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Rationale: Cyclic strain may be a determinant of ventilator-induced lung injury. The 
standard for strain assessment is the computed tomography (CT), which does not 
allow continuous monitoring and exposes to radiation. Electrical impedance tomog-
raphy (EIT) is able to monitor changes in regional lung ventilation. In addition, there is 
a correlation between mechanical deformation of materials and detectable changes 
in its electrical impedance, making EIT a potential surrogate for cyclic lung strain 
measured by CT (StrainCT).
Objectives: To compare the global StrainCT with the change in electrical impedance 
(ΔZ).
Methods: Acute respiratory distress syndrome patients under mechanical ventila-
tion (VT 6 mL/kg ideal body weight with positive end-expiratory pressure 5 [PEEP 
5] and best PEEP according to EIT) underwent whole-lung CT at end-inspiration and 
end-expiration. Biomechanical analysis was used to construct 3D maps and deter-
mine StrainCT at different levels of PEEP. CT and EIT acquisitions were performed 
simultaneously. Multilevel analysis was employed to determine the causal association 
between StrainCT and ΔZ. Linear regression models were used to predict the change 
in lung StrainCT between different PEEP levels based on the change in ΔZ.
Main results: StrainCT was positively and independently associated with ΔZ at global 
level (P < .01). Furthermore, the change in StrainCT (between PEEP 5 and Best PEEP) 
was accurately predicted by the change in ΔZ (R2 0.855, P < .001 at global level) with 
a high agreement between predicted and measured StrainCT.
Conclusions: The change in electrical impedance may provide a noninvasive assess-
ment of global cyclic strain, without radiation at bedside.
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1  | INTRODUC TION

Mechanical ventilation is the most important life support in acute 
respiratory distress syndrome (ARDS), but mechanical ventilation 
per se may induce lung injury (VILI).1 Although important advances 
have been made in the understanding of VILI, the ultimate determi-
nants remain unknown. What is clear is that VILI originates from a 
mechanical phenomenon.

During the last years, Gattinoni and others have promoted the 
notion that VILI may be better explained in terms of strain, ie, the 
relative deformation to which the tissues are subjected.2-4 The exact 
measurement of lung strain is still unfeasible in clinical practice, for 
this reason, lung strain has been considered as the change of volume 
(tidal volume [VT]) normalized by a reference volume (functional re-
sidual capacity [FRC]).5 However, as lungs are commonly ventilated 
with positive end-expiratory pressure (PEEP), a constant basal strain 
is imposed on them, over which cyclic strain is added by tidal ventila-
tion. There is consistent evidence from mechanical engineering that 
material fatigue is better explained by accumulated energy due to 
cyclic loading rather than by static monotonous deformation.6 This 
concept is supported by recent data of Protti et al, which show that 
injury over the lungs is strongly influenced by cyclic strain, even at 
comparable levels of maximal strain.7

Clinical and experimental evidence suggests that certain thresh-
olds of high strain can be associated with lung injury. In mechanically 
ventilated healthy pigs, using the FRC at Zero End Expiratory Pressure 
as the reference volume, a level of strain >1.5-2 consistently induced 
VILI.7 In a clinical study, by using the end-expiratory lung volume at 
PEEP (EELV) as the reference volume, strain values above ~0.20 were 
already enough to promote an inflammatory response characterized 
by fourfold increase in IL-6 and IL-8 concentrations in bronchoalveolar 
lavage fluid.8 In another clinical study using the same reference volume 
at PEEP, a higher metabolic activity in the ventilated lung was found 
when strain values were exceeding 0.15-0.2.9,10

The best tool available to estimate lung strain is by quantitatively 
analyzing two computed tomography (CT) scans evaluated at differ-
ent pressure levels, which is not commonly available at the beside 
and it exposes the patient to x-ray radiation. In addition, analysis of 
strain from the CT images still requires intense work, both for the 
exam and the analysis.4,11,12

In this scenario, electrical impedance tomography (EIT) has arisen 
as a bedside radiation-free functional imaging modality for monitor-
ing lung ventilation and perfusion.13 Regional impedance changes 
observed in EIT during tidal ventilation correlate well with changes 
in absolute air content observed in CT.14 Recent studies have also 
suggested an underlying correlation between mechanical deforma-
tion of different materials, but also biological tissues, and detectable 
changes in its electrical impedance.15-17 Furthermore, the changes 
in air content and strain are directly related during tidal ventilation, 
being the former one of the main determinants of the latter.

We hypothesized that changes in electrical impedance can be 
related to the changes in cyclic lung strain when the level of PEEP is 
changed. Therefore, the aim of the study was to determine whether 

EIT monitoring is able to predict changes in cyclic strain in ARDS 
patients, using CT-based analysis (StrainCT) as a benchmark.

2  | METHODS

To test our hypothesis, we analyzed data obtained from an ongo-
ing clinical study, which included simultaneous acquisitions of CT 
and EIT (spatially correlated). The study was approved by the Ethics 
committee for Clinical Studies (No. 027/2016, Hospital Clínico 
Universidad de Chile).

2.1 | Study protocol

2.1.1 | Study population

Consecutive ICU patients were studied in a university hospital. 
Informed consent was obtained from the patients’ next of kin. The 
enrolled adult patients fulfilled the criteria for moderate-to-se-
vere ARDS according to Berlin definition.18 Patients younger than 
18  years old, pregnant, with arrhythmias, who had contraindica-
tions for installation of EIT, chronic lung diseases or central nervous 
system injury, or risk of gastric variceal hemorrhage, were excluded. 
Patients were kept under sedation (Fentanyl and Propofol accord-
ing to the ICU sedation protocol) plus neuromuscular paralysis 
(Cisatracurium). They were subjected to a volume-controlled venti-
lation mode with VT of 6 mL/kg of predicted body weight (Puritan-
Bennett 840 Ventilator System—Nellcor Puritan Bennett, CA). 
Recruitment maneuvers and decremental PEEP titration were used 
(see below). Patients underwent whole-lung CT, with a low radia-
tion protocol, during breath-holding sessions at end-expiration (EE) 
and end-inspiration (EI), with PEEP 5 and with best PEEP titrated 
according to EIT (see Supporting Information). Briefly, best PEEP 
was defined as the PEEP associated with the lowest combination of 
collapse and overdistension according to EIT monitoring.

2.1.2 | EIT imaging

EIT was used to visualize the 2D distribution of lung air content dur-
ing the respiratory cycle (Enlight® 1800; Timpel). The reconstructed 

Editorial Comment

For ventilator-dependent patients with acute lung injury, 
attention to avoiding unnecessary lung strain and ventila-
tor-associated lung injury is important. This clinical series 
shows that electric impedance tomography at the bedside 
may provide a non-invasive estimation of global lung strain 
without radiation.
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images represent the impedance distribution of each time step of 
the acquisition series, relative to a convenient reference value taken 
at the beginning of data acquisition (baseline). The tidal change in 
impedance distribution (ΔZtd, hereafter referred only as ΔZ) was cal-
culated by subtracting EI to EE values. The effect of cardiac cycles 
on EIT signals was filtered using the mean pletismogram during the 
respiratory pauses.

2.1.3 | CT imaging

For each PEEP analyzed, two CT scans were acquired in breath-
holding sessions during EE and EI phases. The lung geometry was 
constrained by using a contour-active segmentation (using the soft-
ware ITK-Snap [Penn Image Computing and Science Laboratory]).19 
Simultaneous acquisition with EIT monitoring allowed to confront 
these results in the subsequent sections.

2.1.4 | Air content

For both EE and EI respiratory phases, the gas fraction was calcu-
lated at voxel level using its corresponding hounsfield units (HU). 
For each voxel, a linear interpolation was used between HU ≤1000 
(100% gas) and HU ≥0 (100% tissue), thus, producing 3D gas fraction 
maps. Following, the air content was calculated for each voxel by 
multiplying the gas fraction to the voxel volume.

2.1.5 | Volumetric strain

Volumetric strain (εv) corresponds to the local change of volume 
of the lung parenchyma, which in this study is calculated for a tidal 
breath. 3D maps of volumetric strain were computed following the 
image-based biomechanical method.20,21 In brief, EI and EE im-
ages were registered using the Nifty-Reg library,22 which delivers 
a transformation between both images. Then, volumetric strain is 
computed using finite-element projection analysis, which delivers 
3D maps of volumetric strain for each patients’ lungs (Figure 1). See 
Supporting Information for a detailed description of the methods. 
Additional strain analysis, based on the classic approach using VT 
divided by EELV, was performed to show the consistency with the 
finite-element method.

2.1.6 | Spatial correlation between CT and 
EIT changes

At the beginning of CT, the EIT belt (position) was adjusted so that 
the plane of the acquired CT slice and EIT signals would match 
(Figure 2). During CT images acquisitions, EIT was recording the data 
at the same time, identifying the corresponding CT breath-holding 
sessions in the EIT time series. Whereas CT reconstruction images 

produce a 3D map, EIT images represent the impedance values 
collapsed onto a transverse 2D cross-section, defined by the axial 
position of the electrode belt along the patient torso. The spatial 
correspondence between the methods was achieved by integrating 
StrainCT of the whole lung through an axis perpendicular to the EIT 
cross-section (ie, the electrode belt identified in the CT image). CT 
images from both lungs, our region of interest (ROI), were spatially 
aligned to the regions where ΔZ was calculated for each respira-
tory phase (Figure 2). Volumetric strain was computed as the aver-
age of the regional strain values in each lung in EE. See Supporting 
Information for a detailed description.

2.2 | Statistical analysis

Normal distribution of data was evaluated by the Shapiro-Wilk test. 
Continuous data were expressed as mean ± standard deviation or me-
dian and interquartile range, meanwhile categorical variables were re-
ported as count and percentage (%). Because repeated measures were 
done in each ARDS patient (at different PEEP levels), linear mixed-ef-
fect models were used to determine the causal association between ΔZ 

F I G U R E  1   Procedure to obtain volumetric strain maps. A 
segmentation is generated for each end-of-expiration and end-
of-inspiration images. Image registration allows to map the 
deformation between images, followed by projecting these results 
onto a 3D mesh. CT, computed tomography
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obtained by EIT and StrainCT, taking into account the patient level as a 
random effect. To adjust for potential confounders as fixed effects, we 
used acyclic causal diagrams23, controlling by body mass index (BMI). 
Also, we used linear regression models to predict the change in StrainCT 
between both PEEP levels (ΔStrainCT) based on EIT changes. Finally, 
diagnostic performance between EIT-based prediction, ΔStrainEIT with 
ΔStrainCT, was assessed by Bland-Altman test. Statistical analysis was 
performed with the software Stata v12.0 (StataCorp), and all graphs 
were made in Prism 6.0 (GraphPad Software).

3  | RESULTS

We included 13 ARDS patients: age 66 ± 14 years (8 males, 10 medical 
and 3 surgical admissions, and 5 had primary ARDS); their worst values 
before the inclusion were as follows: PaO2/FiO2 130 ± 38 mm Hg and 
SOFA 13 ± 4. At the inclusion to the study, the time on mechanical 
ventilation was 9 ± 5 days, and gas exchange and lung mechanics were 
already improving in most patients. General characteristics from pa-
tients at this phase are shown in Table 1. The values of StrainCT, EELV, 
and ΔZ at global level from ARDS patients are shown in Table 2. The 
coefficient of determination (R2) between the two methods to estimate 
strain (Finite-element method and VT/EELV) was 0.91 (see Figure S1).

3.1 | Association between StrainCT and EIT 

In multilevel analysis, StrainCT was positively associated with ΔZ 
(Table 3). After adjusting by BMI, an independent association was 
obtained between StrainCT and ΔZ.

3.2 | Prediction of change in StrainCT (ΔStrainCT) 
by the change in ΔZ

The change in StrainCT (ΔStrainCT = [StrainCT at PEEP 5 − StrainCT at 
Best PEEP]) was predicted by the change in ΔZ (change in ΔZ = [ΔZ at 

PEEP 5 − ΔZ at Best PEEP]), explaining 86% of the change in StrainCT 
at global level. Predictive equation for ΔStrainCT by EIT (ΔStrainEIT) 
and its R2 are expressed in Figure 3A.

3.3 | Diagnostic concordance between EIT 
predictions and ΔStrainCT

Figure 3B shows the diagnostic concordance between ΔEIT predic-
tions through the change in ΔZ (ΔStrainEIT) with ΔStrainCT. A high 
agreement was observed between ΔStrainEIT and ΔStrainCT.

A visual comparison between StrainCT and ΔZ, from ARDS pa-
tient at PEEP 5 and Best PEEP, is shown in Figure 4. In this example, 
best PEEP decreased both StrainCT and ΔZ, but also improved lung 
homogeneity on ventral-to-dorsal distribution.

4  | DISCUSSION

In the present study, a positive and independent association be-
tween EIT data (ΔZ) and StrainCT was found in ARDS. In addition, the 
changes in cyclic strain induced by changes in PEEP were accurately 
predicted through EIT data, providing a non-invasive surrogate of 
global cyclic strain without radiation at the bedside.

Imbalances in regional lung ventilation obtained by CT,14 PET,24 
and MRI25 (as the validation methods) have been accurately mea-
sured by EIT in animal models and humans (with healthy and in-
jured lungs), independently of severity of lung damage or whether 
breathing was spontaneous or mechanically delivered. Changes 
in absolute air content best explained impedance changes inside 
lung regions of interest.14 However, to the best of our knowledge, 
this is a first attempt to explore the EIT for lung strain monitoring. 
Although we obtained good associations and predictions on global 
lung, more studies are needed to know whether this effect remains 
significant at regional level, specially at the dependent and non-de-
pendent lung regions, as it is suggested by the visual comparison 
in Figure 4.

F I G U R E  2   Simultaneous EIT and CT data acquisition, sagittal, and coronal planes are obtained to define the ROI that are spatially 
correspondent. CT, computed tomography; EIT, electrical impedance tomography; ROI, region of interest
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Different strategies have been used to measure FRC (and EELV) 
and consequently estimate the global strain in knowing the VT ap-
plied. Although CT remains the gold standard for measuring gas lung 
volume, the helium dilution and the nitrogen dilution techniques are 
clinically acceptable to measure FRC when applied in patients with 

a short time constant of the respiratory system.26 Nevertheless, the 
CT scan which requires an intense work, both for the test and the 
analysis, does not allow continuous assessment and exposes to ra-
diation. On the other hand, the helium dilution and the nitrogen di-
lution techniques require a specific equipment, which only provides 
the information regarding FRC.

In order to avoid VILI, VT and PEEP combination needs to be 
individualized tailoring the ventilatory parameters according to 
the lung disease and respiratory mechanics, being strain a use-
ful tool. By sizing VT to individual FRC, lower risks of VILI may 
be observed.7,8 In addition, PEEP may recruit previously collapsed 
alveoli, which become functional but not necessarily strained, or 
it may increase the strain/stress of previously opened alveoli. For 
this reason, we decided to calculate strain as VT/EELV, where EELV 
includes both FRC and the potential volume recruited by PEEP. 
This approach does not consider the static component from the 
numerator, in accordance with the concept that static strain may 
be less injurious than cyclic strain.7 Other EIT tools may provide 
relevant complementary information related to strain in response 
to PEEP changes, such as overinflation, recruitment, variation in 
poorly ventilated lung units (silent spaces), and changes on re-
gional inflection points obtained through P-V curves derived by 
EIT.27-29 However, these analyses are beyond the scope of current 
study.

At the same level of PEEP, EIT is measuring the changes in air 
content during tidal ventilation. When a higher PEEP level is ap-
plied, EIT provides the change in end-expiratory lung impedance 
(related to higher EELV) and the variation in the amplitude of im-
pedance change. In a classical experimental study by Frerichs et al, 
the authors performed multiple EIT measurements in pigs in three 
transverse thoracic planes placed around the thorax (at the level 
of the 3rd, 5th, and 7th intercostal space, respectively) during the 

TA B L E  1   General characteristics from patients at the inclusion

Patients 
(number) Diagnosis

Age 
(y.o.)

Gender 
(M/F)

PaO2/FiO2 
(mm Hg)

PEEP 
(cmH2O)

VT (mL/
kg)

DP 
(cmH2O)

CRS (mL/
cmH2O)

MV 
(d)

1 Hemorraghic and septic shock 78 M 253 14 6.1 11 39 9

2 Pulmonary sepsis 77 M 271 10 5.9 8.4 50.5 2

3 Pulmonary sepsis 74 F 234 8 5.9 12.5 19 2

4 Liver transplant/pulmonary 
Aspergillosis

30 M 216 10 6.2 12 34 20

5 Hemorraghic and septic shock 66 F 284 14 6.2 10 29 13

6 Pulmonary sepsis 75 M 250 12 5.9 9 47.3 16

7 Urinary septic shock 78 F 218 16 5.8 6.6 36 8

8 Abdominal septic shock 75 F 194 12 6.2 10.4 29.8 12

9 Abdominal septic shock 64 M 211 10 6.1 7.9 58.1 4

10 Septic shock 49 F 319 10 6.1 7 52.4 11

11 Liver transplant/septic shock 57 M 236 12 6.2 13 26.9 4

12 Pulmonary sepsis 73 M 292 14 6.0 6 58.3 10

13 Aspirative pneumonia 67 M 186 10 6.0 11 33.6 9

Abbreviations: CRS, compliance of the respiratory system; DP, driving pressure; MV, time on mechanical ventilation at the assessment; PEEP, positive 
end-expiratory pressure (best PEEP according to EIT is shown in the table); VT, tidal volume.

TA B L E  2   Values of StrainCT, EELV, and EIT (ΔZ) at global level in 
ARDS patients

Global

EELVCT (L) PEEP 5 1.140 (1.070-1.151)

Best PEEP 1.601 (1.478-2.075)

StrainCT PEEP 5 0.232 (0.112-0.273)

Best PEEP 0.139 (0.109-0.177)

ΔZEIT (AU) PEEP 5 30.456 (24.182-33.278)

Best PEEP 26.768 (20.745-34.372)

Abbreviations: AU, arbitrary units; ARDS, acute respiratory distress 
syndrome; CT, computed tomography; EELVCT, end-expiratory lung 
volume by CT; EIT, electrical impedance tomography; PEEP, positive 
end-expiratory pressure; StrainCT, strain by computed tomography; ΔZ, 
electrical impedance change between lung inspiration and expiration.

TA B L E  3   Linear association between StrainCT with EIT (ΔZ)

ROI Crude β (P-value)
Adjusted βa  
(P-value)

Global 0.032 (P = .002) 0.038 (P < .001)

Note: β is expressed per 10 units of increment in EIT (ΔZ).
Abbreviations: EIT, electrical impedance tomography; ROI, region 
of interest; StrainCT, strain by computed tomography; ΔZ, electrical 
impedance change.
aβ adjusted by end-expiratory lung volume and body mass index (fixed 
effects) and patient (random effect). 
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volume-controlled mode of mechanical ventilation at different 
VT and levels of PEEP.30 In particular, during the variation in PEEP 
with the same VT, the determined tidal amplitude of the impedance 
change (ΔZ) decreased with PEEP in plane 1, was unaffected in plane 
2, and increased in plane 3. The authors explained these findings 
due to the pig thorax anatomy and PEEP-induced lung recruitment. 
Noteworthy, the authors commented that their preliminary results 
obtained in humans (in supine positioning) indicated that EIT out-
puts at different PEEP levels show a decrease in tidal amplitudes 
of the impedance change in the caudal thoracic plane (plane 3 of 
their experimental study in pigs).30 These differences between pigs 
and human (including our results in ARDS patients with EIT belt at 
the level of the 5th-6th intercostal space) could be explained by the 
changes in EELV and strain, although the effect of the out-off plane 
impedance could also have been present. In our study it was not pos-
sible to control the effect of changes in cranial-caudal axis.

In fact, it has recently been suggested an underlying correla-
tion between mechanical deformation of different materials, but 
also biological tissues, and detectable changes in its electrical im-
pedance.15-17 In the present study, there was very good correlation 
and agreement between StrainCT and EIT-predicted models, de-
spite cross-sectional images from EIT represent impedance change 

in approximately 15-cm-wide slice of the thorax while the StrainCT 
method is related to the whole lung.31 The physical properties asso-
ciated with the deformation have relevance to many physiological, 
pathological, and clinical processes in mechanically and non-mechan-
ically ventilated patients with acute or chronic lung diseases, which 
makes EIT a potentially useful tool for patient-tailored treatment.

4.1 | Weakness and strengths

We acknowledge that the relatively small sample size is one of the 
main limitations of the study. However, it has recently been pro-
posed for linear regression models that only two subjects per vari-
able are required for adequate estimation of regression coefficients, 
standard errors, and confidence intervals.32 Nevertheless, further 
experimental and clinical studies are warranted in order to confirm 
our observations in larger cohorts and also in ARDS patients at the 
onset of mechanical ventilation.

Strain monitoring for both methods, finite element and the 
ratio of VT to EELV, was comparable. Although strain threshold 
able to damage baby lung using EELV as the reference volume was 
reached (ie, strain values above ~0.20), we did not measure neither 

F I G U R E  3   Linear regression of change 
in StrainCT (ΔStrainCT) on change in ΔZ 
(ΔEIT) is showed in A; and Bland-Altman 
graph between predicted vs measured 
ΔStrain, in B. ΔZ, electrical impedance 
change; EIT, electrical impedance 
tomography

F I G U R E  4   Visual comparison between 
volumetric strain (StrainCT) and change 
of impedance (ΔZ), from ARDS patient at 
PEEP 5 and Best PEEP. Parallel decrease 
on these parameters was obtained 
with the increase in PEEP. ARDS, acute 
respiratory distress syndrome; PEEP, 
positive end-expiratory pressure
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biomarkers nor metabolic activity in the ventilated lung; our aim was 
to test if EIT monitoring is able to predict the changes in global cyclic 
strain when we increase the level of PEEP. In addition, global strain 
does not capture the inherent heterogeneity in lung deformation, 
where regional strain amplifications usually arise,20,21,33,34 which 
may be obtained using strain based on biomechanical CT method. 
Finite-element method was performed for this complementary anal-
ysis. Future research should include a broader group of ARDS pa-
tients to estimate regional strain employing these methods, and the 
effect of VT and PEEP at regional level.

Multilevel analyses in this clinical-physiological scenario are still 
rare but necessary to evaluate effects of individual-level (repeated 
measures) and group-level factors. StrainCT and EIT variables were 
measured more than once for each subject. Therefore, data contain 
natural clusters, the independence assumption cannot be applied to 
the observations, and intracluster correlation must be considered in 
the association between EIT data (ΔZ) and CT data (StrainCT) by EIT-
based models.35,36 However, to obtain a reliable and feasible way to 
estimate the changes in StrainCT from EIT variables in clinical prac-
tice, we performed a traditional linear model, subtracting repeated 
measures, and subsequently, removing the clustered structure of 
data. Predictions of changes in StrainCT by EIT model in linear re-
gression were very good and accurate.

The aim of this study is not to replace the CT for ARDS lung as-
sessment, but rather to provide evidence for an alternative tool pro-
vided by EIT having in mind the CT findings. The synergy between CT 
and EIT to monitor ARDS patients is expected to grow in the years 
to come. Even more, the concept of complementarity between CT 
and EIT has been recently explored using phantoms through a ROI 
co-registration fusion algorithm.37 Surrogates of VILI defined by CT 
analysis have a significantly higher specificity and precision, but EIT 
can take advantage of being a radiation-free method available at bed-
side, as well as by providing continuous assessment of respiratory 
status. Moreover, in addition to the potential estimation of strain by 
ΔZ, EIT monitoring gives also information about ventilation heteroge-
neity, the pendelluft phenomenon, and pulmonary perfusion, among 
others, which increases the clinical utility of EIT at bedside.38

Under low tidal volume strategy, we could obtain a good correla-
tion and agreement between the changes in strain and the changes 
in ΔZ induced by PEEP. This is an important finding because a pro-
tective strategy may not ensure lung protection for all ARDS patients 
if the PEEP level set is inappropriate.39,40 In some of our patients, a 
markedly decreased strain was observed after PEEP increment (from 
PEEP 5 to Best PEEP; Figure  4). Continuous monitoring of cyclic 
strain could provide relevant information to avoid VILI; through EIT, 
changes in lung cyclic strain can become clinically available.

5  | CONCLUSION

Our findings suggest that EIT may provide a non-invasive estimation 
of global lung strain without radiation at the bedside. Assessing strain 

EIT-based, lung protective ventilation strategies may be tailored; 
however, future studies are needed to confirm this assumption.
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