Brit. §. Ophthal. (1975) 59, 566

Correlative 24-hour relationships between intraocular
pressure and plasma cortisol in normal subjects

and patients with glaucoma

ELLIOT D. WEITZMAN, PAUL HENKIND, MARK LEITMAN, aND

LEON HELLMAN

From the Departments of Neurology, Ophthalmology, and Oncology, Montefiore Hospital and Medical Center,

and the Albert Einstein College of Medicine

It has been known for many years that there is a
24-hour cycle of intraocular pressure (IOP) in
normal subjects and in patients with glaucoma
(Boyd and McLeod, 1964; Drance, 1963; Duke-
Elder, 1952; Ericson, 1958; Katavisto, 1964;
Langley and Swanljung, 1951; Maslenikow, 1904;
Thiel, 1925). On the basis of infrequent measure-
ments (generally two to four times per day), the
highest pressures have been found in the morning
upon awakening and the lowest values in the even-
ing. In a recent report, we described the 24-hour
pattern of IOP in normal subjects and in patients
with glaucoma with measurements made hourly
and, in some cases, every 20 minutes (Henkind,
Leitman, and Weitzman, 1973). It was found that
the lowest ocular tension occurred between 2 and
4 am, with the subsequent rise taking place during
the latter third of the night’s sleep period.

It has been reported that adrenocorticoids may
play a role in the pathogenesis of certain types of
glaucoma (Armaly, 1963; Becker, 1967; Bernstein
and Schwartz, 1962). The plasma concentration of
cortisol in man has also been shown to be at its
lowest value during the early part of the nocturnal
sleep period and to rise in an episodic manner
during the latter half of the night (Boyd and
McLeod, 1964 ; Hellman, Nakada, Curti, Weitzman,
Kream, Roffwarg, Ellman, Fukushima, and
Gallager, 1970; Smith, Stempfel, Campell, Hudnel,
and Richman, 1962; Weitzman, Schaumburg, and
Fishbein, 1966). We have, therefore, carried out a
study correlating the detailed 24-hour temporal
relations between IOP and the episodic pattern of
cortisol secretion in normal subjects and in patients
with different types of glaucoma.

Methods

Eleven subjects, two normal and nine with various types
of glaucoma were studied (Table I). All glaucomatous
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patients discontinued medication for at least 24 hours
before admission to the study unit. Each subject was
admitted to a research clinical sleep unit and an adap-
tation night of normal sleep preceded the 24-hour
measurement protocol. On the next morning a small
catheter was placed in a vein of the subject’s arm and
connected to a long catheter (3 m) filled with hepari-
nized saline and extending to an adjoining room. Indi-
vidual blood samples were then obtained every 20
minutes for the next 24 hours. After each sample, the
tubing was flushed with the saline-heparin solution and
discarded before obtaining the succeeding sample.
Each blood sample was then centrifuged and the plasma
supernatant was rapidly frozen for subsequent hormone
assay. This technique has been successfully used in our
laboratories for several years and described more fully
in preceding publications (Weitzman, Fukushima,
Nogeire, Roffwarg, Gallagher, and Hellman, 1971).

A Mackay-Marg tonometer was used to measure the
IOP of both eyes every hour for a 24-hour period.

Table I Population studied

Subject Age
no. (years) Diagnosts
I 22 Pigmentary glaucoma
(both eyes)
2 20 Steroid-induced glaucoma
(both eyes)
3 25 Iridogoniodysgenesis
(both eyes)
4 26 Late congenital glaucoma
(both eyes)
5 40 Open-angle glaucoma
(both eyes)
6 53 Traumatic-angle recession
(left eye)
5 34 Plateau iris glaucoma
(both eyes)
8 66 Chronic open-angle glaucoma
(both eyes)
9 31 Congenital glaucoma
(both eyes)
10 41 Normal
11 23 Normal




In two patients (nos 3 and 4), IOP measurements were
taken every 20 minutes from 2 am to 7 am (Henkind
and others, 1973). Measurements were obtained without
discomfort using one drop of OphthaineR diluted ten
times with N-saline. The average of five acceptable
traces was defined as the ocular tension at that time. In
several subjects fluorescein was applied to the eye after
the pressure had been measured and no damage was
found. During the nocturnal sleep period, the subjects
were awakened for 5 to 10 minutes for each hourly
measurement and in most instances promptly fell asleep
again until the next measurement. In one subject (no. 1)
dexamethasone (2 mg) was given intravenously at 7 pm
to repeat the 24-hour measurement to determine whether
the expected suppression and absence of circulatory
cortisol would alter the circadian pattern of IOP.

At the time of going to sleep at night (approximately
11 pm), standard electrodes were applied and poly-
graphic sleep recordings were begun using electroen-
cephalographic, electromyographic, and electro-oculo-
graphic measurements. The all-night sleep pattern
definition was obtained using standard scoring tech-
niques described by the criteria of Rechtschaffen and
Kales, 1968. The plasma cortisol assay was carried out
in our laboratories using a micro-modification of the
competitive protein-binding method (Murphy, Engel-
berg, and Pattee, 1963). A standard curve, background
counts, and a known standard were determined for each
set of plasma sample measurements. Assays were done in
duplicate, and differences greater than 10 per cent were
repeated in a subsequent analysis.

Results

TWENTY-FOUR HOUR CORTISOL PATTERN

The 24-hour pattern of cortisol secretion in the
patients with glaucoma was compared with that of
our previously published groups of normal subjects
(see Fig. 1 and Table II) (Hellman and others,
1970; Weitzman and others, 1971). The mean
plasma concentration, total cortisol secreted, min-
utes spent in secretion, and number of ‘setretory
episodes* for the sampled 24-hour period for the
glaucomatous patients were not different from the
normal group. As the age range of the glaucoma-
tous patient group in this study is comparable to
previous cortisol studies (except for patient no. 8)
these comparisons can be appropriately made
(Weitzman and others, 1971). All subjects secreted
cortisol episodically with the mean duration of the
inter-episode intervals as a function of time of day
also comparable to that previously reported (Table
III) (Weitzman, Fukushima, Nogeire, Hellman,
Sassin, Perlow, and Gallagher, 1974).

TWENTY-FOUR HOUR IOP PATTERN
The 24-hour patterns of hourly IOP measurements
in this group of patients were also included in the

*See Weitzman and others (1971) for description of methods used
to obtain this information
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Table II 24-hour cortisol secretory patterns in
glaucomatous patients and normal subjects

Mean
Total concentration
Total minutes  for the
Subject No. of cortisol spentin  24-hr
no. episodes secreted  secretion  period
1 14 213 406 89
2 10 237 441 65
3 12 164 367 5'9
4 9 106 340 62
5 9 252 339 89
6 15 276 473 77
7 9 11°0 280 43
8 12 248 456 9°4
9 10 281 477 8-8
10 11 230 465 81
11 12 180 429 62

Table III Mean duration of episodes and
interepisode periods of cortisol secretion in
glaucomatous patients

Mean duration of Interepisode
secretion episode duration
Hours (min) (min)
8 pm—2 am 35 131
2 am-8 am 33 91
8 am—2 pm 37 143
2 pm-8 pm 34 165

results for the subject group recently reported in a
brief communication (Henkind and others, 1973).
The mean IOP in the nine glaucomatous patients
ranged from a minimum of 16 mm Hg at 3 am to a
peak of 27 mm Hg at 11 am and noon. However,
there was considerable variability in the amplitude
difference across subjects; the greatest difference
between the low and high value in one subject was
31 mm Hg (no. 7). It is important to emphasize
that in each patient the pressure dropped to 19 mm
Hg or less, during sleep even when pressures were
30 mm Hg or greater during the day (Figs 1 and 2).

In addition to the wide 24-hour amplitude ranges,
there were significant hour-to-hour changes in
pressure. There were 22 times (out of a possible
350) when a rise or fall of more than 6 mm Hg
occurred in the sequential hour-to-hour measure-
ments. Of the 15 rises in IOP greater than 6 mm Hg,
13 occurred between 2.30 am and 9.30 am, whereas
six of the seven falls in IOP greater than 6 mm Hg
occurred between 1 pm and 2 am. In the two
patients who were measured every 20 minutes
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during sleep, pressure increments equal to, or
greater than, 6 mm Hg occurred on three occasions.
A pressure increment of 6 mm Hg occurred from
3.30 am to 3.40 am for patient no. 3 (Fig. 2) and a
rise of 10 and 6 mm Hg, respectively, occurred at
2.20 am to 2.40 am and 6.00 am to 6.20 am for
patient no. 4.

A 24-hour curve of IOP was obtained for each
of the patients and normal subjects (Figs 3 and 4).
When the mean 24-hour pressures are plotted
separately for the glaucomatous eyes and the
normal eyes and expressed as a percentage deviation
about the 24-hour mean value, the two curves are
essentially identical and superimposable (Fig. 4).
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The lowest value of the 24-hour pressure curve in
each case occurred between 1 and 4 am for the
glaucomatous eyes, in spite of the varied diagnoses.

We have confirmed previous reports indicating
that the temporal pattern of IOP change is remark-
ably parallel in the two eyes (Duke-Elder, 1952;
Ericson, 1958; Kollner, 1916, 1918a, 1918b, 1921).
When the pressure in one eye rose by 5 mm or
more during the next hour on 15 occasions, for
13 of these, the other eye showed a concomitant
rise in pressure. The pressure fell 5 mm or more
during an hour on nine occasions and on seven of
these the other eye also showed a fall in pressure.
This occurred not only when bilateral glaucoma
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was present, but also when one eye was normal and
the other eye had a raised IOP. In the two normal
subjects a similar parallelism in short-term pressure
changes was apparent between the two eyes.

CORRELATION BETWEEN 24-HOUR CORTISOL AND
IOP CURVES

There was a phase difference of 3 hours between
the mean nadir and peak of the IOP and cortisol
24-hour curves (Fig. 4). The plasma cortisol con-
centration curve preceded the IOP curve for both
glaucomatous and normal eyes. The time differ-
ences for the maximum and minimum values of
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FIG. 4 Relationship between mean 24-hr curves of
cortisol and IOP in normal and glaucomatous eyes.
Plots are expressed as percentage deviation about mean
24-hr values. (Percentage deviation scale is doubled
for IOP)

the amplitude of both the cortisol and IOP curves
are the same (8 hours rising from minimum to
maximum and 16 hours falling from maximum to
minimum). Therefore, the curve shapes are not
sinusoidal but are both positively skewed with a
‘form factor’ of 2:0 (Wever, 1973). By inspection it
is clear that, when a 3-hour phase shift is carried
out, the maxima and minima of the two curves are
superimposed (with correction of the amplitude of
the percentage deviation between the two variables)
(Fig. 5). The shape of the curves from approxi-
mately 3 hours before the minimum value to
approximately 3 hours after the maximum value is
essentially identical. However, the other portion
of the two curves, primarily on the decreasing
side, diverges in form so that the average cortisol
concentration falls rapidly whereas the IOP tends
to rise and then to remain at values above the
mean until it falls to a minimum value during sleep.
It is therefore accurate to speak of a phase-shift
difference in circadian rhythm only during the
portions of the two curves which have the same
form (Wever, 1973). It is certainly not surprising
that there is a divergence in the shape of the two
curves during part of the 24 hours for such differ-
ent physiological systems. This difference in the
falling portion suggests that the mechanisms may
have different time courses. However, the remark-
able superimposition of the duration and the form
of the rising portion of the two mean curves raises
the possibility that a common mechanism may be
coupled to both systems during this period of the day.

In one subject (no. 1), with bilateral pigmentary
glaucoma, 2 mg dexamethasone was given intra-
venously at 7 pm for a repeat 24-hour measurement
period to determine whether the suppression and
absence of circulating cortisol would alter the 24~
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FIG. 5 Relationship of 24-hr IOP and cortisol curves
when plotted with a phase shift of 3 hr (derived
from Fig. 4)

hour pattern of IOP. Plasma samples were again
obtained every 20 minutes and IOP was measured
every hour for a 30-hour period (from 5.25 pm on
Day 1 to 10.40 pm on Day 2). It was found that,
in spite of total suppression of cortisol secretion

' tionship between adrenocortical

the night. The sleep stage percentage distribution
within that decreased total sleep time, however,
was not very abnormal with the exception of rapid
eye movement (REM) sleep (Table IV). This
sleep stage was reduced to 11 per cent compared
with the expected normal range of 15-20 per cent
of total sleep time for the comparable age group
studied (Williams and Karacan, 1964).

Discussion

There has been considerable interest in the rela-
steroids and
intraocular pressure changes. It has been known
for some time that there is a correlative temporal
relationship between the circadian pattern of IOP
and blood cortisol concentrations (Smith and
others, 1962). Although several reports have sug-
gested that the cortisol rise at night might produce
the rise in IOP at that time, there has never been

Table IV Waking and sleep patterns during the
night in subjects studied with 24-hour IOP and
cortisol measurements

and, therefore, of the absence of a circadian plasma Percentage
cortisol influence, the circadian IOP curve was . Mean time -
still present, with the nadir and peak occurring at ~ 1ime (min) Total time  Sleep
essentially the same time as in the preceding base- Total 48
line 24-hour period (Fig. 6). Waking 104 406
Sleep 284

SLEEP STAGE PATTERNS Total
The nocturnal sleep stage patterns defined poly- Stage 1 2§ 5:8 12:2
graphically are outlined in Table IV. Because of 2% 332 552

. 3 27 56 94
the hourly awakening for IOP measurements 8 . .

. N . 4 3 7-8 129
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a clear demonstration of such a causal relationship
(Boyd and McLeod, 1964; Linner, 1959; Wein-
stein and Mori, 1972). There is evidence that
topically applied corticosteroids in repeated dosage
and high concentrations over several weeks produce
an abnormal rise in the IOP in the glaucoma range,
and that, if this treatment is stopped, the IOP
usually returns to normal (Armaly, 1963; Becker,
1967; Bernstein and Schwartz, 1962; Bigger,
Palmberg, and Becker, 1972; Schwartz, 1966). In
addition, several cases of Cushing’s syndrome have
been reported to have high IOP values. Circadian
measurements, however, have not been studied in
these patients (Haas and Nootens, 1974; Neunar
and Dardenne, 1968).

In this paper we have described the detailed
temporal relationship between 24-hour IOP and
plasma cortisol and have clearly shown a high
degree of temporal correlation between the two,
with a phase difference of 3 hours. These results
are in esssential agreement with Boyd and McLeod’s
report of a 4-hour phase difference between the
maximum IOP and maximum plasma corticoid
values when a 4-hour sampling interval was used.
Our findings of a 3-hour phase difference at the
time of minimum values, however, does not agree
with their conclusion that both curves reached a
minimum at the same time, midnight (Figs 4 and
5). This difference may well be due to the use of
more frequent sampling carried out in the present
study. Schwartz and Levene (1972) measured a
single plasma cortisol concentration between 8 am
and noon in patients with glaucoma and compared
the results with those in a group of normal sub-
jects. They reported a higher median cortisol
value in the glaucoma group (16 to 17 mg per cent),
compared with the normal group (127 mg per cent).
Our data, however, do not show a difference when
the mean value of all cortisol samples (12 per
subject) taken between those times in the glaucoma-
tous patients (102 mg per cent) are compared with
a normal group of comparable age (102 mg per
cent). The differences found by Schwartz and
Levene may be due not only to differences in the
technique of obtaining the plasma sample, but also
to the considerable variability of plasma cortisol
concentration which is due to the pattern of episodic
secretion. Therefore, all studies in which a single
or even infrequent sampling is carried out will
have the same problem (Das and Hitchings, 1971).

Boyd and McLeod administered an 11-beta
hydroxylase inhibitor (metapirone SU-4885) given
intravenously to block the production of cortisol
from the adrenal cortex and measured the IOP
response. They reported that it ‘was followed by
interruption of the rising phase of IOP and that
the subsequent falling phase occurred at pressure
levels lower than during the control period’.
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Measurements were made only every 4 hours
during a time of day when there is considerable
variability in IOP values. The lack of change in the
24-hour IOP curve in both eyes in our patient
when cortisol secretion was totally suppressed by
dexamethasone suggests that the temporal phase
relationship between cortisol and IOP may be
only correlative and not causative. Further studies
are clearly needed and are currently being under-
taken in our laboratories.

The results of this study as well as those of
previous studies support the concept that one or
more systemic factors control the temporal changes
in IOP. The clear synchrony between the two eyes
and among the subjects suggests that the mecha-
nisms involved in producing the normal daily
pressure rise are the same as those that produce the
short-term as well as the 24-hour exaggerated incre-
ments in glaucoma of differing aetiologies.

The present data suggest that the major rise in
IOP in various types of glaucoma which takes
place during the latter part of the sleep period and
extends into the morning waking time is essentially
an exaggeration of the normal pattern of IOP
present at this time of the day. If this concept is
correct, then the discovery of the mechanisms
underlying the normal circadian rise in IOP may
lead to the development of more rational thera-
peutic methods for controlling the raised IOP in
patients with glaucoma.

The possibility of a circulating substance con-
trolling the changes in IOP is supported by the
study of Stone and Sears (1959). They cross-circu-
lated two rabbits and produced a significant fall in
IOP in one animal’s eye when they compressed
the other animal’s eye. In human and animal studies
several hormones in addition to cortisol have been
shown to affect IOP. These include: prostaglandin
(Chiang and Thomas, 1972; Waitzman, 1970;
Wyllie and Wyllie, 1971), aldosterone (Frenkel and
Krill, 1964), oestrogen (Meyer, Roberts, Liebo-
witz, McGowan, and Houle, 1966), thyroxine
(Pohjanpelto, 1968), catecholamine (Gloster and
Greaves, 1958; Holland and Mims, 1971; Lang-
ham, 1971), ADH (Ikeda, Tanabo, and Uno, 1963),
as well as cortisol. Other factors considered have
been plasma pH (Bietti, 1972), blood pressure
(Weigelin, 1972), and serum osmolality changes
(More, 1970). In a recent review, Waitzman
(1971) concluded that the hypothalamus might be
the major central nervous system controlling site
for changes in IOP. Certainly the 24-hour corre-
lative relationships with differing hypothalamic
controlled circadian events, such as neuroendocrine
processes, body temperature, sleep-waking func-
tions, autonomic activity, etc., would support
that this central nervous system area may be
critically involved (Conroy and Mills, 1970).
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