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INTRO DUC TIO N

The centre of rotation of the eye

Our eyes move continuously to keep the images of inter-
esting visual targets on the fovea. Eye movements can 

be divided into gaze- stabilising and gaze- shifting move-
ments.1 All movements or rotations of the eyeball are per-
formed around a centre of rotation (COR) that is located 
inside the globe, behind the posterior pole of the lens and 
close to the posterior nodal distance.2 Since the globe is 
not perfectly spherical, the exact location of the COR is 

O R I G I N A L  A R T I C L E

Positions of the horizontal and vertical centre of rotation in 
eyes with different refractive errors

Arne Ohlendorf1  |    Frank Schaeffel2  |    Siegfried Wahl1,3

Received: 9 August 2021 | Accepted: 22 December 2021 | Published online: 20 January 2022

DOI: 10.1111/opo.12940  

1Carl Zeiss Vision International GmbH, 
Technology & Innovation, Aalen, Germany
2Section of Neurobiology of the Eye, 
Ophthalmic Research Institute, University of 
Tuebingen, Tuebingen, Germany
3ZEISS Vision Science Lab, Ophthalmic 
Research Institute, University of Tuebingen, 
Tuebingen, Germany

Correspondence
Arne Ohlendorf, Carl Zeiss Vision 
International GmbH, Technology & 
Innovation, Aalen, Germany.
Email: arne.ohlendorf@zeiss.com

Funding information
Carl Zeiss Vision International GmbH

Abstract

Purpose: To determine how the position of the centre of rotation of the eyeball is 

related to axial length and refractive error when horizontal and vertical eye move-

ments are performed.

Methods: A custom- built eye tracker was used that determined the centre of rota-

tion of the eye (COR) from lateral displacements of the pupil centre. Horizontal and 

vertical eye movements were studied in the right eyes, and each measurement per-

formed five times in 59 subjects (32 females) with an average age of 36.6 ± 9.1 years. 

Spherical equivalent refractive errors ranged from −9.7 to +6.8 D with an average 

error of −1.5 ± 2.9 D. Axial lengths were measured with the ZEISS IOL Master 500.

Results: The mean horizontal centre of rotation (COR) of the right eye for a saccade 

from 0° to ±11.9° was 15.3 ± 1.5 mm behind the corneal apex, while the average 

vertical COR for the same angle of eccentricity was 12.5 ± 1.4 mm, indicating that 

the horizontal COR was 2.8 ± 1.7 mm behind the vertical COR. In right eyes, hori-

zontal COR was significantly correlated with axial length (r = 0.28, p = 0.02) but not 

with the spherical equivalent refractive error (r = 0.39, p = 0.90). Similarly, vertical 

COR was significantly correlated with axial length (r = 0.25, p = 0.03) but not with 

the spherical equivalent refractive error (r = 0.17, p = 0.90).

Conclusions: While it might be expected that the COR is dependent on axial 

length, the correlation was not strong. Interestingly, the location of the COR was 

substantially different for horizontal and vertical eye movements which may relate 

to the flatter curvature of the eyeball in the vertical meridian, compared to the 

horizontal, as described in previous studies.
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somewhat controversial. For simplicity, a stationary centre 
of rotation is assumed that may shift nasally relative to the 
intersection lines of the fixation axes.3

Empirical studies suggested that the COR, on average, is 
located 13– 15 mm behind the corneal vertex of the eye.2– 4 
Because the emmetropic eye is assumed to be close to 
spherical, the COR during eye movements should coin-
cide with the centre of curvature of the posterior globe.5 
However, when eye shape and axial length change due to 
the presence of axial refractive errors, this may change. For 
example, Grolman2 found that every dioptre of ametropia 
changes the position of the COR by 0.14 and 0.18 mm in the 
horizontal and vertical planes, respectively, as measured 
from the corneal vertex. Fry and Hill6 observed differences 
between the horizontal and vertical centres of rotation, 
and concluded that the COR for vertical movements of 
the eye is located in front of the COR for horizontal eye 
movements.

Role of the COR in spectacle lens design

Unlike contact lenses or intraocular lenses which move 
with the eye, a spectacle lens is stationary in the visual 
field. Its position is described by the back vertex distance 
(the distance between the spectacle lens and the corneal 
apex) and its centration, relative to the line of fixation 
when the subjects looks straight forward. The COR deter-
mines where the line of fixation penetrates the spectacle 
lens when the peripheral visual field of view is explored, 
and it also has implications for peripheral lens design. The 
design should take the position of the COR into account 
since it determines the contribution of each region of the 
lens to the formation of the retinal image. Perches7 calcu-
lated visual acuity maps as a function of base curve and the 
position of the centre of rotation of the eye, using numeri-
cal ray tracing. Especially in high powered positive spheri-
cal lenses, the authors observed degraded image quality 
for oblique gaze, no matter what centre of rotation or base 
curve was evaluated.

Since the position of the COR in the eye is important, 
the current study investigated how refractive errors and 
the axial length of the eye determine the position of the 
COR during horizontal and vertical eye movements using a 
custom- built eye tracker.

M ETH O DS

Subjects

Fifty nine subjects (32 females) with an average age of 
36.6 ± 9.1 years participated in the experiments. Thirty one 
subjects were classified as myopes (spherical equivalent 
refractive error (SE) ≤ −0.50 D), 18 as emmetropes (SE be-
tween −0.5 and +0.5 D) and 10 as hyperopes (SE > +0.50 
D). Objective refraction was measured with a wavefront 

aberrometer (i. Profiler plus, Carl Zeiss Vision, zeiss.com) 
and axial length was measured with the ZEISS IOL Master 
500 (Carl Zeiss Meditec, zeiss.com).

Custom- built eye tracker to 
determine the COR

The COR of the eye was determined by measuring how 
much the pupil centre was displaced laterally when the 
subject made a saccade towards a peripheral fixation 
target that appeared on a computer screen at a distance 
of 80 cm. Figure 1 shows the setup of the measurement: 
a chin rest with a tightly stabilised head position was re-
quired. A monochrome USB camera, equipped with a 
50 mm f/1.4 lens with an infrared light transmitting filter re-
corded an image of the black pupil at 62 Hz from a distance 
of 240 mm. A high- power infrared LED, attached to the lens 
at an eccentricity of 40 mm served as the light source. The 
software detected the pupil by an adjustable thresholding 
procedure (typically, pixels were counted that were darker 
than 60% of the average pixel value in the video frame). 
The pupil centre was located simply by the centre of mass 
of the dark pixels.

To identify episodes where the subject fixated the vi-
sual targets, the software continuously determined the 
standard deviation of pupil centre positions from the latest 
25 measurements (equivalent to about 0.5 s). Fixation was 
assumed when the running standard deviation dropped 
below 0.5°. In this case, the software stored the pupil posi-
tions, emitted a beep and presented a new fixation target. 
From the movement of the pupil centre and knowledge of 
the visual angle subtended by two fixation points, the COR 
of the eye from the plane of the entrance pupil could be 
automatically determined. One would prefer to determine 
this distance as measured from the corneal apex rather 
than from the plane of the entrance pupil. Fortunately, the 
plane of focus of the first Purkinje image, generated by the 
infrared light- emitting diode, was calculated to be behind 
the corneal surface at a depth of half the corneal radius of 

Key points

• The centre of rotation for horizontal eye move-
ments is about 15.3 mm behind the corneal 
apex while the centre of rotation for vertical eye 
movements is about 2.8 mm more anterior.

• Knowledge of the position of the centre of rota-
tion is important for the optical design of spec-
tacle lenses.

• In our subject sample (n = 59) with refractive 
errors ranging from −9.7 to 6.8 D, the position 
of the centre of rotation was not dependent on 
axial length.
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curvature.8 As described previously based on published 
literature, a value for the corneal radius of curvature was 
assumed (R = 7.6 mm), providing a plane of focus 3.8 mm 
behind the corneal apex. The literature states that the 
plane of the entrance pupil is 3.6 mm behind the corneal 
apex.8 Therefore, the entrance pupil and plane of focus 
for the first Purkinje image are almost superimposed and 
can be focused at the same time. The distance between 
the camera and the eye was fixed, but additional control 
was achieved by tracking the size of the Purkinje image. 
In case of defocus (introduced by changing the distance), 
the Purkinje image becomes immediately larger. As the 
software determined the running standard deviation and 
average of the number of pixels in the Purkinje image and 
due to the very small depth of field of the camera, the dis-
tance between the camera and the eye was controlled to 
less than a millimetre. To determine the axial position of 
the COR behind the corneal apex, the distance from the 
corneal apex to the entrance pupil must be added.

Experimental procedures

Experiments were conducted without spectacle correc-
tion. The screen used to display the targets was positioned 
so that the centre of the screen was in line with the centre 
of the pupil of the right eye for a straight- ahead gaze posi-
tion. The centre of rotation of the right eye was measured 
for two alternatingly presented horizontal fixation points 
(lateral positions right +11.9° and left – 11.9°) and two al-
ternatingly presented vertical fixation points (up +11.9°, 
down – 11.9°). The left eye was covered using an eye patch. 
Head movements were restricted by a chin and head rest. 
Horizontal and vertical eye position changes were meas-
ured five times and angular data were averaged.

The study followed the tenets of the Declaration of 
Helsinki and was approved by the ethics commission of the 
Medical Faculty at the University of Tuebingen (Reference 
400/2020BO). The nature of the experimental procedures 
was explained, and written informed consent was ob-
tained from the subjects before taking the measurements.

R ESULTS

Correlations between ocular biometry and 
refractive errors

In the 59 right eyes of 59 subjects, spherical equivalent 
refractive errors were significantly correlated with axial 
length (Figure 2a) with an r2 value of 0.73. The slope of the 
regression showed that an increase in axial length of 1 mm 
caused 2.85 D more myopia. The correlation was further 
enhanced when the corneal radius of curvature was also 
considered. When the SE was plotted against the ratio of 
axial length and corneal radius (i.e., AxL/CR), the r2 value in-
creased to 0.86, indicating that 86% of the refractive error 
could be explained by these two biometrical variables 
(Figure 2b).

Axial position of the horizontal COR

On average, the COR in 59 subjects was located 
15.3 ± 1.5 mm behind the corneal apex, with considerable 
variability ranging from 12.4 to 18.0 mm. Individual stand-
ard deviations of the five repeated measurements varied 
between ±0.17 and ±2.81 mm (see Figure 3). Analysis of 
Variance (ANOVA) and regression analysis revealed sig-
nificant correlations between the locations of the COR and 

F I G U R E  1  Setup to measure the 
horizontal and vertical centre of rotation. 
(a) Chin and headrest, (b) Camera and LED, 
(c) Monitor to display targets and (d) Laptop 
computer to run software
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SE (horizontal COR vs. SE: F1,57 = 9.14, p = 0.004; r = 0.39, 
p = 0.90) and axial lengths (horizontal COR vs. axial length: 
F1,57 = 4.62, p = 0.03; r = 0.28, p = 0.02). The averaged in-
dividual horizontal COR, including the standard devia-
tions, were plotted against SE (Figure 3a)) and axial length 
(Figure 3b).

Axial position of the vertical COR

The average axial position of the vertical COR was 
12.5 ± 1.3 mm behind the corneal apex, ranging from 7.3 
to 15.7 mm. Standard deviations of five repetitions of the 
measurement ranged from 0.1 to 1.1 mm. ANOVA and re-
gression analysis revealed the vertical COR was not sig-
nificantly related to refractive error (ANOVA: F1,56 = 1.77, 
p = 0.18; regression: r = 0.17, p = 0.9), but was associated 
with axial length (ANOVA: F1,56 = 4.03, p = 0.05; r = 0.25, 
p = 0.03). Results are shown in Figure 4a and b for vertical 
COR as a function of SE and axial length, respectively.

Differences between horizontal and 
vertical COR

The CORs for horizontal and vertical eye movements dif-
fered by an average of 2.8 ± 1.5 mm, with the vertical COR 
located in front of the horizontal COR. This separation 
did not vary with SE (ANOVA: F1,55 = 2.33, p = 0.13; r = 0.2, 
p = 0.9) or axial length (ANOVA: F1,55 = 0.06, p > 0.99; r = 0.04, 
p = 0.4).

D ISCUSSIO N

Relation of refractive error to ocular biometry

The correlation between refractive error and axial length ob-
served in the current study matches previously published re-
sults.9 Also the enhanced correlation when the ratio of axial 
length to corneal radius of curvature was used rather than 
axial length alone was previously described for adult subjects, 

F I G U R E  2  (a) Correlation between 
spherical equivalent refractive errors and 
axial lengths of the right eyes. (b) Spherical 
equivalent refractive errors plotted against 
AxL/CR. Note that the x- axis is plotted in 
reverse order with hyperopia on the left and 
myopia on the right
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with r- values of 0.610 and 0.511 being recorded. Recently, similar 
data were also observed in children (r = 0.81).12

COR, axial length and refractive error

Earlier publications reported an average position for the 
horizontal COR in the range of 13.5 mm (emmetropes)13 to 
14.5 mm (myopes)13 or even 15 mm14 behind the apex of 
the cornea. As refractive errors are primarily determined 
by axial length,15 it is reasonable to assume that the COR 
position may change with refractive error. It was also re-
ported that the COR varies linearly with refractive error by 
0.166 mm/D,3 or alternatively 0.14 and 0.18 mm for the hori-
zontal and vertical COR, respectively.2 The current study 
does not reveal such a clear- cut association. Significant 
interactions for the COR were only found for axial length 
but not for SE. A potential limitation in the current cohort 
was that axial lengths ranged from 21 to 27 mm but the 
majority of the SEs were between +1.0 D and −2.0 D. It is 
possible that the sample of subjects that led to a strong 

correlation between refractive error and the COR position 
in the earlier study3 had a more evenly distributed range of 
refractive errors.

Potential link between COR, peripheral eye 
shape and peripheral refractive errors

While myopes typically show a more prolate eye shape and 
hyperopes an oblate shape,16 the relative peripheral refrac-
tive errors are more hyperopic in myopes and more myopic 
in hyperopes.17,18 Furthermore, the vertical refraction pro-
file was found to be flatter than the horizontal,19 although 
a recently published work showed smaller differences.20 
Studying peripheral refractive errors with a scanning 
wavefront sensor over a 60 × 36° visual field in emmetropic 
children, Lan and colleagues found differences in refrac-
tion profiles in the horizontal and vertical meridians. While 
the horizontal meridian had a flat refraction profile in the 
majority of the children, the vertical meridian exhibited 
a myopic shift in the superior retina.21 Additionally, Pope 

F I G U R E  3  (a) Horizontal centre of 
rotation (COR) plotted as a function of 
spherical equivalent refractive error and (b) 
axial length. Note that in Figure 3a, the x- axis 
is plotted in reverse order with hyperopia on 
the left and myopia on the right
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et al. found differences in horizontal and vertical refrac-
tive errors between myopes and emmetropes that could 
be traced back to differences in retinal shape.20 However, 
at present, it remains speculative whether the observed 
differences in horizontal and vertical CORs result from dif-
ferent radii of curvature of the globe in the horizontal and 
vertical meridians.

Horizontal and vertical COR

Fry and colleagues have already described a difference 
in the position of the COR for horizontal and vertical eye 
movements in a small group of six subjects, with an aver-
age COR of 14.9 and 12.3 mm for horizontal and vertical eye 
movements, respectively.6 Grolman measured the “sight-
ing centre” in 50 subjects and found a difference of 1.4 mm 
between the horizontal (14.5 ± 0.55 mm) and vertical COR 
(13.1 ± 0.7 mm).2 In the current study, a difference between 
the horizontal and vertical COR was also found; however, 
it must be kept in mind that the angular amplitudes of 

the saccades were only 23.8° (2 × 11.9°). Potential lateral 
displacements of the COR have been ignored in currently 
available investigations. Additionally, oblique eye move-
ments have not yet been studied, and it is likely that such 
examinations will shed more light on these questions.

COR and ophthalmic lens design

The position of the COR of the eye with respect to the ophthal-
mic lens design will influence the ray bundles for different di-
rections of gaze, as it acts as the “stop” position for such a lens. 
Simplifying these circumstances, Perches calculated sphero- 
cylindrical errors for oblique viewing directions, different 
spherical corrections, different base curves and different posi-
tions of the COR of the eye, relative to the back vertex.7 The 
authors summarised that for an oblique viewing angle of 40°, 
a significant reduction in visual acuity was present in the case 
of back vertex powers of −2.0 D. Simulations with single vi-
sion lenses with spherical surfaces and powers of −1.5, −2.0 
and −4.0 D for the participants in the present study revealed 

F I G U R E  4  Vertical COR as a function 
of (a) spherical equivalent refractive error 
and (b) axial length. Note that in Figure 4a, 
the x- axis is plotted in reverse order with 
hyperopia on the left and myopia on the 
right
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that areas of just noticeable or troublesome blur22 (compared 
to the habitual central correction) become elliptical instead of 
circular. These findings have implications for the optimisation 
of a single vision lens. Even for a purely spherical correction, 
the lens will no longer be rotationally symmetrical. Based 
on the findings regarding the different CORs for peripheral 
viewing in the horizontal and vertical directions, the optimal 
correction may not be achieved by a lens with an aspherical 
surface but rather one with an atoric surface. Whether these 
findings also have implications for lenses that are currently 
used to reduce myopia progression needs to be investigated. 
Current simulations do not consider the pantoscopic angle 
and degree of frame wrap that also influence the sphero- 
cylindrical errors for the lens wearer.

Possible limitations

The initial aim of the experiments was to develop a device 
to measure the COR reliably for horizontal and vertical 
viewing angles, and to investigate if there is a difference 
between these measurements that varies with the length 
of the eye. There have been multiple previous attempts 
to measure the position of the COR. For example, Fry and 
Hill3 asked their subjects to fixate a target at different 
visual angles, ranging from +40 to −40° in the horizontal 
plane. Connecting the fixation points with the centre of the 
pupil at the different fixation positions, they determined 
the intersection of these lines as the COR. Park and Park4 
used a similar procedure, but head movements and fixa-
tion were controlled better. Both groups differed in their 
interpretation as to whether the COR contains stationary 
(Fry and Hill) or translatory components (Park and Park). 
In the current study, we found no consistent translational 
component for the COR, but only horizontal and vertical di-
rections were studied and it may be that oblique angles of 
fixation may cause more complicated shifts in the position 
of the COR. Our set- up also differed from these previous in-
vestigations as a camera was used to track the pupil centre 
in real- time, and to calculate COR position relative to the 
corneal apex from the lateral displacements of the pupil 
centre using simple trigonometry. A complication arose 
from the fact that the camera was not positioned in the 
horizontal plane, but was 23.8° below this plane to ensure 
visibility of the targets. However, our software corrected 
for the parallax resulting from oblique imaging of the pupil 
centre position when the eye was turned to the periphery. 
Another problem might be the increasingly elliptical shape 
of the pupil for peripheral targets. However, for two rea-
sons, this was not critical: (1) the pupil centre was still cor-
rectly detected by our imaging processing algorithm as it 
did not involve circle fitting and (2) the peripheral fixation 
angles were small (+11°), causing only minimal distortions 
of pupil shape. The viewing angles for peripheral targets 
were, however, large enough to obtain reliable estimates 
of the COR, as can be seen from the standard deviations 
of the repeated measurements. For reliable estimates of 

eye position during fixation, note that our software ac-
cepted fixation only when the running standard deviation 
dropped below 0.5°. As described above, the final axial 
position of the COR behind the corneal apex was calcu-
lated by adding the distance from the corneal apex to the 
entrance pupil, and a constant value of 3.6 mm was cho-
sen. It is known that corneal radii of curvature vary among 
subjects. For instance, in a subject with a corneal radius of 
8 mm, the plane of focus of the first Purkinje image would 
be 4 mm behind the corneal apex instead of the value of 
3.6 mm used in the current setup. However, the plane of 
the entrance pupil would also be displaced more distally 
due to the longer focal length of the cornea. Therefore, the 
first Purkinje image would still remain close to the plane 
of the entrance pupil, although the distance to the corneal 
apex would be 0.2 mm larger than in the current setup. 
However, one should keep in mind that the difference of 
0.2 mm (per our manuscript) would only be about 1.5% for 
an average horizontal COR of 15 mm and 2% for an average 
vertical COR of 13 mm, which is small compared to the vari-
ability that we found among subjects (about 10%).
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