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Background: Stress and strain are parameters to describe respira-
tory mechanics during mechanical ventilation. Calculations of
stress require invasive and difficult to perform esophageal pres-
sure measurements. The hypothesis of the present study was: Can
lung stress be reliably calculated based on non-invasive lung vol-
ume measurements, during a decremental Positive end-expiratory
pressure (PEEP) trial in mechanically ventilated patients with dif-
ferent diseases?

Methods: Data of 26 pressure-controlled ventilated patients
admitted to the ICU with different lung conditions were retro-
spectively analyzed: 11 coronary artery bypass graft (CABG), 9
neurology, and 6 lung disorders. During a decremental PEEP trial
(from 15 to 0 cmH,O in three steps) end-expiratory lung volume
(EELV) measurements were performed at each PEEP step, without
interruption of mechanical ventilation. Strain, specific elastance,
and stress were calculated for each PEEP level. Elastance was cal-
culated as delta PEEP divided by delta PEEP volume, whereas
specific elastance is elastance times the FRC. Stress was calculated
as specific elastance times the strain. Global strain was divided
into dynamic (tidal volume) and static (PEEP) strain.

Results: Strain calculations based on FRC showed mainly changes
in static component, whereas calculations based on EELV showed
changes in both the static and dynamic component of strain. Stress
calculated from EELV measurements was 24.0 + 2.7 and
13.1 £ 3.8 cmH, 0 in the lung disorder group at 15 and 5 cmH,0
PEEP. For the normal lungs, the stress values were 19.2 + 3.2 and
10.9 + 3.3 cmH, 0, respectively. These values are comparable to
earlier publications. Specific elastance calculations were compara-
ble in patients with neurologic and lung disorders, and lower in
the CABG group due to recruitment in this latter group.

Conclusion: Stress and strain can reliably be calculated at the
bedside based on non-invasive EELV measurements during a
decremental PEEP trial in patients with different diseases.

Editorial comment: what this article tells us

Stress and strain are important parameters to describe respiratory mechanics during mechanical
ventilation. This study tells us that these parameters can be reliably calculated at the bedside
using non-invasive lung volume measurements during a decremental PEEP trial in patients with

different diseases.
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Introduction

In the field of engineering, stress and strain are
frequently used terms to describe the effect of
external force acting on a subject. Stress is
defined as the internal distribution of forces per
unit of area of a specific material by an external
force. The resulting change in shape of the mate-
rial by the stress applied is called strain. In the
1960s, the terms stress and strain were intro-
duced by pulmonary physiologists to describe
respiratory mechanics." Lung stress describes
the distribution of forces due to PEEP and tidal
volume, whereas strain describes the resulting
change in lung volume.

Calculations of strain require measurements of
functional residual capacity (FRC). Traditional
FRC measurements needed tracer gases, and
expensive and bulky equipment.*?Olegard
et al.* devised the nitrogen multiple breath
wash-out (NMBW) technique to measure FRC at
the bedside without interruption of mechanical
ventilation and additional tracer gases. The
NMBW method is integrated in a standard ICU
ventilator and uses a step change in fraction of
inspired oxygen (FiO,) to calculate FRC. How-
ever, lung volume is influenced by the use of
PEEP and therefore it is better to speak of EELV.’

For the calculation of stress, the specific elas-
tance should be known or transpulmonary pres-
sure measurements are required. Stengqvist
et al.® recently developed a technique to calcu-
late elastance without the use of transpulmonary
pressure measurements by using EELV mea-
surements. They showed® that calculating elas-
tance from EELV measurements correlates very
well with elastance calculated from esophageal
pressure measurements (r* = 0.96) in patients
with moderate or severe respiratory failure. For
patients with pulmonary and extrapulmonary
Acute Respiratory Distress Syndrome (ARDS),
this comparison resulted in a r* = 0.99. With
this knowledge, the elastance can be calculated
by dividing the change in PEEP by the change
in PEEP volume. However, specific elastance is
the elastance normalized for FRC.

The hypothesis of the present study was: Can
lung stress be reliably calculated based on non-
invasive lung volume measurements, during a
decremental PEEP trial in mechanically venti-
lated patients with different diseases? Therefore,
FRC (EELV at ZEEP) and EELV were measured
during a decremental PEEP trial, in patients

with different lung conditions, and stress and
strain were calculated at each PEEP step.

Materials and methods

Study population

Retrospective lung volume data were collected
from 26 pressure-controlled mechanically venti-
lated patients admitted to the intensive care unit
(ICU). The data of the included patients have
been used earlier and the results are described
in two earlier publications.>” Patients were con-
sidered eligible for inclusion in this study if
lung volume data at zero PEEP (ZEEP) were
present, and if they were mechanically venti-
lated for <48 h at inclusion to the original
study. The local Medical Ethics committee
(Medical Ethical Committee Rotterdam. Dr.
Molewaterplein 50, 3015 GE Rotterdam, The
Netherlands.) approved the study protocol (02
July 2009; permit nr. MEC-2009-222) and
informed consent was obtained from the patient
or a legal representative. The exclusion criteria
were severe hemodynamic instability (arterial
pressure below 60 mmHg, active bleeding, or
adrenergic agents other than dobutamin
required to maintain blood pressure or output),
pneumothorax, thoracic deformations, and sev-
ere airflow obstruction due to chronic obstruc-
tive pulmonary disease (COPD). COPD was
defined as forced expiratory volume in 1s or
vital capacity below predicted value minus two
standard deviations.

Study protocol and measurements

All patients received pressure-controlled venti-
lation (PCV) (Engstrom Carestation, GE Health-
care, Madison, WI, USA) as this is the standard
of care in our hospital. The inspiratory pressure
above PEEP (Pinsp) was tailored to reach a tidal
volume of 8 + 2 ml/kg predicted body weight,
and remained unchanged during the entire
PEEP trial. In addition, FiO, was set to achieve
a Pa0O, of 8-12 kPa. First baseline measure-
ments were performed, after which a recruit-
ment maneuver (RM) was performed using a
peak inspiratory pressure (PIP) of 40 cmH,O
with 20 cmH,O PEEP for 30-40 s, during which
the respiratory cycle continued, to continue gas
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exchange. A PEEP of 15 cmH,0 was applied for
15 min to achieve a steady-state situation, by
means of a stable carbon dioxide volume
(VCO,) signal for at least 10 min. Steady state
was based on VCO, as this is the main parame-
ter in the formula to calculate EELV,* which is
integrated in the Engstrom Care station. The
first PEEP level was set to 15 cmH,O to avoid
peak inspiratory pressures above 30 cmH,O.
Thereafter, a decremental PEEP trial was per-
formed from 15 to 0 cmH,0O PEEP in steps of
5 cmH,0. Each PEEP level was applied for 10-
20 min, depending on the hemodynamics and
respiratory stability of patient.

Calculation of EELV, FRC, PEEP volume,
strain, specific elastance, and stress

We measured EELV using the NMBW technique
devised by Olegard et al.* The Engstrom
Carestation ventilator is equipped with an inte-
grated COVX module, which delivers data
required to calculate EELV. EELV measurements
require a step change in FiO,. EELV is automat-
ically measured twice (wash-out and wash-in)
within one procedure, using a FiO, step
change of 0.2. At each PEEP level, the EELV
measurements were repeated. We considered
the EELV measurement at ZEEP as the of the
lungs FRC.

Strain describes the relation between end-in-
spiratory volume (i.e., tidal volume + PEEP vol-
ume) and FRC, and is calculated wusing
formula (1)%:

. Vi +V,
Straingjopal = TTCPEEP (1)

(Vr = tidal volume; Vpggp = difference between
EELV and FRC; FRC = EELV measured at
ZEEP).

Protti et al.” introduced the terms static strain
and dynamic strain. Lung tissue deformation
due to application of PEEP is called static strain,
as the energy is only once applied to the lungs.
Tidal ventilation is a dynamic process, as the
energy is cyclically applied to the lungs. There-
fore, lung deformation due to tidal volume is
called dynamic strain.’ Static strain and
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dynamic strain are calculated according to the
following formulas (2 and 3)°:

. VpEEP
Straing,iic = 2
static FR C ( )

. V-
Straingynamic = T 3)

FRC

(Vpeep = difference between EELV and FRC;
VT = tidal volume; FRC = EELV measured at
ZEEP).

Stress is calculated using the following for-
mula’®:

Stress = Specific elastance x Strain (4)

Elastance was calculated by the formula as
proposed by Stenqvist et al.’:

APEEP

Elastance = (5)
AVpggp

Specific elastance = elastance x FRC (6)

(Vpeep = VPEEP = difference between EELV and
FRC).

For stress calculations, both the strain and
specific elastance at a particular PEEP level were
used. For example, to calculate stress at a PEEP
level of 15 cmH,0, the strain and specific elas-
tance at that PEEP level were used.

Statistics

Statistical analyses were carried out using SPSS
21 (IBM, Chicago, IL, USA). Unless specified
otherwise, the values are stated as mean + SD.
We screened the distribution of our data using
the Kolmogorov-Smirnov test for normal distri-
bution and the Brown-Forsythe test for
homoscedasticity. If the data appeared to be
distributed normally, we applied ANOVA.
Otherwise, the analysis was carried out using
the independent samples Kruskal-Wallis test. A
linear regression model was performed to com-
pare the stress measured by Chiumello et al.'°
with our stress calculations (Graphpad Prism
version 5.0; Graphpad Software Inc., San Diego,
CA, USA). For all comparisons, P < 0.05 was
considered to be significant.
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Results

The included patients are divided into three
groups based on the diseases (Table 1): coronary
artery bypass graft (CABG), neurology patients,
and lung disorder patients. Patient characteris-
tics are shown in Table 2. The patients were

Table 1 Disease characterization of the patient groups.

CABG NEUROLOGY Lung disorders

CABG 11

SAH 7

Neuro-trauma 2

Pneumonia 5
Abdominal sepsis 1
N 11 9 6

CABG, coronary artery bypass graft; SAH, sub-arachnoidal hem-
orrhage; N, number of patients.

Table 2 Baseline demographics.

CABG Neurology Lung disorders
N 11 9 6
Age (years) 70 £ 10 54 + 18* 63 + 11
Male:Female (n) 7:4 6:3 5:1
Heart rate (BPM) 75 £ 15 78 £ 10 84 + 32
Weight (kg) 78 + 13 75 + 10 77 £17
PBW (kg) 66 + 9 71 £ 10 71 + 8
Height (cm) 172 +£ 9 177 £ 9 176 £ 7
BMI 27 £ 4 24 + 3 25+ 5
Respiratory 15 £ 1 16 £ 4 16 £ 2

rate (BPM)

PEEP (cmH,0) 5 5 5
PIP (cmH,0) 15+ 2 18 + 4 20 + 51
Vre (M) 559 + 89 518 + 46 728 + 158+
V/PBW (ml/kg) 85+ 1.1 72+ 12 103 + 1.8%
EELV () 249 +£0.80 229 +0.49 212 4+ 0.64

EELV of predicted 69.1 £ 283 79.4 £ 285 647 + 226

supine FRC (%)

LS 14+£04 12£10 18+08
Pa0,/Fi0, ratio (kPa) 40 =+ 17 49 + 4 28 + 5t
FiO, (%) 41 £2 37 £ 5* 52 £ 13t

Differences are considered to be significant if P < 0.05. The results
are shown as mean £ SD unless otherwise specified. Significant
differences are marked as: *CABG vs. neurology; +CABG vs. Lung
disorders; fNeurology vs. Lung disorders. CAB, coronary artery
bypass graft; PBW, predicted body weight; BMI, body mass index;
PEEP, positive end-expiratory pressure; PIP, peak inspiratory pres-
sure; Vre expiratory tidal volume; EELV, end-expiratory lung vol-
ume; FRC, functional residual capacity; LIS, lung injury score; FiO,
Fraction of inspired oxygen.

ventilated with a constant pressure amplitude or
driving pressure (CABG: 10 + 2 cmH,O; neu-
rology: 13 + 4 cmH,0; lung disorders: 15 + 5
cmH,0) during the entire PEEP trial. The PaO,/
FiO, ratio was significantly lower in the lung
disorder group compared to both other groups,
whereas EELV measured at 5 cmH,O of PEEP
were comparable between the groups. At ZEEP,
the FiO, was increased in three CABG patients
to maintain a PaO, between 8 and 12 kPa. The
measured baseline EELV was presented as a
percentage of predicted supine FRC to estimate
the amount of collapsed lung tissue (Table 2),
and no significant differences were found
between the groups (Table 2). Changes in respi-
ratory parameters during the decremental PEEP
trial for each group are shown in Table 3. There
were no significant differences in tidal volume
during the PEEP trial for each group, except at
ZEEP in the CABG and lung disorders group.
At 5 and 0 cmH,O of PEEP, EELV significantly
decreased in each group (Table 3). Only in the
CABG group, a significant decrease in PaO,/
FiO, was seen at 5 and O cmH,O0 PEEP
(Table 3).

Figure 1 represents the global, static, and
dynamic strain for each PEEP level based on
FRC. The global strain was above 2 only in the
CABG group at a PEEP of 15 cmH,0 (Fig. 1).
At the three PEEP levels (15, 10, and
5 cmH,0), global strain in the lung disorder
group was significantly higher compared to
neurology group (Fig. 1), but global strain in
the CABG group was significantly higher com-
pared to the lung disorder group (Fig. 1).
Dynamic strain did not change significantly in
any of the groups during the decremental PEEP
trial, except at ZEEP in the CABG group due to
collapse (Fig. 1).

Specific elastance was calculated for each
PEEP level and is shown in Figure 2. The lung
disorder group and neurology group had compa-
rable specific elastance values, whereas specific
elastance was significantly lower in the CABG
group at all PEEP levels (Fig. 2).

The stress is shown in Figure 3. At PEEP of
15 cmH, 0, the global stress decreased with each
PEEP step in all groups (Fig. 3). Global stress
was significantly lower in the CABG group as
compared to the neurology and lung disorders
groups at all PEEP levels.
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In addition, we divided the CABG group in
patients with and without collapse-prone lungs
based on PaO,/FiO, ratio <40 or > 40 kPa
(Fig. 4). In patients with a PaO,/FiO, ratio
< 40 kPa (collapse-prone lungs), global strain
was significantly higher in CABG patients with
a PaO,/FiO, ratio <40 kPa as compared to
CABG patients with P/F ratio > 40 kPa (Fig. 4).

In addition, we calculated the global, static,
and dynamic strain for each PEEP level based
on EELV to diminish the effect of recruitment
(Fig. 5). In contrast to strain calculations based
on FRC (Fig. 1), the dynamic strain based on
EELV increased at lower PEEP levels (Fig. 5).

Acta Anaesthesiologica Scandinavica 60 (2016) 69-78

Table 3 Respiratory parameter during the decremental PEEP trial.
PEEP (cmH,0) 15 10 5 0
Peak inspiratory pressure (cmH,0)
CABG 25+ 2 20 £ 2* 15 £+ 2* 10 £ 2*
Neurology 28 + 4 22 + 4% 18 + 4* 14 £+ 5*
Lung disorders 32+ 4 25 £ 5% 20 £ 5% 15 £ 5%
Delta inspiratory pressure (cmH,0)
CABG 10+ 2 10+ 2 10 £ 2 10 £ 2
Neurology 13+ 4 12+ 4 13+ 4 14 +5
Lung disorders 17 + 4 15+ 5 15+ 5 16 + 4
Expiratory tidal volume (ml)
CABG 587 £ 117 613 + 102 559 + 89 397 £ 91*
Neurology 509 + 50 511 £ 53 518 + 46 509 + 60
Lung disorders 674 + 120 701 £+ 158 728 £+ 158 579 + 79*
Respiratory elastance (cmH,0/l)
CABG 175+ 2.6 16.7 £ 2.2 182 £ 26 26.2 £ 5.1*
Neurology 263 + 6.9 245 + 7.4 248 + 8.0 27.7 £ 9.1
Lung disorders 261 £9.5 213 £ 83 21.0 £ 9.7 265+ 115
EELV ())
CABG 3.97 £0.70 3.35 + 0.86 2.49 £+ 0.80 1.58 + 0.63*
Neurology 291 £ 0.49 2.68 + 0.47 2.29 £ 0.49 1.83 £ 0.53*
Lung disorders 2.72 + 0.89 2.52 + 0.79 2.12 + 0.64 1.57 + 0.48*
PEEP volume (I)
CABG 2.39 + 0.42 1.77 + 0.45*% 0.91 + 0.25*% -
Neurology 1.08 + 0.49 0.84 + 0.32 0.46 + 0.22* -
Lung disorders 1.20 + 0.37 0.95 + 0.43 0.55 £+ 0.30* -
Pa0,/Fi0, (kPa)
CABG 63 £ 14 61 £ 14 45 £+ 14* 27 £ 10*
Neurology 55 + 10 55 + 11 54 + 12 49 £ 13
Lung disorders 37 £ 15 34+ 11 29 + 4 24 + 3
FiO, (%)
CABG 41 £ 2 41 £ 2 41 £ 2 45 £+ 8*
Neurology 37 £5 375 37+£5 36 £ 4
Lung disorders 52 + 13 52 +13 52 +£ 13 50 + 6*
Respiratory elastance was calculated as the ratio of delta inspiratory pressure and expiratory tidal volume. End-expiratory lung volume (EELV)
at 0 cmH,0 PEEP was considered as functional residual capacity. Fraction of inspired oxygen (FiO,). Significant differences as compared to
15 cmH,0 PEEP are indicated by *. P < 0.05 was considered to be statistically significant.

Dynamic strain was significantly higher in the
lung disorder group compared to both other
groups at the used PEEP levels (Fig. 5).

Discussion

Specific elastance and strain can easily be calcu-
lated at the bedside using the non-invasive FRC
measurements technique without interruption of
mechanical ventilation, and from these results
stress can be calculated without the measure-
ment of esophagus pressure. Calculations of
stress and strain based on non-invasive lung
volume measurements can be reliably performed
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CABG

Strain calculated to FRC
Neurology

Lung disorders
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Fig. 1. Strain calculated for patients with different lung conditions during a decremental PEEP trial. Data are shown as mean + SE. Open
triangles: global strain; open circles: static strain (PEEP); closed circles: dynamic strain (tidal volume); dashed lines: interpolation lines. Differences
are considered to be significant if P < 0.05. *Significant changes in global strain; #Significant changes in static strain; $Significant changes in

dynamic strain.

Mean specific elastance (cm H,0/l)
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Fig. 2. Calculated specific elastance per PEEP level for each group.
Data are shown as mean =+ SE. Solid squares: CABG group; Solid

arrow: neurology group; Solid diamond: lung disorders group. Data
are considered to be significantly different if P < 0.05.

74

during a decremental PEEP trial. Strain has low
values in low collapse-prone lungs, whereas
high values in high collapse-prone lungs after
increasing PEEP. This indicates that recruitabil-
ity of lung tissue influences strain more com-
pared to collapse of lung tissue.

During mechanical ventilation, external
energy is applied to the lung due to tidal venti-
lation and application of PEEP. This energy is
applied to the lung parenchyma creating lung
tissue damage, known as ventilator-induced
lung injury (VILI). To describe the stress raisers
on lung parenchyma, the parameters stress,
specific elastance, and strain are introduced
(stress = specific elastance x strain). Chiumello
et al.’® calculated lung stress and strain in 80
volume-controlled ventilated patients with and
without lung disorders, at four different tidal
volumes (6, 8, 10, and 12 ml/kg) and during
two different PEEP levels (5 and 15 cmH,O).
EELV was measured using a balloon with
helium, and mechanical ventilation was inter-
rupted during each measurement. Stress was
calculated based on esophageal pressure

Acta Anaesthesiologica Scandinavica 60 (2016) 69-78
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Fig. 3. Changes in global stress during the decremental PEEP trial in
the three patient groups. Data are shown as mean =+ SE. In both the
CABG and lung disorders groups, global stress significantly decreased
with each PEEP step, as indicated by * and $, respectively. In the
neurology group, global stress only significantly decreased at

5 cmH20 PEEP as compared to 15 cmH20 PEEP, as indicated by #. At
all PEEP levels, the global stress was significantly lower in the CABG
group as compared to the neurology and lung disorders groups
(indicated by ** and ##, respectively). Solid squares: CABG group;
Solid arrow: neurology group; Solid diamond: lung disorders group.
Data are considered to be significantly different if P < 0.05.

measurements. From both results, specific elas-
tance was calculated and was around
13.5 cmH,0/1 for all patients with and without
lung disorders and did not change with tidal
volume and PEEP. Our results of specific elas-
tance values were comparable for both the lung
disorder and neurology group, whereas not for
the CABG group in which specific elastance was
around 50% due to recruitability (Fig. 2). Della-
monica et al."' calculated lung strain in 30 vol-
ume-controlled ventilated patients and found
that the static strain was higher in patients with
high collapse-prone lungs compared to low
recruiters between high and low PEEP. This
was also seen in the present study in which glo-
bal strain was the highest in the CABG patients
with a P/F ratio < 40 kPa (Fig. 4).
Gonzalez-Lopez et al.'* calculated lung strain
during volume-controlled mechanical ventilation

Acta Anaesthesiologica Scandinavica 60 (2016) 69-78

Mean strain
N
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e
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Fig. 4. Changes in strain during a decremental PEEP trial for patients
with normal oxygenation or impaired oxygenation within the CABG
group. Data are shown as mean =+ SE. Strain is calculated for
coronary artery bypass graft (CABG) patients with a PaO,/FiO, ratio
smaller or larger than 40 kPa. Open triangles: global stress or strain;
open circles: static stress or strain (PEEP); closed circles: dynamic
stress or strain (tidal volume); dashed lines: interpolation lines. All
differences are considered to be significant if P < 0.05. *Significant
differences in global strain; #Significant differences in static strain;
$Significant differences in dynamic strain.

in 22 patients (16 ALI, 6 controls), without
changing ventilator settings. They used EELV
instead of FRC and then dynamic strain is only
calculated. It was shown that in patients with
ALI and a strain > 0.27 resulted in significantly
more inflammatory cytokines, measured in bron-
choalveolar lavage fluid (BALF). In the present
study, patients with lung disorders had a
dynamic strain of > 0.27 at all used PEEP levels,
but in the CABG and neurology group, dynamic
strain was > 0.27 only at ZEEP (Fig. 5). This
means that tidal volume is harmful at ZEEP due
to the risk of hyperinflation in an atelectatic lung.

Transpulmonary pressure is considered as
the main factor of ventilator-induced lung injury.
However, measurements of transpulmonary
pressure using an esophageal pressure balloon
are challenging and therefore a less used tech-
nique in daily practice. Therefore, there is a need
for an easy to use method to calculate transpul-
monary pressure. Recently, Stenqvist et al.® pro-
posed a method to calculate transpulmonary
pressures based on non-invasive EELV measure-

© 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd 75
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Strain calculated to EELV
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Fig. 5. Strain calculated, based on EELV, for patients with different lung conditions, during a decremental PEEP trial. Data are shown as

mean + SE. The horizontal wide-dashed line represents a threshold strain of 0.27 according the suggestion of Gonzalez-Lopez et al."?. Open
triangles: global strain; open circles: static strain (PEEP); closed circles: dynamic strain (tidal volume); dashed lines: interpolation lines. Differences
are considered to be significant if P < 0.05. *Significant changes in global strain; #Significant changes in static strain; $Significant changes in

dynamic strain.

ments, during an incremental PEEP trial. They
showed in 13 ex vivo pigs that the change in
lung volume could be predicted from the change
in PEEP divided by lung elastance calculated
from esophageal pressure measurements. There-
fore, specific elastance could be calculated by
multiplying elastance by FRC, in which elas-
tance is calculated as delta PEEP divided by
delta EELV. Recently, Lundin et al.’® confirmed
this method in 12 ARDS patients. They calcu-
lated elastance from esophageal pressure mea-
surements and the Stenqvist method, and found
a close correlation (% = 0.80).

In the study of Chiumello et al.'° it was
shown that stress values, based on esophagus
pressure measurements, were 21.8 + 5.4 and
13.3 + 3.7 cmH,0 at respectively 15 and
5 cmH,O of PEEP and tidal volume of 10 ml. In
the present study, we found 24.0 £ 2.7 and
13.1 + 3.8 cmH,O0 in the lung disorder group at
the same PEEP and tidal volume. In addition,
Chiumello et al.’® showed that for patients with
normal lungs, the stress values were 19.2 + 3.2
and 10.9 £ 3.3 cmH,0 at respectively 15 and

76

5 cmH,O of PEEP and tidal volume of 8 ml,
whereas we found similar values: 21.3 + 8.1
and 10.6 + 4.7 cmH,O at the same PEEP and
tidal volume. It is shown that the validity of
esophageal pressure measurements as a Surro-
gate for transpulmonary pressure measurements
is limited.'*'*'® Recently, Chiumello et al.'”
compared two different methods to define
transpulmonary pressures: directly measured via
absolute esophagus pressure and indirectly mea-
sured via the ratio of lung elastance and respira-
tory system elastance. They found that the
directly measured esophageal pressure by an
esophageal balloon were highly variable
between patients and was not related to lung
weight, chest wall elastance, and amount of
lung collapse. It was concluded that the elas-
tance-derived method to calculate esophageal
pressure should be preferred because no discon-
nection from the ventilator is required and
thereby avoiding PEEP loss and derecruitment.
Do the stress and strain calculations have
additional information at the bedside for the
clinicians to guide ventilation strategies? Stress

Acta Anaesthesiologica Scandinavica 60 (2016) 69-78

© 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd



MEASUREMENTS OF LUNG STRESS AND STRAIN

increases linearly with the PEEP and the high-
est values were around 20-25 cmH,O in the
present study. It has been demonstrated that
transpulmonary pressures of above 25 c¢cmH,0O
are injurious but this is different.'® Transpul-
monary pressure increases during spontaneous
breathing due to negative pleural pressure,
whereas decreases in patients with stiff chest
wall or low lung compliance as seen in patients
with ARDS. Therefore, stress calculations do not
have additional information compared to
transpulmonary pressure. However, the strain
calculations based on EELV might be a useful
parameter at the bedside to assess ventilator set-
tings. The studies of Protti et al.”'® clearly
demonstrated that tidal volume is harmful to
the lungs, whereas PEEP worked protective. In
the present study, we found that dynamic strain
(Vt/EELV) calculated on EELV corrects the
strain for alveolar recruitment but resulted also
in higher values at lower PEEP levels although
the inspiratory pressure were the same. The
highest values were seen during ZEEP and this
is of special interest. During ZEEP, the lung
could be collapsed and less alveoli are available
to receive tidal ventilation, whereas after recruit-
ment in combination with higher levels of
PEEP, higher tidal volume can be applied with-
out damaging the lung. Therefore, we believe
that dynamic strain calculations based on EELV
could be useful at the bedside but outcome
studies are needed to investigate the roll of a
strain-guided ventilation protocol.

As we analyzed data of lung volume measure-
ments from earlier studies with a different
research question, the study design has some
limitations: Firstly, we did not measure esopha-
gus pressures in the present study and com-
pared our data with previous published data.®*?
Secondly, Stenqvist et al. calculated specific
elastance® during an incremental PEEP trial,
whereas we performed a decremental PEEP
trial. In a recent experimental study’*°, we per-
formed an incremental and decremental PEEP
trial in healthy and ARDS lungs. EELV at ZEEP
did not significantly differ between both PEEP
trials for both healthy and ARDS lungs. There-
fore, in our opinion specific elastance, stress,
and strain can be calculated reliably during a
decremental PEEP trial. Thirdly, the lung injury
group is a relative small group of patients in
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this study. Finally, we did not use CT or EIT to
assess ventilation homogeneity. However, we
believe that all techniques used to gather all the
information are reliable and suitable for the
research goal of the present study.

In conclusion, calculations of specific lung
elastance, stress, and strain based on non-inva-
sive lung volume measurements can be reliably
done and also during a decremental PEEP trial,
in mechanically ventilated patients with differ-
ent lung conditions. In addition, stress and
strain calculations based on EELV should be
preferred to correct for lung volume recruitment.

References

1. Wilson TA. Solid Mechanics. Handbook of
Physiology: A Critical, Comprehensive Presentation
of Physiological Knowledge and Concepts.
Baltimore, MD/Waverly: American Physiological
Society 1986: 35-9.

2. Hewlett AM, Hulands GH, Nunn JF, Minty KB.
Functional residual capacity during anaesthesia. I:
Methodology. Br J Anaesth 1974; 46: 479-85.

3. Ibanez J, Raurich JM, Moris SG. A simple method
for measuring the effect of PEEP on functional
residual capacity during mechanical ventilation.
Crit Care Med 1982; 10: 332-4.

4. Olegard C, Sondergaard S, Houltz E, Lundin S,
Stenqvist O. Estimation of functional residual
capacity at the bedside using standard monitoring
equipment: a modified nitrogen washout/washin
technique requiring a small change of the inspired
oxygen fraction. Anesth Analg 2005;101:206-12,
table.

5. Bikker IG, van Bommel J, Reis MD, Bakker J,
Gommers D. End-expiratory lung volume during
mechanical ventilation: a comparison with reference
values and the effect of positive end-expiratory
pressure in intensive care unit patients with
different lung conditions. Crit Care 2008; 12: R145.

6. Stenqvist O, Grivans C, Andersson B, Lundin S.
Lung elastance and transpulmonary pressure can be
determined without using oesophageal pressure
measurements. Acta Anaesthesiol Scand 2012; 56:
738-47.

7. Bikker IG, Preis C, Egal M, Bakker J, Gommers D.
Electrical impedance tomography measured at two
thoracic levels can visualize the ventilation
distribution changes at the bedside during a
decremental positive end-expiratory lung pressure
trial. Crit Care 2011; 15: R193.

© 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd 77



P. BLANKMAN ET AL.

10.

11.

12.

13.

78

. Gattinoni L, Carlesso E, Caironi P. Stress and strain

within the lung. Curr Opin Crit Care 2012; 18:
42-17.

. Protti A, Andreis DT, Monti M, Santini A,

Sparacino CC, Langer T, Votta E, Gatti S, Lombardi
L, Leopardi O, Masson S, Cressoni M, Gattinoni L.
Lung stress and strain during mechanical
ventilation: any difference between statics and
dynamics? Crit Care Med 2013; 41: 1046-55.
Chiumello D, Carlesso E, Cadringher P, Caironi P,
Valenza F, Polli F, Tallarini F, Cozzi P, Cressoni M,
Colombo A, Marini JJ, Gattinoni L. Lung stress
and strain during mechanical ventilation for acute
respiratory distress syndrome. Am J Respir Crit
Care Med 2008; 178: 346-55.

Dellamonica J, Lerolle N, Sargentini C, Beduneau
G, Di Marco F, Mercat A, Richard JC, Diehl JL,
Mancebo J, Rouby JJ, Lu Q, Bernardin G, Brochard
L. PEEP-induced changes in lung volume in acute
respiratory distress syndrome. Two methods to
estimate alveolar recruitment. Intensive Care Med
2011; 37: 1595-604.

Gonzalez-Lopez A, Garcia-Prieto E, Batalla-Solis E,
Amado-Rodriguez L, Avello N, Blanch L, Albaiceta
GM. Lung strain and biological response in
mechanically ventilated patients. Intensive Care
Med 2012; 38: 240-7.

Lundin S, Grivans C, Stenqvist O. Transpulmonary
pressure and lung elastance can be estimated by a
PEEP-step manoeuvre. Acta Anaesthesiol Scand
2015; 59: 185-96.

14.

15.

16.

17.

18.

19.

20.

Keller SP, Fessler HE. Monitoring of oesophageal
pressure. Curr Opin Crit Care 2014; 20: 340-6.
Higgs BD, Behrakis PK, Bevan DR, Milic-Emili J.
Measurement of pleural pressure with esophageal
balloon in anesthetized humans. Anesthesiology
1983; 59: 340-3.

Mead J, Gaensler EA. Esophageal and pleural
pressures in man, upright and supine. J Appl
Physiol 1959; 14: 81-3.

Chiumello D, Cressoni M, Colombo A, Babini G,
Brioni M, Crimella F, Lundin S, Stenqvist O,
Gattinoni L. The assessment of transpulmonary
pressure in mechanically ventilated ARDS patients.
Intensive Care Med 2014; 40: 1670-8.

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

Protti A, Cressoni M, Santini A, Langer T, Mietto
C, Febres D, Chierichetti M, Coppola S, Conte G,
Gatti S, Leopardi O, Masson S, Lombardi L,
Lazzerini M, Rampoldi E, Cadringher P, Gattinoni
L. Lung stress and strain during mechanical
ventilation: any safe threshold? Am J Respir Crit
Care Med 2011; 183: 1354-62.

Bikker IG, Blankman P, Specht P, Bakker J,
Gommers D. Global and regional parameters to
visualize the ‘best’” PEEP during a PEEP trial in a
porcine model with and without acute lung injury.
Minerva Anestesiol 2013; 79: 983-92.

Acta Anaesthesiologica Scandinavica 60 (2016) 69-78

© 2015 The Acta Anaesthesiologica Scandinavica Foundation. Published by John Wiley & Sons Ltd



