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PREFACE.

Tiue endeavour of this little work has been
to cull, from the many tests for the ocular
muscles scattered throughout ophthalmic
literature, a selection of the best, to be
interspersed with a few original ones, and
with several studies of the ocular move-
ments.

Since, moreover, the actions of the muscles
are so considerably modified by the influence
of Tenon’s Fascia, a simple account of that
membrane, taken chiefly from Motais, con-
tributes to completeness.

Chapters VII to XII can be read as an
independent section by those whose time is
not available for the more physiologicai
chapters, none of which, however, are with-

out some ultimate practical bearing.



vi PREFACE

To Dr. Percival special thanks are due tor
revision of the proofs and valuable criticisms
thereon ; also to Mr. Berry for many a helpful
thought in years gone by.

The subject is not without its interest
to physicians and neurologists, even when
treated from an ophthalmic surgeon’s point
of view, and that the book may be of
practical service to many who meet with
muscle problems in their daily work, is the

hearty wish of its writer.

LaxspowNE Roan,
BourNEMOUTIH,
July, 1898.
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EXAMINATION
OF ¢ LHE: OCIILAK - MUSCEES.

CHAPTER I.
THE GLOBE AND ITS SOCKET.

HE motions of the eyes are notable for
their combination of silence, swiftness, and
precision.,

The silence of the eye, or, at least, the absence
of audible sound, is all the more remarkable
because of the proximity of the organ of hearing,
and the ready conduction of sound by bone.

The swiftness of the eye-ball itself is not,
perhaps, greater than that of adept fingers, nor
is it desirable that it should be in the interest
of its delicate contents; yet the act of winking
or “twinkling of the eye” has always been
accepted by common consent as the briefest
measure of time expressible by the human body.

The precision of the ocular movements, together
with the perfect co-ordination of the two eyes, is
the most important virtue of the three, and is
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evidenced in thousands of ways everv day. One
example only need be given, namely, that in
watching a small moving object in the distance,
such as a bird a mile away, it is seen single
instead of double, which could not be unless both
eyes followed the object with the keenest exactness.

Akin to this, we may mention the steadiness
of the eyeball in observing a fixed point; a
steadiness, however, which is not inherent in the
ocular muscles, but which is maintained by an
exquisite “visual reflex ” mechanism.

When the eyelids are closed the globes are
in almost perpetual motion, as any reader may
verify by laying the tips of his forefingers over the
closed upper lids : moreover, if one eye be covered
while the other is observing with comparative
steadiness a fixed point, the covered eye does
not share the steadiness of its fellow, but wavers
slowly from side to side. This is easily demon-
strated by the visual camera (Chap. xiv), which de-
tects the movements of an eye placed in the dark.

Even in the light, an eye is unsteady unless
occupied with a fixed object, as when, for in-
stance, it only sees a false-image of an object,
the true image of which is seen by the other eye.

The absolute steadiness of the eye, observed
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during the study of minute objects, is entirely
beyond our voluntary control, and [ think we
may fairly describe the parts played by volition
and reflex action respectively, when we say that
the former directs the eye, and the latter steadzes it.
It is true that in daily life the point of fixation
is constantly on the move, but then it does not
move in a wavering way, but purposefully, and in
looking at an object it flits, as it were, from one
salient point to another, dwelling upon each long
enough to let the mind grasp the new picture
presented each time.

Under ordinary conditions we can turn our
eyes at pleasure from one object to another, but
there is a peculiar pathological state in which this
faculty fails, and in which the visual reflex appears
to gain the upper hand, so that the eyes can with
difficulty be made to look away from the object last
looked at. To this subject we shall recur later on.

The Ball of the Eye. — When we consider the
spheroidal shape of the eye-bali, and the three
characters of its motions as described in the com-
mencement of this chapter, we need not wonder
that astronomical language has been so freely
drawn upon for their description.

Thus we speak of the glode moving in its erdiz,
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(metaphorically like a planet); and distinguish its
axis, poles, meridian, and equator.

FPOSTR POLE

QPTIC
ANTE Fm.f.& ——————

EQUATORIAL _FLANE _

Fir 1.

The anterior pole is the mid-point of the cornea
in front: the posterior pole the mid-point of the
sclerotic behind (as in Fig. 1).

The axis of the eye, often called the “optic

axis,” extends between these poles.

The eguator is a circle or belt of the globe

mid-way between the two poles
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The meridians are circles, each of which passes
through detk poles so as to have the axis of the
eye for their common diameter.

In the study of the ocular motions we assume
the eye-ball to be spherical, though it is not
strictly so, but flattened from before backwards,
so as to form a regular *“oblate spheroid,” inter-
rupted by the prominence of the cornea in front,
which has a stronger curvature.

Ocular Museles.—Each eye-ball receives the in-
sertions of six muscles, namely, four Recti, and
two Obliques. |

The Recti have an almost common origin
around the optic foramen (embracing the optic
nerve at its entrance into the orbit) and course
forwards, diverging as they go, to embrace the
globe for a short distance before reaching their
insertions.

The Superior and Inferior Obligue muscles act
upon the eye from the upper and lower corners
respectively of the inner wall of the orbital outlet.
Their anatomy is described on p. 68.

The motions of the globe take place unerringly
under the guidance of these six delicately-pro-
portioned muscles, the importance of whose con-
tribution to our daily comfort is not realised till
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one of them is disabled from any cause, and we
see double.

Normal Motions.—The ordinary movements of
the eye are limited to rotations of various kinds,
no appreciable translation being possible, so
that the eye-ball has only three, instead of six,
“degrees of freedom.” We shall see that in per-
fect physiological conditions it loses even one of
these three. It is true that certain animals
possess a “retractor muscle of the globe,” capable
of drawing the eye deeper into the recess of the
orbit, but in man, evop/ithalos and enophithaliios
are only known as pathological conditions, due,
in part at least, to spasm and relaxation of the
unstriped “orbital muscle ” of Miiller, which spans
the spheno-maxillary fissure; in part to the
vascular conditions behind the globe; and pos-
sibly also to contraction or relaxation of the
unstriped muscular fibres described by Sappey as
existing in the internal and externai check liga-
ments near their orbital insertion. It is probable
that there occur, even in health, slight unnoticed
physiological variations in the prominence of the
eyes.

Orbits.
vations in the skull, the anatomy of which is too

The orbits are two deep conical exca-




THE GLOBE AND ITS SOCKET. T

well described in the text-books to need repetition
here.

At the apex of the cone are two apertures, the
optic foramen and the sphenoidal fissure, the
former transmitting the optic nerve and the
ophthalmic artery, the latter @/ the other nerves
but one, and the ophthalmic veins.

The inner walls of the two orbits are almost
parallel to each other, but the outer walls slope
outwards so strongly that the ares of the two
orbits (represented by imaginary lines from the
apices to the centres of the orbital outlets) diverge
from each other by from 24" to 30°.

The conical siZape of the orbit is to accommo-
date the cone of muscles, and its apparently
superabundant capacity is to permit the globe to
be sufficiently packed in with orbital fat which
plays a very important part in the formation of
its socket.

The orbital ou#let is narrowed a little by the
incurving of its upper and outer margins. Its
outer margin is considerably posterior to its inner,
being about 22 mm. behind the root of the nose,
12 mm. behind the anterior ridge of the lach-
rymal sac, and even 7 mm. behind the depression
for the trochlea of the superior oblique. A needle
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run transversely inwards athwart the outer margin
of the orbit would pierce the centre of an average
eye-ball. But great differences exist.

It is evident that the large size and conical
shape of the orbit would make it by itself a most
unsuitable socket for the eye to work in, but as
a matter of fact the eye-ball comes nowhere in
contact with it, and it constitutes something in
the nature of a strong scaffolding for the real
socket, as well as a storehouse for the orbital con-
tents. The real socket is the capsule of Tenon,
in conjunction with its supporting bed of orbital

fat, supplemented by the concave surface of the
eyelids in front.

Tenon’s Capsule.—.A// the structures contained
within the orbit are invested by sheaths derived
from one and the same aponeurosis. The cornea
is not of course strictly within the orbit. If it
were, it would form an exception to this statement,
since it is not thus invested, though all the rest of
the eye-ball is encapsuled.

This “common aponeurosis of the orbit” is in
parts exquisitely differentiated to suit the require-
ments of the ocular motions, and that part of it
which invests the sclerotic forms the outer layer of
Tenon’s capsule, or in other words, the external
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capsule of the eye. It is lined by a delicate 2nternal
capsule, which is of a different nature, being prac-
tically the serous membrane of the eye-ball.

The common aponeurosis of the orbit extends
from one structure to another, splitting to encap-
sule each, but it is convenient to commence its
study by distinguishing that part of it which is
specially in relation to the ocular muscles.

We have already secen that the hinder part of
the orbit is occupied by a group of muscles which
spring from the circumference of the optic foramen,
and separate as they proceed so as to form a kind
of cone of muscles.

Accompanying this muscular cone, there is an

Fig. 3.—Diagrammatic representation of Tenon’s Fascia.
aponeunrotic cone which extends from muscle to mus-
cle, splitting to invest each with a fibrous sheath,

and sending off layers here and there to enclose
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lobules of fat, vessels, and nerves. This cone of
fascia is attached at the apex of the orbit to the
periosteum round the optic foramen, and widens as it
advances till it gains the orbital outlet, to be rigidly
attached to the periosteum all round the margin

There is therefore (as shown in /FZe. 3) a kind
of cone of jfascia within a cone of bone, with this
difference between them, that while the bony cone
of the orbit contracts at its brim, the fascial cone
within it expands at its brim, so that an interval
exists between the two which is filled up with the
peri-ocular fat, the extra-muscular fat, the lach-
rymal gland, etc.

The fascial cone lodges the eye-ball in front,
and the retro-bulbar fat behind. It is divided
into two compartments—an anterior one for the
eye-ball, and a posterior one for the retro-bulbar
fat, by a hemispherical aponeurotic septum (F.£.C.
in Fig. 4), which adapts itself to the posterior
hemisphere of the eye-ball. This septum is given
off from the fascial ccne just opposite the equator
of the giobe all round, and from the same line of
origin springs a companion membrane (A4.£.C.)
which passes forward over the anterior hemi-
sphere, investing it pretty closely as far as the
margin of the cornea, where it becomes attached.
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These two eye-investing membranes, when re-
garded as forming one capsule, are sometimes
known as the outer layer of Tenon’s capsule. It
sends prolongations backwards in the form of
sheaths for the optic nerve, and for the various

Ind. C.L .

Int. R A

Fig. 3-—Tenon's Fascia (Trom Metais), fué C.L.and Exé. C.L.—Internal
and External Check Ligaments. fas. K. and Ext. B.—Internal and External
Recti. A.E.C. and P.E.C.—Anterior and Posterior External Capsule. /.C.L.
—Intra-capsular Ligament, or * Collarette.” [.C.—Internal Capsule. [D.—
Deep Layver of Muscular Sheath.

vessels and nerves which enter the eye, and is in
principle nothing more than a part of the common
aponeurosis of the orbit, though highly honoured
by the importance of the organ it invests, and
endowed with peculiar extensibility and elasticity.
The sheaths of the recti muscles, which we have
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hitherto looked upon as forming part of the
fascial cone, might with equal propriety be regarded
as being investments derived from this capsule,
similar to that which it sends along the optic
nerve, provided it be remembered that the sheaths
of the muscles are connected with each other by
more or less imperfect membranes which in turn
give off septa for the lobules of orbital fat.

Since on reaching the edge of each muscle the
fascial cone splits into two layers, one to cover
the orbital surface of the muscle and the other
to cover the deep surface, we find on studying a
longitudinal section of a muscle that we have to
take account of these two layers, as in Fig. 4.
The deep layer (D) becomes continuous at the
equator of the eye (/C.L.) with the posterior
hemisphere of Tenon’s capsule (Z.£.C.), so that
from thence forwards the deep surface of the
muscle and its tendon have no fascial investment.

When we consider the orbital layer of the
sheath we find the case is not so simple. As it
approaches the neighbourhood of the globe it
thickens, and becomes more closely attached to
the muscle itself, till opposite the equator the
attachment reaches its maximum ; after that it
quits the muscle altogether, though not until it
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has sent off a prolongation forward over the
tendon to contribute to the anterior portion of
the globe’s investment (A.E.C.), and proceeds in
the form of a thick band (Exz. C.L.) to the orbital
margin.

Check Ligaments.—The thick band, just spoken
of, is not a separate structure, but only a greatly
thickened strip of the anterior part of the fascial
cone which we described first of all, and which
has a continuous attachment all round the cir-
cumference of the orbital outlet. Its principal
thickened bands are, to use Tenon’s words, “sin-
cularly supple and elastic,” and are called the
internal and external “check ligaments.”

Sappey has described smooth muscular fibres in
them close to their orbital attachment.

Anteriorly they are, through the periosteum,
rigidly fixed to the orbit: by their posterior
extremities they are attached to—

(a,) The outer layer of the sheath of the muscle,
which it will be remembered is part of the fascial
cone described first of all ;

(b,) The muscle itself through both fibrous and
muscular attachments to the belly of the muscle
in that region ;

(¢,) To the posterior hemisphere of the fascial
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investment of the globe (P.E.C) by means of
a crescentic thickening of the deep layer of the
muscular sheath just where it is reflected (/.C.L.)
back on the globe. The check ligament draws
on the horns of this fibrous crescent (called by

Lockwood the “iuntra-capsular ligament,” and by
B
A
muscle, so that some suppose it to act as a kind

Motais the “collarette™), past the edges of the
of pulley or stirrup over which the muscle
works, and which keeps it from exerting injurious
pressure on the globe during its contraction.

Uses of the Cheek Ligaments.— Besides this action,

it is evident that the check ligaments, by acting on

Fiz. s.—(Motais.) The Check Ligaments during the primary position of the eye.

the posterior hemisphere of Tenon’s capsule, help
to draw the eye forward (like, e.g., the strings of
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a night-cap) against the backward traction of the
recti, and in this they are aided by the entire

Fig. 6.—(Motais.) The Check Ligaments during pariial contraction of the
Ext. Rectus muscle, the Int. Check Ligament heing in a state of maximum
relaxation, and the Ext. one being somewhat stretched.

anterior portion of the fascial cone of which they

are only thickenings.

Fig 9. —(Motais.) To show how, during full contraction of the Ext. Rectus,

the Ext. Check Ligament is stretched to its maximum length, and the lit.
is slightly stretched also.

By their direct attachments to the recti, too,
they moderate the power of backward traction,
even with respect to the muscular tone in the
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absence of voluntary contraction. When a muscle
contracts they act very beautifully, extending in
length, and acting no doubt according to Hooke’s
law “ uZ tensio, sic vis” so as to oppose greater
and greater resistance to the further contraction
of the muscle in strict proportion to their ex-
tension. (Compare Figs. 5, 6, and 7.)

Merkel pointed out that when a check liga-
ment is divided, an excessive rotation of the eye
is permitted, and to this Motais* has added proof
that at every stage of rotation less muscular power
is required’ to produce the same effect on the eye
after division of the ligament than when it is
intact, so that it is not only a ckeck ligament
but also a “ moderating agent of the movements
of the globe during the whole duration of muscu-
lar contraction.”

My thought is that they help to slow off the
movements of the eye towards their limits, so as to
avoid shock to its contents by sudden arrest or by
change of direction of motion. For when a con-
tinuous force acts on a moving body (unless the
resistance increases proportionately) there is a

I — — R— — e — -— ————

* Motais : “ Anatomie de lappareil moteur de l'eeil.”
Graefe und Saemisch, Band 1., p 59.
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constant acceleration of speed. Were such the
case with the eye, its motion would be far more
rapid at the end than at the beginning of each
movement. Owing to the provision made for this,

Fix. B.—A horizontal section of the Globe and it Membranes (afier Wodars),
EC.L. and [ C. L. —External and Internal Check Lizaments. A.%.C. and
P.E.C.—Anterior and Posterior portions of the External Capsule. [0, [.C.,
[.C'.—Reflection of Internal Capsule on the tendon. 5.5, —Serous DBursa.

I think that (if there be any difference) the motion
rather slows off as the limits of mobility are
reached, a greater and greater resistance being
interposed.

Indeed, we may think of the internal and ex-

>
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ternal recti as each possessing two tendons of
insertion—one inextensible tendon attached to the
olobe, and another highly extensible tendon
attached to the orbit, like the two limbs of a
letter Y. When the stem of the Y, which repre-
sents the belly of the muscle, contracts, let us
see what happens. At the commencement of a
muscular contraction almost all the force acts on
the globe, through the inextensible limb of the Y,
namely, the tendon, since the extensible one (the
check ligament) offers but little resistance, and
thus the early part of the movement of the eye
takes place with that velocity which is so valuable
for the requirements of life; but as the motion con-
tinues, more and more of the force is transferred
from one limb of the Y to the other, till at last it
nearly all acts on the rigid bone of the orbit. The
eye is thus preserved from the development of
excessive kinetic energy which, it will be remem-
bered, varies not as the speed merely, but as the
square of the speed. It is also preserved from ex-
cessive traction on its coats, which might distort it;
and the limitation of its arc of mobility is deter-
mined not so much by impediments acting against
the eyve-ball itself as by the restraint imposed on
the acting force. This is a perfect arrangement.
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The maximum extensibility of a check liga-
ment is 10 to 12 mm. (Motais), and this
exactly agrees with the known shortening of a
muscle which would be required to produce a
maximum excursion of the eye, say of 45°
or 50°.

The excursion does not cease because the eye-
ball itself is incapable of a more extreme rotation,
nor vet because the muscle has attained its
maximum contraction.

Of these two statements, the first is proved by
the fact that division of the check licament allows
a super - physiological effect on the eye-ball *
(Merkel), and the second by the fact that the
contraction of the rectus required for a maximum
physiological excursion of the eye is scarcely
more than a gwarter of its length, while it is
known that striped muscles are generally in their
maximum contraction shortened by /Za/f their
length. Motais pointed this out.

All the muscles of the globe seem to be provided
with something answering to check ligaments.
The following account of them is taken chiefly
from Motais,

* Graefe und Saemisch, Band 1., 1874
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External Check Ligament (Aileron lLgamenteux ex-
terne).—This is shown as £Zx/. C.L. in Fig. 4, and £.C.L.
in Fig. 8, and is a thick, greyish-white band, which leaves
the external rectus muscle near its anterior extremity,
proceeding forwards and slightly outwards, continuing in
very nearly the same direction as the belly of the muscle,
to the outer margin of the orbit.

Its mean breadth is 7 or 8 millimétres; its length
from the farthest back point of its adherence to the
muscle is from 18 to 2o millimétres. Its greatest thick-
ness, which varies between 3 and 6 millimétres, is at its
orbital insertion. These are the figures given by
Motais. He adds that it is not formed of a compact
bundle, but of a great number of compact fascicles,
some of which are very thin. In its posterior two-thirds
it 1s composed of a mixture of fibrous and elastic tissue:
in its anterior third M. Sappey discovered numerous
smooth muscular fibres.

The sheath of the external rectus muscle, thin and
cellular at the back of the orbit, becomes more and
more compact as we trace it forwards along its belly.
In its posterior two-thirds it is loosely attached to the
muscle. But, all of a sudden, about 2o millimétres
from the sclerotic insertion of the muscle, it thickens
considerably and plants itself on the muscle so firmly
that in detaching it we always tear some of the muscular
fibres. These adhesions extend forwards 5 or 6 milli-
meétres. The muscle then changes its direction to
incline inwards towards its sclerotic insertion. The
check ligament, instead of following the curve of the
muscle, abandons it, at an angle which varies according
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to the position of the globe, to reach the margin of the
orbit, where its insertion has a breadth of 7 or 8 mm.,
and a depth of 3 to 6 mm. The upper border of the
ligament is reinforced by a band from the superior
check ligament.®

Internal Check Ligament (Aileron ligamenteux in-
terne).—This is shown as Za¢. C.1L. in Fig. 4, and L.C.L.
in Fig. 8, and is broader, but thinner, than the external
check ligament It has no interstices like the latter.
Its colour i1s a yellowish gray, and near the orbital
margin a pale red.

Though the prominence which forms it is much less
differentiated from the neighbouring parts of the apo-
neurosis than that of the external ligament, it can easily
be distinguished when it is put on the stretch by drawing
on the internal rectus muscle behind.

Its breadth 1s from 8 to 10 millimétres. Its length
from the posterior extremity of its attachment to the
muscle to its bony insertion is from 15 to 18 mm.
Its thickness is from 1 to 13 millimétres, near to its bony
insertion.  In very fatty orbits, if the muscles are
atrophied, it is the least distinct of all the check
lignments. Panas says that it is fused (by an expansion
which covers Horner's muscle) with the internal pal-
pebral ligament, so that when the right internal rectus

* Panas says that between this check ligament and the
corresponding palpebral ligament, and the sub-conjunctival
fascia, there exists a space containing fat, and the small
accessory lachrymal gland, which, he says, we constantly dis-
cover in the operation of canthoplasty.
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contracts, it draws back the inner commissure of the
lids, the semilunar membrane, and the caruncle, at the
same time that it compresses the lachrymal sac,

=

Fig. g.—[After Motais.] View from above, the Levator Palpebrae (L.F.)
}JE;IIJ;.T reflected forwards, to show how the fascia is reflected from its under
surface. at &, on to the upper surface of the Superior Rectus (5.%8.) Compare
Kin Fig. 1o, K5 and 7.5.—External and Internal Superior Check Ligaments.

Superior Check Ligaments.—These are two. Owing to
the broad tendon of the levator palpebra being interposed

between the superior rectus and the orbital margin, the
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superior chcck ligaments from the superior rectus cannot
reach their orbital insertions except by passing each
border of the levator palpebra tendon. Were there a
single median check ligament, it would have to pierce
this intervening tendon to reach the bone (see Fig 9).

That this affords an explanation for there being two
superior check ligaments is shown by the fact, noted by
Motais, that those vertebrata which possess a levator
palpebra have these ligaments double, whereas those
which possess no levator have a single median ligament.

He describes the infernal superior check ligament (1.5.)
as a fibrous cord which leaves the inner border of the
superior rectus muscle, applies itself to the tendon-
sheath of the superior oblique muscle, and is inserted
with it at the trochlea. Sometimes a few muscular fibres
run into it, and in any case it is intimately adherent to
the muscle, just as the internal and external check
ligaments are to theirs.

The external superior check lfeament (E.5.) is a more
flattened band than the preceding cord, and divides
into two, one portion joining the upper border of the
external check ligament, and the other portion reaching
the orbital margin midway between this and the outer
extremity of the tendon of the levater palpebre,

The Inferior Check Ligaments are also two, but are
a little difficult to understand.

That of the inferior rectus leaves the sheath and belly
of the inferior rectus at the point where that muscle
begins to curve round the globe, adhering intimately to
the muscle and to its thickened sheath, for a length of
5 or 6 millimetres (see Z.L. in Fig. 10).
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[t proceeds to the middle part of the inferior oblique
muscle (/7. 0.), splitting into two so as to embrace it, as
shown in the figure, establishing thus a strong connec-
tion between these two muscles.

- e Rl o
T e Y e e _"..-__—___;_M_..--""f_
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Frg 1o —(After Mo‘a’s) Vertical longitudinal seciion of Eyeball and
adnexa. N .—Reflexion of fascia from the under surface of the Levator
Palpzbrie on to the upper surface of the Superior Rectus. C.—Part of the
funnel-shaped expansion proceeding to the margin of the orbit. P.—Expansion
to contribute to the anterior part of the capsule. [.K.—Inferior Rectus. J[f.0.

—Inferior Obligue. /.L_ —Check Ligament of the Inferior Rectus, embracing
the Inferior Oblique.
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Its appearance is whiter, and its structure more
exclusively fibrous than that of the other check liga-
ments, so that, with a maoderate thickness, it i1s as
resistant as the external check licament itself (Motais).
It obtains no direct insertion into the margin of the

Fig, 1n.—(Motais.) View of the wnder surface of the Eyehall, the floor of the
orbit being removed to show the Check Ligament (L.¢2.) of the Inferior Obligque
muscle (£.¢2) These form two limbs of a v, the stem of which is the Check
Ligament (L.f.R.} of the Inferior Rectus (/a/. R.], seen to embrace the
Inferior Oblique. Jfu#. K.—Internal Rectus, S.K.—Superior Rectus.
orbit, but only through a loop of which one limb is
formed by the inferior oblique muscle and the other
limb by the check ligament of that same muscle.
This is shown in Fze. 11. For this reason it is that
Fig. 10 looks as if the check ligament of the inferior
rectus had no insertion except its slender offshoot to the
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eyelid, which, however, accounts for the eyelid being
drawn down during contraction of the inferior rectus.

We have seen that it embraces the inferior oblique
muscle, in Figs. 1c and 11. From the point where it
does so springs the structure we have next to consider.

The Check Ligament of the Inferior Oblique.—
This fibrous bundle (Z.0. in ZFig. 11), derived in part
from the fibres of the check ligament of the inferior
rectus, in part from the sheath of the inferior oblique
muscle, leaves the anterior berder of the inferior
oblique about 8 or 1o millimétres from its orbital
origin, and from thence courses obliquely outwards
and forwards. It forms an obtuse angle of about 120"
with the check ligament of the inferior rectus muscle.
With the inferior oblique it forms an angle of about
11o. Its length is from 10 to 12 millimetres, and it
is inserted into the lower outer angle of the orbit, 4 or
g millimétres behind the orbital margin, about midway
between the external check ligament and the origin of
the inferior oblique.

This bundle is the most pearly looking, the most
purely fibrous of all the aponeurotic lamelle of the orbit.

Its breadth varies at different parts of its course ;
in the middle, 2 or 3 millimetres ; at its muscular
insertion, 7 or 8 millimétres; at its bony insertion, ;5
or 6 millimetres. It presents, therefore, the shape of
two triangles united by their apices.

Motais thinks it acts not only as a moderator for
the inferior oblique, but also as a pulley of reflection.
Together with the inferior oblique itself, it forms a kind
of musculo-aponeurotic loop, the two ends of which
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are inserted near the orbital margin, one at rthe outer
angle, the other at the mner angle. And the check
ligament of the inferior rectus muscle embraces the
middle portion of this loop, so that when the inferior
rectus begins to contract, its check ligament stresses
the loop.

The check ligament of the inferior rectus has there-
fore for its orbital insertions the tendon of the inferior
oblique muscle, and the check ligament of the same
muscle like the two limbs of a Y.

The connection of the Levator Palpebrz Muscle with
the Superior Rectus deserves a passing notice, since these
muscles work so uniformly together.

From the upper surface of the sheath of the superior
rectus, near its inner border, and along its whole length
from the apex of the orbit to the equator of the eye-
ball, is given off a sheet of fibro-cellular tissue, which
reaches the under surface of the levator, and splits into
two to enclose that muscle, thus providing it with a
sheath.

On reaching the equator, however, the upper surface
of the sheath of the superior rectus is reflected (A in
Fie. 10) as a whole on to the under surface of the
levator, describing a strong curve, with concavity back-
wards, In its passage from one muscle to the other. A
prolongation (/£), however, still continues to cover the
outer surface of the tendon of the superior rectus, and
forms, in fact, part of the anterior hemisphere of the
external capsule of the eye. From the upper surface of
the levator is given off a fascial layer (C'), which goes
to the orbital margin, and forms part of that fascial
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cone in the orbit which we commenced this whole
subject by describing,

Internal Capsule of the Globe.—This thin trans-
parent membrane, which is represented blue in Fzgs.
S and 10, is lined on its sclerotic side by endo-
thelial cells, and envelops the whole eye as in a
hollow sphere as far forward as the insertions of
the tendons, being in shape closely adapted to
the globe.

By its outer surface, it is attached to the more
resistant outer capsule. Underneath the tendons
of the muscles, however, these intervene between
it and the outer capsule. In this situation it runs
forwards to the insertion of the tendon, and is then
reflected backwards on to the under surface (/.C)
of the tendon and muscle, as far as the collarette,
and mounting round its edges to gain its upper
surface, it there forms a serous bursa (5.5.) which
is elongated antero-posteriorly, and partitioned
inside by filaments of cellular tissue.

Tenon’s Space.—Between the inner capsule and
the sclerotic is Tenon’s space, which is really a
lymphatic sac surrounding the globe as far forward
as the insertions of the muscles.

Injections practised into this space show that
it communicates freely with the supra-choroidal
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space through the openings in the sclerotic which
transmit the vasa vorticosa, and also by means of
its tubular prolongation round the optic nerve it
communicates with the arachnoid cavity around
the brain.

Numerous delicate fibrous connections exist
between the inner capsule and the sclerotic,
which remind one, though much finer, of the
loose cellular tissue between the occipito-frontalis
tendon and the peri-cranium, and no doubt play
a part in the motions of the eyes, which is very
similar to that which the sub-tendinous tissue plays
during contraction of the occipito-frontalis.

From what we

Movements of Tenon’s Capsule.
have now studied of Tenon’s capsule, we may see
at once that it differs entirely from such a bony
socket as that of the acetabulum, since being
fixed to the globe near the cornea, and loosely so
at the optic nerve, it accompanies the motions of
the globe to a large extent. Not entirely, however,
except just in front, for its elasticity allows it to
“give” in some places more than in others.

Motais has shown by careful experiments that
the fatty tissue which immediately surrounds the
olobe, also to a large extent accompanies 1ts move-
ments, and every succeeding layer moves less
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than the one within it. He suggests that the
real socket is formed by the inside of the eye-lids,
since they move least in accordance with its
motions, but the fact of the matter is that the
eye is an organ su: generis, and must not too
closely be compared to a bony joint. When we
remember the elastic nature of its connections, it
strikes us as exceedingly wonderful that the centre
of motion of the eye should remain so stationary
as it does while it is acted on by such various
muscles.

Why the external Cheeck Ligament should be
Thicker and more Powerful than any other, is not
at first sicht evident, but it may possibly be ex-
plained by the fact that the ocular muscles a//
rise nearer the median plane than they are in-
serted, and unless some special provision existed,
the eye-ball as a whole might be drawn too much
inwards. As it is, however, it is poised in the
aponeurotic funnel, or fascial cone which extends
from the margin to the apex of the orbit, and the
outer part of this funnel between the globe and
the orbit is endowed with greater strength than
any other portion.

Bearing of the Check Ligaments on Tenotomy.—
Motais called attention to the way in which the
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check ligaments affect the result obtained by a
tenotomy, and the following are almost his own
words :—

“The tendon, say of the internal rectus, is cut.
Immediately, by its tonicity alone, the muscle
retires backwards, drawing the tendon with it, it

may be, lct us say, 5 mm,

Fig. 12.—{Motais.) To show the effect of Tenofomy, m being the Muscle
before. and s’ after. the operation. C.L. is the Check Ligament before operaticn,
and c.L’. the same elongated after operation by recession of the muscle,

“The check ligament adhering on one hand to
the muscle, and fastened on the other hand to the
orbit, can only lend itself to the retreat of the
muscle by elongating 5 mm. (compare Fig. 12).

“ Henceforth, therefore, in consequence of the
new anatomical conditions introduced by the

tenotomy, the check ligament, during muscular
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repose, will already be experiencing an elongation
of 5 mm. But we know that its maximum elon-
oation is not greater than 10 to 12 mm. It has
consequently only 5 to 7 mm. of further length-
ening at its disposal, during muscular contraction.
There results a proportionate insufficiency of
adduction, a diminution in the arc of rotation.

“But that is not all. The tension of the liga-
ment, feeble at the commencement of elongation,
gradually increases. The more it elongates, the
greater becomes its tension, the more energetic
becomes its resistance to muscular action.

“If the tenotomy has already produced a
lengthening of the ligament 5 mm., the muscle
from the beginning of its contraction will be
restrained by a ligament already considerably
stretched. Its contractile power will, by just so
much, be lessened.

“Therefore, we shall have at once from the
licament, diminution of the extent and of the
enerey of the muscular action.

“In advancements, the same phcnomena occur
in the opposite sense.

“The ligament i1s advanced at the same time
as the muscle. In its new position its two points

of orbital and muscular insertion being brought
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nearer to each other, it i1s of course relaxed,
(Fig. 13).

“If the advancement be 3 mm. the ligament will
not reach its maximum extension till 3 mm. later,
if I may so express it.

f.rq_‘ 13.—I Motais) To show the efflect of Adrancemen?, M '|u_'i.|1-‘_1 the Muscle
before, and m' after, the operation. c¢.L. s the Check Ligament before the opera-
tiﬂ[], and .1 . Lhu Salne relaxed ;lfl!l::r (r;:-:-r.’nr.iun.

“ Further, the ligament, being completely relaxed
at the beginning of contraction, during the first
three millimetres will be slack to resist the
muscular contraction. We shall have, therefore,
at the same time, an increase of the eafens and

of the energy of the muscular action.”*

* % L’'appareil moteur de l'ceil.” (1887), pp. 147 to 150.
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CHAPTER L
THE OCULAR MOTIONS.

A UNIVERSALLY mobile body is capable of no
fewer than six independent motions, which are
called *degrees of freedom.” It can be trans-
lated as a whole in any three directions at right
angles to each other, or be rotated about any
three axes at right angles to each other.

Translations of the Globe.—If we regard the
head as fixed, and confine ourselves to the study
of the voluntary motions of the eye-ball, we shall
find it approximately true that translation of the
globe is forbidden in virtue of its attachments to
the orbit.

Were we to investigate this statement very
strictly, we should not, however, find it rigidly
true, since the centre of motion lies a little further
back than the geometrical centre of the eye-ball,
in consequence of which the globe is slightly
translated in whatever direction the eye is made
to turn. On looking to the right, the globe is
translated slightly to the right; on looking to



THE OCULAR MOTIONS. 35

e s = e =

the left, to the left, and so on. In the maxi-
mum excursions of the eye, this translation is
probably not less than 1, or greater than 2
millimetres.

Centre of Motion.— The distance between the
mid-point of the optic axis and the centre of
rotation 1s given by Donders and Mauthner
as follows :—

e — - e ————— e — e ———

REFRACTION. DONDERS. MAUTHNER.

|
|
!
|
» Myopla - - - I'75 mm. i 1'82 mm.

In Emmetropia 1'77 mm. [°24 mimn.
2 i |
,, Hypermetropa - | 2°17 min. 1'47 mm.

Since, except to the trifling extent just noticed,
translation is denied to the eye, we may now turn
our attention to its rotations.

Rotations.— A sphere deprived of translation
might still be able to rotate, and that about three
axes at right angles to each other, and (which it
is convenient to specify as a vertical axis, a trans-
verse axis, and a fore-and-aft axis). Rotations
about all other axes are resolvable into rotations
about two or more of these, from which it follows
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that a sphere which enjoys three degrees of
rotational freedom can rotate about just as many
diameters as it is conceivable for a sphere to
possess,

We have, therefore, next to enquire whether the
eye-ball retains this full rotational freedom.

One voluntary Rotation denied. — Actual experi-
ment has shown, what we could not have otherwise
proved, that the eye does not retain physiologic-
ally its full rotational freedom, since the voluntary*
parallel motions of the eyes, starting from the
straightforward position, are such that each
eye-ball is subject to one further degree of con-
straint, so as to retain only two degrees of
freedom.

The degree of freedom lost is that of rotating
about the fore-and-aft axis (considered as fixed
in the head), while the two freedoms retained are
those of rotation about the wvertical axis, and
about the transverse axis (both considered as
fixed in the head).

Listing’s Plane. — Rotations about these two
last-named axes can be variously compounded
into rotations about any intermediate axis. This

* Latent Torsion, discussed in chap. xiii., 1s not voluntary.



THE OCULAR MOTIONS. 37

iIs equivalent to saying that voluntary motions of
the healthy eye-ball are limited to rotations about
all conceivable diameters in one plane, namely, that
plane in which the vertical and transverse axes
lie, and which it is convenient to call “Listing’s
plane,” since the fact we are treating was dis-
covered by Listing.

Listing’s plane passes through the centre of
motion of the eyes, and 1s a vertical transverse
plane (corresponding to coronal section) fixed in
the head, and perpendicular to the fore-and-aft
axis, about which rotation is denied.*

When the head is held erect, and the eyes look
straight forward at a very distant object on the
horizon, they are generally said to be in their
“ primary position,” and though we shall have to
quote a truer definition later on, we may for the
present accept this simple one, in order to say
that however many and complex the motions of
an eye may be, the ultimate result of them all
is equivalent to a single rotation of the globe

i e e ———— — ax ==

* In the prumary position of the eye Listing’s plane.is
parallel with the English “equatorial plane” of the eye,
but it must not be identified with it, since the latter moves
with the eye, whereas Listing’s plane does not,
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about some one axis in Listing’s plane, pro-
vided the eye have started from the primary
position.*

False Torsion.—We now come to a rather more
difficult subject, that of (so-called) “false torsion.”

By ‘Zorsion we mean rotation of the eye-ball
about its own fore-and-aft axis.}

I.et us remember that there are two fore-and-aft
axes we have to consider, one of which is fixed
in the head, and which we have already treated,
and another proper to the eye-ball itself, and
moving with it, so as, indeed, to be identical
with the optic axis which passes through the
anterior and posterior poles of the eye. This
latter is the one we have now to take account of,
and for the moment we may regard it and the
fixation line as being one.

When the eye-ball (starting from the primary
position) rotates either vertically upwards or
downwards, or horizontally to either side, its

# [t will be seen that [ have guarded myself from stating
that rotations from one secondary position to another are
about axes in Listing’s plane.

+ “We will call Zorsions, rotations of the eye about the line
of fixation ” (Helmholtz).
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motions are called “cardinal motions,” and are
not accompanied by torsion. But when the
eye-ball looks obliquely, in any intermediate
direction, as when two cardinal motions are
compounded together, false torsion is intro-
duced as an essential component of the motion.
The eye is then said to occupy a “secondary”
position.
Donders’ Law.
ever position the eye-ball may take, there

Donders observed that what-

belongs to that position a definite amount of
torsion which remains the same no matter how
often the eye may return to that position,
and however many motions it may make in
arriving at it.

To quote his own words : “ For any determinate
position of the line of fixation with respect to the
head, thereto corresponds a determinate and in-
variable angle of torsion, a value independent of
the volition of the observer, independent also of
the manner in which the line of fixation has been
brought into the considered position.”

The same law has been put more concisely
by Helmholtz (and at the same time amplified)
in the words: “The wheel-movement of each

eye is, with parallel fixation-lines, a function
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only of the elevation angle, and of the lateral
deflection angle.”*

Listing’s Law.

The law of Listing goes a step
further than that of Donders, and is as follows —
“ When the line of fixalion passes from its primary
to any other position, the angle of torsion of the
eye in this second position 1s the same as if the
eye had arrived at this position by turning about
a fived axis perpendicular to the first and second
posttions of the line of fivation.”

This simply means that when the eye starts
from the primary position and glances towards
an object situated obliquely (e.g., up and to the
right), the line of fixation takes the shortest pos-
sible cut to its new direction, and in so doing must
necessarily sweep along a plane common to its
original and its new position. To permit it to
do this the eye-ball must rotate around an axis
perpendicular to this plane, and therefore perpen-
dicular to the line of fixation throughout the
whole of its motion. Since the shortest cut
requires the briefest time to traverse, it is manifest
that this law is essential to the perfection of the
ocular movements where rapidity is so advan-

s

e —— R

¢ Helmholtz’ “ Optique Physiologique,” page 6oz
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tageous. The exquisiteness of this design is
apparcnt when one considers that no fewer than
three muscles are concerned in every oblique
motion of the globe, not one of which acting
individually, would rotate the eye about the
required diameter.

Minimum Quantity of Motion.

[ think a little
consideration will show that the arrangement
on which Listing’s law is based is that which
entails the absolute minimum of motion (cal-
culated as the sum of the motions of all the
particles of the eye), so that, («,) the momentum
of the ocular contents is the least possible; (4,)
the time is the shortest; (¢,) the work done the
least ; and (d,) the lowest amount of dangerous
“kinetic energy” is developed.

Proof of Listing’'s Law.—The truth of this law
has been confirmed (within the sphere in which
it holds good, namely, that of the parailel motions
of the eyes) by every observer that has under-
taken to test it by the study of af.er-images. It
is not necessary that I should here recount their
experiments.

Suffice to say that any linear after-image, which
possesses, during the primary position of the eye,
a given obliquity, when projected on a grey wall
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facing the observer, preserves that same obliquity
inviolate whenever the eye glances in the direction
indicated by the length of the false image, or
in a direction perpendicular to its length.*

Though all observers are agreed as to the truth
of Listing’s law, all are not agreed as to the con-
clusions to be drawn from it.

Detail of the False Torsion..—A good deal of
discussion has been made recently about the dis-
crepancy which is believed to exist between the
laws of false torsion formulated by Helmholtz
and those laid down by Donders.

There can be no question that their state-
ments, as they read, look diametrically opposed
to each other,

And yet a careful study of Helmholtz will
show that he has chosen so different a definition
and index of torsion that his facts do not really
contradict those of Donders, but perfectly agree.

* It 1s true that when the eye glances in oblique direc-
tions other than these, the after-image does appear to have
its degree of obliquity altered, but this is fully explained in
every case by the fact that it is projected on a flat surface
which does not (in that part of it) face the observer, and
the apparent discrepancies, when properly analyzed, only
confirm the law
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[.et us look at them in the following parallel

columns :—

HELMHOLTZ.

“When the plane of fix-
ation is directed wpwards,
lateral displacements to the
rieht make the eye turn to
the left;

and displacements to the /ef¢
make the eye turn to the
right.”

“ When the plane of fix-
ation 1s Jlowered, lateral
displacements to the 27gh/
are accompanied by torsion
to the right,

and wice wversd.”

Helmholtz’s Plane of Reference.

DONDERS.

“On diagonal fixation
upreards and to the right,
the wvertical meridians of
both eyes suffer a parallel
inchination to the right.”

“On diagonal fixation
wpiwards and to the Zeft, the
vertical meridians of both
eyves suffer a parallel inclin-
ation to the left.”

“On diagonal fixation
downwwards and to the ey,
the vertical meridians of both
eyes suffer a parallel inclin-
ation to the left.”

“On diagonal fixation
downiwards and to the /left,
the vertical meridians of both
eyes sufter a parallel inchn-

ation to the right.”

S — —

The “plane of

reference ” adopted by Helmholtz is the “visual
plane,” by which he means the plane common to
the two visual axes, and to the line which joins

the centres of motion of the two eyes. When
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the visual axes are elevated or depressed, the
visual plane is elevated or depressed with them.

In the primary position of the eyes, the visual
plane passes through the horizontal meridian of
the retina, which Helmholtz calls the * retinal
horizon.” In all the cardinal motions of the
eyes, which, it will be remembered, are motions
from the primary position directly upwards, down-
wards, to right, and to left, the retinal horizon lies
rigorously in the visual plane, but in oblique
motions it becomes more and more inclined to
the visual plane, in the sense stated by Helmholtz
in the first column given on previous page.

Donder’s Plane of Reference.— | do not know
what plane of reference Donders selected, but
(since the one which I have selected gives the
same results), probably the same as that which I
have adopted in what follows, namely, a moveable,
ever-vertical plane, passing through the line of
fixation and moving with it

The Median Plane of no use for Reference.—Were
we to estimate torsion by reference to the median
plane of the head, or any plane parallel to it, we
would have to conclude there is no torsion at
all, for, thus tested, the vertical meridian of the
cornea would be torted in one direction, and the



THE OCULAR MOTIONS. 45

horizontal meridian to an equal amount in the
opposite direction.

Indeed, it stands to reason that motion about
any axis in Listing’s plane cannot have a com-
ponent about a line perpendicular to that plane.

The nature of false torsion depends entirely
upon the point of view from which we observe it.

Index of Torsion.—Since the eye is an optical
instrument, [ think the index of torsion should
be an optical one, and, to my mind, the best plan
is to imagine the point of fixation, or in other
words, the object looked at, to be an intellicent
being, able to tell us what amount of torsion exists
from his point of view, and it would thus be
measured by the angle between the originally ver-
tical meridian of the retina (7., the meridian which
was vertical in the primary position of the eye),
and the retinal image of an ever-vertical line pass-
ing through the point of fixation. This vertical
line, its retinal image, and the line of fixation—
all three—lie of necessity in one vertical plane, and
this is the plane of reference I think the best.

Donders eorrect.—When calculated in this way,
the rules of false torsion agree exactly with those
of Donders, and therefore with all the text-books
which have followed him.
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Torsion Caleculator.

I have constructed a simple
little model, which, though difficult to describe
on paper, makes it very easy to demonstrate the
true nature of false torsion, and even to indicate
mechanically its amount in degrees for any
oblique motion whatever of an eye.

In its home-made form it consists of a circular
piece of cardboard (shown in No. 1 of /f7g. 14),
with a vertical diameter (VV) drawn upon it, and
fastened to a knitting needle (RR) which lies
against some oblique diameter, about which it can
rotate as axis.

The cardboard is transfixed through its centre
by another knitting needle (/) perpendicular to
its plane, and not therefore visible in No. 1,
except as a round spot (being seen foreshortened)
at /.

From the extremity of this needle (compare
/ in No. 2) is suspended a small weight (W) by a
fine thread.

The cardboard is to represent the equatorial
plane. The thread-bearing needle represents the
“line of fixation,” and is therefore perpendicular
to the plane, under all circumstances.

Mode of use.—First, adjust the whole as in the
primary position of the eye (No. 1, Fie. 14). The



14.— Lhe author’s Torsion-calculator. No. 1.—The eye in its Primary Posinon.
The cye |Ilr;u.ll“"'lilqlll'|||.l'|.]1f !\1 |Il sho 1'-.III i [ i | i

'I| yrizontal and vertical Meridians with reference to the "- and-aft ax

The eve lookine as in No. 2, but showing equal similar inchnations of t:..;-.r,h ."'-[-!_'11-.|1;'n1:='- to the
Patient's Rizht with reference to the fore-and-aft axis of the FApe. No. 4.—M

Reading same,
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cardboard will be in a vertical transverse plane,
and the line of fixation will look straight forward.

Let the anterior extremity (/) of the thread-
bearing needle represent the “point of fixation,”
and' the thread itself be the ever-vertical line
passing through the fixation-point.

Now, let the observer hold his eye so as to be
in a line with the thread-bearing needle; its
extremity w.ll then hide its length from view,
and the appearance will be that presented in
No. 1. The thread will appear to coincide with
the vertical meridian (VV) of the cardboard,
showing that there is no torsion.

To proceed to the next step: since any oblique
motion of the eye from the primary position
must take place about an axis in Listing’s plane,
let R R be that axis, and rotate the card, as in
No. 2, just as the equatorial plane of the eye
would be rotated actually. ILet us, for instance,
make the eye look upwards and to the (patient’s)
richt, as in the figure. The thread-bearing knit-
ting-needle, which represents the line of fixat'on,
now therefore points upwards, and to the right
While it continues to do so, notice that, if your
own eye is still in the same position as belore,
the appearance presented is that of No. 2.
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From this point of view, the vertical meridian
(VV) no longer appears parallel to the vertical
thread, but sloping towards the patient’s left, as
if to indicate lavotorsion of the eye.

The horizontal meridian on the other hand
(L /r) appears tilted from the horizontal in exactly
the opposite direction, as if to indicate dextro-
torsion of the eye.

Moreover, the apparent lavotorsion indicated
by the tilt of the vertical meridian is exactly
equal to the apparent dextrotorsion indicated by
the tilt of the horizontal meridian.

From this point of view, therefore, namely, from
directly in front of the patient’s face, there is no
torsion whatever.

Some have confined their attention to the
vertical meridian and been misled by it, for the
horizontal meridian tells an exactly opposite story.

Are we to conclude that there is no false
torsion, then? By no means; but we must look
at the eye from the true point of view to see it,
namely, along the length of its own visual axis,
as already specified.

Let us do so. Leaving the model as in No. 2,
let the observer move his own eye till he looks
along the line of the knitting-needle (/), and now

4
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it is evident that both meridians tell the same
story, for they are perpendicular to each other,
and both indicate that the eye is dextrotorted.
This is illustrated in No. 3.

The amount of dextrotorsion can be read off
from the graduated arc on the cardboard disc by
seeing what degree appears crossed by the weighted
thread. To facilitate doing this, the eye may be
held lower down in the same vertical plane, taking
care, as in No. 4, to keep the thread in apparent
coincidence with the needle it hangs from.

A pretty way of demonstrating to others is to
hold a strong light in such a position as to make
the shadow of the thread pass through the centre
of the card, as in No. 4. This linear shadow
will then record the amount of torsion on the
scale.  The light should be held on a slightly
lower level than the centre of the cardboard disc.

For greater accuracy, a rather better-made
apparatus is desirable. The card should be re-
placed by a graduated circle, preferably of somc
white material like ivory : it should be pivoted at
its centre to the oblique axis, so that this can be
brought to coincide with any required diameter,
and the axis itself should, by a graduated half-
circle, be capable of adjustment to any required
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degree of obliquity. Moreover, the degree of rota-
tion imparted to the cardboard disc should be
registered by a small graduated circle (ss in No.
1), fixed on the oblique axis perpendicularly to it

If accurately made, such a “torsion calculator”
would at once tell us the amount of false torsion
which accompanies any motion of the eye from
the primary position about no matter what axis,
or to what extent.

Use of False Torsion.

What, it may be asked,
is the use of this false torsion, and would not
the eye be better without 1t? The answer is
simple. Were it either less or more than it is,
the rotations of the eye from the primary into
oblique positions would be about axes other than
in Listing’s plane, and I have already mentioned
that then the change in direction of the visual
axis would cither take a longer time, or need a
greater force, since more work wauld have to be
done, generating too, in the latter case, greater
kinetic energy. The increase of momentum, it is
true, would bz small but none the less real, and to
avoid it is to disturb the ocular contents in the
least possible degree.

To express what we have gone over in simple

language, the motions of the eye from the primary
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into all oblique positions may be called purely
rocking motions. They are motions such as
would be produced by an infinite number of
recti attached to the globe, each indefinitely thin,
and only one acting at a time.

Besides the mechanical advantages which 1
have named, there may of course be some optical
reason, unknown to me, for this character of
motion.

Geometry of False Torsion.—The “torsion calcu-

1

lator” makes it almost unnecessary to lead the
reader into an analytical study of false torsion.
And the more so since I am not certain that my
formulae are the simplest possible. If I give the
idea, however, some mathematician may be able to
simplify it at once. (Busy readers may pass to
Chapter 1II.)

To start with, we will assume Listing’s law
proved, and suppose the eye to be in the primary
position before the motion commences. Required:
for any given rotation about any given diameter
in Listing’s plane, to find the amount of “ false
torsion.”

[t will serve our convenience best to select, not
the vertical meridian of the retina, or the vertical

meridian of the cornea, by which to gauge the
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amount of torsion, but that diameter of Listing’s
plane in which it is intersected by the plane
which passes through the vertical meridian of the
cornea and the retina, and which therefore is
itself strictly vertical in the primary position of
the eye. This diameter corresponds to the line
(VvV) on the cardboard model of Listing’s plane in
No. 1 of Fig. 14. We wish to ask, for any position
of the eye, What is the angle included between
this line and a vertical plane passing through the
centre of motion of the eye-ball, and the point
of fixation ?

It is evident that if the eye-ball were free to
rotate unhinderedly about any oblique axis, this
vertical diameter of Listing's plane (as we may
call it) would describe two right cones with their
vertices meeting at the centre of motion of the
eye, and they would be what are called “opposite”
cones, since they have one axis in common,
namely, the axis of rotation of the eye. Let
Fig. 15 represent one of these cones, C being the
centre of motion of the eye-ball, O C the axis of
rotation, and V' C the vertical diameter of Listing’s
plane during the primary position of the eye, while
Cn is the same- line after a given amount of rota-
tion ; V' C is, in fact, the generating line of the cone.
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The triangle 7.5 C lies in Listing’s plane, and
the angle formed between it and the plane n O C
measures the rotation of the globe about the
axis OC. Let us denote this anzle of rotation,

(2 O V), whose arc is n I/, by the letter R,

Fiz, 15.—Design proposed by author for solving False Torsion. C.—Centre
of Motion of the eye. %5 (C.—Plane passing through O, perpendicular to the
Visual axis. #0 C.—Same Plane after REotation of eye Up and to the Right
about an oblique axis @ C. Fane C.—Vertical Plane through [C, perpendicular
to # 0 C, While #C was the Orizinal Vertical Diameter of the eye in the
Primary Position (since before rotation it Soincided with I7C), i C is the New
Vertical Diameter—the angle between them (# C a) being the angle of Torsion.

And let / denote the angle O € IV by which the
axis of rotation O C is inclined to the vertical. It

is this angle indced by which we define the axis



THE OCULAR MOTIONS. 55

— e —_— = S . e

of rotation, for there are an infinite number of
diamecters in Listing’s plane about which the eye-
ball might rotate, but only one for each specified
angle from the vertical, though we need to take
account of whether the inclination is positive (to
the patient’s right) or negative (to the patient’s
left).

From [V, drop the perpendicular I"m: upon O n.

Then m Cn gives us the angle of false torsion
required ; for 2 C is the position of the generating
line at the close of the rotation, and shows the
new position of the wvertical diameter of Listing’s
plane, while the plane # C I is the vertical plane
passing through the centre of motion and the
point of fixation, the angle between these two
being the angle of torsion.

[t is evident that the plane 22 C |7 is a vertical
plane, since it passes through the vertical line I7 C.

It is equally easy to prove that the plane w C V,
if prolonged, would pass through the fixation
point, for it is perpendicular to the plane » O (| to
which the line of fixation is also of necessity
perpendicular, and they both pass through C;
therefore the line of fixation must lie in the
plane, and conduct it, so to speak, to the fixation

point.
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Taking V7 C as unity—
Since OV = Sin, [

O e
T Cos. R

=S Sin P Cas K
Moreover, O C = Cos. I
Om Sin. I Cos. R

OE = e

and

= Tan. I Cos. R,

O m =
But ——. = Tan. (I —
ut, 0C Tan. (I — x)
et Tan. (I = x) = Tan.'l'Cos. R
Or, x =" ="Tan = (Tanil EasiE )

Putting this into language :—The false torsion
is equal to the angle from the vertical, or from
the horizontal, ot the axis about which the eye
rotates, /Jess the angle whose tangent is the
multiple of the tangent of the inclination of the
axis of motion with the cosine of the angle
traversed by the line of fixation.

The short table overleaf will give an idea of
the amount of false torsion which takes place
on looking in any diagonal direction midway
between any two of the cardinal directions.

Since the greatest false torsion of which the
eye is capable occurs at the extremities of these
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diagonals, we may see at once that it does not
ever much exceed 10°

ROTATION ABOUT AN AXIS 45° FROM THE HORIZONTAL,

DEGREES. | §° | 10° | 15°|20° | 25" | 30° | 35° | 40°| 45° |

TORSION. |6} | 26"| 1° !1*'4?':2"49’ 4°6' S"4D’?”33r=|9‘"44

Azimuth and Altitude.
for exact work be analyzed with reference to three

The ocular motions can

principal axes, a vertical axis, a horizontal axis,
and an antero-posterior axis.

When the eye looks directly upwards or down-
wards it rotates round a horizontal (or transverse)
axis.

When it looks directly to the right or left, it
rotates round a vertical axis.

These will be recognized as the cardina/ move-
ments of the eye.

In astronomical language, we might call the
upward and the downward motion, “motion in
altitude,” and the motion to right or left, “ motion
in azimuth,” these being the terms that would
be used were the eyes two telescopes.

Motion in asimut/s may be illustrated by that
of a weather-cock : it is wmotion about a wvertical
axis,
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Motion in alfitude may be illustrated by a piece
of cannon, or by a toilet looking-glass : it is wmotion
about a horizontal axis.

[t will be seen that the cardinal motions of the
eyes are those of either pure azimuth or pure
altitude.

When the visual axis, however, is directed
obliquely to an object, altitude and azimuth are
combined. What is so wonderful is that they
are combined in the same proportion at every
instant during the motion, so that the visual
axis instead of first moving sideways, and then
up and down, moves at once by the shortest route
into its new position.

An astronomer would direct his telescope by
first moving it in azimuth and then in altitude,
but this is far too clumsy a plan for the eye,
since it means two motions instead of one, and
a longer route instead of the shortest.

The visual axis, therefore, sweeps along whatever
inclined plane i1s common to its initial position
and its new position, and loses no time (/7zg. 16).
[t is evident that in motion of this kind the globe
must rotate about an axis perpendicular to this
inclined plane, an axis, therefore, which is neither

horizontal or vertical, but somewhere intermediate.
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All the same, 1t can be described in terms
of its component azimuth and altitude as #f it
had reached its new position like a telescope. The
horizontal component of the motion is the

azimuth, and its vertical component the altitude.

Fig. 16.—To show how the eve reaches any new position by the shortest

]]O‘\:‘-i.h[t: route,

When motion is to the right from the initial
position, the azimuth is by astronomers called
positive—when to the left negative

Similarly, motion upwards gives positive altitude,
and motion downwards negative,

[n analyzing any motion, it is a good plan to
adhere to the rule of allowing azimuth the first
place, or preference, over altitude, so that, for
instance, a motion of ( — 20" + 10°) means that
there is negative azimuth of 20° with positive
altitude of 10°, or in other words, the eye looks

20° to the left and 10° upwards
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For ordinary clinical work however, it is well
to substitute for motion in azimuth, motion “to
right and left” (dextroduction and levoduction),
which leaves it an open question whether it
1s about an axis strictly vertical, or with an
inclination forwards or backwards. For motion
in altitude, superduction and subduction are sug-
gested as terms which do not bind us too
closely.

Helmholtz’s Plan of analyzing the ocular motions
was to consider the fixation-plane (in which both
the fixation-lines lie) as first eclevated or de-
pressed, above (brow-wards) or below (chin-
wards) its “initial position,” by an angle called
the “elevation angle” of fixation. Then in this
plane, the angle between its mesial line and the
fixation-line was called the side-turning angle.*
By this plan, however, the altitude of the
fixation-line steadily lessens as the lateral devi-
ation increases, and it was partly its adoption
which led to the apparent discrepancy betwcen
Helmholtz's laws of false torsion and those in
the text-books. It may be illustrated in a simple

* Handbuch der Physiologischen Optik, Zweite umg. Aufl.
pp. 617, 618.
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way by a weather-cock with a bent stem as
in Fie. 17, where motion in azimuth and in
altitude are compounded. /F7g. 19 illustrates
pure motion in azimuth, and Z7g. 18 motion in
azimuth with a constant altitude, as in Donder’s

plan.

_f-:_;*. 17. —~_‘n. arying _ Figr, ”;"T{'mm'”" al- Fiz, 19.—No altitude.
altitude (to illustrate trude (o illustrate tor-
torsionless motion ac=  sionless motion according
cording to Helmholtz).,  to Donders).

Since many of our tests are conducted with
the patient facing a flat wall, it may be well to
point out in what respects the two plans differ
with reference to such a plane surface.

By Helmholtz's plan, horizontal lines on the wall
represent lines of elevation of the visual plane,
and if each is marked in tangents of degrees to
right and left of a central zero, these represent
the amount of lateral deflection. If, however, the
lateral deflection take place first, during the
primary position of the fixation-plane, then ele-
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vation and depression of this plane makes the
fixation-line describe a hyperbolic curve on the
wall, with its concavity outwards.

By the other plan, lines of equal altitude on
the wall are hyperbolic curves with their con-
cavity upward when the eyes are elevated, and
downward when depressed ; but when the eyes
are first deflected to the right or left, elevation
or depression makes the fixation-line describe
vertical lines on the wall.

In Fizgs. 20 and 21 | have represented gra-
phically the different points of view taken by
Helmholtz and Donders. /F7¢. 20 is a horizontal
section of an eye, viewed from above, and
abducted from A to A. The diameter which
I have named “agreed axis” is the one about
which rotation would produce exactly the false
torsion which all cbservers are agreed upon.
Of the two authorities in question, each adopts
the diameter indicated by his name as the
axis about which torsionless rotation would
take place. Since these diameters are inclined
at equal angles to the “agreed axis,” though
on opposite sides, Helmholtz’'s tables hold
good for Donders’s plan if only the signs be
changed.
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Fig. 21 shows a side view of an eyeball, not in
section but solid, though viewed as projected on to
a vert'cal plane; to demonstrate that for any given

elevation of the cornea from A to A, the path of

zero torsion adopted by ecach authority is that

Frg, 2o —Horizongal section of an J"'}:-:. ot.—5Sule view of an eve, seef
eye abducted from a to A°, to show the in lorthographic) projection against a
author’s conception of the difference vertical plane, superdocted from A to
between the laws of false torsion for- A', the three circles being projected as
mulated by Helmholtz and Donders. stranght lines, to ithastrate author's con-

ception of what would be the path of
no torsion according to Donders, and
what would be the path of no rorsion
according  to  Helmholtz, while the
actual torsion 1s as il the cornea pur-

sued the intermediate path towards p,
circle indicated by his name, the path which would
agive the actually observed torsion bisecting the
angle between them. In fact we may say that, for

anv secondaryv position of the eve whatever, the
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false torsion is the same as zf the cornea had
reached that position by vertical motion, and then
through an arc of a circle passing through the
centre of the cornea (A") and the primary position
in space (P) of the posterior pole of the eye. It
will not, of course, be supposed that the cornea
actually takes this path, but its torsion is the same
as if it had taken it



CHAPTER IIL
INDIVIDUAL OCULAR MUSCLES.

Motion studied apart from Museles,—QOur studies
of the ocular motions up to this point have been
quite independent of the ocular muscles, and
our deductions {rom them would not have
suffered had we possessed no knowledge of their
anatomy.

The Laws of Motion are not explained by the
Museles.—No sooner, moreover, do we investigate
the musculature, than we find the remark of
Helmholtz to be true, that “ The manner in which
the eye is fixed presents no obstacles to any rota-
tions whatever of a moderate amplitude: the
existing muscles would suffice equally well to rotate
the eye about any given axis whatever.”

He adds, “In the ordinary circumstances of
normal vision the eye is far from executing all the
movements of which the mechanical possibility is
recognised.”* These remarks are confirmed to a

LI {)Ptique Ph}rﬁiﬂlﬂgiqu.g’” P- 593
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considerable extent by the phenomena of paralysis
of isolated ocular muscles.

The Laws explained by Innervation.—The limita-
tion, therefore, of the parallel ocular motions to
rotations about diameters perpendicular to the
visual axis, is a limitation which finds no proper
explanation from anatomy, but is due almost en-
tirely to cerebral co-ordination.

If we except the Internal and External Recti,
any one of the other muscles, acting in an isolated
way, would rotate the eye about an axis lying far
out of the perpendicular, but as a matter of fact
they never do act in an isolated way, but in
imnervational conjunction with some other muscle
in such a manner that the resultant axis is per-
pendicular.

Brief Description of the Reeti.—IEach eye-ball is
controlled by four recti, and two obliques. The
Recti all spring from an oval ring of fibrous tissue,
which bounds the circumference of the optic fora-
men at its inner side, and includes a tiny portion of
the neighbouring extremity of the sphenoidal
fissure.

The /Znternal Rectus proceeds almost straight
forwards, and lies rather close to the slightly con-
vex inner wall of the orbit.
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The External Rectus proceeds forwards and out-
wards to the outer side of the globe.

The Superior and Inferior Recti proceed forwards,
and somewhat outwards to the upper and lower
parts of the globe respectively.

Spiral of Insertions.— The insertions of the in-
ternal, inferior, external, and superior recti lie, in
round numbers, 5, 6, 7, and 8 millimetres respec-
tively from the corneal margm (Tiliaux ).

[t is easy to remember this consecutive series of
numbers, and it has been peinted out that these
insertions form a * spiral line” round the cornea.

Deseription of Insertions.— 1The insertions of the
internal and external recti form two perpendicular
lines, so that their tendons appear to have rectangu-
lar extremities. The tendon of the internal rectus
1s strong and well-defined : that of the external is
thinner, its margins passing almost insensibly into
the lateral expansions connected with Tenon’s
capsule.

The superior and inferior recti have oblique
insertions, the outer extremities of which are
rounded and lie further back than the inner
extremities. In operations on their tendons
this should be remembered, so as to approach

them on their inner, more accessible, side. Other-
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wise some difficulty may be experienced in hook-
ing them up.

Relative Strength,—Of all the muscles, the in-
ternal rectus is the strongest, or at least the most
bulky, weighing, according to Volkmann, 747 of a
gramme ; the external rectus comes next, weighing
715 of a gramme ; the inferior rectus weighs 671 ;
and the superior rectus (the weakest of all) ‘514 of
of a gramme.

Description of Obliques.— The Swuperior Obligue
arises in common with the recti, but its tendon is
reflected in a fibro-cartilaginons pulley or “trochlea”
near the upper inner corner of the orbital outlet,
whence it passes backwards and outwards over the
orbital surface of the superior rectus tendon to be
attached to the globe by a flattened expansion in
the upper and outer quadrant of its posterior
hemisphere. Though the anatomical origin of
the superior oblique is the margin of the optic
foramen, the pulley may be regarded as ‘its virtual
origin.

The Inferior Obligue arises from a little depression
in the bone near the lower and inner corner of the
orbital outlet, and passes backwards and outwards,
beneath the orbital surface of the inferior rectus,
continuing to curve round the globe between it and



INDIVIDUAL OCULAR MUSCLES. GO

the external rectus, till it gains insertion quite
near to that of the superior oblique, either in
the same quadrant or between the upper outer
and the lower outer quadrants of the posterior
hemisphere.

Why a Pulley at all ?—Many must have wondered
why ene of the oblique muscles should have a
pulley and the other not, and there must of course
be a reason.

The speed with which a muscle’s point of in-
sertion moves is proportional to its length. By this
it is not meant that a long muscle takes necessarily
a different time to attain its maximum contraction,
from a short one, but that in the same period of
time it will move its insertion through more space
than a short one, and therefore with a greater speed
of motion. The obliques thergfore must have a
certain length if they are to keep pace with the
recti,* and this length could not be afforded were
they both to have origins similar to that of the
inferior oblique, unless indeed they passed each
other in curling round the globe, which would spoil
their action, for it is advantageous that their

* Really the insertions of the obliques move more slowly
than those of the recti during most movements of the eyes.
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insertions should be opposite each other, rather
than side by side.

To secure sufficient length for its muscular belly
the inferior oblique has to curl round more than its
own share of the globe, and this would leave the
superior oblique short. In fact, to gain more space,
the inferior oblique dispenses with a tendon of
insertion altogether, its muscular fibres extending
quite to its attachment.

Why the Superior Oblique and not the Inferior ?
—Why then, it may be asked, does the inferior oblique
not have the pulley instead of the superior, seeing it is the
inferior which is supplied by the the third nerve and
thus might be expected to rise in company with the
third-nerve-recti, rather than the superior oblique which
1s supplied by the fourth nerve ?

The reason may just possibly be this, that prolonged
looking downwards 1s more important for daily work
than looking upwards, a view which is confirmed by
the fact that the continuous downward excursions of the
eye are more amply provided for than the upward excur-
51018,

The centre of motion of the eye-ball approximates
more closely to the geometrical centre of the eye on
looking downwards than on looking in any other direction,
showing that the mechanical resistance is least during this
motion, and, moreover, the eye can make a more extended
excursion downwards than upwards. The superior
oblique, therefore, which is a subductor of the globe,
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might be expected to have the most advantageous
arrangement accorded to it. A free muscular belly, even
though complicated with a pulley, is perhaps if not
stronger, at least more delicately efficient than a muscular
belly which traverses tissues in contact with the globe
and is embraced by a check-ligament (Fzg. 11). If, on
the other hand, both muscles had pulleys, the pulley-
complication would be doubled unnecessarily.*®

Everything for Speed.—In some other parts of
the body the muscles are constructed for strength
rather than speed, but with the eyeball everything
is adapted for speed.

The greater the number of muscular fibres ranged
side by side the stronger is a muscle, and the greater
the number arranged end fo end the quicker it is.
The bi-penniform arrangement, eg., of the rectus
femoris, is a beautiful example of adaptation for
strength at the expense of speed, the muscular
length being considerably less, and the muscular
breadth being considerably more, than the actual
length and breadth of the muscle as a whole. The

et - —— == . E— s

* Mauthner has shown that in paralysis of the inferior
oblique the vertical separation of the double images is greater
than in paralysis of the superior oblique. But then the
superior rectus is very much weaker than the inferior rectus,
and Mauthner’s observation may only show that the
difference between the obliques is less than that between
the recti.
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muscular length is found by measuring the lines of
fibres from one tendon to the other. There is no such
marked arrangement as this in the muscles of the
orbit where speed is more desirable than strength,
and where therefore a certain length of belly is in-
dispensable. It is probably to secure this length of
belly that the pulley arrangement of the superior
oblique exists.

Touching Point.—The point at which a muscle,
as we trace it forwards, first touches the globe, or
its momentary insertion, is continually changing its
location with every movement of the eye. The
““arc of contact” therefore along which the muscle
remains applied to the globe, and which extends
from the touching point to the anatomical insertion,
is correspondingly ever varying in length.  Its
variations, | believe, however, are tempered by the
disposition of Tenon’s fascia, so that in the extreme
rotations of the eye, the arc of contact is not
abolished so quickly as calculations based on the
muscles only would lead us to expect.

Thus, in the case of the internal rectus, it is easy
to calculate that the arc of contact, while the eye
looks straight forwards, is about 36° (from the
centre of motion), yet many eyes can be adducted
50° or perhaps even 60° at a push, and it is not
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likely that the arc of contact ceases at 36° or the
eye would be tugged at and distorted. The
“collarettes ” or “ intra-capsular ligaments,” as they
are called (p. 14), must tend to bind the tendon
longer to the globe so as not to let them so soon
part company.

Terminology.—When the cornea is drawn toward

the temple the eye is said to be abducted ; when
towards the nose, adducted ; when raised, we may
call it superducted ; when lowered, subducted.

When the eye is twisted abecut its own axis so as
to make the cornea revolve like a wheel, we may
call it zorted ; intorted when the upper segment of
the cornea revolves towards the nose, and extorted
when it revolves towards the temple.

Pre-eminent Museular Funetions. — Itach eye
possesses one muscle pre-eminent for abduction—
the external rectus; another for adduction—the
internal rectus ; for elevation—the superior rectus ;
for depression—the inferior rectus ; for intorsion—
the superior oblique ; for extorsion—the inferior
oblique.

Subsidiary Funetions.—But besides these
eminent 7 actions, each muscle has *“ subsidiary ™

(13

pre-

actions. This is least so with the internal and ex-
ternal recti, which are pure adductors and abductors
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respectively, except when the eyes are elevated or
depressed.

They then have subsidiary vertical and torsional
effects, but I believe to a far less extent than has
been supposed, owing to the restraints imposed by
the collarettes and Tenon’s fascia, which make
the tendons share to some extent any change of
direction imparted to the eye.

Subsidiary Effects of the Internal and External
Recti.—Though the reader need concern himself
but little with these unimportant considerations,

on looking up, the external rectus must be a slight
superductor and intortor, and on looking down a
slight subductor and extortor. On looking up, the
internal rectus must be a slight superductor and
extortor ; and on looking down, a slight subductor
and intortor.

Medial Origins of Museles.—With regard to the
subsidiary effects of the superior and inferior recti
and the obliques, we may assist the memory by
recollecting that a// the ocular muscles without ex-

ception spring from origins nearer the median
plane than their insertions.

Hence the superior and inferior recti, being in-
serted into the anterior hemisphere of the globe, pull
it nearer the median plane, z.¢., adduct the cornea ;
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whereas the obliques, being inserted into the
posterior hemisphere of the globe, pull their inser-
tions towards the median plane, 7ze, adduct the
cornea.

Moreover, in consequence of the same medial
disposition of the muscular origins, those muscles
which proceed to the upper hemisphere of the globe
by pulling their insertions inwards zutort the
cornea; and those which proceed to the lower
hemisphere of the globe, since they also draw their
insertions inwards, extort the cornea.

We may say then that the superior muscles cause
intorsion, and the znferzor muscles extorsion ; the
obligues abduction, and the rec#z (superior and
inferior) adduction.

Thus the znferior rectus causes extorsion (being
“inferior”) and adduction (being inserted into the
anterior hemisphere of the globe). All the recti,
except the external, necessarily cause adduction
on this account.

The superior obligue causes intorsion (being
“superior ”), and abduction (being inserted into
the posterior hemisphere of the globe). Both
the obliques necessarily cause abduction on this
account.

The inferior oblique causes extorsion (being
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“inferior ”), and abduction from the posterior
character of its insertion.

Inverse Proportion of ‘‘Pre-eminent” and *‘Sub-
sidiary ” Actions.—We now come to a point of
considerable clinical importance.

All the *“subsidiary” effects of the various
muscles which we have just recounted are at the
expense of their * pre-eminent”™ actions. The
energy expended in producing them represents so
much loss in the pre-eminent action of the muscle.

In those positions of the globe, therefore, where
we find “subsidiary ” effects of a muscie at their
minimum, the *“ pre-eminent” effect is at its
maximum, and vice versd.

Lateral Superduectors and Subductors.—The su-
perior rectus is for this reason a “lateral ” super-
ductor, and the inferior rectus a “lateral ” subduc-
tor, because their superducting and subducting
cffect respectively reaches its maximum, when the
eve looks sufficiently towards the temple for their
subsidiary effects to become practically nil.

The more the eye is, on the other hand, adducted,
the oreater become their subsidiary adducting and
torsional effects, and the less efficient they are for
the vertical movements of the eye.

When we come to the diagnosis of ocular
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paralysis we shall find the advantage of knowing
that the maximum torsional effect of a muscle
occurs when the eye looks to the opposite side from
that in which its maximum vertical effect occurs.

Medial Superduetors and Subduetors. — The
obligues have their greatest torsional effect when
the eye looks outwards, because then they form the
oreatest angle with the optic axis, and since their
greatest effect on the vertical motions of the eye
is found on looking towards the nose, the superior
oblique is a “medial subductor,” and the inferior
oblique a “medial superductor.”

While the reasons for these facts are no doubt
self-evident, their fuller consideration requires a
study of the *muscular planes™ and “muscular
axes.”

Lines of Forece.——Owing to the existence of
an “arc of contact,” the muscular forces acting on
the globe must be tangential forces. There is,
therefore, one tangent line to the globe for each
muscle which indicates its direction of force.

In the primary position of the eye the lines of
force probably extend from the “touching points”
of the several muscles to their orbital origins, or
the trochlea in the case of the superior oblique.

When the eye is moved away from the primary



78 THE OCULAR MUSCLES.

position, the lines of force are, I believe, more or
less diverted by Tenon's fascia acting as a pulley,
or at least exerting an elastic side-traction where
the “collarettes” exist.

Muscular Planes.—When we have a force acting
tangentially on a rotating body, confined as by a
centre of motion, and the line of that force is
oiven, the plane of force is evident at once. It is
the plane which passes through the line of force
and the centre of motion, and in the case of the
eye, is called a “ muscular plane,” there being one
muscular plane for each muscle.

The muscular planes, therefore, all agree in
passing through the centre of motion, but differ in
that each extends thence through the line of force
of its own muscle.

Three Pairs.— The muscular planes of the /uternal
and External Recti are practically horizontal, and
identical

Those of the Swuperior and [fnferior Recti are
generally also supposed to be identical, but vertical,
forming an angle with the median plane which is
estimated by Iandolt at 27° in accordance with
the well-known anatomical fact that these recti,
instead of running directly forwards, run forwards
and somewhat outwards to their insertion.
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In a horizontal section of the eye, as shown
in fizg. 22, their common muscular planes are

represented zu section by the lines R.

Fir. 22.—The Muscular Planes and Axes, O—=The muscular planes, amd

oo the axes of the obliques. RK—The muscular planes, and ' r the axes of
the recti.

The muscular planes of the Obdligues are simi-
larly supposed to be identical, and therefore
vertical, but running, of course, backwards and
inwards instead of forwards and outwards, so as
to form an angle with the median plane estimated

by Landolt at §1°.
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In Fig. 22 the common muscular planes of the
obliques are represented in section by the lines O.

Properties of Muscular Planes.—Itach muscular
plane possesses this property, that if a single
muscle were to contract, the mid point of its
insertion would continue to lic in the plane, and
all the points contained in the plane would move
in the plane without leaving it.

Every muscular plane, since it passes through
the centre of motion, must approximately bisect
the eye, and cut its surface in a great circle.  All
points on the surface of the eye-ball not lying in
this circle, will, when the muscle contracts, also
move in smaller parallel circles, and the greater the
distance of each surface-point from the muscular
plane, the smaller the circle in which it moves.

When the centre of the cornea, therefore, lies
actually in the muscular plane of a muscle, as it
does, for example, in that of the superior rectus,
when the eye is abducted 27°, the motion of the
cornea under the influence of that muscle is greatest,
and it becomes less and less the more the cornea is
moved away from the muscular plane by adduc-
tion of the eye.

Axes of Rotation.—We have seen that the parallel
circles of motion on the surface of the globe become
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Fig. 23.~Landclt’s Ophthalmotrope. ‘Lhe eye is seen under the action of
the Sup. Oblique, OO being the axis of the Obligues. 6
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smaller and smaller as they lie further and further
from the muscular plane.

This goes on till at last they are reduced to a
point on each side which remains fixed in space
while the globe rotates.

These points, being those on the globe’s surface
which are farthest removed from the muscular
plane, are the poles of the “ muscular circle,” and
the diameter of the globe which unites them and
which therefore remains fixed in space with them,
is the “axis of rotation,” and is strictly perpen-
dicular to the muscular plane.

How found.—To find the axis of rotation for any
muscle we must first find the muscular plane ; then
a line perpendicular to it, and passing through the
centre of motion, is the axis of rotation. In other
words, the muscular plane cuts the surface of the
globe in a circle, the axis of which is the axis
of rotation.®

Fig. 22 shows the axes of rotation as usually
ficured.

* Though it is usual to speak of the axis of rotation as a
diameter, yet it is defined physically by the »adius perpen-
dicular to the muscular plane, on that side of it which repre-
sents the sense in which the contraction of the muscle
makes the eye-ball rotate,
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Since the superior and inferior recti are supposed
to have one muscular plane in common, they have
a common axis of rotation (7 #’) about which, how-
ever, they rotate the eye in opposite senses.

The obliques are also supposed to have a com-
mon horizontal axis, shown by oo in the same
figure.

Are the Axes, supposed to be identieal, really so ?—
Let us now ask: Do the superior and inferior recti
really rotate the globe about one axis in common? I am
not sure that they do, for were it so, isolated paralysis of
cither muscle would (ceferis paridus), during the primary
attitude of the sound eye adduct the other, so as to cause
homonymous diplopia, and this i1s contrary to most
recorded climcal experience.®

Similarly, it 1s doubtful if the two obliques rotate the
globe about an axis common to them both, for if this
were true, paralysis of either would tend to cause crossed
diplopia during the primary attitude of the sound eye,
which 1s also contrary to usual clinical experience.

It is true that sometimes crossed diplopia does occur in
paralysis of the obliques, but this has hitherto been
explained, on Mauthner’s hypothesis, by the liberation of
previously existing latent divergence (exophoria) of the
two eyes.

*Since this proposition requires a good deal of thinking
out before becoming evident to every reader, the smaller
print may with advantage be skipped on first reading
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The reader may feel inclined to object: ¢ Surely if
contraction of a muscle causes adduction (as we know to
be the case with the superior and inferior rectus) its
paralysis will result in abduction!”

That 1s true when the sound eye is raised or lowered
towards the area of maximum diplopia, for the superior
rectus is an adductor when it superducts the eye, and the
inferior rectus when it subducts the eye, but what we are
now considering 1s what they do during the primary
position of the sound eye.

Double Contraction.—If it were possible for both the
superior and the inferior rectus to contract simultaneously,
the effect on the rotation of the eye in its primary position,
would be nil if they really have but one axis in common.
They would simply tend to draw the eye as a whole
backwards and slightly inwards towards the apex of the
orbit, just as if an elastic string were tied by one end to
the optic foramen, and by the other end {if possible) to
the centre of motion of the eye. The eye, therefore,
would be neither adducted nor abducted.

Single Contraction.—If, however, either muscle con-
tracted alone, the vertical motion of the cornea would be
accompanied by a proportionately increasing adduction.

Single Paralysis.—-So far the reader will readily agree,
but the next proposition is quite as simple, that if either
muscle were paralysed, the paralytic displacement of the
cornea should (during the primary position of the sound
eye) be accompanied with a precisely corresponding
proportion of adduction also. For if the axis be common
to both, paralysis of (say) the superior rectus, must cause
the same effects as contraction of the inferior,
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When the eye-ball is in equilibrium, each tension 1s
balanced by the resultant of all the other tensions, and 1f
the increase of any one tension rotates the eye-ball about
a given axis, the resultant of all the other tensions would,
in the absence of that one, rotate the eye-ball about the
very same axis, only in the epposite sense.  But this is
just, in kind, if not in degree, what the other rectus does
when 1t contracts, for it also rotates the eye-ball about
this same axis in the opposite sense.®

Paralytic Equilibrium.

So far, we have left out
of calculation the modifying effect of Tenon’s
capsule. Let us now take that into account also.
Since the eye-ball is so nearly spherical, and the
centre of motion so nearly at its geometrical centre,
we may, with little error, assume that they arc
quite so, and that equal forces have equal moments.
This enables us to say that when a single muscle
contracts, the tension in its tendon is equal and
opposite to the resultant of all the other tensions,
of which there are two groups, namely, those in the
remaining tendons, and those in Tenon’s capsule.

* This amounts to saying that, during the primary position
of the sound eye, paralysis of the superior rectus produces
the same effect as shght spasm of the inferior, if the usual
single-axis hypothesis be true. Clearly, therefore, either it
1S not true, or e¢lse previous clinical observations in the
primary area of the motor field have been misleading. |
will not attempt to say which i1s the case.
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When the same muscle, however, is paralysed,
the eye-ball is under the influence of two now
opposing groups of tensions, those of Tenon’s
capsule (which tend to keep it in the primary
position*), and those of the tendons of the still
unparalysed muscles (which tend to rotate it away
from the primary position). The resultant of these
two groups is equal and opposite to the tension
which existed during health in the paralysed
muscle. As if guided by this resultant, therefore,
the eye-ball rotates in the opposite direction about
the same axis.

It must be remembered that, in paralysis, though
the belly of the affected muscle has lost its contrac-
tility, it does not lose its elasticity at once, and in
some pareses does not wholly lose at once even all
its physiological tone, so that the new position into
which the eye settles is one in which the tension in
Tenon’s capsule, aided by the the elastic tension in
the paralysed muscle, equilibrates the tensions in
the healthy muscles.

Paralysis of a muscle, therefore, only produces a
very slight effect at first, so long as the healthy eye

* Perhaps, for all we know, in a more divergent position
than the primary.
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is in the primary position, z.e., so long as voluntary
innervations are quiescent.

Secondary Contracture, or Consecutive Deviation.
—But as time goes on, the eye deviates more and
more, owing to the loss of vital resistance in the
paralysed muscle, to which we may perhaps add
what physicists call “fatigue of elasticity 7 in it
and possibly also in the resisting portions of
Tenon’s capsule.  Thus arises what Mr. Berry
maintains to be wrongly called “ contracture of the
antagonist.” [ am inclined to believe that in the
course of years a slight contracture does occur in
the opposing muscle or muscles, but as a conse-
quence rather than as a cause of the increase in the
paralytic deviation. When one tension becomes
lessened the others move the eye-ball, without

their, however, becoming greater of necessity than

they were before—in other words, without real con-
tracture.

My impression 1s that the consecutive deviation
(as [ prefer to call it, since this name commits to no
theory), will be found great in proportion to—

(1,) The absoluteness of the paralysis ;

(2,) The long-standing of the paralysis ;

(3,) In proportion as the paralytic deviation
is supplemented by a pre-existing latent deviation;
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(4,) In proportion to the degree of atrophy of
the paralysed muscle from (a,) Want of innervation,
and (4,) Want of use ;

(5,) The more yielding Tenon’s capsule is, and
the more readily it experiences fatigue of elasticity ;

(6,) The more the habit of the patient is to turn
the eyes away from the side of the paralysed
muscle :

(7,) The more the patient uses the paralysed eye ;

(3,) In the case of paralytic convergent strabis-
mus, the greater the hypermetropia, and the more
sensitive the converging centre ; and wice versd in
paralytic divergent strabismus.

Arec of Contact.—This namec has already been
spoken of as given to the line along which a muscle
and its tendon embrace the surface of the globe.

The actual insertions of the tendons are in
advance of the points where the muscles first reach
the surface of the globe tangentially. -

The touching points are those we must take
account of in studying the dynamics of the ocular
muscles, but we really know much less about them
than 1s usually taken for granted, since they are
modified by Tenon’s capsule in a way which it is
impossible to determine precisely.

This shows it to be all the more judicious not to
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study the ocular muscles synthetically, 7e., by
argument from their anatomy, but analytically,
by close observation of the actual results of
their physiological action, and pathological fail-
ures. Donders placed great emphasis on this

principle.

Fig. 24 —Anderson Stuart’s Model of the Ocular Muscles (the inf. obliques
should not have a pulley).

Ophthalmotropes.—For teaching purposes the
synthetical study is, however, needful, and provided
we confine ourselves only to broad principles, we
shall not go far astray.
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A number of gphthaliotropes have been invented
from time to time, and of these I prefer Landolt’s
and Anderson Stuart’s as the best. Their purpose is
to represent, in the form of a model, the character-
istic functions of the several muscles in isolated
action, as in Fzgs. 23 and 24.

Landolt’s Ball. — Another ingenious device by
Landolt is his “india-rubber ball ” (F7e. 25), which
any reader can easily mark for himself.

His own description is as follows: “Take a
simple india-rubber ball, depict upon it the cornea,
the vertical meridian, and the horizontal meridian.
On the latter, mark, at 39° from the anterior pole
(centre of the cornea), the anterior extremity of
the axis of the obliques (0), and at 63° on the
opposite side (&), the axis of the superior and
inferior recti.”

Now, suppose, for example, we wish to demon-
strate the action of the superior oblique, we reason
thus : this muscle makes all the points of the
cornea describe parts of parallel circles about its
axis.

Taking a pair of compasses, therefore, we
open them so that one of its points shall corres-
pond with the anterior extremity of the axis
of the oblique muscle, the other to the centre
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of the cornea. Keeping the first point fixed
we trace with the other the circle, of which a
part is traversed by the apex of the cornea
under the influence of the contraction of the
superior oblique.

Fir. 25.—Landolt's Ball

“If we wish to know where this apex of the
cornea is found after a rotation, for example, of
40°, we have only to trace a straight line, starting
from the anterior extremity of the axis, and
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forming an angle of 40° with the horizontal
(belowo it for the superior oblique, above it for
the inferior oblique).

“The point {O' or R"), where this line meets the
circle indicates the position of the corneal apex
which corresponds to the required rotation. We
see thus, at once, in what direction and to what
extent it deviates from the horizontal as well as
{from the vertical.

“ As for the slope which the vertical meridian
of the cornea will have acquired at the same
time, it is of necessity perpendicular to the
line which we have just traced, and passes
through the point which it has discovered for
us, to: be' the ‘eentre “of "the corpnea. Sihat “is
evident. This very line is, in short, no other
than a part of the horizontal meridian, sloped
by the muscular contraction; it is perpendicular
to the vertical meridian.

“It is thus that in our figure the two black
stripes indicate the inclination impressed upon
the vertical meridian of the right eye by the
superior oblique (O"), and by the inferior rectus
ik

“By dropping a perpendicular from the points
Q'and R 'upon the horizontal meridian, we get the
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amount of depression (O'/ and R'/%; produced by
the muscles in question.

“The perpendicular dropped from these two
points 0" and & "upon the vertical meridian corres-
pond to the amount of abduction (O'l”) caused by
the oblique, and to the amount of adduction caused
by the rectus.”*

With Landolt’s Ball the Sound Eve is supposed
in its primary position.
that Landolt’s ball as thus made only repre-

It should be remarked

sents the truth when the internal and external
recti are quiescent, for the more the eye is
adducted by the internal rectus, the further
is the anterior extremity of the Oblique axis
removed from the cornea, making the arc
for the oblique become that of a larger circle,
and the arc for the rectus that of a smaller
circle.

Conversely, the more the eye is abducted by
the external rectus, the smaller becomes the circle
for the oblique, till perhaps it becomes nil, showing
that then the oblique is purely torsional in its
action : and the larger becomes the circle for the
rectus, till at last it becomes a straight line, show-

* ¢ Archives d’'Ophthalmologie,” Dec. 1893.
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ing that then the rectus is a pure superductor or
subductor.

Furthermore, since the circles on Landolt’s ball
map out the paths followed by the apex of the
cornea under the action of individual muscles, and
since it is based on the approximation that the
obliques have one, and the superior and the inferior
recti also have one, horizontal axis in common, we
may well use it to illustrate that if this be true,
paralysis of any one of these muscles would bring
about the opposite horizontal condition from that
which 1s generally believed.

For if contraction, say of the superior rectus,
move the apex of the cornea in a circle as marked
on the ball, its paralysis will move it in the samec
circle but in the opposite direction, z.e., just as slight
contraction of the inferior rectus would move it,
causing, therefore, adduction in each case.

Tilted Axes.—If clinical observation shows ab-
duction to be the undoubted result of wncom-
pPlicated paralysis of the superior or inferior rectus
during the primary position of the sound eye,
then the axes of rotation for these muscles must
be regarded as inclined to the horizontal in oppo-
site directions ; the axis for the superior rectus
having 1its inner end lower, and that for the
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inferior rectus having its mner end higher, than
the horizontal meridian.

Similarly, if uncomplicated paralysis of either
oblique cause adduction, under simtlar conditions,
the axis of rotation for the superior oblique must
have its outer end higher, and that for the inferior

oblique lower, than the horizontal meridian.

Firg, 26..—To show, if the axes are tilted, the nature of the tilting, 1. R. and
S.R. being the axes of the Superior and Inferior Recti, and 5.0. and 1.0). those
of the Superior and Inferior Obliques.

[ have represented this in /7g. 26, which shows
an india-rubber ball traversed by knitting-needles
to represent the axes.

As a matter of fact it is extremely difficult to

ensure that any paralysis is uncomplicated by
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previously existing latent squint, so that clinical
records are very little to be trusted on this point,
unless they are made with special reference to it.
The theory of tilted axes is, I find, far from new,
Meissner having taught them, and later Continental
~writers having owned them theoretically as true,
though deeming the convenient approximation of
horizontal axes sufficiently accurate for practical
purposes, and for clinical deduction perhaps.
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CHAPTER V.

ASSOCTATED MUSCLES IN A
SINGLE EYE,

Isolated Contraction of some Musecles unknown.
—OQur study of the ocular motions in Chapter I
will have shown us that isolated action is forbidden
to at least four of the muscles of each eye, since
neither the superior or inferior recti, nor the obliques
can act alone without violating the law observed by
Listing (p. 37

For by that law, all rotations are forbidden to the
healthy eye except those about axes in a vertical
plane passing through the centre of motion of the
eye, perpendicular to the visual line in its primary
position. But neither the axis for the obliques nor
that for the superior and inferior recti lie in this
plane ; therefore no one of these muscles can con-
tract without some associated muscle acting with it
in that perfect proportion required to keep the re-
sultant axis in this inevitable plane. The rotations
which individual muscles would effect severally, have

to be compounded with great nicetyinto one rotation.

o
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On looking, for instance, directly upwards, the
eve-ball must rotate about the horizontal diameter
of the plane. The superior rectus cannot effect
this, because its own axis is inclined by 27¢ from
it. It is, however, so reinforced by a smaller con-
traction of the inferior oblique that the resultant
axis lies in the plane.

Superducting Musecles.—Superduction of the globe
is effected by both of these muscles, but it is a
“pre-eminent ” action of the superior rectus, and
only a “subsidiary 7 action of the inferior oblique.

On the other hand, zutorsion is a * subsidiary ”
action of the superior rectus, and erforsion is the
“ pre-eminent action” of the inferior oblique. Since
physiological superduction of the eye is always quite
free from torsion, the two muscles must contract in
such proportion that the intorsion by the one shall
exactly counterpoise the extorsion by the other.

For this to be the case the oblique must contract
to a much less extent than the rectus, and in reality,
only about three-tenths of the elevation of the eye
is due to the inferior oblique, the remaining seven-
tenths being due to the superior rectus.

In an exactly similar manner depression of the
cornea is effected by combined action of the inferior
rectus, and the superior oblique.
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In all this, we are confining ourselves to motions which
start from the primary position. If the eye be ad-
ducted or abducted to start with, the case 1s of course
different. Then, as Helmholtz says, the resultant axis no
longer lies in the transverse plane of the head, alrcady
described, but in a plane which bisects the angle between
it, and the plane fixed in the eye-ball which originally
coincided with the former plane when the eye was in the
primary position, but which moves with the eye-ball, so
as to be ever perpendicular to the line of fixation.

Figr. 27.—To show how in an eye abducted from B to F, the axis of super-
duction is not A A nor CC, but in a mean lll}hitiﬁll HH).

This is shown in Fig. 27, modified from Helmholtz,*
where O B represents the fixation line in the primary
position of the eye.

* % Physiologik. Optik.,” p. 624.
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That plane (A A4) which is fixed in the eye-ball itself,
and which passes through the centre of motion perpen-
dicularly to the fixation-line, takes the position C G,
when the fixation-line 1s deviated from O /5 to O £

The eye 1s now 1n a secondary position, and whatever
motion 1t may make from this position into any other,
must be effected by rotating about some diameter of the
the plane /A /7 which bisects the angle between the
planes 4 A, and C C.

There are, of course, an infinite number of diameters
in this plane (/7 /1) about which rotations are possible, so
that it may be called ““the plane of the axes of rotation ”
for that secondary position of the eye.

Composition of Rotations.— There is a beautiful
and well-known method of representing in linear
measure the amount of rotation imparted to a
rotating body, by simply measuring off along the
axis, from the centre, a distance proportionate to
the rotation (“rotation vector”).

There are, of course, two senses in which a body
can rotate about any one axis, and it is therefore
needful to specify in which sense the rotation occurs.
This is easily done, for since there are two directions
in which we can measure along the axis from the
centre, we can choose one direction to represent
rotation in one sense, and the other direction to
represent rotation in the opposite sense. By con-
vention, we imagine ourselves to stand at the centre
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and look along the axis in that direction which
makes the motion appear to us like the hands of a
watch or the motion of a right-handed screw.

By a single measured line, therefore, we can
record no fewer than three quantities :—

(1,) The axes of rotation, by the direction of the
line ;

(2,) The amount of the rotation (by the length of
the line) ; and

(3,) The sense of the rotation (by the direction
from the centre in which the line 1s drawn),

We may choose any units we please. Suppose,
for instance, we decide to represent degrees by
millimetres, then 10 millimetres measured along a
directed line means 10° of rotation about that line
as axis, and in the same sense as that of a screw
being screwed along the direction of measurement.
We have only to seize the line at its origin, and
screzo, to understand the sense in which the rotation
occurs.

We may compound rotations, therefore, or re-
solve them as we please, on the same principle as
the parallelogram of forces.

Dynamies of the Eye.—In theory the dynamics of
the eye are exceedingly simple, since the resist-
ances are elastic (and conform, no doubt, to
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Hooke's law, “ U¢ tensio sic vis”), the forces are
tangential, and the lines of the forces are equally
distant from the centre of motion, so that the
moments of the forces are proportional to the forces
themselves.

Moments.— The “moment” of a force about a
point is the importance of that force as regards
balancing or producing rotation about that point.
The greater the distance of the line of force from
the point, the greater is the moment of the force.
[n the eye the lines of forces may be considered
as equi-distant from the point seclected as the
centre of motion; and therefore the moments of
the forces proportionate to the forces themselves.

Forces estimated by Results.— 1 he resistances to
rotations of the eye-ball are no doubt greater about
some axes than about others, and since we cannot
calculate this element, we are driven to study the
forces as if measured only by the rotations they
produce. Instead of compounding forces, we com-
pound rotations, for the forces arec unknown
quantities to us, while the rotations can be investi-
gated to a high degree of accuracy by the behaviour
of double images, and after-images.

Fie. 28 illustrates the composition of rotations,
in a rotating body whose centre is at o. The
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arrowheads on the lines e¢a, 06 represent the
directions in which the lines are measured, and
therefore the sense of the rotation which takes place
about each as axis, and which is the same as that
of an ordinary right-handed screw, screwed in the

direction of the arrow.

Fig. 28.—Composition of Rotations.

Thus the line ¢a represents a rotation propor-
tionate to the length o, and about ¢ a as axis, in
the sense of a screw driven from o to a. The line
o & represents a smaller rotation, since it is a shorter
line, about ¢ 4 as axis and in the same sense as a
a screw driven from o to 4.

When two forces, capable when acting singly of
producing these respective rotations, are impressed
upon a body simultaneously, the rotation which re-

sults i1s represented by the diagonal oc¢ of the



104 THE OCULAR MUSCLES.

parallelogram ¢ @ ¢ & completed by drawing b cand a ¢
parallel respectively to ea and o 4.

The resulting rotation, therefore, is about the
axis o ¢, proportional to the length o¢, and in the
same sense as the rotation of a screw driven from o
to c.

The reason for this actual composition of the
rotations 1s as follows: If the body were only
subjected to one of the rotations ¢ @ or ¢ 4, any point
in it would move over a distance proportional
firstly, to the amount of rotation, and secondly, to
its distance from the axis of rotation; just as the
rim of a wheel travels further than the hub during
a given rotation, in proportion to its distance from
the axle. When the rotations ¢a and o6 take
place simultaneously, points which lie between
their axes would rise in consequence of one
rotation and sink in consequence of the other,
and there is a line of points (0 ¢) so situated that the
rising and sinking exactly neutralise each other.
The distance of each point in this line from the two
axes is inversely proportional to the amount of
rotation about the axes, so that the faster rotation
of the body as a whole about one axis is compen-
sated for in the case of the point under considera-
tion by its greater distance from the other axis.
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These points, therefore, all remain stationary, and
form the new axis of rotation. All points which lie
to the a side of it are depressed, because of their
distance from o4& being too great to be compensated
for by the greater rotation ea ; while points to the

b side of oc¢ are elevated for the contrary reason,

Fig. 29.~Horizontal section of a right eye,

Now let us apply these principles to the eye-ball.
Let Fig. 29 represent a horizontal section of the
eye, where A is the anterior pole of the eye-ball,
and 7 the posterior pole, so that A 7 is the optic
axis. The line D X is the transverse axis: /7.5 is
the axis of rotation for the superior and inferior
recti, and /'S’ is the axis of rotation for the
obliques,

A measured quantity along the line O /7, from ¢

as origin, indicates a measured rotation of the
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clobe in the sense of a screw proceeding from
O to /. This rotation subducts the cornea, and is
such as would be effected by the inferior rectus
acting, were it possible, alone : hence the letter 7/ is
chosen, which stands for “inferior,” while O stands
for “ origin.”

Similarly, any measured quantity from O towards
S specifies a proportionate rotation by the superior
rectus, which superducts the cornea, since the sense
of rotation is that of a screw passing from O to S.

Measured quantities from O to /" and S+ repre-
sent measured rotations due respectively to the
inferior and superior oblique, the former super-
ducting the cornea, the latter subducting it,
according to the same analogy of the screw.

Now let us drop a perpendicular from A, the
centre of the cornea, upon the axis of the superior
and inferior recti (/S). What have we? The
vertical plane passing through this line is the plane
of motion for the centre of the cornea during
isolated action of either the superior or inferior
rectus. The anterior pole of the eye under these
conditions describes a circle in this plane, which we
might call the corneal orbit for these muscles, since
it 1s the path in which the centre of the cornea
travels under their guidance. (See F7g. 30.)
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A plane, therefore, passing through A perpen-
dicularly to the axis /.5 is the p ane of the corneal
orbit during rotations about that axis; and we see
at once that in whichever sense such rotation takes
place, it must necessarily adduct the cornea, as well

as elevate or depress it.

Fie, 3o-—Horizontal section of a »7edet eye. The longer dotted line from A
indicates the vertical [r::l.m:, to which the motions of the anterior ]---i-.— of the eye
are confined under the guidance of the Sup, and Inf. Recti. The shorter dotied
line indicates the same for the Obligques.

In precisely the same way a perpendicular may
be dropped from the centre of the cornea (A ) upon
the axis of the obliques (/'S’): the vertical plane
passing through this line is the plawe of the corneal
orbit during rotations about that axis, at once
indicating that abduction of the cornea is a

result of such rotations whether thev are produced
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by isolated contraction or isolated paralysis of either
oblique, if the usually accepted view is correct that
the obliques have a common horizontal axis,

Resolution of Rotations.—Next, let us see how
to resolve rotations due to individual muscles.

Take the inferior rectus as an example, and in
Fig. 29 let the distance O / represent the maximum
rotation it can effect. Drop perpendiculars from /
upon the transverse axis /) /£ and the optic axis
A P ; these perpendiculars cut off distances from O
along these axes which represent the component
subduction and torsion respectively.

Since thus O m represents the subduction of the
olobe, and O # its torsion, we see at once that sub-
duction is the pre-eminent action of the muscle.
The torsion occurs in the same sense as in a screw
passing from O to z, so that it is extorsion.

The lengths of the lines On and Om are easily
found ; for the proportion which they each bear to
Os is simply that of the cosine of the angle in-
cluded between each, and O/, or, what comes to
the same thing, of the sine, and the cosine of 7 O D,

Suppose, for instance, we take the obliquity of
the axis of the superior and inferior recti to be
27° from the transverse axis, the component O m
will be ‘89, 7z.e., less than nine-tenths; and the
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component Oz will be -45, Ze, about nine-
twentieths of the whole rotation Os.

The torsion, therefore, is only about a half of
the superduction.

Co-ordination.—I.et us now see how much rota-
tion the superior oblique must effect in order to be
a perfect associate of the inferior rectus (/zg. 29).
Clearly, if subduction is to be unaccompanied by
torsion, the extorsion O # must be counterbalanced
by an equal intorsion O #»". After marking off O 7/,
therefore, equal to O #, but in the opposite direction
from O, erect a perpendicular at # to cut off along
O S’ (the axis of the obliques) a distance O p, which
shows the exact proportion of intervention required
from the superior oblique muscle, its rotation being
resolved into a torsional component (O #') which
balances the torsional compound of the rectus (O »),
and a subducting component equal to #p, which
supplements the subducting effect of the rectus.
[ndeed, the lengths O and 7' p exactly represent
the relative proportion of pure subduction due
respectively to the inferior rectus and superior
oblique. The latter is scarcely more than two-
fifths of the former.™

*n'p = Om Tan. 23° Tan. 39°.
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Effect of Horizontal Displacement.— When the eye
to start with is ab- or adducted, the proportions are
different. We imagine the muscular axes (S 7 and
S'7") to remain fixed in space (though they do not
do so absolutely), and the ocular axes 4 7 and D £
to move with the eye. In abduction, the trans-
verse axis of the eyeball approaches the axis of
the Sup. and Inf Recti.

With 27° of abduction, therefore, the torsional
component of the superior and inferior recti ceases,
while it would reach its maximum were it possible
for the eye to rotate in 63°. Conversely, their
vertical effect is theoretically greatest with abduc-
tion of 27°, becoming nil with hypothetical ad-
duction of 63°,

The torsional effect of the obliques is greatest
theoretically* with abduction of about 39°, and nil
with adduction of about 519, since in the former
case the axis of rotation (S’'/’) coincides with
the optic axis (A #), and in the latter is perpen-
dicular to it. Exactly the opposite is true of their
elevating power, which is nil with abduction of 399,
and greatest with adduction of 51°,

* The reason I use this word so freely in this section is
because I suspect the muscular axes do not remain quite so
stationary as is supposed.

e Rl i et it i e S g R
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Though these calculations are at best only
approximately true, we can by their aid determine
with more or less approach to truth the provinces
of the motor field over which different muscles hold
chicf sway, or sway of a special kind. A chart of
the motor field on this principle was attempted by
Duane.

The only reliable way of constructing an exact
chart of these provinces is by very careful examina-
tion and measurement of the motor field in cases of
isolated paralysis, since there is some reason to
believe that synthetical calculations are onlv true
in a certain measure owing to the influence of
Tenon’s capsule, that measure being greatest near
the primary position, and less with increasing
departure from it.

The right hand side of Figure 29 {where we come
to deal with the superior rectus and inferior oblique)
shows that to resolve any given superduction of
the eye, such as O £, we need only complete the
parallelogram, of which that line is a diagonal by
drawing £ r and £ s parallel respectively to the
axis of the recti and the axis of the obliques.
Then the dimensions O » and O s show the compo-
nent rotations effected by the rectus and its
associated oblique. They are proportional to
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the sines of 51° and 27°, and therefore about
17 to 10.

Adduction and Abduection.—What about adduc-
tion and abduction? Do any of these muscles
rotate the globe about a vertical axis? The answer,
if their axes of rotation be horizontal, is evident, for
rotation about a horizontal axis cannot possibly
have a component about an axis perpendicular to
that axis.

Such being the case, therefore, the adduction
produced by the superior and inferior recti is only
the adduction of the cornea which accompanies its
elevation and depression: that is not the same
thing as rotation of the g/ode about its vertical axis.
If both were to contract simultaneously they would
not adduct the eye at all, but would simply, as
mentioned on page 84, tend to draw it backward as
a whole towards the optic foramen.

Whether the axes for these muscles are really
horizontal is another question. [ do not know
whether they are or not. The question could only
be settled after careful examination, with special
reference to this point, of a number of unimpeach-
ably isolated paralyses of the superior and inferior
recti, which are very rare.

[t is true that isolated paralysis of the superior
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oblique is common. The double images therefrom
indicate, sometimes abduction of the cornea,
usually adduction: far more frequently the latter.
Moreover, the occasional abduction is most likely
explainable, on Mauthner’'s hypothesis, by the
liberation of a previously existing latent squint, or
tendency of the eyes to diverge (exophoria) when
not engaged in single vision, from slack action of
the converging innervation.* [If Mauthner's ex-
planation be true and adduction be the characteristic
effect of this paralysis during the primary position
of the sound eye, then the axis for the muscle must
be tipped up above the horizontal plane at its
outer end, and dip below it at its inner end, as
shown in Fig. 31, p. 115.

Even then, adduction would only occur during a
moderate paralytic displacement of the eye, and
would give place to abduction, if it exceeded a
certain amount, which it would be quite easy to
assign were the exact tilt of the axis known.

In fact, as soon as the depression of the eye were
to become twice as great as the tilt of the axis,

* Perfect orthophoria (by which I mean orthophoria main-
tained if one eye be excluded for a week) is not found in one
of a thousand : 1t 1s this which makes the horizontal element

in paralysis so uncertain.

g
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adduction would begin to give place to abduction,
provided the centre of motion of the eye be fixed.

Paralytic Exophthalmos.—It should not be for-
cotten that since the four recti tend to draw the
eye-ball back into the orbit (and balance thus the
tensions in the expansion from Tenon's capsule to
the orbit with its check ligaments, and the oblique
muscles, all of which tend to draw the eye forwards,
assisted by the elastic resistance of the retro-
orbital fat), it is more than likely that pronounced
paralysis of a rectus, when physiological tone is
lost, allows the centre of motion to advance, and
thus the eye-ball to be translated forward, as well
as rotated. This, however, would only introduce a
source of error into any quantitative calculation, for
it would not alter the principles: the paralytic
rotation of the globe would be the same in kind as
if no translation occurred, but less in amount.

It would indeed occur about an axis, exactly the
same in direction as if there were no translation,
but which instead of passing through the centre of
motion would lie to the opposite side of it from the
paralysed muscle, so as no longer to be a diameter
of the globe. The rotation about this new excentric
axis, however, would be resolvable into an advance
of the centre of motion, and a rotation about it, the
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latter being the same in kind, but less in degree
than if there were no translation. The greater the
translation the less the rotation. The translation
in itself is of no clinical account, since it does not
affect the diplopia directly, but only indirectly by

lessening the amount of rotation.

Ing.Rect.

TEMPDEHL) e (NASHL)

SIDE SIDE

Sup Rect.

Fre, 21.—An india-rubber ball, marked =0 as to show the Paths of the Cornen
L|l1:'i|1_'..: (.‘::-nl:r.u_:!i.-.m :{|:||:| ]'.‘:r.‘i]}'hiﬁ of the :"-ll1'-i.'|t;'-, il their Axes are tilted 't'In.'

ult being [n:r]-nnt]}' exaczerated).

Model with tilted Axes.—On an india-rubber ball
like Professor Landolt’s, I have represented, as in
Fig. 31, the paths pursued by the centre of the cornea

during contraction or paralysis of isolated muscles
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whose axes of rotation are tilted to the horizon. Since
there are four muscles concerned, none of which have
coincident axes, there must be four corresponding paths
(or orbits) for the centre of the cornea. Since the axes
are not horizontal, the muscular planes (p. 78), to which
they are invariably perpendiculars, cannot be vertical
planes, neither can the planes of the corneal orbits, for
they are parallel to the muscular planes.

Construction.—We may therefore, after deciding how
much to tilt the axis in a model (e.g., an india-rubber
ball), still follow Professor Iandolt’s plan of placing one
leg of a pair of compasses on the extremity of each axis
in turn, and the other leg on the centre of the cornea to
describe a circle with the latter.  These circles are the
four corneal orbits for the respective muscles.

Differences.—In a horizontal-axis model there are
only two corneal orbits, each common to a pair of
muscles, and it will be seen from /Aig. 23 that neither
orbit transgresses the vertical meridian : though both
touch it at the corneal centre, they keep strictly to their
own sides, so that, in the primary position, adduction is
the only result demonstrable by the model of either con-
traction or paralysis of the recti ; and abduction for the
obliques. In ZFig. 31, however, each orbit crosses the
vertical meridian.

It may be well to explain that the model does not
represent the actual globe of the eye, but an infinitely
thin sphere immediately surrounding it and fixed in
space, so that the centre of the cornea, in its motions,
describes these paths upon it.

The vertical meridian of this sphere coincides during
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the primary position of the eye, with the vertical meridian
of the cornea, but 1s fixed while that moves. The cornea,
when its centre is found to the nasal side of this fixed
vertical meridian, 1s adducted, when to its temporal side,
abducted. From the fact that each corneal orbit hes in
part to one side and in part to the other, it is evident
that both adduction and abduction occur with motions
about each axis. Each rectus (superior and inferior), on
contracting, adducts the eye, and each oblique abducts it.

The semi-orbit A4 s is that for contraction of the superior
rectus, A ¢ for the inferior, and both are entirely to the
nasal side of the fixed vertical meridian, showing these
muscles to be adductors. Moreover, since these orbits
form an angle at the vertical meridian at the anterior pole
instead of touching it by a continuous curve, as 1n
Fig. 23, adduction is more marked, and commences at
once in such a way as not merely to be an incident of the
motion of the cornea, but to be due in part to true
rotation of the globe about its vertical axis, which we
have shown cannot occur if the axis of rotation for the
muscular contractions are not tilted to the horizontal,
since horizontal rotations cannot have vertical com-
ponents.

The more tilted the axes are, the greater are the vertical
components of their rotations.

The same may be said, mutaltis mutandis, of the orbits
As', A¢ for the obliques, which show the eye to be more
vigorously abducted by contractions of these muscles
than in Fig. 23.

Paralytic Semi-orbits.—When we come to consider
paralylic rotations, the twe figures are in contrast.
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What we may call the * paralytic” part of each orbit
lies to the opposite side of the mendian from the *con-
tractile ” part, for a certain distance, and shows that
paralysis of a muscle causes, at first, the opposite hori-
zontal diplopia from its contraction. Thus the arc 45"
is the paralytic arc for the superior rectus, being continu-
ous with its (already considered) contractile arc A s.

It crosses the mendian at 4, showing that the slightest
paralysis causes abduction at once, which increases to its
maximum at & when the depression of the eye is equal to
the tilt of the axis from the horizon, and then as the
paralytic rotation becomes greater, the abduction lessens,
till the orbit again crosses the meridian at ¢, thereafter to
give place to adduction. This crossing of the meridian
occurs when the depression of the eye is twice as great as
the tilt of the axis, for ¢ i1s twice as distant from the
horizontal meridian of the fixed sphere as the extremity
of the axis.

I have carefully said * as the paralytic »ofafion becomes
greater ” instead of saying “as the paralysis increases,”
because the paralytic rotation does not necessarily keep
pace with the increase of paralysis, as we have already
seen, the latter perhaps expending its effect to some
extent on translation of the globe forwards.

When this 1s the case, what relation exists between
translation and rotation? It will not do to compound
them according to ordinary physical composition, for the
translation is not something added to the rotation. The
simplest way would probably be to look upon the patho-
logical yielding of the muscle under remaining tensions as
represented by a definite linear quantity of lengthening.
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Without translation, this linear quantity, curved round
the surface of the globe into a circular arc, measures the
angle of paralytic rotation, being the arc which subtends
that angle at the centre of motion. When translation
occurs, this arc of rotation is shortened by a linear
quantity equal to the amount of translation.

Thus, 1if the lengthening of the muscle be 3 mm., the
angle of rotation, without translation, would be an angle
subtended by an arc of 3 mm., but with 1 mm. of transla-
tion it would be an angle subtended by an arc of 2 mm.
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CHAPTER V.
CONJUGATION OF THE TWO EYES.

To the best of our knowledge, every innervation
of the ocular muscles is conjugate. It is impos-
sible for a nervous impulse to descend to the
ocular muscles without being equally divided
between the two eyes. In consequence of this
the two eyes work together, to borrow Hering’s
expression, as one organ.

True Associates.—Ivery muscle therefore has a
yoke-fellow in the other eye. The superior rectus
of one eye is associated with the inferior oblique
of the other; and the inferior rectus of one with
the superior oblique of the other.

This is Graefe's view, based on their subsidiary,
as well as on their pre-eminent actions. For
example, the elevating power of the right superior
rectus is greatest on looking first to the right:
and that of the left inferior oblique is also greatest
on looking first to the right. On looking first to
the left, the clevating power of both decreases, and
the torsion of both increases. Moreover, they both
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cause torsion in the same sense. These muscles
therefore work together more harmoniously than
either could do with any other work-fellow.

As a matter of fact however, in the voluntary
motions of the eyes, this pair never works alone,
without the other pair of associates, the left
superior rectus, and the right inferior oblique, as
we learn from the phenomenon of false torsion
(Chap. II). Also the antagonists tone up.

Graefe suggested that the best operative treat-
ment for paralysis of a muscle would be tenotomy
of its associate in the other eye. Thus, for a
faulty right superior oblique, he would think of
tenotomy of the left inferior rectus, from the
consideration that if both associates are weakened,
a stronger impulse is all that is needed to remedy
the defect in both. There are weak points in this
practice, excellent as the reasoning is, one being
that the proportion of elevation effected by the
oblique is much less than that effected by the
ectus, and the other that tenotomy does not
really weaken a muscle muc/, but chiefly acts by
altering the position and shortening the length
of its arc of contact. It does weaken it a little,
however, indirectly owing to the lengthening of
the check ligament (see p. 31), and to that extent
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it keeps company with the paralysis. Practically,
the operation should almost never be done, unless
the diplopia is considerable while the sound eye
is in the primary position.

Spasm of Single Museles.—It is rare to meet with
an unimpeachable example of those cases, de-
scribed by others, in which there is violent tempo-

rary contraction of an isolated muscle. It is
possible that ocular muscles may be subject to
“cramp,” like that in the calf of the leg, but I
have not met with it. Were it to occur in any but
the internal rectus, it could easily be diagnosed :
[ts characters would be (@,) Sudden, extreme, and
temporary deviation of one eye; (4,) Normal
motions in the other eye; (¢,) Absence of latent
deviation subsequently to the attack, as tested,
by occlusion, or the glass rod. Latency is the
most important point in the diagnosis, for sudden
deviation of an eye may be due to liberation of
a previously existing high degree of latent squint,
and unless paralytic, is nearly always due to this.
Even paralysis does not cause marked deviation
of an eye at first while the sound eye is in the
primary position, unless marked heterophoria
pre-existed, and even then it could not be mis-
taken for spasm, being not so temporary.
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Spasm of the internal rectus is often simulated
by spasm of convergence, and since the latter is
always immensely more probable, it should be
given the benefit of any doubt.

[ have dwelt at this length upon muscular
spasm, in spite of its extreme rarity, because it
looks like an cxception to the rule of “conju-
gation,” though not really so, since the pathological
does not disprove the physiological.

Conjugate Innervations.—The number of conjugate
innervations is, at present, unknown. Five have
long been recognised : of which one elevates both
eyes, another depresses them, a third turns both to
the right, and a fourth both to the left. The fifth
is the converging innervation.

Besides these five, I imagine there may be three
which govern torsion, and two which regulate the
vertical balance of the eyes.

Conjugate Paralyses.—The conjugate “elevating ”
and “depressing” innervations are sometimes
simultaneously impaired by disease, so that both
eyes show defective movement either upwards
or downwards, without diplopia, or any sign of
muscular paresis. The exact cerebral localisation
of their cortical centres is uncertain, however.

The horizontal conjugate innervations, which
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impart lateral motions to both eyes, to right and to
left, are also sometimes impaired by disease. One
of these innervations causes conjugate dextro-
duction, and the other conjugate lavoduction.
When either is defective, the field of fixation on
the same side is proportionately restricted, ze,
the eyes cannot be turned to that side, and yet
there 1s no diplopia or sign of individual muscles
being affected.

The dextroductinginnervation acts equally upon
the right external rectus and the left internal
rectus. The lavoducting innervation acts equally
upon the left external rectus and the right internal
rectus. It will be seen therefore that the arrange-
ment is very much like that of the reins of a pair
of horses (Gowers). .

In glancing from right to left or wvice wversd, it
is evident that there must be a momentary
median position of the eyes in which the work
is transferred from one innervation to the other.
Indeed, in some patients, a distinct falter is
observed in this movement if the eyes be made
to follow the finger from right to left, which, if
marked, may be regarded as a sign of defective
co-ordination.

Each of these innervations for right and left
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motion is supposed to arise in the cortex of the
opposite hemisphere, and cross to the superior
olivary nucleus of the same side; thence to the
nucleus of the sixth nerve on the same side, after
which the path divides into two, one along the
sixth nerve to the external rectus of the same
side, and the other through the nucleus of the
opposite third nerve (perhaps reached by the
posterior horizontal fibres) to the opposite internal
rectus. Any interference with this innervation,
therefore, must be due to some defect higher up
than the division of its path into two: it must
be either in or above the sixth nucleus.

Convergence.— Were these four innervations the

only ones to control the eyes, their axes of
fixation would be ever parallel. A fifth is
necessary to converge the eyes upon near objects,
and it is found to have quite an individuality of its
own.

[t also affects both eyes equally, and its
nuclec-muscular path is well known, though its
cortico-nuclear path is not well ascertained, since
it certainly passes through the third nerve nuclei
and divides into two paths, each of which courses
down the branch of the third nerve, which
supplies the internal rectus of its own side.
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Entire absence of the converging innervation is
met with, though very rarely ; considerable defects
are not so very uncommon, and trifling ones are
exceedingly common ; in all of which the inner-
vations previously described may be perfect.

Fig. 32.—Modified from Hering. to illustrate Conjugation. In looking at ¢
1he eyes converge as if lor ¢, and are as if deflected from ¢ to .

Though all the innervations of the eyes are
equally divided between the two members, it does
not follow that motion of one eye necessitates
motion of the other.

Fig. 32, for instance, which is borrowed, with a
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slicht modification, from Hering, shows how one
may remain quite stationary while the other moves,
without in the least impeaching the rule of equally
divided innervations.

The lines y and z represent parallel visual axes,
while the eyes are looking straight forwards at
some very distant object. Let the attention be
now diverted to a near object (¢) lying in the line
of the right visual axis s, so that the right eye has
no motion to make in looking at it, but the left
eve has to sweep through the angle » A4 ¢
Hering has shown that half the motion of the
left eye (yAo) is due to the converging inner-
vation, and the remaining half (¢ A¢) to the
innervation which turns both eyes to the right, and
that while the two innervations conspire in the
case of the left eye, they exactly counteract each
other in that of the rightt The left internal
rectus is stimulated by both, and the left external
rectus by neither; whereas the right internal rectus
is stimulated by one, and the rizht external also
by one.

Convergence, therefore, brings both eyes as if
to o, through the equal angles y A 0 and z 5o, and
dextroduction moves them as if from o to ¢,
through the equal angles 0 A ¢ and o B¢, not,
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of course, that they act in succession but simul-
taneously, so that every increment of converging
force is instantaneously prevented from moving
the right eye by an equal increment of dextro-
ducting force. The mechanism is wonderfully
perfect.

It may be noticed that, in the diagram, I have
made the point ¢ a little further from the eyes
than ¢, for were it not so, the angles would not
be equal. They are only equal when they lie in
the same circular arc as the centres of motion of
the two eves.

Fie. 33 is to show this, where the circle 4 5 O¢
represents what [ have called an *“isogonal
line,” * or line of equal convergence. All
points in the periphery of this circle, when made
objects of fixation, require an equal amount of
convergence. That explains the dotted line
between ¢ and ¢ in Fig. 32 being in the form of
a curve, instcad of a straight line.

In F7e. 33 it is not only true that the angles
of convergence are equal, but in glancing from
any one point in the circle to any other, both
visual axes traverse equal angles : thus the angles

* “ Journal of Anat. and Phys.,” vol. xxi., p. 581.
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OB¢ and OAc¢ are equal. It is the curve
therefore both of uniform convergences and of
equal lateral ductions for the two eyes.

[t must not be thought that these rules of
conjugation exist merely in theory; they are

exceedingly well proved.

Fig. 33.—(Syme Fellowship Essay, 1884.) To illustrate the relation between
convergence and accommodation in lateral fixation. Looking at ¢ requires
convergence as if for O, and accommeodation as if for 2.

Confirmation of the Rules of Conjugation.—The
reader can, if he please, confirm them for himself,
by fastening a square of black velvet to a thin

9
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board, and fixing a tiny piece of white paper, say
2 mm. square, at its centre. Holding the board
about 8 inches before the face, look at the tiny
piece of paper, and suddenly cover the right eye
with a visiting card.

To a keen observer the white spot will now, in
most cases, appear to move slowly to the right.*
Now here is a remarkable phenomenon: The point
of view seerns to move when not only is it really
stationary, but the eye which looks at it, and the
image it throws upon the retina are stationary
also.

That the covering of the right eye does not
make the left eye move may be proved by placing
a circular piece of paper, half an inch broad, on
the velvet screen just where it is lost to view in
the blind spot of the left eye, and such that any
motion of the eye would make the paper spring
at once into view. It will be found that covering
the right eye does not make it spring into view :
the left eye therefore does not move.

What then is it that makes the white spot
fixed by it seem to move?

* This experiment is best made, and indeed was originally
made, with the visual camera (Chap. xiv).
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Simply this, that when the right eye is covered,
the necessity for strict convergence ceases, and
the converging innervation relaxes a little. Were
this all, both eyes would diverge a little, but
that would make the left eye deviate as well as
the right: to prevent the left eye from moving,
every relaxation of convergence is simultaneously
compensated for by a corresponding increment
of nervous energy from that innervation which
turns both eyes to the right. This, while it just
counteracts the divergence of the left eye, in-
creases the divergence of the right.

Now, in estimating the position of the white
spot on the screen, the mind pays no attention
whatever to the behaviour of the converging inner-
vation (unless to make the white spot appear to
recede to a distance, as Percival tells me he
finds), but is keenly alive to the slightest output
of energy by the other innervation, and judges
the gradual evolution of its energy to be due to
motion of the white spot, instead of attributing it
to its true cause.

This experiment alone would suffice to prove
that the muscular sense, in the case of the ocular
muscles, is not peripheral but central, since it
is the kind and amount of central innervation
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that determines the judgment of localisation in
space, not the muscular tension excited by it.

Now, to continue our experiment: After holding
the card before the right eye for a full minute,
suddenly remove it: two white points appear
which run into one, and it will be seen that they
both move at equal rates to meet each other, so
that the previously slow movement of the first
one is rapidly retraced.

Why is this?

It is because the sudden apparition of double
images, at once awakens the desire to unite them,
and quickens the converging innervation, which
acts on both eyes alike, to do so. The left eye,
however, all the time, does not stir, {as we can
prove, if we wish, by the blind spot method), for
as quickly as its internal rectus experiences the
converging stimulus, it loses the previous dextro-
ducting stimulus.

[t is the cessation of the dextroducting stimulus
which in this experiment makes the white point
appear to move to the left.

On the other hand, half the corrective move-
ment of the right eye is due to converging
impulse, and the other half to the cessation of
dextroduction.
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The practical perfection of this mechanism is
most important in the little details of life.

Mental Import of Parallel Innervation.— We have
proved that the mind takes the most careful
cognizance of the least output of energy by the
innervations which cause parallel motions of the
eyes. So much is this the case that artists are
said to be able to judge more correctly the lateral
distance between two objects by glancing rapidly
from one to the other than by any other visual
method.

Mental Import of Converging Innervation.— \What
now about the converging innervation? Does the
mind take no cognizance of it? Yes, but in a
totally different way. It speaks to the mind only
of the distance of objects, not, in the least, of the
direction in which they lie.

Converging impulses affect both eyes equally,
and since in looking at near objects, the eyes
have to converge more strongly than for remoter
ones, the sense of nearness is, c@teris paribus, pro-
portionate to the effort put forth.

The mental estimate of convergence, however,
is not so minutely exact as for parallel motions
of the eyes. The reason of this may be that we
possess no other means of telling the direction of
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an object than by the parallel innervations of the
eyes, but their disfance is known to us by their
apparent size, by atmospheric effects, by perspec-
tive, by stereoscopic phenomena, and by the effort
of accommodation required ; and (we must also
add) our knowledge of the relative position of
objects or their surroundings from experience.

Convergence and Aceommodation.—This leads us
naturally to treat (though briefly) of the associa-
tion between convergence and accommodation.
The accommodating innervation affects the two
ciliary muscles in just as conjugate a manner as
the converging innervation affects the two recti.
This is believed to be the case even when the
two eyes are congenitally of different refraction;
so we may conclude that the innervations of the
eyes are not entirely disposed by habit.

When we look at a very distant object, con-
vergence and accommodation are both nil, and
they increase pari passu as the object approaches.

This intimate correlation between the two actions
is in such perpetual exercise during the waking
hours of life that we might naturally wonder at
first thoughts whether one single innervation
would not have served the purpose of two.

[ will content myself here with giving one
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reason why they could not be, on gecometrical
grounds, unless all vision were directed to objects
in the median plane. Whenever the eyes are
turned to the right hand or the left, a differing
proportion between convergence and accommo-
dation 1s necessitated : for sligcht lateral motions
of the eyes, accommodation needs to be relatively
increased, but as soon as the motion exceeds a
certain limit, the necessity is reversed, and the
oreatest demand is for convergence.

Let us look at each in turn, and consider :(—

(a,) Acconmodation.—Apart from any connection
with convergence, disproportion between accom-
modative requirements zz e two eyes respectively
is brought about by the slightest deviation of
the point of fixation from the median plane,
except along one curve only.

Fig. 34 illustrates this when any flat object is
looked at, as in reading a book.

The prolongations of the visual lines on the
distal side of the line A 5 represent the dispro-
portion.

Thus, when both eyes are looking at u, the
object is nearer to the right eye than to the left
by the distance Z#, and so on. LEvery departure
of the point of fixation from the middle line
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lessens the required accommodation in the opposite
eye, while at first it increases that of the eye of
the same side till the fixation point has traversed
a distance op equal to half the interocular dis-
tance, after which it falls through a similar interval
p ¢ to the original amount, and then continuously

diminishes.

Fig. 33.—Shows the different amount of Accommodation called for in the
two eyes on lateral fixation.

But the centres for accommodation are so
intimately connected that one eye cannot accom-
modate more than the other.* When variations,
therefore, exist either in the refractive power or
requirements of the two eyes, “that eye has the

“* This statement is called in question by Percival, and is
open to enquiry.
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bright image which attains it most easily at the
expense of the other” (Donders). They do not
split the difference; if they did so there would
be diffusion circles in each eye.

Since accommodation with normal refraction
implies positive effort, that eye which is fartiest
from the object, and can see it with least effort,
determines the accommodation for beth. Fig. 35
therefore represents “the line of equal accommo-
dation” for near vision, made up of two curves, in
whatever point of which the object is placed
accommodation remains the same. It is com-
posed of two arcs of equal radius, described from
the centres of their opposite eyes.®

(b,) Convergence.— Fig. 34 shows that conver-
gence, as well as accommodation, diminishes with
obligue vision ; but that they do not diminish

* In hypermetropia the