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Abstract: Extremely low birth weight (ELBW) premature infants are particularly susceptible to
hypocarbia and hypercarbia, which are associated with brain and lung morbidities. Transcutaneous
CO2 (TcCO2) monitoring allows for continuous non-invasive CO2 monitoring during invasive and
non-invasive ventilation and is becoming more popular in the NICU. We aimed to evaluate the
correlation and agreement between CO2 levels measured by a TcCO2 monitor and blood gas CO2

(bgCO2) among ELBW infants. This was a prospective observational multicenter study. All in-
fants < 1000 g admitted to the participating NICUs during the study period were monitored by a
TcCO2 monitor, if available. For each bgCO2 measured, a simultaneous TcCO2 measurement was
documented. In total, 1828 pairs of TcCO2–bgCO2 values of 94 infants were collected, with a median
(IQR) gestational age of 26.4 (26.0, 28.3) weeks and birth weight of 800 (702, 900) g. A moderate
correlation (Pearson: r = 0.64) and good agreement (bias (95% limits of agreement)):(2.9 [−11.8, 17.6]
mmHg) were found between the TcCO2 and bgCO2 values in the 25–70 mmHg TcCO2 range. The
correlation between the TcCO2 and bgCO2 trends was moderate. CO2 measurements by TcCO2 are
in good agreement (bias < 5 mmHg) with bgCO2 among premature infants < 1000 g during the
first week of life, regardless of day of life, ventilation mode (invasive/non-invasive), and sampling
method (arterial/capillary/venous). However, wide limits of agreement and moderate correlation
dictate the use of TcCO2 as a complementary tool to blood gas sampling, to assess CO2 levels and
trends in individual patients.

Keywords: non-invasive CO2 monitoring; premature infant; transcutaneous CO2 monitoring

1. Introduction

Extremely premature infants are susceptible to hyper- or hypocapnia and rapid fluc-
tuations in PaCO2, especially during the first week of life [1]. While monitoring PaCO2
in a blood sample is the “gold standard”, it only allows for interval monitoring and not
continuous monitoring. Thus, periods of abnormally high or low PaCO2 may be missed,
and corrective ventilation measurements may be delayed.

Two methods that allow for non-invasive, continuous CO2 monitoring in the NICU
are End-tidal CO2 (EtCO2) monitoring and Transcutaneous CO2 (TcCO2) monitoring. In
EtCO2 monitoring, the capnograph sensor is connected to the endotracheal tube and allows
for mainstream or side-stream measurements of EtCO2 [2]. EtCO2 monitoring was found
to have a good correlation with bgCO2 among ventilated term and preterm infants [3,4],
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though the agreement was only moderate during the first day of life [5], and was negatively
influenced by the severity of lung disease [4,6,7]. Among infants receiving mechanical
ventilation in the NICU, the use of continuous EtCO2 monitoring was found to improve
the control of CO2 levels within a safe range. In a subgroup analysis of extremely low
birth weight premature infants (ELBW), the prevalence of intraventricular hemorrhage
and periventricular leukomalacia was lower in the EtCO2-monitored group; however, this
group was too small to draw firm conclusions [8]. The main clinical limitation of EtCO2
monitoring in the neonatal intensive care unit (NICU) is that it cannot be used in infants
supported by high-frequency oscillatory ventilation (HFOV) or non-invasive ventilation,
which are ventilation modes that are commonly used in this population [2].

TcCO2 is based on the ability of CO2 to diffuse through body tissues and skin and be
detected by a sensor on the surface of the skin. By warming the sensor, local hyperemia is
induced, which increases the supply of arterial blood to the dermal capillary bed below
the sensor [9]. TcCO2 monitors are currently widely used in the NICU [10,11]. Histori-
cally, neonatal studies have shown that TcCO2 correlates better with PaCO2 compared to
EtCO2 [12–14], though more recent studies revealed inconclusive results [5,15–17].

Given the importance of avoiding extreme CO2 values and fluctuations during the first
week of life among ELBW premature infants, the growing popularity of TcCO2 monitoring
in the NICU, and the inconclusive data regarding their accuracy in this population, we
conducted this study. Our aim was to evaluate the correlation and agreement between CO2
levels measured by the TcCO2 monitor and blood gas CO2 (bgCO2) among ELBW infants
during their first days of life. We hypothesized that TcCO2 monitoring will be in good
correlation and agreement with bgCO2 measurements as well as CO2 trends

2. Materials and Methods

These data were part of a prospective, observational, multicenter study studying the
impact of TcCO2 monitoring on neurologic and respiratory complications among ELBW
infants (under submission). This study was approved by the research ethics board of all
centers participating in the study. Written informed consent was obtained from the parents
of all infants prior to study entry.

2.1. Study Population

All premature infants < 1000 g admitted to the participating NICUs during the study
period and needing respiratory support during the first day of life were monitored by TcCO2
monitor (Sentec AG, Therwil, Switzerland), if available, during the first week of life or
longer as clinically indicated. Respiratory support included invasive support (Conventional
mechanical ventilation (CMV) and HFOV) and non-invasive support including nasal
intermittent positive pressure ventilation (NIPPV), continuous positive airway pressure
(CPAP), and heated humidified high flow nasal cannula (HHHNC).

Infants with severe congenital malformation, birth asphyxia, known intraventricular
hemorrhage stage III–IV in the first 24 h of life, or if active treatment was not initiated were
excluded from the study.

2.2. Study Design

TcCO2 monitoring was started during the first 12 h of life. Probe placement was in
predefined areas as per manufacturer instructions. The sensor temperature was set to
41 ◦C in accordance with the manufacturer’s instructions [18]. Calibration of the TcCO2
was automatically performed every 4 h and following any reposition of the probe. Sensor
membranes were changed every 28 days or sooner in case of any visible damage or repeated
calibration errors. Skin fixation adhesives and contact gel were used in accordance with
manufacturer guidelines.

Blood samples were taken at the discretion of the bedside care team, following metic-
ulous placement of the probe and allowing for an adequate time period to achieve equi-

2



J. Clin. Med. 2023, 12, 5757

librium. For each blood sample drawn for blood gas monitoring, a simultaneous TcCO2
measure was recorded, as well as other clinical and respiratory support data.

2.3. Statistical Analysis

Data are presented as mean ± standard deviation (SD) for normally distributed
variables, or median with interquartile range (IQR) for variables with non-parametric
distribution. The correlation between TcCO2 and bgCO2 was measured using Pearson
correlation. To determine the agreement between the two CO2 measuring methods, a
Bland–Altman analysis was performed on all matched TcCO2–bgCO2 samples, correcting
for multiple measurements per patient [19]. Data are presented as bias (mean difference)
and 95% limits of agreement (LoA) (i.e., 1.96 times the SD of the bias). The correlation
of measurement trends was assessed for all consecutive pairs of TcCO2 and bgCO2 using
Pearson correlation.

Logistic regression analysis was used to examine the relationship between different
variables examined and the likelihood that the TcCO2–bgCO2 difference will be <|5|,
which we consider clinically acceptable [3]. We incorporated into the model risk factors
with p value < 0.05.

Statistical analyses were performed with SPSS version 25 (IBM SPSS, Chicago, IL,
USA). Bland–Altman plot according to multiple measurements per subject was performed
by MedCalc® Statistical Software version 20.218 (MedCalc Software Ltd., Ostend, Belgium).

3. Results

The study was conducted between March 2018 and September 2021 in the NICU’s
in Rambam, Bnai Zion, Meir, and Carmel medical centers. A total of 1828 pairs of TcCO2
and bgCO2 of 94 ELBW premature infants were collected, with a median (IQR) GA of 26.4
(26.0, 28.3) weeks and birth weight of 800 (702, 900) g. Demographic data are presented in
Table 1.

Table 1. Demographics.

Premature Neonates n = 94

Gestational Age, weeks 26.4 (26.0, 28.3)
Birth weight, g 800 (702, 900)

Small for gestational age 8 (8)
Prenatal steroids 65 (69)

Preeclampsia 25 (27)
Multiple births 26 (28)

Male gender 40 (43)
Delivery mode—Cesarean section 72 (77)

Apgar 5’ 8 (6, 9)
Intubation at delivery room 41 (44)

Umbilical cord pH 7.27 (7.19, 7.33)
RDS requiring surfactant treatment 56 (60)

Ionotropic support during first week 5 (6)
Sepsis during the first week 5 (6)
Deceased during first week 2 (2)
Deceased during NICU stay 6 (6)

Number of samples per infant 19 (14, 23)
Values are presented as median (IQR) or n (%). IQR—interquartile range, NICU—neonatal intensive care unit,
RDS—respiratory distress syndrome.

The Bland–Altman analysis showed a mean bias of 3.6 mmHg with a 95% confidence
LoA from −14.3 to +21.4 mmHg (Figure 1A). Pearson’s correlation coefficient between
TcCO2 and bgCO2 was r = 0.64 (Figure 1B). The corrected Bland–Altman analysis according
to multiple measurements per subject showed similar results (mean bias of 3.6 mmHg with
a 95% confidence LoA from −14.1 to +21.2 mmHg).
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Figure 1. (A) Bland–Altman plot of the differences between TcCO2 and bgCO2. Orange lines
represent the bias (solid line) and 2SD (dotted lines). (B) Pearson correlation between TcCO2 and
bgCO2. bgCO2—blood gas CO2; TcCO2—transcutaneous CO2.

Similarly, moderate correlation and good agreement were demonstrated in TcCO2
values ranges of 30–60 mmHg and 25–70 mmHg (the ranges that are most frequently seen
at the bedside) (Table 2). For TcCO2 below 25 and above 70 mmHg the correlation was poor
(r = −0.41 and 0.14, respectively) as was the agreement (bias (LoA) −16.3 [−40.0, 7.4] and
20.1 [−9, 49.1] mmHg, respectively). However, the number of samples at these extremes
was small.
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Table 2. Subgroup analysis of correlation and agreement.

Parameter
No. of

Samples
R Bias (SD)

Lower LoA,
Upper LoA

Per TcCO2 measurements range

All (20–115 mmHg) 1828 0.64 3.6 (9.1) −14.3, 21.4
30–60 mmHg 1576 0.60 2.3 (6.8) −11.1, 15.7
25–70 mmHg 1724 0.65 2.9 (7.4) −11.8, 17.6

Per age (days) at sampling *

Day of life 1 286 0.75 1 (6.8) −12.3, 14.4
Day of life 1–3 887 0.71 2.0 (6.7) −11.1, 15.1
Day of life 4+ 851 0.59 3.8 (8.1) −12.0, 19.6

Per sampling mode *

Capillary 454 0.67 3.2 (8.1) −12.6, 19.1
Arterial 1019 0.67 2.9 (7.4) −11.6, 17.6
Venous 88 0.72 1.8 (6.2) −10.3, 13.9

Per mode of ventilation *

Non-invasive ventilation ˆ 900 0.65 3.1 (7.1) −10.8, 17.1
Invasive ventilation 684 0.61 2.52 (8.1) −13.6, 18.3

HFOV 243 0.6 2.28 (9.3) −16.1, 20.6
CMV 442 0.62 2.6 (7.9) −12.7, 18.1

* Data are presented for TcCO2 measurements between 25 and 70 mmHg. ˆ Non-invasive ventilation includes
nasal intermittent positive pressure ventilation (NIPPV), continuous positive airway pressure (CPAP), and heated
humidified high-flow nasal cannula (HHHNC). CMV—Conventional mechanical ventilation; HFOV—High-
frequency oscillatory ventilation; LoA—Limit of agreement.

The CO2 range for TcCO2 was 18–120 mmHg and for bgCO2 was 20–91 mmHg.
Ninety-six percent of the samples were taken during the first week of life. Samples

taken during the first 3 days of life had a stronger correlation and lower bias but still a
wide LoA. Similar results are seen for venous samples as compared to arterial or capillary.
Samples taken during non-invasive ventilation had a similar correlation and agreement as
samples taken during the different invasive ventilation modes (HFOV and CMV) (Table 2).

In 950 out of 1724 of the samples (55%), the TcCO2 reading was within the ±5 mmHg
range as compared to bgCO2. A total of 491/1724 (29%) were within the 6–10 absolute
difference range, and in 283/1724 samples (16%), the difference was >10.

Multivariable logistic regression showed that sampling during the first 3 days of life
and venous sampling significantly increase the likelihood that the TcCO2–bgCO2 difference
will be less than or equal to five (95% CI for first 3 days of life—1.52 [1.24–1.87], p < 0.001,
and for venous sampling—1.87 [1.16–3.01], p = 0.01), while HFOV increases the likelihood
of absolute difference greater than five (95% CI 0.78 [0.59–0.97], p = 0.037).

To evaluate the trending accuracy of TcCO2, we studied samples taken during the first
3 days of life. We chose this time period because, in the first days of life, blood gas sampling
is usually more frequent and therefore we avoided, as much as possible, studying samples
taken more than 12 h apart. A moderate correlation was found between the trending of
each two successive measurements of TcCO2 vs. bgCO2- r = 0.52 (Figure 2A). However,
studying individual infants, we observed a good correlation in CO2 trends in some infants
while a poor trend in others (Figure 2B,C).

We did not observe any burns or skin breakdowns among the participating infants.

5
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Figure 2. Comparison of the trending of TcCO2 and bgCO2: (A) Scatter plot of the change in the
measured value between 2 consecutive measurements in bgCO2 vs. TcCO2 during the first 3 days
of life (n = 657). (B,C) Examples of the trends in individual infants. Example B demonstrates a
good agreement and trending between TcCO2 and bgCO2 measurements, while in example C, the
agreement as well as trending is changing.
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4. Discussion

In this large, prospective, multicenter study, we found a moderate correlation between
transcutaneously measured CO2 values and blood gas CO2, among ELBW premature
infants during their first week of life; a period when they are especially vulnerable to the
harms of both hypocarbia and hypercarbia. The agreement between the two measuring
methods was good; however, a wide limit of agreement exists.

The accuracy of TcCO2 monitoring among premature infants was previously studied
in the NICU in various clinical situations. Mukhopadhyay et al. [20] analyzed 1338 paired
samples of TcCO2 and bgCO2, of mostly premature infants (mean ± SD GA 28.6 ± 4.3), in
two different time periods, and found a bias ± SD of 5.2 ± 8.6 mmHg. Aliwalas et al. [5]
studied 81 pairs of samples of intubated preterm infants ≤ 28 weeks gestation with RDS at
4, 12, and 24 h of age and showed bias ± SD of 2.2 ± 2.3, 4.4 ± 1.2, and 2.6 ± 1.8 mmHg,
respectively. Van Weteringen reported a bias of 4.7 mmHg (95% LoA −7.8 to 17.1 mmHg) in
216 paired samples of premature infants (median (IQR) GA 26.4 [25.3–27.5]) with a similar
agreement in subgroup analysis based on birth weight (below or above 1000 g), week of life
(during or after the first week of life), and sepsis status (no sepsis, suspected and proven
sepsis) [21]. A good correlation and agreement were also demonstrated when using a
reduced temperature probe [18,22]. A poor correlation was found by Janaillac et al. [23];
however, these results should be addressed with caution as the average time lag between
the pairs of samples was 4 min.

In our study, we focused on a homogenous group of ELBW premature infants during
their first week of life, when they are most vulnerable to both hypocarbia and hypercar-
bia [24]. Studying 1828 paired samples, we found a bias of 3.6 mmHg, which is considered
acceptable (<5 mmHg), with LoA from −14.3 to +21.4 mmHg. These results are comparable
to previous studies and highlight the advantages of this CO2 monitoring method—it is
reliable, and it allows the continuous non-invasive monitoring of CO2 in ELBW infants
supported by all modes of invasive or non-invasive ventilation. Our study also demon-
strates the disadvantage of this method, which is the wide LoA, also reported by others
who have studied TcCO2 monitoring [18,20,21]. A wide LoA was found also for EtCO2
monitoring [3,4,6,7]. This emphasizes the importance of combining these methods with
blood gas sampling, as these two non-invasive methods, TcCO2 and EtCO2, cannot be used
as independent indicators of CO2 levels.

Studying the impact of hemodynamic stability including blood pressure, oxygenation,
arterial pH, and medications on TcCO2, Bhat et al. found that the major factors affecting the
TcCO2 to bgCO2 agreement were hypoxia and acidosis [25]. We were able to demonstrate
similar agreement during the first days of life when the hemodynamic stability and oxy-
genation of ELBW infants are a concern, and it is reassuring that TcCO2 is indeed a reliable
method for CO2 monitoring in this population.

In our study, we chose to focus on measurements between 25 and 70 mmHg as
measurements above 70 mmHg and below 25 mmHg were found to have poor correlation
and agreement. Poor correlation in the hypercarbia range was also demonstrated by Uslu
et al. [26] and is suggested to result from impaired capillary blood flow and gas diffusion
to the skin when the pH decreases. Interestingly, in the hypocapnia range, the bias was
inverted, showing TcCO2 measurements lower than bgCO2 measurements. Low TcCO2
readings that fall below the bgCO2 value may indicate a technical problem as TcCO2 values
are generally higher than PaCO2 values due to a local increase in CO2 by the elevated
temperature and by CO2 production of epidermal cells [9]. This is also demonstrated by a
mean bias > 0 mmHg. It is possible that the small number of measurements in the extreme
values of CO2 is the reason for the poor correlation and agreement in these ranges. We
suggest, in any case, to exercise caution when interpreting TcCO2 measurements in the
extreme ranges.

Other studies found that the sampling method or mode of ventilation could affect the
accuracy of TcCO2 measurements. For example, Mukhopadhyay et al. found that HFOV
support significantly increases the odds of increased bias [20], and others found that tcCO2

7



J. Clin. Med. 2023, 12, 5757

was more accurate for capillary blood samples than for arterial blood samples [16,20,27]. In
our study, 84% of the samples were within an absolute range of ±10 mmHg. We found a
slight improvement in correlation and reduced bias in venous samples, and samples taken
during the first 3 days of life. No statistical differences were found in samples collected
while infants were on CMV or HFOV (Table 2). In multivariate analysis, venous sampling
was associated with bias < 5 mmHg and HFOV with bias > 5 mmHg. However, these small
differences are purely statistical and have no clinical significance.

As expected, TcCO2 was also accurate during non-invasive ventilation. These results
are reassuring as one of the main advantages of monitoring CO2 transcutaneously is the
ability to use it during non-invasive ventilation and during HFOV, which is technically
challenging with other modes of non-invasive CO2 monitoring [2].

TcCO2 monitoring is suggested to be used as a complementary tool to blood gas
sampling to allow trending of CO2 levels. TcCO2 trends have been successfully used to
identify optimal lung volume during HFOV in neonates [28] and are proposed to allow
early diagnosis of pneumothorax [29]. During the first 3 days of life, we found a moderate
correlation between the TcCO2 trends and bgCO2 trends. We noticed excellent trending
in some infants while poor trending in others. This observation reinforces the need to
ascertain the trending in each individual patient, and a high index of suspicion whenever
the TcCO2 measurement does not fit the clinical scenario.

The main limitation of our study is that the samples were taken according to clinical
need and not at a predetermined interval, which could have better delineated the trend-
monitoring ability of this monitoring method. Another limitation is that the number of
measurements per infant varies, but this was corrected by Bland–Altman analysis according
to multiple measurements per subject. Furthermore, we did not record the sensor location
and time from the last calibration. This prevented us from further studying the sensor
location effect on the accuracy of the measurements as well as assessing the technical
challenges associated with sensor positioning in the high-humidity environment required
for ELBW during the first weeks of life. However, sensor location and calibration were
performed as per the manufacturer’s instructions; therefore, it represents the standard
practice. The large number of samples most probably compensates for any false samples, if
any. Due to the small number of infants with active sepsis or ionotropic support, we could
not perform a multifactorial analysis to isolate parameters that could affect perfusion, as
reported by others [30]. The advantages of our study are the large number of samples, the
prospective nature of the study, and the focus on ELBW infants during their first week of life;
the most vulnerable population during the most critical time period for CO2 fluctuations.

5. Conclusions

CO2 measurements by TcCO2 have a moderate correlation with bgCO2 among pre-
mature infants < 1000 g during the first week of life. While agreement between the TcCO2
and bgCO2 measurements is good, the wide LoA, as well as the moderate correlation of
trends, dictate the use of this continuous non-invasive method as a complementary tool
along with blood gas sampling to assess CO2 levels and trending.
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Abstract: Background. Congenital central hypoventilation syndrome (CCHS) is a rare autosomal-
dominant disorder of the autonomic nervous system that results from mutations in the PHOX2B
gene. A national CCHS center was founded in Israel in 2018. Unique new findings were observed.
Methods. All 27 CCHS patients in Israel were contacted and followed. Novel findings were observed.
Results. The prevalence of new CCHS cases was almost twice higher compared to other countries.
The most common mutations in our cohort were polyalanine repeat mutations (PARM) 20/25,
20/26, 20/27 (combined = 85% of cases). Two patients showed unique recessive inheritance while
their heterozygotes family members were asymptomatic. A right-sided cardio-neuromodulation
was performed on an eight-year-old boy for recurrent asystoles by ablating the parasympathetic
ganglionated plexi using radiofrequency (RF) energy. Over 36 months’ follow-up with an implantable
loop-recorder, no bradycardias/pauses events were observed. A cardiac pacemaker was avoided.
Conclusions. A significant benefit and new information arise from a nationwide expert CCHS center
for both clinical and basic purposes. The incidence of CCHS in some populations may be increased.
Asymptomatic NPARM mutations may be much more common in the general population, leading to
an autosomal recessive presentation of CCHS. RF cardio-neuromodulation offers a novel approach to
children avoiding the need for permanent pacemaker implantation.

Keywords: congenital central hypoventilation syndrome (CCHS); polyalanine repeat mutations (PARM);
non-polyalanine repeat mutations (NPARM); asystole; radiofrequency cardio-neuromodulation

1. Introduction

Congenital central hypoventilation syndrome (CCHS) is a rare disorder of the auto-
nomic nervous system (ANS) that results from mutations in the paired-like homeobox 2b
(PHOX2B) gene located on chromosome 4p12. PHOX2B encodes a transcription factor that
is important for the development of the ANS. CCHS characteristically manifests after birth
with hypoventilation and respiratory insufficiency with hypoxemia and hypercarbia due to
chemoreceptor insensitivity [1–3]. Additionally, features may include Hirschsprung’s dis-
ease (HSCR), cardiac sinus pauses, ocular involvement, temperature sensation and control
and increased risk for neural crest tumors. It is estimated that more than 3000 cases have
been diagnosed worldwide since 1970, with increased prevalence since 2003 when PHOX2B
genetic testing became available [4–6]; however, this is likely an underestimate [2,4]. Data
on disease prevalence have been reported from only a few populations, suggesting an
incidence of 1:148,000–1:200,000 live births [7,8].

CCHS is inherited in an autosomal dominant pattern [1,2,6], where about 90% of
PHOX2B mutations are represented by expansions of a polyalanine tract, encoded by exon
3, of the normal (wild-type) allele from 20 repeats to 24–33 repeats on the mutated alleles.
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This is collectively defined as polyalanine repeat mutations (PARM) [2,3]. About 10% of
CCHS cases result from frameshift, missense and nonsense mutations in one PHOX2B
allele, while the polyalanine expansion is normal (20 on both alleles), and are defined as
non-PARM (NPARM) [2]. PHOX2B is a transcription factor encoded by a three-exons gene,
which is a member of the paired family of homeobox proteins localized to the nucleus.
It is involved in neural crest cell migration and plays a critical role in early embryonic
neuronal formation and differentiation, especially in the ANS from the neural crest cell
derivative, and in the development of several major noradrenergic neuron populations and
the determination of the neurotransmitter phenotype. Normal function of the PHOX2B gene
is also required for central nervous chemo-sensitivity (mainly to hypercarbia) postnatally
throughout the life span. The physiologic ventilatory control abnormality in CCHS appears
to be in the integration of chemoreceptor input to central ventilatory controllers, rather
than abnormalities in the chemoreceptors themselves [9].

Most CCHS cases occur de novo [2,3]; hence, parents have normal phenotype and
genotype. Cases where one of the parents is a mosaic also occur. The PARMs show a
genotype–phenotype relationship [2,9,10]. In CCHS, the central drive is decreased, more
during sleep than during wakefulness. Hence, all CCHS patients exhibit hypoventilation
and decreased response to hypercarbia during sleep. While milder cases with 24–26 PARM
require assisted ventilation only while asleep and during intercurrent infections or after
general anesthesia, patients with 27 PARM and higher usually require ventilator support
24 h/day. However, unlike PARM, due to the rarity of CCHS, the fact that NPARMs
comprise only about 10% of all CCHS cases, and since each specific NPARM results
from a different point mutation, not enough data have accumulated to correlate specific
NPARMs with clinical presentation. Recently, an international collaboration looking for
genotype–phenotype relationships from 302 NPARM cases showed immense genotypic and
phenotypic variability associated with CCHS PHOX2B NPARM cases [11]. Patients with
PHOX2B NPARMs can have highly variable phenotypes, ranging from severe respiratory
conditions to mild and even subclinical manifestations that may become evident with an
additional internal or external stressor [12,13].

Due to the rarity of CCHS, patients with multi-organ involvement are followed and
treated by professionals of various specialties, and different countries and regions imple-
ment different strategies. Fortunately, specialized CCHS centers and clinics have evolved,
contributing significantly to knowledge and experience that improved and optimized
CCHS patient management. Moreover, the clinical and research experience accumulated
in these specialized centers has been shared and circulated around the world, allowing
small countries and communities to follow and implement large centers’ experience with
their designated protocols. This is of main virtue also since CCHS is a multi-organ systems
disease that may require the involvement of cardiologists, neurologists, geneticists, neurol-
ogists, gastroenterologists, ENT, speech therapists, ophthalmologists, sleep specialists and
more. Despite the complexity of the phenotypic manifestations, with good medical multi-
disciplinary support, CCHS patients reach “normal life milestones”, including attending
schools, maintaining employment, marrying and having families [2]. A crucial prerequisite
is early diagnosis and devoted management by specialized professionals before hypoxic
brain damage occurs.

In Israel, over the years, CCHS patients have been managed mainly for their ventilatory
support by pediatric pulmonologists around the country. In January 2018, a national
CCHS center was founded in the Edmond and Lily Safra Children’s Hospital, Sheba
Medical Center, and organized evaluation, follow-up, treatment, family support and genetic
consultation for CCHS patients and their families was initiated, applying US leading centers’
protocols (mainly CAMP in Chicago).

The purpose of this report is to share our experience and present some unique and
novel findings that accumulated over a relatively short period of four years.
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2. Patients and Methods

This study was approved by the local IRB (Helsinki Committee). There was no need
for patient consent. We were able to reach and contact all CCHS patients in Israel. This was
achieved in several ways:

(a) From the Israeli pediatric pulmonologists (n = 60) who follow and manage all CCHS
cases. Being a small country, all pediatric pulmonologists join the Israeli Pediatric
Pulmonology Society and network and meet five times yearly.

(b) From the database of the Israeli CCHS Foundation (“Yad LaNeshima”,
www.cchsisrael.org).

(c) Information on CCHS and the new national center was distributed officially to all
four insurance agencies, hospitals and community clinics by a formal statement from
the chief manager of the Ministry of Health. Israel employs a free-of-charge national
health service and by law, all residents are automatically enrolled in and entitled for
medical services.

(d) The information was circulated to all pediatricians (including all sub-specialties and
neonatologists) via the Israeli Society of Pediatrics.

(e) Information on CCHS and the new national center was circulated both in a television
program and daily newspapers.

All CCHS patients and families were invited for evaluation and treatment in the new
national CCHS center. Data collected included demographic information, ethnic origin,
genetic results, and the full medical history of patient and family. The patients underwent
an initial clinical and laboratory evaluation by specialists of the following disciplines:

Cardiology: cardiac echocardiogram, ECG and 72 h Holter recording; radiology:
chest radiography and abdominal ultrasound; ENT: tracheoscopy for those who had a
tracheostomy; respiratory: pediatric pulmonologist and pediatric intensivist, gas exchange
measurement and ventilator adjustment. Other disciplines were involved according to
patients’ clinical presentation. These disciplines are services in the Safra Children’s Hospital,
which is a part of the general Sheba Medical Center. Each of these disciplines agreed
to consult, follow and treat all patients whenever a problem in their field needed their
assistance. All these services have received a detailed explanation and talks on CCHS
with specific relation to their field and also increased their knowledge from the literature
whenever needed. Additionally, consultation with experienced centers overseas (mainly
CAMP) took place when needed. Polysomnography was performed in patients who did
not have recent sleep evaluation. Follow-up included 6–12 months of scheduled visits that
included repeat assessment as detailed above.

All patients under 18 years old are followed in the community by a dedicated physician
experienced in home ventilation who in addition to scheduled home visits is available for
phone consultations and home visits as needed.

The staff of the new CCHS center includes one doctor and one coordinator nurse
both at 30% of their time (1.5 days/week). The staff of the CCHS center is available to
the patients 24/7 for assistance by phone and patients are seen, in addition, whenever a
medical problem arises that requires in-house assessment. Being recognized as a national
center, all relevant hospital services for CCHS are available to all patients and insurance
coverage is guaranteed by law.

3. Results

Twenty patients were located at the time of the national CCHS center foundation
(January 2018). Age ranged between 1 and 33 years. Over the following four years, seven
new patients were diagnosed at birth and joined the center (male: 16 of 27). Patients’
distribution by year of birth is presented in Figure 1.
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Figure 1. CCHS—new cases by year of birth.

Several novel and unique findings were observed.

3.1. Incidence

The overall rate of new CCHS cases over the last 20 years (since gene discovery) is
1:166,000 live-births with a rate of 1:127,000 for the Jewish population—almost twice the
reported rate from other countries [4]. Interestingly, and with adjustment to the natural
increase in number of births per year, the rate for the years 2003–2006 was 1:240,000 and
increased to 1:165,000 for 2007–2014 and to 1:148,000 for 2015–2022. The rate for the
Jewish population was 1:166,000, 1:149,000 and 1:109,000 for the three periods, respectively.
Three patients were from Arabic Islamic ethnic origin: one Israeli, one from the Palestinian
Authority, one from the city of Gaza. The latter two were not included in the rate calculation.
9 patients out of 27 (33%) were ultra-orthodox Jews, which accounts for 9 of 24 (39%) Jewish
ultra-orthodox patients out all Jewish cases, while the average prevalence of that population
over the last 20 years is only 11% of the general society and 14% of the Jewish population.

3.2. Genotype

Overall, the distribution of mutations was similar to the distribution reported from
countries with large populations [14]. A total of 25 patients out of 27 (93%) had an autosomal
dominant genotype, where 23 of 27 (85%) patients had a PARM on a single PHOX2B allele
with the most common mutations being 20/25, 20/26 and 20/27 PARM, and 2 patients
(7%) had an NPARM on one allele. An additional two patients (7%) had an unusual novel
recessive genotype with a full respiratory phenotype (Figure 2). One of these carries a
co-occurrence of 20/24 PHOX2B PARM on one allele and a new NPARM missense variant
on the other allele (NM_003924.4:c.785G>T, p.Gly262Val). The two parents and 50% of their
siblings as well as both grandfathers of both sides carry these PARM or NPARM mutations,
respectively, being completely asymptomatic (Figure 3). This case has been reported in
detail previously [15]. The other case was homozygote for two identical NPARMs on both
PHOX2B alleles. This mutation is the same as the missense variants found in the previous
recessive genotype patient (NM_003924.4:c.785G>T, p.Gly262Val). Both parents were found
to carry this NPARM on one allele only and are completely asymptomatic. Hence, in both
cases CCHS follows an autosomal recessive inheritance pattern.
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Figure 2. Distribution CCHS mutations.

Figure 3. Pedigree of the family. Squares indicate males and circles indicate females. The proband
is indicated by the black square. SCID—severe combined immune deficiency. BMT—bone marrow
transplantation. The marked square with X indicates an uncle (mother’s brother) who died of SCID.
Adapted with permission from reference [15].

3.3. Genotype–Phenotype Relationship

While patients with PARM followed the previously described genotype–phenotype
relationship, patients with NPARM and the homozygote patients with the autosomal
recessive genotype had unpredictable and unique clinical presentation and course. The
patient with the NPARM/24 mutation requires assisted ventilation when asleep, but no
other clinical or laboratory manifestations have been observed over seven years. The
patient with the recessive homozygote NPARM CCHS had a difficult course since birth,
including 24/7 respiratory support and gastrointestinal and cardiac involvement.
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The two NPARM patients with a “classical” autosomal dominant (heterozygote)
NPARM genotype presented unique clinical manifestations. One was a seven-year-old
boy, born in Gaza. His parents are second- degree cousins. At the age of three months,
he was transferred to our pediatric oncology department due to chest and abdominal
masses, which were diagnosed as neuroblastoma. Further evaluation due to suspected
color change verified CCHS due to a novel heterozygous PHOX2B NPARM (c.369delC
p.Pro123fs) in exon 2 of the PHOX2B gene, within the region encoding the homeobox
domain of the protein. Initial respiratory evaluation during sleep showed no desaturations
below 91% and CO2 levels up to 45 mmHg. Due to the lack of facilities and experts in
his neighborhood, the parents decided not to consider assisted respiratory support but to
monitor nocturnal oxygen saturation. He responded to his hemato-oncologic treatment.
However, over the years, respiratory assessment showed gradual worsening with recent
evaluation showing desaturations down to 85% and hypercapnia up to 54 mmHg during
sleep. Assisted ventilator support during sleep was started. Repeat examinations showed
no cardiac, GI or other clinical manifestations.

The other NPARM patient was an eight-year-old girl that carried another novel
PHOX2B mutation, a c.314T>C transition that causes a phenylalanine to serine missense,
at position 105 within the homeobox domain of the PHOX2B protein (c.314T>C, F105S).
This mutation was also detected in other family members with no disease manifestation
(Figure 4). This patient has Hirschsprung’s disease. Repeated polysomnography showed
transient hypercapnia up to 50 mmHg with oxygen saturations of mostly 95–97% and
no desaturations below 91%. Hence, the parents decided to continue with saturation
monitoring during sleep alone.

Figure 4. Pedigree of family. Squares indicate males and circles indicate females. HSCR—
Hirschsprung’s disease, Neurb—neuroblastoma.

3.4. Cardio-Neuromodulation by Radiofrequency Ablation for Cardiac Asystoles

A nine-year old boy with 20/27 PARM CCHS had recurrent asymptomatic episodes
of sinus pause documented in a yearly routine of 72-hour Holter monitor recording.
There were overall 23 pauses of 3–4 s during both sleep and awake time. Three repeat
Holter recordings showed similar findings. The patient is appropriately ventilated dur-
ing sleep through a tracheostomy since birth. Of note, the parents reported two recent
seizure episodes.
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A permanent pacemaker (PPM) implantation was considered. However, given the
relatively high rate of complications and the effects on quality of life associated with cardiac
pacing, we applied a novel approach based on the idea that the sinus pauses resulted from
increased vagal tone. A cardio-neuromodulation of the sinus node using radio-frequency
(RF) ablation of the anterior right-ganglionated plexi was performed using a technique
that has previously been reported only in adults [16]. The procedure was performed using
a retrograde-arterial and a right-atrial-venous approach, guided by the merged image of
an electro-anatomical mapping (CARTO® mapping system; BIOSENSEWEBSTER) and of
a pre-procedural cardiac computed tomography. Baseline intravenous injection of 1 mg
(0.04 mg/kg) atropine resulted in a 40 beats per minute (bpm) increase in heart rate. RF
ablations of the high postero-septal right atrial (RA) region opposite to the right superior
pulmonary vein and the high anterior septum part opposite the aorta were performed.
Post-ablation intravenous atropine had no effect on heart rate, consistent with a successful
endpoint. In addition, following the ablation procedure an implantable loop recorder (ILR)
was inserted and programmed to record any R-R interval longer than 3 s.

Over 36 months of follow-up with an ILR and repeated Holter monitor recordings, the
patient has been asymptomatic with no documented bradycardic episodes. His documented
average heart rate is 104 bpm and the minimum heart rate was 73 bpm. Of note, no further
seizure episodes occurred, suggesting that these events were indeed syncope episodes. A
cardiac pacemaker was avoided.

4. Discussion

Our data provide several new findings that may add to clinical practice and basic
understandings in CCHS. We nevertheless believe that the main message of our experience
is that a significant additional benefit arises from a nationwide or regional expert-based
CCHS center that covers the entire country or region, depending on the population size,
for both clinical and basic purposes. Our findings show that data from even a small
country with a small cohort may provide new important information on CCHS over a
relatively short period. This may be of major importance due to the rarity of the disease
and the benefit of a designated professional center. The recognition that rare diseases,
and specifically CCHS, need to be consolidated to maximally learn from the children
and to optimally improve the care of the affected children, and that the ability to study
cohorts of children with CCHS at these centers leads to the major advances that follow has
been highlighted by Weese-Mayer et al. in 2009 [14]. Our findings strongly support this
conclusion. Additionally, our experience shows that a center with minimal manpower may
cope with a population of 8–9 million people when all the services of the various relevant
disciplines are available, cooperative and covered by law.

While only five patients were diagnosed over the 15 years 1988–2003 (0.33 cases/year),
27 patients were diagnosed over the 18 years 2004–2022. This is obviously the result of
increased awareness and especially the discovery of the PHOX2B gene and the capability
for laboratory diagnosis that started in 2003 [5,6].

The distribution of the PARMs and the incidence of NPARM in our population is simi-
lar to the distribution described from 640 cases from several populations and countries [14],
suggesting that this is indeed the spread of CCHS worldwide. More information from other
countries is, therefore, very valuable.

We faced a significant practical problem to persuade some of our patients and family
members to cooperate and follow the recommended clinical practices and to agree to evalu-
ate their asymptomatic family members. This was apparent in two groups: ultra-orthodox
Jewish families, and older patients. Interestingly, the occurrence of ultra-orthodox Jewish
patients in our cohort is much higher than their occurrence in the general population (33%
of the cohort and 39% of Jewish CCHS cases compared to 11% and 14%, respectively). We
have no explanation for this observation and CCHS has not been found to be more frequent
in ultra-orthodox Jewish people from other countries with a large Jewish population.
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Some ultra-orthodox Jewish patients and their family members only partially followed
our clinical recommendations and were not interested in genetic consultation, stating that
they will never stop or hold pregnancy anyway, and hence amniocentesis in following
pregnancies was unacceptable. This was due to religious beliefs and the instructions of their
rabbis. Fortunately, some of these families agreed to preconception diagnosis. Nevertheless,
some ultra-orthodox families were reluctant to perform any family screening for PHOX2B
tests. This emphasizes the need to adjust practices to specific populations and receive help
from religious authorities, such as Jewish rabbis whom ultra-orthodox Jewish follow and
obey much more than their cooperation with medical experts. Indeed, collaborating with
some rabbis was partially successful in convincing family members to agree to PHOX2B
testing, albeit limited to the parents and only some of the patients’ and parents’ siblings.

The other challenging group was older patients who had not received designated
care, explanation and comprehensive clinical support before the start of our program.
For example, it was difficult to convince patients 20 years old and older to start periodic
72-h Holter recordings after this had not been performed before; consequently, some did
not follow the recommendations. This highlights the need to establish authorized and
recognized national or regional CCHS centers early, in addition to investing in increasing
the awareness of the relevant colleagues nationwide.

Some new interesting understandings may be derived from the two cases with a
recessive CCHS genotype, whose multiple heterozygous family members do not manifest
any CCHS symptoms. Hence, the c.785G>T variant on PHOX2B exon 3 results in a glycine
to valine substitution at position 262, which is the second amino acid right after the
polyalanine repeat. Although glycine is a neutral and non-polar amino acid and valine has
a hydrophobic side chain, in-silico analyses suggest that this variant is likely to be tolerated.
However, segregation of this variant among members of two Israeli families indicates
that one allele of this variant may be insufficient to cause clinically apparent disease, thus
presenting a true autosomal recessive pattern of CCHS, which is unusual for this syndrome,
although it has been described for the 20/24 PARM when present in homozygosity [17].
It is speculated that the specific c.785G>T NPARM causes subthreshold decrements in
PHOX2B functioning and when present on both alleles there is sufficient impairment of the
PHOX2B protein function to cause clinical expression of the CCHS phenotype.

This c.785G>T variant is present in population databases (rs768420488, ExAC 0.003%).
The finding of the same mutation in the two patients reported here and the observation of
several asymptomatic carriers in both families suggests that this NPARM may be much
more common in the population and probably in a specific population. This homozygote
NPARM was not observed in a recent large study of 302 CCHS cases with NPARM [11]. At
present, the rarity of the cases does not seem to justify preconception screening; nevertheless,
this position may change if additional unrelated cases are reported, especially in a specific
population, since asymptomatic heterozygotes have been found. Additionally, the fact that
previous cases carrying this NPARM have not been reported suggests that unlike most
NPARMs this specific mutation in one allele does not cause clinical disease unless the other
PHOX2B allele also harbors a PARM or an NPARM.

The fact that heterozygote family members with the novel missense NPARM are com-
pletely asymptomatic while when this NPARM combines with a 24-polyalanine expansion
or with the same NPARM on the other allele, it presents as a CCHS phenotype, may suggest
that with this specific NPARM the amount of undamaged protein from one allele is enough
for normal life, and that this specific NPARM does not have a toxic gain of function. This
presents a true autosomal recessive pattern. Obviously, we do not know the prevalence
of this NPARM in the general population. The finding of asymptomatic family members
with 20/24 PARM is not surprising, since this PARM has been reported to present with
either clinically CCHS from birth, late-onset CCHS or as asymptomatic carriers [2,15,18–20].
It is speculated that the 20/24 PARM may also cause a non-clinically important decrease
in the PHOX2B protein that decreases further to impair function when the other allele is
also mutated.
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Although most CCHS cases occur de novo, phenotypic variability when the mutation
was inherited from an asymptomatic or a mild phenotypic parent has been reported
especially with NPARMs and the 20/24 PARM [3,15,21,22].

The two heterozygote (autosomal dominant) NPARM cases are also unique in that
both do not receive assisted ventilation. These patients were introduced to us when they
already were three and four years old and the parents were reluctant to consider assisted
ventilator support with or without tracheostomy that will significantly affect their quality of
life. Interestingly, although CCHS patients due to NPARM are usually considered to have a
worse clinical course, and most require assisted ventilator support also when awake, at
present, these two patients grow and develop well without assisted ventilation. However,
the patient from Gaza, who at the beginning showed reasonable gas exchange including
during sleep, progressed to hypoventilation over time and assisted ventilation during sleep
has been recently applied.

The other heterozygote NPARM case showed variable penetrance in several family
members carrying the same NPARM. Variable penetrance was previously reported in a
family with three generations carrying a novel NPARM with both severely affected and
asymptomatic members having the NPARM [21]. This variable penetrance in our and the
abovementioned families supports the hypothesis that the CCHS phenotypic manifestations
may be influenced by environmental or genetic modifiers that presently are unknown.

Our approach to performing a right-sided cardio-neuromodulation by ablating the
parasympathetic ganglionated plexi area using radiofrequency energy in a CCHS patient
with sinus pauses is novel. Prolonged sinus pauses were documented in this population
and are associated with an increased risk of sudden cardiac death, where 83% of the carriers
of the PHOX2B 20/27 PARM mutation will suffer from sinus pauses longer than 3 s at
some point. Hence, in order to detect sinus pauses before they present clinically, an annual
72-hour Holter recording is recommended [23]. Given their increased risk of sudden death,
the common practice in this population is to insert a cardiac pacemaker when prolonged
pauses (>3 s) are observed, even when symptoms have not yet occurred [4,23].

Radiofrequency (RF) ablation of right-sided parasympathetic ganglionated plexi
(PGPs) is a novel approach to treat neurally-mediated syncope and functional sinus node
dysfunction [16]. This method has been implemented merely in the adult population.
Targeting the anatomically known locations of the PGPs affecting the sinus and AV nodes
causes a vagolytic effect, with a subsequent increase in sinus rhythm and enhancement of
AV conduction, respectively.

Only two pediatric cases of RF ablation for vagal denervation were reported thus
far from Brazil and the US [24,25]. Both were 15–16-year-old adolescents with recurrent
syncope episodes. There were no previous reports of such a therapeutic approach in
a CCHS patient. The latter population displays a variety of associated cardiovascular
symptoms, namely attenuated heart rate variability, increased incidence of atrial and ven-
tricular ectopy, sinus bradycardia and prolonged sinus pauses [22,26,27]. Since the chances
of future sinus pauses in CCHS cases increases with age, their only therapeutic option
until now was a permanent pacemaker implantation. The observation that continuous
monitoring for 36 months following the procedure did not document bradycardic events
(no R-R interval longer than two seconds) is reassuring and supports that the mechanism
behind the episodes is vagally-mediated rather than intrinsic degenerative disease of the
conduction system.

Avoiding permanent pacemaker implantation in children and young adults with
CCHS is of paramount importance, since these patients also suffer from many other
major problems. In addition to avoiding the insertion procedure, RF ablation for vagal
denervation may prevent lifelong pace-maker complications such as infection, reverse
ventricular remodeling, ventricular dysfunction and the need for hardware exchange.
Obviously, there is a need for additional experience and controlled studies to assess this
therapeutic option, especially in CCHS patients. Interestingly, this patient did not have
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any further seizure episode. We speculate that the two seizure events he had prior to the
procedure might have been syncope-related rather than of primary neurologic origin.

5. Summary and Conclusions

A significant additional benefit arises from a nationwide or regional expert CCHS
center both for clinical and basic purposes. Data from a small center with limited re-
sources may provide new important information on CCHS. The rate of CCHS in some
populations may be higher than reported. Asymptomatic NPARM mutations may be much
more common in the general population than previously known, leading to an autosomal
recessive presentation of CCHS. Whether such mutations, and specifically the c.785G>T,
p.Gly262Val NPARM, should be screened in population where it has been found waits for
additional findings. RF cardio-neuromodulation offers a novel approach to children and
may be specifically beneficial to CCHS patients with cardiac pauses, avoiding the need for
permanent pacemaker implantation.
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Abstract: Asthma is the most common chronic respiratory disease in children. The neutrophil-to-
lymphocyte ratio (NLR) is a marker of a chronic inflammatory state; however, data on the association
of NLR with acute asthma exacerbations in children is lacking. In this cross-sectional study, between
2016 and 2021, children aged 2–18 years who were referred to the emergency department (ED) due
to asthma exacerbation, were included. NLR, calculated from complete blood count upon arrival,
was assessed as a continuous variable and was classified into four groups according to quartiles.
The association between severity parameters and NLR quartiles was examined. A total of 831 ED
visits for asthma exacerbation were included in the study. The median NLR was 1.6, 3.8, 6.7, and
12.9 in quartiles 1–4, respectively (p < 0.001). Demographic parameters, background diseases, and
chronic medications were similar between the quartiles. Higher heart rate, body temperature, systolic
blood pressure, and respiratory rate were observed in the higher NLR quartiles, as well as lower
oxygen saturation. Higher urgency scale and higher rates of intravenous magnesium sulfate were
observed in the higher NLR quartiles, with higher admission rates and prolonged hospitalizations.
In summary, NLR upon admission is associated with the severity of asthma exacerbation and higher
chances of hospitalization among children in the ED.

Keywords: neutrophil-to-lymphocyte ratio; asthma; asthma exacerbation; emergency department;
children; chronic inflammation

1. Introduction

Asthma is the most common chronic respiratory disease in children. It is character-
ized by chronic airway inflammation and hyper-responsiveness. Asthma exacerbations
are well-known complications, impairing patients’ quality of life and causing substantial
healthcare costs [1,2]. In a US study conducted between 2010 and 2015, asthma exacerba-
tions accounted for 3% of emergency department (ED) visits and 6% of hospitalizations
among children aged 5–17 years [3]. Among the common triggers for acute exacerbations
in the pediatric population are respiratory viral infections and exposure to allergens [4].

Assessing the risk for a severe exacerbation at the initial evaluation in an asthma
patient may be challenging. Some of the predictors previously reported include spirometry
measurements, such as forced expiratory volume in the first second (FEV1), number of
exacerbations in the previous year, and patients’ self-report on asthma control [5,6]. Several
pediatric asthma scores are available to help classify the severity of exacerbation, including
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the Preschool Respiratory Assessment Measure (PRAM), the Pediatric Asthma Severity
Score (PASS), and the Pediatric Asthma Score (PAS). Most scores assess different clinical-
based parameters such as signs of increased work of breathing and accessory muscle use,
air entry, and wheezing. Some include respiratory rate and oxygen saturation in addition
to clinical observation [7]. In the acute ED setting, there is high variability among different
centers in the management of acute exacerbation and admission criteria. The proportion
admitted to the hospital ranges from 1.2–53%, according to different reports [8], and there
is a non-negligible rate of relapse among discharged patients [9]. To date, there is no single
validated model in determining the need for hospitalization in acute asthma exacerbation.
Gorelick et al. suggested a model that can distinguish the patients that can be discharged
from the ED from those needing further care, based on a clinical score, and the number of
albuterol treatments given in the ED. Nevertheless, their model did not determine the need
for a short stay versus more intensive inpatient-level care [8].

In the pathogenesis of asthma, airway inflammation is assumed to include two main
subtypes, either induced by interleukin (IL)-5-mediated eosinophilic inflammation or an IL-
8-mediated neutrophilic inflammation [10,11]. The role of systemic inflammation in asthma
has not been well understood. An elevated level of circulating pro-inflammatory factors
may be found in asthmatic patients. These include an increase in immune cells such as
neutrophils and IL-6 and tumor necrosis factor (TNF)-α, which stimulates the production of
acute-phase proteins [12,13]. Based on sputum eosinophil and neutrophil proportions [14],
airway inflammatory patterns may represent different asthma phenotypes, with varying
risks for exacerbations and response to treatment [15]. An increased neutrophil count in the
sputum has been associated with steroid-refractory asthma and was negatively correlated
with airflow obstruction parameters [14,16,17]. Peripheral blood counts may be of value in
distinguishing between asthma phenotypes through correlation with sputum cell counts.
Blood eosinophils, eosinophil-to-lymphocyte ratio (ELR), eosinophil-to-neutrophil ratio
(ENR), and eosinophil-to-monocyte ratio (EMR) can predict eosinophilic asthma in adult
patients [18].

The neutrophil-to-lymphocyte ratio (NLR) is a marker of a chronic inflammatory state.
Previous data suggest its use as a prognostic factor indicating an accelerated inflammatory
response in several diseases [19]. NLR was described in evaluating obstructive sleep apnea,
allergic rhinitis, and chronic obstructive pulmonary disease (COPD) [20,21]. Moosman
et al. reported age- and sex-specific pediatric reference values for the NLR and other blood
count-derived biomarkers from 60,682 patients, from birth to 18 years of age. They found
that the major changes in laboratory analysis from the neonatal period to adolescence were
characterized by higher values directly after birth, which gradually decreased during the
first two years of life. Another peak was observed in adolescence, with little change in most
of the childhood years. No significant differences were found between boys and girls. It was
also concluded that NLR was significantly increased in several diseases with inflammatory
components, such as appendicitis; 65.7% of patients with appendicitis showed a higher
NLR than the calculated upper reference limit. Regarding the respiratory system, they
found that 22.7% of patients suffering from cystic fibrosis had pathological NLR values. In
patients with asthma, NLR was also significantly increased; 20.6% of asthmatic patients
presented with NLR > 97.5th percentile [22].

Measuring NLR is widely available, fast, and inexpensive, suiting both hospital
and outpatient settings [23], though the clinical use of NLR in asthma patients is still
debated. Imtiaz et al. did not find a relationship between asthma and NLR [24]. However,
Zhang et al. reported an elevated NLR in adult patients with neutrophilic asthma [18].
In a study assessing the association of blood cell count parameters with severe asthma
exacerbations, NLR was correlated with an increased risk for a severe exacerbation within
the next year, with a predictor cutoff of 2.1 [23]. Multiple studies describe NLR in adult
asthma exacerbation; however, there are only a few studies on children. Several previous
studies evaluated NLR in correlation to a single parameter of hospitalized versus non-
hospitalized pediatric patients [25]. Dogru et al. reported that NLR was higher by 17% in
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asthmatic children than in non-asthmatic controls [26]. Zhu et al. reported a combined
score of C-Reactive-Protein and NLR levels, serving as a marker for differentiation between
children with exacerbated asthma and healthy children [27]. In another recent study that
included 89 children with asthma, the combination of NLR, alanine aminotransferase ratio,
and NLR–albumin ratio was suggested as a clinical biomarker for asthma exacerbation in
children [28].

To date, NLR is not routinely used to evaluate acute asthma exacerbation in children.
Therefore, we aim to investigate the association of NLR with severity assessment and
management of acute asthma exacerbation in children.

2. Materials and Methods

This is a cross-sectional study examining the NLR and its association with acute
asthma exacerbation in the Soroka University Medical Center, a single tertiary center in
southern Israel. We identified children who were diagnosed with asthma as a background
disease and were referred to the ED due to asthma exacerbation. We collected data on their
medical history, laboratory results, and vital signs during their ED visit and hospitalization.

2.1. Patients

A total of 715 pediatric patients aged 2–18 who presented during 813 ED visits for
asthma exacerbation, between 2016 and 2021, were included in the study. All patients were
presented with asthma-related symptoms (e.g., shortness of breath, wheezing, tachypnea),
and underwent a complete blood count (CBC) upon arrival. In order to enhance precision,
we included only the patients treated during the visit with anti-asthmatic medications.
Children with respiratory symptoms that could be explained by factors other than asthma
(e.g., suspected bacterial infection, chronic inflammatory diseases) were excluded from
the cohort. We collected clinical, radiological, and laboratory data on each patient using
electronic health record data. Data collected included: demographic data, chronic diagnoses,
chronic medication purchases, vital signs on admission, radiological findings on chest X-
ray (interpreted by either a pediatric radiologist or a pediatric pulmonologist), treatment
at the ED, steroid use up to seven days prior to the ED visit, ED urgency scale based
on the Canadian Triage Assessment Score (a clinical scale between 1–5, given at triage,
according to initial patient assessment, with 1 being the most urgent and 5 the least
urgent) [29], physical examination findings, CBC parameters, ED treatment, the decision of
admission or discharge, treatment at the pediatric ward, pediatric intensive care unit (PICU)
admissions, and length of hospitalization stay (LOS). Chronic diagnoses were extracted
from the medical records, according to the ICD-9. The chronic diseases were categorized
according to the involved system: endocrine disorders such as hypothyroidism and diabetes
mellitus, cardiac diseases such as atrial septal defect and ventricular septal defect, metabolic
diseases such as Niemann–Pick and mucopolysaccharidoses, developmental diseases
such as cerebral palsy and autistic spectrum disorders, neuromuscular diseases such as
Duchenne muscular dystrophy and myasthenia gravis, and gastrointestinal diseases such
as inguinal hernia and short bowel syndrome. Pulmonary hypertension (PHT) was defined
by echocardiographic diagnosis, that is, based on the task force of the European Society
of Cardiology and the European Respiratory Society definitions of estimated systolic
PAP ≥ 40 mmHg by Echo [30]. Bronchopulmonary dysplasia (BPD) was defined as a
chronic lung disease of premature infants (<32 weeks gestational age), characterized by
persistent parenchymal lung disease with radiographic confirmation, that requires oxygen
or other respiratory support for ≥3 consecutive days, at 36 weeks postmenstrual age [31–33].
The study received the approval of the local institutional ethics committee (No. 184-20).

2.2. NLR

NLR was calculated by dividing the absolute neutrophil count by the absolute lym-
phocyte count in the blood count measured during the ED visit. Subsequently, the NLR was
assessed as a continuous variable and was classified into four groups according to quartiles.
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In this manner, the cohort was divided into four quartiles [34,35], with NLR quartiles 1, 2,
3, and 4 representing 0–24.99%, 25–49.99%, 50–74.99%, and 75–100%, respectively.

2.3. Statistical Analysis

Comparisons of demographic, clinical, and radiological parameters, as well as admis-
sions outcomes, were made using appropriate univariate analyses. Continuous variables
are reported as mean ± standard deviation (SD), median and interquartile range (IQR) for
both normal and abnormal distribution. Categorical variables are presented as percentages.
Comparisons were made with the appropriate statistical test. Continuous variables were
compared with an ANOVA test, ordinal variables were compared with the Kruskal–Wallis
test, and nominal variables were compared using chi-square analysis.

Given 117 repeated visits, we conducted several generalized estimating equations
(GEE), with a logistic distribution. We chose the following variables as dependent variables:
hospital admissions, the need for a resuscitation room, intravenous magnesium sulfate,
admission ≥ two days, room air saturation < 92% [36], and tachypnea according to age.
NLR quartiles were defined as primary independent variables. All regressions were
adjusted for age. The results of the GEE models are shown schematically in Figure 1. The
results are also shown in Supplementary Table S1 as an odds ratio (OR), 95% confidence
interval (CI), and p-value.

A two-sided p value < 0.05 was considered statistically significant for all statistical
tests. Reported p-values were rounded to two decimal places. All statistical analyses were
performed using R statistical software version 4.05.

3. Results

A total of 831 ED visits for asthma exacerbation were included in the study during
2016–2021. Of all visits during the study period (5 years): 638, 59, 8, 5, 3, and 2 children
visited 1, 2, 3, 4, 5, and 8 times, respectively. The median NLR was 1.6, 3.8, 6.7, and 12.9
in quartiles 1, 2, 3, and 4, respectively (p < 0.001). Similar demographic parameters were
observed between the quartiles except for age, which was older in the higher quartiles
(median age of 3.4, 4.6, 4.4, and 6.2 years in quartiles 1, 2, 3, and 4, respectively (p < 0.001)).
The majority of patients were males of Bedouin-Arab descent in all quartiles. Table 1
summarizes the background diseases with similar rates of prior steroid use, atopy, and
different comorbidities between the quartiles.

Table 1. Demographic and background diseases, according to NLR a quartiles.

Characteristic
Quartile 1

N-207
Quartile 2

N-208
Quartile 3

N-208
Quartile 4

N-208
p-Value

NLR a

Mean ± SD b 1.6 ± 0.6 3.8 ± 0.7 6.8 ± 1.1 14.5 ± 5.5 <0.001

Age (years)
Mean ± SD b 5.3 ± 3.9 6.2 ± 4.1 6.1 ± 3.8 7.1 ± 3.8 <0.001

Male gender, n/N (%) 120/207 (58%) 129/208 (62%) 129/207 (62%) 114/208 (55%) 0.3
Bedouin ethnicity, n/N (%) 114/178 (64%) 123/181 (68%) 120/183 (66%) 129/171 (75%) 0.11
Steroid use before admission, n/N (%) 38/207 (18%) 37/208 (18%) 53/208 (25%) 48/208 (23%) 0.2
Prematurity (<36 + 6 weeks), n/N (%) 9/207 (4.3%) 2/208 (1.0%) 2/208 (1.0%) 1/208 (0.5%) 0.013
Bronchopulmonary dysplasia, n/N (%) 5/207 (2.4%) 2/208 (1.0%) 3/208 (1.4%) 0/208 (0%) 0.10
Pulmonary hypertension, n/N (%) 2/207 (1.0%) 0/208 (0%) 7/208 (3.4%) 5/208 (2.4%) 0.023
Developmental disease, n/N (%) 11/207 (5.3%) 7/208 (3.4%) 9/208 (4.3%) 4/208 (1.9%) 0.3
Neuromuscular disease, n/N (%) 9/207 (4.3%) 1/208 (0.5%) 2/208 (1.0%) 3/208 (1.4%) 0.025
Cardiac disease, n/N (%) 11/207 (5.3%) 7/208 (3.4%) 13/208 (6.2%) 6/208 (2.9%) 0.3
Metabolic disease, n/N (%) 4/207 (1.9%) 1/208 (0.5%) 0/208 (0%) 0/208 (0%) 0.018
Atopic dermatitis, n/N (%) 80/207 (39%) 95/208 (46%) 76/208 (37%) 81/208 (39%) 0.3
Allergic rhinitis, n/N (%) 5/207 (2.4%) 8/208 (3.8%) 3/208 (1.4%) 10/208 (4.8%) 0.2
Atopic diseases (combined), n/N (%) 81/207 (39%) 98/208 (47%) 77/208 (37%) 85/208 (41%) 0.2

a Neutrophil-to-Lymphocyte ratio. b SD—standard deviation. Bold values denote statistical significance at the
p ≤ 0.05 level.
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Prematurity, neuromuscular disease, and metabolic disease were more common in
the lower quartiles, while pulmonary hypertension was more common in the higher
quartiles. Regarding chronic medical treatment, no significant difference was observed
in the chronic anti-asthmatic treatment, indicating similar asthma control between the
quartiles. Antiepileptic medications were used more commonly in the lower quartiles
(Table 2).

Table 2. Chronic medication treatment, according to the quartiles.

Characteristic
Quartile 1

N-207
Quartile 2

N-208
Quartile 3

N-208
Quartile 4

N-208
p-Value

Inhaled corticosteroids, n/N (%) 75/207 (36%) 91/208 (44%) 79/208 (38%) 82/208 (39%) 0.4
Inhaled corticosteroids and long-acting
beta-agonist, n/N (%) 16/207 (7.7%) 25/208 (12%) 22/208 (11%) 22/208 (11%) 0.5

Short-acting beta-agonist, n/N (%) 17/207 (8.2%) 14/208 (6.7%) 21/208 (10%) 17/208 (8.2%) 0.7
Leukotriene receptor antagonists, n/N (%) 31/207 (15%) 32/208 (15%) 22/208 (11%) 18/208 (8.7%) 0.10
Anticholinergics, n/N (%) 0/207 (0%) 1/208 (0.5%) 1/208 (0.5%) 0/208 (0%) 1
Antiepileptic medications, n/N (%) 22/207 (11%) 13/208 (6.2%) 10/208 (4.8%) 6/208 (2.9%) 0.008
Cardiovascular medications, n/N (%) 16/207 (7.7%) 7/208 (3.4%) 10/208 (4.8%) 5/208 (2.4%) 0.053
Antibiotics (chronic use), n/N (%) 6/207 (2.9%) 7/208 (3.4%) 13/208 (6.2%) 5/208 (2.4%) 0.2

Bold values denote statistical significance at the p ≤ 0.05 level.

Table 3 summarizes the mean vital signs in the ED, with an elevated heart rate (131, 134, 154,
and 137 beats per minute in quartiles 1, 2, 3 and 4, respectively, p = 0.01), higher temperature
(37.71, 37.74, 39.55, and 37.4 Celsius in quartiles 1, 2, 3 and 4, respectively, p = 0.004), and
higher respiratory rate (39, 43, 44 and 42 breaths per minute in the quartiles 1, 2, 3 and 4,
respectively, p = 0.002) in the higher quartiles. The rate of tachypnea (adjusted to normal
values for age), was correlated with higher quartiles with 85%, 89%, 94%, and 97% in
quartiles 1, 2, 3, and 4, respectively (p < 0.001). Room air oxygen saturation was lower in
the higher quartiles (93.5%, 93%, 92.1%, 92.5%, p < 0.001).

Table 3. Measurements in the emergency department, according to quartiles.

Characteristic
Quartile 1

N-207
Quartile 2

N-208
Quartile 3

N-208
Quartile 4

N-208
p-Value

Heart rate (beats/minute)
Mean ± SD a (N) 131 ± 21 (109) 135 ± 21 (107) 154 ± 146 (106) 137 ± 17 (99) 0.010

Temperature (◦C)
Mean ± SD a (N) 37.71 ± 0.95 (192) 37.74 ± 0.95 (176) 39.55 ± 24.99 (172) 37.40 ± 0.72 (165) 0.004
Oxygen saturation (room air)
Mean ± SD a (N) 93.5 ± 7.1 (185) 93.0 ± 5.6 (179) 92.1 ± 5.5 (173) 92.5 ± 4.6 (176)

<0.001

Room air oxygen saturation < 92% 60/185 (32%) 75/179 (42%) 79/173 (46%) 75/176 (43%) 0.061
Systolic blood pressure (mm Hg)
Mean ± SD a (N) 107 ± 11 (178) 108 ± 11 (162) 109 ± 11 (160) 111 ± 11 (171) 0.002

Diastolic blood pressure (mm Hg)
Mean ± SD a (N) 66 ± 10 (178) 66 ± 9 (162) 66 ± 10 (160) 66 ± 9 (171) 1

Respiratory rate (breaths/minute)
Mean ± SD a (N) 39 ± 13 (196) 43 ± 15 (185) 44 ± 13 (179) 42 ± 12 (183) 0.002

Tachypnea (respiratory rate according
to age) b n/N (%)

167/196 (85%) 165/185 (89%) 169/179 (94%) 178/183 (97%) <0.001

a SD—standard deviation. b Respiratory rate above the normal respiratory rate according to the American Heart
Association. Bold values denote statistical significance at the p ≤ 0.05 level.

ED intervention characteristics are summarized in Table 4. ED urgency scale showed
a decline across the quartiles, which correlated with higher mean clinical urgency (3.17,
2.72, 2.52, and 2.49 in quartiles 1, 2, 3, and 4, respectively, p < 0.001). Rates of supplemental
oxygen, inhalation of anticholinergic agents, and intravenous magnesium sulfate were
significantly higher in the higher quartiles. No significant difference was observed in chest
X-ray findings among the quartiles.
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Table 4. Treatment and interventions in the emergency department, according to the quartiles.

Characteristic
Quartile 1

N-207
Quartile 2

N-208
Quartile 3

N-208
Quartile 4

N-208
p-Value

ED a Urgency 1, Median (IQR b) 3.00 (3.00, 4.00) 3.00 (2.00, 3.25) 2.50 (1.00, 3.00) 3.00 (1.00, 3.00) <0.001
Oxygen, n/N (%) 69/207 (33%) 98/208 (47%) 92/208 (44%) 101/208 (49%) 0.007
Inhalation of Beta-agonists, n/N (%) 125/207 (60%) 137/208 (66%) 134/208 (64%) 139/208 (67%) 0.5
Inhalation of Anticholinergic, n/N (%) 91/207 (44%) 104/208 (50%) 109/208 (52%) 124/208 (60%) 0.015
Inhaled corticosteroids, n/N (%) 9/207 (4.3%) 12/208 (5.8%) 15/208 (7.2%) 13/208 (6.2%) 0.7
Systemic Steroids PO, n/N (%) 82/207 (40%) 71/208 (34%) 62/208 (30%) 57/208 (27%) 0.043
Systemic Steroids IV, n/N (%) 18/207 (8.7%) 25/208 (12%) 23/208 (11%) 27/208 (13%) 0.5
Antihistamines, n/N (%) 1/207 (0.5%) 0/208 (0%) 0/208 (0%) 0/208 (0%) 0.2
Antibiotics, n/N (%) 10/207 (4.8%) 9/208 (4.3%) 6/208 (2.9%) 10/208 (4.8%) 0.7
Sodium chloride Inhalation, n/N (%) 113/207 (55%) 121/208 (58%) 127/208 (61%) 132/208 (63%) 0.3
Intravenous Magnesium Sulphate, n/N (%) 6/207 (2.9%) 20/208 (9.6%) 26/208 (12%) 32/208 (15%) <0.001
Findings on chest X-ray, n/N (%)
Normal
Hyperinflation
Infiltrate
Atelectasis

37/63 (59%)
8/63 (13%)

12/63 (19%)
6/63 (9.5%)

43/82 (52%)
13/82 (16%)
16/82 (20%)
10/82 (12%)

45/91 (49%)
19/91 (21%)
12/91 (13%)
15/91 (16%)

54/95 (57%)
13/95 (14%)
17/95 (18%)
11/95 (12%)

0.8

a ED—Emergency department. b IQR—interquartile range. 1 Allon et al. [29]. Bold values denote statistical
significance at the p ≤ 0.05 level.

Data on admissions to the pediatric ward and PICU are presented in Table 5. Admis-
sion rate and length of stay (above 2 days) were significantly higher in the higher quartiles,
with 66%, 76%, 79%, and 84% rates of admission in quartiles 1, 2, 3, and 4, respectively,
(p < 0.001) and 35%, 36%, 42% and 48% for prolonged admission in quartiles 1, 2, 3 and 4,
respectively (p = 0.034). The rate of PICU admissions was not statistically significant across
the quartiles.

Table 5. Admissions and hospitalizations data, according to quartiles.

Characteristic
Quartile 1

N-207
Quartile

N-208
Quartile 3

N-208
Quartile 4

N-208
p-Value

Hospitalization, n/N (%) 137/207 (66%) 158/208 (76%) 165/208 (79%) 175/208 (84%) <0.001
LOS *, Median (IQR) 2.00 (1.00, 3.00) 1.00 (1.00, 2.00) 2.00 (1.00, 2.00) 2.00 (1.00, 3.00) 0.2
LOS * ≥ 2, n/N (%) 73/207 (35%) 75/208 (36%) 88/208 (42%) 99/208 (48%) 0.034
PICU **, n/N (%) 5/207 (2.4%) 10/208 (4.8%) 12/208 (5.8%) 12/208 (5.8%) 0.3

* LOS—length of stay in the hospital, ** PICU—pediatric intensive care unit. Bold values denote statistical
significance at the p ≤ 0.05 level.

Figure 1 present a multivariate analysis via generalized estimating equations (GEE)
with a logistic distribution. Hospital admissions, a treatment in the resuscitation room
(reflecting high urgency scale) in the ED, treatment with intravenous magnesium sulfate,
prolonged hospitalization (≥two days), room air saturation < 92%, and tachypnea (normal-
ized to age) showed an odds ratio of 2.9 (95% CI 1.79, 4.69, p = 0.001) for admission, 2.86
(95% CI 1.64, 5.0, p < 0.001) for treatment in the resuscitation room, 6.62 (95% CI 2.7, 16.2,
p < 0.001) for intravenous magnesium sulfate treatment, 1.64 (95% CI 1.1, 2.45, p = 0.015) for
prolonged hospitalization, 1.74 (95% CI 1.12, 2.7, p = 0.014) for room air saturation < 92%
and 8 (95% CI 2.98, 21.5, p < 0.001) for tachypnea adjusted to age, in the higher quartile.
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Figure 1. Multivariate GEE* logistic regressions for multiple independent variables, adjusted for age.

4. Discussion

The NLR, a blood count-derived parameter, is a marker of systemic inflammation,
combining innate and allergic inflammation markers. It was previously suggested to be
correlated with neutrophilic asthma [18], though its role in predicting the clinical outcome
of asthmatic patients has not been elucidated yet. This study examined the correlation
of the NLR with the clinical course of children who were presented with acute asthma
exacerbation to the ED. Our results indicate that higher NLR is associated with a severe
clinical course in children with acute exacerbations. Patients throughout the different
quartiles had similar background diseases, chronic medical treatment, and asthma control.

Patients in the higher NLR quartiles were presented with more severe respiratory
distress than in the lower quartiles, as reflected by higher heart rate, respiratory rate, and
lower room air oxygen saturation. This finding was not attributable to fever or age, as
this group had a slightly higher mean age and lower body temperature. A significant
correlation was found between the NLR and the need for treatment in the resuscitation
room, based on the ED urgency scale. This correlation suggested once more that patients
with higher NLR appeared more clinically deteriorated than others and required more
intensive treatment. Treatment with oxygen and intra-venous magnesium sulfate was also
correlated with increased NLR.

Our results also demonstrated a higher hospitalization rate and length of stay with
higher NLR. The risk for hospitalization for children within the highest NLR quartile was
three times higher than in the lowest quartile, and the risk for prolonged hospitalization
over two days equally increased. The PICU admission rate was twice as high among the
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higher quartiles, but this increase was not significant, possibly due to the small sample of
children admitted to the PICU.

Our findings support previous data regarding the inferior prognosis of neutrophilic
asthma. Neutrophilic asthma is characterized by at least 65% neutrophils in the sputum of,
or above, 5 × 106 cells/mL [37]. Pathophysiologically, it is associated with activation of the
Th17 pathway, IL-8 IL-1β, and TNFα. Recent data suggests it is correlated with decreasing
FEV1 and resistance to steroid therapy [38]. To date, there are no specific therapeutical
approaches to this asthma phenotype. Airway inflammation with dominant neutrophils
can also be induced by respiratory tract infections, tobacco smoke exposure, and obesity.

Our study results are in congruence with previous data regarding the association
of NLR with the severity of exacerbation among asthmatic children. In a recent study
from China, that examined 81 pediatric patients with asthma exacerbation, the severe
exacerbation group (n = 10) had the highest levels of NLR (7.19), compared with the mild
or moderate exacerbation groups, though the specific criteria for subgroup division are
unclear. The optimal NLR cutoff level suggested was 1.723, with a sensitivity of 0.73 and
specificity of 0.906 [28] .

A possible confounder influencing our results is a concurring bacterial infection which
may elevate the neutrophil count. However, this seems unlikely in our cohort, due to
the relatively lower body temperatures that characterized the highest NLR group and the
similar use of antibiotics between the different groups as a surrogate marker for bacterial
respiratory infection. Another possible influencing factor is previous steroid use, which
was similar between the different groups in the week prior to their ED visit.

Another possible confounder is the physiologic distribution of NLR according to age
and sex. All our groups presented similar sex distribution with a majority of male patients,
and a slightly heterogenous age distribution. If we examine previous data on age-specific
reference values, the pattern of change in the NLR values from birth to adolescence is
mostly influenced by the highest peak in the neonatal and infancy period, which was not
included in our study. Most of the childhood years are not characterized by substantial
changes in the NLR [22].

Our study has a few limitations. First, is its retrospective nature. Our data was based
on the documentation from the patient’s electronic files. All patients were diagnosed and
treated in a single tertiary center, with a potentially excessive influence of the unique
demographics in our region. Bedouin Arabs consist of up to 75% of our cohort. The combi-
nation of several characteristic factors, such as low socioeconomic status, poor sanitation,
crowded houses, high rates of malnutrition, and smoking, all contribute to the previously
described data on higher morbidity, specifically, respiratory infections, among the Bedouin
pediatric population [39,40]. Another limitation is that we did not capture data regarding
viral PCR in nasal swabs, which are common triggers for asthma exacerbation in children
and could differ in blood count parameters and clinical presentations. NLR from blood
samples prior to the current ED visits was out of the scope of this study, but it could be
interesting to investigate the association of NLR as a chronic marker for asthma control
and exacerbations.

The strengths of our study are the relatively large population of children with a
definition of asthma who were treated at the ED with anti-asthmatic treatments. In our
study, we showed a significantly larger patient sample size. In addition, we examine
multiple parameters of severity in order to demonstrate the potential clinical use of NLR in
ED as an assessment tool for asthma exacerbation. We captured comprehensive ambulatory
data on the patients, their blood tests, medication regimens, and radiology findings (that
were interpreted by either a pediatric radiologist or a pulmonologist). Since the data was
harvested from a single medical center, there is limited variability regarding admissions
strategies and treatments, which strengthens the association between NLR and the severity
measurements studied.

In conclusion, the NLR is an objective tool that may have a role in assessing pediatric
asthma exacerbation severity and the need for hospitalization. It is a feasible and safe
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measure, suited for the pediatric ED setting. NLR could potentially supply an additional
decision tool that could assist the clinician in the identification of severe asthma cases that
require admission and further inpatient care. However, further studies are warranted for
its implementation in the clinical setting, providing validated range and cutoff values in
which a high probability of severe asthma is likely.
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Abstract: Background: Pediatric inflammatory multisystem syndrome temporally associated with
SARS-CoV-2 (PIMS-TS) is a novel entity. The inflammatory process involves the circulatory, digestive,
respiratory, and central nervous systems, as well as the skin. Making a diagnosis requires extensive
differential diagnoses, including lung imaging. The aim of our study was to retrospectively assess the
pathologies found in lung ultrasound (LUS) in children diagnosed with PIMS-TS and to evaluate the
usefulness of the examination in diagnostics and monitoring. Methods: The study group consisted of
43 children diagnosed with PIMS-TS, in whom LUS was performed at least three times, including
on admission to hospital, on discharge, and 3 months after disease onset. Results: Pneumonia (mild
to severe) was diagnosed in 91% of the patients based on the ultrasound image; the same number
had at least one pathology, including consolidations, atelectasis, pleural effusion, and interstitial or
interstitial-alveolar syndrome. By the time of discharge, the inflammatory changes had completely
regressed in 19% of the children and partially in 81%. After 3 months, no pathologies were detected in
the entire study group. Conclusion: LUS is a useful tool for diagnosing and monitoring children with
PIMS-TS. Inflammatory lesions of the lungs resolve completely when the generalized inflammatory
process subsides.

Keywords: lung ultrasound; PIMS-TS; MIS-C; pneumonia; intensive care; children; adolescents

1. Introduction

In 2019 reports of a previously unknown set of clinical symptoms appeared in the
pediatric population. An association with SARS-CoV-2 was observed. On 7 April 2020, the
first case of a novel entity was registered, called multisystem inflammatory syndrome in
children (MIS-C) or adolescents (MIS-A) by the United States Centers for Disease Control
(CDC) and the World Health Organization (WHO). At the same time, the Royal College of
Pediatrics and Child Health (RCPCH) used the term pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2 (PIMS-TS), with slightly different cri-
teria [1–3]. We will use this name in our article, but both terms function in parallel in the
literature. It is coded with ‘U10’ in the International Classification of Diseases [4].

Symptoms of PIMS-TS appear 4–8 weeks after SARS-CoV-2 infection and are the result
of the immune system’s reaction to the infectious agent. Cytokine-dependent inflammation
of small vessels occurs. The leading symptom of PIMS-TS is fever. Children also present
manifestations from the digestive system (abdominal pain, vomiting, or diarrhea), the
cardiovascular system (tachycardia, low-output syndrome, or coronary artery aneurysm),
the central nervous system (headache, photophobia, meningeal syndrome, or hyperaes-
thesia), the respiratory system (cough, shortness of breath, or respiratory failure) or the
skin and mucous membranes (erythema, exanthema, or aphthae). The general condition of
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patients is moderate or severe, often requiring treatment in the pediatric intensive care unit
due to circulatory and/or respiratory failure. The variety of clinical symptoms and their
concurrence, as well as the lack of specific laboratory markers, necessitates a thorough and
extensive differential diagnosis. According to the current criteria, making a diagnosis of
PIMS-TS requires that other infectious and non-infectious causes be excluded, e.g., sepsis,
toxic shock syndrome (TSS), meningitis, acute abdominal diseases, pneumonia, myocardi-
tis, or other multi-organ inflammatory diseases, such as hemophagocytic syndrome or
Kawasaki disease [5–13]. It requires many laboratory and imaging tests confirming the
involvement of at least two systems. There are still few articles focussing on the analysis
of lung imaging findings and their evolution in the acute state, and even fewer on lung
residues after PIMS-TS.

In the last decade, the role of ultrasound in assessing the lungs and pleura in children
has increased [14]. This tool is easily accessible, repeatable, and—compared to X-ray—safer,
more sensitive, and specific in the imaging of inflammatory lung changes and pleural
effusion [15]. Incomplete skeletal ossification in children and the typically sparse adipose
tissue make it possible to use additional acoustic windows [14].

The aim of our study was to evaluate pathologies on LUS in children with PIMS-TS
and to assess the usefulness of this examination in the diagnosis pathway and monitoring.

2. Materials and Methods

The study was conducted from November 2019 to March 2022 among patients hospital-
ized at the Department of Pediatrics, Immunology, and Nephrology of the Polish Mother’s
Memorial Hospital Research Institute in Łódź, Poland. We retrospectively evaluated the
lung ultrasound (LUS) images of all patients hospitalized with fever for more than 3 days
and symptoms associated with PIMS-TS from at least two systems. The examinations
were performed with a linear or curvilinear probe (Philips Affiniti 70G eL18-4 and C8-2,
respectively) by only four pediatric specialists with certified LUS training and extensive
experience in ultrasound imaging. After use, all materials were disinfected correctly.

The examination included the assessment of the entire lung fields on the anterior,
lateral, and posterior surfaces of the chest and in the sagittal and frontal planes. LUS
was carried out at least twice—in all patients on the first day after admission and before
discharge—but most had it performed 3–4 times, depending on their clinical condition.

Inflammatory lesions of the lungs were diagnosed on the basis of applicable parenchy-
mal, pleural, and vascular criteria [15–18]. They were classified as B-line artifacts, interstitial
syndrome, interstitial-alveolar syndrome, consolidations, and atelectatic lesions. The pres-
ence of fluid in the pleural cavity was also assessed, typically in the sitting position, unless
the patient’s clinical condition did not allow it, in which case it was done in the lateral
or supine position (e.g., in ICU patients). In our study, we estimated the pleural effusion
layer in millimeters but not in total volume. A normal ultrasound image of the lungs
was classified as the presence of all the following criteria: sliding sign visible over the
entire surface of the lungs, A-line artifacts visible over the entire surface of the lungs, a
continuous, smooth pleural line over the entire surface of the lungs, no consolidation, no
pleural effusion, a visible layer of fluid <2 mm, and single (1–2) B-line artifacts at the base
of the lungs. No LUS score was used to assess the severity of lung involvement.

LUS was repeated in all patients before hospital discharge and 3 months after discharge.
The assessment was made according to the same methodology as given above. All study
participants underwent a typical physical examination of the respiratory system on each
day of hospitalization. Routine chest radiographs were not performed, as this was not the
subject of our analysis.

The study was approved by our institute’s ethics committee (No. 45/2021). Parental
consent for the study was obtained.
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3. Results

In the given period, 47 children met the criteria for a PIMS-TS diagnosis, and 43 met
all evaluation criteria (30 boys and 13 girls, aged from 11 months to 17 years 4 months;
average: 6 years 7 months; median: 6 years). Abnormalities on physical examination were
found in 21 subjects (49%). These included tachypnoea and asymmetry of respiratory
murmurs or crackles. 39 of the 43 patients (91%) were diagnosed with pneumonia based
on ultrasound criteria. The same number of children (39/43; 91%) had more than one
pathology, and 28 of them (65%) had bilateral lesions. The most common pathologies were
consolidations with air bronchogram or mixed bronchogram, which were observed in
37 respondents (86%) [Figure 1a]. These were followed, in descending order, by fluid in
the pleura (36/43 [84%]) in the amount of 2 to 55 mm (average 11.5 mm: median 24.3 mm)
[Figure 1b,c], interstitial syndrome (30/43 [70%]) [Figure 1(d1,d2), atelectasis (28/43 [65%])
[Figure 1(f1,f2)], and interstitial-alveolar syndrome (19/43 [44%]) [Figure 1e]. For other
abnormalities, an image of so-called ‘white lungs’ was observed in five patients (12%). A
normal LUS image was found in only three of the children (7%). By the day of discharge,
total regression of inflammatory changes was observed in eight (19%) and partial regression
in 35 (81%) patients. Three months after discharge from the hospital, a normal ultrasound
image of the lungs was found in all respondents (43/43 [100%]) (Tables 1 and 2).

   
(a) (b) (c) 

     
(d1) (d2) (e) (f1) (f2) 

Figure 1. LUS images (a)—consolidation; (b,c)—consolidation and fluid in pleural cavity; (d1)—
interstitial syndrome—a longitudinal projection; (d2)—interstitial syndrome—a transversal pro-
jection; (e)—interstitial-alveolar syndromes; (f1)—atelectasis with consolidation and pleural effu-
sion/linear probe/; (f2)—atelectasis with consolidation and pleural effusion/curvilinear probe/.
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Table 1. Study group.

age (years), mean (median) 6 7/12 (6)

sex, n (%)
FEMALE 13 (30)

MALE 30 (70)
respiratory abnormalities signs n (%) 21 (49)

pneumonia criteria n (%)
on admission

39 (91)

>1 pathology n (%) 39 (91)
bilateral lesions, n (%) 28 (65)

Normal LUS image, n (%) 3 (7)
by the day of discharge
Total regression, n (%) 8 (19)

Partial regression, n (%) 35 (81)

Table 2. LUS findings.

1-SIDED
(TOT 43; %)

2-SIDED
(TOT 43; %)

TOTAL
(TOT 43; %)

AFTER 3
MONTHS

B-Lines Artifacts 0 (0) 40 (93) 40 (93) 0 (0)
Interstitial Syndrome 0 (0) 30 (70) 30 (70) 0 (0)

Interstitial-alveolar syndrome 0 (0) 19 (44) 19 (44) 0 (0)
Consolidations 7 (16) 30 (70) 37 (86) 0 (0)

Atelectasis 9 (21) 19 (44) 28 (65) 0 (0)
Pleural effusion 0 (0) 36 (84) 36 (84) 0 (0)

4. Discussion

Inflammatory lung changes are one of the diagnostic criteria for PIMS-TS. In our
study, on the basis of USG criteria, inflammatory changes in the lungs were diagnosed
in the majority of patients (91%), while respiratory symptoms were present in less than
half of them (49%). Daniel A. Lichtenstein promoted LUS and proved its superiority over
lung auscultation and classical X-ray diagnostics in acute respiratory failure (ARDS) in
adults almost 20 years ago [19]. In recent years, LUS has also been used in the pediatric
population [14]. A meta-analysis of studies involving a group of 1510 children showed
that LUS has similar sensitivity and specificity to chest radiographs in the diagnosis of
inflammatory changes in the lungs of children [20].

Part of the chest ultrasound examination is also pleural imaging and evaluation of the
presence of fluid in the pleural cavities. LUS is characterized by 100% sensitivity and 97.7%
specificity, while chest radiography demonstrates 71% and 88%, respectively [15]. So far,
CT remains the gold standard in lung imaging. Due to the impact of ionizing radiation,
as well as high operating and maintenance costs, it should not be performed routinely. In
addition, in younger children, CT usually requires sedation. Moreover, studies comparing
LUS and chest CT in the assessment of inflammatory lung lesions in children are not yet
known.

As mentioned in the introduction, the clinical picture of MIS-C/PIMS-TS is quite
heterogeneous. With the exception of fever, which is the leading symptom, the symptoms
occur with different coincidences, and the diagnosis requires a broad differential diagnosis.
Due to the heterogeneity of the clinical signs and symptoms, diagnosis of PIMS-TS is
difficult. Based on a systematic review from 2021, it was found that in the course of PIMS-
TS, cough occurred in almost 24% of patients and dyspnea in 26.7%. Respiratory symptoms
were not the leading ones, as cardiac symptoms occurred in almost 80% of patients, and
abdominal symptoms presented in more than 70% [21]. In our work, 21 children (49%) had
abnormalities on physical examination of the respiratory system (tachypnoea, asymmetry
of breath murmur, or crackles). Although almost half of the patients with PIMS-TS did not
show any respiratory symptoms, most of them were found to have abnormalities on LUS.
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The first reported use of LUS in PIMS-TS patients was an Italian paper published
in early 2022. Musolino et al. found pathologies in LUS in 10/10 patients (100%) with
PIMS-TS, most often as an abnormal pleural image and disseminated B-line artifacts, in
8/10 (80%) interstitial syndrome was visible, in 7/10 (70%) there were subpulmonary
consolidations, and in half of the subjects, interstitial-alveolar changes were found. It is
worth mentioning that symptoms such as cough or shortness of breath were found in less
than half of the respondents (4/10 [40%]) [22]. The results of this work strongly indicate
that even in the absence of clinical signs, the lungs are usually involved in the inflammatory
process during PIMS-TS. The limitations of that publication are its small study group and
lack of follow-up.

In another publication, only 2/24 children (8%) had a normal ultrasound image of the
lungs [23]. Another work using point-of-care lung ultrasound (PoCUS-LUS) found pleural
fluid in 6/9 subjects (67%) with PIMS-TS [24]. In our publication, abnormal LUS images
were found in 91% of the subjects. Compared to the cited publications, ours included
a larger group—43 respondents. These reports show that the majority of children with
PIMS-TS had pathologies in LUS, while less than 30% of them presented symptoms from
the respiratory system [21].

These data differ from classical radiological examinations. Depending on the method-
ology and the size of the study group, normal chest X-ray images were found in 16–64%
of subjects with PIMS-TS [25–27]. The systematic review by Hoste et al. reported that
disseminated radiological changes were found in 35% of respondents [21]. Even larger
discrepancies were found while analyzing chest CT scans. Abnormalities were found in
39–83% of patients, predominantly (>80%) the appearance of milky glass and the pres-
ence of consolidation. Pleural effusion was detected in 30–58%, while atelectasis was in
26% [25,26,28].

In our study group, we did not routinely perform chest radiograms. X-rays or CTs
were only used for clinical indications, for example, in patients in serious condition or to
assess the position of the vascular catheter. Based on our own work and the publications
cited herein, it seems that there are currently no indications for routine X-rays or CTs for
respiratory assessment in children with PIMS-TS (too much discrepancy between clinic
and imaging). Examination by LUS provides quick, repeatable diagnostic information at
the bedside that complements physical examination. However, as with other lung imaging
modalities, some knowledge and skill are required to use lung ultrasound. If the team
is inexperienced in performing lung ultrasounds, the choice of classic chest X-ray seems
obvious. Furthermore, accurate imaging of the mediastinum, especially in older and obese
children, is impossible. Our team suggests consideration for chest CTs in patients with
respiratory failure requiring intubation, with extensive inflammatory changes in the lungs,
or in patients with an unclear clinical picture.

An advantage of our study is the fairly large, age-diverse, and clinically heterogeneous
study group. We found that the inflammatory lesions of the lungs regressed totally or sig-
nificantly in all children after effective immunosuppressive treatment. Often, an abnormal
LUS image—especially involving bilateral inflammatory lesions with pleural effusion in a
patient with fever and in moderate or severe overall condition—directed our diagnostics
towards PIMS-TS despite the absence of signs and/or symptoms suggesting respiratory
involvement. At the same time, with an ambiguous clinical picture, the use of LUS allowed
for a faster diagnosis of PIMS-TS. Currently, it is not known whether similar changes in
the lungs are observed in other acute multisystem, hyperinflammatory diseases, such as
Kawasaki disease or hemophagocytic syndrome [5,6,22]. So far, there are no data on how
long LUS changes persist in the course of PIMS-TS. During our observation, 3 months after
discharge from the hospital, normal LUS imagery was found in all patients. From these
observations, we conclude that inflammatory changes in the lungs in the course of PIMS-TS
are acute.
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5. Conclusions

LUS, despite its limitations, is a useful tool that can be easily used in the diagnosis,
differentiation, and monitoring of inflammatory changes in the lungs. Ultrasound patholo-
gies occur in most patients with PIMS-TS in the acute stage and regress completely with
the extinction of the generalized inflammatory process. Ultrasound pathologies and inflam-
matory changes in the lungs are present in most patients with PIMS-TS, even if respiratory
symptoms and signs are absent. In our team, we agree on the need to disseminate LUS as
a ‘point-of-care’ in children. As PIMS-TS is still a new entity, patients should be carefully
followed up.
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Abstract: People with Hunter syndrome are known to be affected by a variety of airway pathologies.
Treatment of Hunter syndrome with the enzyme replacement therapy (ERT) idursulfase is now the
standard of care. However, it is not known how ERT changes the progression of airway involvement.
To evaluate this, we performed a retrospective analysis of bronchoscopies performed on children
with Hunter syndrome who were part of intrathecal ERT trials. Findings for airway pathology
were extracted from bronchoscopy reports and analyses were performed for cross-sectional and
longitudinal changes in airway disease. One-hundred and thirty bronchoscopies from 23 subjects
were analyzed. Upper airway disease (adenoid hypertrophy and/or pharyngomalacia) was reported
in 93% and 87% of bronchoscopies, respectively. Laryngeal abnormalities were recognized in 46%
of cases. There were lower airway (tracheal and or bronchial) findings in 64% of all bronchoscopies
and prevalence increased with age. Evaluations over time adjusted for repeat evaluations showed
that increasing airway involvement was associated with older age (p = 0.0007) despite ongoing ERT.
No association was discovered between age of intravenous ERT initiation and progression of airway
disease. Individuals with Hunter syndrome who are receiving intravenous enzyme replacement
therapy showed the progression of airways disease supporting the need for regular airway monitoring
and intervention.

Keywords: tracheopathy; Hunter syndrome; lysosomal storage disease; bronchoscopy; airway
severity score; enzyme replacement therapy

1. Introduction

Mucopolysaccharidosis II (Hunter syndrome, MPS II) is an X-linked recessive lysoso-
mal storage disease with multiple organ involvement and variable progression. It is caused
by a deficiency of the enzyme iduronate-2-sulfatase [1]. This results in the accumulation of
the glycosaminoglycans (GAG) dermatan sulfate and heparan sulfate within lysosomes
which results in gradual physiologic and anatomic dysfunction. GAG accumulation leads
to progressive cardiac valvular disease, pulmonary dysfunction, and skeletal deformi-
ties. Two thirds of individuals with MPS II have the severe or neuronopathic form of
the disease which manifests as early cognitive impairment with progressive neurological
decline; without treatment, this leads to death in the first or second decade of life. Breathing
impairment is recognized as a major cause of morbidity and mortality, with respiratory
failure representing a common cause of death in affected patients [2–4]. Upper airway
complications are a common presenting problem and individuals are frequently treated for
upper airway problems prior to diagnosis of MPS II [5–7]. The upper airway manifesta-
tions include adenoidal and tonsillar hypertrophy, macroglossia, and laryngomalacia [6–9].
Lower airway dysfunction includes tracheomalacia, bronchomalacia, narrowing of air-
ways due to deposition of GAG, and restrictive lung disease due to decreased chest wall
compliance [6,8].
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The development of the intravenous (IV) enzyme replacement therapy (ERT) idursul-
fase has provided a treatment option for individuals with MPS II since 2006. Intravenous
idursulfase has been shown to be well tolerated and in clinical trials demonstrated de-
creased liver and spleen sizes and decreased urinary GAG levels, and either stabilized or
improved several clinical parameters, including walking ability (6-min walk test), lung
volume as measured by forced vital capacity (FVC), left ventricular mass index, and joint
range of motion (shoulder) [4,10,11]. However there has been a paucity of research into
intravenous idursulfase effects on specific airway findings associated with MPS II.

We had previously shown a high incidence of airway complications in individuals
naïve to IV ERT [6]. We hypothesized that ERT in MPS II would prevent progression of
airway pathology. The aims of this study were to describe the incidence and longitudinal
course of airway pathology in a population of individuals with the severe phenotype of
MPS II treated with IV ERT.

2. Materials and Methods

Study Setting and Subjects

This study is a retrospective analysis of individuals with the severe or the neurono-
pathic form of MPS II, who participated in the phase I/II (NCT00920647 and NCT01506141)
or phase II/III (NCT00937794 and NCT00920647) intrathecal enzyme replacement clinical
trials at the University of North Carolina at Chapel Hill site since 2011. As part of their
annual clinical trial evaluations requiring general anesthesia, the participants underwent
airway evaluation by flexible bronchoscopy and if needed, fiberoptic intubation to decrease
the risk of airway complications with general anesthesia. Recruitment criteria for the phase
I/II MPS II intrathecal enzyme replacement clinical study included individuals’ ages 3 to
17 years, cognitive impairment and at least 6 months of IV idursulfase at enrollment into
the study. Recruitment criteria for the phase II/III MPS II intrathecal enzyme replacement
clinical study included individuals’ ages 2 to 17 years, cognitive impairment and at least
4 months of IV idursulfase at enrollment into the study. All subjects were treated with
weekly IV and monthly intrathecal ERT throughout the period in which data for the current
study were collected.

Clinical information collected from medical records included patient demographics,
age at MPS II diagnosis, age at first bronchoscopy, age at IV ERT initiation, number of
bronchoscopies and age at each bronchoscopy, history of prior airway surgery, and airway
findings on bronchoscopy.

Ethics

The airway findings analyzed in this report were from MPS II patients who were
enrolled in intrathecal ERT studies at the University of North Carolina at Chapel. These
studies were approved by the University of North Carolina Institutional Review Board (IRB)
with consent obtained from the parents or guardians of each subject. For this retrospective
airway study, IRB approval at the University of North Carolina was obtained (20-2178)
but was deemed exempt from consent due to posing no more than a minimal risk to
the subjects.

Assessment of Airway Disease

To analyze the relationship between ERT and the degree of airway involvement, we
developed a grading system of airway severity for statistical analysis. The airway severity
score system was developed to include the wide variety of airway pathology seen in MPS
II individuals while preventing the overrepresentation of any single anatomic area. To
determine how each area of the airway contributed to progression of anatomical changes,
bronchoscopy findings were analyzed for the three anatomic divisions: upper, laryngeal,
and lower airway. Findings were typically expressed as mild, moderate, or severe in
bronchoscopy reports and we graded all findings on a scale from 1 to 3. If severity of
abnormal findings was not specified in the bronchoscopy report as mild, moderate, or
severe, it was given a score of 1. Each anatomic location could only contribute a maximum of
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3 points, for a maximum total score of 9. Upper airway diagnoses included in the score were
adenoidal hypertrophy, phayngomalacia, and glossoptosis. Tonsillar hypertrophy was not
included in the score as a description of incidence and severity showed high interobserver
variation; however, it was reported in our description of findings. Laryngeal findings
included in the score were epiglottal thickening, arytenoid thickening, and laryngomalacia.
Vocal cord thickening was not scored as it was inconsistently recorded. Lower airway
pathology scores included tracheomalacia, bronchomalacia, and tracheal or bronchial
deposits. Bronchitis was often incidentally observed but not included in the score as it
was not considered a static or progressive finding and could occur due to other reasons,
e.g., infection. An example of common findings and of the airway severity score is seen in
Figure 1.

 

Figure 1. Airway scoring. (A) Shows moderate pharyngeal collapse, which would be +2 on the score.
(B) Shows epiglottal thickening which would be +1 on the score, and mild arytenoid thickening,
which would be +1 on the score. (C) Shows vocal cord thickening, which is not a finding incorporated
into the airway severity score, but is clinically relevant and was inconsistently reported. (D) Shows
moderate tracheopathy which would be a +2 on the score. Therefore, the total airway severity score
for this bronchoscopy would be 6.

Statistical Analysis

Summary statistics were computed for subject level clinical and demographic variables.
For the airway findings from the bronchoscopy, the proportion of individuals with a
condition in at least one evaluation and the total of positive bronchoscopy for each of
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abnormal findings were computed. The plot of cumulative incidence of lower airway
findings was constructed.

Linear models were fitted via generalized estimation equations (GEE), with an ex-
changeable working correlation matrix to assess the association between airway severity
score and age at bronchoscopy, while accounting for the correlation between repeated
measures within patient.

We defined the airway disease progression as the slope of the simple linear regres-
sion model using the airway severity score as the response, and age at bronchoscopy as
the covariate for each one of the observations. The association between airway disease
progression and age at start of ERT was assessed using simple linear regression.

All statistical analyses were performed in Excel Professional Plus 2013, Graph pad
prism 9.0.1, and R version 4.0.2 (R Core Team, 2018). Complete case analysis was considered,
with p < 0.05 determining statistical significance.

3. Results

Subjects

Twenty-three male subjects (MPS II is an X-linked recessive disorder primarily affecting
males) were included in the IV and intrathecal ERT group. All individuals had the severe
or neuronopathic form of Hunter syndrome. Most individuals, 17/23, had been diagnosed
prior to the age of 3 years old, with a median (range) age of 2.0 (0–4.5) years at diagnosis.
The youngest two subjects were diagnosed early due to positive family history. The
median age at time of initiation of IV ERT was 2.6 (0.13–4.7) years and median age at first
bronchoscopy was 4.7 (2.3–9.7) years. Number of bronchoscopies per subject averaged
5.6 (2–10). Seven subjects whose data were collected as part of a previous study prior to the
advent of ERT were used as a control. These subjects were 2.4–12.6 years old at the time
of bronchoscopy.

Cross-sectional Bronchoscopy findings

A total of 130 bronchoscopies were included that occurred between August 2011
and February 2020; no bronchoscopies were excluded. No child experienced complica-
tions during bronchoscopy. The airway evaluations were almost all abnormal (129 out of
130 bronchoscopies), and all subjects developed an additional airway abnormality through
the course of the observed period. Bronchoscopy findings are summarized in Table 1.

Table 1. Abnormal airway findings diagnosed via bronchoscopy.

Abnormal Findings
Number of Total Bronchoscopies

Positive for Condition
(% Positive)

% of Individuals Positive for
Condition on at Least

One Bronchoscopy

Upper airway 129/130 (99) 100
Adenoidal hypertrophy 122/130 (93) 100

Pharyngomalacia 114/130 (87) 100
Glossoptosis 40/130 (30) 52

Laryngeal 60/130 (46) 65
Laryngomalacia 29/130 (22) 52

Arytenoid thickening 6/130 (5) 22
Epiglottis thickened 35/130 (27) 26

Vocal cord thickening 6/130 (5) 17
Lower airway 84/130 (64) 95

Tracheomalacia/tracheopathy 72/130 (55) 86
Bronchomalacia/nodularity 24/130 (18) 54

Legend Table 1: Data are presented for each bronchoscopy including repeat bronchoscopies in subjects with
multiple procedures. The column on the left described the proportion of every bronchoscopy performed which
was positive for each listed condition. The column on the right describes the percentage of subjects who had the
listed finding on at least one evaluation.
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Comparisons to ERT-negative subjects

We previously published data concerning airway findings in individuals with MPS
II [6]. A subset of seven individuals in this previous study was ERT naïve, and we applied
the airway severity score to the bronchoscopy reports of these seven ERT naïve individuals.
Linear regression of severity scores against age tended to show worsening with age for
each of the groups (Figure 2).

Figure 2. Linear model fitted via generalized estimation equations (GEE) between average air-
way severity score and age, controlling for ERT group. One year increase in age leads to an ex-
pected increase of 0.25 (95% CI: 0.16, 0.33; p < 0.001) units in the airway severity score. The dotted
lines represent 95% confidence intervals. Open circles are ERT naïve, and closed triangles are ERT
treated individuals.

Longitudinal Airway findings

Generalized estimation equations, which account for repeat evaluations for the subjects
showed that increasing airway involvement was associated with older age (p = 0.0007)
(Figure 3). In many individuals, worsening scores were due to increased occurrence of
abnormalities in the lower airway over time. Figure 3 shows the increased slope of airway
severity score progression in the lower airways compared to upper or laryngeal findings.
Specifically, 16 of the 23 subjects had no lower airway pathology described at the time of
their first bronchoscopy but 12 of them subsequently developed at least one abnormal lower
airway finding. The cumulative occurrence of lower airway findings is shown in Figure 4.
To evaluate if age at time of ERT initiation may affect progression of airway disease, we
further analyzed for each patient their slope of progression of the airway severity score
from first to last bronchoscopy. Individual slopes are shown in Figure 5. Next, a linear
model was constructed for slopes of progression against age at time of ERT initiation. There
was no correlation between disease progression and age of initiation of ERT, where one
year increase in age at the start of ERT led to an expected increase of −0.03 (95% CI: −0.18,
0.12; p = 0.7) units in the airway disease progression (Figure 6).
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Figure 3. (A) Linear model fitted via generalized estimation equations (GEE) between average airway
severity score and age. One year increase in age leads to an expected increase of 0.29 (95% CI: 0.2,
0.38; p < 0.0001) units in the airway severity score. (B) Linear model fitted via GEE between average
severity score and age for each anatomic division used in the study. One year increase in age leads
to an expected increase of 0.06 for upper airway (95% CI: 0.03, 0.09; p < 0.0001) 0.05 for laryngeal
airway (95% CI: 0.01, 0.1; p < 0.0091) for lower airway 0.16 (0.11, 0.22; p < 0.0001) (A,B) Each point is
the combined average airway severity score for bronchoscopies of subjects within this age group in
increments of 1 year. Error bars represent standard deviation from the mean.
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Figure 4. (A) Cumulative incidence of lower airway finding with 95% confidence interval. Each
deflection point is the entire number of subjects who have bronchoscopies at that age, and the
percentage of those subjects which have had bronchoscopies showing lower airway pathology.
(B) Presence of lower airway findings over time. The dark bars represent bronchoscopies where lower
airway pathology is absent, the light bars represent bronchoscopies where lower airway pathology
is present. The total number of subjects on the y axis is the number of subjects who underwent
bronchoscopy per year of age. Each individual was accounted for only once per year.
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Figure 5. Individual slope of progression of airway disease, expressed as the airway severity score
for each subject.

 

Type Correlation p-value 
Pearson 0.09 0.68 

Spearman 0 0.99 
Kendall 0.01 0.96 

Figure 6. A linear model was fitted with changes in airway severity score as response and age at
bronchoscopy as covariate for each one of the n = 23 observations. The number indicates subject ID.
The association between airway disease progression and age at start of ERT did not reach statistical
significance, as one year increase in age at start of ERT leads to an expected increase of −0.03 (95% CI:
−0.18, 0.12; p = 0.7) units in the airway disease progression.
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4. Discussion

All individuals in our study were found to have upper airway abnormalities. Despite
all individuals having a history of adenoidectomy prior to the first bronchoscopy, all were
found to have adenoidal hypertrophy on at least one bronchoscopy, with 122 of the total
130 bronchoscopies mentioning adenoidal hypertrophy. While adenoidal hypertrophy
is a well-known finding in MPS II [12], the mechanism of tissue reaccumulating is not
entirely clear. Pharyngomalacia is also common in our study, with all individuals having
pharyngomalacia on at least one bronchoscopy. These findings of persistent upper airway
abnormalities correlate with the well-known problem associated with MPS II of upper
airway obstruction and obstructive sleep apnea.

Laryngeal pathology was common as well (Table 1), with 65% having a laryngeal
abnormality on at least one bronchoscopy. A prior study focusing on mucosal alterations
of the larynx and hypopharynx had evaluated a detailed score to standardize findings
across different types of MPS [9]. Of 55 individuals studied, 15 had MPS II. The MPS II
individuals had an age range of 5–45 years, and a mean of 20.8 years. Their score showed a
varied response to ERT. In this study, one MPS II subject was noted who was examined
before and after ERT initiation and who did not have any improvement. Our study differed
in the broadened assessment of the entire airway as opposed to a detailed focus on the
laryngeal anatomy.

We found that lower airway pathology became more common with increasing age. No-
tably, all the subjects who had bronchoscopy at age 14 years or older showed lower airway
involvement (Figure 4B). This suggests that close monitoring for lower airway pathology
in individuals with MPS II should be recommended, and that lower airway pathology will
continue to be a major cause of morbidity and mortality in this patient population.

The most frequent lower airway abnormalities are described as “tracheomalacia.”
Classic tracheomalacia shows dynamic collapse, generally due to weakening of the tracheal
cartilage. However, the trachea in individuals with MPS II is narrowed and tortuous,
with evidence of GAG deposition, and is overall different in appearance from classic
tracheomalacia. The term tracheopathy is a more accurate descriptor in individuals with
MPS II, and we would recommend future use of this term for diagnostic clarity.

We developed a score to compare individuals’ airway findings cross-sectionally and
longitudinally. The score attempted to be inclusive of all anatomic pathologies while not
allowing for one location to be overwhelmingly represented. Upper airway pathology
was almost universal (Table 1), often severe, and laryngeal and lower airway pathology
would have been less impactful in the overall score had we not limited each anatomic
location. Another challenge was that certain findings are more clearly identified earlier
in the course of disease than others. For example, pharyngeal collapse is more obvious
than subtle nodularity in the trachea. The airway severity score was designed to assess
anatomic variation for statistical analysis, not the clinical condition, so the score presently
is not designed for clinical implementation. Additionally, upper airway abnormalities are
amenable to surgical interventions (e.g., adenoidectomy or tracheostomy) which is very
difficult for lower airway pathology. Thus, identification of lower airway lesions prior to an
individual’s emergency presentation in the setting of an illness is important. For example,
the tracheopathy associated with MPS II is likely seen on bronchoscopy before affecting
airway function.

In our study, there was a progression of upper and lower airway abnormalities seen
on flexible bronchoscopy despite treatment with IV ERT (Figure 3). We also noted hetero-
geneous progression between individuals as is typical for the overall disease in MPS II.
The fact that the age of ERT initiation was not associated with changes in slope of airway
disease progression further supports the idea that IV ERT does not eliminate progression of
airway involvement but may slow progression. Yet, the lack of systematic studies prior to
routine use of ERT does not allow for a direct larger scale comparison of airway progression.
Furthermore, even earlier initiation of ERT may prove efficacious in preventing airway
pathology [13]. Individuals with MPS II are most often diagnosed due to clinical signs of
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the disease, with the median age of diagnosis in one study being 3.3 years but newborn
screening is needed to improve the age of diagnosis and long-term outcome [14].

A study performed in 2016 involving five adult individuals with MPS II, and which
included CTs of the chest to evaluate lower airway involvement, showed thickening of
the tracheobronchial tree, and narrowing of the lower airways. The individuals in this
study were all adults without CNS disease, and who had been on ERT from 0–6 years
at the time the study was performed. This study showed that the degree of narrowing
predicted morbidity from airway involvement [15]. The findings in this study of persistent
airway thickening and narrowing on the CT chest in individuals with MPS II is similar
to our bronchoscopic findings in pediatric subjects. A recent study in adult people with
MPS included multiple measures to compile a score of airway severity for clinical use in
different types of MPS [16]. This score included exam, upper airway endoscopy, imaging,
and if possible, lung function testing. The severity of lower airway involvement with
tracheopathy could be well demonstrated on the 3D reconstruction of CT scans. The effect
of ERT was not assessed in this retrospective study.

The fact that there were ongoing, progressive airway abnormalities in our study
despite consistent use of ERT likely indicates additional mechanisms of injury apart from
cellular GAG deposition. This includes uncontrolled inflammation and tissue remodeling
due to alterations in signal transduction [17–19], aberrations in immune function [20],
activation of inflammatory cascades [21], and abnormal oxidative stress [22,23]. Further
studies into the mechanisms of progressive airway deterioration despite ERT are warranted.

MPS II also predisposes to increased mucus sections in upper and lower airways, a
finding that has improved with ERT. The cause of increased secretions is likely a combina-
tion of factors including aspiration, infection, and increased inflammation due to lysosomal
dysfunction [18]. It has been observed by bronchoscopists at our institution that the vol-
ume of secretions and of signs of bronchitis has decreased since the initiation of ERT. A
previous study reviewing the clinical improvements associated with ERT showed that 22 of
the 22 subjects studied had improvement in frequency of respiratory infections [24]. Our
expectation is that this decrease in mucus burden represents substantial clinical benefit for
people with MPS II, though this was not directly measured in our study given the different
possible contributors to increased secretions.

The subjects in our study have been receiving intrathecal ERT throughout. This is
a potentially confounding factor. However, based on our understanding of the somatic
manifestations of MPS II, and the action of idursulfase, we would not expect the addition of
intrathecal ERT to substantially affect the airway pathology. However, it is possible that in-
creased airway tone due to improvement in neurologic function would cause improvements
in airway patency.

Our study was limited by variability among reporters, as data were collected from
bronchoscopy reports from multiple providers. We addressed this variability by careful
review of the bronchoscopy reports and by developing a bronchoscopy scoring system
that addressed different terminology. While our institution has performed a number of
bronchoscopies in individuals with MPS II prior to initiation of ERT, the number and
bronchoscopies was small, and lacked longitudinal data for each ERT-naïve subject [6].
A larger subset of ERT-naïve individuals with similar longitudinal observations would
have improved comparisons; however, as ERT is now the standard of care, it would be
difficult to find a cohort of individuals who had undergone bronchoscopy prior to ERT
initiation. Individuals with MPS II can develop antibodies to idursulfase. These antibodies
are associated with increased GAG in treated patients and are associated with attenuation
of the improvement seen in pulmonary function [25,26]. The efficacy of ERT in preventing
airway pathology may be affected by these antibodies. However, we were not able to
evaluate anti-idursulfase antibodies’ effects on airway pathology in this study since the
antibody data are not available to the authors.

To enhance comparability in reporting MPS II-specific airway anomalies among
bronchoscopists, we suggest that providers review the potential airway findings of MPS
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prior to bronchoscopies. This would enhance identification of subtle manifestations of
MPS II such as vocal cord thickening or mucosal nodularity. It is possible that broncho-
scopists without experience in MPS II populations may not recognize certain findings as
developing pathologies.

The strengths of this study were its unprecedented access to a large number of bron-
choscopies which examined the upper and lower airway, and which were consistently
performed yearly over extended periods of time. The original study from which these data
were collected included visits for intrathecal injection of enzyme (idursulfase-IT), as such
compliance with enzyme replacement therapy treatment for the individuals included was
excellent, and we could confidently rule out adherence to therapy as a potential source
for error.

5. Conclusions

In individuals with mucopolysaccharidosis II, treatment with intravenous ERT did not
prevent progression or development of lower airway pathology. Individuals with MPS who
are receiving ERT will continue to have progressive airway disease and will need continued
monitoring and intervention by their medical providers. Future studies investigating the
role of inflammation and other mechanisms of airway disease and the effect of ERTs in the
airway are warranted. We are hopeful that widespread adoption of newborn screening
for MPS II with early initiation of ERT will more effectively prevent airway pathology in
this population.
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Abstract: Introduction: Several dry-powder inhalers (DPIs) contain lactose which may be contami-
nated with milk proteins. Confusion exists pertaining to DPI use in patients with cow’s milk protein
allergy (CMPA). Methods: A computerized survey sent via e-mail to pediatric pulmonologists and
allergologists. Results: A total of 77 out of 232 (33.2%) doctors replied, of whom 80.5% were pediatric
pulmonologists. A total of 69 of 77 (89.6%) were specialists, 37.6% with more than 15 years of expe-
rience. The most commonly used DPIs were formoterol + budesonide and vilanterol + fluticasone.
A total of 62 out of 77 (80.5%) responders knew these DPIs contained lactose. A total of 35 out of
77 (45.5%) doctors who replied did not know that DPI leaflets list CMPA as a contra-indication to DPI
administration. Of these, 4 (11.4%) stated that they would instruct patients with CMPA to stop DPIs,
and 7 (20%) would avoid recommending DPIs. A total of 42 out of 77 (54.5%) responders were aware
of this warning, yet 13 of these 42 (30.9%) continued to recommend lactose-containing DPIs without
hesitation and 18 of these 42 (42.8%) responders prescribed DPIs but considered allergy severity.
Conclusions: Almost half of certified, experienced pediatric pulmonologists and allergologists were
unaware of the warning to administer DPIs to patients with CMPA. Most doctors who do know of
this warning still continue to prescribe these DPIs.

Keywords: dry-powder inhalers; lactose; cow’s milk protein allergy

1. Introduction

Asthma affects millions of people worldwide, both children and adults [1]. Many
of these patients additionally suffer from aeroallergen sensitivities and food allergies,
including cow’s milk protein allergy (CMPA) [2].

Asthmatic patients use many different types of inhalers. For example, dry-powder
inhalers (DPIs) containing bronchodilators and inhaled corticosteroids (ICSs) are frequently
used as controllers and reliever therapies in asthma [3].

Many DPIs contain the excipient lactose, an inactive ingredient frequently found in
various medications. Lactose is a carbohydrate, milk sugar, and should not be confused
with milk proteins. Nevertheless, many web-based medication databases [4] and some DPI
leaflets [5–7] list CMPA as a contraindication, probably because, during manufacturing,
the purification process of lactose could theoretically result in contamination with milk
proteins and thus may hypothetically induce an allergic reaction in patients with CMPA.

Approximately 2–3% of infants and young children suffer from CMPA [8]. Approxi-
mately 80% of them outgrow it by age five, yet some continue to suffer from CMPA into
adult life [9], with a reported prevalence of approximately 0.5%. Some reports stated that
CMPA is more prevalent in asthmatic children [10].

Adverse reactions to lactose-containing DPIs in patients with CMPA are seemingly
rare, and so some authors have stated that patients with CMPA “need not avoid” DPIs
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containing lactose [11]. However, a meagre few case reports [12–16] over the last two
decades described patients with CMPA who developed an allergic reaction due to lactose-
containing DPIs and thus advised against their use in asthmatic subjects with CMPA.

Due to this wide variability, we decided to evaluate the knowledge, experience, and
approach of pediatric pulmonologists and allergologists to treating patients with CMPA
with lactose-containing DPIs.

2. Methods

A computerized Google Forms questionnaire link was sent via e-mail to all participants.
The message included a short explanation about the survey and a request to comply. The
mail was sent to all pediatric pulmonologists in the country via their society mailing list,
which includes 82 doctors. A similar e-mail was sent to all allergologists in the country via
their society mailing list, which included 150 doctors (part of which are immunologists). In
Israel, allergologists occasionally treat patients with asthma, both adult and pediatric. The
e-mails were sent to specialists and fellows indiscriminately.

The questionnaire was written in Hebrew by the principal investigator, with the aid
of clinical pharmacists and the co-authors. Almost all questions were multiple choice
questions, some permitting only one answer, while other questions accepted multiple
answers, as appropriate. The final two questions were open for free text answers.

The first section of the questionnaire included three basic questions regarding the
speciality type, years of experience, and the number of asthma patients seen per week
(to assess the overall patient number). The doctors were also asked whether they usually
inquire about aeroallergen and food allergen sensitization.

Next, the doctors were asked which dry-powder inhalers they routinely recommended.
The following question evaluated doctors’ awareness of the excipients found in dry-powder
inhalers. The subsequent section started with a question about the familiarity of doctors
with the warning of administering DPIs to patients with CMPA. This question was a split
point, i.e., if the reply was “yes”, the participant was forwarded to a specific question, while
if the reply was “no”, the participant was forwarded to a different question. Both paths
continued to ask about the doctors’ strategy to use or avoid DPIs while treating asthmatic
patients with CMPA. The last two questions were “free text”; the first question appeared
to participants who chose that they knew about allergic reactions to DPIs, and requested
them to describe the event. The final question was an open request for comments.

All the participants answered all the questions. The participant details were anonymized.
The results are presented as absolute numbers and percentages. The data are also presented
as bar graphs where appropriate. Only descriptive statistics were used.

3. Results

The poll was sent via e-mail to 232 doctors, 82 pediatric pulmonologists, and
150 allergologists, of whom only 77 responded. That is, the overall response rate was
33.2%. Most responders, 62 of 77 (80.5%), were pediatric pulmonologists.

Most responders (n = 69, 89.6%) were specialists, i.e., licensed and board certified.
Only eight responders (10.4%) were residents in their fields, either pediatric pulmonology
or allergy.

Of all the doctors who answered, 29 (37.6%) were specialists with over 15 years
of experience, 24 (31.1%) were specialists with 5–15 years of experience, and 16 (20.7%)
were young specialists with up to 5 years of experience. Eight residents (10.4%), who
were in their pulmonology or allergology subspeciality training at the time of the survey,
also responded.

Overall, forty-two doctors (54.5%) reported seeing approximately 1–20 patients per
week with a diagnosis of asthma or an asthma-like illness (33 of 62 pediatric pulmonolo-
gists, 53.2%, and 9 of 15 allergologists, 60%). Overall, 29 doctors (37.6%) reported seeing
approximately 20 to 50 patients per week with a diagnosis of asthma or an asthma-like
illness (25 of 62 pediatric pulmonologists, 40.3%, and 4 of 15 allergologists, 26.7%). Overall,
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three doctors (3.9%) reported seeing more than 50 patients with asthma or an asthma-like
illness per week (2 of 62 pediatric pulmonologists, 3.2%, and 1 of 15 allergologists, 6.7%).
Three additional doctors (3.9%) reported they do not see patients with a diagnosis of asthma
at all (2 of 62 pediatric pulmonologists, 3.2%, and 1 of 15 allergologists, 6.7%). Two of
these three doctors were residents, which probably meant they did not see patients by
themselves; the last doctor of the three was an experienced pediatric pulmonologist, and
thus we regarded his response as a selection/technical error.

We asked all participants about their routine medical patient interviews in regards
to allergies, specifically aeroallergens, and food allergens, including cow’s milk protein
allergy (CMPA) specifically, and lactose intolerance. A total of 11 (14.2%) out of all the
doctors reported they inquired about aeroallergen sensitization. In total, 53 (68.8%) out of
all the doctors reported they inquired about aeroallergen sensitization and food allergies,
including CMPA specifically. Nine (11.7%) doctors stated that they asked about aeroallergen
sensitizations, food allergies, including CMPA, and lactose intolerance. Two (2.6%) doctors
reported they asked only about lactose intolerance, and only one (1.3%) doctor reported
that they asked only about CMPA during a routine interview. Finally, one doctor (1.3%)
out of all doctors who responded stated that they did not routinely inquire about allergies
during history taking. To summarize, overall, 73 of 77 doctors (94.8%) who replied reported
they asked about aeroallergen sensitization and 63 (81.8%) of all doctors who replied also
asked about food allergies, including CMPA specifically.

When asked about Dry-Powder Inhalers (DPIs) in all dose ranges, that doctors rou-
tinely and frequently recommend for patients with a diagnosis of asthma or an asthma-like
illness, 68 doctors (88.3%) stated that they routinely recommend a combined long-acting beta-
agonist (LABA) plus an inhaled corticosteroid (ICS) inhaler, such as formoterol + budesonide
(branded as SymbicortR TurbuhalerR); 60 (77.9%) stated that they normally recommend
an ultra-LABA/ICS combination of vilanterol + fluticasone furoate (branded as BreoTM or
RelvarR Ellipta), and 17 doctors (22%) recommend DuoResp Spiromax, also a combined LABA
and ICS inhaler, containing formoterol and budesonide. A total of 29 doctors (37.6%) recom-
mend salbutamol, a short-acting beta-agonist (SABA), in a dry-powder inhaler formulation
(branded as VentolinR Diskus), 29 doctors (37.6%) recommend fluticasone (Flixotide) in a
discus dry-powder inhaler formulation, 29 doctors (37.6%) recommend a combined LABA
and ICS discus (salmeterol + fluticasone), branded as SeretideR or AdvairR. The cumulative
percentages mentioned are larger than 100% since multiple answers were allowed, and most
doctors indicated they recommend more than one type of inhaler on a regular basis. The
results are displayed in Figure 1. Several metered dose inhalers (MDIs) also appeared in
the responses, such as salbutamol (Ventolin), fluticasone (Flixotide), formoterol + fluticasone
(Flutiform), and formoterol + beclomethasone (Foster), but for the purpose of this study, these
MDIs were disregarded.

The doctors were then asked if they knew what excipients, that is, the non-active
ingredients, are routinely found in dry-powder inhalers. Sixty-two doctors (80.5%) indi-
cated they knew that DPIs contain milk sugar (lactose). Nineteen doctors (24.6%) indicated
they knew that DPIs contain milk protein. Some responders indicated that DPIs contained
certain excipients which they do not, as follows: eleven doctors (14.3%) indicated they
knew that DPIs contain CFC (Chloro-Fluoro-Carbons); eight (10.4%) indicated magnesium,
and seven (9%) indicated ethanol. The results are displayed in Figure 2. The cumulative
percentage is larger than 100% since multiple answers were allowed, and most doctors
marked more than one excipient.

The next question was a major one and inquired whether doctors are familiar with
the warning written in DPI leaflets and web-based drug databases regarding DPI admin-
istration to patients with cow’s milk protein allergy. It was phrased as follows: “in the
medication leaflet of some dry-powder inhalers, a warning exists about administration
to patients who have cow’s milk protein allergy; did you ever hear about this warning?”.
In total, 35 doctors (45.5%) answered that they had never heard about this warning and
42 (54.5%) answered that they knew and heard about this contraindication.
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Figure 1. Frequently prescribed Dry-Powder Inhalers for asthma.

The sub-divisions of these responses, according to the speciality, are displayed in
Figure 3. The pediatric pulmonologists (62 total) were fairly equally divided between those
who have heard (32 doctors, 51.6%) to those who have not heard (30 doctors, 48.4%) of this
warning; A total of 10 of the 15 (66.6%) of the allergologists who responded were aware of
this warning.

Of the 42 doctors who confirmed they were familiar with the warning of milk pro-
teins within DPIs, 13 doctors (30.9%) stated that they still continued to recommend and
prescribe DPIs to patients known to be allergic to the cow-milk protein, despite this clear
contraindication to administering dry-powder inhalers to patients allergic to milk protein.
Eighteen doctors (42.8%) stated that they continued to recommend and prescribe DPIs to
these patients, but they took the allergy severity into consideration. Eleven doctors (26.2%)
stated that they stopped prescribing DPIs to patients with cow’s milk protein allergy once
they learned of this warning.

Of the 35 doctors who replied that they had not heard of the warning, 4 doctors (11.4%)
stated that they would now stop prescribing DPIs for patients with cow’s milk protein
allergy and think of an alternative treatment. Seven doctors (20%) stated that they would
not start DPIs for these patients but rather would find an alternative. Nine (25.7%) doctors
reported they would continue prescribing DPIs for patients with cow’s milk protein allergy,
despite this warning. Fifteen doctors (42.8%) stated that they would consider stopping
DPIs in cow’s milk protein allergic patients, depending on their personal allergy levels.
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Figure 2. Responses regarding the excipients in Dry-Powder Inhalers. CFC—Chlorofluorocarbons.

 
Figure 3. Division of the awareness to the warning of Dry-Powder Inhaler administration in CMPA,
according to speciality.
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Finally, we asked all doctors to recall, to the best of their knowledge and memory, if
any of their patients who suffer from cow’s milk protein allergy and have received lactose-
containing DPIs, developed an allergic reaction. One doctor (1.3%) did not respond to this
question. However, the majority of responders, 54 doctors (70.1%), answered that they were
not aware of any allergic reactions that occurred to any of their patients who received DPIs.
Fifteen doctors (19.5%) answered that they did not prescribe DPIs to these patients. Seven
doctors (9%) answered that they did prescribe DPIs in the past, and there were suspicious
allergic reactions. Five of these doctors elaborated with free text and described the allergic
reactions as a “mild worsening of asthma symptoms”; no comment mentioned a severe
systemic allergic reaction that required systemic steroids or epinephrine administration.

4. Discussion

The most striking result of our survey is the fact that approximately half of the
certified, experienced pulmonologists and allergologists surveyed, who regularly treat
asthmatic patients, declared that they had never heard of the warning to administer lactose-
containing DPIs to patients with known CMPA. This contraindication is clearly stated in the
medical leaflet of these inhalers and also appears on internet-based medication databases,
although occasionally in confusing phrasing. Interestingly, most doctors, including those
who declared they were aware of this warning, stated that they continue to recommend
lactose-containing DPIs without hesitation to patients with CMPA. On the other hand, some
doctors, after participating in this survey, announced they would change their practice and,
from now on, would avoid lactose-containing DPIs in patients with CMPA.

None of our survey participants, with a collective experience of hundreds of years,
and tens of thousands of patients, reported they were aware of any systemic adverse
effects, especially not anaphylactic reactions, in patients with CMPA who received lactose-
containing DPIs. Similarly, in the literature, there are just a few reports about such events.

Nowak-Wegrzyn [12] et al. in 2004 wrote a letter to the JACI editor, reporting about
an 8-year-old boy with proven severe CMPA who used Advair Diskus, a lactose-containing
DPI, without any adverse events for several months. However, upon switching to a new
batch, he developed chest tightness which required anti-allergic medication; this was
further proven by a supervised challenge that eventually also required intramuscular
epinephrine. They obtained the powder from that specific inhaler and powder from other
lactose-containing DPIs and tested them for the presence of milk proteins using silver
staining and via the immuno-labeling of monoclonal anti-β-lactoglobulin, anti-α-casein,
and anti-β-casein antibodies. They indeed demonstrated the presence of milk proteins in
all DPIs, with wide lot-to-lot variability. They concluded that the purification process of
lactose might have unpredictable protein contamination and therefore advised to avoid, or
at least “use with caution” lactose-containing DPIs in patients with CMPA.

Morisset et al. [13] described an adult female with CMPA who presented with asthma
exacerbation after exposure to a lactose-containing DPI (formoterol). They concluded that
there was a risk of anaphylaxis in patients with CMPA who use lactose-containing DPIs.

Sa et al. [14] reported a 10-year-old boy with known CMPA, who also had asthma
symptoms, and thus was started on a fluticasone lactose-containing DPI. Firstly, this ad-
ministration caused peri-oral urticaria. After a second administration, he developed bron-
chospasms requiring systemic steroids. They concluded that the contamination of lactose
by milk proteins should not be neglected due to the potential risk of allergic reactions.

Robles et al. [15] also reported a case of a 9-year-old child with CMPA who had
asthma exacerbation following an administration of a lactose-containing DPI and also
concluded that lactose-containing inhaled medications should not be administered to
patients with CMPA.

Morikawa et al. [16] described a 6-year-old female with CMPA who developed an
anaphylactic reaction after inhalation with InavirR (laninamivir) to treat the flu. An analysis
with a skin-prick test and silver staining of the powder, plus Western blotting, proved the
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presence of trace amounts of β-lactoglobulin in the lactose excipient. They concluded that
lactose-containing DPIs may trigger an allergic reaction in patients with CMPA.

Besides these five reports, despite a meticulous search of PubMed, Google Scholar,
and other databases (using keywords such as dry-powder inhalers, lactose, milk allergy,
allergic/anaphylactic reaction, and others), we did not find any other case reports describ-
ing a possible adverse reaction to milk proteins contaminating lactose in DPIs. Therefore,
considering the large number of patients worldwide with CMPA who have most proba-
bly received DPIs, this is indeed an extremely uncommon phenomenon, or perhaps an
under-reported one.

Spiegel et al. [17] performed a chart review of 8418 asthmatics, of whom 278 had CMPA.
Of these, 21 took lactose-containing DPIs and were exposed to a total of 616 inhalers during
a total of 715 months. According to the charts, they did not identify any reaction attributable
to inadvertent milk protein exposure through these DPIs. Their data suggested that allergic
reactions in patients with CMPA taking these DPIs are rare. They concluded that the
“watchful vigilance for reactions, not avoidance of these medications, is appropriate”.

In our opinion, this strategy of watchfulness is unacceptable in potential life-threatening
allergic reactions. Coinciding with this, current inhaler leaflets clearly state that a severe
hypersensitivity to milk proteins is a contraindication to administering lactose-containing
DPIs, yet our survey of professional physicians who regularly treat asthmatic patients
indicated there was insufficient awareness of this possible hazardous effect. More so, many
physicians know of this warning yet choose to ignore it. With all this considered, true
life-threatening anaphylactic reactions to these inhalers are apparently very rare, possibly
because pharmaceutical companies have improved the lactose purification process over the
years or due to exposure route variability, i.e., the inhalation of milk proteins is different
from the ingestion of milk proteins and theoretically less immunogenic and allergenic.

Our study has limitations, firstly being a questionnaire study, which relies on the
memory of past events. Additionally, only a minority of allergologists answered the study,
predisposing the study to a response bias, as the answers might not represent this group.
However, overall, the majority of participants in our study were pediatric pulmonologists,
with a high rate of response.

To conclude: lactose-containing DPIs may theoretically occasionally contain milk
proteins and are therefore officially contraindicated for patients with severe CMPA. In
common practice, as evident from our single-nation survey of certified pulmonologists and
allergologists, approximately half were unaware of this warning and continued to prescribe
these DPIs to patients with CMPA. More so, many doctors who knew of the warning chose
to ignore it. Consequently, innumerable patients with CMPA have received these inhalers in
recent years. Remarkably, the medical literature of the past 20 years, and the collaborative
experiences of our surveyed doctors, contained just a few single reports describing adverse
reactions, suggesting that the true contamination of lactose with milk proteins causing
anaphylactic reactions is either indeed very rare, under-reported, or confounded by varied
allergic phenotypes. Clear, updated regulatory statements should be re-published, and
larger studies are required to further assess the safety of DPIs in patients with CMPA.
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Abstract: Background: Inhaled bronchodilators are frequently used among patients with primary
ciliary dyskinesia (PCD), although neither the effectiveness nor the prevalence of their use is known,
due to the paucity of relevant studies. Methods: This is a retrospective analysis of pre- and post-
bronchodilator spirometry results, of patients with PCD from two centers. Correlations were exam-
ined of bronchodilator response, with asthma and atopy markers. Results: Of 115 patients, 46 (40%)
completed spirometry pre- and post-bronchodilation. Of these, 26 (56.5%) demonstrated reversible
airway obstruction (increase in %FEV1 predicted ≥ 10%). Obstruction reversibility was not found
to be associated with a family history of asthma, blood eosinophil level, elevated IgE, or atopy
symptoms. Of the 46 patients who completed bronchodilator spirometry, 29 (63%) were regularly
using bronchodilators and inhaled corticosteroids. Conclusions: More than half of patients with
PCD presented with reversible airway obstruction, without any correlation to markers of personal or
familial atopy. Inhaled bronchodilators and corticosteroid therapies are commonly used for treating
PCD. Evaluating bronchodilator response should be considered, and its effectiveness should be
further studied.

Keywords: primary ciliary dyskinesia; airway hyperreactivity; airway obstruction; asthma;
bronchodilators; inhaled corticosteroids; spirometry

1. Introduction

Primary ciliary dyskinesia (PCD) is an uncommon, genetically heterogeneous disorder,
with a prevalence of approximately 1 in 15,000 births. The inheritance is usually autosomal-
recessive and results in dysfunction of motile cilia, leading to mucus stasis. Mutations
in more than 40 genes have been reported to cause PCD; the involvement of many other
genes is likely to be discovered. As PCD is more common in populations with closed
genetic pools, genetic heterogeneity is seen in socially isolated consanguineous populations.
Estimates of prevalence are scarce in populations outside of Europe, but the disease is
expected to be more common in certain populations, such as in Arab countries [1].

In the lungs, PCD manifests as a chronic progressive airway disease starting in the
neonatal period or during infancy, which then gradually advances to suppurative lung
disease with bronchiectasis in adult life [1,2]. About 50% of patients have situs inversus
(Kartagener’s syndrome). Situs ambiguus, including heterotaxy, is reported in up to 12% of
patients. Chronic rhinosinusitis, recurrent otitis media until conductive hearing impairment
and infertility are also common [1]. Airway pathology stems from a dysregulated cycle
of infection (with pathogenic bacteria including Pseudomonas aeruginosa) and inflamma-
tion [3]. Indeed, airway inflammation is common in PCD, as in cystic fibrosis (CF) and
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asthma; however, the pathomechanisms are different. In PCD, the inflammation is mostly
neutrophilic; whereas in asthma, eosinophilic Th2 inflammation is more common [4].

Individuals with PCD frequently use inhaled beta2-agonists, with or without saline
inhalations, to soothe shortness of breath and to enhance bronchodilation before chest phys-
iotherapy. However, the effectiveness of bronchodilators in PCD has not been documented,
due to the paucity of relevant studies [5].

Our study aimed to identify the frequency of airway reversibility following inhaled
bronchodilators in individuals with PCD. Furthermore, we aimed to correlate bronchodila-
tor response with markers of personal or family atopy.

2. Methods

This study reviewed medical charts of patients diagnosed with PCD who were fol-
lowed at Schneider Children’s Medical Center and Hillel Yaffe Medical Center. Inclusion
criteria: a diagnosis of PCD, based on electron microscopic examination or genetic diagnosis
of a defect in the dynein arm, according to accepted criteria; [2] and spirometry performed
before and after inhaled bronchodilators, according to ATS/ERS guidelines [6,7].

Standardization of pulmonary function tests:
Spirometry, performed both before and after inhaled bronchodilators, was evaluated

during routine follow-up visits. Spirometry was also conducted during exacerbations
that were marked by symptoms such as wheezing or dyspnea. For the purpose of this
study, the test that demonstrated the largest increase in %FEV1 following bronchodilator
administration was used.

Prediction equations that were used by both centers were the Knudson or ECCS/ERS
for patients aged 18 years and above, and Polgar for children younger than age 18 years. All
the patients followed standard instructions before performing spirometry, namely avoiding
the use of bronchodilators (short-acting beta2 agonists (SABA) at least 6 h prior the test,
and long-acting beta-agonists (LABA)/combined LABA and inhaled corticosteroids (ICS)
at least 12 h prior the test).

Definition:
Reversible airway obstruction was defined as an increase in the percentile predicted

FEV1, (%FEV1) by 10% or more [7].
Patient data:
The data collected included demographic details and measurements of weight and

height at the best-recorded increase in %FEV1 on spirometry. The atopy markers considered
were: known allergies, the highest value of serum IgE, and eosinophil count. First-degree
relative history of asthma was also documented. Other medical information collected from
the patient files included: respiratory symptoms after birth, the presence of situs-inversus,
recurrent wheezing, and the presence of consanguinity. Lastly, we documented whether
patients were receiving inhaled bronchodilators: SABA, LABA or ICS.

Statistics:
Demographic and clinical data were described using medians and ranges, or means

and standard deviations, as appropriate, according to group characteristics. To identify
differences between groups, Pearson’s chi-square test or Fisher exact test (two-tailed) were
used for categorical variables, and t-tests for normally distributed continuous variables.
The Mann–Whitney test was used for the distribution of continuous variables (such as age
across categories). Significant differences were defined as a p-value (a two-sided alpha
level) ≤ 0.05. The statistical analysis was performed with SPSS 22.0 (IBM, Armonk, NY,
USA) for Windows.

The Rabin Medical Center and Hillel-Yaffe Medical Center Research Ethics Committees
approved this retrospective study (Rabin IRB number: 0392-17-RMC; Hillel-Yaffe IRB number:
0087-22-HYMC).
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3. Results

Of 115 patients with PCD who were followed during the study period, 46 (40%)
fulfilled the inclusion criterion of at least one recorded spirometry test pre- and post-
bronchodilator use. Demographic and anthropometric characteristics are presented in
Table 1. The patients who were excluded were too young to perform satisfactory spirometry
or had not performed spirometry following bronchodilation. The median age at the best-
recorded spirometry was 12 years; the range was 5–48 years.

Table 1. Demographic and anthropometric characteristics of patients with primary ciliary dyskinesia,
according to airway reversibility.

Total
n = 46 (100%)

Without Airway
Reversibility
n = 20 (43.5%)

With Airway
Reversibility
n = 26 (56.5%)

p-Value

Sex (female) 20 (43.5%) 7 (35.0%) 13 (50.0%) 0.309

Ethnicity (n = 29/46, 63%)
Jewish 13 (44.8%) 7 (58.3%) 6 (35.3%)
Arabic 15 (51.7%) 5 (41.7%) 10 (58.8%) 0.379
Other 1 (3.4%) 0 1 (5.9%)

Consanguineous (n = 28/46, 61%) 14 (50.0%) 6 (50.0%) 8 (50.0%) 1.000

Height (cm) (mean (SD)) 149 (19.6) 146.7 (22.0) 151.5 (16.3) 0.24

Weight (kg) (mean (SD)) 44.6 (18.3) 42.9 (20.2) 46.6 (16.0) 0.345

BMI (kg/m2) (mean (SD)) 19.1 (3.9) 18.6 (3.9) 19.7 (3.8) 0.899

Airway obstruction reversibility:
Airway obstruction reversibility following inhaled bronchodilators, expressed as an

increase larger than 10% in %FEV1 of that predicted, was documented in 26 (56.5%) patients.
The median %FEV1 at baseline, predicted for age, was 72% (range 32–109%) among all the
patients, and 60% among those with bronchodilator reversibility (range 32–92%) during the
best-recorded spirometry. The median change pre- and post-bronchodilator use was 16%
(range 10–27%). Significant differences were not observed in the proportions of patients
with airway reversibility, between males and females, between ethnic groups (Jewish vs.
non-Jewish), nor between patients with and without documented familial consanguinity
(Table 1).

The median age was 13.5 (5–41) years among the patients with %FEV1 predicted ≥ 10%,
and age 11 (5–48) years among those with %FEV1 predicted < 10%; this difference was
not statistically significant. In an analysis that matched patients according to age, airway
reversibility correlated with worse %FEV1 predicted (p = 0.039) (Figure 1).
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Figure 1. %FEV1 predicted for age comparing patient with primary ciliary dyskinesia with or without
airway reversibility.

Asthma and atopy correlation:
Prevalences of self-recorded asthma and of asthma among first-degree family members

did not differ between patients with and without reversible airway obstruction (Table 2).
Family asthma data were missing for some patients, yet laboratory parameters of atopy
were available for most. Nonetheless, differences were not detected in maximal IgE levels,
or in eosinophil counts, between patients with and without reversible bronchial obstruction.

Table 2. Respiratory and asthma/allergy characteristics of patients with primary ciliary dyskinesia,
according to airway reversibility.

Total
n = 46 (100%)

Without Airway
Reversibility
n = 20 (43.5%)

With Airway
Reversibility
n = 26 (56.5%)

p-Value

Spirometry:

%FEV1 predicted
(median, range)

72 (32–109) 77 (61–109) 60 (32–92) 0.07

Reversibility in %FEV1

(median, range)
11.5 (0–27) 5 (0–8) 16 (10–27) <0.001

Age (years)
(median, range)

12 (5–48)
At best-recorded

spirometry
11 (5–48)

At best reversibility
13.5 (5–41) 0.301

Asthma/Atopy:

Familial asthma 6 (13.0%) 2 (10.0%) 4 (15.4%) 0.591
Atopy/allergy 4 (8.7%) 2 (10.0%) 2 (7.7%) 0.783

Eosinophils ≥ 5% 28 (62.2%) 14 (70.0%) 14 (56.0%) 0.336
IgE ≥ 100 IU 9 (20.0%) 5 (25.0%) 4 (16.0%) 0.453

Neonatal/Childhood characteristics:

Neonatal tachypnea or pneumonia
(n = 25/46, 54%)

19 (76.0%) 11 (91.7%) 8 (61.5%) 0.078

Recurrent wheezing (n = 22/46, 48%) 15 (68.2%) 4 (40.0%) 11 (91.7%) 0.010

ICS–inhaled corticosteroids.

Significant associations were not found of prior transient respiratory symptoms in the
newborn or of neonatal pneumonia, with airway reversibility. Notably, however, 91.7% of
the patients with documented airway reversibility also had previous documentation of
recurrent wheezing (p = 0.010).

The association of reversible airway obstruction with medication use
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Of the 46 patients evaluated, 29 (63%) were using bronchodilators (Figure 2). Of them,
21 (72%) demonstrated reversible airway obstruction. Of the 26 patients with reversible
airway obstruction, 21 (80%) were using inhaled bronchodilators (p = 0.005) (Figure 2).
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Figure 2. Inhaled bronchodilator and corticosteroid usage among patients with primary ciliary
dyskinesia.

ICS usage was also common among the patients. Of the 46 with available data,
26 (56.5%) were using ICS therapy regularly. Of them, 19 (73%) demonstrated reversible
airway obstruction. Of the 26 patients with reversible airway obstruction, only 7 (27%)
were not using ICS therapy (p = 0.01) (Figure 2).

4. Discussion

In this study of individuals with PCD, post-bronchodilator reversible airway obstruc-
tion was a common finding. Reversibility of airflow was found to be significantly associated
with prior documented recurrent wheezing. However, correlations were not found of re-
versible bronchial obstruction with atopy, elevated IgE, increased eosinophils, or a family
history of atopy. This study highlights the relations of the consistent use of bronchodilators
and ICS therapy, with the presence of reversible airway obstruction.

Of note, Phillips et al. [8] did not find a significant difference in the airway response to
exercise after bronchodilators (Salbutamol), between healthy people and people with PCD.
However, only 12 people were included in each group.

Airway reversibility was previously reported in about half of individuals with CF
who were receiving bronchodilator therapy [9]. Galodé et al., reported higher prevalence
of airway reversibility among younger patients: 73.5%, 48.5%, and 52.9%, in the 6–8 year,
10–12 year, and 15–17 year age groups, respectively. [10] Mitchell et al., reported a positive
response to methacholine in 51% of patients with CF, compared to 98% of patients with a
single diagnosis of asthma. [11] In that study, different dose–response curves highlighted
differences between the pathophysiologic mechanisms of the two diseases. Van Haren
et al. suggested a possible mechanism of increased vagal bronchomotor tone in CF, after
demonstrating a bronchodilator response to ipratropium bromide following exercise. [12]

In contrast to the documentations in individuals with CF, [9] this study revealed no
correlation between gender and airway reversibility among patients with PCD. However,
similar to the study on CF, [9] this study found no correlations of airway reversibility with
a family or personal history of asthma, or with atopy. The mechanisms suggested in both
CF and PCD are not related to asthma.

Bronchial airway reversibility has also been described in non-CF bronchiectasis. Singh
et al. showed bronchodilator reversibility in 30.4% of patients with non-CF bronchiectasis,
even after excluding those with asthma, allergic bronchopulmonary aspergillosis, and
chronic obstructive pulmonary disease, to avoid false-positive cases [13]. Furthermore,
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Guan et al. observed that patients with other reasons for bronchiectasis, who exhibited
significant bronchodilator reversibility, commonly shared a few important characteristics: a
higher bronchiectasis severity index, a higher prevalence of Pseudomonas aeruginosa isolation
and infection, and poorer lung function at baseline [14]. Therefore, chronic infection has
been suggested as responsible for bronchial hyperreactivity in bronchiectasis [15]. Given
its clinical significance, Bulcun et al., proposed that bronchial hyperreactivity should be
considered part of routine clinical evaluation in all patients with bronchiectasis [16].

The reason and mechanism for airway reversibility after bronchodilator use in bronchiec-
tasis, and in PCD specifically, is still unclear. The mechanism responsible for this reversibil-
ity is probably different from that in patients with asthma or CF. One hypothesis relates to
chronic airway inflammation, and effects of toxins, through infected or inflamed bronchial
mucosa, on bronchial muscle cells. Bronchial hyperreactivity possibly affects the clearance
mechanism, and perpetuation of the cycle of colonization of microbes and subsequent
inflammation [17].

Another hypothesis suggests that bronchodilators are responsible for slightly im-
proving the residual function of cilia in patients with mild cilia mutations and symptoms.
Bronchodilators are known for their ability to enhance mucociliary clearance, [18] and
could be beneficial for patients with PCD who have some residual ciliary movement. One
might ask whether the mucus removal effect that clears the airways between spirometries,
before and after inhaled bronchodilators, may be the cause for such difference. These
hypotheses should be re-evaluated in vitro.

As no curative option for PCD is currently available, treatment is directed at preventing
and managing disease complications. No recommendations have been issued for the
administration of bronchodilators, ICS, or combination therapy in the guidelines of PCD
treatment. [18] Some studies presented substantial heterogeneity in the management of
PCD, within and between countries [19].

We report that over half our patients used bronchodilators, and a similar proportion
used ICS therapy. Likewise, another study found that ICS are commonly prescribed in
PCD, often without evidence of type 2 airway inflammation [20]. The benefits of long-term
bronchodilators or ICS treatment in patients with PCD have not been demonstrated.

Notably, the BESTCILIA multicenter trial showed dramatically reduced pulmonary
exacerbations in patients with PCD treated with azithromycin than in a placebo group [21].
Macrolides are known to have bacteriostatic properties, as well as anti-inflammatory and
immunomodulatory effects. Several studies have researched the use of azithromycin for
treating other chronic respiratory suppurative diseases that are dominated by neutrophilic
inflammation [22]. As the effectiveness of other treatments has recently been investigated,
the long-term effects of bronchodilators and ICS should be further studied.

A strength of this study is its focus on objective measurements of maximal airway
reversibility over the entire course of a patient’s documented history. Additionally, the
patient data were accessed from two large PCD centers.

Limitations of our study include those of any retrospective study design, the lack of a
challenge test, variations in data availability among the numerous parameters investigated,
and the limited utilization of pre- and post-bronchodilator spirometry. In addition, this
study did not discern whether the maximal bronchodilator response occurred during a
stable disease period, during an acute pulmonary exacerbation, or during a viral infection
when a patient may be more prone to a positive response.

In addition to its presentation of the prevalence of bronchial reactivity among rare
diseases such as PCD, this study raises the question as to whether spirometry tests before
and after bronchodilators may lead to misdiagnosis of asthma instead of PCD. This issue is
important due to the high frequency of spirometry performed worldwide, before and after
bronchodilator use, to establish a diagnosis of asthma.

To conclude, reversible airway obstruction appears to be a central feature of PCD
lung disease. At present, the associated pathophysiology is poorly understood. However,
further research into this topic may inform future decision-making regarding inhaled
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bronchodilators and ICS therapy. Testing for bronchodilator response in bronchiectasis
is important, as it can assess prognosis and guide treatment [14]. The presence of bron-
chodilator reversibility should be considered an indication for prescribing bronchodilators
and ICS to all patients with PCD.
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Abstract: Wheezing at preschool age (i.e., before the age of six) is common, occurring in about 30%
of children before the age of three. In terms of health care burden, preschool children with wheeze
show double the rate of access to the emergency department and five times the rate of hospital
admissions compared with school-age asthmatics. The consensus document aims to analyse the
underlying mechanisms involved in the pathogenesis of preschool wheezing and define the risk
factors (i.e., allergy, atopy, infection, bronchiolitis, genetics, indoor and outdoor pollution, tobacco
smoke exposure, obesity, prematurity) and the protective factors (i.e., probiotics, breastfeeding,
vitamin D, influenza vaccination, non-specific immunomodulators) associated with the development
of the disease in the young child. A multidisciplinary panel of experts from the Emilia-Romagna
Region, Italy, addressed twelve key questions regarding managing preschool wheezing. Clinical
questions have been formulated by the expert panel using the PICO format (Patients, Intervention,
Comparison, Outcomes). Systematic reviews have been conducted on PubMed to answer these
specific questions and formulate recommendations. The GRADE approach has been used for each
selected paper to assess the quality of the evidence and the degree of recommendations. Based on
a panel of experts and extensive updated literature, this consensus document provides insight into
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the pathogenesis, risk and protective factors associated with the development and persistence of
preschool wheezing. Undoubtedly, more research is needed to improve our understanding of the
disease and confirm the associations between certain factors and the risk of wheezing in early life. In
addition, preventive strategies must be promoted to avoid children’s exposure to risk factors that
may permanently affect respiratory health.

Keywords: allergen sensitization; episodic viral wheezing; multiple trigger wheezing; paediatric
pulmonology; wheezing

1. Introduction

Wheezing at preschool age (i.e., before age six) is common, occurring in about 30%
of children before age three [1]. In terms of health care burden, preschool children with
wheeze show a doubled rate of emergency department access and five times the rate of
hospital admissions compared with school-age asthmatics [2]. An audit performed in
the UK among children with acute wheezing/asthma admitted to the hospital showed
that wheezing only with colds was common in younger children peaking at around three
years, whereas children between 12 and 24 months of age accounted for a quarter of
admissions [3].

Preschool wheezing can be described as a multifactorial disease influenced by various
genetic and environmental factors. At present, the understanding of the pathophysiology
and risk factors that contribute to the onset and persistence of wheezing in preschool
children is limited. Increasing evidence shows that it is a combination of different fac-
tors that contribute to the development of wheezing. Early viral infections [4], bacterial
colonisation [5] and allergen sensitisation [6] are among the most important in causing
wheeze and the subsequent development of asthma. These early life exposures, coupled
with genetically determined susceptibility, can affect the immune system in the early stages
of life and have a major impact on the natural history of the disease. In particular, early
and multiple sensitisation predicts a severe asthma trajectory [7]. Identifying risk factors
may allow the identification of measures and interventions to prevent the development of
preschool wheezing and, eventually, its evolution into childhood asthma.

This consensus document aims to analyse the underlying mechanisms involved in the
pathogenesis of preschool wheezing and define the risk factors (i.e., allergy, atopy, infection,
bronchiolitis, genetics, indoor and outdoor pollution, tobacco smoke exposure, obesity,
prematurity) and the protective factors (i.e., breastfeeding, vitamin D, probiotics) associated
with the development of the disease in the young child.

2. Materials and Methods

We set up a multidisciplinary panel of experts that included all the Heads of the
Paediatric Units of Emilia-Romagna Region, Italy, the Heads of the outpatient clinics for
pulmonology and allergology, a sample of primary care paediatricians (identified in each
province based on the number of the paediatric population according to ISTAT 2018 data)
and a patients’ association (Respiro Libero, Parma, Italy). This study group (named Emilia-
Romagna Asthma Study Group and described in detail in a previous publication on the
management of children with acute asthma attacks [8] included members with previous
experience in the development of documents and recommendations with the Grading of
Recommendations Assessment, Development, and Evaluation [9,10].

In order to assess risk factors and protective factors influencing the development of
preschool wheezing, clinical questions have been formulated by the expert panel using the
PICO format (Patients, Intervention, Comparison, Outcomes). Systematic reviews have
been conducted on PubMed from January 2008 to December 2021 using different search
strategies focused on wheezing pathogenesis (in particular atopy and respiratory infections),
risk factors associated with preschool wheeze onset or persistence and protective factors
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that may reduce the risk of developing the disease. Prospective or retrospective cohort
and case-control studies were included. Included studies investigated patients <6 years of
age (preschool age). Letters, comments, editorials and case reports were excluded. Only
full manuscripts published in the English language were included. Search strategies and
extended evidence tables are available in Supplementary Material S1.

Clinical questions were divided into 3 sections:
(1) Pathogenesis of preschool wheezing
Question 1. What is the role of infection in the pathogenesis of preschool wheezing?
Question 2. What is the role of atopy in the pathogenesis of preschool wheezing?
(2) Risk factors for wheeze development
Question 3. Does the presence of risk factors such as allergy/atopy influence the onset

and the evolution of preschool wheezing?
Question 4. Does the presence of risk factors such as previous respiratory tract

infection/bronchiolitis influence the onset and evolution of preschool wheezing?
Question 5. Does pollution influence the onset and evolution of preschool wheezing?
Question 6. Does genetics influence the onset and the evolution of preschool wheezing?
Question 7. Does obesity influence the onset and the evolution of preschool wheezing?
Question 8. Do prematurity and other perinatal factors influence the onset and the

evolution of preschool wheezing?
Question 9. Does smoke exposure influence the onset and the evolution of preschool wheezing?
Question 10. Is immunodeficiency a risk factor for the onset and the evolution of

preschool wheezing?
(3) Protective factors for wheeze development:
Question 11. Are probiotics protective for preschool wheezing development?
Question 12. Is vitamin D supplementation protective for preschool wheezing development?
Question 13. Is breastfeeding protective for preschool wheezing development?
Question 14. Is influenza vaccination protective for preschool wheezing development?
Question 15. Are non-specific immunomodulators protective for preschool wheezing development?
The GRADE approach has been used for each selected paper to assess the confidence

in the evidence (quality) and the degree of recommendations [11]. Recommendations are
graded as strong or weak after considering the quality of the evidence, the balance of
desirable and undesirable consequences of compared management options, the assump-
tions about the relative importance of outcomes, the implications for resource use, and
the acceptability and feasibility of implementation [12]. The panel then decided on the
strength of the recommendations. A dedicated voting process (collection of voting forms
through individual email messages) was developed for the present guidelines, and an on-
line meeting with the participation of the full voting panel was organized. More specifically,
voting panel members were provided with the results of the various literature searches, the
evidence summaries, the proposed recommendations, and the related GRADE tables. Each
voting member was then allowed to individually vote in favour or against each recommen-
dation, propose possible modifications, and judge each recommendation as strong or weak
according to GRADE rules. For recommendations with an agreement of <75%, further
voting rounds were conducted after implementing dedicated amendments based on the
provided comments. After reaching an agreement of ≥75% for all recommendations, all
the authors reviewed and approved the final manuscript and Supplementary Material S1.

3. Results

3.1. Pathogenesis of Preschool Wheezing
3.1.1. PICO Question 1. What Is the Role of Infection in the Pathogenesis of
Preschool Wheezing?
Executive Summary

In young children, viral infections are the most important triggers of wheezing, partic-
ularly for the phenotype called episodic viral wheezing (EVW). These viral infections are
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mostly due to human rhinovirus (HRV), respiratory syncytial virus (RSV), human metap-
neumovirus (HMPV) and influenza virus (IV) [13–16]. If respiratory tract infections (RTIs)
are the main reason for wheeze development is unclear. Some studies suggested that cer-
tain children are more prone to be severely infected because of dysregulation of the innate
immune response, such as low antiviral interferon-gamma (IFN-y) production in response
to viral infection or structural airway pathologies [17]. Interestingly, Chawes et al. showed
that bronchial hyperresponsiveness in at-risk neonates precedes severe acute bronchiolitis
in response to respiratory viral infections [18].

HRV is the most commonly identified virus involved in wheezing exacerbations in
preschool and school-aged children [19]. HRV is usually predominant in patients with
no history of wheezing [14]. HRV infection at one year of age has been proven to be the
strongest predictor for wheezing episodes at three years of age [14,20–22] and recurrent
wheezing development [13,15,16,23–25]. HRV infections may increase airway sensitisation
and inflammation by different mechanisms: altering the epithelial barrier [26], inducing
the release of epithelial cytokines (i.e., interleukin [IL]-25 and IL-33) with T-helper (Th2)
inflammation and production of IL-4, IL-5 and IL-13 [27], stimulating the production of
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-8, IL-1α, IL-1β and
eventually contributing to airway remodelling by stimulating angiogenesis and differentia-
tion of myofibroblasts with the release of extracellular matrix proteins [28,29].

On the other hand, RSV is the most frequent cause of lower RTI, mainly bronchiolitis,
in infants [19]. Several epidemiological studies demonstrated that a history of severe
RSV bronchiolitis is associated with subsequent persistent wheezing, childhood asthma or
both [10,26]. RSV infection causes necrosis of the bronchiolar epithelium with subsequent
submucosal oedema, recruitment of polymorphonuclear leukocytes and massive release
of pro-inflammatory mediators, increased mucus secretion and bronchoconstriction. The
disproportionate release of pro-inflammatory mediators induces a massive infiltration of
monocytes and polymorphonuclear cells that may impair the immune response with a
switch towards a Th1 response and a reduced IFN-γ-dependent viral clearance [30].

Respiratory viral infections may precede bacterial colonisation, as shown by positive na-
sopharyngeal culture for at least one bacterium among Moraxella catarrhalis, Haemophilus influenzae
or Streptococcus pneumoniae in 60% of patients with respiratory symptoms lasting more than
ten days [31]. The evidence on the role of airway bacterial colonisation and airway micro-
biome in wheeze and asthma pathogenesis is constantly increasing, with several studies
showing that children with preschool wheeze have lower airway infection or colonisation
with pathogens like M. catarrhalis, H. influenzae or S. pneumoniae [5,32–36].

In the prospective cohort Childhood Asthma Study (CAS), viral RTIs in the first
two years of life have been associated with the prevalence of M. catarrhalis, S. pneumoniae
and H. influenzae and persistent wheeze at five years old in those with early allergic
sensitisation [36]. Schwerk and colleagues demonstrated with a retrospective analysis
that patients with recurrent or persistent wheeze presented chronic bacterial colonisation
with bronchoalveolar lavage (BAL) cultured positive for H. influenzae, S. pneumoniae and
M. catarrhalis and airway neutrophilia [33]. This finding suggested that children with
severe wheezing may be early colonised and may be particularly susceptible to these
pathogens, leading to neutrophilia and chronic infection unresponsive to inhaled corti-
costeroids (ICS) [37]. However, randomised controlled trials showed no difference in the
number of wheeze episodes and the need for oral corticosteroids in children treated with
antibiotics [38,39].

Moreover, a significant relationship between Mycoplasma pneumoniae and Chlamydophila pneumoniae
with wheezing in preschool children, particularly in subjects with a history of recurrent
episodes, has been reported [40]. Children with wheezing and acute M. pneumoniae infection
seem to have a specific cytokine profile characterised by a significant increase in serum
levels of IL-5 [41].

Aberrant respiratory microbiota was evident since birth in children experiencing
more than two episodes of respiratory tract infections suggesting a trajectory starting
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from the first month of life. These patients showed a decreased microbial community
stability, a prolonged reduction of Corynebacterium and Dolosigranulum, and enrichment
of Moraxella spp. [42]. A complex interplay between environmental factors and genetic
predisposition is considered to shape the lung and gut microbiome in early life [43,44].

Recommendation 1. There is evidence that mainly viruses can trigger wheezing in
young children. RSV and HRV are the main viruses involved in wheezing pathogenesis.
Quality of evidence: Moderate.

3.1.2. PICO Question 2. What Is the Role of Atopy in the Pathogenesis of
Preschool Wheezing?
Executive Summary

Compared to school-age asthma, which is typically allergic and characterised by type
2 inflammation, little is known about the immunopathology of preschool wheeze. Many
children with EVW are not atopic, show bacterial or viral infection in the airways and do
not benefit significantly from corticosteroids that are usually effective in allergic asthma,
suggesting allergy is not the main driver of disease [44]. On the other hand, children with
severe recurrent multi-trigger wheezing may be atopic and have evidence of increased
numbers of eosinophils in BAL and endobronchial biopsies [44–47]. These children might
be at higher risk of developing asthma at a later age [46]. Asthma and atopy share many
genetic risk variants that dysregulate the expression of immune-related genes [48,49].

Lower airway eosinophilia suggests corticosteroid responsiveness, and in support
of this, persistent wheezers show some benefit while taking ICS [7]. A prospective cross-
sectional study performed by Guiddir et al. analysed airway inflammation with BAL and
characterized a phenotype of severe recurrent wheezers with sensitisation to aeroallergen
and response to ICS [50], suggesting that preschool wheezers with aeroallergen sensitization
may also have lower airway eosinophilia. Three-year-old children with multi-trigger
wheezing showed the classic pathological features of asthma, like submucosal eosinophilia
and reticular basement membrane (RBM) thickening [37,47,50,51].

In a prospective study, Just et al. investigated the critical thresholds of common
biological markers of atopy in persistent wheezy infants [52]. A cohort of infants (n = 219,
<30 months old) with recurrent wheezing were enrolled and followed up until the age
of 6. Blood eosinophilia (blood count ≥470/mm3) and elevated IgE (total serum IgE level
≥45 IU/mL) during infancy were associated with persistent wheezing at six years of age.
The main discriminative parameter of wheezing persistence was eosinophilia: lack of
eosinophilia in infancy could account for 91% of subjects in remission when combined
with the absence of allergic sensitisation remission correctly predicted in 96.9% of the
study population [52]. Children with aeroallergen sensitisation and/or blood eosinophils
>300 cells/mm3 showed the greatest response to daily ICS in the Individualized Therapy
for Asthma in Toddlers (INFANT) [53].

The role of IgE was also assessed during wheezing exacerbation in an observational
study by Jartti et al. [54]. In 247 children hospitalised for wheezing (median age 1.6 years),
atopy and number of exacerbations were closely related to HRV etiology (OR 4.59; 95%
CI 1.78–11.8), followed by aeroallergen sensitisation (OR 4.18; 95% CI 2.00, 8.72), total
IgE level (OR 2.06; 95% CI 1.32–3.21), food allergen sensitisation (OR 2.02; 95% CI 1.08,
3.78) and nasal eosinophil count (OR 1.52; 95% CI 1.08–2.13) [54]. Nasal eosinophils were
found to increase during RTI in a cohort of 35 young children (age range, 6–33 months)
and, after adjustment for age, sex, family history, and allergies were predictive of further
episodes of wheezing over the subsequent two months (adjusted OR: 27.618, p = 0.016) [55].
Eosinophils were found to also increase in the sputum of preschoolers with severe wheeze
and were associated with high blood eosinophil count, high serum total IgE and high
allergen detection rate [56].

On the other hand, Ater et al. did not show any difference in sputum eosinophilia
between preschoolers with wheezing and healthy peers but demonstrated that wheezers
had higher asthma predictive index (S-API) and greater bronchial hyperresponsiveness [57].
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Similarly, a positive API was associated with a higher risk of recurrent wheezing in infants
(OR: 5.57; 95%; CI 2.23–7.96) [58].

The role of atopy may start early in utero, as suggested by an interesting case-control
study where the cord blood of newborns at risk of atopy (family history of asthma) was
stimulated for T cell cytokine production. At two years of age, children with wheezing pre-
sented increased production of T-cell cytokines IL-2 and IL-5, with IL-5 being the strongest
risk factor associated with the development of wheeze (OR: 35; 95% CI, 5.0–246.7) [59].

Recommendation 2. Recurrent multi-trigger wheezing often presents a severe clinical
spectrum, can be associated with atopy more frequently than EVW and might expose the
child to a higher risk of developing asthma at a later age. Aeroallergen sensitisation and
blood eosinophils can be used as biomarkers to identify responses to ICS in a recurrent
preschool wheeze.
Quality of evidence: Moderate.

3.2. Risk Factors for Wheeze Development
3.2.1. PICO Question 3. Does the Presence of Risk Factors Such as Allergy/Atopy Influence
the Onset and the Evolution of Preschool Wheezing?
Executive Summary

Multiple aeroallergen sensitisations are associated with persistent wheezing and
progression to asthma [60,61]. Atopy and allergy have a pivotal role as risk factors in
preschool wheezing, as shown by many studies conducted all over the past years.

In the Urban Environment and Childhood Asthma (URECA) longitudinal birth cohort
study, cumulative exposure over the first three years of life to cockroach, mouse and
house dust mite allergens in the home environment was associated with sensitisation to
those allergens at age three and sensitisation was associated with recurrent wheeze at
three years [62]. Particularly, a strong association has been found between atopy and the
intermediate onset of wheezing (onset after 18 months of life) [63]. Furthermore, high
blood eosinophil count (≥470/mm3), allergic sensitisation and a family member (father)
with asthma have been implicated in the persistence of wheezing [64]. A sex-dependent
association between parental allergic conditions (asthma) and the prevalence of wheezing
in offspring has been found: maternal asthma seems to be associated with asthma in girls
but not in boys, while the opposite is seen for paternal asthma [65].

Wheeze, allergic rhinitis and atopic eczema were more frequent in children with high
total and specific IgE [66]. In particular, anti-cockroach and anti-mouse IgE were specifically
linked with the risk of developing both wheezing and atopy [67]. Interestingly, good control
of allergic rhinitis reduced the risk of acute exacerbation of wheezing in the first six years
of age [68].

A further correlation has been suggested between eczema and wheezing: eczema,
and especially early eczema, has been associated with an increased risk of childhood
asthma [69,70] but also with an increased risk of developing allergic airway diseases
later in life [71]. Furthermore, the risk of developing asthma increases when eczema is
combined with wheezing episodes in infancy [72]. Another study has combined eczema
and sensitisation to inhaled allergens with hospital admissions for wheezing in the first
three years of life, thus resulting in eczema as a strong predictor of asthma [73]. The
combination of eczema and food allergy was associated with an increased risk of asthma at
age four years, and this risk was higher if the allergy was proven for two or more foods [74].

Interestingly, Illi et al. investigated the pattern of atopic sensitisation typically asso-
ciated with the development of asthma in childhood, showing that sensitisation to any
allergen early in life and sensitised to inhalant allergens by the age of seven years was
associated with a significantly increased risk of being asthmatic and maternal transmission
may determine both a certain pattern of sensitisation and the expression of asthma [75].
Moreover, they showed that the chronic course of asthma characterised by airway hyper-
responsiveness and impairment of lung function at school age is determined by continuing
allergic airway inflammation beginning in the first three years of life [76]. However, chil-
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dren with a non-atopic wheezing phenotype lose their symptoms over school age and
retain normal lung function at puberty.

Recommendation 3. Young children with recurrent wheezing and atopic eczema,
sensitised to allergens or blood eosinophilia, are at higher risk of asthma at a later age.
Quality of evidence: High.

3.2.2. PICO Question 4. Does the Presence of Risk Factors Such as Previous Respiratory
Tract Infection or Bronchiolitis Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

By applying metatranscriptomic, transcriptomic, and metabolomic approaches to
infants with bronchiolitis, recent studies found an interplay between major pathogens, their
function, and host response in the airway, and their longitudinal relationship with asthma
development [42,43].

Viral RTIs occurring early in life have been accounted for as important triggers of
wheezing episodes in infancy, and many studies have shown an association with the
subsequent development of persistent wheezing in preschool age. A meta-analysis includ-
ing 22 cohort studies assessed the association between wheezing and lower RTIs (LRTIs)
in childhood, demonstrating that LRTIs before three years of age increased the risk of
wheezing development not only in childhood but also in adolescence and adulthood [77].
Other observational studies showed that LRTIs occurring during the first three years of life
were associated with increased wheezing episodes and overall respiratory morbidity (i.e.,
bronchitis, pneumonia) in the following two years [18,78–80]. This was particularly evident
in children with a family history of atopy or allergy. The risk of developing wheezing
following an LRTI like bronchiolitis increases for children with congenital heart disease [81]
or children exposed to tobacco smoke [82].

Bronchiolitis is one of the commonest LRTIs in infancy. Epidemiological data show
that 3–5% of infants develop severe bronchiolitis requiring hospitalization during their
first year of life and that more than 30% will develop recurrent wheezing and asthma [83].
Being hospitalized for bronchiolitis in the first year of life can be a risk factor for preschool
wheezing [84,85], particularly in children with respiratory comorbidities and atopy [86].
The need for intensive care for RSV-induced bronchiolitis or severe infections RSV-related
were associated with an increased risk of recurrent wheezing episodes by age three years
and asthma by age four years [87,88]. Two systematic reviews and other observational
studies confirmed the association between RSV infection requiring hospitalization in in-
fancy and wheezing or asthma development [89–92]. Similar results were obtained when
studying children born preterm [93–95]. Recently, a large retrospective study on 68,130
infants reported that those (30.7%) hospitalized for RSV-bronchiolitis had more than a
2-fold risk of developing recurrent in the first year of age [96]. A recent meta-analysis of
35 studies estimated the effect of RSV infections on later wheezing as OR 4.17 (95% CI
2.36–7.37), but after adjustment for genetic and environmental influences, the effect size
reduced by about 50% (aOR 2.45 (95% CI 1.23–4.88), suggesting that the association was
non-causal [97].

Despite the results of one study where no association was found between other viruses
different from RSV and recurrent wheezing at five years [94], increasing evidence shows
that HRV is deeply implicated in the development of wheezing and asthma later in life.
HRV infection is the most common cause of LRTI and wheezing after six months of age [98]
and the most common trigger of acute preschool wheeze episodes [99]. A prospective cohort
study comparing the clinical differences between HRV and RSV-induced wheezing showed
that children infected by HRV experienced wheezing more often and earlier than children
infected by RSV [100]. HRV infection increases the risk of wheezing requiring hospital
admission [101], and the risk of wheezing episodes in the following year [25]. If HRV results
in bronchiolitis in atopic subjects, there is a major risk of developing recurrent wheezing
and subsequent asthma, compared to RSV-infected atopic subjects [102,103]. A recent
meta-analysis summarized this evidence and showed that children with HRV-bronchiolitis

77



J. Clin. Med. 2022, 11, 6558

were more likely to develop recurrent wheeze than subjects affected by RSV-bronchiolitis
(OR 4.11; 95% CI 2.24–7.56) [101].

A single prospective cohort study by Reimerink et al. investigated the relationship
between early intestinal viral infections and the development of eczema, wheeze and
atopic sensitization during the first and the second year of life [104]. Seropositivity for
immunoglobulin (Ig)G for Rota- and Norovirus (GGI.1 and GGII.4) at one year of age was
related to early allergic sensitization (specific IgE), parental reported eczema and wheeze
in the first two years of life. Furthermore, Rotavirus seropositivity was associated with
an unexpectedly higher risk of recurrent wheeze in the first and second year of life and
persistent and new recurrent wheeze (adjusted OR 2.7 and 95% CI 1.1–6.2) [104].

Recommendation 4. Infants with bronchiolitis represent a high-risk group for recurrent wheezing.
Quality of evidence: High.

3.2.3. PICO Question 5. Does Pollution Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Environmental pollution has been consistently associated with negative effects on
the respiratory health of children [105]. Children are particularly sensitive to the damages
of inhaled pollution since they undergo rapid lung growth, have higher respiratory rates
and have the greatest exposure since they spend most time outdoor [105]. However, most
of the studies on the association between pollution and wheeze development consist of
observational studies.

Increasing attention has been paid to traffic-related air pollution (TRAP) as a risk
factor for respiratory diseases. Some studies suggested that exposure to moderate levels of
TRAP can favour the development of persistent wheezing [106,107], but the duration of the
exposition seems crucial. Exposition to pollutants in the first four years of life leads to an
increased risk of wheezing exacerbations, although only a continuous exposition in the first
seven years may lead to the development of asthma [108]. Other studies confirmed that a
certain degree of correlation exists between TRAP and the incidence of preschool wheezing
but not with the incidence of asthma [109]. TRAP exposure may be implicated in more
frequent and severe exacerbations in children already suffering from recurrent wheezing,
whereas living in green areas may be protective [110].

Some studies on ex vivo bronchial epithelial cells confirm a direct correlation between
air pollution, viral infections and wheezing exacerbations. Short-term exposure to high
levels of nitrogen dioxide (NO2) and particulate matter (PM)10 may favour wheezing since
this exposure seems associated with reduced interferon-β response to viral infections [111].
The same group demonstrated that in children with wheezing, prolonged exposure to
PM10 correlated with RBM thickness and airway eosinophilia, likely contributing to the
development of asthma by airway remodelling and inflammation [112].

Other studies have focused particularly on the type and levels of TRAP, trying to
deduce differences between different pollutants. Some studies have not found specificity
considering PM2.5, PM10 or NO2 levels involved in wheezing exacerbations [113], while
others have found certain differences. Particles with lower diameters (especially PM1 and
PM2.5) are associated with higher risk than particles with bigger diameters [114,115]. The
role of pollutants deriving from industrial emissions (oil refineries, metals smelters or
others types of industry) has been assessed in an interesting study where the exposure has
been linked to hospital admission for wheezing diseases [116].

Since defining the burden of a single pollutant on wheeze development is very difficult,
studies often take into account the role of co-variables. In a wide case-control study [114],
the combination of parental asthma, parental education, maternal smoking during preg-
nancy, and TRAP has been linked to an increased risk of developing persistent wheezing
and asthma. Moreover, RNA-based epigenetic mechanisms—mainly microRNA post-
transcriptional regulation—could serve as key epigenetic mediators of the link between air
pollution and asthma [117–119]. Heterogeneity in the definitions of TRAP exposure and
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asthma outcomes has led to confusion in the field [118,119]. However, novel information re-
garding the molecular characterization of asthma phenotypes, TRAP exposure assessment
methods, and epigenetics are revolutionizing the field.

The so-called indoor pollution also has a role in affecting respiratory health. Some
studies have investigated household indicators of dampness (visible mould spots, win-
dow pane condensation or damp stains) and found they were associated with preschool
wheezing [113,120], in particular with early onset wheezing and delayed remission. In a
comprehensive prospective cohort Japanese study, mould growth and wood stove/fireplace
were related with significantly higher ORs for wheezing (mould growth: 1.13; 95% CI,
1.06–1.22; wood stove/fireplace: 1.23; 95% CI, 1.03–1.46) [121]. The use of household
chemicals and other cleaning products may also have a role in respiratory outcomes, but
the evidence is still scant [122,123].

Particular attention should be paid to the prenatal and perinatal periods. Urbanization
levels (according to various indicators), alongside sex, age and geographic region, have been
significantly associated with prematurity and wheezing exacerbations [124]. Furthermore,
prenatal exposure to certain molecules (high-molecular-weight phthalates, bisphenol-A)
might give rise to wheezing symptoms and respiratory tract infections throughout child-
hood and asthma later in life [125].

Recommendation 5. Traffic-related air pollution may favour wheezing via a reduced
response to viral infections. Both outdoor and indoor pollution can influence the respiratory
health of young children from conception and birth.
Quality of evidence: Moderate.

3.2.4. PICO Question 6. Does Genetics Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Genome-wide association studies (GWAS) on preschool wheezing have been gradually
published over the years, and evidence has begun to emerge regarding specific loci of
susceptibility involved in this disease. Single nucleotide polymorphisms (SNPs) have been
identified, and a specific locus of chromosome 17 (17q12-q21) has been the object of many
studies [126–133].

One study has linked an SNP, rs7216389, with an increased risk of recurrent wheezing
but also with asthma and asthma exacerbations [126]. This correlation is present from
preschool to school age, but its role has been ascertained only for early-onset disease and
not late-onset. A case-control study goes in the same direction, linking rs7216389 SNP with
early-onset wheezing (until five years of age) but not with adult-onset asthma [127].

Many studies have focused on the association of SNPs of inflammatory cytokines
with preschool wheezing. IL-10 rs1800896 SNP (in heterozygosity state) is significantly
associated with the development of preschool wheezing after a severe LRTI in early in-
fancy [128]. On the other hand, homozygosity for rs1800896 allele G (genotype G/G)
represents a protective factor from asthma development [128]. Another SNP regarding IL-4,
rs2070874 and specifically the genotype T/T, has been associated with a severe phenotype
of viral-induced wheeze [129].

Studies on IL receptors have also been conducted. The homozygous variant of IRAK4
(IL-1 receptor-associated kinase-4), rs4251513, has been constantly associated with post-
bronchiolitis wheezing episodes and asthma medication use at school-age [130]. IL-10, IL-4,
IRAK-4 and many others are implicated in the inflammation pathways leading to viral
respiratory infections.

Some genetic studies have also investigated the role of Toll-like receptors (TLR) after
bronchiolitis. In particular, TLR-1 SNP rs5743618 has been associated with increased asthma
prevalence during the first six years of life if bronchiolitis had been contracted within the
first six years of life [131]. However, TLR-2 SNP rs5743708 did not show any correlation
with wheezing [131]. In addition, an SNP in TLR-10, rs4129009, has been associated with
preschool wheezing after an episode of bronchiolitis in infancy [132].
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Other molecules have been investigated to better explain wheezing development
in certain subjects. A case-control study conducted in preschool wheezers prospectively
followed until six years of age found that intercellular adhesion molecule 1 (ICAM-1) SNP
rs5498 was positively associated with asthma development [133]. A study on filaggrin
(FLG) loss-of-function mutations highlighted its role in the pathogenesis of asthma and
food sensitization [134].

However, although numerous studies investigated genetic susceptibility, the evidence
of important genes being responsible for preschool asthma is low.

Recommendation 6. Some individuals have a genetic susceptibility and are predis-
posed to develop preschool wheezing at first and eventually asthma later in life. At present,
little can be done to modify genetic susceptibility, but environmental exposures can be
adjusted to reduce this risk and potentially work on primary asthma prevention.
Quality of evidence: Low.

3.2.5. PICO Question 7. Does Obesity Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

Obesity is an important risk factor and a disease modifier for many respiratory diseases,
including childhood asthma. This condition increases susceptibility to respiratory infections
and hospitalization [135].

Excessive weight gain in early life is considered a risk factor for wheezing in preterm
and term babies. Preterm babies are at particular risk for this condition since they often
experience the so-called catch-up growth, an increased growth rate following low birth
weight and intrauterine growth retardation. In a cohort of children born preterm, acceler-
ated foetal growth between the first trimester of pregnancy and birth was associated with
increased wheeze-ever [136]. Compared to term-born children without weight gain in the
first nine months of life, children born preterm (≤32 weeks of gestational age) with rapid
weight gain had a fivefold higher risk of wheeze-ever (OR 5.04; 95% CI 3.36–7.54) [136].

Kotecha et al. specifically studied the effect of catch-up growth on wheezing pheno-
type, which was associated with early wheezing but not with persistent or late wheezing,
suggesting that different mechanisms, such as atopy, may be more important in later
age [137]. Rapid weight gain in early life may lead to impaired growth of the lungs, a
condition known as dysanapsis, whereby somatic growth exceeds that of lung growth [137].
In addition, the adipose tissue may release pro-inflammatory mediators like leptin, which
have been associated with airway remodelling [138].

A similar risk and lower lung function were also found in children born at term
with rapid weight gain in early life [139,140]. Some longitudinal studies have investi-
gated the relationship between overweight and respiratory diseases in toddlers and older
children [141–144]. A prospective cohort study of 731 children aged three to eight found
that increased body mass index (BMI) at three and five years of age was associated with a
higher risk of recurrent wheezing with no differences between girls and boys [142]. This
was not true in the eight-year-old group, where an increased BMI was associated with an
increased risk of recurrent wheezing in girls but not boys [142]. Data analysis from the
combination of eight different prospective birth cohort studies, including 12,050 children,
demonstrated that children with rapid BMI gain in the first two years of life were at higher
risk for incident asthma up to age 6 compared with children with less pronounced weight
gain slope in early childhood [143]. In the CHILD Cohort Study including 3154 children fol-
lowed up from three months to five years of age, higher BMI at one year of age remained an
independent risk factor for all the wheeze trajectories (transient wheeze, intermediate-onset
wheeze and infantile-onset persistent wheeze) after adjustment for other factors [144].

Recommendation 7. Rapid weight gain in infancy and high BMI is associated with an
increased risk of wheezing in preschool age.
Quality of evidence: Low.
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3.2.6. PICO Question 8. Do Prematurity and Other Perinatal Factors Influence the Onset
and the Evolution of Preschool Wheezing?
Executive Summary

In addressing birth-related risk factors for wheezing and asthma, the impact of prema-
ture birth must be considered. The prevalence of premature birth (<37 weeks gestation) is
about 10% worldwide [145]. Over the years, many studies investigated the association be-
tween gestational age and childhood wheezing disorders [146–149], showing that preterm
birth was associated with an increased risk of wheezing [147,148,150]. The population
is usually stratified in very preterm (<32 weeks of gestation), late preterm (32–36 weeks
of gestation), early term (36–38 weeks of gestation) and term (38–41 weeks of gestation)
infants and findings show that the risk of wheezing is proportional to prematurity with the
highest risk in children born very preterm, particularly if they develop bronchopulmonary
dysplasia [147,148,150,151].

When preterm birth is combined with a personal history of atopy and living with
two or more children, the risk of recurrent wheezing increases [152]. However, when
interpreting these findings as suggested by a systematic review and meta-analysis on this
topic, several factors (i.e., sex, maternal smoking, restricted growth and parental atopy or
asthma) may confound the association between preterm birth and wheezing disorders since
for example, maternal smoking may be a trigger both for preterm birth and for wheezing
as well as intrauterine growth restriction [148].

A growing body of literature has highlighted the importance of prenatal and peri-
natal factors on the subsequent development of recurrent wheezing and asthma. Con-
sidering prenatal factors, many studies sustained that an increased risk of childhood
wheezing disorders may begin as early as an in utero exposure to maternal ascending
infection [153], chorioamnionitis [154], mother’s quality of life (QoL) [155], stress [156–158]
or depression [155]. Furthermore, a correlation between caesarean delivery (CD) and the
risk of developing wheezing in the first three years and asthma in the first four years
has been hypothesized [159,160]. Moreover, asthma exacerbations during pregnancy in
women with asthma showed an increased risk of early childhood respiratory disorders
in their children [161]. All these factors can result in smaller airways, altered foetal im-
mune responses and low birth weight. Birth weight is one of the main predictors of lung
function in infants [162], children [163] and also in later age as demonstrated by the linear
relationship with lung function at age 45–50 years found in the Aberdeen Birth cohort [164].
Furthermore, low birth weight, particularly if associated with intrauterine growth restric-
tion, is a well-known risk factor for wheezing and asthma [165]. Perinatal factors, including
infections, hyperoxia, and mechanical ventilation, are all associated with premature birth
and negatively impact lung development and airway reactivity [148].

Overall, children born preterm experience disruptions in lung development and may
experience significant shifts from the physiologic lung function trajectory and are at higher
risk for respiratory morbidity throughout life [166]. Especially children born very preterm
(<28 weeks of gestational age) are at the highest risk for bronchopulmonary dysplasia and
can show obstructive patterns in lung function, eventually developing chronic obstructive
pulmonary disease in adult age [166].

Recommendation 8. Preterm birth and low birth weight are important early life risk
factors for wheezing disorders in childhood. Extremely preterm infants are at the highest
risk for respiratory problems and may have lower lung function trajectories across all ages.
Quality of evidence: Moderate.

3.2.7. PICO Question 9. Does Smoke Exposure Influence the Onset and the Evolution of
Preschool Wheezing?
Executive Summary

The largest body of evidence on environmental risk factors affecting wheeze devel-
opment relates to cigarette smoking. Tobacco smoke exposure antenatally in utero was
associated with reduced lung function at birth [158] and later in life [167], with wheez-
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ing and asthma in childhood [168] and more globally with negative interference in lung
function and life trajectories [169,170].

Two large independent meta-analyses documented maternal smoking and passive
smoke exposure confer the risk of wheezing and asthma in preschool children, particularly
children with a family history of allergy [171]. The risk was highest in children exposed
to both passive smoking and mothers smoking actively during pregnancy [171,172]. In a
recent French study, 129 infants under two years admitted to the hospital for acute wheezing
were assessed for prenatal smoke exposure [173]. Children exposed (36.4%) had a longer
length of hospital stay, and the authors estimated that smoking one cigarette/day during
pregnancy was associated with an increase in hospitalization duration of 0.055 days/month
(r = 0.238, p = 0.006) [173]. Consequences of prenatal and postnatal smoke exposure on
wheezing in childhood have also been confirmed in two recent case-control studies [174,175].
A prospective birth cohort study found that the combination of prematurity and maternal
smoking during pregnancy synergistically increases recurrent wheezing and the number
of episodes in early childhood [176]. However, future studies are needed to define better
and quantify the exposure level since heavy parental smoking may be associated with
different phenotypes of wheezing [177]. In a study conducted on 150 children with recurrent
wheezing, 91 had been exposed to lower-level second-hand tobacco smoke, 24 were exposed
to higher-level second-hand tobacco smoke, and 35 were not exposed to cigarette smoke.
Wheezing symptom scores were higher in highly exposed children (p = 0.03) [178]. An
interesting study has investigated one possible mechanism underlying the relationship
between cigarette smoke exposure and preschool wheezing, suggesting an interaction
between the genome and this environmental factor. Children with a specific polymorphism
of IL-13 and in utero exposure to smoke were at higher risk of wheezing at age four and
persisting asthma at age ten years [179].

Passive smoke also includes third-hand smoke, which is the smoke that stays on every
surface in the area where someone has been smoking, including on skin, hair, clothing,
furniture and flooring [180]. Due to particular habits of children like hand-to-mouth eating,
crawling and sucking, these subjects may be particularly vulnerable to the effects of third-
hand smoke. At present, there are no studies on the effect of third-hand smoke on wheezing
preschool development, but we can speculate that this exposure can contribute to increasing
airway reactivity in young children.

Recommendation 9. Maternal smoking during uterine foetal life and subsequent
second and third-hand smoke exposure increase the risk of wheezing in preschool children,
particularly those with a family history of allergy.
Quality of evidence: Moderate.

3.2.8. PICO Question 10. Is Immunodeficiency a Risk Factor for the Onset and the
Evolution of Preschool Wheezing?
Executive Summary

Primary immunodeficiency disorder (PID) is a heterogeneous group of disorders
resulting from innate or adaptive immunity defects. The clinical spectrum presented
by patients with PID is variable but increased susceptibility to infections is a common
feature [181]. PID must be suspected in case of persistent wheeze refractory to therapies
and a history of pulmonary or systemic infections with unusual organisms [182], although
some data did not show an association between PIDs and recurrent wheezing [183].

Selective IgA deficiency is one of the most common PIDs, occurring in approximately
1 in 300 people [181]. An undetectable level of IgA defines IgA deficiency in the blood
and secretions but no other immunoglobulin deficiencies. The IgA antibodies present in
the secretions play a major role in protecting from respiratory airways and gastrointesti-
nal tract infections. In children, the main infections associated with IgA deficiency are
pharyngotonsillitis, otitis, bronchitis, sinusitis and, less frequently, pneumonia [182].

In a cohort of Swedish children with positive skin prick test to at least one allergen
and with circulating IgE antibodies to egg or cat, development of late-onset wheezing (at

82



J. Clin. Med. 2022, 11, 6558

four years of age) was reduced by high levels of secretory salivary IgA levels (p = 0.04) [184].
On the other hand, low levels of IgA in the respiratory mucosa might predispose to
develop bronchial hyperresponsiveness and asthma [185]. In addition, IgA deficiency may
predispose subjects to allergy, but underlying mechanisms need to be clarified [186].

Transient dysfunctions of the humoral immune system include reduced IgG subclasses
(IgG1, IgG2, IgG3, IgG4). The most common IgG1 deficiency results from a generalized
deficiency of antibodies, IgG2 deficiency is associated with recurrent viral and bacterial
infections, both IgG2 and IgG3 deficiency predisposes to recurrent respiratory tract infec-
tions, and IgG4 deficiency has been found in chronic bronchial and lung diseases [187].
Two studies showed that low levels of the IgG4 subclass were associated with recurrent
wheezing, requiring hospitalization in infants and young children [188,189].

Recommendation 10. PID must be suspected in case of persistent wheeze refractory
to therapies and a history of pulmonary or systemic infections with unusual organisms. IgA
deficiency can predispose the child to recurrent respiratory infections, including wheezing
in predisposed subjects.
Quality of evidence: Moderate.

3.3. Protective Factors for Wheeze Development
3.3.1. PICO Question 11. Are Probiotics Protective for Preschool Wheezing Development?
Executive Summary

Diversity and maturity of gut and lung microbiota can influence the onset and progres-
sion of allergic diseases, including asthma, since early life [190–193]. Bacterial colonisation
starts in utero [194]. Then, at birth, skin, gut and lung microbiome start establishing. In the
gut with dysbiosis, bacteria of the Bacteroidetes phyla are more present than Firmicutes phyla,
resulting in a reduction of short-chain fatty acids (SCFA) production that may result in the
secretion of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-α and reduction of Treg
lymphocytes favouring the development of inflammatory disease such as asthma [191].

In the Copenhagen Prospective Studies on Asthma in Childhood 2010 (COPSAC2010),
particular bacterial colonisation of the infant’s gut in the first month of life was related to
the risk of wheezing and asthma at six years of age [195]. In another study, the increase of
opportunistic pathogens like Enterococcus and the decrease of Eubacterium, Faecalibacterium
and Bifidobacterium in early life may increase the risk of respiratory infection [196]. Similarly,
in the Asthma Detection and Monitoring (ADEM) study, 202 wheezing children and
50 healthy children aged 2–4 years were studied until the age of six years, showing that
bacterial composition and maturation of intestinal microbiota in the first months of life
may influence the risk of asthma at school age, especially in children born to asthmatic
mothers [197]. In the CHILD (Canadian Healthy Infant Longitudinal Development) birth
cohort study, wheezing and atopy at one year of age were associated with decreased
abundance of Faecalibacterium, Lachnospira, Rothia, and Veillonella in faecal microbiota at
three months [198]. On the other hand, in a Swedish study, higher microbial diversity
during the first month of life was associated with protection against the development of
asthma at seven years of age [199].

Over the last decade, several studies reported on the use of probiotics in order to
modulate the gut microbiome composition and development of respiratory disease. The
potential beneficial effects of probiotic immunomodulation include increased synthesis
of IgA and IL-10, suppression of tumour necrosis factor (TNF)-alfa and the inhibition of
casein-induced T-cell activation [200].

Jensen et al., in a randomised controlled trial of 123 five-year-old children, demon-
strated that early-life supplementation with probiotics did not change allergic disease
prevalence [201]. On the contrary, there was instead a subtle trend in the probiotic group
towards developing more recurrent wheezing episodes [201]. Similar results were reported
in high-risk infants with oral supplementation of Lactobacillus rhamnosus GG during the first
six months of life [202]. Further research on the relationship between probiotic supplemen-
tation and wheezing risk in three-year-old children was the trial by Berni Canani et al. [203].
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In this randomised controlled trial, authors demonstrated that probiotics associated with
extensively hydrolysed casein formula (EHCF) could reduce allergic manifestation, in-
cluding asthma, in children with cow’s milk allergy (CMA) and, therefore at high risk of
atopy [203]. These studies were included in a recent meta-analysis including 13 trials for a
total of 4021 children [204], showing that, despite some effectiveness in eczema prevention,
probiotic supplementation during pregnancy or in early life did not reduce the incidence
of asthma or wheezing in infants, except for the subgroup of atopic infants [201–203].
Further systematic reviews and meta-analyses did not confirm the protective effect of
probiotic administration in the first years of life on the risk of childhood wheezing and
asthma [204–206]. The meta-analysis by Wei et al., including 2521 children, showed that
compared to placebo, probiotic supplementation reduced wheeze episodes only in a small
subgroup of atopic infants [204]. The prophylactic effect was not influenced by other
factors (i.e., asthma risk factors such as personal medical history or positive family history,
type of probiotic used, timing and duration of intervention and follow-up) [204]. Similar
results were obtained when administered antenatally to the mother and postnatally to the
child [207].

Studies show controversial results when probiotics are administered in children with
wheezing or asthma. A recent meta-analysis found an association with fewer exacer-
bations but no difference in asthma control test (ACT), respiratory symptoms or lung
function [208]. Rose et al. conducted a double-blind, randomised controlled trial, which
included 131 infants (aged 6–24 months) with at least two wheezing episodes and a family
history of atopy [209]. The supplementation of Lactobacillus rhamnosus GG (LGG) did not
prevent asthma or wheezing over a six-month follow-up. On the other hand, the study
showed that in the subgroup sensitised to aeroallergens, the asthma symptoms score was
higher in the LGG-supplemented subgroup than in the placebo group (22.9 vs. 42.5) [209].
The same authors in another trial studied the effects of probiotic supplementation on
asthma exacerbations in a longer follow-up (44 months) and demonstrated no difference in
terms of exacerbations between the probiotic and placebo group [210]. A meta-analysis of
25 studies demonstrated that probiotics do not influence asthma or wheeze development
but may reduce IgE blood levels and the risk of atopic sensitisation when administered
early in life [211].

Recommendation 11. Probiotic administration to reduce wheezing development is
not recommended.
Quality of evidence: High.

3.3.2. PICO Question 12. Is Vitamin D Supplementation Protective for Preschool
Wheezing Development?
Executive Summary

Vitamin D is mainly formed in the skin from 7-dehydrocholesterol after UVB exposure.
Many foods are rich in vitamin D, such as plants, fish, eggs and liver [211,212]. The vitamin
is then activated, firstly in the liver and then in the kidneys. Vitamin D seems to play a
role in asthma control, given its effects on immune cell function, oxidative stress, airway
remodelling and corticosteroid responsiveness through various pathways, including those
involving IL-10 and IL-17 [213–218].

The potential preventive role of vitamin D starts in utero. Mothers with asthma and
vitamin D sufficiency had a lower risk of offspring with asthma or recurrent wheezing
by age three years [219–221]. On the contrary, low levels of vitamin D in mothers during
gestation are important risk factors for decreased lung function at ages four, five, and
six years [222]. In a recent meta-analysis including 6068 subjects, there was an inverse
relationship between the intake of vitamin D during pregnancy, and the occurrence of
wheezing in offspring (pooled OR: 0.68; 95% CI: 0.55–0.83) found [223]. However, it has
been argued that supplementation may not work not for all the mothers since only the
presence of maternal 17q21 functional SNP rs12936231 genotype confers a protective effect
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of high-dose prenatal vitamin D3 supplementation against offspring asthma/recurrent
wheeze at age 0–3 years [224].

Considering vitamin D levels in children, higher levels are associated with lower
frequency, duration and severity of wheezing attacks [225–232]. In 131 young children
with recurrent wheezing, a suboptimal vitamin D status increased the risk of asthma
exacerbation in the previous month, and a recent exacerbation was associated with low
levels despite oral supplementation [233].

However, conflicting results have been reported for vitamin D supplementation and
the prevention of RTIs and wheezing. Ducharme and colleagues investigated the effects of
vitamin D supplementation on upper RTIs, asthma exacerbations, OCS use and emergency
care evaluation in children between one and five years of age [234]. No difference was
found between subjects supplemented with vitamin D and the placebo group. Similarly,
oral supplementation for the first six months of life did result in the prevention of asthma,
wheezing, and other atopic diseases (food allergy, rhinitis, eczema and allergen sensiti-
zation) at 2.5 years [235]. A systematic review and meta-analysis on nutrients included
six studies performed in children and found no significant decreased incidence of RTIs
with vitamin D supplementation (RR 0.88; 95% CI: 0.66–1.11, p < 0.0001) [236].

On the contrary, in a large meta-analysis including both children and adults, vitamin
D’s overall effect is positive in reducing RTIs, particularly in deficient subjects [237,238].
Interestingly, patients with moderate to severe asthma treated with ICS and with vitamin
D supplementation had a reduced risk of asthma exacerbation (pooled RR 0.70; 95% CI,
0.59–0.83; p < 0.05) [239].

Recommendation 12. Vitamin D supplementation during the winter season may
decrease the risk of RTIs and wheezing exacerbations.
Quality of evidence: Moderate.

3.3.3. PICO Question 13. Is Breastfeeding Protective for Preschool Wheezing Development?
Executive Summary

In a prospective cohort study conducted on 8499 children, breastfeeding for at least
three months was associated with a lower risk of asthma between the ages of two and
five [240]. Compared to exclusive breastfeeding, any other method of infant feeding was
associated with an increased risk of asthma [241]. However, when considering hospital-
ization of asthma exacerbations in school-aged children, the data failed to demonstrate a
protective effect of breastfeeding [242].

In addition to maternal antibodies, breast milk contains other immunomodulatory
mediators, including activated T cells and memory T cells, secretory IgA, oligosaccharides,
antibacterial proteins such as lactoferrin, lysozyme, beta-lactoglobulin, casein and pro- and
anti-inflammatory factors that confer passive protection against incidence and severity of
respiratory infections [241].

The protective effect of breastfeeding is particularly evident in the first years of life, as
demonstrated by a recent meta-analysis where a lower risk of asthma is seen in children
younger than seven years [243]. In the large birth cohort study, ALSPAC (Avon Longitudinal
Study of Parents and Children), breastfeeding for at least six months reduced the risk of
asthma in the first three years of life but not between the ages of 7 and 8 [244]. These
findings were also confirmed by the metanalysis from Dogaru et al., which demonstrated
that breastfeeding for more than six months reduced the risk of asthma and wheezing only
for children younger than two years of age and not for older children [245].

Recommendation 13. Maternal breastfeeding protects from preschool wheezing.
Quality of evidence: High.
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3.3.4. Question 14. Is Influenza Vaccination Protective for Preschool
Wheezing Development?
Executive Summary

Influenza virus was detected in 8% of young children with wheeze hospitalized for
an LRTI [15]. The risk of influenza infection and wheezing in children with EVW can be
reduced through influenza vaccination [246]. All health authorities recommend annual
influenza vaccination for subjects ≥6 months of age with asthma [247,248].

In children, the most commonly administered influenza vaccines are inactivated in-
fluenza vaccines (IIV), the efficacy of which has also been proven in children with recurrent
wheezing on steroids [249]. The quadrivalent live-attenuated influenza vaccine (LAIV4)
can be a suitable alternative for children ≥2 years of age [250]. LAIV4 is an intranasally
administered vaccine that is very popular among parents and healthcare professionals
due to the non-invasive route of administration. However, a diagnosis of asthma or a
wheezing episode in the previous 12 months represents a contraindication for LAIV4 in
children aged two to four years because of a reported higher incidence of wheezing in
LAIV recipients compared with IIV recipients [250,251]. This contraindication has been
questioned and many studies also demonstrated the vaccine’s safety in the population of
preschool wheezers and severe asthmatic patients [252–254]. In a recent UK multicentre,
open-label, phase IV intervention study in preschool children with recurrent wheezing,
a follow-up of asthma symptoms 72 hours and four weeks later showed no significant
change after administration of LAIV in the presence of efficacy against influenza [255,256].
LAIV4 has also been investigated concerning long-term effects, and in a prospective cohort
of vaccinated children who were 12 through 35 months of age, there was no evidence of
increased risk of subsequent asthma diagnosis at 14 years of age [252].

Recommendation 14. Influenza vaccination is recommended for its efficacy and safety
in young children ≥6 months of age with wheezing.
Quality of evidence: High.

3.3.5. Question 15. Are Immunomodulators Protective for Preschool
Wheezing Development?
Executive Summary

Recurrent RTIs are one of the most common diseases in children [257–259]. Despite
being generally mild, recurrent RTIs may disrupt children’s growth, contribute to antibiotic
misuse, generate a significant burden of care and be a significant risk factor for asthma in
later life [257]. The underlying pathogenesis of recurrent RTIs is complex. Immunologi-
cal immaturity, genetic characteristics and environmental factors, such as exposure to air
pollutants, attendance of daycare and lack of breastfeeding, are considered the most impor-
tant factors promoting RTIs [258]. Boosting the immune system activity with non-specific
immunomodulators can be an option to improve protection against infections [259].

Over the years, clinical evidence for the role of non-specific immunomodulators
in reducing recurrent RTIs in the paediatric population has consistently increased [259].
Once administered orally, non-specific immunomodulators stimulate innate and adaptive
immunity through different mechanisms. OM-85 is a non-specific lyophilised bacterial
lysate of common pathogenic bacteria of the respiratory tract. In the mechanism of action
of OM-85, the gut–lung immune axis plays a crucial role. OM-85 induces the maturation
of human dendritic cells in gastrointestinal Peyer’s patches, stimulates macrophages in
the production of proinflammatory cytokines and anti-viral chemokines, up-regulates
the Th1 specific cytokine IFN-γ and down-regulate the Th2 specific cytokine IL-4 and
increases the activity of B cells with the secretion of salivary IgA, bronchoalveolar IgA,
and serum IgA and IgG [259]. A double-blind, randomised, controlled study involving
288 children aged between one and six years with a history of recurrent RTIs (at least
six episodes in the previous year) showed that OM-85 reduced the number of new RTI
episodes when administered for the first ten days of each month for three months (33%
vs. 65.1% in children with placebo, p < 0.0001). This was associated with fewer days of
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absence from daycare for children and working days lost by parents [260]. So far, several
meta-analyses have been published on the effect of OM-85, demonstrating that it reduces
the frequency and length of RTIs and eventually limits the use of antibiotics. Overall, data
suggest that the effect is greater in patients at increased risk of recurrent RTIs. Some authors
recently speculated that this non-specific immuno-modulator might also be useful against
COVID-19 infection [261–263].

Interestingly, since non-specific immunomodulators correct Th1/Th2 imbalance through
activation of T regulatory (Treg) cells and promote the immune system’s maturation in
children, their use can be associated with the reduction of Th2 atopic responses associated
with wheezing and asthma [264]. Razi et al.’s study showed that prophylaxis with OM-85
reduced the duration and incidence of exacerbations in children with a history of recurrent
wheezing [265].

Recommendation 15. Prophylaxis with non-specific immunomodulators can be con-
sidered in children with recurrent EVW to reduce the number of episodes during the
winter season.
Quality of evidence: Moderate.

4. Discussion

This study shows that atopy and respiratory infections are pivotal in preschool wheez-
ing pathogenesis. Multi-trigger wheezing is often associated with atopy and recurrent
severe clinical phenotype. The evidence of blood eosinophilia and allergen sensitisation
may guide the treatment in favour of ICS. HRV and RSV are the most common viruses
associated with a higher risk of developing asthma at later ages. Bacterial colonisation
and airway neutrophilia may characterise a unique phenotype of preschool wheezing not
responsive to steroids.

Genetics and modifiable risk factors such as obesity, pollution or smoke exposure
can affect the onset and evolution of wheezing phenotypes. The first 1000 days of life,
including the intrauterine period, are crucial in the organism’s physiological growth and the
development of respiratory diseases. Prematurity can significantly affect lung development,
risk of wheezing and obstructive respiratory disease across all ages. Breastfeeding and
vitamin D supplementation may contribute to protecting the child from the development
of wheezing.

Table 1 summarises the 15 statements. An extended evidence summary is available in
the Supplementary Material.

Table 1. Statements on risk factors affecting development and persistence of preschool wheezing.

Question Answer

Section 1. Pathogenesis of preschool wheezing

Q1. What is the role of infection in the
pathogenesis of preschool wheezing?

There is evidence that mainly viruses can trigger wheezing in young children.
RSV and HRV are the main viruses involved in wheezing pathogenesis.

Q2. What is the role of atopy in the pathogenesis
of preschool wheezing?

Recurrent multi-trigger wheezing often presents a severe clinical spectrum, can
be associated with atopy more frequently than EVW and might expose the

child to a higher risk of developing asthma at a later age. Aeroallergen
sensitization and blood eosinophils can be used as biomarkers to identify

responses to ICS in a recurrent preschool wheeze.

Section 2. Risk factors for wheeze development

Q3. Does the presence of risk factors such as
allergy/atopy influence the onset and the

evolution of preschool wheezing?

Young children with recurrent wheezing with atopic eczema, sensitized to
allergens or blood eosinophilia, are at higher risk of asthma at a later age.

Q4. Does the presence of risk factors such as
previous respiratory tract infection/bronchiolitis

influence the onset and evolution of
preschool wheezing?

Infants with bronchiolitis represent a high-risk group for recurrent wheezing.

87



J. Clin. Med. 2022, 11, 6558

Table 1. Cont.

Question Answer

Q5. Does pollution influence the onset and
evolution of preschool wheezing?

Traffic-related air pollution may favour wheezing, likely via a reduced
response to viral infections. Both outdoor and indoor pollution can influence

the respiratory health of young children from conception and birth.

Q6. Does genetics influence the onset and the
evolution of preschool wheezing?

Some individuals have a genetic susceptibility and are predisposed to develop
preschool wheezing at first and eventually asthma later in life. At present, little
can be done to modify genetic susceptibility, but environmental exposures can

be adjusted to reduce this risk and potentially work on primary
asthma prevention.

Q7. Does obesity influence the onset and the
evolution of preschool wheezing?

Rapid weight gain in infancy and high BMI is associated with an increased risk
of wheezing in preschool age.

Q8. Do prematurity and other perinatal factors
influence the onset and the evolution of

preschool wheezing?

Preterm birth and low birth weight are important early life risk factors for
wheezing disorders in childhood. Extremely preterm infants are at the highest
risk for respiratory problems and may have lower lung function trajectories

across all ages.

Q9. Does smoke exposure influence the onset
and the evolution of preschool wheezing?

Maternal smoking during uterine fetal life and subsequent second and
third-hand smoke exposure increase the risk of wheezing in preschool children,

particularly those with a family history of allergy.

Q10. Is immunodeficiency a risk factor for the
onset and the evolution of preschool wheezing?

PID must be suspected in case of persistent wheeze refractory to therapies and
a history of pulmonary or systemic infections with unusual organisms. IgA

deficiency can predispose the child to recurrent infections, including wheezing.

Section 3. Protective factors for
wheeze development

Q11. Are probiotics protective for preschool
wheezing development?

Probiotic administration to reduce wheezing development is
not recommended.

Q12. Is vitamin D supplementation protective for
preschool wheezing development?

Vitamin D supplementation during the winter season may decrease the risk of
RTIs and wheezing exacerbations.

Q13. Is breastfeeding protective for preschool
wheezing development? Maternal breastfeeding protects from preschool wheezing.

Q14. Is influenza vaccination protective for
preschool wheezing development?

Influenza vaccination is recommended for its efficacy and safety in young
children ≥6 months of age with wheezing.

Q15. Are non-specific immunomodulators
protective for preschool wheezing development?

Prophylaxis with non-specific immunomodulators can be considered in
children with recurrent EVW to reduce the number of episodes during the

winter season.

5. Conclusions

Based on a panel of experts and extensive updated literature, this consensus document
provides insights on the pathogenesis, the risk and protective factors associated with
the development and persistence of preschool wheezing. Undoubtedly, more research is
needed to improve our understanding of the disease and confirm the associations between
certain factors and the risk of wheezing in early life. In addition, preventive strategies
must be promoted to avoid children’s exposure to risk factors that may permanently affect
respiratory health.

Supplementary Materials: The following supporting information can be downloaded at: https:
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and review of the literature.
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Abstract: Pleuropulmonary blastoma (PPB) is a tumor occurring almost exclusively in infants and
young children. This is the most common primary-lung malignancy in childhood. There is age-
associated progression through a distinctive sequence of pathologic changes, from a purely multicystic
lesion type I to a high-grade sarcoma type II and III. While complete resection is the cornerstone
treatment for type I PPB, aggressive chemotherapy with a less favorable prognosis is associated
with type II and III. DICER1 germline mutation is positive in 70% of children with PPB. Diagnosis
is challenging, as it resembles congenital pulmonary airway malformation (CPAM) in imaging.
Although PPB is an extremely rare malignancy, over the past five years we have encountered several
children diagnosed with PPB in our medical center. Herein, we present some of these children and
discuss diagnostic, ethical, and therapeutic challenges.

Keywords: pleuropulmonary blastoma; DICER1; lung cyst

1. Introduction

Pleuropulmonary blastoma (PPB) the most common primary lung malignancy in
childhood [1]. First recognized in 1988, it is considered a dysembryonic equivalent to em-
bryonal malignancies such as neuroblastoma, hepatoblastoma and other organ-based solid
malignancies of childhood [2]. PPB is a rare tumor, occurring almost exclusively in infants
and young children under 6 years of age, similar to other embryonal malignancies [3].

PPB is unique among developmental malignancies of childhood in its age-associated
progression through a distinctive sequence of pathologic changes from a purely multicystic
lesion to a high-grade sarcoma. Type I PPB is composed of air-filled cysts with primi-
tive mesenchymal cells beneath an intact, benign-appearing epithelium. These cysts can
progress into type II PPB, in which the mesenchymal cells overgrow the septa, producing a
cystic and solid neoplasm. Type III PPB is an exclusively solid sarcomatous neoplasm [2,3].

There is strong evidence for progression from type I to type II and type III PPB. Type
Ir (regressed) PPB is a purely cystic lesion, microscopically devoid of subepithelial septal
primitive cells, and it is considered to have a lower risk for neoplastic progression [4,5]. The
pathological progression in the PPB types correlates with both age at diagnosis and clinical
outcome [5]. Type I and type Ir present at a younger age, and the prognosis is favorable,
with a 5-year survival of 98% and 100% of patients, respectively. Type II and type III PPB
are typically diagnosed in older children, with 5-year-overall-survival estimates of 75% and
53%, respectively [6].

Type I PPB may present with respiratory symptoms such as cough, dyspnea, chest
pain or abdominal pain. Chest X-rays may show signs of pneumonia, and some cases
may present with difficulty in breathing, from a pneumothorax or a large lung cyst, or
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a PPB can also present as an incidental radiologic finding of a lung cyst. The purely
cystic type I PPB can be easily mistaken for other congenital lung malformations such as
congenital pulmonary airway malformation (CPAM), as CPAM origins can be from the
acinar structures of the lungs, thus creating a multiseptated cystic lesion similar to type I
PPB. The diagnosis of type I PPB should be considered in the evaluation of any multicystic
specimen of peripheral lung from young children. The final diagnosis requires meticulous
pathological examination.

Given the rarity and clinical heterogeneity, it is still unclear what is the optimal
therapeutic approach. The treatment for type I and type Ir PPB evolved over time; most
cases are treated with surgical resection alone, while in some cases adjuvant chemotherapy
is added. Most type Ir PPBs are followed clinically after complete surgical resection, due to
the low risk of tumor progression. Cases of type I PPB are treated with oncologic surgery
alone. In cases of suspected incomplete resection or unresectable lesion, chemotherapy is
added [7]. A recent study found that adjuvant chemotherapy in cases of complete resection
in type I PPB was found to be protective, with lower rate of recurrence of progression
compared to surgery alone [8]. Type II and type III PPB have a more aggressive clinical
behavior, requiring both surgery and chemotherapy [9].

PPB may be associated with other unique malignant syndromes. An important discov-
ery was the identification of the pathogenic germline DICER1 variants as the first known
genetic causes of PPB familial syndrome [10], and these variants are found in 70% of pa-
tients with all types of PPB. DICER1 is inherited in an autosomal dominant condition with
variable penetrance. In addition to PPB, DICER1 syndrome includes, among others, Wilms’
tumor, cystic nephroma, clear cell sarcoma, ovarian Sertoli-Leydig cell and granulosa cell
tumors, testicular Sertoli-Leydig cell tumors, medulloblastoma, neuroblastoma, seminoma
germ cell tumors, pituitary blastoma, pineoblastoma, ciliary body medulloepithelioma,
thyroid nodular hyperplasia, papillary and follicular thyroid carcinomas, rhabdomyosar-
coma, fibrosarcoma, Ewing sarcoma, osteosarcoma, hepatoblastoma and hepatocellular
carcinoma cancer and pineoblastoma [11]. Germline DICER1 mutations are also associ-
ated with non-neoplastic conditions, including macrocephaly, retinal abnormalities, renal
anomalies, dental perturbations, and GLOW syndrome (global developmental delay, lung
cysts, overgrowth and Wilms’ tumor) [12]. DICER1 is an important gene, located on chro-
mosome 14q32.13 in the biogenesis of microRNAs, a class of small RNA molecules essential
in organ development and suppression of neoplasia [13]. Deficient microRNA suppression
can lead to oncogenic transformation [14]. In contrast to loss-of-function germline DICER1
mutations, missense mutations in the RNase IIIb domain of DICER1 are found as ‘second
hits’ in tumors associated with germline mutations [15].

The International PPB/DICER1 Registry (IPPBR) was founded in 1987 to advance
research and improve outcomes for children with PPB and DICER1 syndrome. The registry
allows free central-pathology review in questionable cases, review of records in a stan-
dardized method, longitudinal follow-up and worldwide collaboration. Since its inception,
more than 800 patients from 47 countries have enrolled in the registry [9]. The registry’s
research includes efforts to define optimal therapy regimens for PPB and DICER1-related
cancers and to discover new therapies for DICER1-related cancers, develop new ways
to diagnose children with DICER1-related cancers and present surveillance guidelines
for patients with germline DICER1 mutations [16]. Based on information collected from
the registry, a study by Hill et al. identified germline loss-of-function DICER1 mutations
affecting the RNase IIIb domain in affected families with PPB and a spectrum of other
tumors in the DICER1 syndrome [10].

Although PPB is considered a rare malignancy, several children have been diagnosed
with PPB in our medical center in the last 5 years. We present some of these cases, clinical,
radiological, pathology and genetic-testing findings, and discuss challenging questions
that were raised regarding diagnosis, optimal management and treatment.
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1.1. Patient No 1

A 6-day-old term girl presented with severe respiratory distress and a large pneu-
mothorax on the right side, requiring chest drainage and a prolonged course of treatment,
including intubation (Figure 1a). Chest computed tomography (CT) showed a pneumoth-
orax and a cystic mass on the right upper lobe (Figure 1b). Although lobectomy was
recommended, she underwent segmentectomy on day 11 of life. The pathologic diagno-
sis was CPAM type 4. Due to the early pneumothorax and normal prenatal ultrasound,
pleuropulmonary blastoma was suspected. Genetic counseling revealed DICER1 germline
mutation. We consulted the IPPBR, and they revised the pathologic specimen. Based on the
cellularity and hyperchromasia of spindle cells within the cyst walls, a diagnosis of type I
PPB was confirmed (Figure 2). Completion lobectomy, chemotherapy or close follow-up
were suggested as treatment options. The parents chose a follow-up regimen. Nine months
later, a new bullous lesion (6 mm) appeared in the right upper lobe (RUL) (Figure 1c).
Consequently, a completion RUL lobectomy was performed. The patient received no
chemotherapy. Currently she is under close monitoring in our pediatric pulmonology
and haemato-oncology units, with the periodic evaluations of a DICER1-positive patient,
including chest CT scans. She is now 5-year PPB-event free, and thriving.

 

Figure 1. Six-day-old infant with respiratory distress. (a) Chest X-ray on day two of life: cystic lesion
and tension pneumothorax on the right. (b) Chest CT without IV contrast performed on the same
day, axial image: multicystic lesion and adjacent pneumothorax on the right hemithorax. (c) Chest
CT performed 9 months later, with tiny cystic lesion on the right (arrow).

 
Figure 2. Pathology specimen of the cystic lung lesion in case number 1 (H&E). Alveolar cell (thin
black arrow) and spindle cell (thick black arrow).

1.2. Patient No 2

A 2-day-old term girl presented with severe respiratory distress. Chest X-ray showed
large multicystic lesion on the left hemithorax with compressive atelectasis of the lung,
small pneumothorax and mediastinal shift to the right (Figure 3a). Prenatal follow-up was
normal. An urgent thoracoscopy and positioning of chest tube was performed, followed
by CT angiography (CTA) that better delineated the same findings, suggestive of type 1
PPB (Figure 3b). Under left thoracotomy she underwent left lower-lobe lobectomy with
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complete resection of the mass. The pathologic diagnosis was type 1 PPB, positive DICER1
in the specimen (using PCR amplification with full exonic coverage, followed by NGS
sequencing), but negative DICER1 germline. More than a year later, she is well.

  
(a) (b) 

Figure 3. Two-day-old infant with respiratory distress. (a) Chest X-ray and (b) Coronal image of
CTA: Large multilocular cystic lesion in the right lower hemithorax, with mediastinal shift to the
right. There is an atelectasis of the left upper lung and apical pneumothorax.

1.3. Patient No 3

A 3-year-old healthy boy experienced increasing weakness and shortness of breath
several weeks after a febrile upper-respiratory disease. He lost 1 kg of weight. A chest
X-ray performed in the community showed complete opacification of the right hemithorax
(Figure 4a), and he was referred to the hospital. A chest CTA revealed a large tumor
occupying most of the right hemithorax, without any aeration of the lung (Figure 4b).
Most of the tumor was solid hypodense tissue, with some cysts on the periphery. An
ultrasound study was able to better delineate the multicystic hemorrhagic nature of the
tumor (Figure 4c). A biopsy was taken under sonographic guidance and the pathologic
diagnosis was type II PPB with foci of RMS (rhabdomyosarcoma). The DICER1 germline
was positive, and staging with FDG PET-CT (2-[(18)F]-fluoro-2-deoxy-d-glucose positron
emission tomography-computed tomography showed no metastases (Figure 5). The tumor
was unresectable, and the patient received neoadjuvant chemotherapy with IVADo (Ifos-
famide, vincristine, actinomycin-D, and doxorubicin) followed by resection of the tumor,
which was pleural based. He received completion chemotherapy of up to 12 courses. There
was 80% tumor necrosis in the final specimen. After 3 years of follow up, both clinical and
with CTA, there is no recurrence (Figure 4d). The DICER1 germline mutation was positive
in the patient’s father and in his three siblings. The siblings were all asymptomatic. They
all underwent CTA of the chest, with the following findings:
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(a) (b) 

  
(c) (d) 

Figure 4. Six-year-old boy with progressive shortness of breath, fatigue and weight loss. (a) Chest
X-ray: Opacification of the upper two thirds of the right upper hemithorax by a pleural-based lesion.
There is a slight shift of the trachea to the left, and a caudal shift of the right diaphragm. (b) Coronal
image of CTA showing large aberrant vessels within the lesion. (c) Sonographic gray-scale high-
resolution image of the lesion (linear array transducer) shows the cystic/solid nature of the lesion.
(d) Coronal image of CTA at the end of treatment, showing no evidence of recurrent disease.

1.4. Patient No 4

Nine-year-old girl (the older sister of patient no 3): complex cystic lesion with aberrant
vessels within the cyst septa located in the right upper lobe (Figure 6a). We suspected
that this lesion might be PPB, and consulted the International Pleuropulmonary Blastoma
registry team. They agreed, and suggested lobectomy.
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Figure 5. The same patient as in image 4. FDG PET-CT in the axial and coronal hybrid images and
coronal PET image show peripheral uptake in the lung lesion. No metastases seen.

  

Figure 6. Asymptomatic DICER1-germline-positive siblings of index patient number 3. Axial images
of Chest CTA: (a) Nine-year-old girl with RUL anterior multiseptated cystic lesion. (b,c) Six-year-old
boy with right and left cystic lesion. (d) Fifteen-month-old boy with bilateral, small cystic lesions.

1.5. Patient No 5

Six-year-old boy (older brother of patient no 3): two purely cystic lesions, one in the
right middle lobe (diameter of 4 cm) and a smaller cyst in the left lower lobe (Figure 6b,c).
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1.6. Patient No 6

Fifteen-month-old boy (younger brother of patient no 3): two purely cystic lesions,
one in the right lower lobe (diameter of 0.6 cm) and a second cyst (diameter of 1 cm) in the
left lower lobe (Figure 6d).

We consulted the IPPBR team about the other three siblings as well; they considered
the lesions to be a type I PPB, and resection was suggested.

The parents were given the complete information about the findings and the consul-
tations. They decided to proceed with a more conservative approach, with clinical and
radiological follow up only. Two years later, the children are healthy, and the radiological
findings are stable.

2. Discussion

We presented six children with either proven PPB or DICER1-related cystic lung
disease suspected to be PPB, all treated in our hospital within the last 5 years. This cluster
of patients raised our awareness about this rare tumor and the diagnostic and management
challenges it brings. Timely diagnosis and resection of type I PPB is crucial, but this entity
is elusive, masquerading as a lung malformation, or growing silently in DICER1-germline-
positive patients. We summarize some of the challenges we dealt with while treating
these patients.

2.1. Challenge No 1

Can we differentiate CPAM from type 1 PPB, based on clinical aspects and imaging?
Differentiating the entities may influence management. There are different approaches

for the management of CPAM. Some centers advocate an aggressive approach by resection
of all lesions, in fear of future progression to malignant PPB. Others choose to follow up,
advocating that PPB is a rare entity and CPAM 1–3 are benign lesions that will not progress
to PPB [17]. The real concern is CPAM type 4 that might progress to type I PPB, so defining
clues for diagnosis will allow for more judgmental choice of management.

Imaging alone cannot differentiate CPAM type 4 from type I PPB [5,17,18]. In a recent
retrospective study by Engwall-Gill et al., nine pediatric radiologists reviewed the CT
scans of patients with postnatal cystic lesions, and could not find any specific imaging
characteristics that could safely differentiate type I PPB from congenital lung malformation.
The sensitivity for diagnosis of PPB was 58%, with a specificity of 83%, with poor interrater
reliability (κ = 0.36; p < 0.01) [19].

What are the differences between CPAM type 4 and type I PPB? Dehner et al. stated
that CPAM type 4 and type I PPB are in fact synonymous, and, due to the concern of
progression from type I PPB to the malignant type II and III PPB, it would be wiser to
define these lesions as type I PPB rather than CPAM 4, and thus promote a more aggressive
approach toward oncologic resection and genetic counselling [20].

In Feinberg A. et al., the IPPBR team summarized their experience with the goal of
answering this question. Overall, 112 cases of type I PPB gathered in the registry between
2002 and 2013 and 103 cases of CPAM that were resected in the same institution during
the same period were reviewed. Features favoring CPAM were prenatal diagnosis, and
CTA findings of a systemic feeding vessel and hyperinflated lung. Features that raised
the suspicion of PPB were multi-segmental or bilateral lesions and the absence of prenatal
ultrasonography findings [18].

In our first two patients, the suspicion of type I PPB was high, due to the early
symptomatic cystic lung lesion and normal prenatal follow up. In the recent IPPBR report,
85% of type I PPB cases were symptomatic at presentation, 32% with pneumothorax [18].
The positive-DICER1 germline mutation further confirmed our concern. We consulted the
IPPBR, which supported our diagnosis of type I PPB. In the family with four children with
DICER1 (patients 3–6), two of the three asymptomatic siblings have bilateral cystic lesions,
and thus they are highly likely to having type I PPB.
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2.2. Challenge No 2

What are the indications for DICER1 germline testing? Any congenital cystic lesion?
Only in cases that are highly suspicious? Only in pathology-determined PPB?

In 2016, the IPPBR convened an international DICER1 symposium and published a
consensus paper on the indications for testing and the surveillance advised for DICER1-
positive children [16]. The paper presents recommendations for genetic testing, prenatal
management and suggested signs and symptoms and imaging-surveillance strategies for
DICER1-associated conditions including pulmonary, renal, gynecologic, thyroid, ophthal-
mologic, otolaryngologic, central nervous system tumors and gastrointestinal polyps [16].
Any clinical pathology that might be related to DICER1 was considered as a criterion.
Pathology-confirmed PPB is considered a major criterion, as well as any lung cyst in child-
hood. Based on this consensus, any major criterion, two minor criteria (such as cystic
lung disease in adulthood and renal cysts), or a first-degree relative with positive-germline
DICER1 should be tested.

Recommendation for screening in DICER1-germline-positive children are age based,
with at least one chest CT performed in all cases [16]. These indications for testing and
screening elevated the awareness about PPB among pediatric caregivers, and increased the
diagnosis of type I PPB and type Ir PPB.

Based on the IPPBR recommendations, we tested and diagnosed the siblings of patient
number 3, who presented with malignant PPB: all three siblings had CT findings suggestive
of PPB. The family decided to continue with clinical and radiological follow up instead of
resecting all lesions. This family evoked an ethical question regarding the indications for
testing an asymptomatic sibling. The parents of patient no 3 stated during the follow up,
post factum, that they preferred not to know the child’s DICER1 status. With increased
awareness of the advantages of early detection of type I PPB, and the possible prevention
of progression through early intervention, more families will eventually choose to know
the DICER1 status. These four DICER1 siblings bring us to the next challenge.

2.3. Challenge No 3

When can we safely say that a type I PPB lesion has regressed to Type Ir PPB?
We know that pathology alone can provide the final discrimination between type I

and Ir PPB, but in our DICER1 family, pathology was not available for the three siblings of
patient no 3. The children differ in age and appearance of the lesions. The oldest sibling was
9 years old when diagnosed, and had a multiseptated single cyst, while the two younger
brothers had multifocal simple cysts. Over 2 years of CT follow up, we saw no change
in the appearance of the lesions in all three children (patients Nos. 4–6). Does it give us
any reassurance? We know that the median age for diagnosis of type I PPB is 7 months,
for type II PPB 35 months and for type Ir PPB 2.6 years [4,5,8], and that after the age of 3
years, type Ir PPB is considerably more common than type I [8]. Were they all type Ir PPB
at presentation? Can type Ir PPB progress to a malignant PPB?

The IPPBR reported two cases of progression in type Ir PPB, both occurring within 2
years. They suggested 2 years of follow up for resected type Ir PPB. In type I PPB recurrence
occurred more frequently and within 63 months, so they advised a longer follow up for
type I PPB, of at least 6 years [8]. We intend to continue the follow-up of the DICER1 family
for at least 6 years. This family is registered in the IPPB registry, and this follow-up may
shed additional light on type I PPB DICER1-related tumor.

2.4. Challenge No 4

Multifocal cystic lesions in a DICER1-germline-positive, asymptomatic child. Onco-
logic resection versus close radiologic and clinical follow-up: pros and cons.

Multifocal cysts are more difficult to manage. On the one hand, multifocal cysts have
an increased risk of progression compared to a single cyst, while on the other hand multiple
surgeries might increase surgical complications and decrease lung function. In the last
IPPBR report [8], 25% of cases of type I PPB I were multifocal, and many of them had
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multiple surgeries at an early age. Some cysts were not resected, due to their location.
Only one child had a serious complication of pulmonary artery stenosis. At the moment,
the IPPRB’s recommendation in multifocal cystic PPB is to individualize management, as
additional studies are needed [8].

2.5. Challenge No 5

The role of chemotherapy in cases of suspected incomplete resection of type 1 PPB.
PPB Ttpes II and III are aggressive malignant diseases and chemotherapy is mandatory.

The primary treatment for type I and Ir PPB is surgery with complete resection. The
reasoning for adjuvant chemotherapy in type IPPB and even type Ir PPB is to prevent
recurrence or progression of any residual disease (microscopic or macroscopic) to the more
aggressive tumor type II and type III PPB. In the recent report by the IPPBR [8], the group
summarized their experience with type I PPB and type Ir PPB cases treated between 2006
and 2022. Altogether, they had 118 cases of type I PPB and 87 cases of type Ir PPB. In
the PPB cases, chemotherapy (VAC, VA or IVADo) was given to 39% of the cases after
surgery and in one case prior to surgery. In this study, chemotherapy proved protective,
as none of the cases that received adjuvant chemotherapy progressed. For the cases that
were not treated with chemotherapy, two factors were found to correlate with recurrent
disease or progression: inadequate surgery, meaning less than complete resection, and
multicentric disease [8]. A prior publication by the same group did not find any benefit
from chemotherapy for type I PPB [6]. In patient 1, the first surgery was inadequate, and a
local recurrence occurred. Following completion of the lobectomy, we consulted the IPPBR,
and they suggested adding adjuvant chemotherapy. A close follow-up was decided upon,
and no chemotherapy was given.

2.6. Challenge No 6

Is the prevalence of Type I PPB increasing in recent years, or have we misdiagnosed
some of them as CPAM?

Within five years we diagnosed six patients with DICER1 due to high level of suspicion,
five of them were diagnosed with type I PPB. We consulted the IPPBR team in all our cases
and learnt that there is a need for a high level of suspicion and experienced teamwork
in order not to miss the type I PPB patients and to be able to treat them accordingly. It
is possible that the prevalence of type I PPB is on the rise, due to the fact we might have
misread some of our previous cases as CPAM. In fact, to emphasize the importance of a
central pathology review for rare tumors such as PPB, it was reported that almost 20% of the
pathology specimens submitted for review by IPPBR had another initial diagnosis. Thus, it
may be challenging to identify a lesion as PPB, even for experienced pathologists [6].

3. Conclusions

PPB is a rare tumor, with predicted progression from the benign type I PPB to ma-
lignant tumor. Timely diagnosis and complete resection of type I PPB correlates with the
best prognosis. Symptomatic cystic lung lesion in infants, unidentified during pregnancy,
especially when septated or multifocal, should raise the suspicion of type I PPB rather than
CPAM, and induce testing for DICERI mutation and early complete resection. The manage-
ment of multifocal cysts, the role of chemotherapy and management of older asymptomatic
DICER1 children is complicated, and should sometimes be individualized. Consultation
with the IPPBR team is recommended.

Author Contributions: K.M.—literature review, analysis of data, manuscript draft preparation; O.M.,
M.G., R.B.-Y.—analysis of data and manuscript review and editing; L.B.—conceptualization, literature
review, analysis of data and editing. A.I.—conceptualization, literature review, analysis of data and
images, manuscript preparation and final review. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

111



J. Clin. Med. 2023, 12, 1918

Institutional Review Board Statement: Ethical review and approval were waived by the local
institutional review board for this study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to acknowledge the PBB/DICER1 registry team, espe-
cially Ann K Schultz, for their ongoing support in the diagnosis and treatment of these patients. The
authors would also like to thank the patients’ parents for giving permission for presentation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dishop, M.K.; Kuruvilla, S. Primary and Metastatic Lung Tumors in the Pediatric Population: A Review and 25-Year Experience
at a Large Children’s Hospital. Arch. Pathol. Lab. Med. 2008, 132, 1079–1103. [CrossRef] [PubMed]

2. Dehner, L.P. Pleuropulmonary blastoma is THE pulmonary blastoma of childhood. Semin. Diagn. Pathol. 1994, 11, 144–151.
[PubMed]

3. Hill, D.A.; Jarzembowski, J.A.; Priest, J.R.; Williams, G.; Schoettler, P.; Dehner, L.P. Type I Pleuropulmonary Blastoma: Pathology
and Biology Study of 51 Cases From the International Pleuropulmonary Blastoma Registry. Am. J. Surg. Pathol. 2008, 32, 282–295.
[CrossRef] [PubMed]

4. Priest, J.R.; McDermott, M.B.; Bhatia, S.; Watterson, J.; Manivel, J.C.; Dehner, L.P. Pleuropulmonary blastoma: A clinicopathologic
study of 50 cases. Cancer 1997, 80, 147–161. [CrossRef]

5. Priest, J.R.; Williams, G.M.; Hill, D.A.; Dehner, L.P.; Jaffé, A. Pulmonary cysts in early childhood and the risk of malignancy.
Pediatr. Pulmonol. 2009, 44, 14–30. [CrossRef] [PubMed]

6. Messinger, Y.H.; Stewart, D.R.; Priest, J.R.; Williams, G.M.; Harris, A.K.; Schultz KA, P.; Yang, J.; Doros, L.; Rosenberg, P.S.; Hill,
D.A.; et al. Pleuropulmonary blastoma: A report on 350 central pathology-confirmed pleuropulmonary blastoma cases by the
international pleuropulmonary blastoma registry. Cancer 2015, 121, 276–285. [CrossRef] [PubMed]

7. Priest, J.R.; Hill, D.A.; Williams, G.M.; Moertel, C.L.; Messinger, Y.; Finkelstein, M.J.; Dehner, L.P. Type I pleuropulmonary
blastoma: A report from the international pleuropulmonary blastoma registry. J. Clin. Oncol. 2006, 24, 4492–4498. [CrossRef]
[PubMed]

8. Nelson, A.T.; Harris, A.K.; Watson, D.; Miniati, D.; Finch, M.; Kamihara, J.; Mitchell, S.G.; Wilson, D.B.; Gettinger, K.; Rangaswami,
A.A.; et al. Type I and Ir pleuropulmonary blastoma (PPB): A report from the International PPB/DICER1 Registry. Cancer 2022,
129, 600–613. [CrossRef] [PubMed]

9. Schultz, K.A.P.; Harris, A.K.; Nelson, A.T.; Watson, D.; Lucas, J.T., Jr.; Miniati, D.; Stewart, D.R.; Hagedorn, K.N.; Mize, W.;
Kamihara, J.; et al. Outcomes for Children With Type II and Type III Pleuropulmonary Blastoma Following Chemotherapy: A
Report From the International PPB/DICER1 Registry. J. Clin. Oncol. 2023, 41, 778–789. [CrossRef] [PubMed]

10. Hill, D.A.; Ivanovich, J.; Priest, J.R.; Gurnett, C.A.; Dehner, L.P.; Desruisseau, D.; Jarzembowski, J.A.; Wikenheiser-Brokamp, K.A.;
Suarez, B.K.; Whelan, A.J.; et al. DICER1 mutations in familial pleuropulmonary blastoma. Science 2009, 325, 965. [CrossRef]
[PubMed]

11. Slade, I.; Bacchelli, C.; Davies, H.; Murray, A.; Abbaszadeh, F.; Hanks, S.; Barfoot, R.; Burke, A.; Chisholm, J.; Hewitt, M.;
et al. DICER1 syndrome: Clarifying the diagnosis, clinical features and management implications of a pleiotropic tumour
predisposition syndrome. J. Med. Genet. 2011, 48, 273–278. [CrossRef] [PubMed]

12. González, I.A.; Stewart, D.R.; Schultz, K.A.P.; Field, A.P.; Hill, D.A.; Dehner, L.P. DICER1 tumor predis-position syndrome: An
evolving story initiated with the pleuropulmonary blastoma. Mod Pathol. 2022, 35, 4–22. [CrossRef] [PubMed]

13. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef] [PubMed]
14. Harfe, B.D.; McManus, M.T.; Mansfield, J.H.; Hornstein, E.; Tabin, C.J. The RNaseIII enzyme Dicer is required for morphogenesis

but not patterning of the vertebrate limb. Proc. Natl. Acad. Sci. USA 2005, 102, 10898–10903. [CrossRef] [PubMed]
15. Foulkes, W.D.; Priest, J.R.; Duchaine, T.F. DICER1: Mutations, microRNAs and mechanisms. Nat. Rev. Cancer 2014, 14, 662–672.

[CrossRef] [PubMed]
16. Schultz, K.A.P.; Williams, G.M.; Kamihara, J.; Stewart, D.R.; Harris, A.K.; Bauer, A.J.; Turner, J.; Shah, R.; Schneider, K.; Schneider,

K.W.; et al. Dicer1 and associated conditions: Identification of at-risk individuals and recommended surveillance strategies. Clin.
Cancer Res. 2018, 24, 2251–2261. [CrossRef] [PubMed]

17. Oliveira, C.; Himidan, S.; Pastor, A.C.; Nasr, A.; Manson, D.; Taylor, G.; Yanchar, N.L.; Brisseau, G.; Kim, P.C.W. Discriminating
Preoperative Features of Pleuropulmonary Blastomas (PPB) from Congenital Cystic Adenomatoid Malformations (CCAM): A
Retrospective, Age-Matched Study. Eur. J. Pediatr. Surg. 2011, 21, 2–7. [CrossRef] [PubMed]

18. Feinberg, A.; Hall, N.J.; Williams, G.M.; Schultz, K.A.P.; Miniati, D.; Hill, D.A.; Dehner, L.P.; Messinger, Y.H.; Langer, J.C. Can
congenital pulmonary airway malformation be distinguished from Type i pleuropulmonary blastoma based on clinical and
radiological features? J. Pediatr. Surg. 2016, 51, 33–37. [CrossRef] [PubMed]

112



J. Clin. Med. 2023, 12, 1918

19. Engwall-Gill, A.J.; Chan, S.S.; Boyd, K.P.; Saito, J.M.; Fallat, M.E.; Peter, S.D.S.; Bolger-Theut, S.; Crotty, E.J.; Green, J.R.; Bowling,
R.L.H.; et al. Accuracy of Chest Computed Tomography in Distinguishing Cystic Pleuropulmonary Blastoma from Benign
Congenital Lung Malformations in Children. JAMA Netw. Open. 2022, 5, E2219814. [CrossRef] [PubMed]

20. Dehner, L.P.; Messinger, Y.H.; Williams, G.M.; Stewart, D.R.; Harney, L.A.; Schultz, K.A.; Hill, D.A. Type i Pleuropulmonary
Blastoma versus Congenital Pulmonary Airway Malformation Type IV. Neonatology 2016, 111, 76. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

113





Citation: Gur, M.; Pollak, M.;

Bar-Yoseph, R.; Bentur, L. Pregnancy

in Cystic Fibrosis—Past, Present, and

Future. J. Clin. Med. 2023, 12, 1468.

https://doi.org/10.3390/

jcm12041468

Academic Editor: Emmanuel

Andrès

Received: 20 December 2022

Revised: 9 February 2023

Accepted: 10 February 2023

Published: 12 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

Pregnancy in Cystic Fibrosis—Past, Present, and Future

Michal Gur 1,2,*,†, Mordechai Pollak 1,2,†, Ronen Bar-Yoseph 1,2 and Lea Bentur 1,2

1 Pediatric Pulmonary Institute and CF Center, Rappaport Children’s Hospital, Rambam Health Care Campus,
Haifa 3109601, Israel

2 Rappaport Faculty of Medicine, Technion–Israel Institute of Technology, Haifa 3525422, Israel
* Correspondence: m_gur@rambam.health.gov.il; Tel.: +972-4-7774360; Fax: +972-4-7774395
† These authors contributed equally to this work.

Abstract: The introduction of mutation-specific therapy led to a revolution in cystic fibrosis (CF) care.
These advances in CF therapies have changed the disease profile from a severe incurable disease
with limited survival to a treatable disease with improved quality of life and survival into adulthood.
CF patients are now able to plan their future, including marriage and parenthood. Side by side with
the optimism, new issues and concerns are arising, including fertility and preparation for pregnancy,
maternal and fetal care during pregnancy, and post-partum care. While cystic fibrosis transmembrane
regulator (CFTR) modulators show promising results for improving CF lung disease, data on their
safety in pregnancy are still limited. We performed a literature review on pregnancy in CF from the
past, with the first described pregnancy in 1960, through the current fascinating changes in the era of
CFTR modulators, to ongoing studies and future directions. Current advances in knowledge give
hope for improved outcomes of pregnancy, towards the best possible prognosis for the mother and
for the baby.

Keywords: cystic fibrosis; pregnancy; CFTR modulators

1. Introduction

Advances in the care of cystic fibrosis (CF) led to improved life expectancy. Thus,
CF patients have been able to reach adulthood; consequently, issues like marriage and
pregnancy became relevant. Clinicians are now required to address new challenges, such
as fertility, family planning, pregnancy, and post-partum care [1].

The first pregnancy in CF was described in 1960, but unfortunately the mother de-
ceased shortly after giving birth [2]. Thereafter, an increasing number of successful preg-
nancies were reported in the literature. According to the United States (US) CF patient
registry, the yearly number of pregnancies increased from 230 in 2009 to 310 in 2019 [3].
This number nearly doubled in 2020, with a total of 619 pregnancies reported [4]. While in
the past a cut-off of forced expiratory volume in one second (FEV1) > 60% was considered
necessary to undergo a successful pregnancy, more recent studies report positive outcomes,
even in women with advanced pulmonary disease. However, these women are at increased
risk of premature delivery, and should be followed more closely [5].

In 2008, Edenborough et al. published guidelines for the management of pregnancy in
women with CF. The authors addressed several important aspects, from the pre-conceptual
until the post-partum period [6]. A few years later, the introduction of cystic fibrosis
transmembrane regulator (CFTR) modulators opened new horizons for CF patients. Cur-
rently, approximately 90% of CF patients are eligible for this treatment, while the remaining
10% are still waiting for a novel precise medicine to address their molecular defect. The
introduction of a new triple combination therapy of elexacaftor/tezacaftor/ivacaftor (ETI)
in 2019 has been a significant game changer for eligible patients. Even in patients that
were previously candidates for lung transplantation, the introduction of CFTR modulators
resulted in such impressive improvement, that pregnancy has become feasible. In this
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context, new issues arise, such as the effect of CFTR modulators on fertility, and their safety
during pregnancy [7]. It should be noted that mutation-specific therapy is still not available
and funded for all eligible patients.

The European Respiratory Society (ERS)/Thoracic Society of Australia and New
Zealand (TSANZ) published a consensus statement about the management of pregnancy
in CF, as well as other chronic airway diseases [8]. More recently, a multidisciplinary
panel of women with CF and CF clinicians published recommendations on pre-conception,
intrapartum, and post-partum care for people with CF [9].

Herein we performed a literature review on pregnancy in CF going over a longitudinal
timeline: from the past—before the era of CFTR modulators; through present—current
knowledge about factors affecting pregnancy outcomes, including the use of CFTR modu-
lators in pregnancy; to the future—on-going studies and future directions for the care of
pregnancy in women with CF.

2. Pregnancy before the Era of CFTR Modulators

2.1. Preparation for Pregnancy

In CF, as in other chronic diseases, there is utmost importance for optimization of
pre-conception health; thus, discussion about fertility and family planning should begin
during adolescent years and continue into adulthood [9]. One of the fundamental aspects
of CF care is the multidisciplinary clinic. To prepare for pregnancy, all team members
should be involved, targeting medical and psychological aspects, and optimizing chronic
therapies, including inhalations of mucolytics and antibiotics, and chest physiotherapy [8].
In addition, it is important to hold a realistic discussion about the patient’s current health
status, and the potential impact of pregnancy on maternal health and fetal outcomes, as
well as short- and long-term morbidity [9,10].

2.1.1. Infertility and Subfertility

Almost all adult men with CF are infertile due to failure of normal development of
the vas deferens; although, there are functioning sperm in their testicles. Obliteration of
the vas deferens by retained secretions in utero leads to congenital bilateral absence of vas
deference (CBAVD) and azoospermia. Notably, CBAVD may be the sole manifestation of
CF [3,11].

In women with CF, subfertility was first described in the 1970s. CFTR was found to be
expressed in the cervical epithelium; thus, deficient CFTR led to thick cervical mucus and
reduced sperm permeability [3,12]. In addition, malabsorption and chronic inflammatory
state lead to impaired growth, and delays in puberty and menarche. After reaching
menarche, anovulatory cycles have been an important cause of impaired fertility [12]. Girls
with CF were found to have delays in achieving pubertal levels of insulin-like growth
factor-I (IGF-I), follicle-stimulating hormone (FSH), and luteinizing hormone (LH) [13]; low
levels of anti-Mullerian hormone (AMH), considered to be a marker of ovarian reserve,
were found in women with CF [14].

In a retrospective study from 11 centers, a higher rate of subfertility was found in
605 CF woman (35%, compared to 5–15% in the general population). In a multivariate
analysis, pancreatic insufficiency (PI) and older age were associated with subfertility,
while lung function, body mass index (BMI), CF-related diabetes (CFRD), and number
of exacerbations in the previous year were not associated. CFRD was present in 16% of
women with normal fertility and 23% of sub-fertile women (p = 0.02) [15]. Similarly, a
French registry study found a slightly higher rate of assisted conception in women with
pre-gestational diabetes (53.8% vs. 34.5%, p = 0.06) [16]. In another study, a questionnaire
was sent to women with CF, of whom 46 sought pregnancies; 17 (37%) had no spontaneous
pregnancy, from whom 13 had infertility treatment and 11 were successful.
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2.1.2. Genetic Testing

Women with CF who desire to get pregnant should undergo genotype analysis, if
previously unknown. In addition, carrier screening should be offered for partners. As
there are more than 300 disease-causing mutations in the CFTR gene, a limited panel of the
25 most common mutations may miss up to 30% of cases, especially in non-Caucasians.
Thus, next-generation sequencing is the preferred method [12,17]. If the partner is found to
carry a CF disease-causing mutation, pre-implantation genetic diagnosis may be offered [8].
While many developed and developing countries have implemented newborn screening
for CF as routine, prenatal genetic screening tests are not broadly used. However, when
there is family history of CF, and there is high suspicion that parents might be carriers,
parental screening would be suggested. Ideally, genetic screening should be utilized for the
suspected carrier and if a mutation is found, then the partner should be screened as well.
These tests should be performed prior to conception in order to allow, for families that are
interested, the possibility of pre-implantation genetic diagnosis (PGD). In our country, a
unique population carrier screening (PCS) has been available since 1999, and universally
subsidized since 2008. Stafler et al. assessed the impact of this screening program and
showed a dramatic reduction in CF birth rates with a shift towards milder mutations [18].

2.1.3. Risk Factors for Poor Outcome of Pregnancy in CF

Several factors related to maternal health have been found to contribute to outcomes of
pregnancy in CF. These include pancreatic insufficiency (PI) and nutritional status, CFRD,
pulmonary and cardiac function, and bacterial burden [17].

Nutrition should be optimized through diet, fat-soluble vitamins, and pancreatic
enzyme replacement therapy (PERT). Poor nutritional status has been found to be related
to poor outcomes, including prematurity and low birth weight [17]. A BMI of 22 kg/m2

is considered the goal prior to pregnancy [9]. Historically, weight gain of 11 kg (kg) in
pregnancy was recommended; recent recommendations depend on pre-pregnancy BMI,
with higher weight gain expected for women with low BMI [17].

CFRD was also found to be a risk factor for poor outcome of pregnancy. Adequate glu-
cose control should be achieved prior to and during pregnancy, with a goal of hemoglobin
A1c (HbA1c) of <6.5% at the time of conception and <6.0% during pregnancy. Gestational
diabetes is more common in women with CF, occurring in 10–36% of pregnancies [9].
Guidelines for CFRD in pregnancy recommend an oral glucose tolerance test (OGTT) at
12–16 weeks and at 24–28 weeks of pregnancy to detect the development of gestational
diabetes [19].

In patients with low pre-conception BMI, or poor weight gain during pregnancy,
enteral feeding should be considered. However, enteral tube feeding may unmask diabetes,
thus closer follow up and blood glucose monitoring are warranted [10].

Several studies suggest that cor pulmonale and pulmonary hypertension are absolute
contraindications for pregnancy in CF women. Increased right ventricular pressure can
cause right ventricular dysfunction, tricuspid regurgitation, and, in severe cases, death.
The mortality in parturient with pulmonary hypertension is reported to be around 30%.
Thus, screening patients with CF with an echocardiogram during prenatal care is very
important [20].

2.2. Therapies during Pregnancy

The treatment regimen for CF patients is often complex, and includes PERT, antibiotics
(inhaled or oral), mucolytics, and anti-inflammatory medications [12]. During pregnancy,
the therapeutic benefits for the mother, possible adverse effects on the fetus, and the risks of
cessation of therapies, all should be considered [9,21]. Because pregnancy is almost always
an exclusion criterion in clinical trials of new therapies, much of the available data are
based on animal models rather than human studies [9]. This illustrates the importance of an
individualized approach in optimizing CF care during pregnancy, specifically for those with
more compromised lung function. During the first six months of pregnancy, the woman
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should be seen frequently in clinic, perhaps monthly and two-weekly in the final trimester
or more frequently as progress dictates. At each visit, physical examination, measurement
of oxygen saturation and pulmonary function, and weight should be performed, and
sputum should be obtained [6].

To ensure adequate nutritional status and normal vitamin levels, PERT and vitamin
supplementation should continue during pregnancy [8]. PERT appears to pose no signif-
icant risk during pregnancy. Vitamin A should be given in doses of less than 10,000 IU
daily; higher doses in early pregnancy have been found to be associated with neural
crest defects [12,17]. Folate supplementation is recommended as in non-CF pregnancy
guidelines [9].

The two most common inhaled mucolytics are dornase alfa and hypertonic saline; both
are used as chronic maintenance therapies. Both are considered safe to use in pregnancy, as
the systemic absorption is minimal [9].

Airway clearance therapy (ACT) and physical activity should be established as routine
before pregnancy and continued through pregnancy. As reflux may be increased during
pregnancy, adjustment of physiotherapy may be necessary; timing of physiotherapy before
meals, as well as upright sitting during ACT, may aid in minimizing reflux [8]. In severely
ill patients, supplemental oxygen or even non-invasive assisted ventilatory support may
be required during physiotherapy. If oxygen saturation falls to below 90% during ACT
or physical exercise, supplemental oxygen should be administered to maintain oxygen
saturations at around 92%. Overnight pulse-oximetry should be considered to check for
nocturnal desaturation [6].

Inhaled antibiotics (AB) are recommended for patients chronically colonized with
Pseudomonas aeruginosa (PSA). Tobramycin, aztreonam, and colistimethate sodium are
most used. As in mucolytics, the inhaled route is considered safe due to minimal systemic
absorption [9].

Azithromycin is a macrolide oral AB used as maintenance therapy due to its im-
munomodulatory effects. The drug is considered “probably safe” to continue during
pregnancy; while women should be informed about a very small potential risk for the fetus,
it is important to note that the risk of cessation of treatment is unknown [9,17]. It should be
noted that treatment with azithromycin in the neonatal period was found to be associated
with pyloric stenosis [22].

Treatment of Pulmonary Exacerbations (PEx)

The general approach for treating PEx in CF includes optimizing ACT, as well as the
use or oral or intravenous (IV) AB, targeting the most recent cultured respiratory pathogens.
Mild PEx usually is treated by oral AB, while moderate to severe exacerbations require IV
treatment. Systemic AB use in pregnancy may be challenging due to placental transfer and
potential risk of teratogenesis of some antibiotics [9].

Staphylococcus aureus (S. aureus) and PSA are the two most prevalent pathogens in the
airways of CF patients. For the treatment of S. aureus, penicillins and cephalosporins are
considered safe to use throughout pregnancy [9,12]. Trimethoprim-sulfamethoxazole use
in the first and third trimesters has been associated with neural tube defects and hemolytic
anemia, respectively. Therefore, their use should be avoided during the first and third
trimesters, and at delivery [9,23].

Treatment of methicillin-resistant S. aureus (MRSA) in non-pregnant CF patients in-
cludes trimethoprim/sulfamethoxazole, vancomycin, or linezolid. Human studies of
vancomycin are limited to first trimester, but no teratogenic effect has been found. Thus,
vancomycin is considered “probably safe”. Regarding linezolid, animal models have not
shown a teratogenic effect, but data in humans are limited to case reports. Thus, it should be
used if allergies or intolerance prevent the use of vancomycin, and only if benefit outweighs
the risk [9].

For the treatment of PSA, the fluoroquinolones (levofloxacin and ciprofloxacin) are
the oral AB of choice. Due to concerns for cartilage damage in animal models, their use
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has been typically avoided in pregnancy. However, recent evidence in human studies
suggests low risk of teratogenesis, and they are considered “possibly safe” [8,9]. If a
fluoroquinolone is indicated, ciprofloxacin is probably the preferred choice [6]. Anti-
pseudomonas beta-lactam antibiotics (ceftazidime, ticarcillin) are considered safe during
pregnancy. IV aminoglycosides can potentially cause fetal nephrotoxicity and ototoxicity,
and their use should be limited to critically ill patients. If given during pregnancy, the
once-daily dosing is preferable, with monitoring of drug levels [9,10,23]. Meropenem
is considered “possibly safe” during the first trimester and “probably safe” during the
remainder of pregnancy. However, women with CF have been found to be at increased risk
of pre-eclampsia, and carbapenems lower the seizure threshold [9].

Table 1 summarizes the recommendations for CF therapies during pregnancy.

Table 1. Summary of recommendations for CF therapies during pregnancy.

Drug Use in Pregnancy Remarks

PERT Probably safe
DEKAs Probably safe Vitamin A doses < 10,000 IU

Dornase alfa Probably safe Inhaled route—minimal systemic absorption
Hypertonic saline Probably safe

ACT Continue during pregnancy Adjust to minimize reflux
Antibiotics
Inhaled AB Probably safe Minimal systemic absorption

Inhaled levofloxacin Probably safe Minimal systemic absorption
Azithromycin Probably safe Minimal possible risk for fetus

Penicillins and cephalosporins * Probably safe
TMX/SMZ Avoid 1st and 3rd trimester and delivery Neural tube defects, hem. anemia
Vancomycin Probably safe

Linezolid No harm in animal models Limited human data
Ciprofloxacin Possibly safe Concern of cartilage damage
Levofloxacin Possibly safe Ciprofloxacin is preferrable

Aminoglycosides * Save for critically ill Nephrotoxicity & ototoxicity
Meropenem * Possibly safe in 1st trimester Lowers seizure threshold

PERT = pancreatic enzyme replacement therapy; DEKAs = vitamin D, E, K, A (fat-soluble vitamins);
AB = antibiotics; ACT = airway clearance therapy; TMX/SMZ = trimethoprim-sulfamethoxazole;
* = intravenous (IV).

2.3. Outcome of Pregnancy

CF team, obstetricians, anesthesiologists, and the patient should be prepared for the
delivery. Most CF women can have a spontaneous delivery with careful hemodynamic
monitoring. Cesarean delivery should be reserved for usual obstetric indications. The
increased cardiac output during delivery (about 50%) poses an acute risk of heart failure
in women with pulmonary hypertension or core pulmonale. Regional analgesia may be
beneficial for women with CF as it provides ability to rest and increased pain control [17].

In most studies, approximately two-thirds of births to women with CF are by vaginal
delivery. Previous studies found an increased rate of cesarean section (CS) in preterm
deliveries and in women with lower pulmonary function or CFRD. In cases of CS for
maternal or fetal indications, spinal anesthesia is preferred over general anesthesia. After
delivery, adapted analgesia is important to reduce pain, fatigue, and anxiety, and to allow
re-initiation of airway clearance soon after delivery [3].

The use of extracorporeal membrane oxygenation (ECMO) during pregnancy is de-
scribed in an interesting systemic review by Naoum et al. Some of the reported patients
were diagnosed with pulmonary hypertension [24]. However, data on use of ECMO for
the obstetric population with CF are extremely limited. One unique case of perioperative
management and preemptive ECMO cannulation in a parturient with CF undergoing CS
was reported by Dos Santos et al. and highlights individualized approach for CF pregnancy
and delivery [20].
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Most CF pregnancies result in live births, ranging from 67% to 85% in series from the
United States, Canada, United Kingdom, and France [12]. As already mentioned, poor
nutritional status and CFRD are considered as risk factors for poor pregnancy outcomes.
Low baseline weight is associated with prematurity and low birth weight. Pre-conception
hyperglycemia is associated with a higher risk of fetal malformations, while hyperglycemia
during pregnancy is associated with fetal macrosomia and increased risk of caesarean
section (CS) [9].

Pre-pregnancy lung function is often considered as the most important factor for
predicting pregnancy, both for the mother and the baby. Women with poorer lung function
at the beginning of pregnancy have a higher risk for prematurity or small-for-gestational age
(SGA) baby [17,25]. Case series have shown increased risk of miscarriages, both early and
mid-pregnancy, especially in mothers with worse lung function. Thus, some authors have
suggested that a pre-pregnancy FEV1 >60% predicted should be present before pregnancy
is undertaken [8]; however, there are reports of successful pregnancies, even in advanced
lung disease. In general, Cheng et al. found that birth weight was lower with maternal
FEV1 < 50% [26]. In a French survey, 61/77 (79%) pregnancies resulted in live births, with
19% and 16% of premature deliveries and low birth weight, respectively; the rate of CS was
16% [27]. In a small Scandinavian series, the rate of preterm delivery was 24%; low maternal
weight and poor maternal lung function before pregnancy increased the risk of preterm
delivery [28]. More recently, Reynaud et al. found that in women with FEV1 < 50%, the
rate of CS was higher and birth weight was lower, but rate of prematurity was similar [5].
Similarly, the Toronto CF database reported a low rate of prematurity, with similar rates in
those with FEV1 above and below 50% [29]. In a population-based UK study, 69/71 (97.2%)
pregnancies were live births. Similar to previous findings, maternal FEV1 correlated with
gestational age and birth weight [25]. Recently, in a multicenter-retrospective cohort study,
moderate–severe disease (FEV1 ≤ 60% and/or BMI ≤ 21 kg/m2 prior to pregnancy) was
associated with prematurity, while pancreatic insufficiency (PI) increased the risk for SGA
infants [30].

Effect of Pregnancy on Lung Disease and Overall Survival

In 1995, Edenborough et al. followed 22 pregnancies in 20 women and found a
13% decrease in FEV1 during pregnancy [31]. A few years later, they performed a multi-
center study with 72 pregnancies in 55 patients, and 65% of them required IV AB treatment
during pregnancy [32]. Data from a French registry found even worse outcomes: 77.5% of
women required IV AB treatment. Maternal mortality within one year after birth was
15% for those with FEV1 < 50% and 3% for those with FEV1 > 50% [33]. Nevertheless, other
studies reported better outcomes. In the Toronto database mentioned earlier, pregnancy
did not result in a greater decrease in FEV1 on follow up of 11 years. Nineteen percent of
women died: FEV1 < 50%, colonization with Burkholderia cepacia, and PI were associated
with decreased survival [29]. It should be noted that these studies followed pregnancies
more than 20 years ago. The French registry data are from 1980–1999, and the Toronto
database is from 1961–1998. Some authors even found that pregnancy was not associated
with decreased lung function or shortened survival [1,34].

Data from the CF Epidemiologic Study demonstrated increased AB use during preg-
nancy, as well as increased outpatient and inpatient hospital visits [35]. Similarly, in the ret-
rospective study mentioned earlier, patients with FEV1 ≤ 60% and/or low BMI ≤ 21 kg/m2

experienced more disease related complications during and after pregnancy; but on the
other hand, FEV1 and BMI did not decline more rapidly after pregnancy [30].

In a large cohort study, women who reported pregnancy (n = 680) were more likely
to have better baseline FEV1. Using Kaplan–Meier survival curves, the 10-year survival
rate in pregnant women was higher than in those women who did not become pregnant
(77% (95% confidence interval (CI), 71 to 82%) compared to 58% (95% CI, 55 to 62%),
respectively). The pregnant cohort also had better survival among specific high-risk
subgroups, FEV1 < 40% (p < 0.001) and CFRD (p = 0.02). The authors postulated that closer
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follow up during preparation for pregnancy resulted in improved compliance and better
baseline health status [34].

Pregnancy was also found to increase the risk of diabetes. The number of women
receiving diabetes therapy more than doubled during pregnancy, and half of them required
long-term therapy [1]. In the French study mentioned earlier, there was no difference in
FEV1 and BMI decline following pregnancy between those with and without CFRD [16].

2.4. Pregnancy after Lung Transplantation (LTX)

In 2006, Gyi et al. described 10 pregnancies in lung transplant recipients, and demon-
strated that pregnancy after LTX is feasible. There were nine live births, five of them
premature. Three women developed rejection during pregnancy, and four died within
38 months after delivery [36].

In a registry analysis from the US National Transplantation Pregnancy Registry,
12/30 patients had CF. There were 60% preterm births, with 11 infant complications and
two neonatal deaths. The rate of rejection was higher in CF patients (25% vs. 11%), and
mean birth weight was lower [37].

Some lung transplant centers recommend avoiding pregnancy all together; others
recommend waiting for 2–3 years after LTX. Patients with a history of acute or chronic
rejection should be advised against pregnancy [12,36].

Caution should be also taken with immunosuppressive medication use during preg-
nancy. Therapies such as cyclosporine and tacrolimus require frequent monitoring, and
dose adjustment with weight changes. Mycophenolate mofetil is teratogenic and should be
avoided. Safety data on other immunosuppressants, such as prednisone, azathioprine, and
calcineurin inhibitors, remains limited [17].

Overall, pregnancy post lung transplantation is still considered high risk. Patients
should be carefully counselled about the potential risks to graft function and overall health.

Figure 1 summarizes the considerations and recommendations before pregnancy,
during pregnancy, and in the post-partum period, including after LTX.

Figure 1. Summary of recommendations pre-conception, during pregnancy, and post-partum.
CFRD = cystic fibrosis-related diabetes; BMI = body mass index; FEV1 = forced expiratory volume in
one second; GER = gastro-esophageal reflux; IV = intravenous; LTX = lung transplantation.
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3. Pregnancy in the Era of CFTR Modulators

3.1. Introduction

Three decades after the discovery of the CFTR gene [38], mutation specific therapy
is now available for most CF patients. Ivacaftor was the first mutation-specific therapy
approved for clinical use and improved FEV1 by an average of 10.6% for those with the
G551D gating mutation [39,40]. Shortly after, two modulator combinations were shown to
modestly improve FEV1 and decrease pulmonary exacerbations [41–43]. Finally, in 2019,
trikafta, a new triple combination therapy of elexacaftor/tezacaftor/ivacaftor (ETI) showed
extraordinary results. ETI improved FEV1 by an average of 13.8% in eligible patients [44,45].
This combination therapy has changed the lives of patients who are eligible for it, which
is estimated to be 90% of CF patients. As mentioned earlier, one of the most exciting
consequences of the new CF era is that people that were previously preoccupied with
health and survival issues are now healthy enough and emotionally ready to consider
planning families and children of their own. In this section we will focus on the impact of
CFTR mutation-specific therapy on reproductive health in CF.

3.2. Effects of CFTR Modulators on Fertility

Since development of the vas deferens is already disturbed in utero, eventually leading
to obstructive azoospermia, it is unlikely that CFTR modulators will have a significant
impact on this aspect once fetal development is completed. However, an interesting study
found that in CF ferrets homozygous for the gating mutation G551D, treatment with
ivacaftor during pregnancy led to development of the vas deferens and epididymis [46].
Whether it is possible to rescue the formation of vas deferens following in utero exposure to
highly efficient modulators such as ETI, and whether it is safe, is still unknown. Addition-
ally, males with CF are known to have smaller volume of ejaculate than healthy men. There
is a possibility that CFTR modulators can lead to increased ejaculate volume by acting on
CFTR channels present in the male reproductive tract [47]. Perhaps related to that, some
cases of acute testicular pain in men with CF have been reported following initiation of
ETI therapy. The pain onset occurred within two weeks of ETI initiation and in all cases
but one, the symptom resolved within one week [48]. While the mechanism of this side
effect is still unknown, it can be speculated that restoration of CFTR function in the male
reproductive tract had a role in this side effect.

As mentioned earlier, the reproductive anatomy in women with CF is not different
than healthy women, but several factors contribute to subfertility. Mutation-specific therapy
may potentially increase fertility rates, both by directly affecting the female reproductive
tract, and indirectly by improving nutrition and health status.

Although it is early to appreciate the impact of ETI on fertility fully and accurately,
experience with ivacaftor showed improved fertility in women that were previously con-
sidered infertile. In the phase 3 study of ivacaftor, despite the fact that women agreed to
use contraceptives while on the study, 2% of the women became pregnant, thus illustrating
the importance of proper guidance for women starting use of CFTR modulators [39,49,50].
The exact mechanism of improved fertility is not yet known, but the CFTR modulators are
thought to decrease viscosity and increase pH in cervical mucous secretions, promoting a
more fertile environment [49].

3.3. Use and Safety of CFTR Modulators in Pregnancy

Placental transfer of CFTR modulators has been observed in animal models and in
humans [51,52]. When tested in three women using ETI during pregnancy, ETI was found
in high concentrations in cord blood, suggesting that concentrations in utero are within
therapeutic range. Although in lower levels, detectable concentrations of ETI were also
seen in breast milk [21]. In line with that, an astonishing case report described a CF patient
homozygous for F508del mutation, treated with ETI before and during pregnancy. The fetus
was found to have echogenic bowel on week 20 and was found to be F508del homozygous
as well. The mother chose to continue ETI despite the lack of sufficient safety data. At
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week 32, the fetal bowel was reported to be normal. Finally, the baby was delivered
at term, with no meconium ileus. Surprisingly, the baby had normal immunoreactive
trypsinogen (IRT) levels, leading to a false negative newborn screening for CF. Moreover,
despite having typical CF, he did not suffer from PI. Repeated tests showed normal fecal
elastase (>200 μg/g), and therefore PERT was stopped [21]. In another similar case, a
F508del carrier was pregnant with a F508del homozygous fetus. The fetus was diagnosed
with meconium ileus at 23 weeks of gestation; thus, the mother began ETI at 32 weeks with
intent to treat fetal meconium ileus. A female infant was delivered at 36 weeks with no
complications. Fecal elastase at age two weeks was 240 mcg/g and maternal and infant
liver enzymes were within normal levels [53].

In terms of safety, when tested on animal models, elexacaftor and ivacaftor given at
high doses that are toxic to humans, caused impaired fertility in male and female rats.
However, CFTR modulators did not show adverse impact on fertility or show teratogenicity
when given at normal human doses [54]. Another area of concern is the development of
bilateral cataracts. Toxicity studies of ivacaftor in rats demonstrated infant cataracts, but
until recently this was not reported in human infants. Recently, Jain et al. described three
cases of infants exposed to ETI in utero and while breastfeeding, who were found to have
bilateral congenital cataracts within six months of birth. Importantly, none of these infants
had significant visual impairment [55].

3.4. Pregnancy Outcomes with CFTR Modulators

Currently, there is a lack of high-quality data to properly assess the maternal and fetal
effects of CFTR modulators given during pregnancy. Until today, some case reports and
surveys have been published, giving first signs of optimism in this area.

In a recent review by Taylor-Cousar, several case reports of women using ivacaftor
or lumacaftor/ivacaftor were summarized. Out of 11 cases described, no adverse impacts
on the infants were reported (other than prematurity that was attributed to significant
maternal lung disease). One infant was reported to have mild hyperbilirubinemia that
resolved spontaneously. In four cases, a formal ophthalmologic exam was carried out to
the fetus, and all exams were normal [54]. Interestingly, there have also been reports of
patients that stopped CFTR modulators due to concerns about the unknown safety to their
fetus, and eventually re-introduced therapy due to declining lung function [56].

On a larger scale, two international surveys were reported on the outcomes of preg-
nancies for women treated with CFTR modulators. Their results are summarized in Table 2.
The first survey focused on outcomes of pregnancies prior to ETI. A total of 64 pregnancies
in 61 women were reported. Of these, 31 pregnancies were exposed to ivacaftor, 26 to
lumacaftor/ivacaftor, and 7 to tezacaftor/ivacaftor. The physicians were asked to report
their opinions about whether the complications were related to treatment. Only two com-
plications were reported as being related to modulator use—one pulmonary exacerbation,
and a case of acute myelocytic leukemia (AML). Notably, no other reports have shown a
connection between leukemia with use of CFTR modulators. On the other hand, in those
choosing to stop therapy due to unknown risks to the fetus, nine women experienced a
decline in lung function leading to re-introducing modulator use during pregnancy [57].

A similar, more recent survey, using the same methodology, focused on outcomes of
pregnancies for those treated with ETI [58]. In this survey, 47 pregnancies in 46 women
were reported. Forty-one women were on ETI at the time of diagnosis of pregnancy and
six elected to discontinue after pregnancy was diagnosed. Four women decided to begin
ETI in the second or third trimester. Twenty-three women continued ETI throughout all
trimesters. There were four miscarriages reported in the first trimester (8.9%); none was
classified as related to ETI therapy (in one, the relation was deemed unknown, and the rest
non-related). As reported in older CFTR modulators and perhaps to a larger extent, five
women that elected to stop ETI, experienced a deterioration in lung function or increased
symptoms; one patient experienced a severe deterioration including massive hemoptysis
and significant fall in lung function. In terms of maternal outcomes, 28 events were deemed
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unrelated to therapy, one event was thought to be related to therapy (cholecystitis requiring
cholecystectomy), and two with unknown relationship to ETI (cholestasis). Results of
formal cataract inspections were not available in this report. At last, two cases were reported
of unintended pregnancies shortly after delivery, and eventually were terminated [58]. The
current limited data call for careful consideration of the beneficial versus the toxic effects of
mutation specific therapy during pregnancy and lactation and continuing data collection
and analysis.

Table 2. Use of CFTR modulators in pregnancy according to international surveys.

Modulator
Pregnancies/Modulator

Used throughout Preg, (n)
Miscarriage Prematurity

Fetal Complications Maternal Complications
Related to

Modulator *
Unknown/Not

Related
Related to

Modulator *
Unknown/Not

Related

IVA 31/15 2 - 0 3 0 16
LUM/IVA 26/16 0 4 0 8 2 17
TEZ/IVA 7/5 1 - 0 2 0 5

ETI ** 47/23 4 5 0 20 a 1 30 b

IVA = ivacaftor; LUM = lumacaftor; TEZ = tezacaftor; ETI = elexacaftor + tezacaftor + ivacaftor; preg. = pregnancy;
n = number. * Determined by a CF specialist responding to the survey. a None of the fetal complications were
considered related to ETI. The most common complication was cesarean section (n = 4) as a result of infant factors
(large for gestational age, n = 2; abnormal presentation, n = 2). Three infants were born with mild congenital
malformations, for whom the relatedness was considered unknown; two of them were born to mothers with
poorly controlled diabetes. One fetus had multiple anomalies (considered unrelated to ETI) and pregnancy was
terminated. One patient had trisomy 16. b Events that occurred in more than one woman—gestational diabetes
(n = 2), preeclampsia (n = 2), pre-term labor (n = 2), and need for Cesarean section (C-section) for maternal
reasons (n = 4); two seizures occurred in a woman with a history of seizures. All these were considered unrelated
to ETI. There were three events of cholestasis—one cholecystitis considered related to ETI, one episode in a
woman with previous obstetric was considered unrelated, and one was considered with unknown relatedness.
** Recently, Jain et al. described three cases of infants exposed to ETI in utero and while breastfeeding: bilateral
congenital cataracts were found, with no significant visual impairment [55]. Nash et al. for IVA, LUM/IVA and
TEZ/IVA [54], Taylor-Cousar et al. for ETI [55].

According to the US prescribing information (USPI) of ETI, there are limited and
incomplete human data from clinical trials on the use of ETI or its individual components
in pregnant women to inform a drug-associated risk [59]. Therefore, there is no assigned
FDA risk category [60]. According to the European drug information, as a precautionary
measure, it is preferable to avoid the use of ETI during pregnancy [61].

For infants exposed to ETI during pregnancy or breastfeeding, it is recommended to
perform ophthalmologic screening examinations for neonatal cataract evaluation and liver
function testing [9].

4. Conclusions and Future Directions

In conclusion, optimizing pre-conception medical and emotional status, addressing
specific risk factors that are associated with poor outcome; integrated multi-disciplinary
care during pregnancy, taking in account the risk-benefit ratio of additional treatments;
and close follow up in the post-partum period, are all necessary for the best outcomes of
pregnancy in CF patients, both for the mother and the newborn.

As detailed above, at this point, data on the safety of CFTR modulators in pregnancy
are limited. There is some evidence, however, that cessation of therapy may lead to de-
clining lung function or increasing symptoms. On the other hand, there is no evidence
for significant teratogenicity or severe side effects related to pregnancy. Accordingly, a
European Respiratory Society/Thoracic Society of Australia and New Zealand statement
concerning the management of reproduction and pregnancy in women with airway dis-
eases, considered CFTR modulators to be “probably safe”, and that maternal benefit may
outweigh potential risk during pregnancy and/or breastfeeding [8].

As discussed, modulators have been proven to cross the placenta efficiently, and lim-
ited evidence shows that maternal treatment can potentially rescue some of the irreversible
damage that occurs in utero. Additional safety and efficacy data are still needed, but
perhaps the dream may come into reality in the near future. Prenatally treating a fetus that
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is known to have CF may change the course of CF; we may postulate with caution, that
even areas previously considered untreatable, such as pancreatic function and male fertility,
may be reversible.

Currently, the “Maternal and Fetal Outcomes in the Era of Modulators” (MAYFLOW-
ERS) study sponsored by the CF Foundation and CF Therapeutics Development Network,
is taking place in 40 CF care centers across the United States. CF women on CFTR mod-
ulators are enrolled during the first trimester of pregnancy to assess maternal and fetal
outcomes during and after pregnancy [62].

Until additional information is available and specific guidelines are published, the
decisions should be individualized and a risk–benefit approach should be discussed to
ensure the best combined maternal and fetal health.
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Abstract: Background: A habitual cough, persisting after the cause is gone, was described in a
1694 medical book. Successful treatment of this disorder known as habit cough was reported in
1966 by the “art of suggestion”. The purpose of this article is to provide the current basis for diagnosis
and treatment of the Habit Cough Syndrome. Method: The epidemiology and clinical course of
habit cough were reviewed; original data were obtained from three sources. Results: Unique clinical
presentation was the basis for diagnosis of habit cough. Diagnosis was made 140 times with increasing
frequency over 20 years at the University of Iowa clinic and 55 times over 6 years at a London clinic.
Suggestion therapy provided more frequent cessation of cough than just reassurance. A Mayo Clinic
archive of chronic involuntary cough found 16 of 60 still coughing 5.9 years after initial evaluation.
Ninety-one parents of children with habit cough and 20 adults reported cessation of coughing from
viewing a publicly available video of successful suggestion therapy. Conclusions: Habit cough is
recognizable from the clinical presentation. It is effectively treated in most children by suggestion
therapy in clinics, by remote video conferencing, and by proxy from viewing a video of effective
suggestion therapy.

Keywords: cough; chronic cough; habit cough; suggestion therapy; hypnosis; behavioral therapy;
clinical education

1. Introduction

“The morbidity, cost, and impact of somatoform (functional) pediatric respiratory syn-
dromes are far more impactful than that experienced by most of our severe asthmatics and
CF patients. These conditions are NOT trivial, ‘just in your head’ conditions. A confident
diagnostic approach and an optimistic therapeutic regimen are critically important.”
(George Mallory MD)

Physician education focuses on anatomical, physiological, and organic disorders that
cause illness. Emphasis is on identifying what is wrong with the body that is causing the
patient’s symptoms. When the cause is not identified, medication typically is provided in an
attempt to relieve the symptoms. But some symptoms are not caused by corporal dysfunction
and do not respond to usual pharmacotherapy. The medical term for those is functional.
Among the clinically important functional respiratory disorders is the habit cough [1]. Habit
cough has a long history in the medical literature. Unfortunately, habit cough currently often
has been associated with inadequate recognition and alternative diagnoses.

The purpose of this article is to promote increased awareness among physicians regard-
ing this often misdiagnosed and overtreated disorder. Habit cough is not influenced by any
pharmacotherapy but does respond, with rare exceptions, to a simple behavioral measure.
This narrative of the history, current status, and barriers to physician education regarding
habit cough includes the encounters and accumulated data from the three authors who
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have an extraordinary amount of exposure to this disorder. We will review the chronology,
epidemiology, etiology, treatment, and educational efforts to increase the understanding of
this disorder. We will also describe the efforts to increase the knowledge and clinical skills
of physicians likely to encounter this disorder. However, we cannot discuss habit cough
without also examining the prevailing controversies and misinformation regarding this
functional disorder, the cough without a cause.

2. Methods

Three present sources of data were used to characterize habit cough: (1) The University
of Iowa Pediatric Allergy and Pulmonary Clinic from 1994 to 2014 provided epidemio-
logic data not previously published. (2) Over 200 remote contacts from February 2019 to
September 2022 provided insights and aspects of outcome beyond what could be derived
from clinic patients. (3) Selected patients from a private practice of author RA provided
observational and treatment data about children with recalcitrant habit cough. Data from
these sources will be contrasted with guidelines for cough management from authorita-
tive committees.

The three sources of habit cough used for this publication provide data on the successes
and limitations of suggestion therapy for habit cough as direct treatment, indirect treatment
by remote video conferencing, and treatment by proxy where a video of a child receiving
suggestion therapy is the source of successful suggestion therapy in others. From these
data sources, epidemiology, outcome, and phenotypical variations of habit cough can
be extracted.

Recognizing the relative deficiency of knowledge about habit cough and its treatment
outside of those of us with extensive exposure, present physician care of habit cough also
was available from almost 4 years of remote contact. Phenotypical variations of intractable
habit cough and their treatment were available from the hypnosis and counseling practice
of author RA.

3. Results

3.1. Chronology of Habit Cough

We found medical books from the 17th and 19th centuries with descriptions of specific
examples of chronic cough that are consistent with current observations of habit cough. A
medical textbook from 1685 by Thomas Willis (1621–1675) [2] described an adult woman
with “a violent dry cough following her day and night, unless she was fallen asleep”, a description
that would fit the habit cough diagnosis today. Franciscus Mercurios (1614–1699), a Flemish
physician, alchemist, kabbalist, and writer, in a 1694 medical book, The Spirit of Diseases,
described, “ . . . Habitual Cough, which often continues after the first cough, which was caused by
the cold, is gone . . . and the Habitual Cough often proceed” [3]. Charles Creighton (1847–1927),
a British physician and medical author, in an 1886 medical book, Illustrations of Unconscious
Memory in Disease, described, “ . . . a habit cough—a reflex effect persisting after the cause is gone
. . . or an acquired habit . . . ” He went on to state, “ . . . the treatment of it is to break the habit
. . . ” [4]. This was insightful reasoning on the part of Dr. Creighton.

Breaking the habit was essentially what Dr. Bernard Berman, a Boston allergist,
reported in a 1966 publication [5]. He described six children seen in his practice over a
5-year period, three boys and three girls between the ages of 9 and 13 years. They all had
daily barking coughing for the prior 3–6 months with absence of cough when asleep. He
concluded that they were “afflicted with habit cough”; Dr. Berman stopped the coughing by
what he called “a simple modality of therapy” that required an “understanding and experience
in the art of suggestion”. Being aware that this repetitive cough had been considered a tic by
some and as psychogenic by others, Dr. Berman considered those diagnostic terms for the
disorder. However, he commented that he observed no motor or vocal tics and no evidence
of concerning emotional problems in those children. He reasoned that the ease of stopping
the cough with a simple behavioral technique justified the term, habit cough. To this day,
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there is no reasoned justification for considering habit cough as a tic disorder, a tic cough,
or psychogenic cough, terms that have been used by some without any basis.

A 1991 publication reported three boys and six girls, median age 11 years, who had
been previously seen at the University of Iowa Pediatric Allergy and Pulmonary Clinic
with histories of 2–5 months of a harsh barking nonproductive repetitive cough during all
waking hours but absent when sleeping [6]. Coughing occurred in spasms and with unusual
frequency. Medications prescribed by the referring physicians had been ineffective. The
coughing was stopped within 15 min using an adaptation of Berman’s “art of suggestion”.
Sustained benefit was documented by telephone contact a median of 3.6 years (ranging up
to 9.4 years) after the clinic visit. Psychopathology was not apparent from a standardized
psychological questionnaire. On the basis of that experience, suggestion therapy continued
as the standard of care at the University of Iowa.

3.2. Clinical Characteristics of Habit Cough

Thus, habit cough is not a new disorder despite the frequent lack of awareness re-
garding this disorder among much of the medical community. Just as described in the
1694 and subsequent publications, a respiratory illness is often an initiating factor at the
onset of the repetitive cough [2]. Multiple case and series reports of children have since
described a repetitive, daily nonproductive cough that is absent during sleep [5–11]. Habit
cough is a distinctive syndrome recognizable and diagnosable by its unique clinical pre-
sentation. While the cough is most commonly described as barking or honking, home
videos provided by parents demonstrate variability in the sound and frequency of the
cough (https://youtu.be/U7p2B_Zt6AM, accessed 1 November 2022) Data from the Uni-
versity of Iowa clinic reported about 10% of the children having softer, throat-clearing type
coughs [11].

While habit cough may not be recognized by a patient’s primary care doctor, parents
generally readily recognize that their child’s cough is different from usual coughs with
colds. A common comment from parents is that their child had a cold with a cough, and
then after 1 or 2 weeks, the cough changed in sound and frequency. Routine spirometry
and a chest X-ray provide sufficient reassurance that there is no physical basis for the
cough. Further testing and therapeutic trials of medication result only in an iatrogenic
component to the morbidity. The diagnosis is based on the uniqueness of the cough, its
sound, frequency, nonproductive, and absence during sleep [11,12].

Occasionally, a child with successfully treated habit cough has a recurrence. While
that data had not been systematically reported, our remote contact information included
several parents reporting a recurrence of habit cough as much as a year later. Typically, it’s
another viral respiratory infection that is followed by the recurrence of the habit cough.
Children with recurrences self-managed their cough when reminded that they knew how
to control the cough from their prior experience. One younger child, who had a return of
habit cough a year later, required repeat suggestion therapy to stop the returned cough
because she could not remember what she had previously done.

3.3. Epidemiology of Habit Cough

In 2016, the diagnosis of habit cough was identified at the University of Iowa 140 times
over a 20-year period from 1995 to 2014 based on information from the electronic medical
record [11]. The average age was 10 years; 85% were between 8 and 13 years of age. The
diagnosis was made by the frequent repetitive dry (nonproductive) cough that was absent
once asleep. The absence once asleep despite a severe daily cough is a sine qua non for this
disorder. A seasonal pattern with late spring and midsummer decreases in the frequency
of diagnosis approximates the seasonal pattern of common viral respiratory infections.

Using the same criteria for diagnosis of habit cough, a repetitive dry cough that was
absent during sleep, Brompton Hospital in London, England reported the diagnosis of
55 children during a 6-year period, an average of nine per year [12]. Approximately the
same frequency occurred at the Iowa clinic during the 12-year period from 2003 to 2014. The
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median age was 10 years at both institutions. For most of the children seen at these two insti-
tutions, cough had been present for periods from about a month to greater than 12 months
prior to being seen. An increased frequency of habit cough diagnosis from 2.2 to 4.5 cases
per year was attributed to a period of financial stress in Greece [13]. However, year-to-
year variation of that magnitude also was seen during the 20 years at the University of
Iowa (Figure 1).

Figure 1. Annual diagnoses of habit cough by the faculty of the University of Iowa Allergy and
Pulmonary Clinic from 1995 to 2014.

More data on the prevalence of habit cough were a systemic evaluation of 346 children
brought to centers in Australia, specifically for chronic cough. Protracted bacterial bronchi-
tis, a cause of chronic cough primarily in infants, was present in 142 of the 346. Asthma was
diagnosed in 55, and 48 had spontaneous resolution of the cough. Of the 101 other cases,
15 were diagnosed as “habitual” cough [14]. These data on the frequency of diagnosing
habit cough among those presenting with chronic cough and the frequency with which
habit cough is diagnosed at two major referral centers provide the best information we
have regarding the prevalence of this functional disorder. A few physicians, predominantly
pediatric pulmonologists, in 14 states in the U.S. and 10 other countries currently have
indicated that they are diagnosing and treating habit cough in a manner similar to that
described here.

The COVID-19 pandemic was associated with some community physicians indicating
to us that they were seeing more children with habit cough. From the 11 children reported
to us with characteristic habit cough post-COVID-19, it did not appear that habit cough
post-COVID-19 differed from habit cough triggered by other viral respiratory infections.
COVID-19 can cause an acute cough, but a chronic dry cough is reported to follow recovery
that can last for months. This is described in an extensively referenced review [15]. The
post-COVID-19 prolonged cough may or may not be accompanied by other long COVID-19
symptoms. Data in publications of respiratory post-COVID-19 follow-up in children are
insufficient to ascertain the frequency with which some have the characteristics of habit
cough [16,17].

3.4. Etiology of Habit Cough

The cause of habit cough is an enigma. Why does it start? Why does it happen in some
but not others? Why does it persist for months and even years? Cough hypersensitivity
has been proposed as a hypothesis for the persistence of idiopathic or refractory chronic
cough [18], However, evidence suggests that cough hypersensitivity may be both a cause
and consequence of persistent coughing.

Mucosal biopsies obtained by bronchoscopy in adults with no medical explanation
for their chronic cough showed inflammation [19]. Increased nerve density was reported
in bronchial mucosal biopsies from adults with chronic unexplained cough [20]. The
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investigators of both of those studies suggested that the sustained daily coughing could
be the cause of their findings. Thus, this neuropathic inflammation could be the cause of
cough hypersensitivity and could be the stimulus for chronic daily cough. Essentially, this
suggests a vicious cycle where repetitive daily coughing causes the mucosal pathology that
is the nidus for the cough.

Clinical support for this explanation of persistent coughing is the common patient
awareness of a “sensation” (sometimes called a tickle) in their airway that triggers their
repetitive cough. Many patients have told us that the feeling that had been stimulating
the repetitive cough only gradually fades over weeks even after cessation of cough. Thus,
many patients continue to struggle with the stimulus to cough even after they have learned
how to resist that urge. An analogy to which patients can relate is a mosquito bite that
itches; the more you scratch it, the more it itches. It does not heal until the scratching
stops. The desire to scratch is analogous to the desire to cough. In both cases, the cycle of
itch-scratch and tickle-cough requires control of the sensation for healing to occur.

Clinical observations suggested that stress and anxiety contribute to habit cough
in some patients. A description of stress associated with habit cough was described by
Papadopoulou et al. [13]. However, association does not prove etiology. The stresses
described by Papadopoulou et al. are not unique and occur also in children without
chronic cough.

3.5. Treatment of Habit Cough

Habit cough has been effectively treated by various forms of suggestion therapy. This
was first reported in 1966 by Berman [5]. It has been extensively used at the University of
Iowa since 1975 [6,11]. A successful variation includes suggesting that a sheet tied around
the chest enables cessations of cough [9]. Speech therapy [21] and cognitive behavioral
therapy [13] have been proposed as treatments for habit cough, but no outcome data are
reported for those. Hypnosis has been successfully used [10].

Suggestion therapy has now been used to the greatest extent for the successful treat-
ment of habit cough. Increasing numbers of physicians and some nurse practitioners have
found the approach to be effective. Although the provider of the suggestion therapy can
alter the wording, major elements of suggestion therapy for habit cough include:

• Establish rapport with the patient and parents.
• Be honest and forthright with patients and parents.
• Tell the parents that you want to talk to the patient and ask them to sit quietly in the

background, phones turned off.
• Body temperature water should be at the patient’s side or in hand to take small sips in

anticipation of a cough.
• Explain the cough as a vicious cycle that started with an initial irritant that is now

gone; it is now the cough itself that is causing the feeling that stimulates the coughing.
• Explain that cough is the body’s natural response to feeling that something is in

their airway.
• Explain that the brain can control that response, but it takes a lot of concentration.
• Instruct the patient to focus on the provider of the suggestion therapy who is to keep

up a relaxed soft patter.
• The patient is instructed to be aware when a cough may be coming and take a small

sip of the water and hold the cough back.
• Begin with a request to hold the cough back for a defined period of time, beginning

small and progressing as successes occur.
• Tell the patient that each second the cough is delayed makes it easier to suppress

further coughing.
• Repeat expressions of confidence that the patient is developing the ability to resist the

urge to cough: “It’s becoming easier to hold back the cough, isn’t it?” (Nodding your
head generally makes the child nod their head in agreement.)
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• When the patient shows that he or she is able to suppress the cough (usually after
about 10 min), ask in a rhetorical manner, “You’re beginning to feel that you can resist
the urge to cough, aren’t you?” (Say with an affirmative head nod.)

• Express confidence that if the urge to cough recurs, the patient can do the same thing
at home (autosuggestion).

Autosuggestion should routinely be provided for patients to continue treatment at
home. Autosuggestion refers to quiet sessions at home, with or without parental guidance
depending on the patient’s preference, in which the patient performs their own suggestion
by concentrating on holding back the cough using sips of body temperature water to
“ease the irritation” causing cough. The use of online videos where suggestion therapy is
successfully provided is helpful [22].

The first online video of habit cough treated by suggestion therapy was in February
2019 when one of the authors, MW, was contacted by the father of a 12-year-old girl
(coauthor DB) with 3 months of a repetitive loud chronic barking cough that prevented
her school attendance and disrupted the family milieu. Although the cough was absent
during sleep, the cough repeated throughout all waking hours. A recording of that video
was placed by her father on a website he created, www.habitcough.com (accessed on
1 November 2022), and on YouTube. That video has since become an important source of
treatment (Figure 2).

Figure 2. A map of 91 children (red dots) and 20 adults (blue dots) who informed us by email (via
parents for children) of cough cessation from watching the video of a girl with chronic daily cough
successfully stopped by suggestion therapy.

3.6. Outcome of Habit Cough

A 15–30 min suggestion therapy strategy was used and taught during the 40 years of
the corresponding author’s (MW) tenure at the University of Iowa Pediatric Allergy and
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Pulmonary Division [11]. The standard of care for habit cough at the University of Iowa
Pediatric Allergy and Pulmonary Clinic was suggestion therapy provided by any of the
faculty assigned to the clinic.

Suggestion therapy by direct contact and autosuggestion (self-suggestion) was more
effective than just providing reassurance [23]. Of 85 children who received direct sugges-
tion therapy in the clinic, 81 stopped coughing during 15–30 min of suggestion therapy.
Three of the four who did not respond to suggestion therapy had apparent psychological
problems that have been described previously (the fourth was not further evaluated) [24].
Autosuggestion instructions were provided to both those who did not receive suggestion
therapy in the clinic and in addition to those who received direct suggestion therapy in the
clinic since the continued desire to cough might last for days or weeks.

Since the video became publicly available, 91 parents of children with habit cough
and 20 adults from the U.S. and 15 other countries informed us by email that watching
the video enabled cessation of coughing (Figure 2). Many found that repeated watching of
the video was helpful. Eighteen of the ninety-one children additionally requested video
contact with the doctor, author MW. A few requested the option of talking to the girl in the
video, which was provided by video teleconference. The coughing stopped immediately in
some, while sustained effort, rewatching the video, and repeated practice were described
by others. The following emails illustrate these different responses:

This email was from a mother with whom we never had direct contact:

“Our daughter, Riley, is seven years old (will be eight in May). A few months back, she
had a really bad cold which led to a bad cough. After a few weeks the cold symptoms went
away except for that cough. There was no stop to it. Just so much coughing.

I finally decided to just pull your video up on YouTube and we all sat there and watched
it. It was very emotional for all of us and at the end Riley was in tears (we all were).
We hugged for a time. She said to us “I can hold the cough back. And the . . . THE
COUGHING STOPPED! Like turning off a switch. For four days now, I have not heard
her cough except for a few random ones here and there. The cough is GONE!”

The following email is from the mother of a 14-year-old boy with a history of coughing
about two times per minute during waking hours. This continued for more than a month
after the clinical symptoms of a viral respiratory infection. Suggestion therapy was provided
by MW via remote video conferencing:

“He is doing so much better. He went back to school this week. The first 2 days he had to
really work to control the cough and had a few bouts of having a difficult time of doing so.
However, the last few days he hasn’t coughed at all and the urge is less and less.”

These two cases demonstrate the variability in response to suggestion therapy, imme-
diate cessation of coughing or motivated daily practice to accomplish cessation of cough.

We have no way of estimating how many others have watched the video and never
contacted us. Physicians in the U.S., Ireland, Israel, and Australia have reported to us
that they have referred habit cough patients to that video and received feedback from
parents of chronic cough cessation, but we have only the attestation of the physician for
those communications.

3.7. Clinical Course of Untreated Habit Cough

In 1991, Mayo Clinic in Rochester, Minnesota reported an 18-year follow-up of 60 chil-
dren in their medical record archives with “childhood involuntary cough syndrome”
consistent with habit cough [25]. The ages of the children were similar to those reported
at the University of Iowa [11]. Since no treatment beyond diagnosis and counseling was
given, this essentially provided the natural history for untreated habit cough. Cough
spontaneously resolved only after a mean duration of 6.1 months after diagnosis in 44 (73%)
of the 60. Sixteen (27%) were still coughing a mean of 5.9 years from the time of diagnosis.

At the Brompton Hospital in London, parents were provided only “simple reassur-
ance [12]”. A follow-up for 1.9 years was reported in 39 of the 55 children who they were
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able to contact. Spontaneous resolution of cough was reported in 59% of the 39 within
4 weeks; the others had persistent coughing for longer periods, especially if there was
skepticism by the parents regarding the diagnosis.

Further evidence of the potential duration of habit cough was obtained from four adults
among the remote contact patients. Their ages ranged from 23 to 32. They described
8–15 years of chronic cough that had begun when they were adolescents. Their clinical
characteristics were consistent with habit cough, i.e., daily repetitive nonproductive cough
that was absent when asleep. The available data, therefore, show eventual spontaneous
resolution for chronic cough in many, but some continue with a persistent cough for years.
Consequently, when encountering a child with habit cough, a wait-and-see approach for
spontaneous resolution is not a justifiable strategy.

3.8. When Suggestion Therapy Is Not Effective

One of the authors of the article, RA, is a pediatric pulmonologist with skills in medical
hypnosis that have been used to successfully treat habit cough [10]. Results of hypnosis for
habit cough have found that approximately half of all patients with habit cough who use
hypnosis initially resolve their cough immediately after the first application of hypnotic
relaxation. Most of the others with typical habit cough who are helped with hypnosis
resolve their cough within a month.

Of ten patients from the remote contact source who failed to respond to suggestion
therapy, only two improved with hypnotic relaxation alone. Four of those ten patients
improved after the use of hypnosis to promote interactions with the part of the mind of
which one is not fully aware. Although subconscious, this can nonetheless influence actions
and feelings. The use of this strategy is demonstrated in a case study described in Changing
Children’s Lives with Hypnosis [26].

An example of a patient benefiting from sessions with a medical hypnotist was Stella.
Stella was a delightful 12-year-old girl from Texas whose father contacted the author
MW in February 2022. Her ambition was to be an actress. She coughed about every
3–5 s continually throughout all waking hours but did not cough when sleeping. Despite
several remote conversations where she was fully cooperative and highly motivated to
stop, there was no progress. Local hypnosis and counseling were arranged by her father
at the recommendation of author RA. Six months later her father described the successful
cessation of Stella’s habit cough after eight sessions with a local hypnotist selected on the
basis of being skilled in medical hypnosis for children.

Interestingly, the few children resistant to suggestion therapy appeared to differ from
those who responded to suggestion therapy. The “tickle,” the feeling in the throat that
was typically present in patients with habit cough, was not present in these children.
They did not notice any precough tickle or stimulus. They also had persistent very high
cough frequency, cough every few seconds, without the greater variation from distraction
commonly present in others. In some, the cough seemed to occur with every exhalation.

What are we to think about these markedly different responses to suggestion therapy
and hypnosis in this small minority of children diagnosed with habit cough? Are they
totally different disorders or, as with many diseases, are there different phenotypes of
habit cough?

4. Discussion

Chronic cough is a horribly unpleasant ailment. Coughing hundreds of times every
hour of their waking lives has a profound impact on their quality of life. Muscular pain,
headache, and depression are common in children and adults with this functional cough.
Habit cough has been in the medical literature for over 300 years. The children from the
University of Iowa and the remote contact data set we have accumulated provide evidence
for a serious disorder that, while not common, is also not rare. Two major referral centers,
one in the U.S. and one in England, reported an average of nine children with habit cough
per year in their clinics.
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4.1. What Is the Current Status of Identifying and Treating Habit Cough

Just as Dr. Berman recognized and treated habit cough in his 1966 publication [5],
other physicians have recognized incessant coughing without an apparent cause as a habit
disorder and used their clinical skills to provide their own approach to break the habit [9,10].
Publications over the past few years [11,22,24] and invited presentations to 12 pediatric
pulmonary divisions in the U.S. and pediatric pulmonary conferences in London and
Taipei have resulted in an increasing number of physicians who provide recognition and
competent treatment for habit cough. A link for the recording of one of those presentations
at the National Children’s Hospital is available at www.milesweinberger.com (accessed on
1 November 2022).

Despite the increased awareness of some physicians, primarily pediatric pulmonolo-
gists, frustrated parents continue to contact us because their medical providers do not
recognize or know how to treat the “horror” cough from which the child is suffering. The
awareness of the medical community about habit cough needs to be substantially increased.

4.2. Barriers to Diagnosis and Treatment

Why the difficulty in recognizing and treating a disorder that a Boston allergist re-
ported as responsive to “the art of suggestion” in 1966? [5]. False beliefs about habit cough
have been a major barrier (Table 1).

Table 1. Popular factoids and actual facts regarding habit cough.

• Children with habit cough exhibit la belle indifference.

It has been suggested that children with habit cough appear to not care about their cough. While
children may adapt to living with a chronic cough, few if any have appeared to us content about
their cough. It is life-altering for the child and their family and, if asked, the children express
concern about their cough. They are not indifferent to their cough.

• School phobia can precipitate or perpetuate habit cough.

This claim was made in a 2020 Chest publication [27]. The reference used to support that claim
was a case series of adults at a psychiatric facility [28]. While there are occasional patients with
school phobia as a factor, our experience does not support the assertion that school phobia is a
common concern as a cause of habit cough. We have observed that the children with habit cough
are generally concerned about missing school. Those who had been out of school because of the
cough are generally enthusiastic about returning.

• Habit cough is exclusively a pediatric disorder.

We have been contacted by 20 adults from eight countries with chronic cough who reported to us
by email that their coughing was stopped by suggestion therapy from viewing the video made
available by coauthor DB (see Figure 2). In addition, three adults had their chronic cough resolved
by hypnosis therapy performed by coauthor RA. It is not known how many with habit cough are
among the 40% of adults with idiopathic or refractory cough [29,30]. Our serendipitous
experience identified 20 adults with the same clinical characteristics as the children with habit
cough who described cessation of cough by suggestion therapy. Interestingly, Peter Dicpinigaitis,
editor of the journal Lung, states in a publication that among 1000 patients he has never seen
psychogenic cough (a euphemism for habit cough) [31]. However, Dr. Kefang Lai described
23 adults that he termed “somatic cough syndrome” (another euphemism for habit cough) [32].
Other case reports of psychogenic cough in adults also has been described [33,34].

• Habit cough diagnosis requires that all other causes of cough are eliminated.

While this has been stated without support in guidelines for chronic cough, habit cough has a
sufficiently distinctive clinical presentation that major centers experienced with this disorder
make the diagnosis with little testing or therapeutic trials. Efforts to examine for other causes of
cough only add to the morbidity and cost [11,12]. Treating habit cough early in the course of its
clinical presentation can prevent unnecessary and expensive investigations that delay resolution.
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Table 1. Cont.

• Habit cough is a tic disorder, a forme fruste of Tourette’s syndrome.

This was claimed by Dr. Alyn Morice, a prominent cough specialist, who wrote in an email, “You
are describing, but failing to recognize, a forme fruste of Tourette’s syndrome”. However, cough is
not supported as a usual finding in Tourette’s 1884 publication [35]. Moreover, during interviews
with parents of children with Tourette’s, cough was readily recognized as cough and not a tic and
was regarded as separate from the symptoms of Tourette’s in their child.

A concerning barrier to recognition and treatment of habit cough is that the percep-
tions of some physicians are not consistent with the morbidity caused by this disorder.
Perceptions that habit cough was not as important as physical disorders were occasionally
expressed as were concerns about the time required for suggestion therapy. However,
despite the absence of a physical cause, these children have serious morbidity that is readily
treatable. As to having the time, that is a lame comment. When necessary, a physician
makes the time to provide appropriate care for a patient in need.

A debate on the subject of terminology for this cough disorder was arranged by
Richard Irwin, a cough specialist and editor of the journal Chest, between one of the authors
of this article (MW) and a neurologist, Tamara Pringsheim, MD [36]. Skepticism regarding
habit cough also was expressed by Dr. Peter Dicpinigaitis, current editor of the journal
Lung. When provided a description of habit cough from one of the authors, he stated in an
email, “I’m not a fan of science fiction”.

While cough may occur in patients with Tourette’s syndrome, our experience with
five patients who had Tourette’s syndrome found that cough was in addition to Tourette’s
typical symptoms of motor tics and vocalizations. One patient was Jacob, an 11-year-old
boy whose father and he both had typical symptoms of Tourette’s. Following symptoms of
a common cold, he developed a severe repetitive cough, absent during sleep, for a month
prior to contact with us. His cough responded to suggestion therapy without any effect
on his tics or occasional vocalizations. Father, who had lived with his own Tourette’s
symptoms indicated that the 1 month of cough experienced by his son was not related to
symptoms of Tourette’s. Another example of the lack of association of habit cough and
Tourette’s was Soraya, a 10-year-old girl with typical symptoms of Tourette’s since age 3.
After symptoms of a cold, she had repetitive coughing, multiple times per minute, absent
only during sleep, for 2 months. She responded readily to suggestion therapy by proxy.
A recurrence a year later after another cold was stopped within a week after suggestion
therapy was provided by remote video conferencing.

An unfortunate consequence of this diagnostic dialectic is the experience of Tom, a
16-year-old boy with 3 years of chronic cough. In 2020, a neurologist at Children’s Hospital
of Philadelphia attributed his cough to Tourette’s syndrome, a diagnosis that stayed with
him until suggestion therapy provided by remote video conferencing enabled him to
control his cough more than 2 years later. Three days after the remote video conferencing,
Tom reported coughing had gone from thousands per day to no more than ten. Ten days
later, Tom was continuing to be free of his former daily repetitive cough with no symptoms
of Tourette’s.

Thus, our experience has been that motor tics were not associated with habit cough.
Cough was distinct from the echophenomena of Tourette’s. While there have been pub-
lished case reports of chronic cough attributed to Tourette’s [37,38], our experience indicates
that when typical symptoms of Tourette’s are present, a chronic repetitive dry cough present
during most waking hours that is absent during sleep is likely a separate clinical problem
and not a component of the Tourette’s.

Because of the nature of habit cough and its cure by a simple behavioral technique,
suggestion therapy, a degree of incredulousness has inhibited more widespread attention
to this disorder. Newspaper articles hoping to educate the public have been few. The Daily
Beast on 29 April 2019 was the only story about the habit cough and its cure by suggestion in
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the U.S. An article in the Scotsman, a major Scottish newspaper, on 21 March 2021 described
the cure of habit cough in an 11-year-old girl who had been coughing for a year. She
stopped coughing by watching the video of suggestion therapy provided to a 12-year-
old girl. Further publication in the health section of major newspapers would distribute
information that enables parents to seek earlier diagnosis and treatment.

4.3. Guidelines for Chronic Cough from Professional Societies

A guideline for the diagnosis and treatment of chronic cough in adults and children
was published by the European Respiratory Society in 2020 with 18 authors [39]. Rec-
ommendations were for therapeutic trials of inhaled corticosteroids with and without a
long-acting bronchodilator, an antileukotriene, and a macrolide. Low-dose morphine and
gabapentin were suggested for adults. An antibiotic trial was recommended for children.
The recommendation was indicated as conditional with the level of evidence rated low to
moderate. This guideline addressed gastrointestinal reflux and postnasal drip, also known
as upper airway cough syndrome, two disorders some cough specialists have regarded
as contentious. Habit or tic cough was suggested to be labeled somatic cough disorder,
and the guideline indicated that the diagnosis should only be made after an extensive
evaluation that rules out tic disorders and uncommon causes of chronic cough. That
guideline did not recognize that four major referral centers, the University of Iowa, SUNY
Upstate Medical University, Rainbow Children’s Hospital in Cleveland, and Brompton
Hospital in London had been diagnosing habit cough for years based on the unique clinical
presentation without extensive evaluation [11,12].

A guideline published in 2020 by an Expert Panel in the journal Chest focused on
chronic cough in children [27]. The report acknowledged that many questions addressed
in systematic reviews of chronic cough did not contain high-quality studies or evidence.
Gastroesophageal reflux and postnasal drip were not supported as being of concern in
children. Emphasis was placed on the importance of identifying various diseases that
cause cough, such as tuberculosis, pertussis, and protracted bacterial bronchitis. While
habit cough, also known as tic cough or somatic cough syndrome, was discussed, a major
characteristic of habit cough was discounted. Specifically, the expert panel concluded
that “the presence or absence of cough when sleeping should not be used to diagnose or
exclude psychogenic or habit cough”. This was inconsistent with virtually every publication
describing absence when asleep as a characteristic of habit cough [4–11].

4.4. Strengths and Limitations of This Report

The strength of this report is the presentation of the extensive past and present experi-
ences with habit cough of the authors, the provision of data related to the clinical course of
children not treated with suggestion therapy, and the observations that suggestion therapy
stops chronic cough in a substantial number of children and some adults with this disorder.
Suggestion therapy is effectively provided by direct contact, indirect contact by remote
video conferencing, and by proxy using a video of an effective session of suggestive therapy.

A limitation of the report is that all of our data are observational with no comparative
control group. Although we serendipitously found habit cough responsive to suggestion
therapy in 20 adults, we do not know what portion of the 40% of adults with idiopathic or
refractory chronic cough have habit cough [29,30].

5. Conclusions and Recommendations

Habit cough is a distinctive disorder characterized by a repetitive daily nonproductive
cough that generally persists during all waking hours but is absent once asleep. This
description is the basis for diagnosis. Major medical centers that have routinely made
the diagnosis of habit cough primarily on that clinical presentation include 140 children
over 20 years at the University of Iowa, 56 children over 5 years at SUNY Upstate Medical
University and Rainbow Children’s Hospital in Cleveland, and 55 children over 6 years at
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Brompton Hospital in London, England. Treatment by suggestion therapy is extraordinarily
successful and should now be the standard of care for children with this disorder.

The provision of suggestion therapy can potentially be provided by the patient’s
physician that makes the diagnosis. The characteristic clinical presentation of a repetitive
dry cough that is absent when asleep is generally sufficient for diagnosis. While a chest
X-ray and spirometry may help provide assurance for the family of the absence of an
organic cause, there is rarely an indication for more testing or therapeutic trials. Suggestion
therapy should be approached with positivity. Suggestion therapy is not something to be
tried, it is to be executed with confidence.

There is evidence that habit cough also can be a cause of chronic cough in adults. Medi-
cal books more than 300 years ago [2,3] described a habitual severe cough in adults, and one
describes the absence once asleep, a sine qua non for the diagnosis of habit cough [2]. Emails
to us from 20 adults describe the same clinical pattern of cough and the same response to
suggestion therapy as in children with this disorder. The prevalence of habit cough in adult
populations with idiopathic or refractory chronic cough warrants investigation. Those with
a clinical pattern consistent with habit cough should be considered for a controlled clinical
trial of suggestion therapy.
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