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Objective: To investigate the fluctuations in intraocular pressure during the day and to see if these are
associated with changes in corneal shape and in the patterns of ocular aberrations.
Methods: Intraocular pressure, corneal curvature, refractive error, spherical equivalent and aberrations
(defocus (sphere); cylinder (astigmatism); coma, trefoil and third order spherical aberration) were measured
in 17 healthy subjects three times during the day. The first measurement was made between 9:00 and 9:30,
the second at midday (12:30–13:00) and the third in the afternoon (17:00–17:30). Aberrations, corneal
shape, refractive error and pupil size (for which correction was made) were measured with an Irx3 Dynamic
Wavefront Aberrometer. Intraocular pressures were measured using a non-contact tonometer (Cambridge
Instruments Inc.) and calibrated with the Goldmann applanation tonometer.
Results: Variations in intraocular pressures were unrelated to age or refractive error. Statistically significant
differences in intraocular pressure between morning and midday as well as between midday and afternoon
were found. Intraocular pressure variations between midday and afternoon were associated with changes in
spherical equivalent, corneal radius of curvature and aberrations (defocus, cylinder, coma, trefoil and
spherical aberration) over the same time period. Aberration patterns varied between individuals, and no
association was found between two eyes of the same subject.
Conclusions: Changes in intraocular pressure have no noticeable effect on image quality. This could be
because the eye has a compensating mechanism to correct for any effect of ocular dynamics on corneal shape
and refractive status. Such a mechanism may also affect the pattern of aberrations or it may be that
aberrations alter in a way that offsets any potentially detrimental effects of intraocular pressure change on the
retinal image. Variations in patterns of aberrations and how they may be related to ocular dynamics need to
be investigated further before attempts at correction are made.

A
ny image produced by an optical system, including that
of the eye, will suffer from the effect of aberrations. In
terms of correcting the optics of the eye, refractive errors

are considered to be the most important optical defects: for
every change of 0.1 mm in anterior corneal radius there is a
difference of 0.6 dioptres (D) in the refractive power of the eye.1

Higher order aberrations become of interest only once refractive
errors are corrected. In the eye, the most important aberrations
arise from the geometry of the optical surfaces of the cornea
and crystalline lens.

Calculation of aberrations is complicated and can be arduous.
Until recently, aberrations were considered primarily important
in lens design rather than for improving the image quality of
the eye. In the past few years there has been much progress in
the area of ocular aberrations and in improving methods for
their numerical calculation. Instruments for measurement of
wavefront aberrations in the living eye have become available
for clinical applications, and correction of errors has been
advanced with the use of wavefront technology.2 However,
these relatively new methods for measuring aberrations leave
many important questions for the clinician. The relative levels
of aberrations in the general population as well as how these
are affected by factors such as age, refractive error, pupil size,
accommodation and refractive surgery are not known. The full
extent to which aberrations affect spatial visual performance in
the living eye is also a source of uncertainty.

Individual eyes have varying types and levels of aberrations.
It is uncertain whether or not the full extent of these can be
corrected and whether this would lead to a significant
enhancement of vision beyond what nature has designed

(so-called ‘‘super-vision’’).3 More importantly, parameters that
affect the type and level of aberrations (shapes of optical
surface, distances between elements) can change throughout
the day with physiological variations in intraocular pressure
(IOP) and with accommodation.

It has been shown that IOP exhibits diurnal variations.4–6 It
was reported in some studies to be highest in the early morning
and lowest in the evening, with a fluctuation of 4–6 mm Hg.4 5

However, Henkind et al6 found, in his study of 11 normal
subjects, that the lowest IOP generally occurred in the early
morning hours (2:00 to 4:00) and that variations in IOP over a
24 h period were significant. They recorded short-term fluctua-
tions of 5–9 mm Hg in 1 h and of 3–4 mm Hg over 20 min
sampling periods. Variations in IOP observed in humans can
lead to slight alterations in corneal curvature, causing a change
in its dioptric power and in axial length of the eye to an extent
that could affect visual quality.7 It is feasible that this could also
have an effect on ocular aberrations.

Yet, in spite of variations in IOP during the day and the
potential effect on the corneal shape, there is no noted change
in visual acuity. It has been suggested,8 and supported by
models, that slight variations in corneal shape may be corrected
by a stabilising action of the limbus.9 10 This mechanism would
also have an effect on the pattern of aberrations. This study
sought to measure how IOP varies during the day and whether
this was correlated to any changes in corneal curvature and to
daily changes in type and level of aberrations.

Abbreviation: IOP, intraocular pressure
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METHODS
Seventeen healthy adults (11 males and 6 females) with no
ocular pathology agreed to participate in this study. Spherical
refractive errors in the subject group were less than ¡3.5 D
and, in all but one case, astigmatic errors were ,1.5 D. (One
subject had an astigmatic error of just under 2 D.) The study
received ethical approval from the Research Ethics Filter
Committee of the University of Ulster, and informed consent
was obtained in accordance with the tenets of the Declaration
of Helsinki. For each subject, measurement of IOP, refractive
status (refractive error, spherical equivalent), corneal radii of
curvature and monochromatic aberrations (defocus (sphere);
cylinder (astigmatism); coma, trefoil and third order spherical
aberration) were made at three specific times throughout the
day. The first set of measurements was conducted in the
morning (9:30–10:00), the second at midday (12:30–13:00) and
the third in the late afternoon (17:00–17:30).

Refractive error, spherical equivalent, corneal radii of
curvature for the principal meridians and the monochromatic
aberrations were measured for both eyes of each subject using
an Irx3 Dynamic Wavefront Aberrometer (Imagine Eyes, Orsay,
France). This instrument has a Shack–Hartmann type sensor,
with a maximum available area of analysis and spatial
resolution at the pupil plane of 7.267.2 mm2 and 230 mm,
respectively. The wavelength used is 780 nm. All measurements
were performed without any dilating drugs. The maximum
natural pupil diameter (between 3.3 and 6.7 mm) was

measured using the aberrometer, which makes an adjustment
for the size of the pupil so that any variations do not affect the
measurement of aberrations.

From the values at the two principal meridians, the
instrument calculates the average radius of curvature of the
cornea. The aberrometer also determines the spherical error
that best matches the measured wavefront error (the spherical
equivalent). Although the cornea has a degree of toricity,
preliminary analysis, which considered each principal meridian
separately (ie, how the respective radii vary during the day and
how they relate to IOP), did not produce any differences from
the results obtained using the average radii of curvature. For
each eye, the refraction and ocular aberrations were obtained in
the unaccommodated (distant focus) state. Following wave-
front and corneal shape assessment, IOP was measured using a
non-contact tonometer (Cambridge Instruments Inc.)and was
checked and calibrated with the Goldmann applanation
tonometer. Measurements obtained from the two instruments
varied within ¡1 mm Hg. Measurements were repeated 2
months later in six of the subjects to check repeatability. The
statistical analysis of results (two-tailed t test, significance level
of p(0.05) was conducted using Statistica Software (5.1
StatSoft, 1998).

RESULTS
IOP variations were observed during the day in all subjects.
There were several different trends in these variations, and no
symmetry was found between left and right eyes of the same
subject (table 1). The differences in IOP between morning and
midday were statistically significant (p,0.03) and varied up to
a maximum of 6.5 mm Hg. The differences in IOP between
midday and afternoon were also statistically significant
(p,0.01) with a maximum difference of 8.3 mm Hg. Values
of IOP between morning and afternoon measurements and
associations in IOP with age, refractive error or corneal radius
were not found to be statistically significant.

Changes in corneal radius of curvature between morning and
midday varied from 0.01 to 0.53 mm. Between midday and
afternoon, the range of variations was 0.01–0.41 mm. The
measured changes in spherical equivalent were found to vary
from 0 to 0.86 D between morning and midday and from 0 to
0.71 D between midday and afternoon. No trends were found
between the spherical equivalent and the corneal radius (fig 1)
nor between the spherical equivalent and IOP (fig 2). There
were no statistically significant associations between the
spherical equivalent and any of the following: cylinder, coma,
trefoil and third order spherical aberration.

Table 1 The level of the intraocular pressure and average
corneal radii of curvature in left and right eyes measured at
three specified times during the day

Age eye

Morning 9:30 Noon 12:30 Afternoon 17:30

IOP mm
Hg R0 mm

IOP mm
Hg R1 mm

IOP mm
Hg R2 mm

1 29 OS 18.0 7.97 16.0 7.94 16.0 7.74
OD 14.0 7.68 14.0 7.84 13.0 7.84

2 44 OS 21.5 8.09 22.0 7.84 13.7 7.89
OD 19.0 8.17 20.3 7.91 16.4 8.14

3 59 OS 18.5 8.63 24.0 8.62 21.3 8.63
OD 18.0 8.37 24.5 8.63 19.7 8.43

4 42 OS 23.5 8.25 21.5 8.29 17.3 7.93
OD 20.0 8.16 18.0 7.98 23.5 8.24

5 25 OS 14.5 8.54 18.0 8.41 18.0 8.28
OD 15.0 8.46 17.0 8.63 19.0 8.44

6 42 OS 14.0 8.43 12.0 8.34 14.0 8.34
OD 15.0 8.38 12.0 8.42 13.0 8.36

7 62 OS 14.7 7.72 16.0 7.63 13.0 7.74
OD 13.0 7.61 14.0 7.48 9.5 7.64

8 37 OS 13.0 8.28 12.5 8.59 14.0 8.52
OD 16.0 8.72 17.0 8.80 17.0 8.68

9 47 OS 12.0 8.12 17.0 7.94 17.0 8.04
OD 12.0 8.47 15.0 8.02 17.0 8.02

10 25 OS 15.0 7.96 15.0 8.20 14.0 7.98
OD 15.0 8.11 13.0 8.37 13.0 7.96

11 42 OS 16.0 8.39 17.0 8.27 17.0 8.21
OD 17.0 8.41 20.0 8.94 18.0 8.71

12 24 OS 14.0 8.50 16.0 8.36 14.0 8.41
OD 14.0 8.33 16.0 8.42 13.0 8.30

13 57 OS 22.0 7.78 26.0 7.77 26.0 7.80
OD 24.0 7.88 21.3 7.50 20.0 7.78

14 35 OS 14.0 8.03 14.0 8.17 12.0 8.00
OD 14.0 8.25 11.0 8.12 10.0 8.21

15 23 OS 17.0 7.78 18.0 7.94 16.0 7.84
OD 19.0 7.96 20.0 7.80 17.0 7.68

16 30 OS 11.0 9.05 13.0 8.98 12.0 8.90
OD 10.0 9.07 13.0 9.12 11.0 9.12

17 35 OS 17.0 8.34 18.0 8.17 18.0 8.40
OD 18.0 8.29 19.0 8.48 16.0 8.32

IOP, intraocular pressure; OD, right eye; OS, left eye; R0, average radius of
curvature in the morning; R1, average radius of curvature at noon; R2,
average radius of curvature in the afternoon.

Figure 1 The spherical equivalent (D) plotted against the radius of
curvature of the cornea, R (mm).
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Changes in spherical equivalent between the midday
measurements and those taken in the late afternoon showed
a statistically significant association, with respective changes in
IOP (p = 0.013) (fig 3). Changes in IOP and spherical
equivalent measurements taken in the morning and at midday
were not statistically significant (fig 3).

Whilst levels of the various primary aberrations did not show
any overall trend with IOP, there was a statistically significant
relationship between changes in the primary aberrations and
changes in IOP between midday and afternoon measurements
(table 2). No such association was found between morning and
midday measurements. Similarly, changes in corneal radius of
curvature and changes in IOP were statistically significant

(p,0.02) for the afternoon time period (measurements
between midday and afternoon) but not between morning
and midday.

There was no trend or statistically significant relationship
between level of change in aberrations and that in IOP
measured between morning and afternoon periods. No associa-
tion was found between the aberration patterns of the left and
right eyes of the same subject. Repeatability of IOP measure-
ments was within ¡2 mm Hg, and the same trends in daily
variations, found in the initial measurements, were reproduced
for all subjects retested. Changes in corneal radii of curvature
and spherical equivalent varied between 0.02 and 0.4 mm and
between 0.01 and 0.85 D, respectively, between initial and
repeat readings. The magnitude of aberrations between initial
and repeat measurements varied as follows: defocus (sphere),
0.1–0.69 D; cylinder (astigmatism), 0–0.49 D; coma, 0.01–
0.36 D mm–1; trefoil, 0.02–0.15 D mm–1; and third order
spherical aberration, 0–0.32 D mm–2.

DISCUSSION
It has been shown that IOP exhibits variations during the day.4–

6 11–13 As this study was concerned with measuring the effect of
IOP change on factors that may influence image quality, it was
limited to the waking hours, when vision is operative. Hence, it
was not possible to determine the full range of variations that
may occur over 24 h, nor to detect changes of the magnitude
that may occur at the transition between a light and dark
period.12 13 This notwithstanding, the results of this study
confirm previous findings and show several trends in daily
fluctuations of IOP. Variations in IOP between morning and
midday, and midday and afternoon were found to be
statistically significant, whereas no significant difference was
found between morning and afternoon values. Statistically
significant associations between the changes in IOP and
variations in corneal radius as well as between the changes in
IOP and variations in spherical equivalent were found between
midday and afternoon measurements only. This could be
because the longer time period and greater variation in readings
between the midday and afternoon measurements, compared
with the period between morning and midday measurements,
made it possible to measure a statistically significant change. It
could also signify that the afternoon period is one of greater
change in ocular dynamics.

It has been reported that lid pressure can influence the shape
of the cornea.14 If tension from the eyelids did indeed exert
some moulding effect on the cornea, this should be most
notable after a period of lid closure and hence have the greatest
impact on measurements made in the morning. This was not
found in this study. Previous investigations that have con-
sidered the effect of lid tension on corneal shape have not
concurred in their conclusions.14 15

Changes in primary aberrations were found throughout the
day. The pattern varied with individuals, and no notable trends

Figure 2 The spherical equivalent (D) plotted against the intraocular
pressure, IOP (mm Hg).

Figure 3 The absolute change in spherical equivalent (D) plotted against
the absolute change in intraocular pressure (mm Hg) for measurements
taken between morning and midday (filled circles) and midday and
afternoon (open squares).

Table 2 The variations in magnitude of aberrations between morning–midday and midday–
afternoon and the p values (t test) between changes in intraocular pressure and in each
respective aberration (fig 4)

Aberration type

Morning–midday Midday–afternoon

Variation p Value Variation p Value

Defocus (sphere) (fig 4A) 20.740.6 D .0.05 20.540.6 D 0.0134
Cylinder (astigmatism) (fig 4B) 20.2540.35 D .0.05 20.240.2 D 0.0131
Coma (fig 4C) 20.240.2 D mm–1 .0.05 20.140.1 D mm–1 0.0125
Trefoil (fig 4D) 20.5040.2 D mm–1 .0.05 20.140.35 D mm–1 0.031
Spherical aberration (fig 4E) 20.2540.1 D mm–2 .0.05 20.140.2 D mm–2 0.0124
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or associations with refractive status, corneal radius of
curvature or age were observed. The magnitude of aberrations
could not be correlated with values of IOP, but variations in all
measured aberrations changed significantly with IOP between
midday and afternoon. This could indicate that changes in
aberrations are an additional form of compensating for changes
in IOP in order to stabilise vision.

No statistically significant association between changes in
aberrations and changes in spherical equivalent with changes
in corneal radius was found. Correlations between corneal
radius and refractive error have been reported in some studies16–

19 but not in others.20–22

The results of this study show that generalising the pattern of
aberrations may not be possible given the range of individual
variations. This supports the findings of previous studies that
showed that the aberrations of the eye differ greatly from
subject to subject.23–25 Even for a given individual there is no
consistency in the pattern of aberrations between the two eyes:
some studies have reported correlations between right and left
eyes,24–29 but findings from other studies have not supported
this.23 30

Small changes in aberrations can occur over short time
periods (seconds) because of fluctuations in accommoda-
tion,31 32 changes in pupil diameter33 34 or variations in thickness
of the corneal tear film between blinks.35–37 The nature and
extent of influence of these factors on aberrations and on their
changes remain unclear. It should be noted that the results of
this study are pertinent to monochromatic aberrations at
780 nm, the source wavelength. Whether the findings could
be extended to apply to other wavelengths is not known.
Studies that have investigated the effect of aberrations on
image quality have not concurred in their findings.38–40

Ultimately the quality of the optics of the eye is diffraction
limited; the size of the pupil, particularly when constricted,
should always be taken into account when assessing image
quality.

CONCLUSIONS
The changes in IOP during the day follow variations that could
not be correlated with age or refractive error. Statistically
significant variations in IOP were found to occur between
morning and midday, and midday and afternoon, but only the
latter had significant associations with changes in corneal
radius of curvature, spherical equivalent and aberrations. This
may indicate that there is some effect of ocular dynamics on the
shape of the eye and on the pattern of aberrations. These
dynamic changes in IOP have no noticeable effect on vision.
The dynamics of the eyeball and the subsequent effect on ocular
aberrations need to be better understood before attempts at
correction are made.
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