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FOREWORD

It is the responsibility of the National Institute for Occupational Safety and Health (NIOSH)
to help assure that every person in the nation has safe and healthful working conditions. To accom-
plish this end, the Institute engages in research on occupational safety and health problems includ-
ing evaluation of hazards and toxicity determinations.

One of the many hazards considered for investigation by the Institute is barotrauma, a stress
induced in workers subject to large changes in atmospheric pressure, such as those encountered in
deep-sea diving. Thus we were pleased to sponsor the Symposium on Dysbaric Osteonecrosis which
brought together individuals interested in this bone disease, including its medical, legal, and economic
aspects.

This volume contains the edited proceedings of the Symposium. This is the only known source
book on the subject of osteonecrosis. We hope that it will provide the basis for further research.

Edward J. Baier
Acting Director, NIOSH
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PREFACE

The Industrial Revolution not only increased
man’s creature comforts, but also his liability to
industrial diseases. One such disease is osteo-
necrosis related to decompression sickness, or
dysbarism.

Osteonecrosis has long been recognized as
secondary to other disease processes — e.g.,
sickle-cell anemia or fracture of the neck of the
femur. But it was only when man began ex-
posing himself to large changes in ambient
pressure, such as in flying, diving, and working in
a caisson, that he learned about decompression
sickness. Even more recently he learned that
osteonecrosis is one aspect of this perplexing
disease of dysbarism. Osteonecrosis thus caused
may be considered a chronic form of the disease;
it may be debilitating and invaliding as well.
This disease is therefore of vital concern when-
ever man must breathe compressed air in the
course of building bridges or tunnels, or when
he dives deep into the sea to harvest its resources.

The term osteonecrosis is, in the opinion of
the Chairmen of this Symposium, currently the
most widely accepted and the least ambiguous
term available to describe the disease. It has
also been known by a wide variety of other
names — e.g., aseptic, avascular, and ischemic
necrosis of bone. The term dysbaric osteone-
crosis identifies the particular disease process
found in otherwise healthy laborers who work in
compressed air. It is found as well in aviators
and in divers who breathe air, oxygen-helium,
or other gases under water. Dysbaric distin-
guishes the condition from the radiologically and
histologically similar one found in persons known
to be suffering from various chronic illnesses and
from the relatively rare so-called idiopathic form
of osteonecrosis. Further, the term is chosen
carefully so that both hypobaric and hyperbaric

workers may be included. This usage precludes
scientific prejudgment regarding whether the
etiological factors are associated with compres-
sion, exposure, decompression, or any other fea-
tures unique to these occupations.

This Symposium sets out to define for the
National Institute for Occupational Safety and
Health the epidemiology of the type of osteo-
necrosis that develops under conditions of hy-
perbaric exposure. The disease is commonly
described in terms of abnormalities revealed
radiologically, either an increase or decrease in
bone density. But a roentgenogram does not
describe the disease process in pathologic termi-
nology. A further purpose of this Symposium,
then, is to detail the relationship between dys-
barism and osteonecrosis, the disease process,
and its etiology (at least the theories concerning
the cause of osteonecrosis).

The prevention of osteonecrosis is, quite natur-
ally, the most important subject of the Sym-
posium. One can hardly recommend that there
be no more diving, although those who are
never exposed to hyperbaric or reduced pres-
sure do not develop dysbarism-related osteo-
necrosis. Since no consensus exists on the
subjects of etiology, prevention, exacerbating
conditions, or management of the disease, once
it occurs, it becomes obvious that additional
research must be conducted to answer these
crucial questions.

It is the belief of the Chairmen that this, the
proceedings of the first symposium on the sub-
ject, will prove to be of value for several years
to come for both the participants and those who
were unable to attend.

Edward L. Beckman
David H. Elliott
Symposium Chairmen
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PART I

OSTEONECROSIS IN COMPRESSED-AIR WORKERS,
DIVERS, AND AVIATORS
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TuUuNNEL AND CarssoN WORKERS

40

: WITHOUT BONE LESIONS
_ WITH BONE LESIONS =
30
NUMBER
OF 204
MEN
10~
0 T T ol T T 1] -
NUMRER OF <300 301 601 90) <300 301 6HOY 9.01 <300 3p1 601 901 <300 3!:?1 601 ‘1(|)1
— ] 1
DECOMPRESSIONS 600 9001200 600 9001200 600 700 1200 600 900 200
MAXTIMUM 18 30 34
PRESSURE lbs/sq.in. lbs/sq.in. lbs/sq.in. lbs/sq.in.

Fic. 1. Comparison of men with and without bone lesions according to maximum pressure experienced at
a tunnel contract and number of shifts worked.

Table 11I. ComparisoN orF U.S. ano UK,
DecompressioN Procepures Usep v CrviL

ENGINEERING
Total
Pres- Shift decom-
sure length pression
(psig) (hr) time
(min)
Great Britain
1958 Regulations 24 5 37
Blackpool Trial
Tables 24 5 94
United States of America
Washington, D.C.,
Tables, 1966 24 5 117
Seattle, Washington,
Tables 25 6 125

differences underline the need for reliable indices
by which the success or inadequacies of decom-
pression tables can be judged. As part of our
response to this situation we have established,
with Medical Research Council help, a Registry
in Newcastle upon Tyne. This Registry contains
information on the health and compressed-air
experience of almost 10,000 workers, including
some 1700 bone radiographs. The Registry will
be described in more detail later. More informa-
tion is still required on the very large number of
men who have at some time or other worked in
compressed air and on whom we have no data.
It appears that the more one looks for bone
lesions the more one finds. We hope to go on
looking.



R. I. McCALLuM
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INCIDENCE OF OSTEONECROSIS IN ROYAL NAVAL DIVERS

Bone necrosis in a diver was first reported by
Grutzmacher in 1941. That report was similar to
the first reports of bone necrosis in the com-
pressed-air industry because it was concerned
primarily with a complaint of pain in a joint.
It was not until 1952 that surveys were con-
ducted to determine the extent of the problem
in the diving population.

Table I (Elliott and Harrison, 1970) sum-
marizes the incidence of osteonecrosis according
to the literature available in 1969. Although
differences in diagnostic standards and sampling
methods invalidate true comparisons of the sev-
eral investigations, the ratio of shoulder to femor-
al-head lesions of about 3:1 is consistent, and is
an inversion of the ratio found in alcoholics.

The osteonecrosis survey of divers in the
Royal Navy has been reported elsewhere (Elliott
and Harrison, 1970; Elliott, 1971; Harrison,
1971). Within a total sample of 383 men, there
was an 8% incidence in the 149 men aged 30 or

Davip H. ELLiOoTT

over. No positive cases were diagnosed in men
under the age of 30,

In the study by Ohta (personal communica-
tion; Ohta and Shigeto, 1969) a 15% incidence
was found in the group aged 16 to 19 years, and
a 769 incidence among those over 40 years of
age. These findings do not necessarily mean that
bone necrosis is age-related, for it may be a func-
tion of decompression or diving experience,

In the group of British naval divers aged 30
or over for whom there was an adequate diving
history, it was possible to find some interesting
associations. Of the 97 men in this age group who
had never had any therapeutic recompression,
there were 4 cases of osteonecrosis. But among
the 44 men who had at some time been recom-
pressed, there were 9 cases — a statistically sig-
nificant difference.

Etiological factors cannot be subdivided be-
cause the men who had dived on oxygen-helium
were also the ones who had suffered decompres-

Table I. EarLier OSTEONECROSIS SURVEYS OF DivErs*

Number of divers

Di\'er:d Diwilrs :/o with lesions
¢ it s
Z N i
Herget (1948a, b) 47 13 36 13 1 -
(1952) 90 29 32 — — —_
(including
1948 results)
Slﬁrdahl (1953) 13 3 23 3 1 —
Alnor (1963) 65 43 — 39 12 >1
(for 10 years)
131 72 55 — — —_
(total)
Kiryakov (1964) 29 19 65 12 7 —_
Ohta (1969) 301 152 50 92 58 81
Totals 564 275 49 — — —

*From Elliott and Harrison, 1970




8

sion sickness. Among the 57 divers over the age
of 30 who had adhered to the Royal Navy de-
compression tables, there was only one case of
osteonecrosis. In contrast, there were 12 cases
among the 84 men who had undertaken experi-
mental diving. In other subcategories, the highest
incidence, 289, was among those who had suf-
fered decompression sickness from oxygen-helium

D. H. Evruiorr/DiscussioN 1

diving. Further figures are given elsewhere (El-
liott, 1971).

A control group of subjects was also examined
(Harrison, 1971). Among nearly 100 men with
a similar naval background but with no exposure
to hyperbaric or hypobaric environments, there
was a zero incidence of osteonecrosis.
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Ohta, Y., and Shigeto, 0.94:{ 1969]. Working conditions of professional divers at the

Arjake Bay. Unpublish
Slgrdahl, J. (1953).
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Aseptic necrosis of bone in caisson disease. Tidsskr.

Norske

DISCUSSION 1

Dr. PECK: The experience that we have had in the U.S. Navy is not
nearly as well laced with history as is the Royal Navy’s. A series of random
X-rays was gathered, covering a period of about three years. They were not
taken specifically to uncover osteonecrosis. They encompassed most of the
SeaLab divers, the Tektite divers, and other Navy air and helium divers.
Among approximately 218 cases reviewed by the Armed Forces Institute of
Pathology, only four are definitely positive for aseptic necrosis.




SAMPLE SURVEY OF OSTEONECROSIS
IN GULF OF MEXICO COMMERCIAL DIVERS

This report concerns the results of a roentgeno-
graphic bone survey for osteonecrosis recently
conducted among a small group of commercial
hard-hat Gulf Coast (of Mexico) divers.

METHOD

All divers in the survey were referred to the
Department of Radiology, University of Texas
Medical Branch, Galveston. Thirty commercial
divers, ranging in age between 24 and 53 years,
were surveyed during a six-month period. The
following roentgenograms were made of all the
subjects: 1) anteroposterior (A-P) projections of
each shoulder on 10 x 12 films with the patient
rotated 45° to the table, permitting the shoulder
to be in contact with the table top; 2) A-P 10x12
projections of each hip; and 3) A-P and lateral
projections of each knee, including the distal two-
thirds of the thigh and the proximal one-third of
the legs on separate 7 x 17 films. A Bucky grid
was used in the exposure of all films (Elliott and
Harrison, 1970).

ROENTGENOGRAPHIC FINDINGS

The classification and terminology formulated
by the British Medical Research Council’s De-
compression Sickness Panel (1970) were used as
diagnostic parameters:

Juxta-articular Lesions

Al Dense areas, with intact articular cortex
A2 Spherical segmental opacities
A3 Linear opacity
A4 Structural failure
a. Translucent subcortical band
b. Collapse of articular cortex
c. Sequestration of cortex

A5 Secondary degenerative arthritis

CHARLES J. FAGAN
Epwarp L. BECKMAN
with JoHN B. GALLETTI, JR.

Medullary Lesions of the Head, Neck, and Shaft
Bl Dense areas (not bone islands)
B2 Irregular calcified areas
B3 Translucent areas and cysts
B4 Cortical thickening

In an attempt to be completely objective about
the reading of the films, the surveys were inter-
preted without the benefit of any medical history
— specifically, the individual diver’s work experi-
ence and whether there were current or previous
symptoms of bone necrosis were not known. It
was anticipated that osteonecrosis in divers would
present the same clinical findings seen in a non-
diving patient population afflicted with osteone-
crosis incident to other systemic illnesses
(Edeiken et al., 1967; Jaffe, 1969). It soon became
obvious that this assumption was not always jus-
tified, that the lesions of osteonecrosis in divers
are often quite subtle and not readily apparent.
For when the survey material was reviewed again,
lesions of osteonecrosis overlooked in the initial
reading were discovered. Of the 30 divers sur-
veyed, 8 had objective evidence of osteonecrosis.
There was a total of 31 lesions — 22 (71%) in
the shoulders, 6 (19%) in the knees, and only 3
(10%) in the hips. Twelve (40%) of the 31
areas of osteonecrosis were located in the signifi-
cant juxta-articular regions of the involved bone.
See Fig. 1 for a summary of these findings, in
which the numbers in parentheses refer to med-
ullary lesions.

The results of this survey are compared in
Table I with those of other osteonecrosis surveys.
Of note is the percentage yield in the present
study: It is roughly the same as that in the ma-
jority of similar studies conducted in the past.
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Fic. 1. Distribution of 31 bone lesions in sample
survey of Gulf of Mexico divers. Of 30 divers sur-
veyed, 8 had positive diagnoses of osteonecrosis.
Numbers in parentheses refer to medullary lesions.
Table I. INCIDENCE OF BONE LESIONS IN
SEVERAL SURVEYS OF Divers*

Divers A

Surveys Divers ..o} lesions incidence
Herget 47 13 34
Herget 20 29 32
Slgrdahl 13 3 23
Alnor 131 72 55
Ohta 301 152 50
Royal Navy 250 13 6
Gulf Divers 30 8 27

*After Elliott and Harrison, 1970 and 1971

In the interest of conserving space, only certain
of the lesions disclosed in the present survey are
illustrated (see Fig. 2 and 3). They have been
selected as examples of subtle, moderate, and
gross osteonecrotic involvement.

A CASE HISTORY FROM THE MBI SURVEY

The progression of osteonecrosis over a period
of 14 years in one diver evaluated in this study

is shown in Fig. 4 through 6, in the following
section.

Personal Account of a Diver with Osteonecrosis

The following account of the diving and

medical history of John B. Galletti illus-

trates the progression of dysbarism-related
osteonecrosis. Written in the first person,

the account refers to Case #3 (Fig. 4-6).

I have been diving approximately 30 years and
have been active in the commercial field for about
22 years. I first became interested in diving in
about 1941 and did some shallow-water diving,
down to 10 or 12 ft, before entering the Seabees,
a branch of the U.S. Navy. In the Seabees I dove
on a volunteer basis, using conventional or con-
verted gas masks and whatever other diving gear
was available. I worked at depths ranging usually
from 20 to 50 ft. We were always under the
supervision of a U.S. Navy diver, First Class, and
used air decompression tables.

After my discharge in 1946, I did various types
of construction work until 1949, when I decided
to go to diving school and make a career for my-
self as a commercial diver. After completing a
course in California, I worked in diving for two
years on the West Coast. The jobs were usually
at depths of 225 to 250 ft, on air. My deepest
dive at that time was to 285 ft, also on air.

In 1951 I returned to Galveston and started
my own business, serving the Gulf Coast and any
other area where diving was needed. Most of my
work was salvage and repair in shallow water,
down to approximately 40 ft. During this time I
assisted in setting up one of the first offshore
drilling platforms in the Gulf, in 60 ft of water.
During the next seven years, the diving industry
began to expand and my business continued to
grow. We were diving occasionally to depths as
great as 150 ft, always on air. As more offshore
drilling rigs were installed and the work became
more complex, the need for divers grew. By 1958,
when J & J Marine Diving Company was formed,
we were diving to depths of 170 to 225 ft.

In 1959, I had a bends “hit” in the shoulder.
Decompression chambers were relatively un-
known at that time. We worked constantly at
great depths without chambers; all our decom-
pression was done in the water. I had to sweat
that one out. In 1960 we acquired our first cham-
ber, which was available when I had an attack
of bends in my left knee. It was treated accord-
ing to Table No. 1 of the U.S. Navy diving tables
— apparently successfully. The pain was relieved
at less than 60 ft.
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Fic. 2. Case #1, R.N,, aged 50; 20 years’ diving experience. (a) and (b) Very subtle rarefactions with
surrounding sclerosis in the humeri (arrows), examples of B3 medullary-shaft lesions of osteonecrosis.
(¢) and (d) Dense spherical area (horizontal arrows) in proximal shaft of L tibia. Because of findings
in shoulders, this lesion is believed to be area of osteonecrosis rather than bone island. It represents Bl
medullary-shaft lesion (Kim and Barry, 1964). Old traumatic changes are marked by vertical arrow.

In March of 1961, when I was driving from
Corpus Christi to Pasadena, Texas, I suddenly
became aware of a problem in my left hip. When
I tried to apply my left foot to the clutch pedal,
I realized that I could not raise my leg. In fact,
I had to raise my leg with my hand, place it on
the pedal, and then bear down with my hand on

my knee. There was no pain in my hip joint, only
in my ankle and knee. The pain gradually sub-
sided, but returned later and continued to bother
me occasionally. It had become severe enough
by May that I decided to consult a doctor.

I saw four bone specialists, all of whom agreed
that there was damage to the socket in the hip
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Fic. 3. Case #2, R.L., aged 32; 8 vears’ diving experience. (a) Subtle to moderate areas of osteonecrosis

manifested by sclerosis of humeral head with intact cortex.

(b) Serial tomograms clearly define juxta-

articular snowcap lesions, or Al area of osteonecrosis. This case illustrates value of tomograms in de-
fining extent and magnitude of osteonecrotic involvement.

joint. But each had a different solution to the
problem. The first doctor suggested replacing the
ball-and-socket joint with a steel ball in the soc-
ket. The second doctor suggested that I stay off
my leg for a year and walk with crutches in hopes
of healing it. The third doctor suggested that the
joint be fused.

The fourth doctor told me that the damage was
due to a cyst on the socket and suggested re-
moval of the cyst and a bone graft. This last
diagnosis and solution seemed the most logical,
and I was operated on in August 1961 by an
orthopedic surgeon, Dr. Ainsworth, at John Sealy
Hospital in Galveston. After a period of six
months I returned to diving, starting at depths
of 25 to 30 ft. I continued diving on a full-time
basis to depths as great as 230 ft until about five
years ago, when company responsibilities made
it imperative for me to discontinue diving.

The pain that I experienced before my opera-
tion was always in the ankle and knee, and still is.
Cold damp weather makes them hurt a bit worse,
causing me to limp from time to time.

I can only guess at the total number of dives
that I have made. They were all made on air,
and U.S. Navy decompression procedures were

always followed. Yet I developed bone necrosis.
I was unaware of the problem of bone necrosis
until August 1971, when a doctor from the Ma-
rine Biomedical Institute suggested that I have
X-rays made of the hip. The X-rays were taken
at the University of Texas Medical Branch and
were compared with those taken before surgery
in 1961. It was confirmed by the doctor that I
do have bone necrosis. I did not know that be-
fore; as far as I had known previously, I just had
cysts.

We at J & J are now aware of the problem of
bone necrosis and realize how little is known
about the disease. We are cooperating with the
MBI and the University of Texas Medical Branch
by having all of our divers X-rayed and their div-
ing histories studied so that they might be com-
pared with other divers’ experiences. We hope
that in this way we can be of some help to the
diving industry in preventing future development
of bone necrosis.

SUMMARY

Dysbaric osteonecrosis of bone is not an un-
common disease among Gulf Coast divers. A sam-
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Fic. 4. Case #3, J.B.G,,
manifested by dense are

aged 47; 22 years’ commercial diving experience. (a) dJuxta-articular lesions
as as well as spherical segmental opacities (arrows). There is, in addition, dense
area in humeral shaft. (b) Marked juxta-articular changes (A4 lesion) in contralateral shoulder, includ-
ing collapse of articular cortex. (¢) Normal R hip. (d) By contrast, extensive involvement in L hip,
with extensive structural failure (A4 lesion) and complicating osteoarthritis (A5 lesion
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Fic. 5. Sequence of films demonstrates progression of changes in L hip of Case #3. (a) 1961; (b)
1963; and (c¢) 1972.

Fic. 6. (a) A-P (frontal) film compared with (b) frogleg projection in Case #3. Fracture, manifested
by subcortical translucent band, is evident only on frogleg projection, demonstrating the latter’s value
in revealing changes in articular surface (Martel and Sitterley, 1969).
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ple survey of a small number of commercial divers
yielded a high incidence (279%) of this disorder.
A number of the lesions were significant in that
they were located in the juxta-articular regions
of the involved bones. The shoulders were the
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most common site of involvement. In many cases
the lesions were very subtle. Tomography is a
useful modality to better define the actual area
of involvement.
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DiscussioN 2

Dr. WALDER: We have done a survey of 230 professional civilian divers,
men sent to us by an organization called the Construction Industry Research
and Information Association. They were thus unselected by us. To date we
have found 3 definite and 12 suspect positive lesions in the group.

Dr. ELLIOTT: That low incidence is very encouraging. I think we should
remember that similar results have been reported in other surveys. One I
would like to mention was reported by Graczyk (1970), who examined 67
Polish divers, all of whom had 10 or more years’ diving experience. He
found lesions in only 5 men, a 7% incidence. So there appear to be groups of
divers in whom the incidence is less than that found in the majority of sur-
veys. But the criteria of diagnosis in the Polish survey may not have been the

same as those used by the Medical Research Council or the same as those
used by the German authors.
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SEATTLE TUNNEL FOLLOW-UP REPORT

The Washington State Standards for Work in
Compressed Air were developed in 1962-1963 with
the help of the U.S. Navy, especially that of Al-
bert R. Behnke, Jr., and Gerald J. Dufifner. These
standards are based upon a 120-minute half-sat-
uration time for the slowest tissue compartment.
The tables were first used in Seattle, in late 1964,
in the construction of a major sewer tunnel
known as the Lake City Sewer Tunnel.

The tunnel is 19,000 feet long and took ap-
proximately 150 weeks to construct at pressures
ranging from 13 to 34 psig. The workers’ expo-
sures were as follows:

42 weeks at pressures between 13 and 18 psig;

92 weeks at 18 to 23 psig; and

15 weeks (109 of their work time) at pres-

sures above 23 psig.

These groupings resulted in part from the sim-
ple fact that at pressures lower than 24 psig, the
decompression protocol still permits 6 hours’
working time. At higher pressures, union con-
tractual agreements stipulated a shorter work
shift or, alternatively, overtime pay. A group of
33 men worked 100 to 190 days at pressures of
18 psig, or greater, averaging:

10 days on an 8-hr shift;

Table I.

J. LEON SEALEY

85 days on a 6- to 7.75-hr shift; and

27 days on a 3.5- to 5.75-hr shift.
A group of 40 men worked 200 to 375 days at 18
psig, or greater, averaging:

14 days on an 8-hr shift;

214 days on shifts lasting 6 to 7.75 hr; and

54 days on shifts of 3.5 to 5.75 hr.
A group of 33 men worked 475 to 625 days at 18
psig, or greater, averaging:

9 days on an 8-hr shift;
487 days on a 6- to 7.75-hr shift; and

69 days on shifts lasting 3.5 to 5.75 hr.

Although a few men spent a full 8-hour shift at
pressures of 24 to 32 psig, 90% of the shifts in-
volving 23-psig exposures, or greater, lasted ap-
proximately 4 hours. At pressures of 13 to 23
psig, 959% of the shifts were 6 to 8 hours in length.

These data are summarized in Table 1.

Recompression treatment for simple bends was
used 212 times during the course of construction,
about one-third on standard U.S. Navy air tables
and two-thirds on low-pressure oxygen tables.
There was no instance of dysbarism involving the
central nervous system. To date there have been
no claims of disability arising from these experi-
ences.

Lake Crry SEweR TUNNEL OF SEATTLE, WASHINGTON

Daily Work Shifts, Pressure Exposures, and Number of Days Worked
October 1964-May 1967*

Total Work profiles Average totals
Pressure number 3.5- to 6- to 8-hr
(psig) days 5.75-hr 7.75-hr shift Days Men
worked shifts shifts and longer
18 100 to 190 13.8 days 83 days 9.75 days 100 33
to
23 200 to 375 274 210 13.00 250 40
475 to 625 12.3 483 8.50 504 33
24 100 to 190 13.4 days 2.2 days 0.25 days 16 33
to
32 200 to 375 26.3 3.9 0.50 31 40
475 to 625 56.4 24 0.85 60 33

*Total construction time: 150 weeks
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PRELIMINARY BART TUNNEL RESULTS

The Bay Area Rapid Transit System, known
as BART, was the first significant compressed-air
tunneling operation in California and the largest
civil engineering project ever performed on the
West Coast of the United States. The 75-mile
network includes duo-rail surface tracks, elevated
lines, and subways linking San Francisco to the
East Bay counties across San Francisco Bay and
beneath the Oakland-San Francisco Bay Bridge.
Of 64,576 ft of soft-ground tunneling performed
during this project, 22,600 ft were machine-
shield-driven by men using compressed air under
hazardous soil and obstacle conditions.

Preliminary follow-up studies indicate that
dysbaric osteonecrosis can possibly be prevented
by instituting sophisticated engineering princi-
ples designed to avoid use of compressed air
altogether, or to minimize exposure to pressure.
Also important in the prevention of this disease
in projects such as BART are comprehensive
medical supervision, including thorough preem-
ployment examinations; the use of the Washing-
ton State decompression tables, as incorporated
in the California code (Behnke, 1968); and oxy-
gen decompression in a closed system (Behnke,
1967).

ENGINEERING PRACTICES
IN THE BART PROJECT

The BART project was engineered to avoid
completely the use of compressed-air workers
during construction of the Trans-Bay Tube. Pre-
fabricated 320-ft-long sealed binocularlike tube
sections, weighing 10,000 tons each, were floated
into position. After gravel ballast was added to
overcome buoyancy, each tunnel section was
lowered by four cable falls, suspended from a
twin-hulled placing barge, into a previously
dredged 3.6-mile-long trench extending across
the bottom of San Francisco Bay (Fig. 1). Deep-
sea divers, using conventional diving suits and
hard helmets, worked at approximately 100- to
120-ft depth, where they directed placement and
mechanical linkage of the tube sections. No

Preceding page blank
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Fic. 1. Cable system used to lower tube sections
from barge onto bottom of San Francisco Bay in
course of Bay Area Rapid Transit construction.
( Photograph courtesy of CIVIL ENGINEERING—
ASCE, monthly publication of the American Society
of Civil Engineers; September 1967.)

instance of decompression sickness was reported
in these divers.

Of 64,576 ft of soft-ground tunneling per-
formed on the BART project, nearly half was
hand mined. Of the entire 12 miles of subway
tunneling, 9 miles were driven in free air and
3 miles (15,026 ft) under compressed air. How-
ever, only 135 ft were driven in compressed air
in excess of 17 psig, over a period of 47 days.

Tunneling machines, a recent innovation, were
used in the BART project for the other half of
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the tunnel. A typical tunneling machine has a
large cutting wheel (Fig. 2) that scrapes ground
off the face and drops it onto a conveyor belt.
Three radial doors on the face of the cutting
wheel were opened by hydraulic rams. The cut-
ting wheel was turned by planetary gears driven
by hydraulic motors, which provided about 2 mil-
lion ft-1b of torque (Fig. 3). Shove jacks, with
the capacity of 115 tons each, were used to hold
the cutter against the face during excavation.
The forward progress, or shove, sufficient to in-
stall a liner ring in the tail of the shield, was 2.5
ft. Although manpower requirements were about
equal for both machine-tunneling and hand-
tunneling methods, those contractors using tun-
neling machines averaged advances of 40 ft per
day as compared with 25 ft in the hand-mining
projects,

About 5100 ft of twin subway tunnels north of
the 16th Street Mission Station and an additional
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3500 ft of twin tunnels south of the station were
driven under compressed air. In both instances
the original water level was above the crown of
the tunnels.

To reduce the pressure of compressed air, de-
watering procedures were introduced by drilling
wells, 40 to 140 ft deep, into which submersible
pumps were installed. Pumping began prior to
tunnel excavation and the water table was low-
ered approximately 50 ft. It was often impos-
sible to draw water down below the level of the
tunnel invert, and air pressure was needed to
counterbalance water pressure at the heading.
These tunnels were constructed about 50 ft below
the surface of the ground and air pressure varied
from 9 psig to a maximum of 17 psig.

That portion of the project requiring work in
compressed air at pressure great enough to cause
dysbaric osteonecrosis involved construction of
twin tunnels from the ventilation shaft to the

Fic. 2. Cutting wheel of soft-ground tunneling machine used in BART project.
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Fic. 3. Rear view of tunneling machine’s cutting
wheel, used in BART project.

ventilation caisson through land reclaimed from
beyond the shoreline as it existed in 1888. The
tunnel is completely founded within new bay
mud, which is very unstable material.

It was suspected that an old timber pier might
be buried under the street surface, since it had
been built as an extension of Market Street from
First Street to the present location of the Ferry
Building. In addition, the tunnel passes within
a few feet of an old rubble seawall and through
a forest of piling supporting the foundations of
the Ferry Building. The final obstacle confront-
ing this part of the project, and that which
required use of progressively higher levels of com-
pressed air, was the unstable backfill and clay
blanket surrounding the caisson. Unfortunately,
the lower end of Market Street was also the site
of major destruction to buildings, which were
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constructed on unstable ground, during the 1906
San Francisco earthquake.

Timber-pile obstructions were handled by com-
pressed-air workers with extreme caution since
pach pile was a potential “blow hole” whereby
compressed-air pressure could suddenly be lost,
with serious potential consequences for the work-
ers. A total of 896 piles had to be disposed of,
including one concrete and one steel pile. Lo-
cating the piling before each shield advance in-
volved considerable delay. Of the 93 man-hours
expended per foot of tunnel construction, 68 were
required for excavation, ring erection, and grout-
ing, and 5.2 for pile removal.

When horizontal tunnel excavation had pro-
gressed about 200 ft, a muck-lock and man-lock
(Fig. 4) were installed adjacent to the working
area. Compressed air supplied to the heading was
cooled and filtered to prevent excessive fogging;
burning and smoking inside the tunnels were
prohibited.

The working day in compressed air was di-
vided into four 6-hr shifts for each tunnel. An
average heading crew consisted of 23 men with a
support crew of 15. Those activities performed

Fic. 4. Photograph of man-lock of 714-ft diameter.
Lock systems were automatically controlled by com-
puter, which the lock tender set for the required

decompression time. Highest pressure at which
tunnel was operated, 36 psig, required decompres-
sion of 3 hr and 28 min. Door through bulkhead
into compressed-air tunnel remained open at all
times to allow miners to enter lock rapidly in case
of emergency.
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during a typical soft-ground tunnel-driving cycle
included shield advance, ring erection, grouting,
and installation of hog rods. Pneumatic impact
wrenches were ordinarily used to tighten the bolts
between ring segments, pneumatic reciprocating
pumps to inject grouting cement, and pneumatic
chipping hammers to introduce lead strips into
caulking grooves. Unfortunately, much of this
work had to be performed overhead, resulting in
significant stress to the workers’ shoulder joints.
Behind the shield was a platform where the soft-
ground miners used a pneumatic hoist to lift the
ring segments into position. The compressed-air
workers were responsible for erecting the steel
tunnel liners and for bolting the rings together.
Through use of tunneling machines and other
hydraulic equipment, however, the heavy over-
head lifting usually required of these workers was
minimized.

It was during the final phase of tunneling,
when the pressure had to be increased, that the
majority of severe cases of decompression sickness
(Type II) developed. Maximum pressure in the
left tunnel was 36 psig for 5 days and, in the right
tunnel, 35 psig for 24 hours.

MEDICAL PRACTICES
IN THE BART PROJECT

A Transit Compressed Air Medical Center in
San Francisco serviced all BART operations con-
ducted under compressed air. The Center per-
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formed all medical services required by the “Com-
pressed Air Safety Orders” issued by the Division
of Industrial Safety of the State of California.
Every prospective workman in the compressed-
air projects was required to be qualified by medi-
cal examination. After continuous hyperbaric
work for one year, he was reexamined to recon-
firm his qualification.

Each applicant completed a preemployment
health-history form and underwent a compre-
hensive physical examination, including 11 roent-
genograms. He was then subjected to a pressure
test in the medical lock before being approved
(Behnke, 1969). From June 1967 to Novem-
ber 1969, 1633 initial examinations and 256
annual examinations were performed. Of those
examined, 81.19, were qualified for compressed-
air work and 18.99, were disqualified, principally
because of excessive weight and pulmonary ab-
normalities. Any applicant whose body weight
exceeded 209 of normal was excluded. Pul-
monary-function tests were routinely performed;
if vital capacity was less than 809, of normal,
timed VC measurement of maximal expiratory
force was performed (Behnke, 1970) (see Table
).

To date, over 17,000 skeletal roentgenograms
have been made on more than 2000 workers.
Thirty-three osteonecrosis lesions of varying ma-
turity were discovered in 12 preemployment
examinations; 8 additional applicants had sus-

Table I. BART ProJect: RESULTS OF PHYSICAL EXAMINATIONS
OF APPLICANTS FOR WORK IN COMPRESSED AIR

Number o
Preemployment examinations
Applicants qualified 1324 81.1
Applicants disqualified 309 18.9
Totals 1633 100.0
Reasons for disqualifications
Overweight 96 31.1
Pulmonary dysfunction 66 214
Hernia 28 9.0
Ear block 28 9.0
Ear infection 21 6.8
Metabolic disorder 13 4.2
Osteonecrosis 12 3.9
Sickle-cell hemoglobinopathy 8 2.6
Other conditions 37 12.0
Totals 309 100.0
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picious lesions and were rejected. Of the 12
subjects, 11 had potentially disabling juxta-
articular lesions affecting one or both humeral
heads; only 2 had involvement of the femoral
heads.

It is significant that all these applicants, with
one exception, were allegedly asymptomatic of
joint involvement. It would therefore not have
been possible to establish a diagnosis of chronic
dysbaric osteonecrosis in these men without rou-
tine roentgenograms. Two of these rejected
workers had previously been exposed to maximum
pressures of 16 and 18 psig, respectively, without
decompression sickness, but both had a history of
alcoholism. All other rejected examinees had
previously worked in compressed air for at least
one year, and had been exposed to pressures in
excess of 30 psig. Only 3 of these applicants ad-
mitted having experienced an attack of dysba-
rism; 7 had previously been exposed to maximum
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pressures in excess of 45 psig. Eight other appli-
cants (2.6% ) were disqualified because of sickle-
cell hemoglobinopathy.

DECOMPRESSION PRACTICES
IN THE BART PROJECT

The Medical Center had three compression
chambers for testing workmen and for treating
decompression sickness (DCS). Each had two
compartments. The inner one, used for treat-
ment, was equipped with oxygen; the small outer
one allowed an attendant to enter without alter-
ing the inner compartment’s pressure (Fig. 5).
Because using compressed oxygen for treatment
created a substantial fire hazard, each chamber
was equipped with a sprinkler system capable of
spraying the interior.

A pressure chamber was carried in an ambu-
lance (Fig. 6) so that a severely injured workman

Fic. 5. Front and rear compartments of medical compression chamber at BART Transit Medical Cen-
ter. Technician is standing inside inner treatment compartment.



30

A. R. BEHNKE aND J. P. JoNES

Fic. 6. Portable recompression chamber in rear of ambulance used in BART project, which allowed
severely injured workmen to be removed from compressed-air tunnels without undergoing a decompres-

sion cycle.

might be extricated from the tunnels without
undergoing decompression. Still under compres-
sion in the portable chamber, the workman was
transported to the Center’s medical chamber
where his injuries could be treated during decom-
pression.

From November 1967 to May 1969, 80,360
man-decompressions were performed at pressures
between 9 and 36 psig. There were 135 instances
of DCS involving 85 men among approximately
400 compressed-air workers — 128 of Type I
(minor) and 7 of Type II (serious). In con-
structing the tunnels from the ventilation shaft
to the ventilation caisson 473,000 man-hours
were worked, followed by 22,359 decompressions.
There were 116 episodes of DCS (110 Type 1
and 6 Type II); 46 men suffered repeat attacks.

In two instances a relatively low pressure was
associated with postdecompression symptoms

following 6-hr work shifts — 13 psig in one case
and 11.5 psig in the other. At relatively high
pressures a rather high incidence of DCS was
experienced, despite curtailed hours of work. As
mentioned, work at higher pressures lasted only
one week; hence the time was too short to eval-
uate the role of acclimatization. However, there
appeared to be selective susceptibility in that,
of the 85 workers involved, 52 had one attack
and 33 suffered repeated ones. One man was
treated 6 times for DCS, and 10 of the 33 suscep-
tible individuals had a second attack within 48
hours of the earlier one. No criteria were deline-
ated from these examinations to separate the
susceptible workers from those who were appar-
ently resistant, or at least did not report for
treatment (approximately 759%). The interval
between decompression and the onset of symp-
toms was prolonged — 5 or 6 hours — which may
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significance in the occurrence of bends is the
probability of extensive bubble evolution during
the first-stage drop of 50% in the absolute or
gauge pressure in these later tables. In this
event the pressure head facilitating gas transport
is greatly reduced, and little benefit would accrue
from the moderately increased dc time. It is
possible that a 48-min dc (Keays, 1909) at higher
pressure is as effective as a two- or threefold
increase in dc time at lower levels following ini-
tially large, abrupt increments of dc.

N. Y. Tables of 1912 and Subsequent Revi-
sions. Progressively, hours of caisson work were

A. R. BEHNKE aAND J. P. JoNES

decreased and the interval between shifts was
lengthened. In contrast to the earlier com-
pressed-air schedules, the 1912 tables (Table II)
were seemingly liberal. In 1947 Captain O. E.
Van Der Aue, MC, USN (personal communica-
tion), conducted dry-chamber tests at 26 psig
with 12 divers in good physical condition and at
rest. The exposures were the same as those al-
lowed by the 1912 tables (3 hr) but included a
rest interval, at normal pressure, of 3 hr (2 hr
longer than that stipulated by the 1912 tables).
The outcome of these nonwork exposures is
shown in Table III.

Table II. 1912 N.Y. StaTE DECOMPRESSION TABLES
AND SUBSEQUENT REVISIONS
Pressure Shift 1 Interval Shift 2 Decompression
(psig) (hr) at surface (hr) per shift (min)
1912
to 22 4.0 0.5 4.0 7 at 17.8 psig
22 to 30 3.0 1.0 3.0 12 at 26.7 ”
30 to 35 2.0 2.0 2.0 19 at 31.2 ”
35 to 40 1.5 3.0 1.5 24 at 40 L
40 to 45 1.0 4.0 1.0 —_— —
45 to 50 0.75 5.0 0.75 28 at 49 2
1922*
to 18 4.0 0.5 4.0 5**
18 to 26 3.0 1.0 3.0 12%*
26 to 33 2.0 2.0 2.0 Lk o
33 to 38 1.5 3.0 3.0 237
38 to 43 1.0 4.0 4.0 27%*
43 to 48 0.75 5.0 0.75 29%*
1955-1957*** 1st 2nd
to 22 3.0 2.5 3.0 16** 27
22 to 30 2.0 3.5 2.0 2%« 37**
30 to 35 1.5 4.0 1.5 25** 42%*
35 to 40 1.0 4.5 1.0 20** 49**
40 to 45 0.75 4.75 0.75 J2% Y s
45 to 50 0.5 5.0 0.5 a7 62%*
*Decompression time for maximum pressure in each category
*#*Stage 1 dec — Reduce gauge pressure by 50%, at rate of 5 psi/min
Stage 2 dc — Reduce pressure at uniform rate according to maximum pressure:
Working pressure 0 to <15 psi, rate: 3 psi/min
Working pressure 15 to <20 psi, rate: 2 psi/min
Working pressure 20 to <30 psi, rate: 3 psi/2 min
Working pressure 30 psi and over, rate: 1 psi/min
*#*#*Lincoln Tunnel (Third Tube)
e — = e S ——— -
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Physiologic Principles Pertaining to
Gas Transport during Decompression

Body Composition and Gas Transport. An
estimate, supported in part by quantitative data,
can be made of blood flow to various bodily tis-
sues of a hypothetical lean (70-kg) man relative
to N. content (Table VI). About 509 of the
N. content of this man (109 fat in adipose
tissue) is in aqueous tissues with a large blood
supply. The other 50% is in fatty tissues with
a meager blood supply. The T,,. for N, trans-
port in aqueous tissues varies from less than 2
min to not more than about 16 min. In this
man’s fatty tissues, T, , for N, transport ranges
between 85 and 120 min.

Definite end-points for N. elimination have
not been determined. But Lundin’s data (1960)
clearly show the association between body fat
and prolongation of desaturation time. Calcu-
lations indicate that about 54 ml of N, will be
added to the body’s N. store for every kg of
fat gain. Moreover, the “heavy” men in Gray’s
analysis (1951) manifested progressive suscepti-
bility to altitude decompression sickness in re-
lation to weight.

Haldane's Ratio Concept and Stage Method.
It is apparent from dc data that exposures to 15
psig and even somewhat higher pressures are well
tolerated in acclimatized workers without need
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for more than a few minutes’ de¢ (minimal).
Haldane postulated (Boycott et al., 1908) that,
since the body could be decompressed rapidly
from 2 to 1 atm abs, it would be safe to reduce
the absolute pressure at higher levels by 50%
as the first stage in dc. For the diving depths
and exposure times with which Haldane was con-
cerned, it appeared that the 2:1 supersaturation
ratio was satisfactory. But subsequent deeper
dives and longer exposures have demonstrated
unequivocally that no single ratio applies in de-
compression and that, probably, no degree of
inert-gas supersaturation is maintained in circu-
lating blood for any appreciable time. What ap-
pears to be a ratio indicative of inert-gas super-
saturation in blood may, in reality, be an index
of the degree of air embolism that the body can
tolerate.

The AP Principle. Another concept applied to
decompression-schedule calculation is based upon
the assumption that tissue pressure can be safely
decreased from 2 to 1 atm abs, creating a pres-
sure head of air (i.e., about 12 psi N,) that can
be safely sustained during decompression at all
pressure levels above ambient pressure. The AP
principle has been widely applied, notably in the
computation of the Washington State tables.
However, the physiologic and physical bases un-
derlying gas transport do not explain decompres-

Table VI. Estimatep WeIGHT, FLU, AND Lipmp CONTENT OF 5 TISSUE
CATEGORIES FOR 70-kG MaN, Prus CarcuraTenr N, CONTENT RELATIVE
T0 BLOOD PERFUSION AND T, FOR N. TRANSPORT

Tissue-organ group

Parameter Blood. organs,  Muscles, skin, Bone matrix* Bone Adipose
red marrow, spinal cord, (fat, mineral- marrow tissue
GI tract nerves free) (fat-rich) (lean man) **
Weight (g) 15,000 37,000 4,000 1,500 9,500
Fluid (g) 12,000 28,000 2,500 200 2,000
Lipid (g) 400 400 — 1,200 7,000
N. content (ml)***
Fluid 108 252 23 2 18
Lipid 22 22 — 65 378
Blood perfusion
(ml/min) 4,000 1,200 80? 50? 400
N. transport . " ’ \ < ’
(T,, ./min) 2to 16 85? to 120?
*Weight of mineral in bone: 3000 g
**Lean man: 10%, of body weight is lipid in adipose tissue
***N. solubility per kg fluid, 9 ml; per kg lipid, 54 ml (PN.=570 mm Hg; temp., 37°C)
— = e —emmE——
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ment in accord with U.S. Navy treatment tables
5 and 6 was singularly effective in the manage-
ment of 210 cases of DCS. This therapy, modi-
fied to eliminate uniform decompression from 15
psig, was also highly effective in promoting the
prompt recovery of 135 BART workers stricken
with DCS, despite an average 5- to 6-hr delay
before they reported for treatment. With few
exceptions the patients, who had received 90 and
120 min of O, therapy, resumed their next reg-
ular work shift (Behnke, 1970).

Oxygen Decompression of Tunnel Workers.
Oxygen rather than air inhalation during the
dc of tunnel workers would reduce the decom-
pression time of the Washington State tables by
at least a factor of 2. This regimen also
holds great promise in preventing both DCS and
dysbaric bone necrosis, since excess N, can be
eliminated from tissues under isobaric conditions.
In addition, work shifts could be lengthened
safely.

Table VII incorporates data for various iso-
baric decompressions utilizing O, inhalation fol-
lowing work shifts of 6 hr at 20, 30, and 36 psig,
and of 4 hr at 40 psig.

Calculation Based on a 120-min Half-time Tis-
sue. At the end of a 6-hr shift, PN,= 11+0.875
(80% psig) and at the end of a 4-hr shift,
PN,=11+0.75 (80% psig). The values 0.875
and 0.75 represent 9% saturation of 120-min tis-
sue following 3 and 2 half-saturation time units
(T.U.), respectively; 11 psia is tissue N, partial
pressure in equilibrium with alveolar N, at 1
atm abs.

Excess N, (APN,) is the difference between
the PN, of the 120-min tissue and the permissible
level, which is set at the conservative figure of
19 psia (11 psia+8 psia). The 8-psia PN, value
for the 120-min tissue is highly conservative, a
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level requiring no decompression after saturation
exposure.

The length of time for O, decompression is
calculated as follows:

AP
PN, (120-min tissue)’

For example, after a 6-hr shift at 36 psig, PN,
in the 120-min tissue is 36.2 psia and APN, is
17.2 psi (36.2—19). Oxygen decompression time
is computed from 17.2/36.2, or 47.5% of the
total. This percentage of N, is eliminated in 112
min from the 120-min tissue. In the last column
of Table VII are shown rounded values for 0,
dc per hr of work. These values relate conserva.
tively to the estimate that 809 to 859 is the
“effective” O, concentration in the lungs.

The size of the O, window (i.e., the approxi-
mate pressure level for O, inhalation) is at all
times not less than the PN, in the 120-min tissue
(Table VII). Inhalation of O, at these pres-
sures has been well tolerated in practice. In pre-
liminary tests of isobaric decompression, the fol-
lowing schedule of moderate exercise, performed
under the voluntarily imposed adverse chamber
conditions of high humidity and no ventilation,
was well tolerated by a 65-yr-old subject:

ecompression (min)

: A 0.d
Pressure (psig) Duration (hr) pér i of work

20 1to6 10
30 1to6 20
40 1to4 30

After the 40-psig exposures, the subject in-
haled O, continuously at pressures no higher
than 30 psig (for short periods) and no lower

Table VII. ProToryPE OXYGEN DECOMPRESSION TABLE FOR
TunNNEL WORKERS

Calculated decompression

Tunnel - s Nees
pressure Work shift PN.* APN,** time (min)
(psig) (hr) (psia) (psi) Total Per hr work
20 6 25.0 6.0 48 10
30 6 33.0 14.0 96 20
36 6 36.2 17.2 112 23
40 4 35.0 16.0 102 30

*In 120-min tissue at end of shift

**Excess N, to be eliminated from 120-min tissue + PN,—19

***Rounded estimates based on 80% to 85% alveolar O,

—
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reported as of this writing (1972).

To circumvent future dysbarism-related injury
in compressed-air work, two positive procedures
are suggested: 1) O, decompression under condi-
tions favoring isobaric N, elimination from tis-

A. R. BEHNKE anD J. P. JonEs

sues; and 2) residence in compressed-air habitats
with pressure adjusted to that of the tunnel. The
feasibility of these procedures has been demon-
strated in diving practice, but they remain to be
implemented in compressed-air tunnel operations.
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MILWAUKEE SEWERAGE TUNNEL PROJECT

The City of Milwaukee Sewerage Commission
is at the present time engaged in constructing
70 miles of sewer tunnel under Milwaukee Coun-
ty, which ranges from 8 to 12 feet in finished
diameter. Since much of the work is performed
in wet porous soil, the pressures under which the
men work have averaged from 20 to 38 psig.

When the author first arrived in Milwaukee,
in 1969, to supervise the operation of two hyper-
baric chambers at St. Luke’s Hospital, he was
familiar only with U.S. Navy decompression prac-
tices. It came as a surprise, therefore, to dis-
cover that the tunnel workers were using a split
shift, with an hour’s surface interval between
shifts. The fact of repetitive exposure was not
taken into account in the decompression follow-
ing the second shift. Furthermore, these decom-
pression schedules — a modification of the 1922
New York code incorporated into the Wisconsin
statutes — provided only about a third of the
decompression required following similar expo-
sures in U.S. Navy practice.

Because of these discoveries, St. Luke's Hos-
pital began routinely to X-ray the joints of any
patient who presented himself for treatment of
bends to see if he had contracted aseptic necro-
sis. It soon became evident that many men were
afflicted with the disease, some of them already
symptomatic. As a result of these preliminary
investigations, a new state code committee was
formed, of which the author became chairman.
In August 1970 the Washington State decom-
pression tables were adopted in Wisconsin by
emergency order of its Department of Industry,
Labor, and Human Relations; by September
1971 a completely new code had been devised.
However, the decompression procedures followed
until 1970 have produced an alarming incidence
of bone disease,

Under the new code it is mandatory that each
man be X-rayed before he enters compressed air.
The author has therefore had the opportunity
to examine all those men still working in tunnels
who had had previous exposure to compressed
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air, in addition to some who have retired.

At this writing 188 men have been examined,
of whom 169 had previous exposure to com-
pressed air at pressures greater than 16 psig.
Of the latter group, 59 (or 35%) were found to
have lesions of aseptic necrosis. Forty-two (71%)
of the men with the disease had potentially dis-
abling juxta-articular lesions; of that number, 16
were already symptomatic. It is also of interest
that an additional 26 of the 188 men examined
were found to have classic “bone islands”; of
those 26, only 3 had never worked in compressed
air.

This extremely high incidence of aseptic ne-
crosis is actually not surprising. Almost all com-
pressed-air tunnel and caisson work done in the
United States prior to 1963 was carried out with
split-shift tables, usually modifications of the
1922 New York code — which provided inade-
quate decompression, as we are now well aware.
Thus anyone who worked in compressed-air tun-
neling or caisson construction at pressures greater
than 16 psig prior to 1963 is a likely candidate
for aseptic necrosis.

Subsequent to their introduction in 1963, the
Washington State decompression tables were
adopted by California, Wisconsin, and Michigan.
The Occupational Safety and Health Act of April
1971 has since designated them as the national
standard for all compressed-air work done in the
United States. To date not a single well-docu-
mented case of aseptic necrosis has evolved from
use of the Washington State tables.

Washington and Wisconsin also have the first
state codes requiring preemployment X-rays of
tunnel workers. The new federal code unfor-
tunately does not require such X-rays, despite
strong recommendation from medical experts.
For this reason, the true incidence of aseptic
necrosis in areas where much pressurized tunnel
construction has taken place is still unknown.
For example, as far as is known the compressed-
air workers of Illinois have not been X-rayed.
Yet prior to the new federal code, Illinois had
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even worse decompression schedules than Wis-
consin did.

In establishing our own program, we were
initially quite ignorant of the proper X-ray views
to take to detect early necrosis. But, thanks to
help from Albert Behnke of the San Francisco
Transit Compressed Air Medical Center, and
from John P. Jones, Jr. — and drawing, as well,
from British experience — we have devised an
X-ray protocol that we find quite suitable.

Regarding the shoulder, it is important to use
the Grashey position so that overlap of the hu-
meral head, glenoid, and acromion is eliminated
or greatly reduced. Two views — one in internal
and the other in external rotation — are obtained
in the Grashey position, with the patient's
shoulder tilted at a 45° angle to the table and

Fic. 1.
during which time patient had worked in pressures up to 30 psig; (¢), (d) X-rays of same shoulder
with different rotation.
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with a 15° angle on the X-ray tube. To detect
aseptic necrosis of the femur, it is not necessary
to X-ray areas other than the hips and knees.
The hips should be filmed in the A-P and frogleg
lateral positions. For maximum trabecular detail,
each side should be X-rayed separately.

In summary, a complete caisson worker’s X-ray
survey consists of two views of the shoulders,
two views of the hips, and A-P and lateral views
of each knee — a total of 12 films.

The U.S. Public Health Service is quite con-
cerned about radiation from diagnostic X-ray,
especially in large survey projects. In addition
to gonadal shielding, therefore, pelvic shielding
is also necessary, because of the bone-forming
marrow present in the pelvis. Our present proto-
col has been approved by the U.S.P.H.S.

(a) Shoulder of man who had suffered an attack of bends; (b) same shoulder one year later,
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Figure 1 shows the shoulder of a man whom we
first saw when he suffered an attack of bends.
The film in la is poor, but after studying addi-
tional views we concluded that the shoulder was
not diseased. The patient continued working a
split shift at pressures up to 30 psig: a year later
he was X-rayed again. Note the margin of
sclerosis in 1b, which appeared in the juxta-ar-
ticular view of the right shoulder after a period
of one year. As stated, two views are now taken
of the shoulder; the reason is well demonstrated
in le and ld — X-rays of the same shoulder, but
with a different rotation. A large defect is vis-
ible in 1d on the superior aspect of the humeral
head.

In Fig. 2a is a rather typical snowcap lesion,
perhaps an early one. These snowcaps are quite
common in aseptic osteonecrosis. In Fig. 2b is
something we call a pseudosnowcap lesion. The
superior medial aspect of the bone looks more
dense than the area below it, but fades off with
no line of demarcation. The trabeculae are vis-
ible on close examination; in our opinion, how-
ever, these changes may appear in normal people.
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The findings from this X-ray were not considered
grounds for disqualifying the subject from further
hyperbaric exposure.

A sizable sequestrum is seen in Fig. 3. This
patient was symptomatic when he presented him-
self for examination. In Fig. 4 is a rather unusual
phenomenon: a large sequestrum is visible in the
hip. This man was absolutely asymptomatic
when he came in for a routine X-ray before re-
turning to work in compressed air. The articular
space is normal and the articular cartilage is
apparently intact, which probably accounts for
his presently being pain-free. In all probability
he will eventually have to have a prosthetic re-
placement.

Figure 5 shows the shoulders and hips of a
patient who had maintained mining machinery
under hyperbaric pressure. Figure 6 shows the
same four joints of a man who actually had very
little experience in compressed air, but did work
at pressures greater than 16 psig. His hip joints
have since collapsed completely. Figure 7 shows
the shoulder of a man who worked as a miner
with an air spade in his left hand. When he

Fic. 2.

(a) A typical snowcap lesion, common in aseptic osteonecrosis; (b)

a pseudosnowcap lesion,

which was not considered sufficient grounds to disqualify subject from further hyperbaric exposure.
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Fic. 3. Sequestrum in cortex of humeral head.

could no longer lift the implement because of
pain, he shifted it to his right hand and trig-
gered it with his left. This offered a temporary

FiG. 4. Sequestrum in hip of patient who was com-
pletely asymptomatic when he underwent routine
X-ray.
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solution to his problem and he kept working,
despite his diseased left shoulder, for another
three years. He felt that he merely had a severe
case of arthritis.

Figure 8 is a very rare X-ray. Other than
the series reported by El Ghawabi et al. (1971),
only two or three lesions of the articular margin
of the knee are cited in the world literature.
Sclerosis in the distal shaft of the femur is com-
monplace. But sclerosis extending down all the
way to the knee-joint margin, as seen here, is
extremely rare. This man had symptoms of
pain; in fact, the knee is that of the same man
whose shoulder is shown in Fig. 7.

It is important to point out additional factors
that possibly play a role in decompression sick-
ness and aseptic necrosis. Comparisons of de-
compression tables are commonly made in terms
of the length of total decompression time, which,
although indeed important, is not the sole con-
sideration. The entire decompression profile of
any given table is of equal importance. The
profiles of the Washington State tables are clearly
inadequate in that they do not provide sufficient
decompression time at intermediate pressures.
The bends rate remains high. Those profiles call
for the greatest decompression time (up to two
hours) to be spent at pressures less than 4 psig,
where bubble formation is quite likely to occur.
In Milwaukee, we start decompressing directly
from higher pressures by straight-line decompres-
sion from, say, 16 psig. Our men therefore spend
significant decompression periods at the inter-
mediate pressures. Once this protocol was intro-
duced, the incidence of bends seemed to drop
rather dramatically. Yet we have not shortened
the tables in any way, for we wish to avoid fur-
ther threat of aseptic bone necrosis.

Another possible contributory factor in bends
or aseptic necrosis is the quality of the breathing
atmosphere. The muck found in the Milwau-
kee tunnels produces large amounts of carbon
dioxide when it comes into contact with com-
pressed air. We find a definite correlation be-
tween a high CO, level in the tunnel and the
incidence of bends among the workers. Thus it
may be that decompression schedules alone can-
not be depended upon to prevent the problems
of bends and aseptic necrosis. Men using the new
federal code, but working in contaminated air,
could conceivably develop lesions of aseptic ne-
crosis despite close adherence to adequate decom-
pression schedules.

Regarding our management of these cases, we
have borrowed freely from the experience of
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F1c. 5. Shoulders and hips of a mining machinist, who had been exposed to hyperbaric pressure, showing

extensive osteonecrosis of all four joints.

others and claim no innovations. We might differ
somewhat with the British MRC recommenda-
tions (see D. H. Walder's “Management and
Treatment” chapter, this volume) regarding a
juxta-articular lesion. We always consider it po-
tentially disabling until it has proven to be other-
wise. Our opinion is that we are probably not
seeing the entire lesion. As opposed to British
practice, therefore, we give the man no choice;

he is simply disqualified. If a man has a juxta-
articular lesion in the shoulder, for example,
he is no longer permitted to work in compressed
air. Nor is he permitted to lift more than 25
Ib. from the floor, or raise more than 10 lb. above
his head, until it is demonstrated that there has
been no disease progression. These are Dr. Jones’s
r(—‘(‘l’)nln'ﬁ[.‘n(l{-}til')l'lS.

The author consulted

with Prof. Roland
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Fic. 6. Shoulders and hips of man with little history
of hyperbaric work, but with exposure to pressures
greater than 16 psig.

Barnes of Glasgow about treatment of these men;
he is becoming more permissive, as are we. In

Collapse of L humeral head of miner who
operated air spade with his L hand.

Fic. 7.
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the past when we came across a patient with
four joints involved, we thought of prescribing
bed rest. However, this is impractical, as one
cannot keep a man bedridden for two or three
years if he is otherwise in excellent health. Since
the majority of these men are young, we are
hesitant about implanting prostheses immedi-
ately, even in severely damaged joints. But when
a lesion becomes too painful and the disability
can no longer be tolerated, operative intervention
is offered.

Finally, we have found that rehabilitation or
retraining is largely a failure, despite the efforts
of Wisconsin’s very active State Employment
and Rehabilitation Service. These men find it
difficult to cooperate, as they often lack the
adaptive ability to learn a different trade.

Fic. 8. Lesion of femoral condyles of knee, with
sclerosis extending down to knee-joint margin. Pa-
tient is the same one whose shoulder is shown in
Fig. 7.
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Table I1I. NitroGEN Tissut TEnsioNs (FSWA) AT START OF AND SURFACING FROM FOUR
ConsecuTivE 30-MIN SimuraTED Dives To 180 FSW, Accorming To U.S. Navy TaBLES ( 1963) *

Tissue
half-tjmes 5 10 20 40 80 120 160 240 320 480 260 720

{min)

Tissue tensions of inert gas (FSWA)

Dive 1, Start 26 26 26 26 26 26 26 26 26 26 26 26
Dive 1, Surface 34 34 35 40 49 50 50 46 44 39 38 36
Dive 2, Start 26 26 26 26 26 26 27 29 30 31 31 31
Dive 2, Surface 34 34 35 40 49 51 50 48 46 43 41 40
Dive 3, Start 26 26 26 26 26 26 27 29 30 32 32 33
Dive 3, Surface 34 34 35 40 49 51 50 48 46 43 43 41
Dive 4, Start 26 26 26 26 26 26 27 29 30 32 33 34
Dive 4, Surface 34 34 35 40 49 51 50 48 46 44 43 42
Dive 5, Start 26 26 26 26 26 26 27 29 30 32 33 34

*All “dives” separated by 12-hr “surface” interval

a surface interval longer than 12 hr, is not sub-
ject to the rules of repetitive diving. Table III
sets out the tissue tensions at the start and finish
of each of 4 consecutive 30-min dives to 180
FSW separated by 12-hr surface intervals,

The same series of dives was made to 190 FSW
for 60 min, the longest and deepest dive per-
mitted by the U.S. Navy decompression tables
(see Table IV). Maximum tensions developed
in the 40-min tissues on the 190-FSW exposures
and exceeded the PADUA M-value for 40-min
tissues on each dive while approximately equal-

ing the Workman M-value. Maximum tension
developed in the 120-min tissue on the 190-FSW
dives, but no M-values were exceeded after 4
dives,

Tables II, III, and IV indicate that theo-
retical gas tensions accumulated in longer half-
time tissue compartments may approach or ex-
ceed the supersaturation considered permissible
with the M-values adopted. In general, however,
analysis suggests that these tables — with the
exception of the now discarded 1951 British
tables, which were included merely for com-

Table IV. NitROGEN Tissue TENSIONS (FSWA) AT START OF AND SURFACING FROM FOUR
ConsecuTivE 60-MIN SimuraTeED Dives To 190 FSW, AccorbiNg To U.S. Navy TaABLes (1963) *

Tissue
hain_in?es 5 10 20 40 80 120 160 240 320 480 560 720
(min
Tissue tensions of inert gas (FSWA)
Dive 1, Start 26 26 26 26 26 26 26 26 26 26 26 26
Dive 1, Surface 3¢ 38 50 82 47 43. 88 88 33 .37, 31
Dive 2, Start 26 26 26 26 26 26 27 28 28 28 28 28
Dive 2, Surface 34 38 50 52 47 43 40 37 35 34 33
Dive 3, Start 26 26 26 26 26 26 27 28 28 29 29 29
Dive 3, Surface 34 38 50 62 47 43 4% 38 86 .35 84
Dive 4, Start 26 26 26 26 26 26 27 28 29 29 30 30
Dive 4, Surface 34 38 50 52 47 43 40 38 86 35 34
Dive 5, Start 26 26 26 26 26 26 27 28 29 30 30 30
“All “dives” separated by 12-hr “surface” interval
. A e = — = = e — e i SRR










DECOMPRESSION TABLES

gas uptake and elimination, as well as the low
tolerance of bone for inert-gas supersaturation,
may precipitate development of lesions when
present-day decompression tables are followed.
Showers of silent embolic bubbles during re-
peated decompressions may also be contributory
factors, possibly because of secondary changes
in blood constituents. Reflex circulatory and
toxic changes in bone from an elevated Po. need
further evaluation. Inert-gas exchange rates and
the consequences of mixing or switching inert
gases should also be studied in many tissues.

A reasonable approach to the modification of
current decompression practices might reason-
ably include 1) more positive consideration of
tissues with longer half-times; 2) reduction of
supersaturation in those tissues; and 3) greater
emphasis on the inequality of inert-gas uptake
and elimination. Of possible importance, as well,
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would be efforts to decrease the separation of
gas from solution into a gas phase (silent bub-
bles) by using deeper decompression stages, by
closer adherence to the O, window principle of
decompression, and by monitoring with ultra-
sonic techniques — particularly in repetitive div-
ing.

However, expenditure of the large amounts
of time, money, and energy required to arbi-
trarily modify and retest existing tables seems
inefficient until a better understanding of the
pathophysiology of dysbaric osteonecrosis helps
reduce the choice of modifications. Meanwhile, a
central registry to collect data on cases in the
United States would allow a better evaluation
of existing decompression tables. Statistical re-
lationships could be established that might sug-
gest certain changes that would make existing
tables safer.
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DISCUSSION 3
Dr. HILLS: What rates of compression were used in the Washington
tables, and what was the rate of decompression to the first stop?

Dr. SEALEY: The first stop was always a 13-psi drop in 3 min. The com-
pression rate was not more than 5 psi per min, generally straight-line. It
would take about 6 min to go in at 30 to 32 psi.

Dr. KINDWALL: It is clear that there is a great difference between com-
pressed-air workers and divers when it comes to air quality. It is impossible
in a tunnel to provide air of good quality when cutting, welding, and burning
are going on. Diesel fumes from the surface are also a problem with regard
to contamination of not only the tunnel’s fresh-air supply but also the
pneumatic-tool air, which is often overlooked. Nitrogen oxides produced by
diesel engines can throw off any decompression-table calculations. These
fumes reaching tunnel workers can cause pulmonary edema, which tends to
block N, elimination. High CO, levels cause high bends rates.

It is not adequate to specify in a contract, as is presently done, a certain
number of cubic feet of air per man in a tunnel. Sericus consideration must
also be given to contaminant levels and air quality. And the levels specified
in the new federal regulations have not taken into account the fact that
men working at 30 psi are exposed, in effect, to three times the contaminants
that would exist in the same atmosphere at sea-level pressure. This fact,
incidentally, was brought out before the regulations were promulgated, but
was ignored.

Dr. SEALEY: Washington State standards have very strict air-quality
standards limiting CO, and nitrogen oxides. In fact, we do not allow diesel
equipment underground; electric or compressed-air power is used. The only
time that significant CO., or oxides of N, levels developed was during a tunnel
fire caused by an electric arc.

Dr. McCALLUM: I understood Dr. Kindwall to say that when CO,
in a working area rises to high levels, the incidence of bends is much higher.
I feel that he cannot just leave the matter there, because he must convince
us that he has dealt with all the other variables controlling the incidence of
bends after decompression. We have no figures on CO, in working areas,
but in a decompression lock we consider it safe to 2% at 1 atm.

Dr. KINDWALL: The tunnel contract on which we have had the highest
incidence of bends involves a company that is grossly underfunded and
therefore does not have adequate compressor capacity to keep the CO.
levels down. I visited their tunnel and found the working conditions just
about identical to those of other companies, except that one could literally
feel the heaviness of air contaminants. We and the state inspectors have
checked for CO, N, oxides, oil mist, CO., and so on, and have usually found
them to be within normal limits — although CO, levels do sometimes rise.

After having no cases of decompression sickness for about a week and a
half, in one night we had three men with bends. I had a gas sample taken
from the tunnel immediately and found a CO, content of 5600 ppm, although
we insist that the maximum not exceed 2500 ppm, or 0.25%, at pressures
greater than 2 atm abs. When CO. was reduced, the bends rate fell. We had
a similar case in which four men got bends after working in a poorly venti-
lated area about 40 ft ahead of the air supply.

Dr. WALDER: We compared the bends rate of a group of welders with
that of all other compressed-air workers and found it significantly higher.
They were using a welding process that generates nitrogen dioxide.
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Mr. GALERNE: 1 should like to revert to the CO. problem as it applies
to divers. A few years ago we found that, if you oblige a diver to stay at
rest for the last minute on bottom before coming up, the bends rate is tre-
mendously suppressed.

We think that this is connected with CO., which is very unstable. If a
man exhausts himself on the bottom, he gets a bubble of CO. on ascent, which
stops the perfusion at some place and provokes poor local decompression.
But resting on the bottom one minute removes 80% of the CO, from his
blood and avoids a lot of trouble.

Dr. ELLIOTT: It is worth adding that André Galerne speaks from the
extensive experience of his team of divers, whom he employs continuously
and not seasonally.

Dr. WORKMAN: [ have known for some time of statements by Dr. Jones
and Dr. Sealey that they had no clinical or X-ray evidence of osteonecrosis
in their men, implying that the decompression procedures used effectively
prevented it, particularly after initial screening. How good is their evidence
for this? Did they in fact conduct bone surveys over a sufficient period of
time to make such a statement without qualification?

Dr. JONES: The concept promulgated in the literature is that the vast
majority of those lesions destined to develop the classical roentgenographic
manifestations of osteonecrosis will do so within six years of the known
causative insult. The BART studies are only preliminary, since compressed-
air exposure terminated in May 1969. Dr. Behnke and I are continuing
these studies, but we must wait two to three more years for the final results. A
program of incentives, or possibly some form of legislation, is necessary to
obtain follow-up examinations of compressed-air workers in the United States.
This is a highly paid, migratory labor group, certain members of which pre-
sent fraudulent histories.

Dr. SPENCER: 1 should like to discuss the use of the Doppler blood-
bubble detector in the prevention of decompression illness, including dysbaric
osteonecrosis, which so far has not been dissociated from gas embolism at this
meeting. The Doppler ultrasonic detection system can individualize a decom-
pression schedule and inform the physician or attendant before serious trouble
occurs. It has four main advantages: it is the only objective system that
works, it is inexpensive, it operates simply, and it is safe. I should like to
elaborate a bit.

The system works by detecting a Doppler shift frequency from a moving
acoustical interface, such as a gas-plasma interface, which is a perfect reflec-
tor. It does have a limitation in that the interface must be in motion; that
is, at the present state of its development it will not detect a static bubble
(Spencer and Campbell, 1968; Spencer et al., 1969; Spencer and Clarke,
1972).

It is exquisitely sensitive to very small bubbles. How small, exactly, we
do not know, but at least down to 20 .. A peripheral sensor on the extrem-
ities detects presymptomatic bubbles moving in the venous blood before they
occur in arterial blood in air embolism. We have very recently developed a
precordial detector that will spot all gas bubbles returning to the heart and
passing through the right ventricular outflow tract.

We have found no symptoms of decompression illness without venous gas
embolism. In all our experimental dives, in chambers and in the water,
decompression sickness is always preceded by venous bubbles, which appear
before symptoms.
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We have frequently been asked about the safety of the detector. We
supply 10 milliwatts of power to the crystal placed over the heart, which we
have calculated can produce no more than 5 microwatts of sound power by
the time it reaches 2 em depth. Converted to sound pressure, this energy is
several orders of magnitude less than the heart itself generates at each beat.
In a recent experiment, one of two people exposed at 30 ft for 12 hr had
definite bubbles, which lasted 2 to 3 hr.

Dr. WALDER: In a saturation dive to 200 meters, we used a Doppler
scanning device placed over the right ventricle of the diver’s heart. We
heard a shower of bubbles following each change of pressure during decom-
pression. Toward the end of the dive, bubbles were quite profuse. This
dive was designed to be safe and, in fact, did not result in any decompression
sickness.

Dr. ELLIOTT: I think that ultrasound in decompression has a very high
research priority, although it will probably not be easy to correlate showers
of bubbles with short-term — to say nothing of long-term — decompression
inadequacy.

REFERENCES

Spencer, M. P., and Campbell, S, D. (1968). Development of bubbles in venous and
arterial blood during hyperbaric decompression. Bull. Mason Clinic 22, 26-32.
Spencer, M. P., Campbell, S. D., Sealey, J. L., Henry, F. C., and Lindbergh, J. (1969).
Experiments on decompression bubbles in the circulation using ultrasonic and
electromagnetic flowmeters. J. Occupational Med. 11, 238.

Spencer, M. P., and Clarke, H. F. (1972). Precordial monitoring of pulmonary gas
embolism and decompression bubbles. Aerospace Med. 43, 762-767.

57




&
L]




PART III
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THE METABOLISM OF BONE

There is no body of information on the meta-
bolic events underlying dysbarism-related osteo-
necrosis, This paper will focus on the metabolism
of normal bone in the hope that it will assist
toward an eventual understanding of this inter-
esting disorder. Figure 1 is a greatly simplified

Physico-
chemical
Equilibrium
LABILE -4
BONE ==
=
E. C.F.
Catt + HPO4 ™~
STABLE S
BONE Resorption
(Metabolic)

Fic. 1. Simplified diagram showing relationship
between bone minerals and extracellular fluid.

diagram showing the relation between the min-
eral phase of bone and extracellular fluid. A
physicochemical equilibrium governs the ex-
change between mineral ions (e.g., Ca** and
HPO,~-) in solution and mm bone salts, an
exchange that is independent of active metabolic
processes. This phenomenon is readily demon-

WiLLiam P. DEerss, Jr.

strable by dead bone, which extracts calcium from
the bathing medium or liberates calcium into it,
until an equilibrium point is reached, although
that point is below the one maintained by living
bone. In actively metabolizing bone, cellular
activity is directed toward svnthesizing the or-
ganic phase and properly mineralizing it with
the crystals associated with mature bone. Simul-
taneously, other cells are actively engaged ir
resorbing this bone, so that in a steady state
there is a balance between synthesis and re-
sorption. These are the events that reflect the
metabolism of living bone.

Figure 2 presents diagrammatically some of
the major metabolic activities involved in the
biosynthesis of the organic matrix of bone. One
can say that, generally speaking, the osteoblast
seems primarily responsible for svnthesizing the
polypeptide chains that eventually join to form
triple-helical collagen fibrils, which are extruded
into the extracellular spaces. Characteristically
gellike, these spaces are filled with a matrix or
ground substance composed of mucoproteins, o
proteoglycans.

These events can be measured most accurately
in various in vitro systems, including tissue cul-
tures. The results of one such experiment are
shown in Fig. 3 (Deiss et al., 1962: Johnstor
et al., 1962), in which rat bones were incubated
in a simple buffer with labeled glucose. Labeled
glucose is incorporated by bone cells into insolu-
ble matrix components. In the presence of 957
oxygen, the synthesis is approximately a recti-
linear function. When bones are preboiled, of
course, there is no synthesis. Under a nitrogen
atmosphere, the biosynthesis of these ground-
substance constituents is greatly inhibited. It

Table I. CaLvarium CARBOHYDRATE METABOLISM

Glucose consumption
Lactate production

Matrix hexosamine synthesized

Since matrix hexosamine pool

then turnover
half-turnover time

0.33, moles 100 mg hr

0.50,. moles ‘100 mg hr
0.0023;. moles 100 mg hr

(or 1% of the glucose utilized)
0.40; moles

0.5% hr, or

4 days

I
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Fic. 2. Schematic diagram of biosynthetic events involved in producing mature calcified matrix of bone,

has additionally been shown (unpublished data)
that, in a similar in vitro system, both labeled
glucose and labeled glucosamine are incorporated
by bones into the large molecular-weight glyco-
proteins and sialoproteins, as well as into hyalu-
ronic acid and chondroitin sulfates.

Table I sets out a semiquantitative estimate
of glucose consumption and lactate production in
similarly incubated bones.

The table demonstrates something interesting
about bone-cell metabolism, something that dif-
fers somewhat from other tissue metabolism. If
the total glucose consumed by bone is calculated

and expressed as a function of the number of
cells involved, it becomes obvious that bone cells
are avid consumers of glucose. A second rather
interesting feature is that bones have a very
active glycolytic pathway, as is evident from
the large accumulation of lactate produced from
the glucose. Flanagan and Nichols (1965a and
b) made the same observation in their study of
human bone. Table I also demonstrates that, by
using calculations of in vitro matrix-hexosamine
pool biosynthesis, one can show that the pool
has a biological half-turnover time of about four
days.
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BoNE METABOLISM

degraded to form certain urinary hydroxyproline
containing peptides. Using this general scheme,
one can examine certain conditions under which
bone resorption in the whole animal is acceler-
ated (see Fig. 7). Johnston and Deiss (1965)
demonstrated that parathyroid extract, which is
known to hasten bone resorption, will elicit a
brisk increase in products of bone-collagen re-
sorption in the form of incremental excretion of
these urinary hydroxyproline peptides.

The possible relevance of this phenomenon to
dysbarism-related osteonecrosis is that one might
expect necrotic bone to be resorbed and that, if
the urine of an individual suspected of having
osteonecrosis is carefully and periodically exam-
ined, the products of this resorption might well
be detected in it.
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Fic. 6. Origin of urinary hydroxyproline containing
peptides from bone metabolism.
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THE PATHOGENESIS OF OSTEONECROSIS

The word bone has many meanings, and the
distinction must be made whether one is speak-
ing of bone as a tissue or an organ. In this Sym-
posium, the physiology of bone is of primary
interest, and bone must therefore be considered
in the context of its cellular metabolism and
function as a tissue. And as tissue, bone may be
considered from many different approaches —
that of the crystallographer, the physiologist, or
the biochemist.

As tissue, bone is affected by all known hor-
mones and vitamins as well as by the general
metabolic state of the body. The participants of
this Symposium are primarily concerned with
bone necrosis associated with dysbarism and the

JAMES S. MILES

fate of the necrotic bone. Whether bone, in
whole or part, is killed by metabolic defect,
trauma, vascular loss, or some other condition,
appears to make no difference: the body’s reac-
tion to it is the same.

The bone necrosis most commonly observed
clinically, and one of great academic interest,
involves the femoral head following interruption
of its vascular supply caused by fracture or dis-
location. In Fig. 1 are shown the major vessels
of the proximal end of the femur. Medial and
lateral circumflex femoral arteries form a ring
about the base of the femoral neck. Retinacular
vessels branch from this arterial ring and pass
proximally up the femoral neck, remaining extra-

Fic. 1. Extraosseous vascular supply of proximal femur.
Reproduced, with permission, from the CLINICAL SYM-

pany, Division of CIBA-GEIGY Corporation.

(© Copyright 1953 CIBA Pharmaceutical Com-

POSIA illustrated by Frank H. Netter, M.D. All rights reserved.)
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osseous in position but subcapsular or subsyno-
vial within the hip joint. Branches from these
arteries enter the bone through numerous vas-
cular foramina in the femoral neck, metaphysis,
and epiphysis. The head itself is composed of an
epiphyseal ossification center, which is proximal
to an epiphyseal cartilage. Since no vessels from
the metaphysis traverse this cartilage, they must
enter the bone of the ossification center by first
coursing around the periphery of the cartilage
still in their subsynovial position.

The extraosseous and intraosseous positions of
these vessels are more clearly demonstrated in
Fig. 2, an injection study by Trueta and Harrison
(1953). The retinacular or capsule vessels are
shown in relationship to the epiphyseal “scar,”

Fic. 2. Intraosseous vascular supply of proximal femur demonstrated by injection.
seal vessels; (b) medial epiphyseal vessels: (¢) lateral metaphyseal vessels; (d)
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the remnant of the two cortices that were once on
the sides of the epiphyseal cartilage. By their
position these vessels are designated as 1) medial
and lateral metaphyseal arteries and 2) medial
and lateral epiphyseal arteries. Clearly, no ves-
sels cross the scar from the metaphysis into the
epiphysis.

The lateral epiphyseal vessels cross approxi-
mately in the subperiosteal and subsynovial po-
sition around the epiphyseal scar and have a
previous ossification center laterally. The medial
epiphyseal vessels are the terminal branches of
the vessels of the ligamentum teres, entering the
center medially through the fovea centralis of
the femoral head. The medial and lateral meta-
physeal vessels are simply those entering the

(a) Lateral epiphy-
medial metaphyseal

vessels. There are anastomoses between medial and lateral metaphyseal vessels and a few between medial
and lateral epiphyseal vessels, but none between metaphyseal and epiphyseal vessels. (Trueta and Har-

rison, 1953. Illustration courtesy of publisher.)
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bone distal to the old epiphyseal scar. All these
vessels are in a very precarious position and can
easily be damaged by trauma to the femoral
neck or capsule.

The following illustrations demonstrate the
result of such damage to retinacular vessels. The
roentgenogram of Fig. 3 was made in September
1958. It shows the pelvis of a 69-year-old female
who had fallen some three months earlier. She
had not sought medical care, feeling that she had
merely “sprained” her hip. The film demon-
strates a fracture of the left femoral neck, with
the calcar femorale of the distal fragment goug-
ing into the medullary canal of the femoral head.
There is shortening of the proximal femur and
a secondary external-rotation deformity of the
left lower extremity. The orthopedist decided
that the fracture was probably stable and there-
fore could be treated simply by protection and
bed rest.
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In December 1958 the roentgenogram of Fig.
4 was made. Remarkable changes are apparent,
especially when the September and December
films are compared. There now is marked con-
trast in the density of the two femoral heads.
In those three months the right femoral head
has atrophied, but the left has not. Both ace-
tabular cortices have also atrophied. The femoral
necks, proximal femoral shafts, and intertrochan-
teric areas have atrophied as well. That the left
femoral head has maintained its original density
in a situation destined to produce bone atrophy
(namely, bed rest) is ipso facto evidence of its
necrosis. Necrotic tissues do not atrophy.

The patient’s left femoral head was removed
and a prosthesis inserted, providing a very inter-
esting specimen, cut in a coronal plane, for micro-
scopic study (Fig. 5). There is a very thick
articular cartilage over the superior and super-
medial surface. The fovea capitis femoris is evi-

Fic. 3. Pelvis of female with 3-month-old injury to L hip, showing shortening of L femoral neck. Frac-
ture line is not visible because fragments have telescoped.
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Fic. 4. Pelvis of patient in Fig. 3, who has been on strict bed rest, about 3 months later. Fracture de-
formity, with shortening of femoral neck, has progressed. There is relative increase in density of L femoral
head — relative because it has retained density, while all around it the bone has atrophied. R femoral
head is also atrophic. Absence of change in density of L femoral head is indicative of necrosis,

dent and is devoid of cartilage. The thin
articular cartilage over the inferior portion of
the femoral head is also evident. On the fracture
surface, to the right, is a large gouged-out area
where the calcar femorale of the distal fragment
protruded into the head. Surrounding this
gouged-out area is a thin reddish-brown band of
tissue. The spaces from this area to the articular
cortex of the femoral head medially are filled
with reddish-brown marrow. This marrow stands
in sharp contrast to the yellowish marrow of the
superior weight-bearing quadrant and the fatty
marrow of the inferior femoral head.

Figures 6 through 12, photomicrographs of
various parts of the femoral head at much higher
magnification, show what has happened in the
six months between fracture and surgical re-
moval. The first (Fig. 6), from the superior
weight-bearing quadrant, presents a picture of
total tissue necrosis. The trabeculae are un-

changed, but the lacunae contain no osteocytes;
the fat cells are indistinct and have been broken
up by autolysis. No capillaries are seen.

Figure 7 is a photomicrograph taken from the
middle portion of the femoral head extending
proximally from the gouged-out area toward the
medial articular cortex. The medullary fat cells
have been replaced with living loose areolar fi-
brovascular tissue. Numerous viable capillaries
with erythrocytes are seen. The trabeculae show
remarkable osteoclastic activity on numerous
surfaces of the bone. There are Howship’s
lacunae of resorption on numerous trabecular
surfaces; and, strangely enough, on the opposite
side of the dead trabeculae, numerous osteoblasts
are laying down new bone in an appositional
layer on the preexisting necrotic trabecula. The
central core of the trabecula remains necrotic, its
lacuna devoid of osteocytes. This process of lay-
ing down new bone and resorption of dead bone,
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F1c. 5. Gross macroscopic section of L femoral head
of patient in Fig. 3 and 4. Fracture line is on L.
(a) through (f): Sites of high-magnification photo-
micrographs shown in Fig. 6 through 12,

Fic. 6.
weight-bearing portion of L femoral head, fractured
6 months earlier, shown in Fig. 5 (site a). No living
cells are visible.

Bone and medullary contents of superior
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Fic. 7. Area of femoral head shown in Fig, 5 (site
b), proximal to gouged-out area of the medulla, in
which replacement process called creeping substitu-
tion is taking place.

Fic. 8. Area of femoral head shown in Fig. 5 (site
¢), proximal to gouged-out area of medullary space,
showing a single trabecula and process of creeping
substitution. Active line of osteoblasts on inferior
surface of necrotic trabecula has deposited thin band

of appositional new living bone. Marrow contents
are beginning to differentiate from loose fibrovascu-
lar tissue, visible in Fig. 7, into fatty and hemato-
poietic marrow.
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marrow contents, and necrotic tissue has been
termed creeping substitution.

The next photomicrograph (Fig. 8) concerns
a single trabecula. Again the loose fibrous tis-
sue has invaded and replaced all of the marrow
contents; creeping substitution is taking place.
Extremely active osteoblastic activity is seen on
one side, whereas there is very little on the other.
Creeping substitution may be so perfect that the
new living tissue and organ may be indistinguish-
able from the original. However, under certain
circumstances, which are as yvet unknown, some-
thing may go wrong with the replacement pro-
cess. In some areas the very loose areolar or
fibrous tissue with its rich vascular supply may
became highly collagenized, forming a dense fi-
brous connective tissue, and the substitution
seems to come to a halt.

The photomicrograph in Fig. 9, again from the
central portion proximal to the gouged-out area,

Fic. 9. Area of femoral head shown in Fig. 5 (site
d), immediately proximal to gouged-out area of
medulla. Creeping substitution of marrow has oc-
curred on R; marrow on L is as yet unreplaced.
Fibrovascular tissue has apparently matured and
lost its potential for creeping substitution of bone.

shows fibrous marrow tissue densely collagenized
with minimal osteoclastic and osteoblastic ac-
tivity about the trabeculae. The smaller tra-
becula is completely surrounded by this tissue,
which has limited potential for removal and re-
placement of necrotic bone. Fibrous tissue is ap-
proaching the larger necrotic trabecula to the
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left, but is not replacing it. It would appear that
the trabecula has acted as a barrier to the in-
vasion of living tissue, and that the necrotic
fatty marrow, to the left, has not yet been re-
placed. Reasons for this variation in the replace-
ment process are entirely unknown, but they
must be local.

Figure 10 is a higher magnification of a tra-
becula of dead bone with appositional new bone

Fic. 10. Area of femoral head shown in Fig. 5 (site
e), revealing creeping substitution. On inferior tra-
becular surface is single Howship’s lacuna of osteo-
clastic resorption. Applied to both trabecular sur-
faces is layer of new appositional bone, its lacunae
filled with living osteocytes with layer of osteoblasts
on its exterior surface,

formation. The necrotic preexisting trabecula is
seen centrally, its lacuna devoid of cells. On the
trabecula’s two surfaces are thick bands of viable
immature reactive bone; very active osteoblastic
activity is seen. The appositional new bone has
more than doubled the size of the preexisting tra-
becula.

With highly refined roentgenographic tech-
niques it would be possible to show a true and
absolute increase in density of this portion of
the femoral head as a consequence of this creep-
ing substitution with its appositional bone for-
mation. Thus if microscopic radiographs were
possible we could see a mixture of areas of de-
creased density, where bony trabeculae had been
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resorbed, together with areas of increased density
caused by appositional new bone formation. Such
microradiographic techniques are available for
laboratory specimens but are not possible in
clinical studies.

Clinical roentgenograms are influenced by an-
other factor — the application of Wolff’s law,
which, simply stated, is that the architecture
and structure of bone are dependent upon the
forces acting upon it. The more that force and
stress are applied to bone, the more will bone
formation occur; the less force and stress ap-
plied, the more will bone atrophy. Disuse atrophy
is a part of most clinical situations. Living bone
surrounding an area of necrotic bone will undergo
atrophy quite similar to that occurring in soft
tissues. Because of disuse and, hence, reduced
stress, living bone replacing dead bone will be
quite porotic,

If the patient is quite inactive until all the
necrotic bone has been replaced, the entire area
will appear to be less dense — i.e., atrophic —
in the gross or macro roentgenogram. In the
micro roentgenogram (if such were possible in
the clinical situation), small areas might appear
to be of normal or increased density, as the tra-
beculae in Fig. 10 would indicate. If the patient
were later permitted to resume normal activity,
hypertrophy of the bone would occur (Wolfl's

Fic. 11. Area of femoral head shown in Fig. 5 (site
f), immediately adjacent to gouged-out area of
medulla (upper border). Medullary contents have
been replaced by loose fibrovascular tissue, which is
differentiating into bone (callus) in an obvious at-
tempt to unite the two fragments.
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law), with a real increase in bone density visible
in both micro and macro roentgenograms.

Figure 11 shows the calcar femorale of the
distal fragment penetrating the bone. The trauma-
tized trabeculae (upper portion of the photo-
micrograph) are surrounded by marrow spaces
filled with loose fibrous tissue; active creeping
substitution is apparent. There is osseous meta-
plasia in the fibrous tissue, which has the appear-
ance of fracture callus. The large trabecula to
the right demonstrates creeping substitution,
where bone removal seems to be more advanced
than appositional bone formation. Figure 12, at

Fic. 12. High magnification of necrotic trabecula in
R of Fig. 11 (Fig. 5, site ). Lacunae are devoid of
cells, Very early creeping substitution is occurring.
Single Howship's lacuna of osteoclastic resorption is
seen on L side of trabecula; osteoclasts have single
nucleus only. Loose fibrovascular tissue has replaced
marrow content on R. On L, invading tissue is more
mature and has differentiated into callus.

higher magnification than Fig. 11, shows the
previously mentioned necrotic trabecula where
osteoclastic activity exceeds osteoblastic activity.
Numerous multinucleated osteoclasts are seen
absorbing the trabecula. All previous necrotic
marrow contents have been replaced by a mix-
ture of loose areolar or vascular fibrous tissue
and, in some areas, by very dense, highly col-
lagenized fibrous tissue.

These photomicrographs, taken of a single
specimen, demonstrate that the process of creep-
ing substitution varies in different portions of the
femoral head. The variations are probably due
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in part to the accessibility of necrotic bone to
invading fibrovascular tissue. In some femoral
heads proximal to the femoral neck, the medial
and lateral metaphyseal vessels and the lateral
epiphyseal vessels may be torn as a direct result
of a fracture. The medial epiphyseal vessels from
the ligamentum teres may remain intact; in other
instances they may be torn. If all the vessels
are torn, the entire femoral head will become
necrotic.

In some femoral heads proximal to a femoral-
neck fracture, some of these retinacular vessels
may remain intact, leaving the areas that they
supply viable. These femoral heads may then
reveal roentgenographic evidence of segmental
or partial necrosis. Decreased density in one
portion may indicate atrophy of living bone
where retinacular vessels have remained intact.
Or it might indicate replacement of necrotic
trabeculae by living atrophic bone in the process
of creeping substitution. Increased density in
that area might simply be relative in comparison
with the atrophy of the surrounding area. Or it
might be a true increase resulting from apposi-
tional creeping substitution, hypertrophy of the
newly substituted bone, or the addition of callus.

Proper roentgenographic interpretation of fe-
moral-head damage depends upon knowing I)
the time interval between injury and X-ray, 2)
the accessibility of the injured area to vascular
invasion, and 3) the status of the surrounding
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area. Precise interpretation of the pathologic
process is not possible from a single clinical
roentgenogram. Accurate assessment depends
upon making serial roentgenograms in sufficient
numbers of the highest possible quality, at suffi-
ciently frequent intervals, and with the most
standardized technique. Obviously, critical eval-
uation is also dependent upon specialized knowl-
edge of bone physiology and pathology. The
correlation of roentgenograms and microscopic
sections is of greatest importance. Unfortunately,
in most clinical situations neither adequate mi-
croscopic sections nor comparable roentgeno-
grams are available. Serious errors in interpre-
tation are therefore quite frequent.

The invasion and replacement of a necrotic
femoral head proximal to a femoral-neck frac-
ture depend upon many factors. Some are well
known, other not at all. One such factor is age.
The younger the individual is, the more rapidly
the fibrous tissue will grow into the head. In
younger individuals this tissue appears to be of
the highly vascular, loose areolar type, and
replacement may be quite rapid and perfect.
Another factor is stability. Even though the
femoral head is entirely necrotic, if it can be sta-
bilized on the neck by internal fixation devices
or by external plaster, union of the fracture will
probably take place. If union occurs, then the
fibrous tissue may invade the head rapidly. If,
on the other hand, union does not take place, the

Fic. 13. Closed one-month-old fracture of tibia in 20-year-old male. Good overall alignment exists, but
distal fragment (R) is slightly displaced, accounting for tangential cut of section and apparent con-

vergence of the two cortices.
14 and 15, respectively.

'

ia) and (b): Sites of high-magnification photomicrographs shown in Fig.
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Fic. 16. Pelvis of 14-year-old male with injury to
R hip. R capital femoral epiphysis is posterior to
hip joint, partially obscured by iliac portion of ace-

tabulum, Ossification center is not attached to

metaphysis and is rotated 90°.

in which the headlights had failed. He volun-
teered to act as headlights, sitting on the right
front fender and telling the driver which way to
turn. Following a bit of misdirection, the car hit
a bridge abutment, which the patient tried to
fend off with his right foot.

The roentgenogram shows what happened. The
metaphysis of the proximal right femur is lying
within the acetabulum, and the ossification cen-
ter of the femoral head is lying completely out-
side and posterior to it. The patient obviously
sustained a dislocation of his right hip joint and
then set his muscles very tightly, causing the
femur to pull back toward the acetabulum. The
ossification center was reduced surgically and
fixed to the metaphysis with pins. It probably
would have been wise to remove the epiphyseal
cartilage; but to do so would have left the patient
with a shortened right extremity, because growth
potential would have been lost. After surgery
the patient was placed on crutches, the right leg
non-weight-bearing,

Figure 17 is a roentgenogram made some 6
months after injury, showing three pins fixing
the ossification center to the femoral neck and
trochanteric region. Particularly striking is the
appearance of the right proximal femur, the ossi-
fication center of the head, and the acetabular
weight-bearing cortex. There is marked atrophy
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Fic. 17. Pelvis of patient in Fig. 16, 6 months after
injury. R femoral atrophy is spectacular, yet there
is no decrease in density in R femoral ossification
center,

of the cortex, which is particularly apparent
when it is compared with that of the left ace-
tabulum.

In addition, there is atrophy of the wing of
the right ilium and of the intertrochanteric and
subtrochanteric areas of the right femoral neck.
The atrophy of these areas is striking when the
two sides of the pelvis and the two femora are
compared. Obviously the ossification center of
the right femoral head has not atrophied. The
center retains precisely the same density as that
of the left one. Disuse atrophy (Wolff’s law)
has affected all bones of the right pelvis and right
lower extremity, except the ossification center
of the femoral head — this last circumstance
indicative of necrosis of that bone. The surgeon
realized that the epiphyseal cartilage between
the ossification center and the femoral metaph-
ysis had acted as a barrier against ingrowth of
any fibrovascular tissue. Accordingly, a second
operation was performed; multiple holes were
drilled through the epiphyseal cartilage and a
bone graft placed across it, thus opening up the
ossification center to invasion by fibrovascular
buds.

Figure 18 is a roentgenogram of the patient’s
right hip joint some six years later, showing se-
vere degenerative arthritis. There is marginal
osteophyte formation laterally on both the fem-
oral head and acetabulum. The cartilage space
is narrowed. The femoral head is deformed with
flattening of its superior weight-bearing surface.
A large portion of the weight-bearing quadrant

—_———————— =
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Fic. 18. A-P view of R hip of patient in Fig. 16,
taken some 6 years after original X-ray film,

of the femoral head is sclerotic, and the replaced
areas of the metaphysis are mottled in appear-
ance.

In the intervening six years, this patient’s ne-
crotic ossification center has undergone creeping
substitution. Unfortunately the weakened re-
placement bone has also undergone pathologic
fracture, and there is depression of the superior
weight-bearing articular surface. This has caused
loss of sphericity of the femoral head, producing
deformity.

The additional aspect of osteonecrosis posed
by this case is the fate of articular cartilage
overlying necrotic bone. This cartilage derives nu-
trition from two sources: superficially by lubrica-
tion from synovial fluid, and by perfusion from
capillary buds penetrating the articular cortex
from beneath. Quite probably articular cartilage
varies markedly in its dependence upon these
two sources of nutrition in different patients and
in different areas. At any rate, the fate of ar-
ticular cartilage overlying any articular necrotic
cortex cannot be determined for a long time.

Articular cartilage may be viable; in this event,
after replacement of the subjacent necrotic bone,
the patient’s joint will be quite satisfactory. But
if the subjacent bone has undergone pathologic
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fracture, as happened in the foregoing case (Fig.
18), then degenerative arthritis may result. If,
on the other hand, the subjacent necrotic bone
has been properly replaced, the joint may be
restored to almost perfect congruity and func-
tion. In other instances, the articular cartilage
may have undergone necrosis along with the
subjacent bone. Then the cartilage space will
remain intact for a long time. When the sub-
jacent necrotic bone is replaced, the process will
continue until the articular cartilage is replaced
as well, and the joint will then become the seat
of degenerative arthritis. It is apparent, there-
fore, that the roentgenograms of articular carti-
lage are even more difficult to interpret than
those of bone.

The enigma of articular cartilage is more fre-
quently encountered in the process known as
osteochondritis dissecans than in osteonecrosis.
In the first instance, a piece of bone containing
articular cortex undergoes necrosis. The over-
lying cartilage may or may not undergo necrosis
as well. In some cases the necrotic bone and
cartilage separate from the surrounding viable
host tissue and a loose body is formed.

Many variations on this theme are seen clin-
ically in osteochondritis dissecans. The necrotic
bone may separate while the cartilage remains
intact, either viable or necrotic. The necrotic
bone may separate, accompanied by partial sep-
aration of the articular cartilage. Or an entire
viable fragment containing necrotic bone and
cartilage may separate from the host bone.

Figure 19 is a roentgenogram of the knee joint
of a young adult male with osteochondritis dis-
secans of the medial femoral condyle. The large
necrotic area in the weight-bearing portion is
quite evident; a necrotic bone fragment has sep-
arated from the surrounding host bone. Because
the man was symptomatic, arthrotomy was per-
formed. The fragment is shown in Fig. 20. Most
of the cartilage was fractured, but bridges still
remained, holding the osteochondral fragment
in situ. It was felt that, since this fragment was
loose in its bed, its replacement was quite un-
likely.

The fragment was therefore removed. Figure
21 reveals marrow spaces filled with necrotic tis-
sue and a small amount of fibrous tissue, which
is attached to the deeper margin of bone and the
fracture surface (to right of photomicrograph).
The necrotic articular cortex and cartilage, show-
ing a “tidewater mark,” are seen in Fig. 22 at
higher magnification. The cortical lacunae are
devoid of cells and the chondrocytes poorly
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Fic. 19. L knee of young adult with osteochondritis dissecans of medial femoral condyle, in which can
be seen a large oval-shaped defect containing articular cortex in two irregularly rounded areas (arrows).

Fig. 20. L knee joint of patient in Fig. 19 at time

of surgery. Osteocrondritis dissecans fragment
(arrow), which was subsequently removed, is in
center of weight-bearing portion of medial femoral
condyle.

stained. The picture is one of necrosis of bone
and cartilage without any evidence of replace-
ment. A very small amount of loose fibrous tis-
sue has invaded and replaced the necrotic med-
ullary content (lower right corner).

What happens to the articular cartilage of the
fragment is shown in Fig. 23. Again, the cortical
lacunae are devoid of cells, and the chondrocytes
of the cartilage appear necrotic. The medullary
content (lower left) has been completely re-
placed by loose fibrous tissue, which has invaded
the cartilage through the necrotic articular cor-
tex. It seems that creeping substitution could
have progressed into the articular cartilage with
subsequent removal of its necrotic tissue.

From a clinical standpoint, it would therefore
appear that the fate of articular cartilage con-
trols the prognosis of patients with osteonecrosis.
If necrotic bone is adjacent to the articular cor-
tex, the cartilage may remain viable or it may
become necrotic. If the cartilage remains viable,
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Fic. 21. Portion of removed osteochondritis disse-
cans fragment of L knee joint of Fig. 19. Invading
loose fibrovascular tissue has differentiated into
fibrocartilage, indicating movement of both bone
fragment and invading tissue. (a) and (b): Sites
of higher magnification shown in Fig. 22 and 23,
respectively.

Fic. 22. Articular cortex and cartilage of osteochon-
dritis dissecans fragment in Fig. 21 (site a) at higher
magnification, showing “tidewater mark” of articular
cartilage. All the bone is necrotic, with no replace-
ment yet evident. Cartilage cells are indistinct,
indicative of necrosis.

79

P

Fic. 23. Osteochondritis dissecans fragment of Fig,
21 (site b) at higher magnification than site a (Fig.
22), showing necrotic articular cartilage and cortex
—both as vet unreplaced. Medullary contents of
space at lower L have been replaced with loose fibro-
vascular tissue, which has left gap in the cortical
continuity and has invaded cartilage to its ‘“tide-
water mark.” The tissue has been primarily invasive
and destructive, not having yet differentiated into
fibrocartilage, appositional bone, or dense fibrous
tissue,

the cartilage space will retain a normal width
roentgenographically, and the patient’s prospects
are quite good. If the cartilage is necrotic, how-
ever, and if a subjacent necrotic bone is replaced,
the replacement process extends to the dead
articular cartilage as well. Hyaline articular
cartilage is replaced with fibrocartilage, which
will not tolerate weight-bearing. The net result
in this instance is severe degenerative arthritis,
although the cartilage space may remain normal
for many years. The main clinical concern in
these cases, then, is the fate of the articular
cartilage, which cannot be predicted from roent-
genograms or other clinical tests.

The next series of films demonstrates the in-
fluence of age on creeping substitution and the
patient’s prognosis. The patient is a 7-year-old
male with Legg-Calvé-Perthes disease — idio-
pathic necrosis of the capital femoral epiphyseal
ossification center — who had had symptoms for
some 3 months.

In Fig. 24 are A-P and frogleg roentgenograms
of the patient’s pelvis. Necrosis in the ossifica-
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Fic. 24. Pelvis of 7-year-old boy with Legg-Calvé-
Perthes disease, in A-P (above) and frogleg lateral
(below) projections. Disuse has caused atrophy of
R iliac acetabulum and proximal femur, but not of

R capital femoral ossification center, the relative in-
crease in density indicative of that center’s necrosis.

tion center of the proximal right femur is ap-
parent in the A-P film because of the relative
increase in density. This increase is due to
atrophy of the acetabular bone and of the
femoral neck and trochanteric area, while the
necrotic ossification center has retained its orig-
inal density. The frogleg lateral view also dem-
onstrates this relative increase of density. The
dark irregular fracture line seen immediately
beneath the articular cortex of the ossification
center separates it and the cartilage from the
subjacent trabecular bone of the center; it is a
pathologic fracture.
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Films made 3, 6, and 9 months later (Fig. 25)
show replacement of the trabecular bone, which
proceeds from the synovial membrane’s point of
attachment. The acetabulum and femoral
metaphysis have undergone further atrophy. De-
creased density is the result of a non-weight-
bearing regimen in this period. The articular
cartilage space is widening because of continued
growth of cartilage and its nonreplacement by
enchondral ossification from necrotic subjacent
bone. Vertical bands of decreased bone density
medially and laterally in the ossification center
demonstrate very early creeping substitution.

The child was quite uncooperative in the
crutch-walking, non-weight-bearing treatment
program. He placed much weight on the ossi-
fication center, traumatizing the fragile atrophic
replaced bone. A-P and frogleg views taken 2
years later (Fig. 26, upper films) and 3 years
later (lower films) show the condition of the
femoral head. Once more, flattening of the ossi-
fication center was caused by continued weight-
bearing. Patchwork replacement of the trabecu-
lar bone of the anterior ossification center is
quite evident, probably caused by the variable
creeping substitution of necrotic bone. Impor-
tantly, the articular cartilage space has widened;
the articular cartilage has obviously continued to
grow, but enchondral ossification has not taken
place. Ordinarily the ossification center enlarges
and the articular cartilage grows. The articular
cartilage space in this case is much larger than
normal because of continued cartilaginous
growth and its nonreplacement by normal en-
chondral ossification. Widening of the articular
cartilage space (Fig. 26) is evidence of cartilage

Fic. 25. A-P projections of R hip of Fig. 24, taken 3, 6, and 9 months after original X-ray films, show-

ing density changes.
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Fic. 26. A-P and frogleg lateral projection of R hip
of patient in Fig. 24, Upper films were taken 2 years
after those in Fig. 24; lower ones, 3 vears after.

viability. Although replacement of the necrotic
bone of the ossification center appears to be pro-
ceeding haphazardly, the prognosis is good.
Figure 27 is a roentgenogram taken 6 vyears
after the diagnosis of Legg-Calvé-Perthes disease
was established. The articular cartilage space has
now returned to normal, the ossification center
has been completely replaced, and normal
enchondral ossification of the cartilage has
occurred. There is little real deformity of the fem-
oral head. Similar articular cartilage changes
taking place in an adult would be most unusual.
In summary, necrosis of bone may generate a
unique pathologic event — replacement through
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Fic. 27.
fication center has been completely replaced, and
overall configuration of R and L femoral heads is
much alike.

Hips of Fig. 24, taken 6 years later. Ossi-

a process called creeping substitution. The re-
placement may be quite perfect. However, when
the necrotic process involves the articular cortex,
the fate of the associated articular cartilage be-
comes crucial. If the cartilage is necrotic, it will
be replaced rather imperfectly and degenerative
arthritis will be the result. But whatever the
etiology of the bone necrosis may be — whether
idiopathie, traumatic, metabolic, or physiologic
— the replacement process is identical, although
it is influenced by many factors, including:

1. Site of involvement, whether articular or

nonarticular

2. Age

3. Presence or absence of fracture

4. Presence or absence of union, if there is a
fracture

5. Accessibility of the necrotic areas to fibro-

vascular invasion and the presence or ab-
sence of invasion

6. State of the articular cartilage.
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FATAL FAT EMBOLISM FOLLOWING DECOMPRESSION
SICKNESS IN AN EXPERIMENTAL DIVE

Professor Biihlmann was unable to attend
the Symposium to present this paper. Its
contents are nonetheless considered perti-
nent to a study of osteonecrosis related to
dysbarism, and hence the paper is included.

—Eds.

A simulated dive, involving two subjects, was
undertaken at the Kantonsspital, Zurich, Swit-
zerland, in February 1968. The subjects were
compressed in 20 minutes to 31 ATA*, at which
pressure they remained 3 hours. They were
then decompressed to 1.0 ATA in 63.5 hours.
The first subject experienced decompression dif-
ficulties only at the beginning of decompression
and was asymptomatic thereafter.

The second subject, of concern to this report,
was R.B., aged 22; he was 185.2 Ib. (84 kg) in
weight and 69.3 in. (167 ¢m) in height. Prior
to the experiment no abnormal clinical findings
were uncovered, other than a blood volume
value of 56 ml kg (normal value in the labora-
tory, 67 ml'kg). Hematocrit was 47%:; total
lipids were 505 mg %.

This subject experienced no difficulty during
compression or during the period at maximum
pressure. But on decompression he suffered
“vertigo bends” at 18.5 ATA, which was re-
lieved by recompression to 23 ATA.

During the final period of decompression, in
which the breathing mixture was 50% 0. and
509% N. at 2.6 ATA, the subject experienced mild
pain in both knees. The pain dissipated spon-
taneously during decompression at the scheduled
slower rate.

*A distinction should be made between references to
atmospheres absolute as used by certain European
and by U.S. and UK. researchers:

1 ATA (as used here) =1 atmosphere absolute, tech-
nical (or 735 mm Hg, which is also the normal at-
mospheric pressure at Zurich);: whereas

1 atm abs=1 atmosphere absolute, international, or
760 mm Hg

Preceding page blank
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R. B. slept for five hours after decompression
was completed, and then was mobilized for med-
ical examination. His blood pressure at that
time was 120 70; his pulse rate, 116; and his
total lipids, 560 mg 9%. His blood volume had
decreased to 46 ml kg, his hematocrit had in-
creased to 519%, and he showed evidence of
dyspnea and cyanosis. Chest X-ray revealed a
faint shadow on the left side. Because of R.B.’s
increasing dyspnea and cyanosis, he was placed
under intensive care. Such measures as intuba-
tion and artificial respiration with positive end-
expiratory pressure (PEEP B) were undertaken,
and plasma infusions were given. Arterial blood-
gas levels, blood pressure, and diuresis were
maintained satisfactorily.

On the third day of therapy the triglyceride
level in the patient’s blood was elevated to 328
mg % (normal, 30 to 190 mg 9%); chylomicron
level was 111 mg % (normal, 1 to 3 mg %);
and very low density lipoprotein was 217 mg %
(normal, 30 to 190).

The patient suffered a cardiac arrest on both
the second and third days of treatment, but
was successfully resuscitated. Cardiac arrest
occurred again on the sixth day; in this instance,
unfortunately, efforts at resuscitation were un-
availing.

Postmortem findings. Gross examination re-
vealed a hemorrhage, 3 em x 2 em x 8 cm in size,
in the bone marrow of the distal third of the
left femur (Fig. 1). Microscopic study of the
tissues revealed diffuse fat embolization of the
lungs (Fig. 2), brain, heart, kidneys, and mus-
cular system.

Diagnostic hypothesis. Hypovolemia, of un-
clear etiology, caused poor blood flow and tissue
perfusion. The rate of gas elimination was inade-
quate and decompression sickness resulted. The
decompression sickness then caused hemorrhage
and fat-tissue destruction in the marrow of the
left femur, which was followed by a diffuse, and
fatal, fat embolization.




84

Fic. 1. Longitudinal section through distal third of
left femur of patient R.B., showing intramedullary
hemorrhage (arrow) in posterior segment.

A. A. BUHLMANN

Fic. 2. Photomicrograph of lung tissue of patient
R.B., showing vascular fat embolization; (a) drop-
lets of fat in lung capillaries and (b) hemorrhagic
extravasation.
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EPIDEMIOLOGICAL AND ETIOLOGICAL CONSIDERATIONS

IN OSTEONECROSIS

In this paper will be examined some of the
clinical and epidemiological characteristics of
aseptic bone necrosis as it affects the head of the
femur in the general population. This population
does not include those who are subjected to de-
compression. Also to be discussed is the occur-
rence of coagulation and hematologic abnormali-
ties in these patients, with speculation on how
they may be related to excessive alcohol con-
sumption and other systemic disturbances. It
should be emphasized that in most instances
aseptic bone necrosis is a skeletal manifestation
of a very serious and generalized metabolic dis-
turbance.

To understand the problem more clearly, a
group of 50 patients afflicted with femoral-head
necrosis was studied at the University of Iowa
between 1951 and 1968 (Boettcher et al., Part
I, 1970; Boettcher et al., Part II, 1970). The
results are shown in Table I.

The condition is clearly not a matter of degen-
eration due to age. There must be some under-
lying disturbance that leads to the development
of these skeletal lesions in a group whose ages
range from 24 to 65 years.

Prior to the time of diagnosis, most patients
had had symptoms for an average of 18 months;
in some, symptoms had persisted as long as 5
years. In many instances a variety of false diag-
noses had been made before the correct one was

Table I.

WiLLiaMm G. BOETTCHER

arrived at. Seven hips were asymptomatic at
the time of diagnosis, meaning that the lesion
had not progressed to the point of femoral-head
collapse. Most likely the patient who experiences
acute pain has probably at that point suffered
some collapse of the weight-bearing segment.

Of our patients, 36 were afflicted bilaterally.
This very high incidence of bilaterality was re-
vealed through regular follow-up examinations
of the patients, at which time radiographs were
taken of both hips. We can say that if a patient
has aseptic bone necrosis involving the head of
the femur, the chances are perhaps three in four
that the other femoral head will be similarly
affected. In all, 86 hips in 50 patients were
diseased.

When these patients were recalled for follow-
up examinations, 45 out of the 50 returned; the
other 5 were dead. The average age of these
patients at death was 52 years, attesting to the
severe generalized metabolic disturbance involved
in this patient population.

By analyzing the 50 patients’ records, reeval-
uating their histories, and reexamining them and
their laboratory data, we attempted to uncover
a common link among the cases or a factor that
might in some way have contributed to their
aseptic bone necrosis. The following are other
diseases and conditions that these patients shared
in association with osteonecrosis, all of which

FEMORAL-HEAD NEcrosis v 50 PATIENTS*

Average age

Duration of symptoms
Asymptomatic

Bilateral necrosis

Unilateral necrosis

Total number hips

Adequate follow-up (36 patients)

46 years (age span, 24 to 65 years)

18 months (span, 1 to 60 months)
7 hips

36 patients

14 patients

86

55 hips

*44 males. 6 females
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have been reported in the literature:

(%]
-3

Excessive alcohol consumption
Hepatic disease

Gout or hyperuricemia
Thrombocytopenia
Thrombocythemia

Steroid therapy
Hypercholesteremia
Hyperlipidemia

Discoid lupus erythematosus
Systemic lupus erythematosus
Fabry's disease

Reynaud’s disease

Gaucher’s disease
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As noted, 37 patients had a history of excessive
alcohol consumption. We were rather conserva-
tive in what we labeled excessive, defining it as
being three or more drinks of hard liquor per
day, regularly. However, the alcohol consump-
tion of most of these patients was much higher.
Many were binge drinkers, consuming as much
as a fifth [one-fifth gallon| per day. Twenty-one
patients had hepatic disease. Hepatomegaly was
palpated in 13; abnormal BSP retentions were
found in 12; liver biopsies on 2 patients revealed
sclerosis,

We became aware of the fact that bleeding and
coagulation disorders seemed to occur with un-
usual frequency among the 50 patients. On the
basis of their histories and our clinical observa-
tions, 11 were thought to manifest such dis-
orders, namely:

Clotting Defect Oeccurrences
Epistaxis 2
Bruising 4
Abnormal bleeding 3
Petechiae or purpura 3
Thrombosis 1
Menorrhagia 1
Wound hematoma 3
Retinal hemorrhage 1

Of the two patients with epistaxis, one had
drug-induced thrombocytopenia. At that time he
had a platelet count of only 5000. The second
patient also had thrombocytopenia as well as
hyperlipidemia; his cholesterol level at that time
was over 1000.

W. G. BOETTCHER

Of the four patients reporting repeated and
easy bruisability, abnormal surgical bleeding in
the form of diffuse, persistent capillary oozing oc-
curred in three. One patient, suffering from per-
sistent deep-vein phlebitis with thrombosis, had
an interesting family history in that his father
had died at a young age of mesenteric thrombosis.
When the patient with menorrhagia had a hyster-
ectomy, she required 10 units of blood for trans-
fusion and was subsequently found to have
idiopathic thrombocytopenia. Three patients with
low platelet counts had wound hematomas. One
man with hyperlipidemia and thrombocytopenia
had retinal hemorrhages.

Because of these findings, we studied the
platelet counts in our patients, most of them in
retrospective investigations. The curve in Fig. 1
shows the normal distribution of platelet counts

2r Normal (200,000 to 400,000) 16
28+ Low ( 4,000 to 188,000 } 15
= High { 550,000 to 1.550, 000 } 6
» 24 { Abnormal values p<0.01)
gt
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E =
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4
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0100 200 300 400 500 500

Platelet Count (# / mm

Fic. 1. Platelet counts in femoral-head necrosis in
37 patients, revealing abnormally high and low
values in so-called idiopathic osteonecrosis. Normal
range is within curve.

made in our laboratory on an unrelated group of
patients as part of a different epidemiological
study, the normal values being from 200,000 to
400,000. Of the 37 patients in our bone-necrosis
investigation whose platelet counts were deter-
mined, 15 had low values and the platelets of 6
were elevated. The low values ranged down to
4000 — quite low. Some very elevated ones, as
high as 1.5 million, were also recorded. The fre-
quency of abnormal platelet counts, even in so
small a subject population, is considered statis-
tically significant.

We also studied the incidence of abnormal
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serum uric acids in 33 patients; the normal value
is 8 mg % or less. The graph in Fig. 2 shows a

32[ Serum Uric Acid 33 patients
; Normal (3-8 mg %) 23
28+ Elevated (8.2-14.2 mg %) 10 (p<0.01)
24 Gout 10
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g 20+ Elevated 4
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Fic. 2. Shift of abnormally high uric-acid values
to right in 33 osteonecrosis patients in comparison
with those of control group (under curve).

shift to the right. Serum uric-acid determina-
tions of up to 14 mg % were recorded. Ten of
these people were known to be under treatment
for gout, which would have tended to reduce their
uric acid to normal. So the value in an untreated
population would probably have been even
higher. The presence of abnormal levels of uric
acid in this small a group of patients is also
statistically significant.

After we became aware of the coagulation dis-
orders in our patient population, we subjected 30
of them to the following rather extensive battery
of coagulation tests:

Bleeding time

Clotting time

Silicone clotting time

Clot retraction

Prothrombin time (one stage)
Prothrombin time (two stage)
Thrombin time

Thromboplastin generation time

Prothrombin utilization (30 min)
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Prothrombin utilization (60 min)
Plasma clotting time

Circulating anticoagulant
Fibrinogen

Factor VIII

Fibrinolysis plasma clot

The tests showed that at least one abnormal
condition existed in every patient, which of itself
is not significant. However, 9 patients revealed
a combination of several coagulation abnormal-
ities; the evidence suggested a hypercoagulable
tendency in 5 of them and a hypocoagulable
tendency in the other 4.

Coagulation and platelet-count abnormalities
plus observations of bleeding and hemorrhages
— together with an overlap among the disorders
— appeared to offer some direct evidence for the
existence of a bleeding or clotting disorder in 26
of the 50 patients:

Findings N;:;?ii:‘ "‘t:f
Abnormal coagulation battery 9
Abnormal platelets 21
History or clinical observations
of abnormality 11

There was some alteration in hemostasis as
well. Considering the high incidence of alco-
holism and other disorders, we then speculated
about the possible existence of other bleeding and
clotting abnormalities which we were unable to
measure at that particular time. With excessive
alcohol consumption in humans, intravascular
red-cell agglutination is known to occur. Sludg-
ing and stasis have been observed in the small
vessels of the eye, as have microhemorrhages. It
is interesting that with excessive ingestion a
marked thrombocytopenia occurs within a few
hours, followed by rebound thrombocytosis when
alcohol is withdrawn. When significant amounts
of alcohol are consumed, especially in binge
drinking, platelet counts will fluctuate markedly.
An increase in fibrinolytic activity is also well
known, especially (for some reason) following
ingestion of beer.

Many coagulation factors are produced in the
liver. Likewise, many coagulation abnormalities
are associated with liver disease. For example:
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Prothrombin deficiency Factor X deficiency

Factor V deficiency Factor XI deficiency

Factor VII deficiency Thrombocytopenia

Factor IX deficiency Increased fibrinolytic
activity

As stated, 21 of our 50 patients had serious liver
disease. Not all were sclerotic or had a large
fatty liver, but they suffered from deficiency
states of prothrombin. Several of the clotting
factors, as well as thrombocytopenia and in-
creased fibrinolytic activity, can occur with liver
disease,

With hyperuricemia, increased platelet adhe-
siveness is common. Increased platelet turnover,
increased plasma thromboplastin activity, and
activation of the Hageman or clotting factor may
also occur. Alcohol consumption compounds the
problem, as it tends to raise the blood uric-acid
level as well.

Several of our patients had hyperlipidemia,
which is associated with such bleeding and clot-
ting problems as marked acceleration of throm-
bus formation, decreased clotting time, modifi-
cation of the thromboplastin generation time,
and increased fibrinogen and clot retraction.

Nine patients in this study had undergone
steroid therapy. This suggested to us that the
underlying disorder for which steroids were
given might have been of equal or even greater
importance to the etiology of bone necrosis than
the steroids themselves. Steroids, as one knows,
may be prescribed for everything from the com-

W. G. BOETTCHER

mon cold to gout. In our patient population
they had been administered for the following
disorders:

Disorder Npl::}:z:sof
Thrombocytopenia 2
Thrombocythemia 1
Polycythemia 1
Systemic lupus erythematosus 1
Discoid lupus erythematosus 1
Gout 3

The two patients receiving steroids for thrombo-
cytopenia had done so on a relatively long-term
basis. Was the thrombocytopenia (in one case
with 5000 platelets) more a contributory factor
in the bone necrosis than the steroids were? It
might be mentioned that aseptic bone necrosis
has been reported in systemic lupus in the ab-
sence of steroid therapy. Steroids do not play
an important role in the treatment of gout, so
possibly the coagulation abnormalities associated
with hyperuricemia rather than steroids contrib-
ute to the development of bone necrosis.

We therefore came to regard femoral-head
necrosis as a skeletal expression of a systemic
disease, or diseases, which by a variety of differ-
ent events may result in sludging, thrombosis,
or hemorrhage in an area of very susceptible
blood supply.
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of 8 had hypertriglyceridemia, and fatty meta-
morphosis was demonstrated histologically in 7
of 9 livers examined. Evidence of systemic fat
embolism was found in 9 of 19 patients. Lipuria
was detected in 8 cases, probable intravascular
fat globules in resected femoral heads were seen
in 2 instances, and emboli were found at autopsy
in 1 case.

In the sampling of 30 patients, there were 77
lesions (Fig. 1); bilateral symmetry was marked,
Of the necrotic lesions 569, were in femoral
heads, as seen in Fig. 2, and 119 in humeral
heads. Metadiaphyseal infarctions within the
distal femur and proximal tibia accounted for
nearly one-third of the lesions.

Although Axhausen (1928) was probably the
first to report osteonecrosis in an alcoholic pa-
tient, Vignon et al. (1960) reported that 5 of
their 9 patients with idiopathic necrosis had a
significant history of alcoholism; Mankin and
Brower (1962) reported a similar history in 3

HUMERAL HEAD 4

CAPITELLUM |
HUMERUS

FEMORAL HEAD 2|
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of 5 patients with osteonecrosis. Serre and Simon
(1962) and Patterson et al. (1964) found that,
respectively, 19% and 17% of their patients with
avascular necrosis had a significant history of
alcoholism. Malka (1966) noted that 3 of his
6 patients with femoral-head necrosis were al-
coholics.

The majority of the 27 patients in Thibodeau’s
review (1968) of 41 hips with avascular necrosis
were alcoholics. Of 50 patients with idiopathic
ischemic necrosis of the femoral head reported
in the Swiss Multi-Center Study, at least 6 were
alcoholic with chronic liver disease (Zinn, 1971).
Hartmann (1971) noted that 7 of 38 patients in
the Swiss study had hyperlipidemia. In our ex-
perience the hyperlipidemias associated with al-
coholism have been predominantly Type IV
(Fredrickson and Lees, 1965), comprising chylo-
microns and pre-beta lipoproteins.

Schreiber (1972) documented a 23-year-old
heroin addict with bilateral idiopathic avascular

DISTAL FEMUR 6
PROXIMAL TIBIA 6

DISTAL TIBIA |
TOTAL 39

[ LEFT JTOTAL] % |
5 9 1.6
0 [ 1.3
: 5 22 43 558
4 10 13.0
6 12 156
I 2 27
38 77 100.0

Fic. 1. Skeletal distribution of 77 osteonecrosis lesions, diagnosed roentgenographically, in 30 alcoholic

patients,

(Jones, 1971. Illustration courtesy of publisher.)
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Fic. 2. A-P projections of R femoral head of male alcoholic. (a) Visible are scattered radiolucencies with

minimal sclerosis and no gross evidence of architectural distortion.

(b) Vascular necrosis and segmental

collapse of irregular articular surface have occurred 13 months later.

necrosis of the femoral head. The association of
acute and chronic liver disease with heroin de-
pendency is well known. Laboratory evidence of
hepatic dysfunction has been reported in up to
75% of parenteral heroin addicts (Norris and
Potter, 1965). Stimmel et al. (1972) studied
hepatic dysfunction in 46 heroin addicts and
found that 89% had past or present liver disease.
Liver biopsies were performed on 12 patients;
hepatic injury attributed to alcohol was present
in 10, all of whom had significant fatty changes.

Gout and Hyperuricemia

Of 68 patients with idiopathic aseptic necrosis,
McCollum et al. (1971) reported that 349 had
bilateral disease; 859, were male, and the average
age of onset was 39.7 years. Of the 68 patients,
26 were alcoholics, 17 had gouty arthritis, and
10 had hyperuricemia. Mauvoisin et al. (1955)
originally reported the occurrence of aseptic
necrosis of the femoral head in a patient with
gout, Wissinger (1963) first demonstrated uric-
acid crystals in the synovium of the hip of a
patient with aseptic necrosis, which was subse-
quently confirmed by Hunder et al. (1968).
Rondier et al. (1970) investigated blood lipids
in 50 patients with gout and found considerably

higher levels of mean blood triglycerides, princi-
pally Type IV hyperlipoproteinemias.

Boettcher et al. (1970) reported excessive
aleohol consumption in 37 of 50 patients with
nontraumatic femoral-head necrosis. Abnormal
bromsulphalein retention was found in 12 of 21
patients with liver disease; gout or hyperuricemia
existed in 16 of them. Of 33 patients studied,
10 had significant hyperuricemia.

Pancreatitis

Avascular necrosis has not been reported in
acute pancreatitis. However, Immelman et al.
(1964) reported 3 patients with acute pancre-
atitis and lytic lesions involving the long bones.
They considered these abnormalities secondary
to fat necrosis resulting from increased circula-
ting lipase. Blauvelt (1946) believed that these
lesions were caused by pancreatic acinar emboli.

Ponfick (1872) first described intramedullary
necrosis in a patient with pancreatitis. Gerle
et al. (1965) reported 6 cases of chronic pan-
creatitis with avascular femoral-head necrosis.
No histological evidence was reported, and all 6
were in patients with chronic alcoholism. Irreg-
ular serpentine metadiaphyseal lesions are most
likely calcified areas of intramedullary fat ne-
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crosis, possibly resulting from the lipolytic action
of circulating lipase or the local liberation of
pancreatic enzymes from minute pancreatic cell
emboli.

Two patients with chronic pancreatitis and
probable femoral-head osteonecrosis have been
evaluated; both are also chronic alcoholics, and
one has hyperuricemia. One can only speculate
about the relationship between avascular necrosis
and hyperuricemia, gout, pancreatitis, and drug
addiction. A direct relationship cannot be proved,
because alcoholism with fatty liver and hyper-
lipemia (Havel, 1969) is often associated with
these conditions as well.

Hypercortisonism

Osteonecrosis associated with corticosteroid
therapy was first described in 1957 by Pietro-
grande and Mastromarino. Jones et al. (1965)
reported osteonecrosis as a complication in renal
transplantation, following which massive corti-
costeroid dosage is used for a prolonged period.
Since then additional cases have been reported
(see Table I).

Of those kidney-transplant recipients surviv-
ing longer than three months, approximately 6%
have developed avascular necrosis affecting one
or more bones. The first human lung transplant
was performed in 1963 and the first human heart
transplant in 1967; no lung or heart recipient has
developed osseous avascular necrosis. However,
repeat kidney transplantation for graft failure
has been a recent development, and the risk of
developing necrosis is significantly greater in
those patients receiving two or more grafts.

Since 1963, a series of 32 patients who were

J. P. JoNES

treated with corticosteroids for various diseases
have developed osteonecrosis (Jones, 1971); 13
patients were male and 19 female. The average
age when necrosis was diagnosed was 21 years for
the transplant group and 43 years for the non-
transplant group.

In these 32 patients, 71 lesions were found
(Fig. 3). Approximately 25% of the lesions were
in non-weight-bearing bones, and about 809 af-
fected the proximal epiphyseal regions of bones
(Fig. 4). Less commonly affected sites included
the body of the talus, the proximal portion of the
carpal scaphoid, and the condyles of the femur
(Fig. 5).

Efforts were made to obtain presumptive evi-
dence of systemic fat embolism in 11 of these pa-
tients. Such evidence was detected in 6 of them.
Fat globules were consistently found in the urine
of 5 patients; in 2 of them renal glomerular fat
was demonstrated by biopsy. Two patients ap-
peared to have intravascular fat globules in their
necrotic femoral heads (Jones, 1971).

Sutton et al. (1963) reported 8 cases of corti-
costeroid-induced osteonecrosis and reviewed 62
others. Sutton (1968) again reviewed the sub-
ject and considered aseptic necrosis of bone to
be a definite complication of corticosteroid ther-
apy. More than 175 cases had been reported in
the world literature by 1971, Fisher and Bickel
(1971) noted that all cases have had certain
common features: 1) None was associated with
significant trauma; 2) none was associated with
conditions usually considered to cause nontrau-
matic avascular necrosis; 3) corticosteroids had
been given systemically in excess of physiological
requirements for prolonged periods, either reg-

Table I. ANALYSIS OF OSTEONECROSIS AS A
CoMPLICATION IN RENAL TRANSPLANTATION

Number of
; Nﬁﬂﬁi;d rel-::li':?ie;tos %
Series transplant ';nth Oim
) osteone-
recipients cromia
Harrington et al. (1971) 204 18 8.8
Cruess et al. (1968) 27 10 37.0
Najarian, J. D. (personal communication) 290 8 2.8
Evarts and Phalen (1971) 203 15 7.5
Fisher and Bickel (1971) 70 1 1.4
Irby and Hume (1968) 140 6 4.3
Bravo et al. (1967) 60 5 8.3
Totals 994 63 6.3
— =g = — —— i —
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Fic. 3.
with hypercortisonism.

ularly or intermittently; 4) the diseases for which
the therapy had been used were unrelated to the
development of avascular necrosis.

Fisher and Bickel (1971) confirmed previous
observations (Jones, 1971) by reporting intra-
vascular fat emboli in 12 of the 25 femoral heads
removed from 20 of 77 corticosteroid-treated pa-
tients with avascular necrosis seen at the Mayo
Clinic from 1950 to 1968. Vasculitis had been
proposed as the mechanism for vessel obstruction
and subsequent ischemia. But no patient in this
series had a clinical diagnosis of vasculitis, either
prior to or after corticosteroid therapy. No con-
sistent coagulation defects were noted in 16
patients studied in this series. Bromsulphalein
retention was abnormal in 15 of 26 patients
tested; however, 25 of the 77 patients receiving
corticosteroids were also alcoholics.
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Skeletal distribution of 71 osteonecrosis lesions, diagnosed roentgenographically, in 32 patients
(Jones, 1971. Illustration courtesy of publisher.)

Hemoglobinopathies

Diggs et al. (1937) first recognized femoral-
head abnormalities in patients with sickle-cell
disease. Diggs and Anderson (1971), as well as
Chung and Ralston (1969), have reviewed asep-
tic necrosis of the femoral head in sickle-cell
anemia and its genetic variants. Chung and Ral-
ston (1971) have also recently reviewed necrosis
involving the humeral head associated with sick-
le-cell anemia (SS hemoglobin) and the sickle-
cell variants (SC disease and S-thalassemia).
Kimmelstiel (1948) suggested that a decrease in
oxygen tension sufficient to cause sickling of the
red blood cells—i.e., Po., below 60 mm Hg in sick-
le-cell anemia, or O, tension of 15 mm Hg or below
in sickle-cell trait (AS hemoglobin) — would lead
to circulatory stasis productive of thrombosis
and occlusion of the epiphyseal blood supply.
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F1c. 4. Shoulders of patient receiving corticosteroids
for immunosuppression following renal transplanta-
tion: (a) subchondral radiolucent crescent line with
minimal structural collapse and subjacent sclerosis
affecting L humeral head; (b) obvious structural
;o]lspse with articular incongruity in R humeral
ead.

The frequency of femoral-head involvement
observed as SS disease has varied from 0% in
the 120 cases studied by Cockshott (1963) in
West Africa to 129% in the 51 cases studied by
Tanaka and co-workers (1956) in the United
States. On the other hand, hip involvement in
SC disease has been found to vary from 209 to
689 by Barton and Cockshott (1962) and Smith
and Conley (1954). Of the 13 patients with
sickle-cell hemoglobinopathies and femoral-head
necrosis reported by Chung and Ralston
(1969), 7 had SS disease, 2 had SC disease, 2
had S-thalassemia, and 2 had sickle-cell trait.
Osteonecrosis had been reported earlier by Rat-
cliff and Wolf (1962) in 2 cases of sickle-cell
trait and by Blau and Hamerman (1967) in 1
patient.

Reich and Rosenberg (1953) first reported
avascular necrosis of bone in Caucasians with
chronic hemolytic anemia due to combined sick-
ling and thalassemia traits, and in blacks with
S-Thal disease by Golding and co-workers
(1959). In addition, osteonecrosis has been
found in the hereditary persistence of fetal
hemoglobin associated with the sickle-cell gene
(SF) by Conley et al. (1963) and by Jacob and
Raper (1958). Moseley and Manly (1953) con-
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Fic. 5. A-P projection of R knee of patient receiving
high-dosage corticosteroids for immunosuppression
following renal transplantation. Subchondral osteo-
chondritic lesion (arrow) affects central third of R
medial femoral condyle with minimal gross distor-
tion of joint space.

cluded that there was no direct correlation be-
tween the severity of the hemoglobinopathy and
the occurrence of bone necrosis in their 5 cases.

Roentgenograms of the shoulders and hips were
performed by Jones and Johnston (1972) on 38
patients with various hemoglobinopathies, 7 of
whom (189, ) had evidence of avascular necrosis.
Two of 21 patients with SS hemoglobin had in-
volvement of the femoral head (Fig. 6 and 7),
whereas 3 of 13 patients with SC disease had
osteonecrosis. In 2 of 4 patients with S-Thal
disease, roentgenographic evidence of avascular
necrosis was found.

It is generally considered that the pathogene-
sis of necrosis in the sickle-cell hemoglobino-
pathies is as follows: In the presence of lowered
O, tension the sickle hemoglobin causes increased
blood viscosity, stasis, capillary thrombosis, and,
finally, infarction. It is conceivable that small
intraosseous vessels are thrombosed many times
throughout life. But collateral blood supply and
regenerative capacity, especially in the young
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Flc.. T Gms_s sagittal sections of L femoral head of patient with SS hemoglobin, at level of fovea cen-
tralis, revealing irregular subchondral lesions in superior region of head and fracture cleft (arrow) ex-
tending into cartilage. Note marked erythroid hyperplasia of bone marrow.

veins, which are maintained patent by their
attachment to the rigid trabecular and cortical
bone. Jones and Johnston (1972) are studying
an alternative hypothesis, which attributes the
increased incidence of avascular necrosis affect-
ing epiphyseal regions (particularly in SC
disease) to possible blockade of terminal intra-
osseous vessels by intermittent systemic fat
emboli arising from fatty bone marrow.

There is insufficient evidence to implicate sick-
le-cell trait (AS) as a predisposing condition for
the development of osteonecrosis. AS is present
in 8% to 10% of American blacks (Myerson,
1959). The coexistence of any two relatively
common but unrelated entities in five reported
patients with AS and avascular necrosis may
therefore be purely coincidental.

Antecedent Unrelated Injuries

Individuals who experience multiple major,
apparently unrelated injuries may incur a higher
risk than normal of developing idiopathic is-
chemic necrosis of the femoral head. Two
patients who had sustained multiple fractures
and subsequently experienced idiopathic bone

infarctions were observed by Kahlstrom et al.
(1939). Jones (1971) and G. E. Sims (personal
communication) each reported on a patient who
had experienced idiopathic osteonecrosis of the
right femoral head following multiple unrelated
trauma. It is conceivable that in these instances
multiple episodes of unrecognized traumatic fat
embolism may have been the pathogenic mech-
anism.

Neither of these cases had clinical or roent-
genographic evidence of prior hip fractures or
dislocations, but it is possible that a nondisplaced
femoral-neck fracture was missed at a time when
attention was directed toward treatment of other
injuries. Although fatigue (stress) fracture of
the femoral neck was first reported by Blecher
(1905), this entity is relatively uncommon. Prior
to 1966 only 124 femoral-neck fatigue fractures
had been reported in the literature. Devas (1965)
and Blickenstaff and Morris (1966) recently re-
viewed the world literature; the latter reported
41 such fatigue fractures in 36 patients. They
recognized that posttraumatic femoral-head avas-
cular necrosis is extremely unlikely in incom-
plete or nondisplaced fatigue fractures, which
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usually heal with progressive sclerosis (endosteal
and/or periosteal callus).

Occlusive Vascular Disease

Although relatively few divers or compressed-
air workers have severe occlusive vascular disease,
advanced arteriosclerosis should be checked on
in preemployment examinations. The reason is
that osteonecrosis has been reported following
the Leriche syndrome (Hughes et al., 1971),
thrombotic occlusion and intimal thickening
(Hirsch, 1938), and vascular occlusion resulting
from athero-emboli from distant atheromatous
plaques (Bucky, 1959; Siller and Matthews,
1963; Bullough et al., 1965). A review of many
patients without evidence of osteonecrosis but
with severe arteriosclerosis affecting the aorto-
iliac portion of the vascular system leads to the
conclusion that the association is probably rela-
tively rare, in view of the number of individuals
suffering from severe arteriosclerosis.
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SUMMARY

Persons employed in deep-diving activities,
hyperbaric-chamber operations, or compressed-
air work are subject to dysbaric osteonecrosis.
But there are certain other systemic and meta-
bolic abnormalities associated with nontraumatic
osseous avascular necrosis that likewise cause
disabling juxta-epiphyseal lesions and asympto-
matic metadiaphyseal lesions that are virtually
indistinguishable from those of dysbaric osteo-
necrosis. However, once an individual has been
exposed to dysbaric phenomena, any lesion that
subsequently develops will unfortunately be at-
tributed to the occupational exposure.

Therefore, applicants who have conditions as-
sociated with nontraumatic osteonecrosis, as well
as previous dysbaric exposure, should be thor-
oughly evaluated during the preemployment ex-
amination. Many of these disturbances have
been reviewed — alcoholism, gout, hyperuri-
cemia, pancreatitis, hyperlipemia, hypercortison-
ism, hemoglobinopathies, earlier injuries, and
occlusive vascular disease — all of which can be
found in an otherwise healthy population of
working men.
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DISCUSSION 4

Dr. WALDER: I should just like to put Dr. Jones’s and Dr. Boettcher’s
presentations into proper perspective for the divers present, because there
are probably some of this group who know little or nothing about medicine.

These two speakers both emphasized the importance of alcohol as a
causative agent in bone necrosis. I would agree that alcohol is one factor
that may be associated with aseptic bone necrosis, but there is also good
evidence that the disease is associated with such conditions as steroid therapy,
sickle-cell anemia, diabetes, cirrhosis of the liver, hepatitis, ionizing radiation,
alcaptonuria, pancreatitis, Gaucher’s disease, trauma, rheumatoid arthritis,
gout, syphilis, and arteriosclerosis.

Probably most compressed-air workers and possibly all divers fit into the
definition of an alcoholic that has just been given. (I think that I probably
fit into it as well!) What we really need, before we can come to any con-
clusions about this matter, is a controlled study of equal numbers of alco-
holics and divers to see if there is a statistical difference between the two
groups in the incidence of bone necrosis. No doubt alcohol is a factor, but
I do not think that it is a very important factor.

In England we examined a control group of 120 men who were about to be
employed as caisson workers. They were of the same age, build, and drinking
habits as those already employed as caisson workers. We did not find one
bone lesion amongst the 120, so that — in my country, at least — we would
not be prepared to attach much importance to alcohol in the etiology of
bone necrosis.

Dr. FAIRCHILD: Do you feel that there would not even be an exacerba-
tion of bone necrosis with excessive alcohol intake, comparable to the effect
of cigarette smoking in pulmonary diseases (e.g., asbestosis and berylliosis)?

Dr. WALDER: I admit that alcohol may be a minor secondary factor.

Another point is this: I am much impressed with the Washington State
tables and the results that we have seen from them. But it is important to
remember that, in England, we work an 8-hr shift. The men actually work
for 8 hr under pressure and then undergo decompression. This is not the
case with the Washington State tables, except at pressures less than 18
psig.

The so-called 8-hr shift of the Washington State tables includes the decom-
pression time, so that the time of work under maximum pressure decreases
as work pressure increases. For example, at 30 psig the period of actual work
lasts only 5 hr. I think that we must wait until we have sufficient facts be-
fore we can compare the British Blackpool tables and the U.S. Washington
State tables realistically. )
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EXPERIMENTALLY INDUCED OSTEONECROSIS

IN MINIATURE SWINE

Ohta et al. (1965) have reported on the inci-
dence of aseptic bone necrosis in professional
divers at Ariake Bay in Japan. The Bay’s sea-
bed, from which shellfish are harvested from Oc-
tober until March, lies at a depth of from 10 to
30 meters.

There are approximately 400 professional div-
ers living in Takesaki, a small village on Ariake
Bay. At 16 to 17 years of age, the boys begin
training as divers. By the age of 18 to 20, they
are working as professional divers and continue
as such until they are about 40 to 45 years old.
Each diver spends two 4-hour shifts on the sea
bottom, interrupted by a 30- to 60-minute rest
period during the noon meal. During his under-
water work shift, the diver never surfaces.

Of the 301 Ariake Bay divers examined, 50.5%
showed some form of bone lesions radiographi-
cally. Men between the ages of 20 and 29 years
had a 359 incidence of demonstrable bone le-
sions; those between 30 and 39 years, a 68%
incidence; those between 40 and 49 vears, a 78%
incidence; and those 50 and over, a 71% inci-
dence.

To study further the observed incidence of
osteonecrosis in relation to compression-decom-
pression stress, we exposed miniature swine to
standard profiles of 60 FSW for 6 hours. The pro-
file was repeated daily with a decompression rate
of 30 feet per minute (fpm) for 35 to 50 “dives.”
Initially the animals tolerated the exposures with
no external signs of decompression sickness. After
25 to 30 dives, however, the animals began to
manifest signs of bends after each one, although
they did not always require recompression. To
protect the animals’ lives, the decompression rate
was reduced to 1.33 fpm at this point. Even with
this prolonged decompression period, dysbarism
did occur in some animals.

Hemodynamic and blood-chemistry studies
included platelet count, complete blood count,
hematocrit, hemoglobin, reticulocyte count, clot-
ting times, prothrombin time, partial thrombo-
plastin time, quantitative fibrinogen, and platelet
adhesiveness. Serum studies included uric acid,
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alkaline phosphatase, serum glutamic oxaloacetic
transaminase (SGOT), lactic acid dehydrogenase
(LDH), creatine phosphokinase (CPK), calcium,
and phosphorus. Lipid chemistries included phos-
pholipids, triglycerides, cholesterol, cholesterol
esters, and total lipids.

Red and white cell counts, hematocrit, hemo-
globin, and reticulocyte counts showed no sig-
nificant changes following these exposure profiles,
Control and postdive platelet counts for four
animals are shown in Fig 1. All four showed a
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Fic. 1. Platelet changes in a group of 4 miniature
pigs simultaneously exposed to 60-FSW/6-hr pro-
files, followed by 2-min decompression. Samples
drawn after Dives 11, 26, and 43 are compared with
baseline values,

decrease from their predive control sample fol-
lowing the chamber exposures. An additional
animal — which was serially measured during
a 60-FSW 6-hr exposure profile with a 30-fpm
decompression rate — had a control platelet
count of 430,000 'mm®. One hour postdive the
count had dropped to 320,000/mm?®. The 24-hr
count was 200,000 mm?®, and the 48-hr count,
120,000, mm®. The control platelet count of an-
other pig was 400,000/mm® after he had “sur-
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faced” from 60 FSW/6 hr, but the count had
decreased to 74,000/mm® one hour later.
Clotting, prothrombin, and partial thrombo-
plastin times showed no significant changes. In
the case of one typical pig, quantitative fibrino-
gen levels increased markedly after the 15th dive,
following which the decompression rate was
changed from 1.33 fpm to 30 fpm (Fig. 2). Plate-
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Fic. 2. Fibrinogen responses of TRF-strain minia-
ture pig (Sarah) after her first fast decompression.
From a control value of 73 mg 9, fibrinogen level
was elevated to 427 mg 7, in sample drawn 1 hr
after surfacing in 2 min from 50 FSW 6 hr.

let adhesiveness increased as much as 389, fol-
lowing these same exposures. Note that the ex-
posure profiles underwent several changes
throughout the period of this animal’s diving
history.

Urie acid, alkaline phosphatase, SGOT, LDH,
calcium, and phosphorus values showed no sig-
nificant change following these exposures. Crea-
tine phosphokinase measurements, which were
routinely elevated as the number of exposures in-
creased, are shown in Fig. 3. Phospholipids, tri-
glycerides, cholesterol, cholesterol esters, and
total lipid values revealed no significant change.

As the purpose of these experiments was to
produce aseptic bone necrosis, they were con-
ducted on the tacit assumption that bends is a
decompression phenomenon, probably caused by
an inadequate decompression procedure. Al-
though it was intended to induce dysbarism in
the animals, it was not intended that the expo-
sures be fatal. Nonetheless several animals were
lost to acute decompression sickness after 35 to
40 asymptomatic exposures.

There now follows a brief radiographic history
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Fic. 3. Creatine phosphokinase levels in a group of
4 miniature pigs simultaneously exposed to 60
FSW '6-hr profiles with 2-min decompression.
Changes after Dives 11, 26, and 43 are compared
with baseline values.

and histopathologic study of several typical ani-
mals.

1. Sarah, a 3-year-old TRF-strain miniature
pig, underwent a series of 35 exposures. The
control radiographs of her femoral and humeral
heads and shafts were reported unremarkable.
By 22 April 1971 (Fig. 4a) — 214 months after
her initial hyperbaric exposure — a slight irreg-
ularly marginated radiolucency, measuring 3 cm,
appeared in the subtrochanteric area of her left
femur. Sclerotic areas of bony trabeculation de-
veloped in the metaphyseal portion of the femurs
bilaterally by 1 July 1971. Further progression
in the densities, which now had the definite ap-
pearance of bone infarcts, was reported on 14
September 1971 (Fig. 4b). Specimens removed
from one femur at biopsy on 25 September 1971
contained nonviable cortical and cancellous bone
(Fig. 5) and fat necrosis (Fig. 6). (The radio-
graph shown in Fig. 7 demonstrates the biopsy
site.) A diagnosis of aseptic bone necrosis was
made.

By November 1971 Sarah began to limp on her
right front leg. A radiograph taken that month
revealed an irregular sclerotic deformity in the
proximal shafts of the humeri, predominantly on
the right. Further progression in the femoral
bony infarcts was also noted at that time. Fol-
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Fic. 4. Femurs of miniature pig Sarah. (a) Irregularly marginated lucency (arrow) appeared in sub-
trochanteric area of L femur 215 months after animal was first exposed to compression-decompression
stress; (b) 5 months later, lesion in L femur had progressed and a second lesion appeared in R femur.
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Fic. 5. Biopsied specimens from femur of miniature pig Sarah. (a) Small black dots are os

within lacunae of bony matrix in normal specimen. (b) White spaces are lacunae devoid of osteocytes,
a picture consistent with appearance of aseptic bone necrosis.. Larger white spaces are Haversian canal

systems whose vessels have degenerated.
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Fi6. 6. Fat-marrow necrosis in biopsied specimen of pig femur (Sarah). Lymphocytic infiltration is seen
(1) in early stage of fibrosis with compression of a small vessel and (2) in dense tissue. In area marked
(3) are seen a few normal fatty marrow cells.

low-up films in January 1972 showed progression
in trabecular distortion and periosteal reaction
in the femoral midshafts with some remottling
and healing occurring around the biopsy site.
Humeral radiographs showed increased cortical
thickening as well as endosteal and periosteal
proliferation (Fig. 8).

2. Sidney, a 2-year-old Hormel-strain mini-
ature pig, underwent 80 dives. After 33 expo-
sures over a period of two months, a bilateral
radiolucency was discovered in one femoral me-
taphysis. After 44 dives, radiographs showed
definite new, mixed, sclerotic, and radiolucent
patterns in the metaphyseal areas of both femurs.
There were, as well, new findings of endosteal
proliferation with calcification in one humerus
(Fig. 9) — the probable result, in our opinion,

of the animal’s continuous exposure to an inade-
quate decompression profile.

3. Bentley, a 3-year-old Hanford-strain mini-
ature pig, developed a severe case of decompres-
sion sickness on the 22nd dive. He remained
paraplegic after four days of treatment and was
then sacrificed. Histologic studies revealed bub-
bles, plasma pooling, red-cell aggregation, and
platelet clumps indicative of possible dissemi-
nated intravascular coagulation.

4. Simone, a 2-year-old Hormel-strain minia-
ture pig, died of acute decompression sickness
within an hour after surfacing from her 48th
dive. Areas of advanced bone necrosis, not seen
radiographically, were found in a histologic study
of her tissues; there was intravascular vacuola-
tion throughout her whole system. Since these
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Fic. 7.

Further progression in sclerotic bony infarcts in femurs of miniature pig Sarah; radiograph taken

7 months after that in Fig. 4a. Site of biopsy, performed 2 months earlier, is marked by arrow.

Fic. 8 Irregular sclerotic deformities in proximal
humerus of miniature pig Sarah, consistent with
aseptic bone necrosis developing bilaterally in
femurs. X-ray was taken 9 months after that in
Fig. 4a and almost 3 months after that in Fig. 7.

F1c. 9. Humerus of Hormel-strain miniature pig
(Sidney) after 44 “dives,” revealing endosteal pro-
liferation and scattered calcifications.

spaces did not take up a fat stain, it is possible
that the vacuoles were bubbles. New apposi-
tional bone containing osteocytes being laid down
around a section of dead bone is seen in Fig. 10.
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Fic. 10. New a_ppogitional bone formation in miniature pig (Simone) occurring on nonviable bone struc-
ture with definite line of demarcation (arrow). This animal had no radiographic evidence of necrosis.

As illustrated in this study, the most profound
consequence of exposure to inadequate decom-
pression profiles is aseptic bone necrosis. The
study also produced initial evidence of severe
hematologic changes, which occur simultaneously
with bubble formation or as a result of it. All
links in the chain stretching from initial hyper-
baric insult to osteonecrosis have, of course, not
been identified. Nevertheless, the connection be-
tween bubble formation — with alterations in

the clotting mechanism — and the resulting in-
farcts in the small vasculature supplying nutri-
tion to bone cells is generally recognized.

Ongoing studies are being designed to investi-
gate and isolate more specifically the observed
hemostatic and cellular alterations that occur
when decompression rates are inadequate. Only
then can the gap be filled between bends and
bubbles on the one hand and bone necrosis on
the other.
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EXPERIMENTALLY INDUCED OSTEONECROSIS IN ANIMALS

Kent Smith is to be congratulated on being the
first to produce and demonstrate bone lesions in
large mammals following multiple exposures to
high pressure. The difficulty in inducing dysba-
rism-related osteonecrosis experimentally in these
animals has been a stumbling block in the study
of the disease for many years. Dr. Smith's suc-
cess is unlikely to be repeated in every labora-
tory, however, as it appears that mini-pigs, with
which his work was done, are so ferocious that
it takes a brave man to insult them repeatedly!

Interestingly enough, the osteonecrotic lesions
found in these mini-pigs do not appear to be

Fi1c. 1. Juxta-articular lesions of aseptic osteone-
crosis in all 4 major joints of compressed-air worker.

Preceding page blank
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identical with either form of the disease known
to be typical in man. Two distinct types of lesions
are seen in experienced divers and compressed-
air workers. In one, the subcortical regions of
the heads of the humerus and femur are in-
volved (Fig. 1). In the other, the shafts of the
femur and tibia are affected, so that the changes
are localized primarily in the medullary cavity
(Fig. 2).

Fi6. 2. Osteonecrotic medullary lesion at lower end
of human femoral shaft.
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Whether or not the lesions seen in Dr. Smith's
mini-pigs and those seen in man have similar
causality, it is still necessary to determine their
etiology. Are all these lesions the result of inter-
ruptions in blood circulation within bone — for
instance, by gas bubbles or other embolic ma-
terial arising as a secondary phenomenon in
decompression? Or is there some other explana-
tion, such as osmotic pressure effects or hormonal
disturbances?

Many research workers over the years have
attempted to find answers to these questions by
experiments in which animals have been exposed
to hyperbaric conditions, but success has been
minimal. In an effort to throw light on this
problem, therefore, the effect of mechanically
interfering with the blood supply to the femoral
head in sheep has been investigated at the Uni-
versity of Newcastle upon Tyne's Department of
Surgery.

In all, 18 sheep were operated upon. The
lateral or superior epiphyseal vassels to one femur
and its capsule were cut. The femoral head was
thereafter supplied only by a small leash of ves-
sels known as the medial or inferior epiphyseal
vessels; possibly a few vessels passing through
the ligamentum teres were left as well.

The 18 sheep were then put out to graze, and
both hip joints of each animal were X-rayed at
regular intervals. Eight of the 18 sheep developed
radiologically detectable lesions, about which
there could be no doubt, in the femoral head of

D. N. WALDER

the side operated upon. Six developed radio-
logical signs that may or may not have indicated
lesions; and four developed no abnormalities,
despite the gross operative procedure,

The first radiological signs in the sheep ap-
peared after approximately 2 months, but it took
about 3 months before it was possible to identify
positively the changes as being osteonecrotic le-
sions. The progress of the lesions was then fol-
lowed for 3 to 4 months and, in some cases, for as
long as 19 months. Unexpectedly, rather than
the lesions becoming more and more pronounced
radiologically, they regressed. In fact, some of
the lesions observed for the longest period of time
ultimately could not be detected radiologically at
all. Insofar as the radiological changes are con-
cerned, the lesions apparently repaired them-
selves completely.

In man, osteonecrotic lesions progress at dif-
ferent rates — sometimes very slowly. Figure 3
of the chapter entitled “Management and Treat-
ment of Osteonecrosis” (Walder, this volume)
shows just how slowly these changes may occur
— in this instance, in the humeral head of a com-
pressed-air worker over a period of five years.
Even after so long a period, the surface of the
humerus has not collapsed. It is possible that the
man’s condition may never deteriorate to the
extent that he will require surgical treatment.

By contrast, other lesions develop very quickly.
As an example, the humeral head shown in Fig.
3 was normal in February 1967. Four months

Fic. 3.

(@) Lesion in humeral head, which (b) rapidly deteriorated over period of 4 months.
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stantiate the hypothesis that the disease is caused
by blockage of the blood vessels; and 2) refute
the contention that agents not connected with
vascular supply to bone are important in the
production of this condition.

Fic. 5. Microfocal radiograph of rabbit femoral
shaft showing glass beads of 120-micron diameter in
descending branch of nutrient artery.
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Table I. Lipiopor. DOSAGE AND INTERVAL BETWEEN INFUSION AND DEATH CORRELATED WITH
HistorocicAl. EvipeNcE oF Far EMBoLisM AND Avascurar OSTEONECROSIS IN RaeeiT FEMORA
Agmal Killed oo, e

* died and doath (ml) (min) fat embolism* ctarhaore i
1 D 0 min 1.0 30 Marked None
2 D 10 min 1.0 25 Marked None
3 D 90 min 2.2 18 Marked None
4 D 12 hr 1.0 30 Marked None
5 D 17 hr 1.0 17 Marked None
6 K 17 hr 2.2 21 Marked None
7 D 18 hr 1.0 25 Marked None
8 D 24 hr 1.0 25 Marked None
9 D 35 hr 2.0 20 Marked None
10 K 44 hr 2.2 20 Marked None
11 D 56 hr 1.5 20 Marked None
12 D 68 hr 1.0 25 Marked None
13 D 83 hr 2.0 20 Marked None
14 D 84 hr 1.0 20 Marked Trace
15 D 84 hr 1.5 20 Marked None
16 D 414 days 1.0 20 Moderate Trace
17 K 6 days 1.0 25 Moderate Trace
18 D 7% days 1.0 20 Moderate Trace
19 K 10 days 1.0 23 Moderate Trace
20 K 2 weeks 1.0 20 Moderate Slight
21 K 3 weeks 1.0 25 Moderate Trace
22 K 4 weeks 1.0 20 Moderate Slight
23 K 5 weeks 1.0 25 Moderate Marked
24 K 6 weeks 1.0 25 Slight Marked
25 K 8 weeks 1.0 25 Trace Marked
26 K 10 weeks 1.8 20 None Slight
27 K 17 weeks 1.0 20 None Slight
28 K 21 weeks 1.0 22 None Trace
29 K 24 weeks 1.0 20 None Trace
30 K 26 weeks 1.0 30 None Trace
Average: 1.2 22.5

*Jones and Sakovich. 1966

obtained from human long bones and subcutane-
ous tissues is almost entirely neutral, a high
proportion of its fatty-acid constituents being
unsaturated (Peltier et al., 1956). Lipiodol is
different from rabbit and human cellular lipids
(Forestier, 1927; Strain and Berliner, 1964),
since it is a vegetable neutral fat (poppy-seed
oil) in which the unsaturated fatty acids have
been iodinated to the extent of 409 by weight.
Although both mammalian fat and Lipiodol as-

sume embolic-sized proportions when introduced
into the bloodstream, there are differences in
molecular heterogeneity and in such physical
characteristics as relative viscosity, specific grav-
ity, solubility, and surface tension, which would
alter some of the experimental findings. This
possibility will be explored in later studies in
which autogenous mammalian fats will be used.

Postmortem pelvic roentgenograms were taken
of the undissected rabbits with the hind limbs
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RESULTS

Mortality

Fifteen of the 30 rabbits died during the course
of these experiments, 14 within the first 415 days
after the infusion (Table I). Their deaths could
be attributed in some degree to pulmonary and
systemic fat embolism. Rabbits surviving the first
41% days usually lived, after which time few fat
emboli were found in the brain and kidneys even
though marked pulmonary embolism was still
present (Fig. 2). Evidence that a fat globule

EZ50 SUGHT FAT EMBOLISM

4 B MARKED FAT EMBOLASM
BRAIN E KIDNEYS i

LUNGS

BONES
(FEMUR AND TIBIA )

1 o e A — 1
o 1 2 3 - 5 6
WEEKS AFTER INFUSION

Fic. 2. Persistence of embolic fat in various rabbit
organs after Lipiodol infusion.

was both intravascular and embolic was sup-
ported by its deformation into an oval or cylin-
drical configuration (Fig. 3), which indicated
intravascular penetration and terminal impac-
tion. The average Lipiodol dose administered to
the animals that died (1.28 ml) did not differ
significantly from the average dose infused into
the 15 rabbits that lived (1.21 ml) (Table I).

Roentgenographic Findings

Minute intraosseous accumulations of radio-
paque Lipiodol had previously been demon-
strated in the undecalcified bone in vivo from
0 to 35 hours after infusion. Pelvic roentgeno-
grams were not evaluated for evidence of osteo-
sclerosis or early avascular necrosis during the
first week after infusion because of potential dif-
ficulties in interpretation. There was no evidence
of mottled or cystic radiolucencies, epiphyseal
fragmentation, collapse, depression (flattening),
subchondral fracture, angulation deformity, or
secondary degenerative change in any of the con-
trol or experimental animals.

Naked-eye examination and magnification of
the roentgenograms (up to X 40) with a Zeiss
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Fic. 3. Deformed Lipiodol embolus 17 hr after

infusion, impacted in capillary within epiphyseal

region of femoral head, thereby blocking intralu-

ﬁinal blood flow (Animal 5, modified Felton stain,
2000) .

stereoscopic dissecting microscope revealed a
questionable increase in roentgenographic density
(osteosclerosis) in the R femoral heads of those
animals killed at 6 and 10 weeks after the Lipio-
dol infusion (Fig. 4).

Fic. 4. Hips of Animal 26, killed 10 weeks after
20-min infusion of 1.8 ml of Lipiodol. (a) Slight
osteosclerosis is present throughout R femoral head,
comci:ared with (b) less dense bone of L femoral
head.

Densitometric determinations revealed a very
slight increase in the relative radiodensity of the
subchondral bone of the R femoral head, as com-
pared with the L, at both 6 and 10 weeks after
infusion. The greatest difference in relative den-
sity of the femoral heads was at 10 weeks after
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Fic. 7. Area of hematopoietic granular debris, 83
hr after Lipiodol infusion, with cellular ghosts and

fibrinous necrosis (Animal 13, hematoxylin and
eosin stain, X 380).

At 4% days there was a slight decrease in
marrow fat cellularity without focal necrosis.
Scattered passive congestion, fibrin thrombi, and
dissolution of vascular walls were evident. Osteo-
cytes appeared normal, but few osteoblasts were
found.

At 6 days even less marrow-fat cellularity was
apparent and there were scattered areas of fatty
liquefaction necrosis, with fat-cell dissolution
and, in the metaphyseal marrow, cystic spaces or
oil sacs of various sizes.

At 10 days necrosis of fat cells caused meta-
physeal marrow fat to diminish.

By 2 weeks there was an increased number of
microscopic cracks (20 to 30 per section) in the
proximal metaphyseal marrow. The -earliest
microcracks were arranged linearly along the
cementing lines in the interval between adjacent,
concentric lamellae and, particularly, at the
junction of two or more trabeculae. There was
scattered focal loss of hematopoietic and adipose
tissue pattern with fibrinous necrosis.

At 3 weeks diffuse intracellular disorganiza-
tion and loss of cellular detail continued, espe-
cially with respect to marrow elements. No note-
worthy osteocytic necrosis was found at this time.

At 4 weeks less osteoblastic proliferation was
found. Along the periphery of the proximal
femoral metaphysis there was minimal invasion
by vascular granulation tissue, especially under-
lying some endosteal cortical surfaces. The osteo-
cytic nuclei of several metaphyseal trabeculae
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were pyknotic or missing, especially in the sur-
face lamellae.

At 5 to 8 weeks after infusion, there was histo-
logic evidence of bone necrosis. Irregular foci of
coagulation necrosis of marrow elements, repre-
senting focal infarctions, involved the epiphyseal
region of the femoral heads. There was loss of
tissue pattern in the intertrabecular spaces and
autolysis with dissolution of cellular constituents
in focal areas.

The borders of the infarcted areas had indis-
tinct lines of demarcation. Bone and intertra-
becular marrow spaces immediately beneath the
articular cartilage of the femoral head were not
extensively involved at 5 weeks, although sep-
arate scattered foci were apparent in the epiphy-
sis (Fig. 8).

Fic. 8.
chondral marrow of femoral head, 5 weeks after
Lipiodol infusion. Trabecular microcracks and su-
perficial cleavage planes are apparent, with seques-
tration of small fragments of bone into marrow
space (Animal 23, hematoxylin and eosin stain,
X 200).

Small anemic infarction lying within sub-
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At 6 and 8 weeks the punctate foci of necrotic
debris had extended into the subchondral bone.
During this period there were occasional oil cysts.
The necrotic marrow spaces contained amorphous
masses of granular debris, including necrotic bone
fragments (Fig. 9). Although occasional macro-

Fic. 9. Focal marrow infarctions and liquefaction
necrosis, 6 weeks after Lipiodol infusion, with for-
mation of small oil cysts in epiphyseal regions of
femoral head (Animal 24, hematoxylin and eosin
stain, X 100).

phages were found, osteoclastic removal of bone
was not extensive. There was no appositional
new-bone formation and a minimum of peripheral
fibroblastic proliferation. At least one-third of
the lacunae in the subchondral bone of the
femoral heads were devoid of osteocytic nuclei.
Loss of nuclei was particularly evident within the
interstitial and superficial trabecular lamellae.
There was evidence of trabecular microdamage
in the infarcted zones. Multiple microcracks (75
or more per section) were found at 5, 6, and 8
weeks. During this period it appeared that the
microcracks had extended to trabecular surfaces,
resulting in cleavage planes (Fig. 10) which sep-
arated the more superficial concentric lamellae.
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Fic. 10. Epiphyseal region of femoral head, 8 weeks
after Lipiodol infusion, showing multiple micro-
cracks separating along cleavage planes to trabec-
ular surfaces (Animal 25, hematoxylin and eosin
stain, X 200).

These superficial cleavage planes and the frag-
mentation of superficial lamellae (trabecular
microfractures) were not found in the control
animals.

Most of the fragmented bony spicules had lost
their eosinophilic properties and were devoid of
viable-appearing osteocytes. Thinning of bony
trabeculae associated with superficial lamellar
fragmentation was maximal at 8 weeks. Only
ischemic changes were found in the distal meta-
physeal and epiphyseal regions of the femur,

The articular cartilage appeared normal in
staining characteristics, surface smoothness, layer
thickness, and the number, size, distribution, and
nucleation of the chondrocytes.

Beginning at 10 weeks after infusion there was
evidence of regeneration of the ischemic and ne-
crotic bone and marrow. Localized areas of os-
teoblastic activity were found with appositional
new-bone formation.

Although an increased number of microcracks
was noted at 10 and 17 weeks, there were few
new fragmented and necrotic bone spicules. The
size and number of fatty parenchymal elements
in the proximal femoral metaphyseal regions con-
tinued to decrease. Although the hematopoietic
cellular elements of the marrow had been recon-
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stituted, there was still evidence of focal osteo-
cytic death. Only about one-third of the subchon-
dral lacunae were filled with viable-appearing
osteocytes. There was no significant intertrabec-
ular fibroblastic proliferation or connective-tissue
scars. There were very few ghostlike cells or fatty
cysts and little granular debris. Although lique-
faction necrosis of fat cells had been previously
observed, no calcified lipid was detected.

By 17 weeks few ischemic or necrotic changes
were evident. The abnormal cells and the small
amount of interstitial fibrous tissue had disap-
peared; the sinusoidal bed was restored and
normal hematopoiesis apparently had been re-
sumed. A marked proliferation of small adipose
cells with enlarged nuclei was noted at this time.

At 21 to 26 weeks extensive reossification had
occurred. The plump osteoblasts were two and
three layers deep, covering the trabecular sur-
faces (Fig. 11) and walls of the Haversian canals.

Fic. 11. Osteoblastic proliferation and appositional

bone formation with normal marrow elements, 24
weeks after Lipiodol infusion (Animal 29, hema-
toxylin and eosin stain, X 900).

About a third of the lacunae were still vacant in
the proximal subarticular cancellous bone at 21
weeks. Provisional new-bone formation was ir-
regular and extensive; the deposits, of various
sizes, were unevenly spaced.

Except for the persisting decreased numbers of
osteocytes in the subchondral bone of the femoral
head after 21 weeks, no evidence of focal infarcts
remained (Fig. 12). Hematopoietic and fatty
cellular elements appeared normal, although tra-
becular and cortical bone continued to show
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Fic. 12. Subchondral bone of femoral head of rab-

bit, 24 weeks after Lipiodol infusion. Marrow
appears normal; there are increment lines with
superficial lamellae containing viable-appearing os-
teocytes. Intratrabecular microcracks and lack of
osteocytes will be noted in subchondral lacunae
(Animal 29, hematoxylin and eosin stain, X 140).

histologic evidence of osteocytic necrosis. Re-
generation of the hematopoietic and fatty mar-
row had occurred without organization of the
infarcts or substitution by dense fibrous scar tis-
sue (myelofibrosis).

Radioautographic Findings

The Eastman-Kodak NTB3 liquid emulsion
yielded better results in qualitative radioactive
autography than did the Ilford L-4 emulsion,
presumably because of its greater sensitivity in
delineating the emission of beta radiation from
2P (Kopriwa and LeBlond, 1962).

Control Animals. Radioautograms of the con-
trol femora showed diffuse trabecular- and cor-
tical-bone labeling with **P. Isotope accumula-
tion was especially evident in areas immediately
adjacent to capillaries,

Lipiodol-infused Animals. At 5 to 8 weeks
there was spotty labeling of cortical bone and
minimal labeling of trabecular bone in these ani-
mals, especially in the superficial lamellae within
the necrotic foci. There was no labeling of the
intertrabecular devitalized femoral-head frag-
ments. Slight perivascular labeling was apparent
in the bone adjacent to the necrotic focal in-
farctions.

From 17 to 26 weeks isotopic labeling was
similar to that found in the control femora. Su-
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DyYSBARISM-INDUCED OSTEONECROSIS

transfer rates were about 800 to 900 times
greater than predicted on the basis of simple
molecular diffusion of water. This finding is con-
sistent with the results of other tests involving
induction of osmosis by nonvolatile solutes
(Mauro, 1960), and suggests that fluid transfer
is hydrodynamic rather than diffusive in nature.

These several findings indicate that even the
transient gas-concentration gradients resulting
from rapid pressure change can produce an ap-
preciable displacement of fluid. The osmotic con-
cept can be combined with the filtration charac-
teristics of the tissue barrier to give the time
course of this fluid shift (Hills, 1972a), as shown
in Fig. 3.
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the features of hyperbaric arthralgia (Hamilton
et al., 1966; Fenn, 1969), or “dry joints,” in
which fluid can be envisaged as shifting out of
the avascular joint capsule toward the relatively
well-perfused adjacent tissues — viz., the syno-
vium and head of a bone. Selectivity of articular
cartilage to gas transmission has already been
described.

If such fluxes of water occur between bone and
surrounding tissues, they could also occur be-
tween local regions of differential blood flow
within the bone. Shaft lesions certainly seem
to follow the general contours of the diaphysis
(McCallum et al., 1966) and, hence, the concen-
tric distribution anticipated for zones of equal
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Fic. 3. Time courses predicted for blood and tissue gas tensions, their difference, and resulting fluid

displacement.

In the particular case of diving to a given
depth, analysis would predict a general move-
ment of water toward the better perfused areas,
the peak displacement being greater with faster
compression. The prediction is compatible with

(Hills, 1972a. Illustration courtesy of publisher.)

perfusion. The distribution in blood flow to the
ends of a bone appears much less regular, as we
see in the femoral head of a guinea pig (Fig. 4)
perfused with Micropaque via the common iliac
artery just before death. This X-ray film was
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DiscussioNn 5

aggregation after decompression, which should contribute to an increased
blood viscosity.

Dr. EVANS: 1 quite agree that variations in, say, fibrinogen, which would
alter cellular cohesion, do influence viscosity. But for a given fibrinogen con-
centration, the variation of viscosity at any one shear rate with PCV can be
tied down very closely. One can get very nice families of graphs of log vis-
cosity against PCV in which the slopes, in fact, can be related to the shear
rate in such a way that one can extrapolate to any shear rate that one wishes.
I think it should be possible to get a very precise idea of whether the viscosity
change can be accounted for in this way, or whether there is something else
to look for.

Dr. McCALLUM: I should like to ask Dr. Kent Smith whether the pigs
he is using are susceptible to a bone disease affecting the hip joints, such as
occurs in some animals being bred for bacon production. Second, I noted in
one of his femoral lesions that there was a periosteal reaction which seemed
to me rather different from the sort of thing we normally see in bone necrosis
in humans. I wonder if he would care to add any further comments.

Dr. SMITH: First, to answer Mr. Evans’ question about packed-cell vol-
ume: even in the severe decompression injuries we have had, we have not
seen significant increases. However, we have seen some increase in platelet
adhesiveness, 37% to 409 in some studies.

Dr. McCallum, the disease condition that you mention may be erysipelas.
It is an endemic disease and is one cause of the few bone problems that swine
have in the United States.

Dr. McCALLUM: I am not sure that we are talking about the same
disease. As I understand it, the veterinary surgeons in Britain do not know
what disease causes the problem. They have discussed the possibility of its
being an infection, but the feeling seems to be that it is more probably a
nutritional disorder. It was causing difficulties in mating large pigs, because
the boar could not mount the sow due to the joint disease (Duthie and Lan-
caster, 1964).

Dr. SMITH: I do not know if this nutritional condition exists in the
United States; at least it is not very prevalent if it does exist. The occur-
rence of bone lesions in our animals correlates well with exposure to com-
pression/decompression. Since no accompanying signs of disease are present,
such as erysipelas might produce, we would rule this out very early in a
differential diagnosis.

Dr. ALLEN: I should like to raise a point about the animal model of the
dog. A few years ago, we were able to show that blood in the dog spleen has
a hematocrit twice that of blood in the large vessels(Allen and Reeve, 1953).
With appropriate stimulation, this reservoir of red cells will empty into the
circulation. Barcroft et al. showed this earlier (1925), with much simpler
techniques. The best model for experiments such as Dr. Hills performed is
a dog splenectomized perhaps a month beforehand.

Dr. HILLS: I forgot to mention that we were aware of this problem and
used splenectomized dogs in measuring the effects of compression and decom-
pression on hematocrits.

I would like to ask the clinicians a question. Does it seem that the appear-
ance of the first radiological signs of osteonecrosis is really consistent with
the occurrence of ischemia at the time of exposure? The answer would help
me, at least, to sort out the possible mechanisms in the production of osteo-
necrosis, because I would think that infarction would then occur within a
day or two of exposure.
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RADIOLOGICAL CRITERIA

IN DIAGNOSING DYSBARIC OSTEONECROSIS

The purpose of this presentation is to define
the criteria by which it is possible to make a
definitive radiological diagnosis of the lesions of
dysbaric osteonecrosis (McCallum et al., 1966).
The difficulty in an accurate early diagnosis of
these lesions is twofold: Is one looking at a vari-
ant of normal bone structure (Blank and Lieber,
1965; Kim and Barry, 1968; Ngan, 1972), per-
haps a minor dysplasia of bone; or is one looking
at aseptic bone necrosis caused by something
other than a dysbaric environment (Bucky, 1959;
Golding, 1962, 1966; Edeiken, 1967; Jaffe,
1969)?

Most investigators are now familiar with the
following classification of lesions, which fre-
quently precede symptoms. Developed in England

JoHN A. B. HARRISON

by the Medical Research Council’'s Decompres-
sion Sickness Panel, this classification has re-
ceived fairly wide international acceptance as
radiological evidence of early aseptic bone ne-
Crosis.

Juxta-Articular

Al  Dense areas with intact articular cortex
A2  Spherical segmental opacities
A3  Linear opacity
A4  Structural failures
a. Translucent subcortical band
b. Collapse of articular cortex
c. Sequestration of cortex
A5 Secondary degenerative arthritis
(osteoarthritis)

Fic. 1.
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(a) Standard survey X-ray film of a shoulder, in which a juxta-articular lesion can be seen.
(b) Inferosuperior view of same shoulder, showing lesion more clearly.
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Head, Neck, and Shaft
Bl Dense areas (not bone islands)
B2  Irregular calcified areas

B3 Translucent areas and cysts
B4  Cortical thickening

As Dr, McCallum has mentioned in this Sym-
posium, these criteria have been used in England
for a considerable time (Golding et al., 1960;
Davidson, 1964; McCallum, 1968; Davidson and

J. A. B. HARRISON

Griffiths, 1970; Walder, 1970). One great advan- |

tage of their use in a survey of aseptic bone ne-
crosis is their applicability to the whole gamut
of lesions caused by exposure to pressure changes.
It has been found that this classification applies
both to the more extensive, more rapidly devel-
oping lesions of caisson workers and to the ap-
parently less serious, more slowly developing
lesions found in Royal Naval divers. The indi-
vidual lesions have been described many times;
but, basically, a radiological diagnosis of osteo-
necrosis can be made when ill-defined densities
or translucencies are detected, provided that
these changes are definitely pathological.

For those experienced in diagnosing osteone- §

crosis, the real problem concerns juxta-articular
lesions. One can usually be certain about dense
areas found close to the articular cortex (A1l
lesions). But the exact description of A2 lesions,
such as spherical segmental opacities, has long
been argued. Opacity is fairly obvious in an ad-
vanced lesion; but in an early lesion it is difficult
to be certain on a single radiograph. The linear
opacity of A3 lesions is somewhat easier to iden-
tifv. Radiological identification is more certain
with the structural failures involved in A4 lesions.
Degenerative arthritis caused by aseptic bone
necrosis must be distinguished from arthritis of
other etiology. It does appear that the joint
space is maintained rather longer in degenerative
arthritis resulting from dysbaric osteonecrosis
than from other causes.

Figure 1a shows the standard survey view used
for the shoulder, in which a lesion can be seen.
The inferosuperior view (Fig. 1b) shows this
lesion much more clearly, with a lucent area just
below the cortex and ill-defined densities in the
head. The question of how far to go with radiog-
raphy immediately arises. The Royal Naval ap-
proach is to carry out the initial survey with a
minimum number of radiographs and then to
investigate any doubtful lesions found with fur-
ther radiographic projections.

Figure 2 shows the progression of one of the
few juxta-articular lesions found among Royal
Naval divers. The subject had ceased active

d s

Fic. 2. Juxta-articular lesion of humerus of diver
in (a) 1960; (b) 1963; (¢) 1964; and (d) 1967.
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Fic. 3. A-P and lateral views of medullary lesions in femora and tibiae.
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Fic. 4. A-P and lateral views of lesions in distal femora.
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Table I. ProGressioN oF Lesions IN Two Cases TAkeN From RN OSTEONECROSIS SURVEY
Case Year :E‘::V Humerus Femur Femur Tibia
s of TR (head and shaft) (upper) (lower) (upper)

i X-ray t i(:n R L R L R L R L
46 1967 - == = = - = ? = =
46A 1971 = = = = == B2 B2 - ==
105 1967 ? — - — — B2 - — 7B2
105A 1971 + - = = = B2 ?B2 = B2

lesions in both lower femurs. In the interim the
subject had been in the United States doing ex-
tensive diving in the SeaLab program. The U.S.
Navy kindly sent us films taken in 1970 and
1971, in which a slight progression was evident
between the two dates.

In Case 105, the survey similarly revealed two
doubtful lesions in 1967 that, by 1971, had ex-
tended and were considered positive. The man-
agement of a doubtful case detected in our sur-

Lesion in fibula of diver, originally thought
tlo be B2 lesion, but shown on biopsy to be enchon-
droma.

Fic. 5.

vey is different from that of a positive case. In
our records, the notation doubtful lesion indi-
cates that the existence of a lesion is uncertain
and serial observation is necessary for a definitive

6(0) 3(1)
0(0) 0(0)
10(3) 14(2)
6(2) 8(2)

Fic. 6. Final determination (31 December 1971)
of distribution of osteonecrosis lesions found in 19
positive cases among 383 clearance divers in 1967-
1969 Royal Navy survey: 47 positive lesions and 10
doubtful ones (latter noted in parentheses).
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diagnosis. This procedure is probably far more
relevant in surveys of civilian divers than in the
closed community of naval divers. In either
group, a doubtful case needs closer surveillance
than a single doubtful lesion.

Since the RN survey was completed (in 1969),
three additional cases of osteonecrosis have
developed in the sample, bringing the total
of positive cases to 19. The distribution of le-
sions is shown in Fig. 6. In our early reading
of the films some doubtful lesions were found in
the hips in several divers, rather like those that
Dr. Fagan has illustrated in this Symposium.
But it is now our opinion that the lucent areas
near the capsule attachment are not caused by
aseptic bone necrosis. In some cases several posi-
tive lesions are evident: multiple lesions help
greatly in making a definitive diagnosis in a par-
ticular case.

In Fig. 7 is shown the distribution of lesions
in the cases still considered doubtful at the con-
clusion of the survey. It may be that the shoulder
lesions are both difficult to detect and less com-
mon in divers,

The radiological classification set out in the
beginning of this paper is the one that we should
like to see adopted for all X-ray surveys, both of
caisson workers and divers. A radiologist might
find this classification quite difficult to apply
in individual cases and to particular lesions. It
may be impossible to classify precisely a mixed
lesion as being A1 or A2. But an accurate anal-
ysis of the very minor change in the trabecular
structure in an attempt at classification does
help in detecting the early lesions of osteone-
Crosis.

J. A. B. Harrison

Fic. 7. Final determination (31 December 1971)
of distribution of suspected lesions in seven doubt-
ful cases among 383 clearance divers in 1967-1969
Royal Navy survey.
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Dr. ELLIOTT: 1 should like to add two relevant points. Although the
Royal Navy still takes these X-rays annually, we have considered reducing
the frequency to once every two or three years for men who perform only
normal diving and are considered to have a very low incidence of bone
necrosis. But when a diver who spends most of his time working within
the safe limits of the table is then exposed to an unusual hazard, because of
decompression sickness or experimental diving, he would then fall into an-
other category in which annual films become essential.

The second point, on which insufficient emphasis was laid, is the great care
with which Surgeon Captain Harrison and his colleagues have read these
X-ray films. They were first read independently by two radiologists experi-
enced in this condition and the results compared. The two then met to
review any films on which there was disagreement. This procedure led to
much firmer diagnoses. Thus the referral of films to a center of radiological
expertise is another important feature of such surveys.

Dr. EVANS: I should like to comment on Dr. Elliott's remarks about the
frequency of X-ray examinations. Dr. Philip Griffiths (Decompression Sick-
ness Central Registry) asked me to commend to this meeting the practice
of having X-ray examinations of the joints of those men who are particu-
larly at risk made at six-month intervals rather than only once annually.
By men at risk he no doubt meant experimental divers and people working
in high-pressure air.

Dr. MILES: I should like to emphasize a point that Prof. Walder has
made. When one sees lesions of A2, A3, A4, and B2 dimensions, the lesions
have usually been present a long while and most of the femoral or humeral
head has already been replaced. Structural failure, as has been demonstrated,
comes at the point where the joint surfaces can no longer take the stresses
applied to them. Radiologic findings at this time do not demonstrate the
amount of necrosis present years previously.

Dr. WALDER: As presented by Dr. Harrison (pp. 151-152, this volume),
there are essentially two types of pathological changes in osteonecrosis:

A The so-called juxta-articular lesions, which are within reach of the

articular surface of a bone and are therefore potentially disabling; and

B Lesions of the head, neck, and shaft of a bone, which never cause

disability.
Insofar as is presently known, it is a matter of chance whether or not an A
lesion proceeds to disable a man.

In Fig. 1 through 8 are illustrated the various types of osteonecrosis le-
sions, as classified by the MRC Decompression Sickness Council. [These
illustrations, reproduced through the courtesy of the University of New-
castle upon Tyne, are important for two reasons. First, they are selected
from the MRC files and hence are official. Second, they concern compressed-
air workers rather than divers, such as the sample in Dr. Harrison’s survey.
—Eds.]

Dr. McCALLUM: Credit must be given to Dr. Griffiths because, to my
knowledge, he was the first to spot endosteal thickening next to a necrosis
lesion (Fig. 7).

Dr. MILES: I find that a major problem in orthopedics is that one set
of terms is used in the radiology department, a second set in the clinic, and
a third one in the pathology department. An example of beautifully descrip-
tive orthopedic terminology is the “soap-bubble” appearance of giant-cell
tumors and other benign lesions. But I have yet to hear a pathologist speak
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Fic. 1. Al lesions: dense areas, with intact articular cortex. At the top of the
humerus are two areas where the trabecular pattern is blurred. The edge of the
cortex looks “woolly.” These changes represent what I believe Dr. Miles refers
to as a wedge infarct.

of “soap bubbles” in bone! Another example is a “snowcap” lesion on the
humeral head, a term I suspect a pathologist would not use. We have to
choose our words carefully so that they have meaning in all of these depart-
ments.

I should like to discuss Prof. Walder’s X-rays. In his book on bone path-
ology, Jaffe (1958) says that there are four things the roentgenogram reveals
about a lesion. First, where it is with regard to the entire structure of the
bone — i.e., is it endosteal, medullary, or periosteal; or is it in the epiphyseal
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FiG. 2. A2 lesion: spherical segmental opacity. Originally called a snowcap lesion,
it may remain symptomless.

ossification center, the metaphysis, or the diaphysis — and, of course, is it
single or multiple? Second, what is the lesion doing to the host? Third, how
is the host reacting to it? Fourth, what is its relative density?

To expound on these observations, I would say that the lesions in Fig. 2
are in the epiphyseal ossification center and are multiple. What has
the lesion done to the host? The trabecula in the epiphyseal ossification
center and the metaphyseal region has been destroyed in the area of the
lesions. What is the host’s reaction? It appears to be making a large amount
of new bone.

Figure 3 shows a lesion of tremendous reaction. I would assume that this
is a fairly early lesion; ultimately it may well progress to a fracture, as seen
in Fig. 4a. The reactive bone in Fig. 4b has surrounded the area of dead
bone, creating three sides of a rectangle; the cortex over the area of dead
bone has remained unchanged. This represents the host bone's attempt to
wall off the dead bone,

If the osteonecrotic process continues, particularly if trauma is associated
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Fi1c. 3. A3 lesion: linear opacity. The dense line marked with arrows represents
the lesion. The extremities of such linear opacities characteristically extend to the
cortical margin.

with it, the state shown in Fig. 4« is reached. Note the area of sequestration
and the crescent sign. That will become a pathologic fracture, which fre-
quently occurs at the junction between living and dead bone, through the
zone of replacement. But pathologic fracture may also occur through necrotic
bone itself, as is well illustrated in Fig. 4b. At the superior portion (where
one sees the depression in the articular cortex) the fracture is, I think, quite
obviously at the junction between the zones of replacement and total necrosis.
The snowcapped area to the left, over the dome of the humeral head, is obvi-
ously necrotic bone. I am sure Prof. Walder would agree that the areas of
the greater and lesser tuberosities were necrotic and have been replaced,
and that this advancing replacement has progressed almost to the area of the
pathologic fracture.

I would describe the lesion in Fig. 4c as having begun within the epiphy-
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Fic. 4. A4 lesion: structural failures. (a) Translucent subcortical band. This lesion (between arrows) is
sometimes called a crescent sign. Situated just under the articular cortical surface, the translucent line
indicates that a sliver of the cortical surface is about to detach. (b) Collapse of the articular cortex or
subchondral depression. Tomogram shows a fracture line (arrows) developing between the sclerotic part
of the bone above, which is being depressed into the humeral head, and surrounding bone cortex. (¢)
Sequestration of the cortex. A loose piece of dead articular cortex has been pushed into the body of
the femoral head, causing the latter to appear flattened (arrows).
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Fic. 5. Ab lesion: osteoarthritis. This condition can supervene on any lesion in
which disruption of the articular surface has occurred. In osteonecrosis the carti-
lage often remains viable, so that a joint space of reasonable size often continues
to be radiologically visible despite signs of severe osteoarthritis. It is my observa-
tion that the cartilage seems to persist even longer in caisson disease than in
similar orthopedic conditions.

seal ossification center, within the metaphysis of the femur. There is a vast
amount of necrosis and an excellent demonstration of replacement, which has
proceeded from a more distal site proximally toward the acetabulum. As a
result of walking and other stresses, a fragment has broken off, producing
an osteochondritis dissecans. The cartilage space remains intact, and will for
years, as in the case of a completely necrotic femoral head proximal to an
area of femoral-neck fracture.

When the fracture has united and the head is replaced, and this replacement
has proceeded proximally to the articular cortex, the problem of what has
happened to the articular cartilage arises. If the articular cartilage con-
tinues to receive nutrition from synovial fluid, it remains viable. The cartilage
space will remain intact and the result good. The articular cartilage is
dependent upon the synovial fluid and survives because of that. On the
other hand, if the articular cartilage is dependent upon subjacent capillary
loops — which penetrate the articular cortex up to the zone of provisional
calcification — the cartilage will be replaced after the head is replaced. The
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Fic. 6. B1: dense areas. These areas can be seen just at and below the junction
of the humeral head and shaft. They are typical of the osteonecrotic lesions
seen in such sites, and it is unlikely that they will ever cause disability.

end result is the severe osteoarthritis and great degenerative change of the
A5 category demonstrated in Fig. 5.

It is perhaps not fair to discuss someone else’s slides, but I think it ex-
tremely important to make our terminology mutually understandable among
the many disciplines of a hospital.

Dr. WALDER: I am delighted that Prof. Miles is in general agreement
with what I have said; it suggests that the MRC Decompression Sickness
Panel’s classification is a workable one. We would all benefit from the use
of a single agreed classification.

Dr. HARRISON: We should make it quite clear that the X-ray films
shown in this discussion are those of caisson workers, not divers. The lesions
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Fic. 7. B2: irregular calcified areas. This condition is commonly seen in divers.
Sometimes the appearance is that of rather foamy areas in the medulla at the
lower end of the femur, often with a calcified margin. Similar lesions are often
found at the upper end of the tibia. Sometimes femoral lesions have a hardish
scalloped edge around a translucent area. Endosteal thickening frequently accom-
panies these lesions.

are very much the same in both groups, except that hip lesions seem quite
uncommon in divers,
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Fic. 8. B3: translucent areas and cysts. A single cyst (arrow) is usually seen
in the femoral neck. Sometimes a line of small cysts appears at the point where
the hip-joint capsule attaches to the femoral neck. These irregularities may also
be found at the junction of the shoulder-joint capsule and humeral neck. Dr.
Campbell Golding believes that these multiple lesions are not osteonecrotic, but,
rather, that they relate to past damage at the point of a capsule’s insertion into the
neck of a bone.

Dr. MILES: As an orthopedist, I should like to make a distinction be-
tween impairment and disability. We can measure impairment of function
quantitatively — e.g., loss of joint motion and shortness and atrophy of
muscles. Disability, on the other hand, relates to job performance, a param-
eter that physicians have great difficulty in measuring. For example, a
violinist with a stiff fifth finger on his left hand is totally disabled, but an
elevator operator is not. One is also reminded that a man with no muscles in
his legs became president of the United States four times. I submit that
that is a measure of the ability rather than the disability of a man.

Mr. GALERNE: Why do you make a distinction between caisson workers
and divers?

Dr. ELLIOTT: There is a real difference in bends threshold between the
two groups and in the decompression tables used. This may be because
there are distinct differences in the type of work that they do and the
pressure exposures that they undergo. The distinction may seem artificial,
but it is practical.

Dr. MILES: I rather shudder at the tendency to attach names to patho-
logical findings and then forget about them as though the problem were
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solved. I, for one, do not know what a bone island is; the term has no patho-
logic meaning. 1 would prefer to call it something else, but I do not know
what,

Dr. HARRISON: An alternative description would be “a compact area of
cortical bone surrounded by normal cancellous bone.” “Bone island” does
seem a bit shorter!

REFERENCE
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BONE SCANS WITH FLUORINE-18
IN DIAGNOSING OSTEONECROSIS

Radionuclide scans are frequently requested
clinical procedures because they provide, easily
and nontraumatically, information about focal
areas of disease in various internal organs. Scans
of the skeletal system have achieved clinical ac-
ceptance because they demonstrate with con-
siderable sensitivity the presence of primary or
metastatic tumors. Considerable interest has
developed recently at the University of Texas
Medical Branch (UTMB) and its Marine Bio-
medical Institute in evaluating the sensitivity of
bone scans as an additional tool to radiography
in the diagnosis of osteonecrosis. Accordingly,
some of the Gulf of Mexico divers radiographed
by the UTMB for osteonecrosis were also sub-
mitted to radionuclide bone-scan surveys.

This type of investigation is possible because
of the commercial availability of salts of fluorine-
18 ("F), which are safe for human use. This
bone-seeking radionuclide has several advantages
over the previously used salts of strontium-85
(*Sr). The most significant of them is a
markedly reduced radiation dose per millicurie
(mCi) to the bone, bone marrow, and total body.
In this country, bone scans with “Sr are
permitted only in patients with diagnosed malig-
nancies in whom a search for metastases is war-
ranted. With “F, on the other hand, it is possi-
ble to study with safety a variety of benign
disease processes, including osteonecrosis.

The radionuclide used in the UTMB studies
was purchased as sterile, pyrogen-free sodium
fluoride from Medi-Physics, Inc., in California,
where it is produced in a cyclotron by deuteron
bombardment of neon (Harper et al., 1971).

The bone-crystal structure shown in simplified
form in Fig. 1 demonstrates the mechanism by
which radiochemicals can be used as tracers in
studies of bone metabolism (Neuman and Neu-
man, 1958). It is possible to substitute radio-
active calcium for the stable calcium normally
deposited in bone, but none of the calcium iso-
topes is suitable for scanning purposes. There-
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fore, "Sr and strontium-87m ("™ Sr), which fol-
low pathways similar to those of calcium, have
been widely used as scan agents (Charkes, 1970;
DeNardo et al., 1972).

Fluoride ions, on the other hand, can be ex-
changed with the hydroxyl ions in bone crystal,
as shown in Fig. 1. The process goes through
various stages (Neuman and Neuman, 1958).
In only a few seconds or minutes, fluoride ions
pass from plasma through extracellular fluid to
the hydration shell surrounding bone crystal.
Rate of transit is limited mainly by the blood
supply to a particular portion of a bone. The
next step — passage of the ions through the
hydration shell to the crystal surface — takes
several hours, and actual incorporation into the
interior of bone crystal takes days or weeks. But

HYDROXYAPATITE BONE CRYSTAL

-t——=Hydration

Shell
cfllg(Pog)s (OH)Z J——--H-——Crystal
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Fic. 1. Simplified schematic of hydroxyapatite
crystals, which are deposited in osteoid tissue by
proliferating osteoblasts, Arrows show pathways of
exchange for the most common bone-seeking chemi-
cals, strontium and fluoride, used for radionuclide
scanning.
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once the fluoride ions reach the hydration shell,
they are sufficiently localized in bone for scan-
ning purposes. At this point, therefore, the dis-
tribution of radioactive "F demonstrates the
areas of increased bone metabolism (Blau et al.,
1972).

Certain areas in a scan may appear to have
greater radioactivity concentration than others,
a circumstance thought to be caused either by
increased blood supply to that region and/or by
increased bone-crystal exposure (Blau et al.,
1972; French and McCready, 1967). The latter
may be the result of osteoblastic or osteolytic
activity in a certain portion of a bone. Osteo-
lytic activity is thought to increase activity in
the adjacent bone, and therefore both osteoblas-
tic and osteolytic lesions are demonstrated on
a bone scan as areas of increased radioactivity
(Blau et al., 1972).

To choose the optimum time to start scanning,
one must remember that the uptake of "F in

Table I. CoMPARISON OF FREQUENTLY

R. J. GorTEN AND R. N. CooLEY

sition in bone and its rapid clearance from the
blood by the kidneys. Compared with the stron-
tium isotopes, fluorine provides much better con-
trast between focal bone disease and vascular
tissues,

The bone-seeking radionuclides used fre-
quently for imaging purposes are compared in
Table I. An advantage of “Sr is its physical
half-life of 65 days, making it feasible to pur-
chase the tracer commercially well in advance of
intended use. However, the long half-life is also
a major disadvantage because it involves pro-
tracted radiation exposure to the skeletal system.
Since this exposure is significant, “Sr dosage
is generally limited to 0.1 mCi and its use
restricted in this country to adult patients
with known malignancy (Charkes, 1970).
Given the small radioactive dose, the exter-
nal count rate is understandably low com-
pared with most other modern scan techniques,
necessitating rather slow scan speeds and lengthy

UseEp BoNE-SEEKING RADIONUCLIDES

“Sr "mSr b -

Source Reactor “Y generator  Cyclotron “Mo generator
reactor
Chemical form SrNo, SrHCO, NaF Te poly-
phosphate

Half-life (physical) 65 days 2.8 hr 1.85 hr 6 hr
Photon energy (kev) 513 388 511 140
Dose (mCi) 0.1 4 4 10
Bone localization 309, 30% 509 409
Delay 5 days 1 hr 2 hr 4 hr
Preparation bowel, void — void void
Maximum CPM 2K —- 40K 20K
Radiation dose — hone 3.6r 0.6r 0.6r 0.4r
Radiation dose — marrow 1.1r 0.6r 0.6r 0.1r
Radion dose — body 0.4r 0.2r 0.1r —

bone is very rapid, reaching almost maximum
within one hour (Blau et al., 1972). On the
other hand, only 509 (approximately) of the
fluoride becomes concentrated in the skeletal
system; the remainder, at this early stage, is still
primarily in the blood, which means that some
time must be allowed for the blood concentration
to be reduced via urinary excretion. This de-
crease occurs much more rapidly with fluorine
than with strontium (Blau et al., 1972). Thus,
in addition to the short physical half-life (110
minutes), which permits larger tracer doses, the
major advantages of fluorine are its rapid depo-

patient studies. The energy level is somewhat
higher than is desirable for imaging, but it is
acceptable for rectilinear scanning with properly
selected collimators. Strontium’s slow blood clear-
ance makes it advisable to wait three to seven
days between administration of tracer and per-
formance of the scans. Yet another disadvantage
of strontium is that much of it is excreted into
the intestinal tract. For examination of the
pelvic and lumbosacral region, therefore, the pa-
tient must undergo thorough bowel cleansing.

Strontium-87m has a shorter half-life than
strontium-85 and can therefore be given in larger
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Fic. 3. (a) Anterior and posterior total-body survey scans of diver begun 2 hr after intravenous dose of 3.7 mCi of Na"F. Note subtle
difference in tracer concentration in the two shoulders. (b) Shoulder X-rays revealing radiodensities in R and L humeral heads (arrows).
(e¢) Hip X-rays revealing radiolucent area in L femoral neck (arrows).
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Scans and radiographs in combination will
quite likely enable much more accurate diagnosis
of the disease than when one technique alone is
used. Experience with serial scans involving

R. J. GorTEN anD R. N. CooLEY

larger numbers of divers is required before the
actual sensitivity of imaging procedures in de-
tecting various stages of aseptic necrosis can be
properly evaluated.
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XERORADIOGRAPHY AS A TECHNIQUE

FOR DIAGNOSING OSTEONECROSIS

Xeroradiography is a relatively unfamiliar but
not completely new method of radiological inves-
tigation. One may define xeroradiography as a
technique in which photoconductors and electro-
static charges are used to record X-ray images.
Selenium, although normally a good insulator,
becomes a charge conductor under the action of
light or ionizing radiation. Whereas a conven-
tional X-ray plate consists of a film in a cassette,
a xeroradiographic plate consists of a positively
charged metal surface coated with selenium.
When this plate is exposed by use of conventional
X-ray equipment, the roentgen rays cause a run-
off, proportional to their intensity, of the charge

f
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area on the plate that they strike. The charge
plate is dusted with negatively charged powder,
producing an image similar to that seen on a
standard roentgenogram. The image can be pre-
served by transferring it to paper or by photo-
graphing it (Wolfe, 1969).
Some of the advantages reported for xeroradi-
ography over conventional radiography are these:
1. A standard radiographic film in a card-
board holder will delineate a wire mesh of
only 100 lines per inch, whereas a xerora-
diograph will record a mesh of 1200 lines/
inch.
2. An electrostatic phenomenon, termed the

Fic. 1. Roentgenographic bone survey of a Gulf of Mexico diver, which proved negative for osteonecrosis.
(a) Frontal projection on conventional film of L shoulder, compared with (b) xeroradiogram.
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edge enhancement effect, accentuates bor-
ders or areas of different densities. Spe-
cifically, differences in density within a
structure — e.g., a fracture line in bone, the
edge of a dominant mass density in the
breast, or an opaque foreign body in soft
tissues — are all readily recorded on the
xeroradiogram (Wolfe, 1968; Woesner and
Sanders, 1972).

Xeroradiography permits a wide range of
exposure factors. For example, a range of
20 kv is possible without deterioration of
the image quality. Thus precision in set-
ting up the exposure factors is not as crit-
ical in xeroradiography as it is in conven-
tional radiography.

C. J. Facan anp E. L. BECKMAN

xeroradiogram of the neck (for example)
vividly demonstrates soft-tissue structures,
the bony parts, and structures outlined by
air. If one uses conventional radiography
to obtain the same information, at least
two exposures — one for soft-tissue detail
and one for bony detail — would be neces-
sary. Furthermore, the xeroradiograph is
of value in some cases in eliminating the
need for tomographic sections, which im-
part a relatively higher radiation dose to
the patient than xeroradiography does.
The xeroradiogram is processed in a lighted
room, eliminating the need for the dark-
room equipment of conventional radiog-
raphy.

4. A single roentgenogram does provide, to
be sure, a wide range of bone and soft-tis-
sue detail. By comparison, a single lateral

The main disadvantages of xeroradiography
are these: First, the radiation required to develop
a xeroradiographic image is considerably greater

Fic. 2. Same diver as in Fig. 1. Comparison of (a) frontal roentgenogram of R hip with (b) xero-
radiogram of R hip.
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than that required in roentgenography with
film-intensifying screens. Accordingly, an expo-
sure of the shoulder results in a fivefold increase
in radiation dosage to the patient; of the hip
area, a sevenfold increase; and of the knee area,
a twofold increase. Second, there are reports
of low contrast and loss of fine detail in skeletal
work. There is not universal agreement, how-
ever, that these objections are entirely valid
(Wolfe, 1969).

In an attempt to judge the ultimate value of
xeroradiography as a diagnostic tool in the de-
tection of osteonecrosis, a limited number
(seven) of xeroradiographic studies was made
and then compared with similar projections
made with conventional roentgenographic tech-
niques.

TECHNIQUE

The present =xeroradiographic osteonecrosis
survey consisted of the same projections typically
made in a roentgenographic survey — specifi-
cally, frontal projections of the shoulders and
hips, and frontal and lateral projections of both
knees (Martel and Sitterley, 1969). In some
instances, frogleg projections of the hips were
made. Exposure factors of the shoulders were

Fic. 3. Same diver as in Fig. 1. Frontal projection
of L knee on (a) conventional roentgenogram and
on (b) xeroradiogram,
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Fic. 4. Same diver as in Fig. 1. Lateral projection
of L knee on (a) conventional roentgenogram com-
pared with (b) xeroradiogram.

in the 70-85 KVP, 20-40 MAS range; in the hips,
85-100 KVP, 100-150 MAS range; and in the
knees, 75-90 KVP, 10-30 MAS range. The
xeroradiograms were then compared with exist-
ing roentgenograms made of the same areas.

DISCUSSION

A comparison is made in Fig. 1 through 4 of
roentgenograms and xeroradiograms of subjects
in whom no osteonecrosis was diagnosed. The
excellent detail of soft-tissue and skeletal parts
in the xeroradiogram initially generated enthu-
siasm about the technique. When xeroradiograms
and roentgenograms were compared in cases of
a positive diagnosis of osteonecrosis (Fig. 5 and
6), however, detail in the actual area of disease
on the former was disappointing.

In yet another case (Fig. 7), the subtle circu-
lar cystic formation in the right humeral shaft,
which is evident on the roentgenogram, is seen
on neither the negative nor positive xeroradio-
grams. However, the general bony detail de-
picted on the positive-image xeroradiogram is
superior to the detail on the negative-image
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Fic. 5. Bone survey of a Gulf of Mexico diver, which proved positive for osteonecrosis. (a) Conventional
roentgenogram of L shoulder (osteonecrotic area marked with arrow) required less exposure of subject and
demonstrates lesions as well, if not better, than (b) the xeroradiogram.

a

Fic. 6. (a) Subtle area of osteonecrosis (arrow) in juxta-articular area of R humerus of diver, as demon-
strated roentgenographically. (b) Lesion is not evident on xeroradiogram.
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Fic. 7. (a) Conventional roentgenogram demonstrates subtle circular cystic formation in R humeral head
of diver. Finding is not evident on either (b) positive or (¢) negative xeroradiogram. Note, however,
better bone detail on positive xeroradiogram in comparison with negative one.

xeroradiogram. As a result, if xeroradiography is
to be used for bone work, such as in an osteone-
crosis survey, it appears that positive imaging is
superior to negative imaging.

CONCLUSION

Although the number is small, these com-
parisons of conventional radiography and xero-

radiography suggest that the latter is not suffi-
ciently useful as a diagnostic tool to justify the
greater radiation exposure inherent in its use.
This conclusion should, perhaps, be regarded as
tentative, until further evidence supporting the
usefulness of xeroradiography in connection with
the diagnosis of osteonecrosis is accumulated.
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ADDITIONAL DIAGNOSTIC TECHNIQUES

A comprehensive clinical history and physical
examination of an individual whose prospective
employment might involve the risk of osteone-
crosis should include assessment of any disease in
his background known to have an association
with avascular necrosis. If routine roentgeno-
grams are positive or questionable with respect
to articular involvement, or if an employee later
becomes symptomatic even though his X-ray
films reveal no evidence of osteonecrosis, appro-
priate medical consultation is suggested. Ad-
ditional diagnostic techniques may then be
recommended, as follows.

LABORATORY TESTS

When laboratory tests are indicated, the pa-
tient is usually hospitalized. These procedures
may include: a complete blood count, urinalysis,
sedimentation rate, multiphasic chemistry panel,
rheumatoid-arthritis agglutination test, lupus
erythematosus preparation, serum uric-acid de-
termination, serum hemoglobin electrophoresis,
liver-function panel (including bromsulphalein
retention, serum alkaline phosphatase, and
SGOT), liver biopsy, serum amylase, serum li-
pase, chemical fractionation of lipids (including
serum cholesterol, triglycerides, and phospholip-
ids), four-hour glucose-tolerance test, platelet
count, prothrombin time, and partial thrombo-
plastin time.

When nontraumatic fat embolism is suspected,
additional blood and urine tests are performed.
Methods currently used for the detection of lipi-
duria (Peltier, 1965) may not be sufficiently
sensitive to detect low-grade traumatic or non-
traumatic fat embolism (Fig. 1). Fat is not a
normal constituent of urine (Beams, 1956), nor
do fat globules appear in the urine in experi-
mental hyperlipidemia (Scuderi, 1939). A sim-
ple qualitative ether-extraction method has been
developed (Jones, 1972) that is specific, provided
caution is taken to avoid false-positive results
due to nonembolic fat in the urine. Since the
presence of cellular elements — oval fat bodies,
fatty casts, fatty epithelial cells, and fatty de-
generating leukocytes (sudanophils) — or of fat-
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Fic. 1. Cqmparative sensitivity of tests for urine-
fat determinations.

containing fungi (Candida albicans) invalidates
the results, microscopic examination of urinary
sediment is essential in all cases. Fat contamina-
tion of the glassware or solutions used in the
test by soaps or oily lubricants must be avoided.
Similarly, paraffin containers are not to be used
for collecting specimens.

A simple test, in which plasma is stained for
fat, has recently been developed (Nice, 1972)
and may also be useful in the diagnosis of non-
traumatic fat embolism. The most definitive
means of diagnosing systemic fat embolism in
vivo is by performing fat stains of percutaneous
renal biopsy specimens.

When rheumatoid arthritis, gouty arthritis,
septic arthritis (pyarthrosis), or osteomyelitis is
suspected, a diagnostic arthrocentesis with syno-
vianalysis is performed. It includes appropriate
cultures, polarized light examination for uric-
acid crystals, and determination of a rheumatoid
factor.

SPECIALIZED RADIOLOGIC TECHNIQUES
Tomography

Tomography is performed when routine roent-
genograms appear normal or questionable (Fig.
2). Tomograms performed of early juxta-articu-
lar lesions, before there is any evidence of gross
architectural distortion or articular incongruity,
often show cone-shaped lesions. The apex of the
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Fic. 2. R femoral head of patient who developed Type I decompression sickness near end of 600- and 650-
ft dives. (a) Lateral roentgenogram 3% yr later shows diffuse area of central rarefaction surrounded by
patchy sclerosis involving anterior portion of head and extending from region of obliterated epiphyseal line
to subchondral region. (b) These findings were confirmed on A-P tomogram, which reveals obvious sub-
chondral irregular radiolucency and sclerosis without evidence of segmental collapse.
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rectly into the femoral-head lesion rather than
into the trochanteric region (Arlet, 1971).
Eberle (1971) doubted the possibility of making
reliable predictions on circulatory conditions in
the femoral head and neck by means of intra-
trochanteric phlebography, since drainage from
these areas cannot be observed with this tech-
nique. The flow of venous blood from an osteo-
necrotic lesion is invariably reduced or completely
arrested, and often greater pressure than usual is
necessary to inject the contrast medium. Fre-
quently no venous drainage from the lesion is
detected at all, and the contrast material pools
within the cancellous bone. Or, if there is a sub-
chondral fracture extending through the necrotic
lesion and cartilage, the contrast material pools
within the joint itself.

Positive phlebograms are those in which veins
arising from the femoral head are immediately
filled with contrast medium. In positive circum-
flex venograms, the retinacular, medial and lat-
eral circumflex, femoral, and external iliac veins
are filled. In positive ligamentum-teres veno-
grams, the foveal vein as well as the acetabular,
obturator, and internal iliac veins are filled. In
certain instances both these systems are filled
simultaneously (Fig. 4a).

Negative phlebograms are those in which no
veins are visible and the contrast medium has
flowed into the joint space or remains in the
cancellous bone of the head and neck. Venous
stasis is associated with femoral-head necrosis.
In most cases of nontraumatic necrosis the phleb-
ogram is negative, with a typical trabecular
(intramedullary) drainage pattern, inasmuch as
the contrast medium flows through the medullary
sinus of the femoral neck and trochanteric re-
gion. Serial phlebograms demonstrate delayed
drainage of the contrast medium with persistent
pooling within the femoral head, neck, and prox-
imal shaft (Fig. 4b).

Biopsy Drilling Procedure

Biopsy drilling should be performed to confirm
a diagnosis of osteonecrosis if hemodynamic tests
are abnormal (Arlet and Ficat, 1971). Early
diagnosis is particularly important when necrotic
lesions are unaccompanied by gross architectural
distortion or articular incongruity, so that irre-
versible damage may possibly be avoided by
using surgical procedures to revascularize the
necrotic area.

Furthermore, it is important to biopsy atypical
lesions bearing similarity to avascular necrosis,
which may actually be a giant-cell tumor, cystic
tuberculosis, pigmented villonodular synovitis,
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Fic. 4.
osseous phlebography, revealing essentially normal

(a) A-P view of R hip taken during intra-

immediate venous drainage from periphery of
fermoral head and neck. (b) X-ray film taken 15
min later suggesting residual contrast material
(Hypaque) sequestered in avascular-appearing seg-
ipn;‘nt. (Jones, 1971. Illustration courtesy of pub-
isher. )

chondroblastoma, or calcified enchondroma.
Through a lateral thigh approach a Turkel
trephine with obturator is positioned by biplane
roentgenograms to the anterosuperior region of
the femoral head (where most lesions of idio-
pathic necrosis are located). The surgeon in-
troduces the trephine into the subchondral bone,
advancing and rotating it while verifying its
position radiologically (Fig. 5a). The biopsy
specimen is removed and examined macroscopi-
cally. It is then fixed in formalin, decalcified with
nitric acid, and embedded in paraffin. Sections
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Fic. 5. (a) A-P view of R hip of 51-year-old
(Caucasian male with idiopathic osteonecrosis, show-
ing location of Turkel biopsy drilling trocar in sub-
chondral bone of femoral head. (b) High-resolution
roentgenogram of osseous cylinder (1 x 5 em) ob-
tained from femoral head by biopsy drilling.
Arrow points to sclerotic (and necrotic) lesions.

J. P. Jones

are cut along the major axis and stained with
hematoxylin-eosin. Occasionally larger biopsy
cores are removed for pathological examination.
In these instances high-resolution roentgeno-
grams of the cores are obtained prior to section-
ing and staining (Fig. 5b). The incision may be
lengthened proximally and posteriorly to obtain
specimens of the capsule and synovium for special
additional studies.

SUMMARY

When a comprehensive clinical history and
physical examination indicate possible idiopathic
or nontraumatic osseous avascular necrosis, addi-
tional diagnostic tests are often recommended,
including tomography and radionuclide bone
scans. The suspected lesion may be confirmed
by various tests, such as a differential radioactive
phosphorus (“P) uptake study, differential oxi-
metry, intramedullary pressure determinations,
intraosseous phlebography, and biopsy for tissue
microscopy and microroentgenography.
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reaction includes increased bone metabolism and therefore causes increased
concentration of tracer.

One might guess that there is a brief delay between the inception of
necrosis and its appearance on a scan. One might also conjecture that after
a period of time the disease process will subside, as might reaction to it by
the adjacent bone. The scan might then no longer appear abnormal in that
location. Animal studies and serial scans in active divers might provide a
more definite answer to these questions.

DISCUSSION 8

Dr. HARRISON: I think that Dr. Fagan was too modest in his presenta-
tion. His was a superb demonstration of the xeroradiographic technique.
It seems to me that this technique has value when one wants to look at the
cortex of bone. Some of the densities that he showed could not in fact be
seen in the radiography — particularly, I think, the ones of the knees. On
one roentgenogram was a vague area of density in the tibia that worried
us, but it was not apparent on the xeroradiogram. Conversely, just below
the cortex in some of the xeroradiograms, there were doubtful areas that one
could not see on X-ray,

The increase in radiation exposure is colossal in xeroradiography. But
obviously the technique ought to be further explored when there are doubt-
ful lesions, particularly near the cortex.

Dr. WALDER: 1 obtained permission to carry out a radioisotope scan
following the injection of strontium-85 into six men with known bone lesions.
One of these scans is shown in Fig. 1. The **Sr was injected on a Saturday
morning and the scan made the following Tuesday. The white dots cor-
respond to the centers of the femoral heads. Without a doubt the lesion,
which was on the right side, took up **Sr.
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Fic. 1. Strontium scan of pelvis of compressed-air worker showing abnormal activity in R femoral head
where there is known to be, on radiological evidence, an osteonecrotic lesion. (FPhotograph courtesy of
University of Newcastle upon Tyne.)
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The interesting thing is that **Sr was taken up by the lesions in all six
men, despite the fact that some had existed for three to five years. One
might therefore have expected them to be healed and static.

In explanation it has been suggested that, although a lesion may be very
old, osteoclastic and osteoblastic activity may still be going on, so that **Sr
uptake will still occur. An alternative possibility may be that ®*Sr is taken
up even in the absence of a blood supply. A third possibility is that, in an
area of restricted blood supply, **Sr is taken up more slowly than in the rest
of the bone and is then eliminated more slowly. It is then this more slowly
eliminated isotope that one measures.

In some of the six men in our Newcastle study, the scan findings matched
the radiological findings; in others they did not. Wherever an abnormality
was revealed radiologically, the scan showed it. But sometimes the scan was
positive when the radiograph did not show a lesion.

I thought it worthwhile X-raying a normal person, and used myself as a
subject. Radiologically my hips are normal, but I did have a mildly positive
strontium scan in both hips. I reconsidered and decided that perhaps I was
not so normal after all, in that I have had several exposures to compressed
air and “dry” dives. When a control subject — who had never been exposed
to compressed air and whose hips were radiologically normal — was scanned,
there was no evidence of **Sr retention.

Can anyone offer any explanation for the **Sr retention, other than that it
is evidence of an osteonecrotic lesion?

Dr. MILES: I can only conjecture about this increased uptake of stron-
tium in an area of necrosis. As I mentioned when Dr. Harrison presented his
paper on the radiological aspects of the disease, one sees only the end stage of
a very advanced process of creeping substitution and replacement. In those
areas there is a great deal of appositional bone formation. Dr. Walder men-
tioned this sequence in his discussion of the sheep — that, in those areas
where radiographic evidence exists, microscopic signs are of a much larger
area of involvement, with much appositional bone formation. One would
therefore anticipate an increased strontium uptake in the areas of involve-
ment. The strontium scan perhaps indicates the magnitude of the lesion
years ago, the degree of tissue response, and the extent of repair.

Dr. JONES: We have employed differential radioactive phosphorus studies
using a scintillation probe to evaluate the vascularity of certain femoral-head
lesions. There is no significant radioactivity in those epiphyseal lesions
walled off by a sclerotic margin (calcified and fibrous tissue). However, in-
creased radioactivity (hypervascularity) is occasionally found after the
probe is withdrawn immediately outside the sclerotic margin, with greater
radioactivity than is often found in the control area of the greater trochanter.
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may be helpful. Some orthopedic surgeons believe
that venography, biopsy, or radioactive scanning
techniques may reveal the presence of osteonecro-
tic lesions not detectable in X-rays. Whatever
technique is used, the primary objective must be
to provide the patient with a definite answer
about whether he has dysbarism-related osteone-
crosis or not.

Treatment of Osteonecrosis

Juxta-articular lesions pose a particularly diffi-
cult therapeutic problem. They are usually
symptomless until the articular surface is de-
formed by collapse or indentation, probably be-
cause of stress on the damaged area. Thereafter,
pain upon movement of the limb is a prominent
symptom. If the man is allowed to continue
work without treatment, he will almost certainly
develop arthritis in addition to the original le-
sion. The joint will then become so disorganized
that it will not only be painful but also severely
restricted in movement.

Experience shows that necrotic bone collapses
where the greatest stress occurs. One might
therefore suggest that, when the early signs of
a lesion underlying the articular surface of a
bone are found, the joint should be protected
from load-bearing; there is always the possibility
that lesions can heal spontaneously. However,
since relief of load-bearing could mean putting
the patient to bed for several months, this treat-
ment cannot be undertaken lightly.

Figure 1 shows the radiographs of a shoulder
joint with just a suspicion of a lesion, which be-
comes more definite in nine months, and then,
six months later, is no longer visible. Apparently
it has healed. Caution in the last diagnosis is
necessary, however, because the radiological tech-
nique used in the three films may not have been
consistent. If this humeral head were to be
examined again by tomography, a lesion might
still be seen.

Another difficulty is that, although serial radio-
graphs can demonstrate a lesion growing pro-
gressively worse, it is not possible to forecast
from a single film whether a particular lesion
will progress or remain stationary. In Fig. 2a,
for example, is the radiograph of a humeral head
taken in February 1967, in which changes sug-
gestive of osteonecrosis are very doubtful. But
only four months later, the lesion has developed
to such an extent that the whole humeral head
has disintegrated (Fig. 2b). These films are a
graphic demonstration of how rapidly some
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Fic. 1. Apparent healing of osteonecrotic lesion in
humeral head of compressed-air worker, showing
(a) very early lesion under cortical margin; (b)
more definite lesion 9 months later; and (¢) 6
months later, when lesion is no longer visible.
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Fic. 2. Rapid progress of osteonecrotic lesion, in which there are (a) changes suggesting early lesion; and

(b) disintegration of humeral head 4 months later.

comparatively mild-looking lesions can advance.

Some lesions, by contrast, remain static for
many years. In Fig. 3a, a definite lesion can be
seen in the head of a humerus; five years later
(Fig. 3b), the lesion is virtually unchanged. Se-
lection of those subjects who might benefit from

relief of load-bearing is therefore not possible at
present.

The radiographs shown in Fig. 4 illustrate the
progression of a lesion to the point that operative
treatment becomes essential. The first shows the
humeral head of a man 3 months after he ceased

Fic. 3. Humeral head showing static osteonecrotic lesion (a) as diagnosed in 1962; and (b) 5 years later,

in which no change is evident.
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19 MonTHs

Fic. 4. Roentgenograms showing progression of
osteonecrotic lesion severe enough that operative
treatment is necessary: (a) bone island only, 3
months after patient ceased work in compressed
air; (b) definite dysbarism-related osteonecrosis,
in addition to bone island, 19 months after last
compressed-air exposure; and (c¢) fragment of bone
breaking away, with bone island still present, 22
months after last exposure.

D. N. WALDER

working in compressed air. The small dense area
just below the cortical margin is a bone island
and is of no consequence. About 16 months later,
however — 19 months after his last exposure —
there is a definite osteonecrotic lesion, but the
bone island has remained unchanged. Then, 22
months after his last compressed-air experience,
a piece of necrotic bone is beginning to crack off.
The bone island is still unchanged. The ortho-
pedic surgeons ultimately reattached the frag-
ment of bone with a screw and the result was
fairly satisfactory. Unfortunately, however, the
patient has now developed a lesion in the other
shoulder.

(Incidentally, this series of X-rays illustrates
the difference between a patch of osteonecrosis
and a bone island. The bone island remains
static over the years, whereas the lesion grad-
ually progresses until the cortex of the bone col-
lapses, giving rise to symptoms.)

Once operative treatment is indicated, the
procedure to be adopted must be considered.
But it must be borne in mind that surgical treat-
ment in these cases is not always completely
satisfactory.

In our recent experience, 12 patients with a
total of 16 joints damaged by osteonecrosis have
been operated on. They were all young —
around 30 years of age. It was therefore felt that
radical treatment, such as total hip-joint replace-
ment (in which both the head of the bone and
the articular cup into which it fits are removed
and replaced by a prosthesis), was not justified.
For the estimated life of an implanted joint
prosthesis is only about 10 years.

Techniques less radical than hip replacement
were therefore tried. In three patients the osteo-
necrotic lesion of the femoral head was drilled
into from below. Pegs of bone were then inserted
through the lesion to shore up the articular
cortex (Phemister, 1949; Bonfiglio and Barden-
stein, 1958). The results, however, have been
unsatisfactory. In one patient it has already
been necessary to remove the femoral head and
insert a prosthesis. This same procedure will
soon have to be followed in the other two p
tients.

In another two patients with lesions affectir 2
the femoral head, drill holes have been macea
through the osteonecrotic area of bone into ttea
underlying normal bone to provide channe.s
along which revascularization can occur. Again
the results have been very poor, as the patients
have gained neither in freedom from pain nor in
movement.
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Two patients with sequestration of the hu-
meral head have been treated by fixing the dis-
placed necrotic fragment into place with a screw.
These results have been encouraging; both men
have remained symptom-free and have quite
good mobility. Unfortunately, this surgical pro-
cedure is not advisable or, perhaps, even possible
in the hip because of the problem of weight-bear-
ing. A repair involving screws is not likely to
be strong enough to resist the severe stresses en-
countered in the hip.

Another measure that has been tried in three
patients in which sequestration has occurred was
simply to remove the dead flake of bone. Al-
though the one hip and two shoulders treated
continue to give pain, their mobility is quite
good.

The hips of four patients and the shoulder of
one have been treated by partial replacement of
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the joint; only the necrotic head of the bone was
replaced by a prosthesis. The results have been
extremely satisfactory, although it appears that
one hip will eventually need total replacement.

In one case arthrodesis was carried out. In
this operation the humeral head was fixed to the
shoulder blade (the bone with which it articu-
lates), mobility thereafter depending on mobility
of the shoulder blade. This form of treatment
has proved satisfactory for the relief of pain
and, at the same time, has allowed a surprising
amount of movement.

It is clear from this account that, unfortu-
nately, there are too many unknown factors at
present to deal satisfactorily with the orthopedic
problems posed by dysbaric osteonecrosis. More
fundamental information about the initiation,
development, and progression of osteonecrotic
lesions is urgently required.
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Fic. 1. Gross sagittal section of (a) L femoral
head, showing Stage II osteonecrosis lesion in
anterosuperior quadrant. Chalky necrotic sub-
chondral bone (of toothpaste consistency) is sep-
arated from normal bone by dark zone of revascu-
larization. (b) R femoral head, at level of fovea
centralis, revealing well-demarcated Stage II lesions
in superior portion of femoral head, with thickened
marginal trabeculae and intertrabecular fibrosis and
calcification without gross structural alteration of
articular cartilage.

phlebography indicate that the {emoral-head
cartilage is still intact — i.e., there is no evidence
of secondary subchondral fractures — it is still

J. P. JonEs

possible, within certain limits, to revascularize
segmental necrotic lesions from the cancellous
region of the femoral neck. Extrinsic revasculari-
zation procedures are possible when the maxi-
mum thickness of the necrotic segment does
not exceed 15 mm on A-P tomography. If greater
than 15 mm, the intrinsic revascularization pro-
cess will gradually cease and a necrotic area will
remain in the subchondral bone (Wagner, 1971).

In an attempt to accelerate the intrinsic re-
vascularization process, the necrotic area in the
femoral head is excavated without dislocating
the hip joint. Biplane roentgenograms are used
to avoid injuring the intact articular cartilage.
Wagner (1971) fills the excavated cavity with
iliac bone grafts, whereas Bonfiglio and Barden-
stein (1958) advocate introducing square-shaped
autogenous tibial cortical bone pegs through
round holes created in the femoral neck and
head. Granulation tissue propagates into the
femoral-head lesion through clefts remaining ad-
jacent to the bone grafts.

Jameson (1972) modified the Judet musculo-
osseous pedicle transfer (Judet, 1962) for osteo-
synthesis of femoral-neck fractures in an attempt
to revascularize the head (Jones, 1971) (Fig. 2).
The quadratus-femoris muscle provides vascu-
larity for the cancellous bone of the intertrochan-
teric crest, which is introduced through an exca-
vated hole into the femoral-head lesion. Meyers
et al. (1972) treated 150 displaced femoral-
neck fractures with the muscle-pedicle transplant
technique and noted a marked reduction in the
incidence of late segmental collapse of the head.

With necrotic lesions greater than 15 mm in
maximum depth, nonsurgical management is
used to protect the shoulder or hip mechanically
by 1) non-weight-bearing or bed rest, with or
without traction; 2) physiotherapy (deep heat
and muscle-strengthening range-of-motion exer-
cises); or 3) muscle relaxants and analgesics.
However, D’Aubigne et al. (1965) advocated
temporary fixation of the acetabulum to the
femoral shaft to bypass the head and relieve
pressure on it to allow healing.

Boettcher et al. (1970) documented five
patients treated conservatively by protected
weight-bearing in whom the focal necrotic area
was small. One patient experienced complete
repair without collapse or degenerative change
and was asymptomatic at a seven-year follow-up.
The hips of the other four patients treated non-
surgically underwent progressive collapse.

Of 38 necrotic femoral heads repaired by
drilling and bone-grafting techniques (Phemister,
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Avascular
segment of
femoral head

Fic. 2. Judet musculo-osseous pedicle transfer, as
modified by R. M. Jameson (1972) — a procedure
performed in attempt to revascularize a previously
excised segmental defect in anteroinferior quadrant
of femoral head, although most often used for lesions
in anterosuperior quadrant. Viable cancellous bone
from intertrochanteric crest is nourished by vessels
supplying quadratus femoris muscle.

1949), six had a normal joint space with no
collapse of the subchondral bone preoperatively.
These hips had a higher frequency of good re-
sults than did those in which there was minimal
or moderate preoperative collapse. Final results
following bone grafting or musculo-osseous pedi-
cle transfers will be improved if these procedures
are performed before collapse occurs, and if the
bone graft or viable bone pedicle is accurately
positioned in the femoral head without injuring
the articular cartilage.

STAGE III LESIONS

The patient is symptomatic. Roentgenograms
— particularly external rotation projections of
the shoulder and lateral projections of the hip —
indicate architectural failure and structural col-
lapse. Often a unipolar or bipolar subchondral
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fracture is apparent; the radiolucent crescent-
line sign is positive (Fig. 3). Once a break has

Fic. 3. Lateral roentgenograms of hips with early
Stage IT1 osteonecrosis lesions: (a) secondary sub-
chondral fracture extending through necrotic bone
in anterosuperior quadrant of femoral head in lesion
with minimal articular incongruity; (b) another
positive radiolucent crescent-line sign ( translucent
subcortical band sign) with dissection of subchon-
dral bone.
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occurred in the smooth spherical articular carti-
lage and subchondral bone, the necrotic lesion
is advanced and irreversible. It will inevitably
progress to further collapse, with articular in-
congruity and secondary degenerative changes.
Given this damage, the humeral or femoral head
is not salvageable (Fig. 4 and 5).

Histological studies indicate that the secon-
dary subchondral fracture propagates through
the preexisting necrotic bone and usually ex-

FiG. 4. (a) Gross sagittal section of R femoral head,
revealing Stage III lesion with subchondral fracture

extending through necrotic bone with minimal
thinning of cartilage. Small fracture cleft beginning
at apex of necrotic lesion is marked with arrow.
(b) Roentgenogram of same section showing early
sequestrum formation with marked osteonecrosis.

J. P. JoNEs

Fic. 5. (a) Gross sagittal section of L femoral
head, showing large Stage III lesion and extensive
subchondral fracture with complete detachment of
overlying cartilage; (b) high-resolution roentgeno-
gram of specimen showing semilunar fracture,

tends through the articular cartilage. The mar-
gin of the lesion at this stage is principally com-
posed of calcified fibrous tissue interposed
between thickened and dead trabeculae.

Once a subchondral fracture develops, osseous
fragmentation and sequestrum formation are

- e e
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progressive (Fig. 6a), although the thickness of
the articular surface is initially preserved. As
subchondral collapse continues, there is subtotal
(Fig.

joint destruction 6b), with advanced

Fic. 6. (a) A-P roentgenogram of R hip, indicating
Stage 111 lesion with sequestrum formation. There
is central depression and collapse of superior weight-
bearing cortex, with marginal osteophyte prolifera-

tion but fair preservation of joint space. (b) A-P
roentgenogram of R hip, showing severe Stage 111
lesions. There are marked secondary degenerative
changes involving the acetabulum as well as vir-
tuallyv complete obliteration of joint space, marked
hypertrophic proliferation, and lateral subluxation
of femoral head.

changes typical of degenerative arthritis — in-
cluding a narrowed and incongruous joint space,
diffuse hypertrophy with extensive marginal os-
teophytic proliferation, and large degenerative
cysts on either side of the joint (glenoid and
acetabulum). In prescribing treatment of Stage
111 lesions, several factors must be considered —
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the age, sex, occupation, and general health of
the patient; his degree of pain, restriction of
motion, deformity, and functional capacity; and
the possible bilaterality of the lesions.

Shoulder Joint

Two principal surgical procedures are available
for Stage I11 lesions of the shoulder: hemiarthro-
plasty with prosthetic replacement, and arthro-
desis.

Hemiarthroplasty. In this procedure the hu-
meral head is replaced with a metal prosthesis,
which is maintained within the humeral shaft
by a stem (Neer, 1963). However, this approach
is not advised if there is significant arthritis of
the shoulder joint (coxarthrosis) because the
glenoid is not altered by the surgery. Satisfac-
tory range of motion and muscle power are often
regained following intensive physiotherapy,
which is important in those laborers who are re-
quired to work with arms lifted.

Arthrodesis. Arthroplasty is not indicated
when necrotic lesions of the humeral head are
accompanied by degenerative changes of the
glenoid or adhesive capsulitis and fibrous ankylo-
sis of the shoulder joint. Arthrodesis — fixation
of joint surfaces by fusion — is functionally su-
perior under these circumstances, and a com-
bined intra-articular and extra-articular proce-
dure is preferred. The most serviceable position
for glenohumeral arthrodesis allows sufficient
scapulothoracic motion for the arm to fall to the
side and traverse a range of motion of 90° ab-
duction, 80° flexion, and 90° internal rotation
(Gill, 1931).

Hip Joint

Four major surgical procedures are effective in
the treatment of nontraumatic (e.g., dysbaric)
osteonecrosis of the hip joint: osteotomy, hemi-
arthroplasty, arthrodesis, and total hip replace-
ment. Cup (mold) arthroplasty (Johnston and
Larson, 1969) is now rarely indicated for osteo-
necrosis since the functional end result remains
unpredictable. The principal reason is that any
necrotic bone of the femoral head remaining
beneath the cup may continue to die, resulting
in progressive absorption, settling, and painful
shortening of the femoral neck.

Osteotomy. Osteotomy (McMurray, 1935;
and Pauwels, 1965) is designed to create a more
satisfactory articulating surface between the fem-
oral head and acetabulum, since more normal
cartilage is brought into contact at weight-bear-
ing areas. Romer and Wettstein (1971) per-
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lene acetabular component, each securely fixed
to the bone with methyl methacrylate.

Harris (1972) has introduced another total
hip system in which the acetabular component is
replaceable and may be installed in patients
under 50 years of age, a previous contraindica-
tion to total hip replacement. Charnley (1970a)
has found no significant untoward effects from
Simplex P bone cement, a pharmacologically in-
ert and insoluble polymer, in over 12 years of
clinical application. Simplex P is compatible
with tissues, and instances of sensitivity or tissue
response to the cement have been extremely
rare.

The prognosis in total hip-replacement arthro-
plasty is dependent upon the wear characteristics
of the components, the adequacy of skeletal
fixation, and the patient's tolerance of pros-
thetic debris. But currently there is every indi-
cation that a satisfactory total hip-replacement
arthroplasty should last for approximately 20
to 25 years. The Ring and Sbarbaro total hip
implants are not secured with bone cement and
their longevity is yet to be established.
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Fic. 7.
Farrar total hip system installed; (b) McKee-
Farrar total hip system with modified Thompson
femoral component, a high-friction, metal-to-metal
device. (Photographs courtesy of Zimmer USA,
Warsaw, Indiana 46580.)

{a) A-P view of R hip showing McKee-

Results of total hip arthroplasty are very en-
couraging. The hip can be scored with respect
to function, pain, stability, limp, and motion,
according to the method of Harris (1969); a
score of 100 is a perfect or normal hip. Coven-
try et al. (1972) reported a preoperative score
of 45.0 and a postoperative score of 89.4 for 333
hips, the conditions of which were followed one
year or longer.

SUMMARY

Treatment of nontraumatic (e.g., dysbaric)
osteonecrosis has been correlated with clinical,
radiological, and pathological stages of progres-
sive involvement of the shoulder and hip joints.
There is minimal well-documented evidence to
indicate that conservative nonsurgical methods
result in spontaneous healing of Stage I and II
lesions. Revascularization procedures are indi-
cated for certain Stage II but not for Stage III
lesions.

Arthrodesis and intertrochanteric osteotomy
of the hip are indicated in patients under age
50 with Stage III lesions and unilateral hip dis-
ease, but postoperative rehabilitation is pro-
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longed and the final functional results are un-  sis of the shoulder and total replacement of the
certain. Hemiarthroplasty of either shoulder or  hip are indicated in those individuals with severe
hip joints is the treatment of choice when there  Stage III lesions and severe secondary degenera-
is no significant arthritic involvement. Arthrode-  tive arthritis.
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Dr. WORKMAN: [ have a question for Dr. Walder. Regarding his films
showing the progress of lesions, I wish to know whether these men were
exposed to pressure between the time that repeat X-rays were taken
and when progress of the lesions was noted.

Dr. WALDER: Some of the men were exposed and some were not. The
man with a screw in his shoulder continued working for at least a year
after the first changes had been noted. At that time we had not really
formulated a precise plan of what to do in these cases. Since then, we
have stopped men with juxta-articular lesions from working in compressed
air over 18 psi, and we continue to follow them up even when they cease
working in compressed air.

Dr. WRIGHT: We are concerned about what to do if we find these lesions
in our experimental divers. I am sure that we shall have to stop their doing
further experimental diving if we find juxta-articular lesions, but I wonder
about lesions remote from the joints. Do we know enough now to predict
whether or not they will progress with further diving? Dr. Kindwall men-
tioned earlier that he allows his compressed-air workers with these lesions
to continue work. What do you do in the British Navy or about British
tunnel workers?

Dr. ELLIOTT: We have given much thought to this difficult question.
The RN is a somewhat protected environment in which there are perhaps
better opportunities to deal with these problems than in the commercial
world. We follow the principle that shaft lesions, even though they have
no clinical significance, do demonstrate the individual’s susceptibility to
some form of bone damage., We therefore perhaps err on the side of
caution, prohibiting any oxy-helium or unduly hazardous diving but allowing
the man to continue normal diving.

Our only professional category of diver dives to 250 ft and shallower
depths on air within what is known as a “limiting line,” which establishes
the maximum duration for each depth relative to the estimated safety of the
decompression schedule for that exposure. This is the ‘“normal diving”
permitted men with shaft lesions. As Prof. Walder has stated, subject to
orthopedic review we confine men with juxta-articular lesions to 1009%-0.
diving, enabling them to perform some useful duties without exposing them
to any great decompression hazard.

Dr. KINDWALL: Even though workmen's compensation and related liti-
gation are rampant in the United States, I feel justified in allowing men
with shaft lesions to go back into the tunnel because they are going back
to a different situation from the one in which they developed necrosis.
We now use the Seattle tables and no case of necrosis has been reported in
the last five years. But the situation in commercial diving is different. If a
diver who develops osteonecrosis returns to diving, exposure and decom-
pression procedures remain the same. Therefore the risk is unchanged.

Dr. SEALEY: Two or three suspicious shaft lesions were reported among
our men, none of which, as far as I know, has developed. As long as a
man had only suspicious shadows that one could not even categorize, we
allowed him to continue working in air.

Dr. MILES: Dr. Jones has described how a point-sensitive counter intro-
duced into an avascular area shows essentially no radioactive phosphorus
uptake relative to surrounding areas. I said earlier that necrotic bone
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Dr. JONES: In response to the first question, all the pathological speci-
mens involving femoral and humeral heads were taken from patients with
nontraumatic conditions associated with avascular necrosis other than
dysbaric osteonecrosis. Jaffe (1972) presents an excellent pathological
correlation of the skeletal manifestations of the decompression-sickness
syndrome.

In response to the second question, I agree with the sequence of
events that Prof. Walder has outlined. Pathological analysis of surgical
specimens with osteonecrosis usually indicates some evidence of revasculari-
zation with appositional new-bone formation. Granulation tissue resorbs
dead bone and marrow debris, and deposits cocoons of new trabeculae on
dead ones — but only for a certain distance. The reparative process can
only go so far, as it may outgrow the blood supply. Therefore, the potential
for complete revascularization is limited.

If the patient is young and the avascular lesion is relatively small (less
than 15 mm maximum diameter), the reparative process might extend up
to the subchondral bone, repairing and revascularizing the entire lesion.
But in larger lesions, or lesions resulting from repetitive vascular insults,
there may be a “coalescence” of the focal lesions, which are being indi-
vidually repaired, and a massive lesion may develop that is not capable of
being completely revascularized.

Dr. MILES: Dr. Jones has said that replacement “can only go so far.”
I might say that replacement does only go so far. There may be some
barriers to replacement, or mechanical or age factors that prevent complete
and perfect replacement. We know that in the younger age groups replace-
ment is much better.
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Fic. 1. Pressure exposures experienced by compressed-air workers during construction of two road tunnels
under the River Clyde at Glasgow, Scotland.
Sample of Mud pH and other information collected. With the co-
Top seam 7.0 operation of the construction firms, the Registry
Middle seam 7' 5 arranges radiographic examinations of the long
Botion seam 11'5 bones of men working at a contract. But once
Water extracted from top seam 7'5 the contract is finished, follow-up examinations

On further inquiry it was discovered that
quantities of alkaline waste from a chemical
plant had been dumped in the area many years
earlier.

Obtaining details about the working environ-
ment of an individual contract does, of course,
require access to various data that belong to the
contractor, but contractors have been consis-
tently cooperative. The Registry has designed
special forms on which are recorded the medical

Couge prevures muy TYNE TUMNEL B AR

often involve much searching; needless to say,
some men are difficult to trace. Furthermore,
as radiography has to be arranged in different
parts of the United Kingdom, it is necessary to
make sure that radiographers understand the
type and quality of films needed.

Over a period of time a serial record can be
built up of the medical and environmental data
relating to men who have worked regularly or
intermittently in compressed air. During this
time they will probably have moved from one

Fic. 2. Pressure exposures experienced by compressed-air workers during construction of a road tunnel
under the River Tyne near Newcastle, England.
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employer to another as they are employed for
contracts in different parts of the country or
overseas. It is less easy to acquire long-term
follow-up data on men who leave compressed-
air work altogether after a brief experience of
it. But the two or three years following expo-
sure are probably the most important ones for
radiographic examination of bones; if osteonecro-
sis is going to occur, it will most likely become
visible in radiographs made during this time.

The amount of information amassed over the
vears at the Registry has now grown to such
proportions that extraction of specific data —
for example, for statistical analysis — has be-
come very time-consuming and inefficient. Con-
sequently, the records are now being translated
into machine-readable form for storage and
analysis by computer.

The following figures give some indication of
the extent of the data available at the Registry.
On February 4, 1972, records were being main-
tained of 9363 British compressed-air workers
and 268 commercial divers working for British
companies. Of these, 1688 compressed-air work-
ers have had at least one full radiological survey
of their joints, and many have had several, mak-
ing a total of 2464 sets of films. Of these, 200
may be regarded as controls, since they were
taken in the course of the preemployment ex-
aminations of men without previous exposure to
raised pressure. The joints of 229 of the divers
* have been examined on one or more occasions,
for a total of 272 sets of films. In all, the
Registry held about 19,000 individual X-ray
films in early 1972.

For each contract involving compressed-air
work, the Registry typically has on file an initial
medical-examination form and an air record for
each man. The individual air record is quite
comprehensive, showing the pressure and dura-
tion of each exposure as well as the occurrence
and severity of each attack of decompression
sickness. These records have been prepared
laboriously by hand from the contract man-lock
registers, which are the exposure records that
British contractors are obliged by law to keep.
Separate records are held of the treatment given
following each incidence of decompression sick-
ness occurring during the contract.

All this information, or as much of it as can
be considered significant and accurate, is now
being transferred by coders onto standardized
forms from which punched cards will be prepared
so that the data can be transferred to computer
storage. The data for many earlier contracts
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are fairly limited, because only brief initial medi-
cal-examination forms are held; but ample pro-
vision has been made for storing greater num-
bers of data in future.

The form shown in Fig. 3 records a man’s
initial medical examination at the start of work
on a new contract. It records blood pressure,

INITIAL MEDICAL EXAMINATION

Number

18] i

Name + I initials

Date of birth

Job (code)
Previous experience (code)

Present occupation (code)

BE

[ 1]

Blood preasure

Height standing (inches)

Weight (pounds)

Mean shinfold I (mm)

Mean skinfeld 11 (mem)

Date I _]
Contract

Works number

Caulker
Lotomot tve driver
Ingide lock keeper

Cenaral foreman
Tunnel foreman
Shift foreman
Miner

Laborer

Fitter and mate

Engineer
Medical staff
Inspector
Welder and mate
Carpenter and mate
Electrician and sate

Chaiw=an
Other
Not known

LEOWMAC A >
HenReEXC.

0. Hpne
Low pressure (up to 14 psi)
3. High pressure (over 14 pail 1958 tables only
&, Wgh pressure, 1958 and Blackpeol tablis
5. High pressure, Elackpoo!l tables only

-

High pressure [other tables)
%. Diving

+ Sor knowm
l. Sedentary
«  Active

Fic. 3. Standard form and codes used in the Com-
puter Data Bank Project (Decompression Sickness
Central Registry) for the initial medical exam-
ination of compressed-air workers in the United
Kingdom.
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standing height, and weight. There was some
discussion about including sitting height, which
was in fact recorded on at least one recent con-
tract in connection with measurements of leg
length. However, since analysis of these data
revealed nothing significant, this measurement
has been omitted. Skinfold I and II refers to
certain examinations conducted at the Tyne tun-
nel (Decompression Sickness Panel, 1971). Skin-
fold thickness measurements with Harpenden
skin calipers at two sites (arm and back) have
confirmed the view that a man’s susceptibility to
decompression sickness is related to amount of
body fat.

A unique 4- or 5-digit number is used to
identify each man's records in the computer
files. Since the form (Fig. 3) contains not only
a code name for the contract but also the em-
ployee’s works number on that contract, his
records can be identified from the number, which
is often used in the man-lock registers rather
than a name.

In Fig. 4 are shown the forms for two alter-
native methods of tabulating a compressed-air
worker’s daily hyperbaric exposure. The upper
form, already in use, is prepared from existing
individual air records. Considerable coding is
obviously involved in thus recording each man’s
daily experience. Even if the date is reduced to
four digits, as shown, 11 marks per exposure must
be made, and on a long contract there may be
several hundred exposures per man.

With the proposed alternative method (lower
form, Fig. 4), which it is hoped to develop in
the future, it may be possible to reduce the
labor of coding by at least 50%. The initial
section merely records the contract and day in-
volved. A daily record can then be kept in terms
of lockfuls of men, so that a number after the
entry decompression will indicate whether it is
the first, second, or subsequent one occurring on
that 24-hour calendar day. For a given decom-
pression it is only necessary to record the men’s
works numbers, because all of them will have
been decompressed together. Length of expo-
sure will be recorded; in some instances expo-
sure times will be the same, but in others, not.
Each form will give the maximum working pres-
sure, whether decanting occurred, the pressure at
the start of decompression (which is not always
the same as maximum pressure), the time at
which it began, the table used, the time at which
the chamber door was opened, and details of any
cases of decompression sickness that occurred
and the treatment administered.
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COMPUTER DATA BANK FORM (cutrest)

Contract
Man's musber _’
Table 1
Inte 1 ] Date | ]
ime | Tise in ai
Preas Presasur
Decant = Decant
hife 1
Rerd j B
sat [ ] I
== | Tine
........ Pre
Decan I Y hocant
hife ]
—
t L L

COMPUTER UATA BANE FORM (proposed)

INITIAL SECTION Contract

REPEATING UNIT Decompression number

Men in lock

fworks nusbers)

Length of exposure

Maximus pressure (psi)

''''' t? (yes or mo)

Start pressure (pai)

Start time (hr, min) l I

Table used (code)

Door opened (hr, min)

Men with D.S.

{warks numbers)

and symptoms (code)

Fic. 4. Alternative forms for tabulating daily hyper-
baric exposures: (above) individual record of a
compressed-air worker currently used by the U.K.
Central Registry; and (below) the proposed man-
lock record of daily hyperbaric exposure,

This alternative method of record-keeping by
contract-day is still at the development stage.
Currently we are manually abstracting data from
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DETAILS OF X-RAY EXAMINATION

Number

Date of X-ray ]

Any necrosis?

Right shoulder

Left shoulder

Right hip

Left hip

Right lower femur

Left lower femur

Right upper tibia

Left upper tibia

Positive
Suspect

No decision
Negative

Any necrosis?

O =N W

Not examined

Operation - evidence of
Broken articular surface
Fositive juxta-articular
Positive medullary
Suspect juxta-articular
Suspect medullary

Normal

Lesion

[l S ™ V- -

o

Fic. 5. Standard form and codes used by the U.K.
Central Registry to record the results of individual
radiological examinations of compressed-air workers.
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individual man-lock records; by contrast a tenta-
tive calculation suggests that, by the alternative
method, recording the experience in an average
contract of 50,000 man-decompressions should
require only about 25% as much coding.

On the form in Fig. 5 — the one of primary
interest to this Symposium — are recorded the
results of each individual’s skeletal bone survey.
If there is no necrosis, a zero is entered in the
third space; no further marking on that form is
then necessary. If necrosis is detected, the ap-
propriate code number is given. Each of the
eight remaining blanks must then be filled in
according to the lesion code number. Both
codes are detailed on the lower portion of the
form.

The full A1-5 and B1-4 classification already
discussed in these Proceedings is not used at
present. But it could easily be incorporated by
introducing letter codes, if such refinement were
considered necessary.

Obviously there will be no great difficulty in
extending the computer-data analysis to the
divers covered by the Registry. Their experience
will have to be recorded in a slightly different
way, because each man's is individual. The
variables listed in Part 3A would therefore have
to be modified accordingly. But the radiographic
examinations and initial medical-examination re-
ports that we already have can be coded and
analyzed in exactly the same way.
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major prerequisite is that there be employer pro-
tection, such as has been extended to mine op-
erators with respect to their employees. Under
the federal Coal Mine Health and Safety Act of
1969, the employee is advised if pulmonary
lesions are discovered roentgenographically. He
then must be moved to a less hazardous environ-
ment, above ground, which the employer is ob-
ligated to do by regulation. When certain types
of abnormalities are revealed by roentgenogram,
the miner is automatically pensioned. The whole
system is spelled out in the regulations, with the
intention of eliminating lawsuits. By contrast,
in the diving and tunneling industries at the

H. W. GILLEN

present time, the employee discusses such mat-
ters with no one except his lawyers.

In answer to the first question: yes, there
should be a registry, because there is a definable
population at risk in a hazardous environment
that can be reasonably well described. The
population is small enough that a manageable
body of data might well supply a variety and
quality of information not now available. We
have the opportunity at this moment to do
something about it.

The second question, “Who will pay for the
registry?” must remain, for the present, un-
answered.
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Dr. ELLIOTT: Thanks to the initiative of Dr. Jones, a decompression-
osteonecrosis data bank for divers was discussed recently in Houston. It
was concluded that two separate programs were needed: first, a simplified
version, not aimed at perfection, for those who already have some experi-
ence, because past history is necessarily unreliable; and, second, a lifelong
diving profile on novitiate divers, aimed at completeness. One might hope
eventually to have some records on a very few divers over their entire
careers. Then one would be able to make a very good retrospective study
indeed.

Dr. HARVEY: One group being neglected in discussions of a central regis-
try is the huge number of amateur scuba divers here and abroad. As we
learn from a data bank what the risk criteria are, we shall have to educate
the public. Some long-range goals of information dissemination are thus
inherent in the idea of a central registry.

Since such a diverse group of divers is affected, I think a central regis-
try almost has to be associated with either the Department of Labor or
HEW, both of which would have a vested interest. There are several
data-collecting centers in the United States — for example, the Navy
Diving Accident and Injury Bank at Norfolk and the International Decom-
pression Data Bank at the University of Pennsylvania. But none is
ideally suited to establish an osteonecrosis registry (nor, probably, is inter-
ested in expanding in that direction at the moment). To get the necessary
legal and monetary backing to establish a central osteonecrosis registry,
then, a federal agency will have to be associated with the project.

Dr. SEALEY: 1 have had some experience with the problems associated
with the Coal Mine Health and Safety Act of 1969. The Appalachian
Laboratory for Occupational Respiratory Disease does have such an organ-
ization. Although it could not perhaps legally undertake this project, its
methods of identifying, classifying, and recording X-ray findings on com-
puter-readable forms might be of use.

Dr. JONES: Several interested parties from both public and private enter-
prise attended the small Houston conference regarding a proposed decom-
pression-osteonecrosis data bank. The conclusion was that a data bank
established in the United States, with multidisciplinary and international
cooperation, would be advantageous for several reasons.

There is a need for reliable liability information concerning the risks of
developing osteonecrosis following exposure to dysbaric phenomena. For
example, I understand that during construction of the third tube of the
Lincoln Tunnel in New York, substantial compensation insurance premiums
were paid for every $100 the compressed-air workers received in wages.
In the Milwaukee project, I understand that the cost of compensation
insurance has become almost prohibitive. For the BART project it was
necessary for several insurance companies (Transit Insurance Administra-
tors) to collaborate to underwrite the substantial industrial liability.

I also understand that there is a significant liability problem with private
diving firms in the United States. If legislation or incentives of a preventive-
medicine nature are established by the Department of Labor or HEW, it
will be necessary to convince private diving firms of the advantages of
such a registry.

As Mr. Galerne has pointed out, divers employed in navigable waters
are considered seamen under the Jones Act and can sue their employers
for negligence, rather than accept workmen’s compensation benefits. There-

223







DiscussioN 10 225

Dr. WALDER: As Chairman of the MRC Decompression Sickness Panel,
I should like to say that I feel a bit like the young lady who goes out with
her boyfriend and instead of being raped receives a proposal of marriage —
it is a very pleasant surprise. Of course we would be delighted to help
you in any way that we can. I think it is a very good idea because we
can each benefit from the other’s experience.

I should also like to emphasize what Dr. McCallum has said about legis-
lation. I have a rather gloomy regard for it. Legislation always seems to
be terribly cumbersome; and once it’s done, it's there for many years.
Everyone is loath to alter it in any way. In Great Britain some of us have
recently started trying to avoid the need for further legislation by introduc-
ing codes of practice. One for diving has just been published, entitled
Principles of Safe Diving Practice, and another is being prepared (Medical
Code of Practice for Compressed Air Workers). The idea is to make
it clearly known what should be done. Then, it is hoped, those who do
not comply with the standards will be sneered at and, even worse, may
suffer in a court of law if action is ever taken against them for negligence.

Mr. FARAH: I represent the International Association of Professional
Divers, whose membership numbers somewhat over 400. We have been
looking toward some kind of licensing of divers, such as has been discussed
here, and of course we would very much like to see something done to stop
necrosis. But anybody who has been around our profession at all knows that
relations between management and employees have been rather strained, to
say the least, over the past few years. It’s fine to go around surveying
divers for medical and research purposes; but I do not think you are going
to convince them that these are the sole purposes for which the information
will be used. Divers have seen too many instances when such information
has been used in ways other than for their benefit.

Dr. MILES: Our labor unions seem to think that requiring preemployment
roentgenograms is like making a man testify against himself. Unions and
other organizations in this country would be strongly opposed to preem-
ployment examinations.

Mr. GALERNE: We also face the cost of this physical inspection. Many
divers move around from one company to another, and one cannot X-ray
every man who is to be employed for only a few days. As an example
of another problem, we have in New York absolutely nobody within a
radius of maybe 200 miles who is able to look at our X-rays and say
definitely if they are all right or not.

In this Symposium I have listened to you gentlemen talking about
whether a problem does or does not exist; even you do not always agree.
If T have a problem some time and go to you, will you give me a positive
ves or no? If you say “maybe,” I have no choice. I cannot engage the
man. He may have a family and need work; but if I give him an X-ray
and then take it to somebody who is not sure, I must protect myself and
say no. This is a human problem, too. I think we need to work on preven-
tion, because you have not yet said to me what I must do to avoid injury.

Dr. PURDY: We are presently using some of the West Virginia com-
puters for the storage of data in our current occupational health survey
of coal miners, and I think the unions are beginning to trust us. NIOSH
expects to get its own computer, so we could treat any available osteonecrosis
records as confidential. T might add that the amount of data to be stored
is less of a problem than actually getting it into the computer. With
modern computers there is plenty of space; but you have to figure out




226 Discussion 10

how to get the information into storage easily, which may mean using
special forms.

Dr. McCALLUM: I think it is quite clear that we must have some sort
of central system, from the employer's point of view as well as from the
man’s, because he cannot be X-rayed by all and sundry every two or
three days. Underlying this discussion has been the different social back-
grounds in Britain and the United States. Our unions have a different
approach. Compressed-air workers have no specific union in Britain, but
the unions representing them do not oppose preemployment examinations.
They take the view that such measures are designed to put a man in the
right job, depending on his physical capability.
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Dr. JONES: I would like to know if Mr. Joh=son's company or other
insurance companies might be willing to underwrite the funding of a
decompression osteonecrosis data bank and possibly of a consultative group,
such as we have suggested as a means of providing a collaborative, united
front in settling disputes.

Mr. JOHNSON: I am not in a position to answer that question, but I
can give you the name of someone much higher up who is.

Mr. FARAH: I agree that the idea behind this data bank is a good one,
but I get the impression that it is a pet project. It should be set up by an
independent organization, because to solicit funds from an insurance com-
pany would just about take all the credibility out of it. That is no way to
instill confidence in people, especially labor. Such a data bank should be
established by the federal government.

Dr. WALDER: There is always a natural tendency to sweep difficult
matters such as disabilities arising from a man’s employment under the
carpet. No one would disagree that, when a man loses his livelihood be-
cause of osteonecrosis or other unfortunate sequelae to decompression sick-
ness, he should be compensated in some way. On the other hand, it is
important that malingerers be detected and prevented from getting some-
thing for nothing.

To accomplish these ends, we must know exactly what has happened
in each case. Not only are the medical findings important but it is also
essential to know the exact details of the man's compression and decom-
pression. The only way that this can be done is to have some system for
continuously monitoring and recording pressure changes and the times when
they occurred. One can then examine the record and not have to rely on
memory.

On compressed-air sites, it should be relatively easy to keep such records.
In Newcastle we are developing a gadget for this very purpose. Similarly,
the Royal Naval Physiological Laboratory in England is considering the
manufacture of a monitor which the diver can carry on his person to
record the pressure changes of each dive.

I was very interested in the honest admission of Mr. Handelman, the
diving contractor, who said that until this conference came along, it had
never struck him that bone necrosis was a problem in divers. But I must
admit that I am surprised by this statement. In Great Britain it is assumed
in the law courts that a contractor is fully aware of the implications, relative
to his employees, of what he is doing, and this includes knowledge of the
medical risks to which he exposes them.

The threat that insurance rates will necessarily increase until contractors
can no longer afford to buy coverage stems from our ignorance concern-
ing the risk of osteonecrosis. It is desperately urgent that we obtain sound
data on which to base our analysis of the current risk to divers.

A final word. Earlier it was mentioned that unions in the United States
are opposed to preemployment medical examinations. The attitude that
their members might be victimized is really very stupid. Recording the
results of a thorough medical examination is advantageous to both men and
their employers. If a man is examined before he joins a firm and is found
to be free of disease, he can then blame the company if he subsequently
develops a disability. But if, on the other hand, it is discovered that he
already has a bone lesion when he is examined, then at least his new
employer cannot be held responsible for it and he can look to earlier em-
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ployers for compensation. To regard examinations as though they were
some sort of trick to ensnare either the man or the company is naive,
and we should do all we can to reeducate people holding such false ideas.

Dr. SEALEY: If I understand correctly, under the new federal Occupa-
tional Safety and Health Act, jurisdiction extends to the continental shelf.
Mr. Teed, how will that affect the responsibility under the Jones Act and
Longshoremen’s Act?

Mr. TEED: Generally speaking, I expect that the courts will treat the
new OSHA regulations much as they have treated similarly promulgated
health and safety regulations in other industries. Dispute exists among
appellate courts about whether a regulatory violation is ipso facto a negli-
gent act or omission. But, in line with the majority viewpoints, I would
expect that plaintiff or defendant will be permitted to place in evidence
the standards claimed to be proper and appropriate as having been complied
with or violated.

In these matters there still reposes in the tryer of fact, be it judge or
jury, the ultimate determination: Did the employer or the diving contractor
(or whoever the defendant is) act as a reasonably prudent person would
act in the same or similar circumstances? At this time the primary use of
these regulations in a litigated claim is to establish some evidence, although
not conclusive, of appropriate standards for the tryer of fact.

On the other side of the coin are certain sanctions and penalties that may
be imposed by governmental enforcers upon an employer who violates the
regulations. This does not necessarily redound to the benefit of the
individual claimant, but amounts to something of a two-pronged use. First,
the federal enforcer penalizes the violator in some fashion, or at least
requires compliance with the regulation. Second, the claimant or com-
pany may then use the regulations as an appropriate standard of reasonable
conduct in a litigative claim.

Dr. FAIRCHILD: I would like to interject the point here that workers
already covered by legislation such as the Coal Mine Health and Safety
Act or the Atomic Energy Act would not be covered by the new Occupa-
tional Safety and Health Act.

Dr. MILES: As Mr. Teed has pointed out, there are two parts to this
matter; one is liability and the other, disability. The physician’s role,
as I said earlier, is to try to assess impairment of function objectively in
terms of degree of limitation of motion or shortening, weakness, loss of
sensation, and the like. Such matters as employability, the current status
of the labor market, and all the other nonmedical factors associated with
disability are quite out of the physician’s field, and I do not think that he
should be called on to make decisions about them. Unfortunately, how-
ever, several states require that he do so. The Colorado compensation
commission has heard my protests in this matter and has accepted my
desire simply to rate impairment of function rather than degree of disability.
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Department of Labor under the Occupational
Safety and Health Act, because the DOL has
ultimate responsibility for promulgating indus-
trial standards and enforcing them. This re-
sponsibility is rather different from that estab-
lished by the Coal Mine Health and Safety Act,

E. J. FaAIrRcHILD

under which NIOSH develops and sets the health
standards.

The Department of Labor was unable to send
a representative to this Symposium. But I am
told that it will be guided by our report of the
proceedings.
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Dr. HILLS: 1 disagree slightly on the point of the adequacy of decom-
pression tables. I have always tended to regard the conventional naval
tables more as treatment tables than as decompression schedules, inasmuch
as a latent gas phase normally occurs. I think that Dr. Spencer, who
speaks about the mass of bubbles that he finds after symptomless decom-
pressions, would confirm this observation.

Dr. BECKMAN: I agree that the commonly accepted tables — let us say,
the U.S. Navy tables — are not universally adequate.

Dr. WORKMAN: Whether aseptic necrosis occurs with any frequency
without manifestations of decompression sickness may be a moot point.
It is certainly my impression from the literature on caisson workers and
from my personal familiarity with divers that both groups are most
reluctant to reenter a recompression chamber for treatment if it can
possibly be avoided. 1 very much suspect the completeness of reports on
decompression sickness among these workers, as they tend not to complain
unless the “hit” is very painful and disabling. Therefore, many cases of
aseptic necrosis may well be associated with decompression sickness that
was never recorded.

Dr. WALDER: The fact is that we are abysmally ignorant about what
causes both aseptic osteonecrosis and decompression sickness. While Hills,
Paul Jones, and I are arguing about whether decompression sickness is
caused by bubbles or not, others of our colleagues assume that it is indeed
caused by bubbles. So they are designing new tables, thinking up new
ratios, and working out new tissue half-times on an empirical basis.

There is a fair possibility that any decompression table, if it has got
the right sort of profile, will work quite well. If one does not like its
shape one can change it a bit, and perhaps it will work a little better.
There is no doubt that by using very rapid decompression schedules one
can produce bubbles in animals. Also, there is good evidence that bubbles
sometimes occur in the circulation of a man following symptom-free decom-
pression. But as far as I know, no one has ever seen a bubble, directly or
indirectly, at the site of pain in a man who is complaining about his knee
or elbow. So are we interested in bubbles or not?

I have recently reappraised the work of Harvey et al. (1944). It has
been possible to verify some of his interesting statements to the effect
that fluids can be greatly supersaturated with gases without spontaneously
bubbling. These supersaturated fluids do not spontaneously bubble unless
a pre-formed gas phase (gas micronucleus) is present in them. Therefore,
if bubble formation occurs in men, there must be preexisting micronuclei
somewhere in their bodies.

Yet these bubbles cannot be found at present. The use of ultrasonics
has demonstrated that bubbles do indeed appear in man on decompression,
very much more often than was previously suspected. As I see it, the
position is that, although we cannot explain on physical grounds how
bubbles form in men, we know that they do in fact form. We must solve
this dilemma before we start calculating any more tables.

The whole question of the drugs used in decompression sickness, such
as heparin and vasodilators, was summarized recently in a report by Dr.
Bennett (1971). Drugs seem to be of only very limited value.

To answer Dr. Workman: We do not say that men who develop osteone-
crosis have not had bends; we do say that some with osteonecrosis had
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not earlier reported for treatment of bends, which is a different matter.
I know that some men put up with an attack of bends in their own way —
they drink a bottle of whiskey, take a half dozen aspirin, and “sweat it
out” rather than return for recompression treatment. There are probably,
as well, people who have had an attack of bends but failed to recognize
it as such. They too may subsequently develop a bone lesion.

Dr. McCallum and I recently had a great argument in a court of law
over this matter. I know that he does not agree with me; but now that
we know that bubbles often circulate during decompression, perhaps the
question becomes one of where they will ultimately lodge. If they enter
tissue surrounding a joint and expand in an area of high gas partial
pressure, they can cause diffuse pain in that joint, identified as bends.
Bubbles entering bone may not give rise to pain, but they may slowly grow
larger and obstruct the blood supply to a patch of bone for a period
sufficiently long to cause a bone lesion.

Dr. McCALLUM: 1 think that there are other things to be borne in
mind — for example, the possibility that a bone lesion may occur without
our being able to detect it at all; it never develops to the extent that it
appears on a radiograph. In some of our work there has been evidence
that this was, in fact, happening. Decompression may therefore be a pre-
cipitating factor in producing bone necrosis that subsequently heals without
ever having produced symptoms.

I should like to go further and say that it appears to me, particularly
after what has been presented at this Symposium, that we are dealing
with a phenomenon in which the bubble theory alone is not an adequate
explanation. It may be that in both bends and bone necrosis, at least two —
perhaps several — factors are involved, some of which we know nothing
about. I do not think that we know the full story yet.

Dr. HARVEY: As I said earlier, I do not think that our tables need
immediate revision. Many of them are probably somewhat inadequate in
terms of aseptic necrosis, but we do not know enough at the present time
to change them intelligently.
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respect to future research efforts. It is apparent
that much remains to be learned about pressure-
related osteonecrosis. A technique of diagnosing
the disease in its early stages is badly needed.
So also is a better treatment regimen whereby
early lesions can be arrested before they become
debilitating ones.

Prevention of a disease is, of course, the ulti-
mate goal in any medical research program.
But research into osteonecrosis would reap dou-
ble benefits, in that a better understanding of
and solution to this menace in the compressed-
air worker’s life would shed light on another
major one — namely, acute decompression sick-
ness.

In my opinion, the problems explored in this
Symposium suggest that research attention and
funding should be expended primarily in seeking
answers in the following areas:

1. The epidemiological factors in osteonecro-
sis among both caisson workers and commercial
divers. Such research would be greatly simpli-
fied by the establishment of a central registry
for storing data on osteonecrosis and decompres-
sion sickness.

2. Development of an animal model for study-

E. L. BECKMAN

ing dysbaric osteonecrosis, the results of which
can be used to evaluate:

a. The relationship between clinical signs
of dysbarism and the occurrence of
osteonecrosis.

b. The value of the Doppler ultrasonic
bubble detector (or comparable de-
vice) in predicting that a particular
decompression schedule is potentially
productive of dysbarism and or osteo-
necrosis.

c. Development of decompression-sched-
ule criteria to prevent dysbaric os-
teonecrosis and acute decompression
sickness.

d. Identification of pharmacological
agents that are effective in preventing
and treating osteonecrosis — e.g.,
oxygen at high pressures and low-
molecular-weight dextran and heparin.

3. Evaluation of fluorine-18 and technetium
isotopes for use in early detection and follow-up
studies of the disease process, and relating
isotopic bone-scan findings to roentgenographic
findings.
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Mr. GALLETTI: Will the diving industry be forced to do what is done
in the tunnel industry — that is, eliminate workers found to have bone
necrosis associated with their jobs? Speaking as a contractor (and for
several others here as well), I can say that if we are put in such a position,
we would wipe out about 50% of our experienced divers and would have
to bring in many inexperienced people to maintain our present services.

Dr. FAIRCHILD: I'm afraid that I cannot really answer that question.
Under the Coal Mine Health and Safety Act, it is recommended that the
employer find a new job for persons discovered to have a certain category
of pulmonary impairment. But I cannot say what our recommendation
would be for the diving industry.

Ordinarily we recommend that some compensation be given an individual
who has suffered a health compromise. It is left up to our expert review
committees, who act as consultants, to determine the amount. We do not
wish to put anyone out of work but, obviously, we wish to protect health.
Through the Small Business Administration, the Department of Labor has
programs to build up business expertise, establish training programs, and
even provide moneys. But I do not know where the line is drawn between
what is and what is not a small business.

Dr. PURDY: A coal miner who is found to have some category of
pneumoconiosis is still free to choose whether he wants to work or not,
and his employer has a free choice about continuing to employ him. We
do not tell workers that they cannot work. We tell them that if they are
sick, they are compensable. Then they have to choose whether they want
compensation or to continue to work. I would think that a regulation
similar to this might be made to apply to divers,
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ADAMS, G.M., G.P. Vose and S.J. Norton.
Bone density changes and decompression sickness.
In: Abstracts of the Fifth symposium on underwater physiology, Freeport, Bahamas, August
1972, p.26. Published by the Symposium.

Abstract only. Entire item quoted: A system has been devised to investigate decompression sickness
without subjecting the model animal to an extremely rapid or explosive decompression rate. Moderate and/or
minor signs of decompression sickness were induced in male rats stage decompressed in either 52 minutes or
79 minutes from a 600 FSW simulated dive with 60 minute bottom time. A quantitative, X-ray,
microdensitometric technique was employed to study bone density changes in the tibia epiphysis and
diaphysis as a function of the above dive profiles. The decompression schedules produced significant
decreases in bone density measured immediately after the dive. Post dive mineral accretion rates appeared
significantly decreased or stopped in about 5% of the tested animals while the remaining 95% returned to
normal mineral accretion rates. Exogenously administered calcitonin reversed the observed bone density
decreases and afforded the treated animals a significant reduction in the incidence of decompression sickness.
A measured bone density decrease reflects a loss in bone mineral content, and suggests a possible injury that
may result in the eventual occurrence of aseptic bone necrosis. The apparent effectiveness of exogenous
calcitonin administration suggests that calcium homeostasis and/or metabolism may be playing a significant
role in both the immediate occurrence of decompression sickness and the potential occurrence of aseptic
bone necrosis.

ANONYMOUS
Bones problem.
Skin Diver 22:56; June 1973

Entire item quoted: Divers who spend a lot of time underwater for long periods tend to develop bone
disorders says Dr. Hiroshi Hayashi (chief of high pressure medical treatment research division of Kyushu
Labor Accident Hospital). According to Ocean Science News, 135 divers were studied: 72 had abnormalities
with 25 suffering osteonecrosis, 47 others unknowingly had calcification of thigh bones and upper arms.
Hayashi found the abnormalities to be related to depths. Those working less than 10 meters down didn’t
suffer, 12% at 20 to 30 meters were affected, 14% were affected below 30 meters and 43% were affected at
depths of more than 51 meters. The osteonecrosis was thought to occur due to too-rapid ascents (not
necessarily causing bends, but nitrogen bubbles all the same).

ANONYMOUS
Bone-wasting dives.
Medical World News 14:17-18; July 13, 1973.

The general discussion of osteonecrosis resulting from diving or compressed air work starts with an account
of the very inadequate decompression methods employed in the sewer tunnels of Milwaukee. Dr. Eric
Kindwall discovered, by means of X-ray, that these workers had a 41% incidence of osteonecrosis as a result
of too-rapid decompression. The most generally accepted theory of the etiology of osteonecrosis—lack of
blood supply to the bone caused by bubbles, is presented. Case histories are cited which indicate the disease
can follow brief exposure, minimal repetitions and moderate pressure and need not be related to a history of
decompression sickness. Recent surveys in the U.S. Navy, following similar surveys in the British Navy, have
revealed a surprisingly high incidence of osteonecrosis. Although the study has just begun, 76 cases have been
discovered, in the majority of which joints were affected. The insurance aspects of the problem are discussed,
and the high cost to the diving industry is noted. It is most essential that divers and compressed air workers
should be X-rayed before being taken on a job, and the X-rays should be read by a radiologist trained in the
detection of early signs of osteonecrosis, (MFW/UMS)

ANONYMOUS
Bone necrosis in divers.
Lancet 2(7875):263-264; August 3, 1974.

The author refers to the high incidence of osteonecrosis in German divers of ten vears experience, and in
civilian divers in England. The incidence in naval divers is much lower. It is claimed that orthopedic treatment
of collapsed joints is unsatisfactory. The problems of radiological diagnosis, and the possible usefulness of
bone scanning is noted. Although osteonecrosis occurs in individuals who have never had decompression
sickness, it is still believed that inadequate decompression is a cause. It is considered essential that all medical
examination reports should be submitted to the Medical Research Council’s Decompression Sickness Panel.
(MFW/UMS)
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ANTOPOL, W. and C.P. Chryssanthou.
Experimental production of aseptic bone necrosis in mice.
In: Aerospace Medical Association. 1972 annual scientific meeting, Bal Harbour, Florida, May
1972. Preprints, p.255-256. Published by the Association.

The findings of this preliminary investigation reveal that exposure to compression-decompression produces
aseptic bone necrosis in thin mice and increases the incidence of this lesion in the obese animals. The former
observation suggests that development of aseptic bone necrosis after exposure to compression-decompression
is independent of decompression sickness since thin mice are not “‘susceptible” to this disease. Supporting
this hypothesis is the fact that PPCH and bradykinin, which were previously reported to influence the
incidence and severity of decompression sickness in obese mice did not alter the frequency of aseptic
bone necrosis in the present investigation. The occurrence of necrotic bone alterations in control obese mice
may indicate that this species is subject to the lesion ab initio and exposure to compression-decompression
precipitates aseptic bone necrosis in these predisposed animals. This study also indicates that the bone lesion
is manifest after a latent period of at least five months following the initial treatment, and that with multiple
exposures to compression-decompression the incidence is greater than with single exposure. (From author’s
discussion).

BECKMAN, E.L.
Diving standards.
In: United States-Japan conference on natural resources development. Proceedings of the first
joint meeting of the U.S.-Japan panel on diving and technology, Tokyo, 1972, p.104-115.
Japan, Ministry of Agriculture and Forestry, 1972.

The author discusses the economic and safety problems of the diving industry in the United States, and
emphasizes the difficulties of agreeing on regulations for decompression tables, for medical certification of
divers, and for standards regarding equipment and procedure. The necessity of developing new decompression
tables for industrial diving is noted. The U.S. Navy decompression tables are so conservative as to be
prohibitive in cost, due to the extremely high wages received by divers. In spite of the conservatism of the
Navy tables, there is a large incidence of osteonecrosis in former Navy divers who are now working in the
industry. The author has been assigned the task of developing commercial decompression tables, and requests
the cooperation of Japan in the testing of three tables. (MFW/UMS)

BECKMAN, E.L.
Development of criteria for improved safe work practices in the U.S. diving industry.
In: Trapp, W.G., E.W. Bannister, A.J. Davison and P.A. Trapp, eds. O,. Fifth international
hyperbaric congress proceedings, p.912-917. Burnaby, Canada, Simon Fraser University,
1974.

Present conditions indicate that almost every high pressure worker will be entitled to a compensation claim
before he reaches retirement age. Thus, it is essential that legislation be adopted to protect both employer
and employee. A committee of the National Institute for Occupational Safety and Health has made
recommendations as follows: Specifications must be made as to safe limits of oxygen partial pressure and
exposure, as to inert gas partial pressures, and as to medical qualifications for divers. The recommended
treatment for decompression sickness consists of U.S. Navy treatment tables plus British Royal Navy Table 7,
supplemented by heparin, dextran, and steroids. Regarding osteonecrosis, preemployment and annual
roentgenographic bone surveys should be made; juxta-articular lesions prohibit employment, and the disease
is to be considered an occupational hazard unrelated to negligence. As to diagnosis, ultrasonic bubble
detectors and measurement of platelet function and blood coagulability are suggested. Supervisory personnel
must be trained by the government in recognition and treatment of decompression sickness. Diving
contractors should be responsible for reasonable care in prevention of decompression sickness, and for
administration of proper treatment should it occur. Regarding equipment, the ANSI Z135 Committee
recommendations were followed. As to prevention of decompression sickness, the Washington State Tables
should continue to be considered standard until further research to improve them has been completed. Divers
must remain within easy access of a chamber for a specified period of time after diving, and should
wear identification indicating recent diving activity. They should not fly within two hours of a no-
decompression dive, within 12 hours of a decompression dive, and within 24 hours of a saturation dive.
These recommendations do not apply to altitudes below 800 feet, so that presumably transportation by
helicopter would be safe. (MFW/UMS)
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BENNETT, P.B.
Physiological problems of deep diving.
Meerestechnik 3:177-185; October 1972.

The major physiological hazards of diving are listed, and a diagram is presented which indicates at which
depth each type of trauma or disorder, including osteonecrosis, is likely to occur. The dangers of ascent,
including osteonecrosis, are discussed. It is pointed out that entirely successful decompression tables have not
yet been worked out, and that decompression sickness is an ever-present danger. Research into osteonecrosis
which may or may not be related to decompression sickness has been greatly intensified recently.
(MFW/UMS)

BERGMANN, E.W.
Aseptic bone necrosis of known and unknown origin.
Proceedings of the Rudolph Virchow Medical Society, New York 28:46-49; 1970-1971.

(Hard copy not obtained).

CATTO, M.E.
Pathology of caisson disease of bone.
In: The Association of Clinical Pathologists: 89th general meeting. Symposium II. Decompres-
sion sickness. Journal of Clinical Pathology. 25:1006; November 1972.

Abstract only. Entire item quoted. While histological examination is of little help in elucidating the
pathogenesis of aseptic bone necrosis in compressed air workers, it throws some light on the sequence of
events and radiological changes following bone death. Revascularization of both medullary and juxtaarticular
lesions may begin but halt short of completion, the revascularization front becoming collagenous. Bone
trabeculae adjacent to this fibrous tissue are often greatly thickened and may give rise to a sclerotic line on
clinical radiographs. When such a radio-dense line is seen traversing a bone end it is highly probable that the
tissue between it and the joint surface is still dead. The necrotic bone trabeculae may later fracture, with
collapse of the articular surface associated with pain. Incongruity of the joint surface is often followed by
formation of osteophytes at the living joint margins. At first the joint space remains normal and the articular
cartilage covering dead bone is relatively well preserved but later it and the underlying dead bone may be
ground away, the end result sometimes being difficult to distinguish from primary osteoarthritis. A similar
pattern of events and morphological changes may be seen following juxtaarticular bone necrosis due to other
causes.

CHEN, S.C.
Caisson disease.
British Journal of Clinical Practice. 26:385-386; August 1972.

This is a case history of a 60-year old man with a lifetime history of tunnel work, who suffered more or less
chronic pain in his right hip. Examination revealed a dense, flattened femoral head resulting from avascular
necrosis. Four years later he was operated on, and the femoral head was replaced with a Thompson's
prosthesis. Three months later, the pain returned, and the hip movement was considerably more limited.
X-ray revealed involvement of the roof of the acetabulum. Another operation was performed, replacing the
Thompson's arthroplasty with a McKee-Farrar total hip arthroplasty. The case indicates that not all necrotic
bone lesions are detectable by radiography in the early stages, and those that are seen may represent only a
small part of the necrotic area. The inadequacy of replacing only one component of the joint is
demonstrated. (MFW/UMS)

CIZMIC, M., A. Frankic and R. Skarica.
X-ray bone changes in caisson disease.
Medical Journal 94(9):23-27; 1972.
(Translation of Lijecnicki Vjesnik 94(9):449-452; 1972.)

The authors report here on data gathered from examination of 54 sponge and coral divers. After discussing
the pathogenesis of decompression sickness, he describes the radiological changes observed in men of long
diving experience. The bone changes were of two main types: rarefaction, which is not specific to
decompression sickness, and condensation, which is. The condensation is of two types: (1) compact foci,
usually located on the head of the humerus or femur, and (2) the less common trabecular type, which
appears as small, stringy and dense shadows. Infarctions of the diaphysis are fairly common, sequestrations,
usually on the humeral head, are less so. The disease does not appear to be age-connected, but rather to be
related to length of diving experience. (MRW/UMS)
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COX, P.T.
Simulated caisson disease of bone.
In: Hesser, D.M. and D. Linnarsson eds. Proceedings of the first annual scientific meeting of the
European Undersea Biomedical Society, Stockholm 13-15 June 1973. Forsvarsmedicin
9:520-524; July 1973.

It would appear that the injection of embolic particles into the artery supplying the lower limb of the rabbit
indicates that the arterial supply of the femoral head and to a lesser degree the shaft, is poor in that it may be
relatively easily obstructed. It also produces avascular necrotic bone lesions of the femur in sites that
correspond to those that occur in caisson disease of bone and implies that the aetiological agent in caisson
disease of bone may be the embolic occlusion of osseous vessels. (Author’s conclusion)

COX,P.T.
Caisson disease of bone.
Journal of the Royal College of Surgeons. 18:290-293; September. 1973.

Diagnosis of dysbaric osteonecrosis is performed by radiology, which reveals the existence of a lesion within
three months of its inception, at the very least, and usually much longer. Also, radiology fails to predict joint
involvement in the case of a juxta-articular lesion. The use of radioisotope scanning revealed that in some
cases a positive radiograph coincided with a negative scan, and vice versa. It is explained that strontium is
taken up in the area of the lesion during the period of increased activity and bone turnover, thus revealing the
formation of a lesion in its early stages, as well as the cessation of activity which occurs when a lesion
becomes static. Experiments were made with rabbits, It was concluded that a positive scan with a negative
radiograph indicates that the lesion has not progressed enough to be radiologically visible. In the opposite
situation, it is probable that the repair process has ceased, and the lesion is unlikely to progress. (MFW/UMS)

D’AMBROSIA, R.D.
Experience with ' ®F scintigraphy in avascular necrosis of bone.
Journal of Bone and Joint Surgery 56A:205-206; January 1974,

Abstract only. Entire item quoted: Dr. Robert D. D’Ambrosia noted that F scintigraphy is a simple method
of evaluating the blood supply to bone and reported on a study of seven dogs with surgically devascularized
femoral heads and seventy-five patients with assorted avascular lesions of bone. The findings by scintigraphy
were correlated with those by roentgenography, tetracycline labeling, and histological examinations.
Excellent correlation was shown in the femoral neck fractures and it was concluded that this is a promising
technique.

DAVIDSON, J.K. and P.D. Griffiths
Caisson disease of bone.
Nursing Times 67:1049-1052; August 26, 1971.

The author states that decompression sickness in general has become well controlled through widespread
understanding of recompression therapy. What he terms “caisson disease of bone™ is not so easily controlled,
and is now considered the greatest danger of the hyperbaric environment. It is noted that in a group of 54
experienced compressed-air workers, 50% showed radiological evidence of bone damage; in a group of 200,
9.5% had juxta-articular bone lesions. A brief review of the literature is given, citing specific cases. In the case
of the shoulder joint, pain usually appears suddenly, while in the hip it is more gradual. There are great
individual differences in the progress of the lesions—some become disabling within 18 months of the first
exposure to compressed air and others, radiographically similar, will remain static for many years. The most
satisfactory treatment in seriously disabled cases is excision of the deformed head and insertion of a metal
prosthesis. Arthrodesis will relieve pain and can be used satisfactorily if the opposite joint is normal.
(MFW/BSCP)

DAVIDSON, J.K.
The earliest radiographic evidence of dysbaric osteonecrosis following exposure at high
pressure.
In: Abstracts of the Fifth symposium on underwater physiology, Freeport, Bahamas, August
1972, p.25. Published by the Symposium.

Abstract only. Excerpts quoted: The experience of the early diagnosis of bone necrosis by the radiologists
associated with the Medical Research Council Decompression Sickness Panel is discussed. The earliest lesions
appear as small dense areas adjacent to the articular surface of the head of the humerus or femur, varying in
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ELLIOTT, D.H.
The role of decompression inadequacy in aseptic bone necrosis of naval divers.
Proceedings of the Royal Society of Medicine. 64:1278-1280; December 1971.

As a result of analyzing the statistics revealed in a radiological survey of 305 naval divers, it is concluded that
there is a positive relationship between the presence of radiological lesion and a history of decompression,
also between positive lesion and experience of experimental diving with compressed air, and experimental
deep diving with helium. (“Experimental” in this case refers to dives in which the decompression schedules
used were not of proven adequacy). (MFW/UMS)

ELLIOTT, D.H.

Clinical problems of decompression sickness relevant to the surface activity of intravascular
bubbles.

In: Ackles, K.N. ed. Blood-bubble interaction in decompression sickness. Proceedings of an
international symposium held at Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada, p.140-161. Published by the Institute, December 1973.
(DCIEM Conference Proceedings 73-CP-960).

The surface activity of the intravascular bubble should be considered in relation to each of these problems:
individual susceptibility and adaptation to decompression sickness; the role of pulmonary micro-barotrauma
in (1) platelet response to normal diving, and (2) decompression sickness; prolonged latent period of onset;
prognostic value of doppler-detected bubbles: dose-response and possible correlation with some haematologi-
cal index; the relation of both to overt manifestations of acute decompression sickness, as well as to the later
development of aseptic bone necrosis; cause of cutaneous vascular stasis—(ideal site for investigation); relative
preponderance of spinal cord lesions in divers; significance of migraine-like episodes in divers and aviators; the
nature of staggers, and the particular problem of vestibular system disturbance; the consequences of increased
capillary permeability ranging from the presence of some haemoconcentration in the mild bends of
compressed air workers to the serious shock of aviators’ post-descent collapse; paradoxical response to
recompression; ineffectiveness of recompression, particularly in cases of spinal cord involvement after a
prolonged delay in contrast to other cases in whom headache or vertigo have responded after a delay of
several days: and finally, perhaps a limiting factor to commercial diving and a subject on which we touch
later, aseptic necrosis of bone, its cause and prevention. (Author’s summary)

FAGAN, C.J. and E.L. Beckman
Survey of Gulf Coast commercial divers for dysbaric osteonecrosis.
In: United States-Japan conference on natural resources development. Proceedings of the first
joint meeting of the U.S.-Japan panel on diving and technology, Tokyo, 1972, p.145-160.
Japan, Ministry of Agriculture and Forestry, 1972.

Dysbaric osteonecrosis of bone is not an uncommon disease among Gulf Coast divers. A sample survey
consisting of a small number of commercial divers had yielded a high incidence (27%) of roentgenographic
findings. As a result of this initial work, we are attempting to expand our survey. A comparison of plain film
imaging with xeroradiographic imaging in an admittedly limited number of divers, has not helped us
sufficiently to accept the additional radiation exposure inherent in the xeroradiographic technique.
Fluorine-18 bone scanning probably represents a reasonable and practical modality in an osteonecrosis
survey. We suspect that the bone scan probably relates to the osteogenic activity of the disease process and
therefore may be helpful in detecting early or active areas of osteonecrosis. (Authors’ summary)

FAGAN, C.J. and E.L. Beckman.
Gulf coast commercial dysbaric osteonecrosis study.
In: Abstracts of the Fifth symposium on underwater physiology, Freeport, Bahamas, August
1972, p.29. Published by the Symposium.

Abstract only. Entire item quoted: Gulf Coast commercial divers are being surveyed for the presence of
dysbaric osteonecrosis. A sample survey already completed indicated a 22% incidence of osteonecrosis in
those studied. The survey utilizes good quality, well positioned plain films of the shoulders, hips, and knees.
Diagnostic parameters are based on the classification and terminology of radiological findings formulated by
the British Medical Research Counsel Decompression Sickness Panel. Suspect or questionable lesions are
further examined using tomography and xeroradiography. In some cases, Fluorine-18 radioisotope studies
have been performed and correlated with the findings from preliminary film studies.
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FICAT, P., J. Arlet, R. Vidal, A. Ricci and J.C. Fournial.
Resultats therapeutiques du forage-biopsie dans les osteonecroses femoro-capitales primitives.
[Therapeutic results of drill biopsy in 100 cases of primary osteonecrosis of the femoral head].
Revue du Rhumatisme et des Maladies Osteo-Articulaires 38:269-276; April 1971,

An analysis was made of the results of drill biopsy of the head and neck of the femur in 100 cases of primary
osteonecrosis which had been verified histologically and followed up for 1-6 years. The following results were
shown: suppression or alleviation of pain in 83% of cases; improved mobility of the joint in 43% of cases: and
radiological stabilization in 77% of cases. Remarkable results were obtained in stage 1, the pre-radiological
phase (42 cases) in which drill biopsy (confirming the diagnosis) was followed by absence of radiological
changes in 37 of the 42 cases. Thus, it appears the development of the disease can be arrested by this simple
procedure prior to rupture of the femoral head. However, an earlier diagnosis may be possible with the aid of
the haemodynamic and phlebographic methods developed by the authors. In addition, the pain destroying
and often stabilizing effect of drill biopsy on complicated cases makes it one of the procedures to be
considered in all stages of the disease. [Although the origin of the bone necrosis in the cases reveiwed is not
specified, the findings would seem to apply to dysbaric bone necrosis as well as to that from other causes|.
(English summary)

GILLEN, H.W.
Undersea medicine: osteogenic necrosis.
Aerospace Medicine 43:466-467; April 1972.

This is a plea for a centralized national registry of data collection on the subject of osteogenic necrosis (or
aseptic bone necrosis). This should include data on “diving experience, radiographic studies, life habits and
health characteristics of a large number of exposed persons over many years,” Interview and questionnaire
techniques must be developed. The collection of data must be on an involuntary basis as a requirement of
employment. It is emphasized that the cause of bone necrosis is not known, and there is no therapy in
existence at present by which lesions may be reversed. A national registry of data on bone necrosis would
reveal collateral significance of data now isolated and dispersed, and might lead to the identification of other
safety and health problems. It is estimated that 5,000 persons are regularly employed in commercial diving
and caisson work and many others are irregularly so employed. Because a large number of these workers are
peripatetic, reliable data are not available under any program now in existence. A national registry must be
developed under the Occupational Safety and Health Act of 1970, with the help of the Occupational Safety
and Health Administration of the Department of Labor. (MFW/UMS)

GOLDBERG, M.E. and M .K. Loken.
The varied usefulness of bone scanning.
Geriatrics 29:65-72; March 1974.

Recent improvements in techniques have increased the importance of the role of bone scanning in the
detection of underlying bone destruction. Bone scanning detects the increased uptake of radioactive material
at the site of the reparative process which will follow any destructive process. There are many areas in which
bone scanning is useful, provided the findings are interpreted in the proper context, and in conjunction with
radiographic findings. Early detection of avascular necrosis is one of the ways in which this technique proves
valuable. (MFW/UMS)

GRIFFITHS, P.D.
An exposure to risk registry for compressed air workers.
Transactions of the Society for Occupational Medicine. 21:123-125; October 71.

A central Registry of compressed air workers was established in Newcastle-upon-Tyne in 1964. Data
collected from the Tyne Tunnel project in 1948 and subsequent compressed-air operations were stored and
assessed. The data included etiology, sequelae, osteonecrosis, and more recently, diving hazards. In assessing
exposure to risk the intensity of the hazard and the duration of exposure are the chief considerations. Data
on approximately 10,000 individuals are held. Radiological data are collected on a voluntary basis, and
therefore are incomplete. Of the 1660 men who have been radiologically examined, 330 show positive signs
of osteonecrosis. Data show that the longer the exposures and the higher the pressure the more likely is the
occurrence of osteonecrosis, although cases have been known to occur after a single exposure. Since divers
seem to suffer much less frequently from osteonecrosis than do compressed air workers, it is thought that
probably the duration of exposure is more important than the degree of pressure. It may be necessary to
shorten the work shift, but at present the line of experimentation is in the lengthening of the decompression

period. (MFW/UMS)
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HILLS, B.A.
Clinical implications of gas-induced osmosis.
Archives of Internal Medicine 129:356-362; February 1972.

A review of the evidence for believing that gas concentration gradients can induce water movement in vivo
shows that this could be a significant physiological parameter in many tissues, depending upon the magnitude
of the gasosmotic pressures. Estimation of these has suggested two experiments whose results show (1) that
reflexion coefficients for gases may be appreciably higher than determined previously, (2) that water flow
rates are high, and (3) that the list of semipermeable tissues should include articular cartilage. The clinical
implications of gas-induced osmosis are then discussed with particular reference to gaseous anesthesia,
hyperbaric arthralgia, gouty arthritis, aseptic bone necrosis, hyperbaric urticaria, pulmonary edema, and the
edematous separation of tissue boundaries in general. (Authors’ abstract)

HILLS, B.A. and R.S. Straley
Aseptic osteonecrosis: a study of tibial blood flow under various environmental conditions.
Aerospace Medicine 43:724-728; July 1972.

The direction of change of blood flow in the tibiae of five large rabbits and nine mongrel dogs has been
monitored at various stages of exposure to compressed air and to various breathing mixtures at normal
atmospheric pressure. The results show a definite increase in flow 4-7 mins after compression to 4 ATA in air
and upon exposure to normoxic nitrous oxide. These effects are essentially reversed upon return to air at
normal atmospheric pressure or upon exposure to pure oxygen, while L.V, alcohol can cause appreciable
variations in either direction. The duration and extent of ischemia observed were not considered sufficient to
initiate the aseptic necrosis of bone commonly found in compressed-air workers and alcoholics. Discussion of
this disease indicates that it may not be a symptom of decompression sickness, as generally assumed, and may
even be induced by the compression phase of an exposure to compressed air. (Authors® abstract)

HORVATH, F. and T. Vizkelety.
Experimentelle Untersuchungen der osteoartikularen Manifestation fer Caisson-Krankheit.
[Experimental studies on osteoarticular manifestations of caisson disease.|
Archiv fur Orthopaedische und Unfall-Chirurgie 75:28-42; 1973.

Based on their experimental investigations the authors are of the opinion that in cases of identical
decompression time the bone and joint changes of caisson disease develop according to the degree of pressure
and according to the number of repetitions. As the epiphyseal circulation is quickly damaged, necrotoic areas
develop in the articular cartilage, in the growth plate and in the metaphysis. In cases of severe lesions large
necrotic areas form also in the region of the main nutrient artery. The marrow cavity has the appearance of a
cellular reaction following ischaemic necrosis. The necrosis and the reparative processes are balanced in cases
of slight circulatory disturbances. No signs of regeneration in the diaphysis and insignificant regeneration in
the epiphysis are characteristic of severe defects of the blood supply. Radiological bone changes were
especially typical of groups in which the decompression treatment was performed with the critical 2-2.5 atm
pressure. Authors found a subchondral and a solitary circumscribed cystic lesion, both of them situated in
the distal femoral epiphysis. A further case was observed with a radiological picture of the femur resembling
myeloma multiplex. The distal femoral metaphysis of rabbits of the group treated with one atm pressure
presented very slight, partly sclerotic, partly porotic structural changes. (English summary)

HORVATH, F. and 1. Rozsahegyi.
Chronische caisson-osteoarthropathie in der Gelenkpfanne des Schulterblattes.
[Chronic caisson osteoarthropathy in the glenoid cavity of the clavicle.|
Fortschrifte auf dem Gebiete der Roentgenstrahlen und der Nuklear medizin Ergaenzungs-
bande 117:733-734; December 1972.

A case of chronic osteoarthropathy of the right shoulder blade in a 48-year old diver and caisson worker is
reported. X-ray photographs of the shoulder show a widespread uneven subchondral and cranial sclerosis
which extends to a lesser degree to the upper joint surface of the humerus. The joint itself was not
compromised, and the patient, although complaining of pain in the right hand, arm and shoulder, had good
mobility in the joint. The authors have noted only four cases of shoulder blade arthropathy among the 150
cases of caisson arthropathies which they have examined. (MEMH/UMS)
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HORVATH, F. and 1. Rozsahegyi
Bedeutung der Tomographie fur die Diagnose der chronischen Caisson-Osteoarthropathie.
[Importance of tomography for the diagnosis of chronic caisson osteoarthropathy. |
Fortschritte aud dem Gebiete der Reontgenstrahlen und der Nuklear medizin Ergaenzunsbande
119(5):610-618; November 1973.

Radiographic symptoms of bone manifestations of caisson sickness in 123 caisson workers are reviewed. Most
common localizations were the proximal humeral epiphysis and metaphysis and the femoral head and neck;
bone changes were also noted in the scapula, acetabulum, and in the ends of the tibia and femur forming the
knee. Radiographic symptoms include osteosclerosis, isolated or multiple geode formations, and isolated or
multiple cystic formations of various sizes. These symptoms are discussed in detail and illustrated by a series
of photographs. The author recommends the routine use of tomography in the diagnosis and ongoing
evaluation of caisson osteoarthropathy. (MEMH/UMS)

JAFFRES, R. and P. Merer.
Contribution a I'etude de la pathogenie de I'ilot solitaire benin et de la lacune benigne du col
femoral.
[A contribution to the pathogenesis of the benignant solitary islet and of the benignant lacuna
of the femoral neck.]
Revue du Rhumatisme et des Maladies Osteo-Articulaires 29:272-280; May 1962.

After describing the benignant solitary islet and the benignant lacuna of the femoral neck, in two groups of
subjects affected or unaffected with barotraumatic osteonecrosis, the authors come to the conclusion that
there is no difference between the radiological aspect of these pictures in the two groups. Considering that
these pictures are three to ten times more frequent in osteonecrosis, that both aspects may coexist in the
same patient, and that they saw the appearance of a benignant lacuna of the neck in a case of osteonecrosis,
they logically came to suspect the vascular origin of these images. (English summary)

JAFFRES, R. and P. Merer.
Les localisations extra-epiphysaires de I'osteonecrose barotraumatique.
[The extra-epiphyseal localizations of barometric osteonecrosis. ]
L’Ouest Medical 18:263-268; March 10, 1965.

The authors describe the extra-epiphyseal localizations of barotraumatic osteonecrosis of the scapula, the
humerus, the pelvis, the femur, and the tibia. They establish the percentage of frequency of the various
localizations in a group of 53 patients totaling 148 localizations. (Authors’ summary translated by
MFW/UMS)

JONES, J.P., Jr. and A.R. Behnke.
Prevention of osseous avascular necrosis in compressed air workers employed in soft-ground
tunneling operations by the bay area rapid transit district (BART), a preliminary report.
In: Abstracts of the Fifth symposium on underwater physiology, Freeport, Bahamas, August
1972, p.29. Published by the Symposium.

Abstract only. Entire item quoted: From November, 1967 through May, 1969, 64,567 feet of soft-ground
tunneling was driven on the 75-mile BART Project, of which 15,026 feet of tunnel were machine-shield
driven using compressed air under hazardous obstacle and soil conditions. Despite 80,360 man-decompres-
sions, at pressures from nine to 36 psi and a total of 135 instances of decompression sickness (128 Type I,
and seven Type II), involving 85 men in a group of approximately 400 compressed air workers, there has
been no reported clinical or roentgenologic evidence of dysbaric osteonecrosis to date. Over 17,000 skeletal
roentgenograms were taken on more than 2,000 workers. Thirty-three lesions of osteonecrosis, of varying
maturity, were discovered during pre-employment examinations of 15 compressed air workers who were
rejected for pressure tunneling work. Eleven of these individuals had potentially disabling juxta-articular
lesions, which principally affected the humeral heads. Two of these rejected workers had previously been
exposed to maximum pressures of 16 and 18 psi, respectively, without decompression sickness, but both
showed evidence of alcoholism. All other rejected workers had been exposed to pressure in excess of 30 psi.
Preliminary follow-up studies indicate that avascular necrosis can be substantially prevented by employing a
program of unique engineering principles, designed to avoid use of compressed air altogether, or to minimize
exposure to pressure in conjunction with comprehensive medical supervision, including thorough pre-employ-
ment examinations, utilization of the Washington State Decompression Tables, as incorporated in the
California Code, and use of oxygen decompression in a closed system.
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McCALLUM, R.I.
Tunnelling in compressed air and bone necrosis.
Transactions of the Society for Occupational Medicine 22:2-6; January 1972.

(Hard copy not obtained).

McCALLUM, R.1.
Pneumoconiosis and caisson disease of bone.
Transactions of the Society for Occupational Medicine 22:63-68; July 1972.

These two occupational diseases are treated together because of their common dependence upon radiology
for detection and management, The problems connected with radiology are discussed, and the work of The
Decompression Sickness Panel in England, in the preparation of an album of illustrative lesions (Radiographic
appearance of bone lesions in compressed air workers, 1968) is commended. As to radiation dose, it has been
established that three routine joint examinations per year are acceptable, provided adequate protective
measures are taken. Because of the fact that a lesion does not become radiographically visible until necrosis is
too far advanced, other methods of detection, such as bone scans with strontium 85 or fluorine 18 are being
studied. (MFW/UMS)

McCALLUM, R.I.
Aectiology of decompression sickness.
In: The Association of Clinical Pathologists: 89th general meeting. Symposium 11. Decompres-
sion sickness. Journal of Clinical Pathology 25:1004; November 1972.

Abstract only. The author briefly describes type I and type Il decompression sickness, and mentions chronic
sequelae (osteonecrosis, neurologic complications and vestibular disturbances). No decompression procedures
in current use are infallible. The bubble theory of the etiology of decompression sickness is at present being
questioned, but no completely satisfactory explanation has been formulated. The author believes that
bubbles always occur but that other body changes may be important contributors. It is stated that
osteonecrosis occurs in 20% of compressed air workers and divers, and it is noted that it may result from
several factors present during compression, decompression, or both. Further observations of human bone
tissue are essential to the understanding of this disease. (MFW/UMS)

MIRRA, J. M., P.G. Bullough, R.C. Marcove, B. Jacobs and A.G. Huvos.
Malignant fibrous histiocytoma and osteosarcoma in association with bone infarcts.
Journal of Bone and Joint Surgery 56A:932-940; July 1974,

It is stated that sarcoma at the site of previous bone infarction has been reported only rarely. (See Dorfman
et al, J. Bone Joint Surg. 48A:528-532; Apr. 1966, for an earlier case involving a compressed air worker).
This report presents four cases, two of which had been caisson workers. Both former caisson workers had
malignant fibrous histiocytomas. In one case a pin and plate was used, because of the advanced age and poor
general condition of the patient. In the other case, amputation was performed. Neither patient survived.
(MFW/UMS)

MURAKHOVSKII, K.I. and L.Z. Golod.
Mineralizatsiya kostnoi tkani cheloveka v uslovihakh vodnoi immersii. (Rentgenofoto-
metricheskoe issledovanie).
[Mineralization of human bone tissue during water immersion. (Roentgenophotometric
study)] .
Kosmicheskaya Biologiya i Meditsina 6:72-75; November/December 1973

Two experimental series including ten experiments were carried out to assess the effect of a 5-day water
immersion on the mineral content of bones of men having a kind of BASS [a special experimental suit] on
and without it. The suit consisted of a system of capstans providing an additional load on the
musculo-skeletal system. The bone mineral content was measured roentgenophotometrically in milligrams of
Ca per 1 mm° before and on the second day of immersion. The areas studied were: the scaphoid bone, talus,
oscalcis, distal metadiaphysis of the femoral bone and proximal metadiaphysis of the tibial bone. In
experiments without the suit the level of bone density in the areas studied decreased by 4.8%. Statistical
treatment showed that the decrease was significant at P = 0.95. In experiments with the suit the level of bone
density increased in most cases; however the data turned out to be statistically insignificant. A comparison of
the significance of the differences between bone density changes in experiments with and without BASS has
demonstrated that they are statistically significant for the scaphoid bone, talus and oscalcis and insignificant
for tubular bones. (English summary)
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OHRESSER, P., J. Tassy and J.-F. Amoros.
Le traitement de la maladie de decompression. Bilan de quatre annees d’activite du service
d’hyperbaria de I'hospital Salvator a Marseille.
[The treatment of decompression sickness. Summing up of four years of activity at the
hyperbaric facility of the Salvator Hospital at Marseille] .
In: L'Huillier, J.-R_, ed. Medecine de plongee. Gazette des Hopitaux de Paris 35:1045-1046,
1049; December 20, 1971.

At this multiplace chamber facility, approximately 20 cases of decompression sickness were treated per year,
usually by the A and B tables of GERS; in three cases table C was used, and in some cases the Workman
Tables were used. There were three cases of articular accidents, decalcification was demonstrated
radiographically. It is thought that “chronic arthropathies™ represent instances where bends have not been
treated, or have been poorly treated. (MFW/UMS)

OHTA, Y. and H. Matsunaga.
Bone lesions in divers.
In: United States-Japan conference on natural resources development. Proceedings of the first
joint meeting of the U.S.-Japan panel on diving and technology, Tokyo, 1972, p.136-141.
Japan, Ministry of Agriculture and Forestry, 1972.

Radiological data collected from 301 divers over a period of three years revealed evidence of osteonecrosis in
50.5%. Of these, 14.6% were juxta-articular, most of which were in the humeral head. Most of the head, neck
and shaft lesions were found in the lower extremities. Length of diving experience was related positively to
incidence of osteonecrosis. The sites of bone lesions were in the following order: upper humerus 92 cases;
lower femur 72 cases; upper femur 58 cases; upper tibia 9 cases. Of the 152 men afflicted, 60 had solitary
lesions and 92 had multiple lesions, There was greater incidence among divers with a history of
decompression sickness, but there was no relationship between the location of bends pain and the site of the
lesions, and no relation between spinal paraplegia and bone lesions. There was a relation between depth of
diving and incidence of lesions. (MFW/UMS)

OHTA, Y. and H. Matsunaga.
Bone lesions in divers.
Journal of Bone and Joint Surgery 56B:3-16; February 1974.

A three-vear survey of avascular necrosis of bone has been carried out in a community of some 400
professional divers for shell-fish who had used no modern technique of decompression. Of 301 divers
radiographed, 152 (50.5 per cent) had bone lesions. The incidence of bone necrosis increased in proportion
to the length of diving experience, being highest in men with over ten years’ experience. The incidence was
also higher in men who usually dived deeper than thirty metres. There was a high incidence in men with a
history of the bends but no significant relationship between the sites of the bends and those of the lesions.
Bone lesions were more frequently multiple than solitary. The upper end of the humerus was significantly
more affected than the upper end of the femur or tibia, but not significantly more than the lower end of the
femur. At the upper ends of the humerus and femur the lesions were more frequently unilateral than
bilateral. (Authors’ summary)

PUELOQ, L.E. and H.H. Sobel.
Oxygen-modified collagen and its possible pathological significance.
Aerospace Medicine 43:429-431; April 1972.

Acid soluble collagen isolated from the skin of mice was exposed to 150 psi of oxygen at 37°C for four
weeks in pH 8.0 buffer. The product was considerably modified from its native state, becoming insoluble in
dilute acetic acid, exhibiting reduced ability to form gels in hot water and reduced digestibility by bacterial
collagenase. The action of the latter on oxygen-modified collagen results in a soluble fraction which exhibits
marked fluorescence at 425 nm after activation at 350 nm. Approximately 10% of a brown collagenase-
insoluble product results. The collagenase-soluble fraction yields a fluorescent peptide which contains most
or all of the tyrosine in this fraction. Oxygen-modified collagen might be formed in vivo during exposure to
high oxygen tension and results in certain pathological changes, such as aseptic necrosis of bone which is
observed in diving personnel. (Authors® abstract)
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SMITH, K.H., P.J. Stegall, L.A. Harker and S.J. Slichter.

Possible effects of bubble-induced coagulation following decompression.

In: Ackles, K.N., ed. Blood-bubble interaction in decompression sickness. Proceedings of an
international symposium held at Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada, p.260-271. Published by the Institute, December 1973.
(DCIEM Conference Proceedings 73-CP-960)

The authors discuss the hemostatic abnormalities which occur following hyperbaric exposure. These changes
include increased platelet and fibrinogen utilization. Effective therapy depends upon the combination of
heparin and platelet function inhibitors, rather than on anticoagulation alone, thus indicating that more than
a single mechanism is at work. Fibrinogen survival returns to normal some time before platelet survival. This

fact may indicate that tissue injury of the vascular endothelium results in the release of tissue thromboplastin
into circulation, producing a minor component of intravascular consumption. Or, bubble-induced flow
changes may affect the microcirculation sufficiently to produce stasis and fibrin formation in low flow areas.
It remains to be determined whether these hemostatic changes can produce thrombotic occlusion leading to
dysbaric osteonecrosis, and whether this can be prevented by anti-thrombotic treatment, (MFW/UMS)

SMITH, K.H., P.J. Stegall, L.A. Harker and T.W. Huang.
Hemostatic function changes in the pathogenesis of decompression sickness.
In: Abstracts of papers presented at Undersea Medical Society Annual Scientific Meeting, May
10-11, Washington, D.C. Undersea Biomedical Research. 1:A21; March 1974.

Abstract only. Entire item quoted: Hematologic studies done in this laboratory have demonstrated that
abnormalities occur following asymptomatic decompressions and that they may be causative factors in
symptomatic decompression. These abnormalities can be monitored by following kinetic measurements of
the survival of hemostatic factors. These changes could not be prevented by anticoagulation alone, thereby
indicating that more than a single mechanism was operating to produce the increased platelet and fibrinogen
consumption. This was supported by the finding that fibrinogen survivals returned to normal by the end of
the first post-dive week, after which only platelet consumption was involved. The persisting shortened
platelet survival was thought to be the result of the platelet response to vessel damage, and reflected the time
required for healing of the damaged vascular endothelium. Since the combination of platelet function
inhibitors and anticoagulants could prevent the hemostatic changes, these substances could be used to
prevent aseptic bone necrosis, if caused by a thrombotic infarct. In those animals in which anticoagulants and
platelet inhibitors were used, bony aseptic necrotic infarcts were produced in a shorter period of time and
with fewer compression/decompression episodes. The pathologic event explaining this situation includes a
hemorrhagic infarct as a result of endothelial damage.

STEGALL, P.J., K.H. Smith and J. Hildebrandt.
Aseptic bone necrosis and hematologic changes in miniature pigs as the result of compression/
decompression exposures.
Federation Proceedings 31:653; March/April 1972.

Abstract only. Entire item quoted: Aseptic bone necrosis was produced in one of five miniature pigs exposed
to a combination of decompression profiles varying in rate from fast (65.5 fpm) to slow (5-1.3 fpm). A
suspicious area in one of the femoral metaphyses found three months after the pig's initial dive became more
radiolucent in the following three months, and additonal radiolucencies were noted in the other femur and
bilaterally in the humeri. A diagnosis of aseptic bone necrosis was confirmed by biopsy. **Bends™ thresholds
fell in each pig with successive stress; one possible explanation for this induced sensitivity may be the
presence of gas nuclei persisting from one exposure to the next, initiating bubble formation at lower degrees
of supersaturation. After each exposure, significant decreases in fibrinogen concentration and thrombin times
were noted. Platelet adhesiveness was elevated 25% immediately post-dive, but platelet counts were
maximally decreased (>50%) 24-48 hours later. Reticulocyte counts fell significantly as well. CPK levels
increased markedly in samples drawn after both fast and slow decompression rates, while LDH values fell by
>30% in the same samples. Serum lipid levels rose >>30%, with the greatest changes being in triglycerides and
phospholipids. Hematologic and chemical changes were not always accompanied by observable symptoms,
suggesting that disseminated intravascular coagulation (consistent with this picture) may occur without
clinical evidence of decompression sickness.

STEGALL, P.J. and K.H. Smith.
The etiology and pathogenesis of decompression sickness: radiologic, hematologic and
histologic studies in miniature swine.
In: Abstracts of the Fifth symposium on underwater physiology, Freeport, Bahamas, August
1972, p.26. Published by the Symposium.

Abstract only. Entire item quoted: The production of aseptic bone necrosis was attempted in seven miniature
swine exposed to a combination of decompression profiles varying in rate from fast (65.5 fpm) to slow (5-1.3
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fpm). Suspicious sclerotic and radiolucent areas in both femoral and humeral metaphyses were observed
radiographically two months after repeated exposure in one pig, three months in two others. A diagnosis of
aseptic bone necrosis was confirmed by biopsy in one of these. “Bends” thresholds fell in each pig with
successive stress; one possible explanation for this induced sensitivity may be the presence of gas nuclei
persisting from one exposure to the next, initiating bubble formation at lower degrees of supersaturation.
Significant decreases in fibrinogen concentration and thrombin times were noted in all pigs after exposure.
Platelet adhesiveness was elevated 25% immediately post-dive, but platelet counts were maximally decreased
(50%) 48 hours later. CPK levels increased markedly in samples drawn after both fast and slow
decompression rates, while LDH values fell by 30% in the same samples. Intravascular coagulation was
suggested by the presence of pooled plasma and aggregated platelets found in necropsy specimens taken from
a pig who died of acute decompression sickness. Histologic preparations demonstrated striking arterial
inflimmation, excessive fibrin strands in pooled serum, dilated arterioles, progressive fat necrosis and
interstitial extravasation. Hematological and chemical changes, however, were not always accompanied by
observable symptoms, suggesting that disseminated intravascular coagulation may occur without clinical
evidence of decompression sickness.

STEGALL, P., K. Smith and J. Hildebrandt.
Selective platelet destruction and dysbaric osteonecrosis in miniature pigs after decompression.
Federation Proceedings 32(3, pt.1):835; March 1973.

Abstract only. Entire item quoted: Of 11 pigs chronically exposed to hyperbaric pressure (60 fsw for 6 hrs.)
with fast decompression (30 fpm), 3 died of decompression sickness or “the bends”. The remaining
developed dysbaric osteonecrosis within 6 weeks to 1 year, seen by biopsy or radiographically. Osteonecrosis
here is due to occlusion of bone blood flow as seen histologically. To better explain the observed
thrombocytopenia and bone infarcts, a kinetic study of platelet and fibrinogen survival and turnover times
was done. While fibrinogen values remained essentially unchanged, platelet survivals shortened from a normal
5 days (% .5 days) to 1 day (£ .2 days) following single exposures with fast decompression. These values
remained shortened up to 6 weeks at which time a progressive return to normal baseline was documented.
Platelet plugs, bubbles and probable endothelial damage were seen histologically. Either abnormal surfaces
(e.g., bubbles) or endothelial injury may be responsible for this predominant platelet destruction; because
[the shortening of the survival time] persists, however, we interpret the data as disseminated vessel damage.
Present studies will determine if platelet function inhibitors are able to interrupt the increased rate of
consumption, and in turn lead to prevention of osteonecrosis.

STETSULA, V.1, LI Tal'’ko and V.M. Krivenko.
E sperimental’noe obosnovanie primeneniya khimotripsina pri lechenii ascepticheskogo nekroza
kostei.
[Experimental study of chymotrypsin in the treatment of aseptic necrosis of bone].
Ortopediia, Travmatologiia i Protezirovanie 34:72-74; January 1973.

The authors studied the action of chymotrypsin on experimental aseptic necrosis in dogs, employing
radiographic and histological methods. In the chymotrypsin-treated animals regenerative processes in the
bone tissue and bone marrow were observed. Chymotrypsin enhanced blood circulation by speeding up
revascularization in the necrotic tissues. Fresh erythrocytes, macrophages and neutrophilic leuko-
cytes were detected in the necrotized zone, proving that chymotrypsin stimulated the hematopoietic
activity in the regenerating bone marrow. The dogs were observed for three to four months following the
initial induction of thrombosis. Chymotrypsin was administered in repeated ten-day courses. On the 180th
day the bone structure was found to be completely regenerated, regardless of the extent of the necrosis. The
authors theorize that parenterally administered chymotrypsin stimulates local blood circulation by
depolymerizing proteins in the necrotic inflammation zone. Blood circulation enhances bone regeneration as
well as the hematopoietic activity of bone marrow. Based on experimental results, the authors recommend
repeated doses of chymotrypsin in the treatment of aseptic necrosis in man. (OLC/UMS)

STREDA, A.
Participation of osteonecrosis in the development of severe coxarthrosis.
Acta Universitatis Carolinae Medica Monograph 46:9-166: 1971.

This extensive monograph is divided into two sections: (1) Detailed analysis of the X-ray picture of
osteonecrosis of the hip joint; (2) Participation of osteonecrosis in the development of severe coxarthrosis.
There is a short discussion devoted to hyperbaric osteonecrosis, in which it is stated that “extensive necrotic
change in the hip joint were first described in caisson workers.” It is attributed to gas embolism. The
differences between necrosis from caisson disease and that caused by infarction are discussed, both as to
developmental characteristics and location. (MFW/UMS)




AN ANNOTATED BIBLIOGRAPHY 267

STUTZER, H.
Bone necrosis in tunnel workers. (Letter to the editor)
Lancet 2(7879):530; August 31, 1974

In this brief communication the author refers to recent cases of decompression sickness during the building
of the second Flbe tunnel and two new Undergrounds in Germany. He challenges a statement made in a
recent editorial (see Anonymous; Lancet 2(7875):263-264; Aug. 3, 1974) that orthopedic treatment of
necrosis of the femoral or humeral head is unsatisfactory. He refers to a case in which a St. George hip-joint
prosthesis was successfully implanted in a 28-year old man. (See Stutzer and Buchholz, Monats. Unfallheilk.
76:525-527; Nov. 1973). (MFW/UMS)

STUTZER, H. and H.W. Buchholz.
Operative behandlung der Socarthrose bei Caissonkrankheit.
[Surgical treatment of coxarthrosis in caisson disease] .
Monatsschrift fur Unfallheilkunde und Versicherungsmedizin 76:525-527; November 1973.

A total hip prosthesis in a case of coxarthrosis following decompression sickness is described. The importance
of this method is discussed. (From English summary).

WALDER, D.N.
Bone lesions in divers.
Joumal of Bone and Joint Surgery 56B:1-2; February 1974.

In this brief editorial, the author makes some general observations on the incidence of osteonecrosis in
compressed air workers and in divers, as discovered in surveys made during the past few years. Although the
disease has occurred in divers and workers who have observed the currently accepted decompression tables, it
is still generally believed that it is decompression-connected. Japanese divers, who observe no decompression
control at all, have an overwhelming incidence of osteonecrosis (more than 70% in all with more than ten
years of diving experience). This would appear to refute the theory that compression rate is involved, since
the Japanese divers were not subjected to rapid compression. New decompression tables have been computed
by the Construction Industry Research and Information Service, and it is hoped that their observance will
reduce the incidence of osteonecrosis. (MFW/UMS)

WELFLING, J. and S. De Seze.
Necrose de la tete humerale.
[Necrosis of the humeral head].
Nouvelle Presse Medicale 2:2311-2312; October 6, 1973.

The diagnosis and etiology of humeral head osteonecrosis are discussed. Humeral head osteonecrosis is
diagnosed radiologically. X-ray photographs show lesions similar to those of femoral head necrosis. The first
radiological signs generally precede clinical symptoms, and the disease may have an evolution of several years.
Like femoral head necrosis, humeral head necrosis is usually associated with some other disorder, such as
disseminated lupus erythematosus, decompression sickness, hemoglobinopathies, hyperlipidemic obesity, and
long-term corticotherapy. The microembolisms occurring during these conditions are thought to be
responsible for the bone ischemia which is the cause of the disease. (MEMH/UMS)

WISE, R.A.
A review of health and safety of deep divers.
Industrial Medicine 39:21-27; December 1970.

In this survey of the health hazards confronting divers, osteonecrosis is touched upon. It is noted that the
disease is much less frequent with divers than with tunnel workers, presumably because the former, although
they go much deeper, do not do nearly so much physical labor. A theory has been proposed that
maintenance of proper body chemistry and gas exchange will prevent osteonecrosis, but this is unproven.
(MFW/UMS)
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WORKMAN, R.D.
Experience with modified U.S. Navy helium-oxygen decompression schedules, saturation
decompression and evaluation of divers for aseptic bone necrosis.
In: The working diver — 1974. Symposium proceedings, March 1974, Columbus, Ohio,
p.377-385. Washington, D.C., Marine Technology Society, 1974.

Modified U.S. Navy helium-oxygen decompression schedules have been employed for 768 dives to depths
from 180 to 350 feet with an incidence of 0.5% bends resulting. Bottom times were 80 minutes at 180 feet
to 40 minutes at 350 feet with hard work performed. Thirty-nine saturation operations have been conducted
in 1973 with 234 men under pressure for a total of 2409 days. Four bends occurred in 234 men
decompressed for an incidence of 1.7%. Over a period of three years, 400 bone surveys have been done for
diver applicants with only six men determined to have lesions of aseptic necrosis of bone, all of which
occurred in shoulder joints, None of the affected divers had participated in saturation diving. (Author’s
abstract)

WUNSCHE, O. and G. Scheele.
Knochencysten bei Albinoratten nach Dekompression aus Uberdruck.
[Bone cysts in albino rats following decompression from high pressure] .
Archiv fur Orthopaedische und Unfall-Chirurgie 77:7-16; 1973.

In a series of experiments albino rats were subjected to repeated decompressions from high pressure. After
274 days cysts were demonstrated in bone segments close to the joints. These findings are the unequivocal
consequence of the experimentally induced decompression sickness. Hence a model follows for skeletal
alterations after high pressure exposure. (English abstract)
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Alcohol, Alcoholism
in bends etiology, 233
in differential diagnosis, 155
as fat solvent, 143
as osmotic agent, 137, 141
in osteonecrosis etiology, 29, 87-90, 91-93, 94, 102
Animal studies. See Experimentation
Ariake Bay divers, 105
Arteriosclerosis, 99, 102, 155
Arthralgia, hyperbaric, 139
Arthritis, degenerative, 9, 76-77, 79, 81, 152, 196
complicating osteonecrosis treatment, 206, 208
Arthrodesis, 205, 206, 207, 208
Arthroplasty, 205, 206, 210
Arthrotomy, 77
Atmospheres absolute (atm abs), definitions of, 83
Aviators. See Surveys, U.S. Air Force

Bay Area Rapid Transit (BART) project, 25-40, 56
Bends ( Limb-bends; musculoskeletal decompression
sickness )
acclimatization, 31, 33
etiology, 55-56
incidence. See Incidence
onset of symptoms, 30-31, 190
and osteonecrosis, 3, 17-18, 33, 42 (Fig. 1), 43,
105 ff., 184 (Fig.), 190, 241-242
prevention of, 44, 55-56
threshold, diver vs. caisson worker, 168
treatment. See Oxygen; Recompression; Tables,
U.S. Navy
ultrasonic changes during, 51. See also Ultrasonics
vertigo, 83
See also Dysbarism
Beryllium workers (U.S.), disease registry, 215, 239

Blood
-cell aggregation, 31, 33, 35, 39, 89, 109
-chemistry studies, 105 ff., 128, 133-136, 144,
145, 146, 148
coagulation
abnormalities, 87 f]., 111
in fat embolism, 129, 143
studies, 135 (Tables I, IT)

erythrocytes. See Erythrocvtes
flow
in bone, 114, 127, 139, 141, 144, 147, 190, 244
following compression—decompression, 34, 55,
133-136
perfusion, 35, 133
impaired, 83, 129
rate, 47 ff.
platelets. See Platelet
viscosity, in pressure change, 134, 144, 145, 146

Bone
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appositional new, formation of, 70 ff., 110, 111
(Fig. 10), 123 ff., 162, 192, 211
biosynthesis, 61 ff.
cartilage. See Cartilage
collagen, 61-65, 126, 137
cortical thickening in, 109, 154
crystal, structure of, 171, 190
disuse atrophy of, 70 (Fig. 4), 73, 76, 80 (Fig. 24)
dysplasia vs. necrosis of, 151
endosteal thickening of, 109, 160, 167 (Fig. 7)
fiber bundles, 126
fracture of, pathologic, 163, 164 (Fig.)
gas formation in, 52-53
grafts, to revascularize, 76, 202-203, 210
Phemister technique, 210
islands, 11 (Fig. 2), 19, 41, 169, 198
marrow. See Marrow
metabolism, 61 ff., 190-191
demonstrated by '°F, 172
mineralization, 61, 137, 141
necrosis. See Lesions; Osteonecrosis
repair of necrotic. See Lesions, repair of
resorption, 61-65, 70 ff., 211
revascularization of necrotic. See Lesions,
revascularization of
scans. See Isotopes
surveys. See Surveys
survival, following ischemia, 148
vascular supply of, 125
blockage of, 90, 111, 114, 115-116, 120 ( Fig. 3),
143, 242
viability, 148
See also specific bones

Bromsulphalein retention, abnormal, 91, 93, 95, 183

Bubbles, inert-gas, 32, 34, 35, 37, 39, 44, 51 ff., 56-57,
109-111, 143, 145, 241-242, 244-245
in bone, 127, 143, 242
osteonecrosis, relevance in, 39, 241-242
photomicrographs of, 133, 134
“silent,” 31, 51 ff., 53, 140
ultrasonic detection of. See Ultrasonics
in vascular system, 56-57, 114, 127, 134, 145, 244

Caisson workers. See Compressed-air workers
Carbon dioxide

in bends etiology, 44, 55-56, 233

transport of, tissues to lungs, 37
Cartilage, articular

as controlling factor in osteonecrosis, 77-79, 80-81,

165, 202, 245
fracture in, 77, 203-204
osmosis across, 137 ff.

Chambers, compression, 29-30, 34, 39
“Chokes,” 33, 243
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Coal Mine Safety and Health Act, 222, 223, 224,
236, 247
Collagen, 61-65, 126, 137
Compressed-air workers, 31, 56
diseased, rehabilitation of, 46, 201, 233, 234
disqualifying conditions in, 19, 28-29, 39, 43
(Fig. 2), 45-46, 209
dysbarism in, 3, 30 ff., 48, 140
federal (U.S.) standards re, 41, 55
minimizing work hazards of, 25, 28, 39, 44-45, 55
osteonecrosis in, 3-4, 43-46, 48, 113, 140, 191
(Fig.), 195-196
See also Pressure exposures; Registry; Surveys;
Tunnel construction
Compression
—decompression, repeated, 39, 52, 53, 127-128
effect of, on blood viscosity, 134, 144
rapid, implications in osteonecrosis, 140-141, 147
rates of, 55, 141
therapy. See Recompression
Computer analysis of bubble formation. See
Ultrasonics

Contaminants
in tunnel construction, 44, 215-216, 233
undersea vs. tunnel, 55
Contractor
diving, problems and liabilities of, 221, 225,
229-230, 231, 235, 236
tunneling, U.K., Registry requirements of, 217
Cortical thickening, 109, 154
Corticosteroid (s)
experimentation, 117
therapy. See Steroid therapy
Creeping substitution, 72, 73, 74, 148, 192, 244
age relationship in, 79-80, 81
definition of, 70-72 (Fig. 7, 9)
pathologic fracture in area of, 75, 77

Data banks, 223-226. See also Registry
Decompression
chambers. See Chambers
—compression, repeated, 39, 52, 53, 127-128
isobaric. See Oxygen, “window” concept
length of, vs. protocol, 34, 35, 39, 44
physiological effects of, adverse, 34-35
protocols
differences, diver vs. tunneler, 33
and dysbarism/osteonecrosis, 31-35
inadequate, 41, 44, 47, 57, 105 ff., 109, 111, 142
See also Tables
rapid, implications of, 39, 128, 140, 141, 143, 147,
241
sickness. See Bends; Dysbarism
sleep’s effect on, 48, 51
stage, 33, 37, 51
straight-line, 44, 55

INDEX

Decompression (continued)
surface, 37
tables. See Tables
theory, 36-37, 47 ff., 241

Decompression Sickness Panel (U.K.), 3-5, 9, 31,
35, 224

Diagnosis and measurement techniques

biochemical, 143, 148

biopsy, 157 (Fig. 5), 187-188, 196

densitometric, 119 ff.

differential, 146, 155

intramedullary pressure, 140-141, 144, 145, 186,
210

isotopes. See Isotopes

osmometer, 138

oximetry, 186

phlebography (venography), 145, 186-187, 196,
201-202

radioautography, 119 f.

radiology, a general criterion, 152. See also
Roentgenography

radionuclides. See Isotopes

scintillation detector probe, 185-186, 192, 209-210

tomography. See Roentgenography, tomography

ultrasonics. See Ultrasonics

viscometer, 145

xeroradiography, 177-181, 191, 195, 245

Divers
amateur scuba, 223, 224
dysbarism in, 7-8, 25, 190
—— registry for. See Registry
legislation re, protective, 221-222, 224, 225 229-230
osteonecrosis in, 7-8, 19-20, 113, 167 (Fig. 7),
195-196
commercial, 9-15, 209, 243, 244
experimental, 8, 209, 243
Royal Naval, 7-8, 140, 155 ff., 209, 243
U.S. Navy, 8
reducing risks to, 223-224
vocational rehabilitation and pensioning of, 224
Diving
contractor., See Contractor
excursions, repetitive, 39, 51
experimental, 140, 190
federal (U.S.) standards for, 222, 234, 239-240
helium, 37, 209, 231
repetitive, 49, 50, 51, 53, 105 f.
saturation, 37, 39, 48, 51, 57
scanning survey following, 190
See also Pressure exposures

Doppler ultrasonic detector. See Ultrasonics

Drugs
addiction to, 92-93
in dysbarism treatment, 129, 241

“Dry joints,” 139
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Dysbarism ( Decompression sickness)

acclimatization and resistance to, 30, 31, 33, 34, 52

asymptomatic, 106, 241
bends. See Bends
“chokes,” 33, 243
CNS manifestations, 23, 33, 233
cutaneous manifestations, 34, 52
effects of pressure-change rate, 140
etiology, 44, 55-56, 127, 128, 135-136, 241
and fat embolism, 127-130
fatal, 17, 31, 106, 109, 115, 215, 245
clinical findings (one case), 83-84
and gas embolism, 56-57
incidence. See Incidence
and osteonecrosis, correlation between. See
Osteonecrosis, and dysbarism
registry. See Registry
“staggers,” 33
time interval, after decompression, 30-31
treatment
drug, 129, 241
hypothermia, 129
See also Oxygen; Recompression; Tables
Types I and I1, definitions of, 30

See also Blood; Bubbles; Compressed-air workers;

Divers

“Elastic modulus,” 52, 126

Emboli, Embolism

air, 36, 56, 127

artificial
glass spheres, 115, 116 (Fig. 5)
Lipiodol, 117-125

fat
experimentally induced, 117-130, 143
fatal, 83-84, 245
intraosseous, 126 (Fig. 13), 127, 129
laboratory tests for, 183
relative to dysbarism, 31, 91, 128, 245
relative to osteonecrosis, 91 ff., 117-130,

143, 244
gas-bubble. See Bubbles

Enchondroma, 155, 157 (Fig. 5), 187
Endosteal thickening, 109, 160, 167 (Fig, 7)
Erysipelas, 145

Erythrocytes, Erythroid
aggregation of, 133-136, 244
after decompression, 134, 145-146
disintegration of, 121, 125
hyperplasia, 97, 98 (Fig. 7)
sickled, 97

Excursion saturation diving, 51

Exercise, relative to decompression, 31, 38
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Experimentation in pressure exposures

animal

dogs, 127, 128, 129, 140-141, 146

, rheological changes in, 133-136
hamster, 145
rabbits, 127-128
, dysbaric osteonecrosis in, 117 ff.

sheep, 114-115

swine, miniature, 105-111, 113-114, 145-146
human, 32-33, 190

Fat, Fatty
body, and dysbarism, 36
embolism. See Embolism, fat
lipid studies, 105 ff., 128-129
marrow. See Marrow, fatty
tissues, and gas transport, 36

Femur, Femoral, 67 ff., 87 ff.
atrophy, 69 ff. See also Wolff’s law
embolization in marrow of, 83
head
blood supply to, 68, 186
—— — —  —'inrabhit- 119
—_——__inshsép. 114
fat embolism in, 129
—_ inanimals, 117 ff.
fracture of, 70-71, 74-75, 98
idiopathic necrosis of, 98, 187, 188 (Fig. 5)
lesions in, 74, 92 ., 125, 148, 160, 163-165,
173, 174 (Fig.), 184 (Fig.), 191 (Fig),
202 (Fig.)
, in nondecompression cases, 87 ff.
., postmortem findings, 115, 244
, significance of, 4
ligamentum teres, 68, 74, 114, 119
neck
blood supply to, 67-68
fracture of, 74, 98, 147, 148, 165
— fatigue, 98-99
lesions in, 168 (Fig.), 173, 175 (Fig.)
necrosis, in animal experimentation, 120 ff.
revascularization, 185, 210
surgical, 198, 202, 210
shaft, lesions in, 44, 113, 153 (Fig.), 156 (Fig.),
230
trauma to, 98-99
age and healing process, 74, 79-80, 81
sequelae of, 69 ff.
vascular supply to, 67-69, 74, 144-145
interruption of, 114-116, 125, 244
See also Bone; Hip; Lesions

Fibula, osteonecrosis in, 155, 157 (Fig. 5)
Fluid shifts, in tissue. See Osmosis
Fluorine-18 bone scans, 171 ff., 185, 190
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(Gas, inert

bubbles. See Bubbles
diffusion, 37, 51
embolism, 56-57, 127, 134, 143, 245
formation, in bone, 52-53
solubility, 47, 138, 141
in solution, 31, 37, 47 ff.
supersaturation, 47 ff., 241

in blood, 36

in bone, 47, 53

in tissue, 146-147
transport

impairment of, 34-35

theoretical models, 47-48

tissue to lung, 36-37
ultrasonic detection. See Ultrasonics
uptake and elimination, 51-53
See also Tissues; specific gases

Gaucher’s disease, 88, 91, 102, 155
Gout, 88, 90, 93, 155
Government regulations, occupational hazards,

223-226. See also Beryllium; Coal Mine;
Divers: Diving, federal standards; Jones Act;
Longshoremen’s Act; Occupational Safety;
Registry

Habitats, compressed-air

excursions from, 39, 51
residence in, 40

Hageman factor, 90, 143

Haldane’s theory, 36, 47, 51, 52
Half-saturation times. See Tissues
Haversian systems, 108, 121, 124, 126, 144
Helium

diving, 7-8. 51, 209
exposure, 52
transport, 37

Hemoglobinopathies, 29, 91, 95-98

necrosis involvement, in children, 97

Heparin therapy, 129, 241
Heroin addiction, 92-93
Hip. Hip joint

lesions in, 43, 45 (Fig.), 46 (Fig, 6)
incidence of, 9, 157 (Fig. 6), 158 (Fig. 7)
osteonecrotic degeneration of: a case history, 10-14
radiologic technique re, 154
revascularization of, 198
surgical repair of, 198, 199, 205-207, 210. See also
Management and treatment
treatment of, following trauma, 75-76
See also Bone; Femur; Lesions

Howship’s lacunae, 70, 72 (Fig. 10), 73 (Fig. 12)

INDEX

Humerus, Humeral
in animal experimentation, 106, 109, 110 (Fig. 9)
head, 113
collapse of, 46 (Fig. 7),96 (Fig. 4), 185
embolism of, 129
lesions in, 114-115, 154, 160, 173, 174 (Fig.),
175 (Fig.), 196-199
radiologic techniques re, 154, 155, 185
lesions in, 11 (Fig. 2), 13 (Fig. 4), 152 (Fig. 2),
161 (Fig. 1), 164 (Fig. 4), 180 (Fig. 6),
181 (Fig.)
revascularization of, spontaneous, 185. See
also Lesions, revascularization
See also Bone; Lesions; Shoulder

Hyperbaric workers, U.S., population at risk, 221
Hypercorticism, 155

Hypercortisonism, 91, 94-95, 117

Hyperlipemia, 88, 90, 92, 94, 117, 128, 143, 183
Hyperuricemia, 88, 89, 90, 93, 94

Hypobaric exposures, 8, 17-18

Hypovolemia, in fatal dysbarism, 83

Incidence
bends, in tunnelers, 23, 44, 140, 233
dysbarism, in tunnelers, 30 ff., 244
— reduction of, 39-40
osteonecrosis
in aviators, 17-18
in divers, 7-8, 9-14, 19-20, 105, 160
in tunnelers, 3-4, 33, 35, 41, 140, 234
—  reduction of, 39-40
Insurance, and hyperbaric exposure, 221, 223-224,
231, 233-234, 235
population at risk, U.S., 221
Ischemia, 126, 137, 144, 148
after compression—decompression, 127, 146
damage to cells, 135
delayed, after pressure exposure, 137, 141
etiology of, 91
and sickle-cell disorders, 97
vasculitis relative to, 95

Isotopes, radioactive, in scanning, 196, 210

in animal experimentation, 119 ff.

calcium, 171, 185

comparison of, 172 (Table I)

cost of, 190

as diagnostic technique, 145, 171-176

fluorine, 171-176, 185, 190, 210

phosphorus, 119 ff., 185-186, 192, 210

pre- and postdive findings, experimental, 190

vs, radiological findings, 173-176, 190, 245, 246

strontium, 171-173, 190, 191-192, 210

technetium, 185, 246

time lapse, from insult to positive findings,
190-191
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Jones Act, 223, 229, 230, 236

Knee
incidence of bends in, 201
lesions in, 9, 44
radiographic technique re, 154, 155
surgical treatment of, 77-78

Labor unions, and hyperbaric workers, 225, 226, 235
Legal aspects of diving and tunneling, 222, 223-224,
225, 229-230, 233-234, 235-236
Legg-Calvé-Perthes disease, 79, 80 ( Fig. 24), 81, 91
Leriche syndrome, 99
Lesions, osteonecrotic
asymptomatic, 3, 4, 29, 33, 35, 43, 44 (Fig. 4), 87,
140, 151, 154, 195, 201, 241-242
classification of ( MRC), 3, 9, 151-152, 160
figures illustrating, 161-168
cortical thickening, 109, 154
disabling vs. nondisabling, 160, 168
distribution of, 4, 7, 9-10, 29, 92, 157, 158, 201
in divers vs. caisson workers, 113, 152, 166-167,
209, 244
and dysbarism. See Osteonecrosis, and dysbarism
endosteal thickening, 109, 160, 167 (Fig. 7)
epiphyseal, 19, 94, 98, 162, 163-165, 201
etiology of. See Osteonecrosis, etiology
incidence of. See Incidence
interpretation of, 161-166
intramedullary, 17-18. See also Marrow
juxta-articular, 29, 34, 41, 113 (Fig. 1), 151, 183,
195
classification of, 9
collapse in, 152, 154
and further pressure exposure, 99, 209, 245
progression of, 152 (Fig. 2)
significance of, 9, 15, 45
as therapeutic problem, 196
medullary, 10 (Fig. 1), 113, 153 (Fig.)
classification of, 9, 151
metadiaphyseal, 93, 99, 201
metaphyseal, 19, 162
progression of, 114-115, 152 (Fig. 2), 154, 157
(Table 1), 190, 191, 196 ff., 209
repair of, 114, 115, 123, 129, 147, 148, 190, 192,
196, 202, 210, 244 See also Creeping
substitution
revascularization of, 186, 211
spontaneous, 81, 126-127, 185, 210
surgical procedures for, 198, 201-203, 210
shaft, significance of, 209, 230, 234
sites typically affected, 4, 7, 48
snoweap, 12 (Fig. 3), 43, 161, 162 (Fig. 2), 163,
185
Stages I, I1, and III, definitions of, 201-205, 206
unsalvageable, 204
See also Bone; Osteonecrosis; Surveys; specific
bones
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Lipids. See Emboli, fat; Fat
Lipiodol embolism, experimentation, 117-130
Liver

disease, 88, 89-90, 91-93, 102
, and heroin dependency, 92-93

as fat depot, 91, 94

in osteonecrosis etiology, 128-129

fat embolism in, 117, 120
Longshoremen’s Act, 229, 236
Lung

disease, 102, 222, 247

fat embolization in, 83, 84 (Fig. 2), 117, 120, 127,

128, 130, 143
gas transport, tissue to, 37
“vascular waterfall” theory re, 141

M-values, 47 ff.
Management and treatment of osteonecrosis, 44-46
bed rest, 46, 196, 202, 245
continued work in compressed air, 195, 201, 209,
225, 245, 247
in divers and caisson workers, general, 195-199
drugs, 246
prostheses, 198, 199, 210
advisability of, 46, 198
arthroplasty, 205, 206, 208, 210
restricted activity, 195, 201
revascularization procedures, 198, 201-203, 207,
210
surgical repair, 76, 77-78, 197-199, 245
arthrodesis, 205, 206, 207, 208
arthrotomy, 77
osteotomy, 205-206, 207

Marrow
erythroid hyperplasia, 97, 98 (Fig. 7)
fatty, 52, 70, 98
necrosis of, 69 ff., 93-94, 97, 109 (Fig. 6),
122 ff.
regeneration of, 70 ff., 123, 124, 126, 127, 130
role in dysbarism, 47, 48, 51
role in osteonecrosis, 47, 48, 52, 121 ff.
sensitivity to O, toxicity, 52
gas formation in, 47, 51-53, 127-128
hemorrhage in, 83
intramedullary pressure in, 141, 144, 145
experimentation in, hyperbaric, 140-141
and sickle-cell disorders, 97-98
supersaturation in, 47 ff.
Measurement, techniques of. See Diagnosis and
measurement
Medical Research Council, U.K., 3-5, 19-20, 45,
155, 166, 215, 225, 245
osteonecrosis classification of, 9, 151-152, 160
Metabolism
of bone, 61 ff., 190-191, 210
disorders of, osteonecrosis-related, 87 ff., 91 ff.
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Milwaukee tunnel project, 41-46
decompression tables used in. See Tables,
Washington State
workmen’s compensation aspects of, 233-234

National Institute for Occupational Safety and
Health (NIOSH ), 239-240, 245-246

Nitrogen

in dysbarism etiology, 127, 128

exchange, in tissues, 48

osmosis, 137

in osteonecrosis etiology, 129

oxides, adverse effects of, 55

tissue tension, in repetitive pressure exposures,

49, 50
transport, 34, 35, 36

uptake and elimination from tissues, 38, 40, 51-53,

55
Nitrous oxide, as osmotic agent, 137-138

Occupational Safety and Health Act (OSHA ),
41, 221, 234, 236, 239-240

Osmometer, 138 (Fig. 1)

Osmosis
gas-induced, 137 ff., 144, 244
hypothesis re, in delayed ischemia, 137

Osteoarthritis, 13 (Fig. 4), 165 (Fig. 5), 166, 173

Osteochondritis dissecans, 77-78, 79 (Fig. 21, 22,
23), 165

Osteonecrosis

acclimatization factors in, 4

age relationship to, 7, 87, 93

associated conditions in avascular, 87 ff., 102

asymptomatic. See Lesions, asymptomatic

case histories of, 10-14, 17, 233

clinical characteristics of, 87 (.

correlatives between, and hyperbaric exposure,
4, 243

detection of, via urinalysis, 65

and dysbarism, correlation between, 3, 7-8, 17-18,
29, 31, 47-48, 65, 67, 105 ff., 113, 127-130,
184 (Fig.), 190, 198 (Fig. 4), 233, 241-242,
243

physiological aspects of, 137-142

etiological considerations in, 3-4, 31, 39, 44, 47 ff.,
87-90, 115-116, 125, 126 (Fig. 13), 127-130,
143, 221, 241, 242, 243-245

experimentally induced, in animals, 117-130

dysbarism-related, 105-111, 113-115

in hyperbaric exposures, specific. See Pressure
exposures

in hypobaric exposures, 8, 17-18

idiopathic, 79, 88 (Fig. 1), 91 ff., 141

INDEX

Osteoneocrosis (continued)
incidence of. See Incidence
management and treatment of. See Management
and treatment
metabolic implications in, 61 {f., 87 ff., 91 ff.
nondecompression-related, 87-90
pathophysiology of, 53, 67 ff., 129, 160
prevention of, 25, 35, 56, 130, 235, 244, 246
prognosis in, 78, 79, 245
repair process in. See Lesions, repair
replacement process in, 70 ff., 81, 162, 163, 165,
192, 210-211
age relationship to, 74, 81
See also Creeping substitution
surveys. See Surveys
time lapse, between insult and, 56, 143, 146-148,
217, 244
trauma-induced, 98-99
treatment of. See Management and treatment
See also Bone; Compressed-air workers; Divers;
Lesions; Roentgenography; specific bones
Osteotomy, 205-206, 207
Oximetry, differential, 186
Oxygen
in decompression practice, 25, 37-38, 40
diffusion in tissues, 37
as fire hazard, 29, 37
high-pressure, effects of, 53
hypoxia, 135
inhalation regulator, 39
therapy
in dysbarism, 18, 23, 29, 34, 38
in other conditions, 39, 137
toxicity, 52
“window” concept, 34, 37, 38, 51, 53

Pancreatitis, 93-94, 102, 155
Phosphorus, radioactive, 119 ff., 185-186, 192, 210
Physical examinations, pre- and postemployment,
19, 25, 28-29 39, 41, 91, 99, 217, 221, 224
as employee—employer protection, 235-236
insurance requirements, Wisconsin, 233-234
labor-union attitude toward, 225, 226
Platelet
aggregation, 31, 39, 109, 129, 130
counts, abnormal, 88-90, 105-106, 143
, in experimental pressure studies, 105 ff.
, in osteonecrosis, 88 ff.
Poseidon, H. M. Submarine, 147
Pressure changes, rapid, dangers of, 140
Pressure exposures
acclimatization to, 4, 36
experimental. See Experimentation
monitoring of, 235
pneumatic analogue computation of, 51
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Pressure exposures (continued)
repeated, and osteonecrosis, 3, 4, 19, 137
repetitive, 17, 49, 50, 51, 105
specific

leading to dysbarism fatality, 83-84
leading to total disability, 233
maximum safe, 41, 195, 209, 243

Professional divers

International Association for, 225

labor unions and, 225, 226, 235
Prostheses. See Management and treatment

Pseudoarthrosis, 75, 210

Radiation exposure in diagnostic techniques, 3, 42,
102, 171 ff., 178-179, 185, 191
pelvic shielding against, 42, 154

Radioautography, 119 f.
Radionuclides. See Isotopes

Recompression, therapeutic, 7, 17, 23, 29, 31, 128,
129, 130
chamber, 29
U.K. registry re, 215
worker reluctance re, 31, 241, 242

Registry, central, decompression-sickness, 154, 246
U.K. (MRC), 3-5, 140, 155, 195, 215-219, 224
U.S. proposals for, 53, 221-222, 223-224, 235

Regulations, federal, re occupational hazards.
See Government regulations

Renal transplantation, 94-95, 96 (Fig. 4, 5)
Research, future goals for, 57, 246

Revascularization. See Lesions; Management
and treatment; specific bones

Reynaud’s disease, 88

Roentgenography, Roentgenographic
A-P /frogleg, comparisons of, 14 (Fig. 6), 19,
42, 79-80, 154, 155
criteria, in necrosis diagnosis, 151-158
Grashey position, re shoulder, 42
interpretation, 74, 75, 106-111, 114-115, 160,
161-166
in animal experimentation, 120 ff.
manifestations
lacking, in osteonecrosis, 14 (Fig. 6), 97, 115
time lapse, after insult, 56, 114-115, 146-148,
217, 244
preemployment. See Physical examinations
routine and serial, 154, 155, 157-158
in commercial-diving practice, 19
in men at risk, 160
Roval Navy practice, 160
in suspected osteonecrosis, 74, 196, 201
and scanning techniques, compared, 173-176,
190, 192, 245
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Roentgenography, Roentgenographic (continued)
sites, clinically important, 3
surveys. See Surveys
techniques, 9, 42
standardized, 74, 154, 245
tomography, 12 (Fig.), 14, 19, 147, 155, 164 (Fig.)
183-185, 195, 201
and xeroradiography, compared, 179-181, 191, 245

Royal Navy
divers, protection of, 209
osteonecrosis surveys of, 7-8, 155-158

Scanning, radionuclide. See Isotopes;
Roentgenography
Shoulder, Shoulder joint
lesions in, 7, 13 ( Fig.), 43, 44, 46 (Fig.), 151
(Fig. 1), 173, 175 (Fig.), 180 (Fig. 5)
detection of, 42, 152
radiologic techniques re, 154. See also
Management and treatment
surgical repair of, 205, 210
See also Bone; Humerus; Lesions
Sickle-cell abnormalities, 29, 233
incidence in population, 97, 98
relative to osteonecrosis, 91, 95-98, 102
Squalus, Submarine, 37
“Staggers,” 33
Steroid therapy
corticosteroids, 94-95, 96 (Fig. 4, 5), 147
in necrosis etiology, 88, 90, 102
Strontium, radioactive, bone scans, 171 ff.
Submarine escape, 140, 147, 243
Supersaturation. See Gas
Surveys, osteonecrosis
BART, preliminary results, 31, 39-40
compressed-air workers, 3-5, 33
divers
Ariake Bay, 105
civilian, general, 19-20, 158
Gulf of Mexico, 9-14, 19, 171 ff.
results of, compared, 7, 10
Royal Navy, 7-8, 155-158
U. S. Navy, 8
German experience, 19, 20
Polish experience, 20
U.S. Air Force, 17-18
See also Roentgenography

Tables, decompression, 47 f]., 243-244
Blackpool (1966; 1968), 4, 5, 49, 102
British (1951), 49, 50-51
calculation of, 36-37, 38-39
comparisons of, 4-5, 31-35, 44, 49, 102
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Tables, decompression (continued)
inadequate, 44, 111, 233, 239, 241, 242, 244
meodifying current, 53
MRC (U.K.), 34-35
New York, 31-34, 39, 41, 49
nonwork experimentation, 32-33
Royal Navy, 8
treatment, 18, 23, 38, 241
U.S. Department of Labor regulations, 234
U.S. Navy, 10, 12, 23, 31, 34, 38, 41, 48, 49, 231,

241, 244
Washington, D.C. (1966), 5 (Table IIT)
Washington State, 5, 25, 31, 34-35, 36, 39, 55, 102,
209, 233, 243-244
in Seattle tunneling experience, 23
in Wisconsin tunneling experience, 41, 44
Work in Compressed Air Special Regulations,
3,31

Technetium, 185, 246

Tibia
fracture of, 74 (Fig. 13), 75
lesions in, 113, 153 ff., 167 (Fig. 7)

incidence, 201

Tissue(s)

—blood tensions, 139 (Fig. 3)

damage, 133-134

death, 125, 148

“elastic modulus” of, 52, 126

fat embolism in, 143

half-saturation times, 34, 36, 38, 47 f.
inert-gas exchange in, 36-37, 47-48, 51 ff., 244
supersaturation. See Gas

See also Decompression, theory

Treatment
in dysbarism. See Oxygen; Recompression
in osteonecrosis. See Management and treatment

INDEX

Tunnel construction
BART, 25-40, 56, 223
Blackpool, 3
Clyde, 3, 215-216
contamination problem in, 55-56
Dartford, 3
Dungeness, 4
Lincoln Tunnel, 33-34, 223
Milwaukee, 41-42, 223
Seattle, 23, 34
Tyne, 4, 35, 215-216
See also Compressed-air workers

Tunnelers. See Compressed-air workers

Ultrasonics, in bubble detection, 35, 51, 53, 56-57,
128, 143, 241, 244, 246

Vascular supply to bone. See Bone, vascular
supply of; specific bones
Viscometer, 133, 145

Weight-bearing, in osteonecrosis
avoidance of, 196, 197, 201, 202
following surgical repair, 199
Wolff's law, 73, 76
Work shifts
single, 31, 48, 49, 102
split, 31, 33, 39, 41, 43, 48, 49, 105
tabulation of
MRC and Washington State, 34 (Table IV)
Seattle tunnel, 23
Workmen’s compensation, 31, 33, 209, 223-224,
229-230, 231, 247
under Wisconsin statutes, 233-234, 235-236

X-ray. See Roentgenography
Xeroradiography. See Diagnosis; Roentgenography
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