TABLE OF CONTENTS

Foreword ... ... e vii
Preface .. .o X
Publishers Granting Permission ...............cccoviiiiiiiiiiiannn. Xi
Caisson and tunnel work—A. R. Behnke, Jr. ............... T [-1-1
Behnke, A. R.

Excerpts, medical aspects of work in pressurized tunnel operations. ........ I-1-5
Behnke, A. R.

New approaches to medical aspects of work in compressed air. ............ I-1-13
Bert, P.

High presstres. ... i I-1-28
Bornstein, A. ,

Physiologie and Pathologie des Lebens in verdichteter Luft. ............... [-1-64
Heller, R., Mager W_, v. Schrotter H. .

Vorlaufige Mittheilung uber Caissonarbeiter. ... ... ... I-1-70
Hempleman, H. V.

The new decompression tables, Appcndlx b I-1-73
Jarcho, S.

Historical milestones: Alphonse Jaminet on caisson disease (1871). ........ 1-1-92
Jones, I. P., Jr., Behnke, A. R.

Prevention of dysbaric osteonecrosis in comprcﬁsed air workers. ......... .. 1-1-95
Keays, F. L. :

Compressed-air illness. ... ... [-1-106
Kooperstein, S. 1., Schuman, B. J.

Acute decompression INess .......... [-1-121]
Nashimoto, 1., Mano, Y.

Experimental studies on oxygen decompression. .......... P 1-1-127
Sealey, J. L.

Safe exit from the hyperbaric environment. .................. s I-1-132
Thorne, 1. J. ]

L I T L O I-1-135
Walder, D. N.

Some problems of working in an hyperbaric environment. .................. [-t-139

Walder, D. N., McCallum, R. 1.
An objective appraisal of the Blackpool (UK) and Washington Statc (USA)
decompression tables. ....... ... f-1-160

XV



2. Chronic CO, toxicity—Karl E. Schaefer ............................. I-2-1

Clark, I. M., Sinclair, R. D., Welch, B. E.
Rate of acclimatization to chronic hypercapnia iy man. ..................... 1-2-6
Consolazio, W. V., et al.
Effects on man of high concentrations of carbon dioxide in relation to
various oxygen pressures during exposures as long as 72 hours. ......... [-2-16
Guillerm, R., Radziszewski, E.
Effects on man of 30-day exposure to a Picg, of 14 torr (2%, application
o exposure ImHS. ... . e [-2-42
Luft, U. C., Finkelstein, S., Elliott, J. C.
Respiratory gas exchange, acid-base balance. and electrolytes during and
after maximal work breathing 15 mm Hg Ple,. ... . 1-2-66

Schaefer, K. E.
Studies of carbon dioxide toxicity. Chronic CO, toxicity in submarine
MEdICINE. .. 1-2-78
Schaefer, K. E.
Physiological stresses related to hypercapnia during patrols on submarines.  [-2-113
Schaefer, K. E., Nichols, G., Ir., Carey, C. R.
Calcivm phosphorus metabolism in man during acclimatization to carbon
QOKIde. L I-2-146
Schacfer, K. E., Nichols, G., Ir., Carey, C. R,
Acid-base balance and blood and urine electrolytes of man during

acclimatization t0 COa. . oo e [-2-152
Schaefer, K. E., et al.
COs-induced kidney calcification. ... . ... 1-2-164

Schaefer, K. E., et al.
Phasic changes in bone CO, fractions, calcium, and phosphorus during
chronic hypercapnia. ...... ... i 1-2-175
Sinclair, R. D., Clark, J. M., Welch, B, E.
Comparison of physiological responses of normal man to exercise in air and

in acute and chronic hypercapnia. ....... ... ... ... .. e 1-2-185
Van Ypersele de Swrihou, C.. Brasseur, L.., De Coninck. J.
The *‘carbon dioxide response curve™” for chronic hypercapnia in man. ... [-2-194
3. Cold water exposure and thermal balance—Paul Webb ............ 1-3-1

Beckman, E. L.
Thermal protective suits for underwater SWIMIMErs. ..........ooovvenienon... I-3-5
Behnke, A. R., Yaglou, C. P.

Responses of human subjects in immersion in ice water and to slow and

fASE TEWATIIIME. ...t ettt et e e e 1-3-21
Carlson, L. D_, et al.
Immersion in cold water and body tissue insulation. ........................ [-3-38
Golden, F. §t. C.
Accidental hypothermia ... . ... ... . . [-3-46
Hayward, }. S., Eckerson, J. D., Collis, M. L.
Thermai balance and survival time prediction of man in cold water. ..... ... 1-3-57

Xvi



4.

Kang. D. H., et al.

Energy metabolism and body temperature of the ama. ...................... 1-3-69
Molnar, G. W_.

Survival of hypothermia by men immersed in the ocean. ................... [-3-74
Pugh, L.. G. C., Edholm, O. G.

The physiology of channel swimmers. ............. . ciiiiiiiiiiiiiiia. 1-3-89
Raymond, L. W, et al.

Body temperature and metabolism in hyperbaric helium atmospheres. ...... 1-3-97
Varéne, P., et al. .

Energy balance of man in simulated dive from 1.5 to 31 ATA ............ 1-3-104
Webb, P., Annis, J. F.

Respiratory heat loss with high density gas mixtures. ....................... 1-3-113
Webb, P.

Body heat loss in undersea gaseous environments. ..............cc...cooo.... I1-3-166
Decompression theory~—B. A Hills ... 1-4-1
Behnke, A. R.

Decompression sickness following exposure to high pressures. ............. [-4-5
Behnke, A. R., Shaw, L. A. .

The use of oxygen in the treatment of compressed air illness. ........... L 1-4-42
Boycott, A. E., Damant, G. C. C., Haldane, J. S.

Prevention of compressed airillness. .......... ... ... I-4-55
Hawkias, J. A., Shilling, C. W., Hansen, R. A,

A suggested change in calculatmg decompression tables for dlvmg ........ 1-4-160

Hempleman, H. V.
[nvestigation into the decompression tables. Report 11, part A, A new

theoretical basis for the calculation of decompression tables. ............. [-4-172
Hempleman, H. V.
Decompression procedures for deep, open sea Operdtxon:, .................. 1-4-184
Hills, B. A. :
Relevant phase conditions for predicting occurrence of decompression
SICKIIEES . .o e I-4-196
Hills, B. A,
A quantitative correlation of conditions for the occurrence of decompression
sickness for aerial and underwater exposures. ...... ... [-4-202
Hills, B. A.
Unsaturation in living tissue relative to the pressure and composmon of
inhaled gas and its significance in decompressmn theory. ................ 1-4-208
Keller, H., Biihlmann, A. A.
Deep d1vmg and short decompression by breathing mixed gases. ........... 1-4-219
Workman, R. D. ' :
Calculations of decompression tables for nitrogen-oxygen and helium-
oxygen dives. ... e e 144223
Diving gases (other than hydrogen)—R. W. Hamilton ............. 11-5-1

Behnke, A. R., Wilimon, T. L.
USS SQUALUS. Medical aspects of the rescue and salvage operations, and
the use of oxygen in deep-seadiving. ......... .. ... ... ... {§-5-5

XVii



Blenkarn, G. D., et al.
Urticaria following the sequential breathing of various inert gases at a
constant ambient pressure of 7 ATA: a possible manifestation of gas-
induced OSIMOSIS. ... i e e e H-5-17
DY Aoust, B. G., et al.
Venous gas bubbles: Production by transient, deep isobaric counterdiffusion

of helium against RILFOBEN. ... o oo i 11-5-24
Gerstman, L. J., Gamertsfelder, G. R., Goldberger, A.
Breathing mixture and depth as separate effects on helium speech. ......... 11-5-27
Goodman, M. W_, et al.
Hyperbaric respiratory heat loss study. ......... ... ... ... ... 11-5-28

Graves, D. J., et al.
Bubble formation in physical and biological systems: a manifestation of

counterdiffusion in composite media. .......... ... ... 11-5-114
Momsen, C. B.
Report on the use of helium-oxygen mixtures for diving. ................... 11-5-118

Sayers, R. R., Yant, W. P_, Hildebrand, J. H.
Possibilities in the use of helium-oxygen mixtures as a mitigation of caisson

e = U - 11-5-187
Schreiner, H. R., Hamilton, R. W, Jr., Langley, T. D.
Neon: An attractive new commercial diving gas. .............ccoiiiiiinni, 11-5-205

Webster, A. P.
Some theoretical aspects of the use of multiple-gas mixtures for deep-sea
diving. ....... e e e e e {1-5-222

Diving medicine: The high pressure neurologic syndrome—
R, W, Brauer ... I1-6-1

Bennett, P. B.
Psychometric impairment in men breathing oxygen-helium at increased
PTESSUIES. .« .o ettt ettt et e e e e 1-6-5
Bennett, P. B.
Performance impairment in deep diving due to nitrogen, helium, neon, and
07! S G {1-6-7
Bennett, P. B., et al.
Suppression of the high pressure nervous syndrome in human deep dives by
He N 05, o -6-22
Bennett, P. B., Towse, E. J.
The high pressure nervous syndrome during a simulated oxygen-helium

dive 10 1500 ft. .. e 11-6-39
Brauer, R. W., et al.
Syndrome neurologique et électrographique des hautes pressions. .......... 11-6-50

Brauver, R. W, et al.
N,, H,, and N,O antagonism of high pressure neurological syndrome in
3414 I-6-53
Brauver, R. W., et al.
Experimental studies on the high pressure hyperexcitability syndrome in
various mammalian SPeCIes. .......oviiiiii i i 11-6-68

Xviil



Braver, R. W., Way, R. O., Perry, R
Separation of anesthetic and convuisant effects in mice breathing He and
H, containing atmosphere at 30 to [SOATM. ..., 11-6-82
Brauer, R. W., Way, R. O., Perry, R. A.
Narcotic effects of helium and hydrogen in mice and hyperexcitability

phenomena at simulated depths of 1500 to 4000 feet of sea water. ....... 11-6-83
Chouteau, J., Imbert. G.
La limitation hypoxique de la plongée profonde de longue durée. ..... sl H-6-99
Ebbecke, U. '
Uber das Verhalten des Zentralnervensystems (Riickenmarksfrosh) unter der
Einwirkung hoher Drucke. ......... ... e 1t-6-107
Fructus, X.. Agarate, C.. Rostain, J. C,
Reflexions sur la courbe de compression des plongées trés profondes. ... 1-6-113
Kylstra, I. A., et al.’
Hydraulic compression of mice to 166 atmospheres. ........................ 11-6-122
Lever, M. 1., et al. .
Effects of hydrostatic pressure on mammals. ... 11-6-124
Miller, K. W.
Inert gas narcosis, the high pressure neurological syndrome, and the critical
volume hypothesis. ... [1-6-132
Miller, K. W., et al.
Animals at very high pressures of helium and neon. ........................ I1-6-135

Peterson, R. E., Wright, W. B.
Pulmonary mechanical functions in man breathing dense gas mixtures at
high ambient pressures—predictive studies L. ... 11-6-136
Regnard, M .P.
Phénomeénes objectifs que 1'on peut observer sur les animaux soumis aux
NAULES PrESSIONS. .. ovv et e 1-6-148
Rostain, I. C., Lemaire, C.
Evolution du tremblement au repos et pendant 1'effort au cours de plongées

profondes en atmosphére hélium-oxygéne. .._............ e 1I-6-154
Zajtsman, G. L. ‘
Nachalnye proyavieniya gelievovo narkoza u chelovyeka. .................. 11-6-158
Drowning and near-drowning—Barbara B. Tabeling ............... II-7-1

Bergquist, R. E., et al.
Comparison of ventilatory patterns in the treatment of fresh-water

near-drowning in dogs. ... T | CY L)
Campbell, L. B., Gooden, B. A_, Hor0w1tz 1. D.
Cardiovascular responses to partial and total immersion in man. ............ 11-7-12

Conn, A. W, et al.
Cerebral salvage in near-drowning following neurological classification by

§ g T e 11-7-23
Fuller, R. H.
The 1962 Welcome prize essay. Drowning and the post-tmmersion
syndrome. A clinicopathelogic study. ...l 11-7-33

XIX



8.

Giammona, S. T., Modell, J. H.
Drowning by total immersion. Effects on pulmonary surfactant of distilled

water, isotonic saline, and sea water. ... ..., 11-7-48
Halmagyi, D. F. J., Colebatch, H. I. H.
Ventilation and circulation after fluid aspiration. ................. oL 11-7-53
Keatinge, W. R, et al.
Sudden fatlure of swimming in cold water. ... 11-7-59

Modell, J. H., et al.
Effects of ventilatory paiterns on arterial oxygenation after near-drowning

ISBA WALET. ..ot e e e H-7-63
Modell, J. H., Davis, J. H.
Electrolyte changes in human drowning victims, ............................ 11-7-72

Modeli, J. H., et al.
Physiologic effects of near drowning with chlorinated fresh water, distilled

water and isotonic saline. ........ ... ... e, e 11-7-79

Maodell, J. H., Graves, S. A., Ketover, A.

Clinical course of 91 consecutive near-drowning victims. ................... 1I-7-88
Modell, J. H., et al,

The effects of fluid volume in seawater drowning. .......................... 1I-7-96
Nemiroff, M. J.

Resuscitation following cold-water near-drowning. ......................., -7-109
Nemiroff, M. J.

Accidental cold-water immersion and survival characteristics. .............. iI-7-110

Nemiroff, M. J., Saltz, G. R., Weg, ], C.
Survival after cold-water near-drowning: the protective effect of the diving

2] [ R O P 1-7-111
Redding, J. S., Voigt, G. C., Safar, P.
Treatment of seawater aspiration. ......... . ... i, 11-7-112

Reidbord, H. E., Spitz, W, U.
Ultrastructural alterations in rat lungs: changes after intratracheal perfusion

with freshwater and seawater. ......... ... I1-7-116
Siebke, H., Breivik, H., Red, T., Lind, B.
Survival after 40 minutes” submersion without cerebral sequelae. ........... 1-7-125

Swann, H. G., Brucer, M., Moore, C., Vezien, B. L.
Fresh water and sea water drowning: a study of the terminal cardiac and

biochemical Events. ..... ... .. . i i e 11-7-128
Dysbaric osteonecrosis—D. N. Walder ............................... I1-8-1
Allen, T. H., Davis, J. C., Hodgson, C. J.

US Air Force experience in hypobaric osteonecrosis. ....................... [1-8-6
Bassoe, P.

Compressed air disease. ........oooiiiiiiii i i 11-8-10
Catto, M.

Pathology of aseptic bone necrosis. ............ ...l 11-8-12
Chryssanthou, C. P.

Dysbaric 0steonecrosis in Mice. ...........ooiiiiiieiiianniearionnn et II-8-14
Cox, P. T.

Simulated caisson disease of bone. .......... .. 1-8-32

XX



Davidson, J. K.

Dysbaric 0SIeONECrosiS. .. ... i 11-8-38
Decompression Sickness Panel Report, M.R.C.

Bone lesions in compressed air workers with special reference to men who

worked on the Clyde Tunnels 1958 10 1963. ............... ST 11-8-104
Golding, F.C., et al. :
Decompression sickness during construction of the Dartford Tunnel. ....... [1-8-133 ~
Gregg, P. 1., Walder, D. N.
Early diagnosis of dysbaric osteonecrosis. ............ .. ... [1-8-149

Griitzmacher, K. T.
Veranderungen am Schultergelenk als Folge von Drucklufterkrankung

(Changes of the shoulder as a result of compressed-air sickness). ........ I1-8-158

Harrison, I. A. B.

Aseptic bone necrosis in naval clearance dwerq radiographic ﬁndmgs ..... 11-8-161
Harvey, C. A., Sphar, R. L.

Dysbaric osteonecrosis in divers. A survey of 611 selected navy divers. ... [1-8-164
Hills, B. A.

Treatment and general hyperbaric limitations. ................ ... ... ... 11-8-167
James, C. C. M.

Late bone lesions in caisson diSease. ...........cioiiieiriiireiiariaiiinn, 11-8-178

Kah!strom, S. C., Burton, C. C., Phemuister, [. B.
Aseptic necrosis of bone. 1. Infarction of bones in caisson disease resulting
in encapsulated and calcified areas in diaphyses and in arthrms

73 (0001 7)1 P [1-8-186
Ohta, Y., Matsunaga, H.
Bone 1eSions in divers ... ....oooiiireourriie e 11-8-204
Smith, K. H., Stegall, P. J., Huang, T. W. .
Histopathology of aseptic bone necrosis in miniature swine. ................ 11-8-219
Twynam, G. E.

A case of caisson dISEaSE. ... ittt 11-8-220
Gas embolism-—T. G. Shields ... 111-9-1
de la Torre, E., Meredith, J., Netsky, M. G. .

Cercbral air embohsm inthedog. ... .o i [i-9-5

Evans, D.E., Hardenberg, E., Hallenbeck J. M.

Cardiovascular effects of arterial air embolism. ............. ... ..o 1i-9-16

Greene, K. M.

Causes of death in submarine escape training casualties: analysis of cases
and review of the literature. ... e 111-9-30

Hailenbeck, J. M., Furlow, T. W., Ir.
Impaired microvascular perfusion and secondary deterioration in dysbarlc
cerebral air emboliSIM. ..o .o i e 111-9-60
Macklin, M., Macktin, C. C. :
Maligant interstitial emphysema as an important occult complication in
many respiratory discases and ather conditions. .........coociiiaiiii,. 111-9-73
Malhotra, M. 8., Wright, H. C.
The effects of a raised intrapulmonary pressure on the Jungs of fresh
unchilled cadavers. ... ... ... . it e 111-9-75

XXi -



10.

11.

Peirce, E. C.
Cerebral gas embolism (arterial) with special reference to iatrogenic
BCCHEMES. o i e s H1-9-83
Schaefer, K. E., et al.
Mechanisms in development of interstitial emphysema and air embolism on

decompression from depth. ... ... [I-9-107
van Allen, C. M., Hrdina, L. S., Clark, J.
Air embolism from the pulmonary vein. .............. ... 111-9-122

Van Genderen, L., Waite, C. L.
Evaluation of the rapid recompression high pressure oxygenation approach

to the treatment of trawmatic cerebral embolism. ... ... ... ... ... 111-9-135
Waite, C. L., et al.

Cerebral air embolism: 1. Basic studies. ... ... ... ... ... ... 111-9-168
Hydrogen-oxygen diving—Peter O. Edel ............................. III-10-1
Case, EM ., Haldane, J. B. S.

Human physiology under high pressure. .......... ... Hi-10-5
Edel, P. O.

Report on Project Hydrox I1E. ... ... . 11-10-32

Edel, P. O., et al.
Preliminary studies of hydrogen-oxygen breathing mixtures for deep sea

T T II1-10-116
Lazarev, N. V.
The intensity of the narcotic action of hydrogen at high pressure. .......... 1E-10-131

Michaud, A., et al.
Findings from an animal experiment on dives using hydrogen-oxygen

Blends. oo It-10-135
Miller, K. W,

Inert gas narcosts and animals under high pressure. ... ... [11-10-169
Seguin, A. P., Lavoisier, A. L.

Premier mémoire sur [a respiration des animaux. ........................... 1H1-10-186
Zetterstrom, A.

Deep-sea diving with synthetic gas mixtures. ..., 111-10-205
Hyperbaric oxygen therapy—Jefferson C. Davis .................... Mi-11-1
Boerema, 1., et al.

High atmospheric pressure as an atd to cardiac surgery. ...........ooooevens II-11-5

Boerema, L., et al.
Life without blood. A study of the influence of high atmospheric pressure
and hypothermia on dilution of the blood. .......... ... -11-24
Brummelkamp, W, H., Hogendijk, J., Boerema, I.
Treatment of anaerobic infections (Clostridial myositis) by drenching the

tissues with oxygen under high atmospheric pressure. .................... [1I-11-38
Churchill-Davidson, 1., Sanger, C., Thomiinson, R. H.
High-pressure oxygen and radiotherapy. ....................c.ociiiiiiiiinn MM-11-39
Haldane, J.
The relation of the action of carbonic oxide to oxygen tension. ............. [i-11-44

xxii



12.

Hunt, T. K., Zederfeldt, B., Goldstick, T. K.

Oxygen and healing. .............. i s TH-11-61
Lambertsen, C. J.
Medical implications of high oxygen pressures. .....................ioao i-11-62

Raskin, A., et al.
The effects of hyperbaric and normabaric oxygen on cognitive impairment

inthe elderly. ...l e e [1-11-80
Silver, 1. A.

The measurement of oxygen tension in healing tissue.. ........ e HI-11-87

[nert gas narcosis—Albert R. Behnke, Jr. ... HIi-12-]

Adolfson, J., Muren, A.
Air breathing at 13 atmospheres. Psychologlcal and physnologwal

ODSEIVALIONS. ..ottt e e i-12-7
Behnke, A. R., Thomson, R. M., Motley, E. P.
The psychologic effects from breathing air at 4 atmospheres pressure. ...... i11-12-14
Behnke, A. R., Yarbrough, O. D. oo
Physiologic studies of helium. ... .. ... . .. H-12-19

Behnke, A. R., Yarbrough, G. D.
Respiratory resistance, oil-water solubility, and mental effects of argon,

compared with helium and nitrogen. ............... PR e I1-12-36
Bennett, P. B., Ackles, K. N. :
The narcotic effects of hyperbaric oxygen. ................ e i1l-12-43

Bennett P. B., Ackles, K. N., Cripps, V. J.
Effects of hyperbaric nitrogen and oxygen on auditory evoked responses in

50TV« I11-12-44
Bennett, P. B., Blénkarn, G. D, ‘
Arterial blood gases in man during inert gas narcosis. ... [Mi-12-45

Bennett, P. B., Glass A.
Electroencephalographic and other changes induced by high partial
pressures of DHIOZEN. ... .. 11-12-49
Bennett, P. B., Papahadjopoulos, D., Bangham, A. D.
The effect of raised pressures of inert 2ases on phospholipid
IEINDIATIES . oottt e e e e e et e e 11-12-50
Bennett, P. B., Towse, E. I. '
Performance efficiency of men breathing oxygen- hellum at depths between
100 feet and 1500 feet. .ooooiir i S 1i1-12-51
Bjurstedt, H., Severin, G. . :
The prevention of decompression sickness and nitrogen narcosis by the use
of hydrogen as a substitute for nitrogen (the Arne Zetterstrom method for
deep-sea diving). ... fi-12-61

Carpenter, F. G.
Anesthetic action of inert and unreactive gases,on intact animals and isolated

EISSHBS. oo R -12-71
Clements, J. A., Wilson, K. M. o
The affinity of narcotic agents for interfacial films. ........ ST Y 11-12-76

Xxiil



13.

Cullen, 8. C., Gross, E. G.
Anesthetic properties of xenon in animals and human beings with additional

observations on KIYPIOT. ... oot e 11I-12-83

bamant, G. C. C.

Physiological effecis of work tn compressed air. ............................ I1I-12-84
End, E.

The use of new equipment and helium gas in a world record dive, ......... 1i-12-87
Hesser, C. M.

Measurement of inert gas narcosis inman. ............. ... ..., HI-12-98
Hill, L., Phillips, A. E.

Deep-sea diVING. ...t e H1-12-105
Johnson, F. H., Flagler, E. A.

Hydrostatic pressure reversal of narcosis in tadpoles. ....................... 1I-12-122
Kiessling, R. J., Maag, C. H.

Performance impairment as a function of nitrogen narcosis. ................ II-12-123
Lever, M. J., et al.

Pressure reversal of anesthesia. ................ ..., II-12-148
Meyer, K. H., Gottlieb-Billroth, M.

Theory of narcosis by inhalation anaesthesia. ............................... I-12-152
Meyer, K. H., Hopff, H.

Narcosis by inert gases under PreSsure. ..........veiierieirrreniiaineann. I-12-171
Miller, K. W.

The opposing physiological effects of high pressures and inert gases. ...... 1I-12-186
Paton, W. D. M.

Experiments on the convulsant and anaesthetic effects of oxygen. ....._.... 11-12-192

Shilling, C. W., Willgrube, W. W.
Quantitative study of mental and neuromuscular reactions as influenced by

increased Alf PIESSUTE. ... .t 11-12-193
Stern, S. A., Frisch, H. L.
Dependence of inert gas narcosis on lipid “*free volume.”” ................. 11-12-201
Wulf, R. J., Featherstone, R. M.
Correlation of van der Waals constants with anesthetic potency. ............ 111-12-202

Otology in diving (The ear in diving)—Joseph C. Farmer, Jr. ... IV-13-1

Behnke, A. R.

Physiologic effect of pressure changes with reference to otolaryngology. ... IV-13-6
Braithwaite, W. R., Berghage, T. E., Crothers, J. C.

Postural equilibrium and vestibular response at 49.5 ATA. ................. IV-13-16
Brandt, J. F., Hollien, H.

Underwater hearing thresholds in man as a function of water depth. ........ Iv-13-31
Edmonds, C., Freeman, P., Tonkin, J.

Fistula of the round window indiving. .............. ... ... ... IV-13-34
Farmer, J. C., Ir.

Diving injuries to the fnner @ar. ............ ... i, IV-13-39
Farmer, J. C., Ir., Thomas, W. G.

Auditory and vestibular function in diving. ............ ... s IV-13-59
Fluur, E., Adolfson, 1.

Hearing in hyperbaric air. ................ ..o . IV-13-60

XK1



14.

15.

Freeman, P., Edmonds, C. ) ‘
Inner ear barotrauma. . ..... ... e e IV-13-63
Lambertsen, C. 1., Idicula, J.
A new gas leston syndromc in man, induced by ‘isobaric gas
counterdiffusion.” .. ... . U [V-13-64
Landolt, J, P., et al. '
Vestibulocochlear dysfunction in squirrel monkeys in simulated dw]ng

o 4 1= 01 1111 IV-13-75
Shilling, C. W_, Everley, . A. .
Auditory acuity in submarine personnel, Part 1. ... ... ... ...l IV-13-83
Vail, H. H.
Traumatic conditions of the ear in workers in an atmosphere of compressed
AT, e e 1V-13-106
Oxygen toxicity—James M. Clark. ................... PP e [V-14-1
Becker-Freyseng, H | :
Physiclogical and pathophysiological effects of increased oxygen tension. IV-14-6
Bert, P. .
Barometric Pressure; Researches in Experimental Physiology. .............. IV-14-28
Donaid, K. W,
Oxygen poisoning in man. ............. e 1V-14-31
Fridovich, I. . '
Superoxide diSmMUIASES. ... i 1V-14-93
Gerschman, R., et al.
Oxygen poisoning and x-irradiation: a mechanism in common. ............. IvV-14-106
Haugaard, N.
Cellular mechanisms of oxygen toxicity. ...... ... .. ... ... e IVEL4-T 0

Kistler, G. S., Caldwell, P. R. B., Weibel, E. R.
Development of fine structural damage to alveolar and capillary lining cells
in oxygen-poisoned rat [UNEs. ... ... (vV-14-1i5
Lambertsen, C. 1., et al.
Oxygen toxicity. Effects in man of oxygen inhalation at ! and 3.5
atmospheres upon blood gas transport, cerebral circulation and cerebral

metabolism. .......... ... e IV-i4-139
Smith, J. L.
The pathological .effects due to increase of oxygen tensmn in the air
breathed. ... T S 1V-14-155
Stadie, W. C., Riggs, B. C., Haugaard, N. ’ .
Oxygen poisoning: ......: e e L IVA4T2

Pathophysiology and treatment of DCS.—John M. Hallenbeck .. IV-]5-1
Behnke, A. R., et al.

The circulatory and respiratory disturbances of acute compressed-air 1llness
and the administration of oxygen as a therapeutic measure. .............. IV-15-5
Bert, P. i

Effect of sudden decrcase of pressure beginning with several atmosphercs IvV-15-14
Catchpele, H. R., Gersh, L.

Pathogenetic factors and pathological consequences of decompressmn

SICKMESS. o IV-15-51

XXV



16.

Chryssanthou C., et al.
Studies on dysbarism: I, A smooth muscle-acting factor (SMAF) in mouse
lungs and its increase in decompression sickness. ... 1V-15-89
Cockett, A. T. K., Nakamura, R. M., Franks. I. 1.
Recent findings in the pathogenesis of decompression sickness

T 2L 0 IV-1595
Hallenbeck, J. M., Bove, A, A., Elliott, D. H.
Mechanisms underlying spinal cord damage in decompression sickness. ... [V-15-96
Haymaker, W.
Decompression sICkness. ... i 1v-15-107
Philp, R. B.
A review of blood changes associated with compression-decompression:
relationship to decompression sickness. ....... ... IV-15-181

Van der Aue, O. E., Duffner, G. 1., Behnke, A. R.
The treatment of decompression sickness: An analysis of one hundred and
thIMeen CASES. ... i i e IV-15-215
Wells, C. H., et al.
Rheologic impairment of the microcirculation during decompression

3 T [V-15-223
Workman, R. D.

Treatment of bends with oxygen at high pressure, ..................... ..., IV-15-231
Yarbrough, O. D., Behnke, A. R.

Treatment of compressed air illness utilizing oxygen. ....................... 1V-15-239
Pulmonary function—Robert Gelfand ............................ IV-16-1
Albano, G.

Ventilatory mechanics ... ... i Iv-16-5

Bradley, M. E., et al.
Respiratory and cardiac responses to exercise in subjects breathing helium-
oXxygen mixtures at pressures from sea level to 19.2 atmospheres. ....... IV-16-33
Hamilton, R. W, Ir.
Physiological responses at rest and in exercise during saturation at 20
atmospheres of He-Oa. ..o IV-16-35
Lambertsen, C. J.
Prediction of physiological limits to human undersea activity and extension
of tolerance to high pressure. ... . ... [V-16-49
Lambertsen, C, J., et al.
Human tolerance to He, Ne, and N, at respiratory gas densities equivalent
to He-O, breathing at depths to 1200, 2000, 3000, 4000, and 5000 feet
of seawater (Predictive Studies 1II). ... . i IV-16-72
Lambertsen, C. J., et al.
Practical underwater work performance at pressures to 1200 and 1600
B . 1V-16-86
Mead, J., et al.
Significance of the relationship between lung recoil and maximum

expiratory flow. ..o 1V-16-104
Miller, I. N., Wangensteen, O. K., Lanphier, E. H.
Ventilatory limitations on exertion at depth. ................o o IV-16-119

XXvi



17.

Rohrer, F.
Physiologie der Atem Bewegung. ....... PO e, IY-16-126
Salzano, J., et al \ '
Arterial blood gases, heart rate, and gas exchange durmg rest dnd exercise
in men saturated at a simulated seawater depth of 1000 feet. ..... e IV-16-153
Schaefer, K. E., Carey. C. R., Dougherty, J. H,, Ir.
Pulmonary function and respiratory gas exchange during saturation-

excursion diving to pressures equivalent to 1000 feet of seawater. ....... IV-16-163
Spaur, W. H., et al.

Dyspnea in divers at 49.5 ATA: mechanical, not chemical in ongln ....... IV-16-165
Wood, L. D. H., Bryan, A, C. , '

Effect of increased ambient pressure on flow-volume curve of the lung. ... IV-16-181
Saturation Diving—R. W. Hamilton ........... TP v, V-17-1
Behnke, A, R. -

Effects of high pressures; prevention and treatment of COmpressed air

Hness. ... e P V-17-5
Bond, G. F. . i

New developments in high pressure living. ................. s e V-17-30
Bond, G. F. o

Sealab | and Sealab II chronicles. ............ e P 1 A
Cook, R. B., Van Dyke, C. .

Medical watch standers guide for saturatton dwmg ........................ V-17-36
Cousteau, J. Y. A

Athome inthe sea. ......................c.s PO O V-17-56

Fructus, X., Chouteau, J.
Aspects phys;ologlques de la vie sous- press:on L’ operdnon Pre-
contiment L. ... . . i, V-17-69
Hamilton, R. W., et al. o o
NOAA OPS [ and I1: Formulation of excursion proccdures for sha]]ow

undersea habitats. .......... ..o e e L. V-17-85
Hamilton, R. W., Jr., et al. o ' :
Saturation diving to 650 feet. ............. .. P ST L V-17-93

Hock, R. I., Bond, G. F., Mazzone, W. F.
Physiological evaluatlon of Sealab II: Effects of two weeks expo‘;ure to-an

undersea 7- atmosphcre helium-oxygen env1ronment U S ST V-17-101
Krasberg, A. R. C - '
Saturation diving: vertical excursion techitiques.  .:............. e V-17-110
Link, E. A, : -
Our man-in-sea project. ... o il e Va17-120

O'Neal, H. A, et al.
Project Sealab summary report. An expcnmental eleven-day undersea

saturation dive at 193 feet. "...... e e, V-17-122
Sténuit, R. S
Life and work under pressure. ................ PR AR L V-1T7-130

Workman, R. D., Bond, G. F., Mazzone, W. F.
Prolonged exposure of animals to pressurized normal and synthhenc
amOSPheres. ... ... T L. V-i7-137

XX vii



18. Underwater performance—A. J. Bachrach .......................... V-18-1

Bachrach, A. .
Underwater performance ...t V-18-5

Baddeley, A. D.
Influence of depth on the manual dexterity of free divers: a comparison

between open sea and pressure chamber testing. ......................., V-18-6

Bain, E. C., Berghage, T. E.

Evaluation of SINDBAD tests. ... i i V-18-11
Bowen, H. M.

Diver performance and the effects of cold. ... V-18-83
Fletcher, B. E., et al.

Perceptual memory, cognitive and psychomotor functions. ................. V-18-103
Hill, L., Greenwood, M.

The influence of increasecd barometric pressure on man. .................... V-18-161

Pesch, A. J., Hill, R. G., Klepser, W. K.
Performance comparisons of scuba divers vs submersible manipulator
controllers in undersea work. ... V-18-174
Reilly, R. E., Cameron, B. J.
An integrated measurement system for the study of human performance in

the underwater environment. ................. ... L. V-18-186
Weltman, G., Egstrom, G, H.,
Perceptual narrowing in novice divers. ............o e V-18-283
19. Vision—J. A. S, Kinney ..o V-19-1
Beehler, C. C., et al.
Ocular hyperoxia. ... . e V-19-6
Behnke, A. R., Forbes, H. S., Motiey, E. P.
Circulatory and visual effects of oxygen at 3 atmospheres pressure. ........ V-19-11

Cusick, P. L., Benson, O. G, Jr., Boothby, W. M.
Effect of anoxia and of high concentrations of oxygen on the retinal

vessels: preliminary report. ... V-19-19
Duntley, S. Q. i
Light in the Sea. ... . i e V-19-23

Gallagher, T. 1., et al.
The effects of various oxygen partial pressures on scotopic and photopic

A2 T o V-19-43

Hulburt, E. O.

Optics of distilled and natural water. ....................... oo V-19-106
Kelley, J. S., et al.

Visual function in divers at 15 to 26 atmospheres pressure. ................. V-19-114
Kinney, J. A. §., Luria, §S. M., Weitzman, D. O.

Visibility of colors underwater. ....... .. .. ... . ... e V-19-117
Luria, $. M., Kinney, J. A. S.

Underwater VISION. ........iveereir i V-19-125
Montabana, D. J., Lambertsen, C. L.

Visual function. ... V-19-134

XXVviit



Noell, W. K.

Effects of high and low oxygen tension on the visual system. ....... SETTey V-19-151
Patz, A., Hoeck, L. E., De La Cruz, E.

Studies on the effect of high oxygen administration in retrolental

Author Index ......................... S e e A-1
Subject Index

XXix



Key Documents of the
Blomedlcal Aspects of Deep-Sea
- Diving

SELECTED FROM THE WORLD’S LITERATURE
1608-1982

Volume I



CAISSON AND TUNNEL WORK

Articles selected by Albert R, Behnke, Jr., M.D.
San Francisco, California 94115



CAISSON AND TUNNEL WORK
ALBERT R. BEHNKE, Jr., M.D.

In his chapter on High Pressure, Paul Bert (1878) outlines the early history of
pressurized tunnel operations beginning with the innovation of the caisson by Triger in
1841, the recognition by Pol and Watelle in 1854 of the etiology of decompression
sickness and recompression as a therapeutic modality, and problems encountered in the
construction of the Eads bridge across the Mississippi River in St. Louis in 1869, Another
account of the St. Louis operation is given by Jarcho (1968) and relates the experience
of the physician on the project, Alphonse Jaminet.

The paper by Heller, Mager, and von Schrotter (1895} describes the extensive
pathology recorded in caisson operations in Austria at the turn of the century.

Bornstein (1914) records the early German experience during the course of pres-
surized tunnel operations under the Elbe river.

Early experience and progressive alteration of decompression tables are recapitulated
in the excerpts of a report by Behnke (1968). Noteworthy in these excerpts is the extensive
report of F. .. Keays (1909) which embodies a description of 3,692 cases of decompres-
sion sickness of which 20 were fatal. The phenomenon of habituation to pressure was
recognized at this time.

Subsequently, Thorne (1941) reported 300 cases of decompression sickness in the
New York Queens Midtown Tunnel project. Kooperstein and Schuman .(1957) reported
the results of improved decompression tables based on U.S. Navy format. Only 44 cases
of decompression sickness occurred during the course of the Lincoln (Third Tube) Tunnel
project (1955-1957). In this operation the curtailed periods of work shifts,under pressure
commensurate with worker safcty, tended to render pressurized tunneling economically
prohibitive.

In 1969, Dr. I. L. Sealey, Medical Consultant to the Municipality of Seattle and
Metropolitan Engineers, organized a committee to revise decompression tables for com-
pressed air workers directed to safety and economic feasibility. Preliminary results fol-
lowing employment of these tables is outlined in the previously cited Behnke excerpt
(1968).

In the United Kingdom, habituation to work in compressed air accompanied by a
progressive lowering of the incidence of decompression sickness has been evaluated
systematically by Walder (1966). In recent years in the United Kingdom, decompression
procedure has been improved by adoption of Hempleman’s Blackpool Tables (1973).

Analysis by Walder and McCallum (1974) of the results obtained in usage of Black-
pool and Washington State Tables tends to favor the former, However, there is currently
no air decompression table governing work in compressed air which will prevent disability
when work shifts are greater than four hours at gage pressures above 32—34 pounds per
square inch.

New approaches to decompression following work shifts in compressed air (Behnke,
1969), stipulate 1) employment of oxygen and 2) habitat residence in compressed air first
proposed in 1942, Prototype decompression tables relative to the above-mentioned ap-
proaches are outlined by Jones and Behnke (1978). Earlier, Nashimoto and Mano (1974)
made a preliminary assessment of the value of oxygen directed to the safe decompression
of Japanese tunnel workers.
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MEDICAL ASPECTS OF WORK IN PRESSURIZED TUNNEL OPEZRATIONS
Albert R. Behnke

Excerpt pages 42-47 from a publicatioh prepared for Transit
Ingurance Administrators in conmection with pneumatlic tunnelling
work for the San Franclsco 3ay Area Rapid Transit Distrlet
Construction Project (BART), March 1968,



PREVENTION OF DECOMPRESSION SICKNESS

The history of decompression sickness was in the beginning of this Century
marred by disability and death. Progressive increase in deeompression time
following completion of the East River (Pennsylvania Railroad) Tunnels. and
chiefly decrease in hours of work have culminated in the elimination of all serious
disability with the exception of bone changes as demonstrated by the Third (Lincoln)
Tube (1955-1957). This bone pathology was probably inherited from earlier tunnel
operations which provided inadequate decompression. During the past three years
increased work time and greatly extended decompression time have been tested in
the State of Washington, (Sealey, 1969)!

It is instructive {o review the efforts of the State of New York to cope with this
major industrial problem. The physiologic basis for decompression was analyzed
mainly in the light of New York tunnel experience. The conclusion reached was that
if the State of Washington stipulations, currently adopted by the States of California
and New York, fail to prevent bone changes, it becomes mandatory to consider
prolonged residence in compressed air. Such exposure for periods of 5 days inter—
spersed with intervals for rest and recreation have been highly suceessful in the
more hazardous diving operations. There is no reason except for the initial adjust-
ment te an altered work-recreation schedule why such regimen should not be highly
successful in tunnel operations both as a safeguard to health of the worker and as a
means to assure normal work periods in compressed air. (3ehnke, 1942)

NEW YORK EXPERIENCE

Early Operations. - In 1909, F. L, Keays,3 Medical Director for the contractor
in charge of the construction of the East River Tunnels for the Pennsylvania Railroad
reported on 3, 692 cases of decompression sickness arising out of 557, 000 decom-
pressions, There were twenty deaths. At gage pressures to 32 psi, the men worked
8 hours out of 24, taking a one-half interval out for Iunch either under the working
pressure or at a slightly reduced pressure. At pressures higher than 32 psi, the
men worked in shifts of 3 hours with 3-hour rest intervals. The working pressure
never exceeded 42 pgi. Keays preferred a 6-hour continuous shift to two 3-hour
shifts "as it exposes the man to the risks of only one decompression instead of twe'".

Some remarkable feats of work in compressed air were accomplished at the
time, Mr. H. Japp,4ma.naging engineer for the East River Tunnels reported that in
23, 000 decompressions from 40 to 42 psi, there were no serious or fatal cases.
Three hundred and thirty men were ermployed for 36 days in a two-shift daily schedule
that ealled for 3 hours on shift with a three hour rest interval between shifts at
normal pressure. The total time for decompression for each shift was 438 minutes,
as follows: 1) pressure was lowered from 40 to 29 psi in 5 minutes, the men then
walked 1000 feet in 10 minutes to a second lock, 2) pressure was lowered from 29
to 12.5 psi in 8 minutes, the men spent another 10 minutes in walking to a third
lock, 3) pressure was lowered from 12,5 to O psi in 12,5 mioutes. Japp comments,
"Thus a total of 48 minutes was taken for decompression which should have reguired
90.5 minutes by Haldane's method I and 123 minutes by his method T, Reporting
on 8,510 of these decompressions, Keays recorded 1.6 per cent minor cases.
Noteworthy is the statement, ''Only seasoned men were employed", evidently ap
acclimatization which has been pointed out in recent years by British medical
authoritles dealing with tunnel problems.

One of the paradoxes in decompression practice is the fact that decrease in
incidence of bends is not propertional to increase in decompression time beyond a
minimal requirement. The work period for which Japp prescribed 48 minutes
decompression time for a 3 to 3.5 hour work shift at 40 psi, would require 98
minutes (British Tables regulating tunnel work), and 162 minutes (U. 8. Navy) for
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the same exposure at equivalent diving depth.

Revised Tables 1912,

New York Table, 1912

In contrast with the above-mentioned stringent work
periods and restricted decompression, were the seemingly liberal Tables formulated
about 1912 in connection with the Public Service Commission Tunnels, Dr, Edward
Levy, Medical Director, 5

Pressure
psi

1to 22
22 to 30
30 to 35
35 to 40
40 to 45
45 to 50

Total Hours of Work

=N L B O o
.

oN
4
3

1.5
1.0
0.75

Shift Hours
OFF

0.5

1

2
3
4
5

ON

4

3

2
1.5
1.0
0.73

A comparison of decompression time, 1912 New York Table, with U. 8. Navy

diving practice is presented in the following table.

Specific
Pressures

psi
17.8
26.7
31.2
40.0
49.0

Depth
Equiv.

feet
40
80
70
g0

110

Duration

Shift

hours

4
3
2

1
0.7%

Interval
between
Shifts

hours
0.5
1.¢
2,0
4.0
5.0

Decomp.
Time

minutes

7
12
15
24
28

Diving Decompression Time
for Similar Exposures

12
57
52
26
30

20
60
55
30
30

per Shift U.S.Navy Royal Navy* USN

for
2nd

Expos,
42

82
99
46
50

* Medical Research Council Underwater Physiology Committee Report IX, 1957
U. 8. Navy Chamnber Tests of the 1912 New York Table. - In 1947, Captain Van

Der Aue conducted chamber tests at 26 psi with 3-hour shifts and 3-hour interval
The subjects were divers

{ 2 hours longer than that stipulated in the N, Y. Tahle),

in good condition, at rest, and were given a more liberal decompression time than
called for in the Table, as follows:

First Shift

Interval

3 hours at normal {0 psi)pressure

26 psl ( 3 hrs): decompress to 13 psi in 3 minutes,
decompress 13 to 0 psi in 15 minutes,

Second Shift 26 psi {3 hrs): same decompression as for first shift.
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The Outcome of These Exposures

Diver Condjtion Between 18t and 2ad Shifts Condition Following 2nd Shift
1 No symptoms Bends, recompressed
2 Pain, left shoulder after 175 minutes  Bends, recompressed
3 Pain, both knees sfter 120 minutes Bends, NO recompression
4 No symptoms No symptoms
5 Skin, itching Skin, itching
6 No symptoms Pain, hand; no recompression
7 No symptoms Pain, rt. arm; NO recompression
8,9,10 No symptoms (8) Back pain, fatigue

(9) No symptoms
(10) SBtiffness, knee

11 Fleeting pain, shoulders Bends, NO recompression
12 No symptoms Bends, NO recompression

Revised Tables, 1922. - The 1912 New York Industrial Code Rules Relating
to Work in Compressed Air and Tunnel Construction were amended in accord with
Dr, Levy's recommendations.

New York Table, 1922

PRESSURE psi HOURS
Minimum Maximum Maximum First Shift Minimum  Second Shift
Total Maximum Interval Maximum
(Open Air)
Normal to i8 B 4 0.5 4
18 26 ] 3 1 3
26 33 4 2 2 2
33 38 3 11/2 3 11/2
38 43 2 1 4 1
43 48 11/2 3/4 5 3/4
48 50 1 1/2 6 1/2

DECOMPRESSION: FIRST STAGE, REDUCE GAGE PRESSURE TO 1/2, RATE 5
POUNDS/MIN. REMAINING DECOMPRESSION UNIFORM

(a) Rate 3 b/min. Working pressure, 0 to less than 15 pounds
(b) Rate 2 1b/min, Working pressure, 15 to less than 20 pounds
{¢) Rate 3 Ib/2 min. Working pressure, 20 to less than 30 pounds
{d) Rate 1 1b/min, Worklng pressure, 30 pounds or over

It may be stated that no more succinct decompression table was ever formulated.
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Inadequacy of the 1322 Tables. - In the Thirties it was difficult to reconcile
the striking difference between decompression practice as applied to divers (stage
decompression according to Haldane's principles) and to tunnel workers (the split
shift, shortened decompression time at a uniform rate following the initial drop).
However, there appears to be merit, and this will be discussed later, in halving
the gage rather than the absolute pressure. The tunnel practice permits more
time to be spent in the early stage of decompression when the maximal quantity of
nitrogen is being eliminated from the body, Nevertheless, despite the greatly
curtailed hours of worlk, it was found that tlie 1922 Table did not prevent serious
disability, Thus, Thorne (29) reported 300 cases of decompression gickness
(that occurred) in the Queens-Midtown Tunnel Project (1938). In addition to the
300 cases there were 135 cases of mild pain ('niggles', British) located in the
joints and along the extremities. The pains were transitory and not severe
enough to incapacitate the patient but were aggravated by change in temperature.
Poor local circulation resulting from the fatigue of strenuous physical effort,
and the damp atmosphere of the tunnel environment were considered to be re-
sponsible for these symptoms which, as in England, are not treated by recom-
pression. IF THESE SYMPTOMS ARE DUE TO BUBBLES (PRECURSOR OF
'SILENT' BUBBLES THAT 1 BELIEVE CAN BE PRESENT IN THE ABSENCE OF
SYMPTOMATOLOGY), THEN ONE MUST CONSIDER A POSSIBLE RELATION-
SHIP IN THE DEVELOPMENT OF BONE CHANGES,

Of the 300 cases reported by Thorne, there were 25 cases in which the cen-
tral nervous s,stem was involved: 3 cases of hemiplegia; 2, monoplegia; 2,
nystagmus; 2, diplopia; 5, numbness apd tingling in both legs; 5, motor weak-
ness, both legs; 2, paralysis; 3, sensory and motor paralysis, Urinary and
bowel inconvinence was present in all spinal cord cases {underlined). Recovery
was complete with treatment except in one case of paralysis of both legs. The
patient regained urinary:and bowel control but weakness of both legs persisted,
There were an additional 30 cases of vertigo (the 'staggers'): 6, simple vertigo;
10, vertigo, vomiting, staggering nystagmus; 8, vertigo, nausea, and tinnitus.
There were 15 cases diagnosed as 'chokes'. In all, there was a total of 70 Type
O (Serious) Cases.

New York Table, 1955~1957 Lincoln Tunnel Operation. - - Reference hasg
been made under discussion of Bone Lesions of the steps taken by the New York
State Department of Health and the Port Authority following World War 1I to
revise the 1922 Table with consultation from Van Der Aue, Duffner, and Behnke.

PRESSURE psi HOURS
Maximum Total Maximum/Shift Minimal
Interval
Normal to 22 6 3 21/2
over 22  to 30 4 2 . 31/2
over 30 to35 3 11/2 4
over 35 to40 2 1 41/2
over 40 to45 11/2 3/4 4 3/4
over 45 to 50 1 1/2 8

The decompression time for these short work shifts was allocated in stages
comparable to U.S, Navy practice. Although Kooperstein and Schuman, as dis-
cussed earlier, reported only 44 cases of decompression sickness out of 138, 034
decompressions (3. 18 cases/10, 000), it is not possible to state with complete as-
surance that there were no bone lesions connected with this specific operation.

The anamnestic injuries of the past were brought to light by X-rays which revealed



de facto hone changes in workers with long expericnce in compressed air bul WHO
HAD NO RADIOGRAMS AS PART OF THEIR PHYSICAL EXAMINATION FOR EM~
PLOYMENT IN THE LINCOLN TUNNEL OPERATION,

WASHINGTON STATE TABLES, 1963

In 1961, Dr. J. Le¢on Sealey.‘I Medical Consultant to the Municipality of Metro-
politan Seattle and Metropolitan Engineers, organized a committee to formulate de-
compression tables regulating work in compressed air in connection with the major
sewage tunnel project through Seattle and environs. The additional medical consult-
ants included Drs. Patterson and Robinson of Vancouver, Dr. Frederick of Detroit,
Captain Duffner and this author. The objective was to develop decompression tables
based on two concepts, 1) a single daily work shift with stage decompression in ac-
cord with U. 8. Navy experience, and 2) a potential 8-hour work day in compressed
ajr apportioned between work at tunnel pressure and the decompression time re-
quired. For example, a 6-howr shift at 22 psi requires 103 minutes for decompress-
ion; total time under pressure, 7 hours and 43 minutes, A 5-hour shift at 32 psi re-
quires 178 minates decompression; total time under pressure, 7 hours and 58 min-
utes. The extended period of time allotted for decompression for the usual range of
tunnel pressures (0 psi to 33 psi) is more than twice the time allotted for the same
work shifts in England, and even exceeds the decompression given in U.S. Navy
Diving Tahles. A comparison of decompression time for pressures in the range of
22 to 49 psi is shown in Table 6 . Noteworthy is the fact that total decompression
time for two split shifts according to the conservative U, 8. Navy Tables for re-
petitive dives, is less than that for the single shift as stipulated in the State of
Washington Tables.

This innovation in tunnel decompression practice has been employved through-
out the Seattle project which was completed in the early part of 1966. There have
been 207 cases of bends in approximately 30, 000 decompressions above 14 psi.
The incidence of Bends as stated numerically has not been appreciably reduced
compared with tunnel operations since 1945 both in England and the United States.
However, in Seattle, all cases including '‘niggles® (British terminclogy for minor
symptoms} which in other operations evade or escape treatment, were accorded
recompression.

The major accomplishment of the single shift-prolonged decompression sched-
ule is the absence to date (May 1967} of disabling bone changes. Additional time
will be required (to 1968-1970 or longer) to rule out absence of bone pathology
atiributable to decompression following work in compressed air, but the outlook
is favorable.

The State of Washington Tables formulated mainly by Captain Duffner, have
been adopted by Michigan, New York. and California to regulate decompression
practice. A criticism this author would apply is that decompression time is spent
for the most part at low pressures following a rapid decrease to the first stop.
More time, e.g., 15 to 20 minutes could be taken in a relatively slow ascent to
the first stop in order that nitrogen in the rapidly desaturating tissues is elimin-
ated, hopefully without bubble formation. The physiclogic basis for decompression
will be discussed in the following paragraphs.
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New Approaches to
Medical Aspects

of Work in
Compressed Air

ALBERT R. BEHNKE, CAPT. MC, USN (RETJ

he Bay Area Rapid Transit (BART) project is

_ the first large scale, compressed-air tunnel
operation in-California and the largest industrial
enterprise undertaken in the Bay Arca, The objective
is to provide automated rail service over 75 miles of
duo-rail tracks. The special problem is the pressurized
construction of six miles of underground tunnels.
A noteworthy feature of the entire operation is the

BPr. Befinke is Medical Consultont, Trunsit Insuraince
Administrators, and Clinical Professor of Epidemiology
and Imternational Health, Unicersity of Califoriia, San
Francisco, Calif, '

Also pr('sef'ued in part at the 53rd Annual Meeting of the
Indusirial Medical Association, San Francisco, Calif.,
April 22-25, 1968. The author is solely responsible Jor the
statements in this paper.

Journal of Qecupational Medicine

non-pressurized laying of the Trans-Bay tube in
which scctions of tunnel, cach weighing 10,000 tons,
are’ lowered into a man-made trench across the
buttom of San Francisco Bay with the help of divers.
Pressurized tunncl work, contrary to the usval
location under a water bed, is essentially in progress
in the Bay Area under busy, commercial thorough-
fares.

There are multiple sites of pressurized operation
which involve many contractors. It is anticipated
that work in the different tunnels will be continuous
throughout a 24-hour period, and will engage the
services of about 600 workers apportioned to six
different tunnels in widely separated areas. In view of
the need for specialized knowledpe concerning
deconmpression problems, and the requirement for
heavy cquipment in recompression therapy, it was
essential to provide the various contractors with an
over-all, unified medical service. The features of this
service included a comprehensive physical examina-
tion in accord with newly formulated State regula-
tions governing work in compressed air, facilities for

Tecompression therapy and first-aid treatment and

disposition of cases of industrial illness and injury.
In order to implement these services BART selected
Transit Insurance Administrators (T1A), staffed with
a highly qualified safety supervisor "and other per-
sonnel, to deal with problems of medical service and
accident control. In addition the services of the chief
engineer of the National Surety Corporation were
made available 10 TIA for full-time, on-site safety
engineering.

Medical Monitoring of an Industrial Operation

The BART project may be characterized as a huge,
multifaceted task force operation (in military
terminology) which has been superimposed upon the
normal daily activities of several communities. In
contrast to military planning, however, one cannot
draft medical personnel who are able to devote
full time to such project with single-minded purpose.
A competent industrial clinic can be selected to
provide medical and- definitive surgical services of
high order, but these services require a temporary
staff of additional contract doctors not necessarily
qualificd or motivated to deal with industrial
problems.

Initially, it was an objcctive to monitor activities of
workmen as we did those of military personnel.
During the rescue operations, for example, at’ the
time of the sinking of the U.S.S. Squalus and
subsequently during the .extensive salvage work
conducted over a period of three and one-half
months, there was not a single day of lost time due to
injury.! During one phase of the salvage efforts,
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heavy chains {each link weighing 50 tb.) were reeved
under the sunken submarine, despite the rell and
pitch of the salvage ship. Contributing to safety was
the exceptional fitness of the divers who had pre-
viously been “conditioned” by daily exercise in which
baseball was substituted for the customary noon
meal. Specific safety measures consisted of rehearsals
of each underwater maneuver so that a given diver
became proficient in the specific task which he
subsequently performed underwater. Further, there
was no pressure applied to the divers to accelerate
their work tate above optimal efficiency. Finally,
a quantitative assessment of physical condition was
provided by periodic recording of the pulse rate of
each diver in response to a standard step test exer-
cise.

In pressurized tunnel work, lack of communication
between doctor and worker precludes systematic
on-job surveys, or regular examination of limited
numbers of men prior to or following a workshift.
There are however, competent safety engineers who
conduct the type of on-site survecillance which is
routine for a military doctor, notably in submarine
and aviation services. Hence, the role of the contract
physician tends to be relegated to the dispensary
where he “treats™ rather tham “‘prevents” such
nialadies of patients who are adversely aflected by
heat and humidity, or who incur chemical burns in
the handling of grout. It is certain that a number of
impediments must be overcome in order to realize
the potential of a new approach to an industrial
operation, patterned after the rewarding type of
medical supervision accorded aviation and submarine
service men.

Ratjonale Underlying Certain Features of the Physical
Examination

GENERAL COMMENTS: Tunnel workers may
be divided into miners who engage in manual labor
during shifts of specified duration, supervisory
personnel, and those with speciat skills who are
usually non-shift employecs. The miners comprise
men who, from history and physical examination,
are fit to engage in strenuous labor daily in com-
pressed air. Since manual laborers are always avail-
able, there is no difficuity in enforcing stringent
criteria with reference to age and weight, and freedom
from pulmonary pathology, designed to protect them
against decompression sickness and zercembolism,
The difficult problem is the disposition of supcrvisors
over the age of 40. These experienced men, par-
ticularly those who are knowledgeable in pressurized
tunnel construction, are in short supply. The demand
for their services is insistent. However, many of
these men harbor the usual physical impediments

260

of an older age group which in younger, robust
years was prodigal with respect to health mattess. If
their sojourn in compressed air was extensive, there
is high likelihood of aseptic bone necrosis in the
medullary shafts of long bones-as well as occasional
juxta-articular involvement of the heads of humerus
and femur. Further, these lesions may be produced by
fat emboli emanating from fatty livers associated
with chronic alcoholism. Qbstructive pulmonary
discase, especially when cysts are present, renders the
older supervisors susceptible to aeroembolism. The
predominating physical impediments, mitigating
against work in compressed air, are associated with
age and obesity. It is worthwhile, therefore, to clarify
these factors in relation to decompression sickness.

ROLE OF AGE AND WEIGHT IN PREDIS-
POSING TO DECOMPRESSION SICKNESS:
Quantitative evaluation of these variables stems from
a stimulating analysis of Gray? which embraced
thousands of simulated altitude decompressions in
low pressute chambers during World War 11, and
involved Air Force Trainees in the age range of 18 to
28 years. The particular value of the altitude decom-
pression for our purpose, is that the tissues of the
body are in equilibrivm with ambient nitrogen at the
time that pressure is reduced. Hence, body fat is
“saturated.” The limitation of the data is that the
results apply primarily to groups and not individuals.
Nevertheless, the group information is uneguivocal.
With respect to age, there was an increase in Relative
Susceptibility (R.S.) cxpressed by the regression
relationship, R.8. = 10.8 {age) -— 145. This formula-
tion reveals that R.S. increases by 10.8 percentage
points for each year increase in age in the range of 18.
to 28 years. Absolute susceptibility of any age group
can then be approximated by reference to the in-
cidence of decompression sickness for the 23-year
old group. Thus, if a particular flight yiclds an abso-
lute susceptibility of 5077 in the 23 year-old subjects,
the absolute susceptibility in the 18 year-olds should
be approximately 235, and in the 28 year-olds,
approximately 779,

In regard to overweight, a simple index of weight
(Ib.) divided by height (in.), designated Jinear
density, showed a high correlation (0.91) with Rela-
tive Susceptibility, and R.S. = 12.2 (linear density)
~ 177, This formulation states that R.S. increases
by 12.2 percentage points for each increase in linear
density of 9.1 unit. If a linear density of 2.3 is taken
as the reference index (e.g., weight, 159 ]b.; height,
69 in.), and the absolute susceptibility to decompres-
sion sickness of the group with this index is 509,
then a group with an index of 2.8 (e.g., weight, 193
Ib.; height, 69 in.) will have an absolute susceptibility
of about 80%.

May 1969 Volume 11 No. §
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Body fut: Fat with an oil/water solubility ratio for
nitrogen of 5.2 to 1, serves as a reservoir for storage of
molecular nitrogen absorbed during compression. A
man whose body weight comprises 305, fat (66 tb.)
will have 2,000 ml wmore nitrogen in his body fat
Wier saturation at 3 Atm (29.4 psi, gage pressure)
than a lean man (154 1b.) whose weight consists of
ten’ percent fat (22 ib.). This diffcrence in nitrogen
storage capacity would exclude all obese .men from
wark in compressed air were it pot for the fact that at
29.4 psi, work time in the United States is restricted to
about four hours. The excess fat {above ten per cent
of body weighty is, therefore, only partially saturated
(about 37%,) with nitrogen. In the lean man (ten

per cent ﬁt), body fat is 750} saturated at the end of -

four hours, i.e., four hours represents two time units
(T.U.) on an exponcmiul uptake curve where 1 T.U.
represents 50%% saturation at the end of two hours,
and 6 T.U. represents 98.4%, saturation at the end
of twelve houts.

In the corpulent man (30%, fat), the half-time

(= 1 T.U.) required will be six hours (i'e., three timcs
longer than the two-hour half time required by the
lean man). At the end of four hours, the fat of the
corpulent- man will be 37%, saturated (4/6ths T.U.).
Even with an increase of blood supply of 507 to
adipose tissue, the fat in the corpulent man will not
be more than 507 saturated at the end of four hours.

Reduction of work time in compressed air greatly

decreases the risk of decomipression sickness which.

otherwise would be formidable for the obese muan.
It is of interest that work hours in the United Statcs
are reduced in relation to pressure (psi}; (22.2,
six hr.; 26.7, four hr.; 31.2, three hr.; 35.6, 2.5 hrs;
and 40, two hr.), such that the excess pressure of
nitrogen in the 120-minute half-time tissue does not
exceed 16.5 psi at the various pressure levels.

Body Weight: Accordmg to current height-weight
standards derived from insurance data, a large part
of the working population, and many of the super-
visors, could be physically disqualified as “over-
weight.”” Tt was necessary, therefore, to develop
criteria as to what constitutes overweight, particularly
in older men, who, in addition to obvious, excess fat,
are often muscular and fall into the “large frame”
category. Our investigations over a number of years
have shown thut relative weights can be computed
from body girths and stature for different regions of
the body. Thus, trunk (fat) girths may be compared
with those of the refatively lean extremities. The trurk
girths (A’) selected are the average of two abdominal
perimeters (at the waistline and at the level of the
iliac crests and omphalion} and the hip girth around
the maximal protrusion of the buttocks. The ex-
tremity girths (B') comprise those of the flexed

Journal of Occupational Medicine

\

Befnke

biceps, maximal forearm (extended) and calf, minimal
wrist and ankle, and the knee at mid-patellar fevel,
The contralateral diménsions of the upper and lower
extremitics are averaged. In lean men, B’ is equal to
or cxcecds A'; in fat men, the excess of A’ over B
is a nuinerical assessment of overweight attributable
to fat.

In Table I, the sum of the extremity girths (B’) is
tabulated for each inch of stature. The percentage
variation of B’ for 1, 2, and 3, respectively, is 5, 10,
and 15%%. and for the projected weights calculated
from B" and stature, 10.3, 21, and 32.2%% from the
mean, respectively. The column of mean weights
representative of American males in the age group,
20 to 25 years, has been calculated from 0.1166 h'-?
where h is stalure in inches, Close approximation of
these mean weights is also derived from the rounded
B' values substituted in the equation, Mean W
(ib.) = (B’/55.5)2 X h-7 X 0.843, where hisin inches.
Relative weights from trunk girths (A’) may be
computed in a similar manner by substitution of A’
for B’ in the equation.

An examinee is not “overweight™ if B weight is
cqual to or exceeds A" weight, or body weight. A
football player, for example, six feet tall, may weigh
between 203 and 222 lb. and.not be overweight in
regard to excess fat. The B’ weights provide a far
more realistic estimate of appropriate weight for big
men, than insurance weights raised to an arbitrary
vpper Jimit of 209, above average for age and stature
(Table 1). Such upper limit will usuvally not exclude
muscular men, but, in the absence of B’ measure-
ments, the amount of excess fat is indeterminate and
may be too generous.

If the examinee is obese, then further diagnostic
tests are in order to assess carbohydrate tolerance,
and serum insulin and triglyceride levels. In contrast
to an earlier era, it is now possible to diagnose and
control derangements of intermediary metabolism
associated with adult obesity. The workman should
have the benefit from current dynamic advances
which lead to control of angiopathy and coronary
heart disease.

Patency of Auditory Tubes.and Auditory Acuity

Puring compression it is necessary to resort to
voluntary procedures such as the Valsalva mancuver,
swallowing, yawning, and thrusting the jaw forward
in the effort to cqualize pressure on both sides of the
tympanic membrane. During the past 35 years, about
150,000 compressions to 50 psi have been applied to
American submarine personnel in connection with
submarine escape training. Five to 25%, or more,
of trainees at any given time have been unable to
accommodate readily to excess pressure, chicfly
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TABLE |

PROJECTED NORMAL WEIGHTS DERIVED FROM EXTREMITY GIRTHS AND STATURE FOR
LARGE ADULT MALES COMPARED WITH ARBITRARY WEIGHTS WHICH ARE 20% HIGHER
THAN AVERAGE WEIGHT FOR STATURE ACCORDING TO EQUITABLE ASSURANCE TABLES,

1940

Multiples of S.D. Mean

% Deviation irom Mean

1

2 3 weights Calculated
as 1,2 »} AvgWeight

for Age and Stature

Extremity Girths B’ Mean 5 10 15
. X Age Group
Projected Weights* Mean** 103 21 322 years
7 h  MeanB’

Kh? inches ¢m 5 ¥ 043:;
17.91 79 182 186 - 216 237 259
12.76 78 181 192 212 232 254
17.60 n 180 188 07 227 249
17.44 76 179 184 203 223 4y 26 235 240
17.28 75 178 180 199 218 238 221 230 235
17.11 74 176 176 199 213 213 216 226 230
16,95 73 175 172 190 208 227 210 226 2%
16.78 72 174 168 189 203 22 04 214 220
16.62 71 173 164 181 198 217 158 208 214
16.46 70 172 160 177 194 212 192 202 208
16.29 69 170 156 172 189 206 187 19% 202
16.13 68 168 152 168 184 201 182 191 197
15.96 67 168 148 183 119 19 178 186 192
15.81 66 167 145 160 175 1R 73 181 187
15.62 65, 165 141 156 171 186 158 176 192
15.46 &4 164 137 151 166 181 %4 172 178

"

because of infection of the upper part of the respira-
tory tract. In a specific study,* 156 men (or 36.29;
of 432 men developed some degree of aerotitis media.
Post-pressure . audiograms showed no significant
shift below 2,000 cps. but there was a significant
depression of acuity at 3,000, 4,000, 6,000 and 8,000
cps. All examinces regained baseline values as scen
in the 14 to 20 day post-pressure audiogram.

It is a remarkable fact that repeated barotrauma
produces so little disturbance of hearing in the
speaking range, although some permanent-restduum
cannot be excluded with certainty. Divers as a group
sustain hearing loss in the high cps range but the
role of excessive noise constitutes a known cause for
.this type of impairment. The rarity or absence of
proved deafness due to barotrauma stands in con-
trast to loss of hearing preduced by gunfire.

Uppet respiratory and nasal allergies predispose to
aerotitis. Despite precautions an appreciable number
of workers will require decongestants to reduce
turgescence of the mucosa. It is important that
decongestant drugs have no side-effects which impair
ability to perform dexterous and heavy work in a
hot atmosphere.

Pulmonary Pathology

Some of the most serious instances associated
with work in compressed air have asisen from pul-
monary embolism secondiry to pulmonary pathol-
ogy. Congenital cysts, scar tissue vessicles, and

262

*MEAN WEIGHTS (ths) = (8°/55.5)* X h'? X 0.843, Kstatire, inches) k = 0.843
“ " = 01166 AT, b in inches

emphysematous bullae may function as atr-entrapped
sacs. Pneumothorax may be a complication. In the
screening of examinces, it is important to detect
obstructive lung disease early. Individuals may be
surprisingly free of symptoms until the disease pro-
«vss has advanced well beyond dangerous limits.
Wilson® considers that the stethoscope is neither an
accurate nor an efficient instrument except to detect
all but the grossest changes. For the routine examina-
tion it is essential to have a spirogram and a measure-
ment of peak expiratory velocity or equivalent
quantitative tests of pulmonary function,

Radiographic Survey of Long Bones

Early lesions indicative of aseptic bone necrosis
are diflicult to detect, Careful positioning is required
to reveal critical arcas in the head of the humerus
and/or femur which give rise to crippling deformity.
At Transit Medical Center, it has been possible to
develop a positioning technique which climinates or
minimizes overlapping of the acromion and con-
flicting shadows of the rims of glenoid and acctabular
cavities, Anterior-Posterior (AP) radiographs are
taken of cach head of the humerus and proximal
shuft, and of each femoral head and proximal shaft of
the femur. Anterior-Posterior and lateral radio-
graphs are taken of each knee including the distal
femur from its midpeint to the midpoint of the
proximal tibia and fibula (See Operative Technique
chart).

May 1969 Volume 11 No. 5
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OPERATIVE TECHNIQUE CHART - -

Equipment: )
- Xeray 300 M.A. 150 KV

125 KV Generator

12:1 Ratio, 80 Line Grid

Hi-speed Screens

Tube: Dynamax ‘40" or 46"

1.2 mm focal Spot

RPS 54 Eastman X-ray Film
90 Sec. Profex-ray Automatic Film Processor

KV relative to Body

MA Time Distance Size
sec inches ' Bucky Small Medium Large
Shoulder (A.P.) 100 1715 40 yes %0 100 110
‘Hip (AP) 100 1720 40 yes %0 100 110
Knee (AP & :
Lateral) 100 40 yes 990 100 110

1/3

Other Tests

Eguilibriunt:  Disturbances of equilibrium  are
frequently observed in decompression sickness, Two
equilibrium tests based on the extensive expericnce of
Graybiel and Fregleys with aviators, possesscd high
validity and were easy to administer- and seore. In
the sharpened Romberg, the subject assiimes a
standard position upright with arms folded against
the chest, He then aligns his feet (shoes on) heel-to-
toe and; with eyes closed, he strives to- maintain
equilibrium for a period of 60 seconds. In the sccond
test (SOLEQ), the subject assumes standard position
and, standing on one foot, he closes his eyes and
strives to maintain equilibrium for 30 seconds.

Cardiovasculur Response to Step Test Exercise: The
height of the platform is 16 inches. The examinee,
holding a ten pound barbell in cach hand steps up
and down bringing both feet to the floor after each
step-up. Six step-ups are performed in 30 seconds.
Pulse rate is counted 5-20 seconds atithe termination
“of the 30-second bouit of exercise. Sudcessive bouts of
exercise can be performed with "30-sccond  rest
intervals, or the exercise can be continuous until
terminated by fatigue. We routinely use this type of
test in the Navy to obtain standard scores daily on
divers in lieu of repcated physical examinations.
Pulse rates which deviate more than 2-sigma from the
mean score for a particular individual, or gross
disturbance in neuromuscular coordination, require
physical examination by the doctor. The feasibility
of the test routine for tunnel workers has not been
established. '

Decompression Sickness

Etiology: Despite the prepondéranée of overt

evidence that intravascular bubbles are the initiating
cause (i.e., bubbles following decompression of -
animals have been observed to circulate in arteries

and veins; complete protection against decompres-
sion sickness is afforded by pre-oxygenation to
effect nitrogen removal from tissues prior to rapid

Journal of Occupational Medicine

altitude ascent), there are complicating factors such
as fat embolization, liberation of protcolytic enzymes,
potassium jons, and peptides. Further changes are
vasoconstriction, loss of circulating plasma, hemo-
concentration, and development of shock. It is more
and more cvident that recompression alone needs to
be supported in the sérious cases by fluid replace-
ment, sedation, and cardiac restorative measures.

Features: The injuries are manifest singly or in
combination with pain (bends), pulmenary symptoms
leading to frank asphyxia {chokes), paralysis, and
chronic bone lesions. Minor effects are a debilitating
fatigue, rash, pruritus, and paresthesias. The mani-
festations of decomipression sickness of the tunnel
waorker, diver, and aviator are similar; the aviator is
seldom afllicted by paralysis but he is more prone
to develop “chokes.” The majority of symptoms arise
within one hour after decompression, followed by an
exponential decline to only an occasional case during
the ensuing 12 to 24 hours,

In Rivera’s” analysis of 935 eascs, the following
percentages apply to the relative incidence of signs
and symptoms: loculized pain (91.8); numbness
{paresthesia) (21); muscular weakness (21); rash and
pruritus {15); temperature changes, nausea, vomiting
(7.9): vertigo (8.5); visual disturbances (6.8); paralysis
(6.1); headache (3.9} loss of consciousness (2.7}
urinary dysfunction (2.5); dyspnca {chokes) 2.0;
fatigue (1.2); convulsions (1.1); and cdema (0.5).

Classification: In the United Kingdom, two types
of -decompression. sickness are recognized: Type I,
simple pain in the region of a joint; and Type 11, all
munifestations of a serious nature. Joint pain, how-
ever, may be preceded or followed by Type Il
symptoms. Thus, transient visua disturbances (scin-
tillating scotomasa} may precede joint pain, or
respiratory difficultics may supervene, as well as
shock, and occasionally paralysis, if **bends™ are
untreated. A better working definition of Type 1
malady is “mild,”” meaning that there is immediate
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response to, and no complications following, recom-
pression. On the other hand, Type 1l is “serious;™
favorable response to recompression is delayed or
uncertain, and there may be residual impairment
despite recompression, fluid administration, and other
supportive measures.

Decompression  Sickness To-date in the BART

Project

Incidence; From November 1967 to July [, 1968,
there have been 35269 man-decomprassions at
pressures between 9 and 16 psi in shifts of six hours
duration, which have been attended by 1§ instances of
decompression sickness invelving 16 men out of a
total complement of 284 workers.

Comments on Cases: The unusual feature of the
representative cases (Table 11) is their occurrence at
unusually, low pressures of 11.5 to 16 psi for work
shifts limited to six hours. Rarely in other projects
is decompression sickness reported below 18 psi.
Possible contributory factors attending iltness follow-
ing exposures at low pressures are dehydration of
workers i a hot atmosphere attending operation of
automated machinery at the face of the tunnel, and
the disruption of circadian rhythms as a result of
continual rotation of work shifts. The diflicult
problem is to explain the isolated occurrence of
illness in the worker exposcd repeatedly to the same
stresses which induce no ill-effects.

Case Reports

Type N, serions, Foreman 183, age 35,
weight {192 1b.), height (70.5 in.). This
worker, one-hour following a six hour shift
at 13.5 psi (2000-0200 hours) developed
dizziness and blurred vision while driving a
“pool™ car enroute home, a distance of 25
ntiles from the tunnel. He did not report
initial symptoms to the Medical Center but
persisted in driving home. Subsequently,
he had headache, developed pains in both
legs; later, he felt nauscated and vomited.
Three hours post-decompression the patient
was unable to walk without wall suppore %5+
skin was mottled, anu .. vas partially
aphasic. Recompression on oxygen (26,7
1o 0 psi) for 3.7 hours was attended by full
recovery.

Three months later this worker complained
of not feeling well; he had transient double
vision, and 2 rash was present over the
dorsal trunk area {Table I1). Symptoms were
relieved by breathing oxygen at normat
pressure, but the patient, nevertheless, was
accorded routine oxygen pressure therapy
(26.7 to 0 psi) for 160 minutes.

Type I, mild, Foreman 131, age 42, weight
(147 Ib.), height (65.8 in.). History: 12 years
intermittent exposure in compressed air

TABLE NI

DECOMPRESSION SICKNESS (D.5.) AT LOW WORKING PRESSURES (PSIy IN RELATION TO SHIFT, DECOMPRESSION TIME
{DC), INTERVAL ELAPSING PRIOR TO RECOMPRESSION (1RC), AND TOTAL RECOMPRESSION TIME (TRT) ON OXYGEN.

Age de IRC TRT
Patient yi Rel. W* psi Shitt min Signs and Symptoms hrs min
Miner 47 91 11.5 0B00-1421 13 Pain, knee and calf 6.5 160
1360
Inspector 45 100 13.0 0200-0800 16 Pain, shoulder 6.5 162
601
g;.ggineer 38 120 13.0 2200-0200 16 Pain, knee 125 159
inspector 44 106 13.0 1400-2000 16 Pain, knee; scotornata 57 153
274
Electrician 36 117 13.0 0800-1220 & Extreme fatigue, unsteady 32 158
724 1330-1300 [ gait, slurred speech,
1430-1700 5 (simulated drunkenness)
gv‘li)net 30 119 13.0 2000-0200 & Pain, knee 5.0 155
L
Mole Operator 25 122 13.0 0250-0505 15 Fatigue, prusitus, erythema, 313 166
596 0520-0800m & tenderness, axillary area
Foreman 35 113 135 2000-0200 6 Dizziness, blurred vision, 3.7 229
183 headache, nausea, vomiting,
aphasia, unsteady gait
Second Attack 14.0 0200-