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Abstract

The residua of acute decompression illness are rela-
tively obvious, their origin is not in dispute and they are
not considered further in this context.

The neurological sequelae which have given rise to
recent anxiety are those which might arise in an individual
who has never had decompression sickness. The magjority
of allegations result from studies of neuropsychometrics,
neurophysiology and neuro-imaging. Among possible
causes for “abnormalities’ are the “silent” bubble or the
failure to recognise decompression symptoms. The High
Pressure Neurological Syndrome (HPNS) has been blamed
for some findings after very deep dives as has the “un-
masking” of effects from an earlier head injury. Many of
the conclusions are, at the very least, debatable. It can be
concluded only that, while clinical vigilance must be main-
tained, there is as yet no evidence of long-term damage
among those who dive within recreational limits and ad-
here to recommended diving procedures.

Introduction

The first case of neurological decompression ill-
ness was reported exactly 150 years ago.l Since then the
neurological deficits which can occur after diving have
been al too obvious. When adiver becomes paraplegic as
a result of diving, whether he was diving in accordance
with accepted procedures or whether he flouted them, the
cause of his paralysis can be identified as one particular
dive. The subsequent natural history is that, unlike para
plegia due to transection of the cord, the diving caused
paraplegic, who has multiple discrete multi-level lesions,
has a much greater chance of subsequent improvement.
Indeed, the extent of functional recovery can be quite re-
markable. Only rarely is there subsequent deterioration
and this appears to be confined to those who are severely
neurologically injured, whose ability to cope depends so
much upon willpower and among whom a few may be
unable to continue the required level of effort. The natural
history of acute decompression illness (DCI) isthat it may
lead to neurological deficit, which might improve subse-
quently.

In the last few years there have been an increasing
number of publications in the scientific literature which
allege or report neurological deficits in divers as a conse-
guence of their occupation. This has led to a number of

articles in journals such as The Economist and The New
Scientist with titles such as “Hidden Cell Damage Puts
Divers in Peril” and “Diving Disease Linked to Brain
Damage’. The implication is that divers who perform
normal dives and with no episodes of decompression ill-
ness, may progress to subtle neurological deficits.

These two extreme examples may be linked by the
concept of “sub-clinical decompression illness” a condi-
tion in which bubbling and the associated haematol ogical
effects occur but which never produce sufficient symp-
tomsto prompt the diver to seek recompression.

The purpose of this paper is to review the current
status of so-called neurological long-term health effects.
It is tempting to begin at the beginning, but there is not
enough time. An excellent foundation is provided by the
review by Edmonds and Hayward? which was presented
to the Underwater Physiology Symposium in Japan. In
this paper the authors demolish with accuracy the design
of a number of papers which, nevertheless, are still regu-
larly quoted. They concluded that more assessment is
required even though their studies of the Australian aba-
lone divers did not confirm any association between brain
damage and excessive air diving.

In this review, the studies based upon the post
mortem examination of divers will be summarised first.
This is to demonstrate that there are indeed pathological
changes associated with diving athough, of course, these
findings cannot tell us to what extent they might have
affected the quality of life for the individual .

Pathology

Excluded from this review are those reports which
focus on the changes found following acute decompres-
sion illness. Nevertheless it is worth taking as a starting
point the case of a scuba diver who, in 1976, developed
neurological decompression sickness with improvement
upon recompression.3 He was |eft with some weakness of
his left leg and did not dive again. Some four years later
the individual was examined by a neurologist at the Uni-
versity of Newcastle Upon Tyne as part of a study of
divers. At thistime he had brisk reflexesin both legs with
clonus at the ankles and knees and showed an extensor
plantar response. Together with some other signs, thisled
to a conclusion that there was residual cortico-spinal tract
damage. A few days later, the patient died accidentally.
At post mortem the changes in the spinal cord were more
widespread than were suggested by the recent neurologi-
cal examination, but were entirely compatible with the
original manifestations at the time of recompression.
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The conclusion is that a good functional recovery
following neurological decompression sickness (DCS)
could lead to the opportunity to be passed asfit to return to
diving but would be associated with persistent damage to
the central nervous system (CNS).

However, our concern is more with divers who, as
far as one can tell from the records, had never suffered
acute decompression illness during life. In a group of 11
divers, all of whom except 2 had died in diving accidents,
Palmer et al.4 described the changes which were compat-
ible with the mode of death. But they did not stop there.
The cords were also studied for tract degeneration using
the Marchi method in which positive staining is not found
until 7 to 10 days after the original insult. In 3 of the
professional divers there was extra-cellular Marchi-posi-
tive material with a beaded appearance indicating myelin
degeneration. However, no Marchi-positive material was
found within the macrophages, indicating that the causa-
tiveinsult must have been less than about 10 weeks before
death.

The implication that cord damage may follow ap-
parently symptom-free diving was not supported by an-
other study® which used immunocytochemical staining.
The microscopic examination did not reveal signs of nerv-
ous tissue lesions or reactive changes in any of the spinal
cord sections from 20 divers. While Mork et al. concluded
that diving does not lead to lesions in the human spinal
cord, they had not included the Marchi stain in their series.
The Marchi stain is one developed for studies of neuro-
anatomy specifically to detect tract degeneration at an early
stage and, until some cords are examined both by this
method and by the standard immunocytochemical stains,
this apparent contradiction will remain unresolved.

The same groups in Cambridge and Bergen have
aso examined the brains of divers. In apreliminary study
Mork® found an increased incidence of corpora amylacea
in the white matter, hyalinization of the blood vessels and
some ependymal and periventricular changes in the brains
of some divers. Similar findings have been reported in the
brains of 25 divers by Palmer et al” with an additional 10
divers in a more recent study, control brain material was
obtained from 15 male airmen who died as a result of
flying accidents.® Hyaline degeneration of small arteries
were found in 12 divers, smal foci of necrosis in the
cerebral grey matter of 8 and evidence of patchy white
matter changes in 10 divers. As far asis known none of
these divers had an episode of acute decompression ill-
ness.

From the very limited number of examinations per-
formed on such materia, the difficulty of adequate con-
trols and some apparent contradictions, it is very difficult
to draw conclusions but sufficient has been observed to
suggest that the laborious task of histopathology in such
subjects must continue. The concern is whether or not
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such findings were associated in life with any decrement
of function.

Clinical examination

The meticulous neurological examination of divers
is the foundation for any study of long-term effects. In
spite of the earlier reports by Rozsahegyi® that there might
be a progressive disseminated encephalopathy following
acute decompression illness, it does need to be remem-
bered that many of the persons whom he studied continued
to work in compressed air. If they had reported subse-
guent manifestations, they were referred to him only if
they lost 3 days work. Under these circumstances, and in
the absence of confirmation from any other sources, the
hypothesis of progressive encephalopathy is not proven.
The conclusions by Rozsahegyi in both clinical neurology
and psychometrics, must be regarded with caution. Nev-
ertheless he does describe two cases where symptoms ap-
parently began with no history of previous decompression
sickness, an observation which must cause us to examine
divers with even greater care but, as yet, without finding a
similar progressiveillness.

Lehman10 examined 23 divers who had had de-
compression illness and 23 non-diving seamen as controls.
He found no evidence of any progression of the physical
findings of some two to ten years before. It is also impor-
tant to note that the 23 controls had “a surprisingly high
number of neurological signs’ athough not so many asthe
divers. A study by Dolmierski et a.11 of 150 professional
divers does not contain enough detail from which to draw
firm conclusions. Certainly, they report minor neurologi-
cal lesions in some divers who are reported not to have
had decompression illness, but the value of this paper isto
alert usto a problem which needs to be evaluated.

Norwegian professional divers have been studied in
great detail.12 One hundred and fifty six divers were
compared with a 100 age-matched non-diving controls.
Unfortunately the examinations were conducted unblinded,
after the diving medical history had been taken. Also, the
criteria used for the label “DCS’ were not those used in
other studies. If the divers reported fatigue, mood | ability,
irritability, concentration or memory problems such asin-
ability to remember appointments, this was considered as
evidence of a decompression deficit. Autonomic nervous
system symptomsincluded pal pitations, diarrhoea and con-
stipation, excessive sweating and sexual dysfunction and
each was also considered evidence of decompression sick-
ness. The physical examination recorded, as positive: in-
creased postural tremor, modified Romberg and reduced
sensation in the feet. No specific syndrome was detected
but, when all the isolated symptoms and signs were added
numerically, there was a preponderance in the diving popu-
lation. Asthe majority of these divers continued to dive,
the significance to the individual of these findings, though
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statistically significant, has yet to be fully understood.
Further discussion of these and other papersisavailablein
Evans and Shields!3 and Elliott and Moon.14

Neur opsychometric investigations

One must be ruthless and exclude the many anec-
dotal reports of divers who suffer mental impairment and
behavioural changes following deep dives in particular.
The stories may be true, but there are many confounding
variables and no reliable control studies. Indeed, little that
isnew has been reported since the review by Edmonds and
Hayward.2 Curleyl® found some transient alterations in
25 Navy divers following saturation but with no evidence
of neuropsychological abnormalities. In contrast, Vaernes
et al.16 studied 64 deep saturation divers and 32 experi-
enced divers who were only just commencing saturation
diving. The authorsfound some mild-to-moderate changes
which could be interpreted as random variations but they
state that these could also represent some specific abnor-
malities. They conclude that their findings are broadly in
agreement with Curley1S in that no major deterioration
was evident. Nevertheless they suggest that their more
meticulous examination might indicate the presence of a
mild pathological process which cannot be detected by
standard neurological examinations.

A study of 282 commercial divers and 182 non-
diving controlsl’ suggested that there is an impairment of
cognitive function in apparently healthy divers who have
experienced decompression sickness. In those without
previous decompression illness there was some evidence
of impairment memory and non-verbal reasoning but these
changes were interpreted as related to age and not to div-
ing. There was no evidence of clinical personality change
associated with diving experience and they conclude that
less than 10% of the total decline in divers with no history
of decompression illnessis due to their diving. The report
does not detail the control of, for instance, 1Q, head injury
or alcohol history and the previous educational attainments
of the divers and non-divers was not matched in the major

study.

Thus the evidence relating to neuropsychometric
changes in diving is not strong but, once again, there is
sufficient “smoke” to justify a properly constructed longi-
tudinal study.

Diagnostic imaging

The advances in diagnostic technology over the last
two decades has made available to occupational medicine
a number of techniques, designed for hospital use, which
permit imaging of parts of the CNS not previously ob-
served. The proper approach to problems in occupational
health is to construct an hypothesis on the basis of clinical
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observations and to use whatever techniques are available
for the subseguent investigation. In contrast the approach
over the last ten years seems to have been one in which a
new technique has become available so “lets try it on a
bunch of divers to see what it shows’. The results have
been rather like going through a hedge backwards. ragged
with an inability to see ahead.

A MRC workshop on diagnostic techniques in div-
ing neurology concluded that the use of X-ray computer-
ised tomographic scanning (CT) had no place in screening
for long-term neurological effectsin divers.18

Magnetic resonance imaging (MRI) has a much
greater potential. Like CT, it was first used in cases of
decompression illness but in a study of 156 divers with
100 controls!® found that up to 33% of all divers had high
signal intensity changes whereas these were present in
43% of the control subjects. A very similar study by
Rinck et al.20 came to a similar conclusion. Rinck?! has
challenged conventional diagnosis in these circumstances.
He concludes that, despite the fact that several million
MRI brain examinations have been performed all over the
world during the last decade, ranges of normality still have
not been set. He also says that selecting a control group
for clinical studies may be a more difficult task than is
generaly thought, particularly if such a group’s range of
normality has not been determined and that the results of
such studies may have to be interpreted cum grano salis.

The use of single photon emission computed tom-
ography (SPECT) and, in particular the use of 99Tcm
HMPAO was described by Macleod et al.22 and Adkisson
et al.23 The first use of this technique was in submarine
escape trainees with a known episode of cerebral gas em-
bolism. The subsequent use of this technique in divers
following acute decompression sickness has led to some
uncertainties about interpretation.2324 Basically this is
because there appears to be no correlation between the
four unusual patterns described in the divers with their
decompression history24 and no adequate control series to
determine the range of normality.22 HMPAO is a li-
pophilic amine which is bound by the cerebral tissue on
the first pass through the cerebral circulation after injec-
tion. The images from the gamma camera are an indica-
tion of perfusion and not of specific anatomical or func-
tional deficits.

It is unfortunate that the techniques used are not
standardised between different diagnostic centres. This
means that different studies adopt different diagnostic cri-
teria. So no multi-centre comparisons appear to be valid.
Studies using HMPAO in a healthy diving population are
not likely to be extensive because most centres regard the
use of this radioactive marker in apparently healthy per-
sons as unethical. From thisit follows that from evidence
of long-term neurological deficitsisunlikely to come from
using this technique. The higher resolution of positron
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emission tomography (PET) is being evaluated in some
divers after HMPAO but has yet to be used in divers with
no history of decompression illness.

The use of retinal fluorescein angiography to exam-
ine the fundi of divers has been reported by Polkinghorne
et a.26 This pilot study investigated 84 divers and 23
non-diver controls. The findings were statistically signifi-
cant with 22% of divers developing pigment changes in
their first year of diving but the significance of this is
uncertain. Nevertheless the prevalence of pigment changes
was 36% in al divers without decompression illness and
92% in divers with a history of decompression illness. At
the posterior pole of the eye in divers, there were also
dilated arteriolar terminals and microaneurysms, but none
in the non-divers. No subject had any loss of visual acuity
and the observed changes are often seen in older individu-
als. Once again, longitudinal studies are needed.

Electrophysiological investigations

The use of the spontaneous electroencephalogram
(EEG) and of evoked action potentials has, like other in-
vestigations in this field, began with the study of persons
who had suffered acute decompression sickness. To use
the electroencephalogram in a study of apparently healthy
divers needs careful definition of procedure and of diag-
nostic criteria2’ Abnormal signs are at best only a possi-
ble indicator of pathology which needs to be supported by
other evidence. Nevertheless the finding of some EEG
changes in a proportion of symptom-free submarine es-
cape trainees does suggest its potential for the detection of
sub-clinical abnormalities due to embolism.28 A study of
21 divers with a history of decompression illness and 37
naval diver controls in Finland2® found that 57% of the
dysbaric group had abnormal EEG findings compared with
21% of the control group.

In a larger study by Todnem et al.19 18% of the
divers and 5% of the controls showed abnormal EEGs.
The abnorma EEGs were correlated with saturation div-
ing and neurological decompressionillness. Because satu-
ration divers more frequently had abnormal EEGs, evenin
the absence of a history of decompression illness, led the
authors to advocate the use of the EEG in the periodical
health examination of deep divers. This may be a useful
baseline but they do not offer a definition of pass/fail
criteria without which the examination has limited value.

A number of studies using evoked responses during
and after acute decompression illness have shown that the
changes can be significant, but there have been few studies
in divers with no such history. The view that the somato-
sensory evoked potential (SSEP) is less sensitive than a
careful neurological examination in detecting abnormali-
tiesin divers with the effects of decompression illness30 is
not necessarily relevant to studies of SSEP in the research
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laboratory where the technique can be more precisely con-
trolled.

Conclusion

Does diving damage your brain? One must agree
with Calder3! that there is positive proof that cerebral
vasculopathy developsin divers who are fit for work. The
mechanism is somewhat speculative but one possibility is
that a primary provoking agent must be damage to the
blood vessel wall by a bubble. These changes are subtle
but may contribute to an acceleration of the continuous
process of degeneration that occurs with aging.32

There is only one conclusion. Although the evi-
dence for functional deficits in divers with no history of
decompression illnessis very slender, there are theoretical
mechanisms that would account for such changes. As
there are relatively few professional diversin any nation’s
working population, the annual medical examination of
each needs to be recorded not only meticulously but also
centrally for the purposes of longitudinal epidemiology.
Indeed a proposal for an international divers' medical reg-
istry was made by the European Diving Technology Com-
mittee some 20 years ago. Since then, the UK Headlth &
Safety Executive has discontinued the Decompression Sick-
ness Registry in Newcastle so that no longer is one able to
see how the changing patterns of commercia diving affect
diver health. Of course, such studies, whether within a
registry or whether as isolated investigations, would be
expensive. Against that expense must be balanced the
benefits to the community which are brought by the pro-
fessional diver who, for the foreseeable future, will not be
replaced by unmanned robots.

For sports diving, the data is equally unknown but,
the risks of long-term damage are probably less than those
of an acute incident. So, in closing, may | wish that all
your bubbles remain silent.
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OUTCOME AFTER TREATMENT FOR
DECOMPRESSION ILLNESSIN AUSTRALASIA

Des Gorman and Maurice Harden

Abstract

In the decade, 1983-1992, there were at least 20 pub-
lished reports of series of Australasian recreational divers
who were treated for decompression illness. These series
have been reviewed. With one exception they were retro-
spective and none were controlled. Only two series re-
ported the type and severity of sequelae. Nevertheless, it
would appear that conventional treatment regimens are
often unsuccessful in controlling such decompression ill-
ness and that many divers are left with depressed mood
and disordered higher functions.

Introduction

Australasian Hyperbaric Units still use algorithms
based on United States Navy (USN) Treatment Table 6
(USN-6) to treat divers suffering from decompression ill-
ness (DCI). Although the USN has demonstrated a fina
success rate of more than 90% for divers treated with a
USN 1, 1A, 2, 2A and 3,1 and also with USN 5and 6,23 a
review of reported outcomes from Australasian Hyper-
baric Units suggests that overall success in treating DCI
with a USN 6-algorithm may be less than 70%.4

Some fundamental differences between these groups
(military versus recreationa divers, time from onset of
symptoms to treatment, type of post-treatment assessment)
may invalidate this comparison. Therefore areview of the
series of DCI treated in Australasia, and published in the
decade from 1983 to 1992, is presented.

Clinical Seriesof DCI in Australasia, 1983-1992

AUCKLAND, NEW ZEALAND, 1967-1989.

A retrospective review of 23 years clinical experi-
ence at the New Zealand Naval Hospital identified records
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of 125 treated cases of DCI.5 In most of these, a USN-6
algorithm was used. At discharge, only 57 (46%) had
recovered fully; this frequency was not significantly
changed in those reviewed subsequently. The timing of
these reviews was not detailed, nor was the distribution or
severity of sequelae described. However, outcome did not
appear to be related to the delay prior to treatment. Some
of these patients have been subsequently described in de-
tail. One of these developed severe depression and intel-
lectual impairment despite numerous hyperbaric oxygen
treastments.® Twenty-five of the divers were treated in
1987; they were carefully monitored over the following
year.” Two werelost to follow-up. Forty four percent had
persistent problems approximately one month after dis-
charge, increasing to 68% at the (about) one year review.
In decreasing frequency, the reported problems were de-
pression, problems with higher functions, motor and sen-
sory disorders. It must be noted that these data were
acquired retrospectively and (perhaps consequently) con-
flict with an earlier report of the same population.8 A
subgroup of these divers was also reported elsewhere,9 but
outcome was not described.

CHRISTCHURCH, NEW ZEALAND, 1979-1988

A retrospective review of 10 years clinical experi-
ence at Princess Margaret Hospital .10 showed that 59 divers
had been treated for DCI. However the outcome of these
divers was not described.

SYDNEY, NEW SOUTH WALES, AUSTRALIA, 1983-
1986

Patients admitted to the Royal Australian Navy
School of Underwater Medicine (RANSUM) with DCI,
from 1983 to 1986, inclusive were treated with a USN-6
agorithm and intravenous hydration.1l These patients
have aso been reported on since then and by different
authors,12:13 but subsequent reports add little new data or
analysis. Of the 87 entered into the study, 3 left RANSUM
after treatment with persistent problems. Forty six pre-
sented for areview both at one week and one month after
treatment. The frequency of abnormality changed signifi-
cantly in that time, increasing from the time of discharge
to the one week review (46 reviewed; 10 had overt neuro-
logical deficits, 22 had an abnorma EEG, 20 had poor
psychometric performance), and then decreasing at one
month (46; 2, ? and 8 respectively). This study suggested
that :

a thetime of measuring outcome after DCI is treated is
critical and discharge morbidity will over-estimate treat-
ment efficacy;

b the natural history of DCI sequelae is for early resolu-
tion;



