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Purpose. Patients with severe acute respiratory distress syndrome (ARDS) and hypercapnia present a formidable treatment
challenge. We examined the use of esophageal balloon for assessment of transpulmonary pressures to guide mechanical ventilation
for successful management of severe hypercapnia. Materials and Methods. Patients with severe ARDS and hypercapnia were studied.
Esophageal balloon was inserted and mechanical ventilation was guided by assessment of transpulmonary pressures. Positive end
expiratory pressure (PEEP) and inspiratory driving pressures were adjusted with the aim of achieving tidal volume of 6 to 8 mL/kg
based on ideal body weight (IBW), while not exceeding end inspiratory transpulmonary (EITP) pressure of 25 cm H, O. Results. Six
patients with severe ARDS and hypercapnia were studied. Mean PaCO, on enrollment was 108.33 + 25.65 mmHg. One hour after
adjustment of PEEP and inspiratory driving pressure guided by transpulmonary pressure, PaCO, decreased to 64.5 + 16.89 mmHg
(P < 0.01). Tidal volume was 3.96 + 0.92 mL/kg IBW before and increased to 7.07 + 1.21 mL/kg IBW after intervention (P < 0.01).
EITP pressure before intervention was low with a mean of 13.68 + 8.69cm H,O and remained low at 16.76 + 4.76 cm H,O
(P = 0.18) after intervention. Adjustment of PEEP and inspiratory driving pressures did not worsen oxygenation and did not
affect cardiac output significantly. Conclusion. The use of esophageal balloon as a guide to mechanical ventilation was able to treat

severe hypercapnia in ARDS patients.

1. Introduction

Treating acute respiratory distress syndrome (ARDS) patients
with lung protective ventilation [1] entails limitations on
applied plateau pressure. Patients with excessively low respi-
ratory system compliance may result in markedly low tidal
volume and at times even below the recommended 6 to
8 mL/kg of ideal body weight (IBW). This may culminate in
hypercapnia and severe respiratory acidosis [2, 3].

Due to the low respiratory system compliance, any
attempt to lower PaCO, by increasing alveolar ventilation
may require an increase in inspiratory driving pressure,
which may expose patients to excessively high plateau pres-
sures.

Thus, in such patients, exercising lung protective ventila-
tion may result in severe hypercapnia and severe respiratory
acidosis, consequently leaving us with few treatment options.
In such patients the only option to reverse severe respiratory
acidosis may require the use of measures that remove CO,
extracorporeally [4, 5], while at the same time allowing us to
continue and exercise lung protective ventilation.

The use of esophageal balloon with measurement of
transpulmonary pressure allows us to partition the respira-
tory system into its components and thus better direct inspi-
ratory driving pressure and positive end expiratory pressure
(PEEP). The aim of this report is to describe six consequent
patients with bilateral pneumonia and ARDS, who had
excessively low respiratory system compliance and severe
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hypercapnia with severe respiratory acidosis. The manage-
ment of these patients was guided by measurement of
transpulmonary pressures. Adjustment of inspiratory driv-
ing pressure and PEEP based on transpulmonary pressures
resulted in a dramatic decrease in PaCO, and thus the
avoidance of invasive extracorporeal CO, removal.

2. Methods

Patients described in this report were enrolled in a larger
ongoing study (Clinical Trials.gov number NCT01668368), in
which esophageal balloon is used to direct adjustments in
PEEP and inspiratory driving pressure. This study has been
approved by the local ethics committee in accordance with
the Declaration of Helsinki, and informed consent was
obtained.

For the purpose of this study we have developed inclusion
criteria for recruiting patients and for esophageal balloon
insertion. The purpose of these inclusion criteria was to select
the patients with the most severe respiratory failure with
ARDS who would benefit the most from an intervention that
is guided by esophageal balloon measurements. ARDS was
defined according to the Berlin definition [6].

Eligibility criteria (Figure1l) for insertion of esophageal
balloon included any patient with acute respiratory failure
of any cause who was mechanically ventilated according to
the ARDS network guidelines with a prerequisite of high
inspiratory driving pressure (plateau pressure of up to 25 to
30 cm H,0) and at least one of the following four severity
inclusion criteria: (1) low total respiratory system compliance
(CT), defined as less than 50 mL/cm H, O; (2) P/F ratio of less
than 300 mmHg; (3) need for a PEEP greater than 10 cm H,O
to maintain SaO, of >90%; and (4) PaCO, over 60 mmHg or
PH less than 7.2 that is attributed to respiratory acidosis.

For patient enrolment, eligibility criteria had to be met
within 24 hours of ICU admission or within 24 hours from
commencing mechanical ventilation. Patients with any of the
following were excluded from the study: known bronchial
asthma or chronic obstructive pulmonary disease (COPD),
previous lung or chest wall surgery, previous esophageal
surgery, known achalasia or any other esophageal motility
or spasm disorder, known or suspected esophageal varices,
presence of chest thoracostomy tube that was inserted due
to pneumothorax, and any significant chest wall abnormality
such as kyphoscoliosis.

3. Intervention

Patients were supine and were ventilated by a commercially
available ventilator (Avea, CareFusion Inc., CA, USA). The
ventilator is supplied with a built-in module allowing the
connection of an esophageal balloon catheter for continu-
ous transpulmonary pressure monitoring. Upon fulfillment
of inclusion criteria esophageal balloon was inserted. The
balloon was first inserted into the stomach to a depth of 60 to
70 cm from the incisors. Thereafter, it was slowly pooled cau-
dally until heart beat could be noticed on the esophageal pres-
sure tracing. For further confirmation of correct esophageal
balloon positioning an “occlusion test” was performed. We
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ARDSnet recommendation.

J

Eligibility to enter the study according to

inclusion criteria:

plateau pressure of 25 to 30 cmH, O and at least one of

the following 4 severity criteria:

(1) low total respiratory system compliance (Cr), defined as less
than 50 mL/cmH, O;

(2) P/F ratio of less than 300;

(3) need for a PEEP greater than 10 cmH, O to
maintain SaO, of >90%;

(4) PCO, over 60 mmHg, or PH less than 7.2 that is
attributed to respiratory acidosis.

l

Insertion of esophageal balloon and adjustment
of the following:

(1) PEEP according to transpulmonary end expiratory
pressure;

(2) inspiratory pressure according to transpulmonary
end inspiratory pressure.

FIGURE 1: Inclusion criteria for insertion of esophageal balloon
and patient recruitment into the study. Once esophageal balloon
was inserted, PEEP was adjusted according to end expiratory
transpulmonary (EETP) pressure, with the aim of keeping EETP
slightly positive. Inspiratory driving pressure was adjusted according
to end inspiratory transpulmonary (EITP) pressure, with the aim
of achieving tidal volume of 6 to 8 mL/kg IBW, while keeping EITP
less than 25 cm H, O. PEEP: positive end expiratory pressure. “ ARDS
was defined according to the Berlin definition [6].

have modified the original “occlusion test” [7] by inserting a
thin pressure recording tracheal catheter capable of measur-
ing pressure in air interface.

The tip of the catheter was positioned at the distal end
of the endotracheal tube and close to the carina. There-
after, inspiratory and expiratory tubes of the ventilator were
occluded to allow at least two inspiratory efforts to be made
against an occluded airway (Figure 2). A correct esophageal
balloon position was considered appropriate if the values of
esophageal and tracheal pressures during an inspiratory effort
against an occluded airway were within 10% of each other.

After verifying an appropriate esophageal balloon place-
ment, plateau pressure was measured by applying an inspi-
ratory hold for 1 to 2 seconds at end inspiration, followed
by assessment of transpulmonary end inspiratory and end
expiratory pressures. Thereafter, PEEP was adjusted accord-
ing to end expiratory transpulmonary (EETP) pressure, with
the aim of keeping EETP pressure close to zero or slightly
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TaBLE 1: Characteristics of individual patients on ICU admission and prior to esophageal balloon insertion.
Patient and APACHEII Lung injur P/F faIi\Elrin E)ir ;)rfls Total days on 28-da
L . Age/gender score/predicted g MUY pco, . PEEP 1ng org mechanical Y
main diagnosis . score ratio during peak of - mortality
mortality disease ventilation
(1) Bilateral
pneumonia 49/F 33/60.1% 3.25 141 202 12 5 10 D
+ ARDS
(2) Bilateral
pneumonia 67/M 40/91% 3.75 96 90 15 4 5 D
+ ARDS
(3) Bilateral
pneumonia 84/F 29/67.2% 3.25 99 210 15 4 19 D
+ ARDS
(4) Bilateral
pneumonia 76/M 29/68.7% 4 93 82.5 15 4 58 A
+ ARDS
(5) Bilateral
pneumonia 40/F 27163% 3.25 140 130 10 6 4 D
+ ARDS
(6) Bilateral
pneumonia 81/M 29/67.2% 3.75 81 151 15 5 44 A
+ ARDS

D: dead, A: alive.

*Lung injury severity score uses PaO,/FiO, ratio, CXR, compliance of respiratory system, and level of PEEP. All are scored on a scale 0-4. Sum of scores is
then divided by number of components. A total score greater than 2.5 defines ARDS.
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FIGURE 2: “Occlusion test” Representative pressure tracing of one
of the patients. After the second breath, inspiratory and expiratory
ventilator tubing are occluded (bold arrow). The third and fourth
inspiratory effort are made against an occluded airway. Airway
pressure tracing is occluded and is thus close to zero. However, large
negative deflections can be noticed on the esophageal and tracheal
pressure tracing, and in this case the values of both are close to unity,
thus indicating a proper position of the esophageal balloon. Pyy,:
airway pressure, Py¢: esophageal pressure, and Pyy: tracheal pressure
at the distal end of endotracheal tube and close to the carina.

positive, while achieving oxygenation target of PaO, of 60
to 90 mmHg, or oxygen saturation of 88 to 95%; inspiratory
driving pressure was adjusted according to end inspiratory

transpulmonary (EITP) pressure, with the aim of achieving a
tidal volume of 6-8 mL/kg (IBW), while at the same time not
exceeding EITP pressure of 25 cm H,O.

Lung compliance was calculated by dividing tidal volume
by end inspiratory transpulmonary pressure, while chest
wall compliance was calculated by dividing tidal volume by
pleural pressure. All patients were monitored continuously
with arterial line, heart rate, blood pressure, oxygen satu-
ration, end tidal CO,, and transpulmonary thermodilution
technique with continuous cardiac output assessment using
arterial pulse contour analysis (PiCCO,) (PULSION Medical
Systems AG, Munich, Germany).

Statistical analysis was performed using BMDP [8]. We
compared all the first values with the second values analysis
of variance (ANOVA) with repeated measures.

Due to the small sample size and the relatively large
number of comparisons, a P value of less than or equal to 0.01
was considered statistically significant.

4. Results

Six consecutive patients with severe hypercapnia and a con-
comitant significant hypoxemia requiring moderate to high
PEEP which was set according to the algorithm of ARDSnet
guidelines [1] were enrolled. All six patients had bilateral
pneumonia with ARDS.

In all patients esophageal balloon insertion was successful
and without any complications.

Patient characteristics on recruitment are shown in
Table 1. All had high APACHE II scores, with a mean of
31.16 + 4.75 and a high predicted mortality 69.53 + 10.98.



All had severe hypoxemia requiring the use of moderate
to high PEEP values which was set according to the algorithm
of ARDSnet guidelines. Respiratory parameters of individual
patients and as a group, before and after intervention, are
presented in Tables 2 and 3. The mean P/F ratio on enroll-
ment was 144.25 + 54.15 mmHg and 158.66 + 30.11 mmHg
(P = 0.45) after intervention guided by esophageal balloon
measurements. The mean PEEP value on patient enrolment
was 13.66+2.16 cm H,O and 10.83+5.45cm H,O (P = 0.18)
after intervention.

The mean PaCO, on patient recruitment was 108.33 +
25.65 mmHg and decreased to 64.5 + 16.89 mmHg (P =
0.003), one hour after intervention. Mean tidal volume was
3.96 + 0.92mL/kg/IBW before and increased to 7.07 *
1.21 mL/kg/IBW after intervention (P < 0.001). After 24
hours, PaCO, blood levels along with all the other respiratory
parameters did not change significantly (data not shown).

In five out of the six patients inspiratory driving pressure
was increased to 25 cm H, O and remained unchanged in one
patient.

Assessment of pleural pressure identified very low EITP
pressure in all 6 patients. This allowed us to increase inspira-
tory driving pressure in 4 out of 6 patients. In the remaining
two patients, an unexpected positive EETP was found. Con-
sequently, lowering PEEP in these two patients resulted in
a significant improvement in alveolar ventilation and a
decrease in PaCO, from 140 to 96 mmHg and from 81 to
50 mmHg, respectively (patients 5 and 6 in Table 2).

Concomitantly, lowering PEEP in these two patients
resulted also in an increase in cardiac index from 1.8 to
2.6 L/min/m* and from 3.2 to 3.95L/min/m?, respectively
(patients 5 and 6 in Table 2).

In all patients, intervention guided by esophageal balloon
measurements which included raising inspiratory driving
pressure in five patients and lowering PEEP in two patients
did not affect oxygenation significantly; mean P/F ratio was
144.25 + 54.15 mmHg before and 158.66 + 30.11 mmHg after
intervention (P = 0.45). However, lowering PEEP in patients
5 and 6 has slightly improved P/F ratio from 130 to 135 mmHg
and from 151 to 166 mmHg, respectively.

As expected from the severity and from the predicted
mortality, only 2 out of 6 patients were alive at 28 days. The
direct cause of death in all four patients was sepsis with
multiorgan failure.

5. Discussion

The use of esophageal balloon for assessment of pleural pres-
sure has largely been an investigational tool [9-11]. However,
in recent years, esophageal balloon, although not yet widely
available and accepted, has become commercially available.
Studies published in recent years [12-14] reported on the
successful use of esophageal balloon and its feasibility. The
reports of Talmor et al. [12, 13] demonstrated how ventilation
guided by esophageal balloon improved oxygenation. One
report even showed that ventilation guided by esophageal
balloon may avert the need for extracorporeal membrane
oxygenation (ECMO) in some patients with severe ARDS
(14].
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The interpretation of esophageal balloon measurements
may be compounded by factors such as inappropriate posi-
tion of the balloon in a way that will cause false readings.
However, in our study proper esophageal balloon placement
was verified in all patients by the occlusion test. Furthermore,
during assessment of pleural pressure the weight of medi-
astinal structures such as the heart has to be accounted for.
Washko et al. [15] studied 10 healthy subjects and showed
that mediastinal structures added 3 + 2cm H,O to the
measured esophageal pressure. However, it should be noted
that with increasing airway pressure there is a possibility for
a concomitant decrease of superimposed pressure [16]. This
could partly be explained by a possible shift of blood out of
the thorax with increasing airway and pleural pressure.

Talmor and his group used a similar correction in two
recent reports [12, 13]. They subtracted 3cm H,O for the
possible weight of the heart and another 2 cm H, O to correct
for the effects of air volume within the esophageal balloon
catheter.

Another recent report compared two methods of cor-
rection of measured esophageal pressure and found that
correcting esophageal pressure measurements obtained at
relaxation volume of the respiratory system is more accurate
than using the 5cm H,O offset to account for the weight of
mediastinal structures [17].

Thus, the appropriate correction factor that should be
applied when we interpret esophageal pressure measure-
ments is still controversial. Furthermore, the main goal of
setting up appropriate PEEP is to minimize cyclic recruitment
and derecruitment.

In line with this theory, preventing cyclic recruitment and
derecruitment is probably best achieved when PEEP is set to
attain a slightly positive EETP pressure. For these reasons and
for the sake of simplicity we chose not to subtract from the
measured esophageal value.

In this report we describe six patients with acute respi-
ratory failure (Table 1) who also had low respiratory system
compliance and at the same time severe hypercapnia with
severe respiratory acidosis. All six patients had bilateral pneu-
monia with ARDS. In 3 out of the 6 hypoxemic patients, PEEP
was set to 15cm H,O (guided by the ARDSnet guidelines);
thus in order not to exceed a plateau pressure of 30 cm H, O,
inspiratory driving pressure in these 3 patients could not be
more than 15 cm H,O. This resulted in very low tidal volume
and consequently in severe hypercapnia and respiratory aci-
dosis. A fourth patient had a starting PEEP of 12 cm H, O, and
as in the previous 3 patients a similar inspiratory driving
pressure was still inadequate in terms of alveolar ventilation
and resulted in hypercapnia as well.

Four patients were found to have EETP pressure close to
zero, and therefore raising PEEP further was not necessary.
However, EITP pressure was low (at 16.6, 2.7, 9, and 7.6 cm
H,0O) (Figure 3). Thus, in spite of plateau pressure of close to
30 cm H, O, these low values of EITP allowed us to increase
inspiratory driving pressure from 15 to 25cm H,O (on top
of 15cm H,O of PEEP) (Figure 4). By doing so, plateau pres-
sure exceeded 30 in all 4 patients. However, EITP pressure
remained acceptable and well below the upper safety limit of
25cm H,0.
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TABLE 3: Respiratory and hemodynamic parameters on baseline and 1 hour after intervention guided by esophageal balloon measurements.

Baseline before intervention One hour after intervention P value
PaCO, (mmHg) 108.33 + 25.65 64.5 +16.89 0.003
PH 7.01+0.08 7.20 £ 0.08 <0.001
FiO, (%) 66.66 + 16.32 53.33£5.16 0.08
PEEP 13.66 + 2.16 10.83 + 5.45 0.18
P/F ratio (mmHg) 144.25 £ 54.15 158.66 + 30.11 0.45
Respiratory rate 23.7+6.8 21.7 + 4.3 0.3
Minute ventilation (L/min) 56+1.8 91+14 <0.001
Inspiratory pressure 16.66 + 2.58 24.16 +2.04 0.007
EITP pressure 13.68 £ 8.69 16.76 £ 4.76 0.18
EETP pressure 1.5+5.96 —0.25 + 4.32 0.19
Plateau pressure 28.76 £ 2.77 32.76 £7.20 0.29
Tidal volume (in mL) 244.16 + 69.88 435.0 £103.7 <0.001
Tidal volume (in mL/kg IBW) 3.96 +0.92 7.07 +1.21 <0.001
Total respiratory system compliance 16.56 + 5.9 19.99 £5.73 0.11
Lung compliance” 23.09 £ 8.66 26.717 + 9.67 0.29
Chest wall compliance® 40.5+63.5 8L1+124 0.168
Cardiac index (L/min/m?) 2.98 +0.66 3.21+0.57 0.25

*Compliance in mL/cmH,O.

EITP: end inspiratory transpulmonary pressure, EETP: end expiratory transpulmonary pressure, and PEEP: positive end expiratory pressure.
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FIGURE 3: Relationship between EITP and PaCO,. Patients 1 to 4
had a low EITP which resulted in extremely low tidal volumes.
The increase in inspiratory driving pressure increased EITP with
resulting increase in tidal volumes and eventual decrease in PaCO,.
However, patients 5 and 6 had a high EITP due to inappropriately
high PEEP pressure reflected by the high EETP. Consequently, PEEP
was lowered to obtain a close to zero EETP. The resulting decrease
in EETP resulted also in a decrease in EITP, both of which resulted
in a significant decrease in PaCO, from 140 to 96 and from 81 to
50 mmHg in patients 5 and 6, respectively. EITP: end inspiratory
transpulmonary pressure, EETP: end expiratory transpulmonary
pressure, and PEEP: positive end expiratory pressure.

Not surprisingly, this increase in inspiratory driving
pressure resulted in a significant increase in tidal volume and
minute ventilation and as a result in a significant decrease in
PaCO,.

Increase in inspiratory pressure
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FIGURE 4: Representative pressure tracing of patient number 3.
Inspiratory driving pressure was increased from 15 to 25cm H,O.
Although plateau pressure increased from 28.5 to 38 cm H, O, end
inspiratory transpulmonary (EITP) pressure did not exceed 18.2 cm
H,O (lower pressure tracing). The increased EITP pressure resulted
in a marked improvement in alveolar ventilation and consequent
reduction in PaCO, from 99 to 53mmHg, while at the same
time keeping EITP pressure well within acceptable limits. Pyy:
airway pressure, Py¢: esophageal pressure, and Ppp: transpulmonary
pressure.

Interestingly, the last two patients (patients 5 and 6)
whose PEEP was also determined by the ARDSnet guidelines
were found to have a positive EETP pressure of 10.2 and
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FIGURE 5: Representative pressure tracing of patient number 5. End
expiratory transpulmonary (EETP) pressure is positive at 10.2cm
H,O. In this example, lowering PEEP closer towards zero decreased
EETP pressure and resulted in a marked improvement in tidal
volume and PaCO,. P,,: airway pressure, Pyg: esophageal pressure,
and Pypp: transpulmonary pressure.

7.4 cm H, O, respectively. The positive EETP pressure in these
two patients could be explained by inappropriately high
PEEP values. Furthermore, once PEEP was lowered to a
value that would result in EETP pressure that was close to
zero, a significant improvement in gas exchange and tidal
volume was noticed immediately (Figure 5). Tidal volumes
per IBW increased from 3.21 and 3.8 mL/kg IBW to 6.25 and
6.76 mL/kg IBW, respectively (patients 5 and 6 in Table 2).
Lowering inappropriately high PEEP to approximate pleural
pressure resulted also in a considerable increase in cardiac
output (patients 5 and 6 in Table 2).

Thus, in these patients with severe ARDS and poor
lung compliance, exercising lung protective ventilation by
following the ARDSnet guidelines with limitations on applied
plateau pressure resulted in extremely low tidal volumes and
consequently in severe respiratory acidosis. In these patients,
in order not to exceed a plateau pressure of 30 cm H, O, setting
up PEEP of 12 to 15 cm H, O left room for a limited inspiratory
driving pressure of not more than 15 to 18 cm H,O.

Accordingly, while such inspiratory driving pressures
would suffice most patients and would result in adequate
alveolar ventilation with reasonable PaCO, levels, following
ARDSnet guidelines in these 6 patients with low respiratory
system compliance has resulted in alveolar hypoventilation
with extremely low tidal volumes (mean 3.96 + 0.92 mL/kg
IBW).

Severe hypercapnia with respiratory acidosis is associated
and impaired right ventricular function and hemodynamics
(18]. Thus, under normal circumstances, patients with such
a severe hypercapnia would have been considered as candi-
dates for extracorporeal removal of CO, (such as pumpless
extracorporeal lung assist, PECLA). These measures are

invasive and necessitate the insertion of large bore indwelling
intravascular catheters for vascular access. Such invasive
measures for extracorporeal CO, removal are associated with
a significant rate of complications and include hemolysis,
coagulation disorders, technical complications, and vascu-
lar complications such as compartment syndrome and leg
ischemia [19-22].

Thus, the use of esophageal balloon with measurements
of esophageal pressure as a surrogate for pleural pressure
allowed us to better direct inspiratory driving pressure and
PEEP and optimize them individually for each patient.

Furthermore, by assuming that a particular patient has
high pleural pressure, one could argue that esophageal
balloon use may be avoided simply by increasing inspira-
tory driving pressure in all patients with high PEEP and
clinical suspicion of high pleural pressure. However such a
generalized approach would theoretically overestimate actual
pleural pressure in some patients, resulting in excessively high
transpulmonary pressure. In the report of Talmor et al. [13],
3 out of 31 patients in the esophageal balloon group had high
EETP pressure, and, in order to avoid high EETP pressure,
PEEP had to be decreased in these 3 patients. Similarly, in our
report in two out of six patients, pleural pressure was found
to be unexpectedly low with positive EETP pressure. Without
knowledge of the true EETP pressure, blindly increasing
inspiratory driving pressure in these two patients would most
likely have resulted in further increase in shunt fraction
and decrease in cardiac output. Thus, the use of esophageal
balloon in these two patients allowed us to correctly identify
the existence of positive EETP pressure. The logical interven-
tion of lowering PEEP to meet or approximate a zero EETP
pressure resulted in a significant improvement in alveolar
ventilation and cardiac output, without necessarily worsening
oxygenation. In fact by lowering inappropriately high PEEP,
P/F ratio has improved slightly from 130 to 135 mmHg and
from 151 to 166 mmHg in patients 5 and 6, respectively.

There are a few limitations in this report. First is its
size. However, it should be noticed that patients with severe
ARDS and a concomitant severe respiratory acidosis to an
extent reported in this small series are hard to come by.
Secondly, this was not a comparative study. Ideally, two
treatment modalities should have been compared, namely,
extracorporeal removal of CO, and esophageal balloon
guided ventilation. However, such a comparative study would
entail an enormous effort, possibly multicenter and interna-
tional. Furthermore the feasibility of such a future study is
questionable, since the availability of esophageal balloon and
extracorporeal CO, removal is still limited. Nevertheless, this
report presents another treatment option that is less invasive,
is easily accomplished where available, and, at least in the six
patients in our report, averted the need for extracorporeal
devices. There is no doubt that larger studies are needed
to answer whether esophageal balloon guided mechanical
ventilation is also associated with decreased mortality.

6. Conclusion

The use of esophageal balloon as a guide to mechanical venti-
lation may treat severe hypercapnia with severe respiratory



acidosis in patients with ARDS and avert the need for
extracorporeal removal of CO,.

7. Key Messages

(i) Esophageal balloon measurements may guide adjust-
ments of mechanical ventilation in each patient, based
on individual lung mechanics.

(ii) Assessment of transpulmonary pressures may assist
in averting severe hypercapnia.

(iii) High plateau pressure is not necessarily associated
with high transpulmonary pressure.

Abbreviations

ARDS: Acute respiratory distress syndrome
PEEP: Positive end expiratory pressure

EITP: End inspiratory transpulmonary pressure
EETP: End expiratory transpulmonary pressure
IBW: Ideal body weight.

Conflict of Interests

The authors declare that they have no competing or any other
conflict of interests. They also declare that this study was not
supported by any commercial organization.

Authors’ Contribution

Arie Soroksky conceived and designed the study. Julia
Kheifets participated in the design of the study and statistical
analysis. Zehava Girsh Solomonovich participated in the
design and patient recruitment. Emad Tayem participated
in statistical analysis and patient recruitment. Balmor Gingy
Ronen participated in patient recruitment and data collection
and acquisition. Boris Rozhavsky participated in study design
and final drafting of the paper. All authors read and approved
the final paper.

Acknowledgment

The authors wish to thank Mrs. Lila Pninos for her invaluable
help with statistical analysis.

References

(1] R. G. Brower, M. A. Matthay, A. Morris, D. Schoenfeld, B.
T. Thompson, and A. Wheeler, “Ventilation with lower tidal
volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome,” The
New England Journal of Medicine, vol. 342, no. 18, pp. 1301-1308,
2000.

[2] A. Ohmura, M. Sha, and J. Katagiri, “How far can we go with
permissive hypercapnia? A case presentation and some biased
comments with emphasis on maintaining normal haemoglobin
level,” Acta Anaesthesiologica Scandinavica, vol. 39, no. s107, pp.
209-213,1995.

BioMed Research International

[3] M. N. Chonghaile, B. Higgins, and J. G. Laffey, “Permissive
hypercapnia: role in protective lung ventilatory strategies,’
Current Opinion in Critical Care, vol. 11, no. 1, pp. 56-62, 2005.
M. Fitzgerald, J. Millar, B. Blackwood et al., “Extracorporeal
carbon dioxide removal for patients with acute respiratory
failure secondary to the acute respiratory distress syndrome: a
systematic review; Critical Care, vol. 18, no. 3, article 222, 2014.

=

[5] P. Terragni, G. Maiolo, and V. M. Ranieri, “Role and potentials
of low-flow CO, removal system in mechanical ventilation,”
Current Opinion in Critical Care, vol. 18, no. 1, pp. 93-98, 2012.

[6] V.M. Ranieri, G. D. Rubenfeld, B. T. Thompson et al., “Acute res-
piratory distress syndrome: the Berlin definition,” The Journal
of the American Medical Association, vol. 307, no. 23, pp. 2526
2533, 2012.

[7] A. Baydur, P. K. Behrakis, W. A. Zin, M. Jaeger, and J. Milic-
Emili, “A simple method for assessing the validity of the
esophageal balloon technique,” The American Review of Respi-
ratory Disease, vol. 126, no. 5, pp. 788-791, 1982.

[8] W. J. Dixon, Ed., BMDP Statistical Software, University of
California Press, Los Angeles, Calif, USA, 1993.

J. Milic-Emili, J. Mead, J. M. Turner, and E. M. Glauser,
“Improved technique for estimating pleural pressure from
esophageal balloons,” Journal of Applied Physiology, vol. 19, pp.
207-211, 1964.

[10] B. D. Higgs, P. K. Behrakis, D. R. Bevan, and J. Milic Emili,
“Measurement of pleural pressure with esophageal balloon in
anesthetized humans,” Anesthesiology, vol. 59, no. 4, pp. 340-
343, 1983.

[11] A.N. Hurewitz, U. Sidhu, E. H. Bergofsky, and A. D. Chanana,
“How alterations in pleural pressure influence esophageal pres-
sure,” Journal of Applied Physiology: Respiratory, Environmental
and Exercise Physiology, vol. 56, no. 5, pp. 1162-1169, 1984.

[12] D. Talmor, T. Sarge, C. R. O’Donnell et al., “Esophageal and
transpulmonary pressures in acute respiratory failure,” Critical
Care Medicine, vol. 34, no. 5, pp. 1389-1394, 2006.

[13] D. Talmor, T. Sarge, A. Malhotra et al., “Mechanical ventilation
guided by esophageal pressure in acute lung injury,” The New
England Journal of Medicine, vol. 359, no. 20, pp. 2095-2104,
2008.

[14] S. Grasso, P. Terragni, A. Birocco et al., “ECMO criteria for
influenza A (HINI)-associated ARDS: role of transpulmonary
pressure,” Intensive Care Medicine, vol. 38, no. 3, pp. 395-403,
2012.

[15] G. R. Washko, C. R. O’Donnell, and S. H. Loring, “Volume-
related and volume-independent effects of posture on esophag-
eal and transpulmonary pressures in healthy subjects;” Journal
of Applied Physiology, vol. 100, no. 3, pp. 753-758, 2006.

[16] P. Pelosi, M. Goldner, A. McKibben et al., “Recruitment and
derecruitment during acute respiratory failure: an experimental
study,” The American Journal of Respiratory and Critical Care
Medicine, vol. 164, no. 1, pp. 122-130, 2001.

[17] C.Guérinand]. C. Richard, “Comparison of 2 correction meth-
ods for absolute values of esophageal pressure in subjects with
acute hypoxemic respiratory failure, mechanically ventilated in
the ICU,” Respiratory Care, vol. 57, no. 12, pp. 2045-2051, 2012.

[18] A. M. Dessap, C. Charron, J. Devaquet et al., “Impact of acute
hypercapnia and augmented positive end-expiratory pressure
on right ventricle function in severe acute respiratory distress
syndrome,” Intensive Care Medicine, vol. 35, no. 11, pp. 1850
1858, 20009.

[9



BioMed Research International

[19] B. Florchinger, A. Philipp, A. Klose et al., “Pumpless extracor-

(20

[21

[22

J

J

poreal lung assist: a 10-year institutional experience,” The Annals
of Thoracic Surgery, vol. 86, no. 2, pp. 410-417, 2008.

T. Bein, C. Prasser, A. Philipp et al., “Pumpless extracorporeal
lung assist using arterio-venous shunt in severe ARDS. Experi-
ence with 30 cases,” Der Anaesthesist, vol. 53, pp. 813-819, 2004.
M. Zimmermann, T. Bein, M. Arlt et al., “Pumpless extracorpo-
real interventional lung assist in patients with acute respiratory
distress syndrome: A prospective pilot study;” Critical Care, vol.
13, no. 1, article R10, 2009.

A. Liebold, C. M. Reng, A. Philipp, M. Pfeifer, and D. E. Birn-
baum, “Pumpless extracorporeal lung assist—experience with
the first 20 cases,” European Journal of Cardio-thoracic Surgery,
vol. 17, no. 5, pp. 608-613, 2000.



