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Bronchodilator effect on regional lung

function in pediatric viral lower respiratory

tract infections

Abstract

Objective Viral lower respiratory tract infections (LRTI) are the leading

cause for acute admission to the intensive care unit in infants and young

children. Nebulized bronchodilators are often used when treating the

most severe cases. Aim of this study was to investigate the bronchodila-

tor effect on respiratory mechanics during intensive care with electrical

impedance tomography (EIT) and to assess the feasibility of EIT in this

context.

Approach We continuously monitored the children with chest EIT for

up to 72h in an observational study design. The treatment decisions

were done by clinical assessment, as the clinicians were blinded to the

EIT information during data collection. In a retrospective analysis, clin-

ical parameters and regional expiratory time constants determined by

EIT were used to assess the effects of bronchodilator administration,

especially regarding airway resistance.

Main results We included six children from 11 to 27 months of age

requiring intensive care due to viral LRTI and receiving bronchodila-

tor agents. Altogether 131 bronchodilator administrations were identified

during EIT monitoring. After validation of the exact timing of events and
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EIT data quality, 77 administrations were included in the final analysis.

Fifty-five bronchodilator events occurred during invasive ventilation and

22 during high-flow nasal cannulae treatment. Only 17% of the bron-

chodilator administrations resulted in a relevant decrease in calculated

expiratory time constants.

Significance Continuous monitoring with EIT might help to opti-

mize the treatment of LRTI in pediatric intensive care units. Especially

EIT-based regional expiratory time constants would allow objective

assessment of the effects of bronchodilators and other respiratory thera-

pies.

Keywords: Pediatric Intensive Care Units - Respiratory Tract Infections -

Bronchodilator Agents - Airway Resistance - Electrical Impedance -

Tomography
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1 Introduction

Viral lower respiratory tract infections (LRTI) are the leading cause of hospital-

ization and acute intensive care admission in infants and young children [1, 2].

Respiratory syncytial virus (RSV) and human rhinovirus (HRV) are the most

common pathogens causing respiratory failure in this population [3–6]. Respi-

ratory distress and airway obstruction during viral LRTI in children are caused

by a combination of mucosal edema, secretions and bronchoconstriction [7].

Treatment for severe LRTI consists of supplemental oxygen, respiratory

support, and other supportive measures, such as suctioning of secretions from

the airway. Noninvasive types of respiratory support, especially high-flow nasal

cannulae (HFNC), are increasingly being used in pediatric intensive care units

(PICU) [2, 3]. However, invasive ventilation is still often required for the

most severely ill children. Symptom-relieving medication includes nebulized

bronchodilators and adrenaline, corticosteroids, pain killers and sedation for

agitated patients [8–10]. Antibiotics are also frequently given due to the risk

of bacterial co-infections in critically ill patients [8, 11].

Although routine administration of salbutamol is not recommended for

pediatric patients under two years of age suffering from LRTIs, a subgroup

of infants (age above 6 months, wheezing on arrival and HRV as the cause)

may benefit from bronchodilator treatment and thus, it is often used when

treating severe cases in PICUs [8, 12–14]. Nebulization via the HFNC system

instead of using traditional face masks improves patient comfort, but lung

deposition of the drug has been shown to be very sensitive to the flow rate used.

Moreover, during invasive ventilation the correct placement of the nebulizer

within the circuit is essential [15–18]. Clinical assessment is insufficient to

recognize salbutamol responders reliably [19], so additional tools are needed

to better guide the treatment.
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Electrical impedance tomography (EIT) is a noninvasive continuous mon-

itoring method for lung aeration and regional ventilation [20]. The method

was validated using established radiological methods like computed tomogra-

phy [21–25], positron emission tomography [26] or single-photon emission CT

[27]. Recently it has been applied to pediatric patients with COVID-19 [28].

EIT has been successfully used to observe bronchodilator effects in both chil-

dren and adults [29–31]. Nebulization of bronchodilators is expected to reduce

airway resistance, which is one of the factors that determine the expiratory

time constant. Since the time constant is the product of expiratory airway

resistance and respiratory system compliance, a reduction in airway resistance

through nebulization is expected to result in a reduction of regional expira-

tory time constants. The feasibility and reliability of EIT-derived assessment

of time constants have been demonstrated in adult patients [32, 33]. The aim of

this study was to use EIT in assessing the effect of bronchodilators in pediatric

LRTI during PICU treatment.
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2 Methods

2.1 Data source: CRADL clinical trial

This work is a retrospective analysis of a subset of the data from the prospec-

tive observational multicenter EIT trial Continuous Regional Analysis Device

for Neonate Lung (CRADL). Two hundred neonates and children less than

36 months of age were included in the CRADL trial from November 2016

to March 2019 at four European study sites with tertiary NICUs and one

PICU (CinicalTrials.gov identifier: NCT02962505) [34]. The Ethical Commit-

tee of the Northern Ostrobothnia Health Care District approved the protocol

(EETTMK: 35/2017), and written informed consent was obtained from a par-

ent or legal guardian before performing any procedures related to the study.

Continuous chest EIT monitoring (48 scans/s) was carried out for up to 72

hours with a 32-electrode belt connected to an EIT system (SenTec BB2,

Landquart, Switzerland) [35]. A graphical user interface was used to report all

interventions, and a video recording was used to confirm the events. All study

participants had or were “at risk” of respiratory failure.

LRTI was the cause of respiratory failure in eleven PICU patients. Six of

them were above 6 months of age and received nebulized bronchodilators due

to wheezing during their treatment in the PICU, and were included in this

study. Detailed patient characteristics are presented in table 1.

2.2 Bronchodilator administration

Fig. 1 Timeline for the selection of analysis intervals. Start of broncholytic administration
at time t=0.
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Patient files were used to collect information on all bronchodilator admin-

istrations during the study period. The exact timing of drug administration

was confirmed from the video recordings. The quality of EIT data was checked,

and 30-second sequences of EIT signal without patient movement and failing

electrodes were selected for analysis 0-10 minutes before the start of nebuliza-

tion and 15-20 minutes after confirmed nebulization. Video information was

also used to confirm that the patient position did not change significantly

between the selected time sequences. Various clinical parameters were aggre-

gated within the confirmed analysis intervals. The doses were 0.075 to 0.15

mg/kg Salbutamol with repeated doses every 2 to 4 hours. 125 µg of Ipra-

tropium was administered about every 6 hours. The decision on whether to

give only salbutamol or both, and how frequently, was made on clinical basis

by the doctor responsible for the treatment. A circuit integrated nebulizer was

used both during invasive ventilation and HFNC. The duration of inhalation

was 2 to 3 minutes. Figure 1 visualizes the measurement protocol.

2.3 Exponential modelling of expiration

A common way to approach airway resistance is via time constants, as with

passive expiration the change of air volume in the lung may be described as

follows [36]:

V (t) = V0 · e−
t
τ + VFRC (1)

with the expiratory time constant τ being the product of respiratory system

compliance and airway resistance. V (t) is the lung volume at time t, starting

with t = 0 at the end of expiration. VFRC is the functional residual lung capac-

ity. We performed exponential regression to assess the regional distribution of

expiratory time constants by applying the following workflow:
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All individual pixel values were summed to yield the global EIT sum signal,

which closely correlates with the thoracic gas volume [23]. Global maxima and

minima were detected in the sum signal, corresponding to the time points of

maximal inspiration and expiration. Because not all image pixels reach their

respective minima/maxima at the same time in a breathing cycle, we allowed

for a shift of each pixel maximum of up to half the time to the next global

minimum in every pixel (analog for minima). Using these individually adjusted

pixel minima and maxima we selected the time points where the impedance

values were between the 10th and 90th percentile of this range. This means

for every individual pixel, the first and last part of the expiration was dis-

carded. This is a compromise between keeping as much data as possible and

discarding parts that are either misleading or particularly noisy [37]. For the

pixelwise detection of maxima/minima and for the selection of the respective

data interval, we applied a low-pass filter to (3rd order Butterworth filter with

fixed cutoff frequency 2 Hz) to reduce high-frequency noise like cardiac oscil-

lations. With the data preselected in this fashion, we performed least-squares

fits for every expiration and every pixel based on the following formula on the

unfiltered data (analog to equation (1)):

Z(t) = Z0 · e−
t
τ + Zres (2)

with Z(t) being the raw pixel impedance signal at time t with t = 0 at the end

of expiration with respect to a reference image, and τ being the expiratory

time constant. Z0 is a positive scale factor, which is proportional to the static

compliance. The residual constant Zres is necessary because of the varying

regional baseline impedances as well as the arbitrary impedance baseline. The

latter is a product of the EIT image reconstruction where impedance changes
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with respect to an arbitrary reference are calculated rather than absolute val-

ues [20]. Within each selected interval the median of all successful fits for a

pixel was calculated if there was a successful fit for this pixel in at least half of

the globally detected breaths. A fit was considered successful if the R2 value

exceeded 0.8. The result of this procedure is a map of time constants within

the thoracic cross-section.

2.4 Statistical analysis

For statistical calculations on these maps, we used functional lung contours,

which we defined as all pixels with at least 10% of the maximum (positive) tidal

impedance variation [38]. For each of these maps we calculated the weighted

mean expiratory time constant τ̄w, weighted mean standard deviation SDτ̄w

and weighted coefficient of variation CVτ̄w with the weights being proportional

to the corresponding pixel values in the tidal image. We also report the global

expiratory time constant τglob., which was calculated on a per-breath basis from

the global impedance sum signal. Independent of the time constant calculation,

we also calculated the center of ventilation in the right/left and ventral/dorsal

directions as established EIT parameters of ventilation distribution [20].

To discern effective bronchodilator administrations we investigated the

change in weighted mean expiratory time constants. Events with a decrease in

the weighted mean expiratory time constant of at least 20% were considered

successful [19].

Depending on the assumed variable distribution, we used a paired Student’s

t-test for normally distributed variables and a (paired) Wilcoxon-Mann-

Whitney test for non-normally distributed variables. The significance level was

5%.
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3 Results

broncholytic
administrations

131 events

included
in final

analysis
77 events

insufficient
quality of

EIT recording
23 events

no video
confirmation

31 events

invasive
ventilation
55 events

HFNC
22 events

HFNC
23 events

Fig. 2 Flow chart of the data acquisition. EIT: electrical impedance tomography, HFNC:
high-flow nasal cannulae.

From the larger CRADL study, we included all patients above 6 months

of age who received bronchodilators. Altogether, 131 doses of nebulized bron-

chodilators were administered during EIT monitoring to this group of viral

LRTI patients. 31 of these events could not be validated using the video log

which was captured alongside the EIT signal. Further 23 events were excluded

because of insufficient EIT signal quality (e.g. because of electrodes losing con-

tact). The remaining 77 events were included in the final analysis (figure 2).

Nebulized bronchodilators led to a mild increase in heart rate and a slight

reduction in the peripheral O2 saturation to fraction of inspired O2 (SF) ratio,

while the other clinical parameters remained stable (table 2).

Figure 3 shows the time constant maps for two broncholysis events of the

same patient along with the chest X-ray taken in between. The patient is an

infant suffering from a viral LRTI caused by bocavirus (last row in table 1).

Hazy clustered nodules together with mild overinflation of the right lower lobe,

both typical findings in LRTI, are seen in the X-ray. The correct positions

of the intubation tube, the nasogastric tube, and the EIT belt around the
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chest were confirmed. In a, before the intervention, we see high expiratory

time constants (over 1 s) in the left lung and ventral areas of the right lung.

After the intervention, the time constants in the left lung became lower and

more homogenous. Also, parts of the right lung have decreased time constants

compared to before the intervention, which becomes evident when inspecting

the difference plot. Subplot c depicts a later broncholysis event of the same

patient. Neither the ventilation distribution nor the time constants changed

relevantly during this event.

In table 3, we present the numeric results derived from the time con-

stant calculations and tidal images. There were no significant changes in

the considered parameters when comparing before and after the broncholytic

administration.

Table 4 shows the success rates of administration of broncholytics split up

for the different subgroups. Each of the six patients had both events considered

successful and unsuccessful.
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4 Discussion

Based on this observational study, continuous monitoring with EIT is suitable

for the assessment of bronchodilator effects in severe cases of pediatric LRTI in

PICU. Administration of bronchodilators only rarely led to significant improve-

ment in the expiratory time constant, and the majority of nebulizations either

had no effect or worsened the airflow.

To the best of our knowledge, this is the first time EIT is used in assessing

the effect of a bronchodilator in pediatric viral LRTI. We used a somewhat

arbitrary limit of 20% improvement in the expiratory time constant, as it has

been used previously in a similar setting [39]. With this limit, the vast minority

of bronchodilator administrations resulted in a better expiratory time con-

stant, but the drug administration was often followed by quite an opposite

response, possibly due to the stirring of secretions. In addition, the response

within the same patient changed from time to time. Hence, in our opinion, the

patients should not be classified simply as responders or non-responders [39],

but instead monitored carefully throughout the PICU period and treated

following the respiratory physiology at each point in time.

Many of the patients in this work exhibited relevant spontaneous breathing

efforts; some were even breathing completely spontaneously (HFNC group).

The applicability of the analysis of expiratory time constants in this population

is uncertain. Nonetheless, there are strong indications that the expiratory time

constants calculated in this work are useful even under these circumstances.

First, the time constants that were calculated here are in a plausible range [32],

and the expiration was well-modeled by an exponential function. Second, even

if the calculated time constants did not reflect the true time constant of the

respiratory system as measured without spontaneous breathing effort, they

would still be a useful tool for comparing relative flow in different lung regions
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or at different times. Thus, a decrease in time constants could confidently be

interpreted as either an decrease of the airway resistance or the respiratory

system compliance.

The role of bronchodilators in treating pediatric viral LRTI in PICU is

constantly debated for several reasons, such as concern for potential drug-

related adverse events and the fact that critically ill children are often excluded

from randomized controlled trials, so there are no valid data on this group of

patients [40, 41]. Children below two years of age are often considered as one

group despite the fact that they present a very heterogenous population [2, 42].

Recent data suggests that a subgroup of patients over 6 months of age poten-

tially benefit from bronchodilators, and it is common that clinicians prescribe

them when treating severe cases in PICU [13]. More detailed assessment of

pulmonary function in RCTs designed to assess treatment for pediatric viral

LRTI is needed [41, 42]. Our patients were between one and two years of age

and represented typical group of patients wheezing during viral LRTI. We were

able to confirm the viral etiology of illness in all patients. The ability of EIT

to assess regional lung function in this patient population makes it a potential

tool for research as well as for individually optimizing treatment.

However, further product development is needed to ensure adequate data

quality during noninvasive respiratory support and in spontaneously moving

infants: all of the events that were excluded due to insufficient EIT signal qual-

ity occurred during noninvasive respiratory support with HFNC. Improved

belts, electrodes, contact agents or image reconstruction techniques are options

that might mitigate measurement problems in these difficult measurement

conditions where patients are hardly sedated.



Springer Nature 2021 LATEX template

Bronchodilator effect on regional lung function in pediatric viral lower respiratory tract infections 13

The main limitation of this study was the fact that it involved a subgroup

of patients in a purely observational multicenter trial, so the drug administra-

tion and patient monitoring did not follow any strict protocol. However, we

believe that the data are valuable for assessing the usability of EIT in real-

world situations. The decision to use a bronchodilator was based solely on

clinical assessment, and clinical records confirmed that wheezing was observed

prior to the prescription of bronchodilators. We were also able to confirm the

exact timing of the drug administrations with the video recording, and the

patient position was confirmed to have not changed between the selected time

intervals. The fact that we observed a slight increase in heart rate and a mild

reduction in oxygenation confirms that the selected time intervals represented

the times that the drug had been administered [43]. Many of the patients

were given bronchodilators regularly without routine assessment after every

dose, which may have led to a situation in which the wheezing had already

been resolved at time of administration, resulting in a no-response situation.

Unfortunately, due to the design of the CRADL clinical trial and its focus

on feasibility and safety of long-term EIT monitoring, no validation measure-

ments like ventilator flow curves were taken. Also one has to keep in mind that

spirometric measurements are not easily achievable in spontaneously breathing

patients (like under HFNC).
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5 Conclusion

In conclusion, continuous monitoring with EIT might help to optimize the

treatment of pediatric viral LRTI in PICU. Continuous information on venti-

lation distribution and time constants could provide a meaningful guidance for

individualized dosing and timing of bronchodilator therapy and would allow

objective assessment of the effects of bronchodilators and other respiratory

therapies.
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pre-broncholysis post-broncholysis
Parameter # events median (IRQ) median (IQR) p-value
Heart rate (bpm) 77 149 (48) 157 (50) 0.001
Systolic BP (mmHg) 73 105 (14) 105 (15) 0.216
Diastolic BP (mmHg) 73 69 (16) 69 (15) 0.295
Oxygen saturation (%) 77 94.1 (3.8) 93.6 (4.2) 0.001
Breathing rate (min−1) 57 29.3 (12.9) 29.4 (12.2) 0.740
FiO2 77 0.42 (0.25) 0.44 (0.24) 0.035
SF ratio 77 221 (119) 206 (113) 0.001
HFNC (l/min) 22 8 (4) 8 (4) 1.000
PEEP (cmH2O) 55 5.9 (1.6) 5.9 (1.7) 0.814
MAP (cmH2O) 55 8.9 (2.7) 9.0 (3.0) 0.046
PIP (cmH2O) 55 18.9 (5.9) 18.9 (5.3) 0.207
TVe (ml/kg) 55 10.4 (4.7) 10.4 (4.0) 0.232
MVe (l/min) 55 2.52 (0.53) 2.42 (0.48) 0.986

Table 2 Vital and ventilatory parameters before and after bronchodilator administration.
IQR: interquartile range, BP: blood pressure, FiO2: fraction of inspired oxygen, SF ratio:
ratio between peripheral oxygen saturation and fraction of inspired oxygen, HFNC:
high-flow nasal cannulae, PEEP: positive end expiratory pressure, MAP: mean airway
pressure, PIP: peak inspiratory airway pressure, TVe: expiratory tidal volume, MVe:
expiratory minute ventilation.

pre-broncholysis post-broncholysis
Parameter median (IQR) median (IQR) p-value
τ̄w (s) 0.7811 (0.3786) 0.7852 (0.4864) 0.233
SDτ̄w 0.4724 (0.9511) 0.5053 (1.201) 0.281

CVτ̄w 0.5934 (0.663) 0.6019 (0.6505) 0.309
τglob. (s) 0.7332 (0.2584) 0.7546 (0.3753) 0.070
CoV r/l 0.4187 (0.1019) 0.4208 (0.1200) 0.211
CoV v/d 0.4916 (0.02790) 0.4897 (0.03443) 0.073

Table 3 EIT-derived parameters for all patients/events before and after bronchodilator
administration. τ̄w: weighted mean expiratory time constant, CV: coefficient of variation,
CoV r/l: center of ventilation in the right-to-left direction, CoV v/d: center of ventilation
in the ventrodorsal direction, τglob.: global expiratory time constant.

Group # events successful events success rate
all events 77 13 16.88%
Salbutamol 63 10 15.87%
Ipratropium 14 3 21.43%
invasive ventilation 55 6 10.91%
HFNC 22 7 31.82%

Table 4 Success rates of administration of broncholytics. Events with a decrease of
weighted mean expiratory time constant of at least 20% were considered successful.
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Fig. 3 Maps of calculated values of regional respiratory mechanics for two broncholysis
events from the last patient in table 1 under invasive ventilation. a & d: in rows: tidal
impedance variation image Z, expiratory time constant τ ; in columns: pre-broncholysis, post-
broncholysis, difference. All maps are axial slices seen from below with the patient’s back at
the bottom of the map (R: right, L: left, V: ventral, D: dorsal). In a, we see a decrease in
time constants in the left lung and ventrolateral parts of the right lung (broncholysis con-
sidered successful); in d, the time constants are mostly unchanged (broncholysis considered
unsuccessful). b & e show the impedance sum of the whole thoracic cross-section over time
in the same intervals. Between them is the X-ray (c) taken on the same day between the
events, showing the patient’s anatomy, belt position and endotracheal tube.
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