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Summary

The Mass Rapid Transit System in Singapore has
been a unique experience for the many who have worked in
its development. The Republic of Singapore Navy, it was
given the exciting task of providing medical support to the
compressed air phase of the project. Decompression sick-
ness (DCYS) is a recognised occupational hazard faced by
compressed air workers, divers and aviators. In the Sin-
gapore Mass Rapid Transit Project (MRT), 11 km of under-
ground tunnelswere built using compressed air. Thisreport
deal swith the planning and the set up of the medical support
infrastructureinsupport of thecontract. Italsohighlightsthe
findings obtained during themedical examination. Medical
problems faced by workers in the project are discussed.

Introduction

Let me first pay tribute to Major (Dr) Vijayan,
Captain (Dr) Wong Ted Min and ateam of National Service
doctors, nursing officers, and medical orderlies who have
contributed to the successful completion of the Singapore
Mass Rapid Transit Project.

Some of you may wonder why a tiny place like
Singapore needsaMass Rapid Transit system. Singaporeis
anisland 24 miles(38.4 km) East to West and 16 miles(25.6
km) North to South, about 400 square milesin area. No
longer do people live in kampongs as they did in the 1960s
and 1970s. 75% to 80% of peopleare housedinflatsin high
rise buildings. It is so built up that it is a concrete jungle
choked with cars. Already we have 3 million touristsayear
andthey arebuilding asecondinternational airport at Changi,
with the second terminal to openin 1990. We had to have
tunnel s going underneath the city to transport residents and
tourists because thereis not sufficient road space on top for
more cars. We chose to have trains running in the tunnels
rather than cars.

Use of caissons and tunnelling in compressed air
Denys Papin first mentioned the idea of using com-

pressed air to displace ground water from aworking tunnel
in 1691.t

In 1830 the English engineer, Cochrane (later Lord
Dundonald) took out a patent for using compressed air to
keep water back from tunnels.* However, it was |eft to the
celebrated French engineer, Triger, to solve the practical
problems. In 1839, Triger was able to successfully sink a
tunnel into quicksand to reach a bed of coal at Haye-
Longne.?

COMPRESSED AIR WORK IN THE UNITED STATES

In the United States of America compressed air was
first usedin 1869 during the construction of arailroad bridge
over the Pee Deeriver between Wilmington and Colombia.
In the same year, the foundations of the bridge over the
Mississippi at St. Louis were built using compressed air.?
Decompression schedules used in the 1879 Hudson River
Project required mentowork at 32 psig (2.18 Bar gauge) for
8hoursout of 24, taking half an hour for lunch at theworking
pressure or at a dlightly reduced pressure. At pressures
higher than 32 psi (2.18 Bar gauge), themenworkedin shifts
of 3 hours with 3 hour rest intervals. Workers working
between 40 psig (2.72 Bar gauge) and 42 psig (2.82 Bar
gauge) spent 3 hours on shift with a 3 hour rest interval
between shifts at normal pressure.* There was a high
incidenceof DCSinthisproject becausetheworkersdecom-
pressed at the same rate regardless of the duration or pres-
sures they were exposed to.

F.L. Keays’, Medical Director for the contractor in
charge of the construction of the East River Tunnelsfor the
PennsylvaniaRailroadin 1909, reported 3,692 casesof DCS
arising out of 557,000 decompressions, with 20 deaths. The
New York Tables (1912), which were a revision of the
decompression tables used in the Hudson River Project,
were formulated in connection with the Public Service
Commission Tunnel Project. These tables were revised in
1922. However, the 1922 Tables were inadequate and
Thorne? reported 300 cases of DCS. The New Y ork Tables
1955-57 used in the Lincoln Tunnel Operation were yet
another revision of the 1922 Tables, in an attempt by the
New Y ork State Department of Health and the Port Author-
ity tominimisedisabilitiesarisingfrom dysbaric osteonecro-
Sis®

In 1961, Dr Leon Sealey, Medical Consultant to the
Municipality of Metropolitan Seattle and Metropolitan
Engineers, organi sed acommittee to formul ate decompres-
sion tablesregulating work in compressed air in connection
with the major sewage tunnel project through Seattle.” The
new tables were subsequently adopted by the States of
Michigan, New Y ork and California. It was later observed
that these new tables again failed to prevent disabling
dysbaric osteonecrosis in compressed air workers. Kind-
wall et a® re-examined the current Occupational Safety and
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Health Agency (OSHA) decompression schedules and
concluded that these tables permitted the development of
dysharic osteonecrosis when used in the recommended
pressure ranges. Until the development of a new set of
schedules, an interim set of decompression schedules, with
longer decompression times was adopted. An oxygen ver-
sion of thistablewasal so designed to reducethe decompres-
sion times considerably.

COMPRESSED AIR WORK IN ENGLAND

In 1852 caissonswerefirst usedin Britain by Hughes
during the construction of the foundations of a bridge at
Rochester in Kent? and shortly afterwards by Brunel for the
Saltash bridge between Devon and Cornwall. DCS and
dysbaric osteonecrosis were great problems for diving as
well asfor caisson work and in 1906 the British Admiralty
appointed a committee which included J.S. Haldane to
develop safe decompression schedules. 1n 1907, Haldane
described the now classic principles of staged decompres-
sion. Based on his experiments, he believed the pressures
could be reduced in a 2:1 ratio without bubble formation.
The decompression schedul es described were used to some
extent by tunnel and caisson workers, but it later became
apparent that the 2:1 ratio proposed was too rapid for
prolonged and high exposures to pressure.

In 1935, a British committee appointed by the Insti-
tution of Civil Engineers developed a set of decompression
tables for compressed air workers working for varying
periods up to 50 psig (3.4 Bar gauge), using the principle of
staged decompression. Thesetableswerewidely used until
new decompression tables were compiled by the Com-
pressed Air Committee of the Institution of Civil Engineers
andtheMinistry of Labour (United Kingdom). Thesetables
werefirst used in 1948 in the construction of atunnel under
the River Tyne and were subsequently adopted in the Com-
pressed Air Special Regulation of the Ministry of Labour
(United Kingdom), which came into forcein 1958.%

At about the same time, new tables were produced
based on Hempleman’ s theory on “Diffusion-Limited Gas
Uptake” of tissues. The new tables were first used in
Blackpool in 1966. The Blackpool Tables, with the code of
practice prepared by the Medical Research Council Decom-
pression Sickness Panel and published by the Construction
Industry Research and Information Association (CIRIA), is
the currently accepted standard governing compressed air
work inthe United Kingdom®. One of themorerecent large
scale tunnelling projects requiring compressed air, was
undertaken in Hong Kong for the Mass Transit Railway,
using the Blackpool Tables.

Hazardsin compressed air work

With the advent of compressed air work, more and
more medical problems were encountered. Besides the
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usua hazards of noise, dust, vibration and construction
related accidentsfaced by constructionworkerseverywhere,
other significant health hazards of work in the compressed
air environment are decompression sickness (DCS), pulmo-
nary barotrauma and dysbaric osteonecrosis. DCS, also
known as bends, caisson disease, compressed air illness or
dysbarism, is a condition which results when there is an
overly abrupt and extensive reduction in environmental
pressure. Compressed air workers, divers, medical workers
in hyperbaric environments and aviators are similarly sus-
ceptible to DCS and dysbaric osteonecrosis.

Although the symptoms of DCSwerefirst described
by Triger2in 1841, itwasonly in 1854 that Pol and Watelle
noted these afflictionsoccurring only inworkersleaving the
tunnel and not whilst entering or remaining in the com-
pressed air environment. Signsand symptoms of DCSwith
painful joints or with disturbances of the cardiovascular,
respiratory and nervoussystemweredescribed. They rightly
recommended recompression as a therapeutic modality but
it was|eft to othersto devel op proper decompression sched-
ules and therapeutic tables.

Pathogenesis
DECOMPRESSION SICKNESS

A reduction in ambient pressure causes dissolved
nitrogen to form nitrogen bubbles in tissues. The exact
mechanism of bubble formation, even after 100 years of
research, isstill unclear. Varioustheories of bubbleforma-
tion, de novo nucleation, supersaturation, tribonucleation
and in vivo cavitation, have been suggested as possible
causative factors of the bubbles implicated in decompres-
sion sickness.

Asearly as 1670, Boyle* observed bubblesin tissue
and blood samples of animals decompressed in hypobaric
chambers. Paul Bert®s, in aseries of experimentswith goats
and other small animals, established the role of nitrogen
bubblesin DCS. Many other workers'¢*® showed that gas
bubblesarosebothintravascularly and withintissues. Intra-
vascular bubble formation can lead to embolisation and
mechanical obstruction of blood vessels. This was the
earliest proposed mechani smexplaining theobserved symp-
toms and the findings of ischaemic changes in the various
organs. The fact that bubbles can be detected by histology,
direct observation with an operating microscope and by
doppler ultrasonography?, indicate that nitrogen bubbles
are the causative agentsin DCS.

Further studies since the 1930s have found that
bubble-blood interactionsoccur invivo and may account for
someof theclinically observed symptomslikeinflammation
around joints and relapsed symptoms, and biochemical
changesin the blood. Concurrent work done by Swindle®
and End* showed sludging of red cellswith theformation of
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emboli and petechia infarcts in spinal cord and brain in
DCS. Subsequent work doneby numerousresearchershave
shown that bubbles produced changes in the blood and
tissueswithboth morphol ogi cal and metabolic consequences.
Theseinclude ateration in platelet function, changesin the
coagulability of blood and in catecholamine, plasma lipid,
plasmaprotein and enzymelevels. Leitch and Hallenbeck?
showed that the pathol ogy may al so be caused by arterial gas
embolism |leading to peripheral vascular obstruction by gas.
Cord segmentsinvolved showed varying degrees of haem-
orrhage and occasionally vascular congestion. Microscopic
petechiae were present in both the grey and white matter.
These appearances were compatible with hypoxia or em-
bolic episodes. In 1987 Thorsen et a* showed, withthehelp
of scanning electron microscopy, activation of human plate-
lets by nitrogen micro bubbles.

DY SBARIC OSTEONECROSIS

The other hazard of compressed air work is that of
dysbharic osteonecrosis. Bassoe*, in apaper to the Chicago
Neurological Society, described chronicjoint pain and stiff-
nessin 11 out of 161 caissonworkers. Bornstein and Plate,
also described 3 cases of joint disease among some 500
bends cases associated with the construction of the Elbe
Tunnel at Hamburg. Bassoe suggested a relationship be-
tween initia joint “bends’ and subsequent development of
bone atrophy.

This condition is included in this paper as many
workers consider dysbaric osteonecrosis as a chronic form
of DCS. The aetiological basis of this disease is similar.
Dysbaric osteonecrosis has been observed following cais-
sonwork at apressureaslow as17 psig (<12 msw), and also
for as short an exposure as 7 hours at 3.38 ATA.

Dysbaric osteonecrosis may appear several months,
or even years, following inadequate decompression from
compressed air environment. The victims may or may not
have had a past history of DCS. It has been proposed that
dysbaric osteonecrosis occurs as aresult of boneinfarction
caused by occlusion of capillaries by nitrogen bubbles or
sludge-formed elements of the blood. Once blockage oc-
curs, the osteocytesin the affected bonedieif theischaemia
isnot reversed within 12 hours. Common sitesfor dysbaric
osteonecrosis are the head, neck and shaft of long bones,
especidly in the femur, tibia and humerus. Dysbaric 0s-
teonecrosis is seen radiologically about 4 months after the
initial insult. Severe cases of dysbaric osteonecrosis may
have marked sclerosis and collapse of the bony trabeculae,
resulting in disruption of the overlying joint.

Use of compressed air tunnelling in Singapore
In Singapore, compressed air work wasfirst used in

sewagetunnellingin 1982. In 1984, compressed air tunnel-
ling began on the Singapore Mass Rapid Transit (MRT)

157

project.

Theidea of a Singapore Mass Rapid Transit system
first surfaced in the early 1970s when the State and City
Planning Study examined land use and transportation in the
light of the Government’s developmental policies. This
study, completed in 1971, confirmed that it would be physi-
cally impossible and environmental ly unacceptableto build
roads to accommodate the demands placed by the automo-
bile.

Thusthe Mass Transit Study (MTS) was carried out
in 3 phases from 1972 to 1980. In the meantime, an MRT
review team from Harvard headed by the late Kenneth
Hanson, studi ed the transportation needs and recommended
anal busnetwork. Thisproposal waslater examinedinthe
Comprehensive Traffic Study (CTS) in 1981 which con-
firmed previous forecasts that an all bus system would not
provide comparable service to arail network.

In 1982, the Government finally announced its deci-
sion to go ahead with the MRT Project. The Protem
Committee of the MRT Project subsequently approached
the Republic of Singapore Navy (RSN) in August 1982 to
assist in providing the overall medical support for the
project. The RSN was chosen asit had the experience and
facilities to examine and treat divers and compressed air
workers.

In 1984 the Ministry of Defence gaveapproval tothe
regquest from Mass Rapid Transit Corporation (MRTC) for
the Diving and Hyperbaric Medical Centre (DHMC) to
providethe medical support for the compressed air phase of
theproject. DHM C assisted theMinistry of Labour, in 1984,
to draft regul ations pertaining to compressed air work. The
regulations were adopted by MRTC and the Blackpool
Tables were used by the contractors. The manpower and
doctorsfrom DHM C enable a comprehensive management
and documentation of DCS cases treated.

The Singapore MRT system comprises 41 stations
aong a 65.8 km route. A total of about 20 km were
underground tunnel sof which about 11 kmwereconstructed
using compressed air. Compressed air was used by 6
contractorsfor tunnel construction from 21 September 1984
to 17 April 1987. Six contracts were drawn up with the
contractors to formalise the agreement to provide medical
support. These contracts were:
Tobishima-Takenaka Joint Venture (TTJV)
Contract 104

Bocotra Construction Pty. Ltd (BOC)
Contract 105

Kajima-Keppel Joint Venture (KKJV)
Contract 107

Taisei-Shimizu-Marubeni Consortium (TSM)
Contract 108

Ohbayashi-Gum/Okumura Joint Venture (OOJV)
Contract 109
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Nishimatsu-Lum Chang Joint Venture (NLJV)
Contract 301
In addition, the Mass Rapid Transit Corporation,
Gammon-Antara Koh Joint Venture, the Industrial Health
Division, Ministry of Labour and the SingaporeFire Service
have also used the services of the centre.

M ethods employed in the construction of the MRT
tunnels

The MRT tracks run underground in the central
business district. Two construction methods were em-
ployed:

TUNNELLING

Thismethod waschosenfor construction of theMRT
tunnel sacrossthecentral businessdistrict asit minimisesthe
disruption to traffic flow. When the tunnel was below the
water table or the soil was unstable compressed air tunnel-
ling was employed. Non compressed air tunnelling was
employed in soil and rock which was above the water table.
Tunnelling involved the use of various shields. The Full
Faced Mechanised Shield consists of asteel cylinder which
precisely fits the diameter of the tunnel. The cutting face
rotatesand removesthe earth fromtheface of thetunnel. As
each section is completed, the shield is moved forward by
powerful hydraulic rams. Prefabricated concrete liners are
then placed insidethetunnel. Theshield supportsthetunnel
face and protects the men working inside. Other variations
of thismethod that were utilised were the Greathead Shield,
the Semi-Mechanised Shield and the Fully Closed Shield
and the New Austrian Tunnelling Method.

Jet grouting was used to stiffen the soft marine clay
encountered in the Kallang region where the tunnels had to
go. This process involved the drilling of holes into the
ground to a certain depth. The grout, a mixture of cement,
chemicalsand water, wasinjected into the soil through high
pressure jets which extend horizontally out of the drilling
shaft into the surrounding ground. The displaced soil was
pumped to the surface and carried away in sludge trucks.
This process reduces the surface settlement of the ground
and makes the ground more uniform.

CUT AND COVER

Thismethodisa3step process. Anexcavationisfirst
made, then the tunnelsarelaid in place and finally covered
over. This method is much cheaper than bored tunnelling
especidly if the depth of the tunnels arelessthan 10 metres
below ground level, but it has the disadvantages of noise,
dust and disruption to traffic.

For the construction of the tunnel across the Sin-
gapore River and Marina Bay, a special method of cut and
cover wasusedwiththehelp of cofferdams. Sheet pileswere
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drivenintotheriver bed oneither sideof the proposed tunnel
line, creating adammed up central portion, the coffer dam.
The water trapped between the two walls was pumped out
and a cut and cover method was employed to construct this
tunnel.

Planning phase

A study team, led by myself, was sent overseas to
study the medical support concept that existed in various
countries.

In planning for medical support, we realised that
thereweretwo main hazardsintunnelling operations. These
were:

1 The hazards of exposure to hyperbaric and closed
environments; and

2. The general hazards of tunnelling, industrial and
construction work.

Thus our objectives were:

(@  Toassistin the preparation of proper legisation for
tunnel worksites and compressed air workers.

(b)  To provide a comprehensive medical examination
for all compressed air workers.

(c)  Toprovidetraining of personnel working with com-
pressed air.

(d)  Toprovidepreventive careand medical treatment to
all personnel working inthe compressed air environ-
ment.

(e)  To supervise and cultivate safe work habits and to
perform saf ety inspectionsand ensureall regulations
were adhered to.

()] Tobepreparedfor all emergencieswiththeestablish-
ment of a 24 hour emergency service with doctors,
medics and ambulance service in readiness to meet
the exigencies.

(@  Tocentralise all documentation and data collection
so as to expedite data processing and information
retrieval.

Preparation

L egislation wasincorporated to ensure the safe con-
duct of construction and tunnelling. Besides the building
code which the contractors had to comply with, they had to
ensurethat al potential compressed air workers underwent
amedical examinationat DHM C prior to commencement of
work in compressed air. Thecompressed air workershad to
attend training courses and be aware of the dangers of
working inside the tunnels.

Legidlation also detailed the need for medical selec-
tion of compressed air workers, periodic clearance, chest
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and long bone X -rays, training and proper medical certifica-
tion of compressed air workers. Regulations pertaining to
use of compression facilities by man-lock and medical-lock
attendants were also included.

The preparatory phaseincluded the establishment of
DHMC as the key Medical Operations Centre and various
satellite Medical Centres in the various worksites which
provided local cover for the compressed air operations.

Diving and Hyperbaric Medical Centre

DHM CwassubdividedintotheClinical and Medical
Selection Department, the Operations Room and the Thera
peutic Centre. Moremedical officerswererecruited through
the Ministry of Defence and were put through aMinistry of
L abour approved courseto enablethemto examineandtreat
dysharic osteonecrosiswith dysharicillnessesand to certify
them fit for compressed air work.

Thesenior medical orderliesfrom DHMC, whowere
experienced in dealing with diving cases, were aso put
throughtheManlock and M edical L ock Supervisor’ scourse.
This enabled them to conduct training for compressed air
workers seeking work as medical and manlock attendants.

A new, larger and more advanced hyperbaric cham-
ber was purchased and installed at DHMC to support the
treatment of cases of decompression sickness. Medical
drugs and various other egquipment were also purchased to
assist in the therapy and health care of the compressed air
workers, e.g.. spirometer and audiometer.

An operational set up with 24 hour manning was
established to enable therecall of duty medical personnel at
any time of the day to treat cases requiring recompression.
Pagers were issued and emergency contact numbers were
disseminatedtoall theworksiteofficestofacilitatetherecall
of personnel to the site of the decompression incident. The
Operations Room also held the medical records of all the
personnel examinedfor clearancetoworkincompressedair.
It also served as the centre for monitoring the appointments
for periodic medical clearance, X-rays, blood and other
investigations. Datawas collected from thevarioustunnels,
with regard to tunnel pressures, temperatures, humidity,
periodic inspections for noise, oxygen, carbon dioxide,
carbon monoxide and other contaminant levels. These data
were stored in a microcomputer and monthly progress
reports were compiled and sent to the relevant authorities.

Medical arrangementsat the various worksites

To ensure safety and to provide emergency medical
support to compressed air workers, a medical centre was
established at each of the sites under the supervision of
DHMC. Medical and emergency equipment were in readi-
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ness at the centres to cater to exigencies. The set up of the
medical centre included a consultation room with couch,
drugs, equipment including audiogram, vitalograph and
resuscitation equipment. A doublelock medical recompres-
sion chamber (RCC) wasmandatory at worksiteswhich had
towork with pressure exceeding 1 Bar gauge. These RCCs
wereequi ppedwithemergency backup power supply. These
were housed in an enclosed area.

Charts of tunnel pressures, humidity, temperatures,
gas contents, shift timetables, and various safety/warning
messages were also put up in the medial centre. A trained
medical officer was present daily when the tunnels were
pressurised above 1 Bar gauge. At all times, there was a
medical lock attendant on duty to administer immediate
medical treatment to workers suffering from pressure re-
lated diseases.

M edical Selection

Medical selection of compressed air workers started
in April 1984 with the commencement of compressed air
work at the Shan Road worksite.

Compressed air workersweredividedinto thosewho
engaged in manual |abour doing shiftsof specified duration,
supervisory personnel and those with specia skills (e.g..
electricians, pyrotechnic experts), who were usually non-
shift employees. Inaddition the men of the Fire Serviceand
Industrial Health Division also had to be examined for
suitability to enter into compressed air.

Fitnessto work in Compressed Air

The labourers were usually young. Enforcing strin-
gent criteria on age, degree of body fat and freedom from
pulmonary and ENT pathology was not a problem. How-
ever, the experienced supervisors were usually older and
they harboured the usual physical impediments of this age
group. In addition, if these supervisors had previous expe-
rience with compressed air, they would also have a greater
risk of having dysbaric osteonecrosis of the long bones.

Paton and Walder? showed that men over 40 had a
greater risk of DCS. Age restrictions were imposed. The
compressed air workershad to befit individualsof 18to 40.
Thoseover 40 werecleared on acaseto casebasiswith stress
testing to ensure their fitness as well as the limitations of
their exposure to compressed air.

Nitrogenis5timesmore solubleinfat thaninwater.
A man whose body weight comprises 30% fat will have
2,000 ml more nitrogen than alean man who had only 10%
body fat for every 1 atmosphere change in pressure. This
predisposes the obese to a greater risk of decompression
sickness on account of the large amount of nitrogen gas
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released from thetissues during decompression. Therefore,
compressed air workerswererequired to beleanindividuals
of less than 20% body fat, as measured by the skin fold
method. | ndividua swhowerebetween 20 and 24% body fat
weregiven limitationson the duration and pressureat which
they could work.

A comprehensive history was taken to exclude any
conditions, especially asthma or ENT conditions, which
could placetheworker at greater risk of getting barotrauma.
Experienced compressed air workerswere al so screened for
past historiesof decompression sicknessaswell asproblems
of dysbaric osteonecrosis.

Theheight, weight and body fat weremeasured. The
workerswereexamined for any ENT condition which might
predispose them to sinus, or aural barotrauma. They were
assessed on their cardiovascular health and an audiometric
examination was performed.

Investigationsincluded their full blood count, urine
testing, eyesight testing, serum lipids and cholesterol, chest
andlong bone X-rays. Stresstesting on abicycleergometer
was required for aworker over the age of 40.

Entrapment of air under pressurewithinthelungsdue
to secondary lung pathol ogy can result in serious pulmonary
embolism. Congenital cysts, scar tissues, vesicles and
emphysematous bullae are possible sites of air entrapment.
Many physiciansfeel that the stethoscopeisnot efficient in
the detection of small lesions. The routine examination,
therefore, included spirometry and the measurement of peak
expiratory velocity or equivalent quantitative tests of pul-
monary function. Chest X-rays were taken prior to com-
mencement of work in compressed air and were repeated
yearly. The workers were also given a recompression
chamber run to ensure that they were able to equalise the
pressure in their ears, sinuses and lungs.

A total of 2,392 potential compressed air workers
wereseenfor pre-employment medical examination. Out of
these, 1,737 (72.5%) passed and 655 (27.4%) failed the
medical examinations.

Among the failures, ear problems stood out as the
commonest cause, accounting for 43.5%. These included
perforations of the tympanic membranes and chronic infec-
tion of the ears. Heart and lung problems together contrib-
uted 31% to the failures. Common pulmonary conditions
wereasthmaand pulmonary tubercul osis. Hypertensionand
valvular heart conditions were the common cardiovascul ar
problems.

It is interesting to note that 3 cases were rejected
because of dysbaric osteonecrosis. All these 3 cases had
previously worked in compressed air in other parts of the
world. Other causesthat disgualified candidatesfrom com-
pressed air work can be seenin Table 1.
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TABLE 1

REASONS FOR FAILING MEDICAL
EXAMINATION

Condition Number Failed %

Ear 285 435
Cardiovascular 102 155
Respiratory 102 155
Chamber Test 36 55
Nose 32 49
Sinus 19 2.9
Endocrine 14 2.2
Muscul oskel etal 10 15
Dysharic Osteonecrosis 4 0.6
Others 51 7.8
Total 655 100.0

Training of various personnel

To provide medical coverage at al the worksites
daily, doctors, nursing staff and medical orderlieshad to be
trainedinmanagement of compressedair illnesses. Training
was also administered to man-lock and medical-lock atten-
dants who had the great responsibility of looking after
workers who worked in the compressed air tunnels. Other
lectures had to be given to safety officers, firemen, ambu-
lance officers, industrial health nurses and compressed air
workers on the medical aspects and hazards of compressed
air exposure. Some of these courses were administered and
approved by theNational Productivity Board but thetraining
of the personnel was done by DHMC. The courses con-
ducted are shown in Table 2.

TABLE 2

COURSESCONDUCTED BY DHMC

Courses Number Number
Trained

Medical-lock Attendants

Instructors (MRT) Course 1 5
Medical-lock Attendant Course 7 36
Man-lock Attendant Course 10 51
Medical-Lock Conversion Course 1 5
MRT Construction Safety 7 55
Compressed Air Course for SAF

Medical Officers 3 23

Safety Officer’s Course 3 45
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Prevention and health care
ROUTINE MEDICAL CONSULTATION

The fluctuation of pressures during entry and exit
from the tunnels can potentially cause injury to the air
cavities of the body. In particular, the sinuses, middle ear,
lung and even air cavities in the teeth can be affected.

In order to prevent compressed air workers from
suffering from these pressure related problems or baro-
trauma, consultation at the worksite was made available.
This facilitated early treatment of colds and coughs which
may occlude the airways and sinuses of these workers thus
predisposing to barotrauma. It was noted that the high
humidity in the confined working chamber and dampness
from the soil caused more respiratory tract infections than
usua .

Therewereproblemsof high humidity (almost 100%)
and high temperatures (approaching 40 degrees on some
occasions) which caused workers to suffer from dehydra-
tion, heat exhaustion and anincreased risk of decompression
sickness. There were also many cases of dermatological
problems related to the humid and hot environment.

Regular periodic foll ow-ups were made compul sory
for all compressed air workers. New starter clearance was
also conducted at the worksite. This ensured that all com-
pressed air workersremained fit and that any problemswere
tackled early on.

MONITORINGOFWORKSITEAND TUNNEL SAFETY

The medical officer at the worksite was required to
monitor thetunnel pressuresand theman-lock register daily.
Thetunnel pressureswererecorded on barographsand daily
checks were performed to ensure that appropriate decom-
pression was carried out by the man-lock attendant for the
workers on the man-lock register. Immediate action was
taken to ensure workers did not exceed the Blackpool
Tables, which required compressed air workers to spend at
least 12 hours at ground level between shifts.

All man-lock attendants had to abide with the proper
decompression procedures. They were fined when wrong
decompression scheduleswereused. Thosecompressed air
workers in the man-locks found tampering with the emer-
gency exhaust valvesto release themselves early, were al'so
fined.

An MO inspected theworksiteand insidethetunnels
fortnightly to ensure that there were no unsafe work prac-
ticesandtoreducethenumber of accidentsoccurringthrough
carelessness or ignorance.

I nspection of theman-locksreveal ed that someman-
lock chambers |eaked, especially during the last 0.3 bar of
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pressure. Thiswasdueto poor sealsandbad aignment of the
doors. Thisproblemwasfurther compounded assomeman-
lockswerenot level. Thiswasaproblem asit meant that the
workersweresuddenly decompressed whenthedoorsopened
unexpectedly. As there was a rea danger that the com-
pressed air workerswould get DCS, measuresweretaken by
the contractor to modify the chamber doors by including
various locking devicesto hold the doors shut until decom-
pressionwascompleted. Leakswhichrequiredrectification
were also found at some of the piping.

With the high humidity and temperaturesin some of
thetunnels, the contractorsweretold toinstall water coolers
inside the tunnelsto prevent dehydration in the compressed
air workers.

Cigarette buttswerefound on some occasionswithin
the compressed air tunnels, which was alarming. The high
partial pressure of oxygeninthetunnel air can causefiresor
explosions, especially with naked flames. Immediateaction
wastakento notify thecontractorsand engineersto stop such
unsafe practices.

However, in spite of the checks, two major accidents
still occurred in Contracts 104 and 105 when runaway
raillway cars smashed into the mud-lock doors of the tunnel
causing an explosive decompression. At Contract 105,
(tunnel pressure 1.88 bar gauge), 15 men suffered fromaural
and sinusbarotraumaand 4 men had to betreated at DHMC.
At Contract 104, (pressure 1.45 bar gauge), all the 15 men
inside the tunnel had to be treated simultaneously for DCS
a DHMC.

Therewas aproblem with ammoniafumes produced
by jet grouting of the tunnel face causing adisruption of the
ammoniaequilibrium inthe soil. Thiscaused the ammonia
level toriseto 36 ppmat onestage, resultinginsomeworkers
complaining of irritation of the throat, smarting and tearing
of the eyes. The problem eventually controlled when the
company took stepsto wash thetunnel face and to spray the
soil with mild acids.

Decompression Sickness

Of specia interest in the entire project was the
management and treatment of decompression sickness suf-
fered by the compressed air workers.

The population at risk of suffering from DCSwas a
cohort of 1737 workerswho wereamultinational lot. There
were Thai, Korean, Japanese, Chinese, Indian, Malay and
Caucasian workers of various age groups. Both shift and
non-shift workers were involved in the contract. The non-
shift workers included engineers, supervisors, electricians
and fitters who entered the tunnel to perform tasks. They
spent variable times in the tunnel and had to be decom-
pressed accordingly.
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TABLE 3

SITEOFTYPE| SYMPTOMS

Site Pain
Head -
Shoulder 19
Elbow 16
Wrist 2
Abdomen -
Inguinal Region -
Hip 4
Knee 108
Lower Leg -
Ankle 5
Total 154

For ease of reporting and presentation, the cases of
DCS were classified into two types after Golding et al.#

Typel (mild) Symptomsand signs were mild and
present asmuscul oskel etal painor swelling duetolymphatic
obstruction and skin involvement.

Typell (serious) Symptomsand signswere severe
and attributable to disorders of the nervous, pulmonary and
cardiovascular systems.

Various factors were analysed including the host
characteristics, duration of onset, age, length of exposure,
pressure, number of episodes of DCS, overal incidence,
relationship to shift-work and physical environment of the
worksite, treatment methods and outcome.

Dataon theincidence of dysbaric osteonecrosiswas
obtained by review of thelong bone X -ray reportsperformed
yearly as required by legislation. Factors with regard to
pressures of exposure and other host characteristics like
obesity, raceand number of episodesof DCSwereanalysed.

SYMPTOMATOLOGY
Therewere164 casesof DCS. 160wereof themilder
Type | category while 4 were of the more serious Type |1

category.

Typel

The commonest presentation of Type | DCSin this
serieswas pain (154 cases or 96.3%). The commonest site

Skin Rashes Lymphatic
M anifestations
1 (Macular Rash) -
2 (Papular Rash) -
1 (Marbling Rash) 1
- 1
1 (Itchy, Macular) -
5 2

of painwasaroundthejoints. 84 cases(55%) presented with
monoarticular pain while 70 cases (45%) presented with
polyarticular pain. 1n76% of the casesthejointsof thelower
limbwereinvolved. Thekneejoint wasthecommonestjoint
involved (108 cases) followed by the shoulder joint and the
elbow joint (Table 3).

The characteristic nature of the pain noted wasthat it
was deep joint pain, aggravated by movement. There was
also alimitation of the range of joint movement.

Therewere 5 cases (3.1%) of cutaneous DCS. Two
cases presented with papular rashesover theabdomen. Two
cases had macular rashes, over the forehead and over both
shinsrespectively. One case presented withamarbling rash
over the abdomen. One case of lymphatic DCS was seen
involving the inguinal lymphatics and presenting as swel-
ling of the penile skin (Table 4).

Typell

Table 5 illustrates the clinical presentation of the 4
Typell casesseeninthe MRT project. Three of them were
exposed to compressed air for periods exceeding 8 hours.
All of them presented within 2 hours of decompression.
Case number 4 developed pulmonary DCS following an
explosive decompression of the tunnel when a runaway
locomotive smashed open the mud-lock door.

ONSET OF SYMPTOMS

94.5% of the Type | and Il cases developed symp-
toms within 12 hours of decompression (Table 6).
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TABLE 4

CLINICAL PRESENTATION OF TYPE | DCS
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EPISODES OF DCS

Of 1,737 peoplewho worked in compressed air from
September 1984 to April 1987, 136 (7.83%) suffered from

Symptomatology No. of Cases DCS. Of these 136 men, 114 (83.5%) sufferedfromasingle
episode of DCSwhile 22 (16.2%) had two or more episodes
Pain: of DCS. Table 7 shows the distribution of DCS episodes
Deep Pain 133 amongst the 136 affected. The maximum number of epi-
Superficial 7 sodes of DCS in any one man was 4.
Constant 24
Throbbing 5 INCIDENCE WITH PRESSURE AND DURATION OF
Radiation of Pain 3 EXPOSURE
Limitation of Movement 16
A total of 188,538 man decompressions were per-
Rashes: formed in the MRT project. There were 160 cases of mild
Erythematous, Papular, Itchy 2 (Typel) DCSand4 casesof severe(Typell) DCS, givingthe
Erythematous, Macular, Itchy 2 overal incidence of DCS at 0.087%. There were 64,059
Marbling Rash over abdomen 1 man decompressions over 1 Bar gauge, with 154 cases of
DCS, giving an incident rate of 0.240%.
Lymphatic Swelling 2
Itching 5 A study of the compressed air exposure time of the
Warmth Around Joints 8 164 cases showed that the majority, 125 cases (76.3%),
Numbness 16 occurred after exposure times exceeding 8 hours as seeniin
Table 8.
TABLES
CLINICAL PRESENTATION OF TYPE |1 DCS
Case Working  Exposure Onset of Symptoms Clinical Presentation Treatment
Number Pr (Bar) Time Following Decompr ession
1 1.75 8 hrs5 mins 1/2<1hr Pain - left knee and hip joints. CIRIA 2
(NS Loss of sensation L3, 4 bilateral.
BP 110/70. 2 previous
episodes of Type 1 DCS.
2 153 8 hrs 23 mins 2<1hr Pain - right knee. Loss of CIRIA 2
(AY) sensation to pinprick over right
half of body.
3 1.45 8 hrs 32 mins 1/2<2hrs Felt weak & giddy 70 min after CIRIA 2
(KP) leaving manlock. Noted to be and
staggering & vomitingbutno  TABLE 62
nystagmus, visual or auditory
symptoms. BP 110/70. Relapsed
with giddiness and low BP of
90/50 & vomiting on sitting.
4 14 6 hrs 25 mins <12hr Sudden decompression accident.  TABLE 62

(I'H)

Pain - Both knees. Aura
barotrauma bilateral. Chest pain
& dyspnoea. BP 140/80 Pulse 84.
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TABLE 6

ONSET OF SYMPTOMS OF DECOMPRESSION SICKNESS

Time <1Hr 1<4Hrs 4<6Hrs 6<12Hrs 12< 24 Hrs >24 hrs Total

Number of

Typel 32 68 32 19 1 8 160

Number of

Typell 3 1 0 0 0 0 4
TABLE 7

NUMBER OF EPISODES OF DCS

No. of Episodes of DCS 1 2 3 4 Total

No. of Men Affected 114 17 4 1 136

Percentage of Men Affected 83.8 125 29 0.8 100%
TABLE 8

INCIDENCE OF DCSWITH PRESSURE AND DURATION OF EXPOSURE

Maximum DCSType Decompression Sickness DCS Total

Working IncidenceIn % (brackets Incidence Incidence

Pressure show absolute figur es) (by Type %

(Bars of DCS%)

Gauge) <4Hours 4-8 Hours >8Hours

</1Bar Typel 0.00 (0) 0.00 (0) 0.027 (10) 0.008 (10) 0.008%
Typell 0.00 (0) 0.00 (0) 0.00 (0) 0

No. of Man-Decompressions. 60,976 27,080 36,423 12,4479

1-2 Bar Typel 0.016 (4) 0.310(32) 0.359 (98) 0.215 (134) 0.221%
Typell 0.00 (0) 0.001 (1) 0.011(3) 0.006 (4)

No. of Man-Decompressions. 24,596 10,423 2,7331 62,350

2-3Bar Typel 0.00 (0) 1.786 (2) 1.724 (14) 0.936 (16) 0.936%
Typell 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)

No. of Man-Decompressions. 785 112 812 1,709

TOTAL Typel 0005(4)  0.090(34)  0.193(122) 0.085 0.087%
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The incidence of DCS at less than 1 Bar gauge
exposureswas0.008%. Therewere10casesin 124,479 man
decompressions. Thisunexpected finding will be discussed
in another paper.

Theincidenceof DCSat pressuresbetween1to2 Bar
gauge was 0.218% with 138 cases in 62,350 exposures.
Between 1-2 Bar, for durationslessthan 4 hours, theresults
again were significantly lower (p < 10-6) than the mean
values. At exposuretimes of greater than 4 hours however,
the number of cases of DCS observed were significantly
higher than the expected values for the exposures of longer
than 4 hours duration (both p values < 10-6) (Table 8).

Theincidence of DCS occurring at pressures greater
than 2 Bar gauge was 0.936%, with 16 cases in 1,709
exposures. Above 2 Bar gauge pressure, with duration of
exposure less than 4 hours, there were no significant vari-
ations between the observed and the expected number of
DCScases. However, the observed increase in the number
of cases of DCS was statistically significant for exposures
between 4-8 hours (p < 0.03) and exposures greater than 8
hours (p < 10-6) (Table 8).

INCIDENCE OF DCS AND HEAT AND HUMIDITY

The incidence of DCS did not appear to correlate
significantly with the observed high temperatures and hu-
midity of some tunnels. The highest temperatures were
recorded at Contract 105, wheretemperaturesreached ahigh
of 42 degrees. Most tunnels had relatively high humidity
above 80%. At Contracts107 and 108, therewereoccasions
where humidity reached 100% .

DCSAND OBESITY

Few of the compressed air workers were obese.
However, therewere 3 casesof DCSamongst the 26 person-
nel who had more than 30% body fat during initial medical
clearance (Table 9).

DCSAND OCCUPATION

Thedistribution of cases among the various occupa-
tionsis shown in Table 10.

INCIDENCE OF DCSBY CONTRACTS

The maximum working pressure in the various con-
tracts varied, the lowest being 1.43 Bar gauge in Contract
105, and the highest, 2.35 Bar gaugein Contract 301. The
incidence of DCS by contractsis givenin Table 11.

SHIFT-WORK

Theincidence of DCSwasevenly distributed among
the 3 shifts.
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DCSBY RACE

There appeared to be a slightly higher incidence of
DCSoccurring in the Malay population as compared to the
other races. However, in view of the small number of man
decompressionsundertaken by thisgroup of compressed air
workers compared with the other groups, the findings were
not significant (p > 1.0) (Table 12).

Treatment

Treatment primarily consisted of recompressionwith
supportive drug therapy. Recompression in most instances
were carried out at the medical-locks of the various work-
sites. Following the recompression therapy, 100% surface
oxygen was administered ensuring no relapse of symptoms
(Table 13).

The CIRIA air therapeutic tables were used in most
(73.9%) of the cases. The CIRIA table for Type 1 DCS
involves returning the patient to the original working pres-
sure, then a stepwise 0.1 Bar decompression every two
minutes. When the pressure has been reduced to half the
working pressure the rate of ascent is reduced to 0.1 Bar
every 25 minutes. The table for Type Il DCS involves
returning to the original working pressure. 1f the symptoms
are not relieved at this pressure, pressure is increased in
increments of 0.1 Bar. Normally with an extra0.6-0.7 Bar
the patient loses his symptoms. He is then held at that
pressure for 15 to 30 minutes before pressure is reduced by
0.1 Bar every 25 minutes. Thepatientisheld at 1 Bar gauge
for 6 hours and then decompressed at 0.1 Bar every 45
minutes. Thereis a 90 minute hold at 0.5 bar gauge after
which decompression is continued at the same rate. The
CIRIA tables were used as not all the medical-locks at the
work-sites were equipped with built-in oxygen breathing
systems. In resistant and relapsed cases, Workman and
Goodman oxygen therapeutic tables were used by bringing
oxygen breathing apparatus into the chamber or by trans-
porting the patient to DHMC.

Of the 164 cases treated, 4 (2.44%) cases relapsed
after thefirst treatment and had to betreated with hyperbaric
oxygen. None of the 39 (23.78%) casestreated with hyper-
baric oxygen had arelapse (Table 13).

Dysbaric osteonecrosis

Of the 1,737 compressed air workers who were
certified fit towork in compressed air, 32 had previoustype
B dysbaric osteonecrosis lesionswhile 11 had other benign
lesions such as bone islands. The compressed air workers
with type B dysbaric osteonecrosiswere allowed towork in
compressedair, with exposurelimitedto not morethan 2 Bar
gauge. Follow up yearly long bone X-rays showed no new
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Per centage
of Body Fat
<20%
24-30%
>30%
Total
Occupation
Compressed air worker
Engineer
Supervisor
Others
Pressure
Contract (Bar)  Typel
104 1.50 36
105 1.43 3
107 1.60 31
108 1.95 26
109 150 28
301 2.35 36
TOTAL - 160

Maximum Number of DCScases Number of Man

O N P O O B
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TABLE 9

DCSAND PERCENTAGE OF BODY FAT

Number of Number of
DCSCases Man Decompressions
156 181,813
5 5,586
3 1,139
164 188,538

TABLE 10

INCIDENCE OF DCSBY OCCUPATION

Number of Number of
DCScases M an-Decompr essions
110 110,943
15 51,050
23 12,883
16 13,701

TABLE 11

INCIDENCE OF DCSBY CONTRACT

Decompressions Overall %

Typell Total Total Above Type Type

1 Bar | I

37 79,363 39,064 0.045 0.001
3 27,976 937 0.011 0.0
31 8,757 2679 0354 00
27 19,520 6,666 0.133 0.005
30 38,110 5550 0.073 0.005
36 14,812 9,163 0.019 0.0

164 188,538 64,059 0.085 0.002

0.046
0.011
0.354
0.138
0.078
0.019

0.087

0.086%
0.090 %
0.262%

0.087%

Incidence

% Incidence

0.099
0.029
0.179
0.117

Incidence of DCS

Over 1 Bar %
Total Type Type Total

0.092
0.320
1.157
0.390
0.505
1.746

0.250

0.002
0
0
0.015
0.036
0.044

0.006

0.094
0.320
1.157
0.405
0.541
1.790

0.256
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TABLE 12

INCIDENCE OF DCSBY RACE

Race Number of DCS cases No. of Man-Decompressions % Incidence
Chinese 39 45,008 0.0867%
Malay 14 15,849 0.0884%
Indian 34 39,064 0.0870%
Japanese 20 23,035 0.0868%
Korean 18 20,539 0.0876%
Thai 35 40,239 0.0870%
Caucasian 4 4,804 0.0834%
Total 164 188,538 0.0870%
TABLE 13
TREATMENT USED
Recompression Contracts Total
Table 104 105 107 108 109 301
CIRIA 1 35 - 26 21 19 14 115
CIRIA 2 1 - 1 2 )] - 4(2)
TABLE61 - 3 4 3 9 1 20
TABLE 62 Q - - - - 18 18(2)
CIRIA 1 followed
by Table61 - - - - - 1 1
CIRIA 1and 2
followed by Table 62 - - - Q) - 2 2(
Total 37 3 31 27 30 36 160(4)

Numbersin brackets denote cases of Type Il DCS. There were 160 cases of Type | and 4 cases of Type Il DCS

cases of dysbaric osteonecrosis and those compressed air
workerswho had pre-existing dysbaric osteonecrosi sdid not
have any further change seen. Only 643 compressed air
workers had exit long bone X-rays done at the end of their
contract (Table 14).

Incidence of DCSin Singapore
Theincidence of DCSinthe Singapore MRT project

was low when compared with compressed air work done
elsewherein theworld. (Table 15)

The main reason for the low incidence is the gener-
aly low pressures that were used. The highest pressures
wereat Contract 301, which had amaximumtunnel pressure
of 2.35 Bar gauge.

64.63% of our 164 cases of DCS occurred with
exposures exceeding 8 hours. A higher incidence of DCS
wasalso noted withincreasing pressures(Table8). Thiswas
observed with the incidence of DCS rising from a low of
0.008%1t0 1.61% for exposuresexceeding 8 hours. Withthe
increase in duration of exposure, there was an overal in-
creasein the DCSincidence. For exposures greater than 2
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TABLE 14
ABNORMAL LONG BONE X-RAYSOF COMPRESSED AIR WORKERS
Abnormal Entry L ong Bone X-rays Abnormal Exit Long Bone X-rays
Contract TypeB Benign Orthopaedic TypeB Benign Orthopaedic
Conditions Conditions
MRT Task Force* 1 2 1 2
109 0 0 0 0
108 0 0 0 0
104 0 0 0 0
107 2 2 0 0
MRTC 8 0 3 0
105 2 1 0 0
301 19 6 5 6
Total 32 11 **Q **3
** Only 643 compressed air workers had done their exit Long Bone X-rays.
* MRT Task Force comprised firemen from the Singapore Fire Service.
TABLE 15
COMPARISON OF VARIOUS COMPRESSED AIR CONTRACTS
Period of Total Maximum No. of No. of DCS DCS
Contract Compressed No. of Pressure Man- DCS Incid. Incid.
Air (Months) workers (Bar) Decomp. Cases Over-all (>1Bar)
(Over-all)
East River Tunnel New Y ork
1914-21 84 - 3.26 1,360,000 680 0.05% -
Howrah Bridge India 1938 6 509 2.72 12,400 353 2.8% -
Lincoln Tunnel NY 1955-56 18 704 231 138,000 44 0.03% 0.07%
Dartford Tunnel 1957-59 24 1200 1.90 122,000 685 0.56% 0.97%
Blackwall Tunnel 1960-64 44 1536 2.65 8,100 863 1.1% 1.09%
Tyne Road Tunnel 1960-64 38 650 2.86 44,800 711 1.6% 1.74%
Hong Kong Islandline
1982-85 36 3966 2.85 443,430 2003 0.46% 0.52%
Singapore MRT 1984-87 31 1737 2.35 188,538 164 0.087% 0.26%

Bar absolute, dueto the exigencies of the project, we had to
increasethe decompressiontimeasthe Blackpool Tablesdo
not indicate decompression timesfor exposuresgreater than
8 hours. Thishad in away, prevented more cases of DCS
from occurring.

Thehigher incidenceof DCSnoted at theextremesof
exposure indicate that far greater risks are associated with

long exposureswith the use of the Blackpool Tablesin spite
of adequacy of contral. Itislikely that with longer working
hours, the workers have absorbed grater amounts of gases
and have also been subjected to greater stresses involving
the use of vibrating tools and lifting heavy loads over long
distancesin thetunnels. The cumulative factorsresultedin
the development of DCS in some men who appeared to be
more susceptible to developing DCS than their peers who
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had been similarly exposed to the same pressures and
performed the same type of work.

The overall incidence of the 4 cases of Typell DCS
was 0.002% compared with 1 case (0.001%) reported by
Lam’s Hong Kong MTR series out of 93,509 man decom-
pressions®. Threeof theTypell casesdevel oped DCSafter
more than 8 hours exposure at 1.45 Bar and above. The
fourth casedevel oped DCSsoon after suffering from sudden
decompression, when the mud-lock doors were smashed
open by the runaway rail cars. Three out of four devel oped
symptomswithin 1 hour of decompression, whilethefourth
case had symptoms within 2 hours of decompression.

Theincidence of DCS among the obese compressed
air workers was higher than in the other compressed air
workers. Nitrogen had been shown to be 5 times more
soluble in fat than in lean tissues like muscle. With long
exposures, it is expected that there is near saturation of the
fatty tissue by nitrogen in the obese person. Thisresultsin
abtimesgreater gasload during decompression. Therefore
it was not surprising that despite conditionally passing the
obese compressed air workersand allowing themto work at
alimited exposuretime and pressure, they still had asignifi-
cantly higher incidence of DCS.

The supervisor category of personnel had an overall
greater incidence of DCS when compared with the other
categories of workers. Thisisrelated to the nature of work
and the fact that supervisors were generally of an older age
group. They wererequiredto enter and exit fromthetunnels
up to five times a day, increasing their risk of DCS. The
compressed air workers, in comparison, athough were per-
forming heavier work, exited only once per shift.

Theincidence of DCSamong thevariousraceswere
fairly similar, with exception of the Caucasians, who had a
lower DCS incidence. This is due to the fact that the
Caucasians held specialist appointments like engineers and
inspectorsand had short exposuretimesinthecourseof their
work.

Reasonsfor low incidence
MEDICAL STANDARDS

No compromise was made with regard to the selec-
tion of men working in compressed air. Workerswho were
susceptible to DCS were certified unfit or conditionally
cleared to work in compressed air. Thisincluded the obese
(>24% body fat by skinfold measurement), thosewithahigh
incidence of DCS in the past and compressed air workers
with established dysbaric osteonecrosis. The obese (over
24% body fat), and those with Type B dysbaric osteonecro-
siswere given aconditional clearance. They were allowed
to work at alimited pressure and for alimited duration.
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TRAINING

The man-lock attendants were required to attend
certification courses conducted by DHMC in conjunction
with the National Productivity Board and Ministry of La
bour. In addition, all compressed air workers were thor-
oughly briefed onthe saf ety aspectsof compressed air work.
They were taught the importance of proper decompression
and the signs and symptoms of early DCS. Some com-
pressed air workers found tampering with the emergency
exhaust valvesin theman-locksto release themselvesearly,
were disciplined. The strict control of the decompression
procedure paid off and prevented DCS occurring due to
negligence.

LEGISLATION AND CONTROL OF DECOM PRESSION
PRACTICE

The legidlative framework determined the require-
ment for the control of thetime of exposure. Inaddition, we
believed that a period of acclimatisation for new startersdid
muchtoreducetheincidentsof DCS. Thiswasincorporated
inthelegislationfor all new compressed air workersaswell
asthose who have been away for more than 12 consecutive
days. Paton and Walder® noted ahigh incidence of DCSin
newly introduced workers, but with acclimatisation, the
incidencefell. Asaresult of the regulations, we did not see
any cases of DCSin new starters.

The Blackpool Tables, designed by Hempleman,
were well tested in the UK and Hong Kong with a DCS
incidencerateof lessthan 2%. For exposureslessthan1Bar
gauge, compressed air workers were decompressed to the
surface at arate of not exceeding 0.4 bar/min. However, in
the Singapore MRT project, a stop at 0.2 Bar gauge for 5
minutes was included into the regulations. This stop was
included to reduce the rate of ascent further as we believed
that it would have beento risky to ascend immediately to the
surface after more than 10 hours of exposure.

Compressed air workers exposed to pressures more
than 1 Bar gauge had tofollow the decompression schedules
according to the Blackpool Tables. These tables required
compressed air workersto remain at the surface for at least
12 hoursin every 24 hours. Thiswas because at the end of
decompression, residual nitrogen still remainsin the body.
This will accumulate without an adequate rest period at
atmospheric pressure.

Multipleentriesinto thecompressed air tunnelswere
alowed for the supervisors. By law, they were allowed to
enter the chambers only 5 times in a 24 hour period at
pressuresnot greater than 2 bar gauge, for not morethan half
an hour on any one occasion and with a minimum surface
interval at normal pressure of more than 1.5 hours.

There wereinstances where compressed air workers
were exposed to compressed air exceeding the time limits
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imposed by the Blackpool Tables, either by misinformation
or the exigencies of work. This posed aproblem of decom-
pression as the Blackpool Tables were calculated with a
maximum of 8 hoursexposure. Inorder for them to work at
theselong hours, extension of the Tableswererequired and
additional stopshad to beincluded asasafety measure. The
incidence of DCS in the extended part of the Tables was
lower than the incidence following decompression with the
Blackpool Tables.

Clinical presentation

The commonest presentation of Type | DCSin our
series was that of joint pain (Table 3). This occurred in
96.3% of cases with 76% of cases having pain in the lower
limbs. Painwas mostly around the joints of thelong bones.
84 cases (55%) presented with monoarticular pain while 70
cases (45%) presented with polyarticular pain. 76% had
pain in their lower limbs compared with 87.82% reported
Laminthe Hong Kong MTR project.? The knee was most
commonly affected in our series (108 cases or 70.1%),
followed by the shoulder joint (19 cases or 12.3%) and the
elbow (16 cases or 10.4%).

A detailed analysis of the onset of symptoms re-
vealed that 82.9% of cases had symptoms within 6 hours of
decompression, with 95.1% of cases presenting before 24
hours. Thisis comparable with Lam’s Hong Kong MTR
series with 93.6% presenting within 6 hours.®

There were 5 cases of Type 1 DCS presenting as
rashes. These cases proved difficult to diagnose. Recom-
pression confirmed the assessment. Two cases presented as
swelling of the lymphatics, one of who had lymphatic
swelling over the inguinal region which also subsided with
recompression. In the Hong Kong series, 4 cases had skin
mottling, 39 had non-specific symptoms of headache, nau-
sea and vomiting. The other 94.6% (749) cases presented
with joint pains.

Treatment

Early recognition of symptomsand prompt treatment
was ensured by making it compulsory for compressed air
workers to remain at the worksite for 2 hours following
decompression from the tunnel. This probably accounted
for the fairly low relapse rate of 2.44% (4 cases). By
comparison, 8.2% (64 cases) required a second treatment
and 11 (1.4%) required athird treatment in the Hong Kong
series.

Adjuvant therapy including fluid replacement was
used. Fluidsincluded Dextran in addition to Normal Saline
and Hartmann's Solution. Aspirin was not given to the
compressed air workers because of the possibility of mask-
ing the symptoms.
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Theobjectiveinfluidtherapy wasto replacedepl eted
blood volume, to restore haematocrit and to prevent blood
sludging and to improve tissue perfusion. It iscommon to
find that patients with acute DCS have reduced blood
volumes, and many anima studies have confirmed this
finding. Dextran has advantagesfor restoring intravascular
fluid lost by increased capillary permeability during DCS?,
athough there are those who are more concerned with the
potential of Dextran for creating an acute volume overload
and further lung congestion. Our experiences with Type 1
DCSand delayed Type |l DCS has shown usthat judicious
use of Dextran, especialy in the young, robust compressed
air workers or fisherman divers, reaped benefits in the
improvement of symptomsin our patients. We advocatethe
combined useof fluidtherapy with colloidsand crystalloids,
aspirin, dexamethasone and recompression therapy in DCS

therapy.

Accidents

Two major accidents occurred in Contracts 104
(Bocotra at Orchard Road) and 105 (TTJV at Novena Sta-
tion) whenrunaway rail cars smashed the mud-lock doorsof
thetunnel causing an explosivedecompression. At Contract
105, (tunnel pressure : 0.88 Bar gauge), 15 men suffered
from aural and sinus barotrauma and 4 had to be admitted
and treated at DHMC.

At Contract 104, the tunnel pressure was 1.45 Bar
gauge. There were 15 men inside the tunnel while 2 men
were working around the mud-lock. The men had been
working for seven and a half hours. Five men developed
symptoms of DCS and the operations centre at DHMC was
thrown into full alert. Ambulanceswere senttothesiteand
doctors were deployed to three recompression chambers
treating the patients simultaneously. One of the workers
working around the man-lock was thrown 10 metres by the
out-rushing air. Hewasevacuated to hospital with head and
body injuries. Thenumber of casesof DCSwould havebeen
less (159 instead of 164) except for this accident.

Thefuture

The future of compressed air tunnelling will seethe
use of oxygen for decompression. Oxygen decompression
was suggested as early as 1878 by Paul Bert**, and 1905 by
Ham and Hill®*. Theadvantagesthat oxygen decompression
offer are reduction of the decompression times and perhaps
alower DCSrate. Oxygen tables are available for decom-
pression and, while they reduce the amount of time spent
decompressing, they have inherent disadvantages. Man-
lockswill have to be modified to incorporate oxygen built-
in breathing systems (BIBS) and an oxygen overboard
dump. This will incur increased costs. High pressure
oxygen, being afire hazard, will require special careduring
the decompression. No flammable articles can be brought
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into the chambers. Proper use of the masks for oxygen
breathing during decompression will have to be ensured if
DCS was to be avoided. The workers may develop CNS
oxygentoxicity, and adoctor will haveto beat theman-lock
to supervisethedecompression. The Japanese have had bad
experiences with oxygen decompression, asfire and deaths
have occurred in their man-locks.

The Blackpool Tables and the current American
OSHA tables are till not perfect. Kindwall et a are
currently evaluating the use of oxygen tables to supersede
the current United States Occupational Health and Safety
Agency (OSHA) Decompression Schedules. Oxygentables
are currently being used by the French and Germans for
decompression from tunnelling work, but these have not
been widely adopted el sewhere. Thesetablesadopt profiles
similar to those of dive tables, but incorporate oxygen in
order to shorten the decompression times.

Automationandroboticsmay befeatured morepromi-
nently in future, where tunnels may be dug using unmanned
devices. Alternatively, the compressed air worker may
adopt a lightweight armoured suit as used by the deep sea
diver, wheretheworker canremain at 1 atmospherepressure
and perform tasks without the need for decompression.
Saturationcompressedair tunnelling coul d beanother method
which may be adopted for the future.

Conclusion

Decompression sickness is a preventable condition
in compressed air work. The prevention of thisillnessisto
alarge extent dependent on the recognition of the hazards
involved and in the application of recognised medical and
environmental control measures. The DCS incidence of
0.087% in the Singapore experience was low and the medi-
cal teaminvolvedin the project canlook back at the months
of compressed air work with much satisfaction. The atten-
tion to detail during planning and the adoption of strict
medical standards in selection of men and in safety control
ensured that no case of DCS ever occurred out of ignorance
or poor compliance with safety regulations. The preventive
measures undertaken enabled afairly good safety record to
be achieved.
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ASSESSMENT OF THE
PNEUPAC HC HYPERBARIC VENTILATOR

A.J. Gibson, F.M. Davis and A.R. Wilkinson

Introduction

The PneuPac HC Hyperbaric Ventilator (Figure 1)
has been specifically designed to ventilate patients within
hyperbaric chambersover arangeof pressuresupto 10ATA
(atmospheres absolute). It is a standard pneumatically
controlled, time-cycled ventilator providing independent
control of inspiratory time, inspiratory flow rate and expira-
tory time. The range of these parameters has been signifi-
cantly extended to allow compensation for the changes in
ventilator performance with different chamber pressures.
Following the manufacturer’s advice, we carried out cali-
bration of the PneuPac HC ventilator to derive a series of
calibration tables for its clinical use.

Description of PneuPac HC ventilator

The HC Ventilator consists of a pneumatic control
module operating a remote patient valve housed in the
patient connection block. These are linked by a small
diameter flexible hose which can be separated to alow
sterilisation of the patient valve. The control module is
operated from compressed air, oxygen or a helium/O, mix-
turewhichisdelivered from aregul ator within the chamber,
set at 400-1000 kPa gauge pressure. A simple schematic
diagram of the PneuPac HC is shown in Figure 2.

Thecontrol modul ehasthreecontrol knobs; oneeach
for the inspiratory and expiratory times which are each
arbitrarily graduated from one to nine, and an inspiratory
flow control which completes eight and a half revolutions
between itsminimum and maximum settings. Aswell, there
isan on/off switch and a pressure gauge. All moving parts
of the control module are manufactured to require no lubri-
cation or maintenance.

On connecting the ventilator to the gas supply and
switching on, the spool invalveB isinitially biased to allow
the gasto flow from port 1 to port 2 from where it will flow
totheinspiratory timer valve C and to valve F and thenceto
the patient valve.

Theinspiratory time knob restricts the gasflow into
theinspiratory timer cartridge C which then fixestherate of
pressurerisewithin C. Atapredetermined pressure, apiston
within C moves to allow gas to flow to port 4 of valve B
whichin turn switchesthe spool of valve B to the expiratory
position. Now the gasflow isdirected from port 1 to port 3
andthencetotheexpiratory timer cartridge D which behaves
inasimilar way totheinspiratory cartridge. During expira-
tion, a non-return valve within C opens to release the
pressure within this cartridge. The expiratory timeknob is



