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The functional basis of ocular dominance: functional MRI (fMRI) findings

Serge A.R.B. RomboutsFrederik Barkhof, Michiel Sprenget, Jaap Valk, Philip Scheltens*

*Department of Clinical Physics and Engineering, Academisch Ziekenhuis VU, Amsterdam, The Netherlands
PDepartment of Diagnostic Radiology, Academisch Ziekenhuis VU, Amsterdam, The Netherlands
‘Department of Neurology, Academisch Ziekenhuis VU. PO Box 7057, 1007 MB Amsterdam, The Netherlands

Received 29 August 1996; revised version received 10 November 1996; accepted 15 November 1996

Abstract

Changes in cortical metabolism and cerebral perfusion may be recorded non-invasively with functional magnetic resonance imaging
(fMRY). In pilot experiments, using fMRI with photic stimulation, we found differences between activated areas when the left or the
right eye was stimulated separately. In this study we investigated whether this could be explained by ocular dominance. We studied 26
healthy volunteers (mean age 233.5 years). Ocular dominance was determined by means of the near-far alignment test. fMRI-
measurements consisted of a double-slice gradient echo sequence. Slices were acquired placed parallel on either side of the calcarin
fissure. Visual stimulation was done with goggles with two LED matrices (red light, 8 Hz); each in front of one eye. In each subject, the
left and right eye were stimulated separately and together, in a randomly alternating order. Twenty-two subjects showed activation, of
whom eight subjects had a dominant left eye and 14 a dominant right eye. In general the size of the activated area was bigger upon
stimulation of the dominant eye. The difference with the area upon stimulation of the non-dominant eye was statistically significant in
the right eye dominant group. These results indicate that the dominant eye actually activates a larger area of the primary visual cortex
than the non-dominant eye. This provides for the first time a functional basis for the concept of ocular doniihd666. Elsevier
Science Ireland Ltd. All rights reserved
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Changes in cortical metabolism and cerebral perfusion Since there is a semi-decussation of the optic fibers at
may be recorded non-invasively with functional magnetic the optic chiasm (except in albinos), stimulation of either
resonance imaging (fMRI). The possibilities of the blood eye reaches both cerebral hemispheres. However, in sev-
oxygenation level dependent (BOLD) fMRI technique eral pilot experiments, we observed that the bilateral acti-
were first investigated by Ogawa et al. [10,11]. The tech- vated area in the visual cortex differed when the left or the
nigue makes use of the fact that de-oxyhemoglobin acts asright eye was stimulated [16]. In this study we investigated
an intravascular paramagnetic contrast agent [18]. Usingwhether this could be explained by ocular dominance, a
fMRI successful early attempts have been made to visua-concept first described by Porta in 1593 [14], in which the
lize the activated human visual cortex upon photic stimu- input of one eye is favored over the other.
lation [2,3,7,8,12]. In most fMRI studies of the visual Twenty-six healthy volunteers (14 male, 12 female,
system both eyes were stimulated, with the exception of mean age 23.% 3.5 years, range 19-32 years) without
the study by Hedera et al. [6] in which monocular and ocular refraction anomalies, history of vision loss or
biocular photic flash stimulation was administered to albi- color blindness underwent a complete visual stimulation
nos and controls. No studies have been reported in whichstudy.
activation patterns upon monocular stimulation are com- Ocular dominance was determined by means of the
pared. near-far alignment test first described by Porta [14]. In

this test the subject is asked to hold a pencil in one hand
* Corresponding author. Tel.: +31 20 4443222; fax: +31 20 4443222; directly in front of himself. Then, the subject is asked to
e-mail: p.scheltens@azvu.nl align the tip with a point on a distant wall with both eyes
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Quincy, MA, USA) with two 5x 6 LED matrices, each in
front of one eye. It was made sure that the goggles fitted all
subjects well and subjects were instructed to lie comple-
tely still during the study and to keep their eyes open.
During the rest periods, subjects were lying in the dark,
since the goggles were turned off and no light from outside
could reach the eyes. During the stimulation periods, the
goggles were turned on and the visual field of either eye
individually or both eyes simultaneously was illuminated
with a flashing red light (8 Hz). In an earlier study, this
procedure showed to have a low intra-subject variation for
stimulation of both eyes [15]. At the end of each study,
anatomical images were acquired at the same location as
the fMRI images.

During postprocessing, images were corrected for pos-
sible small translational movement artifacts with a simpli-
fied version of the algorithm described by Woods et al.
[19], correcting for in-plane translations. Activation was
detected with the correlation method [1]. A box car func-
tion with the same on-off period as the stimulus was used

_ _ _ as a reference. No delay was used since acquisition time
Fig. 1. lllustration of the placement of the two slices of the fMRI mea-

surement, on either side of the calcarine sulcus.

Table 1
open. The subject is then asked to alternatively close oneRratios I/b and r/b and mean signal increases of the activated areas upon
eye. Only when the dominant eye is open and the other eyemonocular stimulation
closed, the tip of the pencil will remain in good alignment

i . X . i Subject 1/b r’lb % Signal % Signal
with the point on the wall. This test is repeated with the  mper change left change right
pencil in the other hand. When in doubt, a variant of Miles eye eye
test [9] was administered, in which the subject is asked to - .

. . ight eye dominant group
focus on a point on a distant wall through a hole formed by ; 0.62 0.76 5.60 7.30
the opposed thumb and index finger of one hand. Then the 2 0.28 0.49 6.30 8.20
hand is moved towards the face while focusing on the 3 0.22 0.64 5.10 5.20
same point, until one of the eyes is reached, which indi- 4 0.35 0.75 8.00 6.50
cates the dominant eye. 2 8'22 8'23 Z'ig 2'28

The studies were done on a 1.5 T Siemens SP63 (Sie- ; 072 061 6.60 760
mens, Erlangen, Germany) using a standard cp head coil. g 0.88 0.18 6.30 3.80
Subjects were positioned in the magnet using the standard 9 0.02 0.44 5.00 5.30
equipment and immobilized with foam cushions. In all 10 0.00 0.94 0.00 12.30
three directions subjects were checked for positioning é';g é';; g'gg 2'28
with a localizer scan at the beginning of each study. ;3 066 0.82 580 550
Next, sagittal images were acquired to detect the calcarine14 0.41 0.50 5.00 5.40

fissure and first order shimming was performed manually. Means+ SD 0.56+ 0.43 0.71+ 0.39* 540+ 1.82  6.53+ 2.03
The fMRI-measurements consisted of a double-slice flow- L&ft eye dominant group

compensated (read direction and through-plane) fast low ; 8'2? g"llg 2'38 ﬁg
angle shot sequence [5] (TR, 91 ms; FA? 15 order to 3 1.09 0.67 710 500
reduce inflow-effects [4]; TE, 60 ms; slice thickness, 5 4 0.55 0.48 4.60 4.40
mm; FOV, 250 mm; matrix, 1Z8nterpolated for display 5 0.17 0.34 5.60 7.10
purposes to 256 interslice gap, 1 mm; acquisition time, 3 g-gg 8-28 ‘5‘-88 ;‘-51)8
14 s). Two slices were acquired placed parallel on either 8 126 0.90 = 40 = 00

side of the calcarine fissure (Fig. 1). In each measurement,\yeans+ SO 0.71+ 0.36 0.50+ 0.25 5.40+ 0.76  4.89+ 0.99
25 images of both slices were acquired in an alternating
manner: five during rest, five during visual stimulation, Most subjects show the smallest area of activation and lowest signal
and so on. All subjects underwent this visual paradigm increase with stimulation of the non-dominant eye and the largest area

h . ; left and righ . lated and highest signal increase when the dominant eye is stimulated. Note
three consecutive times: left and right eye were stimulate that in most subjects the largest area is activated upon biocular stimula-

separately and together, in a randomly alternating order. tion; *P = 0.04 for the difference with stimulation of the left eye (two-
They were wearing modified goggles (Grass Instruments, sided Wilcoxon signed rank test).
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Fig. 2. (a) Ratios I/b and r/b for the group with a dominant left eye
(n = 8). Six subjects show a larger area activated when the dominant
eye is stimulated (I/b>r/b) compared to the other eye. (b) Ratios I/b and r/
b for the group with a dominant right eye € 14). Eleven subjects show

a larger area activated when the dominant eye is stimulated (r/b>l/b)
compared to the other eye.

was longer than the expected hemodynamic response time
Areas were considered as being activated when the corre-
lation value was 0.5 or higheP(< 0.01 per pixel) and
when the area consisted of at least four connected pixel
showing activation. Next, the size of the total activated
area in the occipital region was measured for each para-
digm.

To take into account the large intersubject variability of
visual activated areas [15], ratios of the size of the acti-
vated areas during stimulation of the right and left eye
separately divided by the size of the activated area upon
biocular stimulation, respectively given as r/b and I/b,
were calculated, when comparing monocular stimulation
results.

Three subjects did not show activation upon both mono-
cular stimulation paradigms. Two of them also showed no
activation upon biocular stimulation. Twenty-three sub- Fig. 3. Upper part, activated areas in the visual cortex of a subject with a
jects showed activation in the biocular and at least one dominant right eye, projected on an anatomical image. In yellow is the
monocular paradigm. Of these, eight subjects had a domi-area that i_s activ_ated _both during stimulatipn of the right and the left eye.
nant left eye, 14 a dominant right eye and one subject hadThe areain rc_ed is activated upon stimulation of th_e left eye and the_area

k . . . in blue is activated when the right eye (the dominant eye) was stimu-
no eye dominance. The 22 subjects with a dominant eye|ated. Note that nearly the complete area that is activated when the left
that showed activation were used for further analysis. eye is stimulated, is also activated with stimulation of the right (domi-

In Table 1 the ratios I/lb and r/b and mean signal nant) eye and that the activation pattern upon stimulation of the domi-
increases of activated areas are given for the two groupsnant eye is more extensive. Lower part, as in upper part for a subject with

. . . a dominant left eye. Again, the activated area of the dominant eye con-
of SUbJeCtS' In Fig. 2a,b, the I/b- and r/b-ratios are p|0ttEd tains the area of the other eye, but is greater in size. Note that the pattern

for the groups with a dpminant Ie_ﬂ and_a dominant right  of activation is inverted compared to the subject with the dominant right
eye, respectively. Only in the dominant right eye group the eye.
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difference in size between the activated areas upon left and [1] Bandettini, P.A., Jesmanowicz, A., Wong, E.C. and Hyde, J.S.,
I’ight eye stimulation reaches statistical significance, with Processing strategies for time-course data sets in functional MRI

h . . . of the human brain, Magn. Reson. Med., 30 (1993) 161-173.
higher values upon right eye stimulation. [2] Blamire, A., Ogawa, S., Ugurbil, K., Rothman, K., McCarthy, G.,

In Fig. 3 tV\_/O examples are ShOWf_1 of activated areas Ellerman, J., Hyder, F., Rattner, Z. and Shulman, R.G., Dynamic
upon stimulation of the left and the right eye. The upper mapping of the human visual cortex by high speed magnetic reso-
half of the figure shows the activated areas in the occipital nance imaging, Proc. Natl. Acad. Sci., 89 (1992) 11069-11073.

region of one slice of a subject with a dominant right eye. [3] Frahm, J,, Bruhn, H., Merboldt, K.D. and"Hake, W., Dynamic

. . . MRI of human brain oxygenation during rest and photic
In the lower half, activated areas are seen of a subject with stimulation, J. Magn. Reson. Imag., 2 (1992) 501—505.

a dominant left eye. The subjects in the figure clearly (4] Frahm, J., Merboldt, K.-D., Frsicke, W., Kleinschmidt, A. and

showed more activation when the dominant eye was sti- Boecker, H., Brain or vein-oxygenation or flow? On signal physiol-
mulated. ogy in functional MRI of human brain activation, NMR Biomed., 7
We found that subjects showed more activation in both (1994) 45-53.

. . . . . [5] Haase, A., Frahm, J., Matthaei, D.; ieke, W. and Merboldt, K.-
primary visual cortices when the predetermined dominant D., FLASH imaging. Rapid NMR imaging using low flip-angle

eye was stimulated, although the difference only reached pulses, J. Magn. Reson., 67 (1986) 258—266.

statistical significance in the right eye dominant group. [6] Hedera, P., Lai, S., Haacke, E.M., Lerner, A.J., Hopkins, A.L.,
Our ﬁndings cannot be explained by incorrect position- Lewin, J.S. and Friedland, R.P., Abnormal connectivity of the
ing since all three paradigms were done during one scan- visual pathways in human albinos demonstrated by susceptibility-
: . . L . sensitized MRI, Neurology, 44 (1994) 1921-1926.
ning session without repositioning between paradigms. .
) o . ; . [7] Kwong, K.K., Belliveau, J.W., Chesler, D.A., Goldberg, I.E.,
The high variability of the primary visual cortex in humans Weisskoff, R.M., Poncelet, B.P., Kennedy, D.N., Hoppel, B.E.,
[17] can explain differences between the sizes of activated Cohen, M.S., Turner, R., Cheng, H.M., Brady, T.J. and Rosen,
areas upon binocular stimulation on fMRI between sub- B.R., Dynamic magnetic resonance imaging of human brain activ-
jects, as we showed earlier [15], but not the differences ity during primary sensory stimulation, Proc. Natl. Acad. Sci., 89

. o . . : : (1992) 5675-5679.
found in activation of both visual cortices upon stimulation (8] Menon, R., Ogawa, S., Kim, S.-G., Ellerman, J.. Merkle, H., Tank,

of each eye separately. The fact that we did not find a D. and Ugurbil, K., Functional brain mapping using MRI: signal
significant difference in the left eye dominant group is changes accompanying visual stimulation, Invest. Radiol., 27
probably due to the small sample size. (Suppl. 2 )(1992) S47-S53.

In previous fMRI studies that used photic stimulation [9] Miles, W.R., Ocular dominance in human adults, J. Gen. Psychol.,

A 3 (1930) 412-420.
thus far usually both eyes were stimulated. In the study of [10] Ogawa. S.. Lee, T.M., Kay, A.R. and Tank, D.W., Brain magnetic

Heqe@ (6] th? six controls Shqwed S_ymmetric pattern; of resonance imaging with contrast dependent on blood oxygenation,
activation during monocular stimulation, but no attention Proc. Natl. Acad. Sci., 87 (1990) 9868—9872.

was given to whether the size of the activated area differed [11] Ogawa, S., Lee, T.M., Nayakm, A.S. and Glynn, P., Oxygenation-
between left and right eye stimulation. sensitive contrast in magnetic resonance imaging of rodent brain at

. high fields, Magn. Reson. Med., 14 (1990) 68-78.
The concept of ocular dominance was already formu [12] Ogawa. S., Tank. D.W., Menon. R., Ellerman, J.M., Kim, S.-G.,

lated in 1593 by Porta [14], and is of important, but mostly Merkle, H. and Ugurbil, K., Intrinsic signal changes accompanying
unconscious, practical use to everyone, but received little sensory stimulation: functional brain mapping with magnetic reso-
research attention thus far. There exist several forms of nance imaging, Proc. Natl. Acad. Sci., 89 (1992) 5951-5955.
ocular dominance, but sighting dominance is the most 13! '(’g;‘g)' é:éoaré‘;?core”' S., The dominant eye, Psychol. Bull., 83
Commonly measqred and_ most re“ably_ obtamed form [14] Porta, I.B., De Refractione. Optics Parte: Libri Novem. Ex officina
[13]. In an extensive overview of the pertinent literature, Horatij Salvania, Naples: apud lo lacobum Carlinum and Anot-
Porac and Coren found that 65% of the subjects studied nium Pacem, 1593.

showed right eye dominance, 32% left eye dominance and[15] Rombouts, S.A.R.B., Scheltens, Ph., Hoogenraad, F.G.C., Barkhof,
3% no consistent dominance, which is in accordance with F., Sprenger, M., Heethaar, R.M. and Valk, J., Reproducibility of
the findings in our small sample [13]. It is independent of g:;;clt\'ﬁvslte? ‘?\Izﬁrg} hgga?lggg)alsggtex as measured with func-
age, race, cultural differences, and handedness or footedy;¢) Scheltens,yPh., Romb,outs, S.A.R.B., Hoogenraad, F.G.C., Barkhof,
ness. To our knowledge, no pathophysiological correlate F., Heethaar, R., Sprenger, M., Polman, C.H. and Valk, J., Ocular
for this concept has ever been found. Our fMRI results dominance: evidence from functional MRI (fMRI), J. Neurol., 243
indicate that the dominant eye actually activates a larger _ (1996) S28.

. . ) . [17] Stensaas, S.S., Eddington, D.F. and Dobelle, W.H., The topography
area of the primary visual cortex than the non-dominant and variability of the primary visual cortex in man, J. Neurosurg.,

eye. This may prove fMRI to be a useful tool in studying 40 (1974) 747-755.

the functional basis of ocular dominance. Moreover, our [18] Thulborn, K.R., Waterton, J.C., Mathews, P.M. and Radda, G.K.,
results point to the fact that in fMRI studies using photic Oxygenation dependence of the transverse relaxation time of water
stimulation of the visual cortices ocular dominance should ~ Protons in whole blood at high field, Biochim. Biophys. Acta, 714

. . . (1982) 265-270.
be taken into account, especially when studies are [19] Woods, R.P., Cherry, S.R. and Mazziotta, J.C., Rapid automated

d_GSign'ed to discover .diffe'rences' between' the |eﬁ E_md algorithm for aligning and reslicing PET images, J. Comput. Assist.
right visual pathways, i.e. in studies of optic neuritis in Tomogr., 16 (1992) 620—633.
multiple sclerosis patients.



