








Fig 4.—Lateral rectus (left) and medial rectus (right) muscles of patient 5. In these two diagrams,
muscle-length values correspond for each set of three curves. Solid circles indicate before
intravenous injection of succinylcholine chloride, 1 mg/kg of body weight; open circles, one minute
after injection; and asterisks, six minutes after injection. In first measurement after administering
succinylcholine chloride, seemingly larger hysteresis is partly caused by diminishing action of
succinylcholine chloride. Calibration is as in Fig 1.

Table 2.—Stiffness in Passive
Horizontal Rotation of Eyes
in Eight Awake Volunteers*

Subject Stiffness, g/Degrees
1 1.06 OD; 1.26 OS (1 wk later);

1.03 ODt
2 0.53 OD; 0.52 OD (1 wk later);

0.74 OS
3 0.71 OD
4 0.88 OD
5 0.82 OD
6 0.74 OD
7 1.18 OD
8 1.18 OD

* Stiffness is defined as the ratio between force
and eye rotation (the relationship was linear in all
volunteers).

tSubject 1 had an exophoria, and the final mea¬
surement in the right eye was taken after one eye
was patched for two days.

ing of the affected agonist causes lack
of movement in the antagonist, result¬
ing in a secondary contracture with a
stiffness similar to the stiffness of the
primarily affected muscle.

Acetylcholine chloride and succi¬
nylcholine chloride cause contraction
of extraocular eye muscles2125 by pref¬
erentially stimulating multiply inner¬
vated muscle fibers, a common type of
muscle fiber in lower vertebrates but
seen in mammalians only in the
extraocular eye muscles. There are
two kinds of multiply innervated mus¬
cle fibers. Amphibian-type multiply
innervated fibers (type 6 in the report
by Asmussen et al26; type 4, Alvarado
and van Horn27; and type I, Brooke and
Kaiser28) contract by local depolariza-

tion of the cell membrane in the prox¬
imity of one of the multiple («20) end
plates.24 Avian-type multiply inner¬
vated fibers (type 2, Asmussen et al;
type 5, Alvarado and van Horn; and
type I, Brooke and Kaiser) display
slow (7 ms) monophasic electromyo-
graphic potentials, representing abor¬
tive action potentials.29 They have
about six end plates. According to
Asmussen et al, type 2 is seen in the
orbital part of the muscle, is about 10
µ  diameter, and has many mito¬
chondria, and type 6 is seen in the
central and global parts of the muscle,
is about 20 µ  diameter, and has
scanty mitochondria. Gornig et al30
were able to demonstrate that the
slow monophasic potentials are the
first to appear, when muscle activity
is increased from relaxation onward.
They registered electromyographic
activity in the superior oblique and
superior rectus muscles in rabbits
subjected to progressively tilted posi¬
tions. Their finding means that these
fibers are active most of the time, in
contrast to the thick, global fibers
with scanty mitochondria (types 3 and
4, Asmussen et al; types 1 and 2,
Alvarado and van Horn; and type IIB,
Brooke and Kaiser) that are used for
short periods during saccades. Multi¬
ply innervated muscle fibers are
served by smaller (about 5 Mm) and
slower 31 nerve fibers compared with
those serving singly innervated fibers
(about 11 ¿¿m).32 The motor-unit size is
smaller—three to four fibers for each
nerve fiber as opposed to about ten for
singly innervated fibers.32 The reason

for their existence seems clear, ie,
multiply innervated muscle fibers are
needed for smooth, slow, tremor-free
eye movements.

The maximum force evoked by suc¬

cinylcholine chloride at the estimated
primary-position length was approxi¬
mately 25 g. Extrapolated to all four
rectus muscles,7 this would corre¬

spond to an approximately 10-mm Hg
retrobulbar and, hence, bulbar pres¬
sure rise, assuming an effective cross-
sectional area of the globe and adnexa
of 7 cm2. Keeping the residual contrac¬
tion after six minutes in mind, it
seems well advised to wait at least ten
minutes after a succinylcholine chlo¬
ride injection before opening the eye
for intraocular surgery.

Straight and parallel lines, such as
those we found for succinylcholine-
stimulated eye muscles, were also
seen in the experiments of Collins et
al2 and Robinson et al.3 In their
studies, both singly and multiply
innervated fibers were measured, as
innervation was changed by letting
the patients fixate various targets
with the other eye. Moreover, straight
and parallel lines were also found by
Lennerstrand33 on electrical stimula¬
tion of the retractor bulbi muscle of
the cat, a muscle known to contain
only singly innervated muscle fibers.
It appears that stimulation of all eye
muscle fibers, of multiply innervated
muscle fibers, or of singly innervated
muscle fibers results in linear and
parallel length and tension curves.

In passive horizontal eye movement
in awake volunteers, we found a linear



relation between tension and eye rota¬
tion. We previously described a simi¬
lar linear relation in passive cyclotor-
sion.45 As in those experiments, the
constant slope values differed consid¬
erably for each volunteer (Table 2).
We found an average of 0.91 g/degrees
(range, 0.52 to 1.26 g/degrees), con¬

firming the report of Collins et al.1
They found 1.048 g/degrees for pulling
the eye nasally and 0.942 g/degrees
for pulling the eye temporally from
30° of abduction to 30° adduction, or
vice versa (range, 0.77 to 1.40 g/
degrees), while the other eye fixated a

target. If we compare these results
with ours in the improved Robinson
computer model, we find that they are

fully compatible, as stiffness is slightly
less when the eye muscles are inner¬
vated for 5° of adduction compared
with 30° of adduction or abduction.

We found smaller differences
between contralateral eyes and be¬
tween measurements taken at differ¬
ent times. We originally thought that
patient 1 had high values because of
his exophoria. Exercise causes the
length and tension curve to steepen.
However, we found no significant

change in stiffness after patching one

eye for two days.
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