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IT has been suggested (Marshall and Talbot, 1942) that the faculty
of depth perception is, to a considerable extent, dependent on the
occurrence of small independent movements of the two retinae.
Moreover, exact knowledge of eye movements is necessary for a
proper understanding of many other visual phenomena and is likely
to be of clinical interest also.

Since the photo-electric corneal reflex method of measuring eye
movements (Lord, 1948) has the highest sensitivity consistent with
little interference with the subject, this method has been extended to
the measurement of binocular eye movements ; with the new
apparatus, records are taken with the subject sitting up.

EXPERIMENTAL METHOD

The principle is similar to that used in the investigations on
supine subjects (Lord, 1948 ; 1949). At present, simultaneous
investigations of both eyes, in one direction at a time, can be made.
It is hoped eventually to expand the apparatus so that movements
of both eyes in two directions can be recorded simultaneously. For
completeness, the principle of the expanded apparatus will be
described here.
When the subject looks binocularly at the fixation target, each

cornea is irradiated by an ultra-violet beam (A 3650A) directed
towards the appropriate blind spot so that the subject is practically
unaware of the ultra-violet beams. At each cornea, partial
reflection of the ultra-violet beam occurs and each reflected beam
strikes a half-aluminised mirror where it is divided so that one part
falls on a horizontal straight-edge (or wedge (Lord and Wright, 1949),
direction of increasing density vertical) and the other on a vertical
straight-edge (or wedge, direction of increasing density horizontal).
As the eyes move, more or less radiation passes each straight-edge
(or wedge) and that passing is focused onto an electron multiplier
photocell ; the output of each multiplier is amplified and fed to a
,cathode ray tube; the vertical traces on the four tubes are

* Received for publication September 19, 1950.
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photographed simultaneously, one above the other, on a continuously
moving film travelling in the horizontal direction. Dots at intervals
of 0.02 sec. are marked along the middle of the film by focusing
on it the image of a point illuminated by a discharge lamp in series
with a half-wave rectifier. The eye movements can be deduced
from the four records on the film.
APPARATUS.-A general view of the apparatus is shown in Fig. 1.
The subject sits on the stool (St) and bites on the dental impression
mouthpiece (Mp). Parts of the covering of the right and left eye
optical systems (COR and COL respectively) can be discerned.
AR and AL are amplifiers; DT is a box containing two cathode ray
tubes; the moving film camera for photographing the tube traces
is situated under stool (St) ; T is a table for the use of the operator.
The various parts of the apparatus are described in detail below:

(i) Optical System.-The lay-out of the optical system is shown in Fig. 2. Since the
right-eye and left-eye optical systems are similar, only that for the right eye is labelled.
As far as possible, the lettering corresponds with that of Figs 1 and 2 in Lord (1948).
The system (indicated by suffix V), for use with the beam reflected from the half-
aluminized mirror (M%) remains to be added; it is a replica of that (indicated by
suffix H) used with the beam transmitted by M%.
The distance from the high-pressure mercury vapour source (S) of ultra-violet

radiation to the subject's cornea (C) has been reduced to 3j ft., i.e., to approximately
half the value employed in the apparatus for investigations on supine subjects ; the
mode of image formation at the cornea is, however, unchanged. This has been
accomplished by reducing the side of the square aperture (S), the focal length of each
of the lenses (L,) and (L,), and the distance from C ofS, and L,; the side of the square
aperture (S2) is unchanged and is situated as before in the focal plane of lens (L2), whose
distance from C is unchanged. The change from the supine to the upright posture has
enabled the mirror, M1 (Lord, 1945) to be dispensed with. The part of the ultra-violet
beam reflected at the cornea is directed along the axis of lens (L,) by the mirror (M);
the focal length of lens (L,), the optical-path length from C to L3, and that from L:j to
each straight-edge (EH) and (Ev) are unchanged, and so also, therefore, is the mode of
image formation at EH and Ev. The optical-path distance between C and each
electron multiplier (EMH) and (EMv) has also been reduced to 32 ft., but the position
and focal length of each cylindrical lens (LH), (LH), (Lv) and (Ev) are such that the
mode of image formation at EMH and EMv is unchanged.
The fixation target (F) can be set at various distances from the subject, as indicated

in Fig. 2, but is always arranged to lie on the visual axis of the subject's right eye when
this eye is looking straight ahead. Hence, when F is fixated binocularly, the direction
of the visual axis of the left eye is different for each position of F. The direction of the
left-eye ultra-violet beam must, therefore, be adjustable if this beam is to fall on the
blind spot whatever the position of F. This adjustment is secured by mounting the
left-eye optical system on a platform which can be rotated about a vertical axis passing
through the nodal point of the subject's left eye (Fig. 2); Wh1 (Fig. 1) is the wheel
controlling this movement. Since the inter-pupillary distance varies from subject to
subject, it is also necessary for the horizontal separation of the right- and left-eye
optical systems to be adjustable. This is provided for by mounting the platform
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bearing the left-eye optical system on a slide so that it can be moved towards or away
from the right-eye system (Fig. 2); Wh, (Fig. 1) is the wheel controlling this movement.

It was found that the wearing of spectacles by the subject did not interfere with the
investigations, and any refractive errors are corrected in this way.

Using an artificial cornea, the system was calibrated in the same manner as the
apparatus for investigations on supine subjects ; similar results were obtained.

(ii) Electrical System. This is also similar to that used in the investigations on
supine subjects. To enable the same maximum sensitivity (6 mm. screen deflection per
minute of eye movement) to be attained with less ultra-violet radiation incident on the
subject's cornea, the value of the resistance in the multiplier output circuit has been
increased three-fold. As the circuit diagram in Lord (1948) contained some errors,
an amended diagram is shown in Fig. 3.

(iii) Positioning the Subject. A '' close-up " of the mouthpiece holder is shown in
Fig. 4 ; the fixation target (F) is also visible. To facilitate the positioning of the
subject, provision has been made for various rotations of the mouthpiece in addition
to the customary three mutually perpendicular translations. KI, K,, and K3 are the
knobs controlling the conventional side to side, back and forth, and vertical translations
respectively. Turning knob (K1) causes the mouthpiece to be rotated about a horizontal
axis passing through the centre of rotation of the subject's right eye ; movement of
the platform (P), which is pivoted about the point (A), produces rotation of the mouth-
piece about a vertical axis passing through the centre of rotation of the subject's right eye.
When sufficiently dark-adapted, the subject bites on the mouthpiece and adjusts the

position of his head by manipulating knobs (K, ), (K), and (K) only, until the correct
relativity (Lord, 1948 1949) of the fixation target, blue haze, and ultra-violet bean]
for the right eye is attained, and the blue haze is as sharp as possible. Then, by
manipulation of K,, P, and Wh, only, the subject secures the correct relativity and
focus for the left eye also; theoretically this process does not alter the position of the
centre of rotation of the right eye. The subject continues with the right-eye and
left-eye adjustments in turn until fluorescent patches are visible to the operator on
both left- and right-eye fluorescent screens (Fig. 2, FH). The operator then continues
with the two sets of adjustments until each fluorescent patch is in focus and incident
upon the central phosphorescent dot of its fluorescent screen. Recording is then
carried out as previously described (Lord, 1949). In contrast to the supine case, up
and down movements produce changes in the amount of light passing the horizontal
straight-edge (E,,), and side to side movements produce changes in the amount passing
the vertical straight-edge (E,). To obtain side to side records with the uncompleted
apparatus. E, is replaced by E,.

RESUILTS

The apparatus has been used for the investigation of monocular-
fixation eye movements (Lord, 1950a) and of a case of nystagmus
(Lord, 1950b) in addition to the binocular-fixation head and eye
movements to be described here.
To record head movements, an artificial cornea (Lord and Wright,

1948) was attached to the skull in the usual manner, except that it
was situated on the nasal side of the subject's left eye rather than in
front of the right eye ; it was thus possible to record head movements
while the subject fixated binocularly. Records for W.D.W. and
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R.S.L. (the only two subjects with suitable teeth for the experiment)
are shown in Figs 5 and 6 respectively; the movements are very
similar to those recorded with the subject sitting up but not fixating
(Lord, 1950). The average value of the maximum (sideways)
periodic displacement is 0.035 mm. for W.D.W. and 0.024 mm. for
R.S.L. Day-to-day variations are again found in the amplitude of
the head movement pattern.

Figs 7 to 10 show eye records for subjects W.D.W., R.S.L.,
L.C.T., and R.W.G.H. respectively, for binocular fixation of a bright
disk, angular diameter 1 minute, distance from the subject 5j ft. The
records have many features in common with those for monocular
fixation with the subject sitting up (Lord, 1950a). The head-
movement pattern can again be picked out in almost all records,
and its magnitude shows day-to-day variations. The average
maximum value of the periodic head movements, as deduced from
the side-to-side eye records of W.D.W. and R.S.L., is 0.026 mm. for
each subject. This value agrees with that deduced from the artificial
cornea records for R.S.L. with or without binocular fixation (Lord,
1950a) and with the value deduced from the artificial cornea records
for W.D.W. without fixation ; it is, however, appreciably lower than
the average value for both subjects deduced from their monocular
fixation eye records, and that for W.D.W. deduced from the artificial
cornea records with binocular fixation. It would thus appear likely
that any effect of fixation on head movements is masked by day-to-day
variations. The average maximum value of the periodic head move-
ments of all subjects, 0.033 mm. agrees with the average value of
0.036 mm. obtained from the monocular fixation records of the same
four subjects. An interesting feature of the up-and-down records is
that periodic head movements deduced from the left- and right-eye
records are out of phase ; this presumably indicates that some head
movement occurs about a horizontal axis perpendicular to the front
of the subject. The phenomenon is illustrated in figures 7L, 8L, and
9L, for W.D.W., R.S.L. and L.C.T. respectively.

It appears from the records that the eyes rotate at the same time,
in the same direction and, in general, by the same amount. For all
subjects, flicks starting in the downward direction are hardly ever
found (Lord, 1950a ; Lord and Wright, 1948) ; flicks starting to
the right are about twice as frequent as those starting to the left,
except for subject W.D.W., for whom they occur with about equal
frequency. The value of the average interval between flicks, as
deduced from the binocular fixation records are 0.76, 0.89, 10, and
10 seconds for W.D.W., R.W.G.H., L.C.T. and R.S.L. respectively.
The value for R.W.G.H. is in fair agreement with the monocular
value of 0.86 seconds for both supine and upright positions. For
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W.D.W., the binocular value is intermediate between the monocular
values obtained for the upright (Lord, 1950a) and supine (Lord and
Wright, 1948) positions. For R.S.L., the binocular average is
somewhat smaller, and for L.C.T. somewhat larger, than the
corresponding monocular average; these variations may not be
significant, because, on account of their slow flicking speed, averages
for R.S.L. and L.C.T. are based on comparatively few values.
With all subjects, the recording of both eyes simultaneously was

found easier in the side-to-side than in the up-and-down direction.
In the case of R.W.G.H., no satisfactory record of both eyes
simultaneously has yet been obtained in the up-and-down direction:
Figs lOLL and lOLR show up-and-down records made on separate
occasions for the left and right eyes respectively ; for the side-to-side
direction, however, satisfactory recording has been accomplished
of both eyes simultaneously (Fig. lOS).
The duration and magnitude of the flicks remain at 0.02 to 0.03

seconds and from 2 to 25 minutes of the arc respectively. The gaps
at B and B' in records 7L and 8S respectively are due to blinks.

DISCUSSION

In order to deduce the movement of the retina, relative to the
image of a fixation object formed by the eye, from the results of any
existing method of investigating eye movements, some assumptions
must be made about the behaviour of the eye (Lord, 1950c). The
validity of theories of the visual mechanisms, based on retinal
scanning (Marshall and Talbot, 1942 ; Jones and Higgins, 1947)
therefore depends on the validity of the assumptions, and the
reliability (Lord, 1950c ; Lord and Wright, 1950) of the eye-
movement data employed. The data used are based on the results
of an investigation by Adler and Fliegelman (1934) who reported that
the normal eye is perpetually making high-frequency rotations,
magnitude about 2 minutes of the arc, with larger, slower frequency
excursions, superimposed. As far as is known, the existence of the
high-frequency movement has not been confirmed by other
investigators. In the dynamic (retinal scan) theory of depth
perception (Marshall and Talbot, 1942), it is further postulated that
the scanning movements of the two retinx are asynchronous; it
seems unlikely that this supposition will derive support from the
results described in this paper.

In the clinical field, the application of the photo-electric corneal
reflex method to the investigation of the effect of a posture change
on head and monocular fixation eye movements may be of
significance (Lord, 1950a). Moreover, the photo-electric apparatus
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appears to be well suited to the investigation of nystagmus of small
amplitude (Lord, 1950b) and further work with it on nystagmus and
other pathological cases might, therefore, be of value.

SUMMARY
The application of the photo-electric corneal reflex method to the

measurement of binocular eye movements of subjects in the sitting
position is described. To facilitate the positioning of the subject, a
mouthpiece holder of novel design has been evolved; variations in
the inter-pupillary distance are compensated for by altering the
separation between the left- and right-eye optical systems. Studies
of binocular-fixation eye records of four subjects indicate that
rotations of the eyes occur simultaneously, move in the same
direction, and are, in general, of the same amplitude; hardly any
movements starting in the downward direction have been found.
The records are similar to the monocular fixation eye records
obtained with the subject sitting up ; some variation in the average
flicking rate has, however, been found.
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