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Abstract

Background: Cross-sectional survey of ocular biometry and visual function in healthy eyes across the life span of a
German population aged 20 to 69 years (n = 218). Subject number in percent per age category reflected the
percentage within the respective age band of the population of Leipzig, Germany.

Methods: Measurements obtained: subjective and objective refraction, best-corrected visual acuity, accommodation,
contrast sensitivity, topography and pachymetry with Scheimpflug camera, axial length with non-contact partial
coherence interferometry, and spectral-domain optical coherence tomography of the retina. Pearson correlation
coefficients with corresponding p-values were given to present interrelationships between stature, biometric and
refractive parameters or their associations with age. Two-sample T-tests were used to calculate gender differences. The
area under the logarithmic contrast sensitivity function (AULCSF) was calculated for the analysis of contrast
sensitivity as a single figure across a range of spatial frequencies.

Results: The results of axial length (AL), anterior chamber depth (ACD) and anterior chamber volume (ACV)
differed as a function of the age of the participants (rho (p value): AL −0.19 (0.006), ACD −0.56 (< 0.001), ACV-0.52
(< 0.001)). Longer eyes had deeper ACD (AL:ACD 0.62 (< 0.001), greater ACV (AL:ACV 0.65 (< 0.001) and steeper
corneal radii (AL:R1ant; R2ant; R1post; R2post 0.40; 0.35; 0.36; 0.36 (all with (< 0.001)). Spherical equivalent was
associated with age (towards hyperopia: 0.34 (< 0.001)), AL (−0.66 (< 0.001)), ACD (−0.52 (< 0.001)) and ACV (−0.46
(< 0.001)). Accommodation was found lower for older subjects (negative association with age, r = −0.82 (< 0.001)) and
contrast sensitivity presented with smaller values for older ages (AULCSF −0.38, (< 0.001)), no change of retinal
thickness with age. 58 % of the study cohort presented with a change of refractive correction above ±0.50 D in
one or both eyes (64 % of these were habitual spectacle wearers), need for improvement was present in the
young age-group and for older subjects with increasing age.

Conclusion: Biometrical data of healthy German eyes, stratified by age, gender and refractive status, enabled
cross-comparison of all parameters, providing an important reference database for future patient-based research
and specific in-depth investigations of biometric data in epidemiological research.

Trial registration: ClinicalTrials.gov # NCT01173614 July 28, 2010
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Background
The optics of the human eye is based on the refractive
parameters of the individual ocular structures, each of
which is affected differently by age. Well known exam-
ples of this are the thickening of the crystalline lens
with aging and the gradual flattening of the anterior
chamber [1]. Although normal aging has been studied
extensively in the literature, some studies limit them-
selves to subsections of the population, such as subjects
over 40 years, children, certain nationalities or ethnici-
ties, or emmetropes [2–4]. Other studies presented only
certain parameters of ocular biometry, or concentrated
on prevalence of specific eye conditions (e.g., cataract,
AMD) [5, 6]. This study concentrates on various bio-
metric parameters in connection with refraction and
retinal measurements with optical coherence tomog-
raphy (OCT) in a healthy population. Although mea-
surements in healthy eyes across the life span could
provide an invaluable reference in the form of a norma-
tive database for a multitude of ocular biometric fac-
tors, few studies have presented recent data for a
European population since many of the population −
based studies have been conducted in developing coun-
tries [7–9]. In Europe, three larger population-based
studies have focused on the aspects of biometric data
to determine the prevalence, incidence and major risk-
factors of age-related macular degeneration, glaucoma and
diabetic retinopathy in adults over 35 years [10–14]. Re-
sults on refractive error and related ocular biometry were
presented for British adults over 48 years of age [15].
As those previous eye studies in Europe concentrated

on older eyes and on the prevalence of ocular patholo-
gies, the current study aimed to obtain a full cross-
section of a healthy population using modern measuring
devices to establish reliable reference values for future
work. A specific strength of this study is the investiga-
tion of many different biometric values together with
detailed information on refraction and retinal properties.
OCT was implemented to eliminate subjects with retinal
changes or pathologies from the sample. Based on these
data differences in parameters across the different age
groups can be determined, and it provides reference
values stratified by age range, gender and refractive sta-
tus. This may help to find inter − correlations of optical
parameters in the human eye.

Methods
Study population
The cohort presented in this work was measured under
the framework of “Project Gullstrand” (Ethics Committee
of the Antwerp University Hospital (No. B30020072406)),
a multi-centred cross − sectional study performed at dif-
ferent European clinical sites [16, 17]. The Leipzig data-
set, for the first time, presents various biometric measures

in a group of healthy German subjects with strictly exam-
ined absence of degenerative changes of the retina. This
cohort was recruited to mirror the distribution of age and
gender of the population of Leipzig (Saxony, Germany)
[18]. The data presented here were obtained between July
and December 2011. The study adhered to the Tenets of
the Declaration of Helsinki and approval for the study was
obtained from the Ethics Committee of the Medical
Faculty of the University of Leipzig (No. 162/11) and is
registered as ClinicalTrials.gov # NCT01173614.
Subjects were recruited through public announce-

ments and press releases. However, in a first telephone
interview the interested subjects were asked a series of
health related questions in order to exclude subjects
based on the inclusion criteria (age 20–69 years old,
ametropia between −10 D and +10 D) before examina-
tions, and the exclusion criteria, which were prior ocu-
lar surgery, amblyopia, refraction larger than ± 10 D,
corneal or retinal pathologies in either eye, systemic
diseases (e.g., diabetes mellitus, hypertension, multiple
sclerosis, Grave's disease, …), pregnancy of more than 5
months at the moment of testing, as well as recent wear
of hard contact lenses. Likewise, a 2-day break prior to
testing was required with soft contact lens use.

Examination procedures
After informed consent was obtained, an interview was
conducted to determine ocular and medical history, level
of education and height and weight as self − reported by
the subject. Then subjects were asked to fill out the 25
item National Eye Institute visual functioning question-
naire (NEI −VFQ − 25), developed at RAND under the
sponsorship of the National Eye Institute [19, 20].
The following refraction parameters were used follow-

ing the uniform method for visual acuity notation in sci-
entific publication [21]. Refraction was estimated with
an autorefractometer (Automatic Refractor/Keratometer
Model 599, Humphrey Instruments, Carl Zeiss Meditec
AG, Jena, Germany). A single operator then performed a
non − cycloplegic subjective refinement of the refractive
correction until the best corrected visual acuity (BCVA)
was obtained. Uncorrected and corrected distance visual
acuity (UDVA, CDVA) were measured monocularly and
binocularly with a trial frame at 4 m, using an ETDRS
chart [22], which was housed in a light box. Participants
who failed to read the largest letter unaided at 4 m were
retested at 2 m then at 1 m. Testing began with the first
letter on the top row. When having difficulty reading a
letter, the subject was encouraged to guess. Visual acuity
was scored as the total number of letters read correctly
in logMAR units (logarithm of the minimum angle of
resolution). The full refraction was noted and for further
analysis the spherical equivalent (SE) or the dioptric
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distance (described below, [23]) were used as measures
of refractive error.
After determining the best CDVA, accommodation

was tested for each eye separately and binocularly using
the negative lens test with an ETDRS chart at 4 m dis-
tance, while wearing the distance correction [24]. The
subject was asked to focus two lines above the lowest
line still readable with best correction. A lens of −10 D
was placed in front of the eye and the subject was asked
if he or she could still read the line. If this was not the
case, the same was repeated with a lens of 0.5 D lower
power until the subject was able to see the line clearly
again.
Contrast sensitivity was measured with the Visual

Contrast Test System (VCTS; Vistech Consultants,
Dayton, USA) panel in a room with 80–100 lux illu-
minance. Before, the pupil size was determined with a
pupil size gauge. This contrast sensitivity panel uses a
grid of contrast levels for a range of spatial frequencies,
which allows a rough reconstruction of the entire contrast
sensitivity curve. With the VCTS panel the contrast in-
creases from left to right and the spatial frequency from
top to bottom. Each column contains gratings with spatial
frequencies of 1.5, 3, 6, 12 and 18 cycles per degree (cpd).
Each line contains 8 grids with progressively decreasing
levels of contrast and a uniform grey field at the end of
each line. The subject was seated at a distance of 2 m from
the panel and had the task of describing the orientation of
the lines of the respective grating being either vertical or
15° to the right or to the left. When the contrast of a grid
has fallen below the threshold value, only a single grey
field is perceived. The last grating of each row that was
identified correctly was noted. The testing was carried out
monocularly and binocularly with optical correction, if
applicable.
Topography and pachymetry were measured with a

Pentacam Scheimpflug camera (Oculus Optikgeräte
GmbH, Wetzlar, Germany). Using non − contact partial
coherence laser interferometry (IOL Master; Carl Zeiss
Meditec AG, Jena, Germany), five measurements for
axial length (AL) were obtained and the mean of these
measurements as calculated by the IOL Master was
noted in the datasheet. AL was measured as the distance
from the anterior corneal vertex to the retinal pigment
epithelium along fixation, automatically adjusted to the
distance to the internal limiting membrane as used as a
reference plane in ultrasound techniques [25]. The dis-
played results of the axial length measurements are
therefore compatible with immersion ultrasound mea-
surements through the use of an internal, statistically
verified calculation algorithm [26, 27].
Further measurements were carried out employing op-

tical coherence tomography (OCT) (Spectralis OCT,
Heidelberg Engineering) to measure retinal thickness in

the foveal region. The OCT was also useful in detecting
diseases of the retina or pre − clinical abnormalities.
OCT instrumentation and imaging technique have been
described in detail elsewhere [28–31]. The central retinal
thickness was defined as the distance between the in-
ternal limiting membrane to the outer border of the ret-
inal pigment epithelium via the automatic segmentation
algorithms of the Spectralis software by which the macu-
lar region is sectioned into three circular rings (1 mm,
3 mm and 6 mm diameter) which are subdivided into
four quadrants to form nine regions of analysis. An aver-
age retinal thickness and retinal volume can be reported
for central, superior inner, inferior inner, temporal inner,
nasal inner, superior outer, inferior outer, temporal outer,
nasal outer regions. The average of all points within the
inner circle of 1-mm diameter is defined as central fo-
veal subfield thickness (CFST). With accurate centration,
the central foveal subfield (1 mm) includes the foveal
minimum. The minimum retinal thickness is defined as
minimal central retinal thickness (CRTmin).

Calculations and statistical analysis
Statistical analysis was performed using Minitab 14
(Minitab Inc., State College, Pennsylvania, USA). Due to
the high degree of correlation between the eyes of a sub-
ject, only data of the right eye are presented in this
study. All variables were first analysed by calculating the
mean, standard deviation (SD) and 95 % confidence
interval (95 % CI) after tests for normality using Q-Q-
plots [32]. Further, mean and SD of the variables was
calculated for age decades. Pearson correlation coeffi-
cient rho (r) and its corresponding p-value was calcu-
lated to present the interrelationships between stature
and biometric and refractive parameters. Labeling systems
exist to roughly categorize r values where correlation coef-
ficients (in absolute value) of ≤ 0.35 are generally consid-
ered to represent low or weak correlations, 0.36 to 0.67
reflect modest or moderate correlations, and 0.68 to 1.0
identify strong or high correlations, and r coefficients of ≥
0.90 represent very high correlations [33]. This notation
was used throughout the manuscript. Meaningful clinical
relevance of such associations should be established by
calculating the coefficient of determination. It is obtained
by simply squaring the correlation coefficient rho. R^2 is
defined as the percent of the variation in the values of the
dependent variable (y) that can be explained by varia-
tions in the values of the independent variable (x). This
presents an index for the strength of an association, a
value of R2 ≥ 50 % (rho > 0.7) can be considered a rele-
vant correlation [34]. Two-sample T-tests were used to
calculate gender differences (p-values stated without
Bonferoni correction, based on the planned outline of
the procedure). ANOVA analysis with post-hoc t-tests
were not carried out to investigate possible differences
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for individual parameters between age-categories (20–
29, 30–39, 40–49, 50–59, 60–69 years of age) stated in
Table 1, as a correlation with age itself is given for each
biometric parameter measured as part of the result
section.
The mean and SD of contrast sensitivity values in log

units by age and gender are provided. To obtain log
units from the contrast sensitivity level, a value key for
the Vistech VCTS 6500 contrast sensitivity test system
was used and log units of these values were calculated
[35]. For further analysis of the contrast sensitivity as a
single figure across a range of spatial frequencies, the
area under the logarithmic contrast sensitivity function
(AULCSF) was calculated according to the method of
Applegate and colleagues [36]. In brief, the AULCSF was
calculated by integrating a third order polynomial fitted
to the log contrast sensitivity data between the fixed
limits of 0.18 (corresponding to 1.5 cpd) and 1.26
(18 cpd) on the log spatial frequency scale; based on the
raw data supplied by the test employed. It is, however,
also possible to employ linear interpolation and integra-
tion between 1.5 and 18 cpd to compute an area under
the contrast sensitivity curve [37]. Such a single-index
criterion represents contrast sensitivity data as one num-
ber and therefore facilitates comparison and statistical
analysis.
For further analysis, data were analysed by refractive

status categorised by spherical equivalent (SE; sphere
plus half cylinder based on sphere (S) and cylinder (C))
or categorised by dioptric distance (described below).
Separation by SE was done by division into three groups
(myopia (M), emmetropia (E) and hyperopia (H)).

Myopia was defined as a SE less than −0.5 D and hyper-
opia as a SE greater than +0.5 D. For facilitation of sub-
analysis of future publications, the data are also given as
five subcategories, to indicate that there is a considerable
functional difference between uncorrected eyes with a
refraction smaller than ±2D and eyes with refractive
error larger that ±2D. ±2D also roughly corresponds to the
emmetropic peak of the refraction distribution. Tables 5, 6
and 7, as a reference: manifest myopia (< −2D), low my-
opia (−2D ≤ −0.5D), emmetropia (−0.5D ≥ ≤ +0.5D), low
hypermetropia(+0.5D ≥ +2D) and manifest hypermetropia
(> +2D).
Where possible, the mean difference between subpop-

ulations was given (e.g., difference between men and
women for various age groups amounting to an overall
mean difference for men and women). However, other
publications provide only the overall mean (e.g., mean of
all women irrespective of age), therefore some cross −
referencing in our study was only possible by computa-
tion based on values given in another investigation. This
comparison (i.e., men and women) of averaged data, is
referred to as difference of the mean(s) to distinguish
the difference.
Description of refractive error by means of spherical

equivalent is widely employed by ophthalmologists and
optometrists. However, in a mathematical description of
ophthalmic lenses, it is more suitable to employ matrix
formalism [23, 38], which enables an accurate derived
measure of every full refraction as a single term, making
it independent of unit conversion problems otherwise
present. While sphere and cylinder refer to power along
principal directions, power components refer to fixed

Table 1 “Subjective refraction data stratified by gender and age”

Women Men

n Sphere [D] Spherical
equivalent
[D]

Dioptric Distance
to habitual
correction [D]

Dioptric
Distance to
a 0.00D
lens [D]

n Sphere [D] Spherical
equivalent
[D]

Dioptric Distance
to habitual
correction [D]

Dioptric
Distance
to a 0.00D
lens [D]

20–29 years 24 −0.85 ± 1.64 −0.99 ± 1.64 0.45 ± 0.27 1.23 ± 1.48 26 −1.07 ± 1.39 −1.46 ± 1.46 0.43 ± 0.26 1.78 ± 1.16

30–39 years 19 −1.34 ± 2.06 −1.63 ± 2.17 0.32 ± 0.29 2.06 ± 1.79 20 −1.62 ± 2.29 −2.00 ± 2.35 0.46 ± 0.36 2.07 ± 2.31

40–49 years 32 −0.86 ± 1.93 −1.13 ± 2.00 0.50 ± 0.35 1.33 ± 1.90 29 −0.24 ± 2.13 −0.56 ± 2.11 0.41 ± 0.33 1.39 ± 1.75

50–59 years 19 +0.91 ± 1.22 +0.74 ± 1.17 0.52 ± 0.43 1.15 ± 0.79 19 0.16 ± 2.36 −0.13 ± 2.41 0.70 ± 0.50 1.64 ± 1.76

60–69 years 16 +0.63 ± 1.94 +0.24 ± 2.18 0.73 ± 0.36 1.68 ± 1.47 14 +1.07 ± 1.66 +0.68 ± 1.76 0.55 ± 0.17 1.27 ± 1.06

All 110 −0.42 ± 1.95 −0.66 ± 2.02 0.49 ± 0.35 1.45 ± 1.56 108 −0.47 ± 2.15 −0.81 ± 2.18 0.49 ± 0.35 1.64 ± 1.67

Caption: Mean (± standard deviation) of sphere, spherical equivalent (SE) and dioptric distance (DD) to a 0.00D lens and dioptric distance of habitual spectacle
correction to new subjective refraction, determined by best corrected visual acuity per age decade for women and men. SE (subjective) for the right eyes of 20–29 year
olds was found to be −1.24 ± 1.55 D; 30–39: −1.82 ± 2.24 D; 40–49: −0.86 ± 2.06 D; 50–59: +0.31 ± 1.92 D; 60–69: +0.45 ± 1.97 D, see also Fig. 1. The hyperopic shift
resulted in more emmetropic eyes in the 40–49 years decade, followed by a higher percentage of hyperopic eyes from 50 years onwards: 20–29: H = 4 %, E =
34 %, M = 62 %; 30–39: H = 8 %, E = 31 %, M = 62 %; 40–49: H = 8 %, E = 52 %, M = 39 %; 50–59: H = 45 %, E = 26 %, M = 29 %; 60–69: H = 50 %, E = 30 %, M =
20 % (% rounded to present full numbers). It is possible that some of the differences found between younger and older age groups may reflect other factors
(e.g., changes in prevalence of refractive error) and therefore differences in refractive error observed may not properly account for changes in refractive error
over time
The dioptric distance to habitual correction specifies the average deviation of the subject’s habitual corrective lens (or no correction in-situ) to the optimum spectacle
correction. The deviation of the habitual corrective state to its optimal corrective state, identified as part of the study, increased with increasing age and was greatest for
older subjects. A second at-risk group for malcorrection was identified in the 20–29 age bracket, where about half a dioptre blur was measured
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coordinate axes and are grouped into a matrix. The di-
optric power matrix, F, is defined as

F ¼ S þ C sin2 α −C cosα sinα
−C cosα sinα S þ C cos2α

� �
, and it accounts

for all paraxial properties of the ophthalmic lens (pris-
matic effects are not considered here). In order to deter-
mine the mean refractive status for the study population,
data for sphere, cylinder, and axis (α) measured by sub-
jective refraction were transformed into a dioptric power
matrix. In order to compare measures of refraction (e.g.,
old and new refraction), the dioptric distance (DD) was
used. The dioptric distance DD is defined as the distance
in the power domain between lenses with different astig-
matic effects. This distance between two points based on
the Frobenius norm, is

DD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5 Fxx1−Fxx2ð Þ2 þ Fyy1−Fyy2ð Þ2 þ 2 Fxy1−Fxy2ð Þ2� �q

with Fxx, Fyy, Fxy as the elements of the matrix. The
factor of 2 results from the equal diagonal elements of
the matrix as depicted above. The prefactor 0.5 is con-
veniently employed in order to scale the dioptric dis-
tance to compare data logically (i.e., the dioptric
distance of two spherical refractions equates to the dis-
tance between spheres).
Furthermore, the overall refractive error of the study

population was provided by calculating the mean diop-
tric distance to a 0.00 D lens, as this transfers each mea-
sured refraction into a single number which allows such
averaging. Additionally, the mean dioptric matrix and
the mean dioptric distance were determined for different
age decades. The dioptric distance to a 0.00 D lens re-
sults in a simplification of the above formula, as the sec-
ond terms are replaced by zero.

DD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S þ C

2

� �2

þ C2

4

s

In order to establish how many subjects were in need
of a new correction, a change in SE of 0.50 or a visual
acuity improvement of one line of the ETDRS chart
(equal to 0.1 logMAR) is commonly used [29, 39−41].
A change of 0.50 D for SE was employed to calculate
differences between habitual correction and best cor-
rected refraction. Differences are given as percentages
above this criterion to indicate potential need of im-
proved correction. For dioptric distance such a cut − off
criterion for when a new correction would be required,
needed to be similarly established. Here, for practical
reasons, a dioptric distance between old corrective state
and new best corrected refraction of 0.35 D was chosen
for previous spectacle wearers and a dioptric distance
of 0.50 D was chosen for non-spectacle wearers. This
threshold of change of 0.35 D (and 0.50 D) is above the

known diurnal fluctuation [42] in refractive status and
therefore underlining a true change in refraction. A di-
optric distance of 0.35 D is equivalent to a change in
sphere of 0.35 D or equivalent to a change in cylinder
of 0.50 D, both of which constitute a similar influence
on visual acuity. The dioptric distance of 0.50 D is
equivalent to a change in sphere of 0.50 D or a change
in cylinder of 0.71 D, again both affecting visual acuity
to the same extent. The effect on visual acuity is based
on previous research showing that the influence on vi-
sion is the same for refractions resulting in the same di-
optric distance [43].

Results
Of the 245 participants eligible for participation based
on the telephone interview, 27 subjects had to be ex-
cluded because it was established during examination
that they did not fulfil the inclusion criteria (amblyopia
(7), previously unknown health problems (4, diabetes
mellitus, arterial hypertension, multiple sclerosis and
glaucoma), rigid gas permeable lens wear (3) and path-
ologies of the cornea or retina as established by eye
examination and OCT (13)), leaving 218 Caucasian sub-
jects for the analysis. The data presented are based on
108 men and 110 women aged 21–69 years with mean ±
SD age of 42 ± 13 years and 43 ± 13 years, respectively.
See Fig. 1 for distribution of age across the sample.
The aim of this investigation is to establish normal

sample data of biometric measurements based on strict
inclusion criteria. The study cohort was specifically re-
cruited to reflect the age and gender distribution of the
population of Leipzig and is therefore unbiased by a spe-
cific selection [18]. In order to mirror this distribution
for the final sample, (i) age and gender brackets were
formed by referring to population data of Leipzig and
then (ii) those bins were filled in sequence by subjects
who fulfilled the strict exclusion criteria based on the
telephone interview. Therefore many subjects, especially
in the older age groups were not allowed to participate
and it took longer to fill those bins with adequate sub-
jects in order to have true normal data. (iii) Some sub-
jects had to be excluded again based on OCT or other
measures when abnormalities or degenerations were
found. This procedure (i) to (iii) resulted in a match of
the bins with the age and gender distribution of the
population of Leipzig at the time stamp of analysis.

Biometric measurements
Height and weight
The mean height of the study population was 173 ±
10 cm (range 151 to 198 cm). The mean weight was 75
± 17 kg (range 43 to 155 kg). Mean height and weight
for women were 166 ± 6 cm and 66 ± 13 kg. Mean height
and weight for men were 180 ± 8 cm and 84 ± 16 kg. As
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this data is self-reported, the data can only serve as an
indicator. The body mass index (BMI) was then calcu-
lated, resulting in a mean of 25.0 ± 4.6 kg/m2 (normal
weight) (range 16.8 severe underweight to 46.8 kg/m2

adipositas III). Women had a calculated BMI of 24.0 ±
4.2 kg/m2 and men had a calculated BMI of 25.9 ±
4.5 kg/m2. Taller people had longer eyes (r = 0.374, p <
0.001), deeper anterior chamber depths (r = 0.240, p <
0.001) and greater radii of corneal curvature (r = 0.325,
p < 0.001). For regression equations, see Table 8. Body
height was associated with several biometric parame-
ters reported; height-adjusted variables are presented
in Table 8.

Corneal curvature
The mean horizontal radius of curvature of the anterior
cornela surface was 7.91 ± 0.26 mm (range 6.92 to
8.74 mm) with its corresponding refracting power being
47.62 ± 1.59 D (range 43.00–54.37 D). The radius was
correlated significantly only with AL (r = 0.398, p <
0.001), but only with modest effect. The mean vertical
radius of curvature of the anterior corneal surface was
7.73 ± 0.28 mm (range 6.45–8.59 mm) and the corre-
sponding refracting power was 48.68 ± 1.78 D (range
43.78–58.27 D). The mean radius of curvature of the
anterior corneal surface was 7.82 ± 0.26 mm (range
6.81–8.66 mm). The mean horizontal radius of curvature
of the posterior corneal surface was 6.65 ± 0.27 mm (range
5.88–8.00 mm) and the corresponding refracting power
was −6.03 ± 0.24 D (range −6.80 to −5.00 D). The mean
vertical radius of curvature of the posterior corneal sur-
face was 6.29 ± 0.26 mm (range 5.41–6.90 mm) with its
corresponding refracting power being −6.37 ± 0.26 D
(range −7.40 to −5.80 D). The mean radius of curvature

of the posterior corneal surface was 6.47 ± 0.25 mm
(range 5.68–7.09 mm). See Table 4 for stratification by
gender and age.
Corneal eccentricity (e) as the measure of corneal

asphericity was assessed [44]. Mean eccentricity of the
anterior corneal surface (e ant) was 0.38 ± 0.19 (range
−0.12 to 0.72) and mean eccentricity of the posterior
corneal surface (e post) was 0.16 ± 0.36 (range −0.48 to
0.90). Eccentricities for both the anterior and posterior
surfaces were mildly associated with age (e ant = 0.56 –
0.004 Age, r = 0.340, p < 0.001; e post = − 0.41 + 0.013
Age, r = 0.439, p < 0.001). The eccentricity of anterior
and posterior corneal surface was each associated dif-
ferently with anterior chamber depth. The anterior
eccentricity was independent of ACD (r = 0.046, p =
0.496), i.e., the shape of the surface of the front of the
cornea is not associated with ACD. The posterior ec-
centricity was moderately negatively correlated with
ACD (r = −0.430, p < 0.001): a shallower ACD resulted
in eccentricities closer to 1 reflecting an ellipse (e be-
tween 0 and 1) or even a parabola(e =1), whereas dee-
per ACD were associated with a more spherical shape
(if e =0 the curve is a circle) [44].

Central corneal thickness
Mean central corneal thickness (CCT) was 554 ± 32 μm
(range 454–666 μm). CCT was not associated with age (r =
0.026, p = 0.701), refractive error SE (r = 0.039, p = 0.568),
AL (r= 0.116, p = 0.087) nor ACD (r =−0.018, p = 0.793).

Axial length
Mean axial length was 23.80 ± 1.05 mm (range 20.89–
27.42 mm). Women had shorter ALs (p < 0.001) and
axial length differed as a function of age (AL = 24.4 –
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Fig. 1 “Spherical equivalent by age of subject (n = 218)”. Caption: Scatterplot of age and spherical equivalent for subjective refraction. In the study
population there was weak association between age and subjective refractive error (r= 0.335, p< 0.001). Regression equation: Spherical equivalent =
−3.03 + 0.054 Age; 50 % confidence interval: 1.96 D
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0.0141 Age), although, the correlation was very weak
(r = −0.184, p < 0.001). Myopic eyes were longer than
hyperopic eyes (r = −0.674, p < 0.001). Longer eyes had
a deeper ACD (r = 0.623, p < 0.001) and a greater ACV
(r = 0.652, p < 0.001). There was an increase in corneal
curvature radii with increasing axial length (r = 0.398,
p < 0.001). AL moderately correlated with UDVA (r =
0.431, p < 0.001). Stratification by age and gender is dis-
played in Table 4, stratification by refractive category is
depicted in Tables 5, 6 and 7.

Anterior chamber depth
Mean anterior chamber depth (ACD) was 2.83 ±
0.37 mm (range 1.84–3.74 mm). Men (2.92 mm) had
deeper mean ACD than women (2.74 mm) (p < 0.001)
and in general older people had shallower anterior
chamber depths than younger people as a modest nega-
tive correlation was found with age (ACD = 3.50 –
0.0155 Age; r = −0.555, p < 0.001). ACD was moderately
associated with refractive error based on SE of subject-
ive refraction (ACD = 2.76 – 0.0938 SE; r = −0.519, p <
0.001), showing myopic subjects had a greater ACD
than hyperopic subjects.

Anterior chamber volume
Mean anterior chamber volume (ACV) was 160.1 ±
39.5 mm3 (range 71.00–283.00 mm3). Men had greater
ACVs (p < 0.001). Age and ACV were moderately corre-
lated (r = −0.519, p < 0.001, ACV = 225 – 1.52 Age). The
association between ACV and ACD (r = 0.900, p < 0.001)
and the association between ACV and AL (r = 0.652, p <
0.001) can be described further: subjects with greater
ACD (ACV = −108 + 94.7 ACD) and longer eyes (ACV =
−420 + 24.3 AL) had greater ACV. ACV was associated
with refractive error (r = −0.468, p < 0.001). Myopic sub-
jects, when stratified by subjected best corrected SE, had
the greatest ACV (H < E <M: 125 < 157 < 178 mm3). See
also stratification by five refractive state in Tables 5, 6
and 7.

Retinal thickness
Measurements of retinal thickness were available for
206 subjects. Each OCT scan was manually centred to
optimize grid location according to foveal centre, cor-
recting for any possible decentration due to fixation
errors. Central retinal thickness, defined here as cen-
tral foveal subfield thickness (CFST, i.e., mean thick-
ness within the circular central subfield (1 mm diameter,
[22])) for the subject group was normally distributed.
Minimal central retinal thickness (CRTmin) defined as the
thinnest value was not normally distributed. The average
across subjects for the CFST was 279 ± 21 μm (range:
227–337 μm). For CRTmin the mean was 232 ± 20 μm
(range: 191–317 μm), the median was 230 μm. The mean

± SD of CRTmin and CFST thicknesses in men were 233
± 20 μm (median 232 μm) and 285 ± 20 μm, respectively.
CFST was statistical significantly different for men com-
pared to women (p < 0.001). The mean ± SD of CRTmin
and CFST thickness in women were 230 ± 20 μm (median
228 μm), and 274 ± 19 μm, respectively. No relationship of
CRTmin with gender (Mann-Whitney U test (MW-U); p
= 0.162,) or age (rank correlation; r = 0.13, p = 0.06) was
found. Although the younger age categories presented with
thinner retinas, this comparison was not statistically signifi-
cant, p = 0.403. CRTmin presented with the following me-
dian thicknesses separated by gender for the decades
investigated, 20–29: male (m):225 μm, female (f):218 μm;
30–39: m: 233 μm, f: 225 μm; 40–49: m: 234 μm, f:232 μm;
50–59: m: 234 μm, f: 228 μm; 60–69: m: 235 μm, f:
231 μm.
When CFST and CRTmin were stratified based on

three groups of SE (subjective best corrected), there
was no statistically significant difference between
CRTmin or CFST between the investigated refractive
categories. However the trend presented with slightly
smaller CFST and CRTmin values for myopic eyes com-
pared to emmetropes or hyperopic eyes, i.e., longer eyes
presented with thinner retinal thickness (CFST = 295–
0.65 AL, r = −0.033, p = 0.634).

Optics and visual function
Refractive error
The mean of the subjective refractive error across the
sample was calculated by employing the dioptric dis-
tance (DD) to a 0.00 D lens per subject, allowing aver-
aging across the sample. Based on that, the mean
refractive error was DD: 1.55 ± 1.63 D (range 0.00–8.38
D); women 1.45 ± 1.59 D; men 1.64 ± 1.67 D.
Mean sphere (based on subjective, right eye) was

−0.45 ± 2.05 D (range −8.00 to +6.50 D). Mean cylinder
(subjective, right eye) was −0.58 ± 0.61 D (range 0.00 to
−4.00 D). Mean SE (objective, right eye) was −0.75 ±
2.06 D (range −9.125 to +6.00 D), see also Fig. 1. The
spherical equivalent of the best corrected subjective re-
fraction resulted in −0.69 ± 2.13 D for the right eye (81
emmetropic eyes) and in −0.66 ± 2.09 D for the left eye
with a mean best corrected visual acuity of −0.12 ± 0.08
logMAR for either eye respectively.
A weak correlation of sphere (subjective) and age (r =

0.356, p < 0.001) and spherical equivalent (subjective) and
age (r = 0.335, p < 0.001) suggests a hyperopization for
older ages (Table 1). SE was additionally weakly to moder-
ately associated with UDVA (r = −0.544, p < 0.001), ACD
(r = −0.519, p < 0.001), ACV (r = −0.468, p < 0.001) and AL
(r = −0.661, p < 0.001). For stratification by gender and age
see Table 4, for stratification by refractive state see Tables 5,
6 and 7.
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There was a strong correlation between sphere (r =
0.978, p < 0.001) and spherical equivalent (r = 0.979, p <
0.001) from respectively subjective and objective refrac-
tion. Therefore the values of the subjective refraction
were chosen for analysis in the present paper because
BCVA was taken as the gold standard.
Inclusion criteria restricted large refractive error,

and therefore the reported data are truncated deliber-
ately. 44 % of the study population were myopic (M),
37 % emmetropic (E) and 19 % hyperopic (H). The
average uncorrected and corrected visual acuity were
+0.25 ± 0.42 logMAR (range −0.26 to +1.50 logMAR)
and −0.12 ± 0.08 logMAR (range −0.30 to +0.20 log-
MAR), respectively.

Spherical equivalent and dioptric distance
Additionally to the refractive error summarized above,
the difference between the subjective refraction and the
existing spectacle lens of a subject was calculated by
employing the dioptric distance [23]. For the 218 sub-
jects, the mean dioptric distance found between best
visual acuity based refractive correction and habitual
correction was 0.50 ± 0.35 D ranging from 0.00 to 1.63
D; women 0.50 ± 0.36 D; men 0.50 ± 0.35 D. There was
an increase of need for optimised correction with age,
for stratification by age, see Tables 1 and 2.
In comparison to other studies and with respect to the

clinical routine, the SE measure is more commonly used.

Using spherical equivalent as a marker, it was investi-
gated how the refractive status was distributed across
the study cohort and if improvement of vision by new
subjective refraction resulted in changed correction.
Interestingly, 118 (54 %) were habitual spectacle wearers,
of those 81 (69 %) presented with a change of refraction
of over ±0.50 D in one or both eyse established by sub-
jective best corrected refraction in comparison to habit-
ual correction. 100 (46 %) wore no glasses prior to the
study and for 46 (46 %) of those a change of refraction
of over ±0.75 D in one or both eyes was found. This re-
sulted in 58 % of the study cohort with a change of re-
fraction which might require a need of new or updated
spectacle correction (64 % of those already habitual
spectacle wearers).
To allow cross-comparison with previous work where

the more time-consuming measure of subjective refraction
had not been carried out [45, 46], the change of refraction
was additionally assessed based on the objective refraction.
In order to investigate if a subject required a new refractive
correction in comparison to such studies, the change in re-
fractive error is additionally presented here based on the
objective refraction measurements carried out. Based on
this, the change in objective refraction resulted in 76
(64 %) of 118 spectacle wearers (i.e., 54 % of the study
population) with a change of refraction of over ±0.50 D in
one or both eyes. 100 (46 %) wore no glasses prior to the
study, 16 (16 %) of those were found to be require a

Table 2 “Visual acuity and refractive data stratified by refractive error”

Myopes Emmetropes Hyperopes

UDVA [logMAR] +0.52 ± 0.43 −0.09 ± 0.09 +0.32 ± 0.32

CDVA [logMAR] −0.10 ± 0.08 −0.15 ± 0.07 −0.10 ± 0.09

Sphere [D] −2.01 ± 1.81 0.11 ± 0.34 2.05 ± 1.30

SE [D] −2.40 ± 1.83 −0.06 ± 0.31 +1.79 ± 1.23

DD to habitual correction [D] 0.52 ± 0.35 0.34 ± 0.26 0.73 ± 0.38

DD to a 0.00D lens [D] 2.47 ± 1.82 0.34 ± 0.19 1.74 ± 1.21

AL [mm] 24.38 ± 1.06 23.54 ± 0.73 22.98 ± 0.79

CRTmin [μm] 231.08 ± 20.07 231.76 ± 20.50 232.51 ± 18.75

CFST [μm] 279.01 ± 20.58 279.49 ± 20.70 279.28 ± 20.67

height adjusted data (for procedure see Table 8)

AL_adj [mm] 24.32 ± 1.01 23.57 ± 0.65 23.03 ± 0.74

CRTmin_adj [μm] 230.96 ± 19.76 232.03 ± 20.47 233.17 ± 18.89

CFST_adj [μm] 278.10 ± 19.66 279.61 ± 20.18 280.41 ± 19.60

Caption: Data stratified by refractive state based on spherical equivalent (SE) of subjective refraction (mean ± standard deviation) determined by best corrected
visual acuity. Data grouped into three refractive states by SE based on the following criteria: hyperopia > +0.50 and myopia < −0.50. Uncorrected distance visual
acuity (UDVA) was best for emmetropes, corrected distance visual acuity (CDVA) was relatively equal between groups, mean SE identified that myopia was the
highest absolute refractive error of the sample. Dioptric distance (DD) was employed to present the change of the best corrected subjective refraction to the
previous corrective state (e.g., spectacle correction if present). Here a value of zero would indicate that former correction and current refraction matched. Based
on this, the mean DD between best corrected refraction and current spectacle correction was 0.52D (SD ±0.35) for myopes, 0.34D (±0.26) for emmetropes and
0.73D (±0.38) for hyperopes. To summarise the refractive error present in the sample (218 subjects) by dioptric distance to a 0.00D lens, the group presented with
1.55 ± 1.63 D (range 0.00 to 8.38 D); women 1.45 ± 1.59 D; men 1.64 ± 1.67 D. Stratified by SE, these values for DD were 2.47D (±1.82) for myopic subjects, 0.24D
(±0.19) for emmetropes and 1.74D (±1.21) for hyperopes, which is supplied here for comparison with the routinely used measure of SE when stratified into the
three groups
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change of refraction of over ±0.75 D in one or both eyes;
i.e., change to a value of zero, representing no previous
habitual correction). Here, 42 % of the study cohort pre-
sented a deviation of objective refraction to habitual spec-
tacle correction (83 % of those already previous spectacle
wearers). Using dioptric distance as a marker, it was inves-
tigated how the refractive status was distributed across the
study cohort and if improvement of vision by new subject-
ive refraction resulted in changed correction. Here, 71
(60 %) of 118 (54 %) habitual spectacle presented with a
change of refraction of over ±0.35 D in one or both eyes.
101 (46 %) wore no glasses previous to the study, 47
(47 %) of those had a change of refraction of over ±0.50 D
in one or both eyes. This resulted in 54 % of the study co-
hort with a change of refraction which might require a
need of new or updated spectacle correction (60 % already
habitual spectacle wearers). As can be seen from Table 1,
older subjects presented with poorer accuracy of current
spectacle lens correction. The deviation of the habitual
corrective state to its optimum increased with increasing
age. A second group identified with need for improvement
of refractive correction was 20–29 years old, where about
half a dioptre blur was measured.

Accommodation
Mean binocular amplitude of accommodation was 2.65 ±
1.92 D, 2.67 ± 2.07 D in women and 2.63 ± 1.77 D in men.
Accommodation was found to differ between age groups
and the amplitude of accommodation was progressively
less for older ages (Accommodation = 10.2 – 0.158 Age,
r = −0.826, p < 0.001). Detailed binocular amplitudes of
accommodation for age groups were 20–29 years 4.32
± 2.13 D, 30–39 years 3.92 ± 1.86 D, 40–49 years 2.12 ±
0.96 D, 50–59 years 1.07 ± 0.50 D and 60–69 years 1.29
± 0.67 D. Accommodation had moderate correlations

with ACD (r = 0.498, p < 0.001) and ACV (r = 0.484, p <
0.001).

Contrast sensitivity
Mean contrast sensitivity (log units) in spatial frequen-
cies of 1.5, 3, 6, 12 and 18 cpd was 1.70 ± 0.18, 1.99 ±
0.18, 2.04 ± 0.20, 1.90 ± 0.26 and 1.58 ± 0.27, respectively.
For comparison of levels of spatial frequency data,
women seemed to have a better contrast sensitivity than
men. As can be seen from Fig. 2, contrast sensitivity dif-
fered amongst the stratified age groups and was lower at
each spatial frequency for older subjects. This associ-
ation with age was confirmed by the analysis on the
basis of the area under the log contrast sensitivity func-
tion (AULCSF) curve (AULCSF = 2.29 - 0.005 Age, r =
−0.379, p < 0.001). As shown in Fig. 3, hyperopic subjects
seemed to have reduced contrast sensitivity. The
AULCSF curve was 2.08 ± 0.19 and 31.16 ± 3.19 with lin-
ear integration if spatial frequencies were not logarith-
mic. AULCSF data for women was 2.04 ± 0.18 and for
men was 2.09 ± 0.18, this difference was statistically sig-
nificantly different from zero (p = 0.038). Separated by
refractive category, myopes presented with an AULCSF
of 2.04 ± 0.19, emmetropes with an AULCSF of 2.07 ±
0.17 and hyperopes with an AULCSF of 2.11 ± 0.18, re-
spectively, however there was no significant difference
between them. There was no clinical relevant association
with AULCSF and best corrected SE (AULCSF = 2.07 +
0.012 SE, r = 0.136, p = 0.045).

NEI − VFQ − 25
The composite score of the NEI −VFQ − 25 can range
between 0 and 100, depending on the answers of the
subject. Our sample presented with scores ranging from
74 to 100. Most subjects (72 %) had scores over 90. The
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Fig. 2 “Contrast sensitivity measured with the Visual Contrast Test System chart and its association with age”. Caption: Contrast sensitivity for all
age groups: ● 20–29 years; x 30–39 years; □ 40–49 years; + 50–50 years; Δ 60–69 years. Gratings examined consisted of spatial frequencies of 1.5,
3, 6, 12 and 18 cycles per degree
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subscale “General Health” had a mean score of 70. All
subscales had a score over 80.

Discussion
The data presented are part of a multicentre European
study on ocular biometric values and visual functions in
healthy eyes across the life span. The main purpose of
the study is to create a large reference catalogue. This
study provides normative data on ocular biometry in a
Caucasian adult population of the clinical centre in Leip-
zig (n = 218) aged 21–69 years. In addition to ocular bio-
metric data, we present data on refraction and stature.

Biometric measurements
Height and weight
As expected, taller people had longer eyes, deeper an-
terior chamber depths and greater corneal curvature
radii. This is in agreement with findings of previous
studies [4, 7, 45]. Based on previous reports difference

in stature was shown to be partially responsible for
gender differences found in ocular biometry [7, 47–49].
The current study investigated the effect of body height
in association with statistical significant gender differ-
ences found for corneal radii, CCT, ACD, ACV, AL and
CFST. After adjustment for body height on the basis of
a regression model, parameters shown in Table 8 no
longer exhibited such gender difference.

Corneal findings
Front surface and back surface corneal curvature mea-
sured with Pentacam presented four values per subject.
The averages are presented in Table 3. Pentacam studies
have to take into consideration that corneal power (CP)
as given by the built in software employs a refractive
index of 1.3375 in order to present a comparable meas-
ure to Placido disc systems and allowing for the CP
value to be used directly in standard intraocular lens cal-
culations. Instead of the historically used refractive index

Table 3 “Axial length in the literature”

Year Method Axial Length [mm]

Gullstrand Biometry of enucleated eyes and calculations 24.387

Leipzig 2011 IOLMaster 23.80 ± 1.10

Leipzig_height adjusted data 2011 IOL Master 23.80 ± 0.98

Statistical eye model for normal eyes 2011 IOLMaster 23.67 ± 1.12

The Singapore Malay Eye Study 2010 IOLMaster 23.55 ± 0.05

The Liwan Eye Study 2009 A-mode ultrasound 23.11 ± 0.63

The Meiktila Eye Study 2007 A-mode ultrasound 22.74 ± 0.93

Optical components interactions in emmetropes 2007 A-mode ultrasound 23.34 ± 0.71

The Reykjavik Eye Study 2005 A-mode ultrasound 23.89 ± 1.09

The Los Angeles Latino Eye Study 2005 A-mode ultrasound 23.38 ± 1.01

The Tanjong Pagar Survey 2003 A-mode ultrasound 23.24 ± 0.05

Caption: Axial length values (mean ± standard deviation) for several studies with IOLMaster or ultrasound [2, 4, 7, 47, 50, 51, 55, 56, 89]
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Fig. 3 “Contrast sensitivity results for different spatial frequencies stratefied by refractive status”. Caption: Contrast sensitivity for the three
refractive states, stratified by spherical equivalent of subjective refraction determined by best corrected visual acuity: ● myopia; x emmetropia;
□hyperopia. Gratings examined consisted of spatial frequencies of 1.5, 3, 6, 12 and 18 cycles per degree
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Table 4 “Corneal biometry, anterior chamber and axial length stratified by gender and age”

CC R1 ant
[mm]

CC R2 ant
[mm]

CC R1
post [mm]

CC R2
post [mm]

CCT
[μm]

ACD
[mm]

ACV
[mm3]

AL [mm] CRTmin [μm] CFST [μm] CRTmin_adj [μm] CFST_adj [μm]

n = 206 n = 206 n = 206 n = 206

All (218) 7.91 ± 0.26 7.73 ± 0.28 6.65 ± 0.27 6.29 ± 0.26 554 ± 32 2.81 ± 0.38 160 ± 40 23.8 ± 1.1 231 ± 20 279 ± 21 231 ± 20 279 ± 20

Women (110) 7.85 ± 0.27 7.68 ± 0.27 6.60 ± 0.26 6.26 ± 0.25 549 ± 32 2.74 ± 0.38 149 ± 37 23.4 ± 1.0 230 ± 20 273 ± 19 231 ± 20 278 ± 19

20–29 (24) 7.85 ± 0.30 7.69 ± 0.32 6.62 ± 0.27 6.27 ± 0.28 547 ± 35 3.01 ± 0.34 174 ± 31 23.4 ± 1.0 222 ± 17 271 ± 20 224 ± 16 274 ± 19

30–39 (19) 7.93 ± 0.24 7.73 ± 0.26 6.72 ± 0.24 6.32 ± 0.26 541 ± 41 2.91 ± 0.32 168 ± 33 24.0 ± 0.9 228 ± 22 273 ± 19 229 ± 21 275 ± 17

40–49 (32) 7.78 ± 0.26 7.62 ± 0.23 6.52 ± 0.25 6.17 ± 0.19 554 ± 31 2.76 ± 0.30 144 ± 26 23.5 ± 1.0 233 ± 14 278 ± 17 235 ± 14 282 ± 18

50–59 (19) 7.89 ± 0.31 7.72 ± 0.30 6.59 ± 0.29 6.28 ± 0.29 549 ± 27 2.42 ± 0.22 122 ± 38 23.0 ± 0.8 234 ± 27 274 ± 19 235 ± 26 278 ± 19

60–69 (16) 7.87 ± 0.23 7.72 ± 0.20 6.61 ± 0.24 6.30 ± 0.21 551 ± 21 2.50 ± 0.37 130 ± 32 23.3 ± 0.9 233 ± 20 274 ± 25 236 ± 20 279 ± 24

Men (108) 7.96 ± 0.24 7.78 ± 0.28 6.69 ± 0.28 6.33 ± 0.26 559 ± 32 2.92 ± 0.35 172 ± 39 24.2 ± 1.0 233 ± 20 285 ± 20 232 ± 20 280 ± 20

20–29 (26) 7.94 ± 0.21 7.74 ± 0.22 6.67 ± 0.24 6.27 ± 0.26 559 ± 39 3.18 ± 0.19 196 ± 21 24.4 ± 0.8 231 ± 20 283 ± 21 229 ± 20 278 ± 22

30–39 (20) 7.94 ± 0.30 7.78 ± 0.31 6.65 ± 0.27 6.34 ± 0.34 557 ± 28 3.05 ± 0.19 187 ± 23 24.5 ± 1.1 237 ± 23 289 ± 23 235 ± 23 284 ± 24

40–49 (29) 8.01 ± 0.28 7.83 ± 0.28 6.72 ± 0.28 6.35 ± 0.27 559 ± 31 2.85 ± 0.31 167 ± 41 24.2 ± 1.1 233 ± 19 284 ± 17 232 ± 19 281 ± 17

50–59 (19) 7.95 ± 0.20 7.80 ± 0.21 6.68 ± 0.22 6.35 ± 0.19 560 ± 38 2.81 ± 0.44 160 ± 45 23.9 ± 1.2 233 ± 17 285 ± 20 231 ± 17 280 ± 20

60–69 (14) 7.97 ± 0.19 7.76 ± 0.42 6.78 ± 0.39 6.35 ± 0.19 558 ± 22 2.55 ± 0.30 128 ± 26 23.7 ± 0.7 234 ± 23 280 ± 23 234 ± 23 279 ± 22

Statistical comparison
women to men (all)

p = 0.001 p = 0.008 p = 0.015 p = 0.028 p = 0.025 p < 0.001 p < 0.001 p < 0.001 p = 0.162 p < 0.001 p = 0.903 p = 0.324

Caption: Data stratified by gender and age (mean ± standard deviation). Additionally the statistical comparison of each parameter analysed by two sample t-test stratified by gender is given in the lower portion of
the table
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in keratometry (1.3375), the Pentacam gives more de-
tailed information on the radii and enables CP calcula-
tion employing the corneal refractive index of 1.376.
Therefore, this study relied on corneal radii when inter-
preting the curvature data. Front surface corneal radius
is an important measure for many clinical investigations,
for example fitting of contact lenses. In this study, no
age effect on corneal radius was found. A relationship
with age was also not found for CP in this study, which
is in line with literature. However, former research sug-
gested an association with gender: It has been suggested
that women have greater CP (mean difference 0.72 D
[50]; mean difference: 0.74 D [40, 51] difference of the
means 0.32 D [52]). In terms of radii, the same applied,
women were found to have smaller radii than men
(mean difference of 0.14 mm [2], 0.11 mm [4] and
0.12 mm (difference of the means, [52]). The results of
this study are in line with this, with a mean difference of
0.09 mm and difference of the mean of 0.13 mm. Statis-
tical analysis presented with a gender effect for anterior
and posterior corneal radii, see Tables 4 and 8. Height-
adjusted mean anterior and posterior corneal radii pre-
sented with no further gender effect, see Table 8.
There was a trend in that men had thicker central cor-

neas than women (mean difference 10 μm and difference
of the means 10 μm) see Tables 4 and 8, partially this
gender effect might be explained by differences in
height, see Table 8. There was no effect of age on CCT.
This confirms the findings of the Reykjavik Eye Study
who found no significant changes in CCT with age, nor
any difference between the eyes of men and women. A

recent investigation found that men had thicker central
corneas than women (difference of the means 5 μm),
and suggested that younger subjects had thicker corneas
[13].
The eccentricities of the anterior and posterior corneal

surface found in this study were in agreement with the
findings of an Iran population, where the mean corneal
eccentricity was +0.27 ± 0.63 measured with the Penta-
cam HR [53]. Asgari et al. further discussed a great var-
iety of the normal range of eccentricity between studies,
which might be due to different corneal topography de-
vices used. For example, Sicam et al. [54] found mean
eccentricities for the anterior and posterior corneal sur-
face of 0.87 ± 0.11 and 0.77 ± 0.17 measured with the
Topcon SL-45 Scheimpflug camera.

Axial length, anterior chamber depth and anterior chamber
volume
Axial length was statistically significantly larger in men
compared to women (p < 0.001), this had been shown
before [47–49]. Height-adjusted axial length presented
with no further gender effects, see Tables 8. Stratified
into five refractive categories, men presented with statis-
tically significantly larger axial lengths compared to
women in all but the low hyperopia category (p = 0.160),
see also Tables 5, 6 and 7.
In the present study, axial length was slightly larger

(men: 24.18 ± 1.01 mm; women: 23.41 ± 0.98 mm) than re-
ported in previous work, e.g., the Reykjavik study [47, 52]
(men: 23.74 ± 1.0 mm; women: 23.20 ± 0.98 mm), the
Zagreb study (men: 23.49 ± 0.75 mm; women: 23.18 ±

Table 5 “Corneal biometry, anterior chamber and axial length stratified by refractive error-all subjects”

CC R1 ant CC R2 ant CC R1 post CC R2 post CCT ACD ACV AL

Manifest myopia (< −2D) mean 7.77 7.55 6.57 6.16 552.81 3.11 185.59 25.07

SD 0.26 0.33 0.36 0.25 34.05 0.24 27.69 1.12

Low myopia (−2D≤ −0.5D) mean 7.89 7.73 6.65 6.33 549.02 3.04 179.31 24.20

SD 0.23 0.25 0.24 0.26 31.35 0.33 35.30 0.90

Emmetropia (−0.5D≤≥ +0.5D) mean 7.91 7.74 6.64 6.27 554.13 2.83 159.18 23.54

SD 0.26 0.25 0.25 0.24 34.07 0.32 35.05 0.72

Low hypermetropia (+0.5D≥ +2D) mean 8.01 7.84 6.71 6.38 556.86 2.54 135.06 23.41

SD 0.28 0.28 0.27 0.28 32.38 0.28 35.11 0.79

Manifest hypermetropia (> +2D) mean 7.90 7.74 6.71 6.32 559.94 2.34 109.76 22.51

SD 0.30 0.28 0.29 0.27 29.54 0.29 24.78 0.74

Caption: Data stratified by refractive state based on sphere of subjective best corrected vision (mean ± standard deviation). Anterior radii of the cornea (flat: R1
ant, steep: R2 ant) and posterior radii of the cornea (flat: R1 post, steep:R2 post) presented with the following relationship compared for myopic and hyperopic
groups: for manifest myopia, the flattest anterior radius (R1) was steeper compared to manifest hypermetropia, the steep counterpart (R2 ant) again was steepest
for the myopic group. The corresponding posterior radius presented with a similar change in steepness (again R1 post and R2 post being steepest for myopes).
The difference for all four radius parameters was ~0.2 from manifest myopia to manifest hyperopia, reflecting the appearance of a minus lens of the cornea within
the optics of the eye. The difference between R1 ant and R2 ant was about 0.2 mm within each refractive category, i.e. for manifest myopia to manifest
hyperopia, between R1 post and R2 post this difference for each refractive category was ~ 0.4 mm. Central corneal thickness (CCT) was similar for manifest myopia
and manifest hyperopia groups. Anterior chamber depth (ACD) and – volume (ACV) was smaller in hypermetropic subjects. Axial length (AL) was shortest for
subjects with manifest hypermetropia. See Tables 6 and 7 for stratification based on gender
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0.67 mm) [55] and the EPIC-Norfolk Eye Study (men:
23.80 ± 1.16 mm; women: 23.39 ± 1.15 mm) [15]. However,
the Zagreb study measured only emmetropic subjects and
Foster et al. included 52 % hyperopic subjects. A Belgian
dataset measured 23.67 ± 1.12 mm [56]. Eysteinsson et al.
[47] although men in our study were taller, the main differ-
ence in AL observed in Table 3 may be related to the fact
that our subjects were measured with the IOL Master. See
Table 3 for comparison of different studies, where IOL
Master values for AL were higher on average than ultra-
sound measurements.
Studies by Lam et al., Santodomingo − Rubido et al.

and Sheng et al. have shown the IOL Master to be more
repeatable than ultrasound for axial length measurement
[57–59]. Sheng et al. showed that the repeatability of the
IOL Master was excellent regardless of the experience of
the observer. Therefore, we chose to measure the axial
length with the IOL Master. Table 2 shows that the axial
length measured with the IOL Master is slightly longer
than the A − scan ultrasound axial length. (This was also

shown by Sheng et al.) The differences in axial length
between the listed studies may be due to differences in
races in population based samples of biometrical data.
Considering different races, AL of Caucasian eyes in this

study were longer than East Asian eyes (AL 23.55 mm)
measured with IOL Master [4]. In general, AL was associ-
ated with ACD and ACV, with an increase in ACD result-
ing in an increase in ACV. AL decreased with increasing
age and women had smaller values, which was in agree-
ment with other findings [2, 4, 47, 50]. However, the
current findings established only a low association of
age or gender with AL. The decrease of ACD and ACV
with age resulted mainly from an increase in lens thick-
ness [60]. In this sample, some association of SE was
established with ACD (r = −0.519), ACV (r = −0.468)
and AL (r = −0.661). This is contradictory to previous
findings where no correlation was found between SE
and ACD (r = −0.13, p = 0.42) [61]. The previous results
were based on myopic subjects (0.00 to −14.88 D),
whereas the current investigation included a range of

Table 7 “Corneal biometry, anterior chamber and axial length stratified by refractive error - men”

CC R1 ant CC R2 ant CC R1 post CC R2 post CCT ACD ACV AL

manifest myopia (< −2D) Mean 7.82 7.60 6.67 6.20 562.81 3.12 190.81 25.51

SD 0.20 0.37 0.42 0.22 28.62 0.21 25.17 1.01

low myopia (−2D≤ −0.5D) Mean 7.92 7.74 6.65 6.33 547.50 3.16 193.04 24.55

SD 0.23 0.26 0.25 0.31 30.00 0.22 27.54 0.79

emmetropia (−0.5D≤≥ +0.5D) Mean 7.99 7.81 6.69 6.33 557.30 2.90 172.43 23.90

SD 0.24 0.25 0.25 0.26 34.96 0.30 37.13 0.62

low hypermetropia (+0.5D≥ +2D) Mean 8.02 7.87 6.69 6.38 569.81 2.63 139.25 23.66

SD 0.27 0.28 0.25 0.23 37.76 0.29 31.91 0.85

manifest hypermetropia (> +2D) Mean 8.11 7.94 6.89 6.44 562.44 2.45 121.89 22.99

SD 0.23 0.23 0.23 0.26 26.94 0.33 28.36 0.49

Caption: Data stratified by gender (male) and refractive state based on sphere of subjective best corrected vision (mean ± standard deviation). Men presented with
flatter anterior radii of the cornea (flat: R1 ant, steep:R2 ant) and flatter posterior radii of the cornea (flat: R1 post, steep:R2 post) compared to women (see Table 6)

Table 6 “Corneal biometry, anterior chamber and axial length stratified by refractive error - women”

CC R1 ant CC R2 ant CC R1 post CC R2 post CCT ACD ACV AL

Manifest myopia (< −2D) Mean 7.72 7.50 6.48 6.13 542.81 3.09 180.38 24.64

SD 0.30 0.28 0.26 0.26 36.93 0.27 29.88 1.07

Low myopia (−2D≤ −0.5D) Mean 7.86 7.72 6.65 6.34 551.11 2.87 160.53 23.73

SD 0.22 0.24 0.22 0.20 33.83 0.38 36.71 0.83

Emmetropia (−0.5D≤≥ +0.5D) Mean 7.84 7.69 6.59 6.22 551.34 2.76 147.52 23.21

SD 0.25 0.23 0.25 0.21 33.37 0.32 28.72 0.66

Low hypermetropia (+0.5D≥ +2D) Mean 8.01 7.82 6.72 6.38 546.50 2.46 131.70 23.21

SD 0.25 0.23 0.25 0.21 33.37 0.32 28.72 0.66

Manifest hypermetropia (> +2D) Mean 7.67 7.53 6.50 6.18 557.13 2.20 96.13 21.98

SD 0.19 0.15 0.20 0.23 33.88 0.15 9.08 0.59

Caption Data stratified by gender (female) and refractive state based on sphere of subjective best corrected vision (mean ± standard deviation). Women presented
with steeper anterior radii of the cornea (flat: R1 ant, steep:R2 ant) and steeper posterior radii of the cornea (flat: R1 post, steep:R2 post) compared to men
(see Table 7)
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hyperopic to myopic subjects (+6.00 to −9.13 D). Gender
differences in the current study observed for ACD and
ACV were accounted for by body height adjustment, see
Tables 4 and 8.

Retinal thickness
Retinal thickness was investigated using CFST and
CRTmin. Measured within the central 1 mm diameter
area of the retina, statistically significant smaller CFST
was found for women compared to men, see Table 8.
This confirmed previous findings for CFST on the same
OCT device [62, 63] by Wagner-Schuman et al. who
established 265 ± 23 μm for men and 254 ± 19 μm for
women; p = 0.0086 [64]. In cross-reference, Wagner-
Schuman and colleagues reviewed several other studies
on various OCT devices which also found sex-related
differences in retinal thickness with smaller thicknesses
for women [64]. In the past, healthy subjects have been
investigated on the OCT device of the current study
[54, 62]. Wolf-Schnurrbusch et al. [65] in a comparative

study with Spectralis SD-OCT Grover et al. found a
mean CFST of 271 ± 20 μm [63]. In an earlier study
mean CFST was 270 ± 23 μm (men 274 ± 23 μm;
women 266 ± 22 μm) based on the small sample size
the gender effect had not been found significant (p =
0.1) [62]. The CFST data for Caucasians (n = 28) in the
Grover sample of 50 healthy subjects (273 ± 21 μm) was
slightly smaller than the findings of the current investi-
gation [62]. Wolf-Schnurrbusch on the other hand
established a CFST of 289 ± 16 μm (right eye) across
their sample of 20 subjects [65]. The current study pre-
sents normative retinal thickness data on 206 Cauca-
sian subjects and it can therefore be assumed that 279
± 21 μm is more representative of the population.
One could expect that myopic eyes, which are longer,

to have thinner retinal thickness, but this trend apparent
in the data was not confirmed statistically. Whereas
other studies based on larger subject numbers found in
fact that central macular thickness is greater in myopic
eyes. The work of Choovuthayakorn et al. demonstrated

Table 8 “Selected gender effects adjusted for by body height”

Variable under investigation Statistical significant difference
male (m) versus female (f)

Regression analysis Variable after adjustment
for body height based
on regression model

men: n = 108

women: n = 110

Mean anterior corneal radius (CCRant) m: 7.87 (SD 0.25);
f: 7.77 (SD 0.26);
p = 0.003

CCRant = 6.37 + 0,00837 Height m: 7.82 (SD 0.24);
f: 7.83 (SD 0.26);
p = 0.701

Mean posterior corneal radius (CCRpost) m: 6.51 (SD 0.24);
f: 6.43 (SD 0.25);
p = 0.014

CCRpost = 5.26 + 0,00699 Height m: 6.46 (SD 0.23);
f: 6.48 (SD 0.24);
p = 0.591

Central corneal thickness (CCT) m: 558.7 (SD 32.3);
f: 548.7 (SD 32.0);
p = 0.023

CCT = 532 + 0.128 Height m: 557.3 (SD 32.3);
f: 549.2 (SD 32.2);
p = 0.064

Anterior chamber depth (ACD) m: 2.92 (SD 0.35);
f: 2.74 (SD 0.38);
p < 0.001

ACD = 1.25 + 0,00912 Height m: 2.86 (SD 0.35);
f: 2.81 (SD 0.38);
p = 0.314

Anterior chamber volume (ACV) m: 171.6 (SD 39.2);
f: 148.9 (SD 36.7);
p < 0.001

ACV = − 43.0 + 1,17 Height m: 163.9 (SD 38.6);
f: 157.8 (SD 36.8);
0.235

Axial length (AL) m: 24.16 (SD 1.01);
f: 23.44 (SD 0.97);
p < 0.001

Axial length = 17.0 + 0.0393 Height m: 23.88 (SD 0.97);
f: 23.72 (SD 0.98);
p = 0.219

Central foveal subfield thickness (CFST) m: 284.6 (SD 20.3);
f: 273.9 (SD 19.4);
p < 0.001

CFST = 182 + 0.562 Height m: 280.4 (SD 20.3);
f: 277.7 (SD 19.2);
p = 0.324Men: n = 103

Women: n = 103

Minimal retinal thickness (CRTmin) m: 233.4 (SD 20.1)
median 232.0;
f: 229.8 (SD 19.7)
median 228.0;
p(MW-U) = 0.162

CRTmin = 194 + 0,216 Height m: 232.1 (SD 20.1)
median: 230.6;
f: 231.4 (SD 19.5)
median 229.4;
p (MW-U) = 0.903

Men: n = 103

Women: n = 103

Caption: Mean data stratified by gender for men (n = 108) and women (n = 110) for corneal radii, CCT, ACD, ACV, AL and retinal thickness measured as CFST and
CRTmin. All but CRTmin presented with statistically significant gender effects
Association of respective variables with body height was investigated and adjusted based on a regression model where variable_new = variable_old –regression
function +mean (variable_old). After adjustment for body height, all investigated variables presented with no gender effects, therefore differences in stature
between men and women may explain some of the differences in the biometric data reported
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an increasing CFST and decreasing inner and outer sub-
field thicknesses with greater axial length [66]. The UK
Biobank Study found a mean CFST of 265 ± 23 μm and
showed that CFST was positively correlated with greater
myopia (p < 0.001) [67].

Optics and visual function
Refractive error
In the present study, subjects tended to be more hyper-
opic in older age groups (SE (subjective) in right eyes of
40–49 year olds: −0.86 ± 2.06 D; 50–59: +0.31 ± 1.92 D;
60–69: +0.45 ± 1.97 D), see also Fig. 1 and caption of
Table 1. Nevertheless, the differences in refractive error
amongst the sample age groups do not necessarily sug-
gest a change as a function of age. The hyperopic shift
resulted in more emmetropic eyes in the 40–49 years
decade, followed by a higher percentage of hyperopic
eyes from 50 years onwards. This is in line with previous
findings. In the Gutenberg Health Study (GHS) myopia
was present in 35 % of the study sample and hyperopia
in 32 %, with refractive errors ranging from −21.50 to
+13.88 D [46]. Wolfram et al. found a higher prevalence
of myopia in younger age groups, with a hyperopic shift
up to the age of 69 years for their population of 35 to
74 years of age. In a Spanish study population aged 40
to 79 years the prevalences of myopia and hyperopia
were 25 % and 44 %, respectively. Myopia did not
change significantly with age but hyperopia increased
with age [68]. This trend towards hyperopia by increas-
ing age was confirmed by a Norwegian study, whose
study population was between 38 and 87 years old [12].
British adults aged 48 to 88 years presented with refract-
ive errors of 27 % myopia and 52 % hyperopia [15]. In a
recent meta-analysis of European refractive error studies,
the prevalence of myopia and hyperopia was 30.6 % and
25.2 %, respectively [69]. They also reported a hyperopic
shift in the older age groups. Several studies with East
Asian subjects reported more myopic cohorts compared
to the present study, but the general trend also was a
hyperopic shift towards old age [2]. High myopia in
young Chinese reported recently [70, 71] is not yet part
of those subjects; this may influence this observation in
future. The present data included age groups from 20–
69 years and may have examined more subjects with a
higher level of education, which has been associated
with a more myopic refraction [72], and thus the preva-
lence of myopia may be higher in the current investiga-
tion ((M) 44 %, (E) 37 %, (H) 19 %). However, the
association of the level of education and myopic refrac-
tion could not be confirmed in our study sample. Fur-
thermore, Williams et al. used refractive error
categories, where emmetropia ranges from −0.74 to 0.99
D, which differed from ours as defined in the methods
section. This resulted in a higher prevalence of

emmetropia of 43.5 % in the meta-analysis and the re-
sults are not useful for direct comparison.
Grouped by gender and age, the spherical equivalent

for the cohort in this study is presented in Table 1. A
higher prevalence of hyperopia was seen in older com-
pared to younger persons also when separated by gen-
der. Similarly to the presented findings, older women
were more hyperopic than men of the same age in
American Latino [50], Northern European [13, 47] and
Singaporian Chinese subjects [2].
Table 4 shows subjects separated by gender and age

decade. This allowed interpretation of ocular biomet-
ric values (ACD, ACV, AL, CC and CCT) in separate
categories and therefore enabled direct comparison.
Tables 5, 6, and 7 presents the same data stratified by
refractive state (based on sphere of best corrected sub-
jective refraction), here it is clearly visible that param-
eters are dependent on refractive status. Myopic
subjects compared to manifest hypermetropic subjects
presented with steeper anterior and posterior corneal
radii, had slightly thinner corneas (CCT) on average
and presented with much longer mean anterior cham-
ber depths (ACD), as well as bigger anterior chamber
volume (ACV), and their axial length (AL) was longer,
see Tables 5, 6 and 7 for additional stratification based
on gender.

Spherical equivalent and dioptric distance
This study was able to perform an accurate comparison
between best − corrected subjective refraction and ha-
bitual corrective status, e.g., old glasses. Commonly, the
spherical equivalent (SE, sphere plus half of cylinder) is
used to compare measures of refraction. However, this
is unsuitable when comparing the change in power of
two spherocylindrical lenses accurately, as SE does not
take the axis into account. Therefore, to display the dif-
ference between new refraction to previous correction
of a subject, the dioptric distance between both lenses
was calculated [23]. The dioptric distance is a helpful
tool, especially as it allows accurate grouping of such
changes across the population. Future observations
may therefore benefit from accurate calculations using
dioptric distance.
There was a difference between the state of undercor-

rection depending on reporting objective (42 %, 83 % of
which were previous spectacle wearers) or subjective
best corrected data (58 %, 64 % of which were previous
spectacle wearers), specifically for the lower refractive
errors of non-spectacle wearers (16 % objective versus
46 % subjective). This might be due to the repeatability
and validity of the autorefractor used (Humphrey Au-
tomated refractor/Keratometer (HARK) 599), this has
to be investigated separately. The objective data (S:
−0.51D ± 2.02; SE: −0.75D ± 2.1) and subjective data
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(S: −0.44D ± 2.04; SE = −0.73D ± 2.1) across the whole
subject group presented with similar refractive error
and SD over all. Previously it was shown that the
between-visits-repeatability for all refractive error
measurements were <0.75 D and the mean difference be-
tween the subjective refraction and the HARK autorefrac-
tion for spherical equivalent was statistically significant
under non-cycloplegic conditions (−0.90 D, P < .0001) and
cycloplegic conditions (−2.05 D, P < .0001) [73]. Thus, this
may have affected specifically the reporting of low refract-
ive errors of previous non-spectacle wearers. Therefore it
can be concluded that the subjective best corrected re-
sults of the current study represent the true state of the
sample investigated. The Gutenberg Health Study pre-
sented autorefraction data (HARK) and compared this
to self-reported information on the current spectacle or
contact lens correction worn and found that 3.5 % of
subjects who were in need of refractive correction did
not previously possess one based on the criteria of bin-
ocular myopia or hyperopia [46]. This is much lower
than the state of undercorrection in non-spectacle
wearers (16 % based on autorefraction; 46 % based on
subjective refraction) in the current investigation even
though the present study included a higher percentage
of emmetropic subjects (37 vs. 33 % GHS). Addition-
ally, the current study is able to report on the clinical
significant change in refraction of spectacle wearers
(based on autorefraction: 64 %, based on subjective re-
fraction: 69 %). The Blue Mountains Eye Study stated
that undercorrected refractive error was present in
10.2 % of the study population [45]. But they investi-
gated initial visual acuity in comparison with the sub-
ject’s habitual correction and defined undercorrection
as an improvement of ≥ 10 letters (two lines on the log-
MAR chart), after refraction in subjects with a present-
ing visual acuity <45 letters. The high percentages for
improvement of correction of refractive error found in
this healthy cross-section might have implications on vis-
ual acuity for driving, quality of visual performance for the
work force and quality of life parameters based on vision.
This suggests that the population might benefit from
regular eye examinations and vision testing.

Visual acuity
Uncorrected and corrected visual acuity were +0.25 ±
0.42 logMAR (−0.26 to +1.50 logMAR) and −0.12 ± 0.08
logMAR (−0.30 to 0.20 logMAR), respectively. Divided
into age and gender no differences were found. Visual
acuity is therefore only weakly correlated with age (r =
0.202). A weak association with age was found in an
older Chinese population (40 to over 75 years) (r =
0.390) [74], which might be due to older age and larger
percentage of vision problems which specifically had
been excluded from the present study. No association

was found between visual acuity and education in line
with findings by Xu et al. [74].

Accommodation
Cause for the reduced ability to accommodate with in-
creasing age is a progressive age − related loss of elasti-
city of the lens capsule, nuclear sclerosis or a lens
thickening by lifelong growth of the lens [75], [1]. For
this reason accommodation presented with moderate
correlations with ACD (r = 0.498, p < 0.001) and ACV
(r = 0.484, p < 0.001) as a thicker lens influences ACD
and ACV, i.e., they are reduced, and in turn this is asso-
ciated with a decreased ability to accommodate. Yuan
et al. [76] reported that ACD decreased significantly
with accommodation compared to the non-accommodative
condition.

Contrast sensitivity
Mean contrast sensitivity (log units) for different spatial
frequencies was in line with other studies.
With an increase in spatial frequencies employed (1.5

to 18 cpd, see above) contrast sensitivity increased to its
peak at 6 cpd followed by a decrease to its lowest value
at 18 cpd [77], [78]. This was expected as contrast sensi-
tivity in the normal human eye peaks at a level of 6 cpd.
The present study was able to establish that contrast

sensitivity decreased with age at each spatial frequency
based on a larger number of subjects across the life
span (20–69 years of age), see Fig. 2. Additionally, pupil
diameter in the given population decreased with age (r
= −0.388, p < 0.001), which may in turn have an influ-
ence on contrast sensitivity [79]. In comparison with
data obtained using the Optec 6500 Functional Acuity
Contrast Test (Stereo Optical Company, Chicago, IL),
the present study found lower contrast sensitivity mea-
sures for lower spatial frequencies (1.5, 3, 6 cpd)
whereas for higher spatial frequencies higher contrast
values were found [77]. In a different study, the con-
trast sensitivity function of an older population (40–64
years) was generally lower [80]. However, Hashemi
et al. employed the CSV − 1000 (VectorVision, Green-
ville, OH) and it can generally be noted that the VCTS
− 6500 (Vistech, Dayton, OH) produces higher scores
than the former apparatus [81]. Note that the younger
population tested there also presented lower scores in
comparison to the present findings. Contrast sensitivity
has been shown to be influenced by refractive error,
with myopes showing lower contrast sensitivity values
than hyperopes [80]. The present investigation, how-
ever, found hyperopic eyes with lower contrast sensitiv-
ity than myopic eyes, but this is due to increasing
hyperopia with age in the population and therefore age
is the predominant factor and not hyperopia, see Figs. 2
and 3 for cross-reference.
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The concept of computing the area under the log con-
trast sensitivity function (AULCSF) provided the advan-
tage of giving one number per subject containing
information from all spatial frequencies [82, 83]. This
enabled comparison with other measures, additionally
serving as a baseline for future studies. Another German
study using the functional acuity and contrast chart
(FACT) as part of the Contrast Sensitivity Tester 1800
(CST 1800; Vision Science Research Corp.; San Ramon,
CA), which is comparable to the VCTS chart, found a
decrease in contrast sensitivity (AULCSF) in the older
age group (50–69 years) compared to the younger age
group (21–47 years) [84]. With the OPTEC 6500 device
the relationship of the AULCSF with age has been
shown to be r = 0.57 (photopic) and r = 0.54 (mesopic)
where a reduction of contrast sensitivity is associated
with increasing age [85].

NEI VFQ − 25
Most subjects (72 %) had composite scores over 90. It can
be concluded that subjects interviewed in our study are
content with their vision and therefore think of their vi-
sion as “good”. The subscale “General Health” presented
with a mean score of only 70, although the subjects had
no chronic disease or any health problems. The question-
naire can be considered a subjective tool and therefore
subjects may underestimate their health. All subscales
have a score over 80. In comparison, overall lower scores
were found for both the English and Spanish speaking
groups in a healthy and visually normal subsample of the
Latino Eye study [87]. Data on visually impaired Chinese
subjects showed a clear association of lower scores with
severity of impairment [86]. Another German study exam-
ined 511 subjects with good eye health and found a similar
composite score of 91.6 ± 7.1 and a higher score for gen-
eral health (79.9 ± 17.4), and based on their subscales they
were able to establish that the subjects had good eye
health. They concluded that as a screening tool the VFQ
− 25 was not specific or sensitive enough to detect sub-
jects with eye conditions from a random population [88].
Possible shortcomings of our study were the relatively

small sample size, limited by the various measurements
carried out, the non-randomized study population and -
although intended - the missing ethnic diversity, as the
study presented results for an exclusive German cohort
without other Caucasian subgroups.
The study recruited subjects of all levels of education.

In the analysis there was no correlation of the level of
education with any result of the examinations found.
This may have been due to small numbers per education
level, as previous research showed a link between educa-
tion and refractive status, i.e., myopia was linked to
higher education levels [72].

Conclusion
The data obtained present an overview of the average
ocular biometry within the population of Leipzig,
Germany. The large subset of parameters established
for each subject allows comparison between datasets
providing the background for creation of a database.
This enables cross-referencing to determine associa-
tions between parameters for healthy eyes. The refer-
ence values established therefore permit multiple
comparisons with patient data for further investiga-
tions, especially in view of the correlations established
as part of this study.
In this paper, biometrical data based on in − vivo mea-

surements of healthy German eyes are presented and com-
pared stratified by age, gender and refractive status. This
resulted in the following conclusions: a decrease with age
was found for anterior corneal curvature, anterior chamber
depth, and anterior chamber volume. The spherical equiva-
lent was more hyperopic with age. A decrease with age was
found for accommodation and contrast sensitivity. Greater
anterior corneal curvature, greater anterior chamber depth
and greater anterior chamber volume were established for
hyperopic subjects than for myopic subjects.
We verified relationships or differences between those

parameters based on our data and in reference to the
current literature. Our dataset is useful for future work on
either a smaller number of subjects or a selected patient
group, as data can be directly compared with each aspect
given in our study, allowing other research to extract an-
swers for their data without having to establish an age cor-
related normal sample themselves. In future, with aid of
this data existing statistical eye models can be updated
[56]. This data of strictly controlled eyes on a multitude of
biometric reference parameters in the same eye based on
gold-standard techniques, serves as starting points for dis-
ease prevention as well as a reference for health policy and
practice. Together with detailed information on current
habitual correction versus new corrective lenses based on
best corrected visual acuity, it provides background to the
goal of extending good functional vision into old age.

Abbreviations
ACD, anterior chamber depth; ACV, anterior chamber volume; AL, axial
length; AULCSF, area under the logarithmic contrast sensitivity function;
BCVA, best corrected visual acuity; BMI, body mass index; C, cylinder; CC,
corneal curvature; CC R ant, mean anterior corneal radius; CC R post, mean
posterior corneal radius; CC R1 ant, flat anterior corneal radius; CC R1 post,
flat posterior corneal radius; CC R2 ant, steep anterior corneal radius; CC R2
post, steep posterior corneal radius; CCT, central corneal thickness; CDVA,
corrected distance visual acuity; CFST, central foveal subfield thickness; CP,
corneal power; cpd, cycles per degree; CRTmin, minimal central retinal
thickness; DD, Dioptric distance; E, Emmetropia; e, Corneal eccentricity; e ant,
eccentricity of anterior corneal surface; e post, eccentricity of posterior
corneal surface; f, female; H, hyperopia; logMAR, logarithm of the minimum
angle of resolution; M, myopia; M, male; NEI-VFQ-25, National Eye Institute
visual functioning questionnaire 25; OCT, optical coherence tomography; S,
sphere; SD, standard deviation; SE, spherical equivalent; UDVA, uncorrected
distance visual acuity; VCTS, visual contrast test system

Zocher et al. BMC Ophthalmology  (2016) 16:79 Page 17 of 20



Acknowledgements
We would like to thank Dr. Bernd Klaus (Centre for Statistical Data Analysis,
European Molecular Biology Laboratory (EMBL), Heidelberg) for help with the
statistics, Dr. Björn Zocher (Institute for Theoretical Physics, University of
Leipzig) for the design of the graphs and Carolin Blankenburg, Marlen
Kendziora (both Beuth University of Applied Science, Berlin) and Silvana
Hermsdorf (Ernst Abbe University of Applied Sciences, Jena) for assistance
with examining study subjects. Furthermore we would like to thank Professor
Ralf Blendowske (Department of Optical Technologies and Image Processing,
University of Applied Sciences, Darmstadt, Germany) for discussions and help
on the concept of dioptric power matrix and dioptric distance.
European Vision Institute Clinical Research Network, AIBILI, Azinhaga de
Santa Comba, Celas, 3000-548 Coimbra, Portugal.

Availability of data and materials
The authors are strongly in favour of sharing this data and feel that many
more exciting projects could potentially come from it. However, at this point
in time the data cannot yet be made available as it is part of an ongoing
analysis of the overall multi-centre study (Project Gullstrand). Once this over-
all analysis is completed, the authors will release the data into an online
repository.

Authors’ contributions
MTZ: recruitment of subjects; telephone interview; acquisition of data;
analysis and interpretation of data; statistical analysis; drafting of the
manuscript; drafting of figures and tables; JJR: conception and design of the
study; guidance of analysis; involved in revising the manuscript; NO:
acquisition, analysis and interpretation of Pentacam Scheimpflug camera
data; JD: participated in set-up and coordination of the study in Leipzig;
helped to revise the manuscript. PW: helped to revise manuscript critically
for important intellectual content. FGR: substantial contributions to set-up of
the study in Leipzig; training of MTZ to carry out measurements; analysis and
interpretation of data; statistical analysis; helped with drafting of the manu-
script; drafting and finalising of tables; revised manuscript critically for im-
portant intellectual content. All authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Written informed consent to publish the obtained anonymized data was
obtained for each subject prior to the study.

Ethics approval and consent to participate
The study adhered to the Tenets of the Declaration of Helsinki and approval
for the study was obtained from theEthics Committee of the Medical Faculty
of the University of Leipzig (No. 162/11) and is registered asClinicalTrials.gov
# NCT01173614. Written informed consent to participate was obtained for
each subject prior to the study.

Author details
1Department of Ophthalmology, Leipzig University Hospital, Liebigstrasse
10-14, 04103 Leipzig, Germany. 2Department of Ophthalmology, Antwerp
University Hospital, Wilrijkstraat 10, 2650 Edegem, Belgium. 3Department of
Medicine and Health Science, University of Antwerp, Universiteitsplein 1,
2610 Wilrijk, Belgium.

Received: 9 November 2015 Accepted: 5 May 2016

References
1. Fisher RF. Presbyopia and the changes with age in the human crystalline

lens. J Physiol. 1973;228:765–79.
2. Wong TY, Foster PJ, Ng TP, Tielsch JM, Johnson GJ, Seah SKL. Variations in

ocular biometry in an adult Chinese population in Singapore: The Tanjong
Pagar Survey. Invest Ophthalmol Vis Sci. 2001;42:73–80.

3. Atchison DA, Markwell EL, Kasthurirangan S, Pope JM, Smith G, Swann PG.
Age-related changes in optical and biometric characteristics of emmetropic
eyes. J Vision. 2008;8:1–20.

4. Lim LS, Saw SM, Jeganathan VSE, Tay WT, Aung T, Tong L, Mitchell P, Wong
TY. Distribution and determinants of ocular biometric parameters in an
Asian population: The Singapore Malay eye study. Invest Ophthalmol Vis Sci.
2010;51:103–9.

5. Dandona R, Dandona L, Srinivas M, Giridhar P, McCarty CA, Rao GN.
Population-based assessment of refractive error in India: The Andhra
Pradesh eye disease study. Clin Exp Ophthalmol. 2002;30:84–93.

6. Nirmalan PK, Tielsch JM, Katz J, Thulasiraj RD, Krishnadas R, Ramakrishnan R,
Robin AL. Relationship between vision impairment and eye disease to
vision – specific quality of life and function in rural India: The Aravind
comprehensive eye survey. Invest Ophthalmol Vis Sci. 2005;46:2308–12.

7. Wu HM, Gupta A, Newland HS, Selva D, Aung T, Casson RJ. Association
between stature, ocular biometry and refraction in an adult population in rural
Myanmar: The Meiktila eye study. Clin Experiment Ophthalmol. 2007;35:834–9.

8. Shah SP, Jadoon MZ, Dineen B, Bourne RRA, Johnson GJ, Gilbert CE, Khan
MD. Refractive errors in the Pakistani population: The National blindness
and visual impairment survey. Ophthalmic Epidemiol. 2008;15:183–90.

9. Jonas JB, Xu L, Wang YX. The Beijing eye study. Acta Ophthalmol. 2009;87:247–61.
10. Vingerling JR, Dielemans I, Hofman A, Grobbee DE, Hijmering M, Kramer

CFL, de Jong PTVM. The prevalence of age-related maculopathy in the
Rotterdam Study. Ophthalmology. 1995;102:205–10.

11. Wolfs RCV, Klaver CC, Vingerling JR, Grobbee DE, Hofman A, de Jong PTVM.
Distribution of central corneal thickness and its association with intraocular
pressure: The Rotterdam Study. Am J Ophthalmol. 1997;123:767–72.

12. Bertelsen G, Erke MG, von Hanno T, Mathiesen EB, Peto T, Sjolie AK, Njolstad
I. The Tromso Eye Study. Study design, methodolgy and results on visual
acuity and refractive errors. Acta Ophthalmol. 2013;91:635–42.

13. Mirshahi A, Ponto KA, Hoehn R, Wild PS, Pfeiffer N. Ophthalmological aspects
of the Gutenberg Health Study (GHS): an interdisciplinary prospective
population-based cohort study. Ophthalmologe. 2013;110:210–7.

14. Korb CA, Kottler UB, Wolfram C, Hoehn R, Schulz A, Zwiener I, Wild PS,
Pfeiffer N, Mirshahi A. Prevalence of age-related macular degeneration in a
large European cohort: Results from the population-based Gutenberg
Health Study. Graefes Arch Clin Exp Ophthalmol. 2014;252:1403–11.

15. Foster PJ, Broadway DC, Hayat S, Luben R, Dalzell N, Bingham S, Wareham NJ,
Khaw KT. Refractive error, axial length and anterior chamber depth of the eye
in British adults: the EPIC-Norfolk Eye Study. Br J Ophthalmol. 2010;94:827–30.

16. Jongenelen S, Rozema JJ, Tassignon MJ, EVICR.net & Project Gullstrand
Study Group. Distribution of the crystalline lens power in vivo as a function
of age. Invest Ophthalmol Vis Sci. 2015;56:7029–35.

17. Rozema JJ, Tassignon MJ, EVICR.net & Project Gullstrand Study Group. The
Bigaussian nature of ocular biometry. Optom Vis Sci. 2014;91:713–22.

18. Stadt Leipzig, Amt für Statistik und Wahlen. Statistisches Jahrbuch 2011.
Stadt Leipzig, Amt für Statistik und Wahlen. 2011;Band 42: 24 (Table 208).

19. Mangione CM, Berry S, Spritzer K, Janz NK, Klein R, Owsley C, Lee PP.
Identifying the content area for the 51-item national eye institute visual
function questionnaire: results from focus groups with visually impaired
persons. Arch Ophthalmol. 1998;116:227–33.

20. Mangione CM, Lee PP, Gutierrez PP, Spritzer K, Hays RD. Development of
the 25-item national eye institute visual function questionnaire. Arch
Ophthalmol. 2001;119:1050–8.

21. Williams MA, Moutray TN, Jackson AJ. Uniformity of visual acuity measures
in published studies. Invest Ophthalmol Vis Sci. 2008;49:4321–7.

22. Early Treatment Diabetic Retinopathy Study Research Group. Classification
of diabetic retinopathy from fluorescein angiograms. ETDRS report number
11. Ophthalmology. 1991;98(5 Suppl):807–22.

23. Diepes H, Blendowske R. Optik und Technik der Brille. Druckhaus Beltz,
Hemsbach. Chapter. 2005;21:473–510.

24. Wold JE, Hu A, Chen S, Glasser A. Subjective and objective measurement of
human accomodative amplitude. J Cataract Refract Surg. 2003;29:1878–88.

25. Ip JM, Huynh SC, Kifley A, Rose KA, Morgan IG, Varma R, Mitchell P. Variation
of the contribution from axial length and other oculometric parameters to
refraction by age and ethnicity. Invest Ophthalmol Vis Sci. 2007;48:4846–53.

26. Haigis W, Lege B, Miller N, Schneider B. Comparison of immersion
ultrasound biometry and partial coherence interferometry for intraocular
lens calculation according to Haigis. Graefes Arch Clin Exp Ophthalmol.
2000;238:765–73.

27. He M, Wang D, Zheng Y, Zhang J, Yin Q, Huang W, Mackey DA, Foster PJ.
Heritability of anterior chamber depth as an intermediate phenotype of
angle-closure in Chinese: The Guangzhou Twin Eye Study. Invest
Ophthalmol Vis Sci. 2008;49:81–6.

Zocher et al. BMC Ophthalmology  (2016) 16:79 Page 18 of 20



28. Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, Hee MR,
Flotte T, Gregory K, Puliafito CA. Optical coherence tomography. Science.
1991;254:1178–81.

29. Hee MR, Izatt JA, Swanson EA, Huang D, Schuman JS, Lin CP, Puliafito CA,
Fujimoto JG. Optical coherence tomography of the human retina. Arch
Ophthalmol. 1995;113:325–32.

30. Fercher AF, Drexler W, Hitzenberger CK, Lasse T. Optical coherence
tomography-principles and applications. Rep Prog Phys. 2003;66:239–303.

31. Williams DR. Imaging single cells in the living retina. Vision Res. 2011;51:1379–96.
32. Gilchrist WG. Validation, Chapter 10. In: Statistical modelling with quantile

functions. London: Chapman Hall/CRC; 2000. p. 224.
33. Taylor R. Interpretation of the correlation coefficient: a basic review. J Diagn

Med Sonogr. 1990;1:35–9.
34. Bühl Achim. SPSS 22: Einführung in die moderne Datenanalyse. Berlin:

Pearson Deutschland GmbH; 2014.
35. Kim EA, Koo YJ, Han YB. Contrast sensitivity changes in patients with

diabetic retinopathy. J Korean Ophthalmol Soc. 1995;36:1523–8.
36. Applegate RA, Howland HC, Sharp RP, Cottingham AJ, Yee RW. Corneal

aberrations and visual performance after radial keratotomy. J Refract Surg.
1998;14:397–407.

37. Marcos S. Aberration and visual performance following standard laser vision
correction. J Refract Surg. 2001;17:596–601.

38. Harris WF. Power vectors versus power matrices, and the mathematical
nature of dioptric power. Optom Vis Sci. 2007;84:1060–3.

39. Arditi A, Cagenello R. On the statistical reliability of letter-chart visual acuity
measurements. Invest Ophthalmol Vis Sci. 1993;34:120–9.

40. Bailey IL, Bullimore MA, Raasch TW, Taylor HR. Clinical grading and the
effects of scaling. Invest Ophthalmol Vis Sci. 1991;32:422–32.

41. Rosser DA, Cousens SN, Murdoch IE, Fitzke FW, Laidlaw DAH. How Sensitive
to Clinical Change are ETDRS logMAR Visual Acuity Measurements? Invest
Ophthalmol Vis Sci. 2003;44:3278–81. doi:10.1167/iovs.02-1100.

42. Chakraborty R, Read SA, Collins MJ. Diurnal variations in ocular aberrations
of human eyes. Curr Eye Res. 2014;39:271–81.

43. Raasch TW. Spherocylindrical refractive errors and visual acuity. Optom Vis
Sci. 1995;72:272–5.

44. Calossi A. Corneal asphericity and spherical aberration. J Refract Surg. 2007;
23:505–14.

45. Thiagalingam S, Cumming RG, Mitchell P. Factors associated with
undercorrected refractive errors in an older population: the Blue Mountains
Eye Study. Br J Ophthalmol. 2002;86:1041–5.

46. Wolfram C, Hoehn R, Kottler U, Wild P, Blettner M, Buehren J, Pfeiffer N,
Mirshahi A. Prevalence of refractive errors in the European adult population:
the Gutenberg Health Study (GHS). Br J Ophthalmol. 2014;98:857–61.

47. Eysteinsson T, Jonasson F, Arnarsson A, Sasaki H, Sasaki K. Relationships
between ocular dimensions and adult stature among participants in the
Reykjavik Eye Study. Acta Ophthalmol Scand. 2005;83:734–8.

48. Lee KE, Klein BEK, Klein R, Quandt Z, Wong TY. Age stature and education
associations with ocular dimensions in an older white population. Arch
Ophthalmol. 2009;127:88–93.

49. Roy A, Kar M, Mandal D, Ray RS, Kar C. Variation of axial ocular dimensions
with age, sex, height, BMI- and their relation to refractive status. J Clin
Diagn Res. 2015;9:AC01–4.

50. Shufelt C, Fraser-Bell S, Ying-Lai M, Torres M, Varma R, The Los Angeles
Latino Eye Study. . Refractive error, ocular biometry, and lens opalescence in
an adult population: The Los Angeles Latino Eye Study. Invest Ophthalmol
Vis Sci. 2005;46:4450–60.

51. He M, Huang W, Li Y, Zheng Y, Yin Q, Foster PJ. Refractive error and
biometry in older Chinese adults: The Liwan Eye Study. Invest Ophthalmol
Vis Sci. 2009;50:5130–6.

52. Olsen T, Arnarsson A, Sasaki H, Jonasson F. On the ocular refractive
components: The Reykjavik Study. Acta Ophthalmol. 2007;85:361–6.

53. Asgari S, Hashemi H, Mehravaran S, Khabazkhoob M, Emamian MH,
Jafarzadehpur E, Shariati M, Fotouhi A. Corneal refractive power and
eccentricity in the 40- to 64-year-old population of Shahroud, Iran. Cornea.
2013;32:25–9.

54. Sicam VADP, Dubbelman M, van der Heijde RGL. Spherical aberration of
the anterior and posterior surfaces of the human cornea. J Opt Soc Am A.
2006;23:544–9.

55. Kuzmanovic Elabjer B, Petrinovic-Doresic J, Duric M, Busìc M, Elabjer E.
Cross-sectional Study of ocular optical components interactions in
emmetropes. Coll Antropol. 2007;31:743–9.

56. Rozema JJ, Atchison DA, Tassignon MJ. Statistical eye model for normal
eyes. Invest Ophthalmol Vis Sci. 2011;52:4525–33.

57. Lam AK, Chan R, Pang PC. The repeatability and accuracy of axial length
and anterior chamber depth measurements from the IOLMaster.
Ophthalmic Physiol Opt. 2001;21:477–83.

58. Santodomingo-Rubido J, Mallen EAH, Gilmartin B, Wolffsohn JS. A new
non-contact optical device for ocular biometry. Br J Ophthalmol. 2002;
86:458–62.

59. Sheng H, Bottjer CA, Bullimore MA. Ocular componenet measurement using
the Zeiss IOLMaster. Optom Vis Sci. 2004;81:27–34.

60. Klein BE, Klein R, Moss SE. Correlates of lens thickness: The Beaver Dam Eye
Study. Invest Ophthalmol Vis Sci. 1998;39:1507–10.

61. Utine CA, Altin F, Cakir H, Perente I. Comparison of anterior chamber depth
measurements taken with the Pentacam, Orbscan IIz and IOLMaster in myopic
and emmetropic eyes. Acta Ophthalmol. 2009;87:386–91.

62. Grover S, Murthy RK, Brar VS, Chalam KV. Normative data for macular
thickness by high-definition spectral-domain optical coherence tomography
(Spectralis). Am J Ophthalmol. 2009;148:266–71.

63. Grover S, Murthy RK, Brar VS, Chalam KV. Comparison of retinal thickness in
normal eyes using Stratus and Spectralis optical coherence tomography.
Invest Ophthalmol Vis Sci. 2010;51:2644–7.

64. Wagner-Schuman M, Dubis AM, Nordgren RN, Lei Y, Odell D, Chiao H, Weh
E, Fischer W, Sulai Y, Dubra A, Carroll J. Race- and sex-related differences in
retinal thickness and Foveal pit morphology. Invest Ophthalmol Vis Sci.
2011;52:625–34.

65. Wolf-Schnurrbusch UEK, Ceklic L, Brinkmann CK, Iliev ME, Frey M,
Rothenbuehler SP, Enzmann V, Wolf S. Macular thickness measurements in
healthy eyes using six different optical coherence tomography instruments.
Invest Ophthalmol Vis Sci. 2009;50:3432–7.

66. Choovuthayakorn J, Laowong T, Watanachai N, Patikulsila D, Chaikitmongkol
V. Spectral-domain optical coherence tomography of macula in myopia. Int
Ophthalmol. 2015. doi:10.1007/s10792-015-0119-x.

67. Patel PJ, Foster PJ, Grossi CM, Keane PA, Ko F, Lotery A, Peto T, Reisman CA,
Strouthidis NG, Yang Q, on behalf of the UK Biobank Eyes and Vision
Consortium. Spectral-domain optical coherence tomography imaging in
67312 adults: associations with macular thickness in the UK Biobank Study.
Ophthalmology. 2016;123:829–40.

68. Anton A, Andrada MT, Mayo A, Portela J, Merayo J. Epidemiology of
refractive errors in an adult European population: The Segovia study.
Ophthal Epidemiol. 2009;16:231–7.

69. Williams KM, Verhoeven VJM, Cumberland P, Bertelsen G, Wolfram C,
Buitendijk GHS, Hofman A, Duijn CM, Vingerling JR, Kuijpers RWAM, Hoehn
R, Mirshahi A, Khawaja AP, Luben RN, Erke MG, von Hanno T, Mahroo O,
Hogg R, Gieger C, Cougnard-Grégoire A, Anastasopoulos E, Bron A,
Dartigues, Korobelnik J, Creuzot-Garcher C, Topouzis F, Delcourt C, Rahi J,
Meitinger T, Fletcher A, Foster, Pfeiffer N, Klaver CCW, Hammond CJ.
Prevalence of refractive error in Europe: the European eye epidemiology
(E3) Consortium. Eur J Epidemiol. 2015;30:305–15.

70. Saw SM, Tong L, Chua WH, Chia KS, Koh D, Tan DTH, Katz J. Incidence and
progression of myopia in Singaporean school children. Invest Ophthalmol
Vis Sci. 2005;46:51–7.

71. Sun J, Zhou J, Zhao D, Lian J, Zhu H, Zhou Y, Sun Y, Wang Y, Zhao L, Wei Y,
Wang L, Cun B, Ge S, Fan X. High prevelance of myopia and high myopia in
5060 Chinese university students in Shanghai. Invest Ophthalmol Vis Sci.
2012;53:7504–9.

72. Mirshahi A, Ponto KA, Hoehn R, Zwiener I, Zeller T, Lackner K, Beutel ME,
Pfeiffer N. Myopia and level of education. Ophthalmology. 2014;121:2047–52.

73. Bailey MD, Twa MD, Mitchell GL, Dhaliwal DK, Jones LA, McMahon TT.
Repeatability of autorefraction and axial length measurements after laser in
situ keratomileusis. J Refract Surg. 2005;31:1025–34.

74. Xu L, Li J, Cui T, Hu A, Zheng Y, Li Y, Sun B, Ma B, Jonas JB. Visual acuity in
Northern China in an urban and rural population: The Beijing Eye Study.
Br J Ophthalmol. 2005;89:1089–93.

75. Helmholtz. Über die Akkommodation des Auges. Graefes Arch Ophthalmol.
1859;2:1–74.

76. Yuan Y, Shao Y, Tao A, Shen M, Wang J, Shi G, Chen Q, Zhu D, Lian Y, Qu J,
Zhang Y, Lu F. Ocular anterior segment biometry and high-order wavefront
aberrations during accommodation. Invest Ophthalmol Vis Sci. 2013;54:
7028–37.

77. Haughom B, Strand TE. Sine wave mesopic contrast – defining the normal
range in a young population. Acta Ophthalmol. 2013;91:176–82.

Zocher et al. BMC Ophthalmology  (2016) 16:79 Page 19 of 20

http://dx.doi.org/10.1167/iovs.02-1100
http://dx.doi.org/10.1007/s10792-015-0119-x


78. Wachler BS, Krueger RR. Normalized contrast sensitivity values. J Refract
Surg. 1998;14:463–6.

79. Alfonso JF, Fernandez-Vega L, Baamonde MB, Montes-Mico R. Correlation of
pupil size with visual acuity and contrast sensitivity after implantation of an
apodized diffractive intraocular lens. J Refract Surg. 2007;33:430–8.

80. Hashemi H, Khabazkhoob M, Jafarzadehpur E, Emamian MH, Shariati M,
Fotouhi A. Contrast sensitivity evaluation in a population-based study in
Shahroud. Iran Ophthalmology. 2012;119:541–6.

81. Franco S, Silva AC, Carvalho AS, Macedo AS, Lira M. Comparison of the
VCTS-6500 and the CSV-1000 tests for visual contrast sensitivity testing.
Neurotoxicology. 2010;31:758–61.

82. Hiraoka T, Okamoto C, Ishii Y, Kakita T, Oshika T. Contrast sensitivity function
and ocular higher-order aberrations following overnight orthokeratology.
Invest Ophthalmol Vis Sci. 2007;48:550–6.

83. Eppig T, Filser E, Goeppert H, Schroeder AC, Seitz B, Langenbucher A. Index
of contrast sensitivity (ICS) in pseudophakic eyes with different intraocular
lens designs. Acta Ophthalmol. 2015;93(3):e181–7. doi:10.1111/aos.12538.
Epub 2014 Aug 27.

84. Buehren J, Terzi E, Bach M, Wesemann W, Kohnen T. Measuring contrast
sensitivity under different lighting conditions: comparison of three tests.
Optom Vis Sci. 2006;83:290–8.

85. Hohberger B, Laemmer R, Adler W, Juenemann AG, Horn FK. Measuring
contrast sensitivity in normal subjects with OPTEC® 6500: influence of age
and glare. Graefes Arch Clin Exp Ophthalmol. 2007;245:1805–14.

86. Wang CW, Chan CL, Jin HY. Psychometric properties of the Chinese version
of the 25-item National Eye Institute Visual Function Questionnaire. Optom
Vis Sci. 2008;85:1091–9.

87. Globe D, Varma R, Azen SP, Paz S, Yu E, Preston-Martin S & Los Angeles
Latino Eye Study Group. Psychometric performance of the NEI VFQ-25 in
visually normal latinos: The Los Angeles Latino Eye Study. Invest
Ophthalmol Vis Sci. 2003;44:1470–8.

88. Hirneiss C, Schmid-Tannwald C, Kernt M, Kampik A, Neubauer AS. The NEI
VFQ-25 vision – related quality of life and prevalence of eye disease in a
working population. Graefes ArchClin Exp Ophthalmol. 2010;248:85–92.

89. Le Grand Y. Optiques physiologique – La dioptrique de l’optique de ceil et
sa correction. Editions de la revue d´optique, Paris. 1952; 29–31.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Zocher et al. BMC Ophthalmology  (2016) 16:79 Page 20 of 20

http://dx.doi.org/10.1111/aos.12538

	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study population
	Examination procedures
	Calculations and statistical analysis

	Results
	Biometric measurements
	Height and weight
	Corneal curvature
	Central corneal thickness
	Axial length
	Anterior chamber depth
	Anterior chamber volume
	Retinal thickness

	Optics and visual function
	Refractive error
	Spherical equivalent and dioptric distance
	Accommodation
	Contrast sensitivity
	NEI − VFQ − 25


	Discussion
	Biometric measurements
	Height and weight
	Corneal findings
	Axial length, anterior chamber depth and anterior chamber volume
	Retinal thickness

	Optics and visual function
	Refractive error
	Spherical equivalent and dioptric distance
	Visual acuity
	Accommodation
	Contrast sensitivity
	NEI VFQ − 25


	Conclusion
	Abbreviations
	Acknowledgements
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

