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Abstract

Aim—To elucidate the diurnal variation in
human corneal thickness over a 48 hour
period.

Method—Changes in central corneal
thickness were monitored in eight healthy
subjects (four male, four female) aged
between 10 and 63 years using an ultra-
sonic pachymeter. Measurements were
made over a 48 hour period—immediately
before sleep, immediately upon waking
and at 15, 30, 45 minutes, 1, 1.5, 2, 2.5, 3
hours, and at 2 hour intervals thereafter
throughout the remainder of each day.
Results—The mean corneal thickness for
the group (SD) was 546 (14) pm, with a
mean overnight increase of 5.5% (2.9%)
(range 1.9-12.6%) and a maximum diur-
nal increase of 7.2% (2.8%) (range 2.1-
14.3%). Individual differences in the
extent of diurnal and overnight variation
occurred within the group. For three sub-
jects, the first reading taken on waking was
not the highest and corneal thickness con-
tinued to increase.

Conclusion—These data confirm an in-
crease of corneal thickness during sleep,
but also reveal considerable variation
during waking hours. Thus, the overnight
changes in corneal thickness are not truly
representative of diurnal variations in
human corneal thickness and, in fact,
much greater diurnal variation occurs
than the 3.0—4.4% previously reported.
(Br J Ophthalmol 1996;80:1068-1072)

Corneal thickness measurements are indicative
of the metabolic status of the cornea, as they
provide an index of corneal hydration.! Such
measurements give valuable information on
the physiological status of the cornea and its
changes associated with disease,”* trauma,’®
and hypoxia.”® The healthy human cornea
experiences hypoxia on a daily basis beneath
the closed eyelid during sleep.® '° The reduction
in oxygen levels beneath the closed eyelid is
thought to induce anaerobic metabolism,
which causes an accumulation of lactate within
the stroma which is followed by an osmotic
influx of water.” Other factors could also influ-
ence corneal hydration such as the reduced
evaporation from the tear film which occurs
during the first 2 hours of waking,! intraocular
pressure which increases rapidly after sleep,'
and body temperature which changes on a
diurnal basis decreasing during night-time
sleep and increasing throughout the day.”

Upon opening the eyelid at waking the
corneal thickness is reputed to return rapidly
to normal. Thus, corneal thickness changes on
a diurnal basis. Such diurnal variations in cor-
neal thickness have been identified in a variety
of species, including rabbit," cat,'” primate,'
and human.® "

It still remains unclear whether overnight
changes in human corneal thickness are truly
representative of the diurnal variation occur-
ring throughout any 24 hour period or whether
the pattern of thickness changes is the same on
consecutive days. The aim of this study was to
use ultrasonic pachymetry to elucidate the
diurnal variation in human corneal thickness in
a group of normal healthy human subjects over
a 48 hour period.

Materials and methods

SUBJECTS

Eight subjects (four male, four female) aged
between 10 and 63 years participated in the
study. All subjects were free from ocular
disease, had adequate tear film production (a
minimum of 15 mm in 5 minutes using
Schirmer’s tear test), and were unadapted to
contact lens wear. Individuals were maintained
on a normal diet and, because of the effects of
alcohol consumption on corneal thickness,”
no alcohol was consumed in the 24 hours
before the study period. Also, where relevant,
no females were menstruating or ovulating at
the time of the study as increases in oestrogen
levels are accompanied by increased corneal
thickness.?”

It has already been ascertained that different
humidity levels have no significant effect on the
deswelling function of the human cornea.” For
this reason and so as not to interfere with regu-
lar sleep patterns, all corneal thickness meas-
urements were made in the person’s own
home. This research followed the tenets of the
declaration of Helsinki (1964). Informed
consent was obtained after the nature and pos-
sible consequences of the study were ex-
plained.

PROCEDURE TO MEASURE CORNEAL THICKNESS

A Humphrey-Allergan ultrasonic pachymeter
(model 850) with a handheld transducer was
used to measure central corneal thickness
readings. The ultrasonic pachymeter calculates
readings based on an ultrasonic velocity of
1640 m/s for normal human corneal thickness
at 34.5°C, which is the temperature at the cor-
neal surface in vivo.
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Table 1  Repeated measures analysis of variance was performed on the raw data with sex
as the between subject factor and day and time of day as the within subject factors

Source ss df ms f p Value
Between subjects:
Sex 2313.01 1 2313.01 0.03 0.8620
Residual 345463.02 5 69092.60
Within subjects:
Day 700.42 1 700.42 2.04 0.2027
Day.sex 38.40 1 38.40 1.03 0.7492
Residual 2056.05 6 342.67
Time 16244.56 14 16244.56 9.75 <0.0001
Time.sex 850.36 14 60.74 0.51 0.9209
Residual 9995.28 84 118.99
Day.time 336.71 14 26.19 0.50 0.9297
Day.time of day 895.48 14 63.96 1.21 0.2843
Residual 4442.95 84 52.89

Filliben correlation coefficient = 0.9912.
ss = sums of squares, df = degrees of freedom, ms = mean square, f = F statistic.

ACCURACY

A Humphrey-Allergan test block of known
thickness (560 (SD 11) pum at 25°C) was used
to monitor the accuracy of the pachymeter.
The test block was measured in the calibration
mode setting, which adjusts the ultrasonic fre-
quency to measure Perspex at 25°C. Holding
the pachymeter probe tip on the test block and
moving the body of the probe away from the
perpendicular while keeping the tip positioned
in the same place produced a maximum varia-
tion of plus or minus 0.8% of the mean test
block thickness reading. Beyond a slight devia-
tion from the perpendicular angle on both the
test block and the cornea, thickness readings
would not register because the probe tip was
incorrectly aligned. Fifteen test block readings
have been taken twice a week over a 3 year
period.

REPRODUCIBILITY

The same operator was used in all studies. The
operator has performed ultrasonic pachymeter
on a weekly basis for a period of 3 years. The
reproducibility of the operator was assessed by
taking central corneal thickness readings every
10 minutes over a 1 hour period for three male
subjects (aged 24, 28, and 29 years). The first
reading was taken at 14.00 hours as corneal
thickness was considered to be more stable at
this time of day. Males were chosen to
eliminate any effect of the menstrual cycle on
corneal thickness.?

CALCULATIONS

Percentage overnight changes in corneal thick-
ness were calculated using the difference
between presleep and postsleep corneal thick-
ness:

% Overnight change in corneal thickness =
((postsleep thickness —
presleep thickness)/presleep thickness) x 100

The percentage maximum diurnal thickness
change occurring during any 24 hour period
was calculated using the difference between the
maximum and minimum corneal thickness
readings measured on each day (for the
purpose of this study ‘a day’ is defined as the
period between presleep reading and the
penultimate reading on the following day).
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% Diurnal variation =
((highest reading of day — lowest reading of day)/
lowest reading of day) x 100

PROTOCOL

The ultrasonic pachymeter was used to take
three central corneal thickness readings of the
right eye of each individual during the hour
before night-time sleep. Initially, 10 readings
were taken, but patients and volunteers ob-
jected to this and three readings were found to
be a suitable compromise without affecting
reproducibility. To locate the centre of the cor-
nea each subject was instructed to gaze directly
at an ophthalmic pen light positioned at eye
level approximately 2 metres from the subject.
Individuals were allowed to wake naturally, but
did not sleep at any other time during the day.
Immediately on waking, each subject taped
down their left eyelid to eliminate the effect of
tear film evaporation on corneal deswelling.”
Three thickness readings were taken immedi-
ately and repeated at the following intervals
thereafter: 15, 30, 45 minutes and 1.0, 1.5, 2.0,
2.5, 3.0 hours, and then every 2 hours up to a
period of 24 hours.

STATISTICAL ANALYSES

Repeated measures analysis of variance was
performed on the raw data with sex as the
between subject factor, and day and time of
day as the within subject factors. The analysis
was performed using the statistical package
GLIM 3.77.**% The aim was to determine
whether there were significant changes in
corneal thickness over the time intervals meas-
ured.

Interaction terms between time of day and
sex, and day and sex were evaluated to see if
there were any differences in male and female
corneal thickness at any particular time of day
or on any particular day. The results of the
analysis were converted into the standard
analysis of variance table (Table 1). The good-
ness of fit of the model, and the validity of the
distributional assumptions made, were tested
by constructing a half normal plot from the
model residuals and computing the Filliben
correlation coefficient.” Values of this coef-
ficient in excess of 0.95 were taken as indicat-
ing an acceptable fit to the data. Significant
differences between baseline and the remain-
ing time points were found using Tukey’s criti-
cal range test.”

Results

ACCURACY

Thickness readings were consistently within
the manufacturer’s test block range of 560 (SD
11) um at 25°C during the 3 years of using the
ultrasonic pachymeter.

REPRODUCIBILITY

For any 10 readings taken at any time point
(Fig 1), a typical value for the standard error of
the mean (SEM) was plus or minus 2 pm. The
SEM over the 1 hour period for each individual
was plus or minus 1 um.
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Figure 1  To assess the reproducibility of the operator 10
central corneal thickness readings were taken every 10
minutes for 1 hour (starting at 2 pm) for three males aged
(A) 24, (B) 28, and (C) 29 years old. Vertical bars = SD.

DIURNAL VARIATION IN HUMAN CORNEAL
THICKNESS

Corneal thickness increased overnight (Fig 2)
and decreased after waking. However, corneal
thickness did not remain constant throughout
the day. Differences in the magnitude and pat-
tern of swelling were seen between day 1 and
day 2 of the study and also between individu-
als. For three subjects, the first reading taken
on waking was not the highest and corneal
thickness continued to increase.

Mean overnight variation in central corneal
thickness was 5.2% (2.9%) for the group and
mean diurnal variation was 7.2% (2.8%) for
the group (Table 2). For all but one subject
(day 1 for the 10-year-old female), the degree
of diurnal variation was greater than the
overnight increase in corneal thickness.
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Figure 2 Diurnal variation in central corneal thickness of eight subjects ranging from 10 to 63 years of age. Measurements were taken at different time
intervals over a 48 hour period. Vertical bars = SD.
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Table 2  Diurnal variations in human corneal thickness
Subject A B Cc D E F G H Mean (SD)
Age (years) 10 11 28 28 29 30 60 63
Sex F F M F M M F M
Day 1
% overnight 21 54 19 6.1 27 83 76 11.6 5.7 (3.1)
Day 1
% maximum diurnal variation 2.1 6.3 3.9 8.1 6.2 10.0 8.2 11.8 7.1 2.9
Day 2
% overnight 2.7 5.4 4.1 5.4 1.2 12.6 4.4 6.5 5.3 3.2)
Day 2
% maximum diurnal variation 3.8 7.0 43 11.1 6.4 14.3 5.4 6.5 7.4 (3.4)
Mean
% overnight 2.4 5.4 3.0 5.8 2.0 10.5 6.0 8.9 5.5 2.9)
Mean
% maximum diurnal variation 3.0 6.7 4.1 9.6 6.3 12.2 6.8 9.2 7.2 (2.8)

Individual changes in overnight and diurnal
thickness varied greatly within the group, with
a range of 1.9-12.6% (overnight increase) and
2.1-14.3% (maximum diurnal variation) dur-
ing any day. There were five individuals whose
overnight increase in corneal thickness in
either day was greater than 3—4%; two of these
subjects (30-year-old male and 63-year-old
male) showed overnight increases of at least
10% during one or both days of the study.
Three individuals showed a maximum diurnal
variation of 10% or more (28-year-old female,
30 and 63-year-old males). The magnitude of
the variation differed on consecutive days for
each individual.

STATISTICAL ANALYSES

The results of the statistical analyses (Table 1)
indicate that there are no overall sex differences
in corneal thickness (p=0.8620). There were
also no significant effects of time of day of
measurement (p=0.2027), day by sex interac-
tion (p=0.7492), time of day by sex interaction
(»=0.9209), or day of measurement by sex
interaction (p=0.2843). These results indicate
that corneal thickness behaves similarly for
both days irrespective of sex. There was, how-
ever, a highly significant time of day effect
(p<0.0001).

Discussion

Corneal thickness was found to increase over-
night, which is in agreement with previous
studies.’ " However, we report a level of
overnight variation in central human corneal
thickness of 5.5% for the group which is higher
than the values (3—4.4%) previously reported. In
fact, the mean diurnal variation in central corneal
thickness was 7.2% for the group. For each
volunteer, maximum variation during any day
was greater than the overnight increase in corneal
thickness, except for the 10-year-old female. On
day 1 the overnight thickness increase was the
same as her maximum diurnal variation; how-
ever, she later admitted to waking up at 4.30 am
on day 1, but felt that this was too early to wake
the operator. Our results suggest that overnight
changes in corneal thickness are not truly
representative of actual diurnal variation. While
we can compare our overnight changes in corneal
thickness with other studies, it is difficult to com-
pare diurnal studies as most authors do not
report the full 24 hour cycle.'®

The results of this study are in agreement
with Gerstman’s study'® who reported an aver-
age increase of 7.8% which is similar to our
mean maximum diurnal variation of 7.2%.
However, in Gerstman’s study no presleep
reading was taken (the lowest value occurring
throughout the study was used as the baseline)
and no thickness measurement was made
immediately on waking; this also occurs in two
other optical pachymetry studies."’' Mertz
used electronic digital pachymetry and re-
ported overnight swelling of 4.33% in nine
subjects (three male, six female).” The highest
overnight thickness increase in Mertz’s study
was 9.7%, which is similar to the highest read-
ings of our study.

The most recent published study' involved
electronic digital pachymetry and reported a
3% overnight increase in corneal thickness.
This study was limited to a group of youths of
about 19 years of age. Our study includes the
widest age range reported so far in a diurnal
study of this nature (10 to 63 years). To date
this study is the first (a) to use an ultrasonic
pachymeter to monitor diurnal variations in
human corneal thickness,(b) to follow human
corneal thickness over 2 full days, and (c) to
report the diurnal variation of corneal thick-
ness of a child.

Local anaesthetic was not used in this study for
several reasons. Firstly, a drop of local anaesthetic
can induce lacrimation, which is undesirable in
view of the linear relation between corneal thick-
ness and hydration.! Also local anaesthetic
eyedrops are toxic to the corneal epithelium.
Continuous instillation of these drops through-
out the day could disrupt the epithelium and
affect its role as a structural barrier to the influx
of fluid from the tear film.?** In addition to its
properties as a barrier, the active movement of
ions by the epithelium® augments the activity of
the endothelium in maintaining corneal dehydra-
tion.”* * Therefore the damage to the epithelium
caused by local anaesthetic might influence
corneal thickness by disrupting the physical bar-
rier of the epithelium and also affecting ion
transport. In studies of this nature, it is important
that the subject feels at ease and relaxed about
the techniques being performed. Repeated use of
drops at regular intervals throughout the day
would cause discomfort to the volunteers who in
fact preferred the readings to be performed with-
out local anaesthetic.
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Ultrasonic pachymetry does require the
probe tip to touch the epithelial surface which
might cause some degree of epithelial disrup-
tion. Other methods of pachymetry include
optical and electronic digital pachymetry. For a
study of this nature, the major advantage of
optical pachymetry over both ultrasonic and
electronic digital pachymetry is that the optical
pachymeter is a non-contact method. The
major limitation of the optical pachymeter
(which requires a slit-lamp) is comparative
size. Therefore, for diurnal studies it was not
practical to transport an optical pachymeter to
the homes of the subjects, where the investiga-
tions took place.

Mertz investigated the accuracy of the tech-
nique and reported a standard deviation of
5 um for 10 readings.”® As can be seen in Figure
1, the study of the reproducibility of the opera-
tor gave a standard deviation value of plus or
minus 3 pm which provides a similar level of
accuracy. Other reports have not commented
an the accuracy of the pachymetry technique.

In summary, mean overnight swelling was
5.5% with a maximum mean diurnal variation
of 7.2% and considerable variability was seen
between individuals. Corneal thickness is
highly variable during any 24 hour period and
does not follow the regular pattern of overnight
swelling and exponential decay previously
reported.

The authors would like to thank all volunteers for their help and
cooperation. This study was supported by the Kershaw Trust
and the North Western Regional Health Authority.
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