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Abstract
Objective.The aimof the present studywas to evaluate the influence of one-sided pulmonary nodule
and tumour on ventilation distribution pre- and post- partial lung resection.Approach.A total of 40
consecutive patients scheduled for laparoscopic lung parenchymal resectionwere included.
Ventilation distributionwasmeasured with electrical impedance tomography (EIT) in supine and
surgery lateral positions 72 h before surgery (T1) and 48 h after extubation (T2). Left lung to global
ventilation ratio (Fl), the global inhomogeneity index (GI), standard deviation of regional
ventilation delay (RVDSD) and pendelluft amplitude (Apendelluft)were calculated to assess the spatial
and temporal ventilation distribution.Main results.After surgery (T2), ventilation at the operated
chest sides generally deteriorated compared to T1 as expected. For right-side resection, the
differences were significant at both supine and left lateral positions (p< 0.001). The change of
RVDSDwas in generalmore heterogeneous. For left-side resection, RVDSDwas worse at T2
compared to T1 at left lateral position (p= 0.002). The other EIT-based parameters showed no
significant differences between the two time points. No significant differences were observed
between supine and lateral positions for the same time points respectively. Significance. In the
present study, we found that the surgery side influenced the ventilation distribution.When the
resection was performed on the right lung, the postoperative ipsilateral ventilationwas reduced and
the right lung ratio fell significantly.When the resection was on the left lung, the ventilation delay
was significantly increased.

1. Introduction

Lung parenchymal resection is a common surgery for emphysema, pulmonary nodule, cancer, andmany other
lung diseases.Whether the surgery is conductedwithminimally invasive or open procedures plays an important
role to the clinical outcomes (Bhagat et al 2020). The types of resection (e.g. lobectomy, wedge resection)may
also have influences (Asamura et al 2017, Divisi et al 2020,Nakagawa et al 2021). Patients usually experience
partial loss of lung function after surgery (Feng et al 2022). Risk factors and prediction for postoperative lung
functions are studied previously (Fan et al 2023, Tsubokawa et al 2023). Various techniques including routine

OPEN ACCESS

RECEIVED

18August 2023

REVISED

25November 2023

ACCEPTED FOR PUBLICATION

4 January 2024

PUBLISHED

31 January 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published on behalf of Institute of Physics and Engineering inMedicine by IOPPublishing Ltd

https://doi.org/10.1088/1361-6579/ad1b3b
https://orcid.org/0000-0003-1641-2926
https://orcid.org/0000-0003-1641-2926
https://orcid.org/0000-0002-7712-6539
https://orcid.org/0000-0002-7712-6539
https://orcid.org/0000-0002-1279-2207
https://orcid.org/0000-0002-1279-2207
mailto:gaocj74@163.com
mailto:sunxudes@163.com
mailto:zhanqizhao@gzhmu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6579/ad1b3b&domain=pdf&date_stamp=2024-01-31
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6579/ad1b3b&domain=pdf&date_stamp=2024-01-31
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


physiotherapy and ventilation support are proposed to improve the patients’ outcomes (Lucangelo et al 2009,
Malik et al 2018).

In recent years, lung protective ventilation strategies during the perioperative period have been adopted to
improve perioperative oxygenation and reduce postoperative pulmonary complications (Joe et al 2023, Park et al
2023). Electrical impedance tomography (EIT) is one of the bedside tools to optimize ventilator settings and lung
protective ventilation strategies. Small imperceptible alternative currents are injected into the thorax and the
corresponding surface voltages aremeasured (Frerichs et al 2017). The relative impedance changes are
calculated, which are proportional to the air and blood volume changes within the chest.With this rationale it
provides continuous images of pulmonary ventilation and shows regional ventilation change. In the context of
peri-operative procedures, EIT has been proposed to assess the regional lung functions (Lasarow et al 2021,
Becher et al 2022), ventilator settings during one-lung ventilation (Liu et al 2019, Zha et al 2023), peri-operative
ventilation distribution and recovery after thoracic surgery (Zhao et al 2021, Lin et al 2022), pulmonary
rehabilitation program and inspiratorymuscle activities (Li et al 2023). In a previous study, we observed that
regional ventilation distributionmight not recover easily even afterminimally invasive surgery (Zhao et al 2021).
During laparoscopic lung parenchymal resection, one-lung ventilation is applied. Patient is in lateral position
with the non-surgery side as gravity-dependent regions. Previous studies have indicated that lateral position
changes ventilation distribution due to gravity and disease status (Karagiannidis et al 2015,Wang et al 2021,
Oh et al 2022). It was unclear how the laparoscopic lung resection changed the ventilation distribution.

The aimof the present studywas to evaluate the influence of one-sided pulmonary nodule and tumor on
ventilation distribution pre- and post- lung resection.

2.Methods

The prospective observational studywas approved by the SecondAffiliatedHospital of Air ForceMedical
University (NO.K202212-13).Written informed consent was obtained from all patients or their legal
representatives prior to the study.

2.1. Patients and protocol
A total of 40 consecutive patients scheduled for laparoscopic lung parenchymal resection fromSeptember to
December 2022were included (age 58.23± 13.46 years, height 166.95± 6.61 cm,weight 64.13± 9.53 kg,male:
female 21:19). The patients had the American Society of Anesthesiologists (ASA) classification I–II. One-sided
pulmonary nodule or tumorwas confirmedwithCTprior to the surgery.

The procedure of surgery followed strictly the internal protocols. After general anesthesia, dual lumen
tracheal catheter was inserted and the patient was kept in a lateral positionwith the surgical side facing upwards.
All operations were performedwith two-port thoracoscopy. Targeted resectionwas performed based on the
location of the patient’s pulmonary lesions. All patients were sent to the general ward after surgery. Exclusion
criteria were: age>90 or<20 years; rejection to the patient consent form; in pregnancy and lactation period;
epileptic re-accumulation; acute brain injury; acquired immunodeficiency; highly contagious diseases; large
area of burns on the chest surface and other contraindication to the use of EIT (pacemaker, automatic
implantable cardioverter defibrillator, and implantable pumps). Further, patients with unstable vital signs
before surgery were also excluded (heartbeat>150 or<60 beats perminute, respiratory rate>30 or<10 breaths
perminute, systolic blood pressure<90mmHgormean arterial pressure<70mmHg).

Ventilation distributionwasmeasuredwith EIT in supine and surgery lateral positions at 2 time points: 72 h
before surgery (T1, pre-operative period, baseline), 48 h after extubation (T2, post-extubation period). An EIT
electrode belt, which carries 16 electrodes, was placed around the thorax in the 4–5th intercostal space
(VenTom-100,MidasMEDBiomedical technology, Suzhou, China). EIT images were continuously recorded at
20 Hz and stored. Cautionwas taken to confirm that the electrodemeasurement planeswere the same for each
measurement time point.

The ventilationmanagement followed the internal surgical guideline using assist-controlmode (volume
controlledwith tidal volume of 10 ml kg−1 predicted bodyweight, peak airway pressure alarm 30 cmH2O,
respiratory rate 12 min−1, and an adequate positive end-expiratory pressure around 5–6 cmH2O). Recruitment
manoeuvres were performed after the surgery (sustained inflation, lasted∼30 s and peak pressure∼40 cmH2O).
Spontaneous breathing trial started after the effect of general anesthesia subsided and breathingmuscles
recovered. Theweaning protocol was the same for both left- and right-side lung parenchymal resections
regarding the types and length of spontaneous breathing trial, ready-to-wean criteria, etc At T2, patients were
under oxygen therapywith either AerosolMask (fractional inspired oxygen FiO2 0.4) or nasal cannula
(3 l min−1).
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2.2.Data collection and outcomemeasurements
EIT datawere analyzed offlinewith customized software usingMATLABR2023a (TheMathWorks Inc., Natick,
MA). Functional EIT image ofmean tidal variationwas constructed for a 5 min period ofmeasurement for each
time point (Zhao et al 2018). Considering the influence of surgery types, ventilation distributions in left and right
lungswere calculated to reflect the body position during the surgery. As a parameter, left lung to global ratio was
calculated as follows:

Z
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where Fl denoted the fraction of left lung ventilation to the global one;Zwas the relative ventilation distribution
during tidal breathing.

Another EIT-based parameter to assess spatial ventilation distributionwas the global inhomogeneity (GI)
index (Zhao et al 2009), whichwas calculated according to the following formula:
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whereDZ denotes the value of the differential impedance in the tidal variation images;DZxy is the pixel in the
identified lung area;DZlung are all pixels in the lung area under observation.

Two parameters for assessing the temporal ventilation distributionwere calculated.
Pendelluft amplitudewas proposed previously (Sang et al 2020). For each pixel, the impedance difference at

the global time points (end-inspiration and end-expiration)was subtracted by the regional tidal variation of the
corresponding pixel:

A
N

V V TV i
1

_ _ 100% lung, 5i
n

N

R i n G i n
1

, ,( ) ( )/å= - ´ Î
=

whereTV represents the global tidal variation;VR_i is the regional variation of pixel i during tidal breathing;N is
the number of breaths within analyzed period;VG_i is the global variation. Tominimize the influence of noises in
the calculation, we set theAi= 0 ifAi< 0.05%of TV

Regional ventilation delayRVD is calculated as the time required for 40% increase of pixel impedance
compared to the inspiration time of global impedance curve (Muders et al 2012):

t

T
RVD 100%,xy
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= ⋅

RVDSD is the standard deviation of RVDxy.

2.3. Statistical analysis
The analysis was performed usingMATLABR2023a. Sample size calculationwas not applicable in the
observational study, as therewas no expected ventilation distribution prior to the study. Primary analysis was to
compare the spatial and temporal ventilation distributions for the same position before and after surgery
respectively at different time points. The Lilliefors test was used for normality testing. For normally distributed
data, results were expressed asmean± standard deviation. Paired t-test was used to compare themeasurement
before and after the surgery. For abnormally distributed data, results were expressedwithmedian (interquartile
range) and comparedwithMann–WhitneyU test. A statistically significant difference was determined at
p< 0.05. The significance level was corrected formultiple comparisons usingHolm’s sequential Bonferroni
method.

3. Results

It was impossible tomaintain the same EITmeasurement plane after surgery in 6 patients. Therefore, 34 patients
were included to thefinal analysis. Fifteen patients had the right-lung resection (left lateral) and 19 patients had
the left-lung resection (right lateral). Typical functional EIT images are shown in figures 1 and 2. After surgery
(T2), ventilation at the operative sides were worse compared to T1 (figures 1(A) and 2(A)).RVDwasmore
heterogeneous (figures 1(B) and 2(B)).

The spatial and temporal ventilation distribution before and after surgery were summarized in table 1. The
GI indexwas significantly worse after surgery at the supine position (p< 0.01). For right-side resection,
ventilation distributed at the right lungwas significantly worse at T2 compared to T1 at both supine and left
lateral positions (p< 0.001). For left-side resection, similar effects could be observed but statistically
insignificant.On the other hand, RVDSDwasworse at T2 compared to T1 at left lateral position (p= 0.002). The
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other EIT-based parameters showed no significant differences between two time points. No significant
differences were observed between supine and lateral positions for the same time points respectively. No
significant differences were observed betweenmale and female patients in the evaluated EIT-based parameters.

The differences in EIT-based parameters between T1 andT2 in the left and right lateral positionswere
compared infigure 3. Patients who underwent right-side resection andwere examined in the left lateral position
had significantly worse ventilation in the left lung (figure 3 left top). Although patients with left-side resection
showedworse ventilation in the right lung in the right lateral position compared to the distribution before
surgery, the decrease in ventilation in the right lungwas insignificant. RVDSD deteriorated in both groups but for
patients with right-side resection, the variationwasmuch larger among patients and thereforeΔRVDSDwas
insignificant (figure 3 right bottom). The variation of ventilation distributionwas large. Two cases are plotted in

Figure 1.Tidal variation (TV) and regional ventilation delay (RVD)maps of a 33 year old female subject with left lung resection in
supine and right lateral position before (T1) and after (T2) surgery. A: TVmaps.Highly ventilated regions are highlighted inwhite or
light blue. B: RVDmaps. The color bar denotes the time of pixels impedance curve increasing to 40%ofmaximum inspiratory
amplitude. The time is presented as percentage to global inspiration time. Detail calculations of these functional EIT images please
refer to theMethod section. R for right,L for left,A for anterior,P for posterior.
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figure 4 showing that even for the surgery on the same side, ventilation recoverywas different depending on the
individual status.

4.Discussion

In the present study, we found that the surgery side influenced the ventilation distribution.When the resection
was on the right lung, the right lung ventilation ratiowas significantly worse.When the resectionwas on the left
lung, the ventilation delaywas significantly increased.

EIT is a bedside imaging tool that recently gainmore attention in setting ventilator parameters in ICU
(Becher et al 2021,He et al 2021,Hsu et al 2021) aswell as perioperatively to protect the lung (Liu et al 2019,

Figure 2.Tidal variation (TV) and regional ventilation delay (RVD)maps of a 35 year oldmale subject with right lung resection in
supine and left lateral position before (T1) and after (T2) surgery. A: TVmaps.Highly ventilated regions are highlighted inwhite or
light blue. B: RVDmaps. The color bar denotes the time of pixels impedance curve increasing to 40%ofmaximum inspiratory
amplitude. The time is presented as percentage to global inspiration time. Detail calculations of these functional EIT images please
refer to theMethod section. R for right,L for left,A for anterior,P for posterior.
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Bito et al 2022). Although the EIT applications for patients receiving various surgery have been summarized in a
review (Spinelli et al 2019), inmost of the published studies, EITwas used in a similar setting only preoperatively
to assess the distribution before surgery (Serrano et al 2002, 2004) or adjusting ventilation support (Wang et al
2018, Girrbach et al 2022). In one previous study, Zhao et al compared ventilation distribution betweenminimal

Figure 3.The change of EIT-based parameters after operation in surgical lateral positions. Fl, fraction of tidal ventilation in the left
lung to global. GI, the global inhomogeneity index.Apendelluft, pendelluft amplitude. RVDSD, standard deviation of regional ventilation
delay. The boxesmark the quartiles while thewhiskers extend from the box out to themost extreme data valuewithin 1.59 the
interquartile range of the sample. Red pluses highlight the outliers. The black dashed lines denote the zero line—no change compared
to the values prior to the operation. L-lung dis., left lung resection; R-lung dis., right lung resection.

Table 1.EIT-based parameters comparing the spatial and temporal ventilation distribution before and after surgery.

Fl (%) GI Apendelluft (%) RVDSD

Right lung resection (supine; n= 15) T1 44.47± 11.69 0.55± 0.05 0 (1.07) 7.73± 2.24

T2 70.41± 17.71 0.70± 0.17 0 (0.57) 7.15± 3.27

P <0.001 ** <0.01 * 0.44 0.51

Right lung resection (left lateral; n= 15) T1 47.56± 18.58 0.64± 0.12 0 (0.28) 8.43± 4.18

T2 70.12± 18.19 0.68± 0.11 0 (3.30) 8.92± 4.20

P <0.001 ** 0.32 0.65 0.72

Left lung resection (supine; n= 19) T1 41.19± 12.73 0.51± 0.06 0 (1.82) 7.24± 2.87

T2 35.11± 29.26 0.61± 0.14 0.38 (5.39) 7.07± 2.72

P 0.33 <0.01 * 0.58 0.85

Left lung resection (right lateral; n= 19) T1 35.19± 17.68 0.65± 0.16 0 (1.84) 6.55± 2.28

T2 24.34± 14.68 0.66± 0.14 0.29 (2.57) 8.45± 2.68

P 0.11 0.24 0.89 0.002 **

Fl, fraction of tidal ventilation in the left lung to global. GI, the global inhomogeneity index.Apendelluft, pendelluft amplitude.

RVDSD, standard deviation of regional ventilation delay. T1, before, andT2, after surgery.
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invasive thoracotomy and traditional full sternotomy (Zhao et al 2021). They showed that bedsidemonitoring of
ventilation distribution and patients’ recoverywere essential because the recovery of the respiratory system after
surgerywas very heterogeneous among individuals. In the present study, we assessed the ventilation changes at
supine and operative lateral positions after 2 d of surgery.We confirmed that the effect of surgerywas detectable
by EIT.When the lung is partially resected, less ventilationwould be expected in the corresponding regions.
After surgery, not only a part of the lung tissue is gone, but there are alsowounds in the lung (with small bleeding,
small atelectasis,maybe small pleural effusion) andwounds on the chest. It would be painful for the patients to
breath spontaneously. But aswe observed in table 1 andfigure 3, the variation among different subjects was quite
large: some patients recovered fast and did not show large difference in ventilation distribution compared to that
before surgery; some even showed improvement 2 d after surgery. Sincewe did not collect the data about the
lung disease stages, we suspected that these patients were either diagnosed relatively late or the disease
progressed to certain severe stages, so that the ventilation distribution at the affected side before surgery was not
satisfactory, which allowed a roomof improvement.

Another finding in the current studywas that the right lung ventilation ratiowas significantly worse in the
patients with partial right lung resection. Suchworseningwas statistically insignificant in the patients with
partial left lung resection. Since the right lung is larger than the left lung, theoretical speaking, the influence on
lung function is larger for right lung resection compared to left lung resection.We did not collect the
information about the size of the resection. Therefore, wewere unable to confirmwhether therewas a systematic
difference in lung resection size between left and right partial lung resection. The recovery of the surgery side
depended on the types and severity of postoperative pulmonary complications, which affected the ventilation in
the contralateral chest side as well (figure 4). Nevertheless, a clear trend ofworseningwas observed in patients
with left lung resection aswell (figure 3, left top). Significant levelmight be reachedwith increasing the sample
size due to the large inter-subject variation.

TheGI indexwas proposed to assess the spatial ventilation distribution and guide ventilator settings (Zhao
et al 2010). Although thismeasure is effective, the inadequate definition of lung regionsmight influence the
results (Yang et al 2021b,Heines et al 2022). Therefore, it is essential, the same regionswere used before and after
surgery for GI calculation.However, themeasurement plane could not be 100% identical evenwe hadmarked
the position.On lateral positions, the electrode beltmight have shifted undetected, which led to insignificant
worsening ofGI (figure 3 right top). From the definitions of the calculated parameters, we know that Fl is a very
generalmeasurewith limited spatial resolution (2-side×1 region/side), whereas GI has amuch higher
resolution (usually>300 pixels depending on the lung regions identification). The calculation ofGI is
influenced bymany factors and therefore the correlation between Fl andGIwas poor (R=−0.11).

Pendelluft is a phenomenon that air redistributed among various lung regions due to heterogeneous lung
mechanics (Su et al 2022). Pendelluft increases in patients with strong inspiration need and require higher

Figure 4.Two patients with partial right lung resection. A: pleural effusion in the right lung preventing fast recovery. Airmainly
distributed to the left lung, whichwas poorly ventilated prior to the surgery. B: better recovery in the right-dorsal lung region, limiting
the redistribution to the left lung. R for right,L for left,A for anterior,P for posterior.
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ventilation support (Yoshida et al 2016). Chi et al found that patients with spontaneous breathing had higher
overall occurrence comparedwith patients under controlled ventilation (Chi et al 2022). In the present study,
the pendelluft amplitudewas relatively low (table 1 andfigure 3 left bottom), indicating that the support levels
were sufficient. Several other pendelluft calculationmethodswere proposed. For example, Coppadoro et al
calculated pendelluft within 4 regions of interest so that the spatial resolutionwas reduced to 4× 1 (Coppadoro
et al 2020).With such calculation onewould expect a lower pendelluft volume compared to themethod used in
the present study.

The RVDparameter was originally proposed during a low-flowmaneuver (Muders et al 2012). During
spontaneous breathing, the inspiration time is brief, and variation can be large due to noise and various
inspiratory efforts (Yang et al 2021a). Therefore, the EIT data of 5 minwere analyzed (instead of analyzing just
one breath) and the average valuewas used. Besides, the calculation of RVDwas originally using 10%of
inspiratory volume as threshold (Wrigge et al 2008) and in a later study the authors proposed another threshold
of 40% (Muders et al 2012).We think that helps with the calculation, as the noise in the signal ismuch higher
proportionally at 10%of inspiratory volume compared to 40%. In the present study, we found that the patients
at left lateral position showedmuch larger variation compared to the group at right lateral position.We
suspected that this could be related to the position of the heart, which affected the operated left lungmore by
compressing the lung tissue. This could increase ventilation delay in the left lung if it was not in a good condition.
If the left lung recovered from themechanical ventilation verywell, the delaymight be similar compared toT1.
Therefore, besides the surgical side (right lung), there could be an additional factor, which introduced the high
variation in RVD for patients with right-lung resection. Unfortunately, no other referencemethod could be
utilized to confirm this speculation. Nevertheless, we could not rule out the possibility that high variationmight
be due to the calculation of RVDduring spontaneous breathing.

The study has several limitations in addition to those discussed above. (1) Lung functions (airwayflow and
lung volume limitations)were not evaluated. Although the objective of the studywas to assess the ventilation
distribution after surgery in supine and lateral position, it would have been nice to compare the changes of lung
functionswith the EITmeasurements. (2) only twomeasurement time points were initiated. Ideally, a longer
follow-up period to depict the ventilation distribution change after surgerymight help to better understand the
influence of partial lung resection and recovery. EIT applications in respiratory rehabilitation have been
proposed recently (Longhini et al 2020,Ma et al 2022, Li et al 2023). Further studiesmay include individualized
rehabilitation programs to the subjects and evaluate the efficacy. (3) In this physiological study, we only revealed
that the effects of the right-side resection and left-side resectionwere dissimilar (e.g.figure 3). As our studywas
not designed to explore the reasons behind the phenomenon, wewere not able to provide suggestions on the
clinical usefulness with such EITfindings. Further quantitative studies comparing the exact size of the resected
lung tissues and ventilation defect should be considered.

5. Conclusion

Partial lung resection influences regional ventilation distribution in supine aswell as lateral positions 48 h after
surgery. EIT is feasible in perioperative ventilationmonitoring in this patient group.
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