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Abstract
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in two tertiary care centres. Diving and Hyperbaric Medicine. 2024 31 March;54(1):9-15. doi: 10.28920/dhm54.1.9-15.
PMID:38507905.)

Introduction: We aimed to analyse the outcomes of hyperbaric oxygen treatment (HBOT) and describe difficulties
encountered in infants, a rare patient population in this therapeutic intervention, with limited scientific reports.

Methods: This was a retrospective analysis of patients 12 months old or younger who underwent HBOT in two different
institutions. Demographic data, clinical presentation, HBOT indication, chamber type, oxygen delivery method, total number
of treatments, outcome and complications were extracted from clinical records.

Results: There were 54 infants in our study. The patients’ median age was 3.5 (range 0-12) months. The major HBOT
indication was acute carbon monoxide intoxication (n = 32). A total of 275 HBOT treatments were administered, mostly
performed in multiplace chambers (n = 196, 71%). Only one patient (2%) required mechanical ventilation. Acute signs
were fully resolved in the most patients (n = 40, 74%). No complications related to HBOT were reported.

Conclusions: This study suggests that HBOT may be a safe and effective treatment for infants. Paediatricians should

consider HBOT when indicated in infants even for the preterm age group.

Introduction

Hyperbaric oxygen treatment (HBOT) has been widely used
for several conditions such as acute carbon monoxide (CO)
intoxication, arterial gas emboli, impaired wound healing,
and peripheral/traumatic ischaemic conditions.! Some of
these conditions are also common in the paediatric age
group and referral of these patients for HBOT has been
increasing in recent decades.>® A retrospective study
reported favourable outcomes in 93% of the 139 children
who underwent HBOT, mostly for acute CO intoxication.?
Two consecutive Australian studies in which outcomes
were not analysed, described safe administration of HBOT
in paediatric patients treated mainly for acute ischaemic
conditions and severe infections.** Although some
paediatric series may involve patients under one year of age,
data on this group are lacking.>* Use of HBOT in neonates
and infants remains very limited, and reports regarding its
use in this patient population are scarce except for a few
encouraging case reports and case series. Remarkably,
HBOT is used only to treat acute indications like peripheral
ischaemic conditions and acute CO intoxication in all
these reports.”'5 It is recognised that treating neonates
involves difficulties such as the need for an accompanying
caregiver, technical issues about administration of treatment

or providing appropriate environmental conditions in the
hyperbaric chambers.!¢

Scarcity of evidence about the efficacy and safety of HBOT
in this age group together with challenges of managing a
neonate in a hyperbaric chamber perhaps cause hesitation
and reluctance in HBOT referrals. In view of the potential
benefits of HBOT in this age group, the need for related
studies arises. In this regard, we aimed to share our
experience in treating neonates, particularly in respect of
HBOT outcomes and any difficulties encountered. To our
knowledge, this is the first study specifically evaluating
HBOT use in patients younger than one year of age.

Methods

This study was approved both by the Ethical Committees
of University of Health Sciences — Gulhane Faculty of
Medicine (approval number and date: 2020/06; April 19th,
2020) and Istanbul University Istanbul Faculty of Medicine
(approval number and date: 508161; September 30th, 2021).

The present study is a retrospective analysis of neonates
and infants who underwent HBOT in two university
hospitals. Both institutions serve as referral HBOT centres
in two different Turkish metropolises, Ankara and Istanbul.
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Patients who were 12 months old or younger and treated
between January 1st, 2013 and October 31st, 2019 in
Gulhane Research and Training Hospital (Gulhane RTH) and
between January 1990 and March 2021 at Istanbul Faculty
of Medicine (Istanbul FM) were included in the study.

Demographic data, medical history, clinical presentation,
HBOT indication, chamber type, oxygen delivery method,
total number of HBOT sessions, HBOT outcome,
complications related to HBOT and other treatment modalities
during HBOT were documented from patient medical files.
For acute CO intoxication cases, carboxyhaemoglobin
(COHD) levels at referral and delay in HBOT initiation (from
onset of intoxication signs) were also recorded.

The age groups were identified as ‘neonates’ (< 28 days) and
‘infants’ (28 days — 12 months). The patients were classified
into two major groups with regard to the conditions they were
treated for: ‘acute CO intoxication patients’ and ‘patients
with complicated wound-related problems’.

The acute CO intoxication patients were further grouped
as ‘mild’, ‘moderate-severe’ and ‘severe’ based on the
clinical severity at the time of referral. ‘Mild’ refers to
discomfort, vomiting, difficulty in breastfeeding whereas
patients with a minimum one end-organ injury including
cardiological, neurological, respiratory or metabolic were
recorded as ‘moderate-severe’. The patients who required
treatment with inotropic drugs, mechanical ventilation,
or having multiorgan failure were defined as the ‘severe’

group. HBOT was continued until the resolution of all signs
in a maximum of five sessions. At the end of the HBOT
course, all parents were routinely informed about delayed
neurological sequelae (DNS) after CO intoxication. They
were also warned to present to the Department of Paediatrics
or Department of Underwater and Hyperbaric Medicine
as soon as possible if they had any suspicion about DNS
development in their infant, and to inform their physicians
about the acute CO intoxication history.

The complicated wound related problems group comprised
of non-healing wounds, compromised flaps/grafts and acute
peripheral ischaemia related problems.

Treatment outcomes were reported as ‘full-clinical
resolution’, ‘partial-recovery’, and ‘no-recovery’ for all
conditions treated. The definition of each treatment outcome
group with regard to the condition treated is presented in
Table 1. Treatment outcomes were evaluated with clinical
status, related laboratory parameters and wound photos
regularly recorded. No long-term follow-ups were included
in this study; the patients’ clinical status was evaluated at the
end of the HBOT course for outcome classification.

One monoplace (Hipertech, MON-08, 2014) (Hipertech,
Bagaksehir/Istanbul Turkey) and one multiplace HBOT
chamber (Hipertech ZYRON 12, 2008) were available
in Gulhane RTH whereas in Istanbul FM the treatments
were performed in two different multiplace chambers (a
Patterson Kelly 1944 chamber between 1990 and 1997,

Table 1
The definitions of treatment outcome classifications according to medical condition groups; *amputation below the ankle joint level is
defined as a ‘minor amputation’, while an amputation above the ankle is defined as a ‘major amputation’. HBOT — hyperbaric oxygen
treatment

HBOT indication Full clinical resolution Partial recovery No-recovery
. . No relief of the signs or
. Resolution of all signs .
Acute carbon monoxide and symptoms in Residual symptoms symptoms after the fifth
intoxication 1¢ symp . after fifth HBOT session HBOT session, or
maximum five sessions death

Complete wound

Non-healing wounds
closure

50% or more reduction
of wound size and
relief of infection signs
(redness, swelling, pus,
pain)

No change in wound
size or an increase in
wound size, or death

Complete resolution
of cyanosis/tissue
ischaemia

Peripheral ischaemia
related problems

Partial resolution of
cyanosis/tissue ischemia
with minimal necrosis
or minor amputation*
with recovered cyanotic/
ischaemic tissues

Complete necrosis of
the cyanotic/ischemic
tissues or major
amputation,* or death

Complete survival of

Grafts/Flaps the graft/flap

Survival of less than
50% of the graft/flap

Survival of at least 50%
of the graft/flap
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Figure 1

The infant face mask

Figure 2
The baby incubator used for neonates inside the multiplace
hyperbaric chamber

Figure 3
The treatment protocol for monoplace chambers which involved
breathing 100% oxygen at 203 kPa (2.0 atmospheres absolute [atm
abs]) for 75 minutes (10 minutes compression, 55 minutes at 2.0
atm abs, 10 minutes decompression)
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Figure 4
The treatment protocol for multiplace chambers in which 100%
oxygen was administered at 243 kPa (2.4 atmospheres absolute
[atm abs]) for 115 minutes (15 minutes compression; three
25-minute oxygen periods separated by five-minute air breaks; 15
minutes decompression)
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and a Hipertech ZYRON 12 after 2008). Infants were
not treated between 1997 and 2008 in Istanbul FM due to
unavailability of chambers. In Gulhane RTH, patients who
had emergency conditions and did not require continuous
monitoring were preferably treated in the monoplace
chamber with an accompanying parent. The monoplace
chamber was pressurised with 100% oxygen, so patients
breathed ambient oxygen. In multiplace chambers, oxygen
was administered via an infant face mask (Figure 1) or
hood unless the patient was intubated. A special baby
incubator was used for neonates after 2019 in Istanbul FM
(Figure 2). An inside attendant was present during
all treatments. Treatment protocols are depicted in
Figures 3 and 4.

Thermoregulation was provided by covering the baby with
multilayer cotton sheets. In Istanbul FM, heated Mediflex®
bags were also placed under the sheets in the special
baby incubator. Special care was given to avoid direct
contact between mediflex bags and the patient. Feeding
was continued inside the chamber during the air breaks if

necessary. Pacifier use was encouraged during compression
and decompression for enabling middle ear equalisation.
Patients who showed signs of discomfort during compression
or decompression were examined for middle ear barotrauma
by a paediatric specialist after the session.

All patients were evaluated by at least one hyperbaric
medicine specialist in both centres in terms of HBOT need.
The European Committee for Hyperbaric Medicine (ECHM)
and the Undersea and Hyperbaric Medicine Society (UHMS)
recommendations were followed."'” The daily and total
numbers of HBOT treatments were determined on a case
by case basis. For acute CO intoxications, HBOT treatments
were continued until no further clinical improvement was
observed (maximum five treatments). The patients with
complicated wound related problems were recommended
to continue HBOT until achieving complete wound closure
or complete granulation of the wound bed (ready for graft/
flap). HBOT was discontinued if no change was observed
for two weeks or amputation was required. For acute
peripheral ischaemic tissues, HBOT was continued until
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Table 2
Demographic data of infants, chamber type, oxygen delivery methods and treatment outcomes; *chamber is pressurised with 100%
oxygen (only in monoplace chambers)

Acute carbon Complicated

Parameter Overall data . m011.0xi(.le wound related

n (%) intoxication problems

n (%) n (%)
Age classification (n = 53)
Neonates (< 28 days) 15 (28.3%) 6 (18.8%) 9 (42.9%)
Infants (28 days — 12 months) 38 (71.7%) 26 (81.3%) 12 (57.1%)
Sex (n =51)
Male 30 (58.8%) 17 (56.7%) 13 (61.9%)
Female 21 (41.2%) 13 (43.3%) 8 (38.1%)
Chamber (n = 54)
Monoplace 25 (46.3%) 20 (62.5%) 5(22.7%)
Multiplace 29 (53.7%) 12 (37.5%) 17 (77.3%)
Oxygen delivery (n = 50)
Ambient oxygen* 25 (50%) 20 (62.5%) 5 (27.8%)
Hood 12 (24%) 10 (31.3%) 2 (11.1%)
Specialised baby incubator 6 (12%) 0 6 (33.3%)
Face mask (infant size) 6 (12%) 1 (3.1%) 5(27.8%)
Endotracheal tube 1 (2%) 1(3.1%) 0
Outcomes (n = 53)

Full clinical resolution 40 (75.5%) 31 (96.9%) 9 (42.9%)
Partial-recovery 8 (15.1%) 0 8 (38.1%)
No-recovery 5 (9.4%) 1 (3.1%) 4 (19.0%)

the demarcation line became evident if total healing was
not observed.

Data analysis was performed using SPSS Statistics Version
21 (IBM Corp., Armonk NY, USA). Demographic and
descriptive data were reported as n (%) and mean (standard
deviation) where appropriate. Non-normally distributed data
were reported as median (range). The Kolmogorov Smirnov
test was performed to determine the normal distribution
of continuous variables with data greater than 50, or the
Shapiro-Wilk test was preferred for continuous variables
with data less than 50.

Results

There were 54 infants in our study. The patients' median age
was 3.5 months (range 2 days to 12 months), two neonates
being premature. The demographic data are presented in
Table 2. Thirty-one patients (57%) were treated at Gulhane
RTH and 23 (43%) were treated at Istanbul FM. The major
HBOT indication was acute CO intoxication (n = 32). A
total of 275 treatments were administered in two institutions.
The majority of HBOT treatments (n = 196, 71%) were

performed in multiplace chambers. The hyperbaric
chamber type and oxygen delivery methods are presented in
Table 2. The median HBOT treatment number per patient
was one (range one to 48). Most patients (n =40, 74%) fully
recovered. No complications were reported during HBOT
treatments in both institutions.

PATIENTS WITH ACUTE CO INTOXICATION

The median age of 32 patients treated for acute CO
intoxication was 5 months (range 3 days to 12 months). The
median number of treatments was one (range one to five).
The mean COHD level at presentation was 22.6% (SD 9.3%),
and the mean delay time for HBOT was 4.6 (SD 1.9) hours.
The majority (56%) of the patients had moderate-severe
clinical severity at referral. Twenty-five patients (79%) had
an electrocardiogram (ECG) recorded all of which were
reported to be normal. Fourteen patients (44%) had elevated
cardiac enzymes at the emergency department admission.
Only one patient needed mechanical ventilation and was
unconscious during the HBOT initiation. His condition did
not change at the end of the HBOT course.
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Table 3
The detailed classification of medical conditions grouped as
‘complicated wound related problems'

Medical conditions n (%)
Post-operative non-healing wound | 3 (13.6%)
Compromised flaps/grafts 2 (9.1%)
Epidermolysis bullosa 1 (4.5%)
Acute peripheral ischaemia 15 (68.2%)
Soft tissue infection 1(4.5%)

PATIENTS WITH COMPLICATED WOUND RELATED
PROBLEMS

Twenty-two infants were treated for complicated wound
related problems (Table 3). Their median age was 1 month
(range 2 days to 12 months), two neonates being premature..
The mean delay time for HBOT was 5.6 (SD 4.5) days. The
median number of treatments was 11 (range two to 48).

The medical history was unremarkable only for six patients
(27%). All other infants had diagnosed comorbidities
including meningomyelocele, hydrocephalus, anti-
phospholipid syndrome, undefined vasculitis, Wiskott-
Aldrich Syndrome, Fallot tetralogy, ventricular septal defect,
intrauterine sepsis and hypoxia, purpura fulminans, flexor
tenosynovitis and post-coronavirus disease complications.
The wound/ischaemia localisations of the infants were
recorded as lower extremity (n = 9), upper extremity
(n =5), back (n = 4), penis (n = 2), sternum (n = 1) and
whole body (n = 1).

Two patients had surgical debridement during the course of
their HBOT; one patient underwent a graft operation, three
patients underwent minor amputations (toe amputation in
two, and finger amputation in one) and two others underwent
major amputation (one below-knee amputation, and one
above-knee amputation). One patient did not complete the
recommended HBOT schedule. The treatment outcomes of
the patients (n = 21) are presented in Table 2.

Discussion

Infant patients arguably present the most unique challenges
for HBOT physicians. Referrals are few in number and
consequently there is little experience reported in the
literature. In this study, the characteristics and treatment
outcomes of infant patients who underwent HBOT were
analysed. A total of 275 HBOT treatments were administered
either in monoplace (n = 79) and multiplace chambers
(n=196) to 54 infants in two tertiary care institutions. Most
of the patients (n = 40, 74.1%) completely recovered and
no complications were reported during HBOT treatments.

Although many of the accepted HBOT indications are
also relevant to the infant age group, common conditions

for which infants receive HBOT may vary from adults.
Delayed radiation injury and complicated wounds have
been reported as the most common HBOT indications for
adults.'® However, emergency conditions come to forefront
in paediatric series. Acute CO intoxication and acute
peripheral ischaemia also involving purpura fulminans,
limb ischaemia, critical ischaemia of the glans penis after
circumcision are reported to be the most common indications
in the paediatric population.*>™1%15 In our study, the most
common HBOT indications were acute CO intoxication
(n = 32) and acute peripheral ischaemia (n = 15) similar
to other published infant case series.””!'® There are
promising clinical studies on neonatal hypoxic ischaemic
encephalopathy and case reports on necrotising enterocolitis
of the neonate but no patients with these conditions were
referred for HBOT in this study.'*!** Since these patients
mostly need advanced life support and the evidence of
efficacy is scarce, paediatricians may be unwilling to suggest
HBOT for this critically ill patient group.!* In contrast,
our cohort included two compromised flap cases and an
epidermolysis bullosa case which were not reported to be
treated with HBOT in this age group before.

Although available published data on infant patients
receiving HBOT is limited, their outcomes seem favorable.
One study reported full clinical resolution of 13 acute CO
poisoning patients among 14 infant patients treated with
HBOT.!"! Similarly, two other case reports recorded complete
clinical resolution with HBOT in acute CO intoxication.'>!3
In our study, the majority of the acute CO poisoning patients
(96.9%) had full clinical resolution, however, the complete
clinical recovery rate in the complicated wound related
problem group was 40.6%. Most of the complicated wound
related problem patients (68.2%) were treated for acute
peripheral ischaemia which is an emergent HBOT indication.
A promptly initiated frequent HBOT schedule may provide
better outcomes in this group.” One publication reported
a full term neonate with pale bluish discoloration starting
at the upper thigh due to severe arterial thromboemboli in
the lower extremity, who was referred for HBOT at the
7th day following onset and the outcome was below knee
amputation.'> In contrast, our own group reported complete
recovery in an infant who was born with total brachial artery
occlusion and severe limb ischaemia. In that case, HBOT
was started much earlier (at the 48th postnatal hour) and
continued with an intense schedule.” Similarly, another
group reported different outcomes seemingly related to delay
in initiating HBOT in two cases of glans penis ischaemia
following circumcision.!® Collectively, these reports suggest
that delay in HBOT may significantly affect the outcome
in acute ischaemic conditions. In the present study, the
complicated wound-related problem group had relatively
long delay times for HBOT which might have contributed
to the low clinical resolution rates in this patient group. Lack
of awareness, and doubts about safety and effectiveness of
HBOT among paediatricians may be leading to delayed
HBOT referrals of infants.
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The major controversy for infants is the possibility of adverse
events during HBOT. Central nervous system oxygen
toxicity, pulmonary oxygen toxicity and retinopathy of the
premature (ROP) are the most feared complications related
to HBOT in infancy. However, no adverse events related
to HBOT were reported in infants either in our study or
in the available literature.”®1%2! The lack of information
about oxygen toxicity in infants may have hindered the
application of HBOT in these patients. The literature on ROP
and HBOT is scarce and limited to animal studies. Most of
them do not present any evidence regarding the relationship
between ROP and HBOT.#?>2* Only in one experimental
study (using rats) was retinal vascular density significantly
increased in the HBOT-exposed group. Nevertheless, their
HBOT treatment table, in which rats were exposed to 506
kPa (5 atm abs) oxygen, involved a much higher oxygen dose
compared to currently utilised clinical HBOT protocols.
Therefore, no convincing association between HBOT and
ROP in human premature neonates or neonates has been
proven. Likewise, a 25-day old neonate, who was born
in the 32nd week of gestational age, defined as moderate
preterm, underwent 16 HBOT treatments without evidence
of ROP in our study. The patient was examined by an
ophthalmologist before the first HBOT session, at the end of
the HBOT schedule and two weeks after HBOT was ended.
Still, infants with ROP risk should be examined before and
after HBOT and continued to be regularly followed up by
an ophthalmologist.®

Thermoregulation and thermoprotection may become
significant challenges for infants during HBOT.® Newborns,
particularly preterm and low-birth-weight neonates, have
limited capacity for thermoregulation. Environmental
temperature fluctuations can lead to considerable thermal
stress in infants and both hypothermia and hyperthermia can
lead to significant morbidity and mortality.”® As temperature
fluctuations may be inevitable inside an HBOT chamber,
maintaining a stabilised thermoneutral environment can
be challenging during HBOT treatments. Therefore,
additional protective measures may need to be considered.
No complications related to thermal stress were reported
in either of our institutions where simple actions like
covering the baby with additional sheets were utilised. Also,
specialised devices like the hyperbaric chamber compatible
baby incubator that was successfully used in Istanbul FM
may be developed with the increased need.

Transportation related risks should also be carefully
considered for patients who require long distance transfer
for each HBOT session. Indeed, extubation and periods of
hypotension periods have been reported during transport
for HBOT in paediatric patients.>* Another important
drawback related to transport may be an increased risk of
intraventricular haemorrhage for preterms due to immature
fragile vessels.”” We did not encounter any complication
during transportation.

The major limitation was the absence of long-term follow-
up, which is particularly significant for acute CO intoxication
cases in which there is a recognised risk of delayed
neurological sequelae. Due to the study’s retrospective
nature, data on long-term follow-up were not available.
Thus, this study aimed to evaluate acute responses to HBOT
as all infant cases with many HBOT indications have been
included and evaluated together. The long-term outcomes
of HBOT for acute CO intoxication in infants are beyond
the aim of this study.

To our knowledge, this is the largest study presenting 54
infants treated with HBOT. We report experience from
two HBOT facilities with both multiplace and monoplace
chambers, thus providing a broad clinical perspective.
The scientific data on HBOT use in this age group is
limited. More HBOT research is required in the paediatric
population. However, conducting prospective controlled
studies is challenging for ethical reasons.

Conclusions

This study suggests that HBOT is a safe and effective
treatment modality for infants. Paediatricians should consider
HBOT in centres with appropriate clinical experience in
the delivery of HBOT to infants. Paediatricians would
be correct to hesitate to refer in centres not appropriately
equipped/trained for the delivery of HBOT to infants.
Close collaboration between paediatric and the hyperbaric
medical teams and improving technical availabilities of
HBOT facilities for infant patients would result in improved
outcomes. This study may guide hyperbaric physicians in
their clinical care of infant patients as well as future scientific
studies.
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