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Communications

Assessment of established cases of
chronic simple glaucoma

R. F. FISHER*, R. G. CARPENTER, ano C. WHEELER
Institute of Ophthalmology, University of London

Since tonography was first introduced by Grant (1950), patients with chronic simple
glaucoma have repeatedly been shown to have a marked reduction in outflow facility
(Kronfeld, 1961). .Impaired outflow has also been correlated with changes in the struc-
ture and patency of the trabecular meshwork (Teng, Paton, and Katzin, 1955; Yamashita,
Becker, and Cibis, 1960). This confirmed the view that impaired outflow facility, together
with cupping of the disc and loss of the field, were constant characteristics of the glauco-
matous eye (Becker and Shaffer, 1961). The present study was therefore undertaken in
proven cases of chronic simple glaucoma, as indicated by cupping of the disc and loss of
the field, firstly to discover if impaired outflow facility were a better measure of the degree
of glaucoma than raised intraocular pressure and, secondly, to see if it were possible to
predict the loss of field from the impaired outflow facility.

Material and methods

In the course of 18 months, 400 patients with proven open-angle chronic simple glaucoma presented
for treatment and from these patients 33 (fifty eyes) were chosen for this survey. Two factors account
for this low rate of selection:

(x) Only patients who had received no previous treatment were included;
(2) Of these patients only a few fulfilled the stringent criteria for field testing (Fisher, 1968).

To obtain a full range of cases a few apparently normal eyes of patients with undoubted chronic
simple glaucoma in the other eye were included. All eyes were subjected to a general ophthal-
mological examination, which included gonioscopy.

FIELD ESTIMATION

The method of selection and examination of the visual fields has been described previously (Fisher,
1968). In this study all quadrants of the field were examined separately in a Goldmann perimeter,
with a target of 4 mm.2 and of brightness 45 apostilbs. This target was used since the diagnosis
was not in question and only definite and permanent field defects were ascertained. Furthermore,
a target of this size and luminosity gives an average field, extending about 45° in the nasal quadrant,
and nose and brow obstruction is usually absent (Fisher, 1967). The centripetal and centrifugal
fields were repeated on two separate occasions, and if discrepancies greater than 5° per quadrant
were found the patient was excluded from the study.
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For the purpose of computer analysis, the loss of field of each patient was corrected for the normal
senile decrease in the size of the field. This correction was made as follows: after the size of the field
in each quadrant had been measured, the average size of the field per quadrant in normal subjects
of the same age was obtained from published tables (Fisher, 1968). The difference between these
two values was taken as the corrected loss of field.

TONOMETRY AND TONOGRAPHY

Intraocular pressures were recorded by applanation tonometry, using the Haag-Streit goo slit lamp,
and tonography was performed with the Schwarzer electronic tonometer with recorder. Each
patient was examined on three occasions by tonometry and tonography. The time of examination
was arranged at three successive visits for about g—10 a.m., then 1.30-2 p.m., and finally 4.30-5 p.m.
Tonography results were obtained by the rigidity-corrected graphic method of Moses and Becker

(1958).

ESTIMATION OF CUPPING OF THE DISC

The estimation of the cupping of the disc, which was performed by one of us (R.F.F.) before any
other investigations, was graded into six groups: normal, doubtful, and four grades of glaucomatous
cupping of increasing severity, as suggested by Becker and Shaffer (1961).

SIZE OF THE PUPIL

This was an average value of eight estimations during the two field tests taken 5 minutes after the
eye had been light-adapted to a standard background illumination of 45 apostilbs.

ANALYSIS OF RESULTS

The data were transferred to punched cards for computer analysis by one of us (R.G.C.). A pre-
liminary analysis was carried out with a BMD computer programme (Dixon, 1966). The correlation
of each pair of variables was computed and most of the relationships plotted. Finally a multiple
regression analysis, using the method of Rushton (1951), was undertaken to ascertain the best pre-
dictors of field-loss in each of the four quadrants.

Results

One of the most important observations in this study is the close relationship between the
state of the disc and the size of the field. The correlation between these variables is so
great that it is possible to relate them in three of the four field quadrants by linear or
quadratic equations. This means that the recording of individual results in the form of a
Table becomes unnecessary and this has therefore been omitted.

Fig. 1 shows these relationships. It will be seen that the upper nasal field shows a rapid
linear or proportionate loss and this can be represented by the equation:

(@) F=459 —84D,
where F = size of field in degrees
D = numerical coefficient of cupping of the disc.

The lower nasal and upper temporal quadrants show a more gradual loss, represented
by the quadratic equations:

(b) F=47 —1-6 D2
(¢) F=46 +47D — 2-5D2
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The lower temporal field loss cannot be completely described by a quadratic curve
since it occurs too late in the disease. It is therefore shown as a series of points correspond-
ing to the average loss for each state of the disc.

All the other observations show much less significant relationships with each other and
can therefore be expressed only by a single correlation coefficient. Table I (see p. 220)
shows these correlations between age, pupil, field quadrants, pressure range, facility
outflow, facility range, and state of the disc.

As mentioned previously, the correlation between the state of the disc and the size of the
field is greater than that between any other pair of variables, apart from the correlations
between field quadrants. It is disappointing to find that the complex objective assessment
of outflow facility is less closely correlated with the reduced size of the field than the simple
subjective and inexact assessment of the cupping of the disc. Furthermore, inspection of
the plots of the relationships between size of field and average pressure, and of size of field
and average outflow facility, does not suggest that these lower correlations are due to the
relationships’ being non-linear. These lower correlations indicate, therefore, that the size
of the field is better assessed by inspection of the disc than by measurement of either
pressure or outflow facility.

Discussion

A well-established case of chronic simple glaucoma has the characteristic clinical features
of excavation of the optic nerve head, raised intraocular pressure, and typical field defects.
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A common defect is peripheral loss in the upper nasal field. Nearly a century ago,
Schmidt (1877) suggested that selective impairment of circulation in the lower temporal
portion of the retina was the cause. Recently it has been found that after the age of 6o,
even in normal subjects, loss occurs in the upper nasal field quadrant (Fisher, 1968).
Even when, as in the present study, this senile loss is taken into account, there is still, with
early cupping of the disc, a selective loss of field in this quadrant. '

CHANGES IN THE UPPER NASAL FIELD WITH AGE AND CUPPING OF THE DISC

The influence of age upon the extent of loss of field, resulting from a given degree of cupping
of the disc, was found in the present data to be related by the equation:
F =212 —89D +o042A
where A = age of patient in years,
D = numerical coefficient of disc cupping,
F = size of field in degrees.

The last term of this equation, representing the age of the patient, is additive. This
implies that the loss of the field for a given degree of glaucomatous cupping is less pro-
nounced the greater the age of the patient. Although appearing to conflict with the
previous finding, that the loss of field occurs as an ageing process even in normal subjects,
it merely shows that glaucomatous cupping of the disc in this age group causes a smaller
amount of loss of field.

This is shown graphically in Fig. 2 (see p. 219) for the selected ages of 40, 60, and 8o
years. A moderate degree of disc cupping (+ ) at the age of 40 years causes a field loss
of 75 per cent., while the same degree of cupping for the ages of 60 and 80 years causes field
losses of 45 per cent. and 15 per cent. respectively. This equation, therefore, gives a
precise indication of the seriousness of the cupping of the disc in young patients. Con-
versely, the elderly patient, with a markedly cupped disc, may only have a slight or
moderate loss in the upper nasal field.

CORRELATION BETWEEN STATE OF THE DISC AND SIZE OF THE FIELD

The analysis described in the Appendix has confirmed that in the glaucomatous eye:

(a) Field defects and cupping of the disc are the most stable characteristics.

(b) There is a selective and early progressive impairment of the upper nasal field.

(¢) There is later and slower loss of field in the upper temporal and lower nasal fields.

(d) There is late but eventually rapid impairment of the lower temporal field.

(e) Subsidiary measurements, such as pressure and outflow facility, do not have any importance
in modifying an estimation of the loss of field from the appearance of the disc.

Thus the view of Graham and Hollows (1966) is confirmed, that, despite the difficulty of
grading changes at the disc, ophthalmoscopy is the best method of detecting positive cases
of simple glaucoma.

CORRELATION BETWEEN LOSS OF FIELD, INTRAOCULAR PRESSURE, AND
OUTFLOW FACILITY

Table I shows that overt cases of chronic simple glaucoma have a reduced size of the visual
field which tends to correlate more closely with mean raised intraocular pressure than with
mean reduced outflow facility. The upper nasal field very significantly correlates with
both values (Pressure r = —o-501; outflow facility r == 0-452; in both cases o0-oo1 > P).
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These correlations are shown graphically in Figs 3 and 4. Table I also shows that mean
outflow facility correlates very significantly with intraocular pressure (r = —o0-588;
P < 0-001). This correlation illustrates the well-established dependence of raised
pressure upon low outflow facility. '
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The value of tonography compared with pressure estimations in assessing the glauco-
matous state must now be considered. This consideration involves the definition of the
“degree of glaucoma” as a decrease in the size of the field, and, secondly, using the average
values of three outflow facility measurements and three intraocular pressure readings,
recorded together on separate occasions throughout the day for correlating in turn with the
size of the field. When this was done, the complex technique of tonography was of less
value in assessing glaucoma than the simple measurement of the intraocular pressure.
Furthermore, the partial correlations between size of field and average outflow facility,
when pressure is held constant, are insignificant for each field (T'able VI, see p. 228). Thus
tonography provides no information about the “degree of glaucoma” not given by tono-
metry. This view so contradicts much of current thought in regard to the value of tono-
graphy as an estimate of the glaucomatous state that it must be discussed in detail. These
findings could be due to (a) imperfections of tonographic technique in the present study;
or to an incorrect view regarding () the calculation of outflow facility; or (¢) the constancy
of outflow facility values compared with pressure readings.

(a) Tonographic technique

It could well be argued that poor tonographic technique resulted in the low correlation of
outflow facility with glaucomatous field size. Since, however, tonography was repeated
three times in every eye, it is easy to compare the variations obtained with those found by
other workers. Gloster (1966) suggested that the variation in tonography was about
20 per cent. above or below the mean value. In this series the mean value is 0-19 pl./mm.
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Hg/min., the mean range o0-05 pl., and the average variation for a single reading 26 per
cent. Becker and Shaffer (1961) gave the standard deviation for a normal population as
+o0-05 pl. In this series, where outflow facility values are reduced, the standard deviation
was plus or minus 0-036 pl. The variations found in this study do not therefore differ
from those found by others, and, in addition, all the tonographies were performed by one
person (C.W.) using the same instrument.

(6) Outflow facility measurement

Tonography was introduced to give a stable and reproducible numerical coeflicient for the
rate of flow of aqueous per mm. Hg pressure, through the outflow channels of the eye.
Some of the basic assumptions have been critically reviewed on many occasions, for
example by Kronfeld (1961). One assumption, namely the uniformity of blood flow
through the choroidal vasculature, has been shown to be reasonably constant by radio-
active plasma or labelled red blood cell studies. It is little appreciated, however, that
slight variations in choroidal thickness, quite outside the accuracy of present methods of
estimating the blood flow, can cause profound variations in the intraocular volume. For
example, if the choroid increased by only 2 p—the thickness of a single red blood cell—
during a tonographic estimation of 4 minutes’ duration, the measurement of outflow
facility would be underestimated by about 75 per cent. in an eye with moderately advanced
glaucoma.

A further assumption, that outflow facility is independent of intraocular pressure, has
been used to calculate changes in the properties of the trabecular meshwork (McEwen,
1958). These calculations presupposed the constant calibre of the outflow channels but
Clausen and Harris (1965) have shown that the outflow facility in the cat can be altered
by a raised intraocular pressure. It was found in this study that tonography performed at
different times during the day was more variable than pressure, the individual variation
being 27 per cent. for tonography and 16 per cent. for pressure. Variations in tonographic
values in normal and glaucomatous eyes throughout the day have also been reported
previously (Newell and Krill, 1965; Berry, Drance, and Wiggins, 1967).

Indeed, when average values for outflow facility, together with average measurements
of intraocular pressure, were compared with the size of the field, the degree of glaucoma
was less closely correlated with outflow facility (Table I). One is forced, therefore, to
conclude that, if tonographic assumptions are correct even in the glaucomatous eye, out-
flow channels still have large diurnal changes in resistance. These changes in resistance,
like variations in pressure, adversely affect the correlation between outflow facility and
decreasing size of field.

(¢) Constancy of outflow facility and pressure

If it could be shown that tonographic and pressure variations correlated to a similar degree
with autonomic ocular tonus, then changes in outflow facility, like those in pressure, could
be attributed not to defects in technique or methods of calculation but to true alterations
in outflow resistance. Much work has been done on the relationship between nervous
activity and intraocular pressure and, to a lesser extent, on outflow facility; but the precise
importance of the ocular autonomic nerve supply is still a matter of speculation (Schmerl
and Steinberg, 1949; Gloster and Greaves, 1957). Fortunately, an indication of the
balance between the parasympathetic and sympathetic activity of the eye may be deduced
from the size of the pupil.
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Do changes in outflow vary significantly with the size of the pupil? If they do not,
then it is a stable characteristic of the glaucomatous eye, like cupping of the disc and loss
of field. It should be noted, from Table I, that the size of field in this glaucomatous
population and the state of the disc have non-significant correlations with pupillary size.
If outflow facility variation does indeed correlate with pupillary size, it is, like raised
pressure, only another labile characteristic of the glaucomatous state.

In the present study the size of the pupil was shown to have a significant negative correla-
tion with both pressure (P less than o-o1: Table I) and with outflow facility (P less than
0-05: Figs 5 and 6). All other variables, apart from age, showed no significant correlation
with pupillary size. It is well established that the pupil decreases in size with age (Birren,
Casperson, and Botwinick, 1950) and a survey of normal cases under the same conditions
of illumination showed an even more significant correlation with age (r = 0-701) over an
extended age range (15 to 81 years) (Fisher, 1968). However, even if the significant
effect of age in pupillary size is allowed for, by a calculation of the partial coefficients of
pressure variation and outflow facility variation with pupillary size, the latter values still

remain significant (pressure variation r = —o0-369; outflow facility variation r ==
—0-318).
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Toérnqvist (1967) had shown that in the primate eye the parasympathetic probably
plays the predominant role in miosis and accommodation, so that the smaller the pupil the
greater the parasympathetic tonus.  If this is so, increased parasympathetic tonus would
automatically lead to the possibility of greater change if it were inhibited. This, in turn,
would be reflected in pupillary miosis, correlating with large pressure and outflow varia-
tions. For example, from Figs 5 and 6, with a pupillary size of 2 mm., outflow facility
variation is 008 pl. and pressure variation is 5-0 mm. Hg, while with a pupillary size of
5 mm., outflow facility varies only by 0-035 pl. and pressure only by 1-5 mm. Hg.
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Duke-Elder (1957) expressed the view that the secret of this disease could not be entirely
expressed in terms of mathematical formulae, and it would seem that the careful measure-
ment of outflow facility in this study supports this view. Until we can evolve better
methods of studying the degree of cupping of the optic nerve head, and forecasting its
resistance to raised intraocular pressure, further refinements of tonographic techniques are
unlikely to yield more useful information in the management of simple glaucoma.

Summary

A statistical correlation between the various characteristics of fifty glaucomatous eyes has
shown that simple subjective assessment of cupping of the disc correlated more closely
with the decrease in the size of the visual field than with either intraocular pressure or
outflow facility. Furthermore, when the averages of pressure and outflow facility were
separately correlated with mean quadratic size of field, average pressure readings corre-
lated more closely than average outflow facility values. Since variations in pressure in
individual subjects and in outflow facility also correlated significantly with the size of the
pupil, it was concluded that reduced outflow facility was no more a stable property of the
glaucomatous eye than raised intraocular pressure.

We are indebted to Mr. Redmond Smith for the facilities to examine patients referred to the Glaucoma Clinics
of Moorfields Eyc Hospital, and to the Imperial College computing centre and the Cambridge mathematical
laboratory for the use of their computers for this analysis.
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Appendix

*R. G. CARPENTER

The multiple regression analyéis

We looked for the best predictor of size of field among the following variables:
(x) ggc

ex

(3) Pupillary size

(4) Average pressure of three readings

(5) Range of pressure readings

(6) Average outflow facility of three estimates

(7) State of the disc, D, recorded on a sixpoint scale.

Scatter diagrams showing the relationships between the size of the field and the first six variables
did not suggest that they were non-linear, but the relationships between the size of the field and state
of the disc were obviously not linear for some fields. The mean loss of field corresponding to each of
the five abnormal states of the disc can be completely represented by the regression of size of the

field on D, D2, and three other constants. The relationship between the size of the field with each
of these terms was considered.

Table II shows the partial correlations between the size of the field and each of the other variables
after removing the contributory state of the disc, i.e., these correlations are the average correlations
between the size of the field and age, pupillary size, pressure, etc., within a given state of the disc.

Table II Partial correlations after taking account of
correlation, size of field, and state of disc

Significance levels
. U Lo Lo oy
Variable szl” w’zl” gg’:’: ot em‘;”o' o r>o0282 o005 >P fndl.cated by t
r > 0-365 o0-01 > P indicated by }
Age (yrs) 0-438% 0°205 0015 —0°-007 . . > P indicated by *
Pupillary size —o-g11f —or212  —o0'243 —0°200 7> 0455 o001 incicated by
Pressure —o°115  —0°143  —o0°110 —0°087 The probability of observing a correla-
Pressure range 0007  —0°224  —0°'130  —0°I49 tion with module larger than 0-438 is
Outflow o-160 0166 —o0-187  —o0-035 <0°0016. Hence the probability of

Outflow range 0-164 o-320t 0189 0-283 observing one such correlation in 24 is

<0-039.

Table III (opposite) shows that all these correlations are small and that only four are statistically
significant—three at the 5 per cent. level and one at the 1 per cent. level. Among 24 correlations
these might easily exceed the 5 per cent. level by chance, but the probability of a single partial
correlation exceeding 0-438 by chance is less than 0-16 per cent., and so the chance of observing one
correlation as large as this among 24 is less than 4 per cent. Thus it is concluded that the partial
correlation between age and loss of the upper nasal field is statistically significant.

Table III shows the analysis of variance when the size of the upper nasal field was regressed on
the state of the disc after the first six variables. This shows that the state of the disc provides informa-
tion about the size of the field that is not contained in any of the other observations. It also shows
that, for the upper nasal field, the relationship between the state of the disc and the size of the field
is fully described by a straight line.

*Medical Statistics Section, Department of Human Ecology, University of Cambridge
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Table III  Analysis of effect of state of disc after six other variables on size of upper nasal field
corrected for age

Sum Degrees .
Source of variation of 9 ¢ Mean Variance Significance
squares  freedom square ratio
Average pressure 32733 1 3273'3  35°33
Average outflow facility after average pressure 490°0 I 490°0 529 Cannot be
Pupillary size 922°1 1 9221 995 validly tested
Age (yrs) 06 1 06 001 because of
Sex 873 I 873 0-94 significant
Pressure range 597 1 597 064 effect below
Outflow facility range ¢ after factors above 454 I 454 0°49
State of disc
Coeff. of D 44081 I 44081 4758 o-00o1 > P
Coeff. of D2 1669 I 1669 1-8o Insignificant
3 constants 1448 3 483 052 Insignificant
Residual 3428-1 37 92-7
Total 130263 49

Table IV presents the analysis of variance when the size of the upper nasal field is regressed first on
the state of the disc, treated as a linear variable, and then on each of the other variables in succession.
Of these, besides the state of the disc, age is the only other significant variable in the regression.

Table IV Analysis of effect of six variables after state of disc on size of upper nasal field, corrected

Sor age
Sum Degrees M Vari
Source of variation of of eane t:{zance Significance
squares  freedom ST ratio
State of disc—Coeff. of D 79235 I 79235  86-87 —
Age (yrs) after state of disc 9770 1 9770 10°71 o001 > P > o-001
Sex 171 I 17°1 0-19 Insignificant
Average pressure 786 1 78-6 0-86 Insignificant
Average outflow facility | after factors 563 1 56-3 061 Insignificant
Pupillary size above 202°1 1 202°1 222 Insignificant
Pressure range 17-2 1 17-2 0-19 Insignificant
Outflow facility range 146 1 146 0°14 Insignificant
Residual 3739°8 41 91°2
Total 130263

Similar multiple regression analyses were carried out for each of the other fields. For the lower
nasal field both D and D2 were significant, but neither the range of outflow facility nor any of the
other variables is significant after regressing on D and D2. The size of the upper temporal field is
highly correlated with the state of the disc, and the relationship can be fully described by the quad-
ratic term D2, In addition, average outflow facility is also just significant for upper temporal field,
the partial correlation being —o0-295; 0-05 > P > o-o1.

The relationship between the lower temporal size of the field and the state of the disc can be fully
described only by fitting a constant for each state of the disc. ~After fitting these constants, no other
variable by itself is significant, but a constellation of four variables was found which together were
significant at the 5 per cent. level. These four variables were sex, average pressure, range of pressure,
and range of outflow facility. There was no obvious explanation why a linear combination of these
four variables should predict the size of the lower temporal field.
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Thus, for all four fields, after taking account of the highly significant effect of the state of the disc,
only marginally significant relationships were found, apart from a highly significant effect of age on
size of the upper nasal field. These marginally significant relationships are probably due to the
large number of relationships that have been examined, and we regard them as fortuitous. The
regression equations found in these analyses are given in Table V.

Table V  Coefficients of significant variables, with standard errors, for
predicting size of field in degrees
Residual standard deviation of size of field also shown in degrees

Field Coefficient of Constant  Residual SD
Upper nasall D Age (yrs)
—8:28 + 089 0'582 + 0179 148 96
D D2
Lower nasal? 470 + 2-08 —2-53 4 044  46-0 6-9
D2
Upper temporal?® 157 + 017 417 8-9

Constants corresponding to state of disc
o +—- + ++ +++ ++++
Lower temporal2 611 633 611 559 486 93 70

1 Corrected for age
2 Uncorrected for age

Table VI shows the partial correlations between the size of the field, for all four fields, and outflow
facility when pressure is held constant. All these partial correlations are small and none is statistic-
ally significant; P > o'1 in each case. This shows that the estimate of average outflow facility
provides no information as to loss of field that is not given by an estimate of average pressure.

Table VI  Partial correlations between size of field
and outflow facility when pressure is held constant

Field

Variable
Upper ~ Lower  Upper Lower
nasal nasal temporal  temporal

Outflow facility 0-22 0-22 —0-07 0-04




