
INTRODUCTION

The relationship between movements of the anteri-
or eye segment and the posterior eye segment is in-
teresting from a scientific point of view and may al-
so be of practical value in patients requiring radia-
tion therapy for the retina. The relationship is dependent
on the mechanics of ocular rotation. It has already
been postulated that the center of rotation is not fixed,
and non-rotational movement with rotation of the globe
has been assumed for a long time (1-3). Berlin first
described eye movements parallel to the axis of ro-

tation as “screw movements” (4). Attempts to quan-
tify these movements were first made by Fry and Hill
(5). Progress in technology subsequently allowed two-
dimensional video recording of the cornea, which re-
vealed displacement of the center of rotation for sac-
cadic eye movements as a function of fixation dis-
tance; however, simultaneous monitoring of the fun-
dus was not done (6). 

An optical method, the scanning laser ophthalmo-
scope (SLO), has now been used in attempts to es-
tablish the relationship between movements of the
anterior eye and posterior eye segments by monitor-
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ing movements of the cornea and retina (7). Because
of optical distortion by the SLO, individual correc-
tions are necessary (8, 9). 

Magnetic resonance imaging (MRI) has no such op-
tical pitfalls. Compared to computed tomography (CT),
MRI gives sharper contrast of soft parts and has no
radiation side effects, permitting examination of vol-
unteers. MRI has been used to assess ocular motili-
ty, and for the measurement and functional observa-
tion of eye muscles (10-15).

The purpose of this study was to determine the re-
lationship between movements of the anterior and pos-
terior eye segments by MRI, with a view to using this
information for monitoring fixation during radiother-
apy for ocular diseases. 

MATERIALS AND METHODS

We examined the eye movements of ten right em-
metropic eyes of ten volunteers (five women, five men,
mean age 32 years (26-43 years)) using a 1.5 T mag-
netic resonance system (ACS-NT Philips Medizinsysteme),
in accordance with the following protocol: transver-
sal and sagittal T2-weighted ultrafast turbo-spin
echo sequences (UTSE) were obtained using a head
coil. The volunteer’s head was secured with a cast,
so that the infraorbitomeatal line was perpendicular
to the ground. A piece of cardboard with five fixation
points drawn on it (straight, 4.5 cm (i.e., 15°) to the

right, the left, above and below) was suspended be-
tween the head coil and the volunteer’s head, cen-
tered in front of the right eye. To establish the dis-
tance between the cornea and fixation target a mark-
er with high signal intensity on T2-weighted images
was mounted on the back of the cardboard. 

Dynamic sequences were obtained in five passages
according to the five gaze directions (straight ahead,
15° left, 15° right, 15° up and 15° down). The scan
time of each passage was 21 s using two signal av-
erages in order to obtain an adequate signal-to-noise
ratio. The acquisition matrix was 141 x 256 and the
field size was set at 320 mm. Fifteen slices with a
thickness of 3 mm and an intersectional gap of 0.3
mm were achieved in each passage. The repetition
time (TR) was 1500 ms, the echo time (TE) 80 ms, and
the turbo factor 21.

Using a rectangular field of view of 70%, we ob-
tained a pixel (picture element) size of 1.3 x 1.6 mm,
so we could identify eye movements of more than 1.5
mm. In MR imaging each pixel has a defined position
in a 3 D coordinate system with its mid-point at the
center of the MR scanner. Different locations of the
nuclei in the scanner result in different phase dispersions
and frequencies of the signal of the nuclei in the MR
experiment. Differences in phase dispersions and fre-
quencies determine the exact position of the nuclei
in the coordinate system by Fourier transformation.
The coordinates of each pixel can easily be identified
on the MR scanner screen, and eye movements can

TABLE I - ORIGINAL MOVEMENT MEASUREMENTS OF THE ANTERIOR AND POSTERIOR EYE SEGMENT (in mm)
DURING TRANSVERSAL AND SAGITTAL EYE MOVEMENTS

Volunteers Transversal movements Sagittal movements
(15° left to 15° right) (15° up to 15° down)

Anterior segment Posterior segment Anterior segment Posterior segment

1 5.4 4.4 4.7 5.5
2 6.0 4.6 4.9 6.8
3 6.0 4.3 4.3 5.6
4 6.1 4.8 4.8 5.3
5 6.1 4.6 4,9 5.6
6 5.8 4.6 5.0 6.3
7 6.7 4.7 4.9 6.0
8 5.5 4.1 5.6 6.1
9 6.2 4.5 6.6 6.5

10 7.8 4.7 5.0 5.4
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be measured by analyzing the coordinates of certain
set anatomical landmarks of the eye.

Since the cornea and retina are not visible with MRI,
the axis of the eyeball was defined as the connect-
ing line between the center of the lens and the cen-
ter of the globe. Where this axis intersected the an-
terior contour of the lens and the posterior contour
of the vitreous cavity was taken as the position of the
anterior pole of the lens and the posterior pole of the
retina. We measured any change in the direction of
gaze and the resulting change in the position of the
anterior pole of the lens in relation to the change in
the position of the posterior pole of the retina. We
analysed how movements of the anterior eye segment

and posterior eye segment were related, using the
software of the MR scanner. 

The study was approved by the ethics committee
of the University of Bonn and was conducted in ac-
cordance with the ethical standards laid down in the
1964 Declaration of Helsinki. Volunteers gave their in-
formed consent before admission.

RESULTS

The average mediolateral movement of the anteri-
or eye segment, measured as the dislocation of the
anterior pole of the lens, was 6.16 mm (± 0.68 mm

Fig. 1 - Magnetic resonance
images of one volunteer dur-
ing gaze shift. Only represen-
tative images of the movements
of the right eye at the level of
the optic nerve are shown. The
dynamic MR images are ob-
tained according to the gaze
directions indicated on the im-
ages. However, each picture
element has a defined posi-
tion in the 3 D coordinate sys-
tem of the MR scanner. Con-
sequently, movements of the
anterior and posterior eye
segments were determined
by analyzing the coordinates
of defined anatomical landmarks
of the eye.
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SD); the mean mediolateral movement of the poste-
rior eye segment was 4.53 mm (± 0.21 mm SD). As
regards craniocaudal movements, the mean anterior
dislocation was 5.07 ± 0.63 mm, compared to 5.91 ±
0.51 mm for the retina. Table I shows the individual
measurements. The ratio between the anterior and
posterior eye segment as measured by MRI was 1:0.8
±0.06 during mediolateral movements and 1:1.16 ±
0.11 during craniocaudal movements. An example of
an individual MRI in different gaze shifts is given in
Figure 1.

DISCUSSION

External beam radiotherapy is employed in the treat-
ment of many ocular diseases. Age-related macular
degeneration (AMD), a benign retinal lesion only a few
millimeters in size, has lately been a focus for radio-
therapy (16-19). There, field sizes of 1x1 cm up to 3x5
cm have been used (20-25). These are much larger
than the affected retinal area. Such large fields are
chosen to ensure that the macula remains within the
treatment area despite possible eye movements. Pre-
liminary studies have shown that patients do move
their eyes during radiation, and the extent of these
movements can be measured as corneal deviation by
an observation camera. The mean corneal deviation
was 1.0 ± 0.83 mm (range 0-6 mm) in the mediolat-
eral direction and 0.7 ± 0.61 mm (range 0 - 4 mm) in
the craniocaudal direction (7).

To reduce the radiation field it is important to know
how movements of the anterior eye segment affect
movements of the posterior pole. Based on the Gull-
strand schematic eye, the center of rotation of the
eyeball is estimated to be 13.5 mm behind the corneal
apex and 1.6 mm to the nasal side of the geometric
center of the globe. Using a cornea-fovea distance
of 23.5 mm, the relationship between movements of
the anterior and posterior eye segment would be 1.3:1.
However, the Gullstrand eye does not qualify as a re-
liable basis for these evaluations, since there is more
than one center of horizontal and vertical rotation with-
in the eyeball (2, 26). 

Scanning laser ophthalmoscopic examination of these
eye movements shows different rotation attitudes in
the mediolateral and craniocaudal directions: the ra-
tio between movements of the anterior and posterior

eye segment was 1:0.9 ± 0.1 (range 1:0.9 - 1:1.1) dur-
ing horizontal eye movements and 1:1.5 ± 0.2 (range
1.3 - 1:1.9) during vertical eye movements (7). These
results had already been corrected for optical dis-
tortion, as recommended by Ott and coworkers (8, 9).
Since the optical difficulties could not explain the dif-
ferences in the rotation pattern between mediolater-
al and craniocaudal movements, the idea of two dif-
ferent centers of rotation for craniocaudal and medi-
olateral movements was confirmed and quantified. 

In the present study MRI was used as a non-opti-
cal system to evaluate the relationship objectively be-
tween movements of the anterior and posterior eye
segment. With small discrepancies, the MRI values
were consistent with the results found with the SLO.
Movements of the posterior pole of the eye were greater
than those of the anterior eye pole in the craniocau-
dal gaze direction. 

MRI proved valuable in recording eye movements,
but when analyzing the results one must take the fol-
lowing potential errors into consideration:

The axis of the eyeball was determined as the line
connecting the center of the lens and the center of
the globe. The intersection of this axis with the an-
terior contour of the lens and the posterior contour
of the vitreous cavity defined the position of the an-
terior pole of the lens and the posterior pole of the
retina. Compared to a round ball we assumed the globe
to be approximately 10% deviated as an ellipsoidal
spheroid (axis ratio 1.1:1.0) (Gullstrand standard
eye). Taking this assumption into account, calcula-
tions showed that the length of unrollment and the
position of the posterior pole have a maximum devi-
ation of ± 3% (26). 

As explained before, the center of rotation is not a
single point. If, furthermore, we assume that owing
to a misplacement of the volunteer’s head/gaze, the
center of gravity was not the center of rotation, but
was shifted off the center of rotation by 10% (± 2mm)
in any direction, calculations indicate that the length
of unrollment and the position of the posterior pole
have a maximum deviation of ± 2% (26). 

We concluded that the shift of the posterior pole
due to the eccentricity of the eye and the shift of the
center of rotation were not significantly influenced.
The position of the posterior pole within the retina
was shifted less than ± 5% (<300 µm). Thus, the po-
sition of the posterior pole was located in a circular



REFERENCES

1. Alpern M. Specification of the direction of regard. In:
Davson H, ed. The eye, 2nd ed, vol. 3. New York, Lon-
don: Academic Press,1969; 5-12.

2. Burde RM, Feldon SE. Anatomic relationships between
the extraocular muscles and the orbits. In: Hart WM
Jr., ed. Adler’s physiology of the eye, 9th ed. St. Louis:
Mosby, 1992; p. 101-22.

3. von Helmholtz H. Die Augenbewegungen. In: von
Helmholtz H, ed. Handbuch der Physiologischen Op-
tik, 2nd edn. Hamburg Leipzig: Verlag Leopold Voss,
1896; 613-65.

4. Berlin E. Beitrag zur Mechanik der Augenbewegungen.
Albrecht v. Graefes Arch Ophthal 1871; 17: 154-203.

5. Fry GA, Hill WW. The mechanics of elevating the eye.
Am J Optom 1963; 40: 707-16.

6. Enright JT. Saccadic anomalies: vergence induces large
departures from ball-and-socket behavior. Vision Res
1984; 24: 301-8.

7. Eter N, Schüller H, Spitznas M, Klein W, Schüttoff T.
Fixation monitoring during radiation therapy for sub-
foveal neovascularization. Graefes Arch Clin Exp Oph-
thalmol 1998; 236: 806-10.

8. Ott D, Lades M. Measurement of eye rotations in three
dimensions and the retinal stimulus projection using
scanning laser ophthalmoscopy. Ophthal Physiol Opt 

1989; 10: 67-71.
9 Ott D, Lades M, Holthoff K, Eckmiller R. A general nu-

merical method evaluating three-dimensional eye ro-
tations by scanning laser ophthalmoscopy. Ophthal Phys-
iol Opt 1990; 10: 286-90.

10. Demer JL, Miller JM, Poukens V, Vinters HV, Glasgow
BJ. Evidence for fibromuscular pulleys of the recti ex-
traocular muscles. Invest Ophthalmol Vis Sci 1955; 36:
1125-36.

11. Jäger L, Welge-Lüssen U, Lanzl I, Resier M. Imaging
of eye movement with fast MRI. J Comput Assist To-
mogr 1997; 21: 447-51.

12. Krzizok T, Kaufmann H, Traupe H. Kernspintomo-
graphische Diagnostik der Motilitätsstörung bei hoher
Myopie zur Planung der Augenmuskeloperation. Oph-
thalmologe 1997; 94: 907-13.

13. Scheiber C, Speeg-Schatz C, Chambron J. Technique
for MRI of ocular motility. J Comput Assist Tomogr 1997;
21: 442-6.

14. Speeg-Schatz C, Scheiber C, Passard C, Grucker D.
Video loop MRI of ocular motility: a new technique: Tur-
bo RARE sequence at 2 T for the study of horizontal
gaze. Binoc Vis Strabismus Q 1998; 13: 105-14.

15. Tian S, Nishida Y, Isberg B, Lennerstrand G. MRI mea-
surements of normal extraocular muscles and other or-

Magnetic resonance imaging analysis of ocular gaze shifts

200

spherical area with a radius of 300 µm.
It can now be confirmed that during eye movement

both rotation and translation of the eyeball occur with-
in the orbit, as already assumed by Berlin and Frey
and Hill (4, 5). In addition, we were able to quantify
the relationship between rotational and translational
movements in different gaze directions. 

We can only speculate on the reason for the differ-
ences between horizontal and vertical eye movements.
From the anatomical standpoint there are few restrictions
in horizontal eye movements. However, vertical eye
movements can be restricted by Whitnall’s ligament
above and Lockwood’s ligament below the anterior
part of the eye, so further movement can only be achieved
by translation. 

The small differences between the SLO and MRI re-
sults may partly be due to the different landmarks used
for calculation: the corneal limbus and the macula were
recorded by SLO, whereas the anterior pole of the

lens and the posterior border of the vitreous cavity
were used for MRI. The individual orbit anatomy may
also have an impact.

In conclusion, our results indicate that MRI is a
valuable method of depicting eye movements ob-
jectively. The findings confirmed previous results with
the SLO.
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