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Abstract

An open (Persistent) Foramen Ovale (PFO) is a known risk factor for the development of Decompression Ilines (DCl) in the
context of scuba diving. The typical manifestations of PFO-associated DCI encompass cutaneous and vestibular symptoms.
Despite this, the efficacy of PFO closure remains a subject of ongoing debate. Furthermore, PFO closure does not guarantee
immunity against DCI. Consequently, individuals engaging in diving activities post-PFO closure should exercise caution, refrain-
ing from aggressive dives and adhering to the principles of low-bubble diving as outlined by SUHMS guidelines.

In this case report an experienced technical diver with 5,000+ dives suffered several times a typical DCI. In a university clinic
setting, a PFO was identified and sub-sequently occluded. Nevertheless, further DCl occurred after the intervention, although
in the control test after PFO closure, no bubbles migrated from right to left. In the first bubble testing there were no findings of
pulmonary shunts. It remains unclear if the patient is a high-bubbler or if he has dynamic Intrapulmonal Arteriovenous (IPAV)
anastomoses while diving that cannot be detected at rest. Another aspect is his fit for diving certification, which is meanwhile

refused by some experts.
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Case presentation

During scuba diving, formation of nitrogen bubbles might
induce decompression sickness [1,2]. As a reason for the cross-
over of nitrogen bubbles from the venous to the arterial vascu-
lar system there are possible mechanisms such as pulmonary
shunting, anatomical shunting through arteriovenous anasto-
mosis and finally the most common reason intracardial shunt-
ing. Here a patent (Persistent) Foramen Ovale (PFO) has been
described unanimously for decades [3-5].

Such an interatrial shunt exists also in adults. Its incidence
greatly varies: from 25% up to 40% [6,7]. The risk for suffering
from DCl in divers with PFO might be mitigated by two interven-
tions: PFO closure or conservative diving [8,9]. Unfortunately,
PFO closure does not fully protect against DCI [10]. Based on
the mismatch between the high prevalence of PFO and low in-
cidence of DCI, it is suggested that primary screening for PFO
should not be carried out on a routine basis in divers [11].

Beside PFO, intrapulmonary shunts in SCUBA diving present
another risk factor for venous bubbles to become arterialized
[12-14].

In the present case, the diver had a typical right to left shunt
through a PFO with no additional pulmonary shunts. The PFO
was diagnosed using transoesophageal echocardiography. A
suture-mediated PFO closure was performed that represents
a safe alternative to traditional umbrella-like devices [15,16].
Despite this, subsequent severe Decompression Sickness (DCl)
incidents were observed. The following will first describe the
entire series of ten diving accidents and attempt to explain how
they could have occurred.

Demographics: The diver has a height of 1.89 m and a body
mass of 95 kg, resulting in a BMI of 26.3 kg/m?. The diver has
completed around 5,500 dives within his long diving history. He
is a nonsmoker, has a hyperlipemia treated with a statin and
no further diseases, no allergies. Since decades, he works as a
professional cave instructor.
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Already at the age of 18, the diver experienced cutaneous
decompression sickness following incorrect instructions on the
dive table provided by an instructor (Table 1). Over the years,
the diver experienced seven neurological Decompression Inci-
dents (DCI). The second one happening at his age of 26 years
after a 32 min cave dive to 50 m, necessitating three sessions
in a hyperbaric chamber and additional sessions two days later.
Likely, this severe DCI was triggered by a CO-intoxication, as a
later breathing gas analysis revealed CO impurity.

Table 1: Years and locations of ten DCls.

3 Depth | Duration Breathing
DCl Date Location Type . Therapy
[m] [min] gas
1 | 1987 Open water DCII 31 32 Air none
2 | 1996 Cave DCIII | 50 32 Air HBO
3 | 2006 Cave DCI I 91 107 CCR-Trimix NBO
4 | 2006 Open water | DCI I 74 96 CCR-Trimix NBO
5 | 2011 | Open water | DCIIl | 46 37 Air, NX-50 NBO
6 | 2015  Mine, DE | DClII 43 83 Air-CCR NBO
7 2015 Mine,DE DCIII| 70 101 TMX-CCR HBO
2018 PFO closure
8 | 2019 = Mine, DE DCl 36 34 NBO
2019
11:00 25 41 Nitrox*
9 13:00 Mine, DE 25 39 Nitrox*
14:10 DCI 25 37 Nitrox*
16:00 DCI 25 43 Nitrox* NBO
10 | 2019 | Mine, DE DCI 25 30 Nitrox*
11 | 2019 Lake, DE ** 7 33 Air none

In case Nitrox was breathed, max. PO, of 1.3 bar. *DCS-like symp-
toms after pressurizing the heating accumulator on a nerve.

Anamnesis: In order to identify any underlying causes for
the subsequent DCls, a Transoesophageal Echocardiogram
(TEE) was conducted after a PFO had been primarily excluded
in a previous medical examination but with limited diagnostic
possibilities. This time, a relevant PFO was discovered, which
showed spontaneous bubble transfer after bubbling but no pul-
monary shunts. Consequently, the PFO was occluded in 2018
via stitching technique.

On one dive after the PFO closure - DCI #8 in 2019 - DCI symp-
toms recurred. Nevertheless, the diver proceeded to perform
additional dives with similar profiles one and four days later.

Accident ‘#9’ The diver conducted four dives on the subse-
quent day using a rebreather, maintaining a maximum PO, be-
tween 1.2 and 1.3 bar. Each dive reached a maximum depth of
25 m with an average dive time of 40 min, all completed within
a span of 5:45 h. Despite being no-decompression dives, a safe-
ty stop was consistently observed (Figure 1). During the third
dive of the day, the diver began experiencing initial symptoms
of DCI, feeling a slight tingling sensation below the belly button
marking the occurrence as DCI ‘#9’. Despite this, the diver pro-
ceeded to undertake another similar dive, being accompanied
by two students. Interestingly, the symptoms neither improved
nor deteriorated throughout the entire dive.

Approximately 30 min after that dive and a warm shower,
additional reddening in that area was observed, while the tin-
gling sensation intensified.
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Figure 1: lllustrates the profile of the third dive among a series of
four remarkably similar dives, culminating in DCI #9. The initial dive
commenced at 11:00 o’clock, and the fourth dive commenced at
16:00 o’clock, with two additional dives occurring in the interim.
It is worth noting that each of the four dives featured a relatively
extended bottom time, approximately 25 min each, i.e. being close

to a rectangle profile.

Therapy/examinations: Five days after the accident, the div-
er underwent seven successful Hyperbaric Oxygen (HBO) ses-
sions. As a result, his symptoms improved to a certain extent,
leading to his discharge. Prior to this treatment, no neurological
intervention was deemed necessary.

Around four weeks after the accident, the diver sought a fit-
ness-to-dive certificate at a different hospital. There, he contin-
ued to experience occasional tingling sensations and verifiable
dorsal column complaints, but without pain or motor impair-
ment. Due to the persistent clinical neurologic (spinal) symp-
toms following the accident, the university expert group recom-
mended discontinuing diving activities, except for very shallow
depths (<5 m). Additionally, neurological monitoring has been
advised.

Approximately three weeks later, a Magnetic Resonance Im-
aging (MRI) scan of the lumbar spine revealed no lesions of the
spinal cord.

After the incident, the diver sought consultation with hy-
perbaric physicians from another hospital. Given that the MRI
revealed no residual radiographic damage, these hyperbaric
specialists found no contraindications to continued diving.
About ten weeks after the accident, a neurology department at
another university clinic found no evidence of central nervous
damage, and the diver continued diving until the occurrence of
the next DCl-like symptoms that were triggered when a compo-
nent of his diving gear - the heating accumulator - pressurized
a nerve.

Discussion

The subsequent discussion addresses four distinct aspects
to elucidate the diver’s Decompression llinesses (DCls). Subse-
quently, two open-ended questions are posed.

High-bubbling: The diver could be a potential high-grade
bubbler [17,18], i.e. being more prone to DCI than others. This
might not be the case with the diver, as in 2000, he performed
several dives in the Lake Constance and consequent Doppler
examinations showed no more bubbles than his buddies. Still,
this aspect is briefly discussed. A key process is the formation
of inert gas bubbles [19]. Bubble formation and DCI occurrence
could be linked not “only” to the duration and depth of the
dives but also to certain pre-dive conditions [20] and possibly to
a specific individual predisposition. It is remembered that DCl is
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linked not only to bubbles, but also to microparticle release and
impaired endothelial function [21].

Exposure to hyperoxia resulting from the on-the-fly nitrox is
likely to elevate oxidative stress levels. Especially, when using a
rebreather with relatively high PO, values. In the present case,
PO, levels varied only between 1.0 and 1.3 bar. Yet, high levels
may lead to the production of Reactive Oxygen Species (ROS)
that interact with cell structures [22,23]. Vascular gas-bubble
formation and hyperoxia may lead to dysfunction of the endo-
thelium. Thus, the antioxidant status of the diver is an impor-
tant mechanism in the protection against injury.

Incomplete PFO closure: While it may be tempting to con-
sider an recognised PFO closure as flawless, it is crucial to ac-
knowledge that these closures, whether utilizing a suture-me-
diated PFO closure [24] or an Amplatzer PFO occluder [25], can
be incomplete. Contrary to the assumption of complete pro-
tection against decompression illness, a study by [10] revealed
that four out of 59 patients experienced recurrent DCI despite
undergoing PFO closure. To prevent recurrent Decompression
illness (DCI) when there might be a residual shunt after PFO clo-
sure, a conservative diving profile is suggested.

In postoperative care, it is strongly recommended to conduct
a bubble test three months following the procedure to ensure
the effectiveness of the PFO closure. Divers are advised against
resuming their exercise routine until satisfactory closure is con-
firmed, as highlighted by [11]. However, it is crucial to note
that relying solely on a single post-PFO-closure test, performed
shortly after the procedure, may pose risks. Under certain fa-
vourable conditions, such as the presence of a substantial vol-
ume of Venous Gas Emboli (VGE), arterialization could occur,
as pointed out by [26]. Therefore, comprehensive and timely
testing protocols are essential to accurately assess the closure
status and mitigate potential complications.

It is remembered, that the relation between PFO and DCl in-
cidences is still a matter of discussion. A meta-analysis failed to
prove a significant association between PFO existence and DCI
[27]. In contrast, a small case-control study demonstrated that
clinical manifestations of DCI were significantly more frequent
in patients with PFO, compared with those without [26].

In line, a recent European position paper estimated an odds
ratio of 5.63 for right to left shunts in patients with DCI, com-
pared with the subjects without [28].

Extracardiac shunts: Intrapulmonary Arterio-Venous Anas-
tomoses (IPAVA) represent another common pathway for a
bubble crossover to occur [23,29]. Such IPAVA may - in addition
to PFOs - provide a means for VGE to cross over to the arte-
rial circulation due to their larger diameter (>25 um) compared
to pulmonary microcirculation (<10 um). When VGE crossover
takes place in arterial circulation, bubbles have the potential to
cause severe harm as they can be redistributed to the brain,
spinal cord and other critical tissues [13]. Of note, in contrast to
resting conditions, >95% of healthy humans demonstrate IPA-
VAs during exercise [30]. i.e. it also applies to demanding SCUBA
diving. Rarely there are found other AV shunts in liver or lungs.
In this diver they have been excluded by high resolution imag-
ing.

Vulnerable tissue: Maybe the vulnerable tissue is in a dam-
aged precondition and therefore tends to a higher bubbling,
on-gassing and off-gassing due to changed perfusion and com-
partment kinetics. This would possibly lead to an oversaturation

[12]. In accident #9, after three/four subsequent dives within
5:45 h, inert gas bubbles will very likely have been released.

Two open-ended questions

How did the diver manage to accumulate about 5.500 dives
with only ten instances of DCI despite having a significant and
evidently relevant PFO? Furthermore, why did the diver remain
unaffected by DCI during considerably deeper, longer, and more
strenuous dives beyond 100 m, lasting up to 4 h, and involv-
ing multilevel descents? To remember, the presence of a PFO is
related to a low absolute risk of suffering five major DCI events
per 10,000 dives, the odds of which is five times as high as in
divers without PFO [4]. However, until the PFO closure, our div-
er had already suffered from seven DCls (Table 1).

DCI #9 occurred after the completion of the third of four
training dives within a 5:45 h span, each separated by roughly
20 min of surface interval. Since these dives involved training
with students and took place in 8°C water, both the physical ex-
ertion and the low water temperature likely contributed to the
arterialization of bubbles. The reasons behind the development
of DCI for the other dives remain speculative, in particular, con-
sidering that this diving procedure had been performed before.

Should the diver be deemed fit-for-dive’? As mentioned
before, two divergent opinions emerge from experts affiliated
with the hyperbaric facilities of two distinct universities. One
perspective asserts that subjecting the spinal cord to a second
impact would be intolerable. Consequently, the endorsement
of aggressive diving, repetitive or multilevel diving reminiscent
of past practices, is strongly discouraged. This caution extends
to flat recreational dives of maximum 5 m, as deeper ones pose
a potential risk of neurological impacts. The significance of this
stance is heightened by the diver’s prospective engagement in
teaching cave diving and employing Closed-Circuit Rebreather
(CCR) equipment.

Conversely, an opposing viewpoint contends that both the
MRI results, which revealed no residual radiographic damage,
and an evaluation by another university neurology department,
which found no evidence of central nervous system damage,
support a different perspective. In light of these findings, these
latter experts opted to issue a dive certificate with no imposed
restrictions.

Appendix: Following his decompression incident #10 in
2019, the diver has continued diving, even engaging in extend-
ed dives, without any further complaints. This positive outcome
is due to meticulously adjusting his decompression routines
based on a self-authored, highly conservative decompression
program including a limitation to maximum two dives per day.

This development is highly gratifying for three reasons: The
diver apparently no longer poses a risk to himself. The danger
of an own accident leading to a risk for his diving students, is
greatly reduced. Ultimately, the medical care - including emer-
gency medicine - with its high costs that would have to be borne
by the public, is no longer necessary.

Conclusion

The occurrence of the first seven cases of Decompression
lliness (DCI) in this diver can be reasonably attributed to two
primary factors. The first factor is their predisposition to bubble
formation, commonly referred to as ‘bubbling’. The second fac-
tor is the presence of an arterio-venous shunt through a Persis-
tent Foramen Ovale (PFO).
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The closure of the PFO has proven to be a sensible interven-

tion, as it reduces the risk of DCI to a level comparable to that
of other divers who do not have a right-to-left shunt. However,
it is important to note that closure of the shunt does not com-
pletely eliminate the risk of a diver experiencing DCI through
other mechanism.

As a result, the adoption of conservative diving practices

serves as another senseful intervention, although low bubble
diving recommendations do not exist for technical diving. Con-
servative recreational diving significantly reduces the risk of re-
current DCI. It remains unclear how to deal with a fit for dive
certification in such complex divers.

A cardiologist friend always says: “Closing a PFO doesn’t pro-

tect against DCI. It’s the bubbles that need to be minimized!”

10.

11.
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