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ABSTRACT

Introduction: Although very uncommon, severe injury and death can occur during scuba diving. One of the
main causes of scuba diving fatalities is pulmonary barotrauma due to significant changes in ambient pressure.
Pathology of the lung parenchyma, such as cystic lesions, might increase the risk of pulmonary barotrauma.
Areas covered: Birt—-Hogg-Dubé syndrome (BHD), caused by pathogenic variants in the FLCN gene, is
characterized by skin fibrofolliculomas, an increased risk of renal cell carcinoma, multiple lung cysts and
spontaneous pneumothorax. Given the pulmonary involvement, in some countries patients with BHD
are generally recommended to avoid scuba diving, although evidence-based guidelines are lacking. We
aim to provide recommendations on scuba diving for patients with BHD, based on a survey of literature
on pulmonary cysts and pulmonary barotrauma in scuba diving.

Expert opinion: In our opinion, although the absolute risks are likely to be low, caution is warranted.
Given the relative paucity of literature and the potential fatal outcome, patients with BHD with a strong
desire for scuba diving should be informed of the potential risks in a personal assessment. If available
a diving physician should be consulted, and a low radiation dose chest computed tomography (CT)-
scan to assess pulmonary lesions could be considered.
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1. Introduction

Over the past decades, there has been a steady and rapid growth
in the number of people participating in recreational scuba diving.
The number of certifications issued by Professional Association of
Diving Instructors (PADI) is currently reported to be around
one million annually. Although fortunately uncommon, severe
injury and death can occur during scuba diving. The Divers Alert
Network reports about two fatalities per 100,000 dives [1]. Fatal
injuries during scuba diving can be related to pulmonary baro-
trauma due to significant changes in ambient pressure, which can
manifest in pneumomediastinum, pneumothorax, and arterial gas
embolism [2-5]. In a study of fatal diving accidents, arterial gas
embolism was the second most common cause of death, following
drowning [2]. Arterial gas embolism as a manifestation of pulmon-
ary barotrauma was reported to cause 13-24% of cases of scuba
diving related deaths [6]. Day-to-day changes in atmospheric pres-
sures are usually very small. In contrast, during scuba diving sig-
nificant changes in pressure occur [7]. Exposure to elevated
ambient pressures (hyperbaric conditions) results in changes
both in gas volume (Boyle's law) and partial pressure of the gas
(Dalton’s law), which can potentially cause major problems. In

recreational scuba diving, typically divers are allowed to descend
to depths of 18 meters, whereas more experienced divers are
permitted to maximal depths of 30-40 meters sea water (msw).
For every 10 meter descent under water, the ambient pressure
increases by 1 atmosphere (1 ATA = 100 kPa = 10msw). At a depth
of 10 msw, the pressure has doubled while the volume of gas has
halved compared to surface level. A diver using scuba apparatus
will breathe normal tidal volumes at a higher gas density. When
ascending to the surface from a depth of 10 msw the gas volume in
the lungs will increase by 100%. It is crucial that the excess volume
can be freely exhaled during ascent. To accomplish this goal,
proper functioning of the lungs is essential [7]. Pathology of the
lung parenchym, such as cystic lesions, increases the risk of air-
trapping and might therefore increase the risk of pulmonary bar-
otrauma [1,3,8].

Birt-Hogg-Dubé syndrome (BHD) is an autosomal domi-
nant disorder caused by pathogenic germline variants in
the FLCN gene. BHD is characterized by benign skin lesions
(fibrofolliculomas) and an increased risk of renal cell carci-
noma, pulmonary cystic lesions, and pneumothorax. In 87%
of patients with BHD pulmonary involvement consisting of

CONTACT L. van Riel 8 |.vanriel@amsterdamumc.nl @ Department of Human Genetics, University of Amsterdam, Meibergdreef 9, Amsterdam, Netherlands; AC.
Houweling @ a.houweling@amsterdamumc.nl @ Department of Human Genetics,University of Amsterdam, Meibergdreef 9, Amsterdam, Netherlands

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0003-1190-9925
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17476348.2023.2284375&domain=pdf&date_stamp=2023-12-26

1004 L. VAN RIEL ET AL.

Article highlights

e BHD is characterized by skin fibrofolliculomas, an increased risk of
renal cell carcinoma, multiple lung cysts and spontaneous
pneumothorax.

o Pre-existing pathology of the lung parenchyma, such as cystic lesions,
might increase the risk of pulmonary barotrauma.

o Currently evidence based guidelines on BHD and scuba diving are
lacking, however given the pulmonary involvement, in some coun-
tries patients with BHD are generally recommended to avoid scuba
diving,

e In our opinion, although the absolute risks are likely to be low,
caution is warranted if BHD patients have a desire to go scuba diving.

o Patients with BHD should be informed about the potential (fatal) risks
and associated insurance consequences which may vary between
countries.

lung cysts and/or pneumothorax is reported [9]. Of note,
recurrent pneumothorax has also been reported in patients
with BHD in the absence of detectable lung cysts [9,10]. We
reported the outcomes of extensive clinical and genetic
evaluation in two disorders partially overlapping with BHD,
familial multiple discoid fibromas and familial lipomatosis
associated with PRDM10 [11-13]. In these families, so far,
there was no clear evidence for an increased pneumothorax
risk. In a recent publication, however, minimal pulmonary
involvement in an additional family carrying a PRDM10 var-
iant was observed [14].

Currently, guidelines on BHD and scuba diving are lacking.
No fatalities among patients with BHD during diving have
been mentioned in a previous evaluation in our Dutch cohort
and, to the best of our knowledge, have not been reported in
literature [15]. Studies in larger patient cohorts have not been
performed. Despite the lack of evidence-based guidelines,
scuba diving by patients with lung cysts is discouraged in
the available (limited) literature, and caution in patients with
BHD has therefore been recommended in the Netherlands
[8,16-18]. The aim of this article is to provide further recom-
mendations for patients with BHD on scuba diving based on
expert opinion and a survey of literature on cysts and diving
related pulmonary barotrauma.

2. Overview of literature

The strategy was aimed at including case reports and series about
diving related barotrauma among patients with lung cysts or
patients with BHD. A PubMed search with the terms (((barotrauma)
OR (pneumothorax)) AND (diving) AND ((lung cyst[MeSH Terms])
OR (BHD))) was carried out on 31 May 2023, see Figure 1.

Articles were included when they fulfilled the following
inclusion criteria 1) articles describing pulmonary barotrauma
related to scuba diving and 2) presence of lung cysts on
imaging in retrospect or up to one year before the accident,
or 3) patients with BHD and none of the following exclusion
criteria a) articles in which pulmonary barotrauma occurred
during other water sport activities, including breath-hold-
diving or diving with uncontrolled ascent b) diving accidents
due to decompression sickness.

3. Results

Our search resulted in a total of 12 articles; five of these
articles met the above mentioned inclusion criteria. As two
articles described the same cohort, one of them was excluded
[19,20]. Three of these articles describe cases of diving-related
pulmonary barotrauma, which in retrospect showed one or
more pulmonary cystic lesions, and one article on diving-
related pulmonary barotrauma in patients known to have
BHD, see Table 1 [15,16,19-21].

One of the cases on pulmonary barotrauma in the presence
of pulmonary cysts, by Lippmann et al, resulted in a fatal
outcome [21]. This concerns a 14years old boy without
remarkable medical history where a medical assessment was
performed prior to the dive. During traumacare, chest radio-
graphy revealed one lung cyst of 3 cm which may have con-
tributed to the pulmonary barotrauma identified as cause of
death. In the article by Toklu et al. three cases of pulmonary
barotrauma in professional divers are described in which pul-
monary lesions were detected with chest CT in retrospect [16].
One of them showed an accessory azygos lobe and multiple
cysts bilaterally. In the other two cases, a large bulla and small
bleb were detected, respectively. Tetzlaff et al. reported 15
cases of pulmonary barotrauma in divers [20]. Chest CT
revealed lung cysts in 5 of the 15 cases. In two of these five
patients, a follow-up chest CT showed that the lung cysts were
unchanged after 6 and 15 months. Of note, 10 of these 15
cases occured during regular scuba diving with controlled
ascent.

In the article by Johannesma et al., a previous evaluation of
our cohort of patients with BHD, two patients (3.7%) devel-
oped a spontaneous pneumothorax within 48 hours after div-
ing, both diving at a depth of less than 10 meters. Although
these patients did not undergo lung imaging prior to the dive,
it is a reasonable assumption that both pneumothoraces were
related to the dive as the patients did not have sypmtoms of
pneumothorax prior to the dive. For one patient this was the
first pneumothorax, wheras the other patient had a history of
previous pneumothorax. Around 30% of patients with BHD in
this study stated that they had ever dived in the past, of
whom 14.8% had dived to a depth >10 meters, all for recrea-
tional purposes [15]. Two articles found through the PubMed
search, where chest CT after the dive revealed a lung cyst,
were excluded due to the fact that they were clearly at risk for
decompression sickness with a dive profile that exceeded no-
decompression dive limits [22,23].

4. Discussion

Literature regarding the risk of diving-related pulmonary bar-
otrauma in patients with lung cysts is scarce, possibly due to
the fact that postmortem analysis in diving fatalities is limited
and challenging [24]. To the best of our knowledge, no pro-
spective studies on the predictive value of the presence of
lung cysts to determine diving-associated barotrauma risks
have been performed. Thus, recommendations are based on
observational studies which might explain why this topic
remains controversial even among experts in the field.
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Figure 1. Literature search.
Table 1. Publications included in our overview.
Authors [year], PMID Summary

Johannesma, P C et al. [2016],

Two patients known to have BHD developed a pneumothorax <48 hours after diving at a depth of <10 meters
Cerebral arterial gas embolism with a fatal outcome in a 14-year-old-diver without known lung pathology with, in retrospect, an

One patient who developed pulmonary barotrauma (collaps with hemiplegia) during diving at a depth of 38m. Chest CT

27652079
Lippmann, John et al. [2011],
21560983 undiagnosed lung cyst
Toklu, A S et al. [2003],
12883024 showed an azygos lobe and multiple cysts bilaterally

Tetzlaff, K et al. [1997], 9315797 Fifteen cases of pulmonary barotrauma (13 arterial gas embolism, 1 pneumothorax, 1 mediastinal emphysema), postinjury chest

CT showed lung cysts in five patients

A study including a large cohort of 2633 asymptomatic indi-
viduals aged 34-92 years, found a prevalence of lung cysts in
7.6% of participants, of whom 11.5% had multiple cysts (0.9%
of all participants) [25]. As no cysts were observed in indivi-
duals younger than 40years, this study indicates that age
plays an important role in the chance of having and develop-
ing lung cysts. In line with these observations, in a recent
study, chest CT scans were performed in 76 young (median
age 25years) military diving candidates with no known lung
pathology. An isolated pulmonary cyst was identified in one

individual, and that person was subsequently deemed unfit to
dive [17]. Nonetheless, the high frequency of pulmonary cysts
in the general population combined with the large number of
scuba divers and the limited number of fatal accidents indi-
cates that the absolute risk of fatality due to lung cysts is likely
to be low. However, since pulmonary lesions have been asso-
ciated with an increased risk of pulmonary barotrauma, one of
the major causes of scuba diving-related fatalities, caution is in
our opinion still warranted in patients with BHD until larger
cohort studies are available. Based on the risks associated with
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lung lesions during scuba diving, it has been previously dis-
cussed to perform a chest CT as part of the medical certifica-
tion of divers [17], because lung cysts are usually
asymptomatic and will not be detected during routine medical
diving screening. However, screening of all divers by chest CT
was considered to be impractical and not cost-effective and
therefore suggested as an option for professional divers
[16,17]. The British Thoracic Society (BTS)-guideline states
that lung bullae or cysts increase the risk of barotrauma and
are considered contraindications to diving [8]. However, these
guidelines were established in 2003 and have not been
updated following publications on the frequency of pulmon-
ary cysts in the general population.

Routine chest CT scans are generally not performed in
patients with BHD [26]. Therefore, the age of development of
pulmonary cysts in BHD is not well established. However,
there have been reports of pulmonary cysts and/or pneu-
mothorax in patients with BHD before the age of 18years,
suggesting that the cysts may develop early in life, at least in
a subset of patients with BHD [27,28]. The presence of lung
cysts might increase the risk of pneumothorax. The cumulative
risk of pneumothorax in patients with BHD is estimated at 25—
35% [29-31]. In a previous evaluation of our BHD cohort, we
estimated a pneumothorax risk of 0.33% per diving episode.
Of note, this number was derived from a relatively small
cohort of patients with the majority of dives being <10 meters
in depth.

The BTS-guidelines state that a history of primary sponta-
neous pneumothorax (PSP) is a contraindication for diving,
unless treated with bilateral pleurectomy and normal chest
CT and lung function [8]. The Dutch society of pulmonologists
(NVALT) published a position paper also stating that a history
of PSP is a contraindication for diving [32]. Currently, there is
no international consensus on this point, probably due to
pleural adhesions after pleurectomy, which are associated
with a higher risk for pulmonary barotrauma [33]. Prior surgi-
cal treatment for pneumothorax may not be sufficient for the
decision regarding fitness to dive. Even though it will reduce
the risk of a recurrent pneumothorax, it may not protect
against the risk for diving-related pulmonary barotrauma,
including arterial air embolism [34]. Their advice is to avoid
diving with a history of PSP, even after pleurectomy or pleur-
odesis, until more is known about the effect of hyperbaric
conditions and the risks of recurrence of pneumothorax
under these conditions

In our opinion, according to the BST and NVALT guide-
lines, scuba diving should be discouraged, even after
pleurectomy or pleurodesis, for patients with BHD with
a history of pneumothorax. As long as there is no interna-
tional consensus on this point, we advise patients with
BHD to check the current advices in their own country. In
addition, this may also be relevant in obtaining a diving
insurance, which can also differ per country. In our opi-
nion, also in patients with BHD without a prior history of
pneumothorax caution is warranted. If a strong desire for
scuba diving persists, patients should be informed about
the risks, which should be addressed during genetic coun-
seling. We suggest individualized assessment of risk follow-
ing consultation with a pulmonologist, specialized in scuba

diving if available. A low dose radiation chest CT may be
considered to evaluate the presence of lung cysts in order
to aid the individualized risk assessment [35]. If lung cysts
are detected we would advise against scuba diving until
further data is available. Although the absolute risk is likely
to be very small, given the number of people diving and
the presence of lung cysts in asymptomatic individuals, the
risk of pulmonary barotrauma is likely to be increased in
the presence of cysts and may result in a potential fatal
outcome. In addition, it is very well possible that the
presence of lung cysts in fatal diving accidents is under-
estimated due to the small number of autopsies per-
formed. Given the known occurrence of radiologically
inapparent microscopic cysts in patients with BHD and
the possibility of cysts developing over time, even patients
without identifiable lung cysts or a history of pneu-
mothorax should be warned about the potential higher
risk of pulmonary complications compared with the gen-
eral population [10,36-39]. However, even in the presence
of cysts individual risk is likely to be influenced by indivi-
dual and external factors making individual risk prediction
challenging. Additionally, the implications for obtaining
insurance may vary from country to country and are likely
to influence recommendations. Recommendations on BHD
and scuba diving may remain different between countries
until guidelines have been established.

Recommendations regarding diving might also be rele-
vant for family members of patients with BHD. For
instance, it is generally suggested that genetic testing for
children of patients with BHD is deferred until adulthood
(around age 20), to allow the children to make individual
decisions and start renal surveillance at that age if the
familial variant in FLCN is detected. However, children of
a patient with BHD could consider earlier testing in case
they have a strong desire for scuba diving during
adolescence.

It is very likely that BHD, with a previously estimated pre-
valence of around 1:200.000 is currently underdiagnosed [40].
In the Netherlands over 450 patients have been diagnosed in
a population of 17,5 million, which underlines underdiagnosis
[41]. A recent population-based study reported a prevalence
of pathogenic FLCN variants in 1:3234 unrelated individuals, of
whom 68.6% had a BHD-related phenotype [42]. An apparent
PSP can be the first manifestation of BHD [43]. In the
Netherlands, a chest CT is not performed as part of standard
care in patients with a PSP [44]. Thus, BHD may not be
recognized and the presence of lung cysts will not be
detected during regular medical diving screening. Therefore,
it is very important that features that could indicate BHD
(including the skin lesions, pneumothorax and/or renal cell
carcinoma) are recognized, especially in patients with
a desire for scuba diving [43,45].

5. Conclusions

The presence of pulmonary cysts might increase the risk of
pulmonary barotrauma. Pulmonary cysts are present in the
majority (>80%) of patients with BHD and predispose these
patients to the risk of recurrent pneumothoraces. Current



guidelines consider the presence of pulmonary cysts or
prior history of pneumothorax as contraindications for
scuba diving [8]. Although the overall risk associated with
scuba diving is likely to be low, the relative paucity of
literature and the potential for serious outcomes, including
fatality, warrants caution. Therefore, we suggest that all
patients with BHD should be educated about the potential
risks associated with scuba diving. Those with a strong
desire for scuba diving without a history of pneumothorax
or known presence of pulmonary cysts should be referred
to a pulmonologist for a personal risk assessment, prefer-
ably including low dose chest CT to evaluate the presence
and quantification of pulmonary cysts.

6. Expert opinion

Given the pulmonary involvement, BHD patients might be at
increased risk of pulmonary barotrauma. However, currently,
guidelines on BHD and scuba diving are lacking. Advice
regarding scuba diving is regularly requested by BHD patients
in our center of expertise in the Netherlands, and might be
relevant to many individuals and physicians.

Literature regarding the risk of diving-related pulmonary
barotrauma in patients with lung cysts is scarce, possibly
due to the fact that postmortem analysis in diving fatalities
is limited and challenging. Thus, recommendations are
based on observational studies which might explain why
this topic remains controversial even among experts in the
field.

This review provides an overview of the limited literature
on this topic, including advice regarding scuba diving for
patients with BHD. In our opinion, although the absolute
risks are likely to be low, caution is warranted. Hopefully,
this overview will facilitate establishment of future evidence
based guidelines for patients with BHD with a desire for
scuba diving.

Based on recent indications that BHD is likely to have
a much higher prevalence than estimated to date, we expect
that knowledge of and awareness for BHD will rapidly increase
in the years to come. Considering the fact that the number of
scuba divers is still rapidly increasing as well, we expect this
topic to become more and more relevant.
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