continuation can lead to reintubation which may
have detrimental consequences. Therefore, a com-
puterized system that can wean patients safely and
effectively can be quite helpful to patients and cli-
nicians and lead to reduction in the ICU stay and
healthcare costs at the same time.

In this article, the main features of a more re-
cent computerized weaning and decision sup-
port system for mechanical ventilation known as
FLEX are described and a brief discussion of fu-
ture trends in this field is provided.

FLEX Features

FLEX is a computerized system for mechanical
ventilation that can be used as an open-loop advi-
sory system or as a closed-loop control technique.
It can be used in positive pressure ventilation in-
cluding invasive and non-invasive modes. It can
be applied in volume control/assist as well as pres-
sure control/assist modalities in the management
or weaning phases of ventilation. FLEX can be
used for adult and pediatric patient populations
and a modified version of the system can be em-
ployed in neonatal ventilatory treatment.
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When used as a closed-loop control technique,
FLEX takes input data from the clinician as well
as from a data monitoring unit that receives pa-
tient’s data from the ventilator and provides it to
the FLEX algorithm automatically. The algorithm
computes the optimal ventilatory parameters for
the patient that include the amount of required
ventilation, the peak inspiratory pressure, the rate
of respiration if applicable, the level of PEEP, the
required FiO, and any needed adjustment in the
inspiratory to expiratory time ratio. The system
then provides control signals to the ventilator in
accordance with the computed parameter values
to adjust the machine’s outputs automatically.

If FLEX is used as an open-loop advisory sys-
tem, the patient and ventilatory data do not need
to be provided automatically and can be input
by the clinician intermittently. In the open-loop
mode, the system makes treatment recommen-
dations to the clinician and does not control the
ventilator automatically. Figure 1 shows the re-
cord window of FLEX in the advisory mode for
an adult patient.

Figure 2 shows a flowchart of the FLEX algo-
rithm. In the beginning, the input and internal
parameters along with their acceptable ranges are
defined. At this stage, the input data is processed,
artifact detection methods are used, and errone-
ous data is discarded. Also, abstraction techniques
are used to prepare input data for processing. This
data abstraction is needed to prevent provision of
inappropriate outputs or abrupt changes in venti-
lation to the patient.

At the next step, the required optimum venti-
lation and respiratory rate are computed. This is
done based on patient’s ideal body weight, his/her
temperature, patient’s blood CO, and O, levels,
and respiratory resistance and compliance data.

The patient’s CO, data which can be obtained
by end-tidal CO, monitoring is optional for adult
and pediatric patients but needs to be provided
for neonates. The patient’s O, level is monitored
by using pulse oximetry, the respiratory mechan-
ics data is monitored and provided to the system
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Fig. 1. A patient’s record window of FLEX when used as an advisory system.

continuously or intermittently based on the mode
of ventilation, and the patients ideal body weight
and temperature are input by the clinician. The
patient’s respiratory dead space is either mea-
sured or estimated by using empirical equations.
The algorithm uses the above-mentioned data to
compute the required alveolar ventilation and the
optimum rate of respiration which is found to
minimize the work rate of breathing. The tech-
nique of optimizing the respiratory rate and tidal
volume to minimize the breathing work rate is a
patented technology [6] that has been available

FLEX: A New Weaning and Decision Support System

in a mode of ventilation known as adaptive sup-
port ventilation. The system further adjusts the
inspiratory to expiratory time ratio if necessary
to prevent the build up of intrinsic PEEP based on
the patient’s respiratory mechanics data.

In the next step of the algorithm, the opti-
mal values of FiO, and PEEP are computed. This
is done to prevent hypoxemia, hyperoxemia,
barotraumas, and reduction in the cardiac out-
put. If the system is used in a closed-loop mode,
a fine proportional- integral-derivative control
scheme can be added to the algorithm to adjust
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Fig. 2. Aflowchart of the FLEX algorithm.
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FiO, and PEEP [7]. Next, the required inspirato-
ry pressure is computed and safety rules are ap-
plied. Then the threshold levels of tidal volume
and respiratory rate are defined based on the com-
puted required values. These threshold levels are
needed in later steps to determine the strength of
the patient’s spontaneous breathing and to assess
his/her readiness for weaning. Next, the program
checks a series of conditions including the pa-
tient’s blood gases, the strength of his/her spon-
taneous effort, and the levels of FiO, and PEEP
to determine whether the patient is ready to be
weaned. If the patient’s conditions are acceptable,
weaning is allowed and is started at the discretion
of the clinician by reducing the level of ventilato-
ry support. Otherwise, weaning is not started but
the program checks to see whether the patient’s
conditions are alarming and also if weaning has
already begun. If the patient’s conditions are not
alarming but the ventilatory treatment is already
in the weaning phase, the level of support is in-
creased. However, if the patient’s conditions are
found to be alarming, warnings are generated and
full mechanical ventilation is provided.

This procedure is repeated automatically at
prescribed intervals in the closed-loop mode and
is performed intermittently at the discretion of
the clinician in the open-loop advisory mode.

The details of the control scheme and the math-
ematical equations and procedures of the algo-
rithm have been described in detail elsewhere [8],
and therefore are not repeated here for brevity.

Discussion

Various open-loop techniques for adjustment of
ventilatory parameters have been introduced in
the past [4]. Also, a number of technologies for
automatic control of mechanical ventilation have
been developed that are designed to control pa-
tients’ ventilation, oxygenation, or weaning [1-
3]. Several automatic ventilatory techniques are
already available in commercial ventilators [3].

FLEX: A New Weaning and Decision Support System

In one of the more recent of these technologies
known as neurally adjusted ventilatory assist ven-
tilation [9], the patient’s own respiratory neural
drive signal is used to drive the ventilator. This
signal which is detected by electrodes mount-
ed on a nasogastric tube positioned at the lower
esophagus of the patient, needs to be effectively
cleared of artifact noise and amplified by a man-
ually controlled gain factor to control the venti-
lator. Use of the patient’s own respiratory drive
signal provides good synchronization between
the machine and the patient’s respiratory system.
However, this technique cannot be used in all pa-
tients, administration of neural depressants can
interfere with the treatment, and the requirement
of having a well-positioned nasogastric tube is
not always convenient especially in non-invasive
ventilation. In another technique known as pro-
portional assist ventilation [10] the pressure ap-
plied by the ventilator is controlled by and fol-
lows the pressure developed by the patient’s own
respiratory system. This technique is suitable for
use in the weaning phase of ventilatory treatment
and cannot be used for passive patients or those
whose spontaneous breathing effort is not reason-
ably strong. Proper application of this technique
which can be employed in both invasive and non-
invasive ventilation requires measurement of re-
spiratory elastance and airway resistance in spon-
taneously breathing patients.

FLEX is a system which is designed to be flex-
ible for use in a wide range of ventilatory modes.
This system which is the subject of a new patent
application can be used in the management phase
of treatment for passive patients as well as wean-
ing phase by application of PS. It incorporates the
features of a patented mode known as adaptive
support ventilation by automatically controlling
tidal volume and respiratory rate and augments
the features of that mode by closed-loop control
of several additional ventilatory parameters in-
cluding minute ventilation, PEEP and FiO,. In
the weaning phase of treatment, using modes
such as PS, FLEX controls the pressure applied by
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the machine automatically while adjusting PEEP
and FiO, at the same time. It can be used in non-
invasive modes of ventilation such as continuous
positive airway pressure, or bilevel positive airway
pressure by controlling the PS level while improv-
ing oxygenation by automatically adjusting FiO,.
FLEX has shown good potential in closed-loop
setups as well as open-loop clinical evaluations
[8, 11]. However, more extensive clinical assess-
ments are needed to evaluate the strengths and
weaknesses of the system for different patient pro-
files and populations.

Recommendations

Application of automation in mechanical ventila-
tion has gained increasing momentum in recent
years and this trend will likely continue in the fu-
ture. Despite the existence of several major auto-
matic techniques in commercial ventilators, most
ventilatory parameters are still manually adjusted.
It is likely that more parameters for control of ven-
tilation, weaning, or oxygenation will be automat-
ically controlled using newly developed modes in
the near future. The automatic techniques offer
clear advantages over manual systems and are de-
signed to prevent clinical errors, improve health-
care and reduce costs. However, the following
points may be worth considering in choosing and
using such systems:
o Every system has its advantages as well as
drawbacks and needs to be chosen with the
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Abbreviations

ATHEMOS Automated thermal monitoring system

BCI Bayesian credible interval
K (kappa) Chance-corrected agreement
Pn Nasal pressure — airflow monitoring device

routinely used in polysomnography

REM Rapid eye movement

RERA Respiratory effort-related arousals

SDB Sleep disordered breathing - encompasses
a wide variety of disorders characterized by
breathing abnormalities during sleep such as
obstructive sleep apnea, central sleep apnea,
etc.

TIRI Thermal infrared imaging

Untreated SDB is a very prevalent problem and
can cause daytime sleepiness as well as have far-
reaching socioeconomic and health-related con-
sequences. A summary of statistics from three
pooled studies estimated that 20% of adults with
a body mass index between 25 and 28 kg/m? have
SDB based on an apnea-hypopnea index of >5 per
hour [1]. Sleepiness is believed to have played a ma-
jor role in causing disasters such as the Chernobyl
and the Three Mile Island tragedies [2] and has
been reported to be the most common cause of

fatalities associated with motor vehicle accidents
[3]. Untreated SDB is also associated with cardio-
vascular diseases [4].

Diagnosis of sleep apnea typically involves an
overnight sleep study with simultaneous monitor-
ing of airflow channels (Pn, oro-nasal thermis-
tor), electrocardiogram, sleep staging by electro-
encephalography, electrooculography, and chin
and leg electromyography in accordance with
the Level 1 recommendations of the American
Academy of Sleep Medicine [5]. However, con-
ventional polysomnography has the potential to
interfere with the ‘usual sleep pattern. A sizeable
proportion of patients and normal volunteers
who have never had a prior sleep study, experi-
ence the ‘first night effect’ characterized mainly
by a decrease in sleep efficiency, prolongation of
sleep-onset time, increase in REM sleep latency
and a reduction in the total amount of REM sleep
[6]. Additionally, it has been demonstrated that
instrumentation during polysomnography affects
body position during sleep [7] and thus impacts
the diagnosis of SDB, the severity of which can
increase during supine sleep. Moreover, bedside
manipulation of sensors, in an effort to obtain
high-quality data, may further disturb sleep and



hinder our ability to obtain a true representation
of the patient’s usual sleep pattern. Thus, decreas-
ing subject contact with monitoring equipment
and testing in the ‘usual’ sleep environment may
help counteract polysomnography’s interference
with sleep and SDB.

American Academy of Sleep Medicine recom-
mends the use of thermistor as the airflow sensor
for the diagnosis of apnea and Pn for the diagno-
sis of hypopnea as well as RERA [5]. While Pn can
overestimate pathological events, especially when
subjects change from nasal to predominantly oral
breathing, the thermistor on the other hand lacks
the sensitivity as compared to Pn, to detect subtle
flow abnormalities such as hypopnea and RERAs.
Non-contact airflow monitoring technology such
as TIRI has the capability to monitor airflow dur-
ing sleep without subject contact. This concept
can be extended to include both laboratory-based
and home-based sleep studies.

Description of TIRI

The principle of operation of TIRI is close to that
of the oro-nasal thermistor in that both these
methods sense thermal radiation. However, it is
important to note the following differences be-
tween the thermistor and TIRI:

(1) TIRI can sense thermal information at
a distance (contact-free), while the thermistor
needs to be physically placed and tethered to pa-
tient’s oro-nasal area, in the proximity of the ther-
mal signal.

(2) TIRI acquires thermal information through
natural radiation from the source as opposed to the
thermistor which acquires thermal information
by conduction when placed in the path of airflow.
Theoretically, conduction is bidirectional and has
an associated measurement error based on where
and when the measurements are made. The accu-
racy also depends on the intensity as well as the
magnitude of change in the thermal signal that
is being measured. This error can be detrimental
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to the detection of subtle airflow abnormalities.
TIRI, on the other hand, is an array (imaging sen-
sor) and not just a point sensor-like thermistor.
Therefore, it can be used to obtain a thermistor-
like signal across time by averaging the thermal
signal from all the points in the cross-sectional
area of the visible nares, as well as provide thermal
information over an extended two-dimensional
surface. Analysis of signal as an evolving two-di-
mensional surface across increases the sensitivity
of TIRI and may increase its ability to detect sub-
tle airflow-related phenomena.

Thus, on theoretical grounds alone, one would
expect TIRI to be considered a ‘virtual thermis-
tor’ to perform at least as good as the oro-nasal
thermistor [8]. Despite these inherent advantages
of TIRI as compared to the thermistor, the follow-
ing significant challenges had to be overcome to
realize the translation of this technology for air-
flow monitoring:

(1) Virtual probing: Since there is no physical
probe involved in TIRI, a computational method
is needed to segment the nostrils in the image, thus
creating a ‘virtual’ probe, where the measurement
can be performed. The difference in the tempera-
ture of inspired and expired air brings about a tem-
poral variation in the thermal signature of the nos-
trils. This fluctuating thermal signal helps in the
differentiation of the nostrils (or mouth, if the sub-
ject is mouth-breathing) from the rest of the facial
tissue. The nostrils can thus be segmented from
the face with the nasal cartilages forming ‘colder’
boundaries around the thermal signal (fig. 1).

(2) Tracking: Because there is no tethering and
the subject is free to move, a computational meth-
od is needed to track changes in position, so that
the virtual probe stays always in place and the ac-
curacy of measurement is preserved. Functional
imaging such as TIRI that maps randomly chang-
ing thermophysiological function in a non-re-
strained subject requires a collaborative network
of particle filter trackers based on advanced sta-
tistics (coalitional tracking [9]) to compensate for
subject movement.
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Fig. 1. Temporal variance of nos-
tril region in thermal imagery dur-
ing breathing: (a) inspiration phase,

(b) transition phase, (c) expiration 5 b
phase, and (d) thermal color map.
Note the cold boundaries (labeled
‘Boundaries’) of the nasal cartilages
d 25.55°C 35.92°C

that allow the segmentation of nos-
trils from the rest of the facial tissue.

Boundaries

(3) Signal extraction: Assuming that virtual
probing and tracking work well, they create the
opportunity for a good measurement, but not the
measurement in itself. Since there is no physical
transducer that can produce an electronic sig-
nal in response to thermal signal, the signal has
to be computationally generated. This has been
achieved by continuous wavelet transformation
on the normalized thermal signal under the as-
sumption that the breathing component is the
strongest part of the varying thermal signal.

Integration of TIRI with Polysomnography

The integrated hardware and software system
we used in our preliminary study [10] is called
ATHEMOS. The thermal signal acquired by the
infrared camera and processed by ATHEMOS as
an airflow signal was recorded into an existing
polysomnography system as an airflow channel,
using a custom-made digital to analog converter.
This allowed for easy display and comparison of
all the airflow channels on a single screen. The
camera was kept at about 2.45 m away from the
patient during the recording.

Fourteen subjects (9 men and 5 women) with-
out sleep apnea and 13 subjects (7 men and 6
women) with obstructive sleep apnea were studied
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for an average recording time of around 110 min.
There was excellent x (k = 0.92, 95% BCI 0.86,
0.96; probability of k being >0.70 [pk] = 0.99) be-
tween TIRI and thermistor for the detection of
apnea (defined as a 290% decrease in airflow for
at least 10 s) and hypopnea (defined as a decrease
in airflow signal by at least 50% from the baseline
with a 24% oxygen desaturation from pre-event
baseline). Likewise, there was a high degree of «
between TIRI and Pn (x = 0.83, 95% BCI 0.70,
0.90; pk = 0.98). When the performance of therm-
istor, Pn and TIRI was compared, the thermistor
missed the most number of concordant events de-
tected in the other two channels, while Pn missed
theleast. However, it is intriguing to note that TIRI
missed only 3 concordant events detected by the
thermistor and Pn while the thermistor missed 21
concordant events detected by TIRI and Pn. The
better performance of TIRI as compared to the
thermistor can be explained by the increased ef-
ficiency of detection of thermal signal by natural
radiation, as opposed to conduction.

Discussion
There appears to be need to further advance the

field of polysomnography with the use of non-
contact-sensing methods in laboratory and home-
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based sleep studies. The need to obtain a true rep-
resentation the usual sleep pattern motivates this
shift in paradigm. Non-contact-sensing methods
such as TIRT have the potential to advance the field
in this direction. However, this technology should
be thoroughly tested prior to its widespread clini-
cal use. Even though the results of our initial eval-
uation of TIRI appear to be optimistic, significant
concerns in the study design, including a small
sample and a limited monitoring period, remain.
TIRI, to our knowledge, has never been evaluated
during an overnight polysomnography. A study
of this nature is of vital importance to establish
the resilience and accuracy of thermal imaging as
airflow-sensing method during routine nocturnal
sleep studies. Even if contact airflow-sensing de-
vices are replaced by non-contact technology, we
still have to contend with the remaining contact
sensors that may continue to interfere with sleep
during polysomnography. On the other hand, the
role of TIRI in conducting home sleep studies
should be explored and validated. Since TIRI is
currently a prototype, the expense associated with
this technology is relatively high. However, with
further development and widespread use of this
technology, here is potential for cost reduction.

Analysis of thermal imaging signal using al-
gorithms that preserve the array structure of the
sensor may help in the detection of subtle airflow
abnormalities such as RERAs. In such a situa-
tion, direct comparison of TIRI with Pn in scor-
ing RERAs would be necessary to further validate
this technology.

TIRI is the only technology that can perform
signal acquisition in a retrospective manner since
signal transduction is done computationally. The
operator can redefine a new region of interest and
computationally transduce the thermal signal.
This concept can be expanded to simultaneously
monitor airflow from the oro-nasal region and ar-
tificial airways such as tracheostomies. The cur-
rent tracking algorithms automatically compen-
sate for mild to moderate subject movement. In
the event of a drastic change in subject position,
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signal acquisition can still continue if the nostrils
are within the camera frame. In such a scenar-
io, the operator can remotely change the camera
position on a tilt-pan stand, redefine the region
of interest and resume data collection. Extreme
changes in body position can also be handled by
interfacing multiple cameras at different positions
in the room. Only when a subject buries his or her
face into a pillow or pulls a sheet over the face, will
the signal be lost. This scenario will need a techni-
cian intervention to instruct the patient appropri-
ately. On a similar note, masks also interfere with
thermal signal acquisition and thus TIRI cannot
be used simultaneously with a continuous posi-
tive airway pressure titration at the present time.

TIRI has the potential to make a significant im-
pactin pediatric polysomnography, where contact
oro-nasal sensors are difficult to place and main-
tain. Sterilization of equipment or consumables is
not necessary for TIRI to operate.

Future studies should validate TIRI in labora-
tory-based nocturnal polysomnography in adults
and children. Since the accuracy of TIRI in the de-
tection RERAs and its resilience during overnight
polysomnography are still uncertain, this tech-
nology at the present time should only be used for
investigational purposes.

Recommendations

o There is a need to develop non-contact-sensing
modalities such as TIRI during polysomno-
graphy to not only improve patient comfort
and experience, but also to obtain a represent-
ative sample of the subject’s usual sleep.

+ Even though the preliminary study with TIRI
is encouraging, further validation is required
before thistechnology canbe used inaclinically
meaningful way.

o TIRI has the potential to be used for medical
applications beyond polysomnography where
airflow monitoring in a non-contact manner
is necessary.
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Cardiopulmonary Resuscitation with the
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More than 600,000 people suffer a cardiac arrest
every year in Europe and the USA. This pathol-
ogy has a very severe prognosis. Only 3-5% of
the people who suffer a cardiovascular accident
survive.

Guidelines (ILCOR/AHA, 2005) for cardio-
pulmonary resuscitation (CPR) have advanced
considerably in the last 30 years: (i) in the 1980s
there were 5 compressions for 1 ventilation; (ii) in
the 1990s there were 15 compressions for 2 ven-
tilations, and (iii) nowadays the ratio is 30 com-
pressions for 2 ventilations, and once the patient
is intubated a constant external cardiac massage
follows at 10-12 V/min.

Recommendations have advanced more and
more towards the predominance of the massage
considered the best way of maintaining correct
hemodynamics. However, two problems arise:
(1) making the blood flow without oxygen is not
an interesting option if we want to guarantee sur-
vival of the vital organs that are great consumers
of oxygen, and (2) the type of present ventilation
(oxygen cylinder facemask or ventilator) is not
adapted to chest compression (desynchronization
massage/ventilation can induce a barotrauma).

It will be interesting to find a new way to give
oxygen to patients with CPR and maintain or im-
prove hemodynamics.

Analysis

Ideal ventilation must be (i) automatic and (ii)
help fill the lungs during decompression in order
to avoid barotraumas. This is the concept of the
CPR Boussignac system, which uses positive pres-
sure to fill oxygen into the lungs during decom-
pression. During each compression, the O, ad-
ministered is expelled towards the outside because
the CPR Boussignac system is an open system. In
each compression the lung receives an insufflation
without needing a ventilator or an oxygen cylin-
der facemask. Also, being an open system a risk of
barotraumas is not possible. This concept is that
of passive oxygenation. Passive oxygenation ad-
ministered by the CPR Boussignac system can be
performed by a specially designed intratracheal
tube or by a supraglottic device that improves the
interesting form of the gaseous interchanges [1] as
well as hemodynamics [2, 3].

Discussion

For several years, application of a positive pressure
during CPR has been rejected for being a factor of
reduction of the venous return (reperfusion). The
studies of Steen et al. [2] have demonstrated that



the concept of passive oxygenation for the CPR
Boussignac system did not reduce the venous re-
turn, but otherwise it was improved. These same
studies in an animal model have demonstrated
a 50% survival rate using classic ventilation and
a 100% survival rate using passive oxygenation
according to Boussignac. A study carried out in
Belgium has demonstrated that the association
of continuous chest compressions with a cardiac
compressor with the concept of passive oxygen-
ation by the CPR Boussignac system has made
it possible to obtain a survival rate of 26.3% as
opposed to 10% obtained with continuous chest
compressions combined with classic ventilation.
To conclude: (i) a patient with cardiac ar-
rest must be considered as an inert body; (ii) in
the thoracic cavity there is a very important AP
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Recommendations

o Simplification of the attention to the patient:
only massage.

o Defibrillate as soon as possible.

o Use passive oxygenation to supply the patient
oxygen.

o Execute all these steps as quickly as possible
(<10 min).
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Abbreviations

PEEP Positive end-expiratory pressure
PIP  Peak inflation pressure

PPV  Positive pressure ventilation
RFM Respiratory function monitor

te Expiratory time

t Inflation time

V:  Tidal volume

Ve Expiratory tidal volume

V1 Inspiratory tidal volume

Adequate ventilation remains the cornerstone
of respiratory support during neonatal transi-
tion [1]. Internationally agreed consensus state-
ments on neonatal resuscitation recommend that
breathing should be assisted by giving PPV with
a manual inflation device [2]. However, PPV can
be difficult because the assessment of facemask
seal, tidal volume (V) and effective ventilation
is subjective relying on clinical impression of ad-
equate chest rise and an increase in heart rate
[2].

Neonatal life support courses are a mandato-
ry part of neonatal training in many countries.
Although they emphasise the importance of ‘bag-

and-mask ventilation, the evaluation of how well
the trainee applies the mask and ventilates the
mannequin is subjective.

Facemask leak is both a common and unrec-
ognised problem during PPV which can lead to
failure of ventilation. Recently, a RFM was used
to evaluate ‘bag-and-mask’ ventilation during
simulation-based mannequin teaching [3-6].
Participants had large and unrecognised leaks be-
tween the face and the mask [6]. When the par-
ticipants used a RFM they were able to adjust the
mask position and facemask leak was halved [4].

During resuscitation the spontaneous V1 or
the V1 being delivered during PPV is unknown.
Various studies suggest a V1 within a range of
4-8 ml/kg. Insufficient V1 can lead to inad-
equate gas exchange, whereas excessive V1 can
lead to volutrauma [7-11]. PPV is always pres-
sure-limited, however the purpose of applying a
peak pressure is to inflate the lung with an ap-
propriate V. However, the V1 delivered is not
fixed but dependent on the size, compliance,
and resistance of the lungs, and the applied pres-
sure. During resuscitation as the lung aerates
the V1 delivered will change as the infant starts
breathing. Recent studies have been shown that
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Fig. 1. PPV with a facemask and no leak. PPV with a set PEEP and PIP of 5 and 20 cm H,0. Gas flow curves of infla-
tion and expiration are returning to the baseline. This indicates sufficient inspiration and expiration time. The areas
underneath both inflation and expiration gas flow curves are similar reflecting an equal amount of gas entering and
leaving the lung. The V7 curve displays V+; and Vr, showing an equal volume of gas entering and leaving the lung. In
addition, no leak is present. Vy; has reached a plateau indicating no further gas continues to enter the lung as inflation

is continued.

operators are unable to deliver accurate and ap-
propriate Vs during simulation-based PPV or
during neonatal resuscitation [12, 13]. When the
participants could see a display of the V1 they
were able to achieve the desired volume more ac-
curately [12].

In this chapter we discuss the potential use
of a RFM during simulation-based mannequin
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teaching. A RFM can assist during mask ventila-
tion: (i) it can help to identify correct mask hold
and positioning techniques to reduce leak of gas
between the mask and face; (ii) continuously mea-
sure and display the PIP and PEEP, (iii) enable the
operator to adjust the pressure to deliver an ap-
propriate V1, and (iv) provide an objective assess-
ment of the trainee’s performance.
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Fig. 2. Airway leak during PPV. The area underneath the inflation gas flow curve is larger than that under the expiratory
gas flow curves. The Vy curve displays a larger V1; compared to V1. and leak is shown as a straight line in the V1 curve.

Respiratory Function Monitor

Any REM which measures and displays airway
pressure, gas flow and V- can be used during simu-
lation-based mannequin training. The flow sensor
is placed between the facemask and the ventilation
device [3-6]. By integrating the flow signal, the Vp;
and V', passing through the sensor are automat-
ically calculated. An airway pressure line is con-
nected to measure and display the PIP and PEEP.
A RFM continuously displays airway pressure,
gas flow and V1 waves. In addition, it measures

and displays numerical values for PIP, PEEP, Vr;,
V1., respiratory rate, expiratory minute ventila-
tion, t;, and tg (fig. 1). The percentage of leak be-
tween mask and face is calculated and displayed
with the following equation: [(Vr; — V1) + Vi) x
100 (fig. 2) [3].

All figures were obtained during PPV of a
Laerdal neonatal mannequin (Laerdal Medical
AS, Stavanger, Norway), which was made inter-
nally leak-free. PPV was performed using a round
silicone facemask (Laerdal Medical AS) and a
Neopuff Infant T-Piece Resuscitator (Fisher &
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Fig. 3. Correction of facemask position. During PPV the airway pressure curve fails to achieve the set PIP of 30 cm H,0. A
returning inspiratory gas flow curve to baseline indicates gas flow towards the facemask. In contrast, there is much less
expiratory gas flow indicating a leak around the facemask. The Vi curve reflects the gas flow curve and displays a leak of
around 80%. There is almost no gas entering or leaving the lung. A significant reduction in the facemask leak is achieved
after correction of facemask position. Adequate gas flow is entering and leaving the lung and the set PIP is delivered.

Paykel Healthcare, Auckland, New Zealand), a
continuous-flow, pressure-limited, T-piece device
with a built-in manometer and a PEEP valve.

Mask Hold and Positioning Techniques
During simulation-based mannequin training a
RFM can be used to teach the best technique of

positioning, holding and ventilating with a face-
mask (fig. 1). This can be easily demonstrated
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using a resuscitation mannequin that is internal-
ly leak-free and a flow sensor placed between the
facemask and the ventilation device [3-5]. Any
leak will be displayed as the difference between
V1 and V. or the difference in area of the flow
curve above and below zero (fig. 2) [3].

During PPV the trainee receives constant
visual feedback because the RFM displays the
amount of leak and the trainee can adjust the
position of the facemask to minimise leak (fig. 3)

[4].
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Fig. 4. Adjusting PIP to achieve appropriate V+s. Initially, the inflation and expiratory gas flow curves are small; the
measured Vr. is approximately 2 ml/kg. An increase in V. to 6 ml/kg is achieved with an increase in PIP to 42 cm H,0.
The consequence of a further PIP increase to 50 cm H,O is an increase in V. to 12 mi/kg, which is excessive. Decreasing

the PIP to 30 cm H,0 resulting in a delivered V1. of 7 ml/kg.

Assessment of PIP and PEEP

The purpose of applying any inflating pressure
during PPV is to inflate the lungs with an appro-
priate V- to create a functional residual capacity
and thereby facilitate gas exchange. With a self-
or flow-inflating bag the pressure delivered is un-
known unless it is measured and displayed using a
manometer [14-17]. The applied pressure is usu-
ally shown on a dial during PPV with a T-piece
device. Although this is useful, as pressure rises

and falls rapidly, it can be difficult to see the PIP
and PEEP [17]. During simulation-based manne-
quin training with a RFM the trainee can easily
assess the whole pressure wave and the numerical
values of PIP and PEEP (fig. 1).

Adjusting PIP to Achieve Appropriate Vs

Once a trainee is able to obtain leak-free facemask
ventilation, he then can concentrate on assessing
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the delivered V1 by adjusting the inflating pres-
sure. With a self- or flow-inflating bag they will
learn how hard they need to squeeze and with a
T-piece device adjust the PIP they should set to
deliver an appropriate Vr (fig. 4). Although man-
nequins are different from infants, the principles
can be learned and then applied during real resus-
citation [18].

Assessment of the Trainee’s Performance

Assessment of a trainee’s performance remains
a substantial part of any neonatal resuscitation
training courses. However, the assessment of ade-
quate ‘bag-and-mask’ ventilation remains subjec-
tive. The ‘instructor’ judges mask position, venti-
lation rate, and chest rise to assess the adequacy
of the trainees’ performance of PPV. Recently,
Schmolzer et al. [13] have shown that during

neonatal resuscitation, operators were unable to
judge their delivered V. or facemask leak by look-
ing at chest rise. They showed that the majority of
operators underestimated their delivered V. and
facemaskleak. A RFM can assist the ‘instructor’ to
objectively assess the provider’s performance dur-
ing ‘bag-and-mask’ ventilation.

Conclusion

A RFM can aid during simulation-based manne-
quin training providing a quantitative assessment
of the trainee’s technique. A RFM can assist dur-
ing ‘bag-and-mask’ ventilation: identifying cor-
rect mask hold and positioning techniques, as-
sessment of PIP and PEEP, and adjusting the PIP
to deliver an appropriate V1 provide objective as-
sessment of a trainee’s performance.
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MDI Metered dose inhaler

In the last decades, methods for recombinant syn-
thesis of peptides and proteins were developed al-
lowing the production of large amounts of these
compounds for treatment of systemic diseases.
Due to their biochemical properties (high mo-
lecular weight, hydrophilic properties, sensitivity
against chemicals and proteolytic enzymes) they
require parenteral administration resulting in
negative effects on convenience and compliance
of the patients in cases of chronic diseases (e.g.
diabetes mellitus). Therefore, inhalant adminis-
tration via the nose or mouth seems to be an al-
ternate method. The best conditions for drug ab-
sorption are found in the lung periphery (i.e. the
alveolar region) making it an important target for
inhalant administration of drugs with a systemic
mode of action: size of the alveolar surface about
the half of a tennis court (132 m?) depending
on lung distension (much larger than that of the
nose of about 180 cm?), thin alveolar epithelium
(thickness in most regions between 0.1 and 0.2
pm resulting in a total distance between epithelial

surface and blood between 0.5 and 1.0 um which
is much less than in the bronchial tract where the
deposited substances have to pass a distance of
30-40 pm and more between mucus surface and
blood), low expression of proteases and peptidas-
es when compared to the intestine, perfusion vol-
ume at rest of about 5 I/min and missing hepatic
first pass effect (fig. 1, 2) [1-5].

General Problems of Inhalation Therapy

Problems in inhalation therapy can be caused
by the pharmaceutical compound, the nebuliz-
er used or the patient to be treated. Therefore,
depending on the underlying cause, various ap-
proaches exist for optimization of the therapy.
If the pharmaceutical compound is subject of
rapid inactivation within the nebulization pro-
cess (e.g. by aggregation and oxidation) or after
pulmonary deposition (e.g. by proteolytic cleav-
age) or it is too large to penetrate the alveolar
membrane, these problems can be solved for ex-
ample by addition of stabilizers, proteinase in-
hibitors as well as absorption enhancers [5-7].
Nebulizer-related problems, e.g. low aerosol out-
put, inadequate aerosol distribution width or
high variability of the aerosol particle spectrum,



Airway 1-2 17,18 23
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Bronchi Terminal bronchioles Alveoli
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/—H /—H
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Fig. 1. Lung epithelium and mechanisms of particle deposition at different sites within the lungs
[3]. Lung epithelial cells of the different lung regions are drawn at their relative sizes. The higher the
number of the airway generation the deeper the particle is inspired into the lung (0: trachea, 1-2:
bronchi, 3-5: bronchioles, 17-18: terminal bronchioles, 19-20: respiratory bronchioles, 21-22: al-
veolar ducts, 23: alveolar sacs). Mechanisms of particle depositions depending on the aerodynam-
ic particle diameters (d,e) are impaction (inertia), sedimentation (gravity) and diffusion (Brownian
motion) in bronchi, terminal bronchioles and alveoli, respectively. A typical aerosol particle (dae:
2 um) contains tens to hundreds of millions of insulin molecules or hundreds of millions/billions
small molecules depending on its physical character (liquid or solid). Solid aerosol particles are too
large to be absorbed in total and must dissolve to release their drugs for absorption. The deeper an
aerosol particle penetrates into the lung the thinner becomes the airway epithelium and the larger
becomes the lung surface. In consequence, the function of the epithelial absorption barrier de-
creases and the absorption increases as a function of the particle penetration depth into the lung.
Typical cells in the bronchi are basal cells which serve as the stem or progenitor cells for the other
epithelial cells in case of injury or apoptosis, ciliated cells which provide the mechanism for mov-
ing the mucus blanket, goblet cells which secrete the mucus and brush cells which are involved in
drug metabolism. The same cells and the mucus layer are also found in the smaller airways but not
as tall. The thinnest absorption barrier is found in lung alveoli. The basement membrane is not a
membrane but an extracellular matrix of different biopolymers to which epithelial cells attach.

can be solved by use of another type of nebuliz-
er, e.g. ultrasonic nebulizer or DPI. Finally, pa-
tient-related problems (e.g. lung function, pul-
monary morphometry, breathing technique and
compliance) can be improved by use of another

Technological Requirements for Inhalation of Biomolecule Aerosols

nebulizer and optimization of the breathing ma-
neuver [2, 8-10]. However, different problems
may occur together and in consequence the op-
timal solution has to consider all underlying as-
pects (table 1).
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and transport into the conductive airways. From the latter the most is swallowed and degraded in
the gastrointestinal tract and only a minor proportion is absorbed into the blood.

Physical Methods for Aerosol Administration

Inhalant drug administration requires high
efficiency of drug delivery, reproducible dosing,
targeted delivery of the inhaled drug to the site
of action, ease of device operation, short dura-
tion of treatment, minimized risk to the patient
and the medical personnel, environmental pro-
tection and cost-effectiveness [11]. A number of
products have been developed for this purpose.
However, there are strong differences regarding
their suitability for nebulization and adminis-
tration of the various compounds. In the past,
often low rates of pulmonary drug absorption
were achieved because the nebulizers used were
not qualified for production of an adequate aero-
sol particle spectrum and the breathing patterns
of the patients were not taken into account [4,
7,10].
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Dry Powder Inhalers

In DPIs, aerosols are produced by disaggregation
of preformed (e.g. milled or spray-dried) micron-
ized particles. The energy required for disaggrega-
tion is supplied by the inhalation maneuver or al-
ternatively by means of an external energy source
[2, 12]. The advantages of DPIs are the environ-
mental sustainability (due to a propellant-free de-
sign) and the ease to use (not much patient coor-
dination is needed). However, the disadvantages
are the dependency of the deposition efficiency
on the patient’s inspiratory airflow, the potential
for dose uniformity problems and the relative high
complexity and costs for development and manu-
facture. DPIs are established for treatment of asth-
ma and chronic obstructive pulmonary disease by
means of p-mimetics, anticholinergics or steroids,
but up to now there is only little experience on
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Table 1. Problems in aerosol therapy and their solution [2, 4, 5, 8-10]

Source of the problem Type of the problem Solution of the problem
Compound Formulation: Optimization of manufacturing:
Chemical/physical stability Refinement of production processes
Aerodynamic diameter Addition of stabilizing excipients
Adhesion force Improvement of galenics:
Electrical charge Addition of absorption enhancers
Biology: and proteinase inhibitors and packing
Permeability into particles
Metabolism
Safety
Immunogenicity
Device Low aerosol output Vibrating mesh nebulizers
Aerosol distribution width Dry powder inhalers (DPIs)
Variability of aerosol particle spectrum Metered dose inhalers (MDIs)
Long treatment times for Vibrating mesh nebulizers
drug solutions
Patient Lung function Optimization of nebulizers (including

Lung morphology
Pulmonary diseases
Breathing maneuver
Compliance

their handling)
Standardization of the breathing maneuver

inhalant administration of biomolecules except
insulin (Exubera®) for systemic treatment [1, 12,
13]. This is caused by specific problems for the use
of proteins or peptides occurring in the processes
of lyophilization or spray drying, micronization,
completeness of dispersion and disaggregation as
well as the surveillance of the latter.

In passive systems the inspiratory air flow of
the patient is an essential parameter. If it is not
sufficient for complete disaggregation, large ag-
gregates are inhaled which cannot reach the al-
veolar region. On the other hand, a high air flow
rate increases oropharyngeal deposition which is
also followed by a reduction of pulmonary aero-
sol deposition. Furthermore, humidity can be a
large problem because it impairs protein stabil-
ity and also affects disaggregation and dispersion
[2,12]. However, if the underlying problems espe-
cially in particle engineering are solved by novel
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techniques, fast dissolving dry powders might be
considered as carriers for nanoparticles [14].

Metered Dose Inhalers

In MDIs, compounds are dissolved or suspended
in a pressurized propellant (nowadays typically
hydrofluoroalkanes) which has to be nontoxic,
noninflammable, compatible with drugs formu-
lated as suspensions or solutions and has appropri-
ate boiling points and densities. Consistent dosing
requires a constant vapor pressure throughout the
product’s life. After its release with high velocity
the mixture rapidly expands forming an aerosol.
Therefore, MDIs often require spacers for optimi-
zation of aerosol deposition [2, 15]. Aerosols from
MDIs are well established in clinical treatment
of patients with asthma or chronic obstructive
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pulmonary disease (e.g. by p-mimetics, parasym-
patholytics and steroids) for about 50 years [2, 15].
Unfortunately, MDIs cannot be used for treatment
with macromolecules (e.g. peptides and proteins)
because a number of prerequisites (stability of the
drug within storage in the inhaler, no denatur-
ation of the drug within the nebulization process,
production of an aerosol with appropriate particle
distribution pattern) are not sufficiently fulfilled.

Nebulizers

The appropriateness of nebulizers for adminis-
tration of macromolecular compounds depends
on their performance (e.g. aerosol output, dis-
tribution width and variability of the aerosol
particle spectrum) as well as the stability of the
compounds used for nebulization. In air-jet neb-
ulizer’s protein structure and function can be
compromised independently from the molecu-
lar weight of the protein by surface denaturation,
shear-stress-induced denaturation as well as des-
iccation of the aerosol droplets within the nebuli-
zation process [2]. However, additives like lipids,
surfactant, amino acids, albumin, polyols as well
as packing into liposomes may enhance protein
stability [2, 16].

Ultrasonic nebulizers act by a disruption oflig-
uid surfaces by means of ultrasound and allow a
production of high concentration aerosols [16].
Usually, aerosol particles are produced with such
nebulizers which are not appropriate for deep
lung delivery.

In vibrating mesh nebulizers, a liquid aerosol
with a high fine-particle fraction is produced by
means of a vibrating mesh or plate with multiple
apertures. Aerosols are generated as a fine mist
without requirement of an internal baffling sys-
tem [11, 16]. In comparison to conventional jet
nebulizers and ultrasonic nebulizers, they have
a number of advantages which are a higher effi-
ciency for drug delivery to the respiratory tract,
an effective aerosolization of solutions, a minimal
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residual volume of medication left in the device
(cost economic effect) and a breath-actuated
aerosol delivery which limits the release of aero-
solized drug into the environment [11]. However,
it is difficult to aerosolize suspensions (exception:
nano-suspensions) and they sometimes fail when
liposomal formulations should be aerosolized.

Novel Devices for Enhanced Pulmonary Drug
Delivery

Numerous devices are based on the bolus inha-
lation technique [9, 10]. For example, MDIs and
DPIs are supposed to deliver the aerosol cloud at
the beginning of a breath which leads to a more
efficient lung deposition than an aerosol inhala-
tion over the entire inspiration because the clean
air that follows the aerosol cloud transports the
particles deeply into the lungs and extends their
pulmonary residence time [9, 10]. The AERx"
Pulmonary Drug Delivery System of Aradigm
(USA) uses a bolus of aerosol particles produced
by a piston that empties a small liquid reservoir
into the inhalation air. The release of the bolus
can be activated during a certain time point dur-
ing an inspiration. Other devices, like the AKITA®
Inhalation System (Activaero, Germany) and the
I-neb® AAD® System (Philips Respironics, The
Netherlands) use liquid nebulizer systems oper-
ating only at a certain time during an inhalation
cycle and therefore also use the bolus inhalation
technique to increase pulmonary particle depo-
sition [10]. Currently, the AKITA® technology is
the most advanced technology as it is the only
one that actively controls the entire inhalation
maneuver of the patient. This is done by means
of a positive air pressure delivered by a computer-
controlled compressor which is programmed on
the basis of the patient’s individual lung function
data. By Activaeros SmartCard technology the
lung function data can be submitted quickly after
a prior lung function test to the AKITA® device.
However, the design has been further improved in
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Table 2. Advantages of individualized controlled inhalation for research and routine therapy

Advantages of individualized
controlled inhalation

Benefit for clinical trials

Benefit for outpatient treatment

Reduction of side effects

Lower number of dropouts

Higher quality of life and compliance

Lower lung drug dose variability

Reduction in the number of

Increase of efficiency

patients to be included

Better drug targeting

Increase of efficiency

Electronic compliance control

Reduction in the number of

Extended feedback for physicians

patients to be included

Higher drug exploitation

Lower drug costs

the AKITA-2°, the next generation of this technol-
ogy. The AKITA-2° operates with ultrasonic and
ultrasonic mesh nebulizers. This new nebulizer is
able to nebulize up to 99% of the filled dose into
particles with mass median aerodynamic diam-
eter <4 um - measured for 0.9% NaCl solution.

Advantages of Individualized Controlled
Inhalation

The optimization of the breathing maneuver by
individualized controlled inhalation has a number
of advantages. These include clinical trials with
pulmonary drug administration as well as clini-
cal routine of hospital and outpatient treatment.
In brief, in clinical studies, improved pulmonary
dosage, better drug targeting and reduced side
effects may result in lower required drug doses,
lower number of dropouts and a lower number of
patients to be included which is followed by a rel-
evant reduction of costs. Corresponding benefits
for outpatient treatment also include an improved
efficiency, lower costs and, important for many
patients, a better quality of life (due to lower rate of
side effects and shorter inhalation times) (table 2).
A number of studies have demonstrated the im-
proved pulmonary drug deposition as well as the
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good convenience and compliance of the treated
patients using the Akita® inhalation device [17].

Conclusions

The improved understanding of aerosol physics
and mechanisms of pulmonary aerosol deposition
have been followed by development of modern de-
vices for inhalant drug delivery. Both modern de-
vices and optimized breathing patterns are prereq-
uisites for optimal pulmonary drug delivery. The
most recent step for optimization of pulmonary
drug deposition is the consideration of the indi-
vidual lung function which is a critical factor in in-
halation therapy. Likely, future aerosol therapy in
contrast to the past will not be based on a standard
therapy with fixed application volumes and times
in a large number of patients but on patient’s in-
dividual anthropometric data and lung function.
This will be followed by a further extension of clin-
ical indications for aerosol therapy, e.g. inhalation
of pharmaceuticals and biomolecules for treatment
oflocal (e.g. tobramycin in cystic fibrosis patients)
and systemic (e.g. insulin in diabetes mellitus and
heparin for anticoagulation) diseases.
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Abbreviations

BAL Bronchoalveolar lavage

G-CSF  Granulocyte colony-stimulating factor

GM-CSF Granulocyte-monocyte colony-stimulating
factor

IL-2 Interleukin-2

LMWH  Low molecular weight heparin
MW Molecular weight

Inrecent decadesa number of biomolecules, most-
ly peptides and proteins, have come into the focus
of interest for inhalant administration as an alter-
native of parenteral delivery. Novel inhalation de-
vices and optimization of the breathing technique
enabled researchers to develop methods for the
non-invasive administration of these compounds,
especially for treatment of chronic systemic dis-
orders (e.g. diabetes mellitus, anticoagulation).
However, beside aspects of aerosol delivery and
inhalation, a number of special biochemical and
biological aspects must be considered. These in-
clude the physical and biochemical stability of the
biomolecules within the nebulization process as
well as after pulmonary deposition, and the alveo-
lar absorption of the compound.

Stability of Biomolecules

Independent from the type and the MW of the
biomolecule, aerosolization may result in dena-
turation and loss of functionality, for instance by
oxidation. For example, aerosolization by means
of an air-jet nebulizer may cause an inactivation
of recombinant human G-CSF (MW: 18.8 kDa),
interferon-a (MW: 19 kDa) and growth hormone
(MW: 22 kDa), whereas a;-antitrypsin (MW: 51
kDa), desoxyribonuclease (MW: 30 kDa) and
heparin (MW: 3-20 kDa) are more stable [1, 2].
For enhancement of stability within the nebuliza-
tion process, various additives may be added or a
dry powder aerosol may be used instead of a lig-
uid aerosol [1, 2].

Physiological Inhibitors of Absorption

The lung has been exposed to microorganisms
and foreign substances from the environment
for millions of years within the evolution pro-
cess. In consequence, a complex defense system
has been developed protecting the respiratory
tract from the nostrils down until the alveoli. In



upper airways and bronchi, defense mechanisms
consist of anatomic barriers, cough, mucociliary
apparatus, airway epithelium, secretory immuno-
globulin A, dendritic cell network and lymphoid
structure [3]. About 90% of inhaled particles with
diameters >2-3 pum are deposited in the central
airways on the mucus overlying the cilial epithe-
lium from where they are rapidly transported to
the trachea by means of the mucociliary escalator
and then swallowed into the gastrointestinal tract
[3-5]. The absorption of biomolecules deposited
there is further reduced by the thickness of mucus
layer and respiratory epithelium as well as local
peroxidases.

Much better conditions for absorption are
found in the lung periphery, i.e. the alveoli [1, 2,
6-8]. However, even there a number of defense
mechanisms exist (fig. 1). The first barriers after
contact are the mucus layer (a complex mixture
of lipids and glycoproteins, but also surfactant
from the lower respiratory tract) and the alveo-
lar lining fluid (includes a large amount of sur-
factant with phospholipids and surfactant apoli-
poproteins acting as a surface-active substance).
Amount, composition and thickness of the mucus
layer depend on its localization in the respiratory
tract, inflammatory and neuronal factors where-
as synthesis and release of surfactant from type
IT pneumocytes are modulated by hyperventila-
tion, endogenous and exogenous factors (phar-
maceuticals) [1, 2]. Cells located in the respirato-
ry tract (mostly macrophages representing about
85% of cells retrieved by BAL in healthy individu-
als) also counteract the absorption of deposited
substances. They serve as an unspecific defense
mechanism (e.g. against bacteria and inhaled
particles) and act via phagocytosis, secretion of
reactive oxygen species by means of respiratory
burst and release of mediators of inflammation.
However, even granulocytes (about 1-2% in nor-
mal BAL) may invade rapidly and serve as potent
inhibitors of absorption, e.g. by phagocytosis, res-
piratory burst and secretion of proteases. Last but
not least, lymphocytes (10-20% in normal BAL,
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mostly CD4+ lymphocytes) play a crucial role in
the immunological response after antigen pre-
sentation by macrophages and dendritic cells.
However, lymphocytes can also phagocytose and
include granules containing proteases and prote-
olytic enzymes [1-3]. Type I pneumocytes which
cover about 97% of the alveolar surface (the re-
maining area consists of type II pneumocytes)
express carboxypeptidase which degrades a num-
ber of peptides and proteins. However, the total
distance between the respiratory tract and circu-
lation is only 0.5 pum facilitating the diffusion of
gasses as well as penetration and transport of flu-
ids and (inhaled) macromolecules. The latter can
pass alveolar epithelium via different transport
mechanisms, which are intracellular tight junc-
tions, membrane pores and vesicular transport by
type I and type II pneumocytes (fig. 1) [1, 2].

Another transport mechanism serving for the
exchange of fluids and macromolecules are mem-
brane pores. It is assumed that pores of different
sizes exist, which can increase their diameter in
case of an existing hydrostatic pressure gradient
[1,2].

In pneumocytes types I and II another mech-
anism of vesicular transport has been described,
which is comparable to that in epithelial and en-
dothelial cells. In detail, the vesicular transport
mechanism of type I pneumocytes is pressure-in-
dependent and allows the transcellular transport
of fluids and macromolecules. However, an esti-
mation of the functional capacity of this transport
mechanism is difficult, because (1) the number of
vesicles increases in liquid-filled lung indicating
their role in the transport of fluids, (2) the glyco-
calix affects the uptake of proteins via specific or
unspecific binding mechanisms and a number of
receptors and binding proteins were identified on
capillary endothelia, (3) the definite processing of
the vesicles inside the cells and the mechanisms
for their movement (e.g. Brownian movement)
are not conclusively identified, (4) the energet-
ic mechanisms of membrane displacement and
fusion of the vesicles are not yet conclusively
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elucidated, and (5) different types of vesicles (e.g.
clathrin-coated and clathrin-uncoated) exist,
which both play a role in transcytosis, but differ
in respect to their characteristics of protein up-
take [1, 2].

Surfactant produced from pneumocytes type
II together with proteins plays an important role
for the clearance of macromolecules by means of
the alveolar lining fluid. Further cellular process-
ing can take place with or without binding of the
macromolecules on the cellular surface and de-
pends strongly on the charge of the molecules.
A large proportion of the material absorbed by
endocytosis from type II pneumocytes is depos-
ited in lamellar bodies. In addition, transcellular
transport represents another mechanism for ab-
sorption of macromolecules [1, 2].

The basal lamina (thickness of about 20-25
nm) placed below the epithelium predominant-
ly consists of glycoproteins (e.g. laminin and fi-
bronectin) and has an anionic charge on its out-
er surface. Presumably, the latter regulates the
permeation dependent on size and charge of the
molecules. After their passage through the alveo-
lar wall and alveolar basal lamina, inhaled sub-
stances reach the interstitium, where proteins can
be bound by macromolecules or inactivated or
phagocytosed by macrophages or transported to
the lymphatic system. In the latter case, proteins
can be detected after some hours in the circula-
tion. Endothelial basal lamina and endothelium
are also barriers for the absorption of macromol-
ecules. However, compared to the other barriers
described before they are less effective in inhibit-
ing the absorption of biomolecules (fig. 1) [1, 2].

Factors Affecting the Absorption of
Macromolecules

After alveolar deposition, proteins with alow MW
are absorbed more rapidly than those with a high
MW. The bioavailability of proteins with a MW
up to 30 kDa (which includes the vast majority
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of proteins used in clinical therapy) is between 20
and 50%. However, because of proteolytic degra-
dation the bioavailability of some proteins is much
smaller [1, 2, 7-10]. Other variables affecting the
absorption are pH value, electrical charge, surface
activity, solubility and stability in the alveolar en-
vironment [1, 2, 7, 9]. In hydrophilic compounds
(e.g. carbohydrates, peptides and proteins) the
half-life time of alveolar absorption (tys) as well
as the time to reach the maximum serum concen-
tration (ty,,y) increase as a function of their MW
[2,9,10].

Improvement of Macromolecule Absorption

Biomolecules deposited in the alveoli can be ab-
sorbed by four distinct mechanisms: phagocyto-
sis by alveolar macrophages, paracellular diffu-
sion via tight junctions, vesicular endocytosis or
pinocytosis, and receptor-dependent transcytosis
[1, 2, 8]. Accordingly, the functional role of bar-
riers and transport mechanisms and their control
by physiological and pharmacological factors is
very different and in consequence a large num-
ber of very different compounds and techniques
for absorption enhancement were investigated [1,
2, 8, 11], some of which are described below in
more detail.

Even though the activity of proteases and pep-
tidases in the alveolar region is much lower than in
the gastrointestinal tract, proteolytic degradation
of susceptible proteins can cause a relevant reduc-
tion of the bioavailability [9]. Therefore, bioavail-
ability can be increased by addition of protease
inhibitors (e.g. nafamostat mesilate, aprotinin and
p-amidinophenylmethanesulfonyl fluorides HCI).
However, the effects of the various protease inhib-
itors are very specific to the type of the protease or
peptidase [2, 6, 10, 11].

The heterogenous group of surface-active
compounds (e.g. bile acids, fatty acids, non-ion-
ic detergents) is assumed to increase the alveolo-
capillary transport by an interaction with the cell
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membrane resulting in a liquefaction followed
by an increased permeability and/or a modula-
tion of cellular tight junctions followed by an in-
creased paracellular permeability. Presumably,
bile acids increase the absorption by alteration
of the mucus layer, protection of proteins against
enzymatic degradation, disaggregation of pro-
tein multimers, opening of epithelial tight junc-
tions as well as solubilization of phospholipids
and proteins out of the cell membrane followed
by formation of micelles. However, a strong ab-
sorption-enhancing effect can result in damage
to the epithelial surfaces, especially after treat-
ment with higher doses and longer treatment
times [2, 10, 11].

Cyclodextrins are cyclic polymers of glucose,
which can form complexes with molecules fitting
into their lipophilic inner structure. The underly-
ing modes for absorption enhancement are solu-
bilization and complexation of membrane lipids
and proteins of epithelial cells, inhibition of pro-
teolytic enzymes and modification of the physi-
cochemical properties (e.g. solubility and parti-
tion coefficient) of the administered substances.
However, the toxicity increases with the intensity
of absorption enhancement, both depending on
the structure of the compound [2, 6, 11].

Based on the observation that smaller parti-
cles are more rapidly phagocytosed than larger
ones, methods were developed to bind macro-
molecules to microparticles [6, 9]. For this pur-
pose, proteins are packed into the inner of bio-
logically degradable polymers or lipids. This
results in a reduction of physiological clearance
in the alveolar region and proteolytic degradation
of proteins after phagocytosis by alveolar mac-
rophages. In addition, a sustained release of the
compounds from the microparticles is achieved
[9, 10]. Microparticles for drug administration
can be classified into porous particles and lipo-
somes [2, 6, 9-11]. Pharmacological properties
of porous particles depend on the used materi-
al, particle size, porosity and surface structure,
whereas those of liposomes depend on particle

size and chemical properties (charge, MW) of the
consisting phospholipids [2, 6, 11].

Liposomes are particles (size range from some
nanometers up to a few micrometers) consisting
of hydrophobic lipids and phospholipids form-
ing a closed, concentric, bilayer-membrane ves-
icle with a hydrophilic aqueous center [2, 11, 12].
According to this structure, both hydrophobic
and hydrophilic compounds can be packed into
liposomes prior to transportation into the lung.
Hydrophilic compounds (e.g. pharmaceuticals
and larger biomolecules) are entrapped into the
vesicle in the inner of the liposome, whereas li-
pophilic (hydrophobic) compounds are encapsu-
lated into the membrane bilayer. Because of their
strong chemical and structural similarity, lipo-
somes merge with cell membranes and facilitate
drug delivery into the interior of the cell (fig. 2).
However, especially small liposomes are also ab-
sorbed via cellular phagocytosis [12]. Depending
on their structure, liposomes have a high trans-
port capacity and allow the transport of a large
number of very different compounds. One more
characteristic is the sustained release of the com-
pounds transported by liposomes [2, 10-12].
Even though the majority of studies revealed no
toxic effect of liposomes, it must be considered
that both effects, absorption enhancement and
lung toxicity, depend on their physicochemical
properties (concentration, charge, chain length
and MW of phospholipids) [2, 6, 11, 12].

Another approach is the modification of pro-
teins by fusion to the Fc domain of an IgG,; (IgG
subtype 1) [2, 13, 14]. In contrast to rodents where
the expression of the Fc receptor in the gut rapidly
decreases after weaning and remains low in tis-
sues of adult animals, the Fc receptor in humans
keeps expressed in several absorptive tissues (e.g.
lung, kidney, intestine) even in adulthood. IgG
Fc fusion proteins are taken up into epithelial
cells by pinocytosis. In detail, a coated vesicle is
formed by invagination of the plasma membrane
entrapping IgG and other solutes in its lumen.
Obviously, only a small proportion of IgG binds
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rior of the cell.

to FcRn at the plasma membrane, whereas most
of the binding takes place intracellularly, because
the majority of FcRn is localized in acidic endo-
somal vesicles inside the cell. The transport ves-
icles containing IgG bound to FcRn do not fuse
with degradative lysosomes but rather pass uni-
directionally through the epithelial cell, driven
by the pH gradient between luminal and serosal
exposures of the epithelial cells. As the binding
of IgG to FcRn is pH-dependent (tight binding at
slightly acidic pH), there is a release of IgG from
FcRn after fusion of the transport vesicles with
the plasma membrane at the basolateral site of the
epithelial cells because of the neutral to slightly
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alkaline pH value of the interstitial space. Passage
of IgG into the circulation is most likely primarily
paracellular because of the absence of tight junc-
tions between endothelial cells. The FcRn recep-
tor is also responsible for the long half-life time
of IgG in the bloodstream, because it protects
IgG from degradation. As in epithelial cells, IgG
is taken up from vascular endothelial cells by pi-
nocytosis. However, in contrast to epithelial cells,
IgG there is not subject of transcytosis, because
the endocytic vesicles containing IgG bound to
FcRn return to the plasma membrane of the en-
dothelial cells, so that IgG is released back into
the bloodstream resulting in a recycling process
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for IgG protecting IgG from lysosomal degrada-
tion. Fc fusion proteins can be efficiently admin-
istered as liquid aerosols and several studies have
demonstrated a good tolerability, a high bioavail-
ability even of larger proteins (e.g. erythropoietin)
and an increased half-life time in the circulation
in animals or humans [2, 13, 14].

Systemic Treatment with Inhaled
Macromolecules

A number of studies investigated the feasibility
of macromolecule inhalation for systemic treat-
ment. A focus was set on hormones (insulin, cal-
citonin, growth hormones, somatostatin, thyroid-
stimulating hormone, and follicle-stimulating
hormone), growth factors (G-CSF and GM-CSF),
different interleukins (e.g. IL-2) and heparin (un-
fractionated and LMWH) [6, 15-18]. However, in
humans, most data are available for insulin, hepa-
rin and IL-2. In the following, some examples, ex-
cept insulin which is described elsewhere in this
book, are compiled.

Heparin, an acidic sulfated mucopolysaccha-
ride, is characterized by a MW of unfractionated
heparin between 2.8 and 58 kDa (mean value: 15
kDa) and between 2 and 6 kDa in case of fraction-
ated LMWH. Both require parenteral adminis-
tration and serve as an anticoagulant due to their
binding to antithrombin III resulting in a confor-
mation change of this protein. Beside this, a lot of
other properties of heparin (e.g. interaction with
growth factors, regulation of cell proliferation
and angiogenesis, modulation of proteases and
antiproteases) are of interest in medical research.
Since 1965, a number of studies had investigated
safety and feasibility of the inhalation of heparin
and LMWH for anticoagulation. It was found that
inhalant administration was effective, well tolerat-
ed and not followed by relevant pulmonary or sys-
temic side effects [16, 19]. However, some studies
showed a strong variability of the anticoagulative
effect, e.g. due to an inadequate diameter of the

produced aerosol particles in older nebulizers and
a not sufficiently standardized inhalation maneu-
ver. A more recent study investigated the antico-
agulative effect (determined by measurement of
the anti-FXa activity) of different doses of inhaled
certoparin in healthy humans in comparison to
subcutaneous administration. The study revealed
a rapid onset of the anticoagulative effect after
certoparin inhalation, a decrease of the interindi-
vidual variabilities after administration of higher
doses (up to 9,000 IU) when compared to lower
doses, a satisfactory anticoagulative effect after
inhalation of 9,000 IU and a longer duration af-
ter inhalation of 9,000 IU when compared to sub-
cutaneous administration of 3,000 IU which was
achieved without side effects [16].
Erythropoietin, an erythrogenic growth factor
(epoetin a: MW: 14.7 kDa; epoetin B, y, 6, €, w:
MW: 18.2 kDa) is used for stimulation of eryth-
ropoiesis in the bone marrow, e.g. in patients with
end-stage renal failure and cancer. Due to its large
MW the pulmonary absorption without methods
for absorption enhancement is low [2, 14]. An in-
teresting method based on Fc fusion proteins has
been developed to improve pulmonary uptake
and pharmacokinetics of erythropoietin (and also
other proteins) [2, 13, 14]. In brief, in cynomol-
gus monkeys a better absorption of Epo-Fc di-
mers was observed after a shallow breathing pat-
tern than after a deep inhalation due to the higher
expression of Fc receptors in the central airways.
After inhalation of the Epo-Fc dimer, the Epo-Fc
monomer and unconjugated erythropoietin bio-
availabilities of 5%, 35% (which is similar to that
after subcutaneous administration) and 15% were
observed, respectively. The low bioavailability of
the Epo-Fc dimer was assumed to be caused by
its higher MW or steric hindrance of IgG and
erythropoietin. Independent from the mode of
administration (inhalation, intravenous adminis-
tration) the observed plasma half-life times (t 5)
were higher for the Epo-Fc dimer and the Epo-
Fc monomer than for unconjugated erythropoi-
etin, demonstrating an increase of ty5 due to the
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fusion to the Fc residual of the immunoglobin.
Functional analysis by measurement of reticulo-
cytes in blood revealed that all types of inhaled
erythropoietin and both fusion proteins were bi-
ologically active, although there were differences
with respect to the strength of the reticulocyte-
increasing effect [13, 18]. Some further experi-
ments including measurement of pharmacoki-
netics after administration of different doses were
also performed in healthy human volunteers and
confirmed the absorption and a dose-dependent
biological effect after inhalation of the Epo-Fc fu-
sion protein [14, 18].

IL-2 is produced from T lymphocytes after an-
tigen stimulation and serves as an immune mod-
ulator, e.g. activating cytotoxic T cells and natu-
ral killer cells making it to an interesting target
in tumor research [20]. It was observed that IL-2
caused a suppression of metastases of malignant
tumors, especially metastases from melanoma
and kidney cancer. In the latter, persisting remis-
sions were achieved in a number of patients. In
consequence, IL-2 treatment received approval
from the Food and Drug Administration (FDA)
for treatment of metastasizing kidney cancer and
melanoma in 1992 and 1998, respectively [20].
Most frequently, IL-2 was subject of systemic
administration, however in a number of studies
there was also an inhalant administration of IL-2
liposomes alone or in combination with other cy-
tokines (e.g. interferon-a). Most data were pub-
lished for patients with advanced kidney cancer,
especially those with pulmonary or mediastinal
metastases [20-23]. The inhalation (first-line and
second-line therapy) was well tolerated showing
fewer side effects than systemic treatment with
cytokines and was followed by a relevant increase
of survival time. Inhalation of high IL-2 doses
(second-line therapy) was also followed by tem-
porary regression of pulmonary metastases but
not extrapulmonary metastases in patients with
melanoma [21, 22].

Treatment with recombinant GM-CSF (MW:
14.6 kDa) has been approved for therapy of
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patients to recover neutrophils (e.g. after induc-
tion chemotherapy for treatment of acute mye-
logenous leukemia, mobilization of hematopoietic
progenitor cells prior to cytapheresis and follow-
ing transplantation of hematopoietic progenitor
cells) [23]. However, several other potential clini-
cal indications, e.g. use in antitumor therapy and
treatment of alveolar proteinosis, have been inves-
tigated [23]. The glycoprotein is usually admin-
istered parenterally but in studies for treatment
of cancer or alveolar proteinosis it has been ad-
ministered by means of inhalation [18, 23]. The
feasibility of aerosol administration of GM-CSF
was proven in cynomolgus monkeys more than 15
years ago [18]. A number of studies investigated
the effect of GM-CSF on pulmonary alveolar pro-
teinosis which is an orphan disease (less than 500
reported cases until 2006 and first described in
1958). Since a first case report from 1996, several
investigators demonstrated that inhalant admin-
istration of GM-CSF aerosol alone or if necessary
in combination with whole lung lavage is a safe
and efficient therapy for treatment of pulmonary
alveolar proteinosis even for a longer treatment
period resulting in a therapy-dependent improve-
ment of clinical behavior and lung function pa-
rameters [18, 24, 25]. Other studies investigated
the effect of various study regimens and doses of
inhaled recombinant GM-CSF on different types
of cancer, e.g. metastases of kidney carcinoma, os-
teosarcoma and melanoma [18]. Usually, inhala-
tion of lower doses was not followed by relevant
changes of lung function and side effects. In ad-
dition, there were also only minor increases of
white blood cells and neutrophils under therapy.
However, treatment with aerosolized GM-CSF re-
sulted in a relevant disease regression or reduc-
tion of disease progression in some patients [18].
In a more recent study, escalating doses of up to
2,000 pg b.i.d. were administered in patients with
lung metastases of melanoma. The investigators
observed an acceptable toxicity of inhaled GM-
CSE, the greatest changes of antitumor immunity
in patients receiving the highest drug doses and
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longer times of progression-free survival in pa-
tients developing an immune response [26].

Cyclosporin A, acyclic peptide (MW: 1,200 Da)
serves as an immunosuppressant for prevention
of graft rejection in patients after organ transplan-
tation as well as in patients with autoimmune dis-
eases [27]. In a number of studies predominantly
performed in lung transplant recipients, the effect
of cyclosporin liposome inhalation was investigat-
ed [27]. After inhalation the lipophilic compound
is rapidly absorbed. However, the pharmacokinet-
ics indicate a temporary uptake of the compound
by alveolar macrophages as well as its interaction
with pulmonary surfactant or membranes of alve-
olar epithelium [28]. Depending on the deposited
lung dose of inhaled cyclosporin A, an improved
transplant function (determined by measurement
of the forced expiratory volume in 1 s) was ob-
served in lung transplanted patients with graft
rejection. At the same time, patients treated with
aerosolized cyclosporin A required lower doses
of other immunosupressants when compared to
the control group. However, inhalant immuno-
suppressive therapy was well tolerated and there
were no higher rates of pulmonary infections as
well as no hepatotoxic or nephrotoxic effects [29].
More recent data of the same study group dem-
onstrated that deposition of sufficient pulmonary
doses of cyclosporin A can prevent the decrease of
graft function and the occurrence of bronchioli-
tis obliterans (which is largely affecting the long-
time prognosis after lung transplantation) and in
consequence improve the long-time outcome in
lung transplanted patients [30].

Safety of Macromolecule Inhalation

Safety and tolerability of pulmonary adminis-
tered compounds can be largely different from
those after subcutaneous administration. Inhaled
pharmaceuticals as well as additives for absorp-
tion enhancement may induce an incompatibil-
ity (e.g. immunization in case of proteins and

induction of specific effects on the target organ
lung in case of hormones) as well as damage of
lung epithelium directly (e.g. bile acids, cyclo-
dextrins and other absorption enhancers) or via
production of reactive oxygen species (e.g. in
case of cationic liposomes). Last but not least,
pulmonary diseases may complicate or prevent
inhalant drug therapy under some circumstances
[2,6, 11, 17].

Conclusions

In recent decades, inhalation of biomolecules has
come into the focus of interest. However, prior
to studies investigating the inhalation of these
compounds, the physical and physiological back-
ground for reproducible administration of suffi-
cient drug doses into the lung had to be elucidated.
After solving these basic questions, the feasibility
of inhalative administration was investigated for
a large number of biomolecules (mainly peptides
and proteins). However, up to now, data regarding
the long-time effects of inhaled macromolecules
except insulin and heparin are sparse. In addi-
tion, there are also few data regarding the feasibil-
ity and safety of carriers (e.g. microparticles and
liposomes) as well as stabilizers and absorption
enhancers for pulmonary drug administration.
Therefore, future studies are required for further
investigation of long-time effects and optimiza-
tion of inhalative drug administration. Then it is
likely that inhalation-based methods for drug ad-
ministration will serve as a safe and convenient
alternative of subcutaneous injection in patients
with systemic diseases.
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In recent decades, techniques for protein produc-
tion by means of recombinant DNA technology
have been developed and largely improved en-
abling us to produce sufficient quantities of pep-
tides and proteins for novel medical treatment
and administration options. Many decades were
required to solve the problems of a reproducible
and efficient drug dosing by inhalation, even in
the case of insulin. However, shortly after approv-
al and market launch, distribution was stopped
due to low market penetration. This article briefly
describes the history, problems and experience on
insulin inhalation until market withdrawal.

History of Insulin Inhalation

Insulin was isolated in 1921 by Banting and Best,
and 1 year later on January 11, 1922, it was in-
troduced into medical treatment [1-3]. Initially
it was the subject of intramuscular injection.
However, other techniques for drug application
(transdermal, ocular, oral, buccal, nasal, pulmo-
nal, rectal, vaginal and transuterine) were investi-
gated [4-6]. In 1924 and 1925 - only 2 years after
the start of the therapeutic insulin era - the first
studies on insulin inhalation were published. The
first paper described the effect of intratracheally

in comparison to subcutaneously (sc) adminis-
tered insulin in rabbits. The authors observed a
glucose-lowering effect and a more rapid onset of
action after intratracheal than after sc adminis-
tration, but higher drug doses were required [7].
A first study on inhaled insulin in patients was
performed by Heubner et al. [8], also in 1924.
They reported a dose-dependent effect of insu-
lin inhalation on blood glucose. Again, the re-
quired dose was 30 times higher after inhalation.
Independently from this group, Génsslen [9] also
studied the effect of insulin inhalation in patients.
He also observed that inhaled insulin effectively
lowered the concentration of blood glucose. His
required amounts of insulin were not as high as
those described above by Heubner et al. [8]. It
took 46 more years until Wigley et al. [10] pub-
lished their pivotal study of insulin inhalation of-
fering the proof of principle of this therapy. They
were able to demonstrate that pork-beef insulin
administered by a nebulizer caused a prompt in-
crease in plasma-immunoreactive insulin and
that hypoglycemia showed a temporal relation-
ship. However, pulmonary delivered insulin was
far away from approval and several studies per-
formed in the next decades were necessary to de-
velop this therapy option [6]. For example, devic-
es were developed for optimized drug deposition



in the alveoli (standard nebulizers mainly de-
posit the aerosol in the bronchial system) [1, 11,
12]. At about 1990 the technical prerequisites for
the pulmonary delivery of insulin were estab-
lished. Based on different technical and pharma-
cological solutions (e.g. different inhalation sys-
tems, powder aerosol or liquid aerosol), several
companies developed inhalation devices (table
1) [1, 6]. Exubera® from Pfizer/Nektar was the
first to receive approval from the US Food and
Drug Administration and the European Drug
Agency in early 2006 for patients with diabe-
tes mellitus types 1 and 2. However, 1 year af-
ter marketing start, Pfizer announced it would
withdraw Exubera® from the market in October
2007, citing that the drug had failed to gain mar-
ket acceptance. A few months later most other
developers stopped their programs on inhaled
insulin. However, one company, Pharmaceutical
Discovery Corp./Mannkind Pharmaceuticals,
continued [6].

Carriers of Insulin for Inhalation

Most of the recent pulmonary delivery methods
were based on insulin powder aerosols. One ex-
ception was (AERx® iDMS) where a liquid pack-
aging was used (table 1). In some of the novel
techniques, insulin is formulated into micro-
spheres (liposomes, particles, large porous par-
ticles) in order to improve its pharmacological
properties (e.g. inhalation, absorption). Most of
the published clinical data regarding the inhala-
tion of particles were based on Technosphere®.
An advantage of microparticles is that they are
phagocytosed less rapidly [1, 6, 13]. Insulin
packed in the inner part of biologically degrad-
able polymers and lipids (microparticles and li-
posomes, respectively) is subject of a slow alveo-
lar clearance and peptide degradation by alveolar
macrophages resulting in an increased bioavail-
ability. There may also be an altered pharma-
cokinetics which is subject of a slow release from
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these particles. However, prerequisites for use of
these excipients are rapid degradation after in-
halation and immunological and toxicological
inertness [6, 13].

Liposomes are only used experimentally for
pulmonary insulin administration so far, but may
be an alternative [6, 13-15].

Solid particles (microspheres or large porous
particles) are chemically and physically more sta-
ble than liposomes and allow higher drug loading
[13, 16]. Pharmacological properties of micropar-
ticles (size range: <500 nm) depend on the used
material, preparation technique, particle size, po-
rosity and surface structure as well as the delivery
device [6, 14, 16, 17]. Microspheres can be pro-
duced by a number of distinct methods based on
supercritical fluid technology, emulsion-solvent
evaporation, spray-drying and phase separation.
Examplesfor the clinical use of microspheres forin-
sulin inhalation are (ProMaxx®, Epic Therapeutics;
Technosphere®, Pharmaceutical Discovery Corp.,
and calcium phosphate-polyethylene glycol parti-
cles, BioSante Pharmaceuticals) [6, 14].

Large porous particles are characterized by
geometric diameters >5 pm, low particle density
(generally <0.1 g/ml) and aerodynamic diameters
<5 um. They have good flow and aerosolization
properties due to their low aerodynamic diam-
eter. There was one system for insulin inhalation
based on large porous particles (AIR®, Alkermes)
(6, 14].

Improvement of Insulin Bioavailability by
Addition of Absorption Enhancers

The bioavailability of biomolecules after alveolar
deposition can be improved by addition of com-
poundsaffecting theabsorption (e.g. bileacids) and
compounds inhibiting the proteolytic degradation
(e.g. aprotinin). However, many of these substanc-
es were found to be toxic [2, 6, 13, 16, 18].

Only few studies have investigated the ef-
fect of absorption enhancers in humans or other
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Table 1. Devices for inhalant administration of insulin [modified according to 1, 6]: the table reflects the situation in
2006, i.e. before market withdrawal of Exubera®

Trade name
(developer/partner)

Status of
development

Principle or pharmaceutical form

Exubera® Market Dry powder insulin packed into blisters of 1 mg (=3 U insulin) or
(Nektar/Pfizer) approval 3 mg. Dosing via the number of blisters. Pneumatic release of the
2006 aerosol out of the blister in an inhalation chamber. Particle
diameter of 2.5 um.
AERx® iDMS Phase llI Liquid insulin packed into single strips and dosed in single units.
(Aradigm/ Regulation of breathing maneuver by means of microprocessors and
NovoNordisk) electronic optimization of insulin release within inspiratory flow.
Particle diameter of 1-3 pm.
Hip® Phase Il Dry powder insulin packed into blisters. Mechanical system with breath
(Alkermes/Eli Lilly) activated release of particles. Porous particles of low density with a
geometric diameter of 5-30 um (aerodynamic diameter of <5 um).
Technosphere® Phase Il Dry powder recombinant insulin combined with a derivative of
(Pharmaceutical diketopiperazine. Self-assembly into an ordered lattice array at low
Discovery Corp./ pH value. Mass median aerodynamic diameter 2-4 um. Dissolution
Mannkind of particles and insulin release at neutral pH value on alveolar surface.
Pharmaceuticals) Dry powder inhaler and passive disagglomeration (MedTone®).
Microdose DPI°® Phase ll Dry powder insulin packed into blisters. Disaggregation of drug
(Microdose powder by means of a piezo vibrator. Mass median aerodynamic
Technologies/ diameter approximately 1.5 um, 84% of the particles <4.7 um.
Elan Corp.)
Unknown Phase Il Dry crystals of a recombinant insulin formulation. Administration by
(Abbott (formerly means of a handheld breath actuated inhaler (BAI) driven by a
Kos Pharma.)/-) propellant.
Aerodose® Phase Il Liquid insulin. Administration by means of a breath activated multiple
(Aerogen/-) (stopped dose inhaler. Mean particle diameter of 3.2 um, 87% of the particles
in 2003) between 1 and 6 um.
Bio-Air® Phase | Coated dry particles based on calcium phosphate nanoparticle carriers.
(BioSante Administration by means of a calcium phosphate nanoparticulate
Pharmaceuticals/-) delivery system.
Alveair® Phase | Liquid insulin. Administration by means of a generic handheld device
(CoreMed/Fosun delivering inhaled insulin with the same units as injected insulin.
and Xuzhou)
Unknown Phase | Microspheres of recombinant human insulin (ProMaxx®).
(Epic Therapeutics/-) Administration by means of a dry powder inhalation device (Cyclohaler)
>90% insulin. 95% of the microspheres with diameters 0.95-2.1 um
(mean: 1.5 um), 95% of the particles <4.7 pm.
Spiros® Phase | Dry powder insulin blisters. Release by means of a hand-held,
(Elan Pharma (stopped battery-driven, multiple-dose inhalator. Novel powder dispersion
(formerly in 2004) system (Spiros-S2) without electromechanical components of the Spiros

Dura Pharma)/-)

for administration at low inspiratory flow rates (15-30 I/min).
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mammals except rats. For example, sodium cit-
rate, mannitol and glycine are excipients used in
Exubera® [6, 19]. However, even these data are
unequivocal. For example, Heinemann et al. [20]
observed only a small increase in bioeffectivity
if a powder aerosol of insulin was administered
in combination with an endogenous bile acid in
healthy humans, whereas Johansson et al. [21]
found a strongly increased bioavailability of in-
sulin in dogs if the substance was administered
as a fluidic aerosol containing also taurocholate
[16, 18].

Pharmacokinetics of Inhaled Insulin in
Individuals without Lung Diseases

Many studies investigated pharmacokinetics
and pharmacodynamics of inhaled insulin in
healthy subjects and found significant differ-
ences caused by inhaler use, administered for-
mulations and doses of insulin. After inhalation,
regular insulin is usually absorbed faster than sc
administered insulin (time to peak concentra-
tion (tyay): 7-90 min vs. 42-274 min [1, 6, 11,
18, 22]. A biphasic pharmacokinetics has been
found with a first peak rapidly after inhalation
followed by a slow release. Within the first hour
after administration the area under the concen-
tration vs. time curve (AUC) is larger for inhaled
insulin than for sc insulin. On the other hand,
a larger total AUC is observed for sc insulin if
an observation period of 6 h is used, suggest-
ing a therapeutic benefit of inhaled insulin in
treating of prandial or postprandial hyperglyce-
mia. Additionally, inhaled insulin bears a lower
risk for postprandial hypoglycemia because of
increased clearance [18].

Dose-response studies in patients with diabe-
tes mellitus type 1 revealed a widely linear dose
response. However, even when the maximum
insulin concentration (Cp,,) increased with ad-
ministered dose there was an increasing time de-
lay to peak concentration in plasma (t,y), which
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indicates the existence of a dose-dependent uptake
mechanism [6, 18, 22]. A number of studies were
also performed with the insulin derivative lispro.
Lower doses of lispro were required to achieve the
same insulin concentration and onset of action
was more rapid. Both effects may be caused by a
breakup of the hexamer into monomers.

Many studies determined relative bioavailabil-
ity by comparing of AUC after inhalation with
sc administration. Other investigators calculated
the bioeffectivity (hypoglycemic effect of inhaled
insulin compared to a defined sc administered
insulin dose). However, both methods result in
an underestimation of the therapeutic effect of
the inhaled insulin fraction itself (only a small in-
sulin fraction is deposited in the lung periphery
where it can be absorbed). In controlled studies,
bioavailabilities and bioeffectivities for inhaled
insulin were found between 9 and 22% as well as
8 and 16%, respectively. In consequence, the in-
haled insulin doses required to achieve the same
therapeutic effect are up to 11 times higher com-
pared to that after injection [6, 18]. Only about
30-40% of the filled insulin doses reach the lungs
and from these over 50% are deposited in the
airways (bronchial system) and underlie muco-
ciliary transport and/or degradation. And from
the particles reaching the alveoli, about 40-50%
are rapidly absorbed into the circulatory system
(6, 18].

This shows that deep lung deposition is a ma-
jor predictor of bioavailability. The best depo-
sition will be achieved if the aerosol is inhaled
at the beginning of a slow and deep breath, en-
abling the particles to reach the alveolar region.
However, not only the total amount of alveolar
insulin deposition, but also the intraindividual
reproducibility of this therapy is affected by the
individual breathing of the patients. A number
of studies have shown a similar or even better
reproducibility of insulin administration by in-
halation than sc injection. This shows that sc ad-
ministration also has a high variability [2, 6, 18,
22-25].

Siekmeier - Scheuch



Effect of Smoking on the Pharmacokinetics of
Inhaled Insulin

A number of studies have described a higher ab-
sorption (up to 3-5 times) of inhaled insulin in
smokers compared to non-smokers (higher ab-
sorption (Cj,x), AUC and bioavailability as well
as a higher peak concentration (C,.) and a
shorter time to peak (ty.)) [1, 5, 6, 18, 22, 25,
26]. Smoking cessation reduced absorption, an ef-
fect which was reversed by smoking resumption
[6, 26]. These changes are caused by an increased
permeability of the alveolo-capillary barrier due
to chronic cigarette smoking. However, acute cig-
arette smoking significantly blunts the enhanced
insulin absorption. The underlying mechanisms
of these effects are not understood. It is assumed
that inhaled nicotine and pulmonary neutrophils
may play a relevant role. Because of these complex
effects, inhalant insulin therapy was not approved
in current smokers and ex-smokers [6, 19].

Effect of Pulmonary Diseases on the
Pharmacokinetics of Inhalant Insulin

Because it was assumed that lung diseases may
affect pulmonary drug absorption, such patients
were excluded from routine treatment with in-
haled insulin. However, acute respiratory infec-
tions had no relevant effect on pharmacokinet-
ics and pharmacodynamics in otherwise healthy
individuals [6, 18]. In contrast, asthma patients
showed a mild decrease of C,,,, and a distinct de-
crease of AUC (bioavailability) and plasma glu-
cose concentration (bioeffectivity). Furthermore,
asthma patients showed a higher variability of
Chax and AUC after insulin inhalation. In prin-
ciple, these changes can be caused by increased
drug deposition in the bronchi. In contrast, pub-
lished data on the pharmacokinetics of inhaled
insulin in patients with chronic obstructive pul-
monary disease are limited and conflicting. It
was found higher or lower absorption of insulin

Diabetes Treatment by Inhalation of Insulin

compared to healthy subjects without chronic ob-
structive pulmonary disease [6]. In consequence,
due to the high frequency of chronic obstructive
pulmonary disease in the population, its effect on
insulin absorption should be investigated prior to
a re-launch.

Safety of Inhalant Insulin

The safety of inhaled insulin was subject of many
investigations. Most data regarding the long-term
tolerability were published for the Exubera® sys-
tem and the AERx iDMS® system for study pe-
riods of up to 2 years and more in patients with
diabetes mellitus types 1 and 2 [2, 6, 18, 22, 25,
27]. Inhalation of insulin caused only a minimal
change of spirometric parameters of lung func-
tion (e.g. forced expiratory volume in 1 s, forced
vital capacity) as well as parameters of diffusion
capacity for carbon monoxide and blood gas anal-
ysis [1, 2, 5, 6, 18, 25, 27]. However, the manu-
facturer recommended spirometric measurement
of lung function before treatment, after 6 months
and thereafter at least annually in the product in-
formation for Exubera® [28]. In principle, the ob-
served low pulmonary toxicity may be explained
by the distribution of the inhaled doses of 4-5 mg
t.i.d. on a total alveolar surface of about 80-120
m? and the following rapid decrease of its concen-
tration due to absorption and distribution in the
body fluid as well as proteolytic degradation [1, 2,
5,6, 18, 23, 24].

Beside its strong metabolic effect, insulin also
acts as a weak growth factor (effectivity only
1/100 of insulin-like growth factor-1) after bind-
ing to the receptor for insulin-like growth factor-1
[18]. About 6 months after the end of marketing
of Exubera® the Food and Drug Administration
published a press release reporting a potentially
increased risk for bronchial cancer in ex-smok-
ers treated with inhaled insulin [29]. However,
the number of reported cases is extremely small
and even though investigations were continued,
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no relevant data seem to confirm the theory of an
increased lung cancer risk in smokers due to in-
sulin inhalation.

In a number of insulin inhalation studies, in-
creased serum titers of non-neutralizing IgG an-
tibodies were found which had no therapeutic
relevance, i.e. there were no correlations to the
metabolic control, lung function and adverse
events [1,2,4,6, 18, 25,27, 30, 31]. Most likely the
induction of these antibodies is caused by insulin
formulation and dose (inhaled insulin is given in
higher doses and more frequently for treatment
of postprandial hyperglycemia than sc insulin) as
well as the lung as the target of delivery (presence
of macrophages, dendritic cells and lymphocytes
in the lung) [5, 6, 25, 30, 31].

Mild to moderate cough occurred rapidly after
inhalation of dry powder insulin (seconds to min-
utes) in up to 20-30% of patients. However, the
symptoms were transient, settled with continua-
tion of the therapy and seldom resulted in treat-
ment withdrawal [6].

In summary, there was no relevant difference
regarding the risk for occurrence of hypoglyce-
mia between inhalant and sc insulin. However,
the risk was expectedly higher in patients treat-
ed with inhalant insulin when compared to those
treated with oral antidiabetics [6].

Acceptance and Costs of Inhaled Insulin

The development of pen injector systems has
largely improved diabetes treatment in the last
decades. However, all these medical products are
invasive which is important in patients suffer-
ing from needle phobia (about 10% of patients).
Therefore, pulmonary administration of insulin
was assumed to be a revolution in the treatment
of insulin-dependent diabetes. Indeed, patients
favored the inhaler even though it is more com-
plex to handle [19, 27]. However, these advantag-
es are opposed by (1) the small bioavailability of
inhaled insulin and higher required insulin doses,
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(2) repeated pulmonary function tests (both re-
sulting in extra costs depending on the required
doses [32]), (3) an ongoing requirement of blood
sampled by finger punction for the measurement
of glucose concentration, and (4) no relevant im-
provement of metabolic control [19, 27, 32]. Based
on these arguments, the National Institute for
Health and Clinical Excellence (NICE, UK) and
the Institute for Quality and Efficiency in Health
Care (IQWIG, Germany) declined funding for
inhalant insulin in Great Britain and Germany,
respectively. It is likely that these decisions were
substantial reasons that this therapy option failed
in the market.

Conclusions

More than 80 years after the first studies, inhaled
insulin (Exubera®) was approved and introduced
into the market. Marketing has been rapidly
stopped because of the unexpectedly low sales. In
the short time of its marketing, Exubera® was ac-
cepted by the patients (although not reimbursed
by most health insurance companies) and well
tolerated without adverse effects. Beside Exubera®
a number of other devices for inhalation of insu-
lin were under development. However, due to the
rapid stop of the distribution of Exubera® and
the consecutive stop of the development of simi-
lar products by all competitors except Mannkind
Pharmaceuticals, some questions are not com-
pletely answered. These include the effect of long-
time inhalation on lung function and the effect
of pulmonary diseases on deposition, absorption
and pharmacokinetics of inhaled insulin as well
as the potentially increased risk for lung cancer in
ex-smokers. However, if there will be a re-launch
of this interesting non-invasive method of drug
administration, the open questions should be fur-
ther investigated before.
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Abbreviations

EBUS Endobronchial ultrasound
EUS Endoscopic ultrasound
TBNA Transbronchial needle aspiration

EBUS has revolutionized bronchoscopy because
it extends the endoscopist’s vision beyond the air-
way walls. EBUS is made possible by miniaturized
ultrasound transducers that can be inserted via the
working channel of a flexible bronchoscope. This
is termed radial EBUS and facilitates evaluation
of airway walls, as well as location of peripheral
lung lesions. Alternatively, a linear transducer has
been built in a dedicated bronchoscope to permit
real-time TBNA biopsies. This is termed EBUS-
TBNA and has become an accepted modality for
the invasive staging of the mediastinum in non-
small cell lung cancer.

Radial EBUS

Radial EBUShasa20-MHz (12-30 MHz available)
rotating transducer. ‘Central” probes with balloon
sheaths are used in the proximal airways for either
bronchial wall assessment or to guide TBNA of
lymph nodes. ‘Peripheral’ probes without balloon
sheaths are used to identify parenchymal lung

lesions for biopsy. In radial EBUS, a 360° image
that is perpendicular to the long axis of the airway
is produced (fig. 1). The resolution of the image is
<1 mm and a depth of 40-50 mm is scanned.

In thoracic tumors, EBUS has been shown to be
superior to even computed tomography in distin-
guishing airway wall invasion from extrinsic com-
pression with a sensitivity of 89% and specificity
0f 100% [1]. When airway walls are examined, up
to 7 layers can be distinguished. The mucosa, en-
dochondium, perichondium and adventitia are
hyperechoic (white) while the intervening sub-
mucosa, cartilage and connective tissue layer are
hypoechoic (gray) [1]. The relationship of lymph
nodes relative to the airways can also be visual-
ized using radial EBUS. Once a target lesion is
identified, the probe is removed from the bron-
choscope and regular TBNA can be performed to
obtain biopsy specimens. Although radial EBUS
facilitates such guided biopsies, it is limited by the
absence of real-time sampling. The reported di-
agnostic yields with radial EBUS directed TBNA
is 72-86% and this procedure has been shown to
improve diagnostic rates over ‘blind’ conventional
TBNA in obtaining a histological diagnosis from
paratracheal lymph node stations [2, 3].

When radial EBUS is used to guide broncho-
scopic biopsies of peripheral lung lesions, it in-
creases the diagnostic yield of transbronchial lung
biopsies of small (<30 mm) lesions [4]. Diagnostic



Fig. 1. ‘Central’and‘peripheral’ra-
dial EBUS probes. Inset: ultrasound
image of a peripheral lung lesion
(arrow).

sensitivities of 61-80% that are independent of le-
sion size have been reported [3, 4]. EBUS also ap-
pears to remove variables that usually influence
the ability to obtain a positive histological diag-
nosis. These variables include underlying disease,
presence of the bronchus sign and lobar location
[5]. The transducer probe is inserted through a
guide sheath into the bronchi where the lesion is
suspected based on pre-procedure computed to-
mography imaging. Normal air-filled alveoli pro-
duce a whitish snowstorm image with ‘comet-tail’
artifacts. Lunglesions are usually more hypoecho-
ic or gray. When a tumor is located, the transducer
is removed and regular biopsy forceps are used to
take biopsies through the guide sheath that has
been maintained in position within the lesion.

Linear EBUS-TBNA
The EBUS-TBNA bronchoscope has a 7.5-MHz
transducer mounted on its distal tip. This trans-

ducer is convex and produces a 50° sector view
parallel to the long axis of the bronchoscope

Endobronchial Ultrasound

‘Peripheral’ radial EBUS

extending 20-50 mm in depth (fig. 2). The EBUS-
TBNA scope has an external diameter of 6.9 mm
which is larger than a standard flexible broncho-
scope. Therefore, oral rather than nasal intubation
is necessary. Furthermore, the endoscopic view-
ing optics is at a 30° oblique angle and operator
compensation is required during bronchoscopy.
This bronchoscope has a 2.0-mm working chan-
nel that is designed to house a dedicated 21- to
22-gauge biopsy needle with a depth of penetra-
tion can be varied up to 40 mm by a safety lock.
There is a balloon fitted over the transducer probe
that can be filled with saline to facilitate coupling.
However, this is not always needed if good contact
can be maintained between the airway mucosa
and the probe. Lymph nodes appear more echoic
(gray) than blood vessels and Doppler can be used
in making the distinction. Once the target lymph
nodes are identified on EBUS, real-time TBNA
is performed. The needle sheath that houses the
TBNA needle is pushed forward first such that it
is visualized on the endoscopic image before the
‘jabbing’ technique is used to perform TBNA un-
der real-time guidance. Once the TBNA needle is
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Fig. 2. EBUS-TBNA bronchoscope
with balloon sheath (arrow) and
22-gauge needle. Inset: ultrasound
image of tumor (right arrow) invad-
ing a blood vessel (left arrow).

within the target, the stylet of the needle is agitat-
ed to dislodge any airway debris. The stylet is then
removed before biopsies can be aspirated. All me-
diastinal and hilar lymph nodes are accessible to
EBUS-TBNA except the aortopulmonary (station
5), paraaortic (station 6), paraesophageal (station
8) and pulmonary ligament (station 9) nodes. For
mediastinal staging of non-small cell lung cancer,
3 cytology aspirations per lymph node station is
recommended. If adequate core specimens are
obtained, then 2 passes will suffice [6].
EBUS-TBNA has been shown to have a higher
diagnostic yield than conventional ‘blind’ TBNA
and may be comparable in sensitivity to cervi-
cal mediastinoscopy [3, 7]. The pooled diagnos-
tic sensitivity of EBUS-TBNA is 90% and speci-
ficity is 100%, but the false negative rate is about
20% [8]. This discordance between sensitivity and
negative predictive value is attributed to the high
prevalence of malignancy in the reported studies.
The high false negative rates mandate that all neg-
ative results need to be either followed up clini-
cally or subject to further testing using alternative
modalities such as mediastinoscopy to confirm
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that the results are true negatives. Re-staging of
the mediastinum with EBUS-TBNA after neoad-
juvant chemotherapy has had less success with a
much lower diagnostic sensitivity [3].

The histological staging of a radiologically
normal mediastinum with either lymphadenop-
athy <10 mm or negative positron emission to-
mography has been shown to be feasible with sen-
sitivities approaching 90% [9]. These data would
suggest that systematic staging is possible as op-
posed to the targeted sampling that is widely prac-
ticed. However, such studies were performed by
experts on patients under general anesthesia and
the widespread applicability of the data is still not
established because EBUS-TBNA is usually per-
formed under moderate sedation. Nevertheless,
EBUS clearly has the potential to identify lymph-
adenopathy that has been missed on computed
tomography. In addition, the 22-gauge needle can
obtain samples that are sufficient for genetic and
molecular analysis such as epidermal growth fac-
tor receptor mutations.

By combining EBUS-TBNA with another en-
doscopic procedure, i.e. transesophageal EUS-
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guided fine-needle aspiration, complete staging of
the mediastinum is possible with access to lymph
node stations not accessible to either technique on
its own. EBUS offers greater access to the paratra-
cheal and hilar lymph nodes while EUS can tar-
get inferior mediastinal lymph nodes and adre-
nal metastases. Diagnostic sensitivities of 93-94%
have been reported for the combined EBUS and
EUS procedure [3].

EBUS-TBNA has also been used to successfully
obtain biopsy specimens from primary tumors lo-
cated in the paratracheal and peribronchial region
with a diagnostic sensitivity of 82-94% [3, 10]. As
long as there is no intervening aerated lung, these
tumors can be identified as soft tissue structures
on ultrasound. The procedure is then similar to
sampling lymph nodes and is especially useful
in diagnosing centrally located tumors without
any airway involvement. In the demonstration
of non-caseating granulomatous inflammation,
EBUS-TBNA has a diagnostic yield for sarcoi-
dosis of 85-94% [3]. This has been shown to be
more effective than standard TBNA. If bigger tis-
sue specimens are needed for histological analysis
in conditions such as lymphoma, it is even pos-
sible to insert a 1.15-mm miniforceps through the
EBUS scope and push it past the airway wall via
aneedle puncture [3]. This can potentially obtain
real-time forceps biopsies of mediastinal lesions.
Furthermore, EBUS-TBNA has been used thera-
peutically to drain mediastinal, as well as bron-
chogenic cysts and consequently relieve symp-
tomatic central airway obstruction [3].

Complications have rarely been attributed
directly to either radial EBUS or EBUS-TBNA.
Radial EBUS-guided lung biopsies have a re-
ported rate of pneumothorax of 0-5% and risk of
moderate bleeding of 1% which is in keeping with
the complication rates expected from convention-
al transbronchial lung biopsies [3, 4]. Therefore,
these cases are considered complications of for-
ceps biopsy rather than that of EBUS imaging.
However, damage to the delicate radial trans-
ducer probes and perforation of the EBUS-TBNA

Endobronchial Ultrasound

bronchoscopes with careless use are complications
that need to be avoided with the appropriate train-
ing. Radial probes should not be inserted into the
working channel when ‘active’ and spinning. By
ensuring that the needle sheath is clearly visible
before attempting TBNA, inadvertent perforation
of the EBUS-TBNA scope can be prevented.

EBUS can also add to endoscopy time and this
has implications for what can be achieved under
moderate sedation. However, in expert hands,
radial EBUS adds less than 3 min to TBNA and
about 60 s to the transbronchial biopsy of periph-
eral lesions. Targeted EBUS-TBNA of enlarged
lymph nodes has been reported to take a mean of
12.5 (range 8-21) min [3]. However, a longer pro-
cedure duration is likely to be needed if complete
mediastinal staging is attempted with evaluation
of non-enlarged lymph nodes as well.

Conclusion

EBUS has the potential to become part of stan-
dard bronchoscopy because of negligible com-
plications, improved diagnostic yield and a short
learning curve. It enhances histopathological
staging of the mediastinum in non-small cell lung
cancer, as well as increases the diagnostic yields
of both peribronchial and peripheral lung lesions.
Ultrasonographic reflections enable the endosco-
pist to view beyond the surface of the airway walls
and identify deeper structures. This ability to ‘see
through walls’ without the need for ionizing ra-
diation remains the premise on which EBUS has
been developed. It is also the reason why EBUS
continues to gain widespread acceptance.

Recommendations
 Radial EBUS facilitates airway wall assessment,
TBNA of paratracheal lymph nodes and

biopsies of peripheral lung lesions via a guide
sheath.
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Linear EBUS-TBNA improves diagnostic yield
compared to conventional ‘blind TBNA of
mediastinal and hilar lymph node stations, as
well as peribronchial tumors.

EBUS-TBNA is a recognized modality for the
invasive staging of the mediastinum in non-
small cell lung cancer and is recommended
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The era of MITS began almost 100 years ago when
Hans Christian Jacobaeus first introduced a cysto-
scope through the chest wall to explore the pleural
cavity and to cauterize pleural adhesions favoring
lung collapse in the treatment of pulmonary tu-
berculosis [1]. Since then the evolution of tech-
nologies with consequent development of more
sophisticated and reliable surgical procedures has
led to the modern concepts and practice of VATS
[2].

In this paper we present the technical aspects
of a currently minimally invasive approach in the
scenario of modern thoracic surgery, emphasiz-
ing its benefits in comparison to conventional
open techniques. In addition, considering the
fact that the process of technologic improvement
is still ongoing and will probably become even
more rapid than in the past, we also describe the
frontiers that nowadays have been reached by
MITS.

Analysis

Traditional Technique to Perform VATS and the
Indication of This Approach
VATS emerged as a routine procedure to treat
several thoracic diseases after 1990, as it is testi-
fied by a multitude of papers inherent to this topic
published since this date. Reports from different
institutions and the concomitant effort by the in-
dustries to improve the efficiency of the surgical
instruments gave a contribution to further define
in most recent years the precise role of this tech-
nique and in treating all those pathologic condi-
tions previously approached via open surgery.
From a practical point of view, VATS isa MITS
procedure that usually requires three small inci-
sions (fig. 1) on the chest wall (ports) through
which the instruments can be placed to see in-
side the pleural space (thoracoscope) and to per-
form a large variety of procedures (operative in-
struments). As a rule, the VATS technique can be
performed only in those patients in whom the
placement of an endotracheal double-lumen tube
by the anesthesiologist allows the collapse of the
affected lung obtaining an effective space with-
in the pleural cavity. However, recent evidence
seems to support the feasibility of VATS in the



Fig. 1. Usuallocalization of the ports
on the chest wall for conventional
VATS technique and the ‘baseball
diamond

Table 1. Absolute and relative contraindication for VATS

Absolute
contraindications

Medical contraindication for general anesthesia (i.e. recent cardiac disease, insufficient
pulmonary function test, severe coagulopathy)

Anatomic deformity of the airways or inability to tolerate a single lung ventilation

Prior decortication or pleurodesis

Relative

Extensive pleural adhesions or previous intrathoracic procedures

contraindications

Target lesion not accessible (i.e. small central tumors)

Masses with a large involvement of the chest wall

Thoracic anatomic deformities

awake patient [3]. Table 1 shows the contraindi-
cations usually reported in the literature for safely
performing this surgical approach.

Technical Aspects. The positions reported of
the three incisions can vary depending on the site
of the target lesion and it should respect the con-
cept of the so-called ‘baseball diamond theory’
[4]. Accordingly, the thoracoscope and the oth-
er instruments should be positioned in order to

90

obtain a strategic ideal triangulation that allows
the maximal visibility and manipulation of the
pathologic site (fig. 1). It is also important to take
into consideration that during the operation the
sites of the scope and of the instruments can be
swapped around in order to maximize the visibil-
ity and to optimize the operative angles [5].

Over the last two decades the surgical indus-
tries have multiplied and refined a multitude of

Salati - Rocco



instruments that now make it possible to perform
nearly all the procedures traditionally approached
with open surgery [6, 7]. Obviously, the introduc-
tion of any new technique in thoracic surgery is a
challenge that involves not only surgeons, but the
entire surgical team (surgeons, anesthesiologists
and nurses). Before starting a VATS program the
center must have acquired a large and consolidat-
ed experience in open thoracic surgery [8].

Applications and Clinical Advantages of the VATS
Procedure

The applications of the VATS approach are in-
creasing in modern thoracic surgery as shown
and today the VATS approach is the standard of
care for many intrathoracic diseases [9-13]. The
technical features of VATS lobectomies compared
to open surgery have been investigated in several
studies [14], although the applied methodology
was not always rigorous.

VATS lobectomy as well as minor resections
of the lung performed through MITS techniques
seem to warrant the same effectiveness of the con-
ventional thoracotomy procedures. Moreover,
VATS offers advantages in some clinical aspects
when compared to the previous thoracotomy ap-
proach. When the results of VATS for minor re-
sections (i.e. wedge resections with curative or
diagnostic purposes or for pneumothorax) are
compared to open surgery, it is clear that the VATS
techniques are associated with a shorter hospital
stay and a reduced need for pain medication as a
consequence of less postoperative pain [15-18].
At the same time, one randomized controlled trial
showed that such advantages were obtained with
higher costs in case of lung biopsies for interstitial
lung disease [19].

Recently, large case series of patients submitted
to VATS lobectomy to treat early-stage NSCLC
have been published. Although the information
derived from randomized controlled trials is
scarce, it appears that VATS lobectomy is associ-
ated to less postoperative pain, reduced postop-
erative complications and mortality rate, shorter

MITS for Pulmonary Resection

chest tube duration and length of stay [13, 20, 21].
In addition, the oncologic results are comparable
between traditional surgery and MITS approach
to cure patients affected by NSCLC [22, 23].

Recent Evolutions of the MITS

Nowadays the MITS is evolving towards frontiers
that in some centers are already the preferred
treatment option for specific thoracic diseases. In
this scenario the robotically assisted thoracic sur-
gery and the uniportal VATS probably represent
the most important evolutions. In, 2008, Melfi
and Mussi [24] published a detailed paper about
the learning curve and complications related to
the robotically assisted lobectomy. Table 2 reports
the advantages and disadvantages of VATS com-
pared to robotic surgery as clearly defined in this
study. Although some other papers [25, 26] dem-
onstrated the feasibility and safety of this tech-
nique for performing several thoracic procedures,
this high technologic approach appears to be still
in an evolving phase.

At present the most complete device for the ro-
botically assisted surgery is the Da Vinci Robotic
System (Surgical Intuitive, Mountain View, Calif,,
USA) [27]. This high-tech and expensive system
is made of a console where the surgeon sits and
manipulates two joysticks looking through binoc-
ulars that give a three-dimensional view of the op-
erative field. The console is connected to the sur-
gical manipulator which offers two arms directly
moved by the surgeon at the console (instrument
arms) and another arm to guide the endoscope.
Moreover, the instrument is provided with a mo-
tion scaling that increases the precision of the sur-
geon’s original movement and at the same time
reduces the natural human tremor.

The theoretic and practical phases of the train-
ing program should provide the knowledge of a
new and extremely technological surgical arma-
mentarium and develop new capabilities inherent
to the robotic surgery such as the binocular three-
dimensional vision, the sensibility of the joystick
and the degrees of the robotic arm movement.
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Table 2. Advantages and disadvantages of video-thoracoscopic surgery vs. robotic surgery [from 24, with permis-

sion]
Video-thoracoscopic surgery Robotic surgery
Advantages Well-developed technology Three-dimensional imaging
Affordable and ubiquitous Dexterity
Proved efficacy Seven degrees of freedom
No fulcrum effect
No physiologic tremors
Scale motions
Ergonomic position
Disadvantages Loss of touch sensation No tactile feedback

Compromised dexterity

Limited degrees of motion

Fulcrum effect

Expensive
Unproved benefit

Amplification of physiologic tremors

Table 3. Technical recommendations to perform different uniportal VATS procedures [from 28, with permission]

Procedure Intercostal space Line Decubitus
Bullectomy 5th Posterior-median lateral
axillary line
Lung biopsy or lung upper lobe 5th Median axillary line lateral
resection
middle lobe-lingula 5th-6th Posterior axillary- lateral
scapular line
lower lobe 4th Median-posterior lateral
axillary line
Mediastinal nodes middle mediastinum 5th Scapular line lateral
biopsy
posterior mediastinum 5th Posterior axillary line supine
Sympathectomy 3rd Axillary hair line lateral
Pericardial window 5th Axillary line supine-
semilateral

The uniportal VATS represents the evolution
of MITS towards the least invasive approach. It
can be used to treat several intrathoracic condi-
tions (table 3) with both diagnostic and curative
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purposes, given its high versatility to reach differ-
ent targets inside the thoracic cavity [28]. The op-
erative steps and the feasibility of performing lung
wedge resection using the uniportal approach were
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Fig. 2. Diagram representing the different geometric ap-
proaches to the pulmonary lesion by (a) standard three-
port VATS compared with (b) uniportal VATS [from 29,
with permission].

initially reported in a paper published in 2004 by
Rocco et al. [29]. In the uniportal VATS, a single-
portincision (about 2.0-2.5 cm long) is used as the
unique access to insert the optical source and all
the operative instruments. To perform uniportal
VATS a radical change of the traditional concepts
related to the conventional three-portal VATS is
necessary. In fact, in the uniportal VATS technique
the geometric approach to reach the target lesion
is completely different and it is represented by a
sagittal plane where the lesion and the operative
instruments should ideally lie (fig. 2).

Taking into consideration this new perspec-
tive and the fact that the instruments are inserted
through the same port incision, which can be con-
sidered the fulcrum for all of them, it is intuitive

MITS for Pulmonary Resection

that the use of roticulating instruments with very
small diameter (5.0-3.0 mm) is necessary to re-
duce at a minimum their mutual interference.
Obviously this approach does not allow to mutu-
ally change the position of the operative instru-
ments and the optical source during the opera-
tion. So it is fundamental to carefully choose the
right intercostal space where to place the single
incision (table 3).

Considering the clinical benefits of this tech-
nique, it seems that the uniportal VATS magnifies
the results already obtained with the conventional
VATS. In fact, several studies have shown that in
comparison to the three-portal VATS, the unipor-
tal VATS can offer clinical advantages for the pa-
tient, such as a reduction of pain and paraesthesia,
ashorter hospital stay and a shorter time for return
to work [29-31]. Interestingly, at least one paper
published by Salati et al. [32] that compares the
results of uniportal VATS vs. three-portal VATS
for treating primary spontaneous pneumothorax
demonstrated that the uniportal approach mini-
mizes the global hospital costs.

Discussion

The technical improvements achieved in recent
years have made VATS a valuable option for per-
forming minor and major lung resection and a
MITS approach has become the first choice to
treat many intrathoracic diseases, particularly be-
nign conditions (i.e. primary spontaneous pneu-
mothorax and emphysematous bullae) or lesions
without diagnosis (i.e. solitary pulmonary nod-
ule and interstitial lung disease) [9]. The use of
VATS is more controversial in case of primary or
secondary pulmonary tumors, due to the lack of
strong scientific evidence [14].

Although several papers have investigated the
benefits of VATS vs. open surgery, demonstrat-
ing that the latter is superior in many aspects, we
think that the widespread use of VATS would need
more prospective randomized trials on several
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Table 4. Ideal terms of comparison between the con-
ventional thoracic surgery and VATS

Clinical terms of
comparison

Pain quantification

Postoperative respiratory function
recovery

Complication rate reduction

Ability to work impairment

Chest tube duration

Immunocompetence involvement

Oncologic benefit

Quality of life impact

Cost comparison Postoperative hospital stay
duration

Operative cost evaluation

Postoperative cost evaluation

Recovery to work and social cost

related aspects (table 4). In particular, the poten-
tial oncologic benefit of approaching lung cancer
by VATS is still not completely known. The dem-
onstration that MITS procedures allow to main-
tain a high immunocompetence against lung tu-
mors could provide further trust for its use [33].
Undoubtedly, nowadays VATS should be made
available in every thoracic surgical unit perform-
ing an adequate yearly volume of procedures [34].
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Abbreviations

CPAP  Continuous positive-airway pressure
CPB  Cardiopulmonary bypass

ECMO Extracorporeal membrane oxygenation
ET Endotracheal tube

IPPV  Intermittent positive pressure ventilation
OHS  Open-heart surgery

PEEP Positive end-expiratory pressure

RV Right ventricle

Patients undergoing OHS invariably suffer either
total or partial lung collapse on discontinuation
of ventilation during CPB. The collapse of the
lung is total if the pleura or chest wall is opened.
Acute unyielding lung collapse during OHS is
very rare, but if it develops it can seriously com-
promise respiratory and circulatory functions
that may pose life-threatening challenges. This
review describes mechanisms of acute lung col-
lapse during OHS, the pathophysiology of car-
diovascular and respiratory complications in the
presence of acute lung collapse, the measures
that help re-expansion of the collapsed lung, the
measures that help separation of the patient from
CPB in spite of persistent lung collapse and the
measures that may prevent acute lung collapse
during CPB.

Mechanisms of Acute Lung Collapse

Passive recoil of the lungs occurs when ventilation
is discontinued on CPB; passive recoil returns
lung volume to its functional residual capacity.
The inherent tendency of lungs to collapse is due
to fluid lining the alveoli and the presence of elas-
tin fibers in the lung parenchyma; the tendency of
collapse is opposed by outward pull by the chest
wall, and by the presence of negative intrapleu-
ral pressure [1]. The presence of surfactant in the
alveolar fluid lining reduces surface tension and
decreases the tendency of alveolar collapse; simi-
larly, presence of nitrogen in the alveolar gas de-
lays gaseous absorption, provides stability to the
alveoli, and delays alveolar collapse (atelectasis).
Despite these opposing forces the lungs gradual-
ly collapse on discontinuation of ventilation. The
collapsed lungs generally re-expand on manual
inflation and resumption of IPPV. Occasionally,
because of the obstruction, compression, or col-
lapse of the main airway or its branches or pneu-
mothorax (table 1), it is not possible to achieve
complete re-expansion of the lung parenchyma.
With extraluminal airway compression, lung
collapse occurs only if the obstruction is com-
plete, otherwise it results in air trapping and hy-
perinflation of the lung supplied by the partially



Table 1. Causes of acute lung collapse during open heart surgery

Intraluminal
Mucous plugs
Inspissations of accumulated secretions
Clotted blood in the airway
Intraluminal lesion

Extraluminal

Left lower lobe bronchus compression due to enlarged left ventricle
Left lower lobe bronchus compression due to aneurysmal left atrium
Left main bronchus compression due to enlarged and tense left pulmonary artery

Left bronchus compression due to transesophageal echocardiography probe
Right middle lobe bronchus compression due to enlarged right pulmonary artery
Right airway compression due to aneurysm of ascending aorta

Direct origin of right upper lobe bronchus from trachea

Vascular ring

Others

Inadvertent advance of the ET tube into the right or left bronchus

Pneumothorax secondary to:
Central venous cannulation

Pleural injury during internal mammary artery dissection
Pleural and lung injury during adhesiolysis in redo open heart surgery

Pleural injury during sternal closure and wiring

compressed airway and compression collapse of
the surrounding normal lung parenchyma. The
CPB-associated inflammatory responses and loss
of surfactant, myocardial dysfunction, and trans-
fusion-related acute lung injury, etc., are other
important mechanisms that decrease the lung
compliance, increase the inherent tendency of
lung collapse and might necessitate application of
increased inflation pressures and PEEP to ensure
sustained lung expansion.

Pathophysiology of Cardiovascular and
Respiratory Complications during Acute Lung
Collapse

It is important to understand various aspects of
cardiopulmonary interactions between IPPV and

Acute Lung Collapse during Open-Heart Surgery

the ventricular function. During IPPV the car-
diopulmonary interactions depend on cardiac re-
serve, circulating blood volume, autonomic tone,
lung volume, attained intrathoracic pressure and
its effects on pulmonary vasculature and juxta-
cardiac pleural pressure [2]. The cardiopulmo-
nary effects of lung collapse and incomplete lung
expansion depend on the magnitude of the lung
collapse, the integrity of the pleura, the tidal vol-
ume chosen for ventilation, the circulating blood
volume, ventricular preload and the contractil-
ity of the heart, etc. It should be noted that the
small areas of lung collapse are usually of no clin-
ical consequence. Cardiopulmonary interactions
manifest as mechanical and physiologic effects.
The mechanical effects are due to heterogeneity of
airway resistance and lung compliance, and lead
to differential ventilation of lung parenchyma
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including overdistension of compliant alveoli with
normal airways, poor ventilation of compliant al-
veoli with compromised airways and air trapping
of alveoli with grossly compromised airways and
no ventilation of alveoli with obstructed airways.
Additionally, the alveoli are repeatedly subjected
to volutrauma as well as barotrauma. The venti-
lation-perfusion effects vary from no perfusion
in overdistended alveoli to absence of ventilation
in collapsed alveoli with varying effects on gas-
eous exchange. The overdistended alveoli act as
dead space whereas collapsed alveoli as shunt and
others lie within this wide spectrum; this hetero-
geneity of ventilation-perfusion leads to varying
degrees of hypoxemia and hypercapnia. The over-
distended alveoli act as Starling’s resistor because
of collapse of the surrounding capillary network
and increased pulmonary vascular resistance. The
peak and plateau airway pressures are increased
but do not offer a clue to the extent of existing
heterogeneity of ventilation and perfusion. The
cardiovascular effects are secondary to increased
afterload to RV, raised catecholamine levels due to
hypoxemia and hypercarbia, and impaired filling
of the left ventricle due to decreased RV output
and possibly due to a shift of the interventricular
septum. The presence of increased peak airway
pressure, decreased air entry on auscultation, ab-
sent movement of the pleura and presence of vis-
ibly collapsed lung confirms the diagnosis. The
clinical manifestations during separation from
CPB may include raised central venous pres-
sure, visible or echocardiographic demonstra-
tion of RV distension with or without interven-
tricular septum shift with or without impaired
left ventricular filling, increased pulmonary ar-
tery pressure, systemic hypotension, tachycardia,
decreased saturation, visible differential ventila-
tion of the lung if the pleura is opened, increasing
requirement of inotropes to support the circula-
tion and possible failure to separate the patient
from CPB. The afterload to the RV and the pos-
sibility of RV failure is greater if the tidal volume
and/or the RV preload are increased further in an
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attempt to improve hemodynamics and arterial
blood gases.

Measures That May Help Re-Expansion of the
Collapsed Lung

Careful repositioning of the ET tube and/or
ET suction generally restores airway integrity.
Sustained inflation (up to 45 cm H,O for approx-
imately 20 s in patients with noncompliant lungs
and 40 cm H,O for approximately 8 s in healthy
patients) has been shown to recruit collapsed al-
veoli [3]. Rarely, it may not be possible to establish
a clear airway and in such situations it is not possi-
ble to achieve complete re-expansion of the lungs.
In the presence of proximal thick airway secre-
tions, the ability to deliver a high inspiratory pres-
sure to recruit collapsed lung units is inhibited.
Fiberoptic bronchoscopy offers numerous advan-
tages: it allows the anesthesiologist to visualize the
tracheobronchial anatomy, the physical charac-
teristics, the quantity, and the source of the secre-
tions. In addition, extraluminal obstructions can
be recognized. The limitation to this technique
in the pediatric population is related to the size
of the bronchoscope. Pediatric bronchoscopes fit
through a 5.0-mm ET tube. However, suctioning
through small scopes may be suboptimal, espe-
cially when thick secretions are present. The clini-
cal scenario of full CPB can be taken advantage
of, however, and allow for temporary removal of
the ET tube from the trachea (recognizing that it
may be challenging to re-intubate a patient un-
der the surgical drapes). Room for passage of a
larger bronchoscope into the trachea and bron-
chi then becomes available. The larger size scope,
with greater suctioning capabilities, will ensure
more effective bronchial lavage. Bronchoscopy
also assists in repositioning a new ET tube endo-
bronchially for direct ventilation and recruitment
of the collapsed lung. An example of this clinical
scenario is the cystic fibrosis patient population
in whom secretion management, bronchial toilet,
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Cardiopulmonary effects of high tidal
volume ventilation

1.Overdistension of compliant alveoli

causing shunt effect
3.Increased RV afterload

2. Diversion of blood flow to collapsed alveoli 2.Improved oxygenation and ventilation

Cardiopulmonary effects of modest or low
tidal volume ventilation

1.Decreased afterload to RV

3.Decreased shunt effect

Y o

Fig. 1. Schematic diagram explaining the mechanism of improvement in arterial blood gases and
decrease in RV afterload with changes in tidal volume in the presence of acute lung collapse.

and lung recruitment are components of the dis-
ease treatment [4].

Measures That May Help Separation of the
Patient from CPB

It is necessary to have a clear understanding of the
underlying pathophysiology. Areas of lung col-
lapse result in asymmetric lung compliance within
and between the two lungs and altered respiratory
mechanics [5]. In this situation, during IPPV, a
greater proportion of the tidal volume distributes
to the more compliant areas of the lung. Hypoxic
pulmonary vasoconstriction [6] in the areas of
lung collapse tends to divert blood flow toward
the ventilated areas of the lung and decreases the
shunt effect. However, this beneficial effect, di-
version of blood flow toward well-ventilated ar-
eas of the lung, would be negated if the ventilated
areas are hyperinflated (fig. 1). Therefore, in the
presence of significant lung collapse, IPPV with
normal as well as with larger tidal volume is ex-
pected to result in hyperinflation of ventilated ar-
eas, increased afterload to the RV, its distention

Acute Lung Collapse during Open-Heart Surgery

and failure, and failure to wean the patient from
CPB [7]. Logically, the appropriate management
in such a situation is to facilitate perfusion of the
well-ventilated areas of the lung by avoiding hy-
perinflation of the ventilated areas of the lung
(fig. 1). However, how to select an appropriate
tidal volume in such a situation is not known. We
believe that with modest tidal volume (5-7 ml/
kg) ventilation, the compression of the alveolar
vessels in the well-ventilated areas is likely to be
minimal. Perhaps visual assessment of the effects
of chosen tidal volume on airway pressure, lung
inflation, and RV volume/distension may provide
the key to the appropriateness of the chosen tidal
volume. A decreasing peak airway pressure indi-
cates alveolar recruitment and allows further in-
creases in tidal volume and RV preload. An im-
portant critical decision in the presence of acute
lung collapse is the timing of reversal of antico-
agulation. With protamine administration, pul-
monary vasoconstriction is known that may re-
sult in increased afterload to RV and its failure;
therefore, the administration of protamine should
be delayed until hemodynamics and pulmonary
functions show improvement.
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It should also be realized that full hemody-
namic support for a certain period of time may be
needed; therefore, switching to an ECMO circuit
should be considered as an alternative. Femoral
vessels accept the cannulae required for full cir-
culatory support, however in small children these
vessels are often small. In such situations, use of
the carotid artery and internal jugular vein for
vascular access provides an alternative access for
cannulation and ECMO support. The ECMO is
a closed circuit, needs less anticoagulation (acti-
vated coagulation times ~160 to 180 s), relies on
kinetic drainage, and allows for easy testing for
successful weaning.

Measures That May Prevent Acute Lung
Collapse during CPB

During CPB the common practice to deflate lungs
can contribute to some of the pulmonary dysfunc-
tion seen post-CPB; strategies such as mechani-
cal ventilation [8] and CPAP have been tried [9,
10]. However, there has been little proven ben-
efit to these measures. Earlier we use to deflate
the lungs during CPB, but of late we routinely ap-
ply 2-5 cm of CPAP during CPB depending on
the surgeon’s comfort; a higher CPAP often forc-
es the lung in the surgical field particularly if the
pleura is opened. The value of CPAP lies in easy
re-expansion of the partially collapsed lungs on
manual inflation. ET suction, particularly in the
presence of left heart failure, chronic obstructive
and restrictive pulmonary disease, and in poten-
tially infected patients, would ensure a clear air-
way and is useful. For thoracotomy approaches,
Mittnacht et al. [11] describe lung isolation by us-
ing a double-lumen endobronchial tube and ap-
plication of CPAP, during CPB, to the dependent
lung. In patients where insertion of a double-lu-
men endobronchial tube is not possible, use of a
bronchial blocker allows lung isolation, allowing
for both surgical exposure and dependent lung
ventilation.
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Besides these mechanical issues that result in
pulmonary dysfunction, there are systemic se-
quelae related to CPB that can have deleterious
physiologic effects as well. The inflammatory re-
sponse includes activation of mediators such as
interleukins, leukotrienes, and polymorphonu-
clear cells that have been implicated in lung in-
jury. Leukocyte depletion, hemofiltration, use
of asanguineous prime, preoperative treatment
with steroids, and intraoperative aprotinin have
all been used to attenuate the inflammatory re-
sponse. However, attempts to mitigate the inflam-
matory response or its sequelae have not been
successful. In fact, Chaney et al. [12] showed that
patients receiving methylprednisolone actually
had worsened post-CPB pulmonary function. It
was believed that aprotinin had anti-inflammato-
ry properties that might reduce some of the end-
organ damage seen, but given the controversies
surrounding this drug, its routine use has been
questioned.

Recommendations

o Lung collapse during CPB, on discontinuation
of ventilation, occurs invariably in patients
undergoing OHS. The collapsed lungs generally
re-expand on manual inflation and resumption
of IPPV. Minor areas of lung collapse are of no
clinical significance.

o The clinical manifestations of significant lung
collapse during separation from CPB may
include raised central venous pressure, visible
or echocardiographic demonstration of RV
distension with or without interventricular
septum shift with or without impaired left
ventricular filling, increased pulmonary artery
pressure, systemic hypotension, tachycardia,
decreased peripheral saturation, visible
differential ventilation of the lung if the pleura
is opened.

« Careful ET suction and/or repositioning of
the ET tube generally resolves the airway

Neema - Manikandan - Rathod



issues. The fiberoptic bronchoscopy allows
the anesthesiologist to visualize the ET tube
position, tracheobronchial anatomy, the
physical characteristics, the quantity, and the
source of the secretions. However, suctioning
through small scopes may be suboptimal,
especially when thick secretions are present.
Bronchoscopyalsoassistsin repositioninganew
ET tube endobronchially for direct ventilation
and recruitment of the collapsed lung.

Ventilation with modest tidal volume (5-7
ml/kg) and careful preloading of the RV

help separation of the patient from CPB. A
decreasing peak airway pressure indicates
alveolar recruitment and allows further
increases in tidal volume and RV preload. In
the presence of lung collapse and increased
central venous pressures, protamine should be
administered carefully.

Application of CPAP of 2-5 cm during CPB
allows easy re-expansion of the collapsed lung
on manual inflation.
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Abbreviations

ASA American Society of Anesthesiologists

ECG Electrocardiography

iMRI Intraoperative magnetic resonance imaging
MR Magnetic resonance

MRI' Magnetic resonance imaging

OR  Operating room

MRI technology has gradually acquired a promi-
nent role in the iMRI environment. This modern
equipment can provide substantial benefits when
incorporated as a diagnostic, monitoring and
treatment tool in the iMRI setting. At the same
time, incorporating the MRI technology can add
an extra challenge for the anesthesiologist and
healthcare providers involved. Safety, for both the
patient and the OR staff, and adequate monitoring
are the main concerns for the anesthesia provider
when dealing with MRI equipment into the OR.
As in many surgical environments, the primary
goals of the anesthetic management in the iMRI
setting are to avoid heart rate and blood pressure
fluctuations, hypoxia, hypercapnia, to prevent in-
creased venous pressure, and to allow for a rapid
recovery, which in turn allows for an early neuro-
logical assessment [1].

In order to accomplish optimal anesthesia
management in the iMRI setting, there are several
special considerations that need to be addressed,
including the OR design, whether the equipment

is MRI-compatible or not, patient monitoring,
safety and personnel.

The design of the OR requires special consid-
erations in terms of size, logistics, and distribution
of space and equipment. The room must be larger
than the standard ORs in order to allow enough
space for the equipment and allow proper access to
the patient. The challenge of being able to balance
the requirements of access to the patient and the
magnetic field strength in and around the room
must be taken into consideration. A larger room
will allow enough space to install an MRI ma-
chine, a portable shield, if required, and to move
the patient in and out of the MRI core. A larger
room can also facilitate the transit of an increased
number of hospital personnel, who are required
in the iMRI suite to provide adequate care of the
patient. The size of the room should also allow for
the incorporation of special ‘MR-safe’ equipment,
designed to minimize interference from the mag-
netic field, and to ensure an adequate distance
from the location where this field is the stron-
gest. Since these devices have some ferromagnet-
ic properties, maintaining a specific distance from
the magnet is required in order to avoid attraction
of these objects into the magnet.

The specific room design will be determined
according to the use of the scanner and the types
of procedures to be conducted in that OR. MRI
in the OR may be used for solely monitoring pur-
poses or for surgical guidance during a procedure.



These applications need to be taken into consid-
eration for the final design. Monitoring surgi-
cal progress and tissue changes, and confirming
the accomplishment of the surgical goal can be
achieved with intermittent imaging performed
at predetermined points during the operation.
Conversely, in the case of continuous real-time
MR guidance of surgical tools such as biopsy nee-
dles, endoscopes, or laser fibers, throughout the
procedure demands a more sophisticated MRI
system [2].

Currently, there are two types of ORs that
have been designed which incorporate the MRI
technology. In the first, the MRI is incorporat-
ed into the permanent construction of the OR.
This is more frequently used with high-field MRI
technology. This structure is permanent and al-
locates the OR entirely for iMRI use. The sec-
ond is a mobile design, which is compatible with
most models of low-field MRI scanners. This de-
sign requires the use of a portable shield or por-
table Faraday cage. This design renders the OR
suitable for two different uses, with the iMRI and
without, the latter allows its use as a regular OR.
The unique design of the portable cage requires a
closed shield so that it collapses into the shape of
an accordion when not in use. The bottom of the
cage is a permanent stainless steel shield, which
is located under the OR table. The shiny finish
of the stainless steel plate below the OR table can
reflect onto the images causing artifacts and cor-
ruption on image appearance. Therefore, a matte
finish is recommended for the floor shield of the
Faraday cage.

Additionally, the bottom of the accordion-
shaped shield must have an aluminum foil type
wrapping that when making contact with the
floor will act as an impermeable shield. It is criti-
cal to ensure that the bottom of the Faraday cage
surrounding the stainless steel plate is proper-
ly positioned to provide adequate sealing of the
cage. Devices, such as infusion pumps, plasma
and liquid crystal displays, physiologic monitors,
and computers can generate a detectable electric
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noise trace. The Faraday cage has been specially
designed to minimize the impact of this low-ener-
gy electric noise on the magnetic field and there-
fore the quality of the images [3].

In order to decrease the interference with the
magnetic field as much as possible and achieve
high-quality interpretation, the set-up of the OR
in preparation for the scanning is crucial. The set-
up usually involves a multi-step process from pa-
tient positioning, to portable shield preparation,
to monitoring equipment placement. The anes-
thesiologist must take into consideration that the
use of tubing extension is required in order to ad-
equately reach the patient. It is also necessary to
have more than one intravenous access, teleme-
try ECG monitoring, fiberoptic temperature skin
probes, pulse oximeter, blood pressure cuff, and
vital signs monitors. All of these must be arranged
properly so as to minimize the possibility of mov-
ing, interrupting, or disconnecting the breathing
circuit, infusion lines, or monitoring cables with
the Faraday cage. This preparation requires the
involvement of numerous trained hospital staff
in order to have the patient safely ready for the
magnet to be positioned and be able to initiate
the scanning. Barua et al. [4] described a learning
curve effect in the set-up time that significantly
decreased the set-up time with increased training
of the staff.

There are also certain constraints and hazards
to consider when incorporating MRI technology
into the OR environment. These are mainly re-
lated to the monitoring equipment, anesthesia
machine, and infusion devices. According to the
ASA, monitoring standards of the patient’s venti-
lation, circulation, temperature, and oxygenation
should be continuously evaluated throughout the
entire procedure. A restriction of the portable
iMRI setting is that during the time the patient
is inside the Faraday cage, within the bore of the
scanner, they are not under direct supervision or
visibility of the anesthesiologist for the duration
of the scan. During this period, it is essential to
assure adequate temperature control, continuous
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ventilatory support, intravenous drugs or con-
trast media infusions, and inhalation anesthetics,
in compliance with the ASA guidelines [5]. The
anesthesiologist must also be certain that the ap-
propriate drugs and equipment are readily avail-
able in case of encountering unexpected airway or
cardiovascular complications [1].

The role of the anesthesiologist is most im-
portant when promoting safety in order to mini-
mize accidents associated with the iMRI technol-
ogy. To ensure adequate patient monitoring and
supervision, the anesthesiologist must perform a
detailed MRI compatibility preoperative exami-
nation. This exam should include exploring for
history of acquired or implanted metallic devices
in the patient, such as cerebrovascular clips, car-
diac pacemakers, stents, bullets, braces, dentures,
or even extensive tattoos. These metallic devices
may generate imaging artifacts, may move from
their place and cause trauma, or may even heat up
and produce severe burns.

The anesthesiologist must be hasty to request
MR-compatible medical supplies to avoid such
complications. For instance, a specific detail to
remember when fastening the endotracheal tube
by inflating the safety balloon, the balloon needs
to be drawn away from the patient’s face. The
safety balloon from the endotracheal tube has a
metallic component that can cause serious burns
to the patient’s skin. In some institutions the use
of temperature Foley catheters is very common.
The anesthesiologist must be aware that for iMRI
these catheters must not be used and instead, re-
placed with a standard Foley catheter without
a temperature probe. The temperature probe is
also metallic and can produce severe local burns
in the bladder and proximal urethra. For tem-
perature monitoring, a MRI-compatible probe is
recommended.

During the scan, the magnet will generate
a strong magnetic field that can interfere with
monitoring and anesthetic equipment. This may
affect or cause failure of electrical, electron-
ic, or mechanical life support and monitoring
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equipment [6]. At the same time, the monitoring
equipment can interfere with the nuclear mag-
netic signals, leading to poor-quality images [1].
Special non-ferromagnetic equipment has been
designed over time to decrease interference as
much as possible with the iMRI system, and in
turn obtaining the highest quality imaging as
possible. Unfortunately, this results in consider-
able cost increments.

Non-magnetic MRI equipment available in-
cludes continuous infusion pumps and vital signs
monitors. There are also non-magnetic MRI lar-
yngoscope handles and blades that function with
non-magnetic MRI lithium laryngoscope batter-
ies. It is important to point out that the recharge-
able batteries should never be recharged in the
presence of the electromagnetic field.

Other important aspects to take into consid-
eration when providing anesthesia in the iMRI
setting is the length of the different tubing sys-
tems required. In order for the intravenous tub-
ing to reach the patient within the Faraday cage,
itis necessary to use extension tubing. Adequately
long breathing tubes are also required due to the
remote location of the anesthesia machine. This
extended anesthesia circuit may pose additional
challenges for the anesthesia provider to maintain
adequate ventilation and administration of drugs.
The dead space from the extensions creates a time
delay upon the administration of volatile anes-
thetics and drugs before the expected onset of ef-
fects can be observed [3].

One of the most vulnerable signals affected by
the high-energy radiofrequency pulses and elec-
tric noise generated by the iMRI technology is the
ECG signaling. This can be decreased by the use
of safeguarded cables, telemetry, or fiberoptic ma-
chinery [1]. The use of telemetry for ECG elimi-
nates the use of wires. The ECG electrodes must
be non-magnetic or ‘MR-safe’ to protect the pa-
tient from potential injuries and should be placed
carefully to minimize MRI-related artifacts [7].
The use of special shielded non-magnetic MRI
pulse oximeters is also recommended.

Bergese - Puente



Equipment can be modified so that it can be
used within a range from the MRI scanner and
therefore can be designated as either ‘MR-safe,
‘MR-unsafe’ or ‘MR-conditional. Equipment that
is ‘MR-compatible’ not only is proven safe but
does not interfere with the quality of the scanner.
Some special equipment considerations when
monitoring a patient during iMRI [8-10] include
the following: (1) Blood pressure: utilize MRI-safe
or MRI-compatible blood pressure monitors. (2)
ECG: only MRI-compatible ECG pads should be
used and the use of special MRI-compatible elec-
trocardiographic leads is recommended in or-
der to minimize interference with the readings.
(3) Ventilation: consider visibility impairment of
chest movements. We recommend the use of re-
spiratory capnography that is usually available in
MR-compatible systems. (4) Oxygenation: to pre-
vent severe burns from the pulse oximeter cables
we recommend the use of MR-specific fiberop-
tic pulse oximeters which do not overheat. (5)
Temperature: the magnet may produce overheat-
ing during the scan or the temperature may de-
crease from the air conditioning required to pro-
tect the superconductors.

Finally, patients should be educated on this
procedure prior to undergoing their surgery un-
der iMRI techniques, as well as the hospital staff
should be adequately trained and requested to
complete a detailed MRI compatibility exam,
when required to ambulate within the iMRI
setting.
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Abbreviations

TEA Thoracic epidural anesthesia
VATS Video-assisted thoracoscopic surgery

VATS is now routinely employed to perform non-
anatomical pulmonary resections in a number of
neoplasticand non-neoplastic conditions. In these
instances, general anesthesia with one-lung ven-
tilation is considered mandatory to accomplish a
safe operation. However, the use of this type of an-
esthesia can induce several adverse effects [1] that
increase the overall invasiveness of the procedure
with a potentially negative impact on morbidity
and hospitalization time.

In order to avoid these detrimental effects, we
have started in 2001 a clinical research program
of VATS pulmonary resections performed by sole
TEA in spontaneously ventilating, awake patients
[2-4]. So far, awake VATS resection of undeter-
mined nodules [2], solitary metastases [3], and
even non-small cell lung cancer have been re-
ported [4]. In these early series, results have been
encouraging although awake VATS pulmonary
resections must be still considered investigation-
al procedures since indications, comparative re-
sults with standard surgical approaches and many

pathophysiological aspects remain to be elucidat-
ed. Moreover, currently, few surgeons do perform
awake thoracic surgery procedures and some
skepticism still survives regarding their feasibility
and potential advantages.

In this article we sought to review the current
state of the art of this fascinating, newly available
surgical option.

Background

Videothoracoscopy
The first thoracoscopy probably dates back to 1865
when the Irish physician Francis Richard Cruise
employed a modified Désormeaux’s cystoscope to
perform a binocular thoracoscopy in an 11-year-
old girl with empyema. Nonetheless, the Swedish
internist Hans Jacobaeus contributed to dissemi-
nate this minimally invasive technique that he ini-
tially employed to sever pleural adhesions and thus
help lung collapse during the Forlanini’s artificial
pneumothorax [5]. Following this pioneering work,
thoracoscopy remained underused for decades be-
ing relegated to a minor role in management of un-
determined pleural diseases and effusions.

The eclipse of thoracoscopy lasted until the
early 1990s when the introduction of video



technology and magnified imaging led to the ex-
plosive birth of the modern videothoracoscop-
ic surgery. This minimally invasive surgical ap-
proach was immediately thought to mandate
general anesthesia and one-lung ventilation to al-
low adequate surgical manipulation of the lung
and easy accomplishment of several types of sur-
gical procedures including lung resections.

Awake Thoracic Surgery

As far as the use of regional anesthesia in thoracic
surgery is concerned, in 1950, Buckingham et al.
[6] reported on 617 thoracic surgical operations
including thoracoplasties, pneumonectomies,
plumbage with acrylate pack, lobectomies, and
open pneumolysis, performed through sole epidu-
ral anesthesia. More recently, use of regional anes-
thesia in thoracoscopy was advocated in 1984 by
Boutinetal. [7] in France and in 1987 by Rusch and
Mountain [8] in the USA to diagnose and manage
pleural diseases. Reports of awake VATS pulmo-
nary resection are much more recent and scant;
wedge resection was first reported in 1997 by Nezu
et al. [9] to resect blebs in patients with sponta-
neous pneumothorax, whereas more recently our
group reported on videothoracoscopic resection
of undetermined pulmonary nodules [2].

Anesthesia

Adverse Effects of General Anesthesia
The birth of modern thoracic surgery coincided
with the development of double-lumen endo-
bronchial tubes permitting single-lung ventila-
tion that were adapted for surgery by Bjork and
Carlens [10] in 1950. Unfortunately, despite some
indisputable advantages, general anesthesia with
single-lung ventilation can cause several adverse
effects including hemodynamic disturbances and
a multifactorial mechanical-ventilation-related
injury [1].

Tekinbas et al. [11] have recently shown that
biochemical and histopathologic injury occur in
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collapsed lung during one-lung ventilation pos-
sibly due to generation of oxygen-derived free
radicals as a consequence of a sort of ischemia
reperfusion tissue injury caused by intraoper-
ative-atelectasis-postoperative-reventilation  of
lung tissue. Moreover, Hemmerling et al. [12]
have recently shown that 70% of patients under-
going thoracic surgery with one-lung ventilation
longer than 1 h suffered from cerebral desatura-
tion >20% from their baseline. This level of deox-
ygenation is accepted as the threshold of cerebral
ischemia and can be associated with a high inci-
dence of postoperative cognitive and major cere-
bral dysfunction.

Physiologic disturbances associated with sin-
gle-lung ventilation in the lateral position include
hypoxic pulmonary vasoconstriction in the non-
dependent lung, an overall increase in venous ad-
mixture from about 10% to more than 27% [13], a
decrease in oxygen partial pressure, and a change
in alveolar-arterial oxygen tension gradient [14].
In addition, one-lung ventilation has shown to
enhance the hypothalamus-pituitary-adrenal axis
response to surgical stress [15], which eventually
impairs activity of natural killer cells. Yet, a com-
plex series of compartmental changes in both the
ventilated and the non-ventilated lung can stimu-
late local release of pro-inflammatory mediators
and oxidative stress products [1].

The rationale for performing videothoraco-
scopic operations in awake patients through re-
gional anesthesia is to avoid the adverse effects
of general anesthesia and mechanical ventilation,
maintain more physiologic muscular, neurolog-
ic and cardiopulmonary conditions, and create
a satisfactory environment for surgical maneu-
vering while providing optimal thoracic analge-
sia. Nonetheless, some theoretical concerns arise
in this regard since the need of operating on a
ventilating lung may reveal more technically de-
manding and the idea still survives that surgi-
cal pneumothorax in a spontaneously ventilating
patient is poorly tolerated and increases opera-
tive risk.

Pompeo ‘- Tacconi - Mineo



Physiologic Effects of Epidural Anesthesia

In awake patients under local or epidural anes-
thesia, we can attain the best type of monitoring,
namely neurologic vigilance. The net effect of TEA
on lung function is mainly determined by the ex-
tension of the motor blockade depending on the
height of the insertion of the catheter, the choice
oflocal anesthetic and its concentration. Evidence
exists that TEA may potentially impair to some
extent dynamic lung volumes. It has been sug-
gested that following limited sensory block from
dermatome T1 to TS5, vital capacity is decreased
by 5.6% and FEV; by 4.9% [16], an effect which
can be explained by a direct motor blockade of
intercostal muscles. Yet, the effect of sympathi-
colysis could result in an unopposed vagal tone
leading to increased bronchial tone and reactiv-
ity. Nevertheless, we did not find any remarkable
change in small airway flows and Tiffeneau index
during spirometric examinations performed dur-
ing awake VATS. This seems to suggest that TEA
had no significant detrimental effects on bronchi-
al tone in these patients.

TEA improves diaphragmatic contractility
[17] and breathing pattern, and provides better
postoperative analgesia than patient-controlled
intravenous administration of opioids. In fact,
we have reasoned that one of the effects that con-
tribute to keep respiratory function satisfactory
throughout awake VATS, is the maintained dia-
phragmatic motion that might decrease the det-
rimental effect of the abdominal pressure leading
the paralyzed diaphragm to compress the depen-
dent lung during general anesthesia.

Following general anesthesia, early postopera-
tive lung function is influenced by residual mus-
cular relaxation, the time of extubation, pain ther-
apy, and vigilance. In particular, immediately after
an operation, the ability to cough seems to be one
of the most important factors affecting lung func-
tion and depends in great part on the efficacy of
diaphragmatic contraction and pain relief.

Conversely, in awake VATS, the absence of dia-
phragmatic relaxation, better synchronization of

Awake VATS Pulmonary Resections

rib-cage-abdominal motion, and preserved abil-
ity to cough are all contributing factors that justify
the better ventilation observed in these patients
when compared to those operated on through
general anesthesia.

Cardiovascular effects of epidural anesthesia
include decreased determinants of myocardial
oxygen demand, improved myocardial blood flow
and left ventricular function, and reduced throm-
botic-related complications. Furthermore, it has
been shown that epidural anesthesia can reduce
heart rate and occurrence of arrhythmias in pul-
monary resections [16, 18].

Epidural Anesthesia in Awake VATS

TEA is carried out to achieve somatosensory and
motor block from T1 to T8 level, while preserv-
ing diaphragmatic motion. The epidural catheter
is inserted at the T4 level to achieve an optimal
analgesia to the targeted hemithorax. Analgesia is
induced with a 20-cc bolus of 2% ropivacaine +
sufentanil 5 pg/ml and the patient is placed in lat-
eral decubitus position for about 15-20 min with
the side targeted for surgery in a dependent po-
sition to help gravity distribution of anesthetics.
Sensory level is tested every 5 min with warm-
cold discrimination and/or pinprick tests. Care is
taken to avoid extending sympathetic block over
T1 level, which can be disclosed by the develop-
ment of a Bernard-Horner syndrome.

Oral or intravenous premedication with ben-
zodiazepines is useful in anxious patients. We
recommend usage of short-acting sedatives at
minimum dosage to assure a light sedation while
maintaining adequate patients vigilance and
awakeness. Intravenous opioids are preferably
avoided due to their recently described potential
depression of cortical centers controlling volun-
tary respiration [19].

Intraoperatively, continuous infusion of ropi-
vacaine 0.5% with sufentanil 1.66 pg/ml is deliv-
ered into the epidural space at a rate of 5-7 ml/h
via an elastomeric device. Peripheral oxygen satu-
ration is continuously monitored and additional
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O, is given through a Venturi mask only if room
air ventilation leads to a drop of saturation below
90%. A potential intraoperative adverse effect is
the development of a panic attack, which can be
triggered by either an unsatisfactory analgesia or
by dyspnea that may occur following induction
of the surgical pneumothorax, particularly in pa-
tients with poor pulmonary function and hyper-
capnia. Although the exact etiology of panic at-
tacks is still unknown, it has been suggested that
an abnormal sensitivity to CO, and disturbances
of acid-base balance in brainstem could trigger an
erroneous ‘suffocation alarmy’ by the locus coerule-
us neurons [20].

During wound closure, the epidural anesthet-
ic regimen is changed to ropivacaine 0.16% and
sufentanil 1 pg/ml at 2-5 ml/h for postoperative
analgesia. The epidural catheter is removed 24-48
h after surgery. Postoperatively, liquids infusion is
stopped immediately and drinking, meal intake,
ambulation and physiotherapy can be started on
the same day of surgery [4].

Surgery

Physiolologic Effects of Surgical Pneumothorax

In physiologic conditions, intrapleural pressures
are negative throughout most of the respiratory
cycle. Instead, during awake videothoracoscopic
surgery procedures, atmospheric air enters the
pleural cavity and induces an immediate collapse
of the non-dependent lung, the degree of which is
related to a series of factors including absence of
pleural adhesions anchoring the lung to the chest
wall, the elastic properties of the lung and resis-
tances of the airways.

Regarding the effect of an open pneumotho-
rax on oxygenation, some human and animal in-
vestigations suggested that changes in ventilation/
perfusion ratio are more relevant that impair-
ment in ventilation. Anthonisen [21] found that
a pneumothorax of 25-40% in extent is associated
with an even redistribution of ventilation in the
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collapsed lung, which alters the physiologic re-
gional ventilation/perfusion ratios within the lung
and seems to play a major role in determining the
degree of intraoperative hypoxia. However, in our
clinical experience, we have found that following
the surgical pneumothorax, the decrease in arteri-
al oxygenation is usually of limited extent and can
be corrected by oxygen administration through a
Venturi mask. A hypothetical explanation of this
effect might be that a certain ventilatory excursion
is still maintained in the collapsed lung despite
the presence of intrapleural atmospheric pressure
[22]. In addition, it is likely that in most instanc-
es a sufficient degree of compensatory ventilation
is assured by the dependent lung whose efficien-
cy is increased by the maintained diaphragmatic
function.

A frequent finding in awake VATS is the devel-
opment of intraoperative hypercarbia [23]. In this
respect, although the reduced tidal ventilation
may be regarded as the major causative mecha-
nism, this fails to explain why sometimes hyper-
carbia is not paralleled by a relevant decrease in
oxygenation. We hypothesize that perioperative-
ly, a certain degree of rebreathing effect may oc-
cur due to the existence of inter-pleural pressure
gradients. Nonetheless, the increase in PaCO, is
usually well tolerated even in patients with severe
emphysema [23] and rarely requires conversion
to general anesthesia and mechanical ventilation.
Yet, we have shown that it resolves within 1 h after
the completion of the awake surgical procedure
[24] (fig. 1).

Awake VATS Resection of Undetermined
Pulmonary Nodules

Overall, all candidates suitable of videothoraco-
scopic resection of a pulmonary nodule and who
have no contraindications for TEA are theoreti-
cally eligible for an awake approach. In a random-
ized comparison of 60 patients with undetermined
solitary pulmonary nodules who underwent tho-
racoscopic wedge resection through either sole
TEA or general anesthesia with double-lumen
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Fig. 1. Perioperative behavior of PaO,/FiO, ratio and PaCO, assessed at four fixed time intervals: T1 = closed chest in
lateral decubitus; T2 = after creation of the surgical pneumothorax; T3 = end of the surgical procedure; T4 = 1 h after

the operation.

intubation plus TEA [11], we had found no differ-
ence in technical feasibility although 2 patients in
each group required conversion due to unexpect-
ed lung cancer requiring lobectomy. Comparative
results amongst study groups showed that anes-
thesia satisfaction score, changes in arterial oxy-
genation, need of nursing care and median hos-
pital stay were significantly better in the awake
group [2].

It is likely that in spontaneously ventilating
awake patients, avoidance of general anesthe-
sia- and single-lung-ventilation-related adverse
effects resulted in a more physiologic lung re-
expansion and a faster recovery with immediate
resumption of normal daily life activities. As a re-
sult, 47% of the patients in the awake group could
be discharged within the second postoperative
day whereas this was possible only in 17% of pa-
tients in the control group.

Awake VATS Pulmonary Metastasectomy
Videothoracoscopic pulmonary metastasectomy
is advocated in patients with single peripheral
lung lesions although the accuracy of digital and
instrumental lung palpation by VATS has been
questioned.

Awake VATS Pulmonary Resections

Our surgical strategy in patients with pul-
monary metastases is based on the assumption
that since iterative operations can be required to
prolong survival, it might be better to employ
a less invasive surgical approach initially, while
deserving more aggressive ones for eventual re-
explorations in case of relapse. For this reason,
in 1999 we had developed the transxiphoid ap-
proach [25] that allowed to accomplish biman-
ual palpation of the lung during VATS metas-
tasectomy to help identify all lung lesions that
might have been missed by sole instrumental
palpation.

More recently, we have proposed a new sur-
gical approach entailing awake VATS metasta-
sectomy through TEA [3] in order to minimize
surgical and immunological stress that has been
hypothesized as a potential cause of further can-
cer metastasization.

Eligibility criteria include complete control of
the primary tumor and absence of extrapulmo-
nary metastases, a newly discovered solitary pul-
monary nodule localized in the peripheral one
third of the lung and measuring <3 cm at the
helical computed tomography. Exclusion crite-
ria included the presence of multiple metastases,
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radiologic evidence of pleural scarring and/or a
history of previous thoracic surgery on side tar-
geted for metastasectomy.

Ina 14-patient cohort undergoing awake VATS
metastasectomy at our institution, the procedure
was easily and safely accomplished in all patients
under sole TEA with no operative mortality or
major morbidity. Awake pulmonary metastasec-
tomy resulted in optimal patient acceptance and
satisfaction which was rated as excellent to good
in 12 patients (86%). Hospital stay was signifi-
cantly shorter than in a control group operated
through general anesthesia, while oncologic re-
sults and survival were similar [3].

Awake VATS Resection of Lung Cancer

Resection of lung cancer represents the most pro-
vocative indication for awake VATS pulmonary
resection although it is worth noting that in a re-
cent series even awake anatomic lung resections
through thoracotomy have been reported by Al-
Abdullatief et al. [26].

Proposed inclusion criteria for awake resec-
tion of lung cancer include peripheral stage I le-
sions, poor pulmonary function or other impor-
tant comorbidity leading to consider the patient
high-risk for anatomical resection and/or even
sole general anesthesia [4]. A further indication
for this approach might entail the resection of pe-
ripheral tumors in medically inoperable patients
already treated with non-surgical local therapies
such as percutaneous radiofrequency ablation or
stereotactic radioablation.

Our initial results have been encouraging and
in the first patients operated on there was no mor-
tality or major morbidity with satisfactory 2-year
survival.
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Organ transplantation is an established therapeu-
tic modality for the end-stage organ failures. It has
been used as a life-saving treatment modality for
decades. As a matter of fact, the incremental ap-
plication of organ transplantation increased the
demand for donor organs. The main limitation of
its wider application is the availability of suitable
donor organs. Thislimitation put forwards the use
of marginal donor organs in order to increase the
donor pool. Especially brain-dead donors consti-
tute an alternative organ pool. However, the irre-
versible loss of the brain functions inevitably leads
to a progressive deterioration in function of the
donor organs. The various described mechanisms
of organ injury and cellular death are predomi-
nantly related to ischemia and reperfusion which
account for the majority of graft loss, although
the importance of a well-functioning organ in the
recipient is of utmost importance for the success
of transplantation. The present methods of pre-
venting ischemia are regional or total body per-
fusion with chemicals and application of hypo-
thermia. However, the beneficial effects of these

techniques are limited. Organ preservation is a
field of increasing importance due to the advances
in transplantation medicine but unfortunately an
excellent system for the preservation of harvested
organs has not yet been defined. Hopefully, hy-
perbaric oxygen seems to be a promising candi-
date as a bridge to transplantation by keeping the
donated organs viable. A number of studies have
demonstrated that hyperbaric oxygen therapy
influences reperfusion injury and consequential
acute cellular rejection. Hyperbaric oxygen thera-
py is a technology that involves oxygen treatment
at supra-atmospheric pressures in high concen-
trations, generating increased levels of physically
dissolved oxygen in plasma. This form of trans-
ported oxygen, compared with oxygen chemically
bound to hemoglobin, is able to enter tissues with
almost no blood flow. Recent evidence also sug-
gests a correlation between the severity of reper-
fusion injury and acute cellular rejection which
further causes organ damage. Acute cellular re-
jection affects approximately 30-40% of patients
after transplantation and adds significantly to the
postoperative morbidity and overall cost of trans-
plantation. Hyperbaric oxygen therapy has been
shown to reduce the severity of reperfusion inju-
ry as well as modulate both humoral and cellular
immune response. Organs procured from brain-
dead hyperbaric oxygen-treated donors have less



cellular injury from ischemia, reperfusion, and
the no-reflow phenomenon, thus yielding organs
in an optimized state for transplantation. Treating
the harvested organs with hyperbaric oxygen car-
ries the potential benefit of better preservation
prior to reimplantation.

Main Topics

Brain Death. The death of the brain is associated
to an autonomic storm causing the massive release
of circulating endogenous catecholamines. Light
and electron microscopy of organs procured from
experimental animals and human brain-dead or-
gan donors shows typical catecholamine-calcium-
induced injury, which results from the tissue isch-
emia-reperfusion [1]. Brain death leads to a series
of pathophysiological changes referred to as the
autonomic storm (an initial period of excessive
parasympathetic activity followed by a significant
adrenergic activity) which cause a significant im-
pact on major organs used for transplantation
[2]. The catecholamines activate lipases, proteas-
es, and endonucleases, while nitric oxide synthase
leads to further decay in membrane channel in-
tegrity and increased oxygen free radical produc-
tion. Oxygen free radicals participate in the per-
oxidation of lipids and injure the endothelium
and cell membranes, resulting in a net loss of cel-
lular integrity. Membrane permeability causes ex-
cess Ca®" influx to the cell which results in further
injury. Cellular aerobic oxidative respiration col-
lapses and the cellular oxygen lack results in in-
tracellular inhibition of cellular energy, although
ion gradients require constant energy at cellular
channels. The failure of the Ca?* channels precipi-
tate the Ca®*-induced injury [2].

Reperfusion Injury. After reimplantation of the
organ the re-establishment of blood flow causes
oxygenation of the ischemic tissues which adds a
new injury related to toxic oxygen free radicals.
The amount of tissue injury caused by reperfusion
seems to be proportional to the ischemic time and

particularly nitric oxide appears to play a role in
this event. The cumulative effect of warm isch-
emia and cold preservation is an energy deficien-
cy within the endothelial cells leading to intracel-
lular edema and exacerbating the hypoxic injury
to the donor organ [3]. These detrimental events
are of paramount relevance in the global under-
standing of tissue injury, as transplanted organs
undergo this process prior to, during and follow-
ing brain dea