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Abstract

Background: Electrical impedance tomography (EIT) provides information on global
and regional ventilation during tidal breathing and mechanical ventilation. During
forced expiration maneuvers, the linearity of EIT and spirometric data has been
documented in healthy persons. The present study investigates the potential
diagnostic use of EIT in pediatric patients with asthma.

Methods: EIT and spirometry were performed in 58 children with asthma (average
age + SD: 11.86 + 3.13 years), and 58 healthy controls (average age + SD: 12.12 + 2.9
years). The correlation between EIT data and simultaneously acquired spirometric data
were tested for FEV, FEVqs, MEF75, MEFsq, and MEF,s. Binary classification tests
were performed for the EIT-derived Tiffeneau index FEV1/FVC and the bronchodilator
test index AFEV. Average flow-volume (FV) loops were generated for patients with
pathologic spirometry to demonstrate the feasibility of EIT for graphic diagnosis of
asthma.

Results: Spirometry and global EIT-based FV loops showed a strong correlation
(P<0.001, r>0.9 in FEV, and FEVg5). In all criteria, the binary classification tests
yielded high specificity (>93%), a high positive predictive value (>75%) and a high
negative predictive value (>80%), while sensitivity was higher in AFEV (86.67%) and
lower in FEV1/FVC (25% and 35.29%). A typical concave shape of the EIT-derived
average FV loops was observed for asthmatic children with improvement after
bronchospasmolysis.

Conclusions: Global FV loops derived from EIT correlate well with spirometry. Positive
bronchospasmolysis can be observed in EIT-derived FV loops. Flow-volume loops

originated from EIT have a potential to visualize pulmonary function.

KEYWORDS
asthma, electrical impedance tomography, flow volume loop, pulmonary function testing,

spirometry, tiffeneau test

Abbreviations: AZ, relative EIT-impedance changes; AU, arbitrary units; BSL, bronchospasmolysis; EIT, electrical impedance tomography; FEV,, forced expiratory volume in 1s; FEVg s,
forced expiratory volume in 0.5s; FVC, forced vital capacity; FV loop, flow volume loop; MEF;s, MEF 59, MEF,5, maximum expiratory flow at 25, 50, and 75% of FVC; T, tiffeneau index;

SD, standard deviation.

Pediatric Pulmonology. 2018;1-9.

wileyonlinelibrary.com/journal/ppul © 2018 Wiley Periodicals, Inc.

1


http://orcid.org/0000-0002-3961-2173
http://orcid.org/0000-0002-6898-6887

NGO et AL

ﬂ_m?:ﬁle LEY

1 | INTRODUCTION

Pulmonary function testing is a routine diagnostic tool for pediatric and
adult patients with asthma. During spirometry, a flow volume (FV) loop
is generated that provides information on obstructive, restrictive, and
combined ventilation disorders. However, spirometry is dependent on
the patients cooperation and provides only global information on lung
function.>?

Electrical impedance tomography (EIT) is a non-invasive, highly
dynamic tool that also provides regional functional information on lung
ventilation. Although the high correlation between EIT and aeration of
the lung during tidal breathing is well documented,®* EIT is still mainly
used to provide information on lung aeration in intensive care settings
to improve mechanical ventilation.> ® However, preliminary studies
have shown a similar correlation between EIT and aeration during

9-15 and

forced expiration maneuvers when performing spirometry
during forced oscillation maneuvers.t® This implies that EIT is also of
potential value for pulmonologists, as it combines functional and
regional information during pulmonary function testing.

This study investigated the correlation between EIT and
spirometry to evaluate the use of EIT in lung function testing. We
also hypothesized that the EIT-derived Tiffeneau index (TI), the EIT-
derived bronchodilator test, and the EIT-based FV loops might serve as
indicators in the diagnosis of asthma. To our knowledge, this is the first
EIT study on pediatric asthma patients to focus on a direct comparison
between EIT and spirometry, as well as demonstrating the possible use
of the EIT-derived FV loops to detect asthma.

2 | MATERIALS AND METHODS

2.1 | Subjects and examination protocol

This prospective observational study was approved by the Ethics
Committee of the University Hospital RWTH Aachen (Clinical trial no.
CIV-14-03-011942; Ethics Committee approval no. EK088/14).
Written informed consent was obtained from all the children and/or
their legal guardian(s) prior to enrolment. For this study, healthy
children and children with obstructive lung diseases were examined
during lung function testing at the University Hospital Aachen. From
these lung tests, data were used from n = 58 asthmatic patients and 58
age-matched controls with healthy lungs.

Spirometry was performed with a MasterLab device (Care Fusion
Inc., Hoechberg, Germany) and included performance and evaluation,
including positive bronchospasmolysis (BSL), in accordance with the
ATS/ERS guidelines.>? EIT data were acquired with a PulmoVista 500
EIT device (Drager, Liibeck, Germany) with the attached electrode belt
(size 70 cm), or with the prototype belt of the EIT Evaluation Kit 2 (size
53 cm) (Drager, Lubeck, Germany) (see Figure 1). The EIT belt with 16
electrodes was fixed at the 5th-6th intercostal space and the patient
was seated. After taking the history and detection of vital parameters
and lung auscultation, EIT and spirometry were performed simulta-
neously. In the asthmatic children, measurements were performed
before and after BSL. Only the asthmatic group underwent BSL. This

was performed in accordance to ATS/ERS guidelines'? by inhaling
200 ug of salbutamol, followed by a repeated spirometry after
210 min. For ethical reason, the control group with healthy lungs did
not undergo BSL.

2.2 | EIT data acquisition and offline analysis

To generate an EIT frame, the PulmoVista500 applies an alternating
current (IEC 60601-1-2, 80-130 Hz, automatic adjustment of current
amplitude) and measures the impedance changes for detailed offline
analysis. A total of 16 consecutive current injections and 13 adjacent
electrode pairs results in 208 voltages measured during each cycle. An
integrated finite-element-method-based, linearized Newton-Raphson
reconstruction algorithm for ellipsoid EIT images was used. For this
study, the EIT data were converted to MATLAB file format (MATLAB
2015b, The MathWorks Inc., Natick, MA).

Spirometric parameters were provided by the MasterLab device
with automatic selection of the best forced expiration maneuver from
three maneuvers, displaying the following parameters: forced vital
capacity (FVC), forced expiratory volume in 1s (FEV,), forced
expiratory volume in 0.5s (FEVg5), and maximum expiratory flow at
25%, 50%, and 75% of FVC (MEF;s, MEF5o, and MEF,s).

EIT scans displayed 32 x 32 pixels in temporal connection of each
1024

slice <A2g|oba| t= > AZi(t)>. The global EIT flow was depicted as
[

the derivation of the global impedance index

(VAzg,m, (t) = w) Similar to spirometry, we manually chose

the best EIT-derived forced expiratory maneuver from three
maneuvers, regarding the maximum change in VAngba\ (t) during forced
expiration. Subsequent data analysis required a manual separation of
this forced breathing cycle, starting with the beginning of inspiration
and stopping at the end of expiration. Maximum impedance change
during forced expirationFVCgr[AU], as well as impedance changes in
the first 1s and 0.5s of the forced expiration FEV gr[AU] and
FEVos er[AU] were computed. Calculation of EIT-derived flow
parameters,MEF5 gr[AU/s], MEFsg gr[AU/s], and MEFg5 gr[AU/s]
required the creation of an EIT-derived global VAZglobal (t)FV loop. The

conventional curve of an FV loop was achieved by plotting \'/Azg‘cba‘ (t)
overAZg o (t), reflecting both signals and shifting the loop to the

origin. Therefore, we called the Vaz (t)/AZgiopal (t) loop the “EIT-

global
derived FV loop.”

For the subsequent analysis, it was necessary to make a direct
comparison of spirometry and EIT-derived lung function parameters,
as well as comparison of the form of each FV loop. Therefore, a scaling
between these two data were required. In an earlier study in healthy
adults, we showed that spirometric volumes Vpiro (t) and impedance
changes AZgpai(t) correlate well during spontaneous breathing and

forced expiration maneuvers.'* In detail, this is described as:

Vspiro(t) = a*AZgIobal(t) +b, (1)
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FIGURE 1 EIT measurement during a lung function test of one child (with permission)

where “a” is the scaling factor from arbitrary unit [AU] to liter [L] and “b”
corresponds to a shift of the ordinate. Here, we calculated the

parameter “a” regarding the forced expiratory volume measured by
pneumotachography FVCqyiro and by EITFVCgr[AU:

Fvcspiro

ad=-——
AZex.max - AZex‘min

[L/AU]. 2)

Assuming the same linearity in patients in the present study, EIT
data (in [AU]) were scaled to equivalent data in [L] regarding the

parameter “a.” As a result, EIT-derived parameters were scaled from
[AU] and [AU/s] to [L] and [L/s], respectively.

2.3 | Statistical analysis

T-test was performed for the demographic data between the two
patient groups. Pearson's correlation tests between spirometry and
EIT were performed for the parameters FEV,, FEVq 5, MEF55, MEF 5,
and MEF,s. A P-value <0.05 was considered statistically significant.
Statistical analyses included mean values and standard deviation (SD).
Statistics were performed with Excel 2013 and MATLAB 2015b.
According to the 2017 updated report of the Global Initiative for
Asthma,'” a spirometry test result was considered pathological in
terms of asthma (confirmed variable expiratory limitation) if the
Tiffenenau index FEV{/FVC was reduced (FEV{/FVC<90% for

1
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children aged <12 years old and FEV1/FVC < 80% for children aged
12-18 vyears) and a positive bronchodilator test was present
(AFEV1>12%). For the Tiffeneau index and the bronchodilator results
measured with EIT, we performed a binary classification test, assuming
the spirometric measurements to be the gold standard (Figure 2).

A direct graphical comparison of asthmatic patients and healthy
controls may be clinically useful, since the FV loops of the asthmatics
show a typical concave form.! However, since a large number of our
asthmatic patients had a stable course of their disease during
medical treatment and exhibited normal lung function parameters, a
graphical comparison for n=58 patients would not allow to
discriminate between the asthmatic and healthy FV loops. Therefore,
for better graphical comparisons, we selected only those patients
who fulfilled the above-mentioned criteria of a confirmed variable
expiratory limitation and compared them with the age-matched
healthy controls. Average EIT-based FV loops of the asthmatic group
and the control group were derived and presented in the same
figure.

3 | RESULTS

3.1 | Demographic data

The group of asthmatics (32 male, 26 female) had an average age of
11.86 £+ 3.13 years, height 152.6 + 17.7 cm, weight of 50.6 +19.6 kg,
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FIGURE 2 Binary classification test for the Tiffeneau index and the bronchodilator results measured by EIT in comparison with spirometry.
Inclusion criteria: Tiffeneau index FEV1/FVC <90% for children aged <12 years and <80% for children aged 12-18 years; positive

bronchodilator test (AFEV1>12%)
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TABLE 1 Mean values + SD of lung function parameters, measured by pneumotachography and EIT

Healthy controls

Asthmatics: before BSL

Asthmatics: after BSL

Mean % reference prediction

Mean %
reference

Mean % reference prediction

Mean = SD +*SD Mean = SD prediction £ SD Mean + SD +*SD
Spirometric parameters (pneumotachography)
FVC [L] 2.48+0.93 78 £15.9 2.37+0.92 77.3+15 2.42+0.93 797 +14.7
FVCyq [L] 2.38+£0.87 90.3+13.7 2.16+0.83 83.7+£16.9 2.29+0.86 88.9+16
FEVo 5 [L/s] 1.86+0.63 93.1+16.9 1.64 £+0.61 83.7+205 1.80+0.63 92.7+19.9
MEFs [L/s] 4.62+1.61 93.4+18.9 4.03 £1.6 80.1+23.3 4.63+1.67 92.1+21.1
MEFs [L/s] 3.5+1.18 98+21.6 2.75+1.09 77.4+23.3 3.37+1.24 95.0+24.6
MEF 35 [L/s] 2.02+0.77 109.3£28.7 1.52+0.67 82.7+28.5 1.95+0.81 106.3+£32.4
FEV,/FVC 95.97 115.2+£12.5 91.36 108.8 £9.72 94.89 112.6 £6.9
[%] +4.56 +7.62 +5.68
AFEV; [%] - - - - 7.44 -
+12.94
EIT-derived spirometry parameters
FVC [L] 248+0.93 - 2.38+0.92 - 2.42+0.93 -
FVC, [L] 2.36+0.87 - 2.24+0.85 - 2.36 £0.89 -
FEVo s [L/s] 1.90+0.73 - 1.79 £0.69 - 1.90+0.73 -
MEF75 [L/s] 6.16 £2.77 = 5.24+298 = 6.68+3.51 =
MEFsq [L/s] 4.23+1.89 = 3.84+1.78 - 4.52+2.17 -
MEF,;5 [L/s] 2.25+0.97 - 1.99+0.92 - 2.34+1.07 -
FEV1/FVC 95.28 - 94.22 - 97.73 -
[%] +5.93 +5.99 +3.67
AFEV, [%] - - - - 4.79 -
+12.93

and a body mass index (BMI) of 20.89 + 4.73. The healthy controls (29
male, 29 female) had an average age of 12.12+2.90 years, height
153.8 +£17.1 cm, weight 46.9 £ 18.9 kg, and a BMI of 19.04 +4.35.
There is no statistically significant difference between the two groups
in age (P =0.65), height (P =0.71), and weight (P = 0.30).

3.2 | Correlation between spirometry and EIT-based
measurements

Table 1 presents the mean values and SD of the parameters FVC, FEV4,
FEV.5, MEF;5, MEF 50, MEF,5 as well as the Tiffeneau index FEV,/FVC
and the bronchodilator test index AFEV,. With regard to spirometry,
for the controls the mean FVC value was 2.48 £ 0.93 L, and for the
asthmatics this was 2.37 +£0.92 L before BSL and 2.42 £ 0.93 L after
BSL. In the asthmatic group, all lung function parameters increased
after BSL. FEV; increased from 2.16 +0.83 L (2.24 + 0.85 L measured
with EIT) to 2.29 £0.86 L (2.36 +0.89 L measured with EIT), which
resulted in a positive AFEV4[%] of 7.44+12.94 (4.79+12.93
measured with EIT). The positive effect of BSL was also observed in
the increase of MEFs, MEF 50, and MEF,s.

Figure 3 presents the boxplot and Pearson's correlation between
spirometry and EIT-based measurements for FEV,, FEVys, MEFs,
MEFs0, and MEF,5. Comparison of the spirometry and EIT measure-

ments showed that FEV; and FEV, 5 correlated well for all groups of

patients (all P-values <0.05, all r-values >0.9). MEF;5, MEFs, and
MEF,5 values also correlated well (all P-values <0.05, r-values ranging
from 0.673-0.805). Deviations in the maximum expiratory flows were
documented being strongest at higher flows. The mean MEF;5 values
of the controls were 4.62 + 1.61 L/s in spirometry and 6.16 +2.77 L/s
(EIT), with an r-value of 0.673. For MEFs5, (r=0.792) and MEF,5
(r =0.805), a better correlation was found between EIT and spirometry.
Similar data were derived from the asthmatic children, both before and
after BSL (Figure 3).

3.3 | Binary classification tests

Figure 4 presents the Tiffeneau index and bronchodilator index in the
binary classification tests, based on spirometry as the evaluated
standard and EIT as the prediction. The data were divided into two age
groups (i.e., 212 years of age and <12 years of age) with regard to the
different criteria applied for the Tiffeneau index.’” The binary
classification tests yielded high specificity (>93%) in all three criteria,
while sensitivity was higher in AFEV, (86.67%) and lower in FEV; /FVC
(25% and 35.29%). A high positive predictive value (275%) and a high
negative predictive value (>80%) were observed. There were no
significant differences between the groups aged 212 years and <12
years regarding the Tiffeneau index when evaluating the correlation

between spirometry and EIT.
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FIGURE 3 Boxplot and Pearson's correlation between spirometry and EIT-based measurements for FEV4, FEVq 5, MEF;5, MEF 50, and

MEF,s. BSL, Bronchospasmolysis

3.4 | Individual and average flow-volume loops

For the graphical aspects of the EIT-derived FV loops for diagnosing
asthma, we selected asthmatics with positive results on the
Tiffeneau index and the bronchodilator tests. Three patients aged
>12 years and seven aged <12 years fulfilled these criteria; for
comparison purposes, 10 age-matched controls with healthy lungs
were selected. As a representative example, Figure 5, top panel
shows the average FV loops of three asthmatic children. Changes in
individual (numbers 1, 2, and 3) and in average FV loops after BSL are

shown. Figure 5, bottom panel presents the average FV loops of 10

asthmatic and 10 control children. A typical concave shape of the
EIT-derived FV loops was documented for asthmatics, but not for
the controls. Moreover, the effect of BSL was graphically expressed
in the asthmatics.

To present a direct comparison of global EIT and spirometry for
individuals, and to demonstrate the potential use of EIT for regional
pulmonary diagnostics, representative global, and regional FV loops of
one patient are plotted in Figure 6. The figure shows regional FV loops
obtained from EIT images for the right ventral (RiVe), left ventral
(LeVe), right dorsal (RiDo), and left dorsal (LeDo) quadrant of the lung.

The regional asthmatic FV loops confirmed positive bronchodilator
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FIGURE 4 Binary classification tests of EIT-derived Tiffeneau index considering spirometry as the gold standard. Top: FEV,/FVC <80% for
35 x 3 children aged 212 years (control, asthma before and after BSL). Center: FEV,/FVC <90% for 23 x 3 children aged <12 years (control,
asthma before, and after BSL). Bottom: AFEV4[%] aged >12 years for 58 asthmatic children. TP, true positive; FP, false positive; TN, true
negative; FN, false negative; PPV, positive predictive value; NPV, negative predictive value

test: enlargement of the regional FV loops was observed in all
asthmatic patients. The patient had the largest positive bronchodilator
in the LeDo quadrant.

4 | DISCUSSION
This study investigated the EIT-derived FV loops during spirometric
lung function testing in 58 pediatric patients with asthma and 58 age-
matched controls with healthy lungs. EIT data were scaled from
arbitrary units (AU) to liter (L) according to the linearity factor
calculating FVC [L] in accordance with the maximum impedance
change of EIT during a forced expiration maneuver.'® Based on this,
other parameters, such as FEVq, FEVo 5, MEF5s5, MEFs50, and MEF,5
were determined and the correlations between EIT and spirometric
data were computed.

Our earlier study on healthy adults showed a good correlation
between EIT and spirometric pneumotachography measurements in

volume, but a small deviation in flow during forced expiration

maneuvers.2* Also in the present study, there was good correlation
between spirometry and EIT for the asthmatic patients and controls
(P <0.001 for FEV4, FEV( 5, MEF5, MEFs50, and MEF,s in all groups,
except P =0.0038, for MEF5 in the asthmatics before BSL).

The deviation in MEF5 may indicate a moderately lower linearity
between EIT and spirometry at the start of the forced expiration
maneuver, which adjusts toward the end of expiration. There are two
possible causes for this deviation. First, at the beginning of the
maneuver, the respiratory effort of the patient generates a high intra-
thoracic pressure (approximately 120 cm H,O in a healthy adult!®),
which causes a rapid reduction in intra-thoracic blood volume at the
start of the maneuver. Thus, in addition to the impedance change
caused by the expiratory gas, there is an additional impedance change
due to the change in intra-thoracic blood volume. Second, the
deviation might be attributed to the properties of the PulmoVista 500,
that is, this device was originally designed to monitor patients
undergoing mechanical ventilation in an intensive care unit. The
ventilation flow in normal tidal breathing is significantly smaller than

during a forced expiration maneuver, where a large amount of air is
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FIGURE 5 Top panel: Creation of individual (numbers 1, 2, and 3) and average FV loops before and after bronchospasmolysis (BSL,
measured with EIT). Selection criteria of these three patients: age 212 years, Tiffeneau index <0.8, and AFEV, > 12%. Blue indicates the
individual (dotted) and average (drawn) FV loops before BSL. Red indicates the individual (dotted) and average (drawn) FV loops after BSL.
Bottom panel: Average FV loops of controls with healthy lungs (black, dotted), asthmatics before BSL (blue, drawn) and 10 asthmatics (red,
drawn) after BSL. Left: three individuals aged 212 years, Selection criteria of asthmatics: age 212 years: Tiffeneau index <0.8, and

AFEV4 > 12%. Right: 7 individuals aged <12 years. Selection criteria of asthmatics: age <12 years: Tiffeneau index <0.9 and AFEV, >12%

pushed out of the lung in a short period of time. In the present study,
the EIT reconstruction matrix used is based on a linear approach, which
was developed for normal tidal volumes. Thus, for pulmonology
applications, a special model-based reconstruction algorithm might be

required which considers non-linear aspects such as the change of
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significant positive bronchodilator test (AFEV;>12%).1” A binary
classification test between EIT and standard spirometry was performed.
Very high specificity, as well as positive predictive values and negative
predictive values were observed for both criteria. Sensitivity is high in
AFEV, andlow in FEV1/FEV. The reason for this low sensitivity might be
due to the deviation of flow between EIT and spirometry at the
beginning of the forced expiration maneuvers, which causes a higher
Tiffeneau index in the EIT-derived data.

In Figure 6, the differences in the global EIT-derived average FV
loops for the three patient groups indicates the ability of EIT to
differentiate between healthy controls and asthmatics. The FV loops of
the asthmatics with pathologic spirometry yielded a concave form
which improved after BSL. Note, that the form of the FV loops, as well
as the Tiffeneau index and the bronchodilator test result AFEV,, did
not change by scaling EIT data from AU to liters. Thus, the EIT-derived
FV loops might be used in EIT standalone applications without
pneumotachography. Or, in other words, EIT might become a
pneumotachograph by itself.

Currently, clinical lung function tests do not provide regional
information, although this would be useful for the treatment of
regional inhomogeneity of lung diseases.**?%22 |n the present study,
the statistical analyses were also solely based on global characteristics,
as there is no established gold standard for regional ventilation for
comparison purposes. However, EIT may also prove to be a feasible
tool for regional pulmonary diagnostics. Again, there is no existing
reference for regional lung function, since no functional non-invasive
radiological technique (e.g., hyperpolarized He-magnetic resonance
imaging) was made for comparison purposes due to both non-
availability and ethical reasons. Thus, there may be some difficulty in
evaluating and interpreting the regional FV loops quantitatively. A
more detailed investigation of the regional FV loops is needed for a
better understanding of ventilation distribution during a Tiffeneau
maneuver. EIT-based FV loops might be feasible as a tool to monitor
not only regional ventilation changes in diagnostic procedures, but also
to determine the efficacy of the effects of local therapeutic drugs.

5 | CONCLUSION

EIT shows a high potential for pulmonary function testing for pediatric
patients. Global flow-volume loops (FEV,, FEVgs, MEF;s, MEF5q,
MEF,5) obtained by EIT correlate with spirometric findings in
asthmatic children and in controls with healthy lungs. EIT-derived
Tiffenenau index and the bronchodilator test index can be used to
assess asthma. The typical concave shape of the EIT-derived average
FV loops of asthmatics (with improvement of the FV loops after BSL)
were observed. EIT has the potential to be an effective diagnostic tool
for asthma in pediatric patients.

ACKNOWLEDGMENTS

The authors thank all the patients for their participation and the
nursing staff for their assistance with this study.

CONFLICTS OF INTEREST

All authors declare that there are no conflicts of interest.

ORCID

Chuong Ngo
Steffen Leonhardt

http://orcid.org/0000-0002-3961-2173
http://orcid.org/0000-0002-6898-6887

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Miller MR, Hankinson J, Brusasco V, et al. Standardisation of
spirometry. Eur Respir J. 2005;26:319-338.

. Beydon N, Davis SD, Lombardi E, et al. On behalf of the American

Thoracic Society/European Respiratory Society Working Group on
Infant and Young Children Pulmonary Function Testing. Am J Respir
Crit Care Med. 2007;175:1304-1345.

. Adler A, Amyot R, Guardo R, Bates JH, Berthiaume Y. Monitoring

changes in lung air and liquid volumes with electrical impedance
tomography. J Appl Physiol. 1997,83:1762-1767.

. Marquis R, Coulombe N, Costa R, Gagnon H, Guardo R, Skrobik Y.

Electrical impedance tomographyss correlation to lung volume is not
influenced by anthropometric parameters. J Clin Monit Comput.
2006;20:201-207.

. Frerichs I. Electrical impedance tomography in applications related to

lung and ventilation: a review of experimental and clinical activities.
Physiol Meas. 2000;21:R1.

. Leonhardt S, Lachmann B. Electrical impedance tomography: the holy

grail of ventilation and perfusion monitoring? Intensive Care Med.
2012;38:1017-1929.

. Gong B, Krueger-Ziolek S, Moeller K, Schullcke B, Zhao Z. Electrical

impedance tomography: functional lung imaging on its way to clinical
practice. Expert Rev Respir Med. 2015;1-17.

. Lehmann S, Leonhardt S, Ngo C, et al. Electrical impedance

tomography as possible guidance for individual positioning of patients
with multiple lung injury. Clin Respir J. 2016;12, 68-75.

. Pikkemaat R, Tenbrock K, Lehmann S, Leonhardt S. Electrical

impedance tomography: new diagnostic possibilities using regional
time constant maps. Appl Cardiopul P. 2012;16:212-225.

Zhao Z, Fischer R, Frerichs I, Miiller-Lisse U, Moller K. Regional
ventilation in cystic fibrosis measured by electrical impedance
tomography. J Cyst Fibros. 2012;11:412-418.

Zhao Z, Miiller-Lisse U, Frerichs |, Fischer R, Moller K. Regional airway
obstruction in cystic fibrosis determined by electrical impedance
tomography in comparison with high resolution CT. Physiol Meas.
2013;34:N107-N114.

Vogt B, Pulletz S, Elke G, et al. Spatial and temporal heterogeneity of
regional lung ventilation determined by electrical impedance tomog-
raphy during pulmonary function testing. J Appl Physiol.
2012;113:1154-1161.

Vogt B, Falkenberg C, Weiler N, Frerichs I. Pulmonary function testing
in children and infants. Physiol Meas. 2014;35:R59-R90.

Lehmann S, Leonhardt S, Ngo C, et al. Global and regional lung
function in cystic fibrosis measured by electrical impedance
tomography. Pediatr Pulmonol. 2016;51, 1191-1199.

Ngo C, Leonhardt S, Zhang T, Misgeld B, Vollmer T, Tenbrock K,
Lehmann S. Linearity of electrical impedance tomography during
maximum breathing effort and forced expiration maneuvers. Physiol
Meas. 2016;38:77.

Ngo C, Spagnesi S, Munoz C, et al. Assessing regional lung mechanics
by combining electrical impedance tomography and forced oscillation


http://orcid.org/0000-0002-3961-2173
http://orcid.org/0000-0002-6898-6887

NGO ET AL

17.

18.

19.

20.

21.

technique. Biomedical Engineering/Biomedizinische Technik. 2017,
https://doi.org/10.1515/bmt-2016-0196. [Epub ahead of print].
Global Initiative for Asthma. Global strategy for Asthma Management
and prevention, Update 2017, 2017, http://ginasthma.org/

Liu CH, Niranjan SC, Clark JW, San KY, Zwischenberger JB, Bidani A.
Airway mechanics, gas exchange, and blood flow in a nonlinear model
of the normal human lung. J Appl Physiol. 1998;84:1447-1469.
Zhang J, Patterson RP. Eit images of ventilation: what contributes to
the resistivity changes? Physiol Meas. 2005;26:81.

Krueger-Ziolek S, Schullcke B, Kretschmer J, Miiller-Lisse U, Méller K,
Zhao Z. Positioning of electrode plane systematically influences EIT
imaging. Physiol Meas. 2015;36:1109-1118.

Frerichs |, Zhao Z, Becher T, Zabel P, Weiler N, Vogt B. Regional lung
function determined by electrical impedance tomography during
bronchodilator reversibility testing in patients with asthma. Physiol
Meas. 2016;37:698-712.

22.

WI LEY—E%-?E

Vogt B, Zhao Z, Zabel P, Weiler N, Frerichs |. Regional lung
response to bronchodilator reversibility testing determined by
electrical impedance tomography in chronic obstructive pulmo-
nary disease. Am J Physion Lung Cell Mol Physiol. 2016;311.1:
L8-L19.

How to cite this article: Ngo C, Dippel F, Tenbrock K,
Leonhardt S, Lehmann S. Flow-volume loops measured with
electrical impedance tomography in pediatric patients with
asthma. Pediatric Pulmonology. 2018;1-9.
https://doi.org/10.1002/ppul.23962



https://doi.org/10.1515/bmt-2016-0196
http://ginasthma.org/
https://doi.org/10.1002/ppul.23962

