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ﬂThe future progress of ophthalmology will
depend upon increase in knowledge of the physiology of the
eye, and the further advance: in the treatment of ocular
diseases will in all probability be brouzht about by the
application of discoveries by the chemist and the physicist
rather than by any considerable improvement in operative
technique.  The physician, however, is not a pure chemist
or a pure phvsicist, or even a pure physinlogist. He is
on a different platform from that occuvied by any other
science student, and must study every medical problem from
the standpoint of the hody as a whole. He must adapt for
his own purposes the advances of science in general, and
more especially those of that fundamental science -
biochemistry. The causal factors of disease, whether of
bacterial or of metabolic origin, are essentially chemical

in character," - Maitland Ramsay.



it

PREFACE,

This Thesis 1s based upon work carried out by the author
as an Experimental Officer during 1942-43 at the Chemical
Defence Experimental Station, Porton, to which he kas
seconded from the Royal Navy, This war-time experience has
Been supplemented by a survey of clinical cases treated at
the Tennent Institute, Western Infirmary, Glasgow, I am
indebted to Surgeon Captain A, Fairley, 0.B.E, R.N,, Director
of Physiological Research, Porton, and to Prof, W.J.B.Riddell,
Professor of Ophthalmology in the University of Glasgow for
their interest and encouragement,

Security restrictions have been removed from those parts
of the Thesis which deal with matters which were secret during
hostilities, Nothing has been included which comes under the
Official Secrets Act,
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STUDIES IN THE REACTION OF THE EYE TO THERMAL,
CHEMICAL AND RADIATIONAL HAZARDS,

‘SUMMARY,

Chemical injuries are often described as burns, a
term which, in its more general application, is used to include
the lesions produced by physical as well as chemical agencles,
In order to apply the experience gained in the relatively
limited field of chemical injuries to the more usual types of
ocular burn met with in civilian hospital practice, it was
decided to make an analysis of all cases of burns of the eye
occurrdng in a large hospital population. I am indebted to
Professor Riddell for placing at my disposal for this
purpose, the case-records of all patients examined on account
of ocular conditions in the Tennent Institute, Western
Infirmary, and I have taken the opportunity of putting
- clinical impressions to the test by applying statistical
methods In this analysis. This forms the subject matter of
Part 1, together with a short discussion of a group of cases
of acclidental injury to the eyes caused by mustard gas vapour,
I am again indebted to Professor Riddell for access to his

records of these cases, originally prepared for the

Ministry of Supply.

The Second World War gave an impetus to the study

of the bilological effects of certain chemical substances

which were considered potentially useful in warfare. I was

fortunate in having the opportunity to take part in
experimental research designed to determine the effects of

such substances on the eyes of animals., If was undesirable
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for obvious reasons, that the results of these experiments
should be published during the war, but restrictions have
now been removed and the work is incorporated in Part 2
of this Thesits,

The available literature has been reviewed and
assessed in the 1light of my own experience. Certain
papers selected for more detailed consideration are
presented.in Part 3.

A discussion of ocular burns with particular
reference to the theoretical and biological aspects of the

subject is based on observations contained in thé

preceding parts. This forms the final section,
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"As in Mathmeticks, so in Natural Philosophy, the
Investigation of difficult Things by the Method of Analysis,
ought ever to precede the Method of Composition.e.seeeseseeee”

Sir Isaac Newton., Opticks, 1730,
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PART 1,
CONTENTS,

STATISTICAL ANALYSIS OF BURNS OF THE EYE FOUND AMONGST
A SERIES OF HOSPITAL PATIENTS,

Review of the Data,
Proportional Rate of Qccurrence of Burns,
Classification of the Data.

(1) Cases of recent injury to the region of the eye,
(2) Cases of ocular complications of burns,

Analysis of Cases of Recent Injury. - Group I
A, Analysis of the Main Factors.

Frequency Distribation,

Age Distribution: Age and Severity.

Sex Distribution: Age and Sex.

Severity of the Injuries: Testing of Severity
Values by various methods:
Units of Severity.

Localization of the Injuries,

The Nature of the Injuring Agent.
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B. Relationship between the Main Factors,
(1) Age in relation to Other Factors,

a., Age and Sex,

b. Age and Severity.

c. Age and Localization,

d. Age and the Nature of the Agent,
e, Age and Visual Acuity.

(2) 8ex in relation to Other Factors.

a. Sex and Severity,

b, Sex and Localization,

c. Sex and the Nature of the Agent,
d. Sex and Visual Acuity.
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(3) Severity in relation to Other Factors.

a, Severity and
b. Severity and
¢, Severity and

(%) Localization in

Q. Localization
b. Localization

Localization,
the Nature of the Agent,
Visual Acuity.

relation to Other Factors.

and the Nature of the Agent,
and Visual Acuity.

(5) The Nature of the Agent in relation to
Visual Acuity.

’Classification.

Analysis of Cases of Ocular Complication of Burns =

Group II.

A, Condition due to Chemical Agents,
B, Condition due to Thermal Agents,
C. Condition due to Radiational Agents.

Gas Vapour,

Ocular Effects of Accidental Exposure to Mustard

2.
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PART 1.

STATISTICAL ANALYSIS OF BURNS OF THE EYE FOUND
AMONGST A SERIES OF HOSPITAL PATIENTS,

1. Review of the Data.

During the years 1936-45, 14,234 ophthalmic cases
were recorded in the Tennent Institute of Ophthalmology.
This total includes out-patients attending the department
and patients examined in the wards of the Western Infirmary,
From amongst this number, 96 patients were examined on
account of the effects of burns in relation to the eyej the
complete data extracted from the €fase-records of this series
of 96 cases are shown in Table 1.

Certain limitations were apparent in the data at
the outset, For instance, it would have been of interest to
know where the accident occurred, whether at home or in the
course of employment, but observations »n this point were so
infrequent that they have been omitted. It would also have
been of interest to know the nature of any first-aid
measures which were taken immediately after the accident, and
the interval of time which elapsed before first-aid was
applied, but here again the records were insufficient. In
the case of other factors, such as visual acuity, while the
records afe not complete, the recorded observations are of
sufficient frequency to be of value. When an observation

was not recorfed, this has been shown as N.R. in the

15—
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appropriate cell of the table., Certain other entries call
for explanatory comment, The injuring agents have been
classified according to the type of injury as well as the
recorded cause. Case 2 has been shown as 'electrical
flash (Ehermal)" whereas Case 74 appears as "electrical
flash (radiational)". The distinction is clear from the
notes in the respective case-records. Column 8 gives a
namerical assessment of the severity of the injuries for the
purposes of the analysis. The figures shown as "Units of
‘Severity" represent the total number of days of in-patient
treatment, or the total number »f days of out-patient
attendance, or the sum of these values, accordiné tn which is

applicable in the particular case.

2. The Proportional Rate of Occurrence of Burns.

As has been stated, 96 cases of burns relafed to the

eye occurred amongst 14,234 ophthalmic patients during the
period 1934-L45; this is equivalent to a pfoportional rate
of 0.67%. It is not possible to state the true incidence

r=lative to the general vpopulation since the population at

risk is not known.

3, Classification of the Data.

On a preliminary pe—usal of the data the material
was found to be heterogeneous and it was apparent that
classification would be necessary before statistical methods %
could be apnlied. In two cases (seriel numbers 17 and 32i
Table 1.) examination revealed no abnormalitv, These cases
have been excluded from the following statistiecal analysis;g

their exclusion does not affert significantly the
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proportional rate calculated above, The remaining 94
cases were found to fall into two groups:-

(1) Cases of recent injury to the region of the eye..., 87
(2) Cases of ocular complications of burnNS..eesecceces

4, Analysis of Cases of Recent Injury -- Group I.
A. Analysis of the Main Factors.

(1) Freguency Distribution. The frequency
distribution of these cases over the ten year period is
shown in Table 2,

The question might be raised as to whether there
is any significant alteration in the frequency of
occurrence of these injuries during the war years 1939-45 in
comparison with the years 1936-38, The data have been
regrouped for this purpose in Table 3. The proportional ratJ
shows a decrease from 0.73% in the prewar period to 0.57%

during the war years. Applyinz the X2 test of significance,?

a value of 1,097 is obtained for'X?; since there is one
degree of freedom this corresponds to a probability value
between 0.30 and 0.20, indicating that the difference in
the proportions could reasonably be accounted for by shance,
(2) Age distribution. Whether the age of the
patient influences the severity of these injuries ot not, is
a question worthy of investigation. Differences in tissue
resistance might occur in the very young and the very old as
compared with the intermediate age-groups. In attemoting
to answer this question from the data it will be observed
that the whole series can be divided into two groupss one

group receiving in-patient treatment, and a second'group
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recelving oﬁt-patient treatment only. The observed
frequency distributinn according t» age in both groups 1is
shown in Table 4, It could reasonahly he assumed that the
group receiving in-patient treatment would, in general,

tend to include the more severe cases., On this assumption
the difference in distribution between the twn groups which
is apvarent in Table 4 might lead to the inference that there
is a rélative increase in the number of severe cases in later
age groups. it would be unsafe to come to such a conclusion,
however, before attempting to determine whether a difference
~of this order misht be expected to occur frequently by chance
in a series of similar observa*ions. The X2 test &s asain
applicable after the age-groups have been combined as shown
in Table 5., X2 is calculated to be 0,012A; since there are

two degrees of freedom, this corresponds to a probability

value of about 0,99. This value 1§ not significant, so there
is no reason to attribute the difference observed between the f
grouns to anything but chance, By re-arrancing the data as

in Table 6, it appears that the majority of such injurimes occur;
during the years of 1life usually occupied in gainful
employment,

(3) Sex Distribution. If the observations

shown in Table 7 were interpreted nn a percentage basis alone, !
the results would be misleading. Females account for 12.6%
out of the whole series of 87 cases. In the in-patient group
they account for only A.7%, whereas in the out-patient

group they account for 15.8%, a dif“erence which micht sppear

to be significant. If the X2 test is applied to the dsta in
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Table 7, 2 value of 1,49 is obtained for X2; since there 1is
one degree of freedom, the probability value lies between
0.30 and 0,20, which is not significant. It will be
observed that one of the cells in Table 7 contains a value
of less than 5, This is known to affect the value
calculated for'X? in such a way that observed differences
appear to be more significant than in fact they are. Since
the probability value obtained does not reach the conventional
level of significance, the test is valid in this instance;
but if the value had been significant it would have been
necessary to adjust the data in the table in acrordance with
Yates' correction for continuity, before apnlying the X2 test.
It 1s safe to conclude, however, that the difference in

distribution between the sexes observed in Table 7 may

well be accounted for by chance.,

Relationship between Age and Sex. To §

consider the distribution of cases of recent injury with

relation to both age and sex, the data may be arranged as

shown in Table 8, There appears to be a marked difference

in age distribution between the sexes, and to test this
impression, the observations are re-grouped in Table 9, The
same data are shown in Table 10 after application of Yates!'
correction. The values in each cell are altered by 0,5 in
such a way as to make them more alike, while the marginal
totals remain unchanged. By calculation, X2 = 5,113 and
since there 1s one degree of frezdom, thils corresponds to a
probability value of between 0.05 and 0,02, There is good

reason to assume, therefore, that somethinz other than



chance is operative in causing the difference in age
distribution between the sexes,

(4) Severity of the Injuries. Before
discussing the nature of the injuries and their localization
it is desirable to arrive at some numerical method of
assessment of their severity. This is a difficult problem
since 1t implies assessing features difficult of measurement,
and comparing features of different lesions; obviously it
is not possible to do so with scientific acruracy.
Fortunately, however, all that is necessary for the present
purpose is to select some scale of measurement for the
severity of the lesions which will indicate numerically the
facts recorded in the data, and which will be sufficiently
accurate to allow a rough comparison to be made betwe=n
the various injuring agents with regard to the severity of
the lesions they produce, The simpler and more objective
such an assessment is, the better,

From Table 1 it is found that in six cases within
the groun of recent injuries, evidence is recorded of
permanent residual damage to the eye as a result of the
injury,.(Serial numbers - 8, 9, I+, 23, 27, and 93.) These
defects range from corneal scars associated with normal
visual acuity to loss of an eye, but all the eyes have
suffered permanent structural damage. Any scale of severhty
values selected, if wvalid, mist discriminate clearly between
this group of six cases and the'remainder.

Considering first the group of cases receiving in-

patient treatment, the total number of days which the
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patient remained in hospital could be taken as a simple
obiective estimate of severity in each case. One case
(Serial number - 79) is omitted from consideration in this
group since the duration of hospital treatment is not known.
The resulting series of 29 cases includes all six cases
showing permanent structural damage. Table 11 shows the
observed frequency distribution for the series of in-
patient cases arranged according to periodsof seven days.

In the case of patients receiving gut-patient

treatment only, the total number of attenda:nces at hospital

could be taken as an estimate of severity. The frequency
distribution for this group of cases is shown in Table 12 .
From consideration of Table 11 and 12 it will be
apparent that in neither group do the observed frequencies
have a normal distribution, but that they appear to decrease
after the fashion of series distributions. Since one of the
variates is continuous, the Poisson series 1s not
applicable in either case. Nor do they appear to give s
good fit when tested by the general formula y = Cx~1, in
order to determine whether y varies inversely as a power of
X When tested to determine whether the observed values
conform to an exponential law of general formula y = Ce'kx.
it is found that values of log y plotted against x do not
appear to approximate to a straight line. Since the
observations in each group are relatively few and do not
appear to give a good fit to any of the commoner types of
series distributions, and since the exact determination of a
formula to describe the distktbution is not of immediate
importance, the matter will be left there having called
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called attention to the fact that the distributions are far
removed from that of the normal curve.

Test of Severity Values: Comparison of Means of

Small Samples. Althouzh the observed frequencies are not
normally distributed, the severity values in the two groups
may be tested by the metrod of comparison of the means of
small samples. On the hypothesis that the two groups are
random samples from the same population, and taking the
number of days of in-patient treatment as an estimate of
severity of the lesions, the group of six cases showing
permanent structural defect may be compared with the
remaining 23 cases receiving in-patient treatment,
Estimation of the statistic t, when

t = Difference between the Means,
Standard Error of the Difference between the Means

will show how often by random sampling, differences would

be found between the means as great or greater than the

observed differences. The data are shown in Table 13, Thus:-
Mean for 6 cases with residual defert.....ceve.s 22.5

Mean for 23 cases without residual defect....... 9.783
Difference. ..couvvesvsssorcsccrssscocsscocaccoses 12.717

Sum of squares of deviations from mean for
cases with residual defect...eeeeeeeseeeees 1089.5

Sum of squares of deviations from mean for
cases without residual defectsivieeeeeeesees 2179.937

Combined sum Of SquareS.ooo..ooooc.o-oooooo 3269Th37

Divisor (Sum of degrees of freedom) =
(23-1) + (6'1);.-0.-.00-0.00000 27.0

Mean Square (Variance) = 3269,437
27 ee0sosseses = 121.09

Estimated standard deviation =2«/121.09 = - $11.,00%




Standard error of mean for cases
with re51dual defeCt.Oi....‘.Oli..O.......'..= 00l+

Standard error of mean for cases

w1th0ut reSj.dual defGCtoooocoooooocoo-co‘oooo = ll.OO’-l-
A/23

Standard error of difference

between MeaNnS.....ceceoceoes =i/( ooy 2 1,004 2
g0y 2 (Mg
t11.004 /I, 3
6 23

= ¥ 11,004 29
138
= £ 11,004 ,0.21
= % 11,004 x O.46
= ¥ 5,062
Difference ‘
Then t = Standard error of difference _ 1 = 2.511

.062 |
To enter Fisher's Table of t, n = 27; for this value of n,

a t value of 2.511 corresponds to a probability value of
between 0.02 and 0,01, which is significant if the
conventional level of significance (0.05) is accepted., It
appears, therefore, that the assumption that the two groups
are random samples from the same order of severity values 1s
not valid so far as the means are concerned,

Test of Severity Values: Fisher's Exact Method.

It is desirable to check this result by other methods in
order to obtain a better appreciation of its accuracy. The
X? test is not applicable in this case since it depends on a
distribution of normal tyne. The Table of X2 gives the area
of the tail of a continuous curve, and Yates' modification
tends to overcorrect the exaggeration of significance due to

applying a table of continuous distribution to data which are
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discontinuous. In ordinary use the treatment of
freqguencies by means of the'X2 is an approximation which is
useful on account of its simplicity. In fourfold tables,
however, the probahility can be determined by an exact
method (Fisher 1938) which does not depend on the normal
curve as in the case of'Xz. Since the freguency
distributions of the severity values which have been
observed show a marked departure from the configuration of
the normal curve, Fisher's exact methnd will be used
subsequently in all calculations involving severity values,
Yo confirm the result obtained by *the method of comparison
of the means of small samples, in Table 13, the same two
groups of cases may be tested by the exact method using the
same severity values. The data consist of a fourfold
table, Table 1k,

When the marginal froquencies are known, the
probahility of any obsesrved set of entries is

(atb)! (ctd)! (at+c)!i(b+d)] , 1
n! a! bl c! d!

Substituting *he frequenciles shown in the table into this
formula we obtain the probability of the observed
frequencies. If the probabilities of the next two more
extreme sets of frequencies which misht have been observed
are added to the value for the observed frequency, then
without any assumption or avnproximation, the table observed
may be judged significantly to contradict the hypothesis

of proportionality if the result is a small quantity
(Fisher 1938),
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Substituting in the formuls:-

24! 5 6t 231 E 1 + 1 + 1 3
29. 2. 31 3 21 2! L1 22! 1! 5! 23!

the value obtained is 0.046., This shows that if the

h&pothesis of proportionality were true, observations of the
kind recorded would occur about one in 22 times. This j
result is significant, but the value lies close to the
- conventional level of significance of 1 in 20,

It could be arsued that such values do not
differentiate sufficiently between twn essentially
different groups of cases.‘ It must be clearly understood
that, by such an argument, it is not intended to call in
question the results of the tests, but rather the level of
significance which has been chosen., In the former test
(shown on pages 10 & 11 a dif‘ference in variance between the
groups may enhance the value of t obtained. The test,
therefore, is decisive, if the value of t is significant.
(Fisher 1938). When the sighificance of the difference
between the variances is tested directly by calculating the
statistic z (the difference of the natural logarithms of the
standard deviatinons), the calenlated value of 0.3946 is foundi
to be insignificant by comparison with the 5 per cent point ‘
of the distribution of z. This shows that the significance
of the t value obtained is unlikely to be produced by a
difference between the variances only.

Severity Values tested by X2. It is of

interest to note the result obtained when the X2 test is
applied to frequencies so far removed from the normal

distribution, When Yates' correction has besen applied to the
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observed frequencies in Table lh-,')(2 is found to be 3,163;
for n =1, P = 0,076, But since the observed frequencies
in three of the cells of the table have a value less than
5, and since Yates' corfection has been used, a better
approximation may be given by %P = 0,038, Such a result
ihdicéates that something other than chance is operative,
but jJjudgment should be suspended since P is greater than,
and 4P is less then, the conventional level of significance,
(Mainland 1938).

Units of Severity. On a basis of these tests
it was decided to determine a further set of values which
would differentiate between the two groups of cases on a
highly significant level, For this purpose the sum:: of the
total ndmber of days 6f in-patient trestment and the total
number of out-patient attendances in days was taken as an
estimate in the case of in-patients. When the.case had not
received in-patient treatment, the number of out-patient
attendances in days was taken alone, These values are
shown in Table 1, column 8, under the heading of "Units of
Severity.h

Applying these values as an estimate of severity,
the group of 6 cases with a residual lesion was compared with
the group formed by the remaining 23 in-patients., S%atistieal
tests were found to give the following results:-

Comparison of the Means of Small Samples:- t = 3,488,

n = 27, From the Table of t (Fisher 1938) it is found that
with 27 degrees of freedom, the value of t corresponding to a
probability value of 0.01 is 2,771. Since the calculated
value of t is much greater than this it indicates that the
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difference between the means of the two groups 1is such
that it is highly unlikely that the groups are drawn from
the same population of severity values.

Fisher's Emact Method:- P = 0,00548, This shows that, if

the hypothesis of proportionality stated in Table 15 were
true, observations of the kind would be exceptional,
ocecurring about once in 181 times.

2
The X Test with Yates' correctioni- Data in Table 15,

X° = 6,540, For n =1, P = 0,0105. Therefore #P = 0,00525
which 1s a very close apnroximation to the probahility
value found by the exact method, Both P and &P reach
highly significant level,

The group of A cases with a residusl lesion was
compared with a group consisting of the remainihg 80 cases
of recent injury.

The Exact Method:- Table 16. P = 0.00002. If the

hypothesis of proportionality were true, the observations
in the table would be highly excentional, occurring about
once in 50,000 times,

The values shown as "Units of Severity" in Table 1
will be used hereafter as an estimate of severity in making
a rough comparison between the various types »f lesion.

(5).Localization of the Injuries,

Localization may be considered in either of two
wayss either with regard to the region affected -
regionality, or with regard to the side affected - laterality,

The da*ta are arranged in Table 17,
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It appears that the globe escaped injury in 13 out

of 87 cases, and that the cornea was injuried in 40 out of
74 cases in which the eye was involved. The laterality of
the injuries amongst 74 cases is shown by the ratio:-

Right eye: Left sye: Both eyes: : 24 223 & 27,
The obhserved odds are approximately 1 ¢ 1 in favour of
either eye beine af“ected, and approximately 2 : 1 in favour
of a unilateral as against a bilatersl lesinn., This is in
accordance with theoretical exnectation on the hypothesis that
the distribution of such iniiries as repards laterality is
entirely due to chance. Let it be assumed that in a very
large series of cases of this kind the chances are equal
that either the richt eye or the left eye may he affected by
such an injurv. If from such a vopulation with odds of 1 ¢ 1
there are taken at random a number of palrs of eyes, each
pair containing one right eye (R) and one left eye (L), then
one half of the right eyes will be unaffeéted (Ro) and the
other half will be affected (Rx). For each class of R,
half of the left eves will be unaffected (Lo), and half will be
affected (Lx). The theoretical Aistribution for a very |
large populetion with odds of 1 : 1 can therefore be shown

as follows:-

25% Lo i.e. 25% Ro Lo
50% Ro {

25% Lx 25% Ro Lx

25% Lo 25% Rx Lo
50% Rx {

25% T.x 25% Rx Lx

It is therffore to be expected that if the laterality 1s due
to chance alone, and the chances are equal of either eye

being involved, the ratio obtained in a rand»m sample
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would approximate to :-

Right eye ¢ Left eye ¢ Botheyes : ¢ 1 :1 : 1,
The recorded observations appear to be in accord with such
an hypothesis, being distributed in the ratio :-

0.98 ¢+ 0.9% : 1.09.

Tt will be shown below, however, that L4 cases of radiational
injury are included amongst the 27 cases. In these 4 cases
both eyes were affected, a feature related to the insidious
nature of this type of injury. If these cases are excluded
from condideration, the observed distribution becomes
24 ¢+ 23 ¢ 23 corresponding to a ratio of about
1.03 ¢+ 0,99 ¢ 0,99, which appears t» approximate even more
closely to theoretical expectation on a basis of chance
alone. But it will be shown in a later section that there
is an a58001ation between the distribution of these injuries
with respect to laterality and the physical state of the
1n]ur1ng agency. Therefore the agreement between the
observed frequency and hypothetical expectation is apparent
1on1y, and it would be unsafe to draw aryconclusion from the

Labove results as to the random character of the sample,

(6) The Nature of the Injuring Agent,

‘ . Inspection of Table 1 shows that the types of
1031ons whlch are grouped clinically under the heading of
burns may be caused by a wide variety of different physical
and chemﬁcal agents., In the group of recent injuries the
agents may be cdassified broadly as follows:-

Chemical,
Rhermal,

. Combined chemical and thermal.
. Radiational.

ITNN NN

20 O

a).
)
)
d)
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The majority of cases fall into classes (a) and (b), and
these classes may be analysed furtherj; in the case of
chemical agents into acids, alkalis, and miscellaneous
chemical substances; and in the case of thermal agents,
acenrding to whether the substance was in the solid, liguid
or vapour phase., The distribution observed is shown in
Table 18,

(a). Chemical:~ The acids concerned are both
inorgesnic and organic, Hydrochloric (HC1l), sulphuric (H2SOh)
and nitric (HNOB) represent the common inorganic acids,
acetic (CH3.COOH) and cresylic aclds (CH3.06HMOH) the
organic, Cresylic is a weak acid; it 1s a cresol or phenol
of toluene and bears a close resemblance to ordinary phenol
in chemical preperties,

The chief alkalis recorded are caustic soda (NaOH),
ammonia (NH3) and lime (Ca(OH),). Quicklime (Ca0) combines
with water with considerable evolution of heat to form
slaked lime (Ca(OH)z). Cement and mortar contain slaked
lime which has the power to absorb carbon dioxide from the
air to form calcium carbonate (CaCOQ).

The miscellaneous class includes chemicals which
cannot be vlaced appropriately amongst the aclids or alkalis,
e.g. tetryl (tetra-nitro-methyl-aniline, (N02)306H2N(N0)20H5)

and methylated spiritss provrietary produrts such as

lysol (0% of cresols dissolved in vegetable soap), vim,
creosote ( on oily distillate from wond tar), and the
cosmetic mascara; or other agents of chemical nature but of
imcompletely specffied constitution, e.g. 'disinfectant

fluid', 'anaesthetic', and 'mixed chemicals',
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The following frequency distributions show that
inorganic acids and lime are the commonest agents in their

fespective groups.

ACid§. Alkaliﬁo
InorganiCe.eesseee9d Lime and cement,.......18
OrganiCeeesesssseolt Caustic s0d8.essessesees 3

Ammonlaseseeecesscssses 1
(b) Thermal:- The further analysis of this class
is shown below, together with the observed frequency
distribution,
Solids. Liguids. Vapours.
Hot metal..... 6 Molten metal...... 6 Flamé........15
Hot charcoal.. 1 Boiling tar.....ee 2 Steameseiesees 1
Boiling water..... 2 Compressed
Oxygen,eoees 1
Molten fat....e0e0 1
Flame 1s the commonest iIndividual agent in the thermal class, .
(c) Combined chemical and thermal:-  When both a
chemical and a thermal agent have been operative in causing
the injury the case has been shown 1n this class, In two
of the three cases observed, the injury resulted from
contamination of the eye with hot inorganic acids; the third
injury was caused by the explosion of powdered chemical
substances,
(d) Radiational:-  All the injuries in this class
were caused by exposure of the eyes to the electric are

during welding.

(79 Aculty of Vision,

The relationship between visual acuity and injury
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may b= regarded from two aspects, In the first place
defective vision might be responsible to some extent for the
occurrence of the injury. It would be of interest to know,
on the other hand, to what extent such injuries are likely
to result in permanent visnal defect. It was found,
however, that the state of visual acuity existing before the
injury was usually unknown, and so it was seldom possible to
determine whether the injury had caused the reduction in
visual acuity. Further difficulty was encountered through
the frequent absence of a final record of vision.

For purposes of analysis the cases are divided into
two groups with regard t»o visual scuity, and it is convenient
to make the division at the level R.V.= %4/12, L.V.= 6/12,
Vision of this level or worse is considered to be defective,
while vision better than this is considered adequate. It is
appreciated that such an arbitrary division may appear to
the clinician to set a very high standard fér the 'adequate'
group, but this does not affect the validity of the
conclusions reached hy statistical tests. The Aata can now
be classified as follows:-

Cases with defective vision before injury...eeeeeeeees 13
Cases with adequate vision before Injury....eeeeeeeees 37
Cases with defective vision due to injuryecececececees 3

Cases with defective vision but without evidence
as to the Callse.'0’..l.....l..l..l.ll..".l‘.. lO

Cases with no record of ViSioN..eeeeesecesesoooseseses 24
TOTAL,...... 87.

It will be seen that in 34 cases the data are insufficient,

Out of the remaining 53 cases, in 3 only is the evidence
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conclusive that the residual visual defect was attributable
to the injury, whereas in 13 cases there was a record of
viaual defect prior to the injury. 37 cases out of 53

recovered adequate vision after the injury.

(8) Treatment,

Experimental work on chemical injuries of the eye
has shown that no treatment of the established leslion apart
from an antidote or measures directed towards preventing or
controlling complications 1s likely to affect fawvourably the
course of the lesion. The comparative absence of effective
antidotes has concentrated interest on the result of
thorough first-aid applied immediately after the accident has
occurred. Observations on this aspect of treatment are so
infrequent in the records as to be of no value in assessing
their efficacy. At the same time it is noteworthy that
although several different antiseptics have been used in the
series of cases, there is no instance in which a particular
therapeutic substance has been placed on record as being
unsuitable.

B.Relationship between the Mailn Factors.

Having reviewed the datsa and classified the cases
in relatively homogeneous groups, 1t is now possible to
examine the material for evidence of association between the
various factors on which observations are available,

(1) Age in relation to Other Factors.
a, Age and Sex, It has been shown above that

there 1s a significant difference in age-distribution of
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these injuries between the sexes, Fewer women appear among
the oider age groups. One might speculate that marriage
reduces the number of women exposed to risk in these age
groups, but a determination of the true explanation would
entall examination of the age-distribution for both sexes in
the whole population at risk.

b. Age and Severity. It has been shown above that
there is no significant difference in age-distribution
betwean cases receiving in-patient treatment and those
receiving out-patient treatment, If it is true that, in
general, the more severe cases are selected for in-patient
treatment, then this result supports the conclusion that there
is no close association between age and the severity of the
injuries. This conclusion may be tested further by
comparing the age-distribution with the assessed severity
values shown in 'units of sevefity', and this.is done in a
dot diag:am in Table 19, There is no evidence of any
close association between age and severity in these injuries,

c. Age and Localization, Age would not be
expected to affect the locallzation of the injuries either
with regard to the region involved or to the laterality, and
the data required to test this contention are contained in
Tables 20-23,

Table 20 shows the frequency distribution with
regard to laterality arranged in ten-year age groups., Four
cases of radiational injury have been shown in brackets in
the final column, together with the adjusted total,

Table 21 1is derived from Table 20 by combining

certain age groups and dividing the injuries according to




23,

unilateral involvement of the right or the left eye.
X? = 0,235; forn=1, P =0,66; not significant,

If the fases are divided according to whether the
injury is unilateral or bilateral, the result obtained is
still not significant. X° = 0.415; for n = 1, P = about 0,5
The inclusion of the cases »f radiational injury mentioned
above does not affect the significance of these results,

In Tables 22, 23(A) and 23 (B) , the data have been
similarly treated with regard to the reglional distribution
of the injuries in relation to age,

In these examoles the X2 test, with Yates'
correction where indicated, has been used as a test for
independence between observations arranged in two different
classifications in each fourfold table. The results of the
teéts are shown below the respective tables, and it will be
seen that there is no evidence of any close association
between age and localization, a finding in accordance with
expectation. The tests give no measure of the degree of
independence,

d, Age and the Nature of the Apent, Here again

it would not be expected that any close relationship would

be found to exist between the age of the patient and the
nature of the injuring agent. The feequency distributions
within the separate classes are shown in Table 24%; since the

last two columscontain very few observations they are

omitted from further consideration. From Table 25,
X? = 0.544s for n =1, P = 0.48; not significant. The two
classifications are therefore independent of one another, and

do not indicate amy association between sge and the nature
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nature of the agent,

e. Age and Visual Acuity. Ape mizht be expected

to show some association with visual acuity. The data which
are available in this connection &re shown in Table 26,

The recorded observations are re-arranged in Table 27 by
combining the data contained in certain rows and columns 6f
the preceding table, 'X? = 1.2183 for n =1, P = about 0.27.
Thus the classifications in the table are shown to be
independent and the differences in the observations may well
be accounted for by chance. The data show no evidence of

any close association between age and visual aculty.

(2:)§EX in relation to Other Factors.

a. Sex and Severity. Having arranged the data
in a fourfold table, Fisher's exact method has been used
to test the hypothesis of proportionality, P = 0,.406;
this means that if the hypothesis 1s true, observations of thig
kind would occur about 40 times in 100, There 1is,
therefore, no evidence in Table 28 of any close
assoclation between sex and severity of the injuries,

.b. Sex and Localization, A close association

would not be anticipated to exist between the sex of the
patients -and the localization of the injuries, The data
required to test for independence between sex and laterality

are contained in Tables 29 - 31(3). The results of the X2

test with Yates' correction for continuity are shown below
the tables, There is no evidence of association.
Considering unilateral and bilateral injuries

amongst males and females from the data in Table 29, it may
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be shown in the same way that there is no evidence of
association. In this case X? = 1.693; for n = 1,
P = about 0.19, and 3P = about 0.095.

Tables 32 -~ 3# contain the observations with
regard to sex and to the regional distribution of the
injuries; to which the same statistical treatment has been
applied and there 1s shown to be no evidence of association
between the classifications.

¢, Sex and the Nature of the Agent, Table 35

shows the distribution of the data after classification,

Two of the cells contain no observations; the corresponding
colums must be omitted from further consideration. The
results obtained from Tables 3% (A) and 236 (B) indicate that
there is no evidence of association between the
classifications.

d. Sex and Visual Acuity. In this case also no

assoclation 1s to be expected and this 1s substantiated by

the observations in Table 37 - 38 (B).

(3) Severity in relation to Other Factors.

a. Severity and Localization. It might be thought

that as more people use the riocht hand than the left, this
might tend to influence the severity distribution with
regard to laterality so that right eyes were usually more
severely injured than left eyes. The data required to
test this contention are contained in Tables 39(4) - 4O,

By Fisher's exact method the probability value is found to

be 0.258, which means that observations of the kind reenrded
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would be expected to occur 26 out of every 100 times by
chance. These data, therefore, cohtain no evidence of
association between severity and the laterality of the
injury.

It could also be argnued that bilateral infuries
cause more incanacity than unilateral iniuries of the eyes
and so might tend to influence severity values based on the
number of days of treatment. If this hypothesis were true
it might appear as an absence of independence between the
elassifications shown in Table 41, But by the exact
m&thod, P is calculated to be 0,240, showing that the
classifications are independent.

Severity of the injuries may next be consldered
in relation to the region affected. Table 42 gives the
frequency distributions observed. Table 43, treated by the
exact method, gives a probability value of O.hsj showing that
there is no evidence of association between the
classifications which are presented. In table 44 lesions
involving the cornea are separated from those which have
not affected this region, Using the same test, P is
calculated to be about 0.000,000,8, *f the assumption of
proportionality 1s true »~bservations of the kind shown in
the table would be highly exceptional, occurring about once
in 1,250,000 times. Corneal involvement, as compared
with other regions of the eye, appears therefore té increase
the severity of these injuries.

b. Severity and the Nature of the Agent.

Clinical experience comonly indicates that bhurns of the eye




27,

caused by certain caustic alkalis tend to run a more
protracted course than acid burns of eimilar degree.
Evidence in support of this might be revealed by an analysis
of severity in relation to the nature of the injury. It
must be remembered, however, that the assessment of
éeverity as defined earlier, depends on the number of days
of attendance at hospital for treatment and not on the

total duration of the injury, While a positive result
wonld be of interest in answer to such a question, the
ahsence of evidence of assoclation between severity and
acidity-basicity based on the data contained in Table Ly
cannot be taken to preclude the possibility of such as
association. The observatinns in the final two columns of
the table are too sparse for analysis, so the discussion
will be limited to the chemical and thermal classes of
agent. Each of these classes has been further subdivided
inio three sub-classes, and the observations have been re-
grouped for testing into fourfold tables to which Fisher's
exact method has been applied. The results prowide no
evidence of association between the classifications
presented in Tables 46 - 48 (B), Severity, assessed by this
method, does not appear to bear a2ny relation to the chemical
or thermal nature of the injuring agent; within the chemical
group acidity-basicity and miscellaneous chemical

properties do not show any influence on severity; nor is
there is any evidence of association bzstween the physical
states of the thermal agents and the severity.

c., Severity and Visual Acuity. From the ~ata

available the cases may be divided according to whether
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the vision was known to be adequate or defective, in the
terms already defined, before the accident occurred. The
relevant observations are shown in Tables 49 and 50, and it
has been calculated by the exact method that P = 0,105,

a value which indicates that there 1s no evidence in the
data of a relationship between the state of the wvisual
acuity before the accident and the severity of the
resulting injury.

(4) Localization in relation to Other Factors.

a. Localization and the Nature of the Agent.

Table 51 contains the observations with regard to laterality,

but disaussion is again limited to the chemical and thermal
classes. Table 52 shows that there 1is no significant
difference between these classes accoriing to whether the
right or the left eye has been affected. Considerihg the
same classes, however, with relation to unilateral and
bilateral injuries, a significant result is obtained when
the‘X? test is applied to the observations in Table 53,

X2 = 4,808; for n=1, B = 0.028, This shows that some
association exists between the classifications. The data
in Table 53 do not reveal the nature of the association,
but when the observations are re-arranged in Table 54, it
is clear that the distribution with regard to laterality
differs in the final row from that obtaining in the other
rows, It appears that the vapour state tends to favour the
production of bilater=1 injurles. To test this impression
the cases in the chemical and thermal classes have been
combined and re-classified according to the physical state

of the agent, in Table 55, Considering solids and 1liquids




29.

in Table 56, the exact method reveals no association with
laterality; these two groups may then be combined and
taken together in comparison with vapours as in Table 57.

A value of 0.013 is obtained for P hy the exact method.

The observations show that the vapour state tends to favour
the production of bilateral lesions, the solid< and liquid
states unilateral,

It is of interest to recall at this point that in
the first analysis of the whole series of cases with regard
to the laterality of the injuries, observed frequencies
were fpand to be in very close agreement with the
frequencies expected on the hypothesis that either eye of
a palr had an equal chance of being injuréed and that the
‘laterality was due to chance alone. But since the above
results show that laterality is not due to chance alone
but is associated with the physical state of the injuring
agent, no inference with regard to the random character of
the sample should be drawn from the laterality ratio.

The data in Tables 58 - 59(B) provide no
evidence of any close association between the nature of the
agent and the region affected,

b, Localization and Visual Acuity,., Considering

localizatisn in relation to visual acuity, the data are
insufficient to show whether in cases having defective
vision prior to the accident, the laterality of the visual
defect had any influence on the laterality of the lesion
resulting’ from the accident. It can be determined,

however, whether there is any evidence of association
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between visual acuity and unilateral or bilateral lesions.

The data are contained in Tables 60 and 61, The X2 test
with Yates' correction gives a probability value about 0,78,
showing that the classifications are independent,

In the same way the results obtained from Tables
A2 - A4 show that there is no evidence in the data of an
assoclation between the state of visnal acuity before the
accident and the region of the eye affected, which is in
accordance with expectation,

(5) The Nature of the Agent in relation to Visual Acuity.

It would not be expected that any relationship
would exist between the nature of the agent and the state
of visual aéuity prior to the accident. This has been
tested in the case of chemical and thermal agents with the
data shown in Tables 65 (A) and (B) and the results are

in accordance with expectation.

5. Analysis of Cases of Ocular Complication of Burns.-
QII'OU.Q I;.

- This group consists of 7 cases; they are arranged

in three classes according to the nature of the agent which
was originally responsible for the condition,
A, Conditions due to Chemical Agent,

a, Late effects of mustard gas injury
Of the eyeS....l‘....l....l.'..... )-'.

b. Ocular effects of systemic
absorption of small quantities of
chemical over a long period....... 1

B, Condition due to a Thermal Agent,

Metastatic endophthalmitis arising
from sentic burns of the trunk and
limbs, caused by flame.iseseeeeeeess 1
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C., Condition due to a Radiational Agent.
‘Degeneration of ocular tissues and
adnexa following X-ray therapy for
carcinoma of the ethmoid sinus...cvveeeee 1
A. Conditions due to a Chemical Agent.
a. Late effects of mustard gas ingury of

the eyes. It is now well known that in certain cases of

mustard gas injury of the eye, the primary acute phase may

be followed some years later by a characteristic type of

corneal degeneration. Table 1 includes 4 cases of this kind;

the records of these cases are worth detailed inspection and
comment,

J.S.(Serial No, 96) Exposure to mustard gas occurred in
19173 no details are available to indicate the severity of
the primary injury. He attended hospital first in 1937
complaining of defective vision in the right eye; the visual
defect was found fto be due to early senile cataract in this
| eye. Some conjunctival hyperaemia was present and the
opinion was recorded that this was probably the result of a
mustard gas burn., The absence of any corneal involvement
was also noted.

This case shows a vascular disturbance present in
the conjunctiva twenty years after an injury by mustard gas,
The record is lacking in detail, however, and the opinion of
the observer that the condition was the result of a mustard
gas injury must be accepted.

A.McD.(Serial No. 99). This patient was first seen in 1937
complaining of defective vision in the right eye; he was
known to have syphilis. He gave a history of mustard gas

injury to the right eye sustained in 1917, but asain details
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of the severity of the original injury are wanting.
Degenerative changes were fdund in the conjunctival areas
exposed between the 1idsg; the interpalpebrsl area of the
cornea was occupied by a vascular scar. The opinion 'was
recorded that the visual defect was due to the corneal
condition, and that this was the result of expostre to
mastard zas in 1917.

It is unfortunate *hat a detalled description of
the lesion is lacking; the observed facts are consistent
with a diagnosis of late degenerative changes in the cornea
and conjunctiva due to injury by mustard gas twenty years

previously,

H.Y.(serial No, 94) Detailed notes are available in this

case. The patient was exposed to mustard gas in 1918 while
acting as a stretcher bearer in the open, The eyes were
bandaged for at least six weeks and he was detained in
hospital for about a year. When first seen in 1943, the eyes
were noted to be white and the cornes of each eye was
anaesthetic, Characteristic scarring of the interpalpebral
coniunctiva was present in both eyes: the right cornea was
thin in places and contained diffuse irregular opacities,
while the left had a central nebular scar with adherent iris., |
The condition of the left eye was expiained when further
questioninz revealed that an ulcer had developed in this
eye in 1940 which led to perforation. Sktit lamp examination
showed some interesting features, Variation in calibre »f
some of the small conjunctival vessels was noted but it was
stressed that the number of new messels observed in the

oonjunctivae of both eyes was remarkably few, Scattered
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pigment spots were observed in the outer interpalpebral
triangles, The right cornea was almost normal in the upper
third, but in the lower two-thirds thickéning and thinning
was observed in various sections. Here again it was noted
that there was very little vascularization and that there was
no evidence of disused blood channels in the cornea, The
anterior chamber appeared normal; the pupil was active and
the iris structure was normal. The intra-ocular picture

in the left eye was complicated on account of the
perforation.

This patient's history is consistent with severe
exposure to mustard gas in 1918, Twenty-five years later
degenerative changes were present in the cornea and
conjunctiva, It is of great interest that the relative
absence of new vessels in the tissues was found worthy of
comment by the observer and, in particular, that there
were no deformed vessels or disused channels in the cornea,
A,McW, (Serial No 2 This patient's case was recorded in
great detail; I was also fortunate in being able to
examine him in 1946, In 1918 he was in a room of a partly
demolished house in an area which was bombarded by gas shells
for several hours. At dawn he layv down to sleep in
contaminated clothing with others of his party. A little
later he became hoarse, began to cough, became dyspnoele,
vomited and his eyes closed so that he had to be led to the
Field imhulance, He lost consciousness there for several
hours and awoke to find himself in a hospital further down

the 1line., The lesions at this time were stated to affect
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both eyes, the chest and the skin of the left leg and
scrotum. For 14 days he thought he was biind; then he
discovered he could see by holding the 1ids open. By the
28th., day he could open his eyes slightly by lonking down
while wearing a forehead shade and at the end of the second
month vision was stated to have become about normal, By
the end of six months the skin burns had healed, the eyes

felt normal, the chest condition had improved considerably,

but the voice was still hoarse and it has remained so, Spart

from this persistent hoarseness and slight chest trouble,
he continued well for 21 years., In 1940 a dystrophic process
began - to develop in the central part of the exposed ares of
the right cornea; the left cornea was normal in appearance
at that time. 1in 1942 there was an exacerbation of the
chest condition with recurrent attacks of haemoptysis;
repeated investigation for tuberculosis proved negative. By
1945 the corneal dystrophy had progressed in the right eye
and was noted to have begun in the left,

The features of the ocular lesions are interesting.
When first seen in 1940, 21 years after exposure to mustard
gas, the patient complained of inflammation of the 1lids and
deterioration 6f vision in the right eye. There were
multiple white masses in the superficial layers of the
central part of the interpalpebral area of the right cornea,
The left cornes appeared normal except for a faint nebula
in the upper temporal qua‘rant. There was no evidence of

vascularization of either cornea and there were no

cicatricial changes in the conjunctiva of either eye,.
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By 1945, there weremap-like patches of uniform opacity in

the superficial layers of the exposed area of the right

cornea, A small area from which the opaque tissue had been

excised for biopsy remalned as a clear transparent facet., The

central exposed area of the left cornea showed small round
opaque dots and a cloudy opacity of the surrounding tissue,
The surface was not elevated over these opacities, Careful
slit-lamp examination showed no corneal wascularization, nor
was there any sign of scarring in the conjunctiva,

To consider the differential diagnosis from other
known types of axial degeneration in the cornea, it 1is clear
that the clinical course was not that of senile eplthelilal
dystrophy of Fuchs nor was there any evidence of
endothelial change. The appearances resembled those of
band-shaped dystrophy but it is rare for this condition to
begin centrally in the cornea; moreover the vatient Was
comparatively young and the condition appeared to be
rapidly progressive, The lesion did not resemble the known
types of nodular or reticular dystronhy such as those of
froenouw or Biber; the age of onset was late for this type
of dystrophy and there was no evidence of a familial or a
hereditary factor. Salzmann's type of corneal degemeration
is preceded by phlyctenular keratitis and is not usually
bilateral; previous phlyctenular disease could be excluded
in the case of the left eye. Other types of corneal
degenerative change such as vortex-shaped dystrophy were
excluded by the anpearance of the lesions,

In relation to the diagnosis of a late effect of

mustard gas, the following points should be considered.
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There was no clinical evidence of involvement of the

conijunctival and episcleral tissues, and there was no trace of |

corneal vascularization, On the other hand, the onset many
years after a severe mustard gas injury, the depth and
position of the lesions in the cornea and thelr relatively
rapid progress are factors which taken in combination with
such general features of mustard gas poisoning as persistent
hoarseness and chronic chest trouble, strongly support the
diagnosis. It is known that experimentally produced mustard
gas lesions of the cornea may undergo avascular healing

(Mann and Pullinger 1942) but late corneal degeneration has not
been observed in those cases. Again it is held by some
observers (Mann and Pullinger 1942) that the late corneal
degeneration of mustard gas injuries depends on invasion of the
cornea by new blood vessels of abnormal form and their
subsequent retrogression followed by cholesterin and fatty
degeneration in the corneal tissue, If 1t is true that the
invading new vessels in corneal disease never completely
disappéar (Duke-Elder, 1938) then it must be assumed that in
‘this particular case avascular healing occurred after the
primary injury in 1918, This raises the question of whether
the presence of abnormal corneal vessels is a necessary

and causative feature of the late corneal degeneration of
mustard gas or merely a frequent concomitant and perhaps an
aggravating factor,

b. Ocular effects of long-term systemic absorption

of chemicals. Long-term exposure to noxious chemical

substances may result in potsoning by systemic absorptinn,
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This is an important aspect in industrial medicine; but only E
one case of this kind was referred for examinatlion on :
account of possible ocular effects,
R.N, (Serial No, 88). This patient was a munitions worker
engaged in handling tetryl (tetra-nitro-methyl-aniline) and
lead azide. He complained of headaches and blood-shot
eyes, of some five weeks duration., The refractive state was
that of simple myopia'in the right eye and mixed astigmatism |
in the left eye. There was congestion of the true palpebral
conjunctiva of the lower 1lids, while the upper 1lids were
normal, The corneae were of normal appearance and
ophthalmoscopic examination revealed no abnormality in
fandi or media,

The site and localized nature of the conjunctival
injection in this case suggest that the ocular effect may
have been due to an irritant reachinz the conjunctival sac
from the atmosphere rather than as a result of systemic

absorption of chemical substances.

B. Condition due to a Thermal Agent,
Metastatic endophthalmitis arising from septic

burns of the trunk and limbs ,caused by flame,

A, McC, (Serial No, 1 This patient was admitted to
hospital in a severely shocked condition suffering from
burns of the thighs, buttocks, and right forearm; her
clothes had become ignited while she was kindling a fire,

On the 6th, day after admission the left eye became markedly
congested and there was slizht mucoid discharge from the

conjunctiva, The left pupil was widely dilated and fixed;
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the aqueous was turbid and the fundus could not be seen.
A pure culture of B, pyocyaneus was obtained from the blood.
The patient died on the 7th, day.

Metastatic endophthalmitis is not a common
condition and as a rule the ocular inflammation is only an
incident in a very serious illness which usually ends
fatally. It is possible that this condition may come under
observation more often in the future as a result of the
altered prognosis regarding the survival of septicaemic
cases which has been brought about by penicillin treatment,
The particular organism responsible in this case 1s very

unusual as a cause of metastatic endophthalmitis,

c. Condition due to a Radiational Agent,

Degeneration of ocular tissues and adnex

following X-ray therapy for carcinoma of the ethmoid sinus.
W.J.(Serial No, 4), This patient, aged 8 years, was
treated by Z-ray therapy for malignant disease of the right

ethmoid sinus, Very large doses were given during the year
1935, 1In February 1936 it was noted that there was
superficial excoriation of the lower part of the right cornea,
Later an abscess developed in front of the right lachrymal

sac and this was followed by obstruction of the lachrymal
passages on the same side. In February 1937 there was
atrophy of the skin of the right side of the nose and the

skin of the eyelids was also affected with loss of the
eyelashes on that side, Telangiectases were present in the
skin, In the right eye there was some varicosity of the

conjunctival vessels, In the lower part of the cornea a
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a nebular opacity was observed and there was marginal
vascularization in theAupper part, The lens and fundus
were normal in appearance., By September 1937 a cluster of
white spots had appeared in the posterior lens cortex and
vision was considerably Beduced. In March 1939 delicate
lens opacities were noted in the subcapsular zone
anteriorly in addition to the coarser opacities already
noted posteriorly. There was a patch of atrophy in the
iris. During the next few days vascularization extended
further into the cornea and vision progressively
deteriorated until in March 1945 the eye became blind and
painful with a raised intraocular tension and was excised.
This case shows several interesting features., 1In
the first place, there was a latent period of several months
before any signs of tissue degeneration appeared. The first
changes were observed in the corneal epithelium; the
commenc=12nt of corneal vascularization was noted a year
later. The first changes in the lens appeared about two
years after the last treatment by Z-rays. Changes in the
uveal tissue did not appear for four years. The
degenerative changes apnear to have beeh of a progressive

nature,

6. Ocular Effects of Accidental Exposure to Mustard |
|

Gas Vapour,
A unit of soldiers moved into new billets in 1943,

Cne of the party found a tin of dark liguid in the basement
and decidedto repaint the grates, thinking that the tin

contained lacquer, when in fact it contained mustard gas
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liquid. With the help of two others the liquid was
applied by brush to the grates and surrounding ilronwork
of the open fireplaces in eight bedrooms, Later that
day fires were lighted and at night, the men of the unit,
after closing the black-out shutters, lay down to sleep,
The eyes were affected by mustard gas vapour in twenty-five
cases, Detailed ophthalmoscopical examination was made in
all cases and several of the men were observed over a
period in hospital, With regard to the ocular lesions
alone it was found that the cases could be classified into
three groups.
Group I. Very mild cases. Conjunctiva hyperaemic,
Cornea not affected, Vision not affected,
Fit for duty within a week,
Group II. Mild Cases., Conjunctiva hyperaemlc, and injury
to corneal epithelium only. No vermanent
- lmpairment of vision. Fit for duty in three weeks,
Group.;;I.More severe cases., More serious injury to
conjunctiva and cornesa, A varyinz degree of
visual impairment may result in a small

proportion., Fit for duty on an average in

three months.

It was noted that a small proportion of cases
apparently in Group II might later be found to be Group III
cases, and that Group III included cases which might relapse
years later, The complete data sre shown in Table 66,

The distribution of cases within these groups was
as follows:-

Group I, 14 cases,
Group II. 9 vases.,
Group III. 2 cases.

The range of severity of the ocular lesions is
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consistent with experience of mustard gas vapouf éffects, and
differences in severity are probably due to factors such as
variation in vapour concentration in different rooms, or in
the distance 6f the mens' beds from the contaminated
fireplace in the case of a group of men from the same room,
It is also wellknown that considerable individual variation
in sensitivity to mustard gas may be found amongst a group

of persons exposed to the same concentration of gas,

One case (No, 2). showed corneal bedewing without
any signs of conijunctival involvement, while in two cases
(No., 7 and 9) oedema of the corneal epithelium was found in
the presence of only slight conjunctival involvement,
Triangular areas of pallor in the interpalpehral zone of the
conjunctiva were observed in one patient only (No. 11) and
elsewhere it was noted that this case appeared to be the
worst from the point of view of ocular effects, Corneal
#ascularization did not occur although the most severely
affected cases were obsesrved over a period of seven weeks,

Corneal staining with fluorescein was observed in
two cases only (No, 5 and 6) on the fifth day, and in one
was still present on the ninth day. The case thought to be
most sever=zly affected has no record of the presence of
corneal staining, These facts are consistent with
experimental experiences, in that there appears to be
relatively little tendency to epithelial cell necrosis and
desquamation followlng exposure to mustard gas as compared
with similar exposure to certain other chemical substances.

It should Blso be noted that transient epithelial staining
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may have occurred on the third or fourth day.

The data are lncomplete, unfortunately, with
regard to the laterality of the effects and it would be
unsafe to draw conclusions from them with regard to this
feature,

On consideration of the collateral evidence of the
effects of mustard gas apart from the ocular lesions, some
indication of the severity of the exposure is given by the
fact that there is no record of any patient having vomited
following exposure, This suggests that the degree of
exposure was relatively mild. A complaint of sore throat
is noted in several cases and other manifestations such as
skin erythema, oedema of the skin of the 1lids, and blisters
were observed,

The grouping of cases with regard to severity,
and the frequency distribution within the groups is
consistent with other eperience of such lesions. With due
regard to the cautionary note that Group II cases may relapse
it is probable that the general conclusion that none of these
cases was likely to result in late corneal degeneration is
well founded, This group of cases illustrates clearly that
while the ocular effects of mustard gas vapour may cause
much discomfort and short-term harassment, it i1s only in
a very small proportion of such cases that there is any

risk of permanent ocular damage,
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PART 2,
THE EFFECTS O CERTAIN CHEMICAL SUBSTANCES ON THE

EYES OF EXPERIMENTAL ANIMALS AND OF MAN,

1. The Nature of the Study: its scope and limitations.

The work described in this part was mainly directed
towards the preliminary assessment of the ocular effects
produced by new chemicsl warfare agents. Observations were
made both in the laboratorv 2nd in the field. The
investigation was often necessarily lncomplete. It was not
possible to pursue a course of purely scientific interest
whille an urgency existed to make a preliminary assessment of
new substances, Further, a substance causing a severe
reaction in the eye might prove to be of little interest as a
war gas on account of physical or chemical properties which
precluded its use in the field. Limitations of this kind
were compensated, however, by the diversity of problems and
by the wider experience obtalned through the study of many
different chemical compounds,

Several species of animals were available for
preliminary experiments but it was sometimes necesssry, in the
final stages of an investigation, to determine directly the
dosage required to produce threshold effects in the human eye,
Most of the work was carried out with simple equipident
fashioned in the laboratory. Routine clinical examinations
were made by lens and loupe, while there were facilities for
more detailed study under the slit-lamp. Gross pathological
changes were observed by means of the dissecting microscope,

and, in selected cases, sections of the injured tissues were
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obtained for histological examination.

It is proposed to describe the work broadly, from
both the experimental and ophthalmological aspects. The errors
and difficulties arising from the experimental approach have
been included as well as the characteristic clinical and

pathological features of the resulting lesions.

2. The Test Substance.

The substances examined were of two tyves; those
considered to be capable of causing injury to the eye, and
others thought to be potentially useful in therapeutics or as
antidotes,

(1) Chemical Properties.

The chemicazl properties of the test
substance must be reviewed. They may be well known or may
have to Le 1inferred, in the first instance, by analogy with
other better known compounds of the same group. These
properties may be of importance on account of the interactions
which take place in the tissues, and since the reactivity of
the substance may be a source of experimental error, The
tendency of a substance to undergo hydrolysis may be of
great importance,

(2) Physical Properties,
It is important to make observations on the
physical state of the substance at atmospheric temperature

and pressure, and to know such characteristics as vapour

pressure, freezing point, reaction and solubility in the

usu=21l solvents.

(3) The Nature of the Hagard.

By considering such chemical and physical



48,

characteristics as have been indicated above together with
observations on the presence of an odour or sensory irritant
properties, it is possible to make an assessment of the nature
of the hazard to the eye which is likely to arise from the use
of a particular substance in industry or in war, The eye may
be affected insidiously by exposure to toxie vapours, or
suddenly by a splash of irritant 1iquid. This differentia-

tion is important with regard to problems of therapy.

3. The Experimental Subject: choice of species of animal.

Many factors are involvad in selectinz a particular

species of animal for purposes of experiment, For instance,
clinical examination of the eyes of rats and mice is extremely
difficult on account of the small size of the eyes; the

animals are also difficult to control during examination. By

comparison the eye of the horse is large and easily accessible,}

but this species can only be used for special purposes since
it is neither available nor economic for study in large
numbers. The eye of the piz is often held to bear close
resemblance to the human eye with regard to size, texture and
sensitivity, but even under conditions of plenty it is not
economic to use a large series of 1live pigs for experimental
purposes, Goats are readily available, but the resistance of
the goat's eye to chemical injury appears to be of a low order
an”® the course of the lesion 1s difficult t» follow since, in
some cases, the eye tends to proceed rapidly to destruction,
On the other hand, the goat's eye was found to be a very
sensitive index of contamination in field trials, The dog,

the cat and the monkey were available’iq 1limited numbers and



49.
are species suitable for experiments on a small scale, As
regards common sensation, some observers are of the ovinion
that the eye »f the “og mast closely resehbles the hunan eye.
With regard to mo«t features, however, the eye of the monkey
is usually considered to bear the closest relationship to 1its
human counterpart, but I was not able to form an opinion on
this matter as the number of experiments in which monkeys
were used was too few, The rabbit is readily availlable,
easily handled, and is very amenable to ocular examination
even by slit-lamp. The eye of the rabbit is accessible and
of convenient dimensions for clinical study; albino animals
can be obtalned readily for special purposes. As a rule,
therefore, the rabbit was the animal of choice in the early
stages of an investigation. It must be stressed, howewer,
that it would be unsaf=z to extrapolate results obtained on
the eyes of one species of animal only as a final opinion

in terms of the human eye.

4, Experimental Methodsg.
(1) General Considerations.
a, Planning.

The aim of the experiment should be formilated
clearly, and the désign must be carefully planned., Having
reviewed the physical and chemlcal properties of the test
substance, and having assessed the nature of the hazard to
the eye, a trizl may be made to determine whether a common
and easily available species of animal will give a suitable
ocular lesion. Conslideration should be given to factors

such as ages, sex and weisht in selecting the individual
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animals, It is desirable to obtain uniformity between the
animals which are to be compsred, but if the contra-lateral
eye 1is to be used as a control then stringent uniformity
from one animal to another with regard to breeding, age, sex
etc.,, is not essential., The nature of the hazard to the eye
will indicate the physic-1 state and dosage in which the
chemiczl substance should be applied to the eye, and‘an
attempt should be made to foresee the sources which may
contribute to the errors of the exneriment, “inally,
the method of assessment of the lesions must be considered,
. the duration of the experiment decided, and a suitable
programme of clinical examination planned.

b. The Ideal Experimental Lesion.

The con?itions to be desired in the
production of an ideal experimentalblesion of the eye may be
stated as follows:-

1. The quantity of the agent used to produce the
lesion should be accurately measured, and all lesions which
are to be compared should be produced by similar accurately
measured quantities‘of the agent. |

2., If the agent must be exhibited in a vehicle, the
vehicle should be bland, 2n? the agent should be distributed
evenly throughout the vehicle., Identical samples of the
vehicle should have an identical content of the agent., The
agent should be stable in the vehicle or should be freshly
prepared immediately before use.

3. The experimental conditions should simulate
those expected to occur in the human eye exposed to the

agent, Blinkins should be simulated hy momentary closure of
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of the eyelids of an anaesthetised animal after a lesion
has heen produced if this would be the expected reaction to
the agent introduced without anaesthesia in the human,

4, In exhibiting any therapeutic substance or
antidote, the bland vehicle or similar bland substance
should be introduced into the control eye. Factors such as
the reaction and the osmotic pressure should be taken into
account,

c. Anaesgthesia,

In these experimehts general anaesthesia
was produced by means of Nembutal given intra-venously or
intra-peritoneally, the dosage being based on the number of
kilograms of body weight of the animal,

d. Care of the Experimental Animals,

It is well known that social conditions
may affect the health of the individual of the human species,
For the same reason the investigator must ensure that the
experimental animals live under suitable conditions and are
properly fed and attended. The premis=s must be regularly
cleaned and fresh bedding supplied; the matter of exercise
should be given attention.

In the particular case of experiments
on the eye, it is often necessary to keep animals singly
since they tend to lick the affected parts of other animals
occupying the same cage. On the other hand prolonged
isolation may prove to be detrimental to the ceneral well-
being of the animal and may be contra-indicated, When an

animal is in poor general condition this is often
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associated with deterioration in the local eye condition.,
(2) Exposure to Vapour.
The eyes of animals may be exposed to vapour by

three main methods:=-

a. The Static Chamber,

b. The Constant Flow Chamber,

c. Applicators.

a. The Static Chamber,

The chamber is of known capacity, 10 cubic metres
or 100 cubic metres being useful sizes., Before beginning an
experiment, dispersal of a cloid of visible smoke in the
chamber will demonstrate any leaks which require to be sealed,
The chamber is fitted with glass observation panels and should
have an adequate number of channels cummunicating with the
outer air for transmission of connecting wires and tubes;
these channels must be rendered gas-tight before the
experiment begins., In the static chamber the test substance
may either be vaporiseéd by means of heat or by sprayinz, and
fans are required to ensure rapid and uniform dispersal of the
vapour throughout the chamber, Samples of the atmosphere
must be withdrawn for quantitative analysis at regular short
intervals duririg the entire exXposure as a guide to the rate
of decay of the gas content, and in certain cases the
atmosphere may need to be boosted by further addition of gas
from time to time in order to maintain the concentration at
a relatively constant level, The dosage is indicated
approximately by the product of the concentration of gas

(mg./cub.metre) and the duration of the exposure (min.), and

is designated CT,
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Certain technical details are important in
investigating the effects of vapours on the eye, Frecautions
must be taken that the eyes are exposed throughout the whole
experimental period, and to achieve this, sutures may be
inserted in the eyelids in such a way as to hold the eyes
open and to pravent the third 1lid from covering the cornea.
In order to produce a moderately severe lesion in the eye,
it may be necessary to use a dosage of vapour which would
certainly cause serious respiratory and systemic effects by
inhalation or by skin absorption, It is essential,
therefore, to expose the head only, a2nd to fit up a system
of masks and bre=thing tubes connected to the outer air, It
was found necessary to sive each animal separate breathing
apvaratus in the case of exposures lasting about 30 minutes
since the air in ths tubes hecame vitiated when the animals
were connected in series.

b. The Congstant Flow Chamber.

Using the constant flow method the test substance
is vaporised outside the chamber and the vapour is delivered
into the chamber continuously durins the experiment, The
rate of delivery is controlled by means of a flowmeter,

c. Applicators,

Applicators have been devised which use either the
static or the constant flow principle, and which make it
possible to apply the vapour to the eyes alone.

(3) The Paraffin Solution Method.

Owing to the technical difficulties involved in

chamber experiments, it was evident that the investigation of
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a large number of substances by these methods would be very
tedious, and that some simple technique was required for the
production of a reproducible vapour-type lesion. Robson and
Scott (1941) had shown that accurately measured quantities
of a 1% w/v solution of liquid mustard gas in liquid paraffin
produced lesions in the eye which were simil#sr to those
caused hy moderately severe exposure to mustard gas vapour,
which were repfoducible with sufficient uniformity, and which
were very simple to produce,

Liquid paraffin consists of a mixture of hydro-

carbons and is highly purified when intended for medicilnal

usej the name paraffin is derived from the chemical
insctivity of this group of substances., Amongst approximate-i
ly fifty substances tested, there was only one case in which
paraffin was unsuitable as a solvent in that the test
substance was not miscible with liquid paraffin in the
proportion of 1% w/v to glve a clear solution.,

It was found by comparison with chamber experiments

that the paraffin solution method produced ocular lesions of

vapour type using several different test substances., The
solution was delivered from a pipette calibrated at room
temperature to contain 0.025 c.c. of Liquid Paraffin.B.P.

The dropo was allowed to fall from the pipette to the limbus
at the position of 12 o'clock and from there to run over

the cornea, The actual size of drop delivered was estimated
to be about 0,015 c.c. This dosage of mustard gas and
nitrogen mustard gas solutions was found to correspond to

exposures to the undiluted vapours of the order of CT = 7500.
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(4) Exposure to Liquids and Solids.

The hazard to the eye from solid chemical substances
is not of importance in warfarej; particular features
associated with the solid state will be mentioned in the
following pages. On the other hand, the effects of chemical
substances in the liquid phase, being of considerably
greater importance, were studied over a wide range of drop
sizes. In the initial.cloud produced by explosion, the
droplsts are of the order of 30 - 209}11n diameter. Under
* field or factory conditions the cloud may consist of earthy
particles impregnated with liquid chemical, Particles of
dry appearance can hold drops of liquid up to about 30‘p
in diameter.

a. The Wind Tunnel.

It was found possible to release a
spray of fine droplets at a known wind speed in the
exrerimental wind tunnel. The coarsest spray which 1t was
practicable to use in the tunnel gave a rather finer cloud
than was produced under field conditions. It was found by
means of a sampling device that the largest drops were of the
order of 990 in diameter, while 50% of the mass was delivered
in drops of about 32Azin diameter,

The ocular effects of small drops and
solid particles can be studied by this method. An estimate
can be made of the area dosage to which the eye 1s exposed,
and is expressed in mg./sq.m, This may be converted into
terms of CT hy the formula:-

Area dose (mg./sq.m,) =
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CT (min.mg./cub.m.) X Wind velocity (m./min.) |
b. The Microburette,

Drops ranging upwards from about 150/0
in diameter can be obtained by means of this instrument.

A steady current of air is directed to impinge on the fluid
emergingz from the bevelled portion of a needle attached to a
burette, The fluid is blown off in small droplets of equal
size at a steady rate. A count is made to determine the
number of drops given by a measured volume of fluid, from
which the drov size may be estimated. Having adjusted the
instrument to give the desired size of drop, the requisite
numoer of drops mav be directed into the eye of an
anassthetised animal,

c. The Microsyringe,.

Larger drops can be delivered by the
microsyrince, This instrument has a micrometer screw gauge
connected to the piston, and by turning the gausze a small
measured quantity of fluid is ejected on to the bevelled
surface of the needle attached to the syrince., This
bevelled portion 1is then laid carefully on the surface of
the eye. Drops of the order of 0,0002 c.c. and upwards can
be obtained by this method.

d. The Calibrated Pipette.

This 1is a glass tube of small bore with a
flat end from which a dro»n is z2llowed to fall by the action
of gravity. It is known that when a drov falls by gravity
from a vertical tube, the suspended drop becomes unstable

before it leaves the end of the tube, and a constricted
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portion develops in the fluid connecting the drop to the
tube, The main drop separates at the lower end of the
constricted portion which later also separates as an

additional small drop. Both the large and small drops

must be taken together as one drop. It 1s also known that
the weight of such a drop depends on the radius of the

circle forming the outer 1limit of the end of the tube amongst§
other factors. (Stuhlman, 1943).

Calibrated pipettes were used to zive drops of the

order of 1 mm., in diameter,

5. The Sources of Error.

It is essential in any experiment to consider the
probable sources of error, and, if possible, to estimate the
amount of error. The errors which arose in these
investisations may be discussed conveniently under four
headings:-

(1) Errors associated with the test substance.

(2) Errors associated with the experimental methods.

(3) Errors associated with the exnerimental subject,

(4) Errors associated with the observer,

(1) Errors associated with the Test Substances.

Bifferent methods of production of a
chemical substance may be responsible for variations in
activity between different samples., For instance, an
impression was formed that small quantities of a particular
substance prepared by laboratory methods were more active in
the eye than samples of the same substance prepared in
bulk by indtstrial processes,

It is also conceivable that alterations in
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activity may result from interaction between a chemical
substance and the container in which it is stored, or that
extreme variations in temperature occurring during prolonged
storage might affect the activity of the sample, These
factors did not have a significant effect on the activity

in the few instances in which they were investigated.

Certain substances readily undergo hydrolysis in
the presence of water, In some instances the Aifferent
products »f hydrolysis showed a wide range of variation
with regard tn their activity 1in the eye.

Errors may also arise in the quantitative
estimation of wvapour concentrations by chemical methods in the
early stages of an investigation when the behaviour of the
vapour 1s not fully known.

(2) Errors associated with the Experimental Methods.

a. Vapour Methods.

The technical difficulties associated
with the establishment and maintainance of vapour
concentrations in a gas chamber are numerous,

The method of dispersal may affect the
concentration. In some experiments it was found that when
heat was used to vaporise a substance the resulting
concentrations were considerably below thenretical
expectation, and that more consistent results were obtained
by spraying. The distrihution of a gas throughout a static
chémber mav lack uniformity unless she atmosphere is
thoroughly mixed by fans. Loss of vapour by leakage has
already been mentioned.

The condition of the atmosphere with
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regard to temperature and humidity may be responsible for
variations in vapour concentration. During an experiment
there may be a sudden increase in the humidity within the
chamher if micturition occurs amongst the animals, If the
chamber is of small capacity and if the test substance is
readily hydrolysed the resulting variation in concentration
may be sufficient to invalidate the experiment,

Vapours differ in their tendency to undergo
surface adsorption. This +tendency may be increased by
certain materials amongst the apparatus in contact with the
gas and may accelerate the rate of decay of the vapour
concentration,

The duration of the experiment has an
important bearing on the gas concentration in static chamber
experiments. It is exceedingly difficult to maintain a

relatively constant concentration of vapour over a

considerable period of time, and the difficulty is greater thé

lower the concentration and the longer the duration., This
difficulty applies more to the static method, but in an
experiment to determine the effects of long exposure to low
concentrations of wvapour using a small chamber by the
constant flow method, thre error with regard to dosage was so
great that the investigation had to be abandoned.

It has already been mentioned that measures
may have to be taken to contrnl the eyelids and to avoid
systemic poisoning when usins gas chambers to produce
vapour effects on the eyes.

Local applicators have been used by some

investigators to produce vapour lesions of the eye, The
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difficulty associated with the estimation of dosage is, in
my opinion, a serious disadvantage in the use of such
apparatus,

b. Paraffin Solution Method.

While it would be unsafe to accept as a
generalization that the ocular effects of an agent dissolved
in liquid paraffin are necessarily similar to those of the
same substance presented to the eye in the form of vapour,
it would be expedient if it could be shown that (a) the
substance was soluble in liquid paraffin, and (b) that the
paraffin solution did, in fact, reproduce all the features
of the ocular lesion resulting from evposure to high CT
values of the vapour, Once these points have been cleared
up, relatively uniform and reproducible lesions can be
obtained by the paraffin solution met'od at a stage when the
behaviour of a little known substance may be unpredictable
in the gas chamber, The method was used in experiments
involving about 50 different compounds, and errors associated
with the chemical or physical preperties of the solutions
were not considered significant,.

It was found, however, that the ocular
lesions varied in severity according to the grade of
paraffin with regard to viscosity and density, lighter and
less viscous paraffins producing less severe lesions. The
lesions were most uniform when the solutions were made with
Paraffinum Ligquidum B.P., having a kinematic viscosity not
less than 64 centistokes at 37.8° and density of 0,880 -

0.895 at 15.5°, Factors such as viscosity and density will
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affect the size of drop delivered from a pipette, and may

influence the period during which the solution remains in
the conjunctival sac before it is removed mechanically with
the tears,

The actual variation in weight of the drop
of Lisuid Paraffin B.P. delivered by a plpette calibrated to
contain 0,025 c.c., was found by experiment to be of the
order of + 5%.

c. Liquid Methods.

In the wind tunnel the dosage which enters
the eye is estimated by repeating the experiment under
identical conditions using a droplet sampline device in place
of the eye, A very accurate estimate of dnsage can be
made in microburette experiments; the most likely source
of error lies in the counting of the drops as they enter the
eye. In the case of the microsyringe, however, errors of
dosage are very liable to occur, This may be due in part to
the physical properties of the test substance and in part to
a personal factor, since the technique of the method involves
the touching down of a drop of the test substance on to the
surface of the eye, In falling drop methods errors may arise
from the physical factors already mentioned or from the
technique of delivery of the drop.

(3) Errors associated with the Experimental Subiject.
a. Individual Variation.
The existence of individual variation in
the biological response to drugs is well known, and similar
variation is found in the oculzsr response to chemical injury.

When a relatively constant dose of the same chemical
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substance 1s applied to the eyss of a series of animals of
the same species it is seen that individusl variation must be
taken into account amongst the sources of experimental error.
The amount of scatter varies with the substance used; it is
greater with arsenical substances than with mustard gas.

The error due to individual variation
may be reduced by using inbred stock of uniform age, weight
and sex, and by including a sufficient number of animals in
the series. Moreover, since the eye is a paired organ, the
effect of the variation may be offset by using the contra-
lateral eye of the same animal as a control, In some
cases a standard substance whose action in the eye Wwas well
known was applied to the contralateral eye for comparlson
with the test substance.

In experiments using liquid
contamination Scholz (1943) found that the difference hetween
the reactions of the two eyes of an animal was less than the
combined errors of assessment and dosage. In the course of
my work an imnoression was gained that when the substance
applied to one eye had a severe effect, the response to the
compound applied to the contralateral eye was enhanced.

The severity of the ocular reaction may
vary with the general health of the animal, or with the
presence of lbcal eye disease.

b. Species Variation,

(a2) Anatomical Variation,

The anatomical features of the
anterior segment of the human eye are familiar. The eyes

of other vertebrates correspond to the same general vattern
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but some variations in structure occur from species to
species,

The Anterior Layers of the Cornea.

The Epithelium:- The humber of cell layers forming the

corneal epithelium varies considerably in different species,
(Fig. 1 - 6), from about 4 in the rabbit to about 20 in the
horse. In most species the epithelium at the limbus contains-
melanin pigment in its deeper cell layers, illustrated in
the rabbit in Fig., 13. This pigmentation is not found in
the human amongst white races.

Bowman's Membranes;- Thils structure reaches its greatest

development in the human eye (Fig. 1); it is rudimentary in
the monkey (Fig., 3). Bowman's membrane cannot be identified
at all in the rabbit, dog, goat or horse (Figs. 2, 4, 5 and

6), although when the cornea has been denuded of epithelium,
a well defined basement membrane may be seen in these species.

The Posterior Lavers of the Cornea.

Descemet's Membrane:- A homogeneous layer corresponding
to Descemet's membrane was found in all the species examined.
Its appearance in the rabbit, the dog and the goat (Figs. 8,
10 and 11) closely resembles the appearance in the human
eye (Fig.1). It is remarkably well developed in the horse
(Fig.12), whereas it is quite rudimentary in the monkey, .
(Fig.9).

The Ehdotheliumi;- This structure has similar

L

histological avpearances in different species, but the

pattern revealed by slit-lamp examination of the zone of

specular reflection in the rabbit differs from that seen %

in man, E
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The Cornee-gcleral Junction.
Although pigmentation was present in.the

epithelium at the limbus in all the species examined,
considerablé variation was observed from species to species
in fhé amount of pigment distributed throughout the sclera
at the corneo-scleral junction, Numerous chromatophores

were found at all levels in the dog (Fig.17) and pigment

was also present in this region in the goat (Fig. 18), but in

the human eye (Fig. 15), as well as in the monkey, the
rabbit and the horse (Figs. 16, 19 and 20) pigmentation of
the sclera was not a feature, Pigment~béaring cells were
not observed normally in any species withfn the substantia
propria of the cornea.

The Angle of the Anterior Chamber.

It is not uncommon in the normal rsbbit to find an
attachment between the periphery of the iris and Descemet's
membrane in the angle of the anterior chamber (Fig. 19). A
similer condition was observed in the horse(Fig. 20). 1In
this species Descemet's membrane is a bvoad band and may
appear to split with inclusion of the iris tissue near the
angle in the vicinlty of adhesions of this kind. Such
iris attachments were not observed in normal eyes of other
species examined,

The Ciliary Body.

The cilizsry body 1s a well-developed muscular organ
in man and in the monkey (Figs. 15 and 16); the trabeecular
portion. adjoining the angle is relatively small, The

processes are of simple pattern and arise from the ciliary
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"body only. In the other species illustrated in Figs.

17 -~ 20, the trahecular structure is relatively more
prominent and muscle fibres are scanty; the pattern of the
processes may be complex as in the horse(Fig. 22), or simple
as in the rabbit(Fig.21), where they take origin from the ;
back of the iris as well as from the ciliary body.
The Iris,

Considerable variation is found in the texture of
the iris stroma, It is delicate in the human, the monkey
and the rabbit (Figs. 23, 25 and 24), and is dense and

collagenousin the dog, the goat and the horse (Figs. 26,
27 and 28)., Crynts are formed by folding of the anterior
surface in the horse(Fig,28), Considerable differences are

also found in the number and shape of the chromatophores.

In the monkey and in the dog (Figs. 25 and 26), these
pigment-bearing cells have the appearance of broken twilgss
they are abundantly present in these species and in the
horse (Fig. 28). Chromatophores are more scanty in man,

in the rabbit and in the goat (Figs. 23, 2% and 27). 1In
many animal species some degree of ectropion of the
posterior pigmented layers of the iris may normally be found,
This occurs in the horse, but here in addition, an

accumulation of pigment cells may be observed projecting

from the pupillary margin and having a vascular core of iris
stroma, This constitutes a floccule and is a normal |
appearance in the horse (Fig. 14). The iris musculature
is poorly developed in the goat as compared with other
species examined. The major arterial circle lies in the

anterior part of the ciliary body in the human, but in the
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rabbit (Fig., 21) it is found in the base of the iris where
it is easily seen on clinical examination in an albino
animal,
(b) Physiological Variation,
Differences were also noted with

regard to ocular physiology, Animals such as rabbits,

guinea-pizs and cats, are undisturbed by high concentrations
of lacrimatory vapour which cause complete incapacity in man
through lacrimation and blevharospasm,

Marked differences in common
sensitivity occur in the eyes of different species, The dog
and the pigz are said to resemble the human in corneal
sensitivity, but it is not uncommon to find a large foreign ;
body, such as a fragment of wood or a piece of straw, in
the ennjunctival sac of the rabbit while the conjunctiva
remains pale and the animal does not seem to suffer any
discomfort, The normal rabbit may show punctate staining
of the corneal epithelium with fluorescein, visible
macroscopically, yet the eye remains pale and quiet.

The rahbit often exposes the cornea
without blinking for periods up to twenty minutes or so.
The surface becomes dry and pitting may occur but this does
not appear to cause any damage fo the corneal tissue,

(c) Pharmacologlcal and Pathological

Variations.

If a dropo of diethyl fluorophosphonate
of about 1 mm, diameter is placed in the conjunctival sac of

an average 2 kilo., rabbit 1t causes convulsions and death in



67.

approximately half an hour. The same quantity of this
substance, applied in the same way, causes severe convulsions
in a rat of about a quarter of the rabbit's body weight, but
the rat recovers completely in an hour or two, A guinea-
pig of about half the rabbit's weight remains quite
unaffected by an identical dose of this compound,

The cornea of a goat may slough a few
days after an exposure to mustard gas vapour which does not
result in loss of the eye in other species.

Pathological processes progress at
different rates in different species; It was desired to
produce a minimal ocular lesion in animals with certain |
vapours, a recoverable lesion of gsimilar severity to welder'sl
flash in the human eye. This was attempted in rabbits g
using mastard gas but had to be abandoned because, in |
addition to the errors involved in chemical sampling and in

maintaining relatively low concentrations of vapour, the

threshold lesion was too indefinite, on account of its
extremelv transient nature in the rabbit, Agaln, late %
corneal degeneration of mustard gas may take years to %
develop in the human but appears in rabbits after a period ;
of months, :

These examples indicate some of the
factors which must be taken into account in extrapolating
the oculsr effects obtained in different species of animals
in terms of the human eye.

(4) Errors associated with the Observer.

Integrity and self-criticism are
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essential in the observer. Close attention to technical
detail 1s necessary for producing uniform lesions.
Unavoldabls errors arise in any experlment but these may be
kept at a minimun by adopting s definite technique and
ensuring that the process is repeated in identical fashion

on each occasion. For instance, the angle at which a

plpette is held above the eye affects the welght of substance |

delivered by a falline drop method, It is also important
that the drop should be allowed to fall and not be expelled
by force in such a method,

The personal factor is of great
importance in assesslng the severity of the lesions, For
this reason the method of assessment should be as objective
as possible. If a collaborator is avallable wuch can be
done to eliminate personal bias by arranging that the
observer who makes the assessment shall not know the -
details of c-ntamination, or that each observer shall make an
independent assessment, It 1s a wise precaution to repeat
the experiment several times,

From the brief survey of experimental
errors given in the preceding sections it 1s evident that
the sources of error in investigations of this kind are
considerable., In addition to the errors arising from
physical and chemical sources, a wide range of variation
occurs in those ocular features which can be observed by
relatively gross methods such as clinical or histalogical
enalysis. Conclusions from such experiments must only be

drawn with caution and results must be obtained from
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several specles of animals before being extrapolated in

terms of the human eye.

6. Methods of Examination, Assessment and Recording.

The aim of the exveriment may influence

the duration of the period of observation and the frequency
of clinical examination. The animals should be observed
while they are being exposed to vapour in the gas chamber for
evidence of sensory irritation or 1lnecreased conjunctival
secretion, The time of onset of conjunctival congestion
and oedema should be recorded. When using drops, the
animal's behaviour may indicate whether the process of
contamination is painful, The ocular condition should be
assessed within the first few hours lest transient effects
be missed, but thereafter clinical examination may be made
at daily or longer intervals according to the indications.

Much information can be obtailned by
naked-eye inspection followed by detailed examination by lens
and loupe. For purposes of examination small animals are
most easily controlled by placing them on a towel in the
sitting position. The towel is then wrapped tightly round
them to control their movements and they are allowed to sit
on a flat surface such as the laboratory bench, In this
way they struggle less and appear to feel more secure than
if they are held in an assistant's arms or placed in a box
with the head projecting.

More minute study can be made by
means of the slit-lamp and corneal microscope. The rabbit

is easy to examine in this way. The forehead and chin
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rests are removed from the instrument and replaced by a flat
wooden platform on which the animal, secured in a towel,
sits during the examination.

Larger animals or those which are more
difficult to handle may have to be examined at less frequent
intervals, or even only at critical stages in the course of
the lesion under general anaesthesia,

It 15 useful to adopt a numerical method
to assess the relative severity of different lesions of the
eye, The features chosen must be capable of rough
classification into different grades of severity. The total
value for a particular lesion should give a numerical
estimate of the clinical impression of the severity of the
lésion relative to other similar lesions or to the same
lesion on another day. The points on which the éstimate is
based need not contribute directly to the absolute severity
of the lesion,

The following scheme was used to compare
lesions of the anterior segment of the eye in the primary

acute phase of the ocular responset-

FEATURES. MAXTIMUM VALUES,
Lidg:~

Oedemnma.
Conjunctiva:-~

Congestion,

Oedema.,

Desquamation.

Haemorrhages.

Discharge.

Cornea:-
Epithelial oedema.
Intra-corneal changes
(oedema and infiltration).
Epithelial desquamation
(staining with fluorescein).

F F £ FFEFFFE D
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b/f 34

Iris and Anterior Chamber:-
Congestion and oedema,

Haemorrhages.,
Functional abnormality.,
Exudate (hypopyon).

FEEF

Totalessssees 50,
Having assessed the lesions by a method of
this kind the test substances can be arranged roughly into
groups aécording to their activity in the eye:-
No Lesion..eve.. O
Slight..-'...i.. X
Moderate........ XX
Severe..oooucooc XXX
Very Severe..... XXX
The records may be supplemented by sketches
or photographs of special features of the ocular condition,
The dissecting microscope was used to confirm clinical

findings in those cases in which a complete histological

investigation could not be undertaken,

7. The Experimental Results.
The results may be discussed under three
main headings,

A, Comparison of the Activities of different
Chemical Substances in the Eye,

B, The Clinical Effects produced in the Eye by the
action of Chemical Substances.

C. Therapeutic Measures in Chemical Injuries
of the Eye,

A, Comparison of the Activities of different Chemical
Substances in the Eye.

Since vesicant substances such as Lewisite
and Mustard gas can produce structural damage if introduced

into the eye, 1t was considered probable that other related
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oiganic compounds might also cause eye injury. In a study
of the effects of equal weights of certain test substances
dissolved in Liguid Paraffin B.P, applied to the right eyes
of a series of rabbits and compared with the same quantity
of a standard substance (e.g. Lewisite or Mustard gas)

applied to the left eyes of the same animals, a rough

indication of the comparative severity of the resulting |
lesions was obtalned, The compounds which were examined are
arranged by chemlcal constitution in Table 67. The
severity of the lesions is shown raneing from NO LESION.....OJ
to VERY SEVERE,......XXXX; where the actitity is border-line
between two groups brackets are used....XX(X).

The dosage on which these comparisons were’
made (0.025 c.c. of a 1% w/v solution in Ligquid Paraffin B.P.)
is considered to be roughly equivalent to a CT value of about
7500 min, mg./cub.m. in the case of mustard gas vapour. The
results are thought to have particular reference to the
vapour type of lesion, and it would be unsafe to draw
conclusions from them with regard to the effects of a
substance applied to the eye in ligquid form,

It was observed in other experiments that
substances having lacrimatory properties only in the vapour

state, could produce structural damage in the eye when

introduced in the form of liguid or in solution (e.g. Bromo-
benzyl cyanide and Chloracetophenone). Table 67 contains
two substanc=s, diphenyl chloroarsine and diphenyl

cyanoarsine, which are best kmown for their nasal irritant
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propertiés, although they also cause lactimation. It appears |
that they are also capable of causing injury to the eye when |
applied in dosage of this relatively high order,

Amongst compounds which produced no
structural damage in the eye were diethyl- and di-1sopropyl
fluorophosphonates, two substances having a potent miotic
action: It will be recalled, however, that a drop of |
undiluted liquid diethyl fluorophosphonate of 1 mm., diameter ‘1
instilled into the conjunctival sac was found to be lethal for
a rabbit of average weight.

Mustard sulphone, the hydrolysis prnduct

of mustard gas, proved to be relatively inactive 1n the eye,
In other experiments a study was made of the action in the
eye of the hydrolysis products of ggdichlor diethyl
methylamine. The parent substance has a characteristic
effect, causing severe keratitis and iritis with gross
intraocular haemorrhages. If dissolved in cold water and
used immediately, the aqueous solution (1% w/v) produces a
lesion similar in type and order of severity to that caused
by the parent substance. Ir the seame solution is allowed
to stand at room tempersture for ten minutes before
application to the eye it causes a negligible reaction which
subsides rapidly without producing any structural changes,
After the same aqueous solution has been allowed to stand at
room temper=ture for five hours it contsins the chlorhydrin,
the dimer, and the hydrochloride derived from the original
substance and by this time the solution has rdgained

considerable activity. Studied separately, the dimer is
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found to be relatively inactive, while the other two
products resemble the parent substance in activity.

B, The Clinical Effects produced in the Eye by the action
of Chemical Substances,

Although the effects of many different
agents were observed from time to time, only a few
substances could be studied in detail. The agents
encountered may be classified as follows:-

a. Lacrimators. ( e.g. bromobenzyl cyanide and
chloracetophenone.)

b. Nasal Irritants. (e.g. diphenyl chloroarsine and
diphenyl cyanorarsine)

c. Vesicants, (e.g. Achlorvinyl dichlorarsine and
‘Béiichlor diethyl sulphide.)

d., Mioties. (e.g. diethyl fluorophosphonate.)
e. Screening Smokes. (e.g. chlorsulphonic acid.)
f. Burns due to Inorganic Substances.
(e.g. hydrochloric acid and
caustic goda)
G. Burns due to Flame,
(e.g. explosion of chemical
substances)
(1) General Considerations. |
Sensory Irritation. The effects produced by
noxious chemicals on the eye depend to some extent on the
presence or absence of sensory irritant properties in the
substances,

A vapour having such properties and in
sufficient concentration causes immediate involuntary
closure of the eyelids which remain in spasm and so protect
the eye from further irritation. Lacrimatory vapours

induce a profuse flow of tears which tend to wash the

irritant away from the corneal surface and they have 1little
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opportunity to injure the eye owlnz to the ravidity with

which the protective mechanisms are called into play. Other
actlve vapours of vesicant substances, however, are more
insidious in effect on account of the absence of sensory
irritant properties. The patient 1s unaware of their
proximity to the eye during exposure, and it is only after a
latent veriod of some hours when inflammation is established
in the tissues that symptoms are noticed, At this stage
irritation or even pain, lacrimation, blepharospasm and
photophobia may be present, but the flow of tears and
closure of the 1lids have no protective value since damage
to the tissues has already occurred.

If noxious chemical substances reach
the eye in solid or 1liquid form, sensory irritant
properties afford little protection, The usual result of
gross contamination 1s a severe inflammatory reaction which
leeds in the absence of a specific entidote to loss of the
eye.

Pain. No pain is felt when the eye first

comes into contact with chemical substances in the wvapour

phase, On sudden exposure to a very high concentration of

lacrimatory gas such as a droplet cloud of bromobenzyl

cyanide, a cold sensation is experienced momentarily at the

surface of the eyes, the lids close and tears begin to stream.
The positinn 1s not so clear, however,

as to whether shlash contamination with chemical substances

in the 1iqui”® phase will procduce immediate pain 1n the eye,

It is thought that ligquid mustard gas may enter the eye

without causinz pain at the moment of contact, while some
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consider that contamination of the eye with liquid Lewisite
will cause immediate severe pain.It was impossible to declde
this question from the evidence of animal experiments, but an
impression was gained from several species of animals that the
entry of liquid Lewlsite into the human eye might not be
appreclated at onee by the patient as a grave catastrophy,
although it is probable that some pain would be experienced,
It waé exceptional for an animal to squéal when liquid
chemicals were placed in the eye; squealing was noted
occaslonally when bland therapeutic agents, such as albucid,
were instilled.

Blepharospasm. The introduction of vesicant
chemical substances into the eye would be expected to cause
severe blepharospasm, Even after ocular contamination with
liquid Lewisite, However, several specles of animals were
observed tovopen the affected eyes voluntarily within about
thirty seconds., Severe blepharospasm was never encountered
in animals and the eyelids could be opened until the
inflammatory reaction was well'established in the eye.

The Site of the Injury, After exposure to

vesicant vapours the signs of injury are first seen in the
interpalpebral parts of the cornea and conjunctiva., Lesions
due to liquid contamination vary more in their location. 1In
the case of a small droplet the leslon may be severe but
strictly limited, whereas, in the event of more gross contam-
ination the agent may be spread by 1lid movements to involve
the Whole surface of the eye 1n its anterior segmen*, The
human eye tends to roll upwards involuntarily at the approach

of danger and this may determine ' the site of the lesion at



77.
the lower portion of the limbus in some cases of splash injury.

The Latent Interval. After ocular injury by chemical
substances there is an interval before symptoms and signs
become manifest, The duration of this interval varies with
different substances. The latent period is very brief after
injury by arsenical substances, and is shorter following injury
by nitrogen mustard (Aﬁdichlor diethyl methylamine) than after
mustard gas. The duration of the latent period is also shorter
in cases of 1liquid contamination than in vapour injuries.

The Inflammatory Response. As the latent

period passes, signs of inflammation appear in the eye. In
the early stages the ocular response presents certain
clinical features which are common to different agents, and
to different species of animals, In the primary phase of the
reaction the affected conjunctiva becomes hyperaemic and
appears red; this is followed by chemosis which may develop
to such an extent that the swollen protruding membrane is
pallid and few vessels are seen. Serous discharge exudes

from the conjunctiva and in severe injuries the 1ids are
oedematous. The conjunctival epithelium may desquamate and
then stains a yellow colour when fluorescein is applied. The
cornea becomes oedematous; epithelial and endothelial
bedewing may occur, while the stroma is increased in total
thickness. The thickness of the cornea may be found to

vary in different parts and may appear thinner in slit-lamp
section in those regions where tissue damage has been
greatest., Bullae may form in the epithelium, Desquamation

of corneal epithelium is seen as greyish points or plaques
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which take up a green colour when fluorescein i1s instilled.
After a few days cellular infiltration of the cornea may be

noted. It appears as a grey opacity advancing from the limbus
or may be first seen in relation to an area in the cornea

which has become ulcerated. Total necrosis and sloughing

of the cornea en masse has been observed at an early stage in
the goat followlng a severe chemical injury.

This primary acute reaction usually
reaches a peak 1in severity during the first week, and then,
if the lesion is r-cuverable, the inflammation begins to
subside, As the conjunctival chemosis decreases the eye
. appears much more red from increased visibility of
congested vessels, and sometimes haemorrhages may be
revealed. Where the cornea has been denuded of é&pithelium,
sliding of the remaining epithelium occurs to cover the
denuded area, In this process the pigment which is normally
present in the epithelium at the limbus in most animals is

carried on to the corneal surface, The sliding process
occupies up to ahout 36 hours. After a mild injury the eye
appears normal in about 7 - 10 days and remains so.

In certain instances, usually when the
injury has been more severe, a secondary phase of
exacerbation occurs; a corneal lesion which has been
resolving satisfactorily becomes suddenly more active in
appearance, There 1s an increase or recurrence of corneal
oedema followed by the invasion of the cornea by newly
formed vessels. This has been observed to occur in rabbits
at any time between the fifth and twenty-first days. Later

the vessels are seen to retrogress in whole or in part and
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the corneal condition becomes quiescent with scar formation.
In other cases the settling process may be a troubled one
with recurrent corneal ulceration over a period of seven or
eight weeks., This recurrent ulceration is not to be confused
with the late degenerative and ulcerative process which has
been observed in the rabbit's cornea some seven or eight
months after injury by mustard gas.

(2) Particular Features of certain Chemical Burns.

Although the ocular reactions produced
by different burning agents have many appearances in common,
they also show differences in clinical features with
different types of agent.

a, Lacrimators,
(a) As Vapour or Particulate Cloud.

Lacrimatory gases act on the sensory
nerve endings in the cornea and conjunctiva causing
streaming of tears and involuntary closure of the 1lids, They
bring about this result almost immediately: they act in
relatively low concentration and cause no structural
damage in the eye. Even in very high concentrations of
vapour, however, blepharospasm is intermittent and the eyes
can be opened between spasms, After an initial period of
discomfort a state of tolerance may be acguired by
continued exposure to a lacrimatory atmosphere.

(b) As Liquid or Sol1id.

It was found by animal experiments
that the introduction of liquid bromobenzyl cyanide or
crystalline chloracetophenone into the conjunctival sac

caused a severe reaction in the eye resulting in
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vascularization of the cornea. Thus lacrimator substances
in sufficient dosage can produce a reaction in the eye
similar to that caused by substances with vesicant properties.

b. Nasal irritants,

Of the two sternutator substances

examined, diphenyl chloroarsine was more severe in its
action in the eye than diphenyl cyanoafsine applied 1in
similar qﬁantities, but both produced an inflammatory response
of sufficient severity to lead to vascularization of the
cornea in rabbits,

c. Vesicants.

The substances arranged by chemical
constitution in Table 67 include many compounds with
vesicant properties. By applying equal welghts of these
substances to the eyes of animals it was possible to
classify the compounds in approximate order of activity
and according to the type of'ocular response as in Table 62,

Four main types of response were observed:-

(a) Arsenical type.
(b) Nitrosamine type.
(¢) Nitrogen mustard type. 5
(d) Mustard gas type.
In the case of compounds of low activity the reaction was so
slight that qualitative differences may not have been
revealed but only three of the substances examined produced
no evidence of structural damage in the eye and their
activity has been shown as 'nil' in the table., Although in-
active in the sense that they do not cause injury to the

ocular tissues, the fluorophosphonates were'found to possess

remarkable miotic activity.
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(a) Response of Arsenical Type.

Arsenical substances invoke a rapid
inflammatory response in the eye. A drop of 1liquid arsenical
causes the 1mmediate formgtion of a dense white opacity
where it touches the cornea. The action penetrates deeply
causing severe exudative iritis in the acute phase, and 1if
the eye recovers, areas of atrophy with pigment disturbance
are left in the iris presenting the picture of vitiligo
iridis, While the minimal dose which will destroy the eye
in the absence of treatment has not been determined, it is

known that the rabbit's eye will eventually be destroyed in
all cases after the entry of a drop of 1liquid Lewisite of the
order of 0,0002 c.c.

The primary response in the vapour type
of lesion reaches a peak in severity in 24 hours. At this
stage of a severe lesion there is oedema of the lids, and in
the conjun~tiva gross oedema with haemorrhages and large areas
of epithelial necrosis. Conjunctival discharge 1s scanty
aithough necrotic material is plentiful, A large well-
defined area of epithelial desquamation forms in the cornea
with considerable oedema of the substantia propria, This is
accompanied by a severe degree of iritis. Hyphaema has been
reported following experimental injury with liquid arsenical
substances but I have nnt observed this feature. |

In the eyes which are mildly affected
the rapidity and degree of recovery after arsenicsl injuries
are often remarkable, In more severely affected eyeg, however,
the primary reaction shows little tendency to subside and

maintains a high level of severity until thg commencement of
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the secondary phase with increase of corneal oedema, This

occurs early and corneal vascularizarion has often begun by

the fifth day after injury; the new vessels are numerous
and occupy all layers of the corneal stroma, deep as well as
superficial, There aprears to be little tendency to é
cellular infiltration of the cornea in the early stages after |
such an injury, but often from 72 hours onwards a heavily
infiltrated corneal ulcer may be found associated with a
c~nsiderable amount of hypopyon and profuse conjunctival

discharge, '

(b) Response of Nitrosamine Type.

A group of substances resembling
N carbomethoxy ABchloroethyl nitrosamine in chemical
constitution was examined for the property of causing ocular
injury and theee substances were deslignated the "nitrosamines%é
It will be seen from Tables 67 and 68 that only two compounds ?
of this group in addition to the prototype produced an
ocular response of the nitrosamine type.

When these substances are applied to
the eye in paraffin solutioh to simulate the effects of
vapour, inflammation is well established after 24 hours.
Certain features of the ocular lesion appear to increase in
sevenity Sor the first four or five days. Considerable
congestion and oedema are present in the conﬁunctiva from
the second day, but epithelial desquamation and haemorrhages
are not striking features of this type of response.
Conjunctival discharge is relatively prominent after 24 hours.,
In the corne-, epithelial staining 1is at first.superficial

and diffuse, hut the areas of desquamation tend to become
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larger, deeper and more demarcated after several days, while
cellular infiltration extends to involve the central region
of the cornea. Severe exudative iritis occurs but there

are no iris haemorrhages or hyvphaema. Corneal
vascularization has not been observed before the seventh day.

The most active substance of this
group appears to cause less reaction in the eye than
Lewlisite but is of the same order of activity as the
protytype of the nitrogen mustard group of substances.,

(c) Response of Nitrogen Mustard Type.

The first substances examined in
this group was)@@dichlor diethyl methylamine and it was
found to be a potent eye injurant with characteristic
effects. Amongst many hbmologues and analogues studied, only
one other substance, the ethyl homologue, hears resemblance
to the prototype of the group with regard to the effects
produced in the rabbit's eye.

This group of substances wasiof
particular interest in that it was possible to compare the
activities of a homologous series of compounds from the
methyl- t§ the allyl- member of the series., The power of
producing eye injury decreases rapidly on ascending the
series and corresponds roughly to the decrease in vesicant
properties,

A drop of 1liquid sAdichlor diethyl
nethylamine of about 1 mm, in diameter causes destruction
of the rabhit's eye in all cases. IB penetrates the tissues ’
of the eye so rapidly that even when irrigation is carried

out immediately after contamination under idesl experimental
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conditions the treatment does 1little to modify the severity
of the resulting lesion. The entry of the ligquid into the
eye does not appear to cause pain, nor is there any
immediate opacity formation at the point of contact with the
cornea aé in the case of arsenical substances.,

The histological appearances of
the lesion produced by a 1 mm, diameter drop in the
rabbit's eye five days after contamination are seen in
Fig, 29, A section from the opposite eye of the same
animal is shown in Fig. 30; 1in this case the lesion was
caused by the same dosage of liquid mustard gas introduced
five days previously. This dosage of nitrogen mustard
(Fig., 29) causes a marked degree of corneal necrosis, with
sloughing of the superficial layers and absence of cell
nuclei in the deeper layers. The anterior chamber contains
a dense mass of cellular exudate includine many red |
corpuscles. This mass is bounded posteriorly by the lens
capsule, the lens having been removed from the eye ¥Pefore
sections were cut. The effects produéed in the cornea by
similar dosage of mustard gas (Fig.30) present a very marked
contrast. Mustard gas causes little loss of corneal
tissue. The corneal stroma is densely infiltrated with cells
at all levels, and the exudate seen in the anterlor chamber
1s of fibrinous character. It is known, however, that this
order of dnsage of mus*tard gas will eventually cause
destruction of the eye,

The effects produced in the 1iris of
the rabbit by a non-destructive dose (0,025 c.e. of 1%

aqueous solution) of nitrogen mustard are shown in Fig. 31,,
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and may be compared with the reaction to a destructive

dese (lmm, diameter frop of 1liquid substance) in the case of
mustard gas in Fig., 32, With nitrogen mustard there is
gross oedema of the 1iris and deep congestion of the iris
vessels. Haemorrhages occur into the iris stroma. With
mustard gas, even in destructive dosage, there is 1little
evidence of any reaction in the iris,

In vapour form, nitrogen mustard
causes a severe primary reaction in the cornea and
oonjunctiva. The response develops more slowly than in the
case of arsenical substances and more rapidly than with
mustard gas. Considerable oedema and numerous petechial
haemorrhages are found in the conjunctiva, but discharge 1is
not an outstanding feature. Desquamation of corneal
epithelium occurs and the stroma becomes very cloudy as a
result of oedema and cell infiltration., If corneal
vascularization ensues, the vessels tend to invade the
cornea later than in lesions due to corresponding dosage
of arsenical substances and earlier than in lesions due to
mustard gas.,

After a severe injury from vapour
the corneal reaction subsides slowly over a period of 4 -
8\weeks. Magses off degenerative material form in the
anterior layers of the stroma at the site of the lesion,
and there is a tendency to recurrent corneal ulceration.
The epithelium is abnormally thickened over the corneal
lesion; it is observed to break down from time to time

with extrusion of degenerative products from the cornea.
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A nitrogen mustard lesion in the rabbit's cornea five weeks
after an injury from vapour is 1llustrated in Fig. 33,
Degenerative material is in process of being extruded from
the anterior layers of the corneal stroma, The postertior
layers are relatively unaffected. In the final sfate after
injury by nitrogen mustard vapour there is often much less
residual scarring in the cornea than would have been
anticipated from the appearances in the earlier stages of
the lesion.

Nitrogen mustard differs from other
vesicant substances with regard to the effects produced
within the eye. Miosis occurs early and is of consiéerable
degree. Within twenty-four hours small haemorrhages appear
in the iris stroma and the iris muscles show signs of damage.
At the end of twenty-four hours paralytic mydriasis
supervenes, The 1iris is very oedematous and the vessels are
deeply congested (Fig. 34). When the inflammatory reaction is
severe and of rapid onset, large vesicular formations appear
in the retinal layers of the t#is and ciliary body caused by
the collection of albuminous exudate between the cell layers,
These vesicles are produced relatively easily in the rabbit's
eye by inflammatory processes, and are illustrated in
Fig. 35 as a result of exposure to nitrogen mustard vapour,

The stage of congestion and
haemorrhages may be followed by thrombosis in the iris
vessels (Fig. 36), and if the exposure has been severe there
1s necrosis of iris ttssue. The histological appearances
in the iris about six weeks after a severe vapour injury are

shown in Fig. 37. The iris of a normal rabbit is shown in
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Fig.38, for comparison., The affected iris is of hyaline
appearance, the nuclel of the stroma cells are scanty and
stain poorly, and the thickness of the iris is much

reduced in patches. The chromatophores are round in form
and sometimes considerably swollen in appearance. On
clinical examination such an irls shows patches of atrophy;
it has lost its normal colour and has a grey appearance like
wet blotting paper, with absence of surface markings, In
"Fig. 39 and Fig, 40 are shown the two eyes of the same
rabbit; the photographs were taken thhee months after injury.
The lesion in Fig., 39 was caused by nitrogen mustard vapour,
while that in Fig 40 was the result of identical exposure

to mustard gas vapoﬁr. The change in iris colour and loss
of surface markings following injury by nitrogen mustard

ape clearly seen compared with the normal appearance of the
iris after injury by mustard gas.

In addition to the small
haemorrhages which ocecur into the iris tissue in nitrogen
mustard injuries, it is usual to find a large haemorrhage
over the surface of tﬁe iris of the rabbit from about the
tenth day onwards. In some cases bleeding occurred from
the iris into the anterior chamber, while in few cases
haemorrhages originated from the clliary processes and free
blood spllled through the pupil into the anterior chamber
to form a large hyphaema. In the process of recovery such
large haemorrhages on the surface of the iris may become
organised., Subsequent contraction in this organised mass
may lead to partial or complete retraction of the free border

of the iris, towards the angle of the anterior chamber,
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Sometimes there is ectropion of the pigment layers of the
iris, The clinical appearance in partial retraction of
the iris is shown in Fig.41 while Fig, 42 shows the
appearance of an eye in which complete retraction has occurred
The photographs were taken three months after the injury.
The eye shown in Fig, 42 was examined histologically;
sections were taken through the retracted portion of the
iris (Fig, 43). The iris stroma is of hyaline appearance
with absence of structural detail, A band of fibrous
tissue lies on the surface of the retracted portion,
representing the final stage of organisatiqp of a large
haemorrhage,
The Ethyl- homologue of

nitrogen mustard does not cause large intraocular
haemorrhages of this type although its actlion on thé eye
resembles the parent substance with regard to other features,

(d) Response of Mustard Gas Type.

From observations in several
species of animals it is probable that a drop of 1liquid
mustard gas entering the eye causes irritation but no pain.
There is no immediate opacity formation at the point of
contact with the cornea as in the case of ingury by |
Lewisite., A drop of liguid mustard of 1 mm. in diameter will
eventually prove destructive to the eye of a rabbit in every
case; the histological appearances at the fifth day after
such an injury are shown in Fig. 32, Although penetration
into the ocular tissues is rapid,early and thorough

irrigation may be effective in saving the eye.
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It is difficult to produce a
series of identical experimental lesions of the eye using
1iquid mustard gas. It is an oily 2iquid and in contact with
the aqueous phase at the surface of the eye its behaviour is
capricious with regard to the localization of the lesion,

The inflammatory response develops
relatively slowly after injury by vapour, and, in animals,

a purulent type of conjunctivitis results., Therels little
tendency to epithelial desquamation, and petechial haemorrhages
are not numerous in the conjunctiva, In the cornea, oedema
may be severe and some cellular infiltration occurs; some
desquamation of the epithelium takes place, but, in general
there is 1little tendency to loss of tissue. The evidences of
damage are usually most marked in the superficial third of the
corneal stroma in eyes which escape destruction., In severe
injuries the cornea may be affected at any level, and

exudative iritis may occur.

Vascularization of the cornea is
of relatively late onset and is usually of superficial type.
In a proportion of severe injuries, as the primary corneal
oedema is subsiding, secondary oedema of the cornea occurs
followed by the ingrowth of new-formed vessels. The new vessels
may exhibit characteristic changes such as dilatations and
constrictions, tortuosity, haemorrhages and branches which
become isolated as the main trunks retrogress, The condition
gradually apﬁears to subside but leaves considerable residual
scarring in the cornea. In some cases chadlesterin deposits

and fatty changes appear in the scars. Cholesterin crystals
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may lie in plagues at a deep level forming an opacity like
frost on a pane of glass. When the degenerative changes
occur in the superficial stroma the cornea may be subject to
recurrent attacks of ulceration over a period of many months,
I have not observed late degenerative changes of thils type
in the cornea as a sequel to injury by other chemical
substances,

d. Miotiecs.

When the cornea is injuréd by
chemical substances, iris hyperaemia and pupillary
constriction are observed, Nitrogen mustard (ggdichlor
diethyl methylamine) causes marked pupillary constriction and
will rapidly overcome the effect of atropine, The pupil of
a rabbit is shown fully dilated after instillation of
atropine in Fig. 44, If a drop of liquid mitrogen mustard
(0.0002 ce.) 1s then placed on the cornea the atropinised
pupil becomes constricted; the degree of constfiction after
an interval of thirty minutes is seen in Fig. 45, The '
initial miosis produced by nitrogen mustard is followed by
paralytic mydriasis associated with damage to the sphincter
muscle of the 1iris,

The alkyl fluorophosphonates have

a very marked miotic action on the eye even when applied

in the form of relatively dilute vapour. Introduced into the
conjunctival sae by the paraffin solution nethod to simulate
high vapour concentration they have a strong miotic action
but do not cause any structural damage in the ocular tissues
sf a rabbit, The systemlic effecq§ resulting from the
application of 1liquid diethyl fluorophosphonate to the eyes
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of various species of animals have already been mentioned.

While I did not have the opportunity
to study in detail the miotic effects of the fluorophos=-
phonates, I experienced personally an extreme degree of
miosis of about ten days duration after being exposed for
about three hours to a very weak concentration of the
vapour of the diethyl- compound in the course of
-laboratory work, Partial relaxation of the constriction
was found to occur after a short period in a very dark room,

e. Screening Smokes.,

The effedts of exposure of the
eyes to various screening smokes were observed in a few
cases in the human, but were not made the subject of
special study in animals. These substances, in the
concentrations used for screening, have little significance
with regard to their action on the eye. Chlorsulphonic
acid, in screening concentrations, causes a slight degree
of conjunctival irritation after prolonged exposure, while
pitch smoke causes congestion of the 1id margins sometimes
resulting in the formation of styes.,

f. Burns due to Inorganic Substances.

The effects of accidental
contamination of the human eye with ordinary inorganie
acld and alkaline substances were occasionally observed,
These injuries occurred amongst laboratory staff who were
well aware of the risks of chemical injury and for whom
first-aild facilities were readily available. The lesions

were of mild type and showedno ocular features worthy of
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comment, In all cases irrigation was carried out promptly
and thoroughly at the site of the accident and this probably
decided the mild course of the lesions together with the
fact that contamination was never of a gross and over-
whelming degree,

g. Burns due to Flame,

Explosions occurred occasionally

}
|

during the handling of chemical substances in the laboratories,

The flame so generated caused scorching of the face and 1lids,
with singeing of the hair, eyebrows and eyelashes. The injury
was followed by hyperaemia and oedema of the conjunctiva,
together with superficial oedema and desquamation of the
corneal epithelium, In the absence of wound of the eye
complicating the injury, such lesions were found to heal
rapidly after the primary inflammatory resvoonse.

(3) Hypersensitivity to Chemical Substances.

Idiosyncrasy was not observed with
relation to the effects of chemical substances on the eye,
Allied to this, however, is the phenomenon of hypersensitiQity
in which the skin and conjunctiva become sensitive to very
small doses of the ekciting agent, Such effects were known
to be caused by mustard gas but were also observed in the case
of nitrogen mustard. A very_mild exposure of the order of
5 mg.min/m3 of nitrogen mustard was found to produce

transient conjunctival hyperaemia in a hypersensitive

individual after a very short latent interval of
approximately twenty minutes., The presence of coniunctival
hyperaemia of early onset and transient duration confined

to the exposed areas and assoclated with an absence of any
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ev;dence of damage to the corneal epithelium on careful
examination by slit-lamp, would favour a diagnosis of a
hypersensitivity reaction in an eye which had been exposed to
vapour,

(4) Ointment Bases for use in the Eye.

The experimental studies included

three types of base:- '

(a) Fatty bases., (e.g., anhydrous lanolin)

(b) Aqueous bases of Vanishing Cream type.

(e.g. Lanette wax)

(e) Mucilages. (e.g. gum tragacanth)
All three types of bhase are only slightly irritant in doees
of approximately 50 mg. applied to the human eye, but when
used in large excess ( about 0.5 ml.) in the eyes of rabbits
Lanette wax causes a reaction in the €ormea, In the

mucilage type of preparation separation of the ingredients

tends to occur under extreme conditions of storage.

C. Therapeutic Measures in Chemical Injuries of the Eye.

In general the effects produced by
chemical substances in the eye are much more serious when the
substances reac the eye in the form of 1liquid than in the
form of vapour, It is important to make this differentiation
with regard to the physicsl state of the substance when
considering the rational therapeutic approadh.

(1) Management of Splash Injuries. When it is
possible to influence the outcome by therapeutic measures,
the fate of the eye appears to depend on the promptness and
efficiency with which first-aid treatment is carried out at

the time of the incident. Except in the case of arsenical
]
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vesicants, no antidote is known which is at the same time
permissible to put into the eye, Immediate and thorough
irrigation of the eye 1s still the only method of

averting serious eye injury from a splash of other chemical
substances, Even this measure 1is unlikely to modify the
course of the lesion if a delay of five minutes occurs before
treatment is begin., Later treatment should be on the same
general lines as for vapour cases.

(2) Management of Vapour Injuries. Eyes injured by

chemical vapour are not usually seen until after the latent
period by which time there is an established lesion, Irrig-
ation 1is useless at this stage and may even by harmful, The
problem is no longer that of neuttalizing a chemical
substance in the tissues, but rather how to promote recovery
in the damaged tissue with the ieast possible visual defect.
A scheme was approved by the

Panel of Ophthalmic Spefialists under the Ministry of Supply
during the recent war as a gulde to the management of cases
of mustard gas injury of the eyes; it has a general
application in eases of chemical injury and has been
reproduced in tabular form in Table 69,

(3) Irrigation.

The nature of the irrigating
fluid, provided it is bland, is of much less importance than
the promptness with which treatment 1s begun and the
thoroughness with which it is carried out. The virtue of
treatment by irrigation appesrs to lie in the mechanical

removal of irritant liquids from the surface of the eye and
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from the conjunctival sac by means of a steady stream of
fluld applied at the earliest possible moment and continued
for about twenty minutes. Plain water, applied effectively,
gives just as good results as more elaborate acid and
alkaline lotions. It has the further advantage of being
usually avallable in adequate gnantity at the site of the
accident. Whitle irrigating the eyes the 1lids should be
everted and, when one eye only has been contaminated, care
should be taken to direct the flow of water away from the
sound eye.

Irrigation seves the eye of
a rabbit after application of a destructive dose of 1liquid
mastard gas if treatment is begun within two minutes of
contamination. In the case of arsenical substances and
nitrogen mustard, however, even immediate irrigation does
not prevent loss of the eye after a destructive dose. In the
absence of an effective antidote it is the only method
available and should be carried out at once as a first-aid
measure in all cases of splash injury of the eyes by
chemical substances, Experimental evidence, however, shows
that once the inflammatory reaction is established,
irrigation is useless and even harmful, and it has therefore

no application in vapour injuries of the eye,

Eﬁi Antidotes,
One of the most important
results of research in the field of chemical injuries was
the discovery of an antidote which is effective, 1f used

in time, against arsenical vesicant substances (Peters,
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Stocken and Thompson, 194%5), This substance is dimercapto-~
propanol (syn. B.A.L,, Mercaprol). The antidote does not
injure the normal human cornea but may cause irritation of
a few hours duration when applied to the normal eye in
therapeutic dosage., It is effective against all the
arsenical substances shown in Table 67, but is of no value
against contamination of the eye by non-arsenical vesicants
such as liquid mustard or nitrogen mustard, The antidote
may be used in solution (10% in ethylene glycol) or as an
ointment, These preparations must be introduced into the
conjunctival sac at the earliest possible moment after
contamination since prompt use alone can save the sight, But
while speed 1s all important in order to minimise the
severity and duration of the conditlon, treatment is found
to be well worth while up to thirty minutes after
contamination., In ¥tew of the irritancy of the preparations
repeated applications might be inadvisable although it has
been showh that the antidote can be instilled three times

at intervals of thirty minutes with benefic¢ial results, The
use of repeated applications of antidote, however, does not
compensate for any delay in making the first application,

It was found that the permissible
interval of time between contamination of the monkey's eye
and application of the antidote, in order to ensure complete
recovery, was between fifteen and thirty minutes., These
Tesults were ohtained with animals treated while still
under general anaesthestia, and do not take into consideration

the fact that spasm of the orbicularis muscle might reduce
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the amount of antidote gaining access to the eye in the
absence of an anaesthetic,

The efficiency of the antidote is
well illustrated in Figs, 46 and 47, Each eye of a monkey
was contaminated with 0,0002 c¢.c. of liquid Lewisite applied
in the centre of the cornea. After fifteen minutes had
‘elapsed 0.5 cc, of the antidote was introduced into the
right eye and a similar measured quantity of the vehicle
alone was introduced into the left eye, Fig. 46 shows the
condition of the eyes five hours later; the difference in
reaction is striking. The same animal is seen in Fig, 47
after an interval of thirty days. The treated eye 1s of
normal appearance, while the control eye has a very severe
corneal lesion, .

No effective antidote 1s known for
nitrogen mustard substances., Various substances such as
amyl nitrite, sodium sulphite and phosphomolybdic acid were
examined on theoretical grounds but were without beneficial
effect on the ocular lesions.

Similarly there is no known antidote
for mustard gas. Free chlorine 1s known to react with
mustard gas, but irrigation of mustard-contaminated animal
eyes with 1:500 aqueous solution of chioramine T had been
found to be ineffective, It was considered that a few drops
of a much stronger solution would be more likely to provide
the available chlorine necessary for interaction with
mustard gnd at the same time might be permissible in the eye,

The most effective solution tested was chloramine T 10% in
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ethylene glycol, When a few drops of thiés solution were
introduced into the eyes of rabbits two minutes after the
application of a destructive dose of liquid mmstard gas,

a certain number of eyes were saved from destruction., This
result is of theoretical interest only since a similar
effect may be obtained by efficient irrigation using plain

water after a delay of two minutes.

(5) Mydriatics.

Mydriatic substances were occasion-

ally employed in accordance with the general principles

f
I

governing their use. In the mild type of vapour injury which:

oceurred from time to time amongst the sclentific staff
they appeared to help in relieving ocular discomfort and

congestion,

(6) Control of Infection.

Chemical injuries of the eye may be

further complicated by the occurrence 8f secondary 1nfection.f

It was found that such infection could usually be controlled
by chemo-therapeutic substances such as albucid soluble and
penicillin. As compared with chemo-~therapeutic substances,
other antiseptics in common use were found to be astringent
and caustic in their action on eyes injured by vesicant
chemical substances and are contra-indicated for this

reason.
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"And although the arguing from Experiments and Observations
by Induction be no Demonstration of general Conclusions; yet
1t is the best way of arguing which the Nature of Things

admits of.’...‘......'.."

Sir Isaac Newton, Opticks, 1730
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PART 3,

BURNS OF THE EYE. A SURVEF OF THE LITERATURE.

e

1. Introduction,

Burns of the eye have been the subject of many
contributions to ophthalmic literature. Most of the early
papers deal with the effects of inorganic chemical substances
on the eye, but within recent years more interest has been
taken in the organic compounds which are being used on an
inereasing scale in modern industry.

It is proposed to review the literature with
particular reference to those agents discussed in Part 2 of
this thesis, but mention will also be made of other papers

having reference to Part 1.

2. Statistical Considerations.

Garrow (1923) made a statistical enquiry into 1000
cases of eye injuries admitted as In-patientsto Glasgoﬁ
Royal Infirmary. Burns of the eye accounted for 8 cases
out of 145 injuries in children and in this group there were
no cases necessitating enucleation of the eye as a result of
ocular burns. In adults 4 cases of ocular burns occurred
amongst 148 cases of non-occupational injury to the eye, and
2 of those cases resulted in enucleation. In the whole
series of 1000 cases Garrow recorded 110 cases of ocular
burns (11%) and pointed out that there 1s a low enucleation

percentage rate (9.09%) for this class of injury,

Wirdemann (1932), analysing the causes of ocular
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injury in a series of 3% cases, found 60 cases of burns (179

In a series of 3650 cases suffering from
industrial eye injuries Minton(1936) recorded 50 cases of
chemical burns of the conjunctiva and cornea, giving a
proportional rate of 0.88% Commenting that such injuries
were rare, he attributed this to the fact that few chemical
factories were situated in the vicinity from which the
population was drawn. Lime burns accounted for 20 of the
50 chemical injuries. Minton also recorded 30 cases of
electrid welding conjunctivitis in this series of
industrial eye injuries.

The rate of occurrence of eye injuries in

chemical industries is given by Dickson (1943) as 13% per

annum, No detalled analysis was made of the cause of the
injuries.

From data collected in the Illinois district in
1939, Kuhn (1944) shows 104 cases of ocular burns amongst
824 eye injuries (about 12.5%).

These figures show that burns of the eye account
for about 11 - 17% of all injuries of the eye, while the
proportional rate of occurrence of chemical burns calculated
by Minton for a hospital out-patient population is of the

same order as that found in the case of ocular burns in

Part 1 in a similar populatinn,

3. The Investigation of Toxic Hazards.
The methods available for the investigation of

the effects of chemical substances on the eyes have been

discussed at some length in Part 2 of this thesis, I have
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not been able to find any papers in the literature dealing
with this aspect of the subject. .

Goldblatt (1944) discusses the general approach
to the investigation of toxic hazards in industry, but his
paper contains no reference to ocular hazards, He reviews
the subject in a broad manner and defines four methods of
discovering the physiological properties of toxic er”
suspected material,

1., Search of the Literature.

2. Study of the Physical and Chemical
Properties of the Materials.

3. Experimental study.
4, Clinical Investigation,
The methods are discussed in good perspective
and the paper is of value as a background to experimental

and clinical studies of this kind,

4, Clinical Considerations.

(1) Lacrimators.

Cullumbine (1946) describes the effects produced
in human subjects exposed to lacrimatory vapours, A visual
test based on the rangefinder was used for the quantitative
agsessment of the harassment caused by these substances. It
was found that for each lacrimator tested there was a
eritical concentration ahove which any further increase in
concentration d4id not produce a significant lncrease in
haréssment. Moreover it appeared that in each case the
eritical concentration caused a similar intensity of
harassment, namely, about 50%. (100% harassment was taken

as complete inability to see for the duration of the test),
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When exposed to lacrimatory vapour the subject is unable to see

mainly on account of blepharospasm, but blepharospasm was found

to be intermittent even during continued exposure. An intens-
ity of harassment of 50% was taken as equivalent to a subject
being unable to see during half the time of the test.

It was also noted that the human eye could become
"tolerant" with regard to both lacrimation and blepharospasm
in a given lacrimatory atmosphere, no matter what the chemical
nature of the atmosphere, and whether the concentrations were
high or low. The time taken for different subjects to acquire
tolerance varied enormously e.g. from 2 - 40 minutes, and this
time seemed to bear no relation to the concentration of wvapour
or to the nature of the lacrimator substance, Tolerance was
acquired whether the concentration was slowly rising or slowly
falling, but a sudden-marked increase in the concentration of
the lacrimatory atmosphere broke down the tolerance. About a
quarter of the subjects showed a tendency to relapse from the
tolerant state, and in about a third of these the relapse was
of a phasic nature - i.e. lacrimation tended to return and
pass away periodically during the exposure.

(2) Vesicants.

a. Arsenical Substances.

In a study of Lewisite lesions of the eyes of
rabbits, Mann, Pirie and Pullinger (1946) compare the
characteristics of the ocular lesions in Lewisite and Mustard
gas injuries. Differences in the rapidity of the ocular
response, the pupillary reaction, and the ord~r of magnitude

of the destructive dose are described for the two substances.,

|

t

|
|
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Stress 1s laid on the chronic nature of the corneal lesidns;
in mustard gas injuries, associated with the presence of
characteristic deformed vessels in the cornea and
conjunctiva, 'and in a proportion of cases with the
formation of cholesterin and other 1lipoid scars, This is
contrasted with the Lewlsite injurv where the lesion runs a
definite course to recovery or destruction, where saars are
fibrous and where there may be proliferation of conjunctival
pigment., In mustard injuries the iris is relatively 1little
involved and there are no late pigment disturbances, Lewlisite
causes egevere iris involvemant followed by some depigmentation
and atrophy of the iris stroma, The authors also contend
that lesions strictly confined-to the cornea and not
involving the limbus do not vascularize in the case of
mustard gas, whereas with Lewisite, vascularization of the
cornea is independent of the site of the primary lesion and
occurs when a sufficient dose of Lewlsite reaches either the
cornea or the limbus. It is thus implied that the
localization of site of a mustard gas injuary determines
corneal vascularization, but in a Lewisite injury corneal
vascularization is dependent on the quantitative dose,
‘Certain features of the papers are wortay of
further comment and consideration. It was found that the
dosage of Lewisite vapour given by local applicators was
impossible to standardize. T™his is in agreement with my
own experience in the use of applicators but does not affect

the result described in the paper since most of the
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observations were of a qualitative nature.

Again it 1s stated that although the application |
of mustard gas to the eye is not painful, pain is experiencedi
with Lewisite, but there 1s little evidence in the paper on ‘:
which to assess this point,

With regard to the stimulus invoking corneal
vascularization several views may be taken. The authors
demonstrate that the entry of new vessels into the cornea,
after mustard gas, depends on the localization of the site
of the primary injury. In contrast, they state that corneal
vascularization after Lewisite is independent of the site
of the injury, but depends on a sufficient dosage being
applied to either the cornea or the limbus, These
observations are both consistent with the hypothesis that the
substances differ in their ability to penetrate the ocular
tissues., There is no doubt that Lewisite has a rapid and
severe action within the eye, resulting in permanent
structural changes in the iris, whereas mustard gas causes
relatively little reaction in the iris even when applied in
relatively high dosage, although it has a very marked action
on a vascularized tissue such as the coniunctiva, in which
new-formed vessels may.appear. Associated with this
apparent difference in penetrability, new vessels appear at
all levels in the cornea after Lewisite injury, but in
mustard gas injury they take origin from the limbus vessels
only and tend to lie superficially in the anterior layers
of the corneal stroma. This supports the view that Lewisite

penetrates the ocular tissues with ease and may act directly
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on the iris, while mustard gas appears to penetrate the
cornea only with great difficulty and is probably absorbed
in great part in the superficial stroma,

It would bge unsafe to assume that changes in the
endothelial pattern of the cornea appearing sonn after a
chemical injury must indicate that the substance has passed
through the cornea to reach the aqueous. Further, the
presence of localized congestion in the iris vessels and a
slight degree of miosis, noted by the authors after mustard
gas injury, could be accounted for by antidromic nervous
impulses resulting from an injury confined to corneal tissue,

Uhde (1946) reports 8 cases of ocular ingury by
Lewisite vapour amongst workers at Edgewnod Arsenal, These
burns were very mild. A case of contamination of the eye
with a mixture of chemicals containing Lewisite is also
described., The affected eye was very painful but the
degree of blepharospasm can not have been saifficient to
interfere with efficient irrigation, since the author states
that this was thoroughly carried out for about twelve
minutes immediately after the accident., It cannot be
assumed that the pain experienced was due to the Lewisite
fraction of the contaminating mixture which entered the eye,
Arsenical antidote was not available and the injury resulted
in leukoma adherens with extensive nebular scarring and
serious reduction in vision.

Other cases of ocular injury from Lewisite are
reported by Scherling and Blondis (1944); 5 cases sustained

vapour injury while 2 cases were injured by liquid Lewisi-e,.
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The authors foﬁnd that Lewisite produces immediate ocular
irritation. Since the antidote was instilled with little

loss of time in these cases none of the eyes was seriously

affected.

b. Mustard Substances.

A description of the clinical features of the
ocular lesions produced by Nitrogen Mustard substances has
not been found amongst the availanle literature, although
the pathological changes resulting from liquid contamination
of the eyes of rabblts have been reported in the case of
certain Nitrogen Mustard compounds.(LaMotte and Leopold, 1946)

On the other hand there is now a considerable
voiume of literature on the subject of Mustard Gas injuries
of the eye. It is proposed to discuss only a few of the more
recent contributions and to concentrate attention on some of
the problems which are still unsolved,

The published literature has been reviewed
conprehensively by Hughes (1942). It was shown by the
>fficial records of the First World War of 1914-18 that
75 - 90% of all mustard kas cadualties presented some degree
of ocular involvement. These caées could be divided 1into
three groups:-

1. Mild conjunctival irritation,
subsiding in 1 - 2 weeks with
symptomatic treatment......... 75%

2. Conjunctival chemosis and
roughening of the corneal
surface in the exposed area
but no staining with
fluorescein., Recovery in

)+-5weeks................... 15%

3, Corneal erosion. Convalescence
2-3months..........-....... 10%
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While there was a low incidence of serious immediate complica-
tions, it was well established that in some cases corneal
ulceration recurred as long as seventeen years after the
original injury when this had been of severe degree,

Dealing with certain experimental aspects of
mustard burns Hughes discusses the dose necessary to produce
lesions. In the case of liquld mustard he does not mention
its capricious hehaviour in the eye and the difficulty which
is encountered in attemptine to obtain standard and repro-
ducible lesions although he stresses the variations which are
observed in the sensitivity of different species of animals,
With regard to vapour effects attention is drawn to the fact
that the severity of ocular lesions 1is dependent on the
concentration of vapour and the length of exposure. It is
noted that the eyes react to mich lower concentrations of
mustard vapour than the skin,

Summarizine the clinical course of severe corneal
burns from reported observations in the rab»it and in man,
the author described five stages., *e does not point out,
however, that marked differences exist between the rabbit and
man with regard to the duration of the course of the lesions
and with regard to the time of onset of the different stages.
For instance late corneal degeneration appears after a period
of months in the rabbit but takes years to develop in man.
Again, with regard to corneal vascularization, the time of
onset in man has not yet been firmly estahlished.

Mann and Pullinger (1942) made a detailed study of

the effects of mustard gas on the eyes of rabbits; 1in the
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same paper Mann describes the clinical pathology of mustard
~gas injuries to the human eye and correlates the findings
with the effects observed in rabbits. In the animal
experiments liquid mustard was applied in similar dosage to
the cornez, and the corneo-scleral junction,

The uncomplicated corneal lesion. Attention is
drawn to the erratié behaviour of liquid mustard when it is
placed on the cornea. The authors developed a technique of
touching down a small quantity of liquid mustard from the end
of a glass rod at a series of spots ( 3 to 9) on the corneal
surface, the 1ids being held apart for 15 minutes when no
mustard can be seen remaining on the corneal surface. It is
claimed that the lesions so produced are likely to be compar-
able with those expected in man, While this technique
broduces lesions admirably suitable for detailed slit-lamp
studies it may be criticised that such lesions are very
unlikely to occur in the human where reflex blinking occurs
immediately following the entry of foreign material into the
eye. Lt would be unsafe to stress analogy between such
lesions and those caused by accidental splash contamination
in a factory.

From slit-lamp studies of the central corneal
lesion the authors claim that liquid mustard penetrates the
cornea with remarkable rapidity. This appears to be based
on the development of visible reaction in the deeper corneal
layers and in the iris. Since injury to the superficial
layers of the cornea from a non-penetrating foreign body can

cause a reaction in the deeper corneal layers together with
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hyperaemia of the iris, it would seem unsafe to assume from
appearances of this kind that a noxious agent had penetrated
the corneal tissue to reach the iris. It was observed that
the substantia propria, though permanently altered, is not
cast off as a slough, and after a brief period of oedema,
returns to its normal thickness though it wtill shows a
patholdgical change which may be permanent, Oedema 1s a
prominent feature of the corneal lesion and there 1is an
absence of new vessel formation,

The lesion involving the corneo-scleral junction.

Droplets of lioculd mustard were touched down on the cornea

in the shape of a V with the ends of the two limbs on or
near the limbus,

Although fhe section of the iris underlying the
corneal leslon became hyperaemic in about six minutes, the
whole iris was not involved for five hours: and an aqueous
flare was not noted until seven hours had elapsed., These
facts appear to_argue against direct permeation of mustard
liquid through the cornea and aqueous to the 1iris,

New features observed in lesions at this g&ite
were conjunctival discharge, healing of areas denuded of
epithelium by sliding of epithelium from healthy parts,
carrying pigment from the limbus over the corneal surface,
and the onset of a phase of secondary corneal oedema assoc-
iated ith the invasion of new vessels into the stroma,

Describing the new vessels the authors note that
"although the vessels in the cornea are at varying depths

they all originate from the superficial conjunctival vessels
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and not from scleral branches", They also observe that "the
new vessels grow in as fine straight vessels with tapering
ends" but that once in the cornea the blood appears to clot
in many of the tapering ends, while "some of the invading
vessels have bulbous ends and assume fantastic shapes,
detached points, branches and islands of blood being
constantly formed, disappearing and reappearing rapidly -

the whole pattern varying from day to day, always extending
further into the cornea, and always accompanied by

secondary oedema',

If 1t is true that liquid mustard rapidly
penetrates the cornea to have & direct action on the 1iris,
then the absence of the deep vascularization usually
associated with uveal lesions is noteworthy. The abnormal
vascular forms cah be interpreted in either of two ways.
Mustard gas may affect the vasculature at the limbus from
which the new vessels apise, resulting in the appearance of
a mutation later in the rapidly growing derivative vessel
buds, Atternatively the chemical may affect the corneal !
tissue so that healthyv new vessels entering the area later
react to the altered environment by the development of
abnormal forms.

In lesions of greater severity, recurrent
thromboses and persistent hlood islands were observed, and
retrogression of the vascularizatlon wrs assoclated with the
deposition of fat and cholesterin crystals. When the latter
were 1laid down in the suverficial stroma they led to recurrent

attacks of corneal ulceration. ‘he authors comment that
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émongst these changes the most characteristic are the blood
islands and the peculiar varicosities seen after subsidence
of the acute stage, together with the ulceration of the
superficial cholesterin deposits in the absence of fat,
Discussing the effects of mustard gas injuries to
the human eye Mann divides the cases into five groups
depending on thé severity of the lesion; the series includes
injuries by vapour and liquid.

1. Extremely mild cases. Conjunctiva
alone affected,

2. Mild cases. Conjunctiva hyperaemic‘and
corneal epithelium injured.

3. Severe cases. Corneal epithelium and
substantia propria nedematous,
Involvement of the conjunctival
vessels, especially the limbal supply.

4, Very severe cases showing late
corneal wlceration.,

5. Extremely severe cases showing corneal
perforation,

Tﬁe authors conclude that the effects of wvapour
and liguid are different only when the amount of mustard gas
which soaks into the tissues is different, i.e. the
difference is quantitative only. They also observe that
late keratitis in man is seen as a degenerative ulceration
depending on the initial damage sustained by the limbus and
cornea and not on any continued action of mustard gas or any
of its breakdown products. The histories given by Mann's
very severe cases bear a close resemhblance to that of A,McW
(Table 1, serial No., 92), a case of late corneal degeneration
from mustard gas. In thls ease, however, there was no

evidence of any corneal vascularization or damage to the
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limbus, such as is claimed by Mann and Pullinger to be
necessary for the development of late corneal degeneration.
Scherling and Blondis (1944) deseribe the effects
of mustard gas vapour and liquid on the human eye. In a
case in which a splash of liquid mustard entered the eye
causing a corneal lesion about 3 mm, distant from the limbus,
the eye was still subject to recurrent corneal ulceration
after a period of three months, but '"the conjunctiva was
normal in appearance except for several minute aneurysmal
dilatations thet persisted and there was no vascularization
of the cornea", These authors comment that "the absence of
exudate and cells in the agueous and of changes in the iris
is provocative evidence that the products of corneal break-
down are not toxic if absorbed into the aqueous and that
mustard gas does not pass unchanged through the cornea",

d., Miotic Substances.

The effect of di-isopropyl fluorophos-
phonate (D.F.P.) on the normal eye has been investigated
extensively during recent years, but so far few papers have :
been published. Leopold and Comroe (1946) confirm the
intense, prolonged miotic effect resulting from instillation
of D.F.P. into the conjunctival sac in several animal
species {rabbits, cats, dogs, and man) and note quantita-
tive differences in the response. They found that the effect
was most marked in man. Maxihal pupillary constriction
occurred after 0.1% solutions of D.F.P,, while no effect
was obtained on the pupil with concentrations below 0.01%.
The speed and intensity of the papillary response to 0.1%
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D.F.P. was observed to be of the same order as that produced
by 1% eserine but the duration of the response was found to E
be much greater than that of any other known miotic agent. |
D.F.P. produced ciliary spasm and "false myopia" for about
48 hours, and a single application of 0.1% caused a fall in
intraocular tension- which lasted about 8 days,
Ciliary ganglionectomy was carried out in a
serles of cats, and after allowing time for degeneration of
the postganglionic fibres it was found that 1% D.F.P, had no
effect on the pupil of thedenervated side. There was no
evidence of any direct action on the ciliary muscle itself.
The effect of solutions of D.F.P. on human eyes
fully under the action of mydriatics such as homatropine and
atropine was observed, and it was noted that only 0.2%
solution of D.F.P, was required to overcome the action of 1%
atropine on the muscles of the iris and ciliary body.
Investigating for toxic effects from systemic
absorption following instillation of D.F.P. in man it was
found that some absorption did occﬁr as evidenced by a fall
in plasma cholinesterase content. Despite a very low
plasma cholinesterase, symptoms do not appear in man after a
single dose of D.F.P. They may appear, however, if the red
cell cholinesterase is reduced to about 75%. The authors
point out that this does not mean that significant absorption
will not follow the frequent, indiscriminate use of D.F.P,
The substance was found to be equally effective

in solution in water and in peanut oil, but was more stable

in the latter vehicle.
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It appears, therefore, that relatively weak
solttions of D.F,P, have an eserine-like action on the
intraocular musculature, and will overcome the effects of
mydriatics such as homatropine and atropine. A prolonged
fall of intraocular tension results in the normal eye, The
passage of a nervous impulse apvears to be necessary for the
action of D.F.P, since it has no effect after denervation of
the musculature; this supports the observation (Part 2)
that if the stimulation of light is withdrawn whilst the eye
is still under the influence of D.F.P, some dilatation of the
pupil will result, The substance can have a marked systemic
effect in certain animals as a result of conjunctival
instillation and from the above observations in man it would
seem that the indiscriminate use of thils substance as a
miotic might have serious consequences,

d, Mydriatic Substances.

On account of the possibility of a serious

shortage of the usual mydriatics, as a result of the war,
a series of relatively simple compounds was prepared, which :
might be expected to show mydriatic properties. From
animal experiments it was concluded that dimethylaminoethyl
benzilate ethochloride was an efficient atropine substitute

nd Riddell (1946) gives an account of its clinical trial
in 1% solution., This substance was referred to as E.3., and
was found “o be an efficient substitute for homatropine;
both as a mydriatic and a cycloplegte, In addition no skin

irritation resulted from its use in subjects known to suffer

from atropine sensitivity, and no changes were found in the
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corneal epithelium,

e. Inorganic Substances.
Friedenwald, Hughes and Hermann (1944) found

by experiment that the corneal epithelium in the rabbit had a
highly protective effect against the penetration and damag-
ing action of acids, and that the corneal stroma had some
buffering capacity for solutions below pH 4,0. Ocular
lesions were produced however, by exposures to isotonie
snlutions of hydrochloric acid of pH 2.5, or by exposure to
isotonic solutdons of citrate-phosphate buffer at pH 4,5 or
below,

In further experiments with acids the ssme
" authors observed the following special characteristics of
acid burns in contrast to burns with alkalis and indelible

dyes:-
1. Somewhat slower penetration into the
- eye with rather dharp demarcation of
the lesion.

2. A clinical course which can be
prognosticated with some acuracy with-
in a few hours after the injury.

(i.e. a lesion of non-progressive type.

3. Little tendency for the corneal
epithelium to desquamate.

4, Little tendency to exudative mani-
festations such as purulent discharge,
with or without secondary infection,
intense leucocytic infiltrations of
the conjunctiva, cornea and iris, or
fibrinous iritis.

5, Little evidence of selective involve-
ment of the blood vessels, e.g.
production of intense early oedema or
petechial haemorrhages in the
conjunctiva or, later, ischaemia and
thrombosis of vessels around the
limbus and in the iris,

6, Marked tendency for the relatively
opaque cornea to heal,
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7. No early loss of corneal mucoid as
shown by metachromatic staining with
toluidine blue and determination of
the hexosamine content of the cornea;
after one week, however, metachromatic
staining disappeared in the scarred
areas and hexosamine content was
reduced,

They concluded that, acid burns of the cornea

are essentlially non-progressive and late relapses are
uncommon, .
| With regard to alkali burns, on the other hand,

it is well known that the ultimate prognosis cannot always
be estimated at an early examination since in many cases of
apparently mild burns late infiltration, necrosis, or
ulceration of the cornea develops. Reviewing the literature
and summarising the present knowledge on the subject of
alkali burns of the eye, Hughes (1946) describes the main
characteristics of such a burn and discusses the factors
governing the severity of the lesion. Alkali burns are
stated to be progressive in type and their characteristics
were observed to be rapid penetration of alkali through the
cornea and early involvement of the iris and ciliary processeé
Marked corneal oedema developed early with loss of meta-
chromatic staining of corneal mucoid and disappearance of
‘stroma cells. Cellular infiltrations were also a feature of
these lesions, occurring into the conjunctiva, cornea and
anterior chamber. Superficial corneal ulceration tended to
persist without increase of opacificatién and the reaction
in the iris was persistent. There followed a stage of
gradual recovery, or alternatively, progression of corneal

opacification and ulceration associated with vascularization.
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f. Thermal and Radiational Acent*s,

Ballantyne (1939) discussing thermal burns of
the eye finds that they can be divided broadly into two
groups:-

1, Flame burns or scorching; due to
exploding coal gas, benzéhe, etc.

2. Contact burns: due to contact with
incandescent objects or wood, metal
or other material,

The former type of burns is often confined to
the eyelids but in some cases the eyehall itself is scorched
and there may be opacification of corneal epithelium. The
destréyed epithelium is shed and regeneration occurs in a
few days.

The contact burn, on the other hand, is apt to
be more limited in extent, and deeper than the flame burn,
with resulting destruction of tissue which later on may
lead to scarring.

Duke-Elder (1929) studying the action of
shortwaved 1ight upon the eye, calls attention to the latent
period between exposure and the onset of symptoms in
photophthalmia. There appears to be no reaction during the
latent period, while the commencement of corneal trouble
is accompanted by all the signs of photophobia, He suggests
that this 1s due to exposure of the free nerve endings in
the cornea; if the cornea is protected during radiation,
the vioclent conjunctivitis is accompanied by no distress;
and in the more severe exposures, where the whole central
cornes has been destroyed, the evidences of subjec*lve

irritation are correspondingly less. He also notes that



120,

between the latent period and the cohmencement of acute
symptoms, at the time when the corneal oedema is very
obvious, and when typical halos are most evident, the cornea
becomes practically anaesthetic,

The literature with regard to radiational
cataract has been comprehensively reviewed by Duke-Elder
(1940), and it is evident that cataract can be produced by
radiant energy of any form. The development of the cataract
appears to be preceded by a latent period, but the early
stages of development and the duration of the latent period
do not appear to have heen investigated fully. Radlational
cataracts are of cortical type and usually affect the

posterior part of the periphery of the lens,

5. Pathological Considerations.
(1) Regeneration of Corneal Epithelium.

Several factors play a part in the regeneration

of the epithelium, namely:-

1, Migration of cells from the edge of
the defect.

2, Mitosis at some distance from the
defect.,

3, S1liding of surrounding epithelium
over the defect,

In a study of epithelial regeneration in the
living eye, Mann (1944) described the effects produced in
"the pigmented ring at the limbus in rabbits following
injuries of various kinds. A pigment slide was observed to
occur on.to the corneal surface or towards the conjunctiva

when an area of epithelium was damaged at less than 5 mm,
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distance from the limbal pigment ring. The slide can be
produced by simple trauma or by chemical injury; 1t is not
so easily produced by heat. The shape of the slide was

found to be determined by the shape 2nd position of the
epithelial loss. This type of pigment slide associated with
regenerating epithelium is Aifferentiated fron pigment
proliferation in response to chemical injury and from pigment
migration towards the conjunctiva which occurs in cases of
Vigamin A déficiency without epithelial loss,

(2) The Pathological Effects of Arsenical Substancesg.
Adler, Fry and Leopold (1947) studied the

pathological changes produced by various war gases in the eyes
of rabbits and found that all eyes exposed to severe burns by
different substances showed certain common histological
features. The authors emphasized the following features of

the Lewisite injury:-

1. In the early stages changes appeared
in the corneal stroma which may be
interpreted as a ranidly progressing
necrosis of the whole stromal layer.,
This was seen in the loss of the nuclel
of the corneal fibres, the loss of
staining ability of these finres and
their loss of outline., These changes
were first seen at the end of six
hours and reached a maximum in twenty-
four hours.

2, The fafiltration of the stroma began
at the periphery at the twenty-four
hour stage and was of polymorphonu-
clear cell type., This infiltrate was
replaced by a round ®ell infiltrate
at the end of the ten day stage,

3, Vascularization did not make its
appearance till the end of five days,
This vascularization was in all layers
of the stroma bu® was most prominent
in the middle layers. In fourteen
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days the vascularization was fairly
intense,

4, In a tréated eye there were no changes
that could be attributed specifically to
the treatment., The changes were
similar to those observed in the un-
treated eye but were of milder degree.

By injecting indicator dyes into the cornea
before contaminatisn with Lewisite, Hughes (1947) showed
that there were two components in the resulting burn. He
contended that Lewisite is immediately hydrolyzed at the
site of contact with the moist surface of the cornea,
liberating hydrochloric acid sufficlent to produce a
superficial corneal opacify. All the later characteristics:
of a Lewisite burn of the eye can be produced »y the
instillation of a dilute solution of Lewlsite oxide
(C1CH: CH.AsO) containing trivalent arsenlic, held to be
responsible for the progressive features of the corneal
lesion. Hughes noted irreversible histalogical changes in
the rabbit cornea beginning ten minutes after exposure and

becoming well marked in thirty minutes.

(3) The Pathological Effects of Mitrogen Mustard Gas.

LaMotte and Leopold (1946) studied the effects
produced by certain nitrosen mustard substances in rabbit
eyes. They found that 4&4dichlor diethyl ethylamine in
liquid form has a deep actlion in the eye causing severe
necrésis of anterior uveal tissue, degeneration and loss
of function to such an extent that any return to normal
appears impossible. Trichlor triethylamine, on the other
hand, has a negligihle action on the iris and clliary body,

with subsequent complete return of the part to a normal
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histological appearance, Their investigation did not
include fRdichlor diethyl methylamine, the protgtype
and most active aubstance in the nitrogen mustard group.

() The Pathological Effects of Mustard Gas.

a. Avascular healing in the Cornea.

In experimental lesions made with mustard gas
in rabbits it was found (Mann and Pullinger, 1943) that
spontaneous avascular healing invariably followed when the
liquid droplets dama-ed the centre of the cornea alone and
left the corneo-scleral junction uninjured and free from
oedema,

By intravenous injection of vital dyes, slit-lamp
ohservation of the living eye, and microscopic examination of
tangential sectlions of corneae treated en masse by impreg-
nation of silver (Pullinger, 1943) and other stains, the
authors were able to correlate the clinical with the
histological findings, Dﬁring the healing process a
considerable amount of intra- and extra-cellular fluild was
present in the epithelium, manifested clinlcally as
"bedewing'", but after a few days had passed this hydropic
change was confined to the cells alone,

In the stroma a nolymorphonuclear leucocytic
invasion occurred within twenty-four hours. These cells
migrated from the limbal vessels at all levels towards the
surface of the cornea, and towards fragments of destroyed
corpuscles. The cells were of linear form and their
presence was independent of bacterial infection,

At the end of ten days or so when the primary

corneal response had subsided 8 sllky appearance was
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observed in the slit-lamp section and this was correlated
with a secgnd cellular invasion of the stroma, this time by
wandering cells, whith started within forty-eight hours of
the injury. Of other motile cells - fibroblasts and
lymnhoecytes - none was ever seen unless blood vessels had
at some time entered the cornea, In the early stages of
healing many wandering cells functioned as macrophages but
evidence was found that in the later stages these wandering
bcells are capable of transformation into fibrocyteé,
corneal fibre-forming cells, satellite cells and even into
corneal corpuscles themselves.

b. Cholesterin and Fat Deposition in the Corneas.

This subject is discussed by Mann and Pullinger
(1942) on a basis of observations in experimental animals
and cases of delayed corneal degeneration in the human
subject, They point out that the deposition of fat and
cholesterin may occur not only in mustard gas injuries,
but also as a sequel to severe keratitls, either infective
or due to other chemicals such as sulphuric acid,

Having noted that central corneal lesions heal
without vascularization it was observed that such avascular
scars never contain cholesterin or fat, and it was
considered that the essential factor in this degeneration
is previous vascularization of the cornea, In some cases
superficial vasculaer loops of thin even ealibre crossed the
limbus, extended for a time beneath the epithelium and then
retrogressed, and it was found that such regular superficial

vessels were never followed hy deposition of fat or
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cholesterin, The authors then descrihe the invasion by
deeper vessels of bizarre shape and irregular calibre which,
as the condition improved, left beh’nd detached vessel tips
and blood islands in the cornea. These somteimes dis-
appeared by haemolysis of the blood within them, which could
be observed seeping out through the endothelial wall along
the 1llnes of corneal fibrils, In a small number of cases as
these vessels retrogressed a deposit of fat and cholesterin
was formed beyond their disappearing tips. As the cholesterin
appears 1t at first outlines and then obscures the empty
endothelial wall of the vessel which finally disappears
completely., The fat precedesthe appearance of cpystals and
becomes rather less in amount as they increase,

The Lipoid occurs in the following forms:-

1. As exceedingly fine droplets like an
emulsion bathing the fibrils of the
substantia prépria, while the fibrils
themselves appear to remain intact. The
droplets are not doubly refracting and
appear at any level in the stroma.

2., As large intracellular globules and
cystals having the characters of
cholesterin esters, The cells con-
taining the crystalline lipoid are
macrophages and appear in and around
the deposits of emulsified fat, or
when no emulsion is present,

3, As fine intracellular globules of
isotropic fat, in adventitial cells
and possibly endothelial cells of
blood capillaries, in eyes with or
without "lipoid scars",

4, As free cholesterin crystais,

The authors suggest that the emulsified lipoid and
thé crystalline 1lipoid may be quite distinct or may be stages

of a process related in time since the appearances suggest
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that the fine glohules are ingested by macrophages and
converted by them into chnlesterin esters, Analogy is
drawn between these processes and those occurring in the
vessel wall in atheroma and i1t is put forward as a hypothesis
that damage to the avascular or relatively non-vascular
intima of vessels may be followed by the ingrowth of new
caplllaries which subsequently retrogrees with deposition of
lipoid.

(5) The Pathological Effects of Inorganic Substances.

Friedenwald, Hughes and Hermann (1946) made an
experimental investigation into the effects of aecid burns of
the eye. Rabbit eyes were irrigated for ten minutes with a
tenth-normal isotonlc solution of hydrochloric acid and
specimens were examined microscopically at varying intervals
up to twenty-one days.

Immediately after irrigation the corneal
epithedium became acidophile and the supefficial cells
desquamated. At forty-five minutes coagulated proteins
appeared in the anterior chamber. By two hours albuminous
material was seen under the corneal epithelium and the
corneal stroma was mildly oedematous. After four hours the
epithelium showed acidophile granules in the cytoplasm, and
there was oedema in the substantia propria, but the
endothelium appeared normal. After eight hours the changes
had aflvanced and there was shrinking and disappearance of
stroma cell nuclei. By twenty-four hours polymorphonuclear
cells were invading the superficial layers of the stroma,

Metachromatic staining revealed no appreciable loss of
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corneal mucold at this stage. On the seventh day a thin
degenerative epithelium covered the burned area, superficiél
blood vessels were observed in the oedematous stroma, &he
endothelium had proliferated forming a layer several cells
deep, and there was now almost complete loss of corneal
mucoid, During the third week repair process=s were at
work and proliferating fibrous tissue, blond vessels, and
inflammatory cells were found in the injured regionn,

In a later study Hughes (1946) descrined the
pathological characteristics of alkali burns, After two
minutes there was sloughing of epithelium, commencing
disintegration of stromal cells in the su»stantia propria,
fragmentation of corneal endothelidm and iris congestion.
Cellular invasion of the cornea had begun at two hours,
exudates were observed in the antérior chamber and the
anterior uveal tissues were oedematous. Loss of metachrom-
atic staining of corneal mucoid occurred early at about
eiéhteen hours after imjury. Ufifortunately the amount of
alkali used to produce those effects is not recorded and so
a detailed comparison with the pathological appeprances
caused by acids would be valueless. At the same time,
however, the author points out that alkalis are rapid in
action, have an early effect on the corneal mucoid, and the

lesions tend to run a prolonged course.

(6) The Pathological Bffects of Thermal and Radiational

Agents,
In a paper on wound healing in an insect,

Wigslesworth (1937) considered that the substance which
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activates the sliding cells in regenerating epithelium is

a tissue product of autolysis of the injuréd - cells and also
noted that it is neither tissue nor species specific. He
observed that the substance &s destroyed by heat. Mann (1944)
found in studying epithelial regeneration in the rabbit's
cornea that if, instead of removing the epitheiium by
scraping, the cornea is burned with a hot wire, then the
amount of sliding produced is much less, She noted that the
movement of 1limbal pigment is very irregular and does not
occur all along the burned area and points out that this may
support Wigrleworth's contention that heat destroys the
activatina substances. In an experiment making three small
burns of the corneé, two were made using a hotter wire than
the third, In the latter case only was a pigment slide
observed to occur towards the lesion. Since all three burns
healed, Mann presumed that the burns caused by the hotter
wire healed by mitotic division in the cells at the edge of
the burn,

Duke-Elder (1932) summarises the features of the
thermal lesion caused by infra-red radiation. In the cornea
it produces coagulation and opacities; in the iris, by the
pigment of which much of the heat is absorbed, severe
haemorrhagic congestion with paralytic pupillary dilatation
results, leading to' depigmentation and atrophy; 1in the lens
an exfoliation of the zonﬁlar lamella occurs, and, in
severer doses, coagulation of lens proteins and the rapid
production of cataract; 1in the retina a necrotic burn is

produced, In contrast to this 1is the chemical or abiotic
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lesion produced by ultra-violet radiation. This is of a
completely different nature, and the histological appearances
of the fully-developed reaction are characteristic. In the
corneal epithelium there is a nuclear chromatolysis associated
with a sweiling and oedema of the cytoplasm. Thereafter
acidophile staining becomes evident in the nucleus, which
progresses to the formation of highly refractive red

granules within it; these coalesce into discrete "inclusion

bodies" which may eventually replace the whole of the nucleus.

At a later stage the nuclear inclusions tend to bulce the
nuclear membrane outwards, and finally they may be extruded
altogether from the nucleus into the cytoplasm, leaving the
remnants of the nuclear membrane behind, Subsequently the
cell dies and, if it is a superficial one, is descuamated,
Meantime, in the surrdéunding tissue theré 1s a considerable
vascular reaction, associated with an eosinophilic infiltra--
tion. Two features of the process of resolution are
characteristic; first the rapidity of the recovery of the
traumatized cells and of the proliferation of fresh cells to
replace those exfoliated, and second the comparative absence
ofmitotie activity in the process of repair.

Dealing with the patholog¥ of radiational cataract
v.Sz1ily (1938) found that the duration of the latent perilod
before the first appearance of lens opacities varles within
very wide limits. Radiational cataracts were usually found to
appear as cortical opacities of subcapsulér type and often
affecting the posterior polar region of the lens. When

caused by heat and infra-red rays these changes may be
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associated with separation of the outer layers of the leng
capsule., Considering the cataract caused hy X-ray and
radium trauma, v.Szily states that this tyve of cataract may
also begin as a posterior polar opacity or in the form of

vacuoles and very fine striated opacities benerth the

anterlor lens capsule. Degeneration of the epithelium oceurs;

togéther with granular disintregration and liquéfaction of
the superficial cortical layers. There is evidence to

indicate that the first changes in the lens epithelium take
place in thé equatorial region, whereby the rays alter the

reproductive capacity of the germinative cell collections,

leading to the formation of atyplcal fibres or vesicle cells.

6. Therapeutic Considerations.

It 1s agreed by most observers that in chemical
injuries prevention is better than cure, While prophy-
lactic methods and counsels of perfection are apt to be
disregarded, however, accidents still occur, and so the
available therapeutic measures must be considered.

(1) Ireatment of Arsenical Lesions.
During the war years a new compound, 2 : 3

dimercapto-propanol (B.A.L.) was discovered having an

antidotal action to the arsenical vesicants, Peters, Stocken

and Thompson, (1945) described the preparation of this
substance. Its action in cases of arsenical burns of the
sye has been intensively studied. Mann, Pirie and

Pullinger (194+7) investigated the effects produced by B.A.L.
in the rabbit's eye usins various methods of application and

different strengths of solution. They found that continuous

|
)
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application for fifteen minutes (as an eye bath) of a large
amount of B.A.L. in strengths varying from 57 to 20% is
harmful, but that a single drop of a 207 solutinn can be used
with safety. They advocate the use of solutions between

10 and 20% in strength. Pure B3,A,L. was found to have an
effect similar to a 30% solution but left a very slight
corneal nabula, The application of B.A.L. within five
minutes to an eye contaminatéd with a destructive dose of
Lewisite was found to be successful in preventing the action
of the Lewlsite, From personal observation, however, I
have noted that B.A.L. may be ineffectlive in saving the eye
1f the degree of contauination of 1liquid Lewisite is
sufficiently gross. Studying the effects of delayed
application of the antidote the authors found that avplica-
tions delayed for varying times up to twenty-five minutes
also saved the function of the eye although partial
permanent damage remained.

Scherling and Blondis (1944) describe the
irritant effect of B.A.L, when applied to the normal eye,
and also report on its therapeutic efficacy when applied to
eyes contaminated with Lewisite in both 1liquid and vapour
forn, It is of interest to note that no mention is made of
any difficulty in administering the therapeutic agent on
account of severe blepharospasm, a contingency which has been
anticipated by some observers on theoretical grounds.

Hughes (1947) studying the action of B.A.L. on
Lewisite burns of the eyes of rabbits, found that a single
instillation of 5% dimercaprol solution or ointment from

within two to five miintues after exposure to Lewisite,
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effectively prevents the development of serious ocular
lesion;. He holds that this effect of dimercaprol is due,

in part at least, to its rapid penetration and withdrawal of
toxic arsenical material from the tissues before irreversible

histological changes have developed.

(2) Treatment of Mustard Gas Lesions.

Hughes (1942) has summarized the methods
available in mustard gas injuries of the eye. He mentions
the importance of reassur 'ng the patient that he 1s not
blind in the early stages by opening the 1ids, and warns
against the use of local anaesthetics which may damage the
corneal epithelium, Dealing with treatment by irrigation
the author does not discriminate between vapour injuries and
splash injuries, but advises immediate irrigation of the eye
as being applicable to all cases. Irrigation is now
considered to have no value and may even be harmful if applied
in the presence of an established lesion (e.g. vapour cases
af the onset of symptoms), but on the other hand immediate
and thorough irrigation may save the eye after a splash
injury. The use of a mydriatic is advocated by the author
in cases with corneal or iris involvement and in certain
cases whére phatophobia is troublesome. The eye should not
be covered although the temporary use of dark glasses or a
shade is permissible. Bland oily drops and mild antisepties
are recommended in the later treatment.

Scherling and Blondis (1944) have reported on the
treatment of mustard gas injuries to the human eye in

eighteen cases, one of which was caused by a splash of
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1iguid mustard, Most cases were given homatropine to
eliminate photophobia and spasm, and in the first few days a
snlution of epinephrine hydrochloride (8% of 1:1000) and
camphor water (4%) in distilled water was used frequently.
The use of glycerine was recommended to combat the corneal
oedema that accompanies mustard gas kerato-oonjunctivitis,
Unfortunately the evidence in this paper is insufficient to
indicate whether these substances have any particular
therapeutic value in mustard gas burns of the eye. The
vapour cases had all cleared up in from two to fourteen days
as would be expected in mild cases having bland treatment,
while the splash case still showed signs of recurrent
keratitis more than three months after the injury.

Mann (1944) reviewed the subject of treatment of
delayed mustard gas keratitls in a2 series of eighty-four
cases. All were fitted with contact lenses., The visual
acuity in all but two cases was markedly improved, In
twenty-five cases there was no further relapse after fitting,
and in ten only were severe relapses encountered. In
relapsing cases shallow ulcers responded well to mydriatics
and heat, while in deeper ulcers accompanied by discharge of
cholesterin and fatty debris, gentle curettage followed by
tarsorrﬁaphy was undertaken. Raised superficial corneal
plaques were scraped off before fitting a contact lens. When
stasis was encountered in varicose vessels of blood islands,
the blood was evacuated by pricking, or feedlng vessels were

dealt with by cautery or peritomy.
Scholz and Wonds (1947) found 243 cases of
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relapsing and chronic ocular lesions following mustard gas
burns in a review of the literature. From examination of the
report of 136 cases in which the data were sufficient, these
authors concluded that while no universally beneficial
treatment has been recorded the ‘i1se of contact glasses to
promote healing of recurrent ulcers and to improve vision
has been the most successful method.

No literature has been published so far on the

treatment of ocular lesions due to nitrogsen mustard gas,

(3) Ireatment of Lesions due to Inorganic Chemicals.

It has been found experimentally that acid burns
of the eye result in early protein precipitation and a non-
progressive lesion, and that the prognosis 1is relatively
good unless contamination is very severe. In the case of
alkall burns, howsver, the lesion tends to be progressive,
Hughes (1946) has reviewed the available methods of treatment
for the latter and finds that conservative treatment 1s
éffective for alkali burns of mild or moderate severity. This

consists of:-

1.Immediate irrigation of the eye with
copious amounts of water er any bland
solution,

2. Removal of any residual particles of
alkali from the conjunctival sac and

instillation of buffer solution.
(pH 4.5)

3, Instillation of mydriatics,

4. A corneal bath of 107 neutral ammonium
tartrate after lime burns.,

5, Sulphonamide or Penicillin ointments
to prevent secondary infection,

6. Prevention of symblepharon,
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Early and repeated paracentesis may be beneficial but the
number of reported cases is small, Hughes found that the
evidence in favour of early excision of necrotic conjunctiva
with replacemenﬁ by membrane grafts was inconclusive,

Scherling and Blon?is (1944) describe a case of
ocular burns from white phosporus and report favourably on
treatment by 3% solutinn of copper sulphate, After free
irrigation of the eye using boric acid solution, a local
anaesthetic was instilled, followed by repeated applications
of a few drops of the copper sulphate solution over a

period of fifteen minutes,



1.

2.
3.
4.
5
6.

9.
10,
11.
12,
13,
14,
15.

16.

17.
18.
19.
20,

21.

22,

136,

PART 3. |
REFERENCES,

Adler, F.H., Fry, W.E., and Leopold, I.H., (1947)
A, of 0,, XXXVIII, 89,

Ballantyne, A.J., (1939). Glasgow Med.J., 132, 180, i
Cullumbine, H., (1946), Brit,Med. J., Oct. 19., 576. v
Dickson, R.M., (1943). Brit.J.0., XXVII, S5ul,

Duke-Elder, Sir W, Stewart, (1929). Brit.J.0., XIII, 1,

Duke-Elder, Sir W, Stewart, (1932). Text-Book of f
Ophthalmology, Vol. I., (1940), Vol. III, Londony

Friedenwald, J.S., Hughes, W.F.Jr., and Hermann, H.,
(1944), "A, of 0., XXXI, 279,

Friedenwald, J,S,, Hughes, W,F,Jr,, and Hermann,H,, i
(1946). A. of 0., XXXV, 98,

Garrow, A., (1923), Brit, J.0., VII, 65,

Goldblatt, M.W., (1944)., Brit, J. industr. Med., 1, 20,
Hughes, W.F.,Jr., (19%2), A. of 0., XXVII, 582.

Hughes, W.F.Jr., (1946). A, of 0., XXXV, 423,

Hughes, W.F.Jr., (1947). A.qf 0., XXXVII, 25,

Kuhn, H.S., (1944). Industrial Ophthalmology. |

st

LaMotte, W.0., and Leopold, I.H., (1946) |
Am.J,0., XXIX, 1553. |

Leopold, I.H., and Comroe, J.H.Jr,,(1946)
A. of 0., XXXVI, 17.

Mann, I., (1944). Brit, J.0., XXVIII, 26.
Mann, I., (1944), Brit. J.0., XXVIII, kWil.
Mann, I., (1946). Srit. J.0., XXX, 8.

Mann, I., Pirie, A., and Pullinger, B.D., (1946)
Am, J.0., XXIX, 1215.

Mann, I., Pirie, A., and Pullinger, B.D., (1947)
Am. J.0., XXX, k421,

Mann,I., and Pullinger, B.D., (1942)
P.R.S. Med., XXXV, 229.



230

2k,

25.
26.

27.
28,
29.

30.

31.
32,
33.
3k,

137.

Mann, I., and Pullinger, B.D., (1942).
Brit, J.0., XXVI, 503.

Mann, I., and Pullinger, B.D., (1943),
J.Path. and Bact., 55, 151.

Minton,J., (1936). Brit. J.0., XX, 673,

Peters, R.A., Stocken, L.A,, and Thompson, R.H.S,(1945)
Nature, 156, 616. ’

Pullinger, B.D., (1943). J.Path. and Bact. 55, 97.
Riddell, W.J.B,, (1946), Brit., J.0., XXX, 1.

Scherling, S.S., and Blondis, R.R., (194k4)
A. of 0,, XXXII, 381,

Seholz, R.0., and Woods, A.C., (1947)
A, of 0., XXxviI, 139,

Uhde, G.I., (1946). Am, J.0., XXIX, 1090,
v.Szily,A., (1938). T.0.S. LVIII, 595.
Wigglesworth, V.B., (1937). J.Exper.Biol. XIV, 364.

Wirdemann, H.V,, (1932). Injuries of the Eye.
$econd Edition, London.




1

"By this way of Analyslis we may proceed from Compounds to
Ingredients, and from Motions to the Foreces producing thems
and in general, from Effects to their Causes, and from
particular Causes to more general ones, till the Argument

end in the most general."
Sir Isaac Newton, Opticks, 1730,
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PART k&,

A DISCUSSION OF OCULAR BURNS.

1. Introduction.

The term burn is used to designate a series of
patholégical changes set up in the tissues as a result of
external interference by certain chemical »r physical agents.
The complete sequence of events by which these changes take
place 1s still far from being fully understood, but an
attempt can be made to form an intellieible picture of
the processes involved in certain instances., The clinical
and pathological appearances of the gross lesions have been
established by several obsefvers and provide a firm frame of
reference for theoretical interpretation. The sclences of
chemistry and physics are continually being brousght into
closer assoclation with each other, with increasing
appreciation of the scope of application of their recpective
fundamental theories., There exists, however, a great gap
in knowledge between bhhysico-chemical theory and the morbid
anatomy of bilological precesses. The slit-lamp enahles us
to fumble at the upper end of the gap by obéerving the
development of pathological lesions in transparent living
tissues such as the cornea, while biophysies and biochemistry
are heing brought to bear on the other end of the gap 1In an
attempt to elucidate biological processes by the application
of physié¢o-chemical methods and théory. But the gap is still

wide as will appear from further contemplation on the
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interpretation of these studies in the ocular reaction to

certain irritants.

2. Statistical Considerations.,

 The analysis presented in Part 1 shows that 94
cases of ocular effects resulting from burns occurred
amongst 14,234 ophthalmic cases. These 94 cases could be
divided into two groups:-

I. 87 cases of recent injury to the
region of the eye.

II. 7 cases of ocular complications
of burns.

The proportional rate of occurrence of recent
burns of the eye amongst a hospital population was found to
be 0.67%. The majority of such injuries occurred during the
years of 1life usually occupied in gainful employment, hut
there was a significant difference in the age distribution

with regard to sex in that no females were found in age
groups over 40 years of age.

The agents involved in the causation of these
recent injuries could be divided roughly into four groups
with the following frequency distribution:-

1. Chemicalesesoeeessscooscossacns U5
2. Thermale.eieoosseecesscocnnsnss 35
3, Combined Chemical and Thermal.. 3
4, Radiational.ceeeececesscosccoss L

It was shown that there was a significant
association between the unilateral or bilateral character of
the injuries and the nature of the injuring agent. 1In

particular, @n association was found between the physical
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state of the agent and the laterality of the resulting
injury, since solids and liquids tended to cause a unilateral
lesion while the vapour state favoured the production of a
bilateral lesion.

Out of 53 cases in which the records of visual
aculty were sufficient for analysis, 13 cases had defective
vision prlor to the injury, 37 recovered adequate vision
(better than 6/12 in each eye) while in 3 cases only could
the defective vision be attributed definitely to the injury.
Permanent structural damage to the eye as a result of the
injury was observed in 6 cases only.

When the cases were divided according to the
numher of days of in-patlient treatment or the number of days
of out-patient attendence, the observatlions fell into series
distributions. The severity of these injuries based on the
number of days spent at hospital for treatment was found to
"~ be associated significantly with the character of the ocular
injury with regard to the region affected., Corneal involvem
ment was assoclated wlth a significant increase in the
severity.

In other respects the data were of interest on
account of negative findings. There was no evidence that the
frequency of occurrence of ocular burns was affected during
the war yerrs in the population under investigafion. ‘The
data contained no evidence of association between the age of
the patients and the severity of the injurles, nor between
sex and severity, Again, there was no evidence of a

significant difference in severity between acid and alkali
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burns, such as is commonly believed to exist.
The cases of ocular complications of burns have

alrea’y been discussed in Part 1,

3. Physical Cénsiderations.
It 1s known with regard to lethal gases that the

bilological effect produced 1is roughly proportional to the
product of the concentration of the gas (C) and the time of
exposure (T). In the case of mustard gas vapour acting on
the human eye 1t has been found by experiment that the dosage
required to produce threshold effects is relatively constant
in terms of CT. expressed in mg. min./ cub. metre. 1In |
dealing with clouds of fine droplets of the order of 100 m
and less in diameter, however, i1t may be expedient to express

the degree of contamination in terms of area dosage (gm./

sq. metre). In using larger drops the dosage is conveniently

expressed in terms of the drop diameter.

In the course of the experimental work described
in Part 2 an impression was gained that the severity of the
lesion in the eye depended 1less oﬁ the actual weight of
chemical substance applied to the eye than on the physical
state, and, in particular, the droplet size in which it was
presented, For inétance, either mustard gas or nitrogen
mustard gas applied as 32 drops of I‘OIp in diameter (total’
dose in eye = 0,064 mg.) produced a much more severe reaction
in rabbits than the same substances applied in the form of
drops of less than 100 m diameter with 50% of the mass
being of the order of ho/u in diameter [total dose in eye =
0.06 mg.),

|
$
|
j
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It 1s known that in the case of lacrimator
substances the hazard to the eye (aggressiveness) from a
particular substance in vapour form depends not only upon
the activity of the substance but also on its vapour pressure.
In the study of certain nitrogen mustard compounds which
constituted a homologous series it was observed that the
relative aggressiveness of these substances in the form
of vapour decreased more rapidly with’ ' increasing molecular
weight than thelr activity in the eye.

The viscosity of substances applied to the eye
also appears to have an important bearing on their activity.
Solutions of identical strensth w/v of mustard BA8 prepared
using several grades of liquid paraffin which varied in .
viscosity and density were found to produce lesions differing
greatly in severity. The more viscous paraffin solutions
produced the more severe and more constant lesions,
presumahbly because they retained the solute in contact with
the eye for a longer time., This same effect was observed
using B.A.L. ointments. B.A.L. has eye irritant properties, :
When applied to the eye in large excess in a lanolin base,
the lanolin melts in contact with the tissues and any excess
flows away, so that ocular irritation caused by prolonged
contact with B.A.L, is minimal. When an equal weight of
B.A.L, is applied in a similar quantity of a lanette wax
base, the ointment remains solid in contact with the eye and

produces considerably more ocular irritation.

4, Chemical Considerations.
It has been shown that substances within the
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.chemical group could be differentiated to some extent by means
of the effects they produce in the ocular tissues and it is
now - convenient to obtain some conception of the chemical
nature of fhese compounds in order to ascertain whether there
is any evidence of correlation between chemical structure and
activity in the eye,

Organic chemicel substances all contain the
elements carbon (C) and hydrogen (H). Some contain oxygen (0)
nitrogen (N), the halosens- fluorine (F), chlorine (Cl),
bromine (Br), the iodine (I) - sulphur (S), phosphorus (P)
and arsenic (As)., The hydrocarbons - compounds of
hydrogen and carbon - constitute the simplest group of
organic compounds, and methane (CHu) is the simplest member
of this group. Removal of one Rydrogen atom from methane
leaves the methyl radicle (CH3) - or in general terms, an
alkyl radicle. Methane is the simplest member of the
paraffin series, in which there is a difference of CH, between

consecutive members, This is termed homology.

Methane CH), or CHy - H
Ethane ColHg CoHg- H
Propane C3H8 C3iy - H
Butane CyHjo Cyg - H
Homologous Series, Alkyl Radicles.

The arsenical substances discussed in Part 2 were
all trivalent. Organic arsines may be regarded as being
derived from arsine (AsH3) by substitution of alkyl groups
in place of the Hydrogen atoms, Primary, secondary, or

tertiary arsines are formed according to whether one, two, or
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all three hydrogen atoms are replaced. They can be

represented by the foilowing general formulae:-

Primary arsines, RAsXs>
Secondary arsines. RoAsX
Tertiary arsines. - RaAs

The nitrogen mustard substances may be thought of
as substituted ammonias, where the hydrocen atoms in ammonia
(NH3) are replaced by various alkyl gfoups to form amines,

Amines may also exist in primary, secondary, or tertiary

form: -
Methylamine, CHy - NH, (primary)
Dimethylamine, (CH3), = NH ($econdary)
Trimethylamine, (CH3)3 = N (tertiary)

Secondary amines react with nitrous acid to form

nitrosamines as seen in the reactlon:-
R R
>NH+H0-NO-——> >N-N=0 +H20
Ry R{

« NLtrosamine,

Nitrogen mustard ( @4dichlor diethyl methylamine)
may be regarded as a tertiary amine where two hydrogen atoms
have been replaced by chloroethyl groups and the other by a
methyl radicle:-

| H CH,CH,C1

H - li<:' — CHy - N<<::

H CH,CH,C1
kmmonia. Nitrogen Mustafd.
The structure of mustard gas may be conceived

simply in the following way:-
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Water, H -« 0 - H
Alcohol, ' CoHy - 0 - H (alkyl hydroxide)
Ether. ' Coly - 0 = CoHg (alkyl oxide)
Thio-ether. Coly - 8 - CpoHgs (alkyl sulphide)
CH,CH,C1
Mustard gas, S <
CHoCHoC1

The fluorophosphonates are substances of general

RO
::>-P —F
RO I

0

formula:=-

Amongst therapeutic substances B.A.L,(British
Anti-Lewlisite) was of outstandimg interest. This compound
~1s a dithiol and its derivation can be easily followed
beginning with Alcohol:-

| Alecohol R - OH
The substitution of S for 0 gives a mercaptan:-
Mercaptan R - SH
- Mercaptans are substances having an affinity for
mercury, and the hydrogen atom may be replaced by mercury
and certain other metals including arsenic. The thiol group
- SH can also occur by substitution in dihydric alcohols:-
CH, - OH CH, - SH -
Glycol | —_— | (a simple
CHp - OH CHa - SH dithiol)

B.A.L, or dimercapto propanol is a dithiol
preparation selected on account of its ability to penetrate
the tissues:-

Hg? - SH

BcAuL. H - C - SH

|
HoC - OH
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5. Chemical Structure and Activity in the Eye.

In the case of substances having lacrimatory
properties it has been possible to correlate lacrimatory
activity with chemical structures (Ford,Moore, 1936). These
properties have been found to depend on the presence in the
molecule of either:-

(a) a positive halogen, e.g.

—C - CHxX
or (b) an olefinic linkage, e.g.

>c o= e
It has been suggested (Needham and Dixon, 1946) that the same
groups (ketone, ester, aidehyde, ete.,) which give the
nelghbouring halogen its positive properties also polarize
ad jacent olefinic linkages so enabling them to act as
lacrimators,

With vesicant substances 1n general, however, it
has not been possible to correlate chemical structure with
activity, At the same time certain observations on this
aspect of the subject are worthy of note. Substances of the
lacrimator group have been found to cause structural damage
in the eye when applied in sufficlent dosage, and in this
respect they resemble the vesicant substances. Of the
arsenical substances examined for activity in the eye,
primary arsines of general formula RAsC12 were known to have
a vesicant action on the skinj; secondary arsines, RpoAsX,
were known to have sensory irritant properties, but activity

had not previously been demonstrated for tertiary arsines,
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R3As, Arsenical analogues of nitrogen mustard gas
( /gsdichlor diethyl methylamine) which were also tertiary
arsines were found to be capable of causing injury to the
eye. The lesion produced, however, was of arsenical type
and did not have the characteristic features of injury by
nitrogen mustard gas. In a group of four primary arsines
activity was found to decrease in the order:-

AChlorovinyl dichlorarsine.

Phenyl dichlorarsine.

Methyl dichlorarsine.

Ethyl dichlorarsine.

The main features of the arsenical group may therefore be
summarised as follows:-

1. All trivalent arsenical substances
which were examined, whether primary,
secondary, or tertiary compounds were
found to produce structural damage
in the eye.

2. The arsenic atom appeared to have an

over-riding influence in determining
the clinical type of lesion, since
arsenical analogues of nitrogen
mustard gas produced an ocular lesion
of arsenical type.

N cafbomethoxy /echloroethyl nitrosamine proved
to be the most potent substance in the nitrosamine group.
The bromo-analogue, N carbomethoxy /ebromoethyl nitrosamine
was found to be similar in action on the eye and possessed
a high order of activity. N carbomethoxy /6( ,chloro-
ethy;ﬂthio) ethyl nitrosamine contains structural groups
of both nitrosamine and mustard gas in the molecule and was
found to possess a high order of activity, In contrast,
the parent substance of this series of compounds, N carbo-.

methoxy methyl nitrosamine is almost devoid of eye injurant
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‘properties so that a /Gchloroethyl group is an essential
factor in originating aggressiveness, Again /echloro-
ethyl methyl nitrosamine and di ( 4chloroethyl) nitrosamine
are not eye injurants, so that the presence of the ester
grouping ( - COOR) also seems to be necessary,

The activity of homologues of /yadichlor diethvl
methylamine (nitrogen mustard) rapidly disappears as the
molecular weight increases. This is true = °~ both for

introducing methyl groups into the /3 chloroethyl groups:-

e.g.
?Ha
CHy, - C HC1
CH; - N < '
CHr, - CHoC1
and into the third alkyl group:- e.g.
, CHy - CH»C1
CHy - CH, - N <
CH»o - CHC1

Decrease in power of producing eye injuries was found
roughly to correspond to decrease in vesicancy. To produce
elther effect the presence of the JGchloroethyl groups seems
to be essential since /3chloroethvl dimethylamine and
/3 chloroethyl morpholine are both inactive. Replacement of
one of the /achloroethyl grouns by groups like Cﬁ, - COOCH3,
- N3, or C1l does not enhance the power of these amines to
produce ocular injury, but in comparison the presence of a
third /schloroethyl group in trichlortriethylamine does lead
to the production of an active though not outstandingly
potent substance,

The nitrogen mustar? type of lesion was produced

only by)ﬁyadichlor diethyl methylamine and its ethylhomologue
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although a similar ocular lesion was obtained by injury
with certain of the hydrolysis products of/@adichlor diethyl
methylamine,

Only a few homolocues and analozues of mustard
gas were examined. Of these 22 4di (/@chloroethyl thio)
diethyl ether was found to be mueh less active in the eye
than mustard gas, while /;edichlor diethyl sulphone was
apparently inert. '

From these observations it can be seen that there
is no evidence of any firm correlation between the chemical
structure of these vesicant substances and their ability
to ingure the eye.

McCombie and Saunders (1946) found an exampke of
strict correlation between chemical structure and activity
in the case of the fluorophosphonates. It will be remembered

that these substances can be pepresented by the general

RO
>P - F
RO I

0

formila:-

They have a pronounc=d miotic action in the eye and a high
toxicity when absorbed systemically. If the R is isopropyl
or sec, butyl in the above formula the toxicity 1is of a
higher order than whith a primary group such as R = ethyl,
n-propyl, n-amyl, or iso-amyl. The miotic effect and
to7icity become negligible when the fluorine atom is
replaced by other atoms or groups. These effects also
disappear when oxygen atoms ére replaced by sulphur, while

ethyl di-fluorophosphonate i1s found to have neither a miotic
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nor a toxic effect. On the other hand a secondary grouping:-

e.g.
R
> CHO
Rl ' !,g"'o
R | NF
‘ > CHO
Ry

increased the potency.

6., The Mode of Action of the Agents.

While the mode of action whereby chemical
substances bring about their poisonous effect in the body
tissue is still largely unknown, recent advances in bio-
chemical knowledge appear to reveal the principles under-
lying the action in some instances. Various workers in the
biochemical field have agreed that it is probahle that many
polsonous chemical substances act by attacking one or more
of the essential intracellular enzymes producing a "bio-
chemical lesion"., Studying the war gases, Dixon and
Needham (1946) found that:-

1, Different classes of substance
(lacrimators, vesicants, miotics,etc.)
do in fact poison different groups
of engymes.

2. Different substances of the same
class, although having very different
chemical constitutions, in general
poison the same enzymes.

These observations were considered to give very strong
support to the view that poisons act primarily by a

specific attack on enzymes.

(1) Lacrimator Substances.

Dixon and Needham show that lacrimator substances
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irreversibly inhibited all those enzymes the activity of
which had already been shown by independent evidence to
depend on - SH groups. A large number of other enzymes

were not affected. Only the reduced + SH form was
inhibited, and not the oxidised - SS form, but the nature of
the connection between the - SH groups in the nerve endings
and the production of a nervous impulse is not known.
Lacrimators were also found strongly to inhibit cell
respiration and glycolysis,

(2) Vesicant Substances.

a. Arsenical Substances.

Preliminary work on aneurin deficlency (Peters,
1940) established that serious pathological changes could
result in the brain from partial failure of an enzyme system
such as the'pyruvate oxidase' system, Pursuing this idea 1t
was conceived that the activity of arsenical substances was
due to a selective actlon on some essential - SH compenent
of the pyruvate enzyme system (Peters, Stocken and Thompson,
1945), Later work led ' to the reasoning that the high
toxiecity of trivalent arsenicals was due to their ability
to combine with essential - SH groups in certain tissue
proteins, notably enzymes, to form stable arsenical rings,
It was found by the same observers that the arsenic content
in a tissue treated with an arsenical substance could be
correlated closely with the thiol conten® of the parent
protein and that the greater part of the arsenic was in
combination with two thiol groups in the tissues. It seemed

likely that simple dithiol compounds might form relatively
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stable ring compounds with trivalent arsenicals and so
compete successfully with "dithiol" proteins in the tissues.
This proved to be the case and after a numher of dithiols
had been tried, a new compound B.A.L, (2 : 3 dimercapto-
propanol) was prepared (Peters, Stocken and Thompson) which
had superior powers of penetration.

Trivalent arsenicals have a strong inhibitory
action on certain - SH enzymes by combining w;th - SH
groups, but this action on - SH enzymes differs from that of
the lacrimator substances (Dixon and Needham,1946) in that it
1s reversible, and since not all of those enzymes which are
poisoned by lacrimators are significantly affected by
arsenicals., The degree of inhinition is correlated with the
affinity of the enzyme for the arsenical.

The dithiol antifote B.A.L. was found to counter-
act the effects of the arsenical poisoning if wsed within a
certain time of the injury. It is even claimed (Peters,
Stocken and Thompson, 1945) that the antidote will reverse a
patholozical change in the tissues resulting from thé enzyme
déficiency caused by arsenic. This clalm appears to be based
on the observation that in some cases of Lewisite skin burns
the subsidence of the skin oedema followlng treatment by
B.A.L, "was sufficiently rapid to suggest an actual reversal
of the underlying pahhélogical change brought about by the
Lewisite", With regard to arsenical burns of the cornea,
however, it will be remembefed that Hughes (1947) demonstratec
two components in the Lewisite burn; one causing immediate
corneal opacification and thought to be due to the formation

of hydrochioric acid in the tissues as a result of
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hydrolysisj and later changes due to the arsenical group in
the molecule, changes which could also be produced by intra-
corneal injection of neutral Lewisite oxlde solution. He
found that there was evidence of irreversible pathological
changes in the cornea beginning ten minutes after exp-Hsure
to the arsenical.

On the available evidence I am hesitant to sub-
scribe to the idea that B.A.L, will reverse an established
patholoqiqal change., It seems more probable that the arsenical
lesion 1s made up of two components, one due to acid which is
recoverable and a second due to arsenic which can be prevented
by the timely use of the antidote. There can be little doubt,
however, that arsenical substances act in the tilssues by

causing an enzyme block or partial enzyme déficiency.

b. Nitrogen Mustard Substances.

Little 1s known so far of the blochemistry of the
nitrogen mustard compounds. They are effective inhibitors
of cholinesterase (Dixon and Needham, 1946), but they are
also responsible for other enzyme inhibitions and it is not
yet possible to come to any conclusion from biochemical
studie§ as to their mode of action,

c. Mustard Gas.

Although extensive biochemical investications
have been undertaken to determine the mode of action of
mustard gas in the tissues, it is very significant that no
satisfactory advance in knowledge has been achieved by this

approach as in the case of arsenicals, Dixon and Needham,
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(1944) contend that a biochemical lesion may also be involved
in the case of mustard gas, in that they have found that
mustard causes Inhibition of glycolysis due to poisoning

of hexokinase, an enzyme concerned with the initial
phosphorylation of glucose. Peters, (1947) points out,
however, that it is difficult to reconcile this theoty with
cumula*tive histological evidence that mustard gas makes an
immediate attack upon the skin. e contends that the first
attack of this poison may be upon the cell surface with
resulting alteration in permeability and a contingent
dilution of cell constituents.

Auerbach and Robson (1946) made the interesting
observation that certain chemical substances are as
effective as X-rays in inducing mutations and chromosome
rearrangements, They claim this property for mustard gas and
other compoiunds chemlcally related to mustard gas, while they
found that Lewisite gave negative results. They contend
that "the mutagenic action of mustard gas appears to be
exercised directly on the chromosomes and not by way of a
change occurring primarily in the cytoplasm; for the
mutation rate is not increased in untreated spermatozoa
which ﬁave been introduced into theated eggs". Various
rearrangements (inversions, large deletions, translocations)
were produced by the treatment. In a further contribution
to the literature (1946) these authors stress that this
drastic action on the cell nucleus will be observed
essentially in tissues which are still actively dividing,

Berenblaum and Schoental (1947) fpund that
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mustard gas had a rapid and powerful action on nucleoprotein
causing irreversible precipitation; this is noteworthy in
view of the mutagenic action of the poison described by
Auerbach and Robson,
(3) Mioties.

Alkyl fluorophosphonates were found (Dixon and
Needham, 1946) to resemble eserine in that they are powerful
inhibitors of choline esterase (so allowing the action of
acetyl choline to proceed unhindered at the third nerve
endings in the sphincter 1ridis) but they differ from
eserine in that the 1nhibition of cholihm esterase 1is
progressive and irreversible. These substances are highly
specific in action, affecting only the esterases, and are
the most powerful enzyme inhibitors known, an account of
the extremely low concentration at which they are effective,

(4) Inorganic Substances.,

Inorganic substances are usually of interest on
account of their acid or alkaline properties, as far as
thelr action on the eye is concerned,

Friedenwald, Hughes and Hermann (1946), suggest
that the clinical and pathoiogical characteristics of acid
burns of the cornea may be explained by precipitation and
denaturation of the proteins of the cornes, Thej found that
the severity of the corneal lesion produced by acids was
directly related to the protein affinity of the anion,
Anions with greater affinity for proteins (e.g. pleric,
tungstic, and tannic acids) produced corneal lesions at a

higher pH than anions with lesser protein affinity (e.g.
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hydrochloric, trichloracetic, and metaphosphoric acids.)
but the maximum lesion produced by any one of these aclds
was essentially the same. They therefore related the
clinical reactions to the formation of protein-anion
combinations, and since the tissue damage was not reversed
by return of the pH to normal concluded that the corneal
proteins had been irreversibly changed.

Hughes (1946) found that the severity of the
' lesion in alkali burns was not greatly influenced by the
type of eation, but considered that it depended more on the
concentration of alkali, the duration of exposure, the pH
of the solution and its penetrahility.

Lt would appear from these observations that
there 1s a fundamentzl difference between acid and alkalil
burns but the details of the biochemical processes involved
are not known,

(5) Burns due to Heat and Radiationsg.

The ultiméte result of a severe thermal burn
of the ocular tissues appears to be a coagulation necrosis,
When a naked flame or an incandescent ohject comes in
contact with the cornea rapid opacification results from
coagulation of the tissues. The changes involved are
presumably of a bidphysical nature and the processes can be
concelved theoretically more easily than they can be
studied emperimentally.

When radiational agents are considered one
realises that they form a heterogeneous class. Before

radiations can undergo the energy conversion necessary to
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produce a lesion they must be absorbed by the tissues.
Certain radiations after absorption are found to cause a
thermal lesion, others alter the chemical nature of the
constituent atoms of the tissues producing a chemical

or abiotic lesion, while others agalin appear to produce
thelr biological effects by causing ionization in the
tissues, Further, biologically active radiations are known
to produce an increase in the rate of mutation of genes,
the hereditary units carried by the nuclear chromosomes,‘
and Stuhlmann(1943) states that "genetic changes occur
in direct proportion to the dose of radiation and are

independent of its wave length",

7. Clinical Considerations.,

it 1s now proposed briefly to consider a few
points of general biological interest emerging from these
studies,

(1) Vesicant Substances.

In a previous section the mode of action of
arsenical substances has been discussed and it has been
shown that biochemical methods reveal that arsenicals act
by attacking essential - SH enzymes. The lesion produced
in the eye is, therefore, the result of local enzyme
déficiency.,

The nature of the ocular ingury resulting from
nitrogen mustard has not been elucidated so far by
bischemical studies. The course of this ocular lesion in
the rabbit is very characteristic and conveys to the

observer certain clear clinical impressions. There is a
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latent interval before signs appear in the eye; the initial
corﬁeal reaction 1s severe but settles with remarkably little
permanent scarring; there is acute iritis with haemorrhages
into the stroma and paralysis of the musculature, and from
the=tenth day onwards gross haemorrhages occur from the

iris and ciliary body - the whole meaction subsiding
eventually leaving %itiligo iridis, and iris atrophy and
deformity. This plcture bears a close clinical resemblance
to some cases of ocular infectlion with Herpes Zoster, It
follows evem more closely the course descrihed by
Loewenstein (1944) following exnerimental inoculation of the
rabbit's eye with Herpes virus. Nitrogen mustard is known
to have neurotropic properties, and in this 1t resembles
certain strains of Herpes virus,

The action of mustard gas has not yet been
adequately explained biochemically, although it has been
extensively studied. Late corneal degeneration is a |
relatively rare but peculiar feature of this type of ocular
injury, and Mann and Pullinger (1942) present the thenry that
this lipoidal degeneration 1s dependent on chemical injury
followed by vascuiarization of the cornea. Their hypothesis
is stated as follows:- "In the cornes, 1lipoid degeneration
is the last event in a series of changes following chemical
damage of various kinds, Let the chemical be called X,

The chemical X does not 1tself cause these deposits for they
never appe~r unless the cornea vascularizes, and then only
occasionally. The vessels or something which accompanies

them are responsible for the lipoid accumulatinn, Invasion
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of the cornea by wandering cells alone does not account for
the 1lipoid scars because all central non-vascular lesions
heal ¥with the aid of wandering cells, but deposition of
lipoid is never a_featu“e of these scars",

Two of the cases descrihed in Part 1 of this
thesis are of particular interest in that they show late
corneal de-ceneration as a result of mustard gas without
evidence of any corneal vascularization. (Serial Nos. 92 and
9%), The first case, No. 92, gave a typlcal history of a
severe mustard gas Injury to the eyes which was followed
after an interval of 21 years by corneal dystrophy. The
type of dystrophy was consistent with a diaghosis of late
corneal degeneration due to mustard gas, and this diagnosis
was supported by collaterzl evidence of mustard gas
poisoning. There was no evidence, however, of any corneal
vascularization in either eye, mor was there evidence of any
vasculer abnormality in the conjunctiva. The second case,
No. 9%, also suffered severe oculer injury from mustard gas
followed by late degeneration of the cornea. In this case
the observer made special note of the relatlve absence of
new vascularization of the tissues, and in particular
mentioned that there was no evidence of deformed vessels or
disused vascular channels in the cornea. Both these cases
leave little doubt that the cornesl dystrophy was caused by
mustard gas; yet there is an absence of the vascularizati»n
of the cornes which Mann and Pullinger consider an essential
process in the procuction of the dystrophy. These cases

raise the question as to whether corneal vascularization is
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essential to the production of the late degeneration or 1is
merely a frequent rconcamitant in this form of dystrophy.

1t has been mentioned above that Auerbach and
Robson (1944) have shown that mustard gas and chemically
related compounds are capable of inducine gene mutations and
chromosome rearrangements, while Berenblaum and Schoental
(19%7) have demonstrated th~t mustard will cause selective
precipitation in nucleo-protein., Since this action would beb
expected to become manifest in rapidly growing tissues it
presents a reasonable explanation of certain of the features
of the late dystrophy of mustard. The bizarre shapes 2nd
abnormal forms seen in rapidly growing new vessels, and the
main impingment of the dystrophy at the level of the
ebithelium and Bowman's membrane are consistent with this
interpretation of its action. Further there is no need to
include corneal vascularization as an essential step in the
production of the dystrophy on this hypdthesis.,

Thus 1t appears that of these three types of
| chemical substance, one acts by attacking essential enzymes
to produce a local enzyme deficiency, the second reproduces
many features resembling an ocular infection by a virus,
whilst the third may act by producing a somatic mutation in
a gene. Such a conclusion 1s of particular intérest in view
of the trend of modern biological opinion with respect to
the possible associations existing between genes, enzymes,
and viruses.

Pontecorvo (1946) reviews the recent work and

puts forward a hypothesis relating genes, enzymes, and



162,

viruses. <t is known that each step in a chain of metabolic
reactions may be controlled by a specific gene, and it has
been sugsested that gene reproduction and gene action may be
considered as two complementary aspects of the same activipy.
There 1is evidence that the ability to produce an enzyme 1is
generally inherited as a Mendelian dominant, and 1t seems
that the control by genes of elementary bfiochemical steps
takes place through enzymes. Pontocorvo contends
hypothetically that specific genes may be responsible for
the production of traces of the precursor substance of
enzymes, and that such enzyme precursors may increase
autocatalytically in the presence of the appropriate intra-
or extra-cellular substrate, Such substances may increase
indepéndéntly of the genes, and in certaln cases they may

be transmitted externally from one cell to another, there
causing disease, im which case thev manifest the behaviour
of viruses.

Certain viruses are known to be non-living
protein molecules which are capable of increasing their
number autocatalytically under suitable conditions, and
there is evidence associating virus properties with the
molecule of nucleopretein,

Having suéh considerations in view it may not be
without significance that chemical substances can invoke
in the ocular tissues responses having the characteristies
of (a) an enzyme deficiency, (b) a virus disease, or (c) a
mutation of genes.

(2) Radiations.

It has already been mentioned that mutageniec
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common to mustard gas and related

substances and to certain radiations. A case of

degenerative changes in the ocular tissues (Serial No. 4)

following X-ray therapy for carcinoma of the ethmoid sinus

was included in Part 1.

Little is known with regard to the

course of such degenerative lesions caused by radiations

and certain features of this case are noteworthy when

regarded on the hypothesis that they are the result of

mutagenic action. The

dystrophy was observed in the

ocular tissues in the following order with respect to

time of appearance;:-

1,

2.

3.
L.

tt is known

Corneal enithelial
dystrophy.ceecesecsceseee & few months,

Varicosity of conjunttival
vessels and corneal
vascularization....ceesee 1 year,

Opacities in subcapsular
region of leNS.eeeeeeecees 2 years,

Iris atrbvhy and
depigmentation.eeecessses U years,

that radiation must be absorbed to

produce binlogiral activity and that genetic changes ocrur

in direct proportion to dosage 2nd are most marked in

actively growing tissues. The cornezl epithalium and the

epithelium of the lens

are both actively srowing tissues

in young persons and this would account for the appearance

of the dystrophy at these sites, It 1s probable that less

radiation would be absorbed in the lens than at the corneal

surface, and this fzctor together with difference in the

rate of cell division in these epithelial structures might

-account for the difference in the rate of matation with
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corresponding difference in the time of appearance of the

dystrophy in the two tissues.

The appearance of

varicosities in the conjunctival vessels 1s reminiscent of

the action of mustard gas, a substance with mutagenic

properties,

The iris tissue:is not usually regarded as

showling great activity in the matter of cell division, but

it i1s a tissue containing a high proportion of pigmented

cells., It is possible that the pigment content may increase

the radiational absorption sufficiently to induce mutagenic

activity although the rate of mutation may be only slightly

increased owing to the relative absence of growth changes

in the tissue, with resulting delay in the appearance of the

dystrophy.

8, Theoretical Considerations.

Any attempt to form an intelligible picture of

the processes involved in burns must besin with some

elementary conception of the present theories with regard

to the physics of matter and radiations.

(1) Matter and Radiationms.

Matter 1s regarded by the physicist as being

composed of atoms which may be

grouped together into

molecules., On the electronic theory of matter these atoms

are considered to eonsist of minute positively charged nuclei

surrounded by negative electrons, while the wave-meehanical

treatment of the electrons in an atom regards the system as

a complex of standing 'waves' of a vibrating quantity with an

intricate arrangement of nodes,

An atom can be thoucht of as

]
]
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a nucleus surrounded by an electron cloud, the density of
which at any point represents the probability of an electron
beins found there, and in chemistry, the electrons are
regarded as being actually located in these regions of high
density.

Electrons czn exist at different levels in an
atom as may be seen in atomic spectra. Similarly molecules
can exist in different atomic states, and when ‘they undergo
electronic transition by absorptlon or emission they also
undergo changes in their enercies of vihration and

rotation., Absorption of radiatlon produces a compressed,

highly excited molecule, but to produce appreclable electroniec

excitation by heat alone requires exceedingly high
temperatures.,

The eleétro-magnetic theory of Maxwell consid-rs
the 'waves' of radiation to be of the nature of alternating
currents with their associated magnetic effects. The
electric displacements of the waves are imagined as
interacting with electrons or nuclei to produce the effects
of radiations on matter, but phenomena involving the
absorption of radiation need the additional assumption of the
Quantum Theory which implies that enersy in the form of
radiation is absorbed in quanta of specific magnitude.
Radiation appears therefore to have a duel nature, that

represented by electro-magnetic waves and that more 1like

the concept of a particle or bundle of energy of fixed amount,

The principal radiations can be divided into two

groups, corpuscular and electro-magnetic (Rochester, 1944),

1
|
{
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The corpuscular radiations include alpha particles, beta |
particles and neutrons: while the electro-magnetic ;
radiations include gammerays, X-rays, ultra-vinolet

radiation, visible radiation, and infra-red rays. Corpusc-
ular radiations are emitted in the natural or artificial
disintegration of atomic nuclei, Alpha particles - positive-
ly changed helium nuclel - are emitted by naturally radio-
active substances 1like radium, but have little‘penetration
because they dissipate energy rapidly by formation of 1lons;
beta particles are high-spe=d electrons ejected from radio-
active nuclei or from the outer electron:shells by samma

rays - they lose less energy by lonization and have corres-
pondingly greater penetratinon; nautrons are neutral
particles produced when certain elements are bombarded by
alpha particles - they have a very great range because
their ionization loss in matter is extremely small, All the
electro-magnetic radiations travel with the same velocity,aSZ;
that of l1light, and differ only in wave-length, Gamma
radiation i1is the shortest known electro-magnetic radiation
(frequency 1019 - 1020 per sec.); it is emitted by
radio-active nuclei and arises from changes in the energy
levels in the nucleus of the atom, thus involving atomic
transformations; penetration is very great, and energy is
lost by production of beta particles - photo-electrons
ejected from the outer shells of atoms - and by

scattering in matter. ZX-rays (frequency 1016 . 1018 per
sec.) arise from the inner electron shells of atoms, and

lose energy by the production of photo-electrons and by



167.

scattering. Ultra-violet and visible radiations (frequency
about 1015 per sec.) arise from electrons in the outer shells
of atoms and molecules, regions concerned with chemical
changes. Near infra-red rays (frequency 1013 - 1014 per
sec,) result frow the vibrations of atoms bound together as
molecules, while far infra-red rays (frequency 1012 5 1013
per sec.) are a product of the rotations of the mblecules.

Considering now the effects of radiation upon
matter, an electro-mggnetic wave may be conceived to
produce a distortion of the electrical structure of the
atom or molecule by induction., The electrons, atoms, and
molecules in matter are bound together by electrical
attractions by virtue of which they have 'natural periods'
of vibration. If the periodicity of the incident radiation
is very close to a natural period of the matter, forced
vibrations are induced. When certain natural periods are
excited the energy is rapidly converted into ot“er forms;
it may become chemical energy by dissociation of the molecule
or heat energy by conversion into vibrational or rotatinnal
energies. The radiation is absorbed in this way.

These theories make 1t possible to conceive of
matter as being in continuous restless motion, High
temperature increases the translational, vibratory, and
rotational movements of atoms and molecules in a materialj
if such a heated material is brought into contact with
another substance it will induce similar kinetic changes in
the atoms and molecules of the second substance., Similarly

the rafiiations produced by these movements in a heated
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material can be envisaged to set up like movements in the
atoms and molecules of substances into which they pass.
Thermal changes can be imagined to arise in these ways.

(2) The Physical Interpretation of Chemical Bonds,

The movements of atoms and molecules are to

some extent controlled hy physical forces exerted by
ad jacent atoms and molecules. Certain atoms have the power
to combine together and to this phenomenon has been given
the name 'valency'. The fundamental principles of
valency have been expressed very clearly by Speakman (1943)
as follows:-

1. Chemical combination 1s due to the
tendency exhibited by the
extra-nuclear electrons of the atoms
to reach certain stable groupings;
these groupings are often, though
not always, those existing in the
inert gases.

2. The tendency may be satisfied by

. the complete transference of
electrons from one atom to ahother,
the resulting ions being held
together by electro-static
attraction and the vprocess being
called electro-valency.,

3. The tendency may also be satisfied

by a sharing of pairs of electrona
between two atoms, which are
thereby united by what 1is called
covalency.

This bonding power is regarded as being located
mainly in the outer electron shells of atoms and molecules,
Disturbances in the electrons at this level produce actinic

radiations which, in turn, may be conceived to act at the
bonding level in the absorbing substances. Similarly

chemical changes are considered to be derived from
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disturbances of the arrangement of electrons in the outer
atomic shells,
(3) The Biological Effects.
In the case of the ocular tissues the ultimate

result of a severe burn, whatever the cause, appears to be

a coagulation necrosis., When a naked flame or an

incandescent object comes in contact with the cornea rapid
opacification results from the tissue coagulation. This

can be understood on :a- theoretical basis in that high
temperatures produce compressed, highly excited electronic |
systems in the molecule which may result in agglutination
of the proteins,

Apart from contact burns, however, a thermal

lesion may result from absorption of radiation. "The
periodicity of the longer wave-lengths - the infra-red -
may be conceived as corresponding in a general way with

the movements of the atoms. They are thus absorbed into
this periodic system, and their energy finds expression

in an increased rate of atomic movement, a phenomenon
which is appreciated as heat, and which ultimately results
in a coagilation of the protein of the tissue, thus

causine a thermal lesion. The radiations of intermediate
wave-lenths - the visible rays - finding no sympathetic
resonator, as it were, slip thpough the transparent media
without exertinsz any effect until the retina is reached.
The shorter ones - the ultra-violet - whose frequenciles
gorrespond to the intra-atomic periodic oscillations are

again absorbed. The energy* they represent is added to
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the atomic system so that the electrons are made to change
their orbit, thus altering the chemical nature of the Q
atom, or are jerked out of the atomic system altogether

thus produecing a photo-electric effect; this results
ultimately in coagulation of the proteins, and the

production of an abiotic lesion. Both these effects, the
thermal and the chemical are quite distinct, although in |
the last instance they are identical, and are dependent |
on the transference of energy to the molecules or their
parts, with the result that they are shaken apart".
(Duke-Elder, 1932), Thus a chemical lesion, like a

thermal lesion, may be initiated by radiations.

Interactions between chemicel substances involve
disturbances in the outer electron shells of atoms and
molecules, and can be conceived to produce a chemical
lesion by impineing on the periodic systems in the tissues
at the same level as ultra-violet radiation.

When it is attempted to construct an intelligible
conception of the action of radiations of still shorter
wave-length - X-rays and gamma rays - 1interpretation
becomes more difficult, Absorption of energy is
necessary to produce a biological effect, an® it is known
in the case of X-rays that longer wave-lenths are absorhed
much more readily than short waves in passing through
matter, X-radiation corresponds in periodicity with
the inner electron shells ef atoms and is known to lose
energy by absorption into this level with the ejection of

planetary or photo-electrons., Further energy loss
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oceurs by scattering of the primary radiation and by
Compton scattering - an effect Aue to the collision
between a quantum of X-radlation and an electron. The
resulting electron movements cause intensive ionization in
the tissues, upon which process the biological action of
the fadiation is considered to depend, Absorption of
gamma radiation causes changes in energy levels in the
nucieus of atoms wilth ejection of beta particles, or
high-speed photo-electrons which cause ionization along
their pathg through the tissues. These ionizing
radiations appear to exert their effects preferentislly
on active'y gsenerating cells and cause an increase in the
rate of mutation of genes. Stuhlmann (1943) states
that "from the experimental evidence availanle one may
conclude that abesorbed photons in the form of X-rays or
gammg rays for equal ionization doses produce equal
effects", Genet;c changes occur in direct proportioh
to the dose of radiation and are independent of its
wave-length, |

Apart from the ionizing effect of beta rays,
corpuscular radiation is not of outstanding importance

“in relation to fhe present subject,

(4) €las$ifaction of the Burning Agents.

In the analysis of cases contained in Part 1
the'agents responsible for these injuries were arranged
intn three main groups, (a) chemical, (b) thermal, and
(¢) radiational, A more accurate and detailed

classification can now be formulated in the light of
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the above discussion.
Classification.,
1. Thermal Agents.

(a) Contact with fléme or materials at
high temperature.

(b) Infra-red radiation.
2. Chemical Agents,
(a) Chemical substances.
(b) Ultra-violet radiation.
3. Ionizing Radiations.
(a) X-radiation,
(b) Gamma radiation.

(¢) Beta radiation.

9. Conclusions,

Certain associations and conceptions have emerged
from this survey' of ocular burns based on an analysis of
hospital data, an experimental study of chemical substances,
" a review of the literature, and a discussion of the.biod="1.

logical effedts.

Chemical substances may invoke in the ocular
tissues responses which have the characteristics of an
enzyme deficiency, a virus disease, and a somatic mutation
of genes. A case of ocular injury by X-radiation has also
been included on the hypothesis that the biological effects
may be due to a mﬁtation effect.

The actions of the wvarious burning agents have

been interpreted ih theoretical terms and a classification




173 .

of the agents has been formulated.

It appears that the biological effects of ionizing
radiations may become manifest in the form of a mutation,
This occurs in direct proportion to the ionization dose
but 1s independent of the wave-length, Genes are
considered to be located in the nuclear chromosomes and
are thought to consist largely of nucleo-proteiﬂ.

While ultra-violet light resembles other ionizing
radiations im possessing mutagenic activity, it is also
known to produce abiotic changes in the tissues. Its
absorption is‘considered to cause electronic disturbances
at the bonding level in atoms and molecules which result in
pathological changes, and in this respect 1ts action is
analogous to the interaction between chemical substances.

Three of the cheical substances studied were
worthy of special comment on account of their biological
effects,

Mustard gas and related chemical substances are
known to cause selective precinitation of nucleo-protéin
and to produce mutation effects. It has been suggested
~that certain features of the oculsr lesion caused by this
substance can be interpreted in terms of a somatic mutation.

- Nitrogen mustard gas has been shown to produce a
lesion in the eye resemblihg a virus infection,

Uenes and viruses are known to have certain points
of eimilarity. Both have the power of self-duplication

under suitable conditions in the 1living cell, a power which
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need not imply a vital process since itbcan be interpreted
by physico-chemical theory as a manifestation of mesomerism.
Both genes and viruses may undergo mutations to forms
having different biological activities but which retain this
power of self-duplication. Also, since several viruses are
known'tp consist of nucleo-protein, genes and viruses hay
have a similar ehemical constitution.

A third group of chemical substances, frivalent
arsenicals, have been found to cause a local deficiency of
essential intracellul~r enzymes.

The tissues are conceived to carry on their
activities by means of numerous chemical reactlons described
collectiveiy as intermediary metabolism, and the majority of
these reactions require the mediation of enzymes. These
enzymes are known to consist of a protein together with a
prosthetic or active group which in certain enzyme systems
has been identified with a vitamin. There is evidence that
genes control metabolic reactions indirectly through enzymes,
and in this respect resemble hormones which are also known
to play a part in the control of enzyme synthesis, Unlike
genes, however, which are self-perpetuating, hormones must be
synthesised,

A difference was noted in the bidlogieal
manifestations produced by acid and alkaline chemical
substances,

Acids are known to act as organic catalysts and
so bear analogy to enzymes. On the electronic theory

a substance is regarded as an acid when it can bccept
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a lone pair of electrons to form a covalency bond, while a
base can donate a lone pair in the saﬁe way. A further
analogyiis seen o exlst when this definition of acidity-
basicity is compared with the electronic interpretation of
oxldation-reduction procssses, which are regarded as the
acceptance or donation respectively of a lone pair of
electrons Qithout the formation of a covalency bond, The
biological activity of acids is thousght to be related to
the protein-precipitating ability of the anion, but the
activity of bhases cannot be related to the nature of the
cation,

Lastly, thermal burns may be caused by heated
material or infra-red radiations, and are considered to be
brought about by increased vibrational and rotatory
movements of the atoms and molecules of the tissues,
becoming manifest through protein precipitation. Similar
coagulative chances are produced as the end result of
severe burnin- by chemical agents or 1onizing radiations.

Bnth the human =2ye and the eyes of labor~tory
animals presant singalarly appropriate material for studies
of thié kind. The tissues are easily inspected and the
technical difficulties of exa~ination have heen overcome to
a very large extent. |

I am of the opinion that the conceptions outlined
in this thesis could be extended with profitable result
1sing the eye as the experimental medium for further
investigations, and that there 1s a wide choice of avenues

along which these studies could be pursued. The ever-
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present need for a better understanding of chemical

injuries of the eye may presently and at very short notice
be overshadowed by the rival and more urgent claims of
injuries by radiations. In the elucidation of
fundamental biological processes, however, both types of
activity, chemical and physical, will, of necessity, continue

to have a complementary role.
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"The eye, owing to 1fs accessiblility, and to the
transparency and the high magnifying power of its refractive
media, offers a unique opportunity for the direct observation
of vital processes. It 1s.a ;gbératory in which Nature is
the experimenter, and into which we can look and see what is

going ONsveceocees - Maitland Ramsay,
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TABLE 2,
Total No. of Cases Total No, of Cases of
Year. examined per annum, Recent Injury to Eye Region,
1936 646 3
1937 140k 15
1938 1513 8
1939 1821 8
1940 1538 14
1941 1216 : 10
1942 1624 5
1943 1647 8
1944 1525 6
1945 1300 10
Totals. 14,234 87
TABLE 3.
Years. 1936-38 ~1939-45 Totals,
No., of Cases of
Recent Injury, 26 61 87
All other Cases, 3537 10610 14147
Totals, 3563 10671 14234
Proportional
Rate % for Cases
of Recent Injury. 0,73% 0.57%

X2 = 1.097: for n = 1, P = between 0,30 and 0,20
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No. of in-patient No., of out-patient

cases, cases, Totals.
Males, 28 48 76
Females. 2 9 11
Totals. 30 57 87
X2 = 1.49: For n = 1, P = between 0.30 and 0,20
TABLE, 8
Age in Years, Males, Females., Totals,
1-10 L % 9
11-20 15 2%
21-30 26 2 2
31-40 17 2 19
41-50 8 0 8
51-60_ " 0 L
61-70 2 0 2
Totals, 76 11 87
TABLE, 9
Age in Years., Males, Females., Totals.
1-20 19. 7 26
21-70 57 4 61
Totals., 76 11 87
TABLE, 10
Age in Years, Males, Females, Totals.
1-20 19.5 6.5 26
21-70 56.5 4.5 61
Totals. 76 11 87

X2 = 5.11: For n = 1, P

= between 0,05 and 0,02



TABLE, 11.

Days in

Hospital, x 1-7 8-14 15-21 22728i 29-35 36-42

43-49

No. of
Patients.,| y | 14 | 7 3

2 0 2

TABLE, 12

No. of attendances
in days., x 1 2 3 4 § 6

No, of
patients,
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TABLE, 13

In-patient cases: without residual lesion,

Serial Number No., of Days Deviations Squares of

of case, in Hospital, from Mean, Deviations.
]
13 16 + 4,217 38,652
25 9 - 0.783 0.613
29 3 - 6,783 | 46,009
31 14 + 4,217 17.784
3y 3 - 6,732 46,009
36 3 - 3,783 | 14,311
37 5 - 4,783 | 22,877
L1 37 +27,217 | 740,775
43 19 + 9,217 | 84%,954
L5 11 + 1,217 1.482
50 L - 5,783 33.443
66 L - 5.783 33.443
77 3 - 6,783 46,009
78 14 + 4,217 17.784
81 3 - 6,793 46,009
82 6 - 3,783 14,311
83 5 - 4,783 22.877
84 38 +28,217 | 796.209
89 8 - 1.783 3,180
Totals, 23 225 2179.937
Mean, 9,783
In-patient cases; with residual lesion,
8 22 - 0.5 0.25
9 9 -1? 5 182,25
14 16 6.5 42,25
23 28 + 5.5 30.25
27 49 +26.,5 702,25
93 11 -11.5 132,25
Totals, 6 135 089,50
Mean, 22.5

t = 2.511: For n = 27, P = between 0,02 and 0.01



TABLE 1k,

Severity values based No,of cases No. of cases

10.

on No. of days of with residual without

in-patient treatment., leslon. residual lesion, Totals,
20 and under, 3 (a) 21 (b) 24 (at+h)
21 and over. 3 (e) 2 (4) 5 (c+d)
Totals., 6 (at+c) 23 (b+d) 29 (n)

Exact Method: P = 0,046
X2 (with Yates' Correction)= 3.163:for n = 1, P =

TABLE 15.

No, of cases No. of cases
Units of Severity withresidual without

about 0.076

(in-patient cases) 1lesion. residual lesion., Totals.
20 and under. 1 19 20
21 and over. 5 L 9
Totals. 6 23 29

Exact Method: P = 0,00548

X2 (with Yates' Correction) = 6.540: for n = 1, P = 0,010%
TABLE 16,
No. of cases No., of cases
Units of Severity wilth residual without
(all cases). lesion. residual lesion, Totals.,
20 and under. 1 76 77
21 and over. 5 L 9
Totals. 6 80 86

Exact Method: P = 0,00002
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Units of Severity.

TABLE 19

13.

61-70

51-60

41-50

31-40

21-30

11-20

1-10

25 oo

Age in Years,

1-10 11-20 21-30 31-4%0 hi-SO

. . 2
51-60 61-70



TABLE. 20
Age in Years, Right Eye Left Eye Both Eyes,

1-10 2 1 1
11-20 8 7 6
21-30 5 7 6 (3)
31-40" 6 L 6 (1)
41-50 2 1 3
51-60 1 1 1
61-70 0 2 0
Totals. 2l 23 23 (27)

"TABLE. 21

Age in Years., Right Eye. Left Eye Totals,

20 and under 10 8 18
21 and over 14 15 29
Totals. 24 23 47

X2 = 0.235: For n =1, P = about 0.66



TABLE 22,
Face and Lids Conjunctiva Cornea
Age in Years, affected, only. also
1-10 1 1 3
11-20 2 8 13
21-30 5 16 5
31-40 2 L 13
41-50 2 2 4
| 51-60 1 1 2
| 61-70 0 2 0
Totals, 13 34 40
TABLE 23 (4),
Face and Lids Conjunctiva
Age in Years, affected, only. Totals.
20 and under, 3 9 12
21 and over. 10 25 35
Totals. 13 34 L7
X2 = 0,018: For n =1, P = about 0.9
TABLE 23 (B).
Age in Years, Cogig;?tiva CZiggf Totals,
20 and under. 9 16 25
21 and over. 25 24 49
Totals. 34 40 74
X2 = 1,506: For n =1, P = about 0,23

15.



16.

TABLE, 24
Age in Combined.
Years, Chemical., Thermal. Chemical and Thermal, Radiational
-1=10- 3 2 0 0
11-20 12 7 2 1
4 21-30 13 12 0 2
% 31-40 10 9 0 1
| 41-50 3 3 1 0
51-60 3 1 0 0
: 61-70 1 1 0 0
% Totals, 45 35 3 L
TABLE. 25

Age in Years, Chemical Thermal Totals,

20 and under 15 9 ok
21 and over 30 26 56
Totals. 45 35 80

X2 = 0.544: For n = 1, P = about 0.48
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Units of Severity,

18,

Males., Females. Totals.,

20 and under, 67 10 77
21 and over, 8 1 9
Totals. 75 11 86

Exact Method

: P = 0.406

TABLE 29.
Sex, Right Eye, Left Eye., Both Eyes, Totals,
Females, 5 L4 1 10
Males, 18 20 22 60
Totals, 23 24 23 70
TABLE 30 (A) TABLE 30 (B)
Right Left Right Left
Sex, Eye, Eye. Totals. Sex. Eye, Eye, Totals,
Females,| 5 Yy 9 Females, 4.5 4.5 9
Males, 18 20 38 Males. | 18.5 | 19.5 | 38
Totals, 23 24 L7 Totals, | 23 24 L7
X2(with Yates' Correction)= 0,0°F
for n = 1, P = about 0,82
TABLE 31 (A) TABLE 31 (B)
Right Both Right Both
Sex. Eye, Eyes, Totals. Sex., Eye, Eyes., Totals.
Females.,[ 5 1 6 Females, 4.5 1.5 6
Males, 18 22 40 Males, | 18.5 | 21.5 40
Totals., | 23 23 46 Totals. | 23 23 L6

X2(with Yates' Correction)= 1.7
for n =1, P = about 0.19



Face and Lids

TABLE 32,

Conjunctiva Cornea

19,

Sex, affected, only. also, Totals,
Females, 1 5 5 11
Males. 12 29 35 76
Totals. 13 34 40 87
TABLE 33 (A)
Face and Lids Coniunctiva
Sex, affected, only. Totals.
Females. 1 5 6
Males. 12 29 41
Totals. 13 34 47
TABLE 33 (B).
Face and Lids Conjunctiva
Sex, affected, only. Totals.,
Females. 1.5 4,5 6
Males., 11.5 29.5 41
Totals. 13 3k 47
X2 (with Yates' Correction) = 0,024
For n = 1, P = about 0.88
TABLE 3k,
Conjunctiva Cornea
Sex, only. alsp. Totals.
Females. 5 5 10
Males. 29 35 64
Totals. 34 L0 74
X2 = 0,076: For n = 1, P = about 0,78



20,

X2 (with Yates' Correction) = 2.228: For n =

1,

. TABLE 35,
Combined
Sex, Chemical. Thermal. Chemical & Thermal, Radiational.
Females, 9 2 0 0
Males, 36 33 3 L
Totals. 45 35 3 L
TABLE 36 (A).
Sex, Chemical., Thermal., Totals.,
Females, 9 2 11
Males., 36 33 69
Totals. 45 35 80
TABLE 36 (B).
Sex, Chemical, Thermal, Totals.
Females, 8.5 2.5 11
Males, 36,5 32.5 69
Totals, L5 35 80

P = 0,13
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TABLE 39 (A).

Units of
Severity.  Right Eye, Left Eye. Both Eyes,
1-10 18 18 22
11-20 2 3 l
21-30 2 0 2
31-40 0 1 1
41-50 0 0 1
51-60 2 0 0
Totals. o4 22 27
TABLE 39 (B),
Units of
Severity, Right Eve, Left Eve, Both Eyes.
10 and under 18 18 22
11 and over 6 L 5
Totals, 24 22 27
TABLE 40,
Units of
Severity. ~Right Eye. Left Eye, Totals,
10 and under| 18 18 36
11 and over 6 L 10
Totals. 24 22 46
Exact Method: P = 0,258
TABLE 41,
Units of Unilateral Bilateral
Severity. lesion, lesion. Totals,
10 and under 36 22 58
11 and over 10 5 15
Totals, 46 27 73

Exact Method: P = 0,240

22.




TABLE., 42,
Units of Face and Lids Coniunctiva Cornea
Severity. affected, only. also,
1-5 12 32 18
6-10 1 0 8
11-15 0 0 2
16-20 0 1 3
21-25 0 1 2
26-30 0 0 1
31-35 0 0 1
36-40 0 0 1
L1_L5 0 0 0
hé-go 0 0 1
51-55 0 0 1
56-60 0 0 1
Totals., 13 3k 39
TABLE 43,
Units of Face and Lids ~ Conjunctiva
Severity. affected. » only. Totals,
5 and under 12 32 Ll
6 and over 1 2 3
Totals. 13 3 47
Exact Method: P = 0,453
TABLE L4,
Face, Lids and
Units of Conjunctiva Cornea
Severity. affected. also. Totals.
5 and under Ll 18 62
6 and over 3 21 24
Totals, 47 39 86
Exact Meth»d: P = about 0.0000008,

23.
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Units of Defective Vision Adequate Vision
Severity. before accident. before accident,

1-5 11 23

6-10 1 5
11-15 1 0
16-20 0 L
21-25 0 2
26-30 0 1
31-35 0 0
36-140 0 1
L1485 0 0
46-50 0 1
51-55 0 0
56-60 0 0
Totals. 13 37

TABLE, 50

Units of Defective Vision Adequate Vision
Severity. before accident, Dbefore accident, Totals,

5 and under 11 23 34
6 and over 2 14 16
Totals. 13 37 50

Exact Method; P = about 0,105



27.

TABLE 51.
Nature of Agency, Right Eye, Left Eye, Both Eyes.
Chemical. 17 14 9
Thermal., 6 8 13
Combined
Chemical & Thermal), 1 1l
Radiational. 0 0 L
Totals., 24 23 27
TABLE 52,
Nature of Agency., Right Eye., Left Eye, Totals,
Chemical. 17(a) 14(b) 31(a+b)
Thermal. 6(c) 8(4d) 14(c+d)
Totals., 23 22 45
X2(with Yates' Correction)= 0.178:for n = 1, P = about 0.7
TABLE 53,
Unilateral Bilateral
Nature of Agency. lesion, lesion. Totals,
Chemical. 31 9 40
Thermal. 14 13 27
Totals., 45 22 67
X2 = 4,808: forn=1, P = 0,028
TABLE 5k,
Unilateral Bilateral
Nature of Agency. lesion., lesion,
Acids, 8 3
Chemical. Alkalis., 18 3
Miscellaneous. 5 3
Solids, 4 1
Thermal. TLiouids, 5 3
Vapours, 5 9




TABLE. 55

Unilateral Bilateral

Physical State, lesion, . 1lesion,
Solids. L 1
Liquids, 36 12
Vapours., 5 9
Totals, 45 22
TABLE, 656
Unilateral Bilateral Totals,
Physical State, lesion., lesion,
Solids, L 1 5
Liquids. 36 12 48
Totals, 40 13 53
Exact Method: P = 04174
TABLE, 57
Unilateral Bllateral Totals.,
Physical State, lesion lesion.,
Solids and
Liquids., 40 13 53
Vapours., 5 9 14
Totals, 45 22 67

Exact Method:

P = 0,013

28,



29.

Face and Lids Conjunctiva Cornea

Nature of Agency. affected, only. also,
Chemical, 5 17 23
Thermal, 8 12 15
Combined
Chemical & Thermal., 0 2 1
Radiational. 0 3 1

Totals. 13 34 40

TABLE, 59(4)
Face and Lids Conjunctiva Totals.,

Nature of Agency. affected. only,
Chemical, 5 17 22
Thermal, 8 12 20

Totals. 13 29 L2

Exact Method: P = about 0,38

TABLE, 59(B)
Face, Lids and
Conjunctiva Cornea

Nature of Agency. affected.- also, Totals.,
Chemical. 22 23 45
Thermal. . 20 15 35

Totals, : 42 38 80

Exact Method: P = about 0,50



30,

TABLE 60,
Right Sided Left Sided Bilateral
Visual Acuity. Lesion, Lesion, Lesion,
Defective Vision
before accident, 3 7 3
Adequa*e Vision
before accident. 13 12 12
TABLE 61,
Unilateral Bllateral
Visual Acuity. Lesion, Lesion. Totals.
Defective Vision
before accident, 10 3 13
Adequate Vision
before accident, 25 12 37
Totals, 35 15 50

X2 (with Yates' Correction) = 0.079
For n = 1, P = about 0,78

TABLE 62,

Face and Lids

Conjunctiva Cornea

Visual Acaity. affected, only. also.
Defective Vision
before accident. L 7 2
Adequate Vision
before accident. 7 14 16
Totals, 11 21 18
TABLE 63,

Face and Lids Conjunctiva
Visual Acuity. affected, only, Totals.
Defective Vision
before acecident, L 7 11
Adequate Vision
before accident. 7 14 21
Totals. 11 21 32

X2 (with Yates' Correction) = 0.049

For n = 1, P = about 0,86



31.

TABLE 64

Face, Lids and

Conjunctiva Cornea
Visual Acuity. affected, only, Totals,
Defective Vision
before accident. 11 2 13
Adequate Vision
before accident, 21 16 37
Totals, 32 18 50

X2(with Yates' Correction)= 2,14k, For n = 1, P = about 0.15
TABLE 65 (4),

Defective Vision Adequate Vision
Nature of Agency. before accident., before accident,

Chemical, 6 13
Thermal. 7 21
Combined

Chemical & Thermal. 0 1
Radiational, 0 2
Totals. 13 37

TABLE 65 (B),

Defective Vision Adequate Vision
Nature of Agency. before accident. before accident.Totals.

Chemical, é 13 19
Thermal, 7 21 28
Totals. 13 3 L7

X2 = 0,026t for n =1, P = about 0,87



32.

TABLE 66,
Conjunc- Stain- Day of
No.,Name,Age.Group, tiva. Cornea, 1ing, Exam, Notes.
1. G.S. 19 I1I + EB - 5,6,& 9|Hydropic
R& L cells.
2./ T.C, 34| IT - EB - | 5,6,& 9|Hydropic
cells.
3./ W.BJ 19 II ++ EB - 5,6,& 9|0edema 1ids
R&L slight Sub.conj.
haems,
4.| 7.B. 19 I + clear - | 5,6,& 9|Normal 9th
R&L day.
5.| J.R.| 25| IIT +++ EB++ | +LE | 5,A 9, Erythema of
R&L R &L 25, face,
40 h? Blisters of
53, arm,
. 88,
6.,/F.B,f 19| II ++ EB +LE | 5,6,9, |Erythema of
R&L| R&L 25 3% face.
40,147,
?4 63
& é8
7.]W.M.| 23| II | slizht EB in| - | 9,6,& 9|Hudson's
'band' line RE,
8./ G.L.| 29 IT ++ EB in| - 5,6,& 9 -
R&L 'band!
X
9.1 L.G,| 40 IT slight EB - 5,6,& 9|Sticky 1lids.
R&L Blisters of
arm and
scrotum,
10.|G.D.| 32 I | slight| clear - | 5.6.& 9|0edema of
lids,
11,(J.5, 21| II1 +++ EB++ - | 5,6,9, |Oedema of
pallor 25,3#, lids.
40,47, |Discharge,
5# 63, |Sub-conj.
é haems.
12.| J.K,| 37 I - clear - | 5,6,& 9 -
13.|H.B.| 21| 1IT + EB - | 6. Erythema of
faint lids.,
ll"o E.B. 3Q I - Clear - 60 -




-]

TABLE 6% (continued)

33.

Conjunc- ‘Stain- Day of
No.Name,Age,.Group, tiva., Cornea., 1ing. exam, Noted.
15.| W.L.| 37 I | slight| clear - |6, -

16, C.M, |41 | II - EB LE| - |6, Watery dis-
faint, charge., Sore
throat,
17. H.H. 22 I - 01931‘ - 6- -
18,/ E.B.| 21 I |slight| clear - | 6. Erythema of
face.
19, A.M,| 30 I - clear - 6. Photophobia |
was marked,
21.| F.H.| 26 I - clear - | 6. Erythema of |
face,
22. C.B. 38 I - CleaI‘ - 6. -
23,/ F.C,| 24 I | slight| clear - |6, Erythema of
R&L face,
24,/ J.R.| 38 T - clear| - |6, " Lids had
been swollen,
!
25,/ J.T.| 20 I - clear - |6, Sore throat, !
EB = epithelial bedewing.

heads were about 2 - 3

X

This man painted the grates.,

Several men
sore throats when seen

Numbers 5,6 & 11 slept in the same room; their 3
ft., from the grate. :

amongst numbers 1 - 12 had developed
on the 9th. day.

A1l were discharged by the 28th, day except
number 5, 6 & 11,

Number 11 appeared to be the worst
case on the 28th, day.



TABLE 67,

3)+o

Test Substances arranged by Chemical Constitution,

COMPQUND,

ARSENICALS,

1. Achlorovinyl dichlorarsine.

2. Phenyl dichlorarsine,

3. Methyl dichlorarsine.

4, Ethvl dichlorarsine,.

5. Diphenyl cyvanoarsine,

6. Diphenyl chloroarsine,

7. /Bdichlor Aiethyl methyl arsine.
8. M@Bdichlor diethyl ethyl arsine,
9. Achloroethyl dimethyl arsine.
10. ABchloroethyl diethyl arsine,

NITROSAMINES.

11, N carbomethoxy Achloroethyl nitrosamine.

12. N carbomethoxy ,3(,8chloroethylgthio)
ethvl nitrosamine..

13. N carbomethoxygbromoethyl nitrosamine.

14. N carbomethoxy methyl nitrosamine..

15. ABchlornethyl methyl nitrosamine.

16. N carbomethoxydchloroethylamine,

17. AB3Bdichlor diethyl nitrosamine,

NITROGEN MUSTARD ANATOGUES.

18. ,pdichlor diethyl methylamine,

19. pBAadichlor diethyl sulphide plus /4Bdichlor
diethyl methylamine (40:60),

20, BBdichlor diethyl ethylamine,

21l. B343dichlor diethyl n-propylamine.

22. JAABdichlor diethvl allylamine.

23, Achloroethyl dchloropropyl methylamine,

2k, 44chlnoro di n-orooyl methylamine.

25. Achloroethyl ychloropropyl methylamine.

26. N gBdichlor diethyl @-methyl hydroxylamine,

27. Trichlor triethylamine.

28. BAchloroethyl cyanamide,

29. N chloro difchloroethyl)amine,

30. N Achloroethyl morpholine.

31. ,Bchloroethyl dimethylamine,

MUSTARD ANALOFUES.

32.48dichlor diethyl sulphide.

33.48d1ichlor diethyl sulphide plus dimethyl
sulphide (A0:40),

ACTIVITY

XXXX
XXXX
XXX
XX
XX
XXX
XXX(X)
XXX(X)
XXX(X)
XXX(X)

XXXX

0(X)
0(X)
0(X)

XXXX

XXX
o(xX)
0(X)
0(X)
0(X)
X .
0(X)




TABLE 67 (continued)

COMPOUND,

34, g@dichlor dlethyl sulphide plus dimethyl
sulohide (50:50).
35. 22 di(Bchloroethyl thio) diethyl ether.
3A. GBAdichlor dAiethyl sulphide plus 22 d8i
(Bchloro-ethyl thio)diethyl ether (60:40).

37. Addichlor diethvl sulphone.

38, gchloroethylgchlorovinyl sulphide.

39. Achloroethvlgchloroisopropvl sulphide.

40, Methvl @chloroethyl sulphide.

41. gsdichlor diethyl sulphide vlus methylachloro-
ethvl sulphide (A0:40).

L3. Aethoxyethyl Achloroethyl sulphide,

QTHER SUBSTANCES.

43, Methyl chloroformate.
Li, Diethyl fluorophosphonate.
45, Di-isopropyl Tluorophosphonate.

«H HHHoH #R

(e Jo Yo

35.

ACTIVITY,

C!
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PHOTOGRAPHS,




THE ANTERIOR LAYERS OF THE CORNEA.

Fig. 1. HAN.

The epithelium is about 6 cell layers thick
and Bowman's membrane is well developed.

THE ANTERIOR LAYERS OF THE CORNEA.

Fig. 2* RABBIT.

The epithelium is about cell layers thick
and Bowman's membrane is absent.
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THE ANTERIOR LAYERS OF THE CORNEA.

Fig. 3. MONKEY.

The epithelium is about 6 cell layers thick and
Bowman*s membrane is poorly defined but is present.

THE ANTERIOR LAYERS OF THE CORNEA.

Fig. If. DOG.

The epithelium is about 10 cell layers thick
and Bowman*s membrane is absent.



THE ANTERIOR LAYERS OF THE CORNEA.

Fig. 5. GOAT.

The epithelium is about 10 cell layers thick and
Bowman's membrane 1is absent.

THE ANTERIOR LAYERS OF THE CORNEA.

Fig. 6. HORSE.

The epithelium is about 15 cell layers thick in
this specimen, and Bowman's membrane 1is absent.



THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 7. MAN.

Descemet's membrane is well defined.

THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 8. RABBIT.

Descemet's membrane is present.



THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 9. MONKEY.

Descemet's membrane is present but is poorly
defined.

THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 10. DOG.

Descemetfs membrane is well defined.
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THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 11. GOAT.

Descemetfs membrane is well defined.

THE POSTERIOR LAYERS OF THE CORNEA.

Fig. 12. HORSE.

Descemet*s membrane is exceptionally well developed



PIGMENTATION AT THE LIMBUS.

Fig. 13. RABBIT.

Melanin pigment is present in the deep layers
of the epithelium at the limbus.

A FLOCCULE IN THE IRIS.

Fig. 1b. HORSE.

The floccule is seen as a mass of pigmented
cells with a core of iris stuoma.
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THE ANGLE OF THE ANTERIOR CHAMBER.

Fig. 15. MAN.
There 1is an absence of scleral pigmentation, The

ciliary body is well developed and the major
arterial circle 1s seen in its anterior part.

THE ANGLE OF THE ANTERIOR CHAMBER.

Fig. 16. MONKEY.

There is an absence of scleral pigmentation. A
well developed, muscular, ciliary body if present.
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THE ANGLE OF THE ANTERIOR CHAMBER.

Fig. 17. DOG.
There 1is pigmentation of the sclera at the sclero-

corneal Jjunction. The ciliary body is poorly
developed.

THE ANGLE OF THE ANTERIOR CHAMBER

Fig. 18.  GOAT.

There is pigmentation of the sclera beyond the
sclero-corneal junction. The ciliary body is
poorly developed.



THE ANGLE OF THE ANTERIOR CHAMBER.

Fig. 19. RABBIT.
There 1is an absence of scleral pigmentation. The

iris is attached to Descemet's membrane across the
angle. The ciliary body is poorly developed.

THE ANILE OF THE ANTERIOR CHAMBER.

Fig. 20. HORSE.

There 1is an absence of scleral pigmentation. The
iris 1is attached to Descemetfs membrane across the
angle. The ciliary body is poorly developed.
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THE CILIARY PROCESSES.

Fig. 21. RABBIT.

The major arterial circle lies near the root of the
iris. The ciliary processes are of simple pattern
and arise from both the iris anri the ciliary body.

THE CILIARY PROCESSES.

Fig. 22. HORSE.

The ciliary processes are of complex pattern.



THE IRIS.

Fig. 23. MAN.

The stroma is of delicate texture and chromato-
phores are relatively scanty.

Fig. 2. RABBIT.

The stroma is of delicate texture and chromato
phores are relatively scanty.



Fig. 25. MONKEY.

The stroma is of delicate texture. Chromatophores
are numerous and have a twig-like shape.

THE IRIS.

Fig. 26. DOG.

The chromatophores are numerous and have a twig-like
shape.



THE TIRIS.

Fig. 27. GOAT,

The stroma is dense. Chromatophores are scanty.

THE IRIS.

Fig. 28. HORSE.

The stroma is dense and chromatophores are
numerous. Crypts are formed by folds in the
surface of the iris.

51.
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UNDILUTED LIQUID NITROOEN MUSTARD GAS.

Fig. 29. RABBIT.

The corneal lesion at the 5th. day after a 1 mm.
diameter drop dose. The cornea is nectotic and
there 1is a relative absence of cell nuclei. The
anterior chamber is full of cellular exudate,

bounded posteriorly by lens capsule. The lens was
removed before section was cut.

UNDILUTED LIQUID MUSTARD (IAS.

Fig. 30. RABBIT.

The corneal lesion at the 5th. day after a 1 mm.

diameter drop dose. There is little loss of
corneal tissue and the stroma is infiltrated with
cells at all levels. The anterior chamber contains

exudate which is mainly fibrinous in character.
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1#..AQUEOUS SOLUTION OF NITROGEN MUSTARD GAS.

Fig. 31. RABBIT.

The early reaction in the iris after a non-
destructive dose. The iris is grossly oedematous.
The vessels are deeply congested and haemorrhages
have occurred into the stroma surrounding the

vessels.

U~ I LUTEDJM[,QUip m S TARD .GAS.

Fig. 32. RABBIT.

The early reaction in the iris after a destructive
dose. The iris 1is slightly oedematous, but the
vessels are not congested and there are no

haemorrhages.
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NITROGEN MUSTARD GAS VAPOUR.

Fig. 33. RABBIT.

The corneal lesion at the 5th. week after a severe
exposure to vapour. The epithelium is thickened
near the lesion and is absent at its apex. A mass
of degenerate material is being extruded from the
anterior corneal layers, while the posterior region
of the cornea is relatively little affected.

1% LQUEOUS SOLUTION OF NITROGEN MUSTARD GAS.

Fig. 3. RABBIT.

The early reaction in the iris. The vessels are
deeply congested and haemorrhages are present in
the stroma which is also very oedematous. The
anterior chamber contains cellular exudate with a
high proportion of red cells.



NITROGEN MUSTARD GAS VAPOUR.

Fig. 35. RABBIT.

Vesicles formed in the ciliary processes in acute
inflammatory processes.

The vesicle is formed by
separation of the neuro-epithelial layers and

contains albuminous material.

NITROGEN MUSTARD GAS VAPOUR.
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Fig. 36. RABBIT.

Thrombosis in a vessel in the iris.
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NITROGEN MUSTARD GAS VAPOUR.

Fig. 37. RABBIT.

Atrophy of the iris. The iris is thinned, the
stroma is of hyaline appearance with absence of fcell
nuclei. The chromatophores are swollen and

rounded in form.

NORMAL TISSUES.

Fig. 38. RABBIT.

The normal iris for comparison with the atrophic
iris shown above in the previous figure.
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NITROGEN MUSTARD GAS VAPOUR.

Fig. 39. RABBIT.
The appearance of the eye three months after a

severe injury by nitrogen mustard gas vapour, The
iris shows loss of surface markings.

MUSTARD GAS VAPOUR.

Fig. IfO. RABBIT.

The appearance of the eye three months after a
severe injury by mustard gas vapour. The iris
shows normal surface markings.



NITROGEN MUSTARD GAS VAPOUR.

Fig. 1+l. RABBIT.
The iris shows loss of surface markings and is

partially retracted downwards at the site of a
previous large haemorrhage.

NITROGEN MUSTARD GAS VAPOUR.

Fig. 1+2. RABBIT.

The iris shows loss of surface markings and is
completely retracted downwards and forwards, There
is a quiescent nebular scar in the cornea.



NITROGEN MUSTARD GAS VAPOUR.

Fig. 1+3. RABBIT.

Section of the retracted portion of the iris from
the eye shown in Fig. 1.

The iris tissue is of hyaline appearance.
of organised fibrous tissue 1is seen on the

surface of the iris near the angle of the
anterior chamber.

A mass
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THE EFFECT OF ATROPINE ON THE NORMAL EYE.

Fig. M+. RABBIT.

The pupil is fully dilated,

THE MIOTIC EFFECT OF LIQUID NITROGEN MUSTARD GAS.

Fig. b5. RABBIT.

Nitrogen Mustard gas liquid has produced contraction
of the pupil of the atropinised eye shown in Flg.MA‘.
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LIQUID LEWISITE TREATED BY B.A.L.

R'a

Fig. If6. MONKEY.

Condition J5 hours after injury. The antidote was
applied to the right eye 15 minutes after injury.
The left eye received a similar quantity of the
inactive vehicle.

LIQUID LEWISITE TREATED BY B.A.L.

Fig. V7. MONKEY.

Same animal as in Fig. *fé. Condition 30 days
after injury. The treated eye is of normal
appearance while there is a very severe lesion
in the control eye.



