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Background: Pendelluft, defined as asynchronous alveolar ventilation, is caused by different regional 
time constants or dynamic pleural pressure variations. The aim of the present study was to propose a simple 
method to evaluate pendelluft based on electrical impedance tomography (EIT). The efficacy of this method 
was demonstrated in well-known pendelluft scenarios in 6 patients. 
Methods: Two patients with flail chest after accidents, two patients with acute respiratory distress syndrome 
(ARDS) and two patients with acutely exacerbated obstructive lung disease were prospectively included. EIT 
measurements were performed before and after surgery (in patients with flail chest, who had video-assisted 
thoracoscopic surgery with ribs fixation), or at two different levels of positive end-expiratory pressure (PEEP; 
ARDS patients), or two different time points (obstructive lung disease). Pendelluft was assessed by regional 
phase shift (defined as time difference between global and regional impedance-time curves) and amplitude 
differences (defined as the impedance difference between sum of all regional tidal variation and the global 
tidal variation). 

Results: In patients with flail chest, pendelluft diminished several days after surgery (pendelluft amplitude 
normalized to tidal impedance variation reduced from 88% to 2% in one patient, 12% to 2% in the other). 
Increased PEEP reduced the amplitude of pendelluft (from 3% to 0% in one patient, 20% to 2% in the 
other) but not necessarily the phase shifts (average time differences were <0.1 second for both patients for 
both ins- and expiration) in ARDS patients. Pendelluft assessment in obstructive lung diseases reflected the 
change in airway resistance (from 5% to 1% in one patient after broncholytic medication administration, 
as airway resistance fell from 15 to 11 cmH2O/L/s; from 9% to 35% in the other patient with acute 
exacerbation, the corresponding airway resistance increased from 15 to 22 cmH2O/L/s).

Conclusions: The proposed EIT-based method can be used to evaluate the degree of pendelluft in 
dimension of phase shift and amplitude difference. 
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Introduction

Pendelluft, defined as asynchronous alveolar ventilation, 
is caused by different regional time constants or dynamic 
pleural pressure variations. In patients with obstructive lung 
diseases (e.g., chronic obstructive lung disease COPD), 
time constant of the respiratory system varies significantly 
in different lung regions, which leads to the pendelluft 
phenomenon (1). In spontaneously breathing patients with 
injured lung [e.g., acute respiratory distress syndrome 
(ARDS)], non-uniform transmission of pleural pressure 
generated by diaphragmatic contraction is the main reason 
for pendelluft (2). In the extreme cases such as flail chest, 
pendelluft volume can be as high as 12.5% of the total 
volume passing through an airway (3).

Since pendelluft could be potentially harmful by 
introducing local overstretch, tidal recruitment and 
inflammation (4), the detection of pendelluft is warranted 
so that the treatment or ventilation strategies could be 
adjusted accordingly. In early days with limited technology 
options, pendelluft was observed in surgeries with an open 
hemithorax (5). The ventilation asynchrony could only 
be detected between left to right lungs in experimental 
settings (6). The degree of pendelluft was also assessed by 
calculating the correlated lung mechanics (7). Pathological 
alterations in lungs could be observed by computed 
tomography and magnetic resonance imaging (8,9), which 
provide indirect information of regional time constants. In 
a previous study, positron imaging technique was used to 
capture the clearance of the tracer nitrogen-13 to calculate 
the pendelluft (10). In a recent study, a microphone array 
was used to detect pendelluft (1). In experimental settings, 
darkfield microscopy and multispectral oximetry were also 
applied to assess the effect of sighs on pendelluft (11).

The methods described above could not be used at the 
bedside to identify and continuously measure the pendelluft. 
Electrical impedance tomography (EIT) is a novel imaging 
technique that allows real time detection of pendelluft 
at the bedside (12). More and more studies using EIT to 
detect pendelluft have been published recently (13-15).  
However, the EIT methods used in these studies either 
compared impedance-time curves from different regions 
of interest (ROIs), which is time-consuming and may miss 
the pendelluft depending on the division of ROIs (13), or 
required an interruption of normal ventilation (14), or no 
quantitative measurement was provided (15). 

The aim of the present study was to propose a simple 
EIT-based method to evaluate pendelluft. The efficacy of 

the method was demonstrated in well-known pendelluft 
scenarios in various patients. We present the following 
article in accordance with the MDAR reporting checklist 
(available at http://dx.doi.org/10.21037/atm-20-4182).

Methods

Patients and measurements

The trial was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The patients were from 
undergoing studies that were approved by institutional 
ethics review boards of the first affiliated hospital of 
Guangzhou Medical University, Guangzhou (2017-04) and 
of Tri-Service General Hospital, Taipei (2-106-05-105). 
Informed consent was obtained from all patients or next of 
kin before data were included into the study.

In total 6 patients were included representing 3 scenarios 
with well-known pendelluft phenomenon. 

Scenario 1: two patients had flail chest after accidents 
(left side rib fractures). The patients had video-assisted 
thoracoscopic surgery with ribs fixation, under general 
anesthesia. EIT measurements were performed in supine 
position before and 4–5 days after the surgery. Patients were 
spontaneously breathing without any ventilation support. 
Visual analog scale pain scoring (VAS) was used to assess the 
pain level (16).

Scenario 2: two patients with ARDS under mechanical 
ventilation were included. EIT data were recorded at two 
different steps of positive end-expiratory pressure (PEEP). 
The diagnosis criteria for ARDS were applied according to 
the published guideline (17). The patients were ventilated 
in the supine position with the tidal volume (VT) set to  
6 mL/kg predicted body weight (Evita 4, Dräger Medical, 
Lübeck, Germany). The fraction of inspired oxygen (FiO2) 

was 0.5. 
Scenario 3: two patients with acute exacerbation of 

obstructive lung disease were examined. They were under 
mechanical ventilation. In one patient with asthma, EIT 
measurements were performed before and 60 minutes after 
administration of long-acting β2 adrenergic receptor agonist 

(LABA) and steroid. In the other patient with COPD, EIT 
data were recorded on two different days, whereby on the 
latter day, the patient’s airway resistance was significantly 
increased. The diagnosis criteria for COPD and for asthma 
were performed according to the published guidelines 
(18,19), respectively. Patients were ventilated under assist-
control mode with EVITA 4 (Dräger Medical, Lübeck, 
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Germany). Ventilator settings were: tidal volume 8 mL/kg 
predicted body weight, PEEP 5cmH2O, and inspiratory to 
expiratory time ratio 1:2.

To conduct the EIT measurements, an EIT belt with 
16 electrodes was placed around the thorax at the 4–5th 
intercostal spaces level (PulmoVista 500, Dräger Medical, 
Lübeck, Germany). All patients received standard care and 
no other research related interventions were performed 
during the measurements. EIT measurements were 
continuously recorded at 20 Hz. The EIT data were 
digitally filtered using a low-pass filter with a cut-off 
frequency of 0.67 Hz to eliminate cardiac related impedance 
changes. Further, the data were analyzed offline using 
customized software, programmed with MATLAB R2015 
(the MathWorks Inc., Natick, MA).

EIT-based pendelluft measures 

The global ventilation map was calculated by subtracting 
the inspiration-begin from the expiration-begin image 

based on the global impedance-time curve, which represents 
the global EIT signal variation during tidal breathing. The 
global tidal images of one minute were averaged to increase 
the signal to noise ratio.
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where VG_i is the pixel i in the global ventilation image; 

N is the number of breaths within the analyzed period; INS 
and EXP are the time points of global inspiration-begin and 
global expiration-begin, respectively. ΔZi,INS and ΔZi,EXP are 

the corresponding pixel values in the raw EIT image.
The regional ventilation map was calculated by 

subtracting the inspiration-begin from the expiration-begin 
on individual pixel impedance-time curves, which represent 
the regional variation during tidal breathing. The regional 
tidal images of one minute were averaged to increase the 
signal to noise ratio.
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where VR_i is the pixel i in the regional ventilation image; 

N is the number of breaths within analyzed period; ins and 

exp are the time points of inspiration-begin and global 

expiration-begin on individual pixel impedance-time curves, 
respectively. Δzi,ins and Δzi,exp are the corresponding pixel 

values.
Regional time difference at inspiration-begin is defined 

as 
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Regional time difference at expiration-begin is defined as 
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The regional time difference has a unit of second.
Pendelluft amplitude is defined as in Eq. 5. For each 

pixel, the impedance difference at the global time points 

(end-inspiration/expiration) was subtracted by the regional 
tidal variation of the corresponding pixel.
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where TV represents the global tidal variation. If tidal 
volume of each breath is obtained (e.g., when the ventilator 
is connected to the EIT device), the amplitude can be 
normalized to milliliters. The parameters of the EIT 
measures are illustrated in Figure 1.

Statistical analysis

The data analysis was conducted using MATLAB 2015a 
(The MathWorks Inc., Natick, MA, USA). Means of 
analyzed parameters were presented. 

Results

Scenario 1: patients with flail chest

For patient No. 1, EIT measurement was performed 
before and 5 days after the surgery (Figure 2). Out-of-phase 
ventilation was observed at the affected left chest side with 
fractured ribs. Pain VAS significantly improved after surgery 
(from 9 to 1). The pendelluft amplitude reduced from 88% 
to 2%. Similar trend of pendelluft improvement (Figure 3) 

was found in patient No. 2 without an improvement of pain 
VAS (both 4 before and after surgery). Although visually the 
TExp values in these two patients were dissimilar, the average 
values were 0.05 second, which was limited due to the 
temporal resolution of EIT recording (20 Hz).

Scenario 2: ARDS patients with PEEP changes

Upon ICU admission, patient No. 3. had an initial PaO2/

FiO2 of 176 mmHg, APACHE II 23, SOFA 6. Patient No. 
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Figure 1 Generation of EIT-based pendelluft measures. Top: the global impedance-time curve. INS and EXP are the time points of global 
inspiration-begin and global expiration-begin, respectively. Bottom: impedance-time curves from two pixels with large ventilation shift. ins 

and exp are the time points of inspiration-begin and expiration-begin on individual pixel impedance-time curves, respectively. VG and VR 

are global and regional tidal variations, respectively. AU, arbitrary unit. S, time difference in second. /TV%, pendelluft amplitude to tidal 
variation ratio in percent.

Figure 2 Patient No. 1 with flail chest (female, 63 years old, 160 cm height and 75 kg weight, left-sided rib fractures). The patient had 
video-assisted thoracoscopic surgery with ribs fixation, under general anesthesia. First row, day 1, before surgery. Second row, day 6, 5 days 
after surgery. First column, global tidal variation. Low and high ventilated regions are marked in dark and light blue, respectively. Out-
of-phase impedance changes are marked in purple. Second column, time difference functional EIT image for inspiration begin. Third 
column, time difference functional EIT image for expiration begin. Orange and blue mark the early and delayed ventilation compared to the 
global curve. Fourth column, amplitude of pendelluft. Red to yellow show the increase of pendelluft amplitude. AU, arbitrary unit. S, time 
difference in second. /TV%, pendelluft amplitude to tidal variation ratio in percent.
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Figure 3 Patient No. 2 with flail chest (male, 49 years old, 170 cm height and 68 kg weight, left-sided rib fractures). The patient had video-
assisted thoracoscopic surgery with ribs fixation, under general anesthesia. First row, day 1, before surgery. Second row, day 5, 4 days after 
surgery. First column, global tidal variation. Low and high ventilated regions are marked in dark and light blue, respectively. Out-of-phase 
impedance changes are marked in purple. Second column, time difference functional EIT image for inspiration begin. Third column, time 
difference functional EIT image for expiration begin. Orange and blue mark the early and delayed ventilation compared to the global curve. 
Fourth column, amplitude of pendelluft. Red to yellow show the increase of pendelluft amplitude. AU, arbitrary unit. S, time difference in 
second. /TV%, pendelluft amplitude to tidal variation ratio in percent.

4 had an initial PaO2/FiO2 of 208 mmHg, APACHE II 
22, SOFA 12. The efficacy of recruitment by increasing 
PEEP was significantly different in these two patients. An 
increase of 10 cmH2O in PEEP did not increase the tidal 
ventilation or affect the ventilation distribution pattern 
in patient No. 3 (Figure 4, first column). On the other 
hand, gravity-dependent regions were recruited in patient 
No. 4 (Figure 5, first column). Higher PEEP reduced the 
pendelluft amplitude (Figures 4,5, last column) but not 
necessarily the phase shift (Figure 5, second and third 

columns). For patient No. 4, the real time parameters were 
recorded simultaneously from the ventilator, so that TV 
was normalized to tidal volume (Figure 5, first column, 
unit in milliliter) and the pendelluft amplitude could be 
quantitatively calculated.

Scenario 3: patients with obstructive lung diseases

In patient No. 5 with acute exacerbation of asthma, 
pendelluft improved with regard to both the phase and 
the amplitude (Figure 6, Table 1) after administration 

of medication. Airway resistance reduced from 15 to  
11 cmH2O/L/s. In patient No. 6 with acute exacerbation of 

COPD, pendelluft between the left and right lungs became 
more significant with the disease development (Figure 7, 

Table 1), whereas the corresponding airway resistances 
increased from 15 to 22 cmH2O/L/s. Real time parameters 

from the ventilator were recorded simultaneously for 
both patients, so that TV could be normalized to tidal 
volume (Figures 6,7, first column, unit in milliliter) and the 
pendelluft amplitude quantitatively calculated.

Discussion

In the present study, we proposed an EIT-based method to 
assess the pendelluft in subjects breathing spontaneously 
or with ventilator support. The method captured both the 
phase shifts (time difference between global and regional 
impedance-time curves) and the amplitude of pendelluft. 
When the tidal volume is recorded simultaneously, the 
amplitude of pendelluft could be calculated quantitatively. 

Subject with f lai l  chest was one of the earliest 
scenarios that confirmed the existence of the pendelluft  
phenomenon (3). One may suspect that the ventilation 
asynchrony could be caused by the pain of subject and the 
subsequent reduction of respiratory strength at the chest 
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Figure 5 Patient No. 4 with ARDS (male, 76 years old, 175 cm height and 53 kg weight). First row, PEEP 0 cmH2O. Second row, PEEP  
9 cmH2O. First column, global tidal variation. Low and high ventilated regions are marked in dark and light blue, respectively. Out-of-phase 
impedance changes are marked in purple. Second column, time difference functional EIT image for inspiration begin. Third column, time 
difference functional EIT image for expiration begin. Orange and blue mark the early and delay ventilation compared to the global curve. 
Fourth column, amplitude of pendelluft. Red to yellow show the increase of pendelluft amplitude. AU, arbitrary unit. S, time difference in 
second. /TV%, pendelluft amplitude to tidal variation ratio in percent. PEEP, positive end-expiratory pressure.
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Figure 4 Patient No. 3 with ARDS (male, 70 years old, 165 cm height and 67 kg weight). First row, PEEP 8 cmH2O. Second row, PEEP  
18 cmH2O. First column, global tidal variation. Low and high ventilated regions are marked in dark and light blue, respectively. Out-of-
phase impedance changes are marked in purple. Second column, time difference functional EIT image for inspiration begin. Third column, 
time difference functional EIT image for expiration begin. Orange and blue mark the early and delayed ventilation compared to the 
global curve. Fourth column, amplitude of pendelluft. Red to yellow show the increase of pendelluft amplitude. AU, arbitrary unit. S, time 
difference in second. /TV%, pendelluft amplitude to tidal variation ratio in percent. PEEP, positive end-expiratory pressure.
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Figure 6 Patient No. 5 with acute exacerbation of asthma (female, 24 years old, 165 cm height and 60 kg weight). First row, before steroid 
and LABA administration. Second row, 60 minutes after the medication. First column, global tidal variation (TV). Low and high ventilated 
regions are marked in dark and light blue, respectively. Out-of-phase impedance changes are marked in purple. Second column, time 
difference functional EIT image for inspiration begin. Third column, time difference functional EIT image for expiration begin. Orange 
and blue mark the early and delayed ventilation compared to the global curve. Fourth column, amplitude of pendelluft. Red to yellow show 
the increase of pendelluft amplitude. AU, arbitrary unit. S, time difference in second. /TV%, pendelluft amplitude to tidal variation ratio in 
percent.

Table 1 Summary of EIT-based measures

Patient No. Time points TIns (s) TExp (s) Amplitude (/TV%)

No. 1: flail chest Day 1 0.18 0.05 88%

Day 6 0.05 0.05 2%

No. 2: flail chest Day 1 0.10 0.05 12%

Day 5 0.05 0.05 2%

No. 3: ARDS PEEP 8 0.10 0.05 3%

PEEP 18 0.00 0.00 0%

No. 4: ARDS PEEP 0 0.02 0.00 20%

PEEP 9 0.02 0.02 2%

No. 5: asthma Pre 0.05 0.05 5%

Post 0.00 0.00 1%

No. 6: COPD Day 1 0.10 0.00 9%

Day 3 0.35 0.20 35%

EIT, electrical impedance tomography. ARDS, acute respiratory distress syndrome. COPD, chronic obstructive lung disease. TIns and TExp 

are the average values of absolute time differences for inspiration and expiration begin, respectively. /TV%, pendelluft amplitude to tidal 

variation ratio in percent. PEEP, positive end-expiratory pressure. 
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Figure 7 Patient No. 6 with acute exacerbation of chronic obstructive lung disease (female, 91 years old, 141 cm height and 41 kg weight). 
First row, day 1 in ICU. Second row, day 3 in ICU. First column, global tidal variation. Low and high ventilated regions are marked in dark 
and light blue, respectively. Out-of-phase impedance changes are marked in purple. Second column, time difference functional EIT image 
for inspiration begin. Third column, time difference functional EIT image for expiration begin. Orange and blue mark the early and delayed 
ventilation compared to the global curve. Fourth column, amplitude of pendelluft. Red to yellow show the increase of pendelluft amplitude. 
AU, arbitrary unit. S, time difference in second. /TV%, pendelluft amplitude to tidal variation ratio in percent.

side with rib fractures. According to the present finding, 
the reduction of pendelluft might not be associated with 
pain directly (Table 1). Besides, we were worried about the 
tolerance of EIT measurements in this group of subjects 
due to chest pain. A recent study indicated that EIT 
electrode belt may have influence on the lung function in 
sitting position (20). That study did not test the influence of 
the electrode belt in supine position, where the force of the 
belt posed on the chest could be reduced to get satisfactory 
EIT results. Indeed, the two currently examined subjects 
with flail chest tolerated the EIT measurements well. The 
average values of TExp were not very sensitive due to the 
sampling rate of EIT measurements. Higher sampling 
rate of 50 Hz would increase the temporal resolution to  
0.02 second. To quantitatively assess pendelluft in 
spontaneously breathing patients, simultaneous spirometry 
measurement could be conducted, which would provide 
tidal volume for reference. 

It was found that spontaneous breathing in ARDS 
increased transpulmonary pressure, which may worsen lung 
injury (21). Recent research focused on pendelluft in lung 
injury patients and how to minimize the adverse effect of 
spontaneous breathing (13,15). Although EIT may help 

to identify pendelluft at the bedside, physicians needed 
to define a ROI that contained pendelluft (13). A mixture 
of regions with pendelluft and normally ventilated alveoli 
within one ROI would reduce the detection of pendelluft in 
the impedance-time curves. On the contrary, our method 
quantifies “pendelluft” based on single pixel analysis, which 
enables high spatial resolution. Besides, only the phase shifts 
(time difference between global and regional impedance-
time curves) were evaluated. Santini et al. proposed a 

method to assess the degree of pendelluft by calculating 
the regional impedance changes during an inspiratory hold 
between the beginning and the end of the pause (14). This 
method required control ventilation and interruption of the 
normal breathing pattern. Only the pendelluft amplitude 
at the end of inspiration could be captured by this method. 
The method proposed in the present study, on the other 
hand, evaluated the phase shifts and amplitude at the same 
time, giving a more complex understanding of pendelluft 
associated with PEEP changes. The effects of PEEP 
changes on pendelluft may vary in regard to phase shifts 
and amplitude (Table 1). They may also depend on the 
response to recruitment (Figures 4,5), which needs further 
investigation with a larger group of study participants. 
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The time difference in inspiration and expiration in 

ARDS patients could be caused by various opening and 
closing pressures between different lung regions (22). We 
acknowledge that the pendelluft calculated with present 
method does not distinguish the causes, whether by various 
recruitment/derecruitment pressures or by various airway 
resistances.

Airway resistance significantly increases in obstructive 
lung diseases, which leads to a high time constant that causes 
the pendelluft phenomenon (1). An EIT-based method for 
regional expiratory time constants was proposed, which 
suggested that breath-by-breath calculation of regional time 
constants was feasible (23). We also found that the degree 
of pendelluft changed along with the airway resistance 
(Table 1). The treatment effect with steroid and LABA 
was clearly showed in the regional time difference and 
amplitude maps (Figure 6). Exacerbation could be visualized 
and quantitatively assessed by our proposed method 
(Figure 7). The exact correlation between the pendelluft 
assessment and the change of airway resistance and time 
constant needs to be investigated in further studies. Recent 
EIT applications on obstructive lung diseases suggested 
that EIT has the potential to evaluate the treatment 
efficacy both qualitatively and quantitatively (24-26).  
Pendelluft assessment proposed in the present study 
enlarges the EIT application fields in such patient group.

The definition of pendelluft is not unified, whether 
flow coming from outside (ventilator or room air) should 
be absent or not (2,14). In our opinion, a redistribution 
of external flow should be also considered reflecting the 
degree of pendelluft, the proposed method does not 
require zeroing of external flow. As a limitation of the 
present study, the results of the proposed method were 
not validated against any references. Unfortunately, no 
well-established bedside techniques are capable to assess 
pendelluft with sufficient spatial and temporal resolution as 
EIT. We may design scenarios to calculate pendelluft using 
previously suggested EIT-based methods; however, no 
objective measures could be used to judge the superiority 
of the methods. To design the study and to examine the 
sensitivity of the proposed method, we recruited 6 patients 
in 3 scenarios, which covered major occurrences of the 
pendelluft phenomenon. In each scenario, we measured 
patients at 2 different time points, where the changes of 
pendelluft in these events were previously documented. 
Different EIT-based methods were discussed and compared 
indirectly based on their application prerequisites. As the 
signal of interest (“pendelluft”) is small, the present method 

averages the signal of one minute for calculation. By using 
this invention, even very small signals that would be missed 
by analyzing only single breaths can be detected.

As a proof of concept study, the number of patients 
recruited was low and not all scenarios with pendelluft 
phenomena were included [e.g., weaning patients (27)]. 
Nevertheless, we were able to demonstrate the application 
of the pendelluft assessment with these representative 
cases. The possibility to analyze time dependent changes 
within the lung allows a glimpse on a phenomenon, which 
has been a long-lasting challenge to lung physiology. 
Visualization of inhomogeneity which leads to what has 
been called “pendelluft” may give completely new insights 
to the quick dynamics within the ventilated lung. Up to 
now, EIT-related research mainly focuses on the ability 
of bedside monitoring or the advantage of radiation-free 

imaging. Our method emphasizes the dynamic phenomena 
within the ventilating lung, which may open the view to 
new information that has not been available without EIT.

Conclusions

The proposed EIT-based method can be used to evaluate 
the degree of pendelluft in the dimension of phase shift 
and amplitude difference. EIT has the potential to guide 
ventilator settings and treatments at the bedside. 
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