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treatment modality, which has recently been made available for the paediatric airway.
Associate Editor: Stacey Peterson-Carmichacl; Lack of experience and safety concerns have led to hesitant adaptation. The aim of this
Senior Editor: Phan Nguyen study was to assess indications, success rates and complications of airway cryotherapy
in children.
Methods: Bronchoscopists from medical centre performing cryotherapy in patients
between 0 and 18 years were invited to participate in a prospective study based on an
online questionnaire. Patient and participant data were collected between June 2020
and June 2021.
Results: A total of 69 cryotherapy procedures were performed in 57 patients a for
three main indications: Biopsy (30), restoration of airway patency (23) and foreign
body aspiration (16). The overall success rate was 93%, the remaining 7% were per-
formed for foreign body removal and required a switch of technique. Restoration of
airway patency was successfully applied in various pathologies, including mucus plugs,
bronchial casts and post traumatic stenosis. The diagnostic yield of transbronchial
biopsies was 96%. No severe complications were encountered; one pneumothorax fol-
lowing a cryobiopsy required a chest drain for 48 h. No child was admitted to inten-
sive care or died from a procedural complication.
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INTRODUCTION

Cryotherapy is a new diagnostic and therapeutic tool that
has recently been made available for the paediatric airway.
The development of cryoprobes as small as 1.1 mm has
paved the way for its use in children of all age groups and
opens new opportunities in interventional paediatric airway
endoscopy.

Cryotherapy was first performed in the mid-1800s to
relieve pain and stop the bleeding of skin tumours by apply-
ing ice-salt solution." Since then, a wide range of applica-
tions have been discovered in pulmonology, including
endobronchial biopsy (EBB) and transbronchial biopsy
(TBB), restoration of airway patency and foreign body
removal. Compared to the early days of cryotherapy, today’s
devices use nitrogen, nitrous oxide or carbon oxide as cryo-
gens and facilitate cooling down to approximately —50°C at
the tip of the probe. The formation of ice-crystals disrupts
cell organelles and fluid shifts dehydrate cells. Additionally,
the low temperatures lead to local vasoconstriction and
thrombosis.

Due to its novelty, data on cryotherapy in children is
scarce.” The standard of care for TBB in paediatric patients
is to perform it by forceps,” with complication rates ranging
between 2.3% and 7.9% including pneumothorax, bleeding
and postprocedural sepsis.”” No accepted standard of care
exists for EBB or surgical wedge biopsy. In adults, a recent
shift towards cryobiopsy can be observed.® Restoration of
airway patency using cryo has been described more fre-
quently in children® and for a variety of pathologies, such as
plastic bronchitis'®'" tracheal stenosis,'>'> and the recanali-
zation of obstructed bronchial stents.'* Additionally, the
removal of bronchial mucoepidermoid carcinoma in six
patients'® and the debulking of an inflammatory myofibro-
blastic tumour'® have been reported. Removing organic and
inorganic foreign bodies using cryotherapy has successfully
been reported in a study comprising 12 children'” and in
two case reports.lg’19

Although to date, no serious complications related to
cryotherapy in children have been reported, caution is indi-
cated. In the adult literature, Davidsen et al. found a death
rate of 0.3%-1.4% within 30 days of the procedure. They
reported minor bleeding in 83.7%, moderate bleeding in
16.3% and pneumothorax in 14.9% of the cases. This must
be viewed through the prism of higher morbidity and a very
different set of indications in this population. Of note, no
procedure-related deaths were documented.”® Cryotherapy

Conclusion: In this largest paediatric case collection to date, cryotherapy was safe and
carried a high success rate. Cryobiopsy compares favourably to the widely used for-
ceps biopsy and could replace it in the future. Paediatric bronchoscopists are encour-
aged to add cryotherapy to their armamentarium of airway interventions.

airway obstruction, cryotherapy, cryobiopsy, foreign body removal, interventional bronchoscopy, paediatric

seems to be a promising new technique for paediatric airway
endoscopy suited for a wide range of indications. However,
due to the novelty, lack of experience and safety concerns,
there is hesitation about its applicability in the paediatric
airway,”' which has led the European Respiratory Society to
call for studies addressing the role of cryotherapy in
children.*”

The aim of this multicentre study was to collect pulmo-
nary cryotherapy cases involving children and report indica-
tions, techniques, success rates, as well as complications.

METHODS
Study design

We conducted a prospective multicentre study, inviting pae-
diatric pulmonologists who use airway cryotherapy to con-
tribute cases via an online questionnaire. The study was
announced via various professional forums and national
societies. Data were obtained from 10 medical centres,
located in eight countries and two continents between June
2020 and June 2021 via the ‘EvaSys’ survey tool (Liineburg,
Germany). The questionnaire collected data on the extent of
cryotherapy experience of the bronchoscopist, centre size,
indication, patient characteristics, success rate, complica-
tions and technical details. Complications were classified as
severe if the bronchoscopy had to be aborted; this decision
was based on a safety evaluation performed by both the
bronchoscopist as well as the anesthesist. The bronchosco-
pists remained anonymous and assured that every consecu-
tive case encountered was included in the study and that
good scientific practice guidelines were followed.

Subjects

Patients between 0 and 18 years of age who underwent cryo-
therapy during airway endoscopy were included in the
study.

Statistical analysis

Statistical analysis was performed using SPSS Statistics

(IBM, USA). Descriptive analysis was conducted for demo-
graphic data, indications, complications and success rates.
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FIGURE 1 Age distribution in children undergoing cryotherapy (N = 57). Children are grouped according to the indication for their cryotherapy
procedure, each coloured dot represents one patient.
When multiple procedures were included for a patient, the TABLE 1 Diagnoses obtained and underlying aetiologies
initial procedure was used for demographic analysis. Cryobiopsy n=30 %
Independent t-test was performed to compare the Follow-up after lung transplantation 12 40
means of two unrelated samples; Welch’s t-test was Interstitial lung disease® 1 40
used to determine differences between the means in two Carcino
) . 23 . arcinoid tumour 3 10
unrelated samples with unequal variances.”> Continuous o
. Sarcoidosis 2 6.7
data are presented as mean + SD or median and _ _ N
range * interquartile range (IQR); categorial data as Chronic erosive tracheobronchitis ! 33
number (percentage). Airway obstruction n=23
Granulation tissue 9 39.1
Mucus plugs from cystic fibrosis 5 21.7
RESULTS Endotracheal tumours 4 17.4
d lati Plastic bronchitis 2 8.7
Stu Y popu ation Foreign bodies n=16
. . Nuts and seeds 9 56.3
Data was obtained on 57 patients who underwent a total of _
69 cryotherapy procedures at a median age of 10.5 (& 12.5 Pieces of carrot 3 18.8
IQR) years. One patient underwent six cryotherapy proce- Muesli flake/piece of muesli bar 2 12.5
dures, another patient three and five patients two Pen cap 1 62
procedures each. Tuberculous focus (confirmed by pathology unit) 1 6.2

There were three distinct indications for the perfor-
mance of cryotherapy, the most frequent of which was cryo-
biopsy, undertaken in 22 children at a median age of 12.8
(£ 6.9 IQR) years. Twenty children underwent cryotherapy
for restoration of airway patency, at 12.3 (£ 12.8 IQR) years
of age and sixteen for foreign body removal, at 2.1 (£ 2.2
IQR) years of age.

Children undergoing foreign body removal were signifi-
cantly younger than those with airway obstruction
(t[32.07] = —3.233, p = 0.003) and those requiring cryo-
biopsy (t [36] = —4.5, p <0.001). Children with airway
obstruction and cryobiopsy showed two age peaks as shown
in Figure 1.

Note: Diagnoses that were obtained from 30 cryobiopsies, underlying aetiologies in 23
cases of airway obstruction and nature of the foreign body in 16 cases.

*Subtypes of interstitial lung diseases included: antisynthesase syndrome, ABCA3
mutation, Idiopathic pulmonary hemosiderosis, primary alveolar proteinosis,
nonspecific interstitial pneumonia due to surfactant protein C deficiency and
nonspecific interstitial pneumonia associated with undifferentiated connective tissue
disease.

Diagnoses obtained from cryobiopsies, underlying
aetiology of airway obstruction and the nature of foreign
bodies can be found in Table 1.

The time interval between aspiration of the foreign body
and the cryotherapy intervention was 0-24 h in six cases
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FIGURE 2 Anatomical location of cryobiopsies (A), airway obstructions (B) and foreign bodies (C). Graphical illustration of the anatomical location of
69 cryotherapy procedures in 57 patients between 0 and 18 years of age. The size of the circles represents the weighted number of procedures carried out in
the respective location.

"

TABLE 2 Technical characteristics of the cryotherapy procedures (n = 69)

Cryobiopsy n = 30 Airway obstruction n = 23 Foreign body n = 16

Type of bronchoscope

No. flexible (%) 28 (93.3) 16 (69.6) 12 (75)

No. rigid (%) 2(6.7) 6 (26.1) 3(18.8)

No. missing values (%) 0 1(4.3) 1(6.3)
Bronchoscope size

Median (mm) 6.2 49 4.1

Range (mm) 4.0-8.2 3.1-6.2 2.8-6.2

No. missing values (%) 1(3.3) 6 (26.1) 2 (12.5)
Cryo probe size

Median (mm) 1.9 1.9 1.9

Range (mm) 1.1-24 1.1-24 1.1-2.2

No. of missing values (%) 1(3.3) 9 (39.1) 3(18.8)
Cryogen

No. CO; (%) 24 (80) 11 (47.8) 11 (68.8)

No. N,O (%) 5(16.7) 3 (13) 2 (12.5)

No. missing values (%) 1(3.3) 9 (39.1) 3(18.8)
Duration of freezing

Median (s) 35 10 5

Range (s) 3-5 5-20 3-20

No. missing values (%) 2 (6.7) 9 (39.1) 3(18.8)
Temperature of freezing

Mean (°C) -874 —64.6 —83.3

Standard deviation (°C) 2.6 21.5 16.4

No. missing values (%) 2 (6.7) 11 (47.8) 4 (25)
Number of freeze/thaw cycles

Median 3 3 /

Range 1-5 3-10 /

No. of missing values 1(3.3) 12 (52.2) /

Note: In 57 patients, between 0 and 18 years 69 cryotherapy procedures were performed for biopsies, airway obstruction or foreign bodies.
Abbreviations: CO,, carbondioxide; N,O, nitrous oxide; No., number of.



CRYOTHERAPY IN THE PAEDIATRIC AIRWAY

| 5

(37.5%), 24 h to 7 days in four cases (25%) and more than
7 days in three cases (18.8%); no information regarding time
delay was available in the remaining three cases (18.8%).

Technical specifications

Figure 2 shows the frequency of the respective procedures,
according to their anatomical locations in the airway. Out of
30 cryobiopsies, 21 (70%) were taken from the right lower
lobe with the aim of diagnosing the aetiology of diffuse lung
disease. Foreign bodies equally showed a predilection for the
right lung. Restoration of airway patency was mainly per-
formed in the trachea (nine cases, 39.1%) for post intuba-
tion/tracheostomy site stenosis or the left main bronchus/
left lower lobe (eight cases, 34.8%).

We further collected technical characteristics of
the cryotherapy procedures as displayed in Table 2. The
majority of all procedures were performed with a flexible
bronchoscope (56/67 cases with information, 83.6%).
The most common cryoprobe size was 1.9 mm (21/57
cases with information, 36.8%) and carbon dioxide was
the predominant cryogenic gas (46/57 cases with informa-
tion, 80.7%). The duration of freezing was significantly
longer in cases of airway obstruction compared to foreign
body removal (t[—2.94] = 17.78, p = 0.009) and cryo-
biopsy (£{9.64] = 10.08, p < 0.001).

Success and complication rates

Out of 69 cryotherapy procedures, 64 (93%) were subjec-
tively rated ‘successful’ by the respective bronchoscopist.
The five cases deemed ‘unsuccessful’ were performed for
foreign body removal (total procedures n = 16) due to a
requirement to switch to another technique. Removal of the
foreign body failed either due to low cryoadhesion of the
foreign body or inadequate accessibility. Additional equip-
ment used were rigid bronchoscope, retrieval basket, forceps
or balloon bronchial blocker.

In the subset of 30 cryobiopsies, 24 (80%) were TBBs
and six (20%) EBBs. A sample was macroscopically present

in all cases and histopathological evaluation was successful
in 28 cases (93.3%), resulting in a diagnostic yield of 95.8%
in TBB and 83.3% in EBB. Three cases (10%) were per-
formed with a probe size of 1.1 mm outer diameter (OD);
all of which resulted in a successful histopathological
evaluation.

For the treatment of airway obstruction, 23 cryotherapy
procedures were performed in 20 patients. In five patients
with cystic fibrosis and mucus plugs, cryotherapy was com-
bined with an Arndt balloon bronchial block for airway dila-
tation. Tumour debulking with cryotherapy was supported
by forceps, Argon photo coagulation and electrocautery in
two out of three cases. In one out of eight cases of airway
stenosis, dilatation by a bougie was additionally used. In
total, cryotherapy for the treatment of airway patency was
used in conjunction with other modalities in 50% of the
cases. Information about the improvement in airway diame-
ter were available in 12/23 cases. In these, a median (range)
increase of 85% (10%-99%) in luminal diameter was
achieved. Clinical symptoms improved in all cases and
patency was completely restored in 12 out of 17 proce-
dures (70.6%).

In regard to complication rates, superficial mucosal
bleeding requiring no intervention was frequent for each of
the three indications, occurring in 32/69 cases (46.4%).
Bleeding that required local application of vasoactive sub-
stances such as cold saline serum or naphazoline occurred
in 12 cases (17.4%), eight were performed for cryobiopsy
(7 TBB and 1 EBB) and three were performed for the
debulking of carcinoid tumours. In none of the cases, the
procedure had to be interrupted for the intervention. A tran-
sient bronchospasm was observed once, during cryobiopsy,
and did also not require interruption of the procedure.
Following two cryobiospies, pneumothoraces were observed,
one of which required a chest drain for 48 h.

Overall, no severe complications were recorded in any of
the 69 cases of cryotherapy. Two cases of pneumothoraxes
were encountered of which one required a chest drain. One
transient bronchospasm occurred. Table 3 provides an over-
view of the complications associated with cryotherapy.

There was no necessity for emergency follow-up bron-
choscopies or intensive care admission and no child passed

TABLE 3 Complications associated with cryotherapy procedures (n = 69)

Foreign body removal Airway obstruction Biopsy Total

n=16 % n=23 % n =30 % n =69 %
Superficial mucosal bleeding 6 37.5 11 47.8 15 50 32 46.4
Bleeding requiring local application of vasoactive substances 0 0 3 13 8 26.7 11 15.9
Pneumothorax 0 0 0 0 2 6.7 2 2.9
Bronchospasm 0 0 0 0 1 33 1 1.4
Airway ulceration/perforation 0 0 0 0 0 0 0 0
Technical difficulties 0 0 0 0 0 0 0 0
Death 0 0 0 0 0 0 0 0

Note: Complications that were associated with the 69 cryotherapy procedures performed in 57 children between 0 and 18 years, according to indications.
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TABLE 4 Bronchoscopists profile (n = 69)

Paediatric Adult Otholaryn-
pulmonologists pulmonologists gologist
n =40 % n=28 % n=1 %
Average no. flexible bronchoscopies per year 0-100/yr 14 35 0 0 1 100
101-998/yr 26 65 3 10.7 0 0
>999/yr 0 0 25 89.3 0 0
No. cryotherapy procedures (total amount prior to the 0 1 2.5 0 0 1 100
procedure) 1-100 39 97.5 0 0 0 0
101-998 0 0 16 57.1 0 0
2999 0 0 12 429 0 0
No. cryotherapy procedures (total amount prior to the 0 28 70 0 0 1 100
procedure in adults >18 years) 1-100 11 275 0 0 0 0
101-998 1 2.5 17 60.7 0 0
2999 0 0 11 93.3 0 0

Abbreviations: No., number of; yr, year.

away related to cryotherapy. In eight cases (11.6%), a flexible
bronchoscopy was electively performed within 1 week of the
initial cryotherapy procedure. These investigations were
undertaken as follow-up for airway patency restoration (5),
foreign body removal (2) and cryobiopsy (1).

Examiner profile

Out of the 69 procedures, 40 (58%) were performed by pae-
diatric pulmonologists, 28 (40.6%) by adult pulmonologists
and 1 (1.4%) by an otolaryngologist.

As displayed in Table 4, adult pulmonologists were on
average more experienced with flexible bronchoscopy and
had performed more cryotherapy procedures prior to the
included procedure than paediatricians (Table S1).

DISCUSSION

In this largest paediatric case collection to date, airway cryo-
therapy was safe and carried a high success rate.

The commonest indication in our sample was cryo-
biopsy. At an adequate tissue sampling rate of 100% and
diagnostic yield of 95.8%, cryo TBB compares favourably to
the limited paediatric data concerning forceps TBB, suggest-
ing adequate tissue sampling in ~90% with diagnostic yield
of only ~55%.>* The higher diagnostic yield in our cryo-
biopsy sample is likely related to the larger tissue size, as
well as avoidance of crush artefacts. Indeed, adult TBB prac-
tice has seen a shift from forceps to cryo over the last few
years.M’27

At 10%, the complication rate in our cryo TBB series
was similar to that reported in the context of forceps TBB.®’
As the tip of the probe is not visible during transbronchial
cryobiopsy procedures, caution ought to be exerted with
regards to the freeze time, to avoid excessive tissue damage

as the ice ball expands. This has been pointed out in a piv-
otal expert statement, advising that limiting freeze time
reduces complication rates whilst preserving diagnostic
yield.”® The current recommendation in adult pulmonology
is to use an advanced airway, reduce freezing time to 3-4 s
and limit the number of samples.”” Whether these recom-
mendations are transferable to the paediatric population
cannot be entirely answered. Nevertheless, the 3.5 s mean
freezing time in our study is in keeping with the adult rec-
ommendations and the low complication rate of our study
indicates that a similar freezing time might be appropriate
for children.

Cryotherapy to restore airway patency was applied for a
wide variety of pathologies, including nine cases of post tra-
cheostomy tracheal stenosis. Compared to more established
techniques, for example, endoscopic balloon dilatation,
achieving success rates between 60% and 70%,” the success
rate of 100% in our series is impressive. However, since the
definition of ‘success’ varies between studies, our rate, relat-
ing to clinically important increase in diameter might be
overly optimistic. It must moreover be borne in mind that
our data is limited to the short term and did not record
restenosis rates. Nonetheless, experience with cryotherapy in
benign strictures suggests there might be a remodelling
effect to the connective tissue matrix that may contribute to
a greater malleability and therefore less traumatic dilata-
tion.”** Furthermore, dermatological research indicates
superiority of tissue healing from freeze injuries, in compari-
son to burn injuries.”® It is believed that contraction does
not occur in the healing of freeze injuries due to slow
replacement of residual matrix, which might prevent reste-
nosis.”>** In comparison to laser-assisted dilatation, cryo-
therapy also avoids the risk of endobronchial fires.>*® In
our cohort, no complications apart from mild mucosal
bleeding were observed.

In all cases of tenacious mucus plugs in cystic fibrosis and
eosinophilic casts, cryotherapy removal led to improvement
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of clinical symptoms and recruitment of atelectasis. No com-
plications were recorded in any of the cases. Removal of
mucus plugs or bronchial casts have traditionally been carried
out using suction, aided by instillation of mucolytics, such as
hypertonic saline, DNAse and tissue plasminogen activator.’’
Additionally, there are reports about forceps extraction of
casts.”® Sriratanaviriyakul et al. reported on adult patients
with airway impaction caused by blood clots, mucus plugs or
plastic bronchitis, safely treated by cryotherapy extraction.”
Comparable drug therapy offers a variety of options such as
corticosteroids, macrolide antibiotics or sirolismus; however,
no single medication has been shown to effectively treat
patients with plastic bronchitis.”” In keeping with existing
literature,” our results show cryotherapy to be a safe and
highly effective new method for mucus plug or cast removal
in the peripheral airways of children.

The third main indication for cryotherapy was foreign
body retrieval, recorded in 16 cases. Although only 69% of
foreign body retrieval procedures were classified as ‘success-
ful’, all but one foreign body were ultimately retrieved suc-
cessfully, with about a third requiring additional instruments.
The need for a wide array of tools, ranging from rigid to flexi-
ble bronchoscope, as well as a variety of forceps, Fogarty cath-
eters, baskets and others, is a well-recognized feature of
foreign body retrieval.”> When it comes to cryotherapy for
foreign body retrieval, the nature of the foreign body and its
water content will to some extent determine the likelihood of
success with the cryoprobe.*” Tt is therefore not surprising
that cryotherapy does not offer a 100% success rate in and of
itself. A previous case series, describing 12 paediatric patients
with aspirated foreign bodies who were treated with
cryotherapy,'” came to very similar conclusions. The proce-
dure was successful in 67%, loss of foreign body occurred in
one case and faijlure to reach the foreign body in one patient.
In our series, no serious complications were recorded in any
of the 16 cases. The comparison of success and complication
rates between cryotherapy and other techniques for foreign
body extraction in the paediatric airway is fraught with diffi-
culty, owing to scarcity of data and the intrinsic limitation of
the usually retrospective study designs; in particular with
regards to technical failures and the need to switch to other
techniques.*' > The skilled interventional bronchoscopist of
the future will have to be familiar with a wide variety of
instruments, including the cryoprobe, to adequately address
each and every challenge based on foreign body consistency,
location and size of the airway.

Our study has three major limitations. First, the patient
cohort is very heterogenous with regards to their underlying
diagnoses and indications for cryotherapy, resulting in
rather small sample sizes for each of the main indications.
Nonetheless, the heterogeneity powerfully shows the wide
range of areas for application of cryotherapy in children.
Secondly, the observational design of our study limits its
validity in comparison to a large clinical trial with case con-
trols. A potential recall bias might have occurred if the bron-
choscopist entered the data from memory instead of the
patient file. Finally, bronchoscopists were requested to

consecutively enrol and report each case of cryotherapy per-
formed during the data collection period. Even though ano-
nymity was provided to the bronchoscopists, selection bias
cannot be entirely ruled out.

In summary, our study shows that cryotherapy in the
paediatric airway offers a high success rate with few and well
manageable complications. Cryobiopsy is a promising
new technique for EBBs and TBBs. Due to its higher diag-
nostic yield and similar safety profile, it might well go to
replace the widely used forceps biopsy in the near future.
Cryotherapy further seems useful for restoration of airway
patency, for example, for traumatic tracheal stenosis, endo-
bronchial casts or mucus plugs and for the removal of for-
eign bodies. It is time to adapt airway cryotherapy into
paediatric practice, ensuring adequate training of bronchos-
copists, whilst continuing to monitor safety and success
rates. Efforts are under way to address the lack of formal
training in cryotherapy in the paediatric airway within inter-
national frameworks and this is to be highly encouraged.
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