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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Esophageal pressure can be used as a surrogate for pleural pres-
sure for optimizing mechanical ventilation

e However, surgeries such as pelvic robotic surgery involve fluctua-
tions in abdominal load and intrathoracic pressure that may artifi-
cially influence esophageal pressure

What This Article Tells Us That Is New

e This study enrolled patients undergoing pelvic robotic surgery and
found that esophageal balloon calibration significantly improved
assessment of esophageal pressure when compared with the con-
ventional uncalibrated approach to measuring esophageal pressure

Esophageal pressure is conventionally used as a pleural
pressure surrogate for research and clinical purposes.'?
However, the reliability of esophageal pressure assessment
is affected by several factors: some depend on catheter bal-
loon, others on thoracoabdominal structures and organs
(i.e., lung, chest wall, abdomen, esophagus).’

The esophageal balloon calibration has been proposed
in order to overcome issues related to technical factors

ABSTRACT

Background: Esophageal balloon calibration was proposed in acute respira-
tory failure patients to improve esophageal pressure assessment. In a clinical
setting characterized by a high variability of abdominal load and intrathoracic
pressure (i.e., pelvic robotic surgery), the authors hypothesized that esopha-
geal balloon calibration could improve esophageal pressure measurements.
Accordingly, the authors assessed the impact of esophageal balloon calibration
compared to conventional uncalibrated approach during pelvic robotic surgery.

Methods: In 30 adult patients, scheduled for elective pelvic robotic surgery,
calibrated end-expiratory and end-inspiratory esophageal pressure, and the 9
associated respiratory variations were obtained at baseline, after pneumoperi-
toneum~Trendelenburg application, and with positive end-expiratory pressure g
(PEEP) administration and compared to uncalibrated values measured at 4-ml =
filling volume, as per manufacturer recommendation. Data are expressed as
median and [25th, 75th percentile].
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Results: Ninety calibrations were successfully performed. Chest wall elas- !
tance worsened with pneumoperitoneum—Trendelenburg and PEEP (19.05
[15.5, 24.6] and 16.7 [11.4, 21.7] cm H,0/l) compared to baseline (8.8§
[6.3, 9.8] cm H,0/I; P < 0.0001 for both comparisons). End-expiratory and g
end-inspiratory calibrated esophageal pressure progressively increased from s
baseline (3.7 [2.2, 6.0] and 7.7 [5.9, 10.2] cm H,0) to pneumoperitone—%
um-~Trendelenburg (6.2 [3.8, 10.2] and 16.1 [13.1, 20.6] cm H,0; P=0.014 g
and P < 0.001) and PEEP (8.8 [7.7, 15.6] and 18.9 [16.3, 22.0] cm HZO;é\’
P < 0.0001 vs. baseline for both comparison; P < 0.001 and P = 0.002;5&.
vs. pneumoperitoneum—Trendelenburg) and, at each study step, they Wereg
persistently lower than uncalibrated esophageal pressure (P < 0.0001 for all 3
comparisons). Overall, difference among uncalibrated and calibrated esoph- §
ageal pressure was 5.1 [3.8, 8.4] cm H,0 at end-expiration and 3.8 [3.0,5
6.3] cm H,0 at end-inspiration. Uncalibrated esophageal pressure swing was g
always lower than calibrated one (P < 0.0001 for all comparisons) with a &
difference of —1.0 [-1.8, —0.4] cm H,0.
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Conclusions: In a clinical setting with variable chest wall mechanics, uncal- 8
ibrated measurements substantially overestimated absolute values and under-
estimated respiratory variations of esophageal pressure. Calibration could &
substantially improve mechanical ventilation guided by esophageal pressure.

(AnesTHEsIoLogY 2020; 133:145-53)
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affecting esophageal pressure measurements.* Recently, a
calibration technique has been applied in sedated and par-
alyzed patients admitted to intensive care unit with acute
respiratory failure undergoing invasive controlled mechani-
cal ventilation.’ It consists of two steps aiming at: (1) select-
ing the optimal filling volume for the esophageal balloon,
to optimize the transmission of respiratory tidal swings
of esophageal pressure; and (2) removing the “baseline”

Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links to the digital files
are provided in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org). Some of the results of this study were previously reported as an abstract at the Smart Meeting
Anesthesia Resuscitation Intensive Care, May 9—11, 2018, in Milan, Italy, and at the European Society of Intensive Care Medicine Lives Congress 2018, October 20—24, 2018, in Paris, France.

Submitted for publication August 17, 2019. Accepted for publication March 26, 2020. Published online first on April 22, 2020. From the Department of Anesthesiology and Intensive Care, Maggiore
della Carita University Hospital, Novara, Italy (G.C., 1.S., R.P); Department of Translational Medicine, Eastern Piedmont University, Novara, Italy (G.L., E.S., FV., E.Boniolo, R.T., ED.C., R.V.); Anesthesiology,
Critical Care, and Pain Medicine Division, Department of Medicine and Surgery, University of Parma, Parma, Italy (E.Bignami); Anesthesia and Intensive Care, Policlinico S. Matteo IRCCS Foundation,
Pavia, Italy (S.M.,A.O., EM.); and Department of Clinical-Surgical, Diagnostic and Pediatric Sciences, Unit of Anaesthesia and Intensive Care, University of Pavia, Pavia, ltaly (E.A., EM.).

Copyright © 2020, the American Society of Anesthesiologists, Inc. All Rights Reserved. Anesthesiology 2020; 133:145-53. DOI: 10.1097/ALN.0000000000003327

JULY 2020

Copyright © 2020, the American Socig%&f;ﬁg@§;q%$jg@g§t§q.mdéa%ﬁbgg§%5eproduction of this article is prohibited.

145

¥20Z Yolen €| uo isanb Aq jpd



146

CRITICAL CARE MEDICINE

artifacts that can increase the absolute baseline value of
esophageal pressure above the pleural value, namely cath-
eter balloon elastance and esophageal wall elastance. The
calibration procedure increases the measurement accuracy
of both chest wall driving pressure and absolute values of
pleural pressure.”™ These measurements are essential to
compute lung driving pressure and transpulmonary pres-
sures, that physicians can use to personalize the setting of
mechanical ventilation according to the patient’s respiratory
mechanics.'*'*!" On the other hand, the two-step calibra-
tion procedure is moderately complex and time consuming,
thus physicians may be reluctant to perform it systemati-
cally in their clinical practice.

The aim of this study was to quantify the impact of a
two-step calibration procedure on the esophageal pressure
assessment with respect to the conventional uncalibrated
approach, in different conditions of chest wall mechanics.
For this purpose, we performed repeated esophageal pres-
sure measurements in patients undergoing elective pelvic
laparoscopic surgery. Indeed, due to patient’s body position,
induction of pneumoperitoneum and positive end-expira-
tory pressure application, a substantial increase from base-
line values of intrathoracic pleural pressure is expected in
this setting.'”" Optimal filling volume of the esophageal
balloon depends on the surrounding intrathoracic pressure
and baseline artifacts are in turn related to esophageal bal-

loon volume.*>!%7

Our hypothesis was that in a clinical
setting characterized by substantial changes of the chest wall
properties, the difference between uncalibrated versus cali-

brated esophageal pressure may be clinically relevant.

Materials and Methods

Patients

This is a preplanned secondary analysis of data collected in
occasion of a previous randomized controlled trial com-
paring esophageal pressure—driven mechanical ventilation
versus standard practice during elective pelvic robotic
surgery.”® The study was approved by the “Maggiore
della Carita,” ethics committee (CE 62/17) (University
Hospital Novara, Italy) and registered at ClinicalTrials.
gov (number NCT03153592). Written informed consent
was obtained, according to local regulations, from each
patient scheduled to undergo elective pelvic robotic sur-
gery from September 2017 to January 2019 at Maggiore
Hospital Novara (Italy). Inclusion criteria were: age 18 yr
or older and American Society of Anesthesiologists (ASA;
Schaumburg, llinois) Physical Status I and II. Exclusion
criteria were: ASA Physical Status greater than or equal
to III, pregnancy, any contraindications to naso/orogastric
catheter placement.

After premedication with midazolam 0.02mg/kg was
administered, the standard vital parameters monitoring (i.e.,
electrocardiogram, pulse oximeter, noninvasive blood pres-
sure measurement) was applied. Anesthesia induction was
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warranted through propofol 2mg/kg, remifentanil 0.15 to
0.3 yg - kg'!
tracheal intubation was assured. Patients were connected to
mechanical ventilator (FLOW-I 3.0; Maquet Critical Care
AB-Getinge Group, Sweden) and were all ventilated in vol-
ume control mode with an inspiratory square flow. Tidal
volume ranged from 6 to 8 mg/kg of ideal body weight,"
inspiratory oxygen fraction was chosen to maintain periph-
eral oxygen saturation greater than 94%, and respiratory

- min™', and rocuronium 0.6 mg/kg, and oro-

rate was set to obtain and maintain an end-tidal carbon
dioxide tension between 35 and 45 mmHg. Inspiratory
time was 33%, with an inspiratory pause of 20%. No pos-
itive end-expiratory pressure (PEEP) was initially applied.
Sevoflurane (1 to 2%), remifentanil 0.1 to 0.15 yg - kg
- min', and extemporary rocuronium were administered
according to the anesthesia maintenance plane. The radial
artery was cannulated (radial artery catheterization set;
Arrow International, USA) for continuous monitoring of
blood pressure.

A gastric tube equipped with both esophageal and gas-
tric balloons (Nutrivent Sidam; Mirandola, Italy) was intro-
duced through the nose/mouth 50 to 55cm to reach the
stomach. Before insertion, balloons were both deflated and
secured with a three-way stopcock. Subsequently, esopha-
geal and gastric balloons were connected via polyethylene
tubes to a pressure transducer box (KleisTEK Engineering,
Italy). Balloons were inflated at a volume of 4ml and their
intragastric position was confirmed by the positive pres-
sure deflection during gentle external manual epigastric
compression. Subsequently, the catheter was slowly with-
drawn into the lower third of esophagus, as indicated by
the appearance of cardiac artifacts on the esophageal pres-
sure line." At this point, with an esophageal balloon fill-
ing volume of 4ml, two external manual compressions on
the rib cage were applied during an expiratory hold and
simultaneous positive deflections of airway and esopha-
geal pressure were compared (validation test).>'"2 The test
was considered passed if the ratio of esophageal to airway
pressure deflections was in the 0.8 to 1.2 range. Then, the
esophageal balloon was deflated and reinflated with increas-
ing volumes from 0.5 to 8 ml, ensuring complete deflation
of the balloon before each volume inflation.> At each vol-
ume, static expiratory and inspiratory esophageal pressure
were acquired applying an expiratory and inspiratory 5-s
lasting hold, respectively. Hence, to perform a two-step cal-
ibration procedure, end-expiratory esophageal pressure to
balloon filling volume curves were obtained and visually
analyzed. The intermediate linear section of this curve was
graphically identified with its lower (minimal filling vol-
ume) and upper (maximal filling volume) limits. Optimal
esophageal balloon filling volume was detected within this
range of filling volumes, as the smallest one was associated
with the largest respiratory tidal swing of esophageal pres-
sure (Supplemental Digital Content 1, http://links.Iww.
com/ALN/C362). Subsequently, the esophageal balloon
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was inflated at optimal filling volume and the validation test
was repeated to definitively confirm balloon position and
functioning. The esophageal reaction to balloon filling, with
the generation of some pressure by the esophageal wall, was
assumed to start as soon as the filling volume increased
greater than the minimal filling volume.® Esophageal elas-
tance was computed as the slope of the intermediate linear
section of the curve.>* Accordingly, pressure generated by
the esophagus wall was computed as:

Esophageal wall pressure = (actual fillingvolume — minimal

filling volume) X esophageal elastance

Calibrated esophageal pressure was obtained filling the
esophageal balloon with the optimal filling volume and
subtracting the esophageal wall pressure:

Calibrated esophageal pressure = raw esophageal pressure at optimal

filling volume —esophageal wall pressure at optimal filling volume

Calibrated esophageal pressure obtained with the two-step
calibration was used as reference, being the best possible
approximation of pleural pressure. Uncalibrated esoph-
ageal pressure measurements were obtained by filling the
esophageal balloon catheter to 4ml, as per manufacturer
recommendation.

The pressure generated by the overstretched esophageal
balloon wall was assumed to start as soon as the balloon fill-
ing volume increased to greater than the maximal filling vol-
ume.>'® For filling volumes greater than the maximal filling
volume, the pressure in the esophageal balloon is the pleural
pressure plus the pressure generated by the esophageal wall
and by the balloon wall; thus, the balloon wall pressure was
computed by subtracting the calibrated esophageal pressure
(as a surrogate for pleural pressure) and esophageal wall pres-
sure from the esophageal pressure measurement:

Balloon wall pressure = esophageal pressure — esophageal wall

pressure — calibrated esophageal pressure

Study Protocol

These calibration procedures were applied at the follow-
ing time-points: (1) at baseline, with zero end-expiratory
pressure conditions; (2) after pneumoperitoneum and
Trendelenburg position application without PEEP; and (3)
after 20 min from PEEP application in presence of pneu-
moperitoneum and Trendelenburg. The validation tests
with 4ml and optimal balloon filling volume were per-
formed only at baseline.

Measurements

Flow and airway pressure were obtained through a heated
pneumotachograph (Fleisch no. 2; Fleisch, Switzerland)

Esophageal Pressure and Pelvic Robotic Surgery

installed between the endotracheal tube and respiratory cir-
cuit. Esophageal and gastric pressure were acquired through
the aforementioned catheter. Then, flow and airway pres-
sure, together with esophageal and gastric signals, were
recorded, digitalized, and collected via a specific acquisi-
tion system on a personal computer (ICU Lab; KleisTEK
Engineering, Italy) from baseline to PEEP application, and
the calibration data were computed through a dedicated
sheet (Excel; Microsoft, USA).?

Demographic characteristics such as gender, age, ASA
score, body mass index, and predicted body weight were
acquired.

Statistical Analysis

No power calculation was carried out before the study and
the sample size was based on the available data from patients
enrolled in the trial. The continuous variables, having the
data a nonnormal distribution as assessed by D’Agostino
and Pearson test, were reported as median value and [25th,
75th percentile]; the minimum-maximum interval was
also described. The measures performed in the three study
settings were compared by nonparametric ANOVA for
repeated measures (Friedman test); post hoc multiple compar-
isons were performed by Dunn test. Comparisons between
calibrated and uncalibrated parameters were performed by
Wilcoxon matched-pairs rank test. A Bland—Altman analysis
was employed to describe the end-inspiratory and end-ex-
piratory agreement between uncalibrated and calibrated
esophageal pressure and, when their absolute differences
were greater than 2 and 5cm H,O, they were considered
clinically relevant and potentially harmful, respectively.
Moreover, an absolute difference between uncalibrated and
calibrated esophageal pressure swings greater than 2cm
H,O and/or greater than 25% and greater than 5cm H,O
and/or greater than 50% was considered clinically relevant
and potentially harmful, respectively.® Categorical variables,
whether dichotomous or nominal, were described by num-
ber and percentage and were evaluated with chi-squared
or Fisher exact test. A two-tailed test has been considered
for the hypothesis testing procedure and statistically signifi-
cant values were considered to reach P values less than 0.05.
Statistical analyses were conducted using Prism 6.0 software
(Graph-pad, USA).

Results

From September 2017 to January 2019 (as shown in
Supplemental Digital Content 2, http://links.lww.com/
ALN/C363), 31 of 49 eligible patients were enrolled, with
one patient excluded because of waveform signal alteration;
thus, 90 esophageal balloon calibrations were finally per-
formed and analyzed in 30 patients. Demographic charac-
teristics are presented in table 1.

PEEP was 0.0 [0, 0] cm H,O at baseline, 0.0 [0, 0]
cm H, O at pneumoperitoneum—Trendelenburg, and 6.0
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Table 1. Demographic Characteristics

Patients (n =30)
Male sex, n (%) 15 (50)
Female sex, n (%) 15 (50)
Age, yr 63.0 [52.0, 70.5]
ASA classification I, n (%) 6(20)
ASA classification II, n (%) 24 (80)

Body mass index, kg/m?
Predicted body weight, kg

24.5[21.5,26.9]
64.5 [54.6,70.0]

Data are presented in number and percentage (in brackets) or median and [25th,
75th percentile]. ASA, American Society of Anesthesiologists Physical Status.

[5.0, 11.0] em H,O during the last study phase (P <
0.0001 ws. baseline and ws. pneumoperitoneum—Tren-
delenburg) while tidal volume was slightly larger with
PEEP application (7.8 [7.5, 8.0] ml/kg; P = 0.036 vs.
baseline; P = 0.036 wvs. pneumoperitoneum—Tren-
delenburg) compared to the other two phases (7.6
[7.2, 7.8] ml/kg at baseline; 7.6 [7.4, 7 .8] ml/kg at
pneumoperitoneum—Trendelenburg).

At baseline, the validation test was passed in 13 of 30
cases (43.3%), when a balloon volume of 4 ml was injected,
and in all the cases after the optimization of the balloon
filling (P < 0.0001).

Results of the 90 calibration procedures are shown in
table 2. Overall, minimal and optimal esophageal balloon

Table 2. Esophageal Balloon Calibration

filling volume were 1.0 [0.5, 1.0] ml and 1.5 [1.0, 2.5] ml
(range, 0.5 to 5.0), respectively; optimal filling volume was
equal to minimal filling volume in 27 of 90 cases (30%)
and it was lower than the recommended 4ml in 85 of 90
cases (94.4%). Optimal filling volume slightly increased
with pneumoperitoneum—Trendelenburg (2.0 [1.0,2.5] ml;
P = 0.043 vs. baseline) and PEEP administration (2.0 [1.5,
2.5] ml; P = 0.005 vs. baseline) compared to baseline (1.0
[0.5,2.0] ml). Overall, maximal filling volume was 4.0 [3.0,
5.0] ml and it was less than 4ml in 38 of 90 calibrations
(42.2%).When the 4-ml filling volume was greater than the
maximal filling volume, the esophageal balloon wall pres-
sure was 1.6 [0.9, 4.1] cm H,O, with a maximum value of
18.2cm H,O. Esophageal elastance was 1.3 [1.0, 2.3] cm
H,O/ml and generated an esophageal wall pressure of 0.9
[0.0, 2.0] ecm H,O (range, 0.0 to 6.2) with optimal filling
volume, and 4.1 [3.1,6.9] cm H,O (range, 0.7 to 16.9) with
4ml (P < 0.0001).

Calibrated and uncalibrated values of esophageal pres-
sure at the three study steps are also shown in table 2,
figure 1, and in Supplemental Digital Content 3 (http://
links.lww.com/ALN/C364). End-expiratory calibrated
esophageal pressure progressively increased from baseline
(3.7 [2.2,6.0] cm H,O) to pneumoperitoneum—Trendelen-
burg (6.2 [3.8,10.2] cm H,O; P = 0.014) and PEEP appli-
cation (8.8 [7.7,15.6] cm H,O; P < 0.0001 vs. baseline; P
< 0.001 vs. pneumoperitoneum—Trendelenburg), and it was
lower than end-expiratory uncalibrated esophageal pres-
sure at each study phase (P < 0.0001 for all comparisons).

Study Steps
Pneumoperitoneum-
Pneumoperitoneum— Trendelenburg
Parameters Baseline Trendelenburg PEEP PValue
Minimal filling volume (ml) 0.5[0.5,1.0] 1.0[0.5,1.0] 1.0[0.5,1.1] 0.288
Maximal filling volume (ml) 4.0 [3.0,5.0] 4.0[3.0,4.0] 3.5[3.0,5.0] 0.169
Optimal filling volume (ml) 1.0[0.5,2.0] 2.0[1.0,2.5]t 2.0[1.525]f 0.001
Esophageal elastance (cm H,0/ml) 1.2[1.1,2.2] 1.7[1.2,2.6] 1.110.9,2.0] 0.045
Balloon recoil at 4ml (cm H,0) 0.5[0.0,1.2] 0.5[0.1,3.7] 0.8[0.1,1.4] 0.079
Esophageal wall pressure at optimal filling volume (cm H,0) 0.5[0.0, 1.4]* 1.4[0.4,2.4]* 0.9[0.3,1.71* 0.036
Esophageal wall pressure at 4 ml (cm H,0) 4.0[3.5,7.6] 5.2[3.1,7.8] 3.4128,5.2] 0.177
End-expiratory calibrated esophageal pressure (cm H,0) 3.7[2.2,6.0* 6.2[3.8,10.2]"§ 8.8 7.7, 15.6]*||# < 0.0001
End-expiratory uncalibrated esophageal pressure (cm H,0) 9.6 [5.9,13.4] 13.2 [8.6,22.2]** 14.6 [12.1,24.5]|111 < 0.0001
End-inspiratory calibrated esophageal pressure (cm H,0) 7.7[5.9,10.2]* 16.1[13.1, 20.6]*** 18.9 [16.3, 22.0]*||++ < 0.0001
End-inspiratory uncalibrated esophageal pressure (cm H,0) 12.1[9.7,17.6] 20.8 [17.6, 27.4]|| 23.1[20.5, 27.6]|| < 0.0001
Calibrated esophageal pressure tidal swing (cm H,0) 4.11[2.9,4.9* 8.6 [7.2, 11.3]*|| 7.815.9,9.95"|| < 0.0001
Uncalibrated esophageal pressure tidal swing (cm H,0) 3.2[1.9,4.3] 6.4 [4.8,9.1]|| 6.3[4.3,8.4]| < 0.0001
Chest wall elastance (cm H,0/)) 8.8[6.3,9.8] 19.0 [15.5, 24.6]|| 16.7 [11.4,21.7]||88 < 0.0001

Data are presented as median and [25th, 75th percentile]. P values refer to Friedman test. *Indicates P value from Wilcoxon rank test, whereas 1, 1, §, ||, #, **, 11,43, and §§ refer

to Pvalue from post hoc multiple comparison Dunn test.

*P<0.0001, calibrated versus uncalibrated variables. tP= 0.043 versusbaseline. $P=0.005 versus baseline. §P= 0.014 versusbaseline. | P< 0.0001 versusbaseline. #P< 0.001 ver-
sus pneumoperitoneum—Trendelenburg. **P < 0.001 versus baseline. 11P= 0.020 versus pneumoperitoneum—Trendelenburg. 3P = 0.002 versus pneumoperitoneum—Trendelenburg.

§§P = 0.043 versus pneumoperitoneum—Trendelenburg.
PEEP, positive end-expiratory pressure.
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Fig. 1. Calibrated and uncalibrated esophageal pressure. Data are presented as median (circles and parallelograms) and [25th, 75th per-
centile] (whiskers). Calibrated (solid circles) and uncalibrated (hollow circles) esophageal pressure at end-expiration; calibrated (solid par-
allelograms) and uncalibrated (hollow parallelograms) esophageal pressure at end-inspiration. *Indicates P value from Wilcoxon rank test,
whereas t, §, and £ refer to Pvalues from post hoc multiple comparison Dunn test. +Versus baseline: for expiratory uncalibrated esophageal
pressure P < 0.001, for inspiratory calibrated esophageal pressure P < 0.001, and for expiratory calibrated esophageal pressure P= 0.014.
§lersus baseline: P < 0.0001. I Versus pneumoperitoneum—Trendelenburg: for expiratory uncalibrated esophageal pressure P = 0.020; for
inspiratory calibrated esophageal pressure P = 0.002; and for expiratory calibrated esophageal pressure P < 0.001. PEEP, positive end-

expiratory pressure.

End-inspiratory calibrated esophageal pressure raised mov-
ing from baseline (7.7 [5.9, 10.2] cm H,O) toward pneu-
moperitoneum—Trendelenburg (16.1 [13.1, 20.6] cm H,O;
P < 0.001 vs. baseline) and PEEP trial (18.9 [16.3, 22.0]
cm H,O; P < 0.0001 vs. baseline; P = 0.002 vs. pneumo-
peritoneum—Trendelenburg), being persistently
than uncalibrated esophageal pressure over all study phases
(P < 0.0001, for all comparisons).

Tidal swing of calibrated esophageal pressure was higher

lower

with pneumoperitoneum—Trendelenburg (8.6 [7.2 to 11.3]
cm H,O; P < 0.0001 vs. baseline) and PEEP application
(7.815.9,9.9] cm H,O; P < 0.0001 vs. baseline) compared
to baseline (4.1 [2.9, 4.9] cm H,O) and it was larger than
the corresponding uncalibrated one at each study step
(P < 0.0001 for all comparisons).

Chest wall elastance increased with pneumoperi-
toneum—Trendelenburg (19.0 [15.5, 24.6] cm H,O/];
P < 0.0001 vs. baseline) and PEEP administration (16.7
[11.4,21.7] cm H,O/1; P < 0.0001 vs. baseline; P = 0.043
vs. pneumoperitoneum—Trendelenburg) with respect to
baseline (8.8 [6.3,9.8] cm H,O/1).

Figure 2 depicts the Bland—Altman analysis of agree-
ment between uncalibrated and calibrated esophageal
pressure at both end-expiration and end-inspiration in the
90 conditions. At end-expiration, the difference between
uncalibrated and calibrated esophageal pressure was 5.1
[3.8, 8.4] cm H,O (range, 0.8 to 35.1cm H,0), and was
clinically relevant in 87 of 90 cases (96.7%) and potentially
harmful in 47 of 90 (52.2%). The end-inspiratory differ-
ence between uncalibrated and calibrated esophageal pres-
sure was 3.8 [3.0,6.3] cm H,O (range 0.5 to 25.2cm H,0),
and was clinically relevant in 83 of 90 cases (92.2%) and
potentially harmful in 28 of 90 (31.1%). Both biases were
positively correlated with the value of esophageal pressure,
as suggested by slope analysis (slope, 0.3;95% CI, 0.2 to 0.5
at end-expiration; P < 0.001; slope, 0.2; 95% CI, 0.0 to 0.3;
P = 0.012 at end-inspiration).

Figure 2 also shows the Bland—Altman analysis of agree-
ment between uncalibrated and calibrated esophageal pres-
sure tidal swing. The uncalibrated and calibrated esophageal
pressure tidal swing difference was —1.0 [-1.8, —0.4] cm
H,O (range, —9.9 to 0.2 cm H20), and was clinically relevant

Anesthesiology 2020; 133:145-53
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Fig. 2. Bland-Altman analysis of esophageal pressure. Bland—
Altman analyses of agreements between uncalibrated and cali-
brated esophageal pressure showing bias (continuous line) with
the related 95% Cl (dashed/dotted lines), lower limit of agree-
ment (dashed line), upper limit of agreement (dashed line), and
the associated 95% Cl. (4) Hollow circles, agreement between
uncalibrated and calibrated esophageal pressure at end-expi-
ration, 6.7 (5.7 to 7.8) cm H,0, -3.2 (~5.0 to —1.4) cm H,0,
16.7 (14.8 to 18.5) cm H,0. (B) Hollow parallelograms, agree-
ment between uncalibrated and calibrated esophageal pressure
at end-inspiration, 5.1 (4.3 to 5.9) cm H,0, —2.4 (3.7 to —1.0)
cm H,0, 12.6 (11.2 to 14.0) cm H,0. (O) Hollow triangles, agree-
ment between uncalibrated and calibrated esophageal pressure
swing, —1.6 (-2.0 to —1.2) cm H,0, -5.3 (6.0 to —4.6) cm H,0,
2.1 (1.5t0 2.8) cm H,0.
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in 36 of 90 cases (40.0%) and potentially harmful in 13 of 90
(14.4%). For the esophageal pressure swing, the bias did not
change with the value of esophageal pressure as shown by
slope analysis (slope, —0.0; 95% CI, —0.2 to 0.1; P = 0.460).

In 27 (30%) cases, time length of the calibration proce-
dure was measured, and it was 11.5 [11.0, 13.0] min (range,
10.0 to 15.0 min).

Discussion

In the current study, the esophageal balloon calibration was
systematically applied in a clinical setting characterized by
variable abdominal load and chest wall elastance (i.e., elec-
tive pelvic robotic surgery). The main findings can be sum-
marized as follows: (1) the esophageal balloon calibration
was successfully and repeatedly performed in a setting char-
acterized by a high variability of intrathoracic pressure; (2)
by optimizing the balloon filling volume at each measure-
ment, as opposed to the use of standard 4-ml recommended
volume, validation occlusion test was always passed; and
(3) uncalibrated measurements substantially overestimated
absolute values and underestimated respiratory variations of
esophageal pressure as assessed by the calibrated technique.

The esophageal balloon calibration has been carried out
in bench'*?** and clinical settings, such as acute respiratory
failure or postoperative patients admitted to the intensive
care unit.>*'® Its clinical impact is uncertain and it is not
clear whether the time eventually spent by healthcare pro-
fessionals to perform the procedure at bedside is justified.
Thus, we compared calibrated and uncalibrated esopha-
geal pressure measurements in a clinical setting (e.g., pelvic
robotic surgery) where chest wall mechanics change over
time because of pneumoperitoneum, head-down position,
and PEEP application.”*™ In our patients, we observed
substantial variations of the abdominal load (as suggested by
baseline end-expiratory esophageal pressure changes) and
chest wall elastance (as suggested by esophageal pressure
tidal swing changes). It is recommended that esophageal
balloon calibration be performed each time a substantial
change of intrathoracic pressure is suspected. In fact, esoph-
ageal balloon optimal filling volume depends on the sur-
rounding intrathoracic pressure, and baseline artifacts are
in turn related to esophageal balloon volume.**'*!" Thus,
we hypothesized that in a clinical setting characterized by
substantial changes of chest wall properties, the difference
between uncalibrated and calibrated esophageal pressure
measurement could be clinically relevant. In all of our
patients, esophageal balloon calibration was successfully
performed at each study step, thus confirming its feasibil-
ity in the current setting. On the other hand, the two-step
calibration procedure is moderately complex and time con-
suming (10 to 15min in our investigation), thus physicians
may be reluctant to perform it systematically in their every-
day clinical practice, therefore, the integration of a simpli-
fied or automatic procedure in mechanical ventilators and/

or in monitoring systems is desirable."*
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The first step of the calibration procedure is the bal-
loon filling volume optimization aiming to: (1) maximize
the transmission of respiratory changes of pleural pressure;
and (2) avoid balloon overstretching and the associated
balloon elastic recoil. To validate the esophageal pressure
measurement, a test is usually performed to check whether
the transmission of changes of pleural pressure is almost
complete. It was recently demonstrated that in intubated,
paralyzed, acute respiratory failure patients undergoing con-
trolled mechanical ventilation, the validation test is passed
in a higher number of cases by applying an optimized fill-
ing volume compared to a standard volume.> Therefore, in
case of an unsuccessful validation test, the balloon volume
should be checked and optimized before any attempt to
improve the balloon position. In the current study, the opti-
mization of filling volume allowed the validation test to be
passed in all cases, which is in agreement with results from
the original description of the procedure. On the contrary,
when the 4-ml volume was employed, the test was passed in
less than 50% of the attempts, suggesting that, to save time,
the balloon filling optimization should be performed even
before the validation test. Moreover, the optimal filling vol-
ume progressively increased in our patients when pneumo-
peritoneum, Trendelenburg, and PEEP were subsequently
applied. This is consistent with previous observations® and
underlines the need to recheck the balloon filling whenever
an intrathoracic pressure change is likely.

The second step of the calibration procedure is the
esophageal elastance assessment to quantify, and eventu-
ally remove from esophageal pressure measurement, the
pressure generated by the esophageal wall as a reaction to
the increased cross-sectional area of the balloon. This arti-
fact affects the absolute value of esophageal pressure that
becomes substantially higher than the corresponding pleural
one. When direct uncalibrated measurements of esophageal
pressure are performed, disproportionally high values are
usually recorded.? This is not an exclusive problem of large
balloons; the same or even larger effect can be observed
with small balloons for adult and pediatric use as well.*” In
human cadavers and pigs, when the baseline artifact related
to esophageal elastance was taken into account while filling
the esophageal catheter, then esophageal pressure reflected
the absolute value of the intrathoracic pressure at mid-level
of the chest.’

A second mechanism by which the measured esopha-
geal pressure can further increase above the pleural value
is the already mentioned balloon overstretching. The cali-
bration procedure, avoidance of balloon overstretching, and
removal of the effect of esophageal elastance make esoph-
ageal pressure absolute values closer to the pleural ones.>®’

Absolute esophageal pressure is used to compute
transpulmonary pressure and personalize mechanical ven-
tilation setting,'”?”* to limit known mechanisms of ven-
tilator-induced lung injury such as cyclic opening and
closing of distal airways and alveoli (atelectrauma) and tidal

Esophageal Pressure and Pelvic Robotic Surgery

lung overdistention (barovolotrauma). In fact, it was sug-
gested that atelectrauma can be avoided by setting PEEP
to maintain slightly positive end-expiratory transpulmonary
pressure, whereas limiting end-inspiratory transpulmonary
pressure can prevent lung overdistention.

Does the improvement of the absolute esophageal pres-
sure measurement justify the effort of performing the cali-
bration procedure? The results of our study suggest that this
is probably the case.

In our setting, direct uncalibrated esophageal pressure
measurements substantially overestimated the calibrated
values at both end-expiration and end-inspiration at each
study step. The gap was clinically relevant in almost all
cases and potentially harmful in 30 to 50% of cases. Such
an overestimation of the absolute pleural pressure may lead
to setting unnecessarily high PEEP and inspiratory lung
stress exceeding the safe threshold, when an esophageal
pressure—guided mechanical ventilation strategy is adopted.

This discrepancy between calibrated and uncalibrated
measurements may also explain the limited clinical impact
of a noncalibrated esophageal pressure—guided ventilation
when compared to standard practice.?”*

To note, in our study, the use of the recommended 4-ml
filling volume was associated with a larger overestimation
of absolute esophageal pressure than in the original study,
when the same procedure was performed with the same
catheter but in a different setting.” Three main factors can
explain this difference. First, the optimal filling volume was
in average 2ml in our patients, whereas it was 3.5ml in
the original study (i.e., closer to the 4-ml volume). Second,
the esophageal elastance was higher in our study: on aver-
age, 1.7 versus 1.1 cm H,O/ml. These differences are prob-
ably related to the different setting: head-down position of
patients undergoing elective surgery with pneumoperito-
neum versus head-up position of acute respiratory failure
patients. Accordingly, the increase of esophageal wall pres-
sure associated with the use of 4ml instead of the optimal
volume was much higher in our investigation than in the
previous one (on average, 4cm H,O vs. 1ecm H,O). Third,
the 4-ml recommended volume was higher than the max-
imal balloon filling volume in more than 40% of measure-
ments in our patients, whereas this was almost never the
case in the previous study. At volumes larger than the max-
imal filling volume, the balloon is overstretched and gener-
ates some elastic recoil pressure; the esophageal balloon wall
pressure in our study was, on average, 3 cm H,O, with values
as high as 18 cm H,O.

Limitations

Our study has several limitations. First, the number of
patients included was relatively small, although large
enough to conduct a feasibility study.*
number of esophageal calibration procedures was similar or
greater than that reported in previous studies.>'** Second,
our investigation was conducted in a mixed population,

However, the total
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composed of normal and overweight subjects; differences in
response to esophageal balloon filling’! have been reported,
related both to patient gender and body mass index.* Third,
only one specific type of esophageal catheter was used in
the study; however, the calibration procedure can be suc-
cesstully performed with all the esophageal catheters avail-
able for clinical use, provided that the filling volumes range
is adapted to the balloon size.'**** Fourth, the study was
conducted in patients undergoing pelvic robotic surgery;
findings cannot be directly applied to acute respiratory
failure patients. Fifth, the validation test, via manual chest
compressions during an end-expiratory occlusion maneu-
ver, was performed only at baseline to avoid interferences
with surgical procedures®; however, special care was taken
to avoid any displacement of the catheter during the study
and balloon filling was optimized at each study step per
protocol. Last, the thresholds used to define the difference
between uncalibrated and calibrated esophageal pressure as
clinically relevant or potentially harmful were arbitrarily
chosen.

In conclusion, in a clinical setting characterized by a
variable abdominal load and chest wall elastance, esophageal
manometry integrated with the balloon calibration is feasi-
ble and should allow more accurate estimate of absolute val-
ues and respiratory changes of pleural pressure. Conversely,
the traditional uncalibrated approach is poorly reliable in
this setting, because of artifacts related to esophageal wall
and balloon itself, with possible adverse implications if a
mechanical ventilation strategy guided by esophageal pres-
sure is adopted.

Acknowledgments

The authors wish to thank all the physicians and the nurses
of the surgery robotic unit of the “Maggiore della Carita”
University Hospital, Novara, Italy, who have contributed to
conduct and complete the present investigation.

Research Support

Support was provided solely from institutional and/or
departmental sources.

Competing Interests

Dr. Mongodi received fees for lectures from GE Healthcare
(Chicago, Illinois). Dr. Orlando received a fee for man-
uscript preparation from Hamilton Medical (Bonaduz,
Switzerland). Dr. Mojoli received fees for lectures from GE
Healthcare, Hamilton Medical, and SEDA spa (Milan, Italy).
There is a consultancy agreement between University of
Pavia and Hamilton Medical. The other authors report no
competing interests.

Correspondence

Address correspondence to Dr. Cammarota: Department of
Anesthesiology and Intensive Care,“Maggiore della Carita”

Anesthesiology 2020; 133:145-53

University Hospital, Novara Corso Mazzini 18, 28100,
Novara, Italy. gmcamma@gmail.com. Information on pur-
chasing reprints may be found at www.anesthesiology.org
or on the masthead page at the beginning of this issue.
ANESTHESIOLOGY'S articles are made freely accessible to all
readers, for personal use only, 6 months from the cover date
of the issue.

References

1. Mauri T, Yoshida T, Bellani G, Goligher EC, Carteaux
G, Rittayamai N, Mojoli E Chiumello D, Piquilloud L,
Grasso S, Jubran A, Laghi E Magder S, Pesenti A, Loring
S, Gattinoni L, Talmor D, Blanch L, Amato M, Chen
L, Brochard L, Mancebo J; PLeUral pressure working
Group (PLUG—Acute Respiratory Failure section
of the European Society of Intensive Care Medicine):
Esophageal and transpulmonary pressure in the clinical
setting: Meaning, usefulness and perspectives. Intensive
Care Med 2016; 42:1360-73

2. Akoumianaki E, Maggiore SM, Valenza E Bellani G,
Jubran A, Loring SH, Pelosi P, Talmor D, Grasso S,
Chiumello D, Guérin C, Patroniti N, Ranieri VM,
Gattinoni L, Nava S, Terragni PP, Pesenti A, Tobin M,
Mancebo J, Brochard L; PLUG Working Group (Acute
Respiratory Failure Section of the European Society of
Intensive Care Medicine): The application of esopha-
geal pressure measurement in patients with respiratory
failure. Am ] Respir Crit Care Med 2014; 189:520-31

3. Hedenstierna G: Esophageal pressure: benefit and lim-
itations. Minerva Anestesiol 2012; 78:959—66

4. Milic-Emili ], Mead ], Turner JM, Glausner EM:
Improved technique for estimating pleural pres-
sure from esophageal balloons. J Appl Physiol 1964;
19:207-11

5. Mojoli E Iotti GA, Torriglia E Pozzi M, Volta CA,
Bianzina S, Braschi A, Brochard L: In vivo calibration
of esophageal pressure in the mechanically ventilated
patient makes measurements reliable. Crit Care 2016;
20:98

6. Sun XM, Chen GQ, Huang HW, He X,Yang YL, Shi
ZH, Xu M, Zhou JX: Use of esophageal balloon pres-
sure-volume curve analysis to determine esophageal
wall elastance and calibrate raw esophageal pressure: A
bench experiment and clinical study. BMC Anesthesiol
2018;18:1-9

7. Hotz JC, Sodetani CT, Van Steenbergen J, Khemani
R G, Deakers TW, Newth CJ: Measurements obtained
from esophageal balloon catheters are affected by the
esophageal balloon filling volume in children with
ARDS. Respir Care 2018; 63:177-86

8. Mojoli E Torriglia E Orlando A, Bianchi I, Arisi E,
Pozzi M:Technical aspects of bedside respiratory mon-
itoring of transpulmonary pressure. Ann Transl Med
2018; 6:377

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Cammarota et al.

¥20Z UdIe €1 uo 1senb Aq ypd'9z000-0'00200202/9¥C L S/S L/ LIEE LiPpd-aloiue/ABojoisayisauE /W0 IBYDIBA|IS ZESE//:dRY Wol) papeojumod


mailto:gmcamma@gmail.com
www.anesthesiology.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cammarota et al.

Yoshida T, Amato MBP, Grieco DL, Chen L, Lima
CAS, Roldan R, Morais CCA, Gomes S, Costa ELV,
Cardoso PFG, Charbonney E, Richard JM, Brochard
L, Kavanagh BP: Esophageal manometry and regional
transpulmonary pressure in lung injury. Am ] Respir
Crit Care Med 2018; 197:1018-26

Talmor D, Sarge T, Malhotra A, O’Donnell CR, Ritz
R, Lisbon A, NovackV, Loring SH: Mechanical ventila-
tion guided by esophageal pressure in acute lung injury.
N Engl ] Med 2008; 359:2095-104

Grasso S, Terragni P, Birocco A, Urbino R, Del Sorbo
L, Filippini C, Mascia L, Pesenti A, Zangrillo A,
Gattinoni L, RanieriVM: ECMO criteria for influenza
A (H1NT)-associated ARDS: Role of transpulmonary
pressure. Intensive Care Med 2012; 38:395—403
Valenza E Chevallard G, Fossali T, Salice V, Pizzocri
M, Gattinoni L: Management of mechanical ventila-
tion during laparoscopic surgery. Best Pract Res Clin
Anaesthesiol 2010; 24:227—41

Wauters J, Claus P, Brosens N, McLaughlin M, Hermans
G, Malbrain M, Wilmer A: Relationship between
abdominal pressure, pulmonary compliance, and car-
diac preload in a porcine model. Crit Care Res Pract
2012;2012:763181

Lehavi A, Livshits B, Katz Y: Effect of position and
pneumoperitoneum on respiratory mechanics and
transpulmonary pressure during laparoscopic surgery.
Laparosc Surg 2018; 2:60-60

Loring SH, Behazin N, Novero A, NovackV, Jones SB,
O’Donnell CR, Talmor DS: Respiratory mechanical
effects of surgical pneumoperitoneum in humans. J
Appl Physiol (1985) 2014;117:1074-9

Mojoli E Chiumello D, Pozzi M, Algieri I, Bianzina S,
Luoni S,Volta CA, Braschi A, Brochard L: Esophageal
pressure measurements under different conditions of
intrathoracic pressure. An in vitro study of second gen-
eration balloon catheters. Minerva Anestesiol 2015;
81:855—64

Magni F, Ceriani D, Castagna L, Ferrari C, Zanella A,
Scaravilli V, Colombo S, Laratta M, Patroniti N: Effect
of peep on esophageal catheter optimal calibration vol-
ume and esophageal pressure measurements. Intensive
Care Med Exp 2015; 3:A1001

Cammarota G, Lauro G, Sguazzotti I, Mariano I,
Perucca R, Messina A, Zanoni M, Garofalo E, Bruni
A, Corte F Della, Navalesi P, Bignami E, Vaschetto R,
Mojoli F: Esophageal pressure versus gas exchange
to set PEEP during intraoperative ventilation. Respir
Care In Press

Lanteri CJ, Kano S, Sly PD: Validation of esophageal
pressure occlusion test after paralysis. Pediatr Pulmonol
1994; 17:56-62

Higgs BD, Behrakis PK, Bevan DR, Milic-Emili J:
Measurement of pleural pressure with esophageal

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Esophageal Pressure and Pelvic Robotic Surgery

balloon in anesthetized humans. ANESTHESIOLOGY
1983;59:340-3

D’Angelo E, Robatto FM, Calderini E, Tavola M,
Bono D, Torri G, Milic-Emili J: Pulmonary and chest
wall mechanics in anesthetized paralyzed humans. J
Appl Physiol (1985) 1991;70:2602—10

Baydur A, Behrakis PK, Zin WA, Jaeger M, Milic-
Emili J: A simple method for assessing the validity of
the esophageal balloon technique. Am Rev Respir Dis
1982;126:788-91

Hedenstierna G, Jirnberg PO, Torsell L, Gottlieb I:
Esophageal elastance in anesthetized humans. ] Appl
Physiol Respir Environ Exerc Physiol 1983;54:1374—8
Yang YL, He X, Sun XM, Chen H, Shi ZH, Xu M,
Chen GQ, Zhou JX: Optimal esophageal balloon
volume for accurate estimation of pleural pressure at
end-expiration and end-inspiration: An in vitro bench
experiment. Intensive Care Med Exp 2017;5:35
Mojoli E Torriglia E Giannantonio M, Orlando A,
Bianzina S, Guido T, Mongodi S, Pozzi M, Iotti GA,
Braschi A: In vivo calibration of the esophageal balloon
catheter: A simplified procedure. Intensive Care Med
Exp 2016; 4 (Suppl 1):534

Chiumello D, Gallazzi E, Marino A, Berto V, Mietto
C, Cesana B, Gattinoni L: A validation study of a new
nasogastric polyfunctional catheter. Intensive Care
Med 2011;37:791-5

Beitler JR, Sarge T, Banner-Goodspeed VM, Gong
MN, Cook D, NovackV, Loring SH, Talmor D, Group
E-S: Effect of titrating positive end-expiratory pressure
(PEEP) with an esophageal pressure—guided strategy vs
an empirical high PEEP-E JAMA 2019:1-12

Talmor D, Sarge T, O’Donnell CR, Ritz R, Malhotra
A, Lisbon A, Loring SH: Esophageal and transpulmo-
nary pressures in acute respiratory failure. Crit Care
Med 2006; 34:1389-94

Cavalcanti AB, Amato MBP, Serpa-Neto A:The elusive
search for “best PEEP” and whether esophageal pres-
sure monitoring helps. JAMA 2019; 321:839-41
Julious SA: Sample size of 12 per group rule of thumb
for a pilot study. Pharm Stat 2005; 4:287-91

Nguyen P, Lee SD, Castell DO: Evidence of gen-
der differences in esophageal pain threshold. Am J
Gastroenterol 1995

Coté-Daigneault J, Leclerc P, Joubert J, Bouin M: High
prevalence of esophageal dysmotility in asymptom-
atic obese patients. Can J Gastroenterol Hepatol 2014;
28:311—4

Cinnella G, Grasso S, Spadaro S,Rauseo M, Mirabella L,
Salatto P, De Capraris A, Nappi L, Greco P, Dambrosio
M: Effects of recruitment maneuver and positive
end-expiratory pressure on respiratory mechanics and
transpulmonary pressure during laparoscopic surgery.
ANESTHESIOLOGY 2013; 118:114-22

Anesthesiology 2020; 133:145-53

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

153

¥20Z UdIe €1 uo 1senb Aq ypd'9z000-0'00200202/9¥C L S/S L/ LIEE LiPpd-aloiue/ABojoisayisauE /W0 IBYDIBA|IS ZESE//:dRY Wol) papeojumod



